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Abstract: Backfill mining is an effective measure to control surface subsidence and restrain floor water
inrush. It is an essential part of green mining technology. To solve the problem of confined water
in mines under buildings, this study was carried out by combining theoretical analysis, laboratory
simulation, and numerical simulation, taking the Liangbei coal mine as the research area. The coal
seam floor failure characteristics of traditional longwall caving and paste filling mining methods were
compared and analyzed. Based on the relevant mining theory, the key parameters, such as mining
thickness and filling rate under the critical state of water inrush, were obtained. Then, the feasibility
of backfill mining was expounded, and the surface subsidence of paste backfill mining was predicted
and measured on site. The results demonstrated that the longwall caving mining method not only
had the risk of water inrush, but also the possibility of step cracks at the surface, with the potential
to result in serious damage to buildings. However, the backfill mining method reduced the floor
damage depth of the coal seam from 12 m to 7 m, which reduced the water inrush coefficient by 12%,
the maximum vertical concentrated stress by 42.1%, and the displacement subsidence value by 78.8%.
These parameters correlated negatively with backfill strength. Meanwhile, the maximum subsidence,
maximum inclined deformation, and horizontal displacement deformation were estimated as 730 mm,
2.5 mm/m, and 1.1 mm/m, respectively, consistent with the measured values (608 mm, 2.1 mm/m,
and 0.9 mm/m, respectively). More relevantly, there were no obvious cracks found in the surface
buildings, ensuring the safety of mining above confined water on the working face, and realizing the
effective protection of surface buildings.

Keywords: paste backfill; floor damage; confined water; surface subsidence

1. Introduction

Coal mining under buildings in areas of confined water can induce damage to the
overlying strata and floor of the working face of the coal mine, dilapidate the surface
buildings (structures), and encourage water inrush from the floor [1–4]. The influence of
the longwall caving mining method on surface buildings and confined water is related
to coal seam mining depth, mining thickness, overburden lithology, and working face
advancing speed. Although the mining depth of the Liangbei mine is deep, the coal seam
is thick, and the mining depth is not enough to eliminate impact on the surface. Such a
scenario threatens safe mining, worsens the relationship between industry and agriculture
in mining areas, and degrades the surface ecological environment [5,6]. Therefore, it
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is imperative to control surface subsidence and prevent floor water inrush by adopting
reasonable mining technological measures from the source. The filling mining method aims
to fill the goal area in time before the roof collapses, maintaining stability with the filling
body as the bearing support body. Only the plastic zone of the coal wall in front of the
working face and the top control area can have slight subsidence, which is an important part
of the green mining technology of coal mines [7]. This mainly includes paste filling [8,9],
solid filling [10,11], ultra-high water filling [12,13], etc.

Using paste filling mining methods, Doherty et al. [14] presented in stope measure-
ments of total stress and pore–water pressure at strategic locations within three under-
ground stopes at the Raleigh mine site (Western Australia), filled with cemented paste
backfill. Behera et al. [15] provided a critical review on industrial wastes’ utilization for
backfilling underground mine voids. Elsewhere, Jafari et al. [16,17] studied the properties
and behavior of cemented paste backfill for different cement contents and specimen curing
times. Based on the theory of beams on elastic foundation, Chang et al. [18] set up a filling
mining roof rock mechanical model. Using differential equations and the FLAC3D numeri-
cal calculation model, they analyzed the main impact factor of filling mining roof strata.
The failure law and evolution characteristics of the backfill mining floor were studied.
The backfill mining floor’s failure range and water inrush were predicted, revealing the
mechanical mechanism of the backfill mining floor failure control. Fall et al. [19] studied the
hydraulic conductivity of the cemented paste backfill and developed a model for predicting
its evolution over time. In another study, Chen et al. [20] studied the influence of chlorine
on the strength of coal gangue-cemented paste backfill by a uniaxial compression test. The
water inrush from mining floors above confined water increases annually. Therefore, it is
desirable to study the stress evolution law of floor rock mass and failure characteristics in
stopes [4,21,22].

Wu [23] established a prediction model of water inrush based on GIS and a hierarchical
analytical process. Zhu [24] studied the bottom plate’s stress distribution and failure
characteristics based on the support pressure distribution of the working face, whereas Yin
et al. [25] elucidated the mechanism of water inrush in an Ordovician limestone aquifer.
The authors proposed a corresponding risk assessment equation. Song et al. [26] researched
the mechanism inducing groundwater outbursts through floor faults using analytical and
numerical simulation methods. Moreover, Zhang et al. [27] studied the hydrogeological
conditions of coal mines and the potential water inrush disaster from aquifers under the
coal seam, proposing a water inrush mechanism. Feng [28] used a pressure water bag to
simulate confined water in a simulation test, and analyzed the deformation and failure
characteristics of the coal floor.

Presently, many studies on floor failure mechanisms and coal mining under build-
ings are available. However, few studies on coal mining exist under complex conditions
concerning confined water under buildings.

Taking the working face 32,021 of Liangbei coal mine as a case study, this paper
compares and analyzes the roof and floor failure laws and water intrusion risks of the
longwall caving and paste filling methods, with specific reference to coal seam mining
under complex conditions.

2. Engineering Background

The working face 32,021 of Liangbei coal mine has a strike length, inclination length,
and average mining depth of about 900, 200, and 500 m, respectively. The coal seam
structure is simple, with an average thickness of 6 m, and an inclination angle of 3.5◦~11◦

(mean = 7◦). The mining reserves are about 2.07 million tons. The coal seam floor is siltstone
with a thickness of 7 m and a total thickness of 60 m from the aquifer and the pressure of
the floor is about 5 MPa. Figure 1 shows the columnar diagram of some overlying rocks.
The surfaces of the two villages predominantly comprise brick and concrete structures. The
relative position between the working face and the village and the position of borehole
01721 are shown in Figure 2.
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Figure 1. Column of some rock strata in the drilling face.

Figure 2. Schematic diagram of the working face location.

The mining near the working face of Liangbei mine affects the surface buildings, which
are possibly threatened by the confined water. Therefore, we studied the failure depth of
the roof and floor and the failure law of the surrounding rock of working face 32,021 in
32 mining areas.

3. Failure Analysis of Floor Water Inrush and Surrounding Rock by the Longwall
Caving Method
3.1. Theoretical Analysis of the Failure of the Floor and Surrounding Rock by the Longwall
Caving Method

The stress distribution of the surrounding rock is shown in Figure 3, and the equilib-
rium state stress model (Figure 4) was established based on this.
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Figure 3. Boundary model diagram of surrounding rock stress and plastic zone.

Figure 4. The equilibrium stress model. M, The cell cube. m, Thickness of coal seam. Cm, Cohesion of
rock mass.

aa’b(I), Active limit region. abc(II),Transition region. acd(III)Passive limit region.
r, The distance from a to bc, m. θ, The included angle between r and ab, ◦.
ϕ0, Angle of friction in floor strata, ◦. e, Maximum depth point of floor failure.
h1, Maximum failure height of floor, m. L1, Horizontal distance between the maximum
failure height of bottom plate and the end of working face, m. L2, Maximum length of
floor rock mass failure zone along horizontal direction, m. γ, Mean volumetric forces of
overlying strata.
H, The depth of a cell from the surface, m. m, n, Stress coefficient. xa, Plastic zone width, m.

In Figure 3, the plastic failure of the floor is divided into three parts: main bearing
zone (I), transition zone (II), and plastic swept zone (III). The area enclosed by triangle acd
is the passive limit area, corresponding to the upper goaf. The internal friction angle of
floor rock mass is denoted as ϕ0. The cd and a’e lines are boundaries of the slip fracture
surface at an angle of (45 − ϕ0/2) to the coal seam floor. When the floor stress of the
working face exceeds its maximum bearing capacity, the overburden experiences plastic
deformation, resulting in floor heave and other phenomena, represented as the abcd area in
Figure 3. However, a slip surface can be easily formed at the plastic zone boundary (abd
line), leading to confined water entering the working face through the fracture zone of the
slip surface, threatening the safety of the working face. The strata stress outside area III
gradually balances. The abcd line is composed of irregular curves, where lines ab and cd are
linear, and line bc is a logarithmic spiral line. The boundary radius r can be expressed as:

r = r0eθ tan ϕ0 (1)

where ϕ0 is the friction angle, r0 is the radius of curvature, and θ is the included angle
between r and r0. By analyzing the geometric dimension relationship, the plastic range of
the surrounding rock can be obtained as follows:

In ∆aba’ and ∆aef,
ab = r0 = xa/2cos(

π

4
+

ϕ0

2

)
(2)
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h = r0eθ tan ϕ0cos(θ +
ϕ0

2
− π

4

)
(3)

θ = π
4 + ϕ0

2 follows from dh
dθ = 0.

Therefore, the maximum depth h1 of the floor failure zone is:

h = r0eθ tan ϕ0cos(θ +
ϕ0

2
− π

4

)
(4)

The horizontal distance l1 from the maximum failure depth of the floor surrounding
rock to the working surface, and maximum failure length l2 in the plastic zone of the
surrounding rock are:

h = r0eθ tan ϕ0cos(θ +
ϕ0

2
− π

4

)
(5)

l2 = xatan(
π

2
+

ϕ0

4

)
e

π
2 tan ϕ0 (6)

To calculate the failure range of the surrounding rock, it is necessary to calculate the
width of plastic zone xα caused by advanced support stress during coal mining. As shown
in Figure 4, M of the unit width is arbitrarily taken as the differential element body. When
in stress balance, the resultant force along the horizontal direction is 0, obtained as:

l2 = xatan(
π

2
+

ϕ0

4

)
e

π
2 tan ϕ0 (7)

Through the limit equilibrium condition and the Mohr–Coulomb criterion,

2(Cm + 2σz tan ϕ0)dx + σxm
−
(

σx +
dσx
dx

)
m = 0

(8)

The stress balance conditions of coal seam should meet the following condition:

σz + Cm cot ϕ0

σx + Cm cot ϕ0
=

1 + sinϕ0

1− sinϕ0
m = k1 (9)

By solving the differential equation, the boundary condition is x = 0, σx = 0. Hence,
we obtained [18]:

σz = k1Cm cot ϕ0e
2k1x tan ϕ0

m − Cm cot ϕ0 (10)

The maximum stress of the coal seam was σz = nγH, and its plastic zone width xα

could be obtained from Equation (10):

xa =
m

2k1 tan ϕ0
ln

nγH + Cm cot ϕ0

k1Cm cot ϕ0
(11)

where γ is the average bulk density of the rock mass (25,000 KN/m3), H is the average
buried depth (500 m), ϕ0 is the friction coal seam angle (25◦), Cm is the cohesion of coal
seam (0.6 MPa), and n is the stress concentration coefficient (4).

According to Equations (4) and (11), the width of the plastic zone of the coal body
xa is 7.3 m. The maximum failure depth of the coal floor h1 is 16 m when mined using
the longwall caving method. Equation (12) provides the formula for the water inrush
coefficient stipulated in coal mine water prevention and control:

T =
P

hD − h1
(12)

where T is the water inrush coefficient, MPa/m, P is the head pressure of aquifer (5 MPa),
hD is the distance between the upper boundary of the aquifer and coal seam floor (60 m),
and h1 is the failure depth of the coal floor (16 m).
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According to Equation (12), the water inrush coefficient T of the longwall caving
mining coal floor is 0.114 MPa/m, and the regional limit of water inrush coefficient Ts is
0.1 MPa/m when T > Ts. This indicates that adopting the longwall caving mining method
endangers the working face with water inrush.

3.2. Numerical Simulation of Floor and Surrounding Rock Failure by Longwall Caving Method

The 32,021 working face of the Liangbei coal mine is subject to pressure mining and
situated on confined water. Therefore, finite difference FlAC3D numerical simulation
software was used to simulate the mining deformation of rock mass for the 2-1# coal floor,
and analyze whether the roof and floor broke the rules. The finite difference method starts
from the constitutive relation of rock mass; therefore, the yield criterion, flow law and
stress, strain, and deformation failure of the floor rock mass in the dynamic mining process
can be obtained by time step. The deformation and failure range of the coal floor can be
simulated. According to the research purpose, the model can simulate longwall caving
mining and paste filling mining accordingly.

The rock strata parameters in the model refer to the engineering geological data of
drilling hole 01721 in mining area 32, and the mechanical test results of the rock core. The 2-
1# coal is a mined coal seam with a thickness of 6 m. The direct roof is sandy mudstone and
the direct floor is siltstone. Based on the geological conditions of the study area, the model
parameters were as follows. The strike length of the model was set as 850 m. According to
the full mining conditions of the working face, the advancing distance of the working face
was 700 m, and 75 m mining boundaries were set outside the mining range. The inclined
length was 380 m, the inclined advance distance was 230 m, and 75 m boundaries were
also set outside the mining range. The design model was 250 m high, 100 m below the coal
seam floor, 6m thick, and 144 m above the roof. Uniformly distributed load was applied to
the overburden, and the volume force was taken as 25 kN/m3. The applied uniform load
was 7.075 MPa, Therefore, the design model size (length × width × height) was 850 m ×
380 m × 250 m. To simulate the caving mining method, the mining length was 700 m, and
a coal thickness of 6 m was mined at one time. To determine the displacement subsidence
value, stress distribution and plastic zone width of the roof in the caving method mining,
the monitoring point was 20 m away from the coal seam roof. The numerical simulation
model diagram is shown in Figure 5.

Figure 5. Numerical calculation model diagram.

According to the regional rock conditions, the rock parameters in the model are shown
in Table 1.
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Table 1. Rock physical parameters of the numerical simulation.

Stratum Thickness
(m)

Density
(kg/m3)

Bulk
Modulus

(GPa)

Shear
Modulus

(GPa)

Cohesive
Force
(MPa)

Frictional
Angle

(◦)

Tensile
Strength

(MPa)

Siltstone 4 2600 1.56 0.39 2.35 32.1 3.9
Mudstone 30 2600 3.1 0.9 2.5 40 4.2
Siltstone 11 2600 1.56 0.39 2.35 32.1 3.9

Sandy
mudstone 11 2500 0.9 0.31 1.8 33 2.92

Siltstone 6 2600 1.56 0.39 2.35 32.1 3.9
Sandy

mudstone 8 2500 0.9 0.31 1.8 33 2.92

Post stone 11 2600 1.52 0.3 2.3 35.1 2.92
Sandy

mudstone 5 2500 0.9 0.31 1.8 33 2.92

Siltstone 18 2600 1.56 0.39 2.35 32.1 3.9
Sandy

mudstone 3 2500 0.9 0.31 1.8 33 2.92

medium
sandstone 31 2600 1.55 0.35 2.35 34 3.4

Sandy
mudstone 6 2500 0.9 0.31 1.8 33 2.92

2-1#coal 6 1500 1.5 0.4 2 15 0.8
Siltstone 7 2600 1.56 0.39 2.35 32.1 3.9

Mudstone 2 2600 3.1 0.9 2.5 40 4.2
Post stone 3 2600 1.52 0.3 2.3 35.1 2.92
Medium

sandstone 13 2600 1.55 0.35 2.35 34 3.4

Mudstone 24 2600 3.1 0.9 2.5 40 4.2
Siltstone 11 2600 1.56 0.39 2.35 32.1 3.9

Limestone 40 2720 3.22 1.12 2.56 33 4.16

With the advance in the long wall caving face, the subsidence value of the rock stratum
increased gradually. The variation in the displacement subsidence of the roof with the
advance distance is shown in Figure 6. The maximum displacement and subsidence of the
caving mining method was 3.02 m, and the mining influence spread to the upper boundary
of the model. The cloud diagram of displacement change is shown in Figure 7.

Figure 6. Displacement curve of different mining distances in caving mining.
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Figure 7. Displacement cloud map of different mining distances in caving mining.

The stress above the working face will be released with the advance in the working
area and the working face. When the overburden is far away from the working face, the
stress value decreases gradually, and the stress cloud diagram is symmetrically distributed
in a “butterfly shape”. The axis of symmetry is roughly the middle of the working face.
The distribution of the roof stress of the working face with advancing distance is shown in
Figure 8. There was stress concentration on the coal wall, behind the front of the working
face, and the peak value of vertical stress was 21.6 MPa at the end of mining. After coal
mining, the overburden weight of the goaf roof was transferred to the coal body in front of
the working face, resulting in an increased pressure area of the floor rock mass under the
coal wall. As mining advanced, the overburden stress gradually recovered to the original
rock stress level. The vertical stress nephogram around the working face during caving
mining is shown in Figure 9.

Figure 8. Vertical stress curve of different mining distances in caving mining.
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Figure 9. Vertical stress cloud map of different mining distances in caving mining.

The original rock equilibrium state was destroyed with the mining of the working
face, and the rock stratum produces damaging movement. Under the mining conditions
of caving mining, the surrounding rock is seriously damaged, and the range of the plastic
zone gradually increases with the advance in the working face. When the working face
advances to 300 m, the damage depth of the bottom plate reaches 12 m, and the damage
of the overlying rock stratum becomes serious. The distribution of the plastic zone in the
caving mining method is shown in Figure 10. The failure range in front of the working face
was 15 m, calculated by Formula (12), and the water inrush coefficient was 0.104. At this
time, when T > Ts, the working face is in danger of water inrush, and the correctness of the
theoretical calculation can be verified. The damage range of the plastic zone was extended
to the upper boundary of the model (90 m away from the coal seam). If effective measures
are not taken, the coal seam mining will pose a threat to the ground buildings (structures).
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Figure 10. Nephogram of plastic zone change at different mining distances in caving mining.

3.3. Longwall Caving Method Physical Simulation

Combined with the geological conditions of the working face, the size of the model
test bench was 4 m × 0.3 m × 2 m, simulated to the surface. The model material included
sand (as aggregate), calcium carbonate, and gypsum (as cementing materials).

(1) Model geometric similarity coefficient (geometric similarity ratio)

The geometric similarity coefficient is:

αL = Lm/Lp = 1/300

where Lm is the model size and Lp is the prototype size.

(2) Time similarity coefficient (time similarity ratio)

The time similarity coefficient is:

αt = tm/tp =
√

αL =
√

1/300 = 0.058

where Tm is the model process time and TP is the prototype process time.

(3) Unit weight similarity coefficient (unit weight similarity ratio)

The similarity coefficient of bulk density is:

αt = γm/γp = 0.6

where γm is the model bulk density, taken as 1.5 × 104 N/m3, and γP is the prototype bulk
density, taken as 2.5 × 104 N/m3.

(4) Similarity coefficient of other mechanical parameters (similarity ratio of other mechan-
ical parameters)
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The similarity coefficients of the other mechanical parameters are:

Strength ratio: ασ = σm
σp

= γm×Lm
γp×Lp

= αγ × αL = 0.002.

External force ratio: αp = αγ × α3
L = 2× 10−8

Elastic modulus ratio: αE = αγ × αL = 0.002
Poisson’s ratio: αµ = 1

The model’s geometric similarity ratio was 1:300; the time similarity ratio was 1:17; the
bulk density similarity ratio was 3:5; Poisson’s ratio and internal friction angle similarity
ratio was 1; strength and elastic modulus similarity ratio was 1:500; and external force
similarity ratio was 2 × 10−8. In addition, the migration of overlying rock and surface
during coal mining was observed by digital close-range photography. In order to observe
the surface cracks and subsidence, a similar material simulation model reached the surface.
The thickness and mechanical parameters of the rock strata are shown in Table 2.

Table 2. Similar simulation material ratio and model mechanical parameters.

Stratum Thickness
(m)

Density
(kg/m3)

Bulk Modulus
(GPa)

Shear Modulus
(GPa)

Cohesive Force
(MPa)

Frictional Angle
(◦)

Tensile Strength
(MPa)

The clay 117 2500 1.51 0.33 1.78 32.5 3.3
Mudstone 7 2600 3.1 0.9 2.5 40 4.2
Post stone 17 2600 1.52 0.3 2.3 35.1 2.92
Mudstone 9 2600 3.1 0.9 2.5 40 4.2

Sandy mudstone 24 2500 0.9 0.31 1.8 33 2.92
Siltstone 7 2600 1.56 0.39 2.35 32.1 3.9

Sandy mudstone 27 2500 0.9 0.31 1.8 33 2.92
Medium

sandstone 10 2600 1.55 0.35 2.35 34 3.4

Sandy mudstone 24 2500 0.9 0.31 1.8 33 2.92
Medium

sandstone 8 2600 1.55 0.35 2.35 34 3.4

Siltstone 8 2600 1.56 0.39 2.35 32.1 3.9
Medium

sandstone 6 2600 1.55 0.35 2.35 34 3.4

Sandy mudstone 30 2500 0.9 0.31 1.8 33 2.92
Siltstone 4 2600 1.56 0.39 2.35 32.1 3.9
Medium

sandstone 4 2600 1.55 0.35 2.35 34 3.4

Sandy mudstone 10 2500 0.9 0.31 1.8 33 2.92
Siltstone 5 2600 1.56 0.39 2.35 32.1 3.9

Mudstone 30 2600 3.1 0.9 2.5 40 4.2
Siltstone 11 2600 1.56 0.39 2.35 32.1 3.9

Sandy mudstone 11 2500 0.9 0.31 1.8 33 2.92
Siltstone 6 2600 1.56 0.39 2.35 32.1 3.9

Sandy mudstone 8 2500 0.9 0.31 1.8 33 2.92
Post stone 11 2600 1.52 0.3 2.3 35.1 2.92

Sandy mudstone 5 2500 0.9 0.31 1.8 33 2.92
Siltstone 18 2600 1.56 0.39 2.35 32.1 3.9

Sandy mudstone 3 2500 0.9 0.31 1.8 33 2.92
Medium

sandstone 31 2600 1.55 0.35 2.35 34 3.4

Sandy mudstone 6 2500 0.9 0.31 1.8 33 2.92
2-1#coal 6 1500 1.5 0.4 2 15 0.8
Siltstone 7 2600 1.56 0.39 2.35 32.1 3.9

The model was excavated at intervals of 30 min, and each step was 15 cm. The mining
sequence moved from right to left for full height mining; a 300 m (100 cm) coal pillar was on
the left. To better understand the actual coal seam overburden failure, the actual prototype
values are described.

When mining reached 105, 165, 240, 315, and 390 m (Figure 11), the coal seam roof
appeared periodically, and the periodic weighting interval was 45, 60, 75, 75, and 75 m,
respectively. When mining to 150 m, the ground fissure 1 appeared at 180 m of the advanced
working face, while the surface stepped fissure appeared with a displacement distance of
0.9 cm. When mining at 390 m, it was connected with the fracture zone of the working
face, and the displacement distance of the site surface stepped fissure was 2.6 m, consistent
with the model. At 420 m, ground crack 2 appeared 90 m ahead of the working face.
Furthermore, ground fracture 3 appeared 135 m ahead of the working face when mining at
540 m. The fracture was connected with the fracture zone of the working face when mining
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at 780 m, and the evolution law similar to that of ground fracture 1 appeared. At 720 m,
ground crack 4 appeared 144 m ahead of the working face. For ground fissure 1, ground
fissure 2, and the goaf direction fissure, the separation tended to be close.

Figure 11. Fracture evolution diagram of overburden and surface physical simulation experiment.

Longwall caving mining results in overburden cracks, separated strata, and surface
cracks. The surface cracks were connected with overburden separated strata and cracks,
and a step crack with a drop of 0.5 m appeared on the surface cracks. There were close to
32,051 working faces at the surface crack with consistent gaps of 0.46 m steps, showing that
the mining working face affected the surface buildings (Figure 12).

Figure 12. Comparison of field and model stepped fracture.

4. Analysis of Water Inrush Safety and Surrounding Rock Failure of the
Backfill Method
4.1. Theoretical Analysis of the Failure of the Backfill Floor and Surrounding Rock

When considering the influence of water inrush on the working face, we found that
filling mining effectively prevents water inrush. After filling mining, water inrush and the
safety of the working face were analyzed.

The floor failure range of the paste filling working face was calculated by equivalent
mining height, i.e., the filling mining thickness was converted to the equivalent mining
thickness of the longwall caving method. According to the calculation method of longwall
caving mining, the failure degree of the floor surrounding the rock during the mining of the
working face was analyzed. The surface subsidence generated after the strata movement
was stabilized. It consisted of five parts: the amount of roof and floor movement; the
amount of underfilling; the deformation of the filling body; the amount of roof and floor
rock compression; and the remaining floating coal compression of the floor. The theoretical
mining height model of equivalent mining thickness is shown in Figure 13.
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Figure 13. Equivalent mining height model diagram of paste filling.

Equivalent mining height, corresponding to paste filling mining, is expressed as follows:

md = δ + ∆ + S (13)

where δ is the amount of roof and floor movement (120 mm), S is the amount of filling body
deformation, the compression rate is 1%, and ∆ is the amount of filling under connection
(not considered in this study).

Through formula combination, we obtained the following expression:

A = cos ϕ0/ cos(
π

4
+

ϕ0

2

)
e(

π
4 +

ϕ0
2 ) tanϕ0 · 1

k1 tan ϕ
ln

nγH + Cm cot ϕ

k1Cm cot ϕ

The relationship between filling rate η and water inrush coefficient T can be obtained
through Equation (14):

η =
P/T − HD

mA
+ 1 (14)

where m is mining thickness (6 m), A = 2.7 (after calculation), HD is the waterproof layer
thickness (60 m), and Ts is the regional limit water inrush coefficient (0.1 MPa/m).

According to Equation (14), the filling rate η ≥ 36.7%, the critical mining thickness of
coal seam of water inrush was 3.8 m (i.e., the maximum equivalent mining thickness of the
coal seam was 3.8 m), and the minimum thickness of the backfill was 2.2 m.

4.2. Numerical Simulation of the Failure of Backfill Floor and Surrounding Rock

The strength of the filling body determines the filling effect and cost, and it is a crucial
parameter to guarantee the safe mining of the working face. Based on the physical tests of
rock and backfill strength in 32 mining areas, the failure law of the surrounding rock of
the filling mining method was numerically simulated and analyzed. In the simulation, a
backfilling interval of 20 m was adopted, and the backfilling was performed step wise. We
simulated the failure law of the surrounding rock under different strengths of 3 MPa and
4 MPa, respectively.

When the strength of the filling body was 3 MPa, filling mining still had the same
characteristics as caving mining. As shown in Figure 14b, when the advancing distance
was 300 m, the maximum displacement settlement value of overburden was 55.6 mm,
and the caving mining method in the same advancing section was 91.9 mm. Compared
with the caving method, it was reduced by 39%. When the advancing distance was 700 m,
the maximum displacement settlement value of overburden was 64 mm, and the caving
mining method in the same advancing degree was 302.2 mm. Compared with the caving
method, it was reduced by 78.8%. As shown in Figures 14a and 15, the displacement
subsidence value of the 4 MPa overburden was lower than that of 3 MPa. The strength
between 3 MPa and 4 MPa had little effect on the displacement and settlement. The
displacement nephogram and displacement curve under different filling strengths are
shown in Figure 15 (due to limitations on space, the relevant pictures depicting 4 MPa
strength are not displayed separately).
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Figure 14. Displacement curve under different conditions. (a) Displacement curve of different filling
strengths, (b) Comparison of displacement curves between the caving method and the filling method.

Figure 15. Displacement cloud map of different mining distances in filling mining.

Paste filling mining was adopted. With the advance in the working face, the stress
of the coal wall behind the working face was released due to the existence of the filling
body, and therefore it became a low-stress area. As shown in Figures 16a and 17, the small
stress in front of the working face was concentrated in the next filling step, so that the stress
was released. In this cycle, there was no stress concentration for the whole mining process
of the working face, and the maximum vertical stress in front of the working face was
12.5 MPa, as shown in Figure 16b. Under the same conditions, the maximum vertical stress
of the caving mining method was 21.6 MPa. Compared with caving mining, the filling
body effectively reduced the overload stress and transferred stress concentration. During
the filling mining method, the goaf was filled with filling materials, and the filling body
occupied the goaf. After full compaction, the filling material restored the bearing capacity,
limited the roof subsidence, effectively controls the movement of the overlying strata, and
reduced the surface subsidence [29]. The overburden displacement, subsidence and stress
of the 4 MPa strength backfill were slightly lower than that of the 3 MPa backfill, but this
was not significant.
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Figure 16. Vertical stress curve under different conditions. (a) Vertical stress curve of different filling
strengths, (b) Comparison of vertical stress curves between the caving method and the filling method.

Figure 17. Vertical stress of coal seam floor monitoring line with different backfill strengths.

The failure range of the surrounding rock in the backfill mining method was smaller
than that of the longwall caving method. The observed failure distribution of the plastic
zone in the surrounding rock after mining with the 3 MPa filling bodies is shown in
Figure 18. When the backfill strength was 3 MPa, the floor failure depth and the failure
range in front of the working face were 7 m and 10 m. When the strength of the filling
body was too high, the filling cost was higher. Therefore, the strength of the filling body in
mining area 32 of Liangbei mine was 3 MPa, while the effective waterproof layer thickness
was 53 m. The water inrush coefficient T was 0.094 MPa less than Ts, ensuring the safe
mining of the working face.
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Figure 18. Nephogram of plastic zone change at different mining distances in filling mining.

5. Engineering Case Analysis

According to the paste filling experience, the filling rate is usually 80%. Therefore,
the filling rate of this working face was calculated as 80%, and the equivalent mining
thickness was 1.2 m. Based on the comprehensive analysis of the data from the mine surface
movement observation station, the surface movement parameters of the paste filling mining
method were as follows: subsidence factor q = 0.18; tangent of major influence angle tan
β = 2; angle of maximum θ = 87.3◦; displacement factor b = 0.29.

Table 3 and Figure 19 show that the predicted maximum subsidence value, maximum
inclined deformation value, and maximum horizontal deformation value of the surface
after the filling mining of the working face were consistent with the measured values.
All the values were within the allowable surface deformation values of brick–concrete
structures and followed the guidelines for coal pillar retention and the coal pressing mining
of buildings, water bodies, railways, main shafts, and roadways. This indicates that
past backfilling mining guaranteed the safe mining of working face and protected the
surface buildings.

Table 3. Surface subsidence values.

Maximum
Subsidence Value

(mm)

Maximum Dip
Deformation

(mm/m)

Maximum
Horizontal

Deformation
(mm/m)

Predicted value 730 2.5 1.1
Measured value 608 2.1 0.9

Figure 19. Predicted and measured curves of surface subsidence.
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6. Conclusions

The paste backfilling technology proposed in this paper is of great practical significance
for mining coal in areas where there is confined water under surface buildings. The method
for determining the filling rate and filling strength can control floor water and protect
surface buildings with greater efficacy than traditional methods. Our specific conclusions
are as follows:

(1) The characteristics of floor water inrush at the working face 32,021 of the Liangbei
coal mine were studied under different caving and filling methods. The water inrush
coefficient of the caving method was greater than the regional critical water inrush
coefficient, which is dangerous for water inrush. In contrast, the filling method
coefficient was less than the critical water inrush coefficient. The relationship between
the water inrush coefficient and the filling rate was established. The floor’s failure
depth and the water inrush coefficient of the filling method were significantly reduced,
compared with the longwall caving method. Thereby, this can ensure the safe mining
of the working face. The minimum filling rate to ensure the safe mining of the working
face was given;

(2) The longwall caving mining method had the risk of water inrush. Many strata and
cracks appeared in the roof of the working face. During working face propulsion,
stepped dislocation connected with fracture zone advancement occurs, which influ-
ences the surface. Under the conditions of filling mining, the failure depth of the
working face floor, the width of the plastic zone, the displacement subsidence value of
the overburden, and the vertical stress values were greater. Moreover, the wall caving
mining was significantly reduced, which was negatively correlated with the strength
of the filling body. Backfill effectively reduced overburden stress and transferred stress
concentration. Through comparative analysis, it was determined that the strength of
the filling body was 3 MPa;

(3) The maximum values of horizontal deformation, tilt deformation, and subsidence
were 1.1 mm/m, 2.5 mm/m, and 730 m, respectively. These values were within the
allowable deformation range of the building and were consistent with the measured
results from the surface; therefore, these can be used to protect surface buildings.
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