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Abstract: This study focuses on the seismic safety of distributed underground reservoirs in coal mines,
especially in scenarios involving the establishment of multiple reservoirs within the same mining
area, spanning different coal seams. Dynamic similarity model tests and numerical simulations are
employed to investigate the construction and operation of these reservoirs under extreme conditions,
such as mine tremors or earthquakes. Utilizing the Daliuta coal mine underground reservoir as a case
study, a similarity material model test platform is established to represent both upper and lower coal
mine underground reservoirs. Stability tests are conducted on the interlayer rock mass under various
levels of seismic intensity, and the safety of the interlayer rock mass at different safety distances is
comparatively analyzed. Meanwhile, using the finite element method, the responses of the upper
and lower coal mine underground reservoirs under different seismic intensity levels are simulated
with the same conditions of model tests. Through the two types of simulations, the mechanical
response and safety of the surrounding rock of the Daliuta coal mine underground reservoir under
the influence of different seismic intensities are systematically analyzed, and the reasonable safety
distances between the upper and lower reservoirs are obtained. This study provides a valuable
scientific insight into the safe design of underground reservoir embankments in coal mines.

Keywords: distributed coal mine; underground reservoir; model test; numerical stimulation; seismic
safety analysis

1. Introduction

The distribution patterns of water resources and coal resources in China diverge. The
coal-rich regions in its central and western parts often coincide with ecologically fragile
areas characterized by arid and semi-arid conditions, where water resources are scarce, and
surface ecosystems are particularly vulnerable [1–4]. In these major coal mining areas, water
scarcity is a common challenge, leading to a heavy reliance on groundwater extraction and
the comprehensive utilization of mine water for various purposes. The development of
these mining regions is further complicated by the complexities of locating water sources,
integrating water resource utilization, and allocating water rights [5–10]. The introduction
of underground reservoir technology in coal mines serves as both a technical solution
to address water shortages in mining areas and an effective approach to promote water
conservation and utilization in western mining regions [3,11]. At its core, this technology
leverages the rock cavities formed during coal mining to create water storage spaces.
Discontinuous and secure coal pillars are connected by artificial dam structures to establish
the reservoir dam [12–14]. Additionally, water intake facilities are constructed, making
full use of the purifying properties of the rock cavities in the goaf to enhance the quality
of mine water [15,16]. This innovative approach represents a novel form of underground
water engineering structure. To optimize the utilization of the water storage space in the
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goaf, multiple underground water reservoirs are interconnected through water transfer
channels, resulting in the creation of a distributed underground water reservoir within the
coal mine [17], as depicted in Figure 1.

Water 2023, 15, x FOR PEER REVIEW 2 of 20 
 

 

underground water engineering structure. To optimize the utilization of the water storage 

space in the goaf, multiple underground water reservoirs are interconnected through wa-

ter transfer channels, resulting in the creation of a distributed underground water reser-

voir within the coal mine [17], as depicted in Figure 1. 

 
Figure 1. Schematic of distributed coal mine underground reservoir. 

Safety is paramount during the construction and operation of distributed under-

ground water storage in coal mines [18]. Under normal conditions, the technology for 

guarantying the safety of distributed underground water storage in coal mines is rela-

tively mature [19]. For example, based on the actual conditions of the underground water 

storage in coal mines, relevant indicators and monitoring sensors are arranged to analyze 

key parameters, such as the stability of the reservoir’s weak areas, leakage, water level, 

water quality, water quantity, and dam stresses and strains [20,21]. Utilizing information 

monitoring technologies, the stability indicators for the dam can be monitored in real time 

[22]. On the other hand, surface water storage, which has been developed for over a hun-

dred years, has formed different structural forms of dams and has been applied in engi-

neering practice. In general, evaluating the safety and stability of a dam under earthquake 

conditions is an important aspect of the safe operation of surface water storage [23–25]. 

Scholars have conducted seismic safety evaluations of various types of dams and have 

achieved a series of results, providing a reference for analyzing and evaluating the seismic 

safety in distributed underground water storage in coal mines [26–29]. To evaluate the 

safety of underground reservoirs in the same coal seam under earthquakes, Gu et al. [1,6] 

were the first to propose evaluation methods for analyzing the dynamic response and sta-

bility of coal pillars in underground water reservoirs. They employed physical simulation 

and numerical simulation methods to conduct dynamic destruction tests on the dam body 

under different intensity conditions and compared the seismic safety with the dam body 

of surface water reservoirs under the same conditions, proposing the concept of safety 

factor for the dam body of underground water reservoirs in coal mines and providing a 

theoretical basis for the seismic evaluation of the dam body of underground water reser-

voirs in coal mines [6]. 

Compared to the underground water reservoirs in the same coal seam, the seismic 

safety evaluation of distributed underground water reservoirs in coal mines is more com-

plex [26,29,30]. The reason for this is that the extraction of the lower coal seam causes 

Ground

Underground reservoir 
of coal mine

Underground reservoir 
of coal mine

Underground reservoir 
of coal mine

Underground reservoir 
of coal mine

Coal seam

Coal seam

Water storage area

Water storage area

Water storage area

Water storage area

Figure 1. Schematic of distributed coal mine underground reservoir.

Safety is paramount during the construction and operation of distributed underground
water storage in coal mines [18]. Under normal conditions, the technology for guarantying
the safety of distributed underground water storage in coal mines is relatively mature [19].
For example, based on the actual conditions of the underground water storage in coal
mines, relevant indicators and monitoring sensors are arranged to analyze key parameters,
such as the stability of the reservoir’s weak areas, leakage, water level, water quality,
water quantity, and dam stresses and strains [20,21]. Utilizing information monitoring
technologies, the stability indicators for the dam can be monitored in real time [22]. On the
other hand, surface water storage, which has been developed for over a hundred years, has
formed different structural forms of dams and has been applied in engineering practice.
In general, evaluating the safety and stability of a dam under earthquake conditions
is an important aspect of the safe operation of surface water storage [23–25]. Scholars
have conducted seismic safety evaluations of various types of dams and have achieved
a series of results, providing a reference for analyzing and evaluating the seismic safety
in distributed underground water storage in coal mines [26–29]. To evaluate the safety
of underground reservoirs in the same coal seam under earthquakes, Gu et al. [1,6] were
the first to propose evaluation methods for analyzing the dynamic response and stability
of coal pillars in underground water reservoirs. They employed physical simulation and
numerical simulation methods to conduct dynamic destruction tests on the dam body
under different intensity conditions and compared the seismic safety with the dam body of
surface water reservoirs under the same conditions, proposing the concept of safety factor
for the dam body of underground water reservoirs in coal mines and providing a theoretical
basis for the seismic evaluation of the dam body of underground water reservoirs in coal
mines [6].

Compared to the underground water reservoirs in the same coal seam, the seismic
safety evaluation of distributed underground water reservoirs in coal mines is more com-
plex [26,29,30]. The reason for this is that the extraction of the lower coal seam causes
significant changes in the stress field and fracture field between the upper and lower coal
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seams if an underground water reservoir has already been constructed in the upper coal
seam [6,31]. In order to ensure the safety of the upper underground water reservoir, the
extraction of the lower coal seam or the construction of the lower underground water
reservoir must maintain a certain distance from the upper underground water reservoir.
This distance is referred to as the safety distance between the upper and lower underground
water reservoirs, as shown in Figure 2.

Water 2023, 15, x FOR PEER REVIEW 3 of 20 
 

 

significant changes in the stress field and fracture field between the upper and lower coal 

seams if an underground water reservoir has already been constructed in the upper coal 

seam [6,31]. In order to ensure the safety of the upper underground water reservoir, the 

extraction of the lower coal seam or the construction of the lower underground water res-

ervoir must maintain a certain distance from the upper underground water reservoir. This 

distance is referred to as the safety distance between the upper and lower underground 

water reservoirs, as shown in Figure 2. 

 

Figure 2. Schematic of the spatial location of the upper and lower coal mine reservoirs. 

In this study, a similar material modeling experimental platform is established to 

simulate the safety of underground reservoirs above and below coal mines under earth-

quakes, especially applying for the Daliuta coal mine underground reservoir. This plat-

form facilitates stability tests of the interlayer rock mass under various levels of seismic 

intensity. Then, the safety conditions of the interlayer rock mass under different safety 

distances are compared and analyzed. Meanwhile, the responses of the upper and lower 

coal mine underground reservoirs under different seismic intensity levels are simulated 

using the finite element method, considering the same conditions as the model tests. 

Through the two types of simulations, the mechanical response and safety of the sur-

rounding rock of the Daliuta coal mine underground reservoir under the influences of 

different seismic intensities are systematically analyzed, and the reasonable safety dis-

tances between the upper and lower reservoirs are obtained. The results of this study pro-

vide valuable scientific insights into the safe design of underground reservoir embank-

ments in coal mines. 

  

Figure 2. Schematic of the spatial location of the upper and lower coal mine reservoirs.

In this study, a similar material modeling experimental platform is established to
simulate the safety of underground reservoirs above and below coal mines under earth-
quakes, especially applying for the Daliuta coal mine underground reservoir. This platform
facilitates stability tests of the interlayer rock mass under various levels of seismic intensity.
Then, the safety conditions of the interlayer rock mass under different safety distances
are compared and analyzed. Meanwhile, the responses of the upper and lower coal mine
underground reservoirs under different seismic intensity levels are simulated using the
finite element method, considering the same conditions as the model tests. Through the
two types of simulations, the mechanical response and safety of the surrounding rock of
the Daliuta coal mine underground reservoir under the influences of different seismic inten-
sities are systematically analyzed, and the reasonable safety distances between the upper
and lower reservoirs are obtained. The results of this study provide valuable scientific
insights into the safe design of underground reservoir embankments in coal mines.

2. Physical Model Experiments
2.1. Engineering Prototype

The engineering prototype chosen for this study is the distributed underground water
reservoir in the Daliuta Coal Mine. The stratification and physical–mechanical parameters
of the overlying rock layers are shown in Table 1.
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Table 1. Physical and mechanical parameters of overlying strata.

Rock Type Density/Kg·m−3 Compressive
Strength/MPa Cohesion/MPa Internal

Friction/◦
Elastic

Modulus/GPa
Poisson’s

Ratio Thickness/M

wind-blown sand 1700 12 0.02 20 12 0.3 38
siltstone 2450 41.83 7.07 38 13.2 0.18 12

fine sandstone 2410 35.04 6.46 38 13.16 0.2 5
siltstone 2450 41.83 7.07 38 13.2 0.18 7

fine sandstone 2410 35.04 6.46 38 13.16 0.2 6
siltstone 2450 41.83 7.07 38 13.2 0.18 4

fine sandstone 2410 35.04 6.46 38 13.16 0.2 18
siltstone 2450 41.83 7.07 38 13.2 0.18 2
2-2 coal 1320 13.5 1 30 13 0.26 5

siltstone mudstone 2450 41.83 7.07 38 13.2 0.18 2
5-2 coal 2430 45.94 5.55 29 10.09 0.15 3

wind-blown sand 1256 11.60 2.31 40.2 16.9 0.20 6

2.2. Experiment Design

The purpose of the seismic safety physical model experiment of the underground
water reservoir between the upper and lower rock layers in a coal mine is to simulate the
stress–strain characteristics of the rock layers between coal seams at different distances
from the excavation face during the excavation of the lower coal seam under seismic action.
This is done to determine a reasonable safe distance from the upper coal water reservoir.
The schematic diagram of the model is shown in Figure 3.
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The upper and lower reservoir model comprises five layers: bedrock, a 5-2 coal seam,
an intermediate rock layer, a 2-2 coal seam, and an overlying rock layer. The 5-2 coal seam
has a tunnel and a reservoir, while the 2-2 coal seam has a reservoir filled with gravel.

The quantities of similar materials were calculated based on the mix proportion. The
materials include medium sand, heavy spar powder, talcum powder, Vaseline, silicone oil,
cement, and water. The similar materials were mixed and prepared in the following order:
medium sand, heavy spar powder, talcum powder, cement, water, Vaseline, and silicone oil.
The prepared similar materials were used to pour the physical model. When pouring the
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upper and lower reservoir model, it was poured directly into the model box, following the
principle of layer-by-layer pouring from bottom to top. The thickness of the bedrock layer
is 50 mm, and the pouring method is the same as the previous foundation pouring method.
After pouring, it was compacted and ensured to have a thickness of 50 mm. Next, the 5-2
coal seam was poured with a thickness of 60 mm. A tunnel template was laid in designated
locations on the bottom rock layer, and similar materials were poured and vibrated around
the tunnel template to tightly connect the 5-2 coal seam with the bottom rock layer to form a
whole. The intermediate rock layer was poured with a thickness of 300 mm. Since 18 strain
gauges needed to be installed in the middle rock layer, a half-pouring method was used.
The first half was poured, and after curing and hardening reached a certain strength, strain
gauges were installed on the wall surface with moisture protection. The strain gauges were
arranged vertically in the middle of the rock layer. The arrangement of strain gauges is
shown in Figure 4.
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Figure 4. Schematic of strain rosette position. Red numbers in the figure represent strain monitor-
ing points.

Following the placement of strain gauges, the model of the 2-2 coal seam was poured.
The 2-2 coal seam is surrounded by coal pillars, and the middle area is filled with gravel to
simulate collapsed rock layers. The thickness of the coal seam is 60 mm. When pouring, a
template measuring 96 × 44 × 6 mm3 was placed in the middle. Similar materials were
paved around the template and compacted, and then the template was removed and filled
with gravel inside, ensuring its compactness. Finally, the overlying rock layer was poured
with a thickness of 200 mm. Similar materials were paved and compacted to level it. The
entire box was left for static curing. The results after pouring each layer, the strain rosettes
and the accelerometer layout are shown in Figure 5.

In the preparation of the similar materials, a portion of the materials were reserved to
create standard test blocks measuring 100 × 100 × 100 mm3. The mechanical properties of
the test materials were tested during the vibration test and used as calculation parameters
for the material.
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Figure 5. Similar material model pouring process: (a) the floor and the interlaminar rock pouring,
(b) strain rosettes layout, where the red numbers represent strain monitoring points, (c) coal seam 2-2
pouring, and (d) similar material model poured overlying strata.

2.3. Experiment Process

The loading method of the shake table is importing the acceleration time history,
and the earthquake size is usually described by seismic magnitude and intensity. Seismic
magnitude is a relative measure of the energy released by a specific earthquake based on
the results of instrument testing, and the data are unique. The intensity of earthquake
impact on different locations varies. It is divided into different intensity zones based on the
distance from the epicenter. The peak ground acceleration is the horizontal acceleration
corresponding to the maximum value of the response spectrum of earthquake acceleration.
Extensive research has shown that the relationship between the three is complex, and
seismic magnitude, source dynamics, propagation medium, propagation distance, and
site conditions all have important influences on the relationship between the three. In this
study, following common practice, earthquake intensity levels of 6, 7, 8, 9, and 10 were
selected for the model test, with corresponding peak accelerations of 0.0625 g, 0.125 g,
0.25 g, 0.5 g, and 1.0 g.

The model experiment was conducted on the vibration table at the Department of
Water Resources of Tsinghua University. Artificial earthquake waves were imported to
induce horizontal vibrations [29]. The earthquake time history is shown in Figure 6.
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Figure 6. Time–history curve of seismic acceleration.

2.4. Experiment Results

To quantitatively describe the safety of the rock mass, the material strength, failure
criteria, and stress–strain state of the rock mass during the earthquake process need to be
considered. The failure form of the rock mass during the earthquake process is usually
shear failure, and the mechanical behavior of all the materials in these experiments can
be explained by the Mohr–Coulomb criterium from the previous study; thus, the Mohr–
Coulomb criterium is used as the failure criterium:

τ = c + σ · tanφ (1)

τ is the shear stress, c is the cohesion, φ is the internal friction angle, and σ is the normal
stress. The values of c and φ are material-dependent and can be determined through
shear tests.

To provide a more accurate description of the seismic safety of the distributed under-
ground water reservoir between the upper and lower rock layers in a coal mine, the safety
factor k (the ratio of the shear bearing capacity of the rock mass to the actual shear force) is
defined. The equation is shown below:

k =
τp

τa
=

c + σa · tanφ

τa
(2)

τp is the shear-bearing capacity, τa is the actual shear force, and σ is the actual normal
stress. The larger the value of k, the safer the measurement point is.

Figures 7 and 8 display the time–history curves of shear stress on underground
reservoir model, corresponding to the ten measuring points measuring by acceleration
sensors and strain sensors. According to these time–history curves of shear stress, the
dynamic response mechanism of the dam can be deeply studied. It can be seen from
the figures that the data of each monitoring point are normal and show strong regularity,
indicating that the experimental results are quite reliable.
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Figure 8. Time–history curve of the acceleration in the underground reservoir model.

Additionally, utilizing the experimental data, Figure 9 illustrates the safety levels at
different measuring points under various earthquake intensity conditions. From the figure,
it is seen that under the action of seismic loads, the shear changes along the monitoring
surface as follows:
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(1) As we descend from the upper 2-2 coal seam, the shear force increases, and the
potential failure area is near the 5-2 coal seam.

(2) Near the lower water reservoir, the shear force is larger, and the potential fail-
ure area spreads from the vicinity of the water reservoir to the area far away from the
water reservoir.

(3) Due to the constraint of the model box boundary, the safety levels of the 14th
measuring point and the 18th measuring point near the sides of the model box are relatively
high. Under the action of an eight-degree seismic load, the safety level of the 17th measuring
point is 2.19. Under the action of a nine-degree seismic load, the safety level of the 17th
measuring point is 1.12, the safety level of the 15th measuring point is 1.24, and the safety
level of the 16th measuring point is 2.25. Under the action of a 10-degree seismic load, the
safety level of the 15th measuring point is 1.006, and the safety levels of the 16th and 17th
measuring points are less than 1.0.

3. Numerical Simulation

In order to analyze the reasonable safe distance between the upper and lower layers of
the water reservoir under seismic conditions, the stress variation law of rock layers between
the upper and lower layers during lower coal excavation was studied, and numerical
dynamic analysis was conducted to verify the results through a physical model test.

3.1. Basic Theory
3.1.1. Seismic Dynamic Equation

In the analysis of the seismic safety of distributed underground water reservoir rock
mass, it is necessary to establish the seismic dynamic equation. Taking the lower coal floor
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as the reference system, when a single particle m undergoes a horizontal motion component
on the lower coal floor during an earthquake, it is subjected to elastic restoring force S and
damping force R. The elastic restoring force S is a force that returns the particle m from
the vibration position to the equilibrium position. Its value is proportional to the relative
displacement x(t) of the particle m; that is, S = −k·x(t), where k is the force applied to the
particle when it produces a unit horizontal displacement.

In the process of structural vibration, the vibration will gradually decay due to friction
at the connection between structural components and supports, the resistance of external
media, the material’s non-elastic deformation, and energy dissipation through founda-
tions. The force that causes the structural vibration to decay is usually called damping
force. Generally, it is assumed that the damping force is proportional to velocity; that is,
R = −c

.
x(t), where c is the damping coefficient.

Under the action of an earthquake, the absolute acceleration of a particle is
..
x(t) +

..
xg(t).

According to Newton’s second law, the motion differential equation of the particle under
the action of an earthquake load can be obtained by transforming the equation [31]:

m
..
x(t) + c

.
x(t) + kx(t) = −m

..
xg(t) (3)

From this, the displacement of a multi-particle system can be derived. The elastic
restoring force Si of a multi-particle system during an earthquake is:

Si = −
(
k′ i1x1 + k′ i2x2 + · · ·+ k′ inxn

)
= −

n

∑
r=1

k′ irxr (4)

Si = −
(
k′ i1x1 + k′ i2x2 + · · ·+ k′ inxn

)
= −

n

∑
r=1

k′ irxr, (i = 1, 2, · · · , n) (5)

where k′ ir is the elastic reaction force generated at the i point when a unit displacement is
produced at the r point and other points are stationary.

The damping force Ri of the multi-particle system during an earthquake is [26,27]:

Ri = −
(
ci1

.
x1 + ci2

.
x2 + · · ·+ cin

.
xn

)
= −

n

∑
r=1

cir
.
xr, (i = 1, 2, · · · , n) (6)

where the damping force generated at the i point when a unit velocity is produced at the r
point and other points are stationary.

According to Newton’s second law, the motion differential equation of the multi-
particle system can be obtained [31,32]:

mi
( ..

x0 +
..
xi
)
= −

n

∑
r=1

k′ irxr −
n

∑
r=1

cir
.
xr, (i = 1, 2, · · · , n) (7)

That is:
[m]

{ ..
X
}
+ [c]

{ .
X
}
+

[
k′
]
{X} = − ..

x0[m]{l} (8)

where [m] is the mass matrix,
{ ..

X
}

is the acceleration vector, [c] is the damping matrix,{ .
X
}

is the velocity vector, [k′] is the stiffness matrix, {X} is the displacement vector, and
{l} is the unit vector.

3.1.2. Dynamic Analysis Equation

In the analysis of seismic safety of distributed underground water reservoir rock
mass, it is necessary to establish the seismic dynamic equation. The lower coal floor–lower
underground water reservoir–interlayer rock mass–upper underground water reservoir–
overlying rock mass is treated as a coordinated system, and the whole system is analyzed
using three-dimensional unit analysis. The basic assumptions and boundary conditions in
the calculation process are as follows:



Water 2024, 16, 366 15 of 19

1⃝ The coal and rock layers and the underground water reservoir are assumed to be
uniform and continuous everywhere, and it is believed that the mechanical properties of
any unit in the dam and foundation can reflect the overall mechanical properties, without
considering the discontinuity between various parts caused by the construction of the
underground water reservoir.

2⃝ The rock mass of each coal and rock layer has reached a long-term natural stable
state, and the new deformation caused by self-weight is ignored, so the rock mass is
modeled as a massless foundation to eliminate the effect of wave propagation and avoid
artificial amplification.

3⃝ The top surface of the model is unconstrained, and the constraints on the other four
sides and the base are determined according to the situation.

Based on the above assumptions, the motion Equation (7) can be transformed into [33,34]:

[m]
{ ..

X
}
+ [c]

{ .
X
}
+

[
k′
]
{X} = −[m]{R}

..
Xg(t) (9)

where the damping matrix [c] is the energy dissipation mechanism during vibration pro-
cess, {R} is the influence coefficient vector, which represents the displacement linked to
the base unit displacement of the system’s degrees of freedom, and

..
Xg(t) is the seismic

acceleration time history imported to the distributed underground water reservoir model.
Considering that

{ ..
X
}

,
{ .

X
}

and {X} are the relative acceleration, relative velocity, and
relative displacement vectors of the system, respectively, we have:{ ..

X
}
=

∂

∂t

{ .
X
}

(10){ ..
X
}
=

∂2

∂t2 {X} (11)

The process of dynamic analysis of the distributed underground water reservoir rock
mass between upper and lower layers is the process of solving the equation in Equation (8).

3.1.3. Time History Analysis

The differential equation described in Equation (8) is complex, and it is difficult to
obtain an analytical solution, so numerical methods are usually used to solve it. Considering
that

..
Xg(t) in Equation (8) (seismic acceleration time history) depends on time, numerical

methods usually decompose the earthquake waves into multiple sub-intervals according
to the given seismic acceleration record, substitute them into the vibration differential
equation of the distributed underground water reservoir structure, and apply the step-by-
step implicit integration method to analyze the structural visco-elastic dynamic response to
solve the internal forces and deformations of the rock mass structure at each moment. This
method is called time history analysis.

Specifically: Assume that the state of the system at time tn is known, and the rela-
tive acceleration, relative velocity, and relative displacement vectors of each particle are{ ..

X(tn)
}

,
{ .

X(tn)
}

, and {X(tn)}, respectively. Using these as initial conditions, according
to the predetermined boundary conditions, the seismic load from tn time to tn+1, and the
motion differential Equation (8), the system state at time can be calculated. By repeating
this calculation, the dynamic state of the system at each time period can be solved one
by one, thereby obtaining the dynamic response of the distributed underground water
reservoir system during the entire earthquake period.

3.2. Numerical Model

The specific steps of numerical simulation analysis are as follows.
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3.2.1. Numerical Model

Through analysis of the geological environment of the distributed underground reser-
voir, the model is divided into several computational units according to simulation re-
quirements. In this simulation, 20,000 to 30,000 grid units were divided to construct the
numerical model. The seismic safety numerical model and grid division of the upper and
lower layers of the underground reservoir are shown in Figure 10.
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3.2.2. Boundary Condition

Based on engineering practice, the boundary conditions of the model are defined
before and after, left and right. The boundary conditions of this model are set as follows:

1⃝ Apply viscous boundary conditions to the front, back, left, and right boundaries of
the model to absorb incident waves;

2⃝ Set a viscous boundary at the bottom boundary of the model;
3⃝ The top boundary of the model is a free boundary, and the overlying rock layer is

subjected to self-weight stress.

3.2.3. Mechanical Parameters

The selected parameters are as follows: the elastic modulus of the coal seam is 26 MPa,
the compressive strength is 1.76 kPa, the tensile strength is 26 kPa, the Poisson’s ratio is
0.25, the unit weight is 2.6 kN/m3, the cohesive force is 2 kPa, and the internal friction
angle is 38◦; the elastic modulus of the overlying rock layer and the bottom plate is 26 Mpa,
the tensile strength is 2.98 kPa, the compressive strength is 78 kPa, the Poisson’s ratio is
0.18, the unit weight is 5.2 kN/m3, the cohesive force is 14 kPa, and the internal friction
angle is 38◦.

3.2.4. Simulating the Shear Stress Variation with Different Seismic Intensity Conditions

Analysis shows that the damage caused during an earthquake is generally due to
shear failure, so only shear strain is considered in the numerical dynamic analysis. In the
simulation experiment, the static load of the model is its self-weight, and the dynamic
load is the earthquake action. EI-Centro seismic waves are used as the earthquake wave.
The seismic wave load intensities for the model experiment are set to 6 degrees, 7 degrees,
8 degrees, 9 degrees, and 10 degrees, with corresponding peak accelerations of 0.0625 g,
0.125 g, 0.25 g, 0.5 g, and 1.0 g, respectively. Initially, static analysis is performed, and based
on the static field, dynamic simulation analysis is conducted.

3.2.5. Analyzing the Seismic Safety of the Rock Mass between the Upper and Lower Layers
of the Reservoir

To analyze the distribution law of shear stress in the rock mass between the upper
and lower layers of the distributed underground reservoir provides a technical reference
for determining the reasonable safety distance between the upper and lower layers of
the reservoir.
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3.3. Analysis of Simulation Results

Damage that occurs during earthquakes is generally caused by shear failure. Therefore,
shear force is the main consideration in stress analysis. Figure 11 shows the distribution
of the maximum shear force (τyz) in the upper and lower reservoir model for earthquake
intensities of 6 degrees (peak acceleration 0.0625 g) and 10 degrees (peak acceleration 1.0 g).
The numerical results indicate that the trend of the maximum shear stress in the middle
rock layer is basically the same under different seismic intensity conditions. The farther
away from the lower coal excavation position, the smaller the shear stress in the middle
rock layer. Moreover, the closer to the excavation face, the faster the decrease in shear stress.
The peak value of the maximum shear stress occurs near the 5-2 coal excavation position,
and as it moves away from the 5-2 coal excavation position, the shear stress gradually
decreases. Within the safety distance selected for this numerical simulation (60 cm), the
shear stress in the rock layer below the 2-2 coal goaf is less than one eighth of the maximum
shear stress, indicating that the excavation of the 5-2 coal has a relatively small impact on
the upper underground reservoir at this safety distance.
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Figure 11. The maximum strain of underground reservoir model with different seismic intensity.
(a) Peak acceleration = 0.0625 g. (b) Peak acceleration = 0.0625 g.

4. Conclusions

This paper explores the innovative underground water structure of distributed coal
mine water reservoirs. Utilizing the Daliuta Coal Mine distributed underground water
reservoir in China as the engineering prototype and considering the construction of multiple
underground water reservoirs within the same mining area and their distribution across
different coal seams, the study employs dynamic similarity model testing and numerical
simulation methods to investigate and analyze the safety of constructing and operating
distributed underground water reservoirs under extreme conditions, such as mine-induced
seismic activity or earthquakes. The following conclusions were drawn:

1. For the seismic safety of the rock mass between the upper and lower layers of the
distributed underground reservoir in coal mines, conducting physical model tests
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alone allows for the analysis of dynamic response behavior at a limited number of
monitoring points, which makes it challenging to reflect the overall seismic safety
performance of the reservoir. Conversely, conducting dynamic numerical analysis
alone poses challenges regarding constitutive relationship and dynamic boundary
conditions, making it difficult to evaluate the accuracy and reliability of the simulation
results. Therefore, it is essential to undertake comprehensive research using both
dynamic model tests and numerical analysis for mutual verification. The study
demonstrates that the dynamic response behavior obtained from both methods is
relatively consistent.

2. The variation trend of the maximum shear stress in the middle rock layer remains
consistent under different seismic intensity conditions: the farther away from the
lower coal excavation position, the lower the shear stress in the middle rock layer, and
the closer to the excavation position, the faster the decrease in shear stress. Therefore,
the larger the horizontal safety distance between the upper and lower reservoirs, the
smaller the influence between the two reservoirs.

3. For the Daliuta Coal Mine, the horizontal safety distance between the upper and
lower reservoirs under a seismic load of eight degrees should be greater than 190 m
to ensure their safety. Under a seismic load of nine degrees, the horizontal safety
distance should be greater than 230 m to ensure their safety. Under a seismic load
of 10 degrees, the safety distance between the upper and lower reservoirs should be
greater than 270 m to ensure their safety.
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