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Water supply prediction and control is one of the key issues in exploitation of coal mine underground reservoirs (CMUR). In
order to investigate the water supply for underground reservoirs in coal mines, the aquifers were classified into three types
(types L, II, and IIT) according to the relative location of aquifers. The discrete element fluid structure coupling numerical
simulation model is constructed according to the classification results. The numerical simulation parameters are inversed based
on the surface subsidence data and the advance support pressure, and then, the disturbed characteristics and water pressure
variation law of different types of aquifers are studied. The research results show that the maximum water inflow of type III,
type II, and type I aquifers is 739 m’/h, 377 m*/h, and 279 m*/h, respectively. The dynamic calculation process of underground
reservoir capacity under mining disturbance is refined, and the regulation and storage methods of underground reservoir are

preliminarily put forward.

1. Introduction

With the implementation of China energy strategy, the west-
ern mining area has become the “main battlefield” for the
development and utilization of coal resources. The output
and reserves of coal in the five western provinces (Shanxi,
Shaanxi, Mongolia, Ningxia, and Xinjiang) account for more
than 70% of the national total, while their water resources
account for only 3.9% of the total. Under the background
characterized by “rich coal, poor water, and weak ecology,”
water resources have become a “bottleneck” restricting the
development of coal industry in China western areas. The
“ecological loss” derived from traditional extensive mining
far exceeds the “economic value” created by coal develop-
ment. The ecological environment problem, especially the
water resources protection in western mining areas, has
become the major problem faced by the coal industry
[1-4]. According to statistics, China’s annual output of mine

water is about 8 billion tons, of which 6 billion tons are
wasted, which accounts for about 60% of the industrial and
civilian water. If the mine water can be fully utilized, there
will be abundant water for downstream coal processing [1,
5-7]. Therefore, “protection and utilization of mine water”
has become a strategic requirement for sustainable develop-
ment as well as an important prerequisite for the green
development of coal resources.

At present, many scholars have carried out extensive the-
oretical researches and engineering practices on “water-
preserved mining.” From the perspective of “blocking, inter-
ception and drainage,” a lot of researches have been con-
ducted on mining-induced fissures and rock movement in
order to master the development law of mining-induced fis-
sures and investigate the impact of coal mining on water
resources. Through theoretical analyses, experimental
researches, and engineering practices, researchers have put
forward theoretical and engineering technical means such
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FIGURE 1: Overview of study area.

(c) Mixed aquifer (type III aquifer)

FIGURE 2: Generalized classification of coal-water occurrence relationship in shallow coal seam.

as height-limiting mining, mining with filling, and ground
water storage in order to avoid or reduce the degree of dam-
age to water resources caused by mining and thereby solve
the contradiction between coal mining and ecological envi-
ronment [8-11]. However, these mining protection methods
and technologies have certain limitations. For example,
height-limiting mining reduces the coal recovery rate and
causes the waste of resources; ground water storage is lim-
ited due to the problems such as insufficient water storage
space and high costs of water storage. In addition, there
are still theoretical and technical difficulties in the study on
the relationship between the development of mining-
induced fissures and the destruction of aquifers, which are

also key issues to be addressed in the protective exploitation
of water resources.

After more than 20 years of scientific and technological
researches and engineering practices, Gu Dazhao first pro-
posed the concept of “diversion, storage and use” for under-
ground reservoirs in coal mine. At present, more than 30
underground reservoirs have been successfully constructed
in the Shendong mining area, with an annual water storage
capacity of about 32 million m’, which contributes a lot to
the ecological development, industrial production, and
domestic water use in the mining area [1]. After years of
researches and explorations, the academic community has
carried out a large number of theoretical and engineering
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TaBLE 1: Physical and mechanical parameters of rock stratum.

FiGure 3: Flow chart of numerical simulation.

Types of Bulk density Compressive strength Internal friction Cohesion Elastic modulus ~ Poisson’s Permeability
rocks kN/m’ 0,/MPa angle E/GPa ratio p coeflicientc m/s
Aeolian sand 15.8 — 20 0.02 — — 1x107°
Conglomerate 239 453 39 7.10 33 0.25 3x 107
Sandy 224 228 38 6.32 23 0.28 1x 107!
mudstone

Siltstone 23.5 40.6 38 7.07 35 0.25 2x1077
Coal 15.1 6.60 30 2.00 14 0.22 1x10°°
Mudstone 223 20.7 29 5.55 20 0.30 3x107"°
Fine 234 6.60 38 6.46 13 0.22 1x10°°
sandstone

practices on site selection for underground reservoir, body
design of reservoir dam, and reservoir design. Key technolo-
gies such as water source prediction, reservoir site selection,

and storage capacity design have been put forward to guar-
antee the safety of reservoir operation. It is worth noting that
water source prediction is the basic prerequisite for the
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FIGURE 5: Numerical modeling.

construction of underground reservoirs in coal mine, which
includes two aspects: groundwater migration law research
and groundwater volume prediction. Mine water inflow is
the basis of a series of water storage activities in goaf such
as underground reservoir capacity design, safe operation of
underground reservoir, and mine water supply [12-17]. At

present, water source prediction is mainly based on the
actual monitoring data of mine water inflow. In fact, most
of the water sources of underground reservoirs derive from
the overlying aquifer of the coal seam, which is closely
related to the law of disturbance of the aquifer. Therefore,
determining the change law of aquifer under the influence
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FiGure 6: Comparison of surface subsidence data and simulation
results.

of mining is the basis for the study of reservoir water
sources. In addition, coal seams in the western mining areas
are typically characterized with shallow burial depth, big
thickness, variable aquifer locations, and uncertain aquifer
layers [18, 19], which brings big problems in the prediction
of underground reservoir water sources.

Taking the Bulianta coal mine in Shendong mining area
as example, this study presents fluid-solid coupling numeri-
cal analysis by using UDEC discrete element simulation soft-
ware, studies the aquifer change law under the impact of
mining, comparatively studies the water pressure changes
of aquifers in different models, analyzes the water source
of the underground reservoir, and proposes the water
source control method for underground reservoir. The
research results carry academic significance for accurately
predicting the water source of underground reservoirs in
coal mines.

2. Generalized Classification of “Coal-Water”
Occurrence Relationship in Shallow
Coal Seams

2.1. Analysis of Main Factors Influencing Aquifer Changes
under Mining Action. After the coal seam is mined, the orig-
inal balance state of the rock layer is destroyed, which leads
to the deformation of the overlying rock mass and the gen-
eration of mining-induced fissures, resulting in the change
of permeability of the overlying coal seam (Figure 1). On this
basis, the mining-induced fissures continue to expand under
the “mining stress-water” coupling effect, which eventually
become a channel for water loss, causing water resources
to flow to the goaf. In fact, there are two necessary condi-
tions for water resources derived from aquifers to enter the
goaf: one is that the mining-induced fissures communicate
with the aquifer, and the other is that the fissures develop
into water-conducting fissures. When either of the two con-

ditions is not satisfied, loss of water resources in the aquifer
will not be resulted. For example, when the overlying rock is
soft rock or contains kaolin, illite, and other water-swelling
minerals, the water-conducting fissures will gradually close
after a certain period of time; the water level of the aquifer
will gradually recover, so that the loss of water resources will
gradually decrease. Therefore, water-conducting fissure zone
is one of the main factors causing the change of aquifers. In
the research process, it is necessary to consider the develop-
ment height of the fissures and also analyze whether the
fractures can develop into water-conducting channels. Only
when the fissures communicate with the aquifer and develop
into water-conducting channels, it will impose threat to the
aquifer, which is very important for water supply during
the construction of underground reservoirs in coal mines.

Regarding the problem of mining-induced fissures,
many scholars have conducted a lot of researches by theoret-
ical analysis and simulation deduction. It is believed that the
main factors influencing mining-induced fractures are coal
seam depth, mining thickness, mining speed, etc. The calcu-
lation formula and judgment standard of fissure develop-
ment height have been put forward [11, 20-23]. Where
roof lithology, burial depth, and lithological conditions can
be regarded as internal factors affecting the development of
water-conducting fissure zone, while mining height and
working face size can be regarded as external factors. Factors
such as mining thickness and mining speed affect the degree
of roof rock destruction (fissure development), while roof
lithology and combination means determine its ability to
“resist” mining disturbances. According to the mining-
induced damage on aquifer, impacts of mining-induced fis-
sures on the aquifer can be classified into three cases. First,
mining-induced fissures will not damage the stability of the
aquifer; that is, it will not cause the loss of water resources
in the aquifer. Second, mining-induced fissures destroy the
aquifer stability, but after a period of time, the aquiclude
gradually recovers its water-proof capacity, and the fissures
lose the function of water conduction. Although there is a
certain loss of water in the aquifer, the stability of the aquifer
is not affected. Third, mining-induced fissures cause irre-
versible damage to the aquifer, and mining-induced fissures
become seepage channels, so that a large amount of water
resources flow to the goaf [4, 20]. The main factor affecting
the occurrences of the above three cases is the relationship
between the development height of the water-conducting fis-
sures and the occurrence location of the aquifer. Due to the
shallow burial depth and great thickness of coal seams in
western mining areas, fissures will develop to the surface
after coal seams are mined. Therefore, its impact on aquifers
basically accords with the second and third cases, causing a
lot of waste of water resources. The construction purpose
of underground reservoirs in coal mines is to introduce mine
water into the goaf, so that it can be used after being sealed
and fully purified. Therefore, it is necessary to generalize the
classification of the occurrence modes of aquifers, link them
with the development of mining-induced fissures, and then
study its disturbance characteristics under different condi-
tions to provide a basis for the prediction of water source
in underground reservoirs.
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2.2. Generalized Classification of Coal-Water Relationship.
Over the years, many scholars have carried out a large num-
ber of studies on the movement law of the overburden strata
in shallow coal seams. It is concluded that the movement of
the overburden strata in shallow coal seams has obvious
“two belt” divisions in the vertical direction, and the distur-
bance characteristics of coal mining on aquifers are studied
according to the development laws of the “two belts.” In fact,
the location of aquifer varies with the influence degree of
mining. For underground reservoirs in coal mine, the aqui-
fers at different locations provide varying degrees of recharge
to the reservoir after mining disturbances. Considering this,
this paper classifies the relationship between the aquifer
location and the development height of the “two belts”,
and generalizes the aquifers into three types (as shown in
Figure 2).

Type I aquifer: the lower aquifer, which is located
between the caving zone and the fissure zone. When the
aquifer is located at this position, the mining-induced fis-
sures directly destroy the stability of the aquifer; the fissures
communicate with the aquifer and become the main channel
allowing the water source of the aquifer to flow to the goaf.

Type II aquifer: the upper aquifer, which is located above
the fissure zone. This type of aquifer is less affected by fissure

development than type I. Mining-induced fissures have not
developed to the aquifer or have less impact on the stability
of the aquifer. Water resources in the aquifer will flow down-
wards only when fissure penetrates the aquifer and forms a
water-conducting channel.

Type III aquifer: mixed type aquifer, which coexists
with type I aquifer and type II aquifer. Generally, this type
of aquifer is dominant in the process of coal seam excava-
tion. Different mining methods and geological conditions
have greatly different effects on the aquifers, and the water
supply to underground reservoirs in coal mine is also
different.

Type I and type II aquifers are collectively referred to as
single type aquifer. It can be determined that the water
source of the underground reservoir basically comes from
this type of aquifer. Type III aquifer is a combination of
the other two types of aquifers. In the case of Type III aqui-
fer, the water source of the underground reservoir is sup-
plied by two or more aquifers. Since type I aquifer is in the
fissure zone, the destruction degree is larger compared to
type IL Therefore, type I aquifer may become the main water
source for underground reservoirs. In order to clarify the
recharge of aquifers to the underground reservoirs under
different conditions, it is necessary to analyze the failure
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characteristics of various types of aquifers under the influ-
ence of mining.

3. Numerical Model and Result Analysis

The Discrete Element Method (DEM) believes that the rock
mass is composed of rock blocks and discontinuous surfaces
between the blocks. DEM can be used to describe the geo-
metric characteristics (fracture length, inclination, opening
degree, spacing, etc.) of rock mass cracks more truthfully.
Therefore, the DEM-based numerical calculation method
has been widely used in the study of the hydraulic character-
istics of rock (body) fissures.

In the simulation process, the mechanical deformation
of the joint will affect the hydraulic opening of the joint.
The hydraulic opening of the joint is calculated by the fol-
lowing formula.

a=a0+ Aa,
on (1)
Na=—,
4 kn

where g, is the joint opening in the zero-stress state, o,

is the normal stress acting on the joint, k,, is the stiffness of
the joint, and a,,, is the residual hydraulic opening of the
joint.

In the process of stress change, the crack opening
changes, the flow rate of each node changes, and the pore
pressure of the original domain also changes. The pore pres-
sure of the new area can be calculated by following formula:

S

AV

At
P=Py+K, Q7 ~K,Q5+ )

where P is the updated regional pressure, Pa; P, is the
original regional pressure, Pa; K, is the bulk modulus of
the fluid, MPa; Q is the total flow rate of the regional inter-
connection joints, m*/s; AV =V -V, V, =(V+V,)/2,V,
and V|, are the areas of the new and old regions, respectively;
and At is the time step.

3.1. Establishment of Numerical Model Based on Generalized
Classification. Bulianta Coal Mine is located in the central
part of Shendong Mining Area. The main coal seam is No.
1%, with the average thickness of the coal seam of 7.44 m,
so one-time full-thickness mining technology is adopted.
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FIGURE 10: Variation law of water pressure at coal roof with the advancement of working face.

There are mainly two aquifers in the upper part of the coal
seam, namely the Quaternary aquifer and the Zhidan Group
aquifer of the Lower Baixi System. The aquiclude is located
on the top of the Yan’an Formation in the Lower Jurassic,
and its lithology is mainly composed of mudstone and sandy
mudstone. In order to analyze the water source problems
during the construction of underground reservoirs after the
mining of No. 1 coal seam, it is necessary to study the
change law and recharge law of water source in the aquifer
under the action of mining. In view of this, this paper uses
the discrete and fluid model of the UDEC software
(Figure 3) to conduct numerical simulation analysis based
on the occurrence status of No. 17 coal seam and aquifer
in Shendong Bulianta Coal Mine. A numerical analysis
model is constructed to analyze the influence of coal mining
on the aquifer as well as the influence of mine water occur-
rence modes on the water source of underground reservoirs.
The physical and mechanical parameters of each rock layer
of the model are shown in Table 1 [24, 25]. The size and
basic parameters of each rock layer are selected as follows:
(® Model size: according to the average burial depth of
No. 1-2 coal seam, the model height is set to 190 m; at the
same time, considering the boundary effect and the full min-
ing effect during the advancement of the working face, coal
pillars with length of 60 m are arranged on the left and right
sides, and the model length is set to 500 m; excavation step
distance is set to 10 m/step. @ Selection of mining height:
based on the actual mining thickness of No. 1-2 coal seam,
the mining height is set to 8 m. ® Aquifer: according to
the above generalized model, a total of 3 sets of models are
set up based on the aquifer location. Model 1 and model 2
are given a set of aquifers, namely, type I and type II aqui-
fers, model 3 has two aquifers, and the aquifer thickness
for the three types of models is set to 20m, as shown in
Figure 4. The modeling results are shown in Figure 5; ®

monitoring line layout: during the simulation, the monitor-
ing lines are arranged in the lower part of the aquifer (the
upper and lower parts of the type I aquifer in model 3),
the lower part of the aquiclude, and the upper part of the
coal seam. The change characteristics of water pressure
and water velocity during the excavation process are moni-
tored, and the aquifer water level change law, seepage path,
and other related information are inverted according to the
change characteristics of water pressure.

The leading-support stress distribution of working face
is obtained based on numerical calculation model, and
ground surface displacement subsidence curve is plotted
based on Wilson’s theoretical calculations and field mea-
sured data (Figures 6 and 7). The error rate of the ground
settlement monitoring data is 7.95%, and the error rate of
the leading-support peak stress is 1.86%. The deviation
between the numerical simulation model and the actual
measurement and theoretical calculations are within 10%,
showing good consistency. The calculation method of the
specific values refers to the calculation method using the
Wilson theory [26-28] formula. The parameters required
in the theoretical formula when the mining height is 5m
are summarized in Table 2.

3.2. Disturbance Characteristics of Aquifer under Mining.
According to the characteristics of water pressure change
at the measuring point, the characteristics of the aquifer
change under the mining action can be obtained. Through
studying the dynamic changes of the water pressure before
and after mining, we can obtain the change characteristics
of the water resources under the mining action, under-
stand the water pressure change laws of aquifers, aqui-
clude, and coal roofs, respectively, and then grasp the
disturbance characteristics of different types of aquifers
under mining.
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3.2.1. Analysis of the Change Law of Water Pressure in  and close during the advancement of the working face. In
Aquifers. The direct reason why coal mining has an impact  this process, the mining-induced fissures will increase the
on the aquifer is that the fissures become water-conducting ~ water pressure in the overburden strata and reduce alternat-
channels, and the mining-induced fissures continue to open  ing changes. From the simulation results (Figure 8), it can be
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seen that after the mining of the working face, the water
pressure at different locations in aquifers shows the tendency
of increasing or decreasing, and as the distance between the
coal seam and the aquifer increases, the magnitude of the
change tends to decrease. In the case of type III aquifer,
the water pressure in the lower aquifer changes more signif-
icantly than that in the case of type II aquifer, and the upper
water pressure in the lower aquifer also changes as the work-
ing face advances. When the working face advances to about
100 m, the water pressure exhibits big fluctuations, indicat-
ing that the lower limit aquifer is “recharged” by the upper
limit aquifer. In the case of type II aquifer (model 2), as
the distance between the aquifer and the coal seam is greater
than that in the case of type I aquifer, it is more affected by
mining, and the water pressure at the same location changes
earlier than that in the case of type I aquifer.

From the simulation results, it can be known that the
aquifers at different locations present certain time effect. In
general, there is a change characteristic of decrease—increa-
se—decrease—recovery. The water resources located in the
upper aquifer “migrate” along the mining-induced fissures to
the lower rock layer or aquifer; when the aquifer is located in
the upper part (type I), it is greatly affected by mining, and
the disturbance time is later compared to type II aquifer; when
the aquifer is type II or type III, the lower aquifer is greatly dis-
turbed with serious water loss. In particular, when the aquifer
is type III aquifer, the lower part of type II aquifer shows great
water pressure changes, with more serious water loss, provid-
ing abundant water supply for underground reservoirs.

3.2.2. Analysis of the Change Law of Water Pressure in the
Aquiclude. The change of water pressure in the aquiclude
also reflects dynamic evolution of the fissures during coal
seam mining as well as the strength of water resistance to a

certain extent. According to the simulation results, the loca-
tion of the aquifer greatly affects water pressure change in
the aquiclude. As the distance between the two increases,
the water pressure change in the aquiclude becomes smaller,
and the time for the occurrence of water pressure change is
slightly delayed. When the working face advances to about
180-200 m, the change law of water pressure basically tends
to be stable, showing periodic fluctuations.

In the case of type III aquifer, the aquiclude has greater
change amplitude and more significant increase of water
pressure than the other two cases. In the case of type II aqui-
fer, a stable “water gushing point” is formed about 100 m
away from the open-off cut. It can be judged that the
mining-induced fissure has the largest opening at this point,
and the water source of the aquifer constantly flows to the
goaf. Despite the great water resource flow at this point,
the water pressure in the mining-induced fissure is small.
In the case of type I aquifer, after the coal seam mining
destroys the aquifer, water resources continue to flow to
the lower rock layer and enter the goaf along the fissure of
the aquiclude. In general, as the distance between the coal
seam and the aquifer decreases, there is an increasingly seri-
ous loss of water resources in the aquifer, and the change law
of water pressure becomes more and more complicated dur-
ing the advancement of the working face. The farther away
the occurrence location of aquifer is from the coal seam,
the smaller the water pressure change is, and the longer
the time will be. The difference in the water pressure change
reflects the fissure opening degree or the strength of the
water conductivity in the aquifer. The closer the distance
between the aquifer and the coal seam, the more serious
the loss of water resources after the mining-induced fissure
destroys the aquifer, and the more stable the water supply
to the underground reservoir. On the contrary, when the
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FIGURE 13: Variation law of water pressure in aquiclude.

aquifer is far away from the coal seam, due to the action of
the bedrock between the aquifer and the aquiclude, part of
the water resources will be stored by the bedrock fissure
(cracks) rather than flowing to the goaf, so that the under-
ground reservoir cannot be steadily recharged.

3.2.3. Analysis of the Water Pressure Change Law at Coal
Roof. In order to characterize the degree of water supply to
underground reservoirs by different types of aquifers, the
changes in water pressure at coal roof are analyzed. Based
on the change law of water pressure in the aquiclude, it
can be seen that the change law of water pressure at coal roof
varies significantly with the occurrence forms of coal seam
and aquifer as well as distance between the two. In model
3, the change amplitude and increase intensity of water pres-
sure at coal roof are greater compared to the other two
models. The change law is similar to that of model 1 (type
I aquifer), but the change range of water pressure is bigger
compared to model 1, which means that when the aquifer
is a mixed type aquifer; the water source at the coal roof is
“recharged” by the two aquifers. The main source for rechar-
ging is provided by the lower aquifer, and the water pressure
change at coal roof is not a simple superposition of the

change values of the water pressure in the two models, which
also verifies to a certain extent that part of the water source
in the upper aquifer will be stored in the fissure along with
the opening and closing of the bedrock fissure.

After the mining of the working face is completed, the water
pressure at the open-off cut and the stop line of the working face
remains basically stable, and the water pressure in the middle of
the working face increases and decreases periodically, indicating
that the fissures at both ends of the working face have a greater
degree of opening, which becomes a stable water gushing point.
However, in the middle part, the fissure is closed due to the
recompaction of the rock formation, and the upper part is con-
stantly recharged by water, showing a periodic water pressure
change of increase—decrease—increase.

The change of water pressure at coal roof can directly
reflect the damage degree of different types of aquifers under
mining as well as the water supply capacity of underground
reservoirs in coal mine. From Figure 9, it can be found that
the water supply capacity of the underground reservoir is
directly related to the “coal-water” occurrence relationship.
When it is closer to the coal seam, the recharge capacity is
stronger, and the downward flow time of water resources is
relatively advanced. When there are multiple aquifers above
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the coal seam, the aquifer located between the caving zone and
the fissure zone is the main “supply aquifer” for the under-
ground reservoir, and the aquifer above it continuously
replenishes the lower aquifer under the influence of fissure.

3.3. Water Source Prediction of Underground Reservoirs
under Different Coal-Water Occurrence Relationships. The
water source of underground reservoirs mainly comes from
the water resources in the aquifer. After the coal seam is
mined, there will be stable water outlets at the open-off
cut and stop line. The mining-induced fissures generated
in this area have big openings and become one of the stable
water sources for underground reservoirs. From the simula-
tion results, the changes in water pressure at coal roof
reflect the recharge status of underground reservoirs by
aquifers. In order to further analyze the degree of water
supply to underground reservoirs provided by different
types of aquifers, the water pressure at coal roof is analyzed.

It can be seen from Figure 10 that, in models 2 and 3,
there are obvious areas where water pressure increases at

both ends of the working face, while in model 1, the water
pressure at both ends of the working face does not change
significantly, and the water pressure in the lower aquifer
shows a hump-shaped distribution. Different types of aqui-
fers show great differences in the cumulative increase trend
of coal roof during the advancement of working face. The
overall degree of change is ranked as model 3 > model 2 >
model 1, indicating that the coal-water occurrence relation-
ship has a great influence on the water source of under-
ground reservoirs. The farther the aquifer is from the coal
seam, the more unstable the recharge to the underground
reservoir.

In order to verify the rationality of the numerical simu-
lation, the numerical simulation results were compared with
the physical simulation results and on-site monitoring
results. The results show that the main “outlet points”
derived from physical simulation and numerical simulation
are near the open-off cut, and the fissure (water gushing
channels) is developed in the tensioned fissure zone above
the two ends of the working face [29]. The separation
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fissures or horizontal fissures appear just above the working
face during the mining process. With the advancement of
working face, this part of the fissures is compacted and
reclosed, causing the loss of water diversion capability. By
comparison with the numerical simulation results, it can
be found that great increase of water pressure also appears
in the tensile fissure zone at the upper ends of the working
face, and there is small water pressure change in the upper
compaction zone of the working face. Therefore, the numeri-
cal simulation results are basically consistent with the actual
results. By analyzing the on-site monitoring results of the
aquifer water level (Figure 11(c)), it can be seen that with the
advancement of the working face, the water pressure in the
aquifer shows a tendency of decrease — recover — stabilize,
which is consistent with the numerical simulation results.

In order to quantitatively analyze the recharging of
underground reservoirs by different types of aquifers,
according to Darcy’s law calculation method, the water
inflow V has a relationship with water flow velocity v, water
flow channel area S, and time ¢, as shown in Equation (3).

V=>Yv.ds, (3)

where V is the water inflow, m>/h; v is the water flow
velocity, m/s; and S is the cross-sectional area of the water
flowing through the rock formation (the coal roof is along
the inclination direction of the working face), m>. The mon-
itoring results of the water flow velocity in the monitoring
point are shown in Figure 12.

Based on the development degree of the main fissures in
the mining process and according to the actual width of the
working face, the cross-sectional area of seepage is calcu-
lated, and the water inflow results of the three models are
finally calculated as well, as shown in Figure 13. The working
face width is within the range of 200~300 m, and the water
inflow of each model is obtained. Model 3 has the largest
water inflow, which is about 493~739 m>/h; model 2 has
the smallest water inflow, which is about 252~377 m’/h;
the water inflow of model 1 is between the two, which is
186~279 m*/h. According to the actual occurrence status of
the aquifer, the Bulianta Coal Mine can be classified as type
III aquifer. According to the analogy method and actual
measurement results, the actual water inflow during the
mining process of the No. 17 coal seam is 400 m*/h by aver-
age, which is similar to the simulated value.

4. Water Source Regulation and Storage
Method for Underground Reservoir in Coal
Mine considering Coal-Water
Occurrence Relationship

Flowchart of evaluation for water storage in goaf is shown in
Figure 14 [1].

Q =9, +9
q,=F-a;-h, (4)
q,=F -0y h,
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where F is the area of the goaf, m?; a is the precipitation
infiltration coefficient of the goaf; F, is the peripheral catch-
ment area of the goaf, m? a, is the precipitation infiltration
coefficient in the peripheral catchment area of the goaf; and
h is the precipitation intensity of the study area, m/d.

Q=q;+4, (5)

where g, is the flow of the surface water into the goaf,
mz/d, and g, is the flow of surface water out of the goaf,
m’/d.

The recharge amount of the underground aquifer for the
goaf is related to goaf water storage level. The groundwater
inflow is directly proportional to the 1/2 power of decline
ratio of the water level, which can be calculated by the fol-

lowing formula:
/S
Q=Q S (6)
0

where Q) is the water inflow of the goaf before enclosure,
m’/d; S, is the drawdown of the phreatic water level before
goaf closure, m; and S is the drawdown of the phreatic water
level in the goaf water storage, m (Figure 14).

The time dt of goaf water storage presents the drawdown
change dS of phreatic water level, so:

S
(Ql +Q, + Qpy /S—> dt = Fu,ds, (7)
0

where u, is the specific yield of the goaf caving zone;
assuming K, = Q, + Q,, K, =Q,/S,"1/2, following formula
can be obtained through integration:

1= 20 i (5~ vB) -k, S g

K2 K, +K,V/S

According to the generalized model of the “coal-water”
relationship and the results of numerical analysis, different
forms of water source control methods are proposed to
ensure that the underground reservoirs have sufficient water
supply while the water inflow does not exceed the storage
capacity. According to the water supply types of under-
ground reservoirs, they are divided into single-type water
sources and mixed-type water sources. The single-type water
sources include type I aquifers and type II aquifers, and the
mixed aquifers are type III aquifers. The specific regulation
and storage method are designed as follows:

(1) Category I (lower aquifer)

Since the aquifer is located within the fissure zone, the
aquifer is greatly damaged by coal mining, and the water
source of the aquifer directly enters the goaf. The predicted
water inflow volume V, is used as the water source recharge
of the underground reservoir, which is compared with reser-
voir capacity V. There are following two situations involved.

Geofluids

In case 1, V >V, that is, the aquifer recharge exceeds the
designed underground reservoir capacity; the control
method is to grout at the bottom of the aquifer above the
cut-off line and the stop line to plug the main water-
conducting fissures, reduce the mine water inflow, connect
the aquifer to the underground reservoir through drilling,
arrange water valves in the roadway near the reservoir,
adjust the water volume, thereby achieving the purpose of
adjusting the water volume of the reservoir (as shown in
Figure 15). In case 2, V < V|, the water inflow of the aquifer
is smaller than the designed reservoir capacity. The bore-
holes arranged in case 1 are used to increase water inflow
to the reservoir, and the water source of the underground
reservoir is controlled according to the actual water inflow.

(2) Category II (upper aquifer)

Since this kind of aquifer is far from the coal seam, it is
less disturbed and has relatively weak ability to recharge
the underground reservoir. When the aquifer water supply
meets the reservoir capacity requirements, no large-scale
water inrush will occur. When the aquifer water volume
does not meet the reservoir capacity requirements, the aqui-
fer can be communicated with the underground reservoir by
drilling holes, and devices such as valves can be installed at
the pipeline end, in order to guarantee the ecological, pro-
duction, and domestic water requirement of the mining area
in the underground reservoir. Water sources such as aquifers
and surface water are introduced into underground reser-
voirs to ensure the recharge for underground reservoirs.
When the water inflow is greater than the designed capacity
of underground reservoir, the method of grouting should be
taken to block the main water-conducting fissures for type I
aquifers.

(3) Category III (contains both upper and lower
aquifers)

When the aquifer above the coal seam has both upper
and lower aquifers, there is relatively big reservoir water sup-
ply. Where type I aquifer is the main source of recharge for
the underground reservoir. In order to control the water
source of the underground reservoir within a reasonable
range, type I aquifer is regarded as the main aquifer, and
type II aquifer is subject to auxiliary control according to
the amount of water inflow. Grouting and water pipe control
are carried out simultaneously for the two types of aquifers
to ensure that water inflow matches the storage capacity of
underground reservoirs.

5. Conclusion

(1) Aiming at the core issue of water supply for under-
ground reservoirs in coal mines, this paper clarifies
that the development of water-conducting fissures
in aquifers and the formation of water-conducting
channels are the key factors leading to the loss of
water resources in the aquifer. Based on the occur-
rence location of aquifer and the development height
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of water-conducting fissure zone, the overlying aqui-
fer of the shallow coal seam is generalized into three
types, including the lower aquifer locating between
the caving zone and the fissure zone, the upper aqui-
fer locating above the fissure zone, and the mixed
aquifer consisting of the above two

(2) Numerical simulation results show that in the pro-
cess of coal mining, the water pressure of the aquifer
presents a variation of decrease—increase—decrea-
se—recovery and shows a certain time effect. When
the occurrence location of aquifer is farther from
coal seam, the time lag is relatively long, the damage
degree is smaller, and the recharge of underground
reservoir is weaker. The mixed aquifer provides the
most abundant water supply to underground
reservoir

(3) According to the numerical simulation results, the
mine water inflows of different models are calcu-
lated. Combining the actual occurrence of Bulianta
aquifer (type III aquifer), the rationality of the simu-
lation results is verified. On this basis, the recharging
of underground reservoirs by three types of aquifers
is analyzed, which shows that mixed aquifers have
the strongest recharging capacity, followed by lower
aquifers, and upper aquifers with the weakest rechar-
ging capacity

(4) In order to ensure that the water supply of under-
ground reservoirs is within a safe and reasonable
range, based on the storage capacity of the under-
ground reservoir, a preliminary method is proposed
for the water supply control of the underground res-
ervoir, including grouting, blocking of the main
water-conducting fissures, and hole drilling (pipes)
to divert or inject water into the aquifer
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