
Research Article
Research on the Stability EvaluationModel of Composite Support
Pillar in Backfill-Strip Mining

Xiaojun Zhu ,1,2 Guangli Guo ,2 Hui Liu ,1,3 Xueni Peng,1 and Xiaoyu Yang4

1Anhui Province Engineering Laboratory for Mine Ecological Remediation, Anhui University, Hefei, China
2School of Environment Science and Spatial Information, China University of Mining and Technology, Xuzhou, China
3State Key Laboratory of Coal Resource and Safe Mining, China University of Mining and Technology, Xuzhou, China
4Department of Engineering Management, Hefei College of Finance and Economics, Hefei, China

Correspondence should be addressed to Xiaojun Zhu; zhuxiaojunahu@126.com and Hui Liu; lhui99@aliyun.com

Received 6 August 2019; Accepted 21 January 2020; Published 18 February 2020

Academic Editor: Zhengbiao Peng

Copyright © 2020 Xiaojun Zhu et al. +is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Backfill-strip mining, which combines the advantages of strip mining and backfill mining, is proposed to overcome high cost and
shortage of filling materials in coal mines at present. +e composite support pillar (CSP) is a combined support pillar of the filling
body and coal pillar for supporting the overlying strata and achieving subsidence control.+e stability of CSP is the key to the success
of subsidence control in backfill-strip mining engineering. A stability evaluation model of the CSP mechanical model was proposed.
First, the lateral stress between the coal pillar and filling body is calculated in consideration of their interaction relation in CSP based
on the earth pressure theory.+en, the width calculationmodels of the broken and plastic zones of three types of CSPs are established
on the basis of limit equilibrium theory. On this basis, the mathematical model of the safety design width of the three types of CSPs is
proposed to ensure the stability of CSP. Meanwhile, an engineering case of stability width design of CSP is shown. +is study can
provide theoretical reference and technical support for the engineering design of backfill-strip mining.

1. Introduction

Coal resources are regarded as an important factor in the
development of the world economy. +e consumption of
coal, which is a conventional fuel, has continuously in-
creased in recent decades. However, intensive and massive
coal mining brings a series of severe social and environ-
mental problems, such as land subsidence, building damage,
ground fissures, and landslides [1–3]. Among these prob-
lems, coal mining subsidence considerably impacts the
environment and societies. Excavation of coal produces large
voids in the coal seam and disturbs the equilibrium of the
original internal stress in the surrounding rock strata. +is
condition leads to overlying strata bending and breaking,
which result in surface subsidence. Surface subsidence can
lead to damage of infrastructures, buildings, roads, and
drainage systems [4]. Statistical data have shown that the
mining subsidence area in China is around 6×103 km2 and
the mining subsidence area expands by approximately
240 km2 annually [5]. Furthermore, the land subsidence area

in China due to coal mining is larger than 20,000 km2 by
2017 [6]. Moreover, a large area of land subsidence has
caused building damage and land abandonment, which have
seriously affected the sustainable development. +erefore,
several coal mining technologies have been proposed to
control surface subsidence gradually for achieving coordi-
nated and sustainable development of coal resource extrac-
tion and environmental protection.

At present, the surface subsidence control technologies
can be divided into two categories [7]: backfilling mining
(gob, caving zone, and separated-bed filling mining) and
partial mining (strip mining and room-and-pillar mining).
However, backfilling mining has the problems of high
backfill cost, filling material shortage, and low backfill
efficiency [8]. Meanwhile, partial mining wastes a large
amount of coal resources because its coal resource recovery
rate is too low [9]. +us, backfill-strip mining technology
[10, 11] is proposed to control surface subsidence for
extracting coal resources under buildings, water bodies, and
railways and improve the environment of the coal mining
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areas for solving the problems of high cost of backfilling
mining and low recovery rate of partial mining. Backfill-strip
mining is a partial filling mining method that integrates the
advantages of strip mining and backfilling mining to control
the movement of rock strata. In this mining technology, only
part of the goaf space is filled by filling materials (Figure 1).
+is mining process eventually forms a combined support
pillar (CSP) of the filling body and coal pillar for supporting
the overlying strata. +e increase in environmental con-
straints has made the advantages of backfill-strip mining
increasingly prominent and facilitated its application in
several coal mines in China [12–14], such as Daizhuang Coal
Mine, Fucun Coal Mine, Xuchang Coal Mine, Xingdong
Mining, and Handan Coal Mine.

+e stability of CSP is the key to the success of backfill-
strip mining. +e stability of CSP means that CSP does
not collapse completely after a long time and influence the
surrounding mining actions, the effect of subsidence control
of backfill-strip mining is good, and only a small number of
cracks or even partial collapse occur in some positions of
CSP. If CSP is failure, it may introduce violent secondary
ground collapses and destroy the safety of ground surface
structures and the environmental health state of the sur-
rounding mining areas.+erefore, it is important to evaluate
the stability of CSP to prevent subsidence disasters in the
design stage of backfill-strip mining.

In backfill-stripmining, CSP is composed of the coal pillar
and the filling body and amain support of the overlying strata.
It is similar to the strip coal pillars of partial mining in terms
of the stress distribution and deformation characteristics, and
they both support the overlying strata and control surface
subsidence with strip support pillars. Since about 1900, many
investigators have studied the analysis of coal pillar stability
in partial mining. From these studies, A.H. Wilson theory,
tributary area theory, and pressure arch theory [15] have been
developed to estimate pillar load. Different mathematical
empirical formulas [16, 17], such as Salamon–Munro,
Holland–Gaddy, and Obert–Duvall, have also been pro-
posed to estimate coal pillar strength. A stability factor [16],
which is calculated by comparing the load to the load-bearing
capacity of the coal pillar system, has been proposed as well to
estimate coal pillar stability. However, CSP is a multimedia
complex structure and composed of coal pillars and the filling
body. +e mechanical properties of CSP are quite different
from those of the coal pillar. +e difference makes the
stability calculation formula of the coal pillar incompletely
applicable to CSP.

Many scholars [18, 19] have studied the mechanical
properties of CSP to determine the movement deformation
and mechanical properties of CSP in backfill-strip mining by
a large number of mechanical and numerical simulation
experiments. +ese scholars have believed the existence of
cooperation support for the coal pillar and filling body in
CSP.+e coal pillars act as retaining walls, and the additional
strength that the coal pillar provides to the filling body is
imparted as a horizontal pressure along the sides of the
filling body. +e coal pillar can effectively improve the stress
conditions of the filling body, enhance the stability of com-
posite support system, and synergistically bear with the load

of overlying strata [20]. On this basis, the deformation and
failure characteristics of CSP under different influencing
factors [21], such as geological mining conditions, filling
techniques, coal pillar width, and filling body width, have
been studied by numerical simulation. However, only a few
stability calculation models of CSP are available. As a result,
no effective scientific and mechanical formula can be used to
evaluate the stability of CSP in the design stage of backfill-
strip mining. +erefore, a mathematical model of the sta-
bility evaluation of CSP will be developed, which can provide
theoretical reference and technical support for the engi-
neering design of backfill-strip mining.

+e rest of the paper is organized as follows. +e clas-
sification and deformation characteristics of CSP are briefly
introduced in Section 2. +e width calculation models of the
broken and plastic zones of three types of CSP are estab-
lished on the basis of limit equilibrium theory and Coulomb
criterion in Section 3. +e safety width design methods of
different types of CSP are proposed in Section 4 to ensure the
stability of CSP. A calculation case of the stability analysis of
CSP is shown in Section 5.

2. Brief Overview on the Classification and
Deformation Characteristics of CSP

+e mechanical properties of CSP need to be understood
before establishing the stability model. +e deformation
characteristics and stress distribution of CSP have been
studied through physical and numerical simulations [22–24].
Previous research has divided CSP into three parts, namely,
broken zone, plastic zone, and elastic zone, according to
different degrees of damage. Meanwhile, CSP is divided into
three types, namely, Types I, II, and III, according to support
characteristics and the width of broken, plastic, and elastic
zones without considering the case of collapse or instability.
+e different types of features of CSP are discussed as follows.

+e residual coal pillars in Type I CSP are wide (Figure 2).
When the backfill-strip mining is completely extracted, the
residual coal pillar and the filling body jointly bear the load
of the overlying strata, the vertical stress on the coal pillar
has four peaks, and the stress above the filling body is
substantially equal to the original rock stress. At the same
time, the coal pillar and backfill laterally restrict each other,
and the coal pillar at the interface between the coal pillar and
the filling body moves toward the center of the filling body.
+e coal pillar plays the role of a retaining wall by providing
the lateral stress of the filling body to ensure its triaxial stress
state and improved stability. +e widths of the broken and
plastic zones of Type I CSP are small, and its elastic zone,
including partial coal pillars and all backfill bodies, is large.
When solid backfilling technology is used in the backfill
working face, the Type I CSP can be retained. It is difficult for
solid filling material to support the overlying strata inde-
pendently, but wide coal pillars can limit solid filling ma-
terial from the side to ensure that the solid filling body does
not collapse and has certain supporting capacity.

+e residual coal pillars in Type II CSP are relatively
narrow and are retained to control the deformation of the
roadway and ensure that the filling body has sufficient time
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for compaction or solidification (Figure 3).+us, the original
four stress peaks are merged into two, two vertical stress
peaks appear on the coal pillars, and the stress concentration
is large. At the same time, the coal pillar still has lateral
constraint on the filling body, and the coal pillar at the
interface moves toward the center of the filling body. +e
widths of the broken and plastic zones of Type II CSP are
larger than those of Type I CSP.

+e residual coal pillars in Type III CSP completely
collapse (Figure 4).+e filling body is partially destroyed, but
the CSP is intact. +e abutment pressure of the coal pillars is
smaller than the initial stresses, the vertical stress peak has
transferred to the top of the filling body, and the load of the
overlying strata is supported by the filling body. At the same
time, the coal pillar has small or no lateral constraint on the
filling body, and the filling body moves toward the goaf. When
the Type III CSP is retained, the fillingmaterial cannot use solid
filling material and can use the cement filling material, but the
initial setting time and strength of the cement filling material
have higher requirements in the Type III CSP.

3. Stability Mechanical Model of CSP

+e stability of CSP is the key to the success of subsidence
control of backfill-strip mining.+e deformation characteristics,
stress distribution, and failure behavior of CSP are studied to
provide theoretical reference for the stability evaluation of CSP.

+e residual coal pillars in Type II CSP are relatively
narrow. As a result, the original four stress peaks in Type II
CSP are merged into two, and the stress concentration is
very large. No elastic zone appears in the middle of the
residual coal pillar, and the coal pillar is full of plastic zones.
In this state, the coal pillars continuously collapse in the
form of creep, and the support capacity continues to decline.
+e stress peaks gradually transfer to the filling body, and
Type II CSP finally evolves into Type III CSP. In the final
state, Type II and Type III CSPs support the overlying strata
only by the filling body. At this time, the filling body is
adjacent to the goaf and no or small coal pillars laterally
restrain on both sides. Partially broken and plastic zones
appear on both sides of the filling body. Consequently, the
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Figure 2: Diagram of Type I CSP.
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Figure 1: Diagram of backfill-strip mining.
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coal pillar of Type II and Type III CSPs collapses, and the
distribution of the elastic and plastic zones of the filling body
only needs to be analyzed to evaluate the stability of CSP.
However, the coal pillar in Type I CSP is wide, and the coal
pillar and the filling body jointly bear the load of the
overburden strata. Accordingly, the stability of the coal pillar
and filling body needs to be analyzed.+erefore, the stability
mathematical model of CSP is divided into two types in this
section due to the different support forms of CSP.

CSP is a multimedia complex structure and has me-
chanical properties that are quite different from those of coal
pillar. +erefore, the stability mechanical model of CSP
cannot fully refer to that of the coal pillar. Figure 5 shows the
flowchart of the stability evaluation of different CSPs. +e
establishment of the mechanical model of Type I CSP is
divided into three steps. First, the lateral stress formulas of
different types of CSP between the coal pillar and filling body
are established on the basis of earth pressure theory to
consider the interaction relation between the coal pillar and
the filling body. +en, the width calculation models of the

broken and plastic zones of three types of CSP are estab-
lished on the basis of limit equilibrium theory and Coulomb
criterion. Finally, the safety width design methods of dif-
ferent types of CSP are proposed in consideration of the
load-bearing capacities of the coal pillar and filling body.
However, the coal pillar of Type II or III CSP is narrow, the
coal pillars continuously collapse in the form of creep, and
the lateral stress of the coal pillar to the filling body is small,
so the lateral stress between the coal pillar and filling body
does not need to be calculated in the establishment steps of
the mechanical model of Type II or III CSP.

3.1. Stability Mechanical Model of Type II and Type III CSPs.
In the final state, Type II and Type III CSPs support the
overlying strata only by the filling body, and the coal pillar
collapses and cannot support the filling body laterally. +us,
the stress between coal pillar and backfill does not need to be
considered in the stability analysis of Type II and Type III
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Figure 4: Diagram of Type III CSP.
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CSPs. +e establishment of the mechanical model of Type II
and Type III CSPs is one less step than that of Type I CSP.

+e width of the filling body has certain requirements
during the design process of CSP to ensure the stability of the
overall Type II and Type III CSPs. (1) +e width of the filling
body should be greater than the sum of the calculated width
of the plastic and broken zones to prevent plastic zone
communication on both sides of the filling body and prevent
the filling body from losing the support capacity. (2) +e
filling body has sufficient strength to support the total load of
the overburden strata. +e safety dimension design process
of Type II or III CSP is discussed as follows.

3.1.1. Mechanical Formula of the Elastic and Plastic Zones of
Type II and Type III CSPs. +e filling body is composed of
complex mechanical materials. +e mechanical behavior
of these materials cannot be described using a unified con-
stitutive equation. A large number of laboratory tests [25]
showed the Coulomb failure criterion is generally suitable for
the constitutive behavior of the filling body. So, the Coulomb
criterion can be applied to the mechanical model of CSP.
Meanwhile, four assumptions are required to apply the limit
equilibrium theory and Coulomb criterion in small defor-
mation elastoplastic theory for deriving the width calculation
formula of the elastic and plastic zones. (1) +e lateral filling
body provides sufficient lateral restraint to the central filling
body, and the central filling body is in an elastic state. (2) +e
filling body is only affected by the gravity stress of overlying
strata but not by the tectonic stress. (3) +e plastic zone is
destroyed by shear stress, and the shear failure surface is
parallel to coal seam. (4)+e deformation of the filling body is
small before the failure of the filling body.

In themodel (Figure 6), L0 is the limit equilibriumwidth,
m is the coal seam thickness, Px is the lateral binding force of
the broken coal pillar on the filling body in the horizontal
direction, k1 is the stress concentration coefficient on the
filling body, and τzx is the shear force between the filling
body and the top and bottom plates.

+e limit equilibrium width of the backfill is the sum of
the broken and plastic zones. +e formula is

L0 � Ls + Lp, (1)

where Ls is the width of the broken zone and Lp is the width
of the plastic zone.

First, the limit equilibrium zone of the outer filling body
with a width of L0 is taken as the research object, and the
balance equation between the plastic and elastic zones is

zσx

zx
+

zτzx

zz
� 0,

zτzx

zx
+

zσz

zz
� 0.

(2)

According to the limit equilibrium condition, the shear
force of the slip surface in the filling body is

τzx � − σz tanφ0 + C0( , (3)

where φ0 is the internal friction angle of the filling body and
C0 is the cohesion of the filling body.

+e stress boundary conditions are

whenx � 0, σx � Px, σz �
px

β
,

whenx � L0, σx � βk1cH, σz � k1cH,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(4)

where β is the lateral pressure coefficient of the filling body, c
is the average bulk density of the overlying strata, and H is
the average depth of coal seam.

So, the stress of the filling body on the equilibrium
boundary can be obtained by substituting the limit equi-
librium condition (equations (2) and (3)) into the stress
bounding condition (equation (4)). +e detailed derivation
process can be referred to the literature [26, 27]:

σz � C0 cotφ0 +
Px

β
 e2x tanφ0/(mβ) − C0 cotφ0,

τzx � − C0 +
Px tanφ0

β
 e2x tanφ0/(mβ).

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(5)

+e limit equilibrium width of filling body is

L0 �
βm

2 tanφ0
ln

k1cH + C0 cotφ0

Px/β + C0 cotφ0
  +

m

2
− |z| tanφ0. (6)

As shown in equation (6), the limit equilibrium width of
the filling body (L0) with different heights is unequal. L0
between the upper and lower interfaces of filling body is
small, and L0 on the neutral surface of the filling body (that
is, z� 0) is large. If z� 0, then the limit equilibrium width of
the retained coal pillar is

L0 �
m

2 tanφ0
ln

k1cH + C0 cotφ0

Px/β + C0 cotφ0
 

β

+ tan2φ0
⎡⎣ ⎤⎦. (7)

+e widths of the broken zone and the plastic zone of
coal pillar are different because of the different lateral
stress. +ere are two possible scenarios for the width
calculation of the plastic zone. When the lateral support is
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Figure 6: Schematic of the mechanical calculation model of Type II
and Type III CSPs.
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large enough, the coal pillar under the load of overlying
strata only has plastic deformation and no broken zone.
So, the width of the plastic zone of the filling body can be
calculated by Lp � L0.

When the vertical stress exceeds the compressive strength
of the filling body, the filling body is broken.+en, the vertical
stress decreases below the original rock stress. +e interface
between the broken and plastic zones meets the following
boundary conditions:

σz

x�Ls
� cH. (8)

After substituting equation (8) into equation (7), the width
of broken zone of the filling body Lb can be calculated by

Lb �
m

2 tanφ0
ln

cH + C0 cotφ0

Px/β + C0 cotφ0
 

β

+ tan2φ0
⎡⎣ ⎤⎦. (9)

+e width of the plastic zone of the filling body can be
calculated by

Lp � L0 − Lb. (10)

+ese width equations of the broken and plastic zones of
filling body provide the basis for the subsequent safety
design of CSP.

When CSP is of Type II or III, the stability of coal pillar on
both sides in the CSP is poor. +erefore, the residual coal
pillars on both sides are considered to provide lateral pressure
for the filling body and reduce the plastic zone width of the
filling body in the stability evaluation process of Type II or III
CSP. +e width of residual coal pillars does not participate in
the safety dimension design calculation of CSP.

3.1.2. Safety Design Width of Type II and Type III CSPs
Calculated by Crushing Load. +e key of the stability of
Type II and Type III CSPs is whether they can bear the load
of the overlying strata. +us, the load of the overlying
strata and the load-bearing capacities of the filling body
will be considered in the process of analyzing the safety
width of the filling body.

Mark [28] used a concept of abutment angle (δ) to es-
timate the abutment load during final extraction of coal,
which is known as “Analysis of Longwall Pillar Stability”
(ALPS) and is used widely for designing of pillars in longwall
gate roads. It can be seen from Figures 2–4 that the coal pillar
is similar to the CSP in the support structure. Meanwhile, the
research [29] on the distribution stress of the CSP has shown
that the equivalent load carried by CSP is similar to the load
carried by the coal pillar in the strip mining. +erefore, the
concept of abutment angle is introduced into the calculation
of the load on CSP, and the loading capacity of CSP can be
simplified as shown in Figure 7. When backfill-strip mining
is completed, the self-weight of the overlying strata of goaf
will transfer to the CSP. As a result, the total load on the CSP
is equal to the sum of the self-weight of the overlying strata
above the CSP and the half the self-weight of the overlying
strata above the goaf.

+e load on CSP can be given by

P � c LF + 2LC + LM( H −
L2

M cot δ
4

 , (11)

where LF is the width of filling body, LC is the width of the
residual coal pillar for one side, LM is the width of caving
mining working face or goaf, and δ is the abutment angle.

+e overburden load on the filling body damages its
edge and generates the broken and plastic zones on the
edge. Consequently, the bearing capacity of the filling body
at different positions varies. +e bearing capacity of the
filling body at different locations is assumed to be simplified
into saddle shape to facilitate subsequent calculations. +e
bearing capacity rises linearly from 0 at the edge of filling
body to the limit bearing capacity of filling body σzl in the
elastic zone and keeps the limit bearing capacity σzl un-
changed in the elastic zone (Figure 8). +e limit bearing
capacity σzl is the upper limit of the ultimate stress at the
peak point of stress distribution and is equal to k1cH, as
shown in Figure 6.

+e total load that can be carried by the filling body is

P1 �
2L0 × σzl

2 + LF − 2L0( σzl

� k1 LF − L0( cH. (12)

When the filling body can carry the load and has
minimum width, equation (11) is equal to equation (12).
+us, the minimum width of the filling body LFmin is
calculated by

LFmin �
k1cHL0 + cH 2LC + LM(  − cL2

Mcot δ/4
σzl − cH

. (13)

+e limit equilibrium width L0 calculated by using
equation (7) and the limit bearing capacity of filling body σzl

LFLCLM

δ

Surface

Strata Load on the CSP

δ

Figure 7: Equivalent support load of CSP.

σzl

L0

LF

L0

Figure 8: Bearing capacity of the filling body at different positions.
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are substituted into equation (13). +e safety width of the
filling body LFmin in Type II or III CSP is

LFmin ≥
k1mcH( / 2 tanφ0(  ln k1cH + C0 cotφ0( / Px/β + C0 cotφ0( ( 

β
+ tan2φ0  + cH 2Lc + LM(  − cL2

Mcot δ/4
k1cH − cH

. (14)

For practical engineering safety, equation (14) needs to
be multiplied by a safety factor n. +e safety design width of
filling body LF in Type II or III CSP is

LF ≥ n ·
k1mcH( / 2 tanφ0(  ln k1cH + C0 cotφ0( / Px/β + C0 cotφ0( ( 

β
+ tan2φ0  + cH 2LC + LM(  − cL2

Mcot δ/4
k1cH − cH

, (15)

where n is a safety factor, which is greater than 1.5 in
practical engineering.

3.2. StabilityMechanicalModel of Type I CSP. +e coal pillar
in Type I CSP has a large width. As a result, the concentrated
stress is collected on the residual coal pillars on both sides,
and two stress peaks are formed on each side of the coal
pillar. Meanwhile, the plastic zone appears on both sides of
the coal pillar near the goaf and the filling body. +e filling
body has no lateral restraint. +us, the plastic zone width of
the coal pillar near the goaf is large, and the broken zone
appears. Nevertheless, an elastic zone still appears in the coal
pillar, and the coal pillar is stable. +erefore, the coal pillars
and the lateral restraint between the coal pillars and the
backfill cannot be ignored in the stability analysis of Type II
and Type III CSPs.

In the establishment of mechanical model of Type I CSP,
the lateral stress between the coal pillar and filling body
needs to be calculated first. +en, the width of the broken
and plastic zones of the coal pillar is analyzed by the limit
equilibrium method. +is analysis can be referred to the
previous analysis formula of the filling body of Type II and
Type III CSPs. Finally, the safety width of the filling body is
analyzed in consideration of the load-bearing capacities of
the coal pillar and filling body.

3.2.1. Lateral Stress Calculation between Coal Pillar and
Filling Body. When the backfill-strip mining is completed,
the filling body reaches the final strength, and the lateral
restraint is formed between the coal pillar and the filling body.
+e lateral stress generated by the coal pillar on the filling
body changes the stress state of the filling body from 2D to 3D.

+e lateral earth pressure of coal pillar on the filling body
also varies in different types of CSP. Donavan earth pressure
theory has been adopted to quantify the amount of lateral
support provided by the filling body when the lateral earth
pressure between coal pillars and filling body is studied [30].
+e present work introduces this idea into the lateral earth
pressure analysis between the coal pillar and filling body in
CSP. +e lateral action of the coal pillar on the filling body
may be regarded as the action of the retaining wall. Earth

pressure theory is used to analyze the lateral earth pressure
between the coal pillar and filling body. +e lateral earth
pressure of the coal pillar on the filling body can be divided
into active and passive lateral pressures.

When the width of the residual coal pillar in the Type
I CSP is large, the coal pillar moves toward the filling
body under the load of the overlying strata (Figure 2).
In this case, the coal pillars act as retaining walls and
the pressure acting on the coal pillar is passive lateral
pressure.

According to Rankine earth pressure theory, the passive
lateral pressure between the filling body and the coal pillar is
calculated as follows:

Pb � cFzKp + 2C0 ·
���
Kp


+ q · Kp, (16)

where Pb is the passive lateral pressure, cF is the bulk density
of the filling body, z is the vertical distance from the top of
the filling body to the calculation point, q is the load applied
to the filling body, and Kp � tan2(45o + φ/2) is the co-
efficient of passive lateral pressure.

3.2.2. Mechanical Formula of the Elastic and Plastic Zones of
Type I CSP. +e stability of Type I CSP can still be analyzed
by the limit equilibrium method for the broken and plastic
zones of coal pillar. +e mechanical calculation model of
Type I CSP is shown in Figure 9. When solid wastes (such as
gangue, coal ash, and loess) are used as the filling material,
the width of the coal pillar should be wide.+e CSP tends to
adopt Type I because nearly no cohesive force exists be-
tween the particles in the solid waste materials, and they
have poor supporting capacity without lateral constraints.
+erefore, the prerequisite for ensuring the stability of CSP
is to guarantee the stability of the coal pillar. +e width of
the elastic and plastic zones of the coal pillar is calculated in
this section.

+e width of the broken zone in the coal pillar is

Lb �
m

2 tanφ0
ln

cH + C0 cotφ0

Px/β + C0 cotφ0
 

β

+ tan2φ0
⎡⎣ ⎤⎦. (17)

+e width of the plastic zone of the outer coal pillar is
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Lp1 �
m

2 tanφ0
ln

k2cH + C0 cotφ0

Px/β + C0 cotφ0
 

β

+ tan2φ0
⎡⎣ ⎤⎦ − Lb.

(18)

+e width of the plastic zone of the internal coal pillar
close to the filling body is

Lp2 �
m

2 tanφ0
ln

k3cH + C0 cotφ0

Pb/β + C0 cotφ0
 

β

+ tan2φ0
⎡⎣ ⎤⎦, (19)

where k2 is the stress concentration coefficient of the
external coal pillar and k3 is the stress concentration
coefficient of the internal coal pillar close to the filling
body.

+e minimum width of the coal pillar LMmin is equal to
the width sum of the plastic and broken zones multiplied by
a safety factor n:

LMmin � n Lb + Lp1 + Lp2 

�
n · m

2 tanφ0
ln

k2cH + C0 cotφ0
Px/β + C0 cotφ0

 

β
⎡⎣

+ ln
k3cH + C0 cotφ0

Px/β + C0 cotφ0
 

β

+ 2tan2φ0
⎤⎦. (20)

3.2.3. Safety Design Width of Type I CSP Calculated by
Crushing Load. +e overburden load on the coal pillar of
Type I CSP damages part of the coal pillar and generates
broken and plastic zones. Consequently, the bearing capacity
of Type I at different positions varies. On the basis of the
stress distribution and elastic-plastic zone of Type I CSP
(Figure 2), the bearing capacity of the CSP at different lo-
cations is assumed to be simplified into the shape shown in
Figure 10 to facilitate subsequent calculations. +e bearing
capacity rises linearly from 0 at the edge of the filling body to
the limit bearing capacity of coal pillar k2cH in the elastic
zone, decreases to k1cH at the junction of coal pillar and
filling body, and keeps the limit bearing capacity k1cH

unchanged in the filling body (Figure 10).
+e load on Type I CSP can be given by

P1 � 2 Lb + Lp1 
k2cH

2
+ 2 LM − Lb − Lp1 − Lp2 k2cH

+ 2Lp2 k1 + k2( 
cH

2
+ LFk1cH

� 2Lc − Lb − Lp1 − Lp2 k2 + Lp2 + LF k1 cH.

(21)

When the filling body can carry the load and had min-
imumwidth, equation (11) is equal to equation (21).+us, the
minimum width of the filling body LFmin is calculated by

LFmin �
LM − 2 k2 − 1( LC + k2Lb + k2Lp1 + k2 − k1( Lp2  − L2

Mcot δ/(4H)

k1 − 1
. (22)

+e width of the broken zone in the coal pillar Lb in
equation (17) and the width of the plastic zone of the coal

pillar Lp1 in equation (18) and Lp2 in equation (19) are
substituted in equation (22). For practical engineering safety,

x

y

Ls Lp1 Le

γH

k2γH
k3γH

pb
Px

m/2

m/2

τxz

τxz
Lp2

Broken
zone Elastic zone

Plastic
zone

Plastic
zone

Filling body
Coal pillarσx

σz

Figure 9: Schematic of the mechanical calculation model of Type I CSP.
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equation (22) needs to be multiplied by a safety factor. +e
safety design width of filling body LF in Type I CSP is

LFmin � n ·
LM − 2 k2 − 1( LC + k2m( / 2 tanφ0(  ln k2cH + C0 cot φ0( / Px/β + C0 cot φ0( ( 

β
+ k2 − k1( m( / 2 tanφ0(  ln k3cH + C0 cotφ0( / Pb/β + C0 cotφ0( ( 

β
+ m tanφ0

k1 − 1

−
n · L2

Mcot δ/(4H)

k1 − 1
,

(23)

where n is a safety factor, which is greater than 1.5 in
practical engineering.

4. Case of Stability Width Design of CSP

Yangzhuang Coal Mine is located in Huaibei City, Anhui
Province, China. Numerous residential buildings are located
above this mining area. Statistics have shown that the re-
coverable coal reserves located under residential buildings
are estimated at 20.8 million tons, thereby severely limiting
the serving period of the coal mine. Backfilling mining
technology has been applied in the original design of the coal
mine to exploit the coal seam and prevent the damage of
ground buildings. However, the filling cost is relatively high.
If the buildings above the mining area will be relocated, then
the relocation costs will be exceedingly high. +erefore,
backfill-strip mining is attempted to extract coal resources
under buildings and reduce filling cost. Type I CSP is designed
to support the load of overlying strata for ensuring the safety of
surface buildings and the subsidence control effect of the
overlying strata.+e average thickness of the coal seam is 2.7m,
the mining depth of the backfill-strip mining working face is
410m, and the average bulk density of the overlying strata c is
27 kN/m3. When the backfill-strip mining is completed, the
width of the goal on the both sides of CSP is 60m. +e stress
concentration coefficient of the retention coal pillar is 3.0, the
internal friction angle of the coal seam interface φ0 is 24°, and
the bonding force of the coal seam interface C0 is 1.2MPa.+e
stress concentration coefficient on the filling body is 2.5, and
the lateral pressure coefficient is β � μ/(1 − μ). Poisson’s ratio
μ is 0.3, β� 0.43, and the safety coefficient n is 1.5.

In the process of designing the safety width of Type I
CSP, the filling body is first assumed to have sufficient width

to remain stable and provide sufficient lateral pressure on the
coal pillar. +en, the safety width of the coal pillar in Type I
CSP is calculated. On this basis, the safety width of the filling
body is calculated. Finally, the safety width of CSP is equal to
the width sum of the coal pillars and the filling body to
ensure the stability of CSP.

4.1. SafetyWidth Calculation of the Coal Pillar. +e supports
in the goaf, such as meteorites and anchors, have no binding
effect on the horizontal direction of the coal wall, and the
lateral binding force from the goaf Px � 0. In accordance
with equations (17) and (18), the widths of the broken and
plastic zones in the external coal pillar can be calculated. +e
width of the broken zone in the coal pillar Lb is 2.73m, and the
width of the plastic zone of the outer coal pillar Lp1 is 1.25m.

+e passive lateral pressure between the filling body and
the coal pillar Pb � 29.9MPa according to equation (16).
Given the large lateral stress on the coal pillar, the width of
the plastic zone of the internal coal pillar close to the filling
body and the filling body Lp2 is calculated to be equal to 0.

+e safety width of the coal pillar LM ≥ n(Lb + Lp1+

Lp2)≈ 5.97m according to the minimum width of the coal
pillar (equation (20)) and the safety coefficient of the coal
pillar.

+erefore, the width of the coal pillar on both sides is at
least 6m to ensure the stability of the coal pillar in Type I
CSP.

4.2. Safety Width Calculation of the Filling Body. +e safety
width of the filling body LF can be calculated by using
Eq. (22). +e obtained safety coefficient of the filling body
LF ≥ 47.88m.

Lb + Lp1 Lp2 Lb + Lp1Lp2LF

LC LC

k2γH

k1γH

Figure 10: Bearing capacity of Type I at different positions.
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4.3. SafetyDesignWidthCalculation ofType ICSP. +ewidth
of the composite support should be greater than or equal
to 59.8m to ensure long-term stability of CSP under the
aforementioned geological mining conditions.

5. Conclusions

+e stability of CSP is the key to the success of subsidence
control in backfill-strip mining. A stability evaluation model
of the CSP mechanical model was proposed, and this model
can be built in three steps. First, the lateral stress between the
coal pillar and filling body is calculated in consideration of
their interaction relation in CSP based on the earth pressure
theory. +en, the width calculation models of the broken
and plastic zones of three types of CSPs are established on
the basis of limit equilibrium theory. On this basis, the
mathematical model of the safety design width of the three
types of CSP is proposed to ensure the stability of CSP.
Meanwhile, the evaluation model of Type II and Type III
CSPs has one less step than that of Type I CSP.+is study can
provide theoretical reference and technical support for the
engineering design of backfill-strip mining.
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