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Abstract: During strip backfilling mining in coal mines, the backfilling material is the main support
structure. Therefore, studying the pressure law of the backfilling material is essential for the safe
and efficient mining of coal resources. Based on research into strip backfilling mining at working
face number 3216 of the Shanghe Coal Mine, and to smooth transition of overlying strata loads to
the backfilling material, this study proposes a three-stage strip backfilling mining method. Based on
thin-plate theory, an elastic thin-plate model, a reasonable spacing of strip mining is constructed,
and the reasonable mining parameters of “mining 7 m to retain 8 m” at working face number 3216
of the Shanghe Coal Mine are determined. The law of backfilling pressure in three-stage strip
backfilling mining is studied through numerical simulation and physical simulation experiments.
The results show that field measurement results are basically consistent with the experimental results
and numerical simulation results. When three-stage strip backfilling mining is adopted, the stage-one
backfilling material is the main bearing body to which the overlying rock load transfers smoothly and
gradually, and the structure of the “overburden-coal pillar (or backfilling strip)” in the stope remains
stable. In three-stage strip backfilling mining, the overlying rock load is ultimately transferred to the
stage-one backfilling material, the stage-two backfilling material is the auxiliary bearing body, and the
stage-three backfilling material mainly provides long-term stable lateral support for the stage-one
backfilling material.

Keywords: strip backfilling mining; thin-plate theory; backfilling material; numerical simulation;
pressure in the backfilling material

1. Introduction

The ecological environment in the northern Shaanxi province of China is fragile, and it belongs
to the area of “coal mining with water conservation”. Room and pillar mining (RPM), which is a
simple mining method that involves less mining investment, was once a widely used mining technique
for small and medium-sized coal mines in the northern Shaanxi province of China [1]. However,
long-term creep of the remaining pillars in RPM is liable to cause large-scale instability of the bearing
structure of overburden-pillar groups, resulting in a series of problems, such as tremors and surface
subsidence [2-5]. At the same time, the recovery rate of the room pillar mining method is low.
Strip backfilling mining (SBM) is superior to RPM in terms of recovery rate, surface subsidence control,
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and safe production [6-11]. SBM can be implemented to protect aquifers and reduce surface subsidence
effectively as soil and water loss are serious in the mining area of the northern Shaanxi province;
this would also help realize coal mining with water conservation [12-15]. The SBM technology is, thus,
a potential solution to the above challenges.

In recent years, research on strip backfilling mining of small and medium-sized mines in China’s
northern Shaanxi province has been gradually increasing [16-21]. Several scholars have studied the
stability of coal pillars and overburden in SBM [22-25]. Zhang et al., among others, put forward
the concept of green mining technology for “mining, selecting, and filling + X" in coal mines [26],
which provided strong technical support for the so-called green coal mining. Chang et al. established
a mechanical model of the roof rock beam, clarified the mechanics mechanism of controlling strata
movement by backfilling mining, and provided the strata stability criterion [27]. Kostecki et al. used a
numerical simulation to analyze the influence of backfilling on coal pillar strength and bearing capacity
under the condition of a weak floor [28]. Xu et al. identified that SBM is an effective mining method to
protect surface subsidence [29]. Zhang et al. proposed a method to control the formation and surface by
using solid waste backfilling mining and discussed the future development of backfilling mining [30].
Abdelhadi evaluated mining waste and tailings through a paste backfill goaf program [31]. Sun et al.
analyzed the law of rock pressure in stope under different backfilling rates by means of mechanical
and numerical simulations, which provided theoretical guidance for safe and rapid production of
backfilling coal mining [32]. Peng et al. analyzed the influence of silicates on the rheological properties
of filler slurry [33]. Jiang et al. established the mechanics model of sub-key strata and studied the
rock burst of deep strip mining [34]. Yu et al. derived simplified formulas and a methodology
for stress calculations with consideration given to mine size effects and reduced the waste of coal
resources from the overestimation of pillar stress [35]. Sada Haruna et al. studied the characteristics of
cement fillers with a high-efficiency water reducer [36]. Yin et al. proposed a long-distance backfilling
technology with a scraper winch for a steep coal seam and shortened incline length of the working
face; they obtained a higher backfilling ratio [37].

Although some scholars have studied the stability of overlying strata and strip pillars (along
with the related characteristics of backfilling material [38]), research on the pressure bearing law
of backfilling materials (BM) remains limited [39-42]. Therefore, considering the Shanghe Coal
Mine as the engineering background, this study proposes a three-stage SBM method, and the elastic
thin-plate model is used to calculate the reasonable mining parameters. The objective of this study is
to investigate the pressure-bearing law of BM in the Shanghe Coal Mine under three-stage SBM by
using a combination of physical and numerical simulation experiments and comparing results with
the field measurement results. The study provides guidance toward further understanding of the
pressure-bearing law of BM in the process of coal pillar replacement and recovery and the selection of
BM strength in different mining stages.

2. Experimental and Numerical Simulation Methods

2.1. Engineering Background

The Shanghe Coal Mine is located in the Yuyang District in Yulin City. It has a designed production
capacity of 0.45 Mt/y and a mine area of approximately 2.97 km2. Currently, the mine is facing resource
exhaustion. The primary mine here is a 3# coal seam. The RPM method was adopted in the mine
before 2016. However, since then, the study of SBM has been carried out at working face number
3216 of the mine. The average dip angle of the coal seam is 0.5°; the thickness of the 3# coal seam is
6.15-6.57 m, with an average thickness of 6.34 m; and the depth of the coal seam is 100-130 m, with an
average depth of 115 m. The mining height of working face number 3216 is 5.5 m, and 0.5-1.0 m where
top coal is set aside. The length of the working face is 80 m.
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2.2. Selection of Mining and Backfilling Methods

The purpose of SBM is to replace solid coal with the BM. In the mining process, there should be
a transition stage between the overlying rock load and BM. In other words, the overlying rock load
should be transferred slowly and evenly to the BM. The research divides SBM into three stages to load
the BM slowly and evenly.

The first stage is strip mining is shown in Figure 1. Here, adjacent strip faces are mined in turn,
and strip pillars of certain sizes are set between the two strip goafs. The second stage is the replacement
and recovery of even-numbered strip coal pillars and backward arrangement of the mining technology.
The third stage is the replacement and recovery of odd-numbered strip coal pillars, with backward
arrangement of the mining technology. After each strip mining stage, backfilling is carried out in
accordance with the forward mode.

Guardmg coal pillar

Return airways

Transportation Lane

Striped coal pillar Striped goaf

Figure 1. Schematic diagram of three-stage strip backfilling mining.

2.3. Calculation of Strip Mining Parameters

While advancing along the strike of the strip mining face, the exposed direct roof stratum is
a rectangular plate structure in space and has a fixed boundary condition on four sides. In elastic
mechanics, the object enclosed by two parallel planes and cylinders perpendicular to these planes is
called a plate. The distance f between the two planes is called the thickness of the plate, and the plane
dividing ¢ is called the middle plane of the plate. Considering that the thickness of the direct roof
stratum is relatively small during strip mining in the Shanghe Coal Mine, and the area of the exposed
roof stratum in the mining process is relatively large, the basic conditions for the study of thin plate
theory are met [43].

Let the edge length of the thin rectangular plate formed by the exposed direct roof strata be 2a x 2b.
Parameter 2a represents the length of the working face along an inclined direction (and has a fixed
value), while parameter 2b represents the distance of the working face advancing along strike (and is
variable). The area around the thin rectangular plate is in a fixed state. At the same time, to simplify
the calculation and consider the near-horizontal coal seam, the influence of coal seam dip is not taken
into account. A Cartesian coordinate system is established at the center of the middle plane of the
plate, and g is assumed to be the vertical load on the main roof. The mechanical model of the thin rock
plate is shown in Figure 2.

Assuming that the rock slab material is homogeneous, continuous, and identical, the load-bearing
action of the thin plate can be analyzed by using the theory of small deflection of the elastic plate.
In other words, the points on the normal line of the middle surface of the thin plate (before deformation)
continue to exist on the same normal line of the elastic surface after deformation, and the distance
between the points on the normal line remains unchanged, while the other stresses are separated.
In comparison, the stress component o, perpendicular to the mid-plane can be ignored. This model
is aimed at shallow coal seam mining in northern Shaanxi province, China. When strip backfilling
mining is adopted in this area, one strip after another will be formed. The roof above the strip is not
bedded intensively, so this thin plate model can be used.
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Figure 2. Mechanical model of a thin rock plate.

The strip-mining face starts to advance from the cutting hole, and the exposed roof stratum exists
as a thin plate with a fixed support on all the sides. Its boundary condition is given as follows [44]:

(w)x:ia =0, (w)y:ib =0, 1)
Jdw Jdw
(g)xzia =0, (a_y)y:ih =0, (2)

Under the action of load g, the thin plate deflects, and the deflection function of the plate is set as
2 2
w=Ci(x*-a®) (y* - 1v?), (3)
The deformation potential energy of the plates is given as follows:
U= Qﬂ (V2w)2dxdy )
2 4

When Equation (4) is solved, the following is obtained:

u=snc? [ (- (e )+ (2 ) (3 axty

®)
_ 256Xx126 ) 5 5504 4 20 4
= 35 x5 DC1"a’b’ (b +7ab +a*),
The potential energy of a normal load gy is
b
_ _ _ 2 2209 4232 _ 256 5.5
H= ija)dxdy— j:f_hqcl(x a®) (y*—b") dxdy = 225qC1a b, (6)
The total potential energy of the plate is
II=u+H, (7)

According to the principle of minimum potential energy, the true displacement function w of the
thin plate should minimize Il. In short, the first derivative of I1 is zero.

a1l
i, 0, 8)
By substituting Equations (5)—(7) in Equation (8), the following results are obtained:

Cr = d
e 128D (a* + 2a2b2 + 1)’

©)
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The deflection expression is obtained by substituting C; in Equation (3) as

7902 — )’ (12 - 1?)°
o

128D(a* + 3a2b2 + b*)
where D is flexural rigidity of the plate and defined as D = #ﬁﬂ)
The stress component along the Y-axis of the thin plate can be expressed as
Ez ,Pw Pw
- _ b u=—), 11

Oy 1_y2(8y2+H8x2) ( )

Substituting Equations (10) and (9) in Equation (11) yields:
21zq [ 2 _ 2\(3,2 _ 12 22\ (q,2 2
oy = — x*—a) (3y"-b") + -b°) |3x" —a ], (12)
y 8t3(a4+%a2b2+b4) ( )( Y ) ‘u(y )( )

where t is the plate thickness and u is Poisson’s ratio.

During the advancing process of the working face, the maximum tensile stress occurs at position
x =0,y = b,z = —t/2, meaning the middle of the long side (the length direction of the working face)
of the thin stratum plate surface (the side of the back goaf). Along the y-axis direction, the value is

21a*b%q
812(at 4 b + 2a2p2)’

Omax = (13)

With the advancing working face, tension cracks originate at the middle point of the long side of
the upper surface of the thin plate’s supporting end (along the length direction of the working face).
Accordingly, omax > 05 (ultimate tensile strength of the rock plate) can be used as the criterion for
determining the initial breakage of the rock plate, which can be expressed as follows:

21a%b%q
812(a* + b* + 2a2b2)

> 0Og, (14)

The load (g,); of overlying n strata on the direct roof can be calculated based on the following
equation [45]:
. E1h13(’)/1h1 + )/2]/12 +...+ )/nhn)
()1 = Eq1hi3 + Exho® + ...+ Enhy

where Eq, E,, ... , E; is the elastic modulus of roof strata; hy, hy, ... , h;, is the thickness of roof strata;
and y1,y2,- -, ¥n is the volume weight of roof strata.

If (gn+1)1 < (gn)1, the load g imposed by the overlying nth stratum on the direct roof stratum can
be calculated as (g4)1.

The thickness of the immediate roof strata of Shanghe Coal Mine is 4.53 m, and the bulk density is
26.5 kN/m3, while the thickness of the feldspar sandstone is 24.51 m and the bulk density is 27.86 kN/m?.
The load g7 of the immediate roof stratum is given as

, (15)

g1 = y1h; = 26.5x4.53 = 120 kPa, (16)
The load action of the second layer on the first layer (g2); is as follows:

o), — Evh3(yihy + yaha)  1.9% 4533 x (265 x 4.53 + 27.86 x 24.51)
P TR Y B 1.9 % 4535 | 6.7 x 24513

— 1453 kPa < (q1),, (17)
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As aresult, the middle and coarse-grained feldspar sandstone in the second layer roof is separated
from the roof below. The gray mudstone in the first layer only bears its own weight. At this point, the
load value on the rock layer can be considered as (41); = 120 kPa, which indicates that 4 = g; = 120 kPa.

Equation (14) is suitable for the shallowly buried coal seam, as the roof is not bedded intensively.
According to the geological conditions of the Shanghe Coal Mine, this formula is applicable.
Four parameters of the Shanghe Coal Mine are substituted in Equation (14). Among them, the length
of working face 22 = 80 m, load g = 120 kPa on the direct roof, thickness of slab f = 2.2 m, and ultimate
tensile strength of roof coal mudstone o5 = 900 kPa were used to calculate parameter b. Further,
if b =3.73 m, the strip widthL =2b =746 m,and L =7 m.

For water-conservation mining, mining should not destroy the aquifer structure. Therefore,
according to Wilson’s empirical formula for the width of strip coal pillars, we calculated the width B.
The empirical formula is given as follows:

_ FL+0.02MH

B=—1—F (18)

where B is the coal pillar width given in m; L is the strip width of 7 m; M is the coal pillar height and H
is 5.5 m; the coal seam depth is 115 m; F is the safety factor of strip coal pillar, with a value of 1.3.
After substituting the data, B = 8.06 m, that is, the coal pillar width is 8 m.
The study of SBM has been carried out at working face number 3216 of the Shanghe Coal Mine.
In view of its good geological conditions and stable roof, the strip mining parameters of “mining 7 m
to retain 8 m” were adopted for safety reasons.

2.4. Construction of a Physical Model

A physical experimental model of 2 m X 0.2 m X 1.15 m (length X width X height) was built [46].
When the density and geometric similarity constants are chosen, the stress similarity constant of the
model is obtained. The major similarity coefficients were chosen as follows: Geometric similarity ratio
ar, = 100, bulk density ratio @), = 1.53, and strength ratio ag = 153. Physical experimental materials
were made of river sand as aggregate, calcium carbonate and gypsum as cementitious materials, and
water in an appropriate proportion. The physical model was stratified according to the different strata
lithology, and a layer of mica was placed among the layers to simulate the structural planes among
layers. The physical experimental material ratio of working face number 3216 is listed in Table 1.

The backfilling mining of working face number 3216 in the Shanghe Coal Mine was divided into
three stages. In the first stage, the strip mining method of “mining 7 m to retain 8 m” was adopted.
In the second stage, even-numbered strip pillars were recovered, and odd-numbered strip pillars
were recovered during the third stage. According to the backfilling mining technology, the forward
backfilling mode was adopted in all three stages. As shown in Figure 3.

Table 1. Physical experimental material ratio of working face number 3216.

Consumables (kg)

Name Layer Model Layer Match Ratio Caldi Coal

Thickness (m)  Thickness (cm) Number alcium oa

Sand  Gypsum Carbonate Ash
Sandy loess 47.81 48 928 5.76 0.13 0.51
Mudstone 10.93 11 646 5.48 0.36 0.56
Gray mudstone 12.99 13 728 5.6 0.16 0.64
Fine-grained feldspar sandstone 7.26 7 737 5.6 0.24 0.56
Medium-grained feldspar sandstone 15.23 15 746 5.6 0.32 0.48
Coarse-grained feldspar sandstone 9.19 9 846 5.69 0.28 0.43
Gray mudstone 4.53 5 728 5.6 0.16 0.64

3# Coal 6.34 6 21:1:2:21 2.99 0.14 0.28 2.99
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Stage I backfill

Coal pillar number

Figure 3. Physical experimental process of three-stage backfilling mining: (a) The third coal pillar
chart in the first stage; (b) backfilling the first stage strip gap; (c) phase II recovery of M8 coal pillar;
(d) backfilling the strip gap in the second stage; (e) phase III recovery of M9 coal pillar; (f) phase III
backfilling strip goaf.

The key of the experiment is to prepare the BM in the strip backfilling mining, according to
the mining parameters of mining 7 m to retain 8 m. In this paper, aeolian sand (a kind of yellow
sand peculiar to northern Shaanxi, China), fly ash, and cement were used as physical simulation
BM. Through the strength, plasticity, and other aspects of testing, it was concluded that the ratio
of BM suitable for the physical simulation experiment of Shanghe Coal Mine was aeolian sand: fly
ash: cement = 15:2:1. The BM at this ratio can meet the bearing capacity required by the BM in the
physical experiment. The prefabricated BM is shown in Figure 4. The BM was put into the strip goaf
during SBM.

Figure 4. Backfilling material.
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2.5. Numerical Modeling

The numerical simulation model was established by combining geological engineering conditions
with laboratory-measured physical and mechanical parameters of surrounding rocks. The boundary
around the model is defined as a single constraint boundary, whereas the bottom boundary is defined
as a full constraint boundary. The meshing model is shown in Figure 5, which consists of 231,000 units.
To facilitate the study, the bedrock above is equivalent to 1.4 MPa uniform load. According to the
geological engineering conditions and in situ stress data of the Shanghe Coal Mine, 4 MPa horizontal
stress was applied around the model.

The Mohr—Coulomb constitutive relation was adopted in the numerical simulation model. Table 2
lists the physical and mechanical properties of rocks and BM used in the model. Among them,
layer thickness was obtained based on the borehole histogram of Shanghe Coal Mine. The following
parameters were measured in the laboratory: bulk density, Young’s modulus (E), Poisson’s ratio (u),
tensile strength, cohesion, and angle of internal. This was calculated by the following formula for bulk
modulus (K) and shear modulus (G): K = E/3(1-2u), G = E/2(1 + p).

In the numerical simulation model, the model is provided with a 20 m protective coal pillar and
return air roadway. According to mining parameters of mining 7 m to retain 8 m and the three-stage
SBM method, simulated mining was carried out.

Table 2. List of the physical and mechanical properties of rocks and backfilling materials (BM).

Layer Bulk Bulk Shear Tensile Cohesion Angle of
Name Thickness  Density Modulus  Modulus Strength (MPa) Internal
(m) (KN/m®) (GPa) (GPa) (MPa) Friction (°)
Mudstone 10.93 24.9 3.68 2.1 12 15 25
Gray mudstone 12.99 25.8 3.56 2.1 12 13 35
Fine-grained feldspar sandstone 7.26 25.6 8.82 4.84 29 3.0 31
Medium-grained feldspar sandstone 15.23 24.8 8.82 4.84 29 3.0 31
Coarse-grained feldspar sandstone 9.19 27.8 7.87 3.83 2.5 2.8 33
Gray mudstone 4.53 26.5 3.56 2.1 0.9 12 27
3# Coal 6.34 14.3 2.35 1.47 11 17 30
Massive mudstone 4.29 26.5 3.63 2.2 12 14 31
Medium-grained feldspar sandstone 7.32 23.6 8.82 4.84 2.9 3.1 29
Backfill materials 55 21.0 43 23 1.2 42 37
FLAC3D 5.00 Shanghe Coal Mine, Yulin City

©2012 Itasca Consulting Group, Inc
2018/12/5 11:29.08

Center. (51,24,236)
Dip/DD/Roll: (110.1,40.8,1.2)
Radius: 66.3

Perspective Projection

Zone

Colorby: Group  Any
1. Mudstone
2. Grey mudstone
3. Fine-grained feldspar sandstone
4. Medium-grained feldspar sandstone
5. Coarse-grained feldspar sandstone
6. Grey mudstone
7.3 Coal Seam
8. Massive mudstone
9. Medium-grained feldspar sandstone
NULL

Figure 5. The numerical model.
2.6. Field Measurement Methods

To monitor the change in pressure in BM during SBM, a diaphragm pressure gauge was embedded
into BM during strip goaf backfilling. The pressure gauge model was Bzy-50 made by Kejia special
pressure gauge Co., Ltd., Wuxi, China (shown in Figure 6). To eliminate the influence of the boundary
effect, the diaphragm of the pressure gauge was placed 2 m away from the return air roadway and
0.5 m away from the floor of the coal seam (see Figure 7). The buried pressure gauge from the field is
shown in Figure 8.
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Figure 6. Bzy-50 diaphragm pressure gauge.
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Figure 8. Site pressure gauge embedded drawing.

3. Results and Discussions

3.1. Results of Experimental Works

Figure 9 shows that after the first stage of backfilling, pressure in the stage-one BM was generally
less than 0.5 MPa. At this point, the stage-one BM and overlying strata gradually began to come into
contact. After the second stage of backfilling, the pressure of the stage-one BM increased slightly
(generally between 1.0 MPa and 1.5 MPa), and the overlying strata load transferred to stage-one
BM. After the third stage of backfilling, all the strip coal pillars were recovered. The pressure of the
stage-one BM increased sharply to between 2.0 MPa and 4.0 MPa, and the average pressure in the
BM was 2.76 MPa. At this stage, the bearing capacity of the stage-one BM reached its maximum.
According to the entire mining and backfilling process of three-stage SBM, pressure in the BM generally



Energies 2020, 13, 211 10 of 16

presents in three areas, with the stress increasing and decreasing at both ends of the section, and the
stress peaking in the middle of the section. The peak stress area occurs at the end of the third stage of

backfilling when all the strip pillars have been recovered, and the overlying strata load is carried by
the BM.

—=— After the first stage of backfilling —®— After the second stage of backfilling
—4A— After the third stage of backfilling
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Stage I pressure sensor number under the backfilling

Figure 9. Pressure of the stage-one backfilling materials (BM) in three stages.

Figure 10 shows that after the second stage of backfilling, pressure in the stage-two BM was
generally less than 0.5 MPa, which was similar to that of the stage-one BM. After the third stage of
backfilling, pressure in the stage-two BM slightly increased and was generally between 0.5 MPa and
1.0 MPa. The stage-two BM began to bear pressure slowly. When Figures 9 and 10 are compared,
there is no apparent peak stress area in the entire backfilling and mining process of stage-two BM,
indicating that stage-one BM bore most of the overlying strata pressure, while the stage-two BM further
bore the pressure of the rock. With respect to the entire mining and backfilling process, the pressure
increase in stage-two BM was more uniform and slower than that of the stage-one BM.

1.5 4
©
E —=—  After the second stage of backfilling
g —e— After the third stage of backfilling
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Stage 2 pressure sensor number under the backfilling

Figure 10. Pressure of the stage-two BM in two stages.
3.2. Numerical Modelling Results and Analysis

As shown in Figure 11, the average vertical stress of the first stage strip pillar was 3.5 MPa,
while the maximum vertical stress was 4.3 MPa. The vertical stress of the coal pillar decreased by
0.7 MPa on average compared to that of unfilled strips. The average vertical stress of BM in the first
stage was 0.8 MPa, and the bearing strength of BM increased continuously. The BM in the initial stage
was not loaded during the entire backfilling process. With the advance of backfilling work, the stress
value of stage-one BM began to increase, which indicates that the roof load gradually transferred to



Energies 2020, 13, 211 11of 16

the structure of “coal pillar-backfilling material”, and although the roof load was released to a certain
extent, the strip coal pillar remained the main bearing body of overlying rock load at this point.

Figure 11. Simulation of stress evolution in the first stage of the backfilling process.

As shown in Figure 12, the second stage backfilling process showed that the stage-two BM had
no bearing capacity, the average stress in the stage-one was 2.5 MPa, and the vertical stress increased
significantly. The average stress of odd-numbered strip pillars was 4.0 MPa, and the stress growth of
the pillars was not significant. This indicates that with continuous mining and backfilling, the roof
load gradually transferred to the bearing system with stage-BM as the main support body. The roof
load was further released to the BM, and the structure of “overburden-pillar-backfilling material” in
the stope remained stable.

The vertical
stress/Pa
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Figure 12. Simulation of stress evolution in the second stage of the backfilling process.

As shown in Figure 13, the third stage of the backfilling process showed that the loads of the first,
second, and third stages were 3.5 MPa, 1.0 MPa and 0.5 MPa, respectively. It can be seen that most of
the roof load had been transferred to the stage-one BM, and the stress of the stage-two BM gradually
increased, which plays an auxiliary role in supporting the roof. In the third stage, the stage-three BM
was in an unloaded state. The analysis and simulation results show that when backfilling strip goaf,
three continuous forms of high strength and low strength backfilling bodies are adopted, which can
help the overburden to form a good structural bearing role and ensure normal development of the
backfilling mining.
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Figure 13. Simulation of stress evolution in the third stage of the backfilling process.

3.3. Analysis of Field Measurement Results in Field Backfill Materials

12 of 16

We can see from Figure 14 that, after the second and third stages of backfilling mining, the pressure
in the stage-one BM increased significantly, with a pressure rise from 0.5 MPa to 2.50 MPa, and the
pressure value rose by about five times. According to the pressure in the stage-two BM in Figure 15,
after the third stage of backfilling, the average pressure in the stage-two BM increased from 0.5 MPa
to 1.4 MPa, and the pressure increased by about three times. Figure 16 shows the pressure of the
stage-three BM. The pressure in the stage-three BM was distributed between 0.3 MPa and 0.5 MPa.
According to the pressure distribution of the whole BM after the completion of coal pillar mining,
the overburden load transferred to the stage-one BM and also to the stage-two BM, causing the pressure
of the stage-one and the stage-two BM to rise.
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Figure 14. Stage-one BM pressure value.
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Figure 15. Stage-two BM pressure value.
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Figure 16. Stage-three BM pressure value.

3.4. Comparison of Experimental Results with Numerical Simulation Results and Field Measurement Results

Physical simulation experimental results show that the stage-one BM pressure increased from
0.5 MPa to between 2.0 MPa and 4.0 MPa, and the peak stress area appeared in the middle of the mining
area after the third stage of backfilling, which was the main bearing body of the entire backfilling
process. Pressure in the stage-two BM was between 0.5 MPa and 1.0 MPa, which was the auxiliary
BM, and there was no apparent peak stress area. The numerical simulation results show that the
pressure of stage-one BM increased from 0.8 MPa to 3.5 MPa, and that of stage two and three BM
were 1.0 MPa and 0.5 MPa, respectively. The overburden structure of the stope was kept stable by
adopting three-stage SBM. Field measurement results are as follows: The average pressure of the
stage-one BM was 2.45 MPa, while for stage-two BM, it was about 1.4 MPa, and for stage-three BM,
it was between 0.3 MPa and 0.5 MPa. The field measurement results are basically consistent with the
experimental results.

The two experimental results coincide and consistently reflect that in the three-stage SBM process,
stage-one BM plays an important role for the entire backfilling process, bearing most of the overlying
strata load; stage-two BM further disperses the overlying strata load and bears a smaller proportion of
the pressure, and stage-three BM presents an unloaded state. This shows that the BM can form a good
bearing structure in three-stage SBM.

4. Conclusions

The following conclusions can be made from this study:

(1) Based on the thin-plate model of elasticity mechanics, the calculation model of the strip-mining
width was established. Reasonable strip mining parameters of working face number 3216 in the
Shanghe Coal Mine were determined. The strip-mining width was calculated to be 7 m, and the pillar
width was determined to be 8 m, based on Wilson’s empirical formula.

(2) Physical simulation experimental results show that after the completion of three stages of SBM
at working face 3216 of the Shanghe Coal Mine, the average pressure in the stage-one BM was 2.76 MPa,
while in stage-two BM it was generally between 0.5 MPa and 1.0 MPa. The field measurement results
were basically consistent with the experimental results.

(3) The numerical simulation results show that the overlying rock load can be transferred to
the stage-BM smoothly and gradually by using the three-stage SBM method, and the structure of
“overlying rock-coal pillar” (or backfilling strip) in the stope remains stable.

(4) In three-stage SBM, the overlying strata load is ultimately carried by stage-one BM, stage-two
BM is the auxiliary bearing body, and stage-three BM mainly provides a long-term lateral support
force for stage-one BM. BM of different strengths can be selected in different backfilling mining stages.
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