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Abstract: The coal mine underground reservoir is an effective facility for mine groundwater utilization
in water-deficient and ecologically fragile areas. Usually, the artificial reserved coal pillar is used as
the dam of underground reservoir, and little research has been done on its tightness performance.
Comsol software is used to simulate the leakage of underground reservoirs in Shendong area, in
the western part of China, and the long-term tightness of coal pillar dam under different operation
conditions is evaluated. The results show that: (1) When the underground reservoir is not connected
with the upper water system, the coal pillar dam has good tightness performance. When they are
connected, the leakage of reservoir increased due to the raised water level, and the deeper the burial
depth, the greater the leakage amount. (2) When reservoir is pumping and storing water, the leakage
is only half of that under constant water pressure storage, indicating that this operation mode is
beneficial to the long-term tightness of a coal pillar dam. (3) With the increase of the permeability
of a coal pillar dam, the leakage will be aggravated. It is suggested that the permeability of a coal
pillar dam should not exceed 1 × 10−15 m2. (4) The tightness of the coal pillar dam damaged by
brine immersion is greatly reduced. With only 3 m of soaking damage distance, the total leakage
is twice that of the undamaged one. For a coal pillar dam with poor tightness, some protection
countermeasures are proposed to reduce the reservoir water level or improve the anti-seepage
performance of a coal pillar dam, so as to ensure the long-term tightness of the dam. This research
can provide theoretical support and technical guidance for evaluating the seepage stability of a coal
pillar dam in an underground reservoir and strengthening its seepage control.

Keywords: long-term tightness; underground reservoir; coal pillar dam; soaking damage; protection
countermeasures

1. Introduction

In the future, most of China’s coal planning areas will concentrate on the western re-
gions where coal resources are abundant, but water resources are scarce, and the ecological
environment is fragile [1]. According to statistics, mine water produced by coal mining in
China exceeds 8 billion tons yearly, and its utilization rate is only 25%. Therefore, protecting
and using mine water is an important issue for coal development in ecologically fragile
areas in western China. It is also the basis for supporting regional economic development
and ecological environment coordination [2]. The existing mine water disposal methods
treat a large amount of mine water and then discharge it to the surface to ensure under-
ground safety. The evaporation loss of a large amount of discharged mine water makes
the water resources in this area even more scarce. It has become a key factor restricting the
construction of large-scale energy bases and China’s westward shift of coal resources devel-
opment strategy. Traditional coal mining adopts water-retaining methods and technologies,
mainly including a water-retaining area division, grouting repair of water-resisting layer,
filling mining, or height-limiting mining. On the one hand, these technologies are difficult
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and costly. On the other hand, they impact production efficiency and the economy. These
methods are also implemented in the water-rich areas in the east. However, it is difficult
to meet the production demand by implementing coal development in areas with fragile
ecology and extremely precious water resources in the west [3–9]. China Shenhua Group,
under the leadership of Gu Dazhao, put forward the idea and technical route of storing
and utilizing mine water in underground coal reservoirs to protect the precious water
resources in western coal mining areas. After years of research and engineering practice,
they overcome many technical problems, such as water quantity prediction, reservoir
capacity determination, dam design and construction, safe operation of reservoirs and
water quality guarantee, etc. and established the technical system of underground coal
reservoirs. Furthermore, they successfully built and operated the demonstration project of
underground coal reservoirs and finally realized the combination of modern coal mining
and mine water resources protection. Currently, a total of 32 underground coal mine
reservoirs have been built with a water storage capacity of 31 million m3, the only under-
ground coal mine reservoir group in the world [10]. In addition, with the completion of
the underground coal mine reservoir, peak shaving of renewable energy combined with
pumped storage of the underground mine reservoir will gradually become a reality [11–19].
The coal pillar dam of an underground reservoir in western coal mines is in a complex
stressful and seepage environment, and its long-term anti-seepage performance and stabil-
ity are changing and weakening [20]. Around the damage evolution of coal and rock mass
under complex coupling conditions, domestic and foreign scholars have conducted more
exploration and research [21–23]. Xue [24] studied the gas seepage mechanism in a coal
seam based on a coupled model and revealed that the damage significantly impacts the
gas extraction of the coal seam. Tang [25] studied the mechanical failure modes and fractal
characteristics of coal samples under repeated dry-saturation conditions and used the AE
technology to determine the sample failure process’s different stages and stress thresh-
olds. Jia Wenqing [26] studied the analysis of coal and rock pyrolysis and the infiltration
coupling process and established a mathematical model of coal and rock in-situ pyrolysis
and infiltration coupling. Yin and Zhang [27] used the self-developed seepage device to
study the mechanism and law of gas migration and enrichment in a deep mining broken
coal rock mass. Shi and Meng [28] used theoretical analysis and numerical simulation
calculation methods to analyze rock deformation–permeability characteristics and their
three-dimensional quantitative relationship. Ma [29–31] found that, as the tectonic stress
coefficient is increased, fractures in surrounding rock increase and the seepage grow rapidly.
It can be seen from the above research that the previous research on multi-field coupling in
coal mines mainly focused on the crack development and damage accumulation of coal
rock mass during gas desorption. In contrast, the research on coal pillar dam damage and
its seepage control and stability evaluation is still insufficient. The mining life of a mining
area is as short as several years and as long as several decades, which leads to the long
service life of underground reservoirs in coal mines. In the normal circumstances of an
underground reservoir, water is only in the cofferdam of the dam and within the height
range of the coal pillar. However, in some cases, the water level will rise sharply when the
caving zone or fractured zone is connected with the surface water or the upper aquifer.
The sharp increase in water level leads to a great increase in water pressure on the coal
pillar dam and the water seepage along the coal pillar dam. Furthermore, in some areas,
for example, in the Ningdong area, as the groundwater contains salt, the coal pillar dam
is soaking and damaged in the concentrated brine, leading to the increased penetration
and the weakened strength of the coal pillar dam [32]. These will undoubtedly affect the
structural stability and anti-seepage tightness of the coal pillar dam after long-term service.
Therefore, it is crucial to study the seepage characteristics of coal pillar dams under various
factors and then put forward corresponding engineering countermeasures for scientifically
evaluating and maintaining the long-term safety of underground reservoirs.

Based on the geological conditions and the operational characteristics of underground
coal reservoirs in the Shendong area, this paper establishes the seepage model of a coal
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pillar dam in underground reservoirs. The seepage of the coal pillar dam under the
conditions of when the reservoir is connected with the upper water, when the reservoir is
under pumping and storing water, and when the coal pillar dam soaking and damaged
by concentrated brine are simulated and evaluated. The leakage amount of reservoir
and pore pressure distribution in the coal pillar dam under different working conditions
are calculated, and the stability of the coal pillar dam is evaluated. Finally, engineering
measures for strengthening and seepage prevention of coal pillar dam are proposed.

2. Simulation Scheme
2.1. Basic Information

There are 31 coal mine underground reservoirs in the Shendong area, with a total
storage capacity of 3.2 × 107 m3. The caving-mining ratio is 4:1, and the fracture-mining
ratio is 30:1 in this area [8]. According to the field data, the average mining height is 5 m;
thus, the height of the caving zone is 20 m, and the height of the fractured zone is 150 m. The
caving zone of the reservoir is mainly composed of broken rocks and residual coal cinders,
which has a large porosity, about 30% [1]. The fractured zone contains many fractures, but
its integrity is higher than that of the caving zone, at about 20%. Because of the tall height of
these two zones, the underground reservoir is considered to connect with the upper aquifer
and surface water through the fracture. Therefore, the effects of the overlying stratum
water and surface water on the underground reservoir can not be ignored. The reservoir’s
storage capacity is about 1E6 m3, and the perimeter of a single reservoir is about 2000 m.
The fluctuation of the water level in the reservoir causes the change in water pressure, and
the calculation formula of water pressure is given as Equation (1):

Pw = ρwgh (1)

where, Pw is the water pressure at the bottom of the reservoir, MPa; ρw is the density of
water in the reservoir, kg/m3; g is the gravity constant, taking 10 m/s2; h is the water level
height, m.

2.2. Seepage Calculation Model

Combined with the operation situations of coal mining and underground reservoirs, a
two-dimensional geological model of the underground reservoir in a coal mine is estab-
lished, as shown in Figure 1. This model has a height of 155 m and a length of 300 m. The
upper strata of the underground reservoir are the caving zone and fractured zone, while
the coal pillar dam, the empty roadway, and the mining seam are in the horizontal direction.
The coal pillar dam has a thickness of 20 m and a height of 5 m; it is the main research
object of this paper. During simulation, the water in the reservoir seeps out from the coal
pillar dam, the reservoir side wall of the coal pillar is set as the water inlet, and the empty
roadway side wall is set as the outlet.
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2.3. Theoretical Model of Seepage

In this paper, the Darcy seepage module of Comsol software is used for simulation.
All the surrounding rocks of the reservoir are considered as the porous media water storage
models. It is assumed that the pressure gradient is the major driving force and the flow is
mostly influenced by the frictional resistance within the pores. Therefore, water seepage
in rock stratum conforms to Darcy’s law. According to the continuity equation of Darcy
seepage, Equations (2)–(4) are given as follows:

∂

∂t
(Φρ) +∇(ρu) = Qm (2)

∂

∂t
(Φρ) = ρS

∂P
∂t

(3)

S = Φβg + (1−Φ)βS (4)

Considering the effect of gravity, the fluid velocity is:

u = −κ(∇P + ρg∇h)/µ (5)

The model boundary is set as the no-flow boundary, that is:

− n · ρu = 0 (6)

where, Φ is the porosity of the rock, 1; ρ is the fluid density, g/cm3; u is the fluid velocity,
cm/s; Qm is the mass source, kg; P is the fluid pressure, MPa; µ is the fluid viscosity, mPa·s;
κ is the rock permeability, 1 × 10−12 m2; S is the water storage coefficient of rock; βg is the
fluid compression ratio, and βs is the rock skeleton compression ratio.

Furthermore, considering that the mining seam is in its mining period and the mining
area is not connected with the reservoir area, the boundary pressure of the empty roadway
is set to 1 atmosphere. In our simulation model, the initial pore pressure of the dam is set as
1 atmosphere (0.1 MPa), and the data of porosity and permeability are specified in Table 1.
The density of water is 1g/cm3, and the service life of the reservoir is set as 30 years.

Table 1. Porosity and permeability parameters of rock formation.

Rock Stratum Porosity (%) Permeability (m2)

Overlying strata 7 2 × 10−17

Coal pillar dam body 10 1 × 10−15

Underlying strata 6 1 × 10−17

2.4. Working Conditions’ Settings

Considering the geological environment of underground reservoirs in coal mines, the
underground reservoirs are primarily built within 300 m. The construction and operation
of deeper reservoirs are complicated and cost more, so they will not be considered. To
analyze the coal pillar dam’s sealing performance and operation safety, several working
conditions have been considered in this paper. They are as follows:

1. When the underground reservoir is connected with the upper aquifer and the surface
water system, both the caving zone and fractured zone may be filled with water. The
water level of reservoir increased, which will cause the coal pillar dam to bear higher
water pressure.

2. Periodic fluctuation of water level and pressure caused by pumping and storing water
in reservoirs. After the underground reservoir is built, the water level gradually
decreases during the water use period while increasing during the water storage
period. If the underground reservoir is used for a pumped storage power station in
the future, it will cause more frequent fluctuation in water level.
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3. Coal pillar dams are damaged due to the brine immersion, the mining disturbance,
and the long-term service damage. For example, in some mining areas of western coal
mines, where salinity of groundwater is high, long-term immersion will damage the
reservoir side of the coal pillar dam and then promote the development of cracks and
increase its permeability.

By using Comsol software, the tightness of the underground reservoir is simulated.
The long-term tightness of coal pillar dam under different conditions is evaluated from
the perspectives of the leakage range of water, the distribution of pore pressure and the
leakage amount of water.

3. Constant Pressure Water Storage
3.1. Basic Situation Setting

This working condition considers the situation when underground reservoirs are at
different stratum depths, and are connected with the upper aquifer or surface water system
through fissures. The subterranean depths of coal mine reservoirs are 100 m, 200 m, and
300 m, respectively.

Considering the shallow depth of the reservoir, the caving zone and fracture zone
are set to be connected with the surface. In extreme cases, the underground reservoir is
connected with the surface pool. Assuming that the underground reservoirs with different
depths are all connected with the surface, then the calculated water pressures in the
reservoirs are 1.3 MPa, 2.5 MPa, and 3.7 MPa, respectively.

3.2. Simulation Results of 100 m Depth

The seepage situation of coal pillar dam within 30 years is simulated under the depth
of 100 m, water pressure in the reservoir side of dam is constant (about 1.3 MPa in this
condition),while the initial pore pressure of dam is 0.1 MPa. The simulation results and
analysis are as follows:

(1) Leakage range

Figure 2 shows the evolution of leakage range and streamline in the coal pillar dam
over 30 years. The outermost white pressure contour line is 0.1 MPa, representing the
boundary of the leakage range. The red line with an arrow indicates the streamline of water,
and the arrow points to the outflow direction of the water. It can be seen that the leakage
range in the coal pillar dam developed rapidly in the early stage (0–10 years) and gradually
slowed down in the later stage. Moreover, because of the effect of gravity, the leakage
range in the lower part of the coal pillar is more extensive. The boundary of the leakage
range in the coal pillar dam presents an inverted “S” curve with a narrow upper part and a
wide lower part. It can be found that, due to the high osmotic pressure of water near the
reservoir, gravity has little influence on the distribution of the pressure contour line, and
it shows a vertical distribution. On the contrary, the osmotic pressure is very small at the
area of the leakage boundary far from the reservoir, and gravity significantly influences the
contour line distribution, which causes the inverted “S” shape.

(2) Pore pressure in the coal pillar dam

The pore pressure distribution in the coal pillar dam in 0–30 years is calculated,
as shown in Figure 3. It can be found that, with the increase of leakage time, the pore
pressure at the same position gradually increases, indicating that the water leakage in
the surrounding rock is getting worse. At the same time, during the whole 30-year water
storage period, the pore pressure of surrounding rock showed a rapid increase in the early
stage and a slow increase in the later stage. It is worth noting that, in the past 30 years, the
areas with high pore pressure are always concentrated in the regions with a leakage distance
of less than 8 m, indicating that the water leakage of the reservoir is still under control.
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(3) Cumulative leakage amount

The cumulative leakage amount of two cases is calculated, that is, when the reservoir
is not or is connected with the ground, as shown in Figure 4. It can be found that, when
water is stored normally and there is no water-pressure from the upper water system, the
accumulated leakage after 30 years of service is only 4.82 × 105 m3 (the average annual
leakage is 1.49E4 m3, and the average daily water leakage is 40.93 m3). However, the
leakage amount increased significantly when water was connected with the surface. The
accumulated water leakage in this situation is 3.67 × 106 m3 (1.22 × 105 m3per year and
335.2 m3 per day), which is 8.19 times of the former case; this will bring some trouble
to dam seepage prevention. For a reservoir with a water storage capacity of 1 × 106 m3,
the average annual leakage rate has reached 12.2% of the total water storage capacity at a
depth of 100 m. It also can be seen that, when water is stored with pressure, the leakage
in the early stage increases rapidly, but the upward trend of the leakage in the later stage
gradually slows down. It indicates that, when the underground reservoir is connected
with the upper aquifer or the surface water system, the increase of water pressure will
significantly impact the seepage control of the reservoir, and measures such as pumping
water should be taken to reduce the water level to control the leakage as soon as possible.
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3.3. Comparison of Different Depths

In order to study the tightness performance of coal pillar dams with different burial
depths, the numerical simulation of 200/300 m buried depth was carried out, on the basis
of 100 m buried depth, by increasing the water pressure and keeping the other conditions
unchanged.

(1) Comparison of leakage range

In this part, three working conditions of the underground reservoir with a depth of
100/200/300 m are compared. Figure 5 shows the seepage range of the coal pillar dam
after 30 years of service.
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It can be found that the seepage trend of water in the coal pillar is consistent in some
respects. Areas of high pore pressure were mainly concentrated on the reservoir side, and
the leakage range was an inverted “S” shape. However, deeper buried depth means larger
water pressure, with the increase of depth, both the seepage range and the range of the
high-pressure area in the coal pillar increased.

Moreover, when the pore pressure on the reservoir side is too enormous, the coal
pillar dam will be softened by brine soaking. Thus, its bearing capacity will be significantly
reduced or even lost (further evaluation will be done with the pore pressure distribution).
Therefore, with the increase of depth, it can be considered to appropriately increase the
width of the coal pillar dam or take necessary seepage control measures on the reservoir
side and increase drainage measures on the roadway side.

(2) Comparison of pore pressure

Figure 6 shows the pore pressure distribution in the coal pillar dam after the reservoir
has been in service for 30 years. It can be seen that, with the increase of depth, the pore
pressure in the pillar increases rapidly, and its direct consequence is to aggravate the
softening damage of the pillar. Therefore, when the depth of the reservoir is considerable,
the coal pillar dam not only needs a larger thickness to bear higher stratum pressure but
also needs a surplus width to cope with the damage of higher pore pressure to the coal
pillar dam body.
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Figure 6. Comparison of pore pressure in the coal pillar dam body under different depths.

Generally, the strength of coal rock is low when the pore pressure of the coal pillar
dam near the reservoir side increases rapidly with the increase of depth. According to the
effective stress theorem:

σe = σ− β · σpp (7)

where σe is effective stress; β is Boit coefficient; for rock material, it usually ranges within
0.5–1.0; σ is total stress; and σpp is pore pressure of the fluid in rock.

As we all know, due to the erosion of pressurized water (usually high-concentrated
brine), the coal matrix will be softened, and cracks and fissures may propagate, weakening
the rock strength. As a result, the effective bearing area of the pillar dam will be decreased,
and, consequently, the stress in the pillar dam will be increased. If the high water pressure
is in the dam, the effect of water leakage and coal softening should be considered.

(3) Cumulative leakage amount

The cumulative leakage under different depths is calculated and plotted in Figure 7.
It can be seen that the cumulative leakage in cases of 100/200/300 m is 3.67 million m3,
7.39 million m3, and 11.05 million m3, respectively. Thus, the average annual leakage
is 1.22 × 105 m3, 2.46 × 105 m3 and 3.68 × 105 m3, respectively, and the average yearly
leakage rate is 12.2%, 24.6%, and 36.8%, respectively. Moreover, the moderate daily leakage
is 335 m3, 675 m3, and 1010 m3, respectively. As the depth increases from 100 m to 300 m,
the water leakage rises significantly, nearly linearly increasing with the depth. If the
underground reservoir is under a high water level for a long time, it will be difficult for the
coal pillar dam to meet the anti-seepage requirements. Therefore, the deeper the reservoir
is, the more water level detection should be strengthened. If a higher water level is found,
pumping measures should be taken in time to ensure the safety of the coal pillar dam.
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Figure 7. Accumulated leakage volume in coal pillars under different depths.

4. Water Pumping and Storage

Section 3 has considered an extreme working condition. In a more realistic situation,
mine water will be injected into or pumped out from the reservoir according to the use
of water resources in the mining area. When the mine water is stored in the reservoir, it
will be filtered and purified by forming cracks and residual coal, thus improving the water
quality. After that, the water can be pumped out from the reservoir and used for surface
coal washing or other industrial purposes. Therefore, in the actual service period of the
reservoir, the reservoir will often experience water pumping and storage operations. The
water leakage range, pore pressure distribution, and cumulative leakage amount in the
coal pillar dam under this conditions are studied.

In this part, the reservoir works with a depth of 300 m, and the designed frequency
of pumping and storing is four times/year, with each cycle lasting for three months. The
water pressure fluctuates linearly between 0.1 MPa and 3.7 MPa, and the setting of rock
parameters is consistent with that of constant pressure water storage.

4.1. Pore Pressure Distribution

The pore pressure distribution in the coal pillar dam within 30 years of reservoir
service is drawn, as shown in Figure 8. It can be seen that the pore pressure distribution
inside the coal pillar dam is quite different from that under constant pressure. Overall, the
pressure still increases with the service life, but the increase is slight. The range of high pore
pressure on the reservoir side of the dam is minimal (<0.4 m), and the pore pressure drops
rapidly (from 3.5 MPa to 1.5 MPa). In the other range (0.4 m–6 m), the pore pressure drops
slowly from 1.5 MPa to 0.3 MPa. Beyond 6 m, the pore pressure remains low for 30 years,
almost unaffected. Under periodic water pumping and storage, due to the backflow and
depressurization of water, the pore pressure in the dam will be significantly reduced, thus
having no significant impact on the coal pillar dam. Therefore, for underground reservoirs,
periodic operation of pumping and storing water is recommended, which can not only give
full play to the water storage value of reservoirs but also maintain the safety of coal pillars.
In addition, the pumping-storage operation of underground reservoirs in the western
region can also be combined with the construction of pumped storage power stations with
peak shaving of renewable energy to exert the value of coal mine goaf further.
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4.2. Cumulative Leakage

Furthermore, the water leakage during pumping and storage is analyzed, and the
accumulated water leakage data after 30 years of service is calculated, as shown in Figure 9.
It can be seen that the cumulative leakage in 30 years increases gradually with the service
time, and in about the first ten years, it increases rapidly, but the growth rate tends to slow
down. In about 10–30 years, it shows a steady trend. Within 30 years, the cumulative
leakage is 5.77 × 106 m3 (only 51.9% of that under constant pressure), the annual average
leakage is 1.92 × 105 m3, and the average daily leakage is 526.9 m3. Once again, it is
confirmed that the water pumping and storage operation can not only give full play to
the function of water diversion and water purification of the reservoir, but also effectively
reduce the water leakage of the reservoir.
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5. Influence of Coal Pillar Dam Performance
5.1. Different Permeability of Coal Pillar

Considering different properties of coal seams and mining disturbances, the coal
pillar dam has different permeability. The anti-seepage and sealing properties of different
conditions of coal pillar dam permeability are analyzed through simulation analysis. The
selected reservoir is located at a buried depth of 300 m, and the permeability of the coal pillar
dam is 1 × 10−14 m2, 1× 10−15 m2, 1× 10−16 m2, and 1 × 10−17 m2, respectively. Constant
water storage is considered, and other parameters of the model are set as unchanged. The
leakage range, pore pressure distribution, and cumulative leakage of coal pillar dam in
0–30 years are calculated.

(1) Leakage range

Through the analysis of simulation results, the water seepage range and streamline of
the coal pillar dam under different permeability conditions are obtained, as shown in the
following Figure 10. When the permeability of the coal pillar dam is high (1 × 10−14 m2),
the water leakage range in the coal pillar dam is enormous, and the streamline is almost
straight, which indicates that a large amount of water leakage is out from the reservoir
through the coal pillar dam. Because of the high velocity and pore pressure, the effect of
gravity on water seepage is almost negligible. Furthermore, the coal pillar dam at this time
cannot seal the reservoir effectively. When the permeability of the coal pillar decreases
to 1 × 10−15 m2, 1 × 10−16 m2, and 1 × 10−17 m2 after 30 years of operation, the leakage
range in the coal pillar dam is about 14 m, 4 m, and 1 m, respectively. As the leakage range
is smaller than the width of the dam, it is indicated that the water leakage in the dam
is controllable.

To further analyze the influence of permeability on the stability of the coal pillar dam,
the distribution of pore pressure was drawn, as shown in Figure 11. It can be seen that,
when the permeability is as high as 1 × 10−14 m2, the pore pressure in the coal pillar dam
is linearly distributed, indicating that a stable laminar flow has been formed inside. The
flow direction is mainly horizontal, and the flow rate is also significant. However, when the
permeability decreases to 1 × 10−15 m2, the pore pressure at the same distance is greatly
reduced. When the permeability drops to 1× 10−16 m2 and 1× 10−17 m2, the pore pressure
drops rapidly in a short range (<2 m), and the flow direction is mainly controlled by gravity,
and both the velocity and flow rate are minimal.

(2) Cumulative leakage amount

To quantify the influence of permeability on water leakage, the relationship between
permeability and cumulative leakage amount after 30 years of service is analyzed, as shown
in Figure 12. It can be seen that the 30-year cumulative leakage of coal pillars with the
permeability of 1 × 10−14 m2 is 4.59 × 107 m3, the average annual leakage is 1.53 × 106 m3,
and the average daily leakage is 4.19 × 103 m3. When the permeability of the coal pillar is
high, the water leakage of the dam body is severe, and the function of seepage prevention
and waterproofing can no longer be achieved. However, when the permeability drops to
1 × 10−16 m2 and 1 × 10−17 m2, the cumulative water leakage in 30 years is 3.19 × 106 m3

and 9.39 × 105 m3, and the average annual leakage is 1.05 × 105 m3 and 3.13 × 104 m3,
with a significant decline.

With the increase of permeability, the main hazards are:

(1) A large amount of water leakage will bring trouble to the underground working face,
especially when the leakage is high. Secondary disasters caused by water leakage
should be prevented.

(2) High pore pressure in the coal pillar will decrease the effective stress, leading to the
local spalling and crushing, and reducing the effective pressure-bearing area.

(3) Large coal pillar permeability will cause the loss of tiny powder and particles in the
coal body due to the high flow velocity and strong hydrodynamic force. It may result
in the phenomenon of “flowing soil” and “piping”; moreover, the sudden collapse of
coal pillars when it develops to a certain extent.
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Therefore, when selecting a coal seam for the underground reservoir, try to choose
the one with shallow depth and low coal permeability, thus effectively improving the
anti-seepage performance of coal pillar dam. It is suggested that the allowable permeability
of the coal pillar dam should not be higher than 1 × 10−15 m2.

5.2. Damage Zone in the Coal Pillar

In practical work, with the influence of reservoir service, intense brine immersion,
and adjacent mining, the coal pillar dam will be damaged, and the permeability will be
enhanced. However, the degree of this damage is often severe on the surface of the dam
body and gradually decreases with the increase of leakage distance. As a direct result, the
closer to the adjacent water (air) surface, the greater the damage degree and the higher
the permeability of the coal pillar. Combined with the distribution characteristics of pore
pressure in the coal pillar, the permeability of the coal pillar dam under this condition is
divided, as shown in Figure 13.
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Different permeability zones in coal pillars are set up, and the water seepage in coal
pillar dam under this condition is simulated. The damage zone near the reservoir has
the highest permeability, K1 = 1 × 10−14 m2. Then, the permeability gradually decreases,
where K2 = 7.5 × 10−15 m2 and K3 = 5 × 10−15 m2. Each damage zone has a thickness of
1 m. Due to stress release, there is a specific damage zone near the empty roadway. Its
permeability is set to K5 = 2.5 × 10−15 m2, with a thickness of 1 m. The permeability of the
intact coal rock in the middle part is K4 = 1 × 10−15 m2, and its thickness is 16 m. Taking
the operation of pumping and storing water as the background, the cycle is four times per
year, the operation time is 30 years, the water pressure is between 0.1 MPa and 3.7 MPa,
the brine density is 1.2 g/cm3, and the other parameters are unchanged.

(1) Leakage range

As seen in Figure 14, the leakage range of water in the coal pillar dam increases with
time, increasing rapidly in the early stage (the first 10 years) and levelling off in the later
stage. During the first ten years, the leakage range increased about 10 m, and during the
last 20 years, only about 6 m increased. The boundary of the leakage range shows an
inverted “S” curve with a narrow upper part and a wide lower part.
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(2) Pore pressure distribution

The distribution characteristics of water pore pressure in the coal pillar dam have
been analyzed, as shown in Figure 15a. It can be seen that, when there is a damaged zone
with high permeability in the coal pillar dam, the water pore pressure drops rapidly; then,
a slow-down platform appears and then drops until it reaches a low value. Two pore
pressure curves of damaged and undamaged coal pillars are plotted in Figure 15b. Due to
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the larger permeability in damaged zones, the pore pressure in the same position of the
dam is higher than that in undamaged zones. Although the width of the damaged zones
near the reservoir side is only 3 m, the pore pressure still affects the lateral depth of 3–10 m.
Therefore, when the coal pillar is damaged, its influence on pore pressure will reach about
three times the range of the damaged zone. Outside this range, the pore pressure curves
coincide and have no significant effect.
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Figure 15. Distribution of pore pressure in the coal pillar dam. (a) pore pressure distribution of the
coal pillar dam with damaged zones at different times; (b) comparison of pore pressure distribution
of the damaged and undamaged coal pillar dam.

(3) Cumulative leakage amount

The cumulative water leakage curve of a damaged and undamaged coal pillar dam
within 30 years of service is drawn, as shown in Figure 16. It can be seen that, after the
coal pillar is damaged, the accumulated water leakage in 30 years is 1.15 × 107 m3, and the
average annual leakage is 3.83 × 105 m3/ year. The cumulative leakage of undamaged coal
pillar in 30 years is 5.77 × 106 m3, and the average yearly leakage is 1.92 × 105 m3. That is
to say, when the coal pillar is damaged in a small area (only 3 m), the cumulative leakage
of the coal pillar dam has nearly doubled (99%). Therefore, during the construction and
operation of the reservoir, we should pay close attention to the damage to the coal pillar
dam near the reservoir side to prevent the leakage from increasing greatly after its loss.
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Figure 16. Comparison of cumulative leakage volume between the damaged and undamaged coal
pillar dam.

6. Discussion and Application

It can be seen from the above research that several factors affect the leakage of
the coal pillar dam. The following discussion and application analysis are given to the
previous study:

(1) When the reservoir is not connected with upper water system, the leakage is minimal,
and the average annual leakage only accounts for 1.5% of the total water storage. Once
they are connected, water pressure in the reservoir increased rapidly, significantly
increasing the leakage. When the water pressure is 100 m water column height, the
leakage will increase by more than seven times, and when the water pressure is 300 m
water column height, the leakage will increase by 23.66 times. Therefore, detecting
and controlling the water pressure change in the reservoir area is crucial, which is the
key to preventing leakage. Once the water pressure is too high, priority should be
given to pumping and depressurizing the reservoir when using water in the mining
area. Although the fracture zone has adverse effects on dam leakage prevention, it
is equivalent to gathering more water resources for utilization, and the deeper the
depth, the greater the collected water amount should be. Therefore, the problem of
reservoir depth should be treated dialectically.

(2) Permeability of coal pillar dam is also an essential factor affecting the leakage. It can
be seen from the above simulation that the higher the permeability of the coal pillar
dam, the greater the leakage. It is suggested that the coal seam with low permeability
and complete structure should be selected as far as possible to build the reservoir to
ensure the anti-seepage performance of the reservoir. At the same time, for coal seams
with coal seam permeability higher than 1 × 10−15 m2, the anti-seepage performance
of the coal pillar dam should be strictly demonstrated, or anti-seepage reinforcement
measures should be taken.

(3) Compared with constant water pressure storage, periodic water pumping and storage
operation also help to reduce leakage. Therefore, the water pumping and storage
operation should be brought into the water-drainage management of the mining area
at the site—to give full play to the water regulation function in the mining area, to
effectively reduce the leakage and improve the anti-seepage and stability of the coal
pillar dam.

(4) When the coal pillar dam is damaged, permeability increased in the damaged zones;
this will increase pore pressure in the lateral range, about three times of the distance
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of damaged area. At the same time, due to the existence of damaged zones, water
leakage increased significantly (increased by 99% in this case). Therefore, if there
is inevitable coal pillar damage in the site, before a formal water storage reservoir,
measures such as dam seepage prevention and coal pillar reinforcement are suggested
to effectively prevent the occurrence of damaged zones and significantly increase
the leakage. The proposed measures and methods also include: spraying anchor on
the surface of the coal pillar near the water and supporting with pre-stressed bolt
through layers.

7. Conclusions and Recommendations

In this paper, by simulating the leakage of a coal pillar dam of an underground reser-
voir under different conditions, the following conclusions and understandings are obtained:

(1) Once the overburden fracture zone of the coal mine underground reservoir is filled
with water and the reservoir is connected with the upper water system, the water
pressure in the reservoir area will be significantly increased, resulting in a substantial
increase in leakage. When the water pressure is 100–300 m in water column height,
the leakage is 8.19–24.66 times that of the not connected. Therefore, in the site, people
should monitor the change in water pressure and, if necessary, pump water to relieve
stress in time.

(2) The permeability of the coal pillar dam also influences the leakage significantly. As
the permeability decreased from 1 × 10−14 m2 to 1 × 10−17 m2, the accumulated
water leakage decreased from 4.59 × 107 m3 to 9.39 × 105 m3, and the pore pressure
also reduced considerably. To build an underground reservoir, coal seams with low
permeability and good integrity should be selected as far as possible. It is suggested
that the permeability of the coal pillar dam should not be greater than 1 × 10−15m2.

(3) The anti-seepage and safety of the coal pillar dam will be significantly improved by
periodic water pumping and storage operations. After 30 years of service, the leakage
amount decreased to 51.9% of that under constant water pressure storage. Within the
range of 0.4 m in the reservoir side of the coal pillar, the pore pressure rapidly reduces
by nearly half, dramatically improving the coal pillar’s safety performance. Therefore,
periodic water pumping and storage operations can not only give full play to the
reservoir regulation function but also effectively reduce the leakage and improve the
safety performance of coal pillars.

(4) When the coal pillar dam is damaged and its permeability increased, both the pore
pressure and leakage amount increased significantly. The existence of the damaged
area will bring hidden dangers to the further weakening of the coal pillar dam. At the
same time, it will also lead to a substantial increase in leakage (about a 99% increase
in this case), which is unfavorable for seepage control. Therefore, before storing water,
it can be considered to take measures such as shotcreting the anchor and penetrating
the layer anchor to prevent the damage on the reservoir side of the dam body.
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