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Abstract

Coal development in China is shifting to its ecologically-vulnerable western regions where the loss of water resources is
a major problem with respect to protecting the ecological environment. The results of physical similarity simulation tests
showed that the movement and deformation of the strata above the stope with cave mining created a ‘domino effect’, which
caused further interconnected fractures and loss of water resources. On that basis, we propose the use of solid backfill min-
ing (SBM) to actively control the development of water-flowing fractures. Moreover, a mechanical model describing the
development of water-flowing fractures in the overlying strata under SBM was established, the evaluation criteria and method
were defined, and the variation rule of the height of water-flowing fractured zone with the backfill body compression ratio
was derived. Finally, a case study was performed in an experimental coal mine in Shaanxi. After engineering the design,
the minimum critical backfill body compression ratio corresponding to no water resource loss with SBM was calculated to
be 21.3%. The field measured data (103.7 m) was very consistent with the results of the mechanical calculation (106.9 m),
verifying the accuracy and reliability of the mechanical model. This research can help protect water resources and further
enhance coal recovery.

Keywords Mechanical model - Environmental protection - Water-flowing fractured zone - Aquifer - Protective layer

Introduction

The development of China’s coal resources has rapidly
shifted to its western regions. Coal reserves in western
China now account for more than 85% of the country’s total
(Chi et al. 2019; Fan 2018; Zhang et al. 2020). However,
the western coal mines are mostly located in deserts and
desert edges that have severe water shortages, sparse surface
vegetation, soil erosion, and fragile ecological environments
(Shan et al. 2020; Zhang et al. 2011). Water resources play a
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decisive role in maintaining local industrial and agricultural
development and ecological balance. During the coal min-
ing process, the overlying strata above the stope undergoes
intensive movement and large-scale damage, which inevi-
tably cause rock caving and produce fractures. Once these
fractures are interconnected, water channels form, which are
also referred to as water-flowing fractured zones (Ju et al.
2020; Zhang and Shen 2004). These water channels might
further trigger related environmental issues such as betrunk-
ing of streams, more serious land desertification, damage to
buildings, reduced surface vegetation, and death of crops.
Figure 1 displays environmental problems that were caused
by coal mining. Additionally, after large-scale and exten-
sive mining for a long time, a large amount of gangue is
discharged and accumulates on the surface, which can cause
pollution of soil and surface water. Furthermore, harmful
gases that are produced during spontaneous combustion
also create severe issues for the eco-environments of coal
mines (Huang et al. 2012; Zhang et al. 2014, 2019). The
government’s sustainable development strategy was heavily
influenced by this environmental destruction and waste of
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Fig. 1 Environment damages
were caused by coal mining in
China

(a) Land desertification

coal resources. Accordingly, this study proposes the use of
solid backfill mining (SBM) for recovering coal seams under
an aquifer, both to address the accumulation of gangue on
the surface and to control the development of water-flowing
fractures and rock strata movement.

Scholars have conducted a considerable amount of the-
oretical research on water-saving coal mining. Fan et al.
(2015, 2017) reviewed the latest development and the exist-
ing scientific problems regarding water-saving mining at dif-
ferent phases in ecologically fragile mining areas of western
China. Zhang et al. (2010, 2017a) proposed the short-wall
cave mining method to save water when mining under hard-
thick strata. To resolve the conflict between water conser-
vation and coal mining, Ma et al. (2015) proposed a water-
saving mining technique for long-wall working faces with
an emphasis on rapid advancement of the working face. Xu
et al. (2009, 2012) analyzed the influencing rules of the key
strata of overlying strata on the development height of the
water-flowing fractured zone and proposed a new method
for estimating the height of the water-flowing fractured zone
based on the position of the key strata. Pu (2008, 2010) pro-
posed the concept of water-resisting key strata and carried
out a systematic analysis of the fracture distribution charac-
teristics of water-resisting key strata. Scheiber et al. (2018)
proposed a method for managing groundwater and observing
changes of the groundwater levels in mining sites according
to multivariate statistical analysis, which could determine
groundwater loss after mining.

For SBM with gangue, Miao et al. (2010) proposed
the mechanism, method, and related mining systems and
devices for backfilling with gangue. By analyzing the cor-
relation between the compaction deformation of gangue
backfill body and time, Zhang et al. (2015, 2016) proposed
the equivalent mining height model. Huang et al. (2012,
2020) started from strata control, analyzed the influence
of the backfill body (gangue materials) on the backfill
body compression ratio, and thereby proposed a method to
design the backfill body compression ratio of the working
face based on the compaction characteristics of the backfill
body. Sun et al. (2017) proposed longwall roadway backfill
coal mining, and analyzed the characteristics of the over-
lying strata movement and optimization of roadway size.
To evaluate the effect of strata control by SBM, Li et al.
(2017) proposed the backfill body compression ratio as the
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(b) Damage to buildings

technical index to analyze the main factors of the backfill
body compression ratio. Yan et al. (2019) analyzed the char-
acteristics of overlying strata displacement of ultra-contig-
uous coal seams under different backfill body compression
ratios, and then optimized the ratio for ultra-contiguous
coal seams. Huang et al. (2019) analyzed the physical and
mechanical characteristics of five backfill materials (aeo-
lian sand, gangue, mineral waste residue, coal ash, and
loess) and found that the stress increase rate is faster with
aeolian sand. Hence, aeolian sand provides support for the
roof more effectively and quickly. Deng et al. (2020) pro-
posed the microbial mixed SBM method, and studied the
effects of various factors on the mechanical properties of
backfill materials of microbial mixed SBM. Qi et al. (2019)
investigated the behavior of contaminative metal ions in
the gangue using static immersion tests, and found that
the concentration and diffusion distance of contaminative
metal ions increased over time, which was negatively cor-
related with gangue particle size. However, the development
of water-flowing fractures in the overlying strata under an
aquifer using SBM has rarely been investigated thus far and
needed further research.

Therefore, this study focused on an experimental coal
mine in Yan’an, Shaanxi, and analyzed the effect of the cave
mining method on water loss through physical similarity
simulation tests. SBM was proposed for recovering the coal
seams under the aquifer and a mechanical model of a super-
position beam with an elastic foundation was established for
describing the development of water-flowing fractures in the
overlying strata under SBM conditions. We also theoretically
analyzed the minimum critical backfill body compression
ratio for ensuring no water loss during the SBM process.
The present study has important engineering and reference
significance for further enhancing the coal recovery ratio,
ecological/environmental protection, and reasonable recov-
ery of coal seams under the aquifer.

Engineering Background

The experimental coal mine is located in the northeastern
part of the Huanglong Jurassic coalfield, Yan’an, Shaanxi.
The coal mine field covers an area of ~ 197.5 km? with an
east-to-west length of ~ 13 km and a south-to-north width of
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~ 23 km. The approved comprehensive production capacity
was 4.2 Mt/a. Currently, the primary mineable coal seam is
the #2 coal seam, which has a mean thickness of ~ 4.0 m
and a mean inclination of 2.0°. Hence, the #2 coal seam can
be regarded as horizontal.

Based on hydrogeological conditions, the aquifer in the
coalfield is the surface water from local branches of the
largest river on the surface. The river, which has a length
of 100 km, and covers an area of 3392 km? is the main
potentially protected water resource in the mining area. The
observed river discharge ranges from 0.584 to 11.111 m?/s.
Locally, the coal seam has a shallow burial depth. To avoid
water loss, the east side of the no. 402 working face, where
the coal seam had a simple and stable structure and no faults,
was set as the experimental SBM working face. The mean
coal seam thickness was = 4.0 m and the strike length of the
experimental working face was ~ 250 m. Surface rivers were
located above the loess layer and were ~ 141.6 m from the
coal seam. Figure 2 shows the location of the experimental
SBM working face and the geological composition of the
roof strata, based on the nearby S81 drill hole.

Analysis of the Mechanisms of Water
Resources Loss Under Cave Mining

Establishment of the Physical Similarity Model

This study focused on the experimental SBM working
face of a coal mine in Yan’an, Shaanxi, which had typi-
cal regional mining geological conditions. The surface
water loss mechanism during the cave mining process was

[ Capital
Main rivers

investigated by analyzing the movement and deformation
behaviors of the overlying strata and the development of
water-flowing fractures in a physical similarity simulation
test. According to physical similarity criteria and field geo-
logical structure, the prototype and the physical similarity
model should satisfy the following similarity conditions:
the similarity ratio of bulk density was 1:1.667, the similar-
ity ratio of geometry was 1:150, and the similarity ratio of
stress and strength was 1:250. Finally, a plane strain model
of 2.5 mx 0.2 mx0.99 m was established, and a physical
similarity model was constructed using sand, calcium car-
bonate, gypsum, and water. The physical similarity model
included 13 layers from the floor to the surface. The floor
under the coal seam was composed of a 3.0 m thick layer
of sandy mudstone. During paving of each layer from the
bottom to top, sand, calcium carbonate, gypsum, and water
were stirred in an agitator according to the similarity mate-
rial proportions (Table 1). After stirring, the materials were
evenly placed on the model support and tamped with a spe-
cially-made hammer until the height of each layer reached
the designed height. Mica sheets <1 mm were laid between
the adjacent layers.

It should be noted that the sand used in the physical simi-
larity simulation test contained a certain amount of water
since problems that would reduce the accuracy of the physi-
cal similarity simulation test, such as low proportions and
high humidity, could be induced if the moisture content of
the sand was ignored (Zhang 2019). Therefore, it was neces-
sary to adjust the material proportions as shown in Table 1.
Meanwhile, six different 250 g sand samples were tested
before model construction and then baked in a drying oven
until the water was completely removed. After drying, the

Thickness/m
Total Layer

NO. Columnar Lithology

11th 342 342 Loess

10th 452 11.0 Mudstone

9 765 313 Coarse sandstone

sth 80.0 35 Mudstone

Fine sandstone

Tth

Sandy mudstone
6th

116.1 16.9 Mudstone

Sth

121.0 49 Siltstone

4th 126.8 58 Mudstone

3rd 139.6 128 Siltstone

141.6 2.0 Mudstone
Ind 146.6 5.0 Coal seam
149.6 3.0 Sandy mudstone

1st 155.6 6.0 Fine sandstone

Fig.2 Location and geologic column above the coal seam of experimental solid backfill mining (SBM) working face
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Table 1 Ratio parameters of materials for physical similarity simulation test

Lithology Thickness/m Simulated Simulated Sand/kg Calcium car-  Gypsum/kg Water/kg
thickness/cm strength/kPa bonate/kg
1 Loess 342 22.8 0.2 179.55 17.96 7.69 22.8
2 Mudstone 11.0 7.3 70.0 57.49 5.75 2.46 7.3
3 Coarse sandstone 31.3 20.9 174.4 161.23 8.06 18.81 20.9
4 Mudstone 35 22 70.0 17.33 1.73 0.74 22
5 Fine sandstone 5.0 33 202.0 22.28 3.71 3.71 33
6 Sandy mudstone 142 9.5 103.2 74.81 5.34 5.34 9.5
7 Mudstone 16.9 11.3 70.0 89.0 8.9 3.8 11.3
8 Siltstone 49 33 180.0 25.46 1.27 297 33
9 Mudstone 5.8 39 70.0 30.71 3.07 1.32 39
10 Siltstone 12.8 8.5 180.0 65.57 3.28 7.65 8.5
11 Mudstone 2.0 1.3 70.0 10.24 1.02 0.44 1.3
12 Coal seam 4.0 2.6 63.2 20.48 2.05 0.87 2.6
13 Sandy sandstone 3.0 2.0 129.2 15.75 0.68 1.57 2.0

sand was weighed. Supplemental Figure S-1 compares the

sand samples before and after drying. Supplemental Fig-

ure S-2 shows the masses of the six sand samples before

and after drying. The moisture content of each sand sample,

which was denoted as y, were then calculated using Eq. (1):
mg—m,

V=T M

where m denoted the mass of sand before drying and m,
denoted the mass of sand after drying. The moisture content
of the sand samples were calculated and averaged as the final
data (4.65%).

Since the moisture content of the sand used in the physi-
cal similarity simulation test was 4.65%, the actual amount
of sand should be greater than the value in Table 1 in the
physical similarity model. The weight of the required
water-bearing sand was adjusted according to the following
equation:

!/ ms

mg = a-w) ()

where m' denoted the mass of the required water-bearing
sand after model correction, and m, denoted the mass of the
required dry sand before model correction in Table 1.

Clearly, the weight of water in the physical similarity
model had to be reduced. The weight of the required water
in the physical similarity model was calculated as:

m'=mw—m;><l// 3

w
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where m,' denoted the mass of the required water after
model correction, and m,, denoted the mass of the required
water before model correction in Table 1.

The weights of sand and water as well as the mois-
ture content of the sand listed in Table 1 were then
substituted into Egs. (2) and (3), and the proportions
of the experimental materials in various strata of the
model were corrected. Table 2 lists the material propor-
tions of various strata in the corrected physical similar-
ity model, which were used to establish the physical
similarity model.

The displacement of the overlying strata and the
development of water-flowing fractures were moni-
tored. After model construction and air drying, marks
were sprayed onto the model surface, and the displace-
ment was monitored using the Vic 2D noncontact full-
field strain measurement system. Using the digital
image correlation (DIC) operational rules, Vic 2D can
realize displacement and deformation measurements in
a 2-dimensional view field. Fig. 3 displays the model
monitoring process.

During the physical similarity simulation test, the
drying degree of the model decisively affected the phys-
ical properties. This study used a 20.9 m thick layer of
fine sandstone; 60 cylindrical samples were prepared
with a height of 100 mm and a diameter of 50 mm.
These samples and the physical similarity model were
cured under the same environment (Fig. 4b). Due
to the low strength of the samples during the early
stage, the testing was started 7 days after the samples
were finished curing. Figure 4c displays the strength
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Table 2 Corrected ratio parameters of materials for physical similarity simulation test
Lithology Thickness/m Simulated Simulated Sand/kg Calcium car-  Gypsum/kg Water/kg
thickness/cm strength/kPa bonate/kg
1 Loess 342 22.8 0.2 188.31 17.96 7.69 14.04
2 Mudstone 11.0 73 70.0 60.29 5.75 2.46 4.5
3 Coarse sandstone 31.3 20.9 174.4 169.09 8.06 18.81 13.04
4 Mudstone 35 22 70.0 18.17 1.73 0.74 1.36
5 Fine sandstone 5.0 33 202.0 23.37 3.71 3.71 2.21
6 Sandy mudstone 14.2 9.5 103.2 78.46 5.34 5.34 5.85
7 Mudstone 16.9 11.3 70.0 93.34 8.9 38 6.96
8 Siltstone 4.9 33 180.0 26.7 1.27 297 2.06
9 Mudstone 5.8 39 70.0 32.21 3.07 1.32 2.4
10 Siltstone 12.8 8.5 180.0 68.77 3.28 7.65 53
11 Mudstone 2.0 1.3 70.0 10.74 1.02 0.44 0.8
12 Coal seam 4.0 2.6 63.2 21.48 2.05 0.87 1.6
13 Sandy sandstone 3.0 2.0 129.2 16.52 0.68 1.57 1.23

Fig.3 Model and monitoring system

characteristics of the samples over time. After 18 days,
the compressive strength of the samples (200 kPa) was
almost equal to the simulated value of the fine sand-
stone. Therefore, the physical similarity model was
excavated 18 days after it was established.

(a) Established model

Fig.4 Time determination of model excavation

(b) Environment of samples

Analysis of the Test Results

Movement and Deformation Characteristics
of the Overlying Strata

Figure 5 displays the vertical deformation cloud chart of the
overlying strata by cave mining through the Vic-2D non-
contact strain monitoring system. After the coal seams in
the mining region were excavated using the cave mining
method, the balance of the initial rock stress was destroyed.
Consequently, the roof was deformed and broke, layer by
layer from bottom to top. Due to the large volume of the
gob, the basic roof and main key strata broke, and the overly-
ing strata exhibited synchronous coordinated motion over-
all. This resulted in serious subsidence and deformation on
the surface. The maximum subsidence of the surface was =
21.2 mm in the physical similarity model. Moreover, the ver-
tical displacement of the overlying strata was greatest at the
center above the gob and gradually dropped toward the coal
mass. The maximum vertical displacement of the overlying
strata above the working face was 36.0 mm.

g

o
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20

22 24
Test days/d

(c) Compressive strength of samples
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Fig.5 Vertical deformation
cloud chart of the overlying
strata by cave mining

Fig.6 Distribution of the water-flowing fractured zone by cave min-
ing

Development of the Water-Flowing Fractures

Figure 6 displays the distribution of the water-flowing frac-
tured zone of the overlying strata under cave mining. As
shown in Fig. 6, the results of physical similarity simulation
test revealed that the broken main key stratum led to overall
deformation and failure of the overlying strata above the
working face. Then, the water-flowing fractures developed
to the surface, which triggered thin, deep transverse cracks
on the surface. Accordingly, the surface exhibited slight step
submergence. The height of the water-flowing fractured zone
was =~ 97.0 cm. The aquifuge was located in the fractured
zone, which provided favorable conditions for water loss
and destroyed the surface water layer. Furthermore, a series
of environmental problems could be triggered, such as land
desertification, sparse surface vegetation, and the betrunking
of stream, which would thereby aggravate the contradiction
between environmental protection and coal mining.
According to the movement and development char-
acteristics of the water-flowing fractures of the overlying
strata above the gob, the hanging area of the roof gradually
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increased as the working face advanced. Moreover, the
bearing capacity of the lower levels of the overlying strata
decreased, thereby inducing successive breaks from bottom
to top and generating interconnected fractures. Given the
bulk increase of the broken strata, the rotational deformation
space of the higher level of overlying strata was small, which
led to a steady drop in the displacement of the overlying
strata from bottom to top. Once the main key stratum was
deformed and broken, the strata above the main key stra-
tum underwent overall deformation and failure in a ‘domino
effect’. It can be seen from Fig. 6 that if the mining height is
too high, the strata above the stope undergoes severe defor-
mation and failure. Also, the maximum tensile stress of the
strata can exceed their tensile strength and generate intercon-
nected fractures. This could cause the water-flowing frac-
tures to reach the surface, leading to a loss of surface water
resources. Therefore, the SBM method, which supports the
overlying strata by backfilling the gangue into the gob, was
proposed for recovering the coal seams under an aquifer.
SBM reduces the rotational deformation space of the strata
and restricts the development of water-flowing fractures.

Analysis of the Mechanical Characteristics
of Water-Flowing Fractures with SBM

Movement of the Overlying Strata

After the coal seam was mined using SBM, the gangue was
timely backfilled to the gob, in full contact with the roof
to bear the load of the overlying strata. Accordingly, the
subsidence space of the overlying strata was effectively
reduced, leading to better control of strata movement and
failure. This fundamentally changed the deformation charac-
teristics of the surrounding rocks in the stope and restricted
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the development of water-flowing fractures of the overlying
strata. Therefore, the loss of water resources could be effec-
tively avoided by using the SBM method. According to field
measurements (Li et al. 2014; Yan et al. 2018; Zhang et al.
2014), when the backfill body compression ratio reaches
a certain value, there should be only two zones above the
working face, namely, the fractured zone and bending zone;
no caving zone is observed. Supplemental Figure S-3 dis-
plays the movement characteristics of the overlying strata
under SBM.

Establishment of a Mechanical Model
of Water-Flowing Fractures Development Under
SBM

After all of the operating procedures in the SBM working
face were completed, the height of the water-flowing frac-
tured zone was determined by calculating the failure height
of the overlying strata above the stope based on the SBM
technology and the movement characteristics of the overly-
ing strata (Miao et al. 2011; Zhang et al. 2018). An arbitrary
stratum (denoted as the eth stratum) above the stope was
taken as the research object. Then, a mechanical model of
superposition beam with an elastic foundation was estab-
lished to describe the development of water-flowing frac-
tures in the overlying strata along the advancing direction
under SBM conditions. The load on the eth stratum could
be simplified as a uniformly-distributed load g(e). The eth
stratum was supported by lower strata, coal mass, and back-
fill body, which could be simplified as the Winkler elastic
foundation. The advancing length of the SBM working face,
the length of backfill body was denoted by /, while 4 denoted
the mining height of the coal seam, and A, h,, A, ..., hj
denoted the respective thicknesses of various strata above
the stope. The total thickness of all strata from the 1st stra-
tum to the eth stratum above the coal seam were calculated
asH, =Y h(e=1,2,3, ..., )). k*and k,° denoted the
elastic foundation coefficients of the coal mass and the back-
fill body, respectively, and k|, k,, ..., k,_, denoted the elastic
foundation coefficients of the various strata below the eth
stratum. Supplemental Figure S-4 illustrates the mechanical
analysis of the basic environmental state of the eth stratum
under SBM.

The elastic foundation coefficients of the backfill body,
coal mass, and all the strata below the eth stratum could be
expressed as:

_r, .t .t 1
ke ke ko Ky keoy  keey
_r . 1,1, 1
ky ky, ko ky keoy o keoy

Fig. 7 Mechanical model of the eth stratum under SBM

As shown in Figure S-4, the mechanical model was a
positively symmetrical structure under the environmental
state. To simplifying the calculation process, half of the
mechanical model was selected for further analysis. By tak-
ing the center of the SBM working face along the advancing
direction as the symmetrical point, and selecting the origi-
nal point O of the coal mass at the starting cut position, a
mechanical coordinate system was established (Fig. 7). In
Fig. 7, the displacement function w*(x) was set as the y-axis,
and the advancing direction of the working face was set as
the x-axis.

According to the assumption of a Winkle elastic founda-
tion, the subsidence at any point of the foundation surface
was in direct proportion to the applied pressure per unit
area, which actually simulated the foundation as a series of
independent springs on a rigid base. When a point on the
foundation surface was subjected to pressure p, only local
subsidence w*(x) was generated at that point because the
springs are independent. No subsidence appeared in other
regions. Thus, p could be written as:

{ p1 = kiwi(x), above the solid coal )

P2 = kyw3(x), above the backfill body

where p denoted the pressure per unit area and w’(x) denoted
the subsidence of the foundation.

Based on the elastic foundation beam theory (Selvadurai
and Gladwell 1979; Yu et al. 2016), the deflection of eth
stratum and the load should satisfy the following differential
equations of the deflection curve:

, combination of coal mass and strata

“

, combination of backfill body and strata

@ Springer
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) The continuity conditions of the eth stratum could be
wé(x : .
El, dx14 +py = q(e) described as:
dwe () © [ g20) = 650, wE(0) = w(0) -
de—ga— P2 =4 ME(0) = M(0), Q5(0) = 05(0)

where E,I, denoted the flexural rigidity of the rock beam
cross-section.

Different foundation media represented the springs with
different properties. Therefore, the coal mass, the backfill
body, and each stratum under the eth stratum were assumed
to be mutually independent springs. Moreover, the coal mass
on the left side of stope could be regarded as a semi-infinite
elastic foundation. Then, the eth stratum could be regarded
as a semi-infinite beam. By substituting Eq. (6) into Eq. (7),
the deflection equation of the eth stratum above the coal
mass and backfill body could be described as:

d*we(x)  kwt(x) (e)
1 "1 _4qle

dx L~ EL =0 -
d4w§(x) N kyws (x) _ q(e) (x> 0)

dx* E,I, E|L,’ -

where E, I, denoted the flexural rigidity of the eth stratum.

Eq. (7) was solved by setting the characteristic coeffi-
. [ ke [ ke .
cients a = {/—— and a = 4 m Then, the deflection

4E,I,

equation of the eth stratum could be written as:

The required parameters to be determined (d,, d,, d3, dy, ds,
dg, d;, and dg) were obtained by substituting Eqgs. (4), (9), (10),
and (11) into Eq. (8). Hence, the bending subsidence equa-
tions of the eth stratum, w“(x) and w,°(x), as well as the bend-
ing moment equation, M, “(x) and M,°(x), could be solved.

According to the theory of material mechanics, the maxi-
mum tensile stress of the eth stratum could be solved by the
following equation:
6M¢

max
2
hk

€ —_
max

12)

where ¢°,,, denoted the maximum tensile stress of the eth
stratum and M°_,, denoted the maximum bending moment
of the eth stratum.

Based on the first strength theory, the eth stratum generat-
ing the water-flowing fractures should satisfy the following
equation:

e

o-max 2 [O'e] (13)

where [o,] denoted the tensile strength of the eth stratum.
If Eq. (13) was satisfied, the stratum would break and pro-
duce water-flowing fractures; if not, no water-flowing frac-

e
wi(x) = %e) +d,e* cosax + dye™ sinax + d;e” ™ cosax + dye” sinax,  (x < 0)
(C) ®)
e ! .
wh(x) = A dseP cos px + dgeP* sin px) + d,e P* cos fix + dge P sin px, (x> 0)

k

The elastic foundation coefficient of the backfill body and
the backfill body compression ratio could be written as:

K= s ©)
T hi-9

where o, denoted the initial rock stress of coal seam and
@ denoted the backfill body compression ratio (0 <@ <1)
(Huang et al. 2017; Zhang et al. 2017b).

The boundary conditions of the eth stratum could be
described as:

07(=00) = 0, wi(—o0) =0
old)=0.e(§)-o

@ Springer

tures would be generated. The analysis was started from the
first stratum above the coal seam. When its tensile strength
was less than the maximum tensile stress, the first stratum
would produce water-flowing fractures. Then, the adjacent
upper stratum was checked. The calculation stopped when
the tensile strength of a stratum was higher than the maxi-
mum tensile stress. Figure 8 displays the detailed method for
calculating the height of the water-flowing fractured zone.
The height of the water-flowing fractured zone, H, was equal
to the sum of the thicknesses of various broken strata:

H=h+h+hy+..... (14)
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Fig. 8 Detalled m.ethOd for An arbitrary stratum e-th (Starting from the first stratum | |
calculating the height of the o fihe sl sem) <
water-flowing fractured zone
S — R \
! i
! < Bending subsidence w°(x) > < Bending moment M°(x) > |
I .
"« ,I Adjacent
T T T T T $ ''''''''''''''''''''''''''' - upper
stratum

Maximum tensile stress of e-#/ stratum

Determination of the
generation of water-
flowing fractures

udge whether tensile strength was
ower than its maximum tensile stre

Yes
e-th stratum :
would break

e-th stratum did
not break

Sum of the

thicknesses of various broken strata

A

Height of water-flowing fractured zone

Engineering of SBM for Water Resources
Protection

Main Factors Influencing Water-Flowing Fracture
Development with SBM

By analyzing the mechanical properties of the development
of water-flowing fractures in the overlying strata under SBM,
it was found that the main factors influencing the height of
the water-flowing fractured zone were the mining height,
backfill body compression ratio, advancing length of the
working face, burial depth, thickness of the coal seam and
strata, and the elasticity modulus of the coal seam and strata.
However, under certain engineering geological conditions,
the last four remain unchanged. Therefore, the first two are
described below.

Mining Height

Mining height is an important factor that affects the destruc-
tion of the overlying strata. After coal mining, the stress
around the mining space is redistributed, and stress is con-
centrated locally, which results in breakage of the strata.
Different mining heights can generate different heights of the
‘three zones’ in the overlying strata. According to the predic-
tive equation for calculating the height of the water-flowing
fractured zone, the mining height is also the only factor that

affects the development of water-flowing fractures, as per the
Regulation of Coal Mining under Buildings, Railways and
Water Bodies (Ministry of Emergency Management of the
People’s Republic of China 2017).

Backfill Body Compression Ratio

The backfill body compression ratio is the ratio of the final
height of the backfill body after compaction to the mining
height and is a crucial factor for maintaining the stability of
the overlying strata in the stope. If the backfill body com-
pression ratio is too low, the backfill body cannot provide
effective support. Then, the strata above the working face
breaks successively from bottom to top as with cave mining,
which restricts the development of water-flowing fractures to
a certain degree. When the backfill body compression ratio
reaches a certain value, the backfill body acts as the main
supporting body and restricts movement of the roof. The
overlying strata mainly exhibits bending subsidence, where
the water-flowing fractures only develop locally.

Design of the Critical Backfill Body Compression
Ratio for Water Resource Protection

According to the condition of the coal seams in the field

SBM working face, the mining height was set as 5.0 m to
enhance coal recovery rates. Therefore, the engineering
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Fig.9 Bending moment curve of siltstone with a thickness of 12.8 m
at different backfill body compression ratios

design of the SBM for water resources protection was being
determined by the critical backfill body compression ratio.
Using a 12.8 m thick siltstone with different backfill body
compression ratios as an example, the related calculation
parameters were substituted into the mechanical model for
derivation, and the bending moment curve of the stratum
was plotted (Fig. 9). The tensile strength was substituted
into Eq. (12) for inversion. The absolute value of the ulti-
mate bending moment was calculated to be 2.43 x 108 N/m.
For comparison, siltstone would break and produce water-
flowing fractures at a backfill body compression ratio less
than 90%.

The related engineering parameters were substituted into
the mechanical model. In combination with the detailed
method for calculating the height of the water-flowing frac-
tured zone, the height range of water-flowing fractured zone
with respect to the backfill body compression ratio was plot-
ted, as shown in Fig. 10.

By performing nonlinear regression on the height of the
water-flowing fractured zone with different backfill body
compression ratios, the predictive equation could be fitted
as:

H =0.02¢* — 3.6 + 196.9

s)
R?> =0.958

where H denoted the height of the water-flowing fractured
zone, ¢ denoted the backfill body compression ratio, and R*
denoted the coefficient of determination.

Obviously, Eq. (15) is only applicable to the experimental
coal mine in Yan’an, Shaanxi, and other coal mines with
similar geological conditions. By substituting the thickness
of the constrained strata (141.6 m, the distance between the
coal seam and the aquifer) into the fitted predictive equa-
tion of the height of the water-flowing fractured zone, it was
calculated that a backfill body compression ratio exceeding
20% would prevent water-flowing fractures from develop to
the aquifer.
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Discussion
Determining the Thickness of the Protective Layer

To avoid the loss of water resources by coal mining, the
Regulation of Coal Mining under Buildings, Railways and
Water Bodies specifies that the designed minimum thickness
of the water proof coal-rock pillar (denoted as Hj,,;,, i.. the
minimum distance between the mining coal seam and the
aquifer) should equal the sum of the height of the water-
flowing fractured zone, H, and the thickness of the effective
protective layer, H,, (see Fig. 11):

H =H+Hp (16)

f min

According to the structural characteristics and mechanical
properties of the coal-rock layers in the experimental min-
ing region (as shown in Fig. 2), the roof above the stope was
medium hard strata. Therefore, based on the specifications
of the thickness of the protective layer in Regulation of Coal

Surface)‘

Loose layer

Aquifer
Thickness of
constrained strata
P i ! 27 Bedrock
P’
Hy H Fractured zone
! !
s —

Fig. 11 Relationship between the effective protective layer and
HWFZ
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Mining under Buildings, Railways and Water Bodies, the
thickness of the protective layer was calculated as:

H, =3h = 12m a7)

By substituting Eqs. (15) and (17) into Eq. (16), the rela-
tionship between the backfill body compression ratio for
water resources protection and minimum thickness of the
water proof coal-rock pillar was derived as:

H, = 0019 —3.60 +209 (18)

By substituting the thickness of the constrained strata
(141.6 m) into Eq. (18), adverse effects on water resources
can be avoided at a minimum critical backfill body compres-
sion ratio of 21.3%. In addition, the backfill materials (back-
fill body) acts as the main support for bearing the load of the
overlying strata. This effectively lowered the height of the
water-flowing fractured zone and simultaneously enhanced
both the upper limit and the recovery ratio of coal seam min-
ing. Accordingly, SBM allows water-saving mining below an
aquifer. The scope of using Eq. (18) and Eq. (15) is the same
for the experimental coal mine in Yan’an, Shaanxi, and other
coal mines with similar geological conditions.

Engineering Practice

To protect water resources, the backfill body compression
ratio of the experimental SBM working face in the experi-
mental coal mine was set as 30%. Three months after the
mining and backfilling of the experimental SBM working
face was completed, an observation borehole was drilled in
the central position above the working face (borehole L1).
The height of the water-flowing fractured zone was deter-
mined by observing washing fluid loss and from drillhole
TV imaging. The location of borehole L1 is illustrated in
Supplemental Figure S-5. The final drilled position of bore-
hole L1 was the roof stratum of the working face. In the pro-
cess of drilling, the washing fluid loss, the degree of damage
to the core, and the distribution of fractures in the overlying
strata were monitored.

In borehole L1, the range of the washing fluid loss and
the distribution of fractures are shown in Fig. 12. When
the drilling depth reached 37.9 m, the washing fluid loss
increased from 0.2 to 1.53 L/s, a relatively small change.
There was no obvious fracture in the core of the borehole.
At the same time, it could be seen from the TV imaging that
there were no fractures and that the morphology was rela-
tively complete (Figure 12a). As the drilling depth increased,
the washing fluid loss rapidly increased to 5.2 L/s, and the
loss rate fluctuated greatly. Additionally, the core was rela-
tively broken, and the fracture directions were different, with
narrow widths. As shown in Fig. 12b, the top boundary of

Fig. 12 The variation of the washing fluid loss and the distribution
of fractures in borehole L1. a No fracture; b first vertical fracture; ¢
fractured zone

the water-conducting fractured zone and the first vertical
fracture appeared at 37.9 m in borehole L1. At greater drill-
ing depth, drill falling and seizing occurred occasionally.
The washing fluid loss was stable at about 5.7 L/s, and the
amount of loss varied slightly. Meanwhile, as can be seen
from Fig. 12c, the density of vertical fractures of the over-
lying strata increased with the borehole depth. Therefore, it
was determined that the top boundary of the water-flowing
fractured zone was at a depth of &~ 37.9 m in borehole L1.

According to the measured results in the field, it was
determined that the height of the water-flowing fractured
zone caused by SBM was about 103.7 m, and the water-flow-
ing fractures had not developed to the surface water layer.
The top boundary of the water-flowing fractured zone was
about 37.9 m from the surface water layer, which was much
greater than the thickness of the protective layer (12 m).
Thus, SBM effectively protected the water resources in the
experimental coal mine.

When the designed backfill body compression ratio
(30%) of the experimental SBM working face were put into
Eq. (15), theoretical analysis showed that the height of the
water-flowing fractured zone was 106.9 m. Table 3 demon-
strates that the measured results in the field were essentially
consistent with the results of the prediction of the mechani-
cal calculation, which confirms that the mechanical model
was highly accurate and reliable. Furthermore, these findings
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Table 3 Comparative analysis of the height of the water-flowing frac-
tured zone

Prediction of the
mechanical calculation

Height of the water- Measured results

flowing fractured zone

103.7 m 106.9 m

show that SBM can play a significant role in protecting water
resources.

Analysis of Economic and Environmental Benefits

Compared with cave mining, SBM better controls the move-
ment and breakage of rock stratum through the backfill body
(gangue materials). Moreover, SBM restricted the develop-
ment of water-flowing fractures to the aquifer, so that the
water resource would not be lost. The key to protect water
resources during SBM was to control the development
of water-flowing fractures by reducing strata movement.
Moreover, the use of SBM prevents potential environmen-
tal problems caused by loss of water resources and surface
subsidence, such as soil and water loss, soil nutrient loss,
land carrying capacity decline, land desertification, sur-
face buildings damage, sparse ground vegetation, and crop
death. Furthermore, the gangue materials were backfilled
into the gob, which prevented the pollution of the soil and
surface water caused by gangue accumulation on surface and
avoided the harmful gases produced by spontaneous com-
bustion of the gangue.

The investment of mine geo-environmental restoration
had increased in China. From 2000 to 2006, the govern-
ment invested 2.4 billion yuan to remedy the mine geo-
environment. In addition, the Ministry of Environmental
Protection of China issued the Technical Specifications of
Eco-environmental Protection and Reclamation for Mining
in 2013, which regulated the eco-environmental protection
and restoration during exploitation of mineral resources. By
the end of 2014, the cumulative investment of mine geo-
environmental restoration funds had reached 90.1 billion
yuan (Bian et al. 2018; Hu et al. 2020). However, using
SBM will allow the mining of coal seams under aquifers,
which would enhance the recovery rate of coal resources and
reduce the cost of coal production. Furthermore, backfilling
gangue materials into the gob reduced the damage to the
environment and minimized the cost of geo-environmen-
tal restoration of the coal mines. To summarize, the SBM
method could effectively enhance the production rate of
coal resources and the protection of water resources, thus
achieving an effective balance between economic and envi-
ronmental benefits.

Many encouraging policies and guidelines had been
promulgated by the national government to encourage

@ Springer

coal mines to use SBM technology in China. For example,
Gangue Comprehensive Management Measures clearly
states that gangue can no longer be accumulated on the
surface (Zhou et al. 2020), so coal mines have had to spend
a lot of money to deal with it. Thus, SBM could save the
cost of gangue disposal for coal mines. At the same time,
the resource tax of coal mines using SBM could be dis-
counted by 50% (Liu et al. 2021). In addition, Shandong,
Shanxi, and other regions have promulgated the Incremen-
tal replacement of production capacity using SBM, which
stipulates that the actual production capacity could be
increased to 3.3 times of the designed production capac-
ity using SBM (Li 2021). In summary, it can be seen that
SBM is becoming important in Chinese coal mining.

Conclusions

This study investigated the recovery of coal seams under
an aquifer through the use of SBM. This approach sup-
ports the overlying strata with the backfilled gangue,
which restricts the development of water-flowing fractures.
By analyzing the movement of the overlying strata with
SBM, a mechanical model of a superposition beam with
an elastic foundation was established for describing the
development of water-flowing fractures in the overlying
strata under SBM conditions, and a method to calculate the
height of the water-flowing fractured zone in the overly-
ing strata was proposed. The heights of the water-flowing
fractured zone in the overlying strata were calculated at
different backfill body compression ratios, and the predic-
tive equation was fitted as: H=0.02¢> — 3.6¢ + 196, which
is applicable to the experimental coal mine in Yan’an,
Shaanxi, and other coal mines with similar geological con-
ditions, but would have to be modified for use elsewhere.

This study focused on the geological conditions of an
experimental coal mine in Shaanxi. The minimum criti-
cal backfill body compression ratio of the experimental
SBM working face based on water resources protection
was determined to be 21.3%. In other words, the loss of
water resources could be effectively avoided with a backfill
body compression ratio that was more than 21.3%. The
field measurements showed that the height of the water-
flowing fractured zone of the experimental working face
after SBM was about 103.7 m, which was essentially
consistent with the results of the mechanical calculation
(106.9 m). This verified the accuracy and reliability of the
established mechanical model in this study. In conclusion,
SBM not only protects water resources, but also enhances
the recovery rate of coal resources, thus providing both
economic and environmental benefits.
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