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Abstract The large-scale extraction of coal 
resources in the western mining areas of China has 
resulted in a significant loss of water resources, which 
is a challenge for coordinating resource extraction 
with ecological preservation in the mining areas. 
Although underground reservoir technology can 
effectively solve this problem, measuring the storage 
capacity of underground reservoirs through engineer-
ing experiments is costly and time-consuming. Cur-
rently, there is a lack of accurate, reliable, and low-
cost theoretical calculation solutions, which greatly 
restricts the promotion and application of under-
ground reservoir technology. The theoretical calcula-
tion methods for underground reservoir capacity were 

studied based on parameters from the Shendong min-
ing area in China. A water storage structure model for 
coal mine underground water reservoirs was estab-
lished, taking into account the settlement bounda-
ries of the bedrock and loose layers in shallow coal 
seams, based on the key layer theory and the spatial 
structure model of the mining roof. The mathemati-
cal expression for the load on the coal-rock mass in 
the goaf was derived considering the rock breaking 
characteristics of the mining roof. The model deter-
mined the range of each water storage area, including 
the zone of loose body, zone of gradual load, and the 
compacted zone, based on the strength of the water 
storage capacity. The key parameters for calculating 
the water storage capacity were determined using 
a modified model for shallow thick loose layers and 
thin bedrock movement. Finally, a calculation method 
for the storage capacity was obtained. Based on the 
real data from the 22,615 working face of a mine in 
the Shendong mining area, the water storage capac-
ity of the underground reservoir in the goaf was 
jointly calculated using  FLAC3D, Surfer 12.0 and the 
proposed calculation method. The calculated water 
storage capacity was approximately 1.0191 million 
 m3. Although this result was 2.20% smaller than the 
on-site water pumping experiment data, it still veri-
fies the feasibility of the above calculation method 
for determining the water storage capacity of under-
ground water reservoirs.
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Article highlights 

• Based on the rock breaking characteristics of the 
overlying strata, a mathematical expression for 
the load on the coal-rock mass in the goaf was 
derived, and a 3D model of deformation of col-
lapsed rocks in goaf under load was established.

• Based on the characteristics of surface subsidence 
and the 3D model of deformation of collapsed 
rocks in goaf under load, a water storage structure 
model for underground reservoirs in coal mines 
was established.

• A calculation method for the storage capacity of 
underground reservoirs, which is based on the vol-
ume of surface subsidence, was proposed.

Keywords Underground reservoir · Structural 
model · Water storage’s capacity · Goaf · Shallow 
coal seam

1 Introduction

The strategic focus of China’s coal resources mining 
has gradually shifted westward, and the western min-
ing area has become China’s super large coal mining 
base. Owing to the large-scale exploitation of coal 
resources, the fragile ecological environment in the 
western mining area of China has further deterio-
rated, especially the massive loss of water resources, 
which seriously threatened the normal production 
and life in the mining area (Fan et al. 2020). To solve 
this contradiction, numerous studies have been con-
ducted on water protection mining (Chi et  al. 2019; 
Zhang et al. 2018). In addition to the water protection 
mining method, the research team led by Academi-
cian Gu (2015, 2021) proposes the coal mine under-
ground reservoir technology, which effectively solved 
the problem of coordinated development of resource 
exploitation and ecological protection in mining 
areas. The underground coal mine reservoir utilizes 
overburden fractures caused by mining to direct water 
from the aquifer into the goaf, creating a sealed water 
storage area. This is achieved by connecting the coal 
pillar dam with an artificial dam at the goaf boundary, 
allowing for the storage and utilization of mine water 
(Kong et al. 2021; Menendez et al. 2019). However, 
in the process of underground reservoir operation, 

the water stored in the reservoir will exert a force on 
the dam body, and floor of the underground reservoir, 
which was very easy to induce the dam body insta-
bility (Wang et  al. 2019; Ordonez et  al. 2012; Yao 
et al. 2019), bedplate seepage, etc. (Wen et al. 2021; 
Liu et al. 2019). These will affect the safe operation 
of underground reservoirs. Water effects on the dam 
body and floor of underground reservoir was related 
to the water storage volume. Therefore, it was of 
great significance to determine the reasonable water 
storage volume for the safe and efficient operation of 
underground reservoirs.

Coal mine underground reservoir is a construction 
mode that uses the remaining space after coal mining 
to protect water resources and improve the utilization 
rate of mine water conservancy (Shi 2021). Water 
storage volume is an important index to evaluate the 
operation efficiency of underground reservoirs, and 
there are many factors affecting the storage capacity 
(Du 2010; Jiang et  al. 2022; Li et  al. 2017). Cheng 
et  al. (2016) believed that the water storage coef-
ficient of coal mine underground reservoir is equal 
to the porosity of caving zone or fracture zone, and 
gives the calculation model of water storage volume 
of underground reservoir; Wang et al. (2018) studied 
the distribution law of stress and crushing expansion 
coefficient of collapsed rock mass in goaf through 
similar simulation tests, and obtained the relationship 
between stress and crushing expansion coefficient of 
water-saturated rock, which provided a theoretical 
basis for the prediction of water storage capacity and 
surface subsidence of coal mine underground reser-
voir; Ju et  al. (2017) established the mathematical 
expression for water storage capacity of underground 
reservoir according to the different positions of the 
water storage level in the overburden collapse-fracture 
zone, and formed a determination method for deter-
mining the limit water storage volume and reason-
able water storage volume of underground reservoirs; 
Fang et  al. (2019) considered the potential influenc-
ing factors of water storage coefficient of coal mine 
underground reservoir comprehensively, established 
the mathematical model of water storage coefficient 
of underground reservoir under the influence of effec-
tive stress, and determined the analytical solution of 
the model. Many scholars have made great contribu-
tions to the calculation of water storage volume of 
underground reservoirs in coal mines. It is generally 
believed that the water storage area of underground 



Geomech. Geophys. Geo-energ. Geo-resour.           (2023) 9:143  

1 3

Page 3 of 18   143 

Vol.: (0123456789)

reservoir in coal mines is the free space in the col-
lapsed rock and its upper fractured rock stratum in 
the goaf. However, the goaf is heterogeneous and 
porous media. After mining, the goaf is affected by 
the self-loading of overlying strata, and the void ratio 
gradually decreases until it tends to be stable (Wang 
et al. 2021). The change of the void ratio of coal and 
rock in the goaf can easily form invalid water storage 
space, which affects the spatial and temporal distribu-
tion of water body in goaf, so it is difficult to accu-
rately determine the effective water storage volume of 
underground reservoir.

Taking into consideration these factors, when 
calculating the water storage space in underground 
reservoir area, this paper took the free water storage 
space as the benchmark, comprehensively considered 
the factors such as overburden fracture boundary and 
load distribution law, constructed the water storage 
structure model of the underground reservoir area, 
and reasonably determined the distribution range of 
effective water storage space in the goaf. Combin-
ing with the surface subsidence, it carried out the 
research on the calculation method of underground 
reservoir water storage volume.

2  Analysis of key parameters about the structural 
model

The water in the goaf is distributed in the coal and 
rock voids, and flows between the connected voids, 
which is the main structure for water storage in the 
underground reservoir. The compacted part of goaf 
is the key factor affecting the water storage volume 
in goaf. According to the existing research (Li et al. 

2008), the goaf was roughly divided into the zone of 
loose body, zone of gradual load, and the compacted 
zone along the advancing direction of the working 
face (Fig. 1), and the accurate calculation of each sub-
area has not been realized yet.

2.1  Analysis of load on rock in goaf

According to the failure boundary of thin bedrock, the 
damaged area from the roof of the working face to the 
top boundary of the overlying bedrock was approxi-
mately inverted funnel, while the damaged area 
from the top boundary of bedrock to the loose layer 
on the surface was approximately positive funnel. In 
order to calculate the load exerted by the overburden 
on the goaf, the model was simplified (Fig. 2). Tak-
ing the bottom boundary of the loose accumulation 
layer and the two vertices of the Conjugate analogous 
hyperbola (Zuo et  al. 2017) as the boundary, it was 
approximately considered that its load acts directly on 
the broken bedrock and transmits the load to the col-
lapsed rock mass in the goaf. The failure boundary of 
bedrock above the working face was Conjugate analo-
gous hyperbola, and the dead weight load of the bed-
rock acts directly on the collapsed rock in the goaf.

The goaf was covered by broken bedrock and loose 
accumulation layer, and the load acting on the col-
lapsed rock in the goaf was the superposition of the 
two loads. According to the model of the damaged 
boundary of bedrock with thick loose layer by Zuo 
et al. (2017), the following could be obtained:

(1)a =
1

2

(
L −

m∑
j=1

cot �1jhj −

m∑
j=1

cot �2jhj

)

Fig. 1  Distribution map 
of Collapsed rock in goaf 
without accurate zoning
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where a is the vertex of Conjugate analogous hyper-
bola, half of the breaking length of the uppermost 
bedrock, m; L is the advancing length of the working 
face, m; m is the total number of strata in bedrock; hj 
is the thickness of each layer of bedrock, m; �1j , �2j is 
the initial collapse angle and periodic collapse angle 
of different strata in the bedrock, °.

According to the known distance between the 
two vertices of Conjugate analogous hyperbola, 
combined with the thickness and average unit 
weight of the loose layer, the dead weight load ( Q1 ) 
of the loose layer acting indirectly on the collapsed 
rock in the goaf along the advancing direction of 
the working face can be obtained:

where Q1 is the dead weight load of the loose layer 
acting indirectly on the collapsed rock mass in the 
goaf along the advancing direction of the working 
face, Pa; �S is the volumetric weight of loose layer, N/
m3; HS is the thickness of loose layer, m.

The direct load of bedrock broken at both ends 
in the advancing direction of the working face act-
ing on the collapsed rock mass in the goaf was 
related to the initial collapse angle or periodic col-
lapse angle of each rock stratum, and the Conjugate 
analogous hyperbola can approximately express its 
fracture boundary. According to the equation of 

(2)Q1 = �SHS

Conjugate analogous hyperbola model, the loads 
in the range of (−1∕2L,−a) and (a, 1∕2L) along the 
X axis are Q21 and Q22 respectively. The load of the 
bedrock above the goaf acting on the first layer of 
rock within the range of (−1∕2L,−a) along the X 
axis was:

where a is the vertex of Conjugate analogous hyper-
bola, half of the breaking length of the uppermost 
bedrock, m; �i is the unit weight of i-stratum, N/m3; 
hi is the thickness of i-stratum, m; m is the total layers 
number of rock strata in bedrock; b is the semi imagi-
nary axis length in the equation of Conjugate analo-
gous hyperbola model, m.

where L is the advancing length of the working face, 
m; HS is the thickness of thick loose accumulation 

(3)

Q21 =𝛾2h2 + 𝛾3h3 +⋯ + 𝛾ihi,

− a

����
1 +

�∑m

j=i
hj

�

b2

≤ x < −a

����
1 +

�∑m

j=i+1
hj

�

b2

(4)

b = aHS ×

√√√√1∕

[(
∫

HS

0

cot
(
45

◦

+ �∕2
)
LHS + a

)2

− a2

]

Fig. 2  Vertical load on the collapsed rock in the goaf (along the advancing direction)
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layer, m; � is the internal friction angle of thick loose 
accumulation layer, °.

Similarly, it can be seen that the load of overly-
ing bedrock acting on the first layer in the range of 
(a, 1∕2L) along the X axis is:

The load of the overlying bedrock within the range 
of (−a, a) along the X axis acting on the first layer of 
rock (main roof) was Q23 , and its load was the dead 
weight load of the overlying broken bedrock within 
this range:

Combined with the load of the thick loose accumu-
lation layer of subsidence, the mathematical expres-
sion of the superimposed load on the first stratum of 
the coal seam roof fracture is as follows:

(5)
Q22 = 𝛾2h2 +⋯ + 𝛾ihi, a

�����
1 +

�∑m

j=i+1
hj

�

b2

2

≤ x < a

�����
1 +

�∑m

j=i
hj

�

b2

2

(6)Q23 = �2h2 + �3h3 +⋯ + �ihi +⋯ + �mhm

(7)Q =

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

𝛾2h2 + 𝛾3h3 +⋯ + 𝛾ihi, −a

�
1 +

�∑m

j=i
hj

�

b2

2

≤ x < −a

�
1 +

�∑m

j=i+1
hj

�

b2

2

𝛾SHS + 𝛾2h2 + 𝛾3h3 +⋯ + 𝛾ihi +⋯ + 𝛾mhm, −a ≤ x < a

𝛾2h2 + 𝛾3h3 +⋯ + 𝛾ihi, a

�
1 +

�∑m

j=i+1
hj

�

b2

2

≤ x < a

�
1 +

�∑m

j=i
hj

�

b2

2

2.2  Determination of the range of effective void zone

According to the load analysis of the loose layer and 
bedrock above the goaf, the load of the bedrock and 
loose layer that lose stability due to mining on the col-

lapsed rock in the goaf is unevenly distributed along the 
advancing direction of the working face or perpendicu-
lar to the advancing side, which was specifically mani-
fested as: the load was low around the goaf and high in 
the middle of the goaf, and its value tended to be stable 
within a certain range (Fig. 3). The load difference of 
the collapsed rock in the goaf leads to the formation of 
three types of areas in the dip direction of the collapsed 
rock (the zone of loose body, zone of gradual load, and 
the compacted zone). The larger the void ratio between 
the collapsed rocks, the higher the water circulation and 

Fig. 3  Subsidence curve of main roof (along the advancing direction of working face)



 Geomech. Geophys. Geo-energ. Geo-resour.           (2023) 9:143 

1 3

  143  Page 6 of 18

Vol:. (1234567890)

water storage coefficient in the goaf. Therefore, the sci-
entific division of the three types in the goaf is the basis 
for the effective calculation of the water storage volume 
of the underground reservoir.

Through existing studies, we can understand how 
the rock stratum breaks when the work was advancing 
forward: the rock stratum rotates and sinks with the 
coal wall as the fulcrum and half of the initial incom-
ing pressure step (or periodic incoming pressure step) 
as the radius, which causes the collapsed rock to be 
affected by the load in the goaf while the adjacent fully 
subsided rock stratum acts on the collapsed rocks in the 
goaf to form the compacted zone (Fig. 4).

According to the geometric relationship in Fig.  4, 
the radius of loose accumulation zone was:

where Lc is the fracture length of rock beam above 
working face, m; KP

′ is the residual expansion coeffi-
cient of collapsed rock in goaf; Kp is the initial coeffi-
cient of bulk increase of collapsed rock in goaf; Mc is 
the mining height of coal seam, m; hz is the thickness 
of immediate roof, m.

According to the distribution law of the over-
burden load and the loaded zoning of the collapsed 
rock in the goaf, the three-dimensional spatial 
model bearing deformation of the collapsed rock 
in the goaf is reconstructed (Fig.  5), which real-
ized the accurate division of the scope of the zone 
of loose body, zone of gradual load, and the com-
pacted zone, in which the loose accumulation zone 

(8)R1 =
Lc
[
Mc +

(
1 − Kp

)
hz
]

Mc +
(
1 − KP

�
)
hz

was within the range from R1 to the adjacent coal 
wall, the zone affected by the load was in the radius 
of R1 and R2 , while the stable compaction zone was 
near the middle of goaf.

2.3  Determination of the residual expansion 
coefficient

The range of effective voids can provide the basis for 
the calculation of water storage volume in goaf, and 
the residual expansion coefficient was the key param-
eter to determine the range of effective voids in goaf. 
Due to the shallow burial of coal seams in Western 
mining area, there was a corresponding relationship 
between the residual expansion coefficient and sur-
face movement in physical space without considering 
the compression characteristics of the loose accumu-
lation layer when it subsided.

The migration of the ground surface included 
the overall movement of the lower bedrock and the 
upper loose layer. As early as the 1950s, the Polish 
scholar Litvinisszyn (Tan 2020) introduced the ran-
dom medium theory into study of surface subsid-
ence, and then developed into probability integral 
method, which was widely used in the prediction of 
surface deformation and subsidence of mine engi-
neering (Fig. 6).

Set the burial depth of the coal seam as h and 
the mining thickness of the coal seam as MC . For 
a section of coal seam with a horizontal distance 
of s from the origin O and a mining length of ds in 
the coal seam, the smaller subsidence basin formed 

Fig. 4  Zoning map of collapsed rock in goaf after loading
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at the position Z above it was dW  , and its function 
expression was:

According to the superposition principle, when 
the mining length was a random length (L) , then:

(9)dW = qMc

h√
�
e−h

2(x−s)2ds After further simplification:

(10)W(x) = qMc

h√
� ∫

L

0

e−h
2(x−s)2ds

(11)W(x) =
Wcm

2

�
erf

�√
�

r
x

�
+ 1

�

Fig. 5  The 3D model of deformation of collapsed rocks in goaf under load

Fig. 6  Failure model of thick loose layer
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where r is the main influence radius, m; Wcm is the 
maximum subsidence value of the surface, m; Mc is 
the mining thickness of the coal seam, m; erf (x) is 
the solution value of the error integral table; q is the 
coefficient of subsidence; L is the mining length, m.

Different from the traditional funnel-shaped bro-
ken boundary model, this paper modifies the func-
tional expression of settlement calculation based on 
the Conjugate analogous hyperbola model of thin 
bedrock with thick loose layer. Taking the failure ver-
tex of the bedrock as the origin (O) , the thickness of 
the loose layer was used to replace the buried depth 
of the coal seam. During the long-term water stor-
age operation of the underground reservoir in the coal 
mine, the uncontrolled bedrock and loose layer above 
in the upper part of the goaf gradually tend to be sta-
ble. Especially for the thin bedrock with thick loose 
layer, due to the small number and thin thickness of 
the rock layer, the horizontal cracks and separation 
space generated by its fracture were gradually closed 
under the action of its dead load and loose layer load. 
The loose layer had good continuity, and the horizon-
tal separation space and fracture space were small. 
Therefore, under the condition that the surface sub-
sidence was basically stable and the compression 
deformation was not considered, there could be a 
spatial correspondence between the subsidence value 
and the residual expansion coefficient of the collapsed 
rock in the goaf (Fig. 7).

Its functional relationship was:

The residual expansion coefficient of the collapsed 
rock in the goaf was:

3  Structural model of underground reservoir 
with overlying strata failure

In western China, Jurassic continental coal measures 
are the main mining areas. The coal seams are shal-
low and thick. The roof of the coal seams is sandstone 
generally, and the upper part of the bedrock is cov-
ered by thick quaternary eolian sand. The bedrock is 
shallow in the mining area, the rock strength is low 
and relatively developed fissures in the section greatly 
affected by surface water and weathering. The water 
storage volume is the free space between the col-
lapsed coal and rock in the goaf. The distribution 
of the free space depends on the position and state 
characteristics of the rock above the working face. 
Researchers had conducted in-depth research on the 
movement and fracture law of rock strata above the 
working face for a long time, and further put forward 

(12)Wcm = Mc + hz
(
1 − Kp

�
)

(13)Kp
�=1 −

Wcm −Mc

hz

Fig. 7  Failure model of thin bedrock with thick loose layer
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the key strata theory of rock formation control based 
on the “Voussoir Beam” theory (Sun et  al. 2019). 
When the overlying strata on the stope are fully 
affected by mining, the rupture of key strata leads to 
surface subsidence, forming a collapsed basin. The 
geometric boundary of collapse basin is related to 
the thickness of loose layer and bedrock. The thicker 
the loose layer and the thinner the bedrock, the larger 
the scope of collapse basin formed. According to the 
failure model of thin bedrock with thick loose layer, 
the 3D model of deformation of collapsed rocks in 
goaf under load, stress curve of collapsed rock in goaf 
and the main roof settlement envelope, the structural 
model of underground reservoir could be established 
(Fig. 8). Its main water storage space is the free space 
in the goaf.

4  Calculation method of water storage capacity

With the data of surface subsidence and mining 
parameters, the water storage can be calculated 
according to the coal mining amount, surface sub-
sidence amount and unused empty area volume of 
goaf.

where VK is the volume of coal mining space,  m3; VZ 
is the volume of collapsed direct roof,  m3; VC is the 
surface subsidence volume,  m3; Vy is the volume of 
invalid space in the compacted zone in the goaf,  m3; 
Va is the solid’s volume of collapsed rock in the area 
outside the compacted zone,  m3.

The space occupied by the collapsed rock in the 
loose accumulation zone and the zone affected by 
the load after collapse can be regarded as the vol-
ume of the unbroken solid 

(
Va

)
 and a part of the 

void volume, while the volume of the stable com-
paction zone was the volume of the expansion of 
the rock after collapse ( Kp

′Vb ), and the immediate 
roof of the collapse was composed of Va and Vb:

The solid’s volume of collapsed rock in the sta-
ble compacted area of goaf is Vb , and there were:

Bring Va and Vb into Eq. (14) and simplify them to 
get:

(14)V = VK + VZ − VC − Va − Vy

(15)VZ = Va + Vb

(16)Vb =
Vy

Kp
�

Fig. 8  Mechanical model of underground reservoir in coal mine
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where V  is the theoretical water storage volume of 
underground reservoir,  m3; KP

′ is the residual expan-
sion coefficient of collapsed rock in the compacted 
zone.

The solid’s volume of coal mined in the working 
face 

(
VK

)
 was:

(17)V = VK − VC + Vy

(
1

Kp
�
− 1

)

where L is the advancing length of the working face, 
m; B is the width of working face, m; MC is the min-
ing height of coal seam, m.

The volume 
(
Vy

)
 of the compacted zone of the 

collapsed rock in the goaf can be further calculated 
according to the 3D model in Fig. 5. The volume of 
this part can be divided into four parts for separate 
calculation (Fig. 9).

(18)VK = L × B ×MC

Fig. 9  Schematic diagram of volume calculation of compacted zone
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where L is the advancing length of the working face, 
m; LC is the fracture length of rock beam fracture at 
the initial pressure along the advancing direction of 
the working face, m; B is the width of working face, 
m; LB is the initial fracture length of rock beam per-
pendicular to the advancing direction of the working 
face, m; Mc is the mining thickness of the coal seam, 
m.

V1 is the volume of the middle part of the stable 
compaction area, which can be regarded as a cuboid. 
V2 is the envelope space formed by the compaction 
boundary line and the vertical plane at the open cut 
and stope line of the working face. V3 is the envelope 
space formed by the boundary line and vertical plane 
of the compaction area on both sides of the advancing 
direction of the working face.

V4 is a spatial envelope composed of an ellipse 

with 2

√
L2
c
−
[
MC + hZ

(
1 − KP

�
)]2 and 

2

√
L2
B
−
[
MC + hZ

(
1 − KP

�
)]2 as the maximum 

major axis and the maximum minor axis respectively 
as the bottom surface and a function about x and y as 
the envelope. Integrate dz within the range of [
0,Mc + hz

]
 to obtain:

(19)Vy = V1 + V2 + V3 + V4

(20)V1 =

(
L − 2

√
L2
c
−
[
Mc + hz

(
1 − Kp

�
)2]

)
×

(
B − 2

√
L2
B
−
[
Mc + hz

(
1 − Kp

�
)2]

)
×Mc

(21)V2 = 2

�
B −

�
L2
B
−
�
MC + hZ

�
1 − KP

�
��2�

∫

√
L2
c
−(MC+hZ)

2

√
L2
c
−[MC+hZ(1−KP

�)]
2

�
L2
c
− x2dx

(22)
V3 = 2

�
L −

�
L2
c
−
�
MC + hZ
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5  Case study

A coal mine was located on the Bank of Wulanmu-
lun River in China. The surface of the mine field 
was widely covered with modern aeolian sand and 
Quaternary loess, and tmoukuhe main coal bearing 
stratum was the middle and lower Jurassic Yan’an 
formation (J1 ~ 2Y), which was widely distrib-
uted. The mine had carried out the construction of 
underground reservoir in the goaf of 22,615 work-
ing face of  2–2 coal seam, which has been put into 
use at present. The average thickness of the coal 
seam was 5.15 m, and the design mining height was 
4.5 m (Fig. 10). A goaf with a width of 350.6 m and 
a length of 1470.5 m was formed after the mining of 
the working face.

5.1  Numerical simulation of load and surface’s 
displacement

5.1.1  Parameter selection and model design

The dimensions of the computational model were 
2000  m × 600  m × 130  m, as illustrated in  Fig.  11. 
Model boundary conditions are set as follows: the 
horizontal displacement of the front-back and right-
left side faces, fixed; the bottom boundary fixed; the 
top surface, free. According to the mechanical charac-
teristics of overburden strata, the constitutive relation 

(25)
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√
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B
−
[
MC + hZ

(
1 − KP

�
)]2

−

√
L2
B
−
(
z −MC − hZ
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of coal and rock mass were both Mohr–coulomb cri-
terions. The initial velocities in both horizontal and 
vertical directions are set to 0. The finite elements, 
840,000, and grid points 899,469, in total, were laid 
out based on the geometrical dimension of the model. 
The coal seam was mined at a rate of 20 m per step, 
with a total mining distance of 1470 m. Table 1 pro-
vides the specific physical and mechanical parameters 
for each rock stratum.

The cohesion force, friction angle, and tensile 
strength of contacts in  FLAC3D were calibrated 
through a series of uniaxial compression tests. The 
meshing of rock samples was consistent with the 
model. Additionally, the initial values of microscopic 
parameters were estimated based on material prop-
erties. Iterative calculations were then conducted 
until the uniaxial compressive strength and elastic 
modulus of the samples match the rock mass data 
in Table 1; the results are shown in Fig. 12. Because 

the calibration process is consistent, to highlight the 
research focus, only one layer of rock stratum calibra-
tion curve was listed.

Based on the geological conditions of working face 
22,615 in a specific mine, the overlying strata failure 
was simulated by considering the ratio of maximum 
to minimum horizontal principal stresses and the ratio 
of maximum horizontal principal stress to vertical 
stress, with a mining thickness of 5.1 m. The model 
was subsequently calibrated with reference to existing 
research findings (Guo et al. 2020). Table 2 presented 
the parameters of the contact surfaces between each 
rock layer.

5.1.2  Analysis of results

The stress distribution of the stope after coal mining 
was shown in Fig. 13. The vertical bearing pressure 
in the goaf was symmetrically distributed along the 

Fig. 10  General strati-
graphic column
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central axis of the goaf, forming a stress concentra-
tion area higher than the initial stress in the coal rock 
mass around the goaf, and forming a bearing stress 
relief area less than the initial stress at the junction 
of the goaf and the coal rock mass near the goaf. The 
vertical support stress along or perpendicular to the 
advancing direction of the working face gradually 
increased and gradually returned to the initial stress 
state.

By analyzing the stress distribution characteristics, 
it was concluded that the loose accumulation zone 
was within 0–18  m from the open-off cut (or stop-
ping line) along the advancing direction of the work-
ing face; The area about 18–25 m away from the open 
cut (or stopping line) was the load affected zone, and 
the rest was the compaction stability zone. Perpendic-
ular to the advancing direction of the working face, 
the loose accumulation zone was within the range 
of about 0–14  m from the coal walls on both sides, 
the load affected zone was within the range of about 
14–20 m from the coal walls on both sides, and the 
rest was the compaction stability zone.

2–2# coal belongs to shallow-buried coal seam, and 
the overlying bedrock is thin. During the mining of 

this coal seam, the main roof above the working face 
was broken for the first time, forming cracks directly 
to the surface, resulting in surface subsidence. Fig-
ure 14 showed the contour map of surface subsidence 
when the working face advances to 500  m, 1000  m 
and 1470 m respectively. With the advancing of the 

Fig. 11  Calculation model 
of numerical simulation of 
working face mining

Table 1  Physico-mechanical parameters of coal and rocks in Western Mining Area

Rock character Volumetric weight 
(kN  m−3)

Compressive 
strength (MPa)

Tensile 
strength (MPa)

Elastic modu-
lus (GPa)

Cohesive 
forces (MPa)

The angle of 
internal friction 
(°)

Loose layer 17.0 3.21 0.51 1.12 1.0 38.0
Sandy mudstone 24.6 51.9 3.18 10.31 6.8 38.0
Siltstones 24.5 66.6 3.37 13.22 7.1 38.3
Fine sandstone 24.1 63.9 3.66 13.21 6.5 38.5
Gritstone 23.4 43.2 3.13 13.91 4.4 42.0
2–2 coal seam 13.1 14.5 0.71 1.52 2.6 39.9

Fig. 12  Iterative calculation results
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working face, the affected area of the surface gradu-
ally extends forward, and the subsidence value also 
increased, and finally a subsidence basin beyond 
the actual mining boundary of the working face was 

formed. The numerical simulation results show that 
the maximum surface subsidence was 3.035 m. Refer-
ring to the relevant research on the surface subsid-
ence of 22,615 working face in reference, 27 and 30 

Table 2  Mechanical 
parameters of contact 
between rock layers

/  kn(GPa/m)  ks(GPa/m) c (MPa) φ (°)

Loose layer-Sandy mudstone 2.8 0.9 0.6 27.0
Sandy mudstone-Siltstones 20.1 8.4 1.7 28.0
Siltstones-Fine sandstone 27.5 10.1 1.9 22.4
Fine sandstone-Gritstone 26.2 9.2 1.8 21.2
Gritstone-2–2 coal seam 9.5 3.8 1.1 18.5

Fig. 13  Cloud diagram of vertical support stress in goaf with working face advancing to 1470 m

Fig. 14  Surface’s subsidence contour during working face advancing
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measuring points were buried on the surface observa-
tion line along the advancing direction of the work-
ing face and perpendicular to the advancing direction, 
and the embedding spacing of all measuring points 
was 20 m (Wu 2017). The initial surface subsidence 
data measured on site was shown in Fig. 15, with the 
maximum surface subsidence value of 2.57  m, and 
the field observation data was 0.465 m smaller than 
the numerical simulation data (Fig.  16), the field 
observation and numerical simulation results fit well.

5.2  Calculation and verification of underground 
reservoir’s cpacity

22,615 working face was covered with thick loose 
layer and thin bedrock, and the water storage vol-
ume was calculated according to the established 
structure model of underground reservoir. The 
coal extraction volume 

(
VK

)
 calculated based on 

Eq.  (18) and the parameters and monitoring data 
of the working face is determined to be 2,315,250 

Fig. 15  Surface’s subsidence curve measured on site

Fig. 16  Surface’s subsidence curve of 22,615 working face obtained by numerical simulation
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 m3. According to the numerical simulation results, 
the final settlement data of overburden pushed to 
1470 m of the working face was selected as the cal-
culation basis. The data was imported into Surfer 
12.0, and the net volume of overburden subsidence 
was 1,144,392  m3 by processing the built-in cal-
culation command. The volume of the compacted 
zone in the goaf can be calculated according to 
the three-dimensional model of the pressure bear-
ing deformation distribution range of the collapsed 
rock in the goaf. The volume of the compacted zone (
Vy

)
 in the goaf was 2,047,711  m3 by bringing rel-

evant parameters into Eqs. (19)–(25). Finally, the 
water storage volume (V) calculated by Eq. (17) was 
1,019,176  m3.

According to the field drainage water experi-
ment data (Shi 2016), the water storage capacity of 
the goaf in 22,615 working face was about 104 2141 
 m3 (Fig. 17). The results obtained in this paper were 
slightly 2.20% smaller than the field drainage experi-
ment data, but the calculated results were within the 
reasonable range. It effectively solved the problems 

of high cost and time-consuming in the field drainage 
test.

6  Conclusions

A water storage structure model of shallow coal seam 
underground reservoir in Western mining area of 
China was established. Based on the characteristics 
of surface’s subsidence in stope, the mathematical 
formula of water storage volume in goaf was derived, 
and the calculation method of water storage capacity 
of underground reservoir was proposed.

The load on the coal and rock mass caving in the 
goaf had the characteristics of “low around and high 
in the middle”, which leads to the differential distri-
bution of the compaction rate of the coal and rock 
mass caving in the goaf, which was very easy to form 
an invalid water storage space between the coal and 
rock mass in the middle of the goaf. The water stor-
age space of the underground reservoir was mainly 
a free void space formed by mining disturbance, and 

Fig. 17  Distribution plan of underground reservoir of a mine in Western mining area of China
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the invalid water storage space in compaction zone 
of goaf should be ignored when calculating the water 
storage volume.

According to the length of fractured rock, the 
zone of loose body was within the range from R1 
to the adjacent coal wall; the zone of gradual load 
was in the radius within the range of R1 and R2 
was in the circle of radius; the compacted zone was 
near the middle of goaf. According to the distribu-
tion range of different areas, the pressure bearing 
deformation structure model of caving coal and 
rock mass in goaf was established, and the method 
of determining the residual fragmentation expan-
sion coefficient of caving coal and rock mass in 
goaf through the surface’s settlement value was 
proposed.

Through numerical simulation and theoreti-
cal calculation, the zone of loose body, the zone 
of gradual load and the compacted zone of falling 
gangue in the goaf of 22,615 working face along the 
strike and dip of the working face were obtained. 
Through numerical simulation, the maximum sur-
face settlement was 4.047  m, and the net volume 
of subsidence was 114 4400  m3. On this basis, the 
water storage volume of 22,615 working face was 
about 101 9100  m3, which had a good fit with the 
field drainage results.
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