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Abstract
When mining coal below aquifers, the height of the water-conducting zone above the mine panel is widely used as one of the 
main criteria in assessing mine safety. However, its direct application to backfill mining is quite problematic, and alternative 
approaches have to be used to more accurately reflect the relevant processes. The compaction characteristics and seepage 
behavior in crushed key aquiclude strata were experimentally investigated by analyzing the hydrogeological characters of 
aquiclude strata and aquifers in the Wugou coal mine. The results explained the mechanism of the backfill mining-induced 
seepage and indicated the feasibility of reconstructing the key aquiclude strata to protect regional water resources. Based on 
the regional geology and hydrogeological characteristics of the aquiclude strata, various reconstruction forms were analyzed, 
with the approbation of structural and seepage stability criteria of aquiclude strata. The research results were corroborated 
by field measurements and provide new theoretical guidance for protecting water resources during mining in China.
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Introduction

The global trend in coal mining is a change from open 
stoping and sub-level caving to cut-and-fill stoping, which 
increases coal recovery and decreases environmental dam-
age. The backfilling reduces ground movement and sub-
sidence of the surface, thus reducing fracture-controlled 
hydraulic flow paths and mitigating the waste of water 
resources. Coal mining can cause serious groundwater seep-
age, inrush, and deterioration of the aquatic environment, 
so coal mining with water protection is crucial, especially 
in ecologically fragile areas area with severe water short-
age. According to incomplete statistics, approximately half 
of China’s principal collieries have reported water inrush 
hazards during the past 20 years, resulting in considerable 
economic losses and casualties (Sun et al. 2017a, b, c; Yang 
et al. 2016; Zhang and Shen 2004). Moreover, about 5.6 

billion  m3 of mine water is discharged every year to pre-
vent water disasters, but only 26% of this water is utilized 
(He et al. 2008; Miao et al. 2008). The shortage of water 
resources significantly affects the ecological environment 
and residents. The priority of this problem was admitted by 
the Chinese authorities, which supported the concept of pro-
tection and improvement of the ecological environment by 
“green, circular, and low-carbon development”. Therefore, 
innovative mining methods must be developed to ensure 
effective coal resource exploitation with water protection.

Water inrush is a severe geological hazard in underground 
engineering. In coal-bearing strata, hard strata possess excel-
lent load-carrying capacity, while softer strata usually pro-
vide a good seepage prevention. Both can act as a barrier 
to the flow of groundwater act (i.e. an aquiclude). Numer-
ous studies have shown that there can be several aquiclude 
layers between aquifer layers and the working face, and 
because of their differing mechanical properties and loca-
tions, aquiclude capacity is affected by mining in remark-
ably different ways. A single layer or composite layers that 
play a pivotal role in water resistance are defined as key 
aquiclude strata (KAS; Miao et al. 2007). The principle of 
KAS was proposed to prevent and control roof water inrush 
and protect water resources (Miao et al. 2008). Kong et al. 
(2008) further derived the relationship between KAS and 

 * Qiang Sun 
 kkysun@126.com

1 State Key Laboratory of Coal Resources and Safe 
Mining, China University of Mining and Technology, 
Xuzhou 221116, China

2 School of Civil, Environmental and Mining Engineering, The 
University of Western Australia, Perth 6009, Australia

http://crossmark.crossref.org/dialog/?doi=10.1007/s10230-019-00614-4&domain=pdf


591Mine Water and the Environment (2019) 38:590–601 

1 3

key seepage strata. Li et al. (2009) analyzed how fault-linked 
water inrush is affected by KAS. Pu et al. (2010) built a 
mechanical model of KAS to analyze their structural stabil-
ity, considering a seepage system with a destabilizing criti-
cal condition. Based on an investigation of the capability of 
aquiclude strata in a shallow seam mining area in western 
China, Huang et al. (2010) subdivided water conservation 
mining into three types: (i) natural water conservation min-
ing, (ii) controllable conservation mining, and (iii) special 
conservation mining. Sun et al. (2017a, b, c) conducted an 
experimental investigation on the mechanical properties of 
aeolian sand-based cemented backfill materials and the sta-
bility analysis of KAS. These researchers have refined the 
theory and improved the methods of conserving water dur-
ing mining.

In China, solid backfill mining (SBM) technology was 
elaborated by the China University of Mining and Tech-
nology (Huang et al. 2011; Miao et al. 2010; Zhang 2008; 
Zhang et al. 2009). SBM has unique advantages in handling 
solid wastes and controlling strata movement. Theoretical 
analysis and practice indicate that SBM technology with 
water protection can incorporate a significant amount of 
solid waste, including coal gangue, aeolian sand, loess, and 
fly ash. This technology has been used for mining under 
aquifers and large embankments with a high recovery ratio 
(Zhang 2014; Sun et al. 2017a, b, c), and makes it possible 
to mine under complex hydrological conditions in eastern 
China and in ecologically fragile environments with water 
shortages in western China.

Previously, the backfill materials’ compaction ratio 
(BMCR) in gob was used as an essential evaluation index 
for the backfilling effect, while the critical criterion in tra-
ditional coal mining was the height of the water-conducting 
zone (HWCZ), which permitted the infiltration of recharge 
water into the working panel. However, recent studies have 
revealed that the movement of overlying strata can be ade-
quately controlled by backfill materials. In this case, even 
if the HWCZ approaches or even exceeds (within certain 
limits) the aquifer strata, the overburden fractures are very 
slight and easily compacted. Meanwhile, soft KAS (clay or 
mudstone) can heal themselves when damaged. The swelling 
of soft strata meeting with water can backfill the mining-
induced fractures, thus effectively preventing the formation 
of an inrush pathway.

To formulate and substantiate the reconstruction of KAS 
in backfill mining, this paper first presents the test speci-
mens, experimental equipment, detailed testing procedure, 
and the experimental results with respect to the compaction 
characteristics and seepage behavior in crushed KAS, based 
on the hydrogeological conditions in the Wugou coal mine, 
China. On this basis, three approaches to KAS reconstruc-
tion in backfill mining with different strata are presented 
and discussed, and a mechanical model is used to analyze 

the seepage instability. Finally, the theoretical estimates are 
corroborated by in situ field measurements.

Study Area Description

The Wugou coal mine operated by Hengyuan Coal and Elec-
tricity Co. Ltd. is located in Huaibei City, Anhui Province. 
The main coal seam is buried by a 273 m thick, loose aqui-
fer layer, of which the Cenozoic fourth aquifer is a severe 
threat to shallow coal seam mining. In the past, this coal 
mine used traditional safe mining methods, which left 36.63 
million tons of coal safety pillars in the mine to resist water 
inrush. After an investigation and research, the SBM tech-
nology was adopted to reduce the number and size of pil-
lars, increase the coal recovery rate, and improve the mine’s 
economics. It was estimated that using SBM will allow an 
additional 32 million tons of coal to be produced, and will 
prolong the mine’s service life by 25 years.

The backfilled area in the Wugou coal mine can be sub-
divided into the eastern and western areas (Fig. 1). The 
regional stratigraphy can be reduced to four main aquifer 
strata and four main KAS. The four main aquifers have a 
complex composition (mainly gravel, sandy gravel, clay, 
coarse sand, and medium sand). In this work, the study area 
was limited to the eastern backfilled area of 2.35 km2, with 
a length of 2.51 km in the strike direction and 0.93 km in 
the dip direction, respectively. The thickness of the fourth 
aquifer in the eastern area gradually thickens from northeast 
to southwest, from 6.2 to 32.7 m, while the water abundance 
is gradually enhanced from the north to south, and from the 
east to west. The KAS are mainly composed of mudstone, 
siltstone, and fine sandstone (structural strata), with a thick-
ness ratio of 7:2:6; the strata thickness gradually increases 
from the east to the west (from zero to 125.5 m). Currently, 
the no. 10 coal seam, with an average thickness of 3.5 m, is 
the primary source of mineable coal resources. The imme-
diate roof and floor are mainly mudstone and calcareous 
mudstone, with a thickness of 0–2.3 m. The main floor is 
siltstone or sandstone. The strata are depicted in Fig. 2.

Mining‑induced Seepage Effect and Backfill 
Reconstruction Feasibility Analysis

Backfill Reconstruction Feasibility Analysis

After traditional mining, the overburden strata can be 
divided into the: caved, fractured, and continuous zones. 
Mining increases the porosity and permeability of the aqui-
clude strata under the aquifers (Fig. 3). Previous scholars 
assumed that the instability of seepage and associated water 
inrush hazard occurs when the fractured zone extends to 
the aquifer strata, which allowed them to use the HWCZ, 
permitting the infiltration of recharge water into the working 
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panel as the critical criterion. However, recent experimen-
tal findings revealed that the fractures in the rock mass can 
be compacted and closed by the overburden load, and that 
the action of backfill mining enhances the swelling of soft 
aquiclude strata, thus effectively preventing the formation of 
water inrush pathways. In addition, the fractures in the KAS 
closer to the mined seam develop with a greater porosity, 
while the upper damaged strata had slight fractures and less 
porosity. This means they can be approximately controlled 
by different particle dimensions and arrangement patterns of 
crushed rock with different porosity. So the seepage char-
acteristic of KAS can be studied by using the permeability 
experiment of crushed rock with different sizes to simulate 
the mining-induced effect, and analyzes the reconstruction 
feasibility of the mining-induced KAS in backfill mining.

Mining‑induced Seepage Effect Analysis

The test setup is based on the YAS-5000 electro-hydraulic 
servo-motor test system and a self-made water flow appa-
ratus. The experimental setup configuration and operation 
principle are illustrated in Fig. 4. Additionally, a steel cham-
ber with a height of 240 mm and diameter of 100 mm was 
designed and used in this study for sample crushing. Before 
each test, KAS samples (mudstone, siltstone, fine sandstone) 
were completely saturated with water. All tests were car-
ried out at room temperature; the ambient fluid was water 
with a density of ρw = 1000 kg/m3 and a kinetic viscosity 
μ = 1.01 × 10−3 Pa·s. The samples of KAS excavated from 
the Wugou coal mine were prepared and tested under labora-
tory conditions. The crushed mudstone, siltstone, and fine 
sandstone particles were separated into four groups based 
on particle size (2.5–5, 5–10, 10–15 and 15–20 mm, respec-
tively). Each test was repeated three times to increase reli-
ability, and the average value was regarded as the final result. 
To study the KAS seepage characteristics, three samples of 
mudstone, siltstone, and fine sandstone were placed into the 
test device from the bottom up.

The study was conventionally subdivided into three 
stages. First, mudstone and siltstone samples with a fixed 
particle size range of 2.5–5.0 mm were used, while the 
size range of the fine sandstone particles were gradually 
increased from: (i) 2.5–5.0, to (ii) 5.0–10, to (iii) 10–15, 
and to (iv) 15–20 mm. Next, the particle size ranges of the 
mudstone and fine sandstone were fixed at 2.5–5.0 mm 
and 15–20 mm, respectively, while those of the siltstone 
were gradually increased from (i) to (iv), as at the first 
stage. Finally, during the third stage, the particle sizes of 
the siltstone and fine sandstone were fixed at 15–20 mm, 
while those of the mudstone were gradually increased from 
level (i) to (iv) (i.e. 2.5–5.0 mm, 5.0–10 mm, 10–15 mm, to 
15–20 mm). At each stage, the thickness ratio of mudstone, 
siltstone, and fine sandstone was set as 7:2:6. The increasing 

order of KAS particle sizes from top to bottom represents 
the actual KAS failure process. Details of the testing proce-
dure and experimental setup can be seen in Fig. 5.

In previous reports, researchers have shown that the non-
Darcy (i.e. turbulent flow) seepage properties of crushed 
single rocks and crushed particle mixtures are related to 
compaction level, mixture size, particle crushing, arrange-
ment pattern, and pore pathways (Miao et al. 2004, 2011; Ma 
et al. 2013, 2014). In this study, we investigated the seepage 
properties of the crushed water-resisting strata with different 
particle sizes and arrangement patterns to get more insight 
into the controllability of the KAS with backfill mining. 
Insofar as the test principle is similar to that used in previ-
ous studies (Li et al. 2008), the above aspects can be found 
in more detail elsewhere (e.g. Ma et al. 2016). Noteworthy 
is that the adopted scheme implies that after the first level of 
stress is applied and kept steady, the axial pore pressure con-
trol mode is realized in the tests, which corresponds to dif-
ferent velocities of the loading piston travel, namely 0.028, 
0.063, 0.090, and 0.120 mm s−1 for axial displacements of 
10, 20, 30, and 40 mm, respectively. For a one-dimensional, 
non-Darcy flow, the relationship between pressure and flow 
velocity can be expressed as:

where p is pore pressure, z is the vertical axis passing the 
sample center, ∂p/∂z is the pore pressure gradient, μ is the 
water kinetic viscosity, k is the permeability of the crushed 
rock samples, v is the average water flow velocity, ρw is 
water density, and β is the non-Darcy coefficient. When the 
experimental value of β is close to zero, the flow satisfies the 
Darcy law and is considered laminar. The curve between the 
seepage velocity and pore pressure gradient can be fitted to 
calculate the seepage property parameters (permeability k 
and non-Darcy coefficient β) of the rock (Miao et al. 2004, 
2011; Ma et al. 2013, 2014).

During the first stage, when the particle sizes of the mud-
stone were gradually increased, the seepage rate and pore 
pressure gradient are plotted in Fig. 6a for the particle size of 
5–10 mm and axial displacements of 10, 20, 30, and 40 mm. 
For axial displacements of 10 mm, the same parameters are 
plotted in Fig. 6b.

The results obtained indicate that the effective porosity 
of the crushed KAS rocks is strongly influenced by the axial 
displacement and particle mixture ratio. The main reason is 
that the pore volumes in the crushed KAS rocks are com-
pacted gradually, so that small particles of crushed rocks 
can adequately fill the gaps between the mixed strata. At the 
same axial displacement levels, the effective porosity rises 
with particle sizes, increasing from top to bottom (fine sand-
stone, siltstone, to mudstone). In particular, when the parti-
cle size of the crushed KAS was increased gradually, at some 
stage (e.g. when the particle sizes of the fine sandstone, 

(1)−�p∕�z = �k−1� + pw��
2,
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Fig. 1  Study area in the Wugou coal mine

Fig. 2  Occurrence characteristics of strata thickness: a aquifer strata, b KAS, c coal seam
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siltstone, and mudstone were 15–20, 5–10, and 2.5–5 mm, 
respectively), the effective porosity decreased to a minimal 
value. With increased permeability, the non-Darcy (turbu-
lent) flow seepage phenomenon becomes more pronounced.

Based on the experimental results, the variation of perme-
ability k and non-Darcy coefficient β for the four particle mix-
ture sizes was examined for the above three test stages. The 
respective curves are presented in Fig. 7, which implies that 
the experimental permeability k generally decreased as the 
axial displacement increased, while the non-Darcy coefficient 
β did the opposite. This can be related to the effective porosity 
reduction due to compaction, where the small particles filled 
the pores of the mixed KAS samples. Thus, effective compac-
tion can improve the bearing capacity and impermeability of 
crushed KAS, as well as induce non-Darcy seepage flow.

In general, when the particle size increases from top 
to bottom (as in case of mining-induced KAS damage), 
the permeability increases accordingly. The experimental 
results obtained on the four mixed rock samples in this study 
show that the ranking of permeability k in KAS was: stage 
II(b) > stage I(b) > stage III(b) > stage III(d), while the non-
Darcy coefficient β shows the opposite trend. This complies 
with the assumption that crushed soft mudstone can fill the 
seepage pathway and effectively mitigate water seepage.

Given this, in the process of backfill mining under an 
aquifer, the dual effects of the backfill materials and the 
overlying strata load can cause the mining-induced fractures 
to gradually be compacted and closed. Soft rock particles 
(such as clay and mudstone) in the aquifer vicinity can fill 
the seepage pathway, stabilizing the seepage system in the 
KAS. In such situations, despite some damage, the KAS still 
possess some residual water resistance and load carrying 

capacity. However, the conventional calculation and evalu-
ation methods for the HWCZ no longer accurately reflect 
actual seepage conditions. Therefore, for the SBM technol-
ogy, which has significant advantages in the effective exploi-
tation of coal resources and protection of water resources, 
an alternative theoretical substantiation of the stability of 
seepage system in KAS under the aquifer is proposed in 
this study.

Reconstruction of the KAS

Reconstruction Forms

Based on a comprehensive analysis of recent research, the 
regional geological and hydrogeological characteristics of 
China’s coal mining areas, the process of mining under a 
single aquifer was classified into four categories: (I) mines 
with a shallow buried KAS in the ecologically fragile region 
in the western areas of China; (II) mines with a hard KAS; 
(III) mines with a composite KAS in the hydrogeologically 
complicated deep mining area in eastern China, and (IV) 
mines with no KAS. The hydrogeological classification of 
typical KAS and the respective histogram are depicted in 
Fig. 8.

Using the above classification, the following method of 
reconstructing the KAS is proposed for backfill mining. In 
the first case, the KAS are mainly Quaternary clays or sandy 
clays. Such strata exhibit good performance in aquiclude 
capacity and self-reparability, protecting valuable local 
water resources and vegetation. So after backfill mining, 
even if mining-induced fractures reach the aquifer, they are 
considered to be allowable, unless a seepage water inrush 
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pathway is formed. For a hard KAS, once the KAS is dam-
aged, it should be repaired from the surface or underground, 
using a method such as grouting. A composite KAS, com-
posed of both soft and hard rocks, can been further classified 
into many types according to its characteristics. In this case, 
both the structural and seepage stability should be satisfied. 
In the fourth case, the functional backfill materials can be 
used to cut off and purify the water from the aquifer, con-
structing a groundwater storage space. The reconstruction 
forms are depicted in Fig. 9.

Stability Criteria

Structural Stability Analysis

According to the key strata in backfill mining (Zhang et al. 
2008), the structural stability of KAS in backfill mining cam 
be effectively simulated with a Winkler elastic foundation 
(bed) and a beam model (Fig. 10). Under a load of q0 , the 
displacement of the beam and foundation is assumed as y(x) , 
the stress between the beam and foundation is kw(x) , and the 
Winkler constant (or proportionality coefficient) k can be cal-
culated as follows:

where hi is the height of each stratum and Ei is its elastic 
modulus. 

In view of the problem symmetry, consider a half beam for 
analysis. The beam deflection can be derived as:

The boundary conditions of the beam can be reduced to

(2)k =
1
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Fig. 5  The test design to deter-
mine the mining-induced seep-
age effect: a axial displacement; 
b different stages
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The stresses and moments for the finite elastic foun-
dation under study can be derived via (6) and (7), 
respectively:

The maximum tensile stress and maximum bending 
moment are related as follows:

According to the maximum normal stress criterion, 
which is also referred to as the first theory of strength, 
rock mass failure will occur when the following condition 
is satisfied:

where σnmax is the maximum normal stress and [σt] is the 
critical tensile stress of the particular material. Given the 
actual geological conditions, and experimental determina-
tion of the rock mass sample elastic modulus and density in 
the laboratory, the critical backfill body compression ratio 
can be assessed.

(6)
k�(x) = 2q0�3

sh(2l�) − sin(2l�)

sh(2l�) + sin(2l�)

− q0�4

ch(2l�) − cos(2l�)

sh(2l�) + sin(2l�)
+ q0

(
1 − �1

)

(7)

M(x) = −
2EI�2q0

k

sh(2l�) − sin(2l�)

sh(2l�) + sin(2l�)
�1

−
4EI�2q0

k

ch(2l�) − cos(2l�)

sh(2l�) + sin(2l�)
�2 + 4q0

EI�2�3

k
.

(8)�nmax =
6Mmax

h2
n

.

�nmax ≥ [�t],

Seepage Stability Analysis

After backfill mining, the backfill materials can effectively 
support the overlying KAS. Even if some failure occurs in the 
structure, the strata still has a residual water-resistance capac-
ity. So after fracture development, compaction, and reconstruc-
tion, such a situation is allowable. According to the mining-
induced seepage flow theory (Miao et al. 2008), the seepage 
flow critical K of KAS can be used as an evaluation index:

where hi is thickness of KAS, aφi and βφi are permeability 
and non-Darcy coefficient with different BMCRs, ci φ is 
coefficient of acceleration with different BMCRs, p0 and pn 
are reference and actual pressure values, respectively; ρ and 
ρ0 are water density and reference pressure, respectively, μ 
is kinetic viscosity, and φ is BMCR. When K<1, the stratum 
still has aquiclude capability, and the system is safe, while at 
K ≥ 1, the stratum loses its aquiclude capacity. In this case, 
the water seepage flow will develop, which may result in 
water inrush disasters.

Discussion

There are many ways to study the HWCZ, such as water 
leakage variation in boreholes, seismic detection, and bore-
hole resistivity. Given the main purpose of this study, water 
leakage variation and resistivity monitoring in boreholes 
were adopted to study the structural and seepage stabil-
ity of the KAS. To measure the height and shape of the 
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water-conducting zone and the damage to the KAS, five 
boreholes were used to monitor water leakage variations. 
Along the strike direction, borehole  ZK1 was connected 
to the open-off cuts at 30 m distances. Borehole  ZK3 was 
located in the center of the CT101 backfill longwall panel 
and  ZK4 was 25 m from where mining stopped. Along the 
inclination direction, boreholes  ZK6 and  ZK5 were located 
at distances of 15 and 10 m from the head and tail entries, 
respectively. Resistivity monitoring was conducted at the 
open offcuts at 110 m distances. The length and aperture of 
the borehole was 105 m and 91 mm, respectively; the details 
of the monitoring scheme are shown in Fig. 11.

After the backfill mining of the CT101 panel, the defor-
mation and fracturing of the KAS were relatively moderate 
with no caving zone (Zhang et al. 2014; Li et al. 2017). The 
development of the HWCZ in the overlying strata during the 
backfill mining was 9.78–10.89 m during the early produc-
tion period. Based on the water leakage variation test results 
in the boreholes, the resistivity of the mudstone KAS was 
about 40 Ω·m; however, as the longwall panel advanced, the 
HWCZ and resistivity developed and increased. According 
to the most recent results, the fractures developed to the 
mudstone and the KAS was partially damaged, but no obvi-
ous water seepage was occurred during the backfill mining. 
These results indicate the feasibility of reconstructing the 
KAS in backfill mining and the advantages of SBM technol-
ogy, as applied at this coal mine.

Conclusions

The experimental data, theoretical analysis, and field meas-
urements derived in this study made it possible to draw the 
following conclusions:

1. The water seepage flow tests of the crushed KAS rocks 
showed that their seepage properties are controlled by 
their degree of compaction, particle size range, sample 
arrangement pattern, and initial pore structure, which 
explains the mechanism of the backfill mining-induced 
seepage effect and indicated the feasibility of recon-
structing the KAS duing backfill mining.

2. Reconstruction of the KAS in backfill mining was 
proposed as an innovative evaluation method, with 
four reconstruction forms based on the geological and 
hydrogeological characteristics of the KAS. Structural 
and seepage stability criteria for KAS were analyzed and 
recommended, respectively.

3. According to the measured water leakage variations and 
resistivity in the boreholes in the Wugou coal mine, the 
KAS was partially damaged, but no obvious water seep-
age was found, indicating the feasibility of reconstruct-
ing the KAS during backfill mining and the advantages 
of SBM technology for mining under a water body and 
protecting water resources.

(a) (b) (c) (d)

Fig. 8  Hydrogeological classification of a typical KAS and histogram
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Fig. 9  Reconstruction forms of KAS in backfill mining



600 Mine Water and the Environment (2019) 38:590–601

1 3

Fig. 10  Elastic foundation beam mechanical model

Fig. 11  Layout of water leakage variation and electrical resistivity monitoring in boreholes
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