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a b s t r a c t
The exploitation of coal resources can lead to change of regional environment, and open-pit mining 
makes even more direct impact on vegetation, topsoil, surface water and underground water in grass 
area. Studying the change of hydrogeological condition caused by open-pit mining is beneficial for 
rational utilization of water resource in grass area and guaranteeing normal exploitation of open-pit 
mine. In this study, the Shengli 1 open-pit coal mine with typical hydrogeographical features, locating 
in typical meadow steppe area, was taken as researched area. Through collecting basic mine produc-
tion data, such as annual output, drainage quantity, water inflow, the water inflow (including stat-
ic-storage and recharge rate) of mine was predicted and calculated by horizontal catchment channel 
method, big well method and replenishment quantity method, respectively. This study investigates 
the hydrogeological condition changes of open-pit coal mine in grass area during production process. 
Results show that the static storage of hydrogeological unit exerts great impact to coal mine exploita-
tion and production in early stage, while recharge rate exerts continuous influence to the whole min-
ing process. As the quarternary loess in earth surface of steppe area is thick, and phreatic layer has 
a direct association with mining pit, the replenishment quantity method can achieve the most accu-
rate calculation; the influence of open-pit mining to geohydrologic condition is mainly determined by 
aquifer hydraulic conductivity and mining depth.

Keywords:  Groundwater; Hydrological change; Open-pit coal mine; Water inflow; Eastern grassland, 
China

1. Introduction

Coal resource is one of key energy consumptions of
China. Open-pit coal mining, as a type of mining, has 
gained an annually increasing proportion. According to sta-
tistics research by Zhao et al. [1], China has a total of over 

400 open-pit coal mines, including open-pit coal mines 
on-production and under-construction, with total capacity 
of 0.65 billion t/a, in particular the coal yield of 2013 was 
0.52 billion t. Of all open-pit coal mines, the number of large-
scale ones is over 30, with designed capacity of 0.36 million t 
as of July 2014. Of large-scale open-pit coal mines, there are 
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15 super-huge type ones (with capacity over 10 Mt/a), includ-
ing 12 ones locating in Inner Mongolia, as shown in Fig. 1(a), 
which belongs to eco-fragile region where the grassland is 
largely distributed and evaporation capacity exceeds precip-
itation [1,2]. Large-scale high-intensity open-pit mining will 
bring negative impacts to surrounding ecological environ-
ment (especially for eco-fragile region), including pumping 
and drainage of groundwater, mining the boundary of min-
ing, land occupied by the waste-dump, closed pit, etc. [3,4]. 
Groundwater has an influence on slope stability, vegetation 

abundance, etc. [5–7]. The hydraulic connection complex is 
not conducive to the surrounding engineering [8,9].

The effect of open-pit mining on underground water is 
mainly due to pumping and water burst. Pumping under-
ground water refers to pumping the underground water 
above mining level to earth’s surface via dredging dried well 
for further processing, so as to guarantee normal production 
[10,11]. Water burst is caused due to that aquifer is revealed 
or overland runoff burst into working level or pit via under-
ground watercourse [12–14].

Fig. 1. Geographical location of researched area. (a) Administrative region of researched area (red point represents open-pit mine) 
and (b) geographic map of open-pit mine.
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Currently, the prediction methods of coal mine water 
inflow are mainly concentrated on underground mine rather 
than on open-pit coal mine. Consensus on prediction model 
of water inflow for coal mines in steppe area has not been 
reached [15–20]. In this paper, Shengli 1 large-scale open-pit 
coal mine in steppe area (Fig. 1(b)), with diversified forms of 
underground water and complete mining cycle, is selected 
as researched area. Through collecting data on water inflow, 
exploitation quantity, drainage quantity over the years, this 
study investigates the existing forms of underground water, 
calculates static storage and water inflow, predicts stable 
water inflow, providing reference for production planning of 
mine and water resource protection.

In this paper, based on water inflow of mine as basic 
research object, we analyzed hydrogeological condition 
changes of coal mine area by comparing prediction values 
of water inflow with actual values, and discussed the influ-
ence of open-pit mining to water resource of mine area. The 
remainder of this paper is organized as follows: Section 2 
describes the background, including study area and hydro-
logical boundary. Section 3 analyzes four calculation meth-
ods for water inflow for the study area. Section 4 discusses 
the results of hydrogeological condition changes of coal mine 
area in steppe region. Finally, Section 5 summarizes the con-
clusions from this study.

2. Background

2.1. Study area

2.1.1. Hydrology and climate

Built in 1958, Xilinhot reservoir locates in 9 km south of 
Xilinhot City, with total sink capacity of 19.0 Mm3, and water 
level elevation of 1,011.87 m.

Xinlin River is the largest rive within such coal field, with 
total length of 268 km. This river flows past Xilinhot reser-
voir and then flows through the midwestern coal field. The 
annual mean runoff is 19.22 Mm3, largest peak discharge 
upon spring flood is recorded to be 57.4 m3/s (April 7th, 
1987), the water depth varies within 0.5–1.00 m. In each year, 
January and February are the blanking period.

This area has semiarid prairie climate, with large annual 
temperature difference. Rainy season lasts from June to 
August, account for 71% of annual precipitation. The maxi-
mum annual precipitation is recorded to be 481.0 mm (1974), 
while the minimum annual precipitation is 146.7 mm (1980), 
the annual mean evaporation is 1,794.64 mm.

2.1.2. Strata and faults

The stratum of Shengli coal field include (from the old to 
the new) paleozoic erathem-devonian system, lower permian 
system; mesozoic erathem-jurassic upper series Xing’anling 
group, cretaceous system lower series Bayinhua group; ceno-
zoic erathem-tertiary upper series, quaternary pleistocene 
series and holocene series.

There are three layer sections containing coal, including 
lower coal-bearing section of Xilin group, coal-bearing sec-
tion of mudstone section, and upper coal-bearing section of 
Shengli group.

As shown in Fig. 2, several normal faults exist near the 
southern border of open-pit area, wherein the faults within 
area include F1, F25, F27, F29 and F30, all are normal faults 
(Table 1). Fault zone has a significant impact on hydraulic 
connection of underground water. 

2.1.3. Aquifer

In this area, the aquifers that are influential to open-pit 
mining include quaternary pore-phreatic aquifer, coal-series 
top-conglomerate pore-fissure confined aquifer group, No. 5 
coal seam fracture confined aquifer group, and No. 6 coal 
seam fracture confined aquifer group.

The quaternary pore-phreatic aquifers are widely distrib-
uted in this area, belonging to medium water-rich aquifer, 
with thickness of 0–40.7 m.

The coal-series top-conglomerate pore-fissure confined 
aquifer group is distributed in the west of mine area, belong-
ing to medium water-rich aquifer, with large variation in 
thickness.

No. 5 coal seam fracture confined aquifer group is domi-
nated by No. 5 coal seam and distributed in the whole region, 
belong to medium water-rich aquifer, with average thickness 
of 16.34 m.

No. 6 coal seam fracture confined aquifer group is dom-
inated by No. 6 coal seam and roughly distributed in the 
whole region, belonging to poor-extremely poor aqueous 
aquifer, with extremely non-uniform water yield property.

2.1.4. Aquiclude

Stable water-resisting layers exist among above four aqui-
fers, which mainly consist of mudstone, sandy mudstone and 
silty-sandstone.

Drilling data show that at alluvial plain area of Xilin 
river valley, there is a stable water-resisting layer between 
quaternary pore-phreatic aquifer and lower aquifer. The 
water-resisting layer is normally 2–25 m in thickness, and 
mainly consists of mudstone and sandy mudstone, will less 
water abundance in local areas.

Among No. 5 coal seam fracture confined top aquifer, qua-
ternary pore-phreatic upper aquifer and top-conglomerate 
pore-fissure confined aquifer, there are stable water-resisting 
layers, except for individual area. The water-resisting layer 
mainly consists of mudstone, sandy mudstone and siltstone, 
with thickness of 5–25 cm. There is no water-resisting layer 
in local area.

Stable water-resisting layers exist in the whole area 
between No. 5 coal seam fracture confined bottom aquifer and 
No. 6 coal seam fracture confined aquifer. The water-resisting 
layer mainly consists of mudstone, sandy mudstone and silt-
stone, with thickness of 1.9–36 m.

2.2. Hydrological boundary

The groundwater recharge, runoff, discharge conditions 
of open-pit coal mine as well as its hydrogeological unit 
determine the water filling avenue, water filling way and 
water filling scale of future open-pit.

Currently, unveiled aquifers include quaternary 
pore-phreatic aquifer and cretaceous No. 6 coal seam 
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fracture confined aquifer and pore-fissure confined aquifer 
above. Among them, quaternary pore-phreatic aquifer is 
the dominant one (Table 2).

2.2.1. Recharge boundary

The mine area located at 650–1,050 m west of Xilin river, 
600–1,250 m east of valley plain west boundary. The west 
of coal mine is hilly area, which serves as boundary for 
water supply. F16 normal fault locates in the north of mine 
lot, which cut into Xilin river valley in east-west direction 
and connects with mine lot. In the east of mine lot, there is 
a group of extension fractures, linking the Xilin river valley 
water. Therefore, the east and north of mine lot are water 
supply boundaries.

In the east of mine lot, the Xilin river water and valley 
water locate above coal seam group. At 4-2, 5-2 pore area, 
valley water covers above coal suboutcrop, accepting ver-
tical cross-flow supplement of valley water. Therefore, the 
valley water and river water at the east of mine lot are main 
recharge source for mine drainage and water burst.

Taking comprehensive consideration on geological con-
ditions and water recharge avenue, the east, north and west 
of mine lot are supply boundaries.

2.2.2. Confining boundary

The mine area is in syncline structure, surrounded by 
several normal faults. According to the study [21], several 
normal faults (including F1, F25) exist in the south of mine 
area, as shown in Table 1.

Fig. 2. Hydrogeological profile of mining area.
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The stratum surrounding the points of abovementioned 
normal faults mainly consists of plastic mudstone and clay 
cementing sandstone, with few fractures. Fault fracture zone 
is undeveloped, with no water storage space or water trans-
mitting ability. As faults are not stripped at mine lot, the 
open-pit mine locates at the hanging side of fault.

The south boundary of first mining area is trenching 
position, and the underground water level has reduced to 
water-resisting floor during mining period. Therefore, the 
south of mine lot is regarded as confining boundary.

3. Methods

3.1. Demonstration range parameter

3.1.1. Demonstration range area

In this paper, the demonstration range mainly refers to 
the drainage area of Shengli 1 open-pit coal mine, includ-
ing quaternary pore-phreatic recharge area and No. 5 coal 
water outcrops recharge area. According to mine area 
dividing scheme, the first mining area is measured to be 
7.75 km2, the quaternary pore-phreatic recharge area is 
identical to that of first mining area (also 7.75 km2), both 
of which are plain area. According to practical boundary 
condition, No. 5 coal seam fracture confined outcrop area 
is set to be 14.5 km2.

3.1.2. Hydraulic conductivity (K)

The quaternary pore-phreatic aquifer has three pumping 
holes. According to hydrogeological map of coal mine, the 
arithmetic mean value of osmotic coefficients of 87-1 hole and 
87-3 hole is calculated to be 14.36 m/d.

For No. 5 coal-series top-conglomerate pore-fissure aqui-
fer, the osmotic coefficient of 12-1 hole is adopted, which is 
0.877 m/d.

For No. 5 coal seam fracture confined aquifer, the arith-
metic mean value of osmotic coefficients of BK075 hole and 
BK096 hole is adopted, which is 1.3054 m/d.

For No. 6 coal seam fracture confined aquifer, the arith-
metic mean value of osmotic coefficients of 5-2 hole and 736 
hole is adopted, which is 0.00529 m/d.

3.1.3. Reference radius (r0)

The slot mining area can be regarded as a rectangle, of 
which the east and west side lengths are regarded as slot 
width (1,076 m), while the south and north side lengths are 
regarded as slot length (1,800 m). The calculation formula is 
shown as below:

r0 =
P

 π2  (1)

P = a + b2( )  (2)

In formula (1), P represents the perimeter of demonstra-
tion area; In formula (2), a represents the length of south and 
west side slot, which is 1,800 m; b represents the length of east 
and west side slot, which is 1,076 m.

The reference radius can be calculated as r0 = 915.92 m.

3.1.4. Influencing radius (R)

In borehole pumping test, the influencing radius only 
represents the value under drawdown condition. In actual 
engineering, the drawdown S should be equal to the height 
(H) of water head.

R S HK=2  (3)

R S K=10  (4)

R = R + r0 0  (5)

Formula (3) shows the calculation method of influencing 
radius of phreatic aquifer; formula (4) shows the calculation 
method of influencing radius of confined aquifer; formula (5) 
shows the calculation method of reference radius.

3.2. Horizontal catchment channel method

As the first mining area advances to west bound-
ary, when the water level reduces to below confining bed 

Table 1
Main characteristics of faults within area

Fault Nature Fall (m) Length (m) Degree of 
reliability

F1 Normal fault 0–105 20,000 Reliable
F25 Normal fault 0–55 4,700 Reliable
F27 Normal fault 20–50 550 Relatively 

reliable
F29 Normal fault 0–50 5,700 Reliable
F30 Normal fault 0–15 530 Relatively 

reliable

Fig. 3. Coal yield and drainage and inflow amount from 2010 to 
2015.
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roof, the water-filled aquifer shifts from pressure-bearing 
state to non-pressure state. Therefore, pressure-bearing to 
non-pressure formula for one-side inflow is adopted.

Q BK S M M
R

= −( )2
2  (6)

where Q represents mine pit water inflow (m3/d), B rep-
resents inflow width (m), K denotes the osmotic coefficient 
of aquifer where coal seam locates, R is influencing radius. 
Phreatic aquifer is calculated by formula (3), confined aquifer 
is calculated according to formula (4), M represents aquifer 
thickness (m).

3.3. Big well method

According to the study by No. 153 geological team of 
Inner Mongolia Coalfield Geology Bureau [22], the first 
mining area is analyzed based on aquifers at mining lot. 
The calculation formula of big well method is shown as 
below:

Q = K (2H M)M
LgR0 Lgr0

1.366 −
−  (7)

where the arithmetic mean value of aquifer drilling 
thicknesses is taken as the aquifer thickness H.

3.4. Replenishment quantity method

According to the hydraulic relation of aquifers of open-
pit mine as well as analysis of water filling factors, it can 
be known that the recharge sources within researched area 
mainly include: channel leakage recharge, rainfall recharge 
and side runoff recharge.

Channel leakage recharge for quaternary phreatic aquifer 
mainly concentrate from June to August during flood season, 
that is, the total recharge period is 92 d per year. The side 
runoff recharge from western hilly area and eastern valley 
plain is mainly responsible for No. 5 coal seam fracture con-
fined aquifer.

Q = BK H h
L

t1 10 4 ( 2 2)
2 1

− −  (8)

Pr = PaF10 1−  (9)

Q KIHLt= 10 4−
2  (10)

Formula (8) represents the calculation for channel leak-
age recharge. Q1 represents channel recharge rate (104 m3); B 
is the width of river recharge to mine pit, that is, the sum of 
quaternary phreatic aquifer boundary length and influenc-
ing radius; L is the distance between river and pit recharge 
boundary, which is 900 m; t1 is recharge time, which is 92 d. 
Formula (9) represents rainfall recharge rate. Pr is the pre-
cipitation infiltration amount (104 m3); P is the precipitation 
under assurance rate of 97%, which is 111.0 mm; F is the Calc 
Zone area, the quaternary phreatic recharge area (all plain 
area) is 7.75 km2, the No. 5 coal fracture confined aquifer out-
crop area is 14.5 km2. α is the rainfall infiltration recharge 
coefficient, the rainfall infiltration recharge rates for quater-
nary phreatic aquifer and No. 5 coal seam fracture confined 
aquifer are 0.13 and 0.05, respectively. Formula (10) is the 
calculation formula for side runoff recharge. Q represents 
side runoff recharge rate (104 m3); K represents the average 
osmotic coefficient of side recharge cross section, which is 
1.305 m/d; I represents the average groundwater head gra-
dient perpendicular to the section, which can be calculated 
according to water level contour map of first mining area, 

Table 2
Hydrogeological parameters of first mining area

Recharge 
Boundary

Aquifer Symbol Boundary 
length  
B (m)

Hydraulic 
conductivity  
K (m/d)

Drawdown 
S (m)

Aquifer 
thickness  
M (m)

Influencing 
radius  
R (m)

East side Quaternary pore-phreatic aquifer Q 1,076 14.36 14.85 14.85 433.70
No. 5 coal-series top-conglomerate 
pore-fissure aquifer

5* 1,076 0.877 47.74 17.15 447.08

No.5 coal seam confined aquifer 5 1,076 1.3054 56.35 22.71 643.82
No. 6 coal seam confined aquifer 6 1,076 0.00529 137.70 30.25 100.15

North side No. 5 coal-series top-conglomerate 
pore-fissure aquifer

5* 1,800 0.877 47.74 16.42 447.08

No. 5 coal seam confined aquifer 5 1,800 1.3054 56.35 19.48 643.82
No. 6 coal seam confined aquifer 6 1,800 0.00529 137.70 28.64 100.15

West side No. 5 coal-series top-conglomerate 
pore-fissure aquifer

5* 1,076 0.877 47.74 16.42 447.08

No. 5 coal seam confined aquifer 5 1,076 1.3054 56.35 21.22 643.82
No. 6 coal seam confined aquifer 6 1,076 0.00529 137.70 28.64 100.15



Z. Xing et al. / Desalination and Water Treatment 121 (2018) 126–133132

wherein the east average groundwater head gradient is 
2.92%, and the west is 4.63%. H represents aquifer thickness, 
wherein the east one is 22.71 m, while the west one is 21.22 m; 
L represents side runoff recharge section length, wherein the 
east one is 2,363.64 m, while the west is 1,719.82 m; t2 rep-
resents time, which is 365 d.

4. Results and discussions

4.1. Hydrogeological condition changes

The calculation results by horizontal catchment channel 
method are shown in Table 3. The method does not need to 
be converted. The calculation result is 6.357 million m3/a.

According to the study [23], when big well method is 
adopted as the calculation method for coal mine water inflow, 
30%–50% reduction should be considered and the security 
coefficient for this demonstration is set to 0.5. Therefore, the 
calculation results by big well method is 9.096 million m3/a 
(24,920.65 m3) (Table 4).

The recharge rate is calculated according to formula (10), 
as shown in Table 5. Considering the high-flow and low-flow 
cycles of recharge, the reduction coefficient is set to 0.9, then 
the stable recharge rate is 3.1775 million m3/a.

4.2. Prediction of future water inflow

As Shengli 1 open-pit coal mine reached the design 
capacity around 2011, the water inflow will not show increas-
ing trend (Fig. 3). As show in Table 6, the water inflow val-
ues predicted by horizontal catchment channel method and 

big well method are close to actual value around 2011, while 
the water inflow value predicted by replenishment quantity 
method is close to the value in 2015.

The calculation results of big well method are obtained 
based on borehole pumping test only, and water inflow is cal-
culated under the premise that one-time drawdown reaches 
the mining level, therefore the calculated value of water 
inflow is relatively larger. However, the coal mine drainage is 
a long-term gradient process, the water inflow can be better 
predicted through analyzing static storage and recharge rate.

By comprehensively considering the hydrogeological con-
dition of researched area, it can be concluded that underground 
water static storage accounts for large proportion of water 
inflow before 2014; while after 2014, underground water static 
storage disappears, instead the water inflow is approximately 
equal to recharge rate, reaching a recharge-runoff-drainage 
cycle. On this basis, it can be predicted that the water inflow 
and recharge rate will be roughly the same for Shengli 1 open-
pit coal mine, which is 3 million m3/d.

4.3. Calculation of influencing radius

For the bottom boundary of open-pit coal mine, the east-
west length is 5.62 km, the south-north width is 4.49 km, 
and the total area is 24.70 km2. After exploiting coal seam, 
the underground water of quaternary pore-phreatic aquifer 
group within field area will be completely drained, and thus 
the water level of peer aquifer within surrounding unex-
ploited area will decrease.

The construction and production of open-pit coal mine 
will impact the environment within an influencing radius 
(R) range. Outside of such range, hydrogeological condition 
changes make no influence. The influencing radiuses of aqui-
fers can be calculated according to formula (5), as shown in 
Table 7.

It is calculated that the area affected by open-pit mining 
to Q is 34.668 km2, the area ratio to the mining area is about 
1.37, which means that the mining area in this area is limited.

According to the calculated values of influencing radi-
uses and actual open-pit mining condition, it can be known 
that influencing radius of open-pit coal mine to aquifer is 
mainly determined by osmotic coefficient, aquifer depth and 
thickness.

Table 3 
Calculation results of drainage and inflow by horizontal catch-
ment channel method

Recharge boundary Aquifer Q (m3/d) Q (104m3/a)

East side Q 3,928.19 143.38
5* 1,417.72 51.75
5 2,229.32 81.37
6 210.73 7.69

North side 5* 2,291.87 83.65
5 3,313.74 120.95
6 335.96 12.26

West side 5* 1,370.03 50.01
5 2,117.54 77.29
6 200.83 7.33

Total 17,415.93 635.68

Table 4 
Calculation results of drainage and water inflow by big well 
method

Aquifer H (m) R (m) Q (m3/d) Q (104m3/a)

Q 14.85 433.71 25,694.18 937.84
5* 47.74 477.08 9,008.30 328.80
5 56.35 643.82 14,005.98 511.22
6 137.70 100.15 1,133.19 41.36
Total 49,841.29 1,819.21

Table 5 
Calculation results by recharge methods (104 m3)

Channel 
leakage 
recharge 
rate

Rainfall 
recharge 
rate

Side 
runoff 
recharge 
rate

Total 
recharge 
rate

Recharge 
rate (after 
reduction)

318.31 19.23 15.52 353.06 317.75

Table 6
Comparison of water inflows by three methods (104 m3 a–1)

Horizontal 
catchment 
channel

Big well 
method

Replenishment 
quantity 
method

Water 
inflow in 
2010

Water 
inflow 
in 2015

635.68 909.60 317.75 692.91 245.72
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5. Conclusions

• The hydrogeological condition changes caused by 
open-pit mining are mainly manifested in two aspects, 
including underground water storage and aquifer recon-
struction. Underground water storage change is mainly 
manifested in water inflow, wherein the static storage 
capacity should be attached with great attentions of engi-
neering practitioners.

• he water inflow of open-pit coal mine in steppe area can 
be calculated by classic theories and formulas. Before 
reaching designed capacity, horizontal catchment chan-
nel method and big well method are recommended 
calculation methods, while recharge method is more suit-
able for calculating water inflow after reaching designed 
capacity.

• The influencing radius of open-pit mining in steppe area 
to aquifer is mainly determined by aquifer hydraulic con-
ductivity, aquifer depth and thickness.
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Table 7 
Influencing radius of upper aquifer

Aquifer Osmotic 
coefficient (m/d)

Aquifer 
thickness (m)

Influencing 
radius (m)

Q 14.36 14.85 433.70
5* 0.877 16.42 447.08
5 1.3054 19.48 643.82
6 0.00529 28.64 100.15


