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Intensive and continuous mining of coal resources in China implies their gradual exhaustion, especially in the eastern regions.
While some mines face closure, others have to extract residual coal resources under buildings, water bodies, and industrial sites.
)us, safe and efficient mining of the residual coal resources requires innovative techniques, which would account for the
particular site’s geological conditions. In this study, two schemes of roadway mining with cemented paste backfilling (RMCPB)
and strip mining are put forward. After analyzing the type, construction, and protection standard of the buildings, the probability
integrationmethod and the predictionmodel are used to assess the surface subsidence and deformation.)e research results show
that both schemes can control the surface deformation to a certain extent, but RMCPB combines the advantages of a high coal
recovery rate and disposal of gangue waste. According to the surface subsidence predicted and measured data, the RMCPB
method can effectively control the surface subsidence, deformation, and buildings’ safety. It also yields significant economic and
environmental benefits.

1. Introduction

About half of the world’s coal is produced in China, mainly
(90%) by underground mining. Intensive and continuous
extraction of coal resources leads to their gradual exhaustion
in east-central densely populated areas of China [1–3].
Furthermore, environmental problems in coal mining, in-
cluding surface subsidence and solid waste accumulation
affected by multiple mining, become very topical [4–6].
Statistics indicate that the subsiding areas induced by caving
coal mining annually amount to about 40,000 hm2, resulting
in the annual financial losses of about 300 million USD. At
present, the total area of coal mining-induced surface
subsidence in China has reached 700,000 hm2 [7]. On the
other hand, waste gangue is produced and accumulated on

the ground, occupying significant land resources and pol-
luting the environment [8, 9]. An effective technique for
controlling surface subsidence with simultaneous disposing
of the resulting solid waste in coal mining is urgently re-
quired to mitigate these problems.

Several studies have been conducted to substantiate and
develop such techniques. Yu et al. [10] examined the ra-
tionality of the strip mining scheme with a large mining
depth under dense buildings and analyzed the reasonable
range of strip mining and reserved widths. )e Wilson
theory and FLAC numerical simulation were used to predict
the surface movement and deformation under different
mining conditions. )e reasonable strip mining width was
assessed at 120m, ensuring the safe and economic mining
under the surface village buildings. Zhang et al. [11] analyzed
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the risk assessment and prevention of surface subsidence in
deep multiple coal seam mining under dense above-ground
buildings using numerical simulation and surface subsi-
dence predictionmethods in solid backfill mining. Teng et al.
[12] studied the surface subsidence characteristics of grout
injection into overburden on the side of a stopping line (SSL)
of a long wall via in situ monitoring, whereas areas with
grouting were compared with those without it. Based on the
key strata theory and numerical simulation experiment, Liu
et al. [13] studied the space-time relationship between the
breaking of key strata and surface subsidence in high water
filling, analyzed the main factors affecting the surface sub-
sidence, and evaluated the control effect of surface subsi-
dence in high water filling. )e above research studies
promoted the green and efficient mining of coal resources.
However, because of the difference between the backfill
materials and filling costs, a rapid and economic backfill coal
mining method suitable for residual coal resources in small-
and medium-sized coal mines has not been proposed and
widely implemented yet.

Alternatively, the cemented paste backfilling (CPB)
technology, which offered both economic and environ-
mental benefits, has been used extensively in China’s un-
derground mines [14, 15]. Besides, CPB provides ground
and wall support, which also facilitates mine waste disposal.
)us, it limits the likelihood of caving and prevents sub-
sidence. Moreover, CPB technology significantly improves
underground mine operations’ safety and increases pro-
ductivity. )erefore, it is now considered a standard practice
in mining operations worldwide. In this study, the mining
geological conditions, type, construction, and buildings’
protection standards are analyzed. )en, two schemes of
RMCPB and strip mining methods are discussed in detail.
)e prediction model of the probability integration method
is proposed to study the surface subsidence and deformation
during the mining. )e surface subsidence predictions and
field measurements are compared, and conclusions on the
most lucrative mining scheme are drawn.

2. Description of the Area under Study

2.1. Mining Geological Conditions. )e coal mine studied in
this study belongs to the Xinwen Mining Group Co., Ltd.,
and is located in Shandong Province of China. )e con-
struction of the mine began in November 1971 and was put
into operation in July 1982. )e mine’s design capacity is 0.45
million tons per year, and the approved production capacity
was 0.9 million tons per year in 2006. )e mine design adopts
vertical and inclined shaft, multilevel, main crosscut, hori-
zontal main roadway, and mixed development of up and
downhills. )ere are three mining areas in the mine design:
the first mining area, the fourth mining area, and the sixth
mining area. )e mining method adopts the strike longwall
retreating mining method, both caving and filling methods to
manage the roof. Besides, the strip mining method is adopted
for special blocks, such as coal resources under buildings. No.
4 coal seam is the main mining coal seam, which has been
mined out except the coal resources under the industrial
square and buildings. )e coal resources of the safety coal

pillar at a depth of 300m below the industry square amount to
1.29 million tons, including the main and auxiliary shaft coal
pillars resourced of 0.65 million tons. Coal resources under
buildings in the Western area are about 0.50 million tons.

According to the geological report on the mine, No. 4
coal seam is the main mineable coal seam with black-col-
ored, brittle coal developed in endogenous fractures. )e
average thickness of the coal seam is 2.0m. )e fracture
surface has usually a ladder-and-shell pattern. )e coal
petrography is mainly composed of bright coal and vitrinite,
and the coal rock type belongs to the semibright type. Its
bulk density is 1.37, hardness is 2.5∼3.0, and medium ash is
low sulfur, while the ash melting point is quite high. )e
main roof is grayish-white medium sandstone with a
thickness of about 15m. )e composition is mainly quartz,
followed by feldspar. )e intermittent oblique bedding is
developed and hard. )e upper part is intercalated with a
thin layer of siltstone, interbedded with developed fractures,
and partially filled with calcite. )e immediate floor is light
gray siltstone with a thickness of about 8m. )e roof is rich
in plant fossils, and the middle part is intercalated with a thin
layer of carbonaceous shale or gray clay shale.)emain floor
is light gray, fine-grained sandstone with a thickness of 3m.
)e composition is mainly quartz, followed by feldspar and
calcareous (relatively hard) cementation. )e distribution of
surface buildings and generalized stratigraphic column in
the study area are shown in Figure 1.

2.2. Antideformation Capacity and Reinforcement Criteria.
)e investigated mining area is located south of the industry
square; the mining area is about 0.21 square kilometers. )e
investigation results of surface buildings showed that they
varied in dimensions, layout, and structure. )e buildings
mainly included a village, a hospital, a coal washery, and a
workshop with brick and timber structures of a certain
antideformation ability, as shown in Figure 2.)e protection
requirements of surface buildings in this area were not high,
so strip mining was adopted in the original design.
According to the four-level classification of damage to
surface brick-concrete structures of the Chinese State Bu-
reau of Coal Industry (2000) given in Table 1, the area’s
building damage was controlled within level I (negligible
damage, no repair required), and the maximum subsidence
was controlled within 300mm.

3. Mining Scheme and Surface
Subsidence Prediction

3.1. Mining Scheme Design. According to the distribution
characteristics of surface buildings and antideformation
capacity in the studied mining area, the strip mining and
backfilling mining methods were designed. In the first
scheme, the studied mining area was subdivided into four
strip mining faces: 1402, 1404, 1406, and 1408, in which the
caving mining method is adopted. )e width of mining
faces and safety coal pillars was about 40m. In the second
scheme, the studied mining area was subdivided into eight
backfill mining faces, 1401∼1408, in which the roadway
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mining with the cemented paste backfilling (RMCPB)
method was adopted. For the first mining method, it is
relatively mature with low investment cost, but less coal
production. )e second method needs to increase the
backfilling equipment, the investment cost is relatively

high, but the coal production is large, and the solid waste
products of the mine can be treated at the same time. )e
width of RMCPB faces was about 40m. )e roadway
layouts of the mining face for both methods are shown in
Figure 3.
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Figure 1: Distribution of surface buildings and generalized stratigraphic column in the study area.
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Figure 2: Photos of above-ground buildings: (a) hospital, (b) village, (c) coal washery, and (d) workshop.
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Based on the conventional coal mining method’s pro-
duction system, RMCPB is a backfill mining method with
circulation operation of “driving roadway for mining and
filling one by one” [17–19]. )e principle is to excavate the
crossheading between two roadways of a fully mechanized
road header’s working face. )e gangue and fly ash are used
as the main filling materials. Under the action of cemen-
titious materials, high-concentration slurry without dehy-
dration treatment is prepared according to a certain mix
proportion, and the filling material is transported under-
ground via a filling pump and a pipeline. )e related
equipment is mainly composed of coal mining, filling, and
transportation subsystems. )e first one includes a fully
mechanized road header and a local ventilator. Filling
equipment contains a filling pump, a crusher, a vibrating
screen, a mixer, a batchingmachine, and a filling pipeline.)e
transportation equipment mainly includes a scraper conveyor
and a belt conveyor. )e preparation process of RMCPB
material includes four steps: dry material preparation,
filling materials mixing, mix and stir with water, and
pumping of filling material. In this study, gangue accounts
for 80%, cement and fly ash 20%, and the compressive
strength of the material can reach 2.0MPa in 7 days and
5.0MPa in 28 days. Hbmg 110/14–500 backfilling indus-
trial pump was selected according to the backfilling dis-
tance.)e technical principle and filling process of RMCPB
are shown in Figure 4.

3.2. Surface Subsidence Prediction. )e probability integral
method was adopted in this study to predict surface
movement and deformation with the two coal mining
methods according to the principles of surface subsidence
control based on the equivalent mining height (EMH)

theory [20–23]. In this model, the surface movement and
deformation were calculated by the following equations:

W(x) �
Mq cos a(1 − φ)
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r
2 xe
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Mq cos a(1 − φ)

r
3 xe

− πx2/r2( ),

(1)

where W (x) is the subsidence, U (x) is the horizontal
movement, i (x) is the inclination, ε (x) is the horizontal
deformation, k (x) is the curvature deformation, M is the
mining height, q is the surface subsidence coefficient, b is
the horizontal movement coefficient, a is the angle of
inclination of the coal seam, and φ is the backfill materials’
compression ratio. )e above formulas also feature r �H/
tanβ, where r is the radius of influence, H is the mining
depth, and tanβ is the tangent of the main angle of in-
fluence. In actual engineering, the surface subsidence
coefficient q is set as 0.85, b � 0.31, tanβ� 2.0, a � 0, and
φ� 90%.

)e Surfer of Golden Software and CAD commercial
packages were used to process the surface deformation data.
)e horizontal surface deformation, inclination, curvature,
horizontal movement, and subsidence along the north-south
and east-west lines in RMCPB are shown in Figures 5∼9.)e

Table 1: Classification of damage to surface brick-concrete structures [16].

Damage level
Surface deformations Curvatures

(mm/m2) Inclinations (mm/m) Classification Structural processingHorizontal deformation
(mm/m)

I ≤2.0 ≤0.2 ≤3.0 Negligible damage No repair
Very slight damage Light repair

II ≤4.0 ≤0.4 ≤6.0 Slight damage Minor repair
III ≤6.0 ≤0.6 ≤10.0 Medium damage Medium repair

IV >6.0 >0.6 >10.0 Severe damage Heavy repair
Very severe damage Demolition and construction
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Figure 3: Roadway layouts of mining face for two mining methods: (a) strip mining; (b) RMCPB.
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surface movement and deformation extremum is given in
Table 2.

Similarly, the horizontal surface deformation, inclina-
tion, curvature, horizontal movement, and subsidence, along

the north-south and east-west lines in strip mining were
derived and are shown in Figures 10∼14. )e
surface movement and deformation extrema are listed in
Table 3.
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Figure 5: Contour map of horizontal surface deformation in RMCPB.
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Figure 6: Contour map of surface inclination in RMCPB.
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It can be seen from Figures 5–9 and Table 3 that the
maximum subsidence of the surface above the studied
mining area with RMCPB was 170mm; the maximum
horizontal movement of the ground surface along the south-
north line was 55mm and that along the east-west one was
50mm.)emaximum horizontal deformation of the surface

in the south-north line was 0.8mm/m and that in the east-
west one was 1.2mm/m. )e maximum inclination along
the south-north and east-west lines was 1.6 and 1.8mm/m,
respectively. )e maximum curvature along the south-north
and east-west lines was 0.03 and 0.04mm/m2, respectively.

Figures 10–14 and Table 4 show that the maximum
subsidence of the surface above the studied mining area with
strip mining was 230mm; the maximum horizontal
movement of the ground surface along the south-north line
was 100mm and that along the east-west one was 110mm.
)e maximum horizontal deformations of the surface along
the south-north and east-west lines were 0.38 and 0.40mm/
m, respectively. )e maximum inclinations along the south-
north and east-west lines were identical and equal to
0.35mm/m. )e maximum curvatures along the south-
north and east-west lines were 0.03 and 0.04mm/m2,
respectively.

From the above analysis, the extreme values of surface
deformation under both mining schemes fell within the level
I of damage to surface buildings. Still, the overall disturbance
degree and mining influence area of RMCPB was weak,
being mainly reflected in the subsidence and horizontal
movement. In strip mining, the subsidence and horizontal
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Table 2: Surface movement and deformation extrema in RMCPB.

Subsidence (mm)
Horizontal movement

(mm)
Horizontal deformation

(mm/m)
Inclination deformation

(mm/m) Curvature (mm/m2)

South-north East-west South-north East-west South-north East-west South-north East-west
170 55 50 0.8 1.2 1.6 1.8 0.03 0.04
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Figure 10: Contour map of horizontal surface deformation in strip mining.
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Figure 11: Contour map of surface inclination in strip mining.
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Figure 12: Contour map of surface curvature in strip mining.
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movement extreme values were relatively high, and the
mining influence area was large. Still, the horizontal surface
and inclined deformations were relatively small due to the
protection of coal pillars. After coal mining in this area, the
buildings and structures within the influence range of
surface deformation were not affected. )e main workshop,
office building, clothing factory, and other buildings located
south to the industrial square and at the edge of the mining
area had different degrees of movement and deformation.
Still, the extreme values of inclined and horizontal defor-
mations were within the damage level I, which met the
requirements of building antideformation capacity and re-
inforcement criteria.

4. Discussion

)e field measurements under strip mining in the eastern
mining area show that for the longwall mining face width of

40m, and protective coal pillars’ width of 40m, the maxi-
mum subsidence was 440mm, the maximum surface hor-
izontal deformation was −1.85mm/m, and the maximum
inclination was −3.5mm/m. Meanwhile, the maximum
subsidence of the residential building was 75mm, the
maximum surface horizontal deformation was 0.85mm/m,
and the maximum inclination was −1.7mm/m. As for the
water pipe station, its maximum values of subsidence,
surface horizontal deformation, and inclination were
110mm, 1.1mm/m, and 2.0, respectively. )e major part of
the village was within level I of damage, the remaining part
reaching level II. Considering the protection level of surface
structures and the control requirements of reinforcement
standards, the strip mining method greatly affected the
safety of surface buildings and structures. To ensure the
stability of surface residential buildings, signal towers, and
high-voltage line towers, scheme I of RMCPB is recom-
mended to achieve safe mining under the buildings. In this
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Figure 13: Contour map of horizontal surface movement in strip mining.

1

1408 longwall mining face

Safety coal pillar

1406 longwall mining face

1404 longwall mining face

1402 longwall mining face

House

House

Office

Village

Hospital

Village

Village

Village
Village

Railways

Maintenance workshop

ClubWorkshop Coal trasportationFresh air

Materils trasportationDirty air

Safety coal pillar

Safety coal pillar

Safety coal pillar

60 80

100 120

140 160 180

200

220

200

160
16

014
0

12
0

18
0

10
0 18060 80

Coal bunker

M
ain transportation roadway

20561600 20561800 20562000 20562200 20562400 20562600

4001500

4001600

4001700

4001800

4001900

4002000

4002100

Figure 14: Contour map of surface subsidence in strip mining.

Table 3: Surface movement and deformation extremum in strip mining.

Subsidence (mm)
Horizontal movement

(mm)
Horizontal deformation

(mm/m)
Inclination deformation

(mm/m) Curvature (mm/m2)

South-north East-west South-north East-west South-north East-west South-north East-west
230 100 110 0.38 0.40 0.35 0.35 0.03 0.04
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scheme, coal resources under buildings can be maximally
utilized, and a large volume of abandoned waste gangue can
be backfilled into the goaf to control surface subsidence.)is
scheme allows one to achieve economical, ecological, and
environmental benefits listed in Table 4, in comparison to
strip mining.

It can be seen in Table 4 that, after the RMCPB of the
mining area under study, the output of coal resources was
0.46 million tons and exceeds that of strip mining by 0.22
million tons. After considering the backfilling system,
equipment, and personnel costs, the total profit in RMCPB
was 4.83mln USD, being only by 10.5% less than that in strip
mining (5.4 mln USD). )e main advantage of the former
method over the latter one was that it made possible the
underground treatment of 0.66 million tons of waste gangue.
)e integrated analysis of mined coal resources, mine service
life, and environmental protection, revealed that the
RMCPB application to the case study mining area com-
prehensively combined economic and environmental
benefits.

5. Conclusions

In this study, the mining geological conditions of the case
study coal mine, its type, construction, and buildings’
protection standards were analyzed. )e RMCPB and strip
mining methods were applied to extract residual coal re-
sources under buildings. )e prediction model of the
probability integration method was elaborated to study the
surface subsidence and deformation via both mining
methods. )e research results show that the maximum
subsidence of the surface above the mining area with
RMCPB was 170mm. )e maximum horizontal move-
ment of the ground surface was 55mm, and the maxi-
mum horizontal deformation was 1.2 mm/m. )e
maximum inclination and curvature was 1.8 mm/m and
0.04 mm/m2, respectively. In case of strip mining, the
maximum subsidence of the surface above the mining
area was 230mm. )e maximum values of horizontal
movement, horizontal deformation, inclination, and
curvature were 110mm, 0.40 mm/m, 0.35 mm/m, and
0.04 mm/m2. To ensure the stability of surface buildings,
RMCPB via scheme I is recommended to achieve safe
mining under the buildings. In this scheme, coal re-
sources under buildings can be maximally utilized, and a
large volume of abandoned waste gangue can be back-
filled into the goaf to control surface subsidence. )e
proposed method combines economic and environ-
mental benefits, which make it lucrative for wide
implementation in similar mining areas below industrial
sites with surface buildings.
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