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Hydraulic conductivity is an important parameter for predicting groundwater inrush in coal mining worksites. Hydraulic
conductivity varies with deformation and failure of rocks induced by mining. Understanding the evolution pattern of hydraulic
conductivity during mining is important for accurately predicting groundwater inrush. In this study, variations of hydraulic
conductivity of rock samples during rock deformation and failure were measured using the triaxial servo rock mechanic test in a
laboratory. The exponential formula of hydraulic conductivity-volume strain was proposed based on the experimental data. The
finite-difference numerical model FLAC3D was modified by replacing constant hydraulic conductivity with the strain-dependent
hydraulic conductivity. The coupled water flow and rock deformation and failure were simulated using the modified model. The
results indicate that in the early time, the rocks undergo elastic compression with increasing rock strain, resulting in a decrease
in hydraulic conductivity; then, the microcracks and fissures appear in the rock after it yields results in a sudden jump in
hydraulic conductivity; in the later time, the hydraulic conductivity decreases gradually again owing to the microcracks and
fissures that were compacted. The conductivity exponentially decreases with the volumetric strain during the periods of both
elastic compression and postyielding. The simulated stress-strain curves using the modified model agree with the triaxial tests.
The modified model was applied to the groundwater inrush of a coal mining worksite in China. The simulated water inflow
agrees well with the observed data. The original model significantly underestimates the water inflow owing to it to neglect the
variations of the hydraulic conductivity induced by mining.

1. Introduction

Coal is a reliable and affordable source of energy in many
countries, such as China. It is responsible for approximately
40 percent of the electricity generated globally. The produc-
tion of coal, however, is constrained by various disasters,
such as water inrushes and coal and gas outbursts in working
faces during mining [1]. The surrounding aquifers of coal
seams are the source of water inrush in the working faces.

The groundwater in the surrounding aquifers will discharge
into the working faces during mining. Accurate prediction
of the water inflow is important in designing the coal mine
drainage system, as well as enhancing coal production effi-
ciency, and hence, was widely studied in previous researches.
The methods to predict water inflow from working face
include engineering analogy [2], empirical formulas [3, 4],
hydrokinetic analysis [5, 6], analytical modeling [7–9], and
numerical simulation [10–13]. The analogy and empirical
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formula methods are simple and easy to operate. However,
due to the different geological environments of the working
face, the above two methods lack pertinence and accuracy.
The analytical method simplifies the geological model such
that the calculation results do not completely reflect the geo-
logical and hydrogeological environment in which the work-
ing face is located. The numerical simulation method is a
suitable method for calculating the water inflow from the
working face. It is based on the conceptual model of hydroge-
ology that reflects the hydrodynamic characteristics and spe-
cific boundary conditions of the water-bearing medium in
the surrounding rock stope. It can make up for the defect in
other methods that have difficulty describing the process of
rock mass destruction and groundwater seepage caused by
mining.

Hydraulic conductivity is an important parameter for
predicting groundwater inrush in mining worksites. The
hydraulic conductivity varies with deformation and failure
of rocks induced by mining. Understanding the hydraulic
conductivity evolution pattern during mining is very impor-
tant to predict groundwater inrush accurately. However, the
influence of mining disturbance on hydraulic conductivity
is not considered in the existing numerical models for pre-
dicting water inrush. With the exploitation of coal seams,
the damage of surrounding rock is gradually developed, and
its permeability continues to increase. The hydraulic fractur-
ing experiment points out that with the increase of water
pressure, and the development of microfissures, the change
in hydraulic conductivity becomes obvious [14, 15]. Souley
et al. [16] suggested that the damage of rock will cause
increases of hydraulic conductivity. Wang and Park [17] also
found that the increase in hydraulic conductivity caused by
rock rupture is a controlling factor for water inrush from
the mine floor. Schatzel et al. [18] and Adhikary and Guo
[19] have carried out an in situ pressure water test on the roof
of the longwall working face and measured the hydraulic
conductivity changes of strata in the mining overburden fis-
sure zone. The measured hydraulic conductivity increases
by three orders of magnitude during mining. The laboratory
triaxial test also revealed that the hydraulic conductivity of
rock is not a constant but changes with the evolution charac-
teristics of rocks’ internal structure during the stress-strain
process. The relationship between hydraulic conductivity
and stress, for rocks under pressure, shows that the rock pore
was compacted and the hydraulic conductivity changes with
increasing stress in the elastic stage [20–23]. At this stage, the
stress-dependent hydraulic conductivity can be used. How-
ever, when the rock enters the plastic stage, the stress did
not change significantly while the strain continued to
increase. At this time, the stress-dependent hydraulic con-
ductivity cannot be used to represent the changes of hydrau-
lic conductivity. Derek and Mao [24] and Stormont and
Daemen [25] suggested using the rock deformation as a valid
factor to describe the changes of hydraulic conductivity.

As mentioned above, the existing studies investigated the
variations of hydraulic conductivity induced by rock defor-
mation based on the analysis of stress and strain. However,
to the best knowledge of the authors, a numerical model hav-
ing a capacity to consider the variations of hydraulic conduc-

tivity for predicting water inflow in coal working face has not
been reported in the existing literatures. This study is aimed
at filling this knowledge gap by proposing a formula of
hydraulic conductivity-volume strain and modified the exist-
ing numerical model to combine this formula. In this study,
the formula of hydraulic conductivity-volume strain was
established according to the triaxial hydraulic conductivity
test. The finite-difference numerical model FLAC3D was
modified by replacing constant hydraulic conductivity with
the strain-dependent hydraulic conductivity. The modified
model was applied to the groundwater inrush of a coal min-
ing worksite in China. This paper is organized as follows. We
first present the laboratory experiment and numerical
modeling in Section 2, then describe the results and discus-
sion in Sections 3, and apply the modified model to the
groundwater inrush of a coal mining worksite in Section 4,
followed by summary and conclusions in Section 5.

2. Methodology

2.1. Triaxial Hydraulic Conductivity Test. MTS815.03 elec-
trohydraulic servo rock mechanic test system was used in
the triaxial hydraulic conductivity test (Figure 1(a)). The
loading system is displayed in Figure 1(b), and the basic prin-
ciple of the test is presented in Figure 1(c). In Figure 1(c), σ1
is the axial pressure, σ3 is the confining pressure, p1 is the
upper water pressure of the rock sample, and p2 is the lower
water pressure of the rock sample. The permeable plates at
the upper and lower ends of the rock sample are steel plates
with many uniformly distributed holes. Before the experi-
ment, the water pressure was uniformly applied to the bot-
tom of the rock sample. The upper and lower parts were
imposed on uppressing and underpressing pressure heads,
respectively. The test is carried out according to the following
steps. First, the sample was saturated with water in a vacuum
immersion device during the test. Then, we used the polyte-
trafluoroethylene pyrocondensation plastics to seal the sur-
rounding of the rock sample densely, which prevent the
fluid leakage from the gap between the protective cover and
the rock sample. Finally, the sample was placed in a servo tri-
axial cylinder for a pressure test.

Two experimental methods are usually used to measure
hydraulic conductivity during triaxial compression: the tran-
sient flow method (for low hydraulic conductivity) and the
steady-state flow method (for high hydraulic conductivity)
[5, 6, 26, 27]. In this study, the transient method was adopted,
because the initial hydraulic conductivity of the rock sample
is very low. According to the ground stress level, the confin-
ing pressure was determined to be 5MPa in the test. Initially,
the same water pressure was applied at both top and bottom
of the rock sample, i.e., p1 = p2 = 4MPa. Then, the water
pressure p2 at the bottom of the rock sample is reduced to
generate the water pressure difference between the top and
bottom of the sample (Δp = p1 − p2 = 1:5MPa). With each
level of axial stress applied, the process of axial deformation
and the change of water pressure with time were measured.
The stress, strain, and hydraulic conductivity were measured
every 20 s during the test. On the basis of the measured data,
the hydraulic conductivity of rock is calculated by the
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following formula [28]:

K = 2:40129 × 109 × L1gΔp
AΔt

, ð1Þ

where K is the hydraulic conductivity, L is the sample
height, A is the cross-sectional area, Δp is the pore water
pressure difference applied between both end planes of the
rock sample, and Δt is the data measurement interval.

The rock samples were taken from a borehole at the
Xifeng shaft of Pansan coal mine. The mine is located in
Fengtai County, Huainan City, Anhui Province, China. The
sampling position was No. 8 coal seam roof and floor. The
lithology of the samples collected was siltstone, mudstone,
and fine sandstone. Among them, fine sandstone and silt-
stone had compact and hard lithology, with occasional fis-
sures while mudstone was dense with no fissures. Each rock

sample was divided into three groups. The parameters and
the results of the triaxial tests are summarized in Table 1.

2.2. Numerical Modeling. The triaxial hydraulic conductivity
test showed that the rock becomes strain softening after the
stress reaches peak strength. With the rock gradually
deforms, the fissure volume expansion accelerates, and the
hydraulic conductivity increases rapidly. The strength of rock
also decreases and approaches the residual strength gradu-
ally. In this study, we adopted the FLAC3D strain-softening
module to describe these processes. Based on the relationship
between the volume strain and the hydraulic conductivity
(the details are presented in Section 3.2), the coupling
fluid-solid modeling was carried out. The strain-softening
behavior and hydraulic conductivity evolution process of
the rock samples were simulated (the details are presented
in Section 3.3).
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Figure 1: MTS rock mechanic testing system and assembled rock sample: (a) testing system, (b) rock sample assembly, and (c) diagram of the
triaxial test.
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For the coupling fluid-solid modeling, the rock mass was
regarded as a porous medium, and the fluid flow in the
porous medium was described by Darcy’s law and the Biot
fluid-solid equation:

G∇2uj − λ + Gð Þ ∂εv
∂xj

−
∂p
∂xj

+ f xj = 0,

K∇2p = 1
S
∂p
∂t

−
∂εv
∂t

,

8
>>><

>>>:

ð2Þ

where λ and G are the Lame constants; p is the pore water
pressure; εv is the volume strain; χi, μ j, and f xj are the coor-

dinate, displacement, and volume force in the j direction,
respectively. ∂p/∂xj reflects the influence of the seepage field
on the solid skeleton of the porous medium. The pore pres-
sure affects the effective stress of the solid skeleton, which
in turn affects its deformation. Hence, ∂εv/∂t also reflects
the effects of the volume deformation of the solid skeleton
on the seepage field. The Biot equation can well reflect the
interaction between the pore pressure dissipation and the
deformation of the solid skeleton of the porous medium.
However, for the Biot equation, the hydraulic conductivity
did not change with the stress. Therefore, to investigate the
variation of hydraulic conductivity of surrounding rock dur-
ing mining, we use the exponential equation to describe the
changes of the hydraulic conductivity with the volume strain,
which is also identified by the triaxial test that will be dis-
cussed later. On the other hand, the porosity is also relative
to the volume strain. Exiting studies suggested that the poros-
ity and the volume strain can be described by the following
exponential formula [8, 29, 30]:

n = 1 − 1 − n0ð Þeεv , ð3Þ

where n is the porosity and n0 is the initial porosity. This for-
mula will be adopted by the model of this study. For the
FLAC3D model, the strain softening of rock was defined by
the degradation of internal friction angle (φ) and cohesion
(c) with an increase in plastic strain (εps). The plastic strain
adopts the following form in FLAC3D [31]:

εps =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δεps1 − Δεpsm
� �2 + Δεpsm

� �2 + Δεps3 − Δεpsm
� �2h i

2

s

, ð4Þ

where Δεpsm = ðΔεps1 + Δεps3 Þ/3; Δεps1 and Δεps3 are the plastic

shear strain increment in the first and third main directions,
respectively. According to the results of the triaxial hydraulic
conductivity test, the changes of internal friction angle and
the cohesion degradation with an increase in plastic strain
are shown in Figure 2. We adopt the table function of the
strain-softening model to calculate and present the internal
friction angle (φ) and cohesion (c) reduction.

The FLAC3D model was modified by replacing both con-
stant hydraulic conductivity and porosity with both strain-
dependent hydraulic conductivity and porosity using the fish
code of FLAC3D. Both strain-dependent hydraulic conduc-
tivity and porosity were updated dynamically every 50 steps
in the numerical simulation. The model used a rectangular
parallelepiped with a length and width of 5 cm and a height
of 10 cm. The normal compressive stress of 5MPa was
applied to the side to simulate the confining pressure. The
rate of the upper and lower end faces of the rock sample
was 4 × 10−8m/step. The top and bottom of the model were
fixed water pressure boundaries. The top water pressure
was 1.5MPa, and the bottom water pressure was 0MPa.
The water pressure difference was 1.5MPa. The model region
was divided into 2000 grids. The parameters of the model are
summarized in Table 2.

3. Results and Discussion

3.1. Triaxial Test. Figure 3 shows the measured stress-strain
and hydraulic conductivity curves for different lithologies.
First, the stress-strain behavior of all three rock samples
experienced the following stages: compaction-elastic, defor-
mation-yield, failure-strain, and softening-residual strength.
However, for postpeak, the mudstone has stronger plasticity
while the sandstone has stronger brittleness, which is caused
by the differences in their structural properties. Second, the
prepeak variation of rock was mainly compressive deforma-
tion, in which the hydraulic conductivity was relatively low.
And both pore and fissures are close to the maximum. After
the stress reached a peak, the hydraulic conductivity shows a
sudden jump. At this time, the fissure inside the rock sample
would have expanded, and the rock would have lost the ulti-
mate bearing capacity. In the strain-softening stage, the new
fissures would begin to close under the confining pressure,
and the hydraulic conductivity of the three rock samples then
decreased to varying degrees. Finally, the peak of hydraulic
conductivity occurs in the strain-softening stage after rock
failure. It indicated that the failure of the rock was not syn-
chronized with the happening of the maximum hydraulic

Table 1: Parameters and results of the triaxial hydraulic conductivity test.

Lithology
description

Sampling
horizon (m)

Sample size (mm) Confining pressure
σ3 (MPa)

Water pressure
difference (MPa)

Average peak stress σ1
-σ3 (MPa)

Hydraulic
conductivity

(×10-
10 cm/s)

Height Diameter Initial Peak

Siltstone 461.3-462.2 98.4 49.6 5 1.5 48.7 5.18 24.3

Mudstone 466.2-467.1 99.7 49.6 5 1.5 29.5 1.17 5.31

Fine sandstone 550.2-551.1 99.5 49.5 5 1.5 74.32 8.15 167.7
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conductivity. The lowest values of hydraulic conductivity
occur in the elastic stage. The test results showed that the
hydraulic conductivities of mudstone, siltstone, and fine
sandstone increases by 4.54, 4.70, and 20.58 times, respec-
tively. It indicated that the growth rate of hydraulic conduc-
tivity of the brittle rocks is significantly higher than that of
the plastic rocks.

Figure 4 displays the final fissure pattern of the typical
rock samples. Under the action of water pressure and axial
compression, the rock mainly splits or produces a high-
angle shear fracture. In addition, the rock was ruptured to
form an inclined fissure plane that penetrates the entire rock
sample when the rock fissure was not developed
(Figure 4(a)). When the rock fissure developed, its failure
mode was controlled by the structure plane, and the rock
was mostly destroyed along the structure plane (Figure 4(b)).

3.2. Formula of Hydraulic Conductivity-Volume Strain. The
triaxial test indicated that the larger the void space in the
rock, the greater the hydraulic conductivity. Since the solid
particles do not easily expand and contract. The expansion
and contraction of the rock under triaxial conditions were
mainly caused by the expansion and contraction of the void
space. The changes in volume strain reflected the changes

of the void space, which can be used to describe the evolution
of rock hydraulic conductivity. Figure 5 shows the relation-
ship between volume strain and hydraulic conductivity for
the triaxial hydraulic conductivity test. Before yielding, the
volume of rock samples decreased, and the volume strain
was negative (the compressive strain). At this stage, the
hydraulic conductivity generally decreased slowly. After
yielding, several microcracks were generated, and the volume
expanded. The volume strain increased sharply, resulting in a
sudden peak in hydraulic conductivity. With further defor-
mations, the fissure plane was sheared or worn, and the
degree of fissure opening reduced. Under the action of con-
fining pressure, the fissure had a certain degree of compac-
tion closure, and the hydraulic conductivity decreased with
the increase in volume strain. The variations of hydraulic
conductivity of different rock samples after yielding obtained
in this test are consistent with other researches [20–23].

To summarize, the volume strain can well reflect the
changes in hydraulic conductivity of the rock before and after
the stress peak appearing. On the basis of the experimental
data, we can obtain the relationship between the volume
strain and the hydraulic conductivity, which can be divided
into two stages. According to Louis (1974), the hydraulic
conductivity as a function of volume strain before the peak
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Figure 2: Changes of the shear strength parameters with the plastic strain (εps) for different rocks: (a) cohesion (c) and (b) internal friction
angle (φ).

Table 2: Parameters of the numerical model for the triaxial hydraulic conductivity test.

Lithology
Density
(kg/m3)

Hydraulic
conductivity (×10-

10 cm/s)
Porosity

Elastic
modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Internal
friction angle

(°)

Tensile
strength
(MPa)

Dilatancy
angle (°)

Fine
sandstone

2600 8.15 0.2 5 0.2 13 38 6 28

Siltstone 2550 5.18 0.15 2.3 0.23 9 34 4 24

Mudstone 2500 1.17 0.12 1.45 0.3 3.1 33 3 22

5Geofluids



value appearing is given as

K = K0e
α1εv , ð5Þ

where K0 is the initial hydraulic conductivity; α1 is a constant

to describe the increasing rate of the hydraulic conductivity
before its peak value appearing that is determined by the tri-
axial test. In the postpeak, the rock was destroyed with shear
dilatation. Generally, hydraulic conductivity suddenly
jumped. We can obtain the relationship between the
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Figure 3: Deviatoric stress and hydraulic conductivity versus axial strain: (a) siltstone, (b) mudstone, and (c) fine sandstone.
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Figure 4: Observed cracks of rock samples in the triaxial test for (a) fine sandstone and (b) siltstone.

6 Geofluids



postpeak hydraulic conductivity and volume strain using the
following formula:

K = ξK0e
α2εv , ð6Þ

where α2 is a constant to describe the decreasing rate of the
hydraulic conductivity after its peak value appearing that is
also determined by the triaxial test; ξ is the sudden jump
coefficient of the hydraulic conductivity after yielding. The
experimental data are fitted using equations (5) and (6) and
are presented in Figure 5, showing that equations (5) and
(6) agree well with the experimental data. It indicated that
combining this formula into the FLAC3D model is reliable
to conduct the coupling fluid-solid modeling for describing
the rock failure.

3.3. Numerical Simulation of Triaxial Hydraulic Conductivity
Evolution of Rock Samples. Figure 6 displays the comparison
of the stress-strain curves using numerical simulation and the
triaxial test. It shows that the numerical simulations generally
agree with the experimental data for three types of rocks.
However, the errors in the prepeak stage were relatively large
because the constitutive model used in the numerical model
is assumed as a linear model that is not always true for the
real case. Even so, the modified model can still reproduce
the coupled fluid-solid processes and provide the appropriate

prediction for water inrush in working faces, which will be
further discussed in the section of the application.

Figure 7 shows the evolution of the hydraulic conductiv-
ity of sandstone sample for different loading stages using the
numerical model. In the linear elastic phase (point A), elastic
compression closed pore and fissure in the rock sample, and
the hydraulic conductivity of the rock sample was lowered.
When the stress reaches the yield limit (point B), the internal
crack of the rock sample expanded. The hydraulic conductiv-
ity increased, and the shear band appeared. As the strain con-
tinued to increase, at point C, the rock sample first had a
significant shear band at the top. Owing to the dilatancy
expansion, the hydraulic conductivity of the rock sample in
the shear zone increased sharply. As the fissures continue
to grow, X-shaped through fissure was formed at point D.
The hydraulic conductivity of the fissure zone was higher
than that of the rock, and the maximum increase was 35
times compared with the initial hydraulic conductivity. After
yielding, the fissure tended to close gradually, and the range
of high hydraulic conductivity decreased step by step because
of the confining pressure and is consistent with the previous
experimental results. In addition, as seen in Figure 8, the
apparent shear zone appeared after yielding, and the water
flow converged on the X-shaped crack forming a significant
dominant flow channel.

K = 45.14exp(204.63𝜀v)
R2= 0.89

R2= 0.83
K = 5.18exp(–126.6𝜀v)

0

5

10

15

20

25

30

–0.007 –0.004 –0.001 0.002 0.005 0.008

K
 (×

10
–1

0 cm
/s

)
Sudden jump

𝜀v

(a)

0

1

2

3

4

5

6

–0.006 –0.003 0.000 0.003 0.006 

Sudden jump

K = 7.96exp(140.73𝜀v)
R2= 0.84

R2= 0.67
K = 1.18exp(–76.37𝜀v)

K
 (×

10
–1

0 cm
/s

)

𝜀v

(b)

0

40

80

120

160

–0.05 –0.03 –0.01 0.01 

Sudden jump

K = 338.71exp(46.993𝜀v)
R2= 0.96

R2= 0.82
K = 8.21exp(–78.16𝜀v)

K
 (×

10
–1

0 cm
/s

)

𝜀v

(c)

Figure 5: Relationship between volume strain and hydraulic conductivity: (a) siltstone, (b) mudstone, and (c) fine sandstone.
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4. Application

To further demonstrate the capacity of the modified model, it
was applied for predicting water inrush in a worksite of Pan-
san coal mine of Huainan, China.

4.1. Geological Conditions of the Working Face. The 12318
working face is the first working face of the No. 8 coal seam
in Pansan coal mine, which is in the east of the Xiyi mining
area. The maximum length of the face is 2000m along the
strike, and the length of the tendency is 200m. The average
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Figure 7: Contours of the hydraulic conductivity for the sandstone sample based on the numerical simulation for the different times: (a) point
A, (b) point B, (c) point C, (d) point D, (e) point E, and (f) point F in Figure 6.
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dip angle and the thickness of the coal seam is 10° and 3.5m,
respectively. The average depth of the working face is 550m.
Most of the seam roof is fine sandstone with an average thick-
ness of 16m, which is characterized as medium thickness.
The color of the roof is gray-white and belongs to the layered
structure. Its composition is mainly quartz; the calcium
cement is dense and hard with the fissures developed
recently. The seam floor is mainly siltstone and fine
sandstone.

According to the results of the water pumping test of the
sandstone fracture aquifer in the mining area, the buried
depth of the static water level is 200m. The unit water inflow
and the hydraulic conductivity are q = 0:0133L/(s. m) and
K = 1:08 × 10−5 cm/s, respectively. The sandstone fracture
was unevenly developed, and the local water richness was
quite different. It is a direct source of water inrush which
affects the safe mining of coal seams. Recently, the mining
in this face has been affected by roof sandstone water.

4.2. Numerical Model of Water Inflow in the Working Face.
The constitutive model used a strain-softening model with
length, width, and height of 400m, 400m, and 210m, respec-
tively. The front, back, left, and right boundary conditions
were fixed in the x - and y -direction, while the floor had a full
constraint boundary. The upper boundary of the model plus
the load of 8.69MPa was equivalent to the self-weight of the
overlying strata. For the prediction of water inflow, the nor-
mal compressive stress of 6.6MPa (crustal stress) was
imposed to the side to simulate the confining pressure. Both
top and floor of the working face are nonflow boundaries,
and the other sides are pressure head boundaries. After the
mining, the goaf becomes a drainage boundary. The 3-D
model has 55480 units and 60372 nodes (Figure 9). The cohe-
sion of the rock mass in Table 2 was reduced by 1/4 based on
previous studies [32] to account for the size effect. The lay-
ered thickness and the mechanical and hydraulic parameters
of the numerical model are shown in Table 3. The relation-
ship between the surrounding rock strength parameters c
and φ and the plastic strain εps was obtained with reference

to Figure 2. Excavation starts from the left side of the coal
seam (x-direction) at 125m from the left side, and the work-
ing face width (y-direction) was 200m. The hydraulic con-
ductivity of the rock mass and the relationship between the
porosity and the volume strain were simulated using the fish
language as per equations (3), (5), and (6). The results of the
triaxial hydraulic conductivity test were obtained under com-
pression. According to the experimental research, the tensile
fracture appeared in the rock, and the hydraulic conductivity
increased significantly [23]. If a tensile failure occurred dur-
ing the mining process, the sudden jump in hydraulic con-
ductivity was considered as five times that of the shear failure.

The daily advancing speed of the working face was
10m/d. To simulate daily footage, we adopted to excavate
10m at each step in the numerical simulation. In the calcula-
tion process, the fluid module in FLAC3D was first closed to
calculate the mining response of the model in a single
mechanical field. Next, we opened the fluid part and used
the fluid-solid coupling to calculate the seepage field change
under the current excavation step. The seepage calculation
was completed for 1 day; then, we entered the next step of
mining. The results show that the distance of the compaction
area in goaf is generally about 100m. Therefore, a total of 10
steps (100m) of mining were simulated.

4.3. Analysis of Simulation Results.Mining will affect the dis-
tribution of pore water pressure of surrounding rock. Taking
the working face pushed to 100m as an example, the distri-
bution of surrounding rock water pressure was analyzed
(Figure 10). The water pressure on the surrounding rock
working face suddenly drops to zero after excavation, causing
the fluid in the surrounding rock to flow to the goaf. The pore
water pressure in the surrounding rock near the working face
decreases significantly.

For reflecting on the variation characteristics of pore
water pressure in surrounding rock during mining, the mid-
dle part of the y-direction of the model and an area 8m below
the coal seam floor was selected. The working face was
advanced by 10m, 30m, and 50m to measure variations of
the pore water pressure in the x -direction and is shown in
Figure 11. With the advancing working face, the goaf gradu-
ally increases. The pore water pressure in the vicinity of the
goaf decreases obviously; the influence range increases with
the goaf area, forming a cone of depression on the goaf.
The trend line of pore water pressure on the floor was also
advancing. When it is far away from the goaf, the pore water
pressure distribution is less affected by mining, and the
change is not obvious. However, when the working face
passed the measurement point, the pore water pressure
dropped rapidly. In addition, considering the change of
hydraulic conductivity, the drop of water pressure at the
same location was greater than that without considering the
change of hydraulic conductivity. This was due to the obvi-
ous increase of hydraulic conductivity of roof and floor and
the increase of water pressure drop near the working face
caused by mining.

The ratio of the hydraulic conductivity of the surround-
ing rock to its original hydraulic conductivity (K/K0) in the
coal mining process was calculated by using the FLAC3D

fish
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Figure 8: Contours of the pore water pressure and the directions of
the seepage velocity after the fissure formation of the rock samples
based on the numerical simulation.
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language as shown in Figure 12. The distribution diagram in
Figure 12(a) shows the variation in hydraulic conductivity in
the middle of the working face along the coal seam mining
direction. The hydraulic conductivity of each rock mass in
the roof and floor of the coal seam has changed greatly before
mining because of the damage to the mining rock mass. At
the direct roof and floor of the coal seam, due to the influence
of tensile failure, the hydraulic conductivity of the siltstone
increased to a maximum of approximately 25 times the orig-
inal value. The variation of the roof hydraulic conductivity
was saddle type, and that of the floor was eight shaped. This
ratio decremented upwards and downwards from the goaf,

which indirectly reflected the damage of the rock mass in
the roof and floor. At different depths in the vertical direction
(Figures 12(b)–12(e)), the roof and floor of the coal seam
were affected by the mining in a certain range, and the
hydraulic conductivity changed greatly. The maximum was
usually at the coal wall of the working face. Due to abutment
pressure, shear failure occurs here, along with volume strain
expansion of rock mass, which results in increased hydraulic
conductivity.

For reflecting on the dynamic variation characteristics in
hydraulic conductivity of the surrounding rock during the
mining, 8m under the coal seam floor is taken for analysis

y = 600 m
x = 500 m

z = 205 m

Floor

Siltstone

Fine sandstone

Mudstone

No.8 coal

Roof

Figure 9: Grid mesh of the FLAC3D model.

Table 3: Parameters and lithology of the numerical model of water inrush in the working face.

Lithology
Thickness

(m)
Density
(kg/m3)

Elastic
model
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Tensile
strength
(MPa)

Internal
friction angle

(°)

Dilatancy
angle (°)

Hydraulic
conductivity
(×10-6 cm/s)

Porosity

Roof 100 2600 5.00 0.25 3.0 2.6 32 24 10.8 0.2

Siltstone 6 2550 2.30 0.27 2.6 2.5 32 23 3.0 0.15

Fine
sandstone

12 2600 5.00 0.25 3.0 2.8 32 24 10.8 0.2

Mudstone 3.5 2500 1.45 0.35 1.3 1.0 30 22 1.0 0.1

Fine
sandstone

16 2600 5.00 0.25 3.0 2.8 32 24 10.8 0.2

Siltstone 4 2550 2.30 0.27 2.6 2.5 32 23 3.0 0.15

No. 8 coal 3.5 2000 1.40 0.3 1.2 1.0 28 22 1.0 0.1

Siltstone 8 2550 2.30 0.27 2.6 2.5 32 23 3.0 0.15

Mudstone 4 2500 1.45 0.35 1.3 1.0 30 22 1.0 0.1

Fine
sandstone

4 2600 5.00 0.25 3.0 2.8 32 24 10.8 0.2

Siltstone 10 2550 2.30 0.27 2.6 2.5 32 23 3.0 0.15

Floor 34 2600 5.00 0.25 4.0 3.2 32 24 10.8 0.2
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(middle section in y -direction of the model). The changing
pattern of the hydraulic conductivity (K/K0) was made when
the working face was propelled by 10m, 40m, 70m, and
100m (Figure 13). It can be seen from Figure 13 that the
hydraulic conductivity of the rock mass of the coal seam floor
changed regularly with the advancing working face. The rock
mass far away from the mining area was less affected by min-

ing, and its hydraulic conductivity changed a little, which
shows a declining state. When the working face was
advanced by 10m, the floor rock mass at a depth of 8m below
the goaf was not damaged due to the small disturbance range,
and the increase in hydraulic conductivity was not obvious.
When the working face advanced distance was large, the
hydraulic conductivity of the rock mass increased sharply
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Figure 10: Distribution of the pore water pressure in the surrounding rock using the numerical modeling.
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when it was deformed by mining. It should be noted that a
small amount of undamaged rock mass appears at a region
of x = 210 ~ 230m, and the permeability does not increase

sharply. As the mining distance increased, the range of
hydraulic conductivity increased. However, the increase
gradually decreased with the advancing working face. As
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Figure 12: Contours of the hydraulic conductivity ratio (K/K0) using the modified numerical model with 100m length working face for (a)
strike section, (b) A-A′ section (the fine sandstone of 17m above the coal seam), (c) B-B′ section (the fine sandstone of 7m above the coal
seam), (d) C-C′ section (the siltstone of 4m below the coal seam), and (e) D-D′ section (the fine sandstone of 14m below the coal seam).
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the rock mass fissure gradually closed under the confining
pressure after yielding behind the working face, its hydraulic
conductivity decreased even when the strain was increased.
However, it was much larger than the initial hydraulic con-
ductivity before mining and is consistent with the conclusion
of the triaxial hydraulic conductivity test.

For the coupled fluid-solid model, the water inflow rate
was calculated using the fish function (gp_flow) of FLAC3D,
which is displayed in Figure 14. As the excavation area
increased step by step, the amount of water inflow increased
approximately linearly, from 23m3/h to 106m3/h, with the
advancing working face. When the influence of the mining
disturbance on the hydraulic conductivity of the rock mass
was not considered, the value of the water inflow became
smaller. The difference gradually increased with the increase
in the excavation area. The calculated values agreed with the

measured water inflow values over ten consecutive days,
when the hydraulic conductivity change was considered.
The calculation accuracy was also higher even without con-
sidering changes in hydraulic conductivity.

The above results show that the hydraulic conductivity
characteristics of rock mass change under mining conditions
are large. However, the calculation results of the fixed value
hydraulic conductivity should be used to forecast an actual
water inflow to guide the safe production of coal mines
correctly.

5. Conclusions

In this study, the hydraulic conductivity variations in rock
samples during rock deformation and failure were measured
using the triaxial servo rock mechanic test in a laboratory.
The formula for the hydraulic conductivity-volume strain
was proposed based on the experiment data. The finite-
difference numerical model FLAC3D was modified by replac-
ing constant hydraulic conductivity with strain-dependent
hydraulic conductivity. The coupled water flow and rock
deformation and failure were simulated using the modified
model. The modified model was then applied to a coal min-
ing workface in Huainan, China. The main conclusions
drawn from this study are as follows.

(1) The triaxial hydraulic conductivity test showed that
the rock’s hydraulic conductivity was not constant
but varied with the evolution of the stress-strain pro-
cess. In the elastic phase, elastic compression caused
the pores and fissures in the rock samples to close,
and the hydraulic conductivity decreased. When the
stress reached the peak value, due to the dilatancy
expansion, the hydraulic conductivity also increased
sharply by 10–50 times its initial value. After the
peak, the fissures tended to close gradually, and the
hydraulic conductivity decreased gradually due to
the confining pressure
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Figure 13: Distributions of the hydraulic conductivity of the coal-seam floor in x-direction using the modified numerical model for the
different lengths of the working face.
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(2) Based on the test results, the exponential relationship
formula between volume strain and hydraulic con-
ductivity was proposed. Before yielding, they show a
negative exponential relationship, while after yield-
ing, they show a positive exponential relationship,
and the formula has a high degree of fitting. The vol-
ume strain can better reflect the evolution of hydrau-
lic conductivity during rock damage

(3) The coupling relationship between hydraulic con-
ductivity and volume strain was incorporated into
the relationship equation between the stress and
seepage fields. This provided the governing equation
for fluid-solid coupling numerical simulation of
water inflow calculation in the coal working face.
The FLAC3D rock triaxial seepage coupling model
was established, and then, the stress-strain curves of
the calculated results were compared with those of
the test results. The two were in good agreement,
which proved that the fluid-solid coupling model
established in this paper was successful

(4) The hydraulic conductivity and volume strain pro-
posed in this paper was embedded in FLAC3D, and
the fluid-solid coupling analysis was carried out for
calculating water inflow from 12318 working face in
Pansan coal mine of Huainan. The process of the
hydraulic conductivity of the surrounding rock and
the variation of the water inflow during the mining
process were presented in an intuitive image
dynamic. The simulation results of water inflow coin-
cide with the actual observed values. In addition, the
results are more accurate than that of the seepage
model that does not consider mining disturbances
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