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Abstract
To resolve issues of water resource conservation and avoid water inrush accidents, a case study was performed in the 
Gaozhuang coal mine, which lies under Weishan Lake. The two coal seams are 4 and 5 m thick, and are separated by 2–5 m. 
As the goaf gradually expanded with mining, some fractures that had formed at the centre of the goaf were gradually com-
pressed and closed, while fractures at the periphery of the goaf did not. Therefore, the periphery of the goaf was recognized 
as the key region for water conservation mining. After the upper seam was mined, the hydraulically connected fractured 
(HCF) zone in the overburden had a maximum height of 6.9 times of the integrated mining height. After the lower seam 
was mined, the HCF zone increased to a maximum height of 9.8 times the integrated mining height. The maximum depth 
of ground surface fractures above the goaf was 1.1 times the integrated mining height. The thickness of the safety pillar to 
be left in place as protective strata was determined based on these values, and the hydraulic connection between the aquifers 
above the mine and the overlying lake was assessed. We then analysed the feasibility of in situ protection of the surface water 
and proposed techniques to prevent the water in the overlying sandstone from rushing into the work area.
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Introduction

Ecological problems, such as groundwater loss and drying 
up of springs and rivers, can result from coal mining. In 
China’s Shendong mining area, for example, 19 of the 20 
springs at the 131 km2 Daliuta coal mine have already dried 
up (Fan et al. 2015). Therefore, minimizing the disturbance 
and damage to the local ecological environment through 
water conservation mining (WCM) is an urgent scientific 
problem in the further development of China’s coal mines 
(Zhang et al. 2010). In addition to reducing the disturbance 
to the regional hydrological environment, WCM also aims 
to prevent water inrushes from coal mining to an allowable 
level by controlling the development of hydraulically con-
ductive fractures (HCFs) into the mining-disturbed overbur-
den. Fully understanding the characteristics of HCF develop-
ment and distribution in such overburden is key to successful 
WCM (Adhikary and Guo 2014).

Relative to HCF development in overburden induced 
by mining of a single seam, Whittaker and Reddish 
(1989) divided the fractured region into continuous and 
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discontinuous fractured zones (Cherubini 2008; Moon and 
Jeong 2011; Whittaker and Reddish 1989). Forster and 
Enever (1992) suggested that the mining-disturbed over-
burden behind a longwall face can be split into four vertical 
zones: the caved, fractured, constrained, and surface zones. 
Kendorski subdivided the constrained zone into dilated and 
constrained zones, thus making a five-zone model (Galvin 
2016; Kendorski 1993). Qian divided the mining-disturbed 
overburden into three zones: the caved, fractured, and sub-
sidence zones (Qian and Miao 1995). Gao used a four-zone 
model, with a failure zone, separation zone, bending zone, 
and loose alluvium zone (Gao 1996). Moreover, based on 
borehole data from mining sites, Chinese researchers have 
derived empirical formulas for estimating the height of the 
HCF zone induced by coal mining in different geological 
conditions (Shi et al. 2012).

HCF development is different when mining coal seams 
that are near each other, due to the repeated disturbance of 
the overburden. Zhang and Hu found that the HCF zone’s 
height in the overburden increased when continuously min-
ing the lower seam due to the generation of new fractures 
and reactivation of existing fractures. Moreover, multi-
ple factors, including the comprehensive thickness of the 
coal seams, distance between adjacent seams, and mining 
sequence, all affected the height of the HCF zone (Hu et al. 
2015; Zhang 2010). Recent studies have revealed the pattern 
and development mechanism of HCF in overburden induced 
by mining shallowly buried coal seams that are near each 
other (Ma et al. 2015; Zhang et al. 2011a, b). In addition, 
these studies provided several approaches to control the HCF 
zone’s height, such as arranging the faces in a staggered pat-
tern, reducing the mining height, increasing the advance rate 
of the face, and using partial backfill mining.

Thus, researchers have mainly focused on variations in 
the height of the HCF. However, more studies are needed on 
the zoning characteristics of the HCF in different overlying 
strata and the redevelopment of this HCF due to repeated 
mining. We therefore studied the HCF induced by mining 
closely spaced thick seams under Weishan Lake and evalu-
ated the feasibility of in situ lake water conservation. Fur-
thermore, techniques for preventing water inrushes from the 
overlying sandstone were successfully applied to these coal 
seams.

Geological Conditions of the Study Area

Mining Geological Conditions

China has more than 25 billion metric tons (t) of coal 
reserves under water bodies, if one includes both surface 
water (lakes, reservoirs, and rivers) and aquifers in the 
overburden. The Weishan coal area is the largest mining 

area under a lake in China, with nearly 700 million t of coal 
reserves lying under the lake. Furthermore, Weishan Lake is 
situated in Shandong Province, in eastern China. It is a key 
nature reserve along the eastern route of the South-North 
Water Transfer Project. It is urgent in this area to minimize 
the impact of mining on local water resources while ensuring 
safety, namely to achieve WCM.

About two-thirds of the Gaozhuang coal mine in Jining 
City, its western portion, lies under Weishan Lake (Fig. 1). 
It has an annual production of 3.0 Mt, mining coal seams 
#31 and #32, which have average thicknesses of 5.0 and 
4.0 m, respectively. The distance between seams #31 and 
#32 ranges from 2.0 to 7.0 m. This study focuses on working 
faces 31509 and 32509 in the no. 5 mining district, which 
is one of the six main districts in this mine (Fig. 2). Work-
ing face 31509 is 220 m wide and 1180 m long, and occurs 
at an average depth of 361 m, while working face 32509 is 
189 m wide and 1270 m long, and has an average depth of 
365 m. The inclined angle of the two working faces ranges 
from 0° to 5°, which has little effect on HCF development. 
Therefore, 0° was set as the inclined angle in this study for 
simplified calculation.  

Hydrogeological Conditions

Figure 3 shows the stratigraphic column of the overburden 
above seams #31 and #32.

Aquifers

Aquifers can be classified into four types based on specific 
yield (Table 1). The main aquifers overlying the aforemen-
tioned seams include the upper Quaternary sandy mudstone 
(Aquifer 1), the lower Quaternary sandstone (Aquifer 2), the 
Jurassic sandy conglomerate (Aquifer 3), and the Permian 
sandstone (Aquifer 4).

1.	 Aquifer 1 has an average thickness of 39.5 m, with a 
specific yield of 0.2–3.4 L/s m and a permeability coef-
ficient of 1.06 × 10−3–4.94 × 10−6 m/d. It is classified as 
category II or III.

2.	 Aquifer 2 has an average thickness of 41 m, with a spe-
cific yield of 0.15–4.0 L/s m and a permeability coef-
ficient of 1.16 × 10−3–4.51 × 10−6 m/d. It is classified as 
category II or III.

3.	 Aquifer 3 has an average thickness of 103 m, with a 
specific yield of 0.04–0.5 L/s m and a permeability coef-
ficient of 2.15 × 10−3–3.04 × 10−6 m/d. It is classified as 
category III or IV.

4.	 Aquifer 4 has an average thickness of 77 m, with a spe-
cific yield of 7 × 10−5–1.8 × 10−8 L/s m, and a perme-
ability coefficient of 8.56 × 10−4–1.05 × 10−6 m/d. It is 
classified as category IV.
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Aquicludes

The overburden in the study area has three main aquicludes: 
the middle Quaternary clay (Aquiclude 1), siltstone at the 

bottom of the Quaternary (Aquiclude 2), and the mudstone 
and siltstone in the middle-upper part of the Permian (Aqui-
clude 3).
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1.	 Aquiclude 1 is composed of clay and sandy clay. Given 
its stability and high viscosity, this aquiclude effectively 
prevents surface water and groundwater in Aquifer 1 
from passing through it.

2.	 Aquiclude 2 is tightly cemented, low-yielding, and 
impermeable to the groundwater in Aquifer 2.

3.	 Aquiclude 3, with an average thickness of 105 m, is 
characterized by low water yield and extremely low per-
meability. The 20 m thick mudstone is the key aquiclude 
that keeps the water in Aquifer 3 from percolating into 
the coal-bearing strata below.

Theoretical Calculations of HCF Zone’s 
Height

Mining of the Single Seam

Based on long-term measurements from mine sites in central 
and eastern China, researchers have developed an empirical 
formula for calculating the height of the HCF zone (Sui et al. 
2015):

where M is the mining height (m); K, a, and b are perti-
nent parameters defined in terms of particular geological 
conditions.

The Gaozhuang coal mine has basically the same geo-
logical conditions as the nearby Cuizhuang, Jiangzhuang, 
and Fucun coal mines (Wang et al. 2016). An equation for 
predicting the maximum height of the HCF zone was derived 
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Table 1   Aquifer classification based on specific yield

Category Type Specific 
yield/L s−1 m−1

I Extreme high ≥ 5.0
II High 1.0–5.0
III Medium 0.1–1.0
IV Low ≤ 0.1
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from the measured heights of HCF zones in the adjacent mines 
(Table 2) using linear regression analysis (Supplemental Fig. 
S-1).

Mining of Closely Overlying Seams

When the upper and lower coal seams are near each other, 
the corresponding caved and fractured zones induced by 
mining the upper and lower seams may partially overlap 
(Xu and Ju 2011). The scope of overlap depends on the dis-
tance between the two seams, h. When h is greater than 
the height of the lower caved zone, Hm, the lower caved 
zone will not overlap with the upper one. However, the two 
fractured zones may coincide. The heights of the upper and 
lower fractured zones can be estimated from the thicknesses 
of the upper and lower seams, separately. The larger value of 
the fractured zone’s height is regarded as the comprehensive 
height of the fractured zone resulting from mining these two 
seams (Fig. 4a).

When h < Hm, the maximum height of the upper fractured 
zone can be calculated from the thickness of the upper seam. 
The maximum height of the lower fractured zone can be 
derived from the integrated mining height of the two seams. 
The larger value can be used as the maximum height of the 
fractured zone induced by mining both seams (Fig. 4b). The 
integrated mining height for two seams is given by the equa-
tion below:

where Mz is the integrated mining height (m); M1 is the 
thickness of the upper seam (m); M2 is the thickness of the 
lower seam (m); h is the distance between the two seams 
(m); y2 is the ratio of the lower caved zone’s height to the 
mining height.
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In the study area, seam # 32 is 4.0 m thick, and the cor-
responding height of the caved zone is four times the min-
ing height. The distance between seams #31 and #32 ranges 
from 2.0 to 7.0 m. So, the integrated mining height Mz is 
calculated at 8.6–8.9 m, and the maximum value (8.9 m) 
was used in this study. Separately substituting the mining 
height in seam #31 and the integrated mining height in seam 
#32 into Eq. 2 indicates that the maximum heights of the 
HCF zone at working faces 31509 and 32509 are 60.7 m and 
88.6 m, respectively.

Numerical Simulation of Fracture 
Development in Overburden

The universal distinct element code (UDEC), a software pro-
gram for discrete element modelling, is suitable for model-
ling the behaviour of discontinuous media (e.g. fractured or 
jointed rock masses) subjected to static or dynamic loading 
(Coggan et al. 2012; Ma et al. 2013). So, UDEC4.0 was used 
to simulate the fracture development in overburden disturbed 
by mining in the study area.

Model Parameters

A numerical model with the dimensions 300 m × 150 m 
was created to simulate the strata in the study area; sepa-
rate 50 m thick boundaries were arranged on the left and 
right sides. Displacement constraints were applied to the 

Table 2   Height of the HCF zone in adjacent coal mines

Number Faces and coal mine M/m Hd/m

1 Face 31803 in Jangzhuang 4.3 54.6
2 Face 31706 in Jangzhuang 3.4 45.5
3 Face 31603 in Jangzhuang 3.8 47.5
4 Face 31903 in Jangzhuang 3.9 54.6
5 Face 3301 in Cuizhuang 5.0 59.5
6 Face 3302 in Cuizhuang 5.2 65.0
7 Face 3401 in Fucun 5.4 61.5
8 Face 3109 in Renchen 2.3 33.8
9 Face 32503 in Zhaoyang 2.0 33.2
10 Face 3202 Liangbaosi 3.0 43.0
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Fig. 4   Diagram of HCF zone’s height induced by mining of close dis-
tance coal seams. h > Hm (a); h < Hm (b). (h is the distance between 
two seams, and Hm is the height of caved zone resulting from mining 
the lower seam.)
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left, right, and bottom boundaries (Fig. 5). The 127 m 
strata immediately above seam #31 were modelled, while 
the rest of the overburden was represented as pressure 
exerted on the top of the model. The Mohr–Coulomb 
failure criterion was applicable to the model (Yang et al. 
2016). Parameters of the blocks and joints in the model are 
shown in Supplemental Tables S-1 and S-2.

In the simulation, working face 31509 in the upper 
seam was mined first, followed by working face 32509 in 
the lower seam. The coal was mined in multiple stages, 
and the working face advanced 20 m in each stage, which 
is equal to the periodic weighting interval. The total 
advanced distance of each working face was 200 m (the 
face had reached the stage of critical mining where the 
maximum subsidence value in the surface would not grow 
as the face advances). Monitoring lines were laid out in 
the overburden above face 31509 to collect stress and dis-
placement data during mining. Their distances from face 
31509 were 5 m (the immediate roof), 15 m (the main 
roof), 25 m, 39 m, 50 m, 60 m, 75 m (the key aquiclude), 
and 95 m, respectively.

Analysis of Numerical Simulation Results

The distribution of fractures in the model was visualized 
by UDEC (Majdi et al. 2012; Maximovich and Khayrulina 
2014). Mining-induced fractures in the overburden are 
shown in the red region in Figs. 6 and 7.

Fracture Development Induced by Mining the Upper Seam

Figure 6 reveals that as working face 31509 advanced 40 m, 
vertical fractures developed in the overburden above the 
open-off cut and the mining side, and horizontal fractures 
developed above the working face. The fracture height 
reached up to 17 m. As the working face advanced 80 m, 
fractures over the two sides, or periphery, of the goaf con-
tinued growing upward. Moreover, fractures generated above 
the middle of the working face developed to the bottom of 
sandstone, with a height of up to 60 m.

As the goaf expanded, fractures over the middle of the 
goaf partially closed due to compression, and the fracture 
height was reduced to 56 m. In comparison, fractures on the 
sides of the working face were unlikely to close (Palchik 
2010); however, the maximum development height, about 
62 m, did not reach the key aquiclude.

Fracture Development Induced by Mining of the Lower 
Seam

As working face 32509 advanced, the closed fractures over 
the central section of the upper goaf were reactivated and 
continued to develop (Fig. 7). After mining stopped, frac-
tures over the central part of the goaf reached a height of 
76 m; the maximum fracture height, 86 m, occurred in the 
peripheral zone.
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Zoning Characteristics of Overburden Based 
on Fractures

Figure 8 illustrates the distribution of fractures in the over-
burden after completion of mining at working faces 31509 
and 32509. Based on the level of fracture development, the 
overburden can be partitioned into four zones: the intercon-
nected fracture zone, fracture development zone, micro-
fracture zone, and unfractured zone (Zuo et al. 2018). The 
fracture development and micro-fracture zones constitute 
the HCF. The height of the HCF above the central section 
of the goaf was about 10.6% less than the peripheral HCF. 
Therefore, the overburden above the periphery of the goaf 
is the key region for WCM.

Supplemental Fig. S-2 shows the distribution of ground 
subsidence caused by mining working face 31509. The over-
burden along the central section of the goaf had subsided 
uniformly, while the overburden along two sides experienced 
non-uniform subsidence. Fractures within the zone of the 
uniform subsidence were likely to be closed due to compres-
sion, while in the zones of non-uniform subsidence, fractures 
tended to develop due to the tension (Guo et al. 2017; Yang 
et al. 2015).

Field Observations of the HCF Zone

Underground Drilling and Water Injection 
Observation

Observation Principles

The height of the HCF zone in mining-disturbed overbur-
den can be observed by a variety of methods, including 
ultrasound imaging, computed tomography (CT) of bore-
holes, transient electromagnetics, hydrological observa-
tion through surface drilling, and underground drilling 
and water injection (UDWI). Ultrasound imaging, CT of 
boreholes, and transient electromagnetics are usually used 
as supplementary methods because of their strict require-
ments, complex operations, and large errors. Hydrologi-
cal observation through surface drilling normally involves 
massive amounts of work, long duration, and high costs, 
and is easily affected by topography and surface architec-
tures. The UDWI method is applicable to all mining sites, 
is cost-effective, and allows reliable, continuous monitor-
ing (Luan et al. 2010; Majdi et al. 2012).

UDWI was employed in this study. In this method, bore-
holes are drilled into the roof above the main roadways 
that serve two working faces. A double-headed plug is 
inserted into each borehole to create an interval within a 
certain stratum, and water is then injected into the inter-
val. Afterward, the amount of water that leaks from this 

stratum is measured. Then the position of the plug is 
changed and the injection and measurements are repeated 
to monitor the water leakage from different strata. The 
height of the HCF zone in the overburden can be deter-
mined by comparing the amounts of water leakage before 
and after mining (Supplemental Fig. S-3).

Observation Procedures

Figure 9 shows the schematic of the equipment used in the 
observation. Fig. S-4 illustrates the observational proce-
dures. The procedures are detailed as follows (Zhang et al. 
2015; Zhao et al. 2015):

Step 1: open the air injection system so that the capsules 
will expand and block/seal both ends of the borehole.
Step 2: open the water injection system to inject water 
into the borehole at a water pressure less than the cap-
sule pressure.
Step 3: when the water injection and the leakage from 
the fractures in the wall become stable, use a flow meter 
to measure the injection rate; in other words, the rate of 
water leakage from the wall.
Step 4: after the test is completed, close the water injec-
tion valve and open the drain valve to drainater out of the 
sealed borehole interval.
Step 5: change plug positions and repeat the previous 
steps. In this way, the leakage from consecutive intervals 
of a borehole are obtained. The measured water leakage 
can be used as a criterion to assess the level of fracture 
development and therefore to determine the height of 
HCF zone.

Layout of Observation Site

The numerical simulation revealed that the height of the 
HCF zone above the periphery of the goaf was greater than 
in other overburden areas. Therefore, the field observation 
mainly focused on sites in the periphery of the goaf. One 
pre-mining observation borehole and two post-mining obser-
vation boreholes were drilled in each roadway. The pre-min-
ing borehole was used to observe the pre-existing fractures 
in the undisturbed overburden, while the post-mining bore-
holes were used to monitor fractures in the mining-disturbed 
overburden. The height of the HCF zone in the overburden 
was then determined by comparing data collected from the 
pre-mining and post-mining observations (Gao et al. 2014; 
Xu et al. 2012).
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Borehole Locations

As boreholes should be placed where the overburden will be 
sufficiently disturbed by mining, the drill sites were located 
near where mining stopped (Wang et al. 2008). Post-mining 
observational boreholes were drilled in the 4th to 5th month 
after extraction was completed, 30 m in front of where min-
ing stopped in each seam (Fig. 10).

Borehole Inclination

To reduce drilling length and engineering cost, increase 
effective flushing of the boreholes while drilling, and ensure 
effective of plugging to create a sealed borehole interval, 
the borehole inclination should be as great as possible. The 
observation boreholes in working face 31509 were designed 
with an inclined angle of 45°. Given that the working faces 
32509 and 31509 were arranged in a staggered pattern, 
observation boreholes for working face 32509 were drilled 
into the upper goaf at an inclination of 60° to avoid the other 
boreholes.

Borehole Length

The length of the boreholes has to exceed the estimated 
maximum height of the HCF zone and should sufficiently 
extend into the rock mass. Thus, the effects of the borehole 
inclination should be accounted for to define the bore-
hole length (Fig. 10). The borehole length for working 
faces 31509 and 32509 were determined as 90 and 120 m, 
respectively. Other boreholes parameters are given in 
Table 3.

where Hd is the height of HCF zone; L is the borehole 
length; and β is the borehole’s inclined angle.

Observation Approach

In each borehole, observations started at a shallow point 
and then gradually proceeded deeper. To improve effi-
ciency, the observations were performed primarily at the 
middle and deep areas of the borehole (Luan et al. 2012). 
Based on the theoretical results and field experience, the 
initial observation points at faces 31509 and 32509 were 
located at positions with vertical depths of 25 and 55 m, 
respectively.

(4)Hd = L sin �

Observation Results

HCF Zone’s Height After Mining of the Upper Seam

1.	 Fig. 11 shows that the leakage in borehole 1# remained 
at 20 L/min. This is because the overburden was undis-
turbed, and the water injected into the borehole primar-
ily flowed in the pre-existing fractures.

2.	 Many new fractures developed in the overburden that 
was disturbed by mining. The initial leakage flow in 
boreholes 2# and 3# peaked at 34 L/min, about 70% 
greater than in borehole 1# at the same depth (in the 
fracture development zone). As the observation depth 
increased, the leakage from boreholes 2# and 3# 
decreased significantly, which indicated that the corre-
sponding borehole intervals were in the micro-fracture 
zone. In the last interval, the volume of leakage flow in 
these two boreholes was fairly stable and about equal to 
the level of borehole 1#. This interval corresponded to 
the unfractured zone.

3.	 As shown in Fig. 11a, b, the leakage curves for boreholes 
1# and 2# intersect at a depth of 58.6 m, while the leak-
age curves for boreholes 1# and 3# intersect at 62.9 m. 
The results from the two post-mining observation bore-
holes reveals that the height of the HCF zone at face 
31509 was 60.8 m.

The HCF Zone’s Height After Mining of the Lower Seam

1.	 The initial leakage volume in borehole 6# basically 
stayed stable at 40 L/min, which was twice the initial 
leakage volume in boreholes 2# and 3# (Fig. 12). This is 
primarily because the closed fractures in the overburden 
were reactivated after working face 32509 was mined.

2.	 The leakage curves for boreholes 4# and 5# intersect at a 
vertical depth of 85.1 m (Fig. 12b), and those for bore-
holes 4# and 6# meet at a vertical depth of 88.5 m. The 
results from the two post-mining observation boreholes 
suggests that the height of HCF zone at face 32509 was 
86.8 m.

Depth of the Ground Surface Fracture (GSF) Induced 
by Mining

The overburden movement caused by coal mining can cre-
ate a subsidence trough over the goaf, and fractures develop 
in the periphery of the subsidence trough due to tensile 
deformation (Fig. 13). Stress–strain analysis of the element 
at a fracture tip indicates that the critical point for fracture 
development satisfies the following condition (Wang et al. 
2013).

Fig. 6   Fracture development induced by mining of working face 
31509. Working face 31509 advanced 40 m (a); Working face 31509 
advanced 80 m (b); Working face 31509 advanced 200 m (c)

◂
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where εh is horizontal deformation, which tends to decrease 
with increasing depth in the surface tensile zone; εv is ver-
tical deformation, which tends to increase with increasing 
depth in the surface tensile zone; and εl is the critical hori-
zontal deformation of surface strata.

According to the plane strain condition in the theory of 
elasticity, we have

Let σh = − γh (only the strata weight is considered), 
εv = εh, and εh = εl, and substitute these into Eq. 6. Given 
that the GSF would be partially closed after intrusion of lake 
water, a healing coefficient α = 0.8, was introduced.

Assuming that GSFs terminate at positions where σ1 = σh 
and σ3 = σv = 0, and substituting these into the limit state 
condition in the Mohr–Coulomb theory yields the follow-
ing equation:

(5)
{

𝜀h + 𝜀v ≥ 0

𝜀h < 𝜀l

(6)
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E

where C is cohesion and φ is the angle of internal friction. 
The rock mechanics parameters of the upper sandstone 
over faces 31509 and 32509 involve E = 10 GPa, v = 0.25, 
C = 5 MPa, and φ = 30 (the parameter values may be smaller 
in common sandstone due to long-term exposure to lake 
water). The deformation was calculated at εl = 1.85 mm. 
Substituting the deformation into Eq. 7, the depth of GSF 
above the goaf was 9.5 m.

Field Application

Given the location of Weishan Lake, in situ lake water con-
servation can be achieved by leaving a sufficiently thick 
safety pillar. Techniques such as advanced drilling drainage 

Fig. 7   Fracture development induced by mining of working face 
32509. Working face 32509 advanced 40 m (a); Working face 32509 
advanced 100 m (b); Working face 32509 advanced 200 m (c)
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can be used to prevent accidents as long as the water-bearing 
sandstone in the roof has no hydraulic connection with the 
lake water (Howladar 2013; Maximovich and Khayrulina 
2014). Therefore, based on previous analysis on the height 
of HCF zone and the depth of the GSF, we determined the 
proper thickness of the safety pillar to effectively prevent a 
hydraulic connection between the sandstone and lake water. 
In addition, using other secondary techniques to reinforce 
the sandstone roof strata, the objective of performing water 
conservation mining in coal seams under the Weishan Lake 
was ultimately achieved.

In‑Situ Lake Water Conservation

Height of the HCF Zone

The maximum height of the HCF zone was used as its ulti-
mate height. The height of the HCF zone induced by min-
ing at working face 31509 was 6.9 times of the integrated 
mining height, while it was 9.8 times the integrated mining 
height for working face 32509 (Table 4).

Feasibility of In‑Situ Conservation

After working faces 31509 and 32509 were mined, the 
maximum depth of the GSF was about 1.1 times the inte-
grated mining height, while the maximum height of the HCF 
zone in the overburden was 9.8 times the integrated mining 
height. The distance from the upper boundary of the HCF 
zone to the lake floor was 32.2 times the integrated mining 
height, which meets the requirement that the thickness of an 
underwater safety pillar should be at least 7 times the mining 
height. This should guarantee that a hydraulic connection 
will not form between the water in the sandstone roof strata 
and lake water, and that in situ lake water conservation is 
achieved.

Prevention of Water Inrushes from the Roof 
Sandstone Strata

Given that the HCF in the overburden induced by mining 
faces 31509 and 32509 had extended to Aquifer 4, advanced 
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Fig. 10   Schematic plan and profile of the drill site

Table 3   Parameters of 
boreholes

Face Borehole Type Diameter/mm Azimuth angle/° Inclined 
angle/°

Length/m Hd/m

31509 1# Pre-mining 75 315° 70° 90 85
2# Post-mining 75 30° 70° 90 85
3# Post-mining 75 60° 70° 90 85

32509 4# Pre-mining 75 315° 60° 120 104
5# Post-mining 75 30° 60° 120 104
6# Post-mining 75 60° 60° 120 104
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drilling drainage and grouting were needed to ensure safe 
mining (Zhang et al. 2011a, b).

Drainage boreholes were drilled into the roof 200 m 
ahead of the working face above the main roadways along 
each face. Then, water was drained from Aquifer 4 thorough 
the boreholes to mitigate the risk of inrushes.

Since geological structures in the surrounding rock could 
be hydraulically connected to other water bodies, grouting 
was also implemented. Since grout normally spreads over a 
radius of 2.0–3.0 m, the grouting borehole spacing was set 
at 5.0 m.

After these measures were implemented, the water inflow 
at working face 31509 decreased from 100 m3/h to 20 m3/h, 
and from 120 m3/h to 40 m3/h at working face 32509. Even-
tually, both working faces were mined out safely without any 
water inrush accidents.

Conclusions

1.	 The overburden can be divided based on the level of 
fracture development induced by mining, from bottom 
to top: the interconnected fracture zone, the fracture 
development zone, the micro-fracture zone, and the 
unfractured zone. The fracture development and micro-
fracture zones constitute the HCF zone. As the working 
face advanced, fractures over the central part of the goaf 
were partially closed by compression. The peripheral 
fractures were difficult to close and their heights were 
10.6% greater than those above the central area. This 
indicates that the overburden over the periphery of the 
goaf is the key region for WCM.
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2.	 After the upper seam was mined, the HCF zone had a 
maximum height 6.9 times the integrated mining height. 
When the lower seam was mined, the closed fractures 
became reactivated and continued to grow. The maxi-
mum height of the HCF zone grew to 9.8 times the inte-
grated mining height, about a 42% increase. The GSF 
developed in the lake bottom sediment would partially 
close after intrusion of the lake water. The maximum 
depth of GSF was 1.1 times the integrated mining 
height.

3.	 After the two neighboring coal seams were mined, the 
distance from the upper boundary of the HCF zone to 
the Weishan Lake bottom was 32.2 times the integrated 
mining height. This distance is enough to prevent a 
hydraulic connection between the water contained in 
the roof sandstone strata and the lake water. However, 
considering that the HCF in the overburden extended to 
the water-bearing Permian sandstone, advanced drainage 

and local grouting techniques were carried out to prevent 
a water inrush accident. With these measures, the objec-
tive of WCM under Weishan Lake was achieved.

4.	 The characteristics of fracture development in closely 
adjacent, thick coal seams were determined. These can 
be used for WCM and to prevent water inrush events 
under all kinds of water bodies.
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