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Abstract
Coal mining has aggravated water scarcity in the arid areas of northwestern China. Concurrent aquifer drainage, mining, 
and water storage is proposed, using a goaf groundwater reservoir (GGWR) to preserve the area’s fragile ecosystem. By 
continuously draining the overlying aquifer of the working face and simultaneously storing water in the goaf while the 
working face is mined, this technology can maintain the storage capacity of the GGWR without jeopardizing mine safety. 
The drainage process was simulated, based on mining conditions of the 11201 working face in the Yuandatan coal mine, 
to investigate how water pressure variations in the overlying aquifer would affect GGWR construction. Then, two drain-
age borehole arrangements were simulated. The research demonstrated that the resulting drainage intensity would enable 
continuous operation of “aquifer drainage-coal mining-water storage”, and that the design satisfies the in-situ drainage and 
storage requirements. Therefore, concurrent construction and water-filling of the GGWR is feasible.
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Introduction

The ever-increasing demands of water for daily life, irri-
gation, and industrial production have already consumed 
water resources and decreased groundwater levels, espe-
cially in some coal mining areas, where the loss of water 
can be severe (Howladar 2013; Kulshreshtha 1998; Qiao 
et al. 2016; Raju et al. 2013; Zeman et al. 2006). Artifi-
cial aquifer recharge has been widely used for years to 
aid groundwater recovery (Bhattacharya 2010; Brothers 

and Katzer 1990; Ghanem et al. 2011; Samadder et al. 
2011). Natural subsurface aquifers and geological struc-
tures have also been used to construct groundwater res-
ervoirs (Deng 2012; Li et al. 2006), and construction of 
underground reservoirs has greatly promoted artificial 
groundwater recharge (Deng et al. 2014; Paudyal and 
Gupta 1987).

China has serious water-scarcity problems, especially in 
its northwestern arid and semi-arid areas (Miao et al. 2009; 
Yang et al. 2013), where there are plenty of shallow coal 
resources (Li et al. 2014). However, coal mining can lead 
to the loss of water, and even cause water inrush accidents 
(Mark 2016; Sun et al. 2016; Zhang and Peng 2005; Zhang 
et al. 2014). In many mining areas, approximately two tons 
of mine water are discharged to the land surface for every 
ton of coal mined, which significantly affects the sustain-
ability of coal mining and the ecological balance of those 
areas (Bian et al. 2009; He et al. 2008; Zhang et al. 2011). 
However, from the standpoint of recycling, mine water is 
a reusable resource. In order to avoid wasting water, the 
mined-out space of coal mines can be used to construct a 
goaf groundwater reservoir (GGWR) for mine water storage 
(Andrés et al. 2017; Ma et al. 2009; Ordonez et al. 2012; 
Sheng 2005).
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Consequently, GGWR construction in coal mines has 
been addressed by some researchers (Chen and Ju 2011; Gu 
2013). This technology can be implemented by the follow-
ing process: first, the coal pillars are connected by artificial 
dams to form a reservoir dam after anti-seepage treatment; 
then, mine water entry facilities are constructed for water 
storage in the goaf, and finally, a water supply system is 
established, based on mine water purification. A GGWR 
differs from more conventional underground reservoirs in 
three ways:

1.	 Goafs can provide large amounts of water storage space. 
In the arid and semi-arid mining areas of China, the 
main coal seams are large and thick. For instance, the 
mining height, layout length, and advancing length of 
the working face in the Shendong mining area can reach 
5, 300, and 5000 m, respectively (Gao and He 2010).

2.	 The GGWR has high hydraulic conductivity, which aids 
water extraction. There are plenty of interstices between 
the collapsed rocks in the goaf and, in addition, large 
numbers of fractures form in the rock mass above the 
rubble.

3.	 Conventional mining generates a great deal of mine 
water, which can be the water source for a GGWR (Li 
and Zhou 2006; Zhang and Shen 2004). Restricting the 
mining height and backfilling can protect the overlying 
aquifers, but will cause coal loss and affect a mine’s pro-
ductivity (Cao et al. 2014). Figure 1 shows the schematic 
diagram of GGWR construction under different mining 
conditions.

However, the safety of coal pillar dams and safe stor-
age capacity limits had not been well studied. Therefore, 
researchers studied the stress and stability of coal pillar dams 
during earthquakes, and developed a safety factor for coal 
pillar dams (Gu et al. 2016a). In addition, dam design and 
GGWR storage capacity were researched (Chen et al. 2016). 
Through theoretical analysis and in-situ measurements, the 
safe maximum storage capacity of a GGWR was studied as 
well (Ju et al. 2017). By the end of 2015, 35 GGWRs with 
about 31 × 106 m3 of total storage capacity had been con-
structed in the Shendong mining area. These GGWRs have 
supplied approximately 60 × 106 m3 of water and brought 
economic benefits of more than 3 × 109 ¥ (0.45 × 109 US$) 

Fig. 1   Schematic diagram of 
GGWR construction in the coal 
mine (a single coal seam min-
ing, b coal seam group mining)
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for the Shendong area. This approach has been proposed for 
the Xinjie and Wuhai mining areas and the Tarangaole mine 
(Gu et al. 2016b).

Mining can cause water in overlying aquifers and surface 
water to flow into the mine, and flow of water into unrecon-
structed goafs is generally hard to control and manage (Dong 
2016; Wu et al. 2013). But with current GGWRs, the process 
of transferring and then storing mine water in the goaf (after 
mining of the working face is completed) results in mine 
water loss, and because the space between the collapsed rock 
of the goaf is compacted by the overlying strata, the water 
storage space is reduced.

In this study, the concurrent operation of “aquifer drain-
age-coal mining-water storage” for construction and water-
filling of a GGWR was proposed for the 11201 working face 
of the Yuandatan coal mine. The drainage of the overlying 
aquifer using two types of drain intensity was simulated, 
and based on the results, the drainage borehole design was 
applied to the GGWR construction there.

Concurrent Operation Technology

Concurrent Operation of “Aquifer Drainage‑Coal 
Mining‑Water Storage”

Water-rich aquifers above the coal seam are drained by 
advance drainage boreholes, which are generally drilled 
upwards from the roadways of the working face when the 
first weighting of the main roof occurs, to continuously drain 
the overlying aquifer as the working face advances. The 
water is simultaneously stored in the goaf. Figure 2 outlines 
the construction and water-filling process.

The first and second working faces (A and B) are placed, 
and the anti-seepage treatment is applied to the coal pillars 
of the working faces (Fig. 3a). During the initial mining 
period (working face A), water conductive fractures slowly 

develop in the strata overlying the goaf, and the water of the 
overlying aquifer is drained by boreholes in two roadways of 
working face A and the air-return roadway (working face B; 
see Fig. 3b). Using retreating mining, the mine water (aqui-
fer drainage and water for the equipment) can be efficiently 
stored in the goaf of working face A. When working face A 
has advanced to a location close to the roadway connected 
to the coal pillar, the connection roadway is sealed to form 
an artificial dam with a controllable drainage channel at 
its bottom. Mine water from working face B is drained to 
the goaf of working face A through the drainage channels. 
Drainage intensity is enhanced when water-conductive frac-
tures in the strata overlying the goaf are connected to the 
aquifer. As mining is completed at working face A, channels 
between it and the main roadways of the area are sealed 
and a GGWR is formed (Fig. 3c, d). Working face B is 
then exploited, while the next working face is prepared and 
aquifer drainage starts.

After the auxiliary water purifier and booster pump are 
installed, GGWRs can provide water for the land surface and 
mine production through the water supply system. Moreover, 
when more than one seam is being mined, water in the upper 
seam’s GGWR can be used for power generation through 
water transfer between the coal seams (Xie et al. 2015).

Design Method of Drainage Borehole

According to the factors that influence aquifer drainage, 
which mainly consist of water pressure, aquifer permeabil-
ity, and mining impact, the drainage intensity of the borehole 
can be divided into three grades: high (I), medium (II), and 
low intensity (III). Figure 4 illustrates the design process. 
The borehole arrangements, which include the number, 
angle, diameter, and drilling depth of boreholes are deter-
mined by the drainage intensity requirements.

Construction of the Water Storage Space

1.	 A region with steady strata, a small dip angle of the coal 
seam (8° or less), and simple geology is the optimal site 
for layout of the first working face. For multiple seam 
mining, mine water from the first main coal seam can 
be released through drainage channels and stored in the 
goaf of the next lower main coal seam, as long as there 
is enough distance between the two seams to be safe. 
After anti-seepage treatment, about 25 m wide coal pil-
lars remain to form the GGWR dams (Gu 2015).

2.	 As the working face is mined, the caving and fractured 
zones in the strata overlying the goaf can provide water 
storage space (Jardon et al. 2013). The volume of water 
storage space is calculated as Eq. (1):

GGWR design a. coal mining

b. aquifer drainage

c. water storage

a, b, c concurrent operation

GGWR construction

Mine water recycling

P
roviding

w
ater

P
roviding

storage
space

Fig. 2   GGWR construction through the concurrent operation of 
“aquifer drainage-coal mining-water storage”
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where: V is the volume of the water storage space (in 
m3), K is the coefficient of water storage capacity (rang-
ing from 15 to 25%), S is the area of the goaf (in m2), 
M is the mining height of coal seam (in m), Wmax is the 
maximum amount of surface subsidence (in m), and α is 
the dip angle of the coal seam (in degrees).

3.	 The first temporary water retaining wall is constructed 
behind the hydraulic supports when the working face 

(1)V = KSM

(

1 −
Wmax

M cos �

) is advanced to the first weighting of the main roof, and 
then the water is stored in the goaf to form the initial 
secondary reservoir (Fig. 5a). Subsequently, the second 
temporary water retaining wall is constructed before the 
working face is advanced to the first periodic weighting 
of the main roof, while the first temporary water retain-
ing wall is destroyed after the first periodic weighting 
of the main roof. As a consequence, the two secondary 
reservoirs are connected to form a new secondary reser-
voir (Fig. 5b). With the advancing of working face, the 
above process is repeated constantly until a complete 
GGWR is formed.

a c

b d

Fig. 3   Process of the GGWR construction (a layout of the mining working face, b 1–1 profile of drainage boreholes layout, c diagram of water 
storing, d 2–2 profile of GGWR)
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4.	 The temporary water retaining wall, with a width of 
20 cm and a height of 1.7 m, is a low strength rigid 
material. Additionally, drainage and pumping pipes sur-

rounded by protective material are laid at the bottom 
corner of the connection between the coal pillar dam 
and the temporary water retaining wall (Fig. 6).

Design of the GGWR in the Yuandatan Coal 
Mine

Mining and Hydrological Characteristics 
of the Yuandatan Mine

Coal seam 2 of the Yuandatan coal mine in the Yuheng 
mining area is 180.71–420.93 m below the surface and 
1.21–4.12 m thick. The Yuheng mining area has an arid 
and semi-arid temperate continental monsoon climate, 
with an annual average precipitation of 316–513 mm, mak-
ing it the lowest rainfall area in Shaanxi province. About 
two-thirds of the annual precipitation is concentrated in 
July–September.

The Yuandatan coal mine is located at the junction of 
three aquifer systems: a Cretaceous clastic rock fracture 
aquifer system, a Carboniferous–Jurassic clastic rock frac-
tured aquifer system, and a Quaternary overlying loose layer 

Aquifer
permeability

Mining
impact

Mining
impact

II I

II III

Verification

Pumping test Numerical
simulation

Strong

Weak

Yes

No
Yes No

Fig. 4   Design process of the drainage boreholes

a b

Fig. 5   Formation process of the secondary reservoir (a initial secondary reservoir, b new secondary reservoir)
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pore aquifer system. The aquifers of the Yuandatan mine 
field are divided into three aquifer zones and two aquifuge 
zones from top to bottom (Table 1). In the study area, the 
aquifer above coal seam 2 is the Jurassic (Zhiluo Group) 
confined aquifer (the 2nd aquifer zone), while the aquifuge 
is the section from the top of the Jurassic Yan’an Group to 
the silty sandstone roof of the coal seam 2 (the 2nd aquifuge 
zone).

Continuous Drainage Design of Overlying Aquifer

The drainage of the aquifer overlying the 11201 working 
face was simulated through COMSOL Multiphysics, based 
on the conditions of the confined aquifer above coal seam 
2. Given the width of the two working faces, the simula-
tion domain was a 660 × 32 m rectangle, according to the 
thickness of the aquifer and the width of the coal pillar. 
Based on the range of influence of the water-conductive 
fractures to the aquifer, one of two borehole arrangements 
was simulated. The first type (Fig. 7a) represented the lay-
out of drainage boreholes before the aquifer is damaged 
by mining. One vertical drainage borehole with a diameter 
of 113 mm and a length of 15 m was placed in each of the 
two 11201 working face roadways and one was placed in 
the air-return roadway of the 11202 working face. The 
second type represented the layout of the drainage bore-
holes after the aquifer is damaged by mining (Fig. 7b). 

Fig. 6   Design of the temporary water retaining wall (3–3 profile)

Table 1   Aquifers division in Yuandatan mine field

Stratum era Thickness (m), min–max Aquifers division Lithology

System Division Group

Quaternary Holocene (Q4) Q4
eol 41.00–145.63 1st aquifer zone Aeolian sand

Upper Pleistocene (Q3) Salawusu (Q3s) Silty clay
Mid Pleistocene (Q2) Lishi (Q2l) Sandy clay

Cretaceous Lower (K1) Luohe (K1l) Coarse sandstone
Jurassic Mid (J2) Anding (J2a) 57.50–147.19 1st aquifuge zone Mudstone and fine sandstone

Zhiluo (J2z) 77.70–195.74 2nd aquifer zone Medium coarse sandstone
Yan’an (J2y) 0–38.05 2nd aquifuge zone Silty mudstone

19.98–60.43 3rd aquifer zone Coarse feldspathic sandstone

a

b

Fig. 7   Layout of the drainage boreholes for overlying aquifer drainage (a before the aquifer is damaged by mining, b after the aquifer is damaged 
by mining)



769Mine Water and the Environment (2018) 37:763–773	

1 3

With a diameter of 113 mm and a length of 20 m, two 
inclined drainage boreholes were placed in each of the two 
11201 working face roadways and one was placed in the 
air-return roadway of the 11202 working face.

The models mainly dealt with the process of fluid flow 
in the aquifer under the action of overburden pressure. The 
mass conservation and momentum conservation of water 
flow in the aquifer can be described by the following equa-
tions (Wu 2012):

where ρ, u, and µ are the density, velocity vector, and viscos-
ity of water, respectively. k, n, g, P denote the permeability, 
porosity of the aquifer, gravitational acceleration, and pres-
sure, respectively. Since the water is assumed to be incom-
pressible, ρ is constant. Taking into account the constant 
load effect of the overlying strata on the aquifer, the porosity 
(n) of aquifer can be expressed as Eq. (4) (Wu 2009):

where p is the seepage pressure of water, β is the compres-
sion coefficient of a moderately porous skeleton, and n0 and 
p0 are initial porosity and initial seepage pressure, respec-
tively. Three boundaries of each drainage borehole in the 
models were water flow boundaries and others were no flow 
boundaries (Supplemental Fig. 1). The initial water pressure 
of the aquifer was 1.0 MPa, and the pressure at each water 
flow boundary was 1 atm.

(2)
�(�n)

�t
+ ∇ ∙ (�u) = 0

(3)

�(�u)

�t
+

�u

n
∙ ∇u = −∇P + ∇ ∙ (�∇u) −

�

k
u + n�g = 0

(4)n = 1 − (1 − n
0
)e(−�(p−p0))

Corresponding parameters of the models are given 
in Supplemental Table 1. A horizontal measuring line 
was arranged at the middle of the aquifer (Fig. 8). The 
water pressure distribution of the aquifer, after 1, 3, 7, 
and 11 days of drainage were plotted in Supplemental 
Fig. 2 and Fig. 3, where the former represents the stage 
before the aquifer damage, while the latter represents the 
stage after the damage. The water pressure variation of 
the measuring line for these two stages were represented 
in Figs. 9 and 10.

In each drainage roadway, the next group of boreholes 
were placed after the 11201 working face reaches the for-
mer group of drainage boreholes; the distance between the 
two groups of drainage boreholes is 100 m. After 11 days 
of drainage, the maximum water pressure in the aquifer 
above the middle of the 11201 working face decreased 
to 0.8 MPa for the first type borehole arrangement and 
0.5 MPa for the second type, respectively. Since the aver-
age advancing speed of the 11201 working face is 7 m per 
day, the water pressure of aquifer is greatly reduced when 
the working face is advanced from the former group of 
drainage boreholes to the next group (about 14 days for 
100 m), and water inrush will be avoided at the 11201 
working face.

Storage Space Design of the Goaf

The 11201 working face has a layout length of 300 m, an 
advancing length of 4300 m, and an average mining height 
of 2.2 m. The width of the coal pillar dam is 20 m, the 
average dip angle of the coal seam is 6°, and the amount 
of surface subsidence is 0.6 m. According to Eq. (1), the 

Fig. 8   Layout of the horizontal 
measuring line

Fig. 9   Water pressure variation 
with drainage time at the meas-
uring line before the damage of 
the aquifer
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GGWR design storage space of the 11201 working face is 
0.309–0.515 million m3.

Project Practice of GGWR​

Drainage of the Overlying Aquifer

The pore-fracture confined aquifer of the 2nd aquifer zone 
will be revealed as the 11201 working face is mined. From 
the perspective of water control, the aquifer was divided 
into two sections and two pumping tests were conducted 
to analyze the effect of the drainage. The borehole layout is 
shown in Fig. 11.

First, boreholes ZLC-2 and ZLC-6 were used to drain 
water from the lower section aquifer of the Zhiluo Group, 
while the water levels in that aquifer was observed in bore-
holes ZLG-1, ZLG-2, ZLG-5, and ZLG-6, and the water 
level in the upper section aquifer was observed in boreholes 
ZLC-1 and ZLC-5. Then, pump tests of the upper and lower 
section aquifers were conducted using boreholes ZLC-1, 
ZLC-2, ZLC-5, and ZLC-6.

The first pumping test results are shown in Table 2. After 
the water levels of the lower section pumping boreholes 
ZLC-2 and ZLC-6 stabilized at drawdowns of 47.19 and 
43.06 m, respectively; the drawdowns of the upper section 
observation boreholes ZLC-1 and ZLC-5 were 0 and 6.04 m, 
respectively, while the drawdowns of the lower section 
observation boreholes ZLG-2 and ZLG-6 were 11.11 and 
13.37 m, respectively. Hence, the upper and lower section 
aquifers are hydraulically connected. Even though the height 
of the water-conductive fracture had not reached the upper 
section aquifer, water from it will slowly seep into the mine.

The results of the second pumping test indicate that the 
Zhiluo Group aquifer water is easily drained (Table 3). The 
borehole bottom location of the drainage borehole should 
be arranged in the medium sandstone of the Zhiluo Group’s 
lower section.

Water Storage Effect

Currently, the 11201 working face has advanced to 850 m. 
The water level of the GGWR is 0.6 m and the volume of 
water storage is about 30,600 m3. The design storage capac-
ity of this part of the GGWR is 84,100 m3; the actual stor-
age volume is 36% of the design capacity. Therefore, as the 
11201 working face advances, the water from the overlying 
aquifer and the land surface, which is connected through 
the water-conductive fractures, will be safely stored in the 
GGWR.

Discussion

The water-conductive fractures in the overlying strata of the 
goaf will experience three stages: initial development, rapid 
development, and compaction closure; water inrush can be 
avoided by decreasing the water pressure of the aquifer 
before the second stage. In this study, the effect of the loca-
tion and broken form of the key strata on the development of 
and the height of the water-conductive fractures was not con-
sidered. This is mainly because the drainage intensity of the 
boreholes will be adjusted for different key strata conditions.

In addition, the aquifer in the models was assumed to be 
a homogeneous, isotropic, porous medium and the drainage 
of the aquifer, saturated seepage. However, water-conductive 
fractures induced by mining may develop to the upper aqui-
fers or to the surface, which will affect unsaturated seep-
age and make the flow behaviors much more complicated 
to study (Wu et al. 2007), since the surface water will flow 
through the soil and rock layers, and then into the GGWR. 
Because of the heterogeneity between the fractured strata, 
the difference in hydraulic conductivity will induce capillary 
barrier effects, which could block the downward seepage of 
the surface water under certain conditions (Wu et al. 2002). 
This effect is beneficial for nuclear waste storage, but not 
for GGWR construction, since the surface water formed 

Fig. 10   Water pressure varia-
tion with drainage time at the 
measuring line after the damage 
of the aquifer
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Fig. 11   Layout of the drainage 
boreholes for pumping test

Table 2   Water level change of upper and lower section of Zhiluo Group when pumping lower section

Main pumping borehole Observation borehole

Hole no. Pumping position Initial water 
level (m)

Drawdown (m) Hole No Observation position Initial water 
level (m)

Drawdown (m)

ZLC-2 Lower J2z 62.41 47.19 ZLG-1 Lower J2z 63.45 7.91
ZLG-2 Lower J2z 63.70 11.11
ZLC-1 Upper J2z 14.24 0

ZLC-6 Lower J2z 43.17 43.06 ZLG-5 Lower J2z 46.28 8.13
ZLG-6 Lower J2z 43.60 13.37
ZLC-5 Upper J2z 31.45 6.04

Table 3   Pumping test results of 
drainage difficulty verification 
for Zhiluo Group aquifer

Hole no. Pumping position Drawdown, S (m) Water yield, Q 
(m3/min)

S/Q Verification result

ZLC-1 Upper J2z 20.90 0.0289 722.68 > 10 Easy to drain
ZLC-5 Upper J2z 17.90 0.0324 552.47 > 10 Easy to drain
ZLC-2 Lower J2z 7.91 0.0450 175.78 > 10 Easy to drain
ZLC-6 Lower J2z 8.13 0.0209 388.25 > 10 Easy to drain
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by rainfall cannot rapidly flow into the GGWR. However, 
surface storage will lead to large evaporative losses, which 
is not conducive to water resource protection. The seepage 
characteristics of the water in the fractured rock near the 
GGWR will be further studied.

Conclusions

In this paper, we suggest concurrent “aquifer drainage-coal 
mining-water storage” for construction and water-filling 
of a GGWR for the 11201 working face of the Yuandatan 
coal mine. The main conclusions of this research are:

1.	 Three vertical boreholes and five inclined boreholes 
were used respectively to drain the overlying aquifer 
of the 11201 working face before and after the aquifer 
was damaged by mining, to ensure the continuity of the 
concurrent “aquifer drainage-coal mining-water storage” 
operation, as well as safe mining.

2.	 The storage volume should reach 36% of the design stor-
age capacity of this part of the GGWR after the 11201 
working face is advanced to 850 m. As the working face 
advances, the aquifer water of the Zhiluo Group’s upper 
section and surface water may seep into the goaf, which 
will increase the GGWR’s water storage volume. Con-
current operation of “aquifer drainage-coal mining-water 
storage” for construction and water-filling of the GGWR 
appears to be feasible.
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