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In this study, both theoretical analysis and similar simulation experiment are employed to investigate the overburden failure law of
fully mechanized face in the steep coal seam. By establishing the mechanical model of inclined rock beam, the deflection equation
of overlying strata beam is obtained. Based on the geological conditions of Xiangyong coal mine in Hunan Province of China, the
laws of roof deformation and failure in steep coal seam are obtained by similar simulation experiments. .e results showed that
the roof deformation of the goaf is relatively large after the working face advances along the strike, and the deformation mainly
occurs in the upper roof of the goaf. .e backward gangue in the immediate roof fills the lower part of the goaf, which plays a
supporting role in the lower part of the roof and floor. .e roof fracture of goaf is located in the middle and upper parts of the
working face, which is consistent with the results derived from the mechanical model. After the roof fracture, a “trapezoid”
bending fracture area and the secondary stability system area is formed, which is composed of four areas: the lower falling and
filling support area, the upper strata bending fracture area, the fracture extension area, and the roof bending sinking area.

1. Introduction

.e reserves of large dip or steeply inclined coal seams
account for about 10–20% of the total coal reserves in China
[1, 2]. .e main characteristics of surrounding rock
movement and deformation after mining in steep coal seam
are different from that in gently inclined or near horizontal
coal seam [3–5]. .e movement law of overlying strata,
especially, is quite different from that in the gently inclined
coal seam. In recent years, many mining areas began to pay
attention to thin seam mining and did the corresponding
basic research work with the increase of mining intensity
and the rapid depletion of high-quality coal resources [6–8].
Many mining areas have to consider the steep coal seam
mining in order to ensure the sustainable development of the
mine. Due to the lack of relevant theoretical support such as
overburden movement law and reasonable mining method
in steep coal seam mining, the surrounding rock control of

steep coal seam working face is difficult, the safety condition
is poor, and the speed of promotion is slow, which lead to the
frequent occurrence of mine dynamic disasters [9–11].
.erefore, many experts and scholars have done much re-
search with basic theory and engineering practice on many
vital problems and difficulties in the mining of steep coal
seam. Wu [12] put forward the “R-S-F” system dynamics
control theory and laid the theoretical and technical foun-
dation for the mining of steep coal seam. Yang [13] analyzed
the stability of overburden “factory” type mobile arch slab in
steeply inclined coal seam by using the theory of thin plate
under small deflection and analyzed the deformation failure
mechanism and influencing factors of steeply inclined soft-
hard interbedded roadway. Zhang et al. [14] analyzed the
stress distribution characteristics and breaking mechanism
of the basic roof break on up-dip or down-dip mining stope
at a deep angle by using the thin plate mechanical model. Tu
[15–17] studied the filling and compaction characteristics of
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gangue in the steeply inclined working face and revealed that
the immediate roof is in the shape of an “ear” bearing shell,
and the main roof is broken by the inclined “voussoir beam”
structure. Yin et al. [18, 19] established a mechanical model
of overburden deformation of coal seam with large dip angle
and found that the maximum deflection point of the simply
supported inclined thin plate on four sides is located at the
lower part of the middle in the goaf. Xie et al. [20–22]
simplified the basic roof as the statically indeterminate beam
model and analyzed the movement law and ladder type
failure structure of the stope roof in the coal seam with large
dip angle and large mining height. Based on stress arch
theory,Wang et al. [23] proposed the evolution discriminant
coefficient for determining the evolution characteristics of
stress arch in overburden rock and analyzed the movement
law of stress arch shell. Yao et al. [24, 25] established the
mechanical model of inclined strata in the steep seam fully
mechanized mining with sublevel filling along the strike by
using the theory of small deflection of the thin elastic plate.
Based on different theories and engineering backgrounds,
scholars have different research results on the mining of
steep coal seam, which shows that the deformation and
fracture of the roof in the mining of steep coal seam are very
complicated, such as nonuniformity and asymmetry
[26–28]. It is necessary to explore further the failure law of
overburden in the fully mechanized mining face of the steep
coal seam.

Based on the engineering geological data of #6 coal seam
in Xiangyong coal mine, Hunan Province, China, both
theoretical analysis and similar simulation experiment are
employed to obtain the failure characteristics and strata
movement law of fully mechanized mining face in the steep
coal seam, which provides a theoretical reference for the
control of mining pressure in the steep coal seam.

2. Mining Characteristics of Steep Coal Seam

Due to the unbalanced subsidence of the earth’s crust, the
magmatic erosion, the result of the movement breaking and
folding in the original geological structure and the geological
conditions of the steep coal seam were diversified. At the
same time, the more complex the geological structure
movement is, the greater the change of the coal seam dip
angle is, and the higher the degree of coal metamorphism is.
Most of the steeply inclined coal seams in China are mainly
in multiseam occurrence mode and have a large thickness
variation. Under the influence of geological structure
movement after coal formation, the coal seammorphology is
more complicated, and even the same coal seam may un-
dergo large thickness variations.

.e large inclination of the steeply inclined coal seam
allows coal and gangue to slide down automatically, which
can greatly reduce the coal transportation workload and help
to cut coal downward, but at the same time, it will pose a
personal threat to the equipment personnel at the working
face. With the development of joints in the steep coal seam
and surrounding rock, the first weighting and periodic
weighting of the roof are not very obvious, and it is easy to
occur spontaneous roof collapse without signs. At the same

time, the component force of the roof pressure exerted on
the coal pillars or supported along the vertical direction of
the coal seam is much smaller than the pressure exerted on
the roof of the gently inclined coal seam, and the component
force acting along the inclined direction of the coal seam is
larger, so the support of the working face is prone to topple
and slide, making the supporting work more complicated
and difficult [29]. .e mining of steeply inclined with close-
distance coal seam groups has a great influence on each
other. When the dip angle of the coal seam is larger than the
moving angle of the roof rock and the floor rock, the roof
and floor of the coal seam may move or even slide after
mining. It is very likely to damage the integrity of the roof
and floor of the coal seam that has not been mined in the
upper and lower part, and it is unfavourable to the mining of
the adjacent coal seam [30, 31].

.e stability of the roof rock layer was reduced after the
steep coal seam had been mined, and the overlying strata of
coal seam would bend and deform in the normal direction
under the action of gravity. At the same time, the rock mass
after breaking and falling will slide and move towards the
lower part of the goaf along the direction of the working face
inclination due to the force component along the normal
inclined direction of the bedding plane. .e rock of the coal
seam floor will also slide down when the dip angle of the coal
seam exceeds 50°. Because the gravity direction of the rock is
not perpendicular to the bedding plane, the component
force of the rock gravity along the bedding plane will make
the roof and floor rock easily move downward along the
bedding plane..e larger the dip angle of the steep coal seam
is, the stronger the sliding of the roof and floor is.

3. Mechanical Model of Overburden
Movement in Steep Coal Seam

3.1. Establishment ofMechanicalModel. With the increase of
coal seam dip angle, the gravity of the roof increases along
with the coal seam layer, which promotes the downward
sliding trend of the roof. As the steeply inclined working face
advances along the direction, the lower part of the mined-
out area is directly supported by the gangue falling to
support the lower roof, while the upper part of the mined-
out area has a large area of roof overhang with the coal seam
is mined..e basic roof will be bending deformation or even
broken under the action of gravity and overburden pressure.

.e mechanical model of goaf roof after steep seam
mining was established, and its basic roof was simplified as
the mechanical model of inclined rock beam. .e collapsed
gangue automatically slides to the lower part of the goaf to
support and restrict the roof after the steep coal seam has
been mined. .erefore, the deformation of the lower part of
the working face roof is small, which can be simplified as the
fixed support ends. .e upper part of the working face roof
can be simplified as the simple support ends due to the
impact of the roof rockmass breaking, caving, sliding, and so
on. .e stress analysis diagram of the roof is shown in
Figure 1.

In Figure 1, P is the axial force of the overlying strata on
the inclined strata, q0 is the component force of the gravity
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of the overlying strata on the vertical strata level, and q1
represents the filling reaction force of the collapsed gangue
sliding and filling body in the direction perpendicular to the
strata level. .e dip angle of the coal seam is 60°, A is the
fixed support ends, B is the simple support ends, and C is the
filling range of gangue falling across. .e self-weight of rock
beam is ignored since the self-weight of the roof is small
relative to the whole in situ stress. With the degree of
compaction from lower to top, the reaction force of the
lower natural falling gangue filling gradually becomes zero,
and q1 can be expressed as follows:

q1 � F0 1 −
x

l
 , (0≤ x≤ l), (1)

where F0 is the maximum value of the lower filling reaction
force, and l is the filling length of the gangue in the lower part
of the goaf. .e maximum filling reaction force F0 and the
lower gangue cross-filling length l were determined by the
gangue filling body and the expansion of the rock; when H1
is the buried depth of the upper boundary in the working
face, H2 is the buried depth of the lower boundary, and l is
the length of the working face, the filling reaction can be
expressed as F0 � cH2cosα, the gravity of overlying strata
can be expressed as q0 � (1/2)c(H1 + H2)cos α, and the
axial gravity of the inclined rock beam can be expressed as
P � cH1sinα.

According to the roof caving and filling of the working
face and the expansion of the gangue, the filling length of the
gangue naturally caving and filling in the lower part of the
goaf can be expressed as follows:

l �
k1L h1 + h2( 

M + h1 + k1h2
, (2)

where L is the length of working face, k1 represents the
expansion coefficient of falling rock, M is the thickness of
coal seam, h1 represents the thickness of rock stratum which
is easy to collapse, and h2 is the thickness of lagging collapse.

3.2. Mechanical Analysis of Overburden Movement.
According to the mechanical model in Figure 1, the support
force in the normal direction of the upper boundary is RB,
and the support force in the normal direction of the lower
boundary is RA. .e constraint of the support force on the
roof is calculated according to the balance condition, and it
can be expressed as follows:

RA �
q0L

2
−

F0

2
l −

l

3
 ,

RB �
q0L

2
−

F0l
2

6L
.

(3)

.e relationship between the load collection degree,
bending moment, and shear force of rock beam is as follows:

dFs(x)

dx
� q(x),

dM(x)

dx
� Fs(x).

(4)

.e shear force FS is calculated by the load concentration
q(x), and then the moment of AC and BC is calculated, and
it can be expressed as follows:

EI
d
2ω

dx
2 � M(x) � −

F0x
3

6l
+

F0

2
−

q0

2
 x2

+ RAx − Pω, (0≤x≤ l),

EI
d
2ω

dx
2 � M(x) � −

q0x
2

2
+ RA +

F0l

2
 x

+
F0l

2

6
− Pω, (l≤x≤L),

(5)

where –Pω is the influence of the axial force on the bending
deformation of the rock beam. Because ω is negative, the
axial force P plays a role in increasing the bending moment
of rock beam. Define k2 � P/EI and then

d2ω
dx

2 + k
2ω � k

2
−

F0x
3

6Pl
+

F0

2P
−

q0

2P
 x

2
+

RAx

P
 , (0≤x≤ l),

d2ω
dx

2 + k
2ω � k

2
−

q0

2P
x
2

+
RA

P
+

F0l

2P
 x −

F0l
2

6P
 , (l≤x≤ L).

(6)

.rough calculation, the general solution of the above
formula is

P

x

y

o

A

C

B

q0

q1

Figure 1: Stress analysis of the roof in steep coal seam.
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ω � A cos kx + B sin kx −
F0x

3

6Pl
+

F0

2P
−

q0

2P
 x

2

+
RAx

P
−

F0x

Plk
2 +

F0 − q0

Pk
2 , (0≤ x≤ l),

ω � C cos kx + D sin kx −
q0

2P
x
2

+
RA

P
+

F0l

2P
 x

−
F0l

2

6P
+

q0

Pk
2, (l≤x≤L).

(7)

Since the deflections at the ends A and B of the rock
beam are zero, we can obtain the following:

A �
F0 − q0

Pk
2 ,

C cos kL + D sin kL �
q0

2P
L
2

−
RA

P
+

F0l

2P
 L +

F0l
2

6P
−

q0

Pk
2.

(8)

Because the deflection curve is continuous and smooth,
and there is the same angle and deflection in the gangue

filling range C, the deflection is also the same. When x � l,
we can obtain the following:

A cos kl + B sin kl −
F0l

3

6Pl
+

F0

2P
−

q0

2P
 l

2
+

RAl

P

−
F0l

Plk
2 +

F0 − q0

Pk
2

� C cos kl + D sin kl −
q0
2P

l
2

+
RA

P
+

F0l

2P
 l

−
F0l

2

6P
+

q0

Pk
2.

(9)

.erefore, we can also obtain the following:

− Ak sin kl + Bk cos kl −
F0l

2P
+

F0l

P
−

q0l

P
+

RA

P
−

F0

Plk
2

� − Ck sin kl + Dk cos kl −
q0l

P
+

RA

P
+

F0l

2P
.

(10)

Set G � q0/2PL2 − (RA/P + F0l/2P)L + (F0l/6P) − (q0/
Pk2). .e simultaneous formula can be obtained as follows:

A �
F0 − q0

Pk
2 ,

B �
F0 − q0

Pk
2 tan kl −

G tan kl

cos kL
+

F0

Plk
3 cos kl

+
1

tan2 kl − 1
tan kl +

1
tan kL

 

· −
F0 − q0

Pk
2 1 + tan2 kl  +

G tan2 kl + 1 

cos kL
−

F0 tan kl

Plk
3 cos kl

+
2q0

Pk
2 cos kl

⎡⎣ ⎤⎦,

C �
G

cos kL
−

1
tan2 kl − 1

  −
F0 − q0

Pk
2 1 + tan2 kl  +

G tan2 kl + 1 

cos kL
−

F0 tan kl

Plk
3 cos kl

+
2q0

Pk
2 cos kl

⎡⎣ ⎤⎦,

D �
1

tan kL tan2 kl − 1 
−

F0 − q0

Pk
2 1 + tan2 kl  +

G tan2 kl + 1 

cos kL
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Plk
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

Four constants in the deflection curve equation are
solved. Due to the limited subsidence of the roof in the
gangue sliding and filling area, the maximum deflection is in
the range of l≤ x≤ L; that is,

ω � C cos kx + D sin kx −
q0

2P
x
2

+
RA

P
+

F0l

2P
 x

−
F0l

2

6P
+

q0

Pk
2, (l≤x≤ L).

(12)

When dω/dx � 0, there is a maximum value:

dω
dx

� − Ck sin kx + Dk cos kx −
q0x

P
+

RA

P
+

F0l

2P
� 0.

(13)

However, it is difficult to solve the previously mentioned
equation, so the principle of minimum potential energy is
used to solve the displacement. In general, we can select the
components of displacement as
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u � u0(x, y, z) + 
m

Amum(x, y, z),

v � v0(x, y, z) + 
m

Bmvm(x, y, z),

w � w0(x, y, z) + 
m

Cmwm(x, y, z).

(14)

For the bending deformation of rock beam, we only need
to consider the deformation of one component., i.e.,

ω � ω0(x) + 
m

Cmωm(x). (15)

According to the roof stress of coal seam, the boundary
conditions are as follows:

ω(0) � ω(L) � 0,

ω′(0) � ω′(L) � 0.
(16)

One of the solutions satisfying the previously mentioned
boundary conditions is

ω � 
m

Cmx
m+1

(1 − x). (17)

In order to find the approximate solution of the above
function, take one of the following terms:

ω � C1x
2
(1 − x). (18)

.e bending strain energy of rock beam is

U �
EI
2


L

0

d2ω
dx2 

2

dx. (19)

Substituting (18) into the formula, we can obtain the
following:

U � 2EIC2
1L

3
. (20)

Next, calculate the work done by the external force, and
the work done by the gravity q0 of the overburden is as
follows:

w1 � 
l

0
q0C1x

2
(L − x)dx �

1
12

C1q0L
4
. (21)

.e work done by the filling supporting force of the
collapsed gangue is as follows:

w2 � 
l

0
q1C1x

2
(L − x)dx � C1q1l

3 L

3
−

l

4
 . (22)

.e work done by the axial force P is as follows:

w3 � 
L

0
P

ω′( 
2

2
dx �

1
15

PC1
2

L
5
. (23)

According to the energy balance theorem, the work done
by all forces and the internal energy change are equal, i.e.,

U � w1 + w2 + w3. (24)

After substituting into the equation, the solution is as
follows:

C1 �
(1/12)q0L

4
+ q1l

3
((L/3) − (L/3))

2EIL3 − (1/15) PL5 
. (25)

By substituting the equation (25) into the deflection
equation, we can obtain the following:

ω �
(1/12)q0L

4
+ q1l

3
(L/3 − L/4)

2EIL3
− (1/15)PL5

. (26)

In the mining of steep coal seam, the maximum de-
flection is in the range of l≤ x≤ L, and in this range q1� 0,
i.e.,

ω �
(1/12)q0L

4

2EIL3
− (1/15)PL5

x
2
(L − x) �

(1/12)q0L
4

2EI − (1/15)PL5
x
2
(L − x).

(27)

.e deflection equation is derived on the whole working
face (L) dω � dx, and the position of the largest deflection
can be obtained, (2/3)L, so we can conclude that the
maximum deflection of the roof occurs in the middle and
upper part of the goaf.

4. Similar Simulation Experiment

4.1. Coal Mine Parameters. Based on the engineering
background of #2463 working face of Xiangyong coal mine,
the deformation and failure law of overlying strata after
mining steep coal seam is simulated. Coal seam #6 is the
main coal seam of the mine, with a thickness of 0.5–28.3m
and an average of 1.75m. .e roof is siltstone or medium-
fine-grained sandstone, and the bottom plate is fine sand-
stone or siltstone. .e structure of the coal seam is relatively
simple, including some gangue layers. .e coal seam has a
strike of about 30°, a tendency of 120°, a dip angle of 5° to 85°,
and an average dip angle of 60°, which belongs to the steeply
inclined coal seam. .e average mining depth is 550m, and
the average inclined length of the working face is 100m,
advancing along the strike. .e detailed mechanical pa-
rameters of each stratum are demonstrated in Table 1.

4.2. Parameters and Making of Similar Model. In the simi-
larity simulation experiment, the horizontal type multiangle
plane similarity simulation experimental device developed
by ourselves was used to carry out the plane strain model
experiment [32]. .e size of the model is
2.5 m× 0.2 m× 2m, and the upper part was loaded with
gravity compensation stress. .e similarity simulation test
bench is show in Figure 2.

.e similarity ratio constants of the models used in the
experiment are shown in Table 2, and the mechanical pa-
rameters of each rock layer of the model are further de-
termined by the similarity ratio constant and the mechanical
parameters of each rock layer of the prototype. .e whole
experimental model is made of similar materials which are
composed of river sand as aggregate and cement and gypsum
as cementing material, and mica powder is used to separate
the layers between the strata. .e proportioning parameters
of similar materials are demonstrated in Table 3.

Advances in Civil Engineering 5



4.3. Monitoring of Model. In this paper, the physical simi-
larity simulation experiment is used to explore the failure
law of overburden in a fully mechanized mining face of the
steep coal seam. It is necessary to make a series of obser-
vations on the deformation and failure of some rock strata
and the stress change inside the rock strata in this experi-
ment. According to the characteristics of strata failure and
movement in steeply inclined coal seam mining, two lines of
horizontal monitoring lines are arranged at the upper part of
the model to simulate the surface subsidence displacement,
and the distance between the monitoring points is 10 cm. Six
displacement monitoring lines are arranged on the roof
along the layer direction of the coal seam, the horizontal
spacing of the monitoring points is 5 cm, and the inclined
spacing is 10 cm. Two displacement monitoring lines are
arranged on the floor, with a horizontal spacing of 5 cm and

an inclined spacing of 10 cm. .e layout of the monitoring
points is shown in Figure 3. .e red frame is the total station
of the displacement monitoring instrument..e total station
used in this paper is Kolida KTS-442RC prism-free infrared
total laser station; single prism range: 5000m; prism-free
range: 350m; ranging accuracy: 2 + 2 ppm; angle measure-
ment accuracy: 2″.

5. Analysis of Similar Simulation
Experiment Results

5.1. Analysis of Displacement Results

5.1.1. Analysis of Displacement Change of Roof in Goaf.
Simulated mining was carried out on the model according to
the time calculated by the time similarity ratio, displacement

Table 3: .e proportioning parameters of similar materials.

Num Lithology Materials Ratio (aggregate: cementing material) Ratio (gypsum: cement)
1 Siltstone Sand: gypsum: cement 8.5 :1.5 9 :1
2 Medium sandstone Sand: gypsum: cement 7.5 : 5 8.5 :1.5
3 Siltstone Sand: gypsum: cement 8.5 :1.5 9.5 : 0.5
4 Sandy mudstone Sand: gypsum: cement 8.5 :1.5 9 :1
5 Coal seam #6 Coal is mixed with water and compacted
6 Medium sandstone Sand: gypsum: cement 7.5 : 5 8.5 :1.5
7 Sandy mudstone Sand: gypsum: cement 8.5 :1.5 9 :1
8 Siltstone Sand: gypsum: cement 8 : 2 8.5 :1.5

Table 1: Mechanical parameters of surrounding rock.

Lithology Δ (m) P (kg.m-3) E (GPa) σc (MPa) σt (MPa) C (MPa) υ φ (°)
Siltstone 58.36 2590 19.5 56.26 1.84 55 0.21 37
Medium sandstone 40.4 2600 13.5 36.42 1.13 16 0.12 38
Siltstone 21.04 2590 19.5 56.26 1.84 55 0.21 37
Sandy mudstone 5.74 2150 5.4 28.65 0.75 45 0.18 31
Coal seam #6 1.75 1450 5.1 14 0.45 1.35 0.36 24
Medium sandstone 13.8 2800 14.2 36.42 1.13 16 0.12 38
Sandy mudstone 35.06 2150 5.4 28.65 0.75 45 0.18 31
Siltstone 27.65 2590 19.5 56.26 1.84 55 0.21 37

Figure 2: Similarity simulation test bench.

Table 2: Similar ratio of model.

Similar constants Geometric (αl) Unit weight (αl) Time (αt) Dynamics (RM)
Similarity ratio 1 :100 0.7 :1 0.05 0.007×RH(prototype)
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monitoring was carried out, and a small amount of invalid
monitoring data was removed. .e horizontal displacement
change diagram of K2∼K7 monitoring line of the roof after
coal mining is shown in Figure 4. It can be seen from
Figure 4 that the horizontal displacement changes of the
upper roof of the goaf are greater than the horizontal dis-
placement of the lower roof of the goaf, which shows that, in
the mining process of the steep coal seam, the deformation
and damage mainly occur in the upper part of the goaf. At
the same time, the immediate roof naturally falls to the lower
part of the goaf, which plays a supporting role in the lower
roof of the goaf, thus limiting the deformation and damage
of the roof. .e horizontal displacement of the roof mon-
itoring point in the lower part of the goaf is 3–8.2mm, with
an average of 5.9mm. .e maximum horizontal displace-
ment on the roof monitoring line is 13.9mm.

.e vertical displacement change diagram of K2∼K7
monitoring line of the roof after coal mining is shown in
Figure 5..ere is a significant difference between the vertical
displacement of the upper roof and the lower roof of the goaf
after coal mining, and large deformation and collapse occur
in the upper roof, which indicates that the phenomenon of
collapse occurs in the immediate roof in the middle and
upper parts of the working face..e first position of collapse
is also from the middle and upper parts of the working face.
At the same time, after the immediate roof falls to the lower
part of the goaf, it has a reasonable restriction on the roof in
the vertical direction. .e vertical displacement of the roof
monitoring point at the lower part of the goaf is 1–10mm,
with an average of 7.4mm. .e maximum vertical dis-
placement on the roof monitoring line is 57.5mm.

5.1.2. Analysis of the Results of Displacement Change of
Horizontal Monitoring Line. .e displacement change di-
agram of the monitoring line L1-L2 of the experimental
model simulating the surface subsidence is shown in Fig-
ure 6. It can be seen from the figure that the displacement of
the rock strata directly above the goaf in the horizontal
direction is relatively small, and there is only a large fluc-
tuation in the vertical direction of the goaf in the working
face, and the deformation has also moved left to right
tendency..e deformation of the horizontal monitoring line

is massive in the vertical direction, especially the area di-
rectly above the goaf, which reaches the maximum, and the
vertical displacement of the monitoring point reaches a
maximum of 25mm.

Based on the analysis of the previously mentioned
monitoring results, the deformation of the roof in the goaf
mainly occurs in the upper and middle parts. .e lower roof
automatically falls to the lower part of the goaf due to the
immediate roof collapse, which plays a particular supporting
role in the lower roof and makes the deformation of the
lower roof generally smaller. .e strata directly above the
goaf are deformed in the vertical direction, so the area and
range of surface subsidence can be inferred.

5.2. Analysis of Movement and Failure Law of Overburden.
.e rock strata movement and failure form of a similar
model after mining is shown in Figure 7. As shown in the
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figure, the overburden of the working face has a large area of
collapse, forming a unique collapse failure pattern and law of
steep coal seam mining. Due to the large inclination of the
coal seam, the immediate roof gangue automatically slides
down to the lower goaf and supports the lower roof, and only

a small amount of sinking occurs in the lower roof. .e
upper part of the goaf is exposed in a large area and the roof
is broken and comes in contact with the floor, forming a
hinged structure in a small area and reaching a state of
balance. .e roof fracture in the upper part of the working
face forms a “trapezoid” bending fracture area as shown in
Figure 7, in which the upper part of the dip rock beam is a
direct tensile fracture and the interlayer rock layer is a beam
fracture. .e fracture line is located in the middle and upper
parts of the working face. .e whole overlying strata have
formed a secondary stability system, which is composed of
four areas: the lower falling and filling support area, the
upper strata bending fracture area, the fracture extension
area, and the roof bending sinking area. At the same time,
the fracture line of the goaf roof is located in the middle and
upper parts of the working face, which is consistent with the
results derived from the mechanical model. .e overlying
strata began to break at the position with the maximum
deflection, and the fracture position gradually moved up due
to the collapse and filling of the lower part, and the fracture
line was basically in the middle of the “trapezoidal” bending
fracture area.

As shown in Figure 8, the roof is simplified as inclined
rock beam, and the roof is exposed after mining; the roof will
break when the length of the exposed rock beam is greater
than the limit span of the inclined rock beam. .e hanging
length of the roof is simplified as S1∼ S5. It can be seen that
the hanging area of the roof is gradually reduced due to the
supporting effect of the immediate roof caving gangue
sliding to the lower goaf on the lower roof, but S2, S3, and S4
are still moremassive than the limit span of the rock stratum,
and the roof is still broken. Besides, the fracture position of
the roof gradually moves upward. Under the influence of the
filling of the natural falling gangue in the lower part, the
hanging length of the upper roof decreases from one layer to
another until the hanging length is less than the limit span of
the rock stratum. In Figure 8, S5 will not break any more,
only a small amount of cracks are produced between the
strata, and the only displacement has occurred towards the
direction of the goaf. .e displacement of the roof above the
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“trapezoid” bending fracture area still occurs. However, the
fracture does not occur because the hanging area of the rock
stratum is reduced, and the limit span of the rock stratum is
not exceeded.

6. Conclusions

(1) In this paper, the mechanical model of the roof after
the mining of steep coal seam is established, the basic
roof is simplified as the mechanical model of inclined
rock beam, and the bending deflection equation of
the roof rock beam is analyzed. .e derivation of the
deflection equation shows that the maximum de-
flection position of the roof rock beam appears at 2/
3l, i.e., the middle and upper parts of the goaf.

(2) .e roof deformation of the goaf is more extensive
after the working face has been pushed along the
strike, and the deformation mainly occurs in the
upper roof of the goaf. .e collapse phenomenon
occurs in the immediate roof, and the gangue behind
the collapse fills the lower part of the goaf, which
plays a supporting and restricting role in the lower
roof of the goaf. At the same time, it can be inferred
that the surface subsidence is concentrated above the
goaf.

(3) After the upper roof of the goaf in the steep coal seam
is broken, a “trapezoidal” bending fracture zone is
formed, and the lower roof is in the form of inter-
layer fracture. .e secondary stability system is
formed, which is composed of four areas: the lower
falling and filling support area, the upper strata
bending fracture area, the fracture extension area,
and the roof bending sinking area.

(4) .e position of roof fracture line in goaf of the steep
coal seam is located in the middle and upper part of
the working face, which is consistent with the results
derived from the mechanical model. .e overlying
strata begin to break at the maximum deflection
position, and the fracture position gradually moves
up due to the collapse and filling of the lower part.
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