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Bedding plane shear slip becomes more obvious in rock strata with quite different mechanical properties. A composite beam
model considering the behaviors of the main roof and the immediate roof in the “three-soft” coal seam is established based on
physical similarity simulation experiments and the slip theory in this paper. -e movement and failure of the overlying strata and
the mechanism of the bedding plane slip at the 2211 working face are studied by experimental and theoretical analysis. -e results
suggest that the front abutment stress distribution occurs 50m ahead of the working face, the initial caving interval of the main
roof is 55m, and the peak stress appears at a distance 20 to 32m ahead of the working face. -e bedding plane slip areas can be
divided into the obvious slip area and the slight slip area along the mining direction. -e range of the obvious slip area becomes
wider and the range of the slight slip area grows to be narrower as the working face advances. -e bedding plane slip becomes
steady after gradual increase and leads to the subsidence of the overlying strata in the “three-soft” coal seam. -e observed initial
caving interval of the main roof by field measurement is 51m, which is consistent with the results of physical similarity simulation
experiments and theoretical analysis. -e results demonstrate that the beam slip model proposed in this paper is reasonable and
able to describe the behaviors of overlying strata and bedding plane slip.

1. Introduction

Complex problems related to soft rocks are often encoun-
tered in engineering projects. As a worldwide issue from the
1960s, the soft rock problem has great influence on coal mine
construction and mining safety [1], such as resulting in great
mining difficulty, high technical cost, and low production
efficiency. At present, it is of great significance for sus-
tainable development, and there are many “three-soft” coal
seams in China. -e “three-soft” coal seam (TSCS) in this
paper refers to a coal seam with soft roof, soft coal, and soft
floor in coal mining [2]. -e roof of TSCS is extremely
fragile, and the coal walls often break during the mining
process; that is, roof fall, rib spalling, and constraint of
support structures occur from time to time. -is not only

affects the mining safety and efficiency, but threatens the life
safety of mine workers. -us, it is necessary to study the
overburden movement and failure during the TSCS mining.
A significant amount of research has been carried out on soft
rocks, top coal caving, and TSCS mining.

Tsesarsky et al. [3] addressed the stability analysis in two
different scales (local-discontinuous and global-continuous)
by developing a realistic approach for a three-dimensional
finite element analysis on the shallow underground openings
excavated in soft and discontinuous rockmasses. Yadav et al.
[4] studied on the deformation evolution of model soft rocks
during orthogonal cutting through high-resolution imaging
of orthogonal cutting experiments under 2D plane-strain
conditions. Bizjak and Petkovšek [5] suggested that the
settlement of vault is most prominent after the excavation of
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a soft rock tunnel and timely construction of a reverse arch
and closed lining can effectively reduce the displacement of
the tunnel. Corthésy et al. [6] developed a modified
doorstopper technique and affirmed its advantages in soft
rock engineering. Shin et al. [7] proposed a preliminary
guideline for evaluating the protection zone of the blast
vibration and utilized a numerical method for dynamic
modeling of a tunnel in soft rocks. Yang et al. [8] analyzed
the mechanism of large deformation and control tech-
nology of deep soft rock roadways and put forward an
improved bolt-cable-reticulated shell supporting mode.
Kikumoto et al. [9] established a constitutive model for soft
rocks incorporating structural healing and decay in the
context of the extended critical state theory. Singh et al. [10]
pointed out that large deformation occurs on the premise of
weak surrounding rocks under high in situ stress. Qin et al.
[11] considered that the support for deep soft rock roadways
under dynamic pressure is a major technical challenge, and a
support technique was proposed based on the control effect of
different support methods. He et al. [11, 12] proposed the
technique of constant resistance and large deformation bolt
support based on nonlinear large deformation theory of soft
rocks.Wang and Pang [13] studied the adaptability evaluation
and technical principle of fully mechanized top coal caving
mining in extrathick coal seams. Vakili and Hebblewhite [14]
introduced a new conceptual model for investigating top coal
caving mechanism through analytical, observational and
empirical methods. Unver and Yasitli [15] studied the top coal
caving mechanism at the M3 longwall panel of Omerler
Underground Mine using a finite difference code. Gao et al.
[16] put forward an innovative numerical approach to sim-
ulate progressive caving of strata above a longwall face. Wu
et al. [17] investigated the mechanism of coal wall spall and
disaster-causing mechanism in fully mechanized top coal
caving face with a large dip angle. Wang et al. [18] studied the
support technology of key parts of roadways with large dip
angle in the soft coal seam. Xu et al. [19] performed an ex-
perimental research on the overburdenmovement and fissure
evolution of fully mechanized caving face. Yao et al. [20]
studied the applicability of large mining height-combined
sliding support in “three-soft” coal seams. -ese research
studies promote the technique and theory development of
TSCS mining. However, the strata movement law of TSCS
mining still needs to be further studied [21] and many
scholars ignore the influence of bedding plane slip on the
overburden movement, especially in the case of huge dif-
ferences between rock strata. In the process of mining-in-
duced bending deformation, the shear slip among rock layers
is more obvious due to incompatible deformation. -erefore,
the slip effect is introduced in this work to study the over-
burden movement failure and bedding plane slip mechanism
in the “three-soft” coal seams.

Based on the geological conditions at LinnancangMine and
laboratory tests, physical similarity simulation experiments are
carried out and the overburden movement and bedding plane
slip mechanism of fully mechanized top coal caving face in the
TSCS are analyzed through mechanical analysis and similarity
simulation experiments. -e research results are expected to
provide some reference for the safe mining of TSCSs.

2. Engineering Background

-e 11# coal seam studied in this paper is in the No. 2
mining district at Linnancang Mine, China, which has a
small change of dip angle and thickness variation. -e
roof and floor are mainly partially carbonaceous Clay-
stone which are soft and fragile, and the coal body is soft as
well. -e immediate roof is composed of dark gray
Claystone with a thickness of 2.1 m and the immediate
floor consists of light gray Claystone with a thickness of
2.5 m. -e 2211 working face is located northeast of the
coal seam. -e elevation of the ground is +5.30m to
+5.97m, the elevation of the working face is −490.7 to
−515.5m, the strike length is 456.3 m, the slope length is
59.5 m, and the dip angle is 13°. Having a bulk density of
1.43 t/m3, coal seam has an average thickness of 4.2 m and
is mainly powdery durian that is soft and easy to fall. -e
detailed layout is shown in Figure 1.

-ere are many explanations about the concept of soft
rocks, which can be divided into descriptive definition,
indexing definition, and engineering definition. Among
them, the International Society of Rock Mechanics
(ISRM) offers an indexing definition: the soft rock is
defined as the rock having uniaxial compressive strength
between 0.25MPa and 25MPa [22]. Figure 2 shows the
characteristics of the “three-soft” coal seam. -e pressure
behaviors at the working face of the “three-soft” coal seam
include severe roof damage, serious rib spalling and roof
collapse (gangue inflow), nonobvious first and periodic
weighting, uneven supporting force, and low working
resistance. -e pressure features of the coal walls contain
large pressure exerted on the support structures, huge
deformation, obvious front abutment stress, which can
cause severe rib spalling and floor heave. Hence, the
mining pressure behaviors in the fully mechanized top
coal caving face of the “three-soft” coal seam can be
summarized as follows: (1) the first and periodic weighting
is not obvious; (2) the resultant pressure point of the top
coal moves forward, causing unreasonable performance of
the rear support; (3) the deformed roof is easy to fall and
inflow gangue; damage of the coal walls may lead to se-
rious rib spalling; and low strength of the floor can easily
induce floor heave. -ese features make the problem of
roof fall more serious and result in more support work,
which greatly increases mining and supporting difficulty,
leading to heavy economic losses and casualties. -ere-
fore, deformation and bedding plane slip mechanism are
studied in this paper based on experimental and theo-
retical analysis.

3. Model Construction

3.1. Test Procedure. Before conducting the physical simi-
larity simulation experiment, the geomechanical properties
of coal and rocks are obtained based on sampling and
laboratory tests. -en, the components of the simulation
materials and the similarity ratio are determined according
to the test results. -e specific research process is illustrated
as below (Figure 3).
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3.2. Mechanical Property Test. -e rock and coal samples
collected from the mining area at Linnancang Mine were
processed to numbered specimens. Physical and mechanical
tests were carried out on these specimens. -e test design
and equipment are shown in Figure 4 [23] and Table 1.

3.3. Test Model Construction. In order to observe the evo-
lution characteristics of overburden fissures and horizontal
slip of bedding planes in the working face, the parameters of
coal and rocks for the similarity experiment were determined
based on the geological conditions of the 2211 working face
and the mechanical property test results (Table 2).

A simulation model of 2.5m× 2m× 1.5m was estab-
lished based on the theory of similarity (Figure 5). -e
geometry similarity ratio is 1 :150, and the height is 225m.

-e model mining height was determined as 3.7m based on
field measurement and calculation. 6 sets of pressure boxes
with an interval of 30 cm are used to monitor the stress
change of the main roof during the mining process. -e
noncontact field strain measurement system (Vic-2D sys-
tem) was applied [24–26] to monitor the damage process of
the roof and overlying strata, the fissure development, and
the horizontal slip of bedding planes.

4. Test Results and Analysis

4.1. Mechanical Property Test Results. -rough the physical
and mechanical tests on the three kinds of specimens, the
corresponding compressive, tensile and shear stress-strain
curves are obtained (Figures 6–8).
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As shown in Figures 6 and 7, the uniaxial compressive
strengths of the three kinds of specimens, i.e., roof rocks,
coal blocks, and floor rocks, are 22.39MPa, 11.20MPa,
22.35MPa, respectively, and their tensile strengths are
2.03MPa, 0.45MPa, and 1.30MPa, respectively. -e normal
stresses of the three specimens are positively correlated with
their shear stresses (Figure 8). -e cohesion (C) of the coal
specimens and the rock specimens and their internal friction
angles (φ) can be obtained based on the slopes and intercepts
of the fitting curves. -e test results show that the cohesion
of the roof rock is 1.51MPa, and the internal friction angle is
28°; the floor rock has cohesion of 0.65MPa and an internal
friction angle of 41°; the coal has cohesion of 0.34MPa and
its internal friction angle is 28°. -e International Society of
Rock Mechanics considers the rocks with the uniaxial
compressive strength between 0.5MPa and 25MPa as soft
rocks. Hence, it can be concluded that the coal, roof, and
floor rocks studied in this work have relatively low strength
and belong to a typical “three-soft” coal seam (Table 3).

4.2. Failure Mechanism of Overburden Movement. Mining
operations can cause bending subsidence and fracture of
overlying strata, and the fissure development is

characterized into two kinds, namely, separation fissures and
vertical fissures. With the advancing of the working face, the
fissures will experience the development of initiation,
propagation, and closure.

As shown in Figure 9, the overburden begins to undergo
bending subsidence with the advancement of the 2211
working face. When the working face is advanced to 12.5m,
the first fracture occurs in the immediate roof, and the
separation between the main roof and the upper rock layers
appears. When the working face advances to 55m, the initial
fracture occurs in the main roof. Hence, it is considered that
the initial caving interval of the main roof is 55m. In ad-
dition to the main roof fractured, the overlying strata begin
to subside, the separation grows larger, and the fissures
continue to develop upward. -e main roof breaks many
times when the working face advances to 117m, and there
are many separations in the overburden.-e vertical fissures
penetrate upward and connect with each other and the
phenomenon of bending subsidence becomes more ap-
parent. As the working face advances to 210m, bending
subsidence develops to the upper part of the model, the
separations gradually close, and the vertical fissures continue
to propagate upward. When the process advances to 242m,
the upper surface of the model is severely damaged and the
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WAW-1000D electrohydraulic
servo testing machine

Real shot

Servo
press

Control
system

Pressure head

Figure 4: Test design and equipment.

Table 1: Design of the mechanical property test.

Type Test subject Quantity Description

Compressive strength test Roof and floor rocks and coal blocks 3/group

-e displacement control mode is used by axial
loading, the loading rate is 0.2mm/s, the stress and

strain parameters are fully acquired, and the
frequency of acquisition is 0.5 s.

Tensile test Roof and floor rocks and coal blocks 3/group

Using the Brazilian splitting method, a cylindrical
specimen (φ50mm, h� 25mm) is applied with
concentrated loading along the diameter of the

specimen, and the specimen breaks in the diameter
direction after being subjected to force.

Shear test Roof and floor rocks and coal blocks 3/group

-e shear angles are selected as 20°, 30°, 40°, and 50°,
each shear angle has a corresponding set of σ and τ
values during the test, and linear fitting is performed

according to the σ and τ values.
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maximum fissure height develops up to 123m. -e over-
burden subsides completely, the separations reclose, and the
vertical fissures have a full development when the working
face is advanced to 315m (to the mining stoppage line).

From Figures 10 and 11(a), it can be noted that the main
roof begins to subside, and the subsidence amount increases
gradually, and the subsidence peak value moves forward
with the advancing of the working face. When the working
face advances to 107m, the maximum subsidence value of
the main roof is 3.0m. As the working face advances to
242m, a large area of collapse occurs, and the maximum
subsidence value is 3.37m. When the working face is ad-
vanced to the stoppage line (315m), the main roof having a

maximum subsidence value of 3.5m is no longer in a stable
state with the passage of time.

-e overburden subsidence is accompanied by the re-
distribution of stress. -e distribution and evolution char-
acteristics of the front abutment stress are obtained based on
four groups of effective data on the vertical stress of the main
roof collected in the similarity experiment, presented in
Figure 11(b). As the working face gradually approaches the
pressure boxes, the stress (in situ rock stress) at each
measuring point shows the trend of being stable first, then
increasing, and finally decreasing. In the range of 20m to
32m ahead of the working face, the stress reaches a peak
value; then it slowly drops to 0MPa, and the influence range

Table 2: Coal and rock parameters for physical similarity simulation experiment.

No. Rock stratum -ickness
(m)

Model thickness
(cm)

Compressive strength
(MPa)

Simulated intensity
(KPa)

Similar materials (kg)
m1 m2 m3 m4

1 Siltstone 28.8 19.2 37 147.97 115.2 14.4 14.4 20.57

2 Medium-grained
sandstone 11.7 7.8 54 215.96 46.8 3.51 8.19 8.36

3 Siltstone 26.3 17.5 34 135.97 104.9 13.13 13.13 18.75
4 Coarse-grained sandstone 16.6 11.1 58 231.95 66.6 5 11.66 11.89
5 Siltstone 16.8 11.2 32 127.97 63 14.7 6.3 12

6 Medium-grained
sandstone 14.1 9.4 52 207.96 52.88 8.81 8.81 10.07

7 Siltstone 24.9 16.5 35 139.97 98.99 12.38 12.38 17.68
8 Fine sandstone 13.6 9.1 32 127.97 54.59 6.83 6.83 9.75
9 8# coal seam 3.8 2.5 7 28 16.41 1.64 0.7 2.68
10 Siltstone 12.6 8.4 32 127.97 47.24 11.03 4.73 9

11 Fine∼medium-grained
sandstone 7.6 5.1 42 167.97 28.69 4.78 4.78 5.46

12 Siltstone 5.7 3.8 30 119.98 21.37 4.99 2.14 4.07
13 9# coal seam 2.4 1.6 7 28 10.5 1.05 0.45 1.71
14 Fine sandstone 10.6 7.1 25 99.98 42.59 7.46 3.2 7.61
15 Dark gray claystone 2.1 1.4 23 91.98 8.4 1.47 0.63 1.5
16 11# coal seam 4.2 2.8 11.2 44.8 18.38 1.83 0.79 3
17 Dark gray claystone 2.5 1.7 20 79.98 10.19 1.79 0.77 1.82
18 Coarse-grained sandstone 20.7 13.8 60 239.95 82.81 6.21 14.48 14.76
Note. m1, weight of sand; m2, weight of calcium carbonate; m3, weight of gyp; m4, weight of water.
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Figure 5: Simulation experiment design.
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of the front abutment stress is about 50m. -e front
abutment stress of the measuring point 4 reaches a maxi-
mum value of 26.6MPa, and its average stress concentration
factor is 1.52. -ese indicate that the influence range of the
front abutment stress of the 2211 working face is large and
the position of the peak stress ahead the working face moves
forward accordingly.

4.3. Analysis of Bedding Plane SlipMechanism. According to
the contour plots of the horizontal slip of bedding planes
with different advance distances (Figure 12), bedding plane
slip along the mining direction has obvious zoning area,

which can be divided into the obvious slip area and the slight
slip area. -e obvious slip area corresponds to the de-
formation and failure area of overlying strata above the goaf.
-e obvious slip area shows a positive-negative layer-line
distribution in the vertical direction. Each slip layer line
presents a positive and negative symmetry distribution with
respect to the midpoint of the goaf along the horizontal
direction. -e slip mainly occurs in the indirect contact
position of the rock layers with obvious horizontal fissures.
-e other area belongs to the slight slip area.

With the advancing of the working face, the obvious
slip area increases gradually along the horizontal and
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Table 3: Physical and mechanical properties of rock and coal samples.

Type Uniaxial compressive strength σc
(MPa)

Uniaxial tensile strength σt
(MPa)

Elastic modulus E
(GPa)

Cohesion C
(MPa)

Internal friction angle
f (°)

Roof 22.39 2.03 1.60 1.51 28
11# coal
seam 11.20 0.45 1.24 0.34 33

Floor 22.35 1.30 1.49 0.65 41
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vertical directions. -e horizontal length of the slip is the
same as that of the overburden bedding plane fissures. -e
vertical length of the slip is shorter than the height of the
vertical fissures. According to field measurement, the
horizontal fissures are shorter than the vertical fissures.

-ere is no obvious bending subsidence in the strata,
which means the bedding plane slip is not obvious. -e
overlying strata in the slight slip area in the working face
have no obvious bending deformation, indicating that
there is no obvious horizontal slip in this area. -e
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horizontal slip value oscillates near zero. -erefore, the
range of the obvious slip area mainly depends on the size of
the mining affected areas.

Figure 13 gives the horizontal slip curves of overburden
when the 2211 working face is advanced to 78m, 117m,
160m, and 315m, respectively. -e slip curves in Figure 13
are obtained from the value-taking curve in the physical
similarity simulation experiment (Figure 12). Figure 13(a)
is the bedding plane slip curve between the immediate roof
and the main roof when the working face advanced to 78m.
It can be seen that the positive and negative symmetrical
distribution of the bedding plane slip curves in the obvious
slip zone is consistent with the results obtained from the
contour plot. Meanwhile, the distribution of the slip curve
of the obvious slip area is approximately an odd function
relating to the center of the goaf. -e maximum and
minimum values of bedding plane slip are 0.06m and
−0.08m, respectively, when the mining distance is 78m,
appearing at the positions of 50.3 m and 20.4m ahead of
the working face, respectively. -e maximum and mini-
mum values when the working face advances to 117m,

160m, and 315m and their positions relative to the
working face are given in Figure 14.

According to the contour plots, the maximum and
minimum values of horizontal slip and their positions and
distances away the working face can be obtained (Figure 14).
It can be seen that the maximum (minimum) slip value in
the obvious slip area gradually increases (decreases) and
then tends to be stable, mainly because with the gradual
advance of the working face, the overburden movement is
fast at the beginning and then gradually becomes stable, that
is, bedding plane slip in the overlying strata tends to be stable
after the gradual increase. Besides, the positions of the
maximum and minimum slip are moving forward, but the
moving speed is lower than the advancing speed of the
working face. Hence, the positions are gradually away from
the work face.

5. Discussion

-e mechanical models of the main roof with or without
slip effect are established based on theoretical analysis. -e
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Figure 13: Horizontal slip curves in the working face of different advance distances. (a) 78m, (b) 117m, (c) 160m, and (d) 315m.
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effect of bedding plane slip on overburden movement and
failure are obtained through comparative analysis. In the
process of fully mechanized top coal caving mining, with
the advancement of the working face, the top coal will pass
through the top coal intact zone, the top coal failure and
development zone, the fissure development zone, and the
top coal caving zone until the coal is completely broken and
released by the coal mouth [27]. -e immediate roof
(claystone) and the main roof (fine sandstone) of the fully
mechanized caving face in the “three-soft” coal seam are
combined as a double-layer composite beam with two sides
being fixed. -e simplified slip mechanical model is
established (Figure 15). Without considering the bedding
plane slip, the mechanical model of the main roof can be
directly established.

When the shear stress at the interface of the rock beam
is higher than the allowable shear stress, bedding plane
slip occurs in the double-layer rock beam. Bending
subsidence occurs in the double-layer rock beam due to
the external loading, and bending occurs in both the
upper and lower strata. -e differential equation of the
horizontal slip between the rock layers is obtained
[28, 29]:

du(x) � 2h1w″(x), (1)

where u(x) is the slip displacement, h1 is the thickness of
rock, and w(x) is the deflection equation. According to the
structural characteristics of overlying strata, the first-order
expression of deflection of the rock beam satisfying
boundary conditions is constructed by the Rayleigh method
[30, 31]:

w(x) � Ae
− x2/15l( ) · x +

l

2
 

2

· x−
l

2
 

2

, (2)

where l is the advance distance of the working face. -e
function u(x) of slip displacement between the strata can be
obtained according to equation (1):

u(x) � −A
h1

60l
e
− x2/15l( ) · l

2 − 4x
2

+ 120l  · l
2 − 4x

2
 .

(3)

-e Rayleigh–Ritz method is used to solve the deflection
equation, and the deformation potential energy of the
double-layer rock beam is

W �
1
2
C

Vs

Esξ
2
s dV +

1
2
C

Vx

Exξ
2
xdV, (4)

where Es and Ex are elastic moduli of the upper and lower
strata of the double-layer rock beam, respectively, ξs is the
total strain of the upper stratum, and ξx is the total strain of
the lower stratum, which can be expressed as follows:

ξs(y, z) � zw″(x) +
ExSx

EsSs + ExSx

u′(x),

ξx(y, z) � zw″(x) +
EsSs

EsSs + ExSx

u′(x),

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(5)

where Ss is the cross-sectional area of the upper stratum
and Sx is the cross-sectional area of the lower stratum.
-e potential energy (Vk) of the double-layer rock beam
induced by the external loading of the overlying strata can be
derived by

Vk � −
(l/2)

−(l/2)
[q · w(x)]dx. (6)
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Figure 14: Evolution curves of maximum and minimum slip values and their positions. (a) Variation curves of maximum and minimum
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Figure 15: -e mechanical model of double-layer rock beam.
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Slip potential energy produced by relative slip of upper
and lower strata of double-layer rock beam is obtained by

Uh �
1
2


(l/2)

−(l/2)
ks · u

2
(x)dx, (7)

where ks is the equivalent average slip stiffness of the double-
layer rock beam. -e total potential energy of the double-
layer rock beam (Πy �W+Vk+Uh) can be achieved, namely,

Πy �
1
2
C

Vs

Esξ
2
s dV +

1
2
C

Vx

Exξ
2
xdV

− 
(l/2)

−(l/2)
[q(x) · w(x)]dx +

1
2


−(l/2)

−(l/2)
ks · u

2
(x)dx

�
1
2


(l/2)

−(l/2)
 EsIs + ExIx(  + 4h

2
1 EsIs1 + ExIx1( 

+ 4h1 EsIs2 + ExIx2(  + 4h
2
1ks w″(x) 

2
dx

− 
(l/2)

−(l/2)
[q(x) · w(x)]dx.

(8)

In equation (8),

Is1 �
ExSx

EsSs + ExSx

 

2

Ss,

Ix1 �
EsSs

EsSs + ExSx

 

2

Sx,

Is2 � −
ExSxSsd1

EsSs + ExSx

 ,

Ix1 � −
EsSsSxd2

EsSs + ExSx

 ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)

where d1 and d2 are the distances from the neutral axes of the
upper and lower strata to the neutral axes of the cross section of
the double-layer rock beam. -e deformation potential energy
of a thin plate is given in equation (10) if the slip effect is ignored:

W �
1
2
C

Vs

Esw
2
s (x)dV +

1
2
C

Vx

Exw
2
x(x)dV. (10)

Potential energyV generated by external loading is derived:

V � −
(l/2)

−(l/2)
[q · w(x)]dx. (11)

Total potential energy of the rock beam is Πn and
Πn �W+V:

Πn �
1
2
C

Vs

Esw
2
s (x)dV +

1
2
C

Vx

Exw
2
x(x)dV

− 
l/2

−(l/2)
[q · w(x)]dx.

(12)

-e total potential energy of the rock beam can be
obtained as the following if the slip effect is ignored:

Π �

1
2
C

Vs

Esξ
2
s dV +

1
2
C

Vx

Exξ
2
xdV− 

l/2

−(l/2)
[q(x) · w(x)]dx

+
1
2


−(l/2)

−(l/2)
ks · u

2
(x)dx, slip effect,

1
2
C

Vs

Esw
2
s (x)dV +

1
2
C

Vx

Exw
2
x(x)dV

− 
l/2

−(l/2)
[q · w(x)]dx, no slip effect.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13)

According to the principle of minimum potential energy,
the variation of the total potential energy can be taken as
zero [32]. -e values can be obtained when the slip effect is
considered or not. -e stationary condition is

z 

zA
� 0. (14)

Based on the elastic theory, the relationship among
deflection, bending moment, and shear force can be ob-
tained. -en the bending moment equation of the double-
layer rock beam can be derived.

In order to verify the accuracy of the theoretical cal-
culation, the theoretically calculated slip curve and the slip
curve obtained by the similarity simulation experiment are
compared. -e parameters in the theoretical calculation are
taken as follows: h1 is 10.6m, h2 is 2.1m, E1 is 12GPa, E2 is
9.6GPa, the overburden load q is 13.25×106N/m, the
equivalent average slip stiffness ks is 3MPa, and the ultimate
bending moment of the upper rock beam is 3.879×107N·m.
-ese parameters are substituted above equations to obtain
the theoretical calculation curves.

Figure 16 compares the theoretical calculation curves
and the physical simulation curves. -e maximum and
average values in the simulation curve in Figure 16(a)
(working face advanced to 32m) are 0.096m and 0.052m,
respectively. -e maximum and average values of the
subsidence curve calculated with considering the slip effect
are 0.097m and 0.048m, respectively. -e maximum and
average values of the subsidence curve calculated without
considering the slip effect are 0.078m and 0.038m, re-
spectively. -erefore, the calculated subsidence curve of the
main roof coincides well with the physical simulation results
if the slip effect is considered while the calculated subsidence
of the main roof is relatively small if the slip effect is ignored.
It is concluded that the slip effect enhances the subsidence of
the main roof. In addition, the average value and the
maximum value of the fitting curve (R2 � 0.98) obtained by
the physical similarity simulation are 0.13m and 0.40m,
respectively, if the range of the working face is focused on 0
to 178.80m (in the strike direction), and these values be-
come −0.14m and −0.34m if the range is focused on 178.80
to 375m. In the theoretical calculation, the average and
maximum slip values are 0.16m and 0.37m, respectively,
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when the working face ranges from 0 to 186.80m, while
these values are −0.16m and −0.37m when the range is
focused on 186.80 to 375m. -e fitting curves obtained by
theoretical calculation are in good agreement with that
derived from the physical simulation results. Hence, it is
concluded that the theoretical calculation is reliable and is

able to reflect the behaviors of the overlying strata and
bedding plan slip.

-e initial caving intervals of the main roof are theo-
retically calculated when the slip theory is considered or not
(Figure 17). -e calculated initial caving intervals are 52m
and 60m, respectively. -e initial caving intervals obtained
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by field measurement and physical simulation are 51m and
55m, respectively. -e contour plot of the positive stress in
the main roof beam is given in Figure 18. If the initial caving
interval is assumed to be 52m, three peak compressive
stresses and three peck tensile stresses can be found in Fig-
ure 18. Peak tensile stresses appear at the top of the front part
and the back part of the rock beam, as well as the bottom of
the middle part. Two peak compressive stresses appear at the
bottom of the front part and the back part of the rock beam
with another locating at the top of the middle part. -e value
of the peak tensile stress at the bottom of the main roof beam
is 2.03MPa.-e result suggests that the bottom of the middle
part of the rock beam tends to fracture in the early stage.

6. Conclusion

-e results obtained lead to the following conclusions:

(1) Results of the similarity simulation experiment show
that the front abutment stress distributes 50m ahead of
the 2211 working face at Linnancang Mine and the
peak stress appears at a distance 20 to 32m ahead of the
working face. -e initial caving interval of the main
roof is 55m, and the periodic weighting is not obvious.
-e bedding plane slip in the mining direction has
obvious zoning phenomenon, and the slip area is di-
vided into the obvious slip area and the slight slip area.

(2) Based on the slip theory and the characteristics of
overburden movement in the “three-soft” coal seam,
a mechanical model of a double-layer rock beam is
established, and the calculation equations for the
deflection of the beam, horizontal slip value, and
bending moment with or without slip effect are
deduced. -e initial caving interval under the in-
fluence of slip is calculated to be 52m, that is, 1m
different from the 51m obtained by field measure-
ment. -e initial caving interval is 60m without
considering the slip effect, which is quite different
from the result of field measurement (51m). In
addition, the normal stress distribution in the main
roof is achieved, and the first breaking position is
determined according to the calculation result.

(3) Physical similarity simulation experiment, theoret-
ical analysis, and field measurement are adopted to
study the overburden movement and bedding plane
slip mechanism in the “three-soft” coal seam, and the
results by these different methods are compared. -e
comparison demonstrates that the double-layer rock
beammodel proposed in this paper is reasonable and
able to describe the behaviors of overlying strata and
bedding plane slip, and the slip effect accelerates the
overburden movement in the “three-soft” coal seam;
hence, attention should be paid to the dangers caused
by the slip in the “three-soft” coal seam mining.

Notations

u(x): Slip displacement
h1: -ickness of rock

w(x): Deflection equation
l: Advance distance of the working face
Es: Elastic modulus of the upper strata of the double-

layer rock beam
Ex: Elastic modulus of the lower strata of the double-

layer rock beam
ξs: Total strain of the upper stratum
ξx: Total strain of the lower stratum
Ss: Cross-sectional area of the upper stratum
Sx: Cross-sectional area of the lower stratum
Vk: Potential energy
ks: Equivalent average slip stiffness of the double-layer

rock beam
Πy: Total potential energy of the double-layer rock beam

with slip effect
d1: Distances from the neutral axes of the upper strata to

the neutral axes of the cross section of the double-
layer rock beam

d2: Distances from the neutral axes of the lower strata to
the neutral axes of the cross section of the double-
layer rock beam

Πn: Total potential energy of the double-layer rock beam
with no slip effect.
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