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.e aim of this study is to obtain movement laws of overlying strata above a fully mechanized coal mining face backfilled with
gangue and solve the problem of surface subsidence during coal mining. .is study was carried out based on gangue backfilling
mining of Jiulishan Coal Mine (Jiaozuo City, Henan Province, China) from the perspectives of deformation of backfilled gangue
under compaction, surrounding rock of a stope, and activities of key strata. .e method combining with rock mechanics,
viscoelastic mechanics, control theory of rock mass under mining, and numerical simulation was used based on physical and
mechanical characteristics of backfilled gangue. On this basis, the research analyzed the temporal-spatial relationships of activities
of surrounding rock of the stope, compressive deformation of backfilling body, failure depth of the floor, deformation char-
acteristics of the main roof with laws of surface subsidence. .e movement characteristics of overlying strata above the fully
mechanized coal mining face backfilled with gangue and the traditional fully mechanized mining face were compared. It is found
that, under the same conditions of overlying strata, movement laws of overlying strata are mainly determined by themining height
of coal seams and the heights of a caving zone and a fracture zone are nearly linearly correlated with the mining height. .rough
analysis based on thin-plate theory and key stratum theory, the location of the main roof of the fully mechanized coal mining face
backfilled with gangue in coal seams first bending and sinking due to load of overlying strata was ascertained. .en, it was
determined that there are two key strata and the main roof belongs to the inferior key stratum. By using the establishedmechanical
model for the main roof of the fully mechanized coal mining face backfilled with gangue and the calculation formula for the
maximum deflection of the main roof, this research presented the conditions for breaking of the main roof. In addition, based on
the theoretical analysis, it is concluded that the main roof of the fully mechanized coal mining face backfilled with gangue does not
break, but bends. .e numerical simulation results demonstrate that, with the continuous increase of strength of backfilled
gangue, the stress concentration degree of surrounding rock reduces constantly, so does its decrease amplitude. Moreover, the
compressive deformation of backfilling, failure depth of the floor, and bending and subsidence of the main roof continuously
decrease and tend to be stable. .e mechanical properties of backfilling materials determine effects of gangue backfilling in
controlling surface subsidence. Gangue backfilling can effectively control movement of overlying strata and surface subsidence
tends to be stable with the increase of elastic modulus of gangue.
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1. Introduction

Coalbed methane development, groundwater exploitation,
and mineral exploitation are main factors leading to surface
subsidence; particularly, surface subsidence is more obvious
in the case of full-seam mining or mining with a large
mining height (Figure 1). .e main influences of coal seam
mining on the surface are characterized by surface subsi-
dence and large cracks on the surface. .is leads to surface
subsidence, landslide, and damage to farmland, houses, and
roads. In particular, surface subsidence caused by coal
mining usually occurs in the form of surface collapse.
Surface collapse refers to a phenomenon of sudden surface
subsidence to form small or large sinkholes or pits, which
poses a particularly great threat to landscape and human life,
because there is no premonitory phenomenon before it
occurs. It can cause many harms, such as surface change,
landslide of steep cliffs, and damage to farmland, houses, and
roads [1–14].

At present, a lot of research has been conducted on the
prediction, characteristics, mechanisms, and control
methods of surface subsidence, and a variety of methods
have been developed [15–20]. However, their performances
in backfilling and subsidence control are quite different
[21–26]. So far, a large number of attempts have been made
in the world to fully understand the surface subsidence
process. .ese attempts mainly focus on the characteristics,
prediction methods, mechanisms, and control measures of
surface subsidence [27–44] and most of the studies are based
on the continuity assumption. In the meanwhile, the
overlying strata in the western China are relatively thin and
buried between 221m and 375m underground. Without
stopping and backfilling, the surface subsidence and damage
will be more obvious. Based on the requirements of envi-
ronmental protection and sustainable development of
mines, the backfilling mining technology develops rapidly
[4]. According to incomplete statistics, the amount of coal
mining under buildings, railways, and water-bodies of
productionmines is up to 1.43×1010 t [1] and the cumulative
amount of gangue piled up over the years in China is about
4.5×109 t. Moreover, there are more than 1,600 gangue
dumps on the surface of coal mines in China, occupying a
land area of 1.5×104 hm2 [1, 4, 6], so gangue has become the
main hazard source of environmental pollution in mines
[2, 3, 7, 45]. .erefore, scholars in China put forward the
scientific mining concept of developing green mining
technologies [5], including the coal mining technology for
coal mining under buildings, railways, and water-bodies by
directly backfilling solid wastes (gangue, fly ash, loess, yellow
sand, etc.) in mining areas [4, 16]. Miao [4, 15, 16] sys-
tematically introduced the research progress of fully
mechanized solid backfilling mining technology and mainly
discussed the control theory of strata movement during
backfilling mining with dense backfilling body. .e theo-
retical breakthrough is the premise of developing new
technologies, mainly including the equivalent mining height
theory for controlling strata movement during backfilling

mining, the continuous medium mechanics model and the
calculation formula for strata movement during backfilling
mining, and analysis on mine pressure in a stope and
support stress during solid backfilling. .erefore, the
compactness of backfilling materials is the key factor con-
trolling strata movement in the backfilling mining face. By
experimentally studying different filling media, Liu and
Qingbiao [46] basically mastered the reasonable mixing ratio
of filling materials and mechanical properties, such as
compactness, rheology, and weathering characteristics of
various filling materials. Based on the analysis of the moving
characteristics of the roof during fully mechanized back-
filling mining, Zhang et al. [23] established the mechanical
model of key blocks in the main roof during fully mecha-
nized mining backfilling. According to the deformation law
under compaction of waste fillings and cracked immediate
roof, they deduced the relational expression of mechanics of
support strength in the backfilled fully mechanized coal
mining face. .e study proves the feasibility of gangue
backfilling mining and concludes the law of strata behaviors
in fully mechanized coal mining face backfilled with gangue
through field application. In the meanwhile, based on the
characteristics of strata movement of solid backfilling
mining technology, Guo et al. [47] proposed the surface
subsidence prediction method based on the equivalent
mining height theory and described the parameter selection
guideline of this method. While comparing the parameters
of caving mining with equivalent height, the subsidence
efficiency can be calculated according to the mining height
and bulk factors of sagging zone and fracture zone. By
conducting a field experiment in a Chinese coal mine located
under thick unconsolidated layers, Wang et al. [48] pro-
posed a backfilling strip miningmethod via determination of
the appropriate longwall face length and mining height, to
protect the bearing structure from being damaged, thus
avoiding surface collapse. .ey found that no surface col-
lapse occurred in the mining process. .e research results
indicate that the method can prevent surface collapse during
longwall mining under thick unconsolidated layers. Zhao
et al. built physical and numerical models for controlling
backfill in steeply dipping coal seams to determine an op-
timum backfilling approach to control surface collapse. .e
physical modeling results show that, for mining without
backfill, the thickness of the largest roof collapse is ap-
proximately twice that of the mined seams, the movement of
roof strata tends to be asymmetrical, and there is a relatively
large empty zone in the upper gob area. Numerical simu-
lation results demonstrate that floor strata mainly undergo
nearly horizontal displacement, while roof strata mainly
experience vertical subsidence, either with or without
backfilling. .e integrity of roof strata is improved as the
extent of backfilling increases and the range of displacement
increases. .e conclusions are proved by results from a field
experiment. .e similar simulation and field measurement
are performed on movement laws of overlying strata above
the working face backfilled with gangue, which provides a
reliable theoretical basis for backfilling mining [21, 22]. By
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using two test plans, the deformation and seepage test and
the seepage test, Li et al. [49] compared and studied the
permeable behaviors of gangue during the time related
deformation process and obtained the permeability of
gangue when the seepage is stable under each stress level.
During gangue backfilling, physical and mechanical prop-
erties of gangue have important influences on displacement
of overlying strata and surface subsidence and the effects of
different types of gangue are not clear. Moreover, selecting
appropriate gangue plays an important role in controlling
surface subsidence.

In the process of gangue backfilling mining, the
compaction and bearing of backfilling materials are par-
ticularly important, and the compressive deformation of
backfilling materials directly affects the movement and
deformation of the surface. However, little attention had
been paid to stress distribution of overlying strata under
gangue backfilling conditions, the influences of hierarchical
optimization of particle size and elastic moduli of backfilled
gangue. On this basis, this study firstly determined the
stress distribution characteristics in a stope of a gangue
backfilling face based on the thin-plate theory and then
carried out a theoretical analysis to determine stress dis-
tribution characteristics in overlying strata. Secondly, key
strata of the working face backfilled with gangue were
determined and the deformation characteristics of the roof
under mining were defined. Finally, this study analyzed
gangue with different elastic moduli, clarified influences of
mechanical parameters of gangue on surface subsidence,
and determined reasonable physical and mechanical pa-
rameters of gangue.

2. Overview of the Study Area

At present, many development roadways in Jiulishan Coal
Mine in Jiaozuo City, Henan Province, China, are being
expanded and repaired. When taking measures for regional
gas control, many rock roadways (at present, there are nearly
20 heading faces of rock roadways in the whole mine) need
to be excavated, and the daily discharge of gangue reaches
1,400 t, which leads to the busy auxiliary haulage systems in
the mine. Jiulishan Coal Mine has accumulated nearly
9.4×105m3 of gangue on the ground and at present, there is
a serious shortage of gangue disposal sites. Mining with
gangue backfilling technology not only makes lifting of
existing gangue to the ground unnecessary and reduces the
cost of gangue discharge, but also can consume the existing
gangue on the ground and reduce costs for discharge,
transportation and lifting of gangue and construction and
maintenance of gangue discharge sites. .is fundamentally
solves the problem of land occupation and management of
gangue dumps and greatly reduces environmental pollution
in the coal mine. Based on this, taking Jiulishan Coal Mine as
the research object, gangue excavated from the coal mine
was used in the test. .e physical and mechanical charac-
teristics of gangue are shown in Table 1.

In the mining test with gangue backfilling, the 12031
working face, located in the north wing of No. 12 mining
area of Jiulishan Coal Mine, was mined. No. 12 mining area
was mined with backfilling in Jiulishan Coal Mine, with a
mining area of 430,400m2, geological reserve of 3.443×106 t,
and the ground elevation of +93m. .e coal pillars were
retained for protecting villages and industrial squares in this

(a) (b) (c) (d)

(e)

Figure 1: Problems caused by surface subsidence and surface cracks. (a) Surface subsidence in Australia; (b) landslide in Australia; (c)
damage to farmland in India; (d) damage to roads in China.
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area. .e layout of roadways in the fully mechanized coal
mining face backfilled with gangue is displayed in Figure 2.

3. Movement Characteristics of Overlying
Strata above the Fully Mechanized
Mining Face

3.1. Movement Characteristics of Overlying Strata above the
Traditional Fully Mechanized Mining Face. After the coal
mining, the original stress equilibrium state around the goaf
is damaged, inducing stress redistribution. As a result, this
causes deformation, damage and movement of rock strata,
which develops upwards to the surface to induce surface
movement. Such a process and phenomenon is known as
strata movement [3]. A large number of observations [2, 3]
show that when the goaf is treated with the fully caving
method, the goaf can be divided into three zones, namely, a
caving zone, a fracture zone, and a bending zone, according
to the degree of movement and damage of overlying strata
therein. .e schematic diagram of movement of overlying
strata above the traditional fully mechanized mining face is
demonstrated in Figure 3.

3.2. Movement Characteristics of Overlying Strata above the
Fully Mechanized Coal Mining Face Backfilled with Gangue.
.e heights of the caving zone and fracture zone are related
to lithology and the mining height of coal seams [2]. .e
harder the overlying strata of coal seams are, the smaller the
heights of the caving zone and fracture zone are [46]. In
accordance with the concept of equivalent mining height
proposed by Professor Miao Xiexing, mining with gangue
backfilling is equivalent to reducing the mining height. In
other words, it is same as mining thin coal seams, which is
equivalent to reducing the heights of the caving zone and
fracture zone. For the fully mechanized working face mined
by the technology of backfilling goaf with gangue, with the
advance of the working face, the goaf is backfilled with
gangue when the immediate roof does not cave. Because of
bulking characteristics of gangue for backfilling and caved
from the immediate roof, the goaf backfilled with gangue
changes with time and the gangue backfilling body is
compressed and deformed under load of overlying strata.
.e deformation of the gangue backfilling body is mainly
elastic and plastic. .e deformation of the gangue backfilling
body leads to the caving of the main roof, which is in direct
contact with the broken immediate roof. .e soft strata
borne by the main roof are gradually separated from the key
strata after subsidence and the key strata bend and deform
due to load of overlying strata. However, confined by the
separation space, the key strata and their bearing body

directly act on the soft layers below. With the increase of
deformation, the supporting force provided by the lower soft
layers is strengthened, thus limiting the bending deformation
of the key strata [46]. .e strata movement characteristics
during fully mechanized mining with gangue backfilling are
illustrated in Figure 4.

.e heights of the caving zone and fracture zone have a
correlation with factors, such as the mining height, dip angle
of coal seams, and mining methods as well as lithology and
structure of overlying strata. Due to different mining heights
from the traditional fully mechanized mining face, move-
ment laws of overlying strata above the fully mechanized
coal mining face backfilled with gangue are mainly deter-
mined by the mining height of coal seams under the same
conditions of overlying strata..e heights of the caving zone
and fracture zone are nearly linearly related to the mining
height [7]. Gangue backfilling greatly reduces the heights of
the caving zone and fracture zone, which well controls
movement of overlying strata and effectively prevents water
inrush accidents in the working face, thus providing fa-
vorable conditions for safe mining of the working face.

4. Stress Analysis on the Main Roof during
Mining with Gangue Backfilling

4.1. Analysis of the Main Roof of the Fully Mechanized Coal
Mining Face Backfilled with Gangue Based on=in-Plate
=eory

4.1.1. Establishment of the Mechanical Model. .e 12031
working face of Jiulishan Coal Mine is mined by gangue
backfilling. .e upper part of the working face has been a
goaf, while the lower part contains unmined coal mass. .e
initial support conditions of the main roof of the stope are
set as follows: it is fixed on three sides and simply supported
on one side. .erefore, by using the mechanical model with
the fixed support on three sides and simple support on one
side (Figure 5(a)), the stress distribution and breaking laws
of the roof of the working face backfilled with gangue were
analyzed [2].

4.1.2. Stress Distribution Laws in the Roof of the Stope of the
Working Face Backfilled with Gangue. Based on the me-
chanical model of the main roof of the stope of the 12031
working face in Jiulishan Coal Mine, stress analysis was
conducted on the roof of the stope (Figure 5(b)). In ac-
cordance with the boundary conditions of the mechanical
model of the roof with the fixed support on three sides and
simple support on one side, the calculation formula for stress
distribution in the main roof during gangue backfilling
mining is shown as follows:

Table 1: Mechanical parameters of rock samples.

Strata Compressive
strength (MPa)

Elastic modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Angle of
internal

friction (°)

Protodyakonov
coefficient

Deformation
modulus (GPa)

Sandstone 5.90 69.80 0.16 39.48 35.30 9.30 9.20
Mudstone 3.25 38.90 0.21 47.09 29.20 5.58 7.40
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where σx, E, A, and b represent the normal stress (MPa)
acting vertically on the x-axis plane, elastic modulus (MPa)
of roof rock, coefficient of the deflection surface, and length
(m) of the working face, respectively; μ, a, and σy indicate
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Figure 3: Schematic diagram of movement of overlying strata
above the traditional fully mechanizedmining face. A: zone affected
by support of coal wall; B: bed-separation zone; C: recompacted
zone; α represents the angle affected by support; I, II, and III
indicate the bending and subsidence zone, the fracture zone, and
the caving zone, respectively.
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Figure 2: Diagram of layout of roadways in the fully mechanized coal mining face backfilled with gangue.
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Poisson’s ratio of roof rock, span (m) of the stope roof, and
normal stress (MPa) acting vertically on y-axis plane, re-
spectively; τxy denotes the shear stress (MPa) acting on the
xy plane, which is positive consistent with the negative
direction of the y-axis; x, y, and z are the distances (m) on the
coordinate axis. By analyzing the mechanical model, it is
obtained that the stress distributions at the midpoints of
O′L′ and N′M′ edges and midpoint of O′N′ edge in
Figure 5(b) are expressed in formulas (2) and (3).
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By comparing formulas (2) and (3), the stress at the
midpoints of O′L′ and N′M′ edges is larger than that at the

midpoint of O′N′ edge. Due to use of gangue backfilling
technology, backfilling while mining of the goaf allows the
roof rock of the stope to not completely cave. Instead, with
the constant advance of the working face, due to com-
pressive deformation of the backfilling body under gravity of
overlying strata, the roof is suspended and the immediate
roof caves. Moreover, the main roof bends and deforms with
the compressive deformation of the backfilling body. When
the overhanging roof reaches its limit, it bends near the
midpoints of OL and NM edges first.

4.2. Determination of the Key Strata of the Fully Mechanized
CoalMiningFaceBackfilledwithGangue. Academician Qian
Minggao proposed the key stratum theory in the previous
study [50]. When there are multilayer strata in overlying
strata of the stope, the strata that control all or part of
activities of rock mass are called the key strata [50]. .e key
strata are mainly determined based on deformation and
breaking characteristics. When the key strata are broken, the
subsidence and deformation of all or local strata above the
key strata are coordinated and consistent with each other.
.e former is known as main key strata, while the latter is
called inferior key strata; that is, the fracture of the key strata
will lead to the overall movement of all or considerable part
of overlying strata. In general, the key strata are the main
bearing layers, which bear part of the weight of overlying
strata in the form of slabs or simplified beam structures
before breaking and form structures of voussoir beams after
breaking. Its structural morphology reflects the strata
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Figure 5: Mechanical model with fixed support on three sides and simple support on one side.

Figure 4: Schematic diagram of movement of overlying strata above the fully mechanized coal mining face backfilled with gangue.
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movement form. According to definition and deformation
characteristics of the key strata, if n layers are deformed
synchronously and coordinately, the lowest strata are the key
strata. .e physical and mechanical parameters of overlying
strata of the 12031 working face in Jiulishan Coal Mine are
listed in Table 2.

According to formula (4), the loading action of the nth
stratum on the mth stratum is calculated from the lower
stratum (n>m).

qm∣n �
Emh

3
m 

n
i�1 cihi


n
i�1 Eih

3
i

. (4)

If meeting qm|n+1 < qm|n, then the n+ 1 stratum is
regarded as a hard stratum; otherwise, load of the n+ 2th
stratum on the nth stratum is continuously calculated. By
substituting data in Table 2 into formula (4), load of
overlying strata in each layer on A7 and A11 strata is ob-
tained. Based on the calculation results and determination
criteria, it is comprehensively considered that there are two
hard strata, namely, A7 and A11, in the overlying strata
above the 12031 working face of Jiulishan Coal Mine. .e
criteria for determining the key strata should satisfy not only
the stiffness condition, but also the strength condition,
which is generally expressed by the interval of roofing
breaking Lk of strata as follows:

Lk � hk

����
2σtk

qk

,



(5)

where hk, σtk, and qk indicate the thickness (m), tensile
strength (MPa), and load (kN) borne by the kth hard
stratum, respectively.

It is assumed that the nth and mth strata are hard
(n>m). If Ln >Lm>L, the nth stratum is the main key
stratum, while the mth and first strata are the inferior key
strata. If Ln >Lm>L, then load on the nth hard stratum should
be added onto the mth stratum to recalculate the interval of
roofing breaking of the mth stratum. After that, by com-
paring with the first stratum, the stratum with the longest
interval of roofing breaking is the main key stratum, fol-
lowed by the inferior key stratum, while the nth stratum is
not key stratum. According to the criteria for determining
the key strata and the physical and mechanical parameters of
overlying strata above the 12031 working face of Jiulishan
Coal Mine, the key stratum in the coal seam is determined as
A7, while the inferior key stratum is A11.

4.3. Analysis on Bending Deformation of the Main Roof of the
Fully Mechanized Coal Mining Face Backfilled with Gangue.
.e analysis on the position of deformation of the main roof
of the fully mechanized coal mining face backfilled with
gangue based on thin-plate theory shows that the main roof
firstly bends at the middle position. In accordance with the
assumption of Winkler foundation [15], the main roof is
assumed as an elastic beam on the foundation..erefore, the
mechanical model was established only based on the part
from the main roof to the coal seam. Owing to the main key
strata of the fully mechanized coal mining face backfilled

with gangue bend, rather than break [46], the uniformly
distributed load q0 of overlying strata above the main roof is
only calculated from the lower part of the main key strata to
the inferior key strata. Because the mechanical model is
symmetrical, a half of the model was taken for mechanical
analysis, and the unit length was taken in z direction. .e
starting point on the left end of the beam is the coal wall of
the working face, and the length l of the beam is a half of the
length of the backfilling zone. .e bearing body in the lower
part of the main roof is backfilling body and the elastic
modulus is constantly changing in the process of continuous
compression of the backfilling body, so the supporting force
of the bearing body to the key strata is set as p (x). .e
mechanical model and stress model of the main roof of the
fully mechanized coal mining face backfilled with gangue are
shown in Figure 6.

By using the mechanical model of the main roof of the
fully mechanized coal mining face backfilled with gangue in
Figure 6, the main roof and the backfilling body below as the
bearing body were analyzed and studied based on a beam
model onWinkler elastic foundation. In accordance with the
assumption of Winkler foundation [4, 31, 32], the substance
at any point on the surface of the foundation is directly
proportional to the pressure p on the unit area of the point,
expressed as follows:

p � kω, (6)

where ω and k separately represent the subsidence of the
foundation and foundation coefficient. .e bearing body in
the mechanical model of the main roof belongs to the
backfilling body that is the elastic foundation. Under the
load q0 of overlying strata, the displacement between the
beam (main roof) and the foundation (backfilling body) is
defined as x, while the pressure between them is defined as p
(x). By analyzing the beam, the relationship among q0, p (x),
and deflection ω of the beam is expressed as follows:

qo − p(x) � EI
d4ω(x)

dx
4 , (7)

where EI denotes the stiffness of the beam section. β is taken
as the characteristic coefficient, expressed as follows:

β �

���
k

4EI
4



. (8)

Formula (7) can be rewritten as follows:

qo

EI
�
d4ω(x)

dx
4 + 4βω. (9)

By solving formula (9), the general solution to formulas
is attained as follows:

ω(x) � e
βx

(A cos βx + B sin βx) + e
−βx

· (C cos βx + D sin βx) +
qo

k
.

(10)

Because the established mechanical model of the main
roof is a finite-length beam, the formula for the deflection of
the beam without load is obtained by solving formula (10)
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with the initial parameter method in the existing studies
[36, 51].

ω(x) � ωo · φ1 + θo

φ2
β

− Mo

φ3

EIβ2
− QO

φ4

EIβ3
, (11)

where Mo, θo, Qo, and ωo represent the bending moment,
rotation angle, shear force, and deflection at the breaking
point (x� 0) of the finite-length beam, respectively; Φ1, Φ2,
Φ3, and Φ4 are all Krylov functions of βx.

φ1(βx) � chβx cos βx,

φ2(βx) �
1
2

(chβx sin βx + shβx cos βx),

φ3(βx) �
1
2
shβx sin βx,

φ4(βx) �
1
4

(chβx sin βx + shβx cos βx).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(12)

For the uniformly distributed load q0 borne by the beam
on the foundation, formula (13) is used as the correction
term of the deflection.

ω(x)qo
� 

x

0
qoθ4[β(x − ξ)]dξ � qo

1 − φ1

k
. (13)

After using the correction term of formula (13), when the
finite-length elastic beam on the foundation bears local load,
the deflection is expressed as follows:

ω(x) � ωo · φ1 + θo

φ2
β

− Mo

φ3

EIβ2
+ QO

φ4

EIβ3
+ qo

1 − φ1
k

.

(14)

By substituting boundary conditions of the beam into
formula (14), the deflection ω (x), rotation angle θ (x),
bending momentM (x), and shear force Q (x) are expressed
as follows:

ω(x) � −Mo

φ3

EIβ2
+ QO

φ4

EIβ3
+ qo

1 − φ1

k
, (15)

θ(x) �
dω(x)

dx
� −Mo

φ2

EIβ
+ QO

φ3

EIβ2
+ 4qo

φ4β
k

, (16)

M(x) � −EI
d2ω(x)

dx
2 � Moφ1 + QO

φ2

β
+ 4qo

EIβ2φ3

k
, (17)

qo

x

y P(x)

o

l

(a)

P(x)

Fx

Fy

M M1

Fy1

(b)

Figure 6: Mechanical model and stress model of the main roof. (a) Mechanical model of the main roof. (b) Stress analysis of the main roof.

Table 2: Physical and mechanical parameters of overlying strata.

No. Lithology .ickness
(m)

Elastic modulus
(GPa)

Compressive strength
(MPa)

Tensile strength
(MPa)

Volume force
(kN·m−3)

1 Loess layer 23.56 0 — — 18
2 Laterite layer 36.80 0 — — 18

3 Laterite
conglomerate 30.62 1.56 10.21 — 21

4 Siltstone 14.00 1.65 15.96 1.65 25
5 Sandstone 5.37 1.94 21.23 1.82 26
6 Siltstone 8.90 11.23 40.5 3.72 27
7 Sandstone 20.60 18.14 80.5 7.1 27
8 Mudstone 1.60 14.22 56.8 4.3 27
9 Sandstone 13.46 13.2 50.3 3.91 27
10 Siltstone 6.05 12.2 43.21 3.92 27
11 Sandstone 15.48 16.2 69.8 5.97 27
12 Mudstone 1.10 9.58 38.9 3.25 27
13 No. II1 coal seam 5.5 1.93 13.9 0.73 15
14 Siltstone 11.71 9.26 37.5 3.16 27
15 Limestone 0.55 6.72 28.91 2.36 26
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Q(x) � −EI
dω3

(x)

dx
3 � −4Moβφ4 + QOφ1 + 4EIβ3qo

φ2
k

.

(18)
By substituting boundary conditions of the beam into

formulas (16) and (18), binary linear equations ofM0 and Q0
are obtained.

−Mo

φ2
EIβ

− QO

φ3

EIβ2
+ 4qo

φ4β
k

� 0,

−4Moβφ4 − QOφ1 + 4EIβ3qo

φ2

k
� 0.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(19)

ParametersM0 and Q0 are obtained by solving the above
binary linear equations.

Mo �
2EIβ2q0

k
·
sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)
,

QO �
4EIβ3qo

k
·
ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)
.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(20)

By substituting formula (20) into the formula for
boundary conditions of the beam, the formula for deflection
of the finite-length elastic beam on the foundation when
bearing the uniformly distributed load is obtained.

ω(x) �
2q0φ3

k
·
sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)3

+
q0φ4

k
·
ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)
+ qo

1 − φ1

k
,

(21)

M(x) �
2EIβ2q0φ1

k

sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)

+
4EIβ2q0φ2

k

ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)
+ 4qo

EIβ2φ3

k
.

(22)

According to determination based on thin-plate theory
and deformation characteristics of the beam under stress, the
points of the maximum deflection and bending moment of
the beam appear at x� l, thus obtaining the maximum
deflection of the beam.

ω(l) �
2q0φ3(lβ)

k
·
sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)3
+

q0φ4(lβ)

k

·
ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)
+ qo

1 − φ1(lβ)

k
,

(23)

M(l) �
2EIβ2q0φ1(lβ)

k

sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)
+
4EIβ2q0φ2(lβ)

k

·
ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)
+ 4qo

EIβ2φ3(lβ)

k
.

(24)

In accordance with strength theory of the beam, σmax,
Mmax, andW are separately shown in the following formulas:

σmax �
Mmax

W
�

1
10
σC, (25)

Mmax � M(l), (26)

W �
1
6
h
2
, (27)

where Mmax, W, σc, and h denote the maximum bending
moment, bending modulus of section, bending modulus of
section, and height of the beam, respectively.

By substituting formulas (24), (25), and (26) into for-
mula (27), the relationship between the compressive
strength and the maximum bending moment is shown as
follows:

2EIβ2q0φ1(lβ)

k

sh(2lβ) − sin(2lβ)

sh(2lβ) + sin(2lβ)
+
4EIβ2q0φ2(lβ)

k

·
ch(2lβ) − cos(2lβ)

sh(2lβ) + sin(2lβ)

+ 4qo

EIβ2φ3(lβ)

k
�
σch

2

60
.

(28)

According to the existing study [43], the maximum
deflection of the main roof is shown in the following
formula:

ω(x)max �
ch1 + q0(  · L

4
1

384E1I
. (29)

.erefore, when meeting the conditions of formula (29),
the main roof is broken.

ω(l)≥ω(x)max. (30)

In the calculation results based on Winkler theory, the
bending deformation of the main roof is calculated through
the numerical calculation. Based on the actual conditions of
Jiulishan Coal Mine, the results of bending deformation of
the main roof are obtained through calculation according to
parameters of strata above the working face and the test for
determining parameters of bulking characteristics of back-
filled gangue. Before the calculation, it is necessary to in-
troduce the elastic foundation coefficient of strata [46].
According to the existing study [46], the bearing body below
the main roof includes crushed rock blocks of the immediate
roof and backfilling body, which belong to the elastic
foundation. .e C1 and C2 strata between the goaf and the
immediate roof are taken as the cushion, as shown in
Figure 7. .e calculation results of the elastic foundation
coefficient of strata in the existing research [46] are dem-
onstrated as follows:

k �
1


2
i�1 hi/Ei

. (31)
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As qo � cH� 22m× 27 kN/m3 � 0.594MPa, E� 16.2GPa,
E1 � 9.58GPa, E2 �10GPa, h� 15.48m, h1 � 1.1m, h2 � 3.0m,
and σc � 69.8MPa, the cross-sectional moments of inertia I, k,
and β of the main roof are displayed as follows:

I �
1
12

h
3

� 309.12m3
,

k �
1


2
i�1 hi/Ei

� 2, 410, 669KN/m3
,

β �

���
k

4EI
4



� 0.105m−1
.

(32)

Given h� 15.48m and σc � 69.8MPa, then l� 22.66m
can be obtained by solving formula (28).
When l� 22.66m, the maximum deflection
w(l) � 1.38mm of the main roof can be obtained by
solving formula (23).
It is known that c � 27KN/m3. By substituting the
measured data of the mine, namely, L1 � 58m into
formula (29), the following result is obtained:

ω(x)max �
ch + q0(  · L

4

384EI
� 5.56mm. (33)

.erefore, ω(l)<ω(x)max, according to which it can be
determined that the main roof does not break, but it bends
and sinks with the constant compaction of the backfilling
body during stopping of the working face in the test of
mining Jiulishan Coal Mine with gangue backfilling.

5. Movement Laws of Overlying Strata during
Gangue Backfilling Mining

5.1. Calculation Model and Parameters

5.1.1. Boundary Conditions of the Model. Based on the
numerical simulation, strata movement laws were studied.
Due to the limitation of the number of run units of the
simulation software, the simplifiedmethod is usually adopted;
that is, the strata not simulated are regarded as the uniformly
distributed load that is applied on the upper boundary of the
model. According to different research purposes, the
boundaries of the model are correspondingly adjusted.
.rough the numerical simulation, this study mainly inves-
tigated changes of the main roof and key strata and surface
deformation laws, and the vertical range of the model was
from the floor of the coal seam to the surface [52, 53].

A strain-hardening model was used for calculation.With
strike× tendency× height� 400m× 150m× 225m, a plane
strain model was utilized. .e displacement boundary
conditions of the model are shown as follows: the left and
right boundaries and the lower boundary of the model are
used as displacement boundaries. .e displacements of the
left and right boundaries in x direction and the displacement
of the lower boundary in y direction are limited. .e model
is demonstrated in Figure 8.

5.1.2. Division of Elements of the Numerical Model and
Determination of Calculation Parameters. .e left, right,
front, and back sides of the model are single-constraint
boundaries and the horizontal constraint is applied; that is,
the horizontal displacement of the boundary is zero while
boundary nodes are only allowed to move along the vertical
direction. .e bottom of the model is a fully constrained
boundary; that is, the horizontal and vertical displacements
of the boundary nodes in the bottom are both zero.
According to the buried depth of the model and Heim’s
hypothesis, the gravity stress of the original rock acts on the
upper boundary. .e calculation model based on FLAC3D

software is displayed in Figure 9.
.e physical and mechanical parameters of coal seams

and overlying strata above the mining face backfilled with
gangue and mechanical parameters of the coal-rock contact
surface are listed in Table 2. .e gangue backfilling materials
mostly are siltstone from the floor and mudstone from the
roof, and some are sandstone from the roof. .e mechanical
parameters of backfilled gangue are shown in Table 3.

5.1.3. Simulation Schemes. .e elastic modulus of gangue
backfilling materials is one of key factors for gangue
backfilling mining. For the nonlinear elastic rock, the stress-
strain relationship can be expressed by a single valued
function σ � f (ε). Because σ–ε shows a curvilinear rela-
tionship, the elastic modulus, as a variable, at any point P on
the curve depends on the position of the point [4]. Because
the gangue backfilling body is constantly compacted under
gravity of overlying strata, the elastic modulus thereof
changes continuously. When the backfilling body is com-
pletely compacted, it can be considered that the elastic
modulus thereof reaches the maximum. To study movement
laws of the main roof and key strata before and after
complete compaction of the gangue backfilling body, the
backfilling body is compacted by changing the elastic
modulus of the backfilling body at different stages in the
numerical simulation. It is supposed that the initial elastic
modulus of the backfilling body is 1GPa. When the elastic
modulus of the backfilling body at different stages increases
to 5, 10, 15, and 20GPa with the constant compaction of the
backfilling body, the movement characteristics of strata
before and after complete compaction were studied by
changing the elastic modulus. In addition, five numerical
simulation schemes under the elastic modulus of the
backfilling body of 1, 5, 10, 15, and 20GPa were imple-
mented. Based on the above five schemes, the bending and
subsidence of themain roof of the working face, compressive

qo

Inferior key strata (main roof)

Immediate roof

Gangue backfilling body

Figure 7: Schematic diagram of strata structure.
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deformation of the backfilling body, surface deformation
laws and floor failure were analyzed.

5.2.MovementLawsofOverlyingStrataunderDifferentElastic
Moduli of Backfilled Gangue. .rough the simulation on the
compressive deformation of the backfilling body, the

compressive deformation laws of the backfilling body were
analyzed under the elastic modulus of 1, 5, 10, 15, and
20GPa. .e simulated 12031 backfilling mining face in
Jiulishan Coal Mine advances for 100m along the strike
direction in total. In this case, the deformation of the
backfilling body and distributions of displacement vector of
the backfilling body and vertical stress were obtained.

200
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100
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50

0

00
100

200
300

400

X (m)

Y (m)

Y X

Z

Main roof
Immediate roof

Coal seam
Floor

Figure 9: Grid model of numerical calculation based on FLAC3D software.

Table 3: Physical and mechanical parameters of backfilled gangue.

Backfilling material Elastic modulus (GPa) Compressive strength (MPa) Tensile strength (MPa) Volume force (kN·m−3)
Sandstone 16.2 69.8 5.97 27
Mudstone 9.58 38.9 3.25 27
Siltstone 9.26 37.5 3.16 27

Loess layer

Laterite layer

Siltstone

Siltstone

Siltstone

Siltstone
No. III coal seam

Main roof

Sandstone

Sandstone
Mudstone

Sandstone

Laterite
conglomerate

Figure 8: Original model.
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(1) Using gangue with the elastic modulus of 1GPa as
backfilling materials for simulation: when gangue
with the elastic modulus of 1GPa is used for
backfilling, movement of overlying strata and dis-
tributions of displacement vector of surrounding
rock and vertical stress when the working face ad-
vances for 100m are obtained in Figure 10.
As displayed in Figure 10, overlying strata during
gangue backfilling mining move more gently com-
pared with those during the fully caving mining. By
using this method, strata movement is well con-
trolled and the main roof does not break, but it
bends. Because the roof is effectively controlled, the
abutment stress of the coal wall and roof subsidence
are small. Due to influence of the advanced stress, the
coal wall slightly deforms. Because of the small elastic
modulus and low strength of backfilled gangue, the
backfilling body exhibits great compressive defor-
mation, but the failure depth of the floor is small..e
above distribution of vertical stress suggests that the
maximum abutment stress in front of the coal wall is
25MPa.

(2) Taking gangue with the elastic modulus of 5GPa as
backfilling materials for simulation: when gangue
with the elastic modulus of 5GPa is utilized for
backfilling, the movement of overlying strata and
distributions of displacement vector of surrounding
rock and vertical stress when the working face ad-
vances for 100m are demonstrated in Figure 11.
As illustrated in Figure 11, overlying strata during
gangue backfilling mining move more gently com-
pared with those during the fully caving mining.
Strata movement is well controlled and themain roof
bends instead of breaking. Because the roof is ef-
fectively controlled, the abutment stress of the coal
wall and roof subsidence are small. Because of in-
fluence of the advanced stress, the coal wall deforms
slightly. Since the elastic modulus of backfilled
gangue relatively rises and the strength increases
accordingly, the compressive deformation of the
backfilling body relatively reduces and the failure
depth of the floor is still small..e above distribution
of vertical stress demonstrates that the maximum
abutment stress in front of the coal wall is 21MPa.

(3) Utilizing gangue with the elastic modulus of 10GPa
as backfilling materials for simulation, when taking
gangue with the elastic modulus of 10GPa for
backfilling, the movement of overlying strata and
distributions of displacement vector of surrounding
rock and vertical stress with the working face ad-
vancing for 100m are illustrated in Figure 12.
As shown in Figure 12, compared with the move-
ment of overlying strata during mining with the fully
caving method, the strata movement during gangue
backfilling mining is gentler. In this way, strata
movement is well controlled and the main roof does

not break but bends. Due to effective control on the
roof, the abutment stress of the coal wall and roof
subsidence are small. Affected by the advanced
stress, the coal wall slightly deforms. Due to the
constant increase of the elastic modulus and cor-
responding rise of strength of backfilled gangue, the
compressive deformation of the backfilling body
decreases correspondingly and the failure depth of
the floor is still small. As shown in the above dis-
tribution of vertical stress, the maximum abutment
stress in front of the coal wall is 20MPa.

(4) Using gangue with the elastic modulus of 15GPa as
backfilling materials for simulation: when gangue
with the elastic modulus of 15GPa is utilized as
backfilling materials, the movement of overlying
strata and distributions of displacement vector of
surrounding rock and vertical stress are obtained as
the working face advances for 20, 40, 60, 80, and
100m, as displayed in Figure 13.
As shown in Figure 13, overlying strata during
gangue backfilling mining move more gently in
comparison with that in mining with the fully caving
method. Strata movement is well controlled and the
main roof does not break, but it bends. Attributed to
the effective control on the roof, the abutment stress
of the coal wall and roof subsidence are small.
Influenced by the advanced stress, the coal wall
slightly deforms. When the elastic modulus of
backfilled gangue rises to 15GPa, the compressive
deformation of the backfilling body is small, which
changes little compared with the case under the
elastic modulus of backfilled gangue of10GPa, and
the floor is still found to have a small failure depth.
.e above distribution of vertical stress illustrates
that the maximum abutment stress in front of the
coal wall is 19MPa.

(5) Utilizing gangue with the elastic modulus of 20GPa
as backfilling materials for simulation. When gangue
with the elastic modulus of 20GPa is used as the
backfilling materials, the movement of overlying
strata and distributions of displacement vector of
surrounding rock and vertical stress are obtained in
Figure 14 as the working face advances for 100m.

As displayed in Figure 14, the movement of overlying
strata during gangue backfilling mining is gentler in com-
parison with that in mining with the fully caving method.
.e strata movement is well controlled and the main roof
bends rather than breaks. Under the effective control of the
roof, the abutment stress of the coal wall and roof subsidence
are small. When the elastic modulus of backfilled gangue
increases to 20GPa, the compressive deformation of the
backfilling body is small, which shows a small change
compared with that when the elastic modulus is 15GPa, and
the failure depth of the floor is still small. .e above dis-
tribution of vertical stress shows that the maximum abut-
ment stress in front of the coal wall is 19MPa. Compared

12 Advances in Civil Engineering



with that under the elastic modulus of 15GPa, the maximum
abutment stress changes slightly when the elastic modulus of
gangue is 20GPa.

Based on the above analysis, overlying strata during
gangue backfilling mining move more gently compared with
those in mining with the fully caving method. Strata
movement is well controlled and the main roof does not

break, but it bends. Because the roof is effectively controlled,
the abutment stress of the coal wall and roof subsidence are
small. With the gradual increase of the elastic modulus of
backfilled gangue, the vertical stress concentration degree
constantly decreases. Under the elastic modulus of backfilled
gangue of 1GPa, the gangue is of low strength, the com-
pressive deformation of the backfilling body is large, and the

Open-off cut

Backfilling body
End position

(a)

Open-off cut Backfilling body End position

(b)

Figure 10: Movement of overlying strata when the working face advances for 100m under the elastic modulus of gangue of 1GPa. (a)
Displacement vector of surrounding rock. (b) Distribution of vertical stress.

Open-off cut
Backfilling body

End position

(a)

Open-off cut
Backfilling body

End position

(b)

Figure 11: Movement of overlying strata when the working face advances for 100m under the elastic modulus of gangue of 5GPa. (a)
Displacement vector of surrounding rock. (b) Distribution of vertical stress.
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maximum abutment stress in front of the coal wall reaches
25MPa. When the elastic modulus of backfilled gangue rises
to 5GPa, the distribution of vertical stress and movement
laws of overlying strata are basically same as those under the
elastic modulus of 1GPa. However, in this case, the com-
pressive deformation of the backfilling body is obviously

small and the vertical stress concentration degree reduces.
Furthermore, the maximum abutment stress decreases ob-
viously to 21MPa. As the elastic modulus rises to 10, 15, and
20GPa, movement laws of overlying strata are basically
consistent and the vertical stress concentration degree
constantly reduces, but its decrease amplitude is not obvious.

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End position

(a)

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End position

(b)

Figure 13: Movement of overlying strata when the working face advances for 100m under the elastic modulus of gangue of 15GPa. (a)
Displacement vector of surrounding rock. (b) Distribution of vertical stress.

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End position

(a)

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End position

(b)

Figure 12: Movement of overlying strata when the working face advances for 100m under the elastic modulus of gangue of 10GPa. (a)
Displacement vector of surrounding rock. (b) Distribution of vertical stress.
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5.3. Compressive Deformation of the Backfilling Body under
Different Elastic Moduli of Backfilled Gangue. When the
elastic moduli of backfilled gangue are 1, 5, 10, 15, and
20GPa, the backfilling body is compressed and deformed
under load of overlying strata with the constant advance of
the working face, as shown in Figure 15.

As demonstrated in Figure 15, when the elastic moduli of
backfilled gangue are 1, 5, 10, 15, and 20GPa, the maximum
compressive deformations of the backfilling body are 215,
123, 66, 59, and 31mm, respectively. It can be seen from the
experiment that, with the gradual increase of the elastic
modulus of backfilled gangue, the compressive deformation
of the backfilling body continuously decreases, so does its
decrease amplitude.

5.4. FailureDepthof theFloorunderDifferentElasticModuli of
Backfilled Gangue. As the elastic moduli of backfilled
gangue are 1, 5, 10, 15, and 20GPa, the failure degrees of the
floor under load of overlying strata with the constant ad-
vance of the working face are illustrated in Figure 16.

As displayed in Figure 16, under the elastic moduli of
backfilled gangue of 1, 5, 10, 15, and 20GPa, the failure depths
of the floor are 44, 15, 6, 5, and 5mm, respectively. .e
experiment shows that the failure depth of the floor and its
decrease amplitude constantly reduce as the elastic modulus
of backfilled gangue gradually rises.When the elastic modulus
of backfilled gangue is 10GPa, the failure depth of the floor is
very small and does not change any longer.

5.5. Bending and Subsidence of the Main Roof under Different
Elastic Moduli of Backfilled Gangue. By determining the key
strata, the main roof of the working face is the key stratum.

Furthermore, through analysis of the mechanical model, it is
found that the main roof during gangue backfilling under
this condition does not break, but it bends and sinks. When
the elastic moduli of backfilled gangue are 1, 5, 10, 15, and
20GPa, the bending and subsidence of the main roof under
the load of overlying strata are obtained with the continuous
advance of the working face, as displayed in Figure 17.

Figure 18 demonstrates that as the elastic moduli of
backfilled gangue are 1, 5, 10, 15, and 20GPa, the values of
bending and subsidence of the main roof are 158, 45, 23, 23,
and 11mm, respectively. It can be observed from the ex-
periment that, with gradual increase of the elastic modulus
of backfilled gangue, bending and subsidence of the main
roof constantly reduce, so does its decrease amplitude.When
the elastic modulus of backfilled gangue is 15GPa, the
bending and subsidence of the main roof tend to stabilize,
indicating that the strength of backfilled gangue determines
the bending and subsidence degree of the key strata.

5.6. Surface Deformation under Different Elastic Moduli of
Backfilled Gangue. Under the elastic moduli of backfilled
gangue of 1, 5, 10, 15, and 20GPa, Figure 18 shows surface
subsidence, inclination deformation, curvature deformation,
and horizontal deformation with the constant advance of the
working face.

As illustrated in Figure 18(a), when the elastic moduli of
backfilled gangue are 1, 5, 10, 15, and 20GPa, the maximum
surface subsidence is 73, 27, 11, 11, and 5mm, respectively.
.e experiment demonstrates that, with the gradual rise of
the elastic modulus of backfilled gangue, surface subsidence
decreases and its decrease amplitude reduces constantly.
Even if the elastic modulus of backfilled gangue is 1GPa, the
maximum surface subsidence is only 73mm, which is very

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End positionnn

(a)

Open-off cut Backfilling body End positionOpen-off cut Backfilling body End position

(b)

Figure 14: Movement of overlying strata when the working face advances for 100m under the elastic modulus of gangue of 20GPa. (a)
Displacement vector of surrounding rock. (b) Distribution of vertical stress.
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Figure 16: Failure depth of the floor.
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Figure 17: Bending and subsidence of the main roof.
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Figure 15: Compressive deformation of the backfilling body.
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Figure 18: Continued.
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small compared with that in the traditional mining, so it has
a little effect on surface buildings. Under the elastic modulus
of backfilled gangue of 10GPa, surface subsidence basically
tends to be stable. .e horizontal, inclination, and curvature
laws are basically consistent with surface subsidence laws.

6. Conclusions

Firstly, this study determined the stress distribution char-
acteristics in the stope of the gangue backfilling face based on
thin-plate theory and then conducted a theoretical analysis
to determine stress distribution characteristics in overlying
strata. Secondly, the key strata above the working face
backfilled with gangue were determined and the deforma-
tion characteristics of the roof disturbed by mining were
ascertained. Finally, this research analyzed gangue with
different elastic moduli, clarified effects of mechanical pa-
rameters of gangue on surface subsidence, and determined
reasonable physical and mechanical parameters of gangue.
.e main conclusions are made as follows:

(1) Stress distribution laws in the main roof of the fully
mechanized coal mining face backfilled with gangue
in a coal seam in Jiulishan Coal Mine were analyzed
based on thin-plate theory. Based on this, the po-
sition of the main roof first bending and sinking
under load of overlying strata was obtained. By using
the determination method based on the key stratum
theory, it was concluded that there were two key
strata and the main roof belonged to the inferior key
stratum.

(2) .is study established the mechanical model of the
main roof of the fully mechanized coal mining face
backfilled with gangue and the calculation formula
for the maximum deflection of the main roof and
presented the conditions for breaking of the main
roof. Based on the theoretical analysis, it was con-
cluded that the main roof of the fully mechanized

coal mining face backfilled with gangue did not break
but bent.

(3) Based on strain-hardening characteristics of the
FLAC3D software for numerical simulation, the
strata movement under mining by backfilling with
different strengths of gangue was numerically sim-
ulated. .e research showed that, in the process of
the elastic modulus of backfilled gangue increasing
from 1 to 20GPa, the maximum compressive de-
formation of the backfilling body reduced from 215
to 31mm and the failure depth of the floor decreased
from 44 to 5mm. Moreover, the bending and sub-
sidence of the main roof dropped from 158 to
11mm. It was also concluded that, with the constant
increase of strength of backfilled gangue, the stress
concentration degree of surrounding rock continu-
ously reduced, so did the decrease amplitude. Fur-
thermore, the compressive deformation of the
backfilling body, failure depth of the floor, and
bending and subsidence of the main roof constantly
reduced and tended to be stable. .is revealed dy-
namic change laws of strata movement above the
fully mechanized coal mining face backfilled with
gangue.

(4) Horizontal, inclination, and curvature deformation
laws were basically consistent with surface subsi-
dence laws. When the elastic moduli of backfilled
gangue were 1 and 20GPa, the maximum surface
subsidence was 73 and 5mm, respectively. With the
gradual increase of the elastic modulus of backfilled
gangue, surface subsidence decreased and its de-
crease amplitude constantly reduced. Even if the
elastic modulus of backfilled gangue was 1GPa, the
maximum surface subsidence was only 73mm,
which was very small compared with that in the
traditional mining, so it had very little impact on
surface buildings. As the elastic modulus of
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Figure 18: Surface deformation laws under different elastic moduli of backfilled gangue. (a) Surface subsidence. (b) Horizontal deformation.
(c) Curvature deformation. (d) Inclination deformation.
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backfilled gangue was 10GPa, the surface subsidence
basically was inclined to be stable. It was concluded
that backfilling materials determined the effects of
gangue backfilling technology in controlling surface
subsidence and that gangue backfilling effectively
controlled strata movement.
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