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Abstract: As coal resources trapped under surface buildings in the Wangtaipu coal mine area
impede the efficient mining of coal seams and constrain the sustainable development of coal mines,
a super-high-water roadway backfill mining technique for preventing building damage was adopted.
According to the control principle and theoretical calculations, an engineering design was established
including the reasonable width of segment coal pillars in the working face and technical parameter
design. The monitoring results after the implementation of the scheme showed that building
deformation was controlled within grade I, protecting the surface buildings. A reasonable roadway
design parameter was achieved, with a surface subsidence of 27 mm and horizontal deformation of
0.3 mm/m, indicating that it can ensure the safety of surface buildings from the State Bureau of Coal
Industry. The practical trial can provide a reference for the extraction of coal resources under similar
conditions and is vital for the sustainable development of the mining industry and economic growth.

Keywords: roadway backfill mining; surface subsidence; overburden movement; environment
protection

1. Introduction

China is the largest coal producer in the world due to progressive expansion of various
energy-based programs. Based on the importance of coal in China’s energy resources, long-term
rapid technological and economic development can be guaranteed [1]. Meanwhile, combined with
national policies, the intention is to build coal mines that are in line with modernization, green, safe,
and ecologically stable. However, as is well-known, coal exploitation will lead to many serious
eco-environmental problems, such as surface building damage, destruction of groundwater resources,
and exhaust emissions, which are a global problem [2-5]. At the same time, there is an estimated
13.7 billion tons of coal reserves trapped under surface buildings, water bodies, and railways (hereinafter
referred to as “under-three”) in China, among which coal resources under surface buildings account
for 9.5 billion tons [6,7]. At present, according to the present situation of coal trapped under surface
buildings in the Wangtaipu coal mine, the total amount has reached 30 million tons, which not only
affects the succession of subsequent mining, but also wastes coal resources and is not conducive to
sustainable development of the coalmine. Therefore, under the premise of protecting surface buildings,
it is important to liberate coal resources under surface buildings and other structures.

Recently, many different types of mining methods have been successfully applied to control
overburden and surface damage when mining under buildings or other structures, such as strip
mining [8,9], harmonic mining [10], room mining [11], grout injection [12] and backfill mining [13-15].
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This is because the remaining coal pillar can usually support the overburden load, allowing slight
surface movement and deformation. Although the strip mining or room mining method has reduced
surface subsidence or damage to a certain extent, the mining rate is low due to the coal pillars.
Because the harmonic mining is limited by many factors, such as construction organization, geological
conditions, and subsidence factor, it is difficult to realize. Meanwhile, grouting injection technology
has been successfully applied to reduce surface subsidence and building damage in populated areas.
Alehossein [16] studied shear behaviour of the slurry through field and laboratory testing, and derived
formulas for minimum pump pressure and local pressure, and the results are consistent with each
other. Shen and Poulsen [17] used numerical modeling to study the evolution of horizontal fractures at
bed separations during longwall mining. By analyzing the influence of filling ratio and maximum
subsidence on the grouting effect, Xuan and Xu [18] obtained the supporting width that was formed at
the center of the gob. Subsequently, the stiffness and distribution of the grouting mass were investigated
through field borehole, and the mechanism of grouting to restrain the overburden deformation was
revealed [19]. Considering the long-term stability of overburden, the effect of harmonic mining
and grouting injection on overburden damage reduction is poor. In fact, the essential problem of
“under-three” mining is controlling the movement and deformation of the overlying strata. By contrast,
backfill mining has been widely used and is becoming an effective technique for reducing the degree
of overburden failure in the green mining technical system, and has been developed to solve the global
problems described above, especially for “under-three” mining [20-23]. In essence, backfill mining
reduces the overburden movement by replacing the coal with backfill material. Meanwhile, its basic
principle states that the maximum limited thickness should be controlled according to the specifications
for “under-three” mining, so as to guarantee the mining influence is within the allowable range.

However, according to the study conducted by Szczepanska and Twardowska [24], heavy metal
pollution caused by mining waste in the backfill mining area has resulted in groundwater pollution
lasting for decades, with an increase in pollution intensity with respect to time. This is also noted by
Chinese scholars [21,25]. Moreover, backfill material contains toxic metals and inorganic salts that
will dissolve and spread in water, which can pose the risk of secondary pollution to the groundwater
environment [26,27]. In order to avoid secondary pollution, reduce mining costs, and save the backfill
material, a super-high-water material has been tested in the laboratory and applied in the field [28], and
these tests indicated that this material can protect against geo-environmental hazards common with
the solid backfill mining method. In addition to prevention of secondary pollution, other collateral
benefits are also available, including reduced surface subsidence, water resources, and protection
of the ecological environment. Therefore, it is necessary to study roadway backfill mining with
super-high-water materials, which not only liberates coal resources, but also protects surface buildings.

In this paper, in order to determine the scope of the working face, the reasonable width of a coal
pillar in the working face was analyzed and obtained through theoretical analysis. Then, the location
of key strata (KS) in the overburden were identified based on KS theory, and its integrity is the essence
of building protection. This was followed by the design of the technical parameters including the
layout and support design of the roadway, the roadway backfill mining system, and determination of
the backfill rate. In addition, in order to study surface subsidence characteristics and verify the effect
of protecting surface buildings, a real-time monitoring of surface movement and deformation was
carried out. The purpose of this study is not only to prolong the service life of a coal mine, but also to
protect the surface buildings. Moreover, it is consistent with sustainable production and protection of
the eco-environment.

2. Method and Geological Conditions

2.1. Key Strata (KS) Theory

The overburden is composed of different strata with delamination differences, thus the mining
effects on each stratum are different. Hard and thick strata may have a stronger bearing capacity,
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supporting those weak and thin strata that only act as loads. Based on this difference, KS theory was
proposed by Qian [29]. According to the theory, the hard and thick stratum is named KS, and the
overburden has at least one KS. If there are more than two KS, the top KS is named the primary KS
(PKS), as it bears the entire load from roof to ground surface. Correspondingly, the other KS are named
the sub-key strata (5KS) that control partial overburden.

In general, the overburden is composed of strata with varied thicknesses and different lithology.
In the mining process, the gob is under gravity without support and starts to bend when bed separation
occurs. It also occurs between the upper hard strata and lower soft strata. The combination of
roof movement can be determined by the bed separation position with theoretical analysis, and the
calculation formula of the loads on the movement combination layer is given in Equation (1). If the
first layer is the KS and its control reaches the nth layer, then the (1 + 1)th layer becomes the second KS,
which must meet the Equation (2).
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where (g,); is the load formed by the effect of 7 layers on the first SKS, Pa; E;; is the nth layer’s elastic
modulus, Pa; y;, is the nth layer’s volumetric weight, N/m3; and h,, is the nth layer’s thickness, m.

At present, much research is based on the KS theory, such as the influence of KS position on the
height of water-conducting fracture zones [30], the influence of KS structures on the mine pressure [31],
and the induced effect of KS-breaking on rock burst and disasters [32,33]. Therefore, based on the KS
theory, combined with the distribution of KS position, backfill mining is used to control the overburden
movement, so as to protect the surface buildings.

2.2. Geological Conditions

Wangtaipu coal deposit formed during the Carboniferous period and is located in Jincheng city,
Shanxi Province, China. It covers a field area of 33.7 km?2. There are fourteen layers of coal, and at
present, No. 15 coal, which has a stable and simple structure, is being mined at 1.8 to 3.5 m and an
average of 2.5 m. The geological conditions of the XV2214 working face (trial area) are as follows:
the average buried depth is 175 m, with a dip angle of 1-3°. The average inclination length is about
280 m, and average trend length, 70 m. The surface buildings above are brick-concrete structures. They
all require grade III protection (based on Specification Requirements). Based on the KS theory and
borehole columnar section, the parameters of overburden are shown in Table 1.

Table 1. Mechanical parameters of overlying strata and KS location.

Lithology Volumetric Elastic Modulus Poisson’s Ratio (~) Uniaxial Tensile

Weight (kN/m?3) (GPa) Strength (MPa)
Coal seam 14 2.6 0.29 1.60
Limestone 29 42.5 0.23 7.98
Mudstone 25 12.7 0.24 3.73
Fine sandstone 27 28.3 0.22 3.65
Sandy mudstone 26 13.2 0.26 3.83
Medium sandstone 28 35.8 0.21 6.63

Siltstone 26 8.7 0.25 4.19
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According to Equations (1) and (2), the KS location could be calculated as follows:

qm = 253.5 kPa qi5 = 515.8 kPa q22 = 544.7 kPa qos = 501.8 kPa
(92); = 298.6 kPa (916)15 = 571.1 kPa (923),, = 656.8 kPa (926),5 = 656.8 kPa
(KS1) : (KS2) : (KS 3) : (KS 4)
(q14); = 893.8 kPa (921)15 = 836.3 kPa (924),y = 748.2 kPa
(q15); = 358.7 kPa (422),5 = 675.3 kPa (425), = 488.6 kPa

It can be seen from the above that there are four KS in the overburden: namely, the first layer
(limestone), 15th layer (sandy mudstone), 22th layer (sandy mudstone), and 25th layer (medium
sandstone). A schematic diagram of the coalmine and the KS locations are shown in Figure 1.
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Figure 1. Schematic diagram of the Wangtaipu coalmine location and the key strata (KS).

3. Design for Roadway Backfill Mining under Surface Buildings

3.1. Reasonable Width of Segment Coal Pillar in the Working Face

Reasonable coal pillar width should not only ensure the stability of the roadway during excavation,
but also ensure the safety of the working face during the mining process. During mining progress at
the adjacent working face, the basic roof breaks into the key block at the edge of the goaf and forms
an articulated structure with the adjacent rock blocks. The abutment pressure of the overburden
transferred to the coal is divided into two parts according to the fracture line, i.e., the internal stress
field between the fracture line and coal and the external stress zone in the deep region (it becomes
the original stress zone beyond a certain point). Additionally, the stress in the internal stress zone is
determined by the weight and movement of the overburden under the fracture line, and the whole
surrounding rock is in low stress, which is beneficial to roadway maintenance, as shown in Figure 2.

The study shows that the abutment pressure o, from the position of coal wall x in the relief stress
zone is given by Equation (3) [34]:

oy = Gxyx 3)

where Gy is the stiffness of coal from the coal wall x, Pa; and yy is the compression of coal layer at x, m.
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Figure 2. Basic roof broken structure model of gob-side entry.

Stressing the development from the goaf to the internal stress field, the horizontal stress in the
coal increases gradually and is positively correlated with the coal stiffness, and negatively correlated
with the coal compression.

In order to simplify the analysis, the linearization of the Gy and y, distribution can be obtained
from Equation (4):

pe= L -x), G = 2 @
X0 X0
where Gy is the maximum coal stiffness in the internal stress field, Pa; y is the coal compression at the
edge of goaf, m; and x( is the width of internal stress field, m.

Then, according to Equations (3) and (4), the abutment pressure in the internal stress field can be
obtained as follows in Equation (5):
o Govox,
f opdx = So0Yo¥o (5)
0

6

Based on the theory of the internal and external stress field, the abutment pressure in the internal
stress field on the coal seam around the stope is equal to the self-weight of the basic roof stratum
during the initial pressure of the working face. Accordingly, the following equation can be obtained:

Goyox
P2 — 1eoMy (6)
where L is the panel length, m; Cy is the first roof weighting pace of the adjacent working face, m;
M and y are the basic roof strata thickness and bulk density, respectively. Therefore, the geometric
relationship between 1y and xj is as follows:

Yo _ Ah h—my (K. —1)

= 7
X0 L’ L’ ( )

where & is the coal seam thickness, m; m, is the immediate roof thickness, m; Ah is the maximum
subsidence of basic roof stratum, m; K. is the residual expansion coefficient; and L’ is the suspension
span of the rock beam, approximated to the periodic weighting step of the fully mechanized caving
mining face, m.

According to the inclusion theory [35], the expression of coal stiffness Gy in the plastic state is:

E

Co = 21+ )&

®)

where E is the elastic modulus of coal, Pa; v is Poisson’s ratio; and & is the influence coefficient, which
is related to the development of fissures in coal.
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Therefore, the distribution range of internal stress field xy can be obtained by combining Equations
(6) to (8):

)

_|12yMLCoL’E(1 +v)
TN TE - ma (K1)

From the geological conditions of the working face, it can be found that L =175 m, h = 2.52 m,
M=874m,m, =0m, E =2.6 GPa,y = 27 kN/m?, and v = 0.29. According to the experimental and
field measurements, the value of K, is 1.10, Cy =45.76 m, L’ = 17.8 m, and & = 0.8. Thus, the range of
internal stress field xg is 7.97 m by parameter substitution in Equation (8), i.e., the breaking distance of
the basic roof is 7.97 m away from the coal at the edge of the goaf.

Due to the fracture of basic roof strata causing severe strata behavior phenomenon, according
to the actual situation, the roadway width should be at least 6 m to meet the requirements of the
transportation equipment. Meanwhile, in order to support the coal pillar and prevent the spontaneous
combustion of coal caused by air leakage, the coal pillar width must be at least 4 m. According to the
empirical formula and theoretical analysis, the distance between the support pressure peak and the
edge of the coal pillar was 3 m to 20 m. Consequently, to avoid the dynamic pressure influence of basic
roof breaking on the roadway, the coal pillar width should be greater than 35 m. Therefore, 35 m coal
pillars are kept on both sides of the working face.

3.2. Design of the Technical Parameters

The super-high-water backfill material is composed of two main ingredients (A mainly contains
bauxite; B mainly contains gypsum) and other additives. These two mixed grouts (the water content
of grout B can exceed 95%) are solidified after half an hour and reach final strength after 60 days.
Meanwhile, many field tests proved that surface subsidence can be effectively controlled [36]. Based
on the geological conditions and analysis above, the critical problem for successful implementation is
finding the optimal design for the layout and support of the roadway, the roadway backfill mining
system, and the filling rate. Citing security concerns, controlling the ground movement under buildings
is the essence of backfill-mining technology. Therefore, the major design criterion under buildings is
that the first SKS does not break.

3.2.1. Layout and Support Design of Roadway

This mining process includes roadway mining and backfilling. Due to the advantages of flexible
and appropriate, an intermittent transportation mode was adopted during roadway mining. This
mode involves a continuous miner, shuttle car, individual roof bolter, anti-explosive diesel scraper, and
continuous haulage, which includes five steps: cutting, loading, transporting, cleaning and mechanical
operation. Similarly, during the backfilling process, two roadways were mined successively in the
first stage, and followed by backfilling within these excavated roadways using the super-high water
material. When the strength of the backfill body becomes stable, and no seepage of the backfill body
occurs in the coal pillar, the next cycle can begin.

Based on the geological conditions, relevant regulations and other factors, the two observation lines
(along the strike and inclination) were set up above the XV2214 working face. The Global Navigation
Satellite System (GNSS) and Real-time kinematic (RTK) method, a method of GPS measurement, was
used for monitoring the surface subsidence, with horizontal accuracy of 3 mm and vertical accuracy
of 5 mm after static state. A schematic diagram indicating the backfilling process and layout of the
observation lines is shown in Figure 3.
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Figure 3. A schematic diagram of the backfilling mining process and the observation station layout.
3.2.2. Support Design of Roadway

Based on the KS theory and geological conditions, the break distance of the first SKS is 36.93 m.
Considering the factors of the buildings, geological conditions and equipment specifications, a scheme
of “mining 6 m, leaving 6 m” is adopted. In order to facilitate the continuous mining machine, the
pillar width is 6 m, and the roadway height is 2.5 m with a width of 6 m.

Due to the continuous mining machine used, the roadway was rectangular, supported by the
roof and cable bolts, but its two sides were not supported. The parameters of the roof bolts are as
follows: 0.1 m in radius by 2 m long with 1 m row spacing. Each row had 3 bolts. The cable was 0.15 m
in diameter and 6.7 m long. The cable row spacing along the center line of the roadway roof is 4 m
(Figure 4a). If the limestone thickness of the roadway roof in the working face is below 0.5 m or the
roof meets the structure, destruction and instability, the roadway shall be strengthened, as shown in
Figure 4b.

Cable prestress 1 10kN
$15mmx6700mm

Prestress 110kN

$20mm>2000mm
Bolt

$20mm>2000mm\ /
Steel striﬁ

(a) (b)

Figure 4. Sketch map of roadway support: (a) roadway support; (b) roadway reinforcement support.

In order to study the roadway deformation, the observation points are arranged in the roadway for
monitoring the convergence of two sides and roof-floor. Five observation stations are arranged in the
same roadway, and the number of observation stations increases with the distance from the opening.
During the excavation of the roadway, observation occurred once a day until the roadway closed.
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3.2.3. Determination of Filling Rate

As a key index of the filling effect, the filling rate is directly related to the quality of surface
subsidence control. Under the same conditions, with a higher filling rate, the larger gob space is
occupied by filling materials and the smaller activity space of rock deformation, then there is a better
control effect. Conversely, the control effect is poor. Therefore, the reasonable filling rate is particularly
important. According to the definition of limited coal height mining, the calculation of the filling rate
is shown as follows in Equation (9):

>1- Ok
= 1.52mbg tan  cos a X 1000

(10)

where 7 is the filling rate; m is the coal seam thickness, 2.5 m; b is the displacement factor, 0.28; g is the
subsidence factor, 0.79; tanp is the tangent of the major influence angle, 2.17; « is the dip angle of the
coal seam, 2°; [¢] is the maximum allowable horizontal deformation of ground structures, 2 mm/m;
and H is the mining depth, 175 m.

Therefore, the filling rate > 80.8%. However, in order to protect the surface buildings better, the
filling rate should be improved as much as possible.

In order to verify the reliability of filling rate and ensure the control effect of backfill mining on
the surface, assuming that the filling rate is 80% when SKS 1 is broken, it can be predicted that the
separation will develop to the bottom of SKS 2 based on the KS theory. According to the Equivalent
Mining Height (EMH) theory, the mining height # = 2.5 X (1 — 80%) = 0.5 m. Meanwhile, it can be
seen from Figure 1 that the strata height controlled by SKS 1 is 39.93 m, assuming that the bulking
coefficient of overlying strata controlled by SKS 1 is 1.002, the separation height under SKS 2 is
hy =0.5-39.93 x 0.002 = 0.42 m. Then, according to the calculation of the above subsidence factor g,
the surface subsidence value is s = 0.42 X 0.79 = 0.33 m. Considering the deformation resistance of the
building itself and the mining experience of other working faces, the buildings are less affected by
mining. Therefore, the filling rate can effectively control the overburden movement, and can achieve
the purpose of protecting surface buildings.

4. Engineering Application

4.1. Pressure Observation in Roadway

Dynamic monitoring was conducted during roadway mining. Processing of the monitoring
data yielded the final curves shown in Figure 5. According to the monitoring data, the maximum
convergence of the two sides and roof-floor reached 83 mm and 55 mm, respectively. The increasing
trend in the later period was lower than that in the early stage due to the existence of a gap in the
backfill body. In the case where the gap was reduced by a certain extent, the displacement of the two
sides and roof-floor reached a stable state. At this time, the backfill body reached close packing, which
can support the overburden strata more effectively.
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Figure 5. Curve results of roadway deformation: (a) convergence of the two sides; (b) convergence
of roof-floor.

4.2. Analysis of Surface Subsidence

The mining of the working face lasted for half a year, and the result of monitoring after three
months of mining ended were taken as the final surface subsidence (Figure 6). Based on the data
analysis and calculation, the accumulated maximum subsidence is 27 mm after roadway backfill
mining. However, the maximum horizontal deformation and surface slope only reach 0.3 mm/m and
0.7 mm/m respectively, lower than the critical value shown in Table 2. From the field observation,
no obvious cracks were found on the surface and buildings after the implementation of roadway
backfill mining. This proves that this mining method can effectively protect surface buildings and the
eco-environment, as do other similar cases [37,38].

Figure 6. Sketch of measured subsidence of observation lines.

Table 2. Allowable surface deformation value for safe use of brick-concrete structural buildings.

Buildings and Its Allowable Deformation Value
Characteristics Horizontal Slope (mm-m-1) Surface Curvature
Deformation (mm-m1) P (10-3-m™1)
Brick-concrete structural 20 30 02

buildings
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5. Conclusions

As the exhaustion of coal resources in coalmines continues, “under-three” mining has long
exhibited crucial issues that need to be further and continuously addressed, especially under surface
buildings. Based on the KS theory, the design and implementation of roadway backfill mining with a
super-high-water material was carried out under surface buildings. The conclusions are as follows:

(1)  According to the control principle and theoretical calculation, an engineering design was
established, including the width of coal pillars in the working face, layout and supporting
parameters of the roadway, and the filling rate.

(2) According to the measured data of the underground roadway, the combination of roof bolts and
cable bolts can effectively suppress roadway deformation, and ensure safe production at the
working face. Meanwhile, the deformation decreases with the distance from the opening in the
same roadway.

(3) By usingthe roadway backfill mining method with a super-high-water material, the ground surface
subsidence has been effectively reduced, and surface buildings and the ecological environment
well protected. Meanwhile, the recovery ratio of coal resources has also been improved. Moreover,
this approach provides a reference for the extraction of coal resources under similar conditions
and is vital for the sustainable development of the mining industry and economic growth.
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