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In order to deal with solid wastes and protect the fragile ecological environment on the ground, using gangues as the filling
materials in the underground goaf can not only achieve favorable waste disposal but also alleviate surface subsidence and
protect surface buildings and the ecological environment, with great practical significance and application prospects. During
the water seepage process, the evolution rules of inner seepage channels in the bulk filling materials are the theoretical
foundation for the realization of water-preserved mining. In order to gain clear knowledge of the seepage characteristics of the
bulk filling gangues with different sizes, the evolution rules of some seepage parameters mainly including the displacement, the
porosity, and the permeability of gangues and hydraulic pressure were analyzed via COMSOL numerical simulation. The
evolution rules of the seepage characteristics of the bulk filling materials with different sizes were revealed by combining the
present experimental and numerical results. Moreover, the present seepage experiment was proved to be reliable by comparing
with numerical simulation results. This work can provide theoretical foundation for investigating the evolution characteristics
of inner seepage paths in the bulk filling materials and selecting appropriate bulk filling materials under different stress and
seepage environments.

1. Introduction

Coal mining has imposed serious effect on the balance of the
underground water and surface water system in China [1–4].
During coalmining especially themodernmining process, orig-
inal overlying strata are severely damaged under intensemining
in the underground working face, thereby forming a lot of
water-diversion fractures [5–8]. When the water-diversion
fractures are connected with the aquifer, underground water
can flow to the working face along the water-diversion channels
formed by fractures, which can pose serious threat to safety
production in mines, accompanied with the decline in the
underground water level and the pollution of water quality
[9–12]. According to the statistics, approximately 2.5 4m3

underground water is polluted for the mining of 1 ton of coal
[13–15]. Therefore, how to achieve adequate protection ofwater
resources in coal mining is the problem demanding prompt
solution in the coal mining industry.

Mining with filling or backfill mining is an effective
measure for inhibiting the development height of the
mining-induced water-diversion fractured zone and protect-
ing the aquifer. Gaining in-depth knowledge of the seepage
rules of bulk filling materials with different particle sizes in a
complex underground water environment can lay solid theo-
retical foundation for achieving water-preserved mining
[16–19]. Currently, scholars from all over the world have con-
ducted a great deal of research on the seepage rules of bulk fill-
ing materials. By combining laboratory test, theoretical
analysis, and field application, Ma et al. examined non-
Darcy hydraulic characteristics and deformation behaviors of
bulk gangues and concluded that both porosity and
permeability of gangues increased with the increase of the
original GSG and the decrease of the stress rate [20].
Raziperchikolaee et al. focused on the relation between
permeability of the deformed rock joints and seismic source
response, established the fluid flow-geomechanics-seismicity
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model at microscale, and investigated the displace response
and failure mechanisms of microfractures in the sandstone
samples that were developed along the joint during the devel-
opment [21]. Li et al. investigated the effects of the particle size
on compressive deformation and particle damage of the filling
gangues in the goaf and analyzed the compressive deforma-
tion, particle clustering distribution, and gauge bulk shape
change rules of the filling gangues [22]. Minh et al. explored
the effects of the elasticity of pores on the solute transport pro-
cess in viscous unstable aquifers and constructed a coupled
flow, migration, and geomechanics framework for simulating
the diffusion, mixing, and deformation mechanisms of
stress-sensitive aquifers in the fingering process [23]. Zhang
et al. investigated pore pressure evolution rules and energy loss
characteristics during the seepage process of different sizes of
gangues and performed tests on the permeability, mass loss,
and pore pressure of gangues in the seepage process [24];
according to their test results, the mass loss of fractured gang-
ues increased with the disproportionate increase of the large
particle size. Conclusively, despite of substantial laboratory
tests on the permeability of bulk filling materials, scholars
[25–28] mainly focused on basic seepage parameters and fun-
damental physical/mechanical characteristics of bulk filling
materials while neglecting the effects of the particle sizes of
bulk filling materials on the seepage characteristics and the
inner seepage evolution rules.

In this work, the goaf was filled with different sizes of
solid wastes as the bulk filling materials. Under the complex
stope environment, water in upper and lower adjacent arte-
sian aquifers seeps constantly into the goaf through the
water-diversion fractured zone and different geologic struc-
tures; accordingly, bulk filling materials are always in infil-
trative mines. The compact filling body changes under
coupled crustal stress and underground water flow. The bulk
materials are constantly compacted when being subjected to
the crustal stress, and the particles are gradually crushed and
refined, accompanied with constant changes of pores among
particles and the fluid’s seepage channels. Next, as the size
particle of bulk filling materials changes, the confined water
enters into the filling body in the goaf via the water-
diversion fractured zone; as the seepage pressure increases,
pore channels in the filling body change gradually and the
bulk filling materials with different sizes vary in seepage
channels and rules. Investigating the seepage characteristics
of bulk filling materials with different sizes is the key scien-
tific problem in water-preserved mining.

In this study, based on laboratory test and numerical sim-
ulation, the effects of the filling gangues with different particle
size ranges (0~5mm, 5~10mm, 10~15mm and 15~20mm)
on seepage discharge and permeability parameters were inves-
tigated in depth. The evolution rules of displacement, porosity,
permeability of gangues and hydraulic pressure after the filling
were simulated using COMSOL numerical simulation soft-
ware. Finally, the evolution rules of various seepage param-
eters after the filing of different sizes of materials were
revealed by above laboratory and simulation data. Mean-
while, the reliability of the experimental results was vali-
dated by the present numerical simulation data. This
work can provide theoretical foundation for examining the

evolution characteristics of inner seepage paths of the bulk
filling materials and selecting appropriate bulk filling mate-
rials under different stress and seepage environments.

2. Materials and Methods

The filling materials mainly consisting of different sizes of
gangues are essentially a kind of discontinuous media
[29–32], which themselves change in the compaction process.

2.1. Experimental Materials. The bulk filling materials in
this work are mainly composed of different sizes of gang-
ues. The gangues were directly collected from mines and
the specimens with different size ranges were prepared,
as shown in Figure 1.

Before the experiment, large gangues were collected and
crushed. To be specific, large gangues were artificially
crushed to the fragments with a size range of 200~300mm
so that the gangue fragments can smoothly pass through
the inlet of the crusher; next, small gangues passed through
the square hole sieves for step-by-step screening so as to
obtain small gangues with different size ranges (0~5mm,
5~10mm, 10~15mm, and 15~20mm). Figure 1 shows the
gangues with different sizes after crushing.

2.2. Experimental Method and Devices

2.2.1. Axial Loading. As shown in Figure 2, the experimental
loading system was used to offer the axial force for material
compaction. Using theWAW-1000D Electro-Hydraulic Servo
Universal Tester, the loading was applied in a displacement
mode at a rate of 0.5mm/min. The tester can display the mea-
surement process and experiment results in real time. The tes-
ter with a maximum experimental force of 1000kN can
automatically measure the material’s feature points and plot
stress/strain and stress/displacement curves. When investigat-
ing the seepage characteristics of different sizes of gangues
under axial compressive stress, the axial loading force was
set as 4MPa, 6MPa, 8MPa, 10MPa, 16 MPa, and 20MPa.

2.2.2. Seepage System. The seepage characteristics of different
sizes of gangues were investigated at a hydraulic pressure of
2MPa, 3MPa, 4MPa, 5MPa, 6MPa, 7MPa, and 8MPa. In
order to achieve water permeation in bulk filling materials,
constant hydraulic pressure was steadily applied on the bot-
tom of the materials under the stress, thereby generating
pressure difference between the upper atmospheric pressure.
Accordingly, water can freely flow in from one end of the
bulk filling materials and out from the upper end. The pres-
sure at the inlet of the bulk filling materials was controlled
by the hydraulic power unit so as to provide different inlet
pressures for the bulk filling materials.

Figure 3 shows the experimental seepage system, which
mainly consists of the permeameter, the hydraulic-pressure
control system, and the data acquisition instrument. In the
present study, the permeameter was horizontally placed
on the loading platform, whose bottom was in contact
with the loading platform. The cylinder tube was placed
on the bottom and sealed by O-shaped rubber seal rings.
The porous plates were placed on the bottom of the cylinder
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0~5 mm 5~10 mm
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Figure 1: Pictures of the gangues with different sizes.

Figure 2: Picture of the experimental loading system.
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tube. The cylinder tube was filled with bulk filling specimen
with the piston on the surface. The piston was connected with
the bearing column, the balance structure, and the overflow
barrel. Finally, vertical axial stress can be applied on the bulk
filling materials by the load of the tester via the overflow barrel
cover, the overflow barrel, and the piston.

2.3. Measuring Principle of the Seepage Test. The present
experimental system was used for measuring seepage char-
acteristics of bulk filling materials with the steady method.
In order to simulate the effects of the crustal stresses at dif-
ferent burial depths on the seepage characteristics of bulk
filling materials, the seepage behaviors under different axial

(a) Permeameter (b) Cylinder tube (c) Bottom support

(d) Piston (e) Porous plate (f) Sealing ring

(g) Balance structure (h) Bearing column (i) Overflow barrel

Figure 3: Picture of the experimental seepage system.
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stresses were tested with the axial stress control method.
According to the mining engineering environment, the axial
stress in preliminary design was set in the range of
4~20MPa. The axial stress was uniformly increased and
the displacement under each axial stress (S0) was recorded.
Meanwhile, the residual height can be calculated by the ini-
tial filling height and the thicknesses of the upper and the
lower porous plates, i.e., h =H − S0 − h1 − h2, as the principle
shown in Figure 4.

The hydraulic pressure at 4 levels or above was injected
from the bottom of the bulk materials via the hydraulic
pump. Based on practical engineering background and the
current test condition, the hydraulic pressure was prelimi-
narily designed within 1~7MPa. Next, the value when the
flow reached stability at each level of hydraulic pressure
was read, i.e., the velocity at the steady state, denoted as v,
can be obtained. The corresponding pressure gradient GP
corresponding to each level of hydraulic pressure equals to
the ratio of the difference between the pressure at the outlet
and the hydraulic pressure at the inlet to the height of the
bulk materials, i.e., GP = −P/h. Next, the scatter diagrams
can be plotted given each level of pressure gradient and the
corresponding steady-state seepage velocity and the perme-
ability k and non-Darcy factor β at the axial pressure can
be obtained via fitting formula (1) as follows:

GP = −
μ

k
− ρβv2: ð1Þ

3. Experimental Schemes and Proportions

3.1. Proportion Settings. In order to explore the seepage char-
acteristics of different sizes of gangue filling materials under
different axial loads and confining pressures, the gangue par-

ticle size range was set as 0~5mm, 5~10mm, 10~15mm,
and 15~20mm and the axial load was set as 4MPa, 6MPa,
8MPa, 10MPa, 16MPa, and 20MPa, while the hydraulic
pressure was set as 2MPa, 3MPa, 4MPa, 5MPa, 6MPa,
7MPa, and 8MPa, respectively; the test scheme is shown
in Table 1.

The axial load was set at 4~20MPa so as to simulate the
crustal stress from a shallow-buried coal seam to a deep well
at a depth of several kilometers. Table 2 shows the axial load
and corresponding oil pressure via calculation. The hydrau-
lic pressure was set within a range of 2MPa to 8MPa, which
can almost satisfy the pressure range of underground con-
fined water. The axial load was cyclically applied, i.e., the
axial load at the next level was applied for seepage after the
load of each level of axial load. If no water passed at a
hydraulic pressure of 7MPa (i.e., water flow at a steady state
equaled to 0), the loading stopped. It should be noted that
steady state refers to flow reaching a stable value within a
short time.

3.2. Testing Process. The screened gangues with different
sizes were soaked in water for 24 hours. Next, the gangues
within same particle size range after soaking were put into
the permeameter. The axial loads at 4MPa, 6MPa, 8MPa,
10MPa, 16MPa, and 20MPa were loaded on the WAW-
1000D Electro-Hydraulic Servo Universal Tester. Under
each level of axial load, the hydraulic pressure was
increased step by step and the flow readings under differ-
ent hydraulic pressures were read. Figure 5 illustrates the
detailed testing process.

4. Experimental Results

4.1. Measured Results of Physical Characteristics

H

Bearing column
Overflow barrel

Cylinder tube

Lower porous plate

Piston (Upper
porous plate) S 0

h1

h0

h2

Figure 4: Illustration of the loading process of the permeameter.

Table 1: Test scheme.

Test order Particle size of gangues (mm) Axial load (MPa) Hydraulic pressure (MPa)

i-1 0~5 4, 6, 8, 10, 16, 20 2, 3, 4, 5, 6, 7, 8

i-2 5~10 4, 6, 8, 10, 16, 20 2, 3, 4, 5, 6, 7, 8

i-3 10~15 4, 6, 8, 10, 16, 20 2, 3, 4, 5, 6, 7, 8

i-4 15~20 4, 6, 8, 10, 16, 20 2, 3, 4, 5, 6, 7, 8
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Table 2: Conversion between axial stress and oil pressure.

P (MPa) 1.5 2 4 6 8 10 16 20

S (m2) 0.00785 0.00785 0.00785 0.00785 0.00785 0.00785 0.00785 0.00785

F (N) 11775 15700 31400 47100 62800 78500 125600 157000

Oil pressure (KN) 11.775 15.7 31.4 47.1 62.8 78.5 125.6 157

Load and assemble the
permeameter

Maintain the load

Check and debug
the system

Open water circulation
until full re-saturation

Apply the axial
pressure

Inject water at the
rated seepage

pressure

Finish water
injection

Finish the test under
varying flow rates

Finish the test under
different loads

Unload, release and stop
the test

Change the seepage
pressure

Change the
axial load

Measure time, axial
displace, water flow rate
and hydraulic pressure

Measure time and axial
displacement

Measure the specimen
height and calculate the

initial porosity

Figure 5: Illustration of the present testing process.

Table 3: Densities of the gangue specimens with different sizes.

Materials Natural density Saturated density Accumulation density (g/cm3)

Gangue specimen 2.08 2.12
0~5 5~10 10~15 15~20
1.475 1.409 1.398 1.395

Table 4: Initial porosities of different sizes of gangues.

Material 0~5mm 5~10mm 10~15mm 15~20mm

Gangue 0.34 0.42 0.43 0.47
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4.1.1. Measurement of Gangue Density. This study selected a
natural gangue, some bulk filling materials under a natural
state, or saturated bulk filling materials after 24-hour soak-
ing for measurement. The mass and the volume were
weighed by the electronic balance and appropriate measur-
ing glass so as to calculate the density. It should be noted
that the experimenters should look at the front of the mea-
suring glass as horizontally as possible so as to obtain accu-
rate readings. Finally, the calculated results were averaged as
the mean density of the bulk filling material. The specific
calculation formula is shown in formula (2) as follows:

ρs =
1
k
〠
n

i=1
ρi =

1
k
〠
n

i=1

mi

Vi
, ð2Þ

where ρs denotes the specimen density, k denotes the
selected number of measurements, ρi denotes the specimen
density in the ith measurement, mi denotes the specimen
mass in the ith measurement, and Vi denotes the specimen
volume in the ith measurement.

As described above, the filling gangues are a kind of
discontinuous media. The accumulation density is a quite
important parameter for determining the consumption of
the filling materials in the goaf. A certain mass of gangue
blocks within a same particle size range was randomly
selected and placed into the circular cylinder tube. The
volume of the crushed gangue blocks can thus be deter-
mined by measuring the loading height and the cylinder
tube size. In combination with the total mass of the gang-

ues, the packing density calculation formula is shown in
formula (3) as follows:

ρb =
mb

Vb
= 4mb

πd2hb
, ð3Þ

where “ρb” denotes the accumulation density of the
gangue specimen, “mb” denotes the total mass of the
gangue specimen in the tube, “Vb” denotes the volume
of the gangue specimen in the tube, “d” denotes the inner
diameter of the tube, and “hb” denotes the height of the
gangue specimen in the tube.

According to above measurement methods and compu-
tational formulas, natural densities, saturated densities, and
accumulation densities of the filing gangues with different
sizes were calculated, as the results shown in Table 3.

4.1.2. Initial Porosity of the Gangue Specimen. Porosity refers
to the ratio of the pore volume between blocks to the accu-
mulation volume when the crushed gangues were packed,
which can directly reflect the compaction degree of the
filling gangues. A higher porosity is indicative of a lower
compaction degree, which is conductive for the water flow;
contrarily, water can more hardly pass through the specimen
with lower porosity. The porosity calculation formula is
shown in formula (4) as follows:

ϕo =
Vb − Ve

Vb
= 1 − Ve

Vb
= 1 − 4mb

πd2hbρs
, ð4Þ

Table 5: Seepage discharges of different sizes of gangues.

Particle size (mm) Axial load (MPa)
Hydraulic pressure (MPa)

0~2 2 3 4 5 6 7 8

0~5

4 6.741 7.638 9.261 12.316 14.427 — — —

6 3.59 5.78 6.93 7.57 8.505 — — —

8 0 0 0 0 0.504 3.39 5.04 6.21

10 0 0 0 0 0 0 0 0

5~10

4 62.43 — — — — — — —

6 — 5.67 8.379 11.214 12.97 14.679 — —

8 — 6.237 7.632 8.26 8.31 — — —

10 — 0 0 0 0.315 1.157 1.796 4.898

16 0 0 0 0 0 0 0 0

10~15

4 62.43 — — — — — — —

6 — 7.501 16.52 26.42 34.43 — — —

8 — 6.237 7.632 8.26 8.31 — — —

10 0 0 0 0 0 0 0 0

15~20

4 62.43 — — — — — — —

6 13.549 62.43 — — — — — —

8 6.77 7.371 7.632 12.66 20.16 24.61 — —

10 0 2.16 3.41 3.59 5.66 — — —

16 0 0 0 0 0 0 0 0

Because of limited range of the flowmeter, the flow rate of large-size gangues exceeded the measuring range, and simultaneously, small-size gangues were
tightly compacted under large axial load, whose flow rates were fixed at 0 at different hydraulic pressures. Therefore, the permeability at that axial load
condition can not be monitored.
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where ϕo denotes the original porosity of the gangue speci-
men and denotes the protolith volume. Table 4 lists the mea-
sured porosities of different sizes of filling gangues.

4.2. Effect of the Particle Size on the Flow Rate and
Permeability Parameters. In order to clarify the effects of
the particle size on the flow rate and permeability parame-
ters, the gangues with different size ranges (0~5mm,
5~10mm, 10~15mm, and 15~20mm) were selected for
seepage experiments under an axial load of 4MPa, 6MPa,
8MPa, 10MPa, and 16MPa, respectively. Table 5 lists the
seepage discharges of different sizes of gangues at a same
axial load but different hydraulic pressures.

As listed in Table 5, when the seepage discharge equaled
to 0, the loading on the bulk filling materials stopped. At a
fixed axial load, the seepage discharges of different sizes of
gangues increased gradually with the increasing hydraulic
pressure. This can be attributed to the discontinuity of bulk
filling materials. As the hydraulic pressure increased, more
water-diversion fractures appeared in the filling materials,

accompanied with a larger number of water-diversion frac-
ture zones throughout the filling materials. Figure 6 shows
the variations of seepage discharge and hydraulic pressure
with the axial load for different sizes of gangues.

It can be observed in Figure 6 that seepage discharge
dropped with the axial load at a decreasing rate. Mean-
while, the flow rate at a fixed axial load showed no change
and approached to 0. This is mainly due to the fact that
the bulk filling materials were gradually compacted under
increasing axial load, accompanied with gradual compac-
tion of water-diversion channels in the filling materials.
When the axial load increased to a certain value, the pores
in the bulk filling materials were gradually compacted and
water cannot be infiltrated into the filling materials; at that
moment, the seepage discharge of the bulk filling materials
equaled to 0. When the particle size of bulk filling mate-
rials increased steadily, the seepage discharge of water
increased with the increasing hydraulic pressure at a fixed
axial load. On account of a low bonding degree, water
channels were generally large in large-size gangues. In
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Figure 6: Relations between the flow rate and hydraulic pressure for the filling gangues with different size ranges.
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the meantime, the inner channels in the bulk filling mate-
rials also changed under changing axial load and the inner
water-diversion fracture channels underwent dynamic
change. This can lay foundation for investigating the seep-
age characteristics of the bulk filling materials with differ-
ent particle sizes.

By fitting the pressure gradient generated under different
hydraulic pressures GP and the seepage velocity V at a fixed
axial load with non-Darcy Law that satisfies the Forchhei-
mer formula, the permeability k and the non-Darcy perme-
ability factor β in the formula can be obtained, as the fitted
curves shown in Figures 7–10.

Figures 5–10 show the fitted curves between the pressure
gradient under different hydraulic pressures GP and the
seepage velocity V for different sizes of gangues at differ-
ent axial loads. Because of the limited measuring range
of the flowmeter in the present experiment, the flow rate
of large-size gangues at a small axial load exceeded the
measuring range, while small-size gangues were compacted
under a large axial load, resulting in 0 flow rate at differ-
ent hydraulic pressures. Therefore, the permeability
parameters cannot be obtained via fitting. Permeability
parameters of gangue with different particle sizes are
shown in Table 6.

In consideration of the restriction in the measuring
range of the flowmeter, some seepage characteristics cannot
be quantitatively analyzed but qualitatively measured.
According to the practical condition in the field, the flow
rate still equaled to 0 at a hydraulic pressure of 5~7MPa,
suggesting excellent water-resisting performance.

It can also be observed in Figures 5–10 that the pressure
gradient and the flow velocity at a low axial load approxi-
mately followed linear relation. Moreover, nonlinearity was
enhanced with the increasing axial load. At the beginning

of axial load, the bulk filling materials were loose with large
seepage discharge. Next, as the axial load increased gradu-
ally, the compaction velocity of pores in the bulk filling
materials was great; accordingly, the change of pressure gra-
dient can be described in a quadratic pattern. For the gang-
ues within a same size range, the permeability dropped
steadily with the increasing axial load. To be specific, the
permeability remained between 10E − 14m2 and 10E − 15
m2 at an axial load of 4~10MPa.

Next, it can be observed from the fitted curves between GP
and V that the non-Darcy permeability factor can be negative
or positive, with constantly increasing the absolute value in the
range of 10E10 ~ 10E12m−1. The non-Darcy factor is more
inclined to be positive for small-size gangues. As the particle
size increased, the non-Darcy factor dropped to be negative.
Since the compaction degree of small-size gangues is high,
the flow increased slowly with the increase of hydraulic pres-
sure gradient. The large-size gangues showed a low compac-
tion degree, in which pores were great and new seepage
channels were easily formed with the increasing hydraulic
pressure, thereby generating large seepage velocity. After the
experiments, the pictures were taken from the bottom of the
filling body, as the pictures shown in Figure 11.

As shown in Figure 11, small-size gangues were more
tightly compacted after loading, accompanied with more
uniform pore distribution. By contrast, large-size gangues
showed poor compaction effect after loading, accompanied
with nonuniform pore distribution. It can also be found in
the unloading process that the gangues in the upper part
were small in size but were great in the lower part. Addition-
ally, the crushing degree of the lower gangues was low. Next,
the permeability should be below 10E − 15 and non-Darcy
factors should be above 10E12 so as to achieve favorable
water-resisting performance.
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Figure 7: Fitted curves between Gp and V of the filling gangues with a particle size of 0~5mm at different axial loads: (a) 4MPa, (b) 6MPa,
and (c) 8MPa.
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5. Discussions

As stated above, the effects of the particle size of gangues on
seepage discharge and permeability parameters under differ-
ent axial loads and hydraulic pressures were examined in
depth. Next, the seepage rules in different sizes of gangues
(0~5mm, 5~10mm, 10~15mm, and 15~20mm) under an
axial load of 6MPa and a hydraulic pressure of 4MPa were
simulated for gaining in-depth knowledge of the effect of the
particle size on seepage behaviors. Meanwhile, the variations
of displacement, porosity, permeability, and flow velocity of
different sizes of gangues and hydraulic pressure in the seep-

age process were simulated. The detailed simulation process
is described below.

According to the present simulation results, under an
axial load of 6MPa and a hydraulic pressure of 4MPa, the
equivalent Young modulus and the Poisson’s ratio of the fill-
ing gangues with a size range of 0~5mm equaled to 0.6GPa
and 15, respectively.

When the axial load and the hydraulic pressure were
fixed at 6MPa and 4MPa, the equivalent Young modulus
and the Poisson’s ratio of the filling gangues with a size
range of 5~10mm in this simulation equaled to 0.5GPa
and 16, respectively. The cloud charts of the changes of
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Figure 8: Fitted curves between Gp and V of the filling gangues with a particle size of 5~10mm at different axial loads: (a) 6MPa and
(b) 8MPa.
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Figure 9: Fitted curves between Gp and V of the filling gangues with a particle size of 10~15mm at different axial loads: (a) 6MPa and
(b) 8MPa.
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displacement, porosity, permeability, flow velocity, and
hydraulic pressure under the stress and particle size condi-
tions were plotted, as shown in Figure 12.

For the gangues with a size range of 10~15mm, when
the axial load and the hydraulic pressure were fixed at
6MPa and 4MPa, the equivalent Young modulus and
the Poisson’s ratio were 0.7GPa and 26.5, respectively.
Based on COMSOL simulation results, the cloud charts
of the changes of displacement, porosity, permeability,
flow velocity, and hydraulic pressure under the stress and
particle size conditions were plotted, as shown in
Figure 13.

Similarly, the simulation was performed on the gang-
ues with a size range of 15~20mm at an axial load of
6MPa and a hydraulic pressure of 4MPa. According to
the simulation results, the equivalent Young modulus
and the Poisson’s ratio equaled to 0.75GPa and 28,
respectively. Figure 14 reflects the changes of displace-
ment, porosity, permeability, flow velocity, and hydraulic
pressure during the seepage process in the gangues with
a size range of 15~20mm.
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Figure 10: Fitted curves between Gp and V of the filling gangues with a particle size of 0~5mm at different axial loads: (a) 8MPa and
(b) 10MPa.

Table 6: Permeability parameters of the filling gangues with different sizes.

Particle size (mm) Permeability parameters
Axial load (MPa)

4 6 8 10 16

0~5
Permeability (m2) 2:57E − 14 1:11E − 14 1:82E − 15 — —

Non-Darcy factor (m−1) 6:44E + 10 3:50E + 11 −1:09E + 12 — —

5~10
Permeability (m2) — 1:75E − 14 1:02E − 14 2:30E − 15 —

Non-Darcy factor (m−1) — 6:83E + 10 1:41E + 11 1:46E + 12 —

10~15
Permeability (m2) — 2:10E − 14 1:21E − 14 — —

Non-Darcy factor (m−1) — −1:49E + 10 6:80E + 11 — —

15~20
Permeability (m2) — — 1:65E − 14 3:78E − 15 —

Non-Darcy factor (m−1) — — −1:83E + 10 −2:65E + 11 —

Figure 11: Pictures after the seepage in different sizes of gangues.
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As shown in Figures 14–15, the gangues with a larger
particle size underwent less displacement. The displacement
of the gangues with a particle size range of 5~10mm reached
a maximum of 84.8mm, while the displacements of the
gangues within the other size ranges were 63mm,
75.22mm, and 75.9m, respectively. Under a same axial load,

the porosity of the gangues with larger particle size was
greater. The porosity of the gangues with a particle size
range of 15~20mm was greatest, accompanied with the
greatest permeability. Accordingly, the distribution of
hydraulic pressure in the gangues with a larger size was more
uniform. The simulation results with COMSOL software fit
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Figure 12: Seepage rules in the gangues with a size range of 5~10mm.
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Figure 13: Seepage rules in the gangues with a size range of 10~15mm.
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Figure 14: Seepage rules in the gangues with a size range of 15~20mm.
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Figure 15: Seepage rules in the gangues with a size range of 0~5mm.
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well with the data in seepage experiment, validating the reli-
ability of the present experiment.

Figure 16 compares the experimentally measured poros-
ities, permeabilities, and seepage velocities of different sizes
of gangues with the numerical simulation data.

Apparently, the seepage velocity curves between experi-
mental and the simulation results show higher coincidence
than the other two curves. Moreover, the porosity, the per-
meability, and the seepage velocity of the gangues increased
gradually with the increasing particle size.

6. Conclusions

This study experimentally investigated the fundamental
physical and mechanical properties of gangues and the

effects of the particle size on the seepage discharge and the
permeability parameters in the gangues with different sizes
under different axial loads and hydraulic pressures and
revealed the variations of the flow rate with axial load and
hydraulic pressure in the gangues within a same size range.
Finally, the effects of the particle size on the seepage rules
of gangues were concluded via COMSOL numerical simula-
tion for validating the reliability of the present experiment.
The following conclusions can be drawn.

(1) Firstly, some fundamental physical and mechanical
properties of the bulk fillingmaterials were measured.
The density of the bulk filling gangues under natural
condition was 2.08 g/cm3; after soaking, the saturated
density changed to be 2.12 g/cm3. The accumulation
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Figure 16: Comparison between the experimental and numerical simulation data for different sizes of gangues.
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densities of the filling gangues with different size
ranges (0~5mm, 5~10mm, 10~15mm, and
15~20mm) were 1.475 g/cm3, 1.409 g/cm3, 1.398 g/
cm3, and 1.395 g/cm3, respectively. Meanwhile, the
initial porosities of the filling gangues with different
size rangeswere 0.34, 0.42, 0.43, and 0.47, respectively.
The above analysis of fundamental physical and
mechanical properties of gangues can provide insight-
ful reference for later investigation of basic physical
and mechanical behaviors during water seepage in
the filling materials

(2) The effects of the particle size of gangues on water
seepage discharges and permeability parameters at
different axial loads and hydraulic pressures were
also investigated in the laboratory. Considering that
the bulk filling gangues are a kind of discontinuous
media, the bulk filling materials were gradually com-
pacted under increasing axial load, accompanied
with the change of inner seepage channels. Mean-
while, as the hydraulic pressure increased steadily,
water-diversion channels in the bulk filling materials
increased, which also increased water seepage
discharge. Under varying axial load and hydraulic
pressure, the seepage trajectories of water in the bulk
filling materials changed, which can provide refer-
ence for investigating the seepage characteristics in
the bulk filling materials with different sizes

(3) Finally, the effects of the particle size on water seep-
age behaviors were simulated with COMSOL
numerical simulation software. The seepage behav-
iors in gangues can be characterized by the displace-
ment, the porosity, and the permeability of gangues
as well as water flow velocity and hydraulic pressure.
For the gangues with a size range of 5~10mm, the
displacement of gangues reached a maximum of
84.8mm; moreover, hydraulic pressure distribution
became more uniform with the increasing particle
size, accompanied with a steady increase of porosity
and permeability of gangue. The numerical simula-
tion results with COMSOL fit well with the present
experimental data, validating the reliability of the
seepage experiment
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