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Internal Mechanism of Asymmetric Deformation  
and Failure Characteristics of the Roof for Longwall Mining  

of a Steeply Dipping Coal Seam

Stability control of the roof is the key to safe and efficient mining of the longwall working face 
for a steeply dipping coal seam. In this study, a comprehensive analysis was performed on the roof de-
struction, migration, and filling characteristics of a steeply dipping longwall working face in an actual 
coalmine. Elastic foundation theory was used to construct a roof mechanics model; the effect of the coal 
seam inclination angle on the asymmetric deformation and failure of the roof under the constraint of 
an unbalanced gangue filling was considered. According to the model, increasing the coal seam angle, 
thickness of the immediate roof, and length of the working face as well as decreasing the thickness of the 
coal seam can increase the length of the contact area formed by the caving gangue in the lower area of 
the slope. Changes to the length of the contact area affect the forces and boundary conditions of the main 
roof. Increasing the coal seam angle reduces the deformation of the main roof, and the position of peak 
deflection migrates from the middle of the working face to the upper middle. Meanwhile, the position 
of the peak rotation angle migrates from the lower area of the working face to the upper area. The peak 
bending moment decreases continuously, and its position migrates from the headgate T-junction to the 
tailgate T-junction and then the middle of the working face. Field test results verified the rationality of the 
mechanics model. These findings reveal the effect of the inclination coal seam angle on roof deformation 
and failure and provide theoretical guidance for engineering practice.
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1.	 Introduction

A steeply dipping coal seam is understood to have a buried angle of 35°-55°; such coal 
seams are difficult to mine [1,2]. The key to the safe and efficient mining of steeply dipping coal 
seams is stability control of the roof-support-floor system, which is affected by the behavior of 
the surrounding strata [3,4]. 

The coal-forming environment of steeply dipping coal seams is complicated, and such seams 
are extremely difficult to safely and efficiently mine. In the 1970s, the Soviet Union developed 
fully mechanized mining technologies for mining thick, medium-thick, and steeply dipping coal 
seams [5,6]. In the 1980s and 1990s, the United States, Germany, France, United Kingdom, India, 
Spain, and other countries also explored mechanized mining methods and ground control tech-
niques for accessing steeply dipping coal seams and used these to carry out limited experimental 
mining [7]. After nearly two decades of research and development, China has made significant 
progress in developing the mining theory, technology applications, and equipment needed to mine 
steeply dipping coal seams, successfully achieved a transformation from non-mechanized mining 
to fully mechanized longwall mining (fully mechanized caving) under certain conditions, and 
solved the basic safety problem of mining in steeply dipping seams. However, with the exception 
of some mines in which the fully mechanized mining of medium-thick coal seams or the fully 
mechanized caving of some extra-thick coal seams takes place, mines are in general still using 
non-mechanized mining methods such as oblique short-wall and longwall mining. In such mines, 
low production and efficiency, poor safety and operating environments, and frequent casualty-
inducing accidents remain important factors restricting production and operation.

A core issue for longwall mining of a steeply dipping coal seam is the deformation and 
migration characteristics of the main roof, which control the surrounding rock of the working 
face. A steeply dipping coal seam will cause the gangue to slide down the gob during the mining 
process[8]. Uneven filling of the gob can cause the roof to collapse, and the surrounding strata 
show obvious asymmetric behavior [9]. Many approaches have been used to study the stress 
distribution of the roof for different mining processes of steeply dipping coal seams, deforma-
tion and failure laws of the roof [10-15], failure mode and evolution process of the main roof 
[16-19], and influence of gangue on strata behavior [20-23]. The above research has improved 
understanding of the relationship between roof deformation and strata behavior, which has laid the 
foundation for further research on steeply dipping coal seams. The coal seam angle is known to 
affect asymmetric deformation and failure of the roof [24]. Determining the behavioral response 
of the roof for the longwall working face of a steeply dipping coal seam under unbalanced load 
and constraint conditions is very important for understanding the law of strata behavior and 
guiding onsite practice [25]. Further study is urgently needed to quantitatively characterize the 
slip of the gangue filling from the immediate roof based on the coal seam angle, the mechanical 
structure and characteristics of roof movement under the constraint of gangue filling, and other 
internal mechanisms.

This study focused on the steeply dipping working face of an actual coalmine as the research 
target. First, a similar material experiment was performed to study the deformation, failure, and 
slip characteristics of the roof. Second, elastic foundation theory was used to construct a roof 
mechanics model, which was used to study the effect of the coal seam angle on the asymmetric 
deformation and failure of the roof under the constraint of unbalanced gangue filling. Finally, 
field monitoring was performed to analyze the localized load characteristics and dispersion de-
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gree of the supports, and the results were used to verify the rationality of the model. This study 
provides a theoretical reference for the law of strata behavior governing the longwall mining 
face of steeply dipping coal seams.

2.	 Background

Working face 25221 of coalmine 2130 (Xinjiang Coking Coal Group Ewirgol) is located in 
district 2 of the #5 coal seam. The working face is located west of ditch #15 ditch and 153 m east 
of line 16. The surface is mountainous and filled with gullies. The working face has a long and 
narrow distribution from east to west. The mining elevation is +2047-2120 m, the strike length is 
2098 m, and the inclined length is 100 m. The angle fluctuates within 36°-46° with an average of 
45°. The coal bulk density is 1.35 t/m3. The coal seam is stable with a thickness of 3.58-9.77 m 
and average thickness of 5.77 m. The hardness coefficient f of the coal is 0.3-0.5. The spontane-
ous combustion tendency is ∆T = 9-14°C; this is less than 20°C, which indicates grade IV coal. 
The explosiveness index of the coal dust is Vr = 24%-45%; this is in the range of 0.1-1.0, which 
indicates medium explosiveness. The gas emission volume is 1.52-4.62 m3/t, which indicates an 
abnormal gas mine. The coal and rock characteristics of the working face are presented in Table 1.

Table 1

Characteristics of coal and rock strata

Layer Rock Thickness (m) Characteristics

Main roof Medium sandstone 17
Rock is dominated by quartz,  

which has strong resistance to weathering, 
and well-developed bedding surfaces.

Immediate roof Gravelly coarse 
sandstone 2.32 Rock is off-white; mud is cemented, 

weathered, and fragile.

Coal seam #5 coal 3.58-7.0 Contains 3-5 layers of gangue;  
height of interbedded gangue is 1.4-2.5 m.

Immediate floor Carbon mudstone 17.06 Rock is off-white with mineral cement.

Main floor Coarse sandstone 9.0 Rock joints are developed, weathered,  
and fragile.

3.	 Model test

3.1.	P rocess and methods

A similarity simulation is a method for studying the laws of nature based on the similarities 
between things or phenomena. To understand the migration law of the surrounding rock and 
the support load distribution during mining, the geological conditions of coalmine 2130 were 
adopted. A 1500 mm × 1500 mm × 600 mm combined model frame independently designed and 
developed by Xi’an University of Science and Technology was selected. This three-dimensional 
experimental model can not only impose constraints in both the horizontal and vertical directions 
but also simulate short advances of the working face along the strike direction. A coal and rock 
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layer histogram was used to reduce the coalmine to an experimental model with a geometric 
similarity ratio of 1:20. The physical and mechanical parameters of the coal and rock mass 
measured onsite were used to determine the proportions of similar materials: 70-140 mesh quartz 
sand, coal ash, gypsum, and calcium carbonate. Water was added, and the materials were mixed 
evenly and placed in the model frame. A heavy object was used to compact the material to the 
required density. To represent the layers, 8-20 mesh mica powder was used. According to the 
law of similarity, the stress and strength similarity constant was 32, the time similarity constant 
was 201/2, the bulk density similarity constant was 1.6, and the load similarity constant was 
12800. A specially made support was used to conduct the experiment. High-precision sensors 
were installed in the leg, top, shield, and base of the support to monitor the vertical and lateral 
loads. A 108-channel pressure data acquisition system was used for data collection.

(a)                                  (b)           (c)  

Fig. 1. Test model and device: (a) test model, (b) data collection system, and (c) support model

3.2.	R esults and analysis

The experimental results were as follows:
(1)	 As the working face was inclined, gangue fell from the immediate roof into the gob. 

The gangue in the lower area of the gob was in small pieces; the filling was dense with 
high strength is greater. The gangue was in larger pieces in the middle and upper areas 
of the gob; the filling was loose and low in strength. The working face can be divided 
into a contact area where the filling body contacts the overlying strata and a noncon-
tact area where it is not. The inclined profile of the filling body comprised a rectangle 
combined with a triangle, and it formed a hollow face on the upper area.

(2)	 When the support advanced forward, large areas of the main roof and overlying strata 
caved in, and irregular stepped fractures formed along the strike and inclined directions 
(Figs. 2(c) and (d)). The gob in the middle area of the slope was half-filled; the rock 
mass was relatively loose, and the overlying strata had sufficient space for migration. 
The overhanging, rotating, fracturing, and caving processes were clearly observed. The 
gob in the upper area of the slope was mostly unfilled, and the overlying strata showed 
frequent breaks. The support may have suffered an impact that adversely affected the 
stability of the support–surrounding rock system. In particular, gas easily accumulated 
in the upper corner, which would significantly affect the safety of the working face.
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Fig. 2. Caving and filling characteristics of gangue

(3)	 The working resistance of the support showed obvious localized distribution charac-
teristics. The working resistance of the support was largest in the middle area. In the 
lower area, after the caving gangue slid down, a coal-support-gangue support structure 
formed along the strike. Then, the roof formed a voussoir beam structure. The presence 
of the large structure provided some support to the overlying strata (Fig. 3). Therefore, 

 
(a)                                                              (b)                                                              (c) 

 

 
(a)                                                              (b)                                                              (c) 

 

 
(a)                                                              (b)                                                              (c) 

 
Fig. 3. Relationships of the support-surrounding rock system along the strike: (a) lower area,  

(b) middle area, and (c) upper area of the inclination
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the support had the lowest working resistance at about 70.06% of that in the middle 
area. In the middle area, the immediate roof caved in and the main roof was part of the 
voussoir beam structure. Thus, the most bending and sinking of the roof took place here, 
and the largest load was acting on the support. In the upper area, a coal-support system 
formed along the strike. The gangue was far from the support, and the exposed length 
of the roof was small. The support was the main body bearing the weight of the roof. 
Therefore, the working resistance of the support was about 86.55% that of the middle 
area, which is about 86.55%.

For steeply dipping coal seams, the deformation and failure characteristics of the surrounding 
rock and gangue show obvious asymmetry. Increasing the coal seam angle gradually increases 
the non-uniformity of the gangue filling the gob, and the non-equilibrium constraints on the roof 
or floor become more obvious.
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Fig. 4. Working resistance of supports

4.	S lip of the gangue filling from the immediate roof

4.1.	A nalysis of the characteristics

The coal seam angle is the main factor that affects the slip characteristics of the gangue fill-
ing. The thickness and length of the immediate roof determine the volume of the caving gangue, 
and the thickness of the coal seam and inclined length of the working face determine the size 
of the movement space for the gangue. Fig. 5 shows the model established to characterize effects 
of the above factors on the gangue filling. The thickness of the coal seam is h1 (m). The thick-
ness of the immediate roof is h2 (m). The inclined length of the contact area is a (m). The length 
of the working face is L (m). The coal seam angle is α (°). The angle between the upper surface 
of the noncontact area of the filling body and horizontal direction is β (°). The angle between the 
upper surface of the noncontact area of the filling body and the vertical direction is θ (°), where 

2
      . The expansion coefficient of the immediate roof is k.
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Fig. 5 shows the characteristics of the gangue filling in the gob depending on the coal seam 
angle when the immediate roof is thin and the amount of caving gangue is small. The following 
relationship should be satisfied:

 
 2 1 2

11 1
2

kh L L h h      (1)

When α is less than α1 and slightly greater than the natural angle of repose, some of the gangue 
slides towards the lower area of the gob, but there is no filled area. The inclined profile of the 
filling body is triangular, as shown in Figs. 5(a) and (b). This results in the maximum exposed 
length of the main roof, and the deformation and failure characteristics are unrelated with the 
gangue. As the coal seam angle is increased, the form shown in Fig. 5(c) appears. When α is 
greater than α1, more gangue slides down, and the lower area of the gob is fully filled. The inclined 
profile of the filling body combines a rectangle and triangle. In the lower area, the contact area 
changes the force constraints and boundary conditions of the immediate roof, which affects its 
deformation and failure.

For the critical angle α1 in Fig. 5(a), the following geometric relationship holds:

 1 2
tan BC

h h
 


  (2)

The following filling relationship holds:

 
 2 1 2

11 1
2

kh L h h BC      (3)

By incorporating Eq. (3) in Eq. (2), the critical angle α1 can be obtained:

  
2

1 2
1 2

2+ arctan
2

kh L

h h
  


  (4)

The filling relationship in Fig. 5(b) is

 2 1 21 ( ) 11
2

kh L h h L      (5)

This can be reorganized to obtain

 
1

2 2 1
hh
k




  (6)

When the expansion coefficient of the caving gangue and the thicknesses of the immediate roof 
and coal seam meet the relationship described in Eq. (6) and the critical angle α0 is achieved, 
then the inclination profile of the filling body is triangular, and the volume of the filling body 
is at its maximum.

For the gangue filling in Fig. 5(c), the following geometric relationship holds:

 
   2

2 1 2 1 2
11 tan 1
2

kLh a h h h h         
  (7)



108

This can be reorganized to obtain the inclined length a of the contact area in Fig. 5(c):

    2
1 2

1 2

1 tan
2

kLha h h
h h

  


  (8)

Fig. 5. Characteristics of gangue filling when the immediate roof is thin and the amount  
of caving gangue is small

Fig. 6 shows the characteristics of gangue filling the gob when the immediate roof is thick 
and amount of caving gangue is large. The following relationship should be satisfied:

 
 2 1 2

11 1
2

kh L L h h      (9)

When α is less than α1 and slightly greater than the natural angle of repose, a small amount of 
gangue will slide towards the lower area of the gob. The inclined profile of the filling body is 
shaped like a trapezium. The main roof is completely exposed, and the rock beam is easy to break, 
as shown in Fig. 6(a). When α1 < α < α2, some gangue slides down, and a contact area appears 
in the lower area of the gob. The main roof is in full contact with the accumulated gangue, and 
the exposed length is reduced. The inclined profile of the filling body combines a rectangle and 
trapezoid. The accumulation of gangue changes the force constraint at the lower area of the main 
roof, and the caving gangue begins to affect the deformation and failure of the main roof, as 
shown in Fig. 6(b). When α2 < α, the gangue does not stay in place after caving. The length of 
the contact area is further increased in the lower area of the gob. The gangue seriously affects the 
deformation and failure of the main roof, and the inclination profile of the filling body combines 
a rectangle and triangle, as shown in Fig. 6(d).

For the critical angle α1 in Fig. 6(a), the following filling relationship holds:

 
 2 1 21 1

2
LkLh h h CD       (10)
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This is based on the following geometric relationship:

 
 1 2 tan

LCD h h


     (11)

Eq. (11) can be incorporated into Eq. (10) to obtain the critical angle α1:

  1
1 2 2

arctan
2 2

L
h h kh

   
   

  (12)

When α1 < α < α2, the following filling relationship holds:

 
   2

2 1 2 1 2
1 tan 1
2

kLh L EF a h h EF h h EF           
  (13)

The following geometric relationship holds:

  1 2 tan tanh h L EF a       (14)

Then, Eqs. (13) and (14) can be combined to obtain the inclination length a of the contact 
area in Fig. 6(b):

  1 2 22 tana L L h h kh      (15)

For the critical angle α2 in Fig. 6(c), the following filling relationship holds:

 
    2 1 2 1 2

11 1
2

kLh a h h L a h h         
  (16)

The following geometric relationship holds:

 1 2
tan L a

h h
 



  (17)

Eq. (17) can be incorporated into Eq. (16) to obtain the critical angle α2:

  
2

2 2
1 2 1 2

22arctan
2

kLhL
h h h h

 
 
    

  
  (18)

When α2 < α, the gangue accumulation pattern in Fig. 6(d) is the same as that in Fig. 5(c), and 
the length a of the contact area can be calculated with Eq. (8).

Thus, depending on the coal seam angle, the slip volume of the gangue filling and size of 
its migration space should be determined according to Eqs. (1) and (9). Then, the changes in the 
filling characteristics with the coal seam angle can be analyzed.
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Fig. 6. Characteristics of gangue filling when the immediate roof is thick  
and amount of caving gangue is large

4.2.	A nalysis of influencing factors

The influences of the coal seam angle, thickness of the coal seam, thickness of the immedi-
ate roof, and inclined length of the working face on the characteristics of the gangue filling were 
analyzed. Fig. 7 shows the variations in the inclined length a of the contact area as the above 
factors were changed. The following results were obtained:

(1)	 The inclined length a of the contact area increases logarithmically as the coal seam angle 
increases. When the coal seam angle is less than the natural angle of repose, the gangue 
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stays in place, and a noncontact area forms in the lower area of the gob. When the coal 
seam angle is slightly greater than the natural angle of repose, this causes a large amount 
of gangue to slide, and the length of the contact area increases rapidly. Further increas-
ing the coal seam angle also increases the amount of sliding gangue, but the length of 
the contact area increases more slowly.

(2)	I ncreasing the thickness of the coal seam increases the gangue migration space. When the 
amount of caved gangue remains the same, the available space for the gangue to fill is 
reduced.

(3)	I ncreasing the thickness of the immediate roof increases the amount of gangue. When the 
thickness of the coal seam remains the same, the space that the gangue can fill is in-
creased, and the length of the contact area increases accordingly. The space filled by 
the gangue includes that formed by the immediate roof caving. Therefore, the length 
of the contact area increases slowly.

(4)	I ncreasing the length of the working face increases the amount of caving gangue and 
the migration space. In the lower area of the gob, the space that the gangue can fill 
increases with the length of the working face.

5.	 Mechanical analysis on the deformation and failure  
of the main roof

The caving characteristics of the gangue filling in Fig. 2(b) and unbalanced constraint of 
the main roof mean that the coal rock mass and gangue filling on both sides of the tailgate and 
headgate are compressed during the deformation process of the main roof. The supporting load 
on the main roof increases with the compression; thus, the coal rock mass and gangue filling on 
both sides of the tailgate and headgate can be simplified as elastic foundations[26]. Fig. 8 shows 

Fig. 8. Mechanics model of the main roof stratum above the steeply dipping seam
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the mechanics model of the main roof, where the unit thickness is along the strike. The z-axis 
is vertical to the coal seam, and the x-axis is inclined upward along the working face. α is the 
coal seam angle (°). j is the natural angle of repose of the gangue (°). a is the inclined length of 
the contact area (m). L is the length of the working face (m). k1 is the foundation coefficient of 
the coal and rock mass on both sides of the tailgate and headgate (kN/m3). k2 is the foundation 
coefficient of the gangue filling body in the gob (kN/m3). p(x) is the load of the overlying strata 
on the main roof and can be simplified as a linear function:

   0 sin 1p x p x      (19)

where p0 is the load at section O (kN/m) and g is the weight (kN/m3). The load p(x) can be de-
composed into the vertical rock beam load p(x)cos α and parallel rock beam load p(x)sin α. In this 
study, only the effect of the vertical load on the main roof was considered, so q(x) = p(x)cos α.

5.1.	 Beam in the lower area

Fig. 9(a) shows the rock beam on the left side of section O. According to elastic foundation 
theory, the flexural differential equation is

 

     4
1 4

1 14 +4
d z x q x

z x
EIdx

    (20)

a)

b)

c)

Fig. 9. Stress analysis of the main roof: beam in the (a) lower area, (b) middle area, and (c) upper area
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where β1 = (k1/EI)1/4 is a constant (m–1), E is the elastic modulus (MPa), and I is the moment of 
inertia (m4). The general solution to Eq. (20) is

 

   

   

1

1

1 1 1 1 1

1 1 1 1
1

cos sin  

cos sin

x

x

z x e A x B x

q x
e C x D x

k





 

 

  

  
 
 (21)

where A1, B1, C1, and D1 are unknown constants. When x tends to −∞, the deflection z1(x) of the 
beam tends to be constant; thus, C1 = D1 = 0. Eq. (21) can be simplified as

 
     

1 1 1 1 1
1

cos sinx q x
z x e A x B x

k
       (22)

5.2.	R ock beam in the contact area

The contact area of the rock beam is section OA in Fig. 9(a). According to elastic foundation 
theory, the flexural differential equation is

 

     4
2 4

2 24 4
d z x q x

z x
EIdx

    (23)

where β2 = (k1 / EI)1/4 is a constant (m–1). The general solution to Eq. (23) is

 

   

   

2

2

2 2 2 2

2 2 2
2

cos sin

cos sin

x

x

z x e A x B x

q x
e C x D x

k





 

 

  
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 (24)

where A2, B2, C2, and D2 are unknown constants.

5.3.	R ock beam in the noncontact area

The rock beam in the noncontact area is shown in Fig. 9(b). MA and MB are the bending 
moments at sections A and B, respectively. Their relationship can be expressed as

     L
B A A a

M M Q L a q x L x dx       (25)

QA and QB are the shear forces at sections A and B, respectively. Their relationship can be 
expressed as

  L
B A a

Q Q q x dx     (26)

The flexural differential equation of the rock beam in the noncontact area is given by

 

      
2

3
2

1 xA A
a

d z x M Q x a q x d
EI EI EIdx

          (27)
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Integrating Eq. (27) twice obtains
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where k0 = sinα · γ · cosα, A3, and B3 are unknown constants.

5.4.	 Beam in the upper area

The beam in the upper area is shown in Fig. 9(c). According to elastic foundation theory, 
the flexural differential equation is
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The general solution to Eq. (29) is
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 (30)

where A4, B4, C4, and D4 are unknown constants. When x tends to ∞, the deflection z4(x) of the 
beam tends to be constant, so A4 = B4 = 0. Eq. (30) can be simplified as
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According to the boundary conditions of section A, the following also holds:
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Then, the unknown constants C4 and D4 can be expressed as

 
 

1
1

4 1 1 1
1

2 cos cos sin
L

B B
eC Q L M L L

k


         

 

 
 

1
1

4 1 1 1 1
1

2 cos sin cos
L

B B
eD M L L Q L

k


         

 

5.5.	C ondition of continuity

In the above derivation process, A1, B1, A2, B2, C2, D2, A3, B3, MA, and QA are still unknown 
constants. If the condition of continuity is assumed for the mechanics model shown in Figs. 8 
and 9, then the values of the above unknown parameters can be determined. According to the 
condition of continuity at section O,
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According to the condition of continuity at section A,
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According to the condition of continuity at section B,

        3 4 3 4,   z L z L z L z L     (35)

Eqs. (33)-(35) can be combined with the rock beam deflections given by Eqs. (22), (24), 
(28), and (31) to determine the deformation law of the main roof under different loading and 
constraint conditions. These equations can also be used to determine the deflection, bending 
moment, and shear force of the rock beam.

6.	E xample

To study the law of deformation and failure for the roof of a steeply dipping coal seam, the 
mechanics model was applied to working face 25221 of coalmine 2130. The length of the working 
face was 100 m, the natural angle of repose of the gangue was 30°, the foundation coefficient of 
the coal rock mass was 1000 kN/m3, the foundation coefficient of the gangue was 300 kN/m3, 
and the elastic modulus of the main roof was 8.0 × 104 MPa. The values of the parameters were 
selected by combining engineering examples and values reported in related research.

Fig. 10 shows the deflection and rotation of the rock beam according to the coal seam angle. 
The following can be observed:

(1)	 As the coal seam angle increased, the peak deflection of the main roof gradually de-
creased. The central axis of the peak deflection shifted in the upper area (i.e., the rate 
of reduction and shift gradually increased), and the slight deformation at both ends 
gradually decreased. The peak rotation gradually decreased, and its position shifted 
from the headgate to the tailgate.

(2)	 When the coal seam angle was less than the natural angle of repose of the gangue, the 
peak deflection of the main roof was at the middle of the working face, and the peak 
rotation was at the lower area of the working face. Both ends were slightly deformed. 
At coal seam angles of 20°, 25°, and 30°, the peak deflections were 0.32979, 0.30269, 
and 0.27512 m at 49.2, 49.3, and 49.5 m, respectively, from the headgate. The peak rota-
tions were 0.008265, 0.007615, and 0.00695 rad at 14.3, 14.5, and 14.7 m, respectively. 
Because the coal seam angle was less than the natural angle of repose of the gangue, 
the gangue stayed in place after caving. A noncontact area occurred at the lower area 
of the working face. The overhang length of the main roof was at its maximum, and 
the peak deflection was relatively large. However, as the coal seam angle increased, 
the normal component of the stress from the rock layer’s self-weight decreased. The 
positions of the peak deflection and rotation shifted slightly, and the deflection and 
rotation of the rock beam decreased accordingly. Increasing the coal seam angle from 
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20° to 25° and 30° reduced the deflection by 8.2% and 16.58%, respectively, and the 
rotation by 7.86% and 15.91%, respectively.

(3)	 When the coal seam angle was greater than the natural angle of repose of the gangue, 
the position for the peak deflection of the main roof shifted to the upper area of the 
working face. The position of the peak rotation shifted from the headgate to the tailgate, 
and the deformation at both ends of the working face decreased. At coal seam angles 
of 35°, 40°, and 45°, the peak deflections were 0.188, 0.07176, and 0.0444 m at posi-
tions of 52, 62, and 65 m, respectively. The peak rotations were 0.00492, –0.00216, and 
–0.00142 rad at positions of 21, 90, and 91 m, respectively. When the coal seam angle 
was greater than the natural angle of repose, the gangue could not stay in place and 
slid or rolled downwards along the working face. The accumulation of caving gangue 
formed a contact area (a = 11.4, 31.58, and 38.37 m) at the lower area of the working 
face, which changed the boundary constraints of the main roof. The overhang length of 
the main roof decreased, and the normal component of the stress from the rock layer’s 
self-weight also decreased. Reducing the coal seam angle from 35° to 40° and 45° de-
creased the deflection by 61.8% and 76.38%, respectively, and the rotation by 56.01% 
and 71.12%, respectively. Therefore, when the coal seam angle was greater than the 
natural angle of repose, the slip of the gangue filling has a greater impact on the roof 
deformation, and the deformation of the surrounding rock was greatly reduced.
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 Fig. 10. Deflection and rotation diagram of the rock beam at different angles:  
(a) deflection, (b) rotation, and (c) deflection varies with angle
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Fig. 11 shows the bending moment and shear of the rock beam at different angles. The fol-
lowing can be observed:

(1)	 When the coal seam angle was small, the peak bending moments were slightly larger 
at the headgate and tailgate than at the middle of the working face. As the coal seam 
angle was increased, the peak bending moment of the main roof gradually decreased. 
The peak central axis of the middle area shifted upward, the peak central axis of the 
headgate shifted slightly upward, and the peak central axis of the tailgate shifted slightly 
downward. The reduction rate and shift of the peak gradually increased with the coal 
seam angle. The position of the peak shear force continuously shifted upward from the 
headgate as the coal seam angle increased, and the change in length was closely related 
with the length of contact area.

(2)	 When the coal seam angle was less than the natural angle of repose, the peak bending 
moments were slightly larger at the headgate and tailgate than at the middle area of the 
working face. When the coal seam angles were 20°, 25°, and 30°, the peak bending 
moments were –1416.16, –1309.3, and –1199.23 kN-m at positions of –3.1, –3.2, and 
–3.25 m, respectively. The peak shear forces were 104.496, 97.837, and 90.785 kN, 
respectively; all were at the position of 0 m. The deformation and failure characteristics 
of the main roof were not affected by the caving gangue. At the smallest coal seam 
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 Fig. 11. Bending moment and shear diagram of the rock beam at different angles:  
(a) bending moment, (b) shear, and (c) bending moment varies with angle
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angle, the overhang length was at its maximum, and the headgate was damaged first. 
As the coal seam angle was increased, the normal component for the stress from the 
self-weight of the rock layer decreased, and the load application point shifted downward. 
This reduced the bending moment slightly. When the coal seam angle was increased from 
20° to 25° and 30°, the bending moment decreased by 7.5% and 15.32%, respectively, 
and the shear force decreased by 6.37% and 13.12%, respectively.

(3)	 When the coal seam angle was greater than the angle of repose of the gangue, increasing 
the coal seam angle reduced the peak bending moment, and its position migrated from 
the headgate T-junction to the tailgate T-junction and then the middle of the working 
face. The peak shear force continuously decreased, and its position was located at 
the upper end of the contact area. At coal seam angles of 35°, 40°, and 45°, the peak 
bending moments were -814.04, 408.01, and 285.84 kN-m at positions of 103, 61, and 
64 m, respectively. The peak shear forces were 65.58, 39.52, and 28.88 kN at positions 
of 11.4, 31.58, and 38.37 m, respectively. The accumulation of caving gangue formed 
a contact area at the lower area of the working face, and increasing the coal seam angle 
shifted the position of the peak shear force for the lower area of the working face slightly 
upward. Because the accumulated gangue was much weaker than the rock formation, 
the peak bending moment was less at the headgate than at the tailgate. When the coal 
seam angle was further increased, much of the gangue slid or rolled downward, and the 
lower area of the inclination was filled with caving gangue. The exposed length of the 
main roof and normal component of the stress from the self-weight of the rock layer 
continued to decrease. The tensile failure of the main roof occurred first in the middle 
and upper areas, and the destruction of the roof had a time sequence. Increasing the 
coal seam angle from 35° to 40° and 45° reduced the bending moment by 49.88% and 
64.89%, respectively, and the shear force by 39.73% and 55.96%, respectively.

Therefore, the destruction of the main roof was closely related to the caving effect of the 
gangue filling at different coal seam angles. As the coal seam angle was increased, more of the 
gangue filling slid downward, which changed the force and constraint conditions of the main 
roof in the lower area of the working face. The position where the roof was most easily dam-
aged shifted to the upper area. In this area, the deformation and destruction of the roof were 
more severe, and the stability of the support was greatly reduced. The support was prone to risks 
such as unbalanced loading, rotating, and falling. The stability of the support–surrounding rock 
system for the working face was greatly reduced, so a disaster with the surrounding rock could 
easily be induced.

7.	F ield monitoring

7.1.	L ayout of measurement areas

Working face 25221 of coalmine 2130 was observed for nearly 2 months to understand the 
interaction between the surrounding rock and supports during the mining process of a steeply 
dipping coal seam. Fig. 12 shows the three measurement areas along the working face: lower, 
middle, and upper.
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Main roof Coal seam

Floor

Tailgate

Support

Shearer

Armored face conveyor

Headgate
45°

Immediate roof

Upper area

Middle area

Lower area

Fig. 12. Arrangement of measurement areas on the working face

7.2.	 Monitoring method

The KJ377 mining pressure dynamic system was used to observe the mining pressure. The 
KJ377 pressure monitoring system is carried out by continuously recording the working resist-
ance of the legs of support in the measurement area. The system is mainly composed of ground 
equipment (server, UPS, serial server) and underground equipment (communication substation, 
support pressure sensor, etc.). KJ377 can not only realize the computer dynamic simulation 
display detection parameters and alarms on the ground but also display data and alarms on site. 
And KJ377 system software can conduct specialized data analysis through mathematical models 
of rock pressure theory.

The system works as follows. The pressure strain body of the fully mechanized coalmine 
is connected with the oil-liquid phase of the device through a quick joint. Changes in the roof 
pressure affect the oil-liquid pressure. The change in the resistance signal generated by the liq-
uid pressure is amplified and transformed by an analog-to-digital converter. The signal is then 
processed by an 89S52 single chip microcomputer. The current pressure value is displayed on 
a digital tube, and the data are transmitted to the ground host computer through the monitoring 
substation. The host computer analyzes the monitoring data to generate historical curves, as shown  
in Fig. 13.
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7.3.	R esults and analysis

The field monitoring results were as follows:
(1)	 The mining pressure showed obvious localized characteristics along the inclined direc-

tion. The average working resistances of the supports in the upper, middle, and lower 
areas of the working face were about 5370, 6123, and 3815 kN, respectively. The work-
ing resistance of the supports indicated a large load in the middle area and smaller loads 
in the upper and lower areas. The loads on the upper and lower areas were 87.7% and 
62.3%, respectively, of the load on the middle area.

(2)	 The mean square deviation (standard deviation) was used to analyze the distribution of 
the working resistance in different areas:
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		  The mean square deviations of the working resistances of the supports in the upper, 
middle, and lower areas of the working face were 718.49, 802.1, and 660.92, respec-
tively. Fig. 14 shows the trends for the working resistance distribution of the supports. 
The working resistance distribution was relatively discrete in the middle and upper areas 
of the working face, and the distribution was relatively concentrated in the lower area.

(3)	 When the strata behavior was considered, the working resistances of the supports in the 
lower, middle, and upper areas were 5400, 7450, and 6516 kN, respectively. The pres-
sure was high in the middle and upper areas.

When the load and constraints on the roof were unbalanced, there were large differences 
in the law of load and movement of the supports in different areas along the inclined working 
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Fig. 13. Loading characteristics of the supports on the working face
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face. In the lower area of the working face, the gangue filling was solid. The migration space, 
subsidence, and rotation angle of the roof were small, and the support-surrounding rock system 
was relatively stable. The average working resistance and dispersion of the support were small. 
In the middle and upper areas of the working face, the gangue filling due to caving was a smaller 
volume and far from the supports. Thus, the migration space, subsidence, and rotation angle of 
the roof were greater, and the support-surrounding rock system had poor stability. The contact 
mode and loading characteristics of the supports and top plate were complex. Phenomena such as 
partial load, no load, and biting between supports occurred frequently, and the average working 
resistances of the supports and their dispersion degree were relatively large.
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 Fig. 14. Quality control chart of the working resistance of supports in the (a) upper,  
(b) middle, and (c) lower areas

8.	C onclusion

Stability control of the roof is the key to safe and efficient mining of the longwall work-
ing face for a steeply dipping coal seam. Elastic foundation theory was used to construct a roof 
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mechanics model, and the effect of the coal seam angle on the asymmetric deformation and 
failure of the roof was studied under the constraint of unbalanced gangue. The results were as  
follows:

(1)	 The coal seam angle is the main factor that affects the slip characteristics of the 
gangue filling after caving. The thickness and length of the immediate roof determine 
the caving volume of the gangue, and the thickness of the coal seam and inclined 
length of the working face determine the size of the movement space of the gangue. 
Increasing the coal seam angle, thickness of the immediate roof, and length of the 
working face and decreasing the thickness of the coal seam increase the length of the 
contact area formed by the caving gangue in the lower area of the slope. Changes in 
the length of the contact area affect the force state and boundary conditions of the  
main roof.

(2)	 When the coal seam angle is less than the natural angle of repose of the gangue, chang-
ing the former angle only affects the magnitude and acting position of the load on the 
supports. As the coal seam angle increases, the peak deflection, rotation angle, bending 
moment, and shear force of the beam decrease. The position of the peak deflection is 
in the middle area of the working face, and the positions of the peak rotation angle, 
bending moment, and shear force are in the lower area.

(3)	 When the coal seam angle is greater than the natural angle of repose of the gangue, 
the magnitude and position of the load on the supports will change with the coal seam 
angle. In addition, the contact area that forms at the lower area affects the stress state 
and constraints of the main roof. As the coal seam angle increases, the peak deflection, 
rotation, bending moment, and shear force of the beam decrease sharply. The position 
of the peak deflection continuously shifts to the upper area of the working face, and the 
position of the peak rotation shifts from the lower area of the working face to the upper 
area. The position of the peak bending moment shifts from the headgate T-junction to 
the tailgate T-junction and then the middle of the working face. The position of the peak 
shear force is at the upper end of the contact area.

(4)	 The asymmetric deformation and failure of the roof led to obvious localized character-
istics for the working resistance and degree of dispersion of the supports. In general, 
the working resistance and degree of dispersion tended to be greatest in the middle area 
of the working face, followed by the upper area and then the lower area. The slip of the 
gangue filling in the lower area of the working face gave the roof some stability. The 
roof frequently failed along the middle and upper areas of the working face; the poor 
stability of the support-surrounding rock system easily induced failure of the surround-
ing rock.

These results indicate that a comprehensive monitoring method is required for the mining 
pressure along the working face of a steeply dipping coal seam. To improve safety, early warning 
measures are needed to indicate gangue filling part of the middle and upper areas of the work-
ing face, frequent roof damage, and changes in the support loading behavior. In the event of 
a sudden increase in support loads and poor support positions, immediate measures are needed 
to control the roof and floor of the working face, and the support positions should be adjusted 
in a timely manner.
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