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Abstract: The key to the safe and efficient longwall mining of steeply dipping seams lies in the stability control of the
"support-surrounding rock" system. This paper analyzes the difficulty of controlling the stability of the support during
the longwall mining process of steeply dipping coal seams in terms of the characteristics of the non-uniform filled-in
gob using a combination of physical test, theoretical analysis and field measurements. Considering the floor as an elastic
foundation, we built a "support-surrounding rock" mechanical model based on data obtained on "support-surrounding
rock" systems in different regions and the laws of support motion under different load conditions. Our findings are
summarized as follows. First, depending on the angle of the coal seam, the caving gangue will roll (slide) downward
along the incline, resulting in the formation of a non-uniform filling zone in the deep gob in which the lower, middle,
and upper sections are filled, half-filled, and empty, respectively. In addition, an inverted triangular hollow surface is
formed on the floor of the gob in the middle and upper sections behind the support. Furthermore, as the angle of the
coal seam, length of the working face, and mining height increase, the characteristics of the non-uniform filled-in gob
are enhanced. Second, we found that, as a result of support by the gangue, the "support-surrounding rock" system is
relatively stable in the lower part of the working face while, in the middle and upper sections of the working face, the
contact method and loading characteristics of the support are more complicated, making stability control difficult. Third,
the magnitude and direction of the load, action point, and mining height all affect the stability of the support to varying
degrees, with the tangential load and action position of the roof load having the most significant impacts on the stability
of the support. Under loading by the roof, rotation and subsidence of the support inevitably occur, with gradually
increasing amplitude and effects on the inter-support and sliding forces. Finally, we found that it is advisable in the
process of moving the support to adopt "sliding advance of support" measures and to apply a "down-up" removal order
to ensure overall stability. These research results provide reference and guidance of significance to field practice
production.
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1. Introduction
Steeply dipping coal seam are seams with angles from the horizontal in the range of 35–55°. Such seams, which
are recognized worldwide as being difficult to mine, are widely distributed throughout major mining areas in China,
accounting for 10–20% and 5–8% of China's coal reserves and output, respectively[1]. More than 50% of the mines
with steeply dipping coal seams occur in western China (e.g., Sichuan, Guizhou, Gansu, Xinjiang, Ningxia Provinces,
and other mining areas). The country’s long history of high-intensity mining has made coal reserves with "excellent"
occurrence conditions increasingly rare, and many mines have had to resort to the mining of steeply dipping coal seams
with relatively complicated occurrence conditions in the eastern and central mining areas (e.g., Shandong, Hebei, Anhui,
and Shanxi Provinces). Thus, the mining of steeply dipping coal seams has become a major engineering problem in the
development of China's coal resource[2,3].

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[4,5]. 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 techniques for accessing steeply dipping coal seams and used these to carry out limited experimental
mining[6,7,8,9]. The steeply dipping coal seams in China, which carries out the most coal mining of any country in the
world, cover a rich reserve base and a large area. 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[10]. 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[1,10].
The key to the safe and efficient longwall mining of steeply dipping coal seams is the effective control of
surrounding rock, which is made difficult by the need to enact proper stability control of the "support-surrounding rock"
system[11]. In the mining of steeply dipping coal seams, the high coal seam angle makes the control of roof breaking
movement and support and equipment and floor failure sliding extremely complicated[12]. This complexity changes
the "support-surrounding rock" system of the working face from a "stable state" system in the conventional sense to an
"unstable state" system[13]. In general, the control extended to the support must not only control the roof through the
working resistance but also, through the application of working resistance, the floor and the control system itself. In
recent years, a number of methods, including theoretical analysis, numerical calculation, simulation with physically
similar materials, on-site monitoring, etc., have been developed to understand, for example, the migration law of
surrounding rock and support loading characteristics, the coupling mechanism of the "support-surrounding rock"
system[14,15,16,17], the mechanism of variation and instability[18,19,20], and inter-support pushing and its cumulative
effects under various mining methods (e.g., longwall mining of steeply dipping medium-thick coal seams, fully
mechanized longwall caving of thick coal seams, coal seam group mining)[ 21,22,23,24]. A range of determinate
conditions for support stability and methods for calculating the critical working resistance of the support have been
derived and many technical measures for the prevention of slipping of the hydraulic support have been proposed, with
the results promoting the continuous progress of the control theory and technology for ensuring support stability in
steeply dipping coal seam mining.
However, the previous research on support stability has focused primarily on experiments and field monitoring,
with some theoretical research done to primarily determine the working resistance of the support under critical rotating
and sliding conditions based on support stability criteria constructed without consideration of floor deformation and the
assumption that the floor is a rigid body. In the mining process of steeply dipping coal seam, the deformation and failure
of the working face roof has a complicated action mode on the support, and the mechanical behavior and state of the
support in different areas will change greatly. Especially in the middle and upper areas of the inclined, the roof deforms
and breaks frequently, the support is prone to no-load and unbalanced load, and the rotates, slides, and squeezes between
the supports frequently. In severe cases, the paralysis of support system caused by local support instability can easily
induce large-scale surrounding rock disasters, causing a large number of casualties and economic losses. Unfortunately,
to date there has been no research work to address this problem. Therefore, it is particularly important to reveal the
surrounding rock movement law of longwall working face in steeply dipping coal seam and its response mechanism to
support mechanical behavior, and to propose support dynamic stability control measures.
In this study, an analysis of the breaking and moving laws of the surrounding rock and the basic characteristics of
the surrounding rock structure formed in the longwall mining of steeply dipping coal seams was conducted. Under the

assumption that the floor is an elastic foundation, a mechanical model of the “support-surrounding rock” system and
the behavioral response of the support under the roof load was derived. The results provide a theoretical reference value
for solving the dynamic stability control of the "support-surrounding rock" system in the longwall mining of steeply
dipping coal seams.

2.Background

2.1. Geological condition
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 spontaneous 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.

2.2. Field monitoring of working resistances
The workings at the 25221 working face of the 2130 coal mine adopt a fully mechanized large-height mining
method with the following process flow: cutting coal downward → clearing floating coal upward→ pushing conveyor
→ moving support. According to the special geological conditions of the mine, the working resistance of the support
was finally determined to be 6,500 kN; to counter this, 60 ZZ6500/22/48 shield supports and 3 ZZG6500/22/48
transition supports are used. The rock pressure on the working face was observed with a KJ377 pressure dynamic
detector. The #9, #29, and #47 supports in the inclined lower area, inclined middle area, and inclined upper area,
respectively, were monitored, with the monitoring results shown in Fig 1.
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Fig. 1 Support resistance and load ratio of back to front leg in different areas
The following observations are made from the monitoring results:
(1) The average working resistance of the #9 support is 3,505 kN, while the maximum working resistance during
periodic weighting is 5,400 kN, with a standard deviation of 767.12 kN. The average working resistance and maximum
working resistance during periodic weighting of the #29 support are 6,422 and 9,390 kN, respectively, with a standard
deviation of 1,358.17 kN. The average working resistance and maximum working resistance during periodic weighting
of the #47 support are 4,985 and 6,481 kN, respectively, with a standard deviation of 1,088.07 kN.

(2) The load distribution on the front and back leg of the support is different in different areas. In lower area, the
load distribution on the front and back leg of the support is more uniform, and the load of the front is larger than that of
the back leg. The load ratio of the back to front is 90.9%, 85.71%, and 90% during the before, during and after the
periodic weighting, and the average load ratio is 88.87%. In middle area, the load distribution of the front and back leg
of the support is relatively uniform, and the load of the back is greater than that of the front leg. The load ratio of the
back to front is 105.15%, 108.57%, and 112.5% respectively, and the average load ratio was 108.74%. In upper area,
the load distribution of the front and back leg of the support is uneven, and the load of the back is much smaller than
the front leg. The load ratio of the back to front was 60.61%, 45.45%, and 47.62% respectively, and the average load
ratio was 51.23%.
(3) There are obvious unbalanced load characteristics in the support on the working face. Along the incline, the
load has the basic characteristics of being largest in the middle area, followed in succession by the upper and lower
areas. In the lower area of the working face, the amplitude of the load is essentially constant and the "supportsurrounding rock" system is relatively stable. In the middle and upper areas of the working face, the support is
susceptible during periodic weighting to the impact of the roof, which exceeds the rated working resistance. Some
supports bear very little load, which leads to a lack of elements in the "support-surrounding rock" system, or the
formation of a "pseudo system." The “support-surrounding rock” interaction is complicated, and there are obvious
pushing and biting phenomena between the supports.

3. Interaction between support and surrounding rock
Physically similar materials experiments are used to study the deformation and failure of surrounding rock. A coal
and rock 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 20 1/2, the bulk density similarity
constant was 1.6, and the load similarity constant was 12800. The proportions of similar materials are shown in Table
1, and the model is shown in Fig. 2.
Table 1 The proportions of similar materials
Layer

Rock

Thickness (m)

Thickness of model（cm）

Proportion

Main roof

Medium sandstone

17

85

846

Immediate

Gravelly coarse

roof

sandstone

2.32

16

828

Coal seam

#5 coal

5

25.0

20：1：3：15

Carbon mudstone

17.06

34

846

Coarse sandstone

9.0

45

837

Immediate
floor
Main floor

(a) Model; (b) Date collection system; (c) Support model
Fig.2 Test model

3.1. Characteristics of surrounding rock migration
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Fig.3 Characteristics of caving and filling of floor
The result is shown in Figure 3:
(1) The movement of roof is asymmetrical. Generally, the displacement of the upper area is larger and the lower
area is smaller. There are also differences in the failure mode. The failure mode of the upper area is generally “tensileshear” failure, and the lower area is generally “compression-shear” failure.
(2) Along the strike of the working face, the main roof will form an articulated rock beam structure of different
lengths in different areas. In the lower area of the working face, the gob is relatively full, the gangue filling body is
dense, the main roof is longer, and the amount of sinking and rotation is small. The strength of mining pressure is
relatively small, the step distance is the largest, and there is even no obvious periodic characteristic. The caving of roof
in this area is inadequate, and there is no obvious characteristic of "three-zones". In the middle area of the working face,
the gob is partially filled, the length of main roof is relatively short, but the broken main roof can also form an articulated
rock beam structure. The amount of sinking and rotation is large. The strength of mining pressure is relatively large, the
step distance is the large but less than lower area, and there is an obvious periodic characteristic. In the upper area of

the working face, the gangue slides down along the inclined, and a hollow face is formed on the bottom of the gob in a
certain range behind the support. Affected by this, the surrounding rock migration space in this area is large, the
articulated rock beam structure cannot be formed after the main roof broken, the length of the main roof is short, the
strata behavior appears frequently, but the strength is moderate. The strata caved sufficiently, and the "three zones"
formed a high level. On the whole, the broken roof along the strike is deep and short in the upper area and shallow and
long in the middle and lower area. In the deep gob where the roof is fully caved, a non-uniform filling zone is formed
with the lower part full-filled, the middle part partial filled, and the upper part empty. In the middle and upper areas of
the gob along inclined behind the support where the roof has not fully caved, an inverted triangle hallow face is formed.
(3) Along the inclined of the working face, the gangue slip filling from the immediate shows the characteristics of
from dense to loose: The lumpness of the gangue in the lower part is graded with each other, the filling is dense and the
strength is greater. The gangue in middle and upper area has a large block size, loose filled and low strength. A masonry
and anti-masonry structures along the inclination formed when the rotational deformation failure occurred in the main
roof. In upper area, the caving roof slides downwards along the floor of the working face, forming an empty area in the
upper corner. In middle area, the rock block rotation acts on the support, causing the support's working resistance to
increase. In lower area, the area is filled up after the immediate roof caving. The roof migration space above the coal
seam in this area is small, and the amount of rotation and subsidence is smaller than that of the middle and upper area.
The rock mass is piled up as an anti-masonry structure.

3.2. Non-uniform filling characteristics of caving gangue
Combined with the above experimental results, it can be seen that: In the mining of a steeply dipping coal seam,
the angle of the coal seam will be greater than the natural resting angle of the caving gangue, inducing the gangue to
slide down to fill the lower area of the working face along the incline, as shown by the black arrow in Fig 4. The portion
of the main roof that caves in the middle and upper areas of the deep gob will also slide down, as shown by the red
arrow the figure. In the deep gob, a non-uniform filling zone in which the lower, middle, and upper areas are filled, halffilled, and empty, respectively, is formed, while an inverted triangular hollow face is formed on the floor in the middle
and upper areas behind the support, as shown in Fig 4. It is seen that the filling characteristics of this gob will have, in
addition to obvious asymmetric characteristics, anisotropy along the strike. These asymmetries lead to significant
differences in the characteristics of the loading and failure movement of the surrounding rock and the interaction
relationship between the “support-surrounding rock” system along the inclined and strike directions.
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Fig.4 Filling characteristics of the gob
Figure 5 shows the filling characteristics of the gob behind the support. In the figure, the x-axis runs along the
strike, while the y- and z-axes point downward along the incline on the working face and upward along the vertical coal
seam, respectively. The length of the working face (L), thickness of the coal seam (h0), thickness of the immediate roof

(h1), inclined length of the rectangular area of the caving gangue filling body behind the support (a), inclined length of
the triangular area of the caving gangue filling body behind the support (b), and inclined length of the inverted triangle
in the middle and upper area behind the gob (c) are all given in meters; the angle of the coal seam (), resting angle of
the gangue ), and angle between the contact line of the support and the floor and the contact line of the gangue and

h1

the floor (bare all given in degrees.
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Fig.5 Schematic of gob-filling characteristics
For convenience in obtaining a theoretical solution, it is assumed that the gob behind the support in the middle and
lower areas is filled with caving gangue as an immediate roof rock block. From the filling characteristics of the gob
behind the support shown in Figure 5, the relationship between the immediate roof caving gangue and the filling gangue
can be described as

b  h0  h1 
(1)
1
2
where k is the bulking factor. From the geometric relationship shown in Figure 5, the inclined length, b, of the triangular
kLh1 1  a  h0  h1  1 

area of the gangue filling body behind the support is

b   h0  h1  cot    

(2)

Substituting Eq. (2) into (1), the inclined length, a, of the rectangular area of the gangue filling body in the gob
behind the support can be expressed as

a

Lh1k  h0  h1 

cot    
h0  h1
2

(3)

Similarly, the inclined length, c, of the inverted triangle in the middle and upper area of the gob behind the support
can be expressed as

c  L

Lh1k  h0  h1 

cot    
h0  h1
2

(4)

From the geometric relationship between the gangue filling body and the hollow face in the inclined middle and
upper areas in Figure 5, the angle,b, between the contact line of the support and the floor and the contact line of the
gangue and the floor can be expressed as
sin 
b  arctan
tan 

(5)

Figure 6 shows the influence of the coal seam angle and the length of the working face on the filling characteristics
of the gob behind the support. The values of the remaining parameters used in the calculation have been marked in the
figure, while the dashed lines and corresponding labels indicate the values of these parameters when the inclined length,
c, of the hollow face is zero. It is seen from the figure that the size of the hollow face of the floor behind the support
increases with the coal seam angle and the length of the working face.
An inspection of Figure 6(a) reveals that, when the angle of coal seam is slightly larger than the natural resting
angle of the gangue, that is, when the angle is between 35 and 38.5°, the rolling characteristics of the gangue do not
manifest. In this case, the inclined length, a, of the rectangular area of the filling body and the inclined length, c, of the
inverted triangle hollow face are both less than zero, and the gob tends to have an unfilled region in its lower area and
no hollow face in its upper area. When the angle is between 38.5 and 42.5 °, the length of the working face is less than
75.5 m, the mining height is less than 2.98 m, and the thickness of the immediate roof is greater than 4.70 m, while the
inclined length, a, of the rectangular area of the filling body is greater than zero and the inclined length, c, of the inverted
triangle hollow face is less than zero. In this case, there is a filled-in region in the lower area of the gob behind the
support and no hollow face in the upper area. When the angle is greater than 42.5°, the length of the working face and
mining height is greater than 75.5 and 2.98 m, respectively, and the thickness of the immediate roof is less than 4.70 m.
The values of a and c are both greater than zero, and the gob tends to have a filled-in region in its lower area and a
hollow face in its upper area.
From Figure 6(b), it is seen that, when the angle of coal seam is 45° and the length of the working face is less than
75.5 m, a filling region is formed in the lower area of the working face, while the resting face of the gangue is covered
in the middle and upper parts of the gob. When the length of the working face is greater than 75.5 m, the values of a
and c are both proportional L, the length of the working face.
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Fig.6 Factors influencing gob filling characteristics
It is seen that, in the case of longwall mining of steeply dipping coal seams, the non-uniform filling characteristics
of the caving gangue are closely related to factors such as coal seam angle and length of the working face; as these
factors increase, the amplitude and severity of gangue rolling increases. The stability of the roof and floor in the lower
part of the working face is enhanced by the support of gangue. As the working face advances, the main activity range
of the roof and floor rock formations that are moved and destroyed is moved upward, the amplitude and severity of the
roof and floor rock formations in the upper and middle areas of the working face increase, and the likelihood of floor
damage slip and falling and rotation of the support and equipment falling increase sharply. The "support-surrounding
rock" system is prone to dynamic instability during the advancement of the working face, which in turn can lead to
failure of the surrounding rock.

3.3. Interaction characteristics of “support-surrounding rock”
The interaction relationship of the “support-surrounding rock” system along the strike and incline varies

significantly with the non-uniform filling effect of the gangue, as shown in Figs. 7 and 8. In the lower area of the
working face, the gob is in a filled-in state in which there is a high filling density, limited space for migration of the
surrounding rock, and minimal subsidence and rotational angles along the strike and incline. In this region, an articulated
rock beam structure can be formed in the strike direction. There is a relatively complete immediate roof above the top
beam of the support as a load transfer medium, which transfers the effect of the main roof and overburden layer to the
support more evenly, which is also the main reason for the small difference in the load of the front and back legs of the
on-site monitoring in Section 2.2. Nevertheless, because of the lateral rolling (sliding) movement of the caving gangue,
the rear canopy of the support in the lower area is susceptible to the impact of the gangue.
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Fig.8 Interaction relationship of “support-surrounding rock” system along the inclined
In the middle area of the working face, the gob is in a half-filled state and the filling density is less than in the
lower area. Although an articulated rock beam structure can still be formed along the strike following ejection of the
main roof, its stability will be weaker than in the lower area. In addition, the increase of the space available for roof
movement allows for large degrees of cut-off and rotation along the strike and incline directions following breaking of
the main roof. The support is susceptible to impact loads. Immediate roof can transfer the overburden load to the support,
but the substantial rotation of the main roof will cause the load point of the top beam of support to move backward.
Therefore, the load of the back is slightly larger than front leg of the support, and the load values of the two legs are
both larger. The stability of the "support-surrounding rock" system is poor.
In the upper area of the working face, a small amount of gangue is filled into the gob at a relatively large distance
from the support. There is no gangue constraint behind the broken main roof, which tends to roll (slide) toward the
middle and lower areas, and it is not possible to form an articulated rock beam structure along the strike. The residual
immediate roof above the top beam of the support is shorter, and the load action point is at the front of the top beam.
The load of the front is greater than the back leg, and the support is prone to "head down". The amplitude and severity
of roof movement are both high, and the stability of the rock structure is poor. Following ejection of the main roof, the
cut-off and rotation amplitudes along the strike and incline directions are much larger than in the middle area and, as

the working face advances, instabilities caused by rotation and the formation of an empty roof are extremely likely. In
the upper and middle areas of the working face, there are complex interactions in the "support-surrounding rock" system,
phenomena such as eccentric and no-loading of the supports and biting between supports are prominent, and it is difficult
to control the stability of the supports.
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Fig.9 Interaction between the support and surrounding rock
When the movement state of the roof changes, the value, direction, and action point of the load on the support all
change, and the support responds accordingly. When the support position changes, the interaction between the support
and floor and the magnitude, direction, and point of action of the load on the support by the floor also change, as shown
in Figure 9. It is seen that, in the mining of steeply dipping coal seams, when the roof movement state changes, the
interaction between the support and surrounding rock changes accordingly. The "support-surrounding rock" system is
in a constantly dynamic state of mutual interaction.

4. Mechanical analysis of movement law of support
From the above analysis, it is seen that the support will move under the influence of roof movement. In the mining
of a steeply dipping coal seam the support moves along the incline through subsidence, slip, and rotation and must be
adjusted fundamentally or through coupling of the movement form to adapt to changes in external loads and constraints
until it enters a new balanced state. Under the assumption that the floor is elastic foundation, a mechanical model of the
motion of the support along the incline was established (Fig. 10).
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Fig.10 Mechanical model of motion of support along incline
In the figure, the y- and z-axes are aligned downward along the incline and vertical coal seam, respectively, and
the reverse rotation of the support is in the positive direction. The weight of the support (G), the height of the center of
gravity of the support(LG), normal load of the roof to the support, i.e., working resistance of the support (P), and
tangential load of the roof to the support, i.e., the friction between the support and the roof (FR), normal load of the floor

to the support (FN), working loads between adjacent supports (Sup and Sdown), and tangential load of the floor to the
support, i.e., the friction between the support and the floor (FF) are all given in kN; the acting positions of the roof and
floor loads (y0 and y1, respectively) are given in meters and the rotational angle of the support (j is given in degrees.

4.1. Mechanical analysis of support sliding
The sliding force FH of the support under loading by the roof can be expressed as

FH  FR  S  G sin   j 

(6)

where S  Sdown  Sup is the interaction force between supports in kN. When the sliding force FH is greater than the
maximum static friction FFmax between the support and the floor, the support slips. Here, we define the support sliding
factor, f, as

FH
FF max

f 

(7)

When the absolute value of f is greater than one, the supports slide. During the sliding process, the force ∆SS

gradually increases and the sliding forceSFHSgradually decreases until the support reaches a new balanced state given by

FR  S  G sin   j   FF max  0

(8)

4.2. Mechanical analysis of support rotation
When the acting load on the support changes, the resultant force couple on the support to deviate from zero and
the support rotates. During this rotation, the load acting on the floor and the adjacent support is adjusted spontaneously
and the resulting force couple gradually approaches zero until a new balanced state is reached. The rotational direction
and amplitude are closely related to the load on the support, and the rotational dynamics can essentially be divided into
non-lifting, upper-side lifting reverse, and lower-side lifting sequential rotation.

4.2.1. Non-lifting rotation
When the resultant force couple on the support is small, the support rotates without lifting away from the center
point (point O) of its base. In this state, the force-couple balanced equation for the new balanced state is

e

e

FN  y1    Sh  LG G sin   j   FR h  P   y0   0
2
2





(9)

where h and e are the height and width, respectively, of the support in meters.
When the support rotates without lifting, the intensities of the forces contributing to the normal load applied by the
floor to the support follow the “trapezoidal” distribution shown in Figs. 9 (a) and (b). According to the theory of elastic
foundation, under this new balanced state the resultant force FN of the normal load of the floor and its acting position y1
can be expressed as

FN   zO k0 de

(10)

and

y1 

6ezO  e 2 sin j
12 zO

(11)

respectively, where zO is the displacement of the center point of the support base in the z direction in the new balanced
state in meters, d is the length of the support base in meters, and k0 is the foundation coefficient of the floor in kNm-3.
In this new balanced state, the loads Sdown and Sup between the adjacent supports can be expressed as


0
Sdown  

 K S  yO  y A 

yO  y A  0

(12)

yO  y A  0

and


0
Sup  

 K S  yO  yB 

yO  yB  0

(13)

yO  yB  0

respectively, where KS is the stiffness of the side guard jack in kNm-1, yOSis the displacement of the midpoint of the
support base along the y direction in new balanced state in meters, yASand yB are displacements caused by rotation of
the upper and lower boundaries, respectively, of the canopy of the support along the incline direction in meters, which
can be expressed as

y A  yB  2

e2
e 
j 
j
 h 2 sin   cos   arctan 
4
2h 
2
2

(14)

4.2.2. Upper-side lifting reverse rotation
When the total force couple to which the support is subjected is large and in a counterclockwise direction, the
support rotates around the inclined lower boundary (point C) of its base, and the inclined upper boundary (point D) is
lifted off. When the support reaches a new balanced state under this loaded and restrained state, the magnitude of the
resultant force couple is equal to zero, i.e.

e
FN y1  Sh  G sin   j  LG  G cos   j   FR h  Py0  0
2

(15)

In this situation, the normal load on the floor is triangular, as shown in Fig. 9(c). According to the theory of elastic
foundations, the resultant force FN of the normal load and its acting position y1 can be expressed as

FN 

zC2 ek0
2sin j

(16)

and

y1 

 zC
3sin j

(17)

respectively, where zC is the displacement in the z direction of the lower boundary of the support base in the new
balanced state in meters. The acting loads Sdown and Sup between the adjacent supports can be expressed as


0
Sdown  

 K S  yC  y A 

yC  y A  0
yC  y A  0

(18)

and


0
Sup  

 K S  yC  yB 

yC  yB  0
yC  yB  0

(19)

respectively, where yC is the displacement in the y direction of the lower boundary of the support base in the new

balanced state in meters, and yA and yB can be expressed as

y A  h sin j

(20)

and

h
j  j
yB  2 e2  h 2 sin   sin   arctan 
e
2 2

(21)

respectively.

4.2.3. Lower-side lifting sequential rotation
When the total force couple to which the support is subjected is large and in a clockwise direction, the support
rotates around the inclined upper boundary (point D) of its base and the inclined lower boundary (point C) of the base
is lifted off. When the support reaches a new balanced state under this loaded and restrained state, the total force and
resultant force couple of the support in the z direction are zero, that is:

e
 FN  e  y1   Sh  G sin   j  LG  G cos   j   FR h  P  e  y0   0
2

(22)

In this situation, the normal load of the floor to the support is triangular, as shown in Fig. 9 (d). According to the
theory of elastic foundations, the resultant force FN of the normal load and its acting position y1 can be expressed as

FN 

 zD2 ck0
2sin j

(23)

and

y1  e 

zD
3sin j

(24)

respectively, where zD is the displacement in the z direction of the lower boundary of the support base in the new
balanced state in meters. In this new balanced state, the acting loads Sdown and Sup between the adjacent supports can be
expressed as


0
Sdown  

 K S  yD  y A 

yD  y A  0

(25)

yD  y A  0

and


0
Sup  

 K S  yD  yB 

yD  yB  0

(26)

yD  yB  0

respectively, where yD is the displacement in the y direction of the upper boundary of the support base in the new
balanced state in meters. In the new balanced state, yA and yB can be expressed as

h
j  j
y A  2 e2  h 2 sin   sin   arctan 
e
2 2

(27)

and

yB  h sin j

(28)

respectively.

4.3 Mechanical analysis of support subsidence
As the working resistance of the support increases, the support sinks further. During the rotation and subsidence of
the support, the resultant force and force couple of the support along the z direction gradually approach zero until a new
balanced state is reached:

FN  P  G cos   j   0

(29)

5. Case study
In the following case, the influence of roof load and mining height on the stability of the support is analyzed based
on data obtained from working face 25221 of coalmine 2130(Xinjiang Coking Coal Group Ewirgol). The value of basic
parameters used in the model analysis are listed in Table 2.
Table 2 Physical parameters used in the model
Parameter

name

value

a

Width of support

1.6 m

c

Length of support base

3m

h0

Height of support center of gravity

b/2 m

G

Weight of support

15 × 9.8 kN

k0

Foundation coefficient of floor

1.0 × 105 kN/m3

P

Setting load of support

5,000 kN

1

Coefficient of friction between support and roof

0.3

2

Coefficient of friction between support and floor

0.3

5.1. Influence of roof load on stability of support
Figures 11–13 show the influence of the load on the stability of the support at a mining height of 4 m. It is seen
from the figure that changing the acting load of the roof on the support alters the moving state of the support, with the
magnitude, direction, and action point of the roof load affecting the stability of the support to different degrees.
When the load on the roof is not eccentric and the support is not subjected to a tangential load (i.e., y0 = e / 2m, FR
= 0 kN), the main force inducing sliding and rotation of the support is the component of gravity parallel to the incline.
As the working resistance, P, increases, the support sinks further and the amount of subsidence zA of the lower boundary
of the support increases. However, the main force couple formed by the incline-parallel component of gravity, rotation
angle φ, and the force S remain unchanged as P increases and, because the main force couple is small, φ andS are
also small. Similarly, the sliding force FH remains unchanged even as the maximum static friction FFmax between the
support and floor gradually increases. As a result, the sliding factor f gradually decreases to a value much lower than
one, which means that the support will not slide down or rotate without lifting from the original position, as shown in
Fig 11.
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(a) Influence of working resistance on support rotation;(b) Influence of working resistance on support sliding
Fig.11 Influence of working resistance on support stability (h = 4 m)
If the roof load is not eccentric and the support is subjected to a tangential load, the main forces that induce support
sliding and rotation include the component of gravity on the support and the tangential load, FR. As FR is increased, the
sliding force on the support, main force couple formed by the tangential load, rotation angle φSof the support, acting
force ∆S between the supports, and amount of subsidence zA at the lower boundary of the support base all gradually

increase, while the sliding factor f of the support gradually decreases. As the tangential load of the roof evolves from
FR to -FR, the mode of support motion evolves from upper-side lifting with reversed rotation to lower-side lifting with
sequential rotation, as shown in Fig 12. If the roof load is not eccentric and the support is subjected to a tangential load
(y0S= e/2m，FR=1,200 kN), the working resistance can be increased to effectively enhance the stability of the support.

By increasing the working resistance, the maximum static friction FFmax can be increased, reducing the sliding factor f
and the probability of support sliding, and the rotational force couple formed by the tangential load of the roof can be
reduced, in turn reducing the rotational amplitude and the force between the supports.
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Fig.12 Influence of tangential load of roof on support stability (h = 4 m)
If the support is not subjected to a tangential load from the roof and the load is eccentric, the main forces inducing
support sliding and rotation are gravity and the normal load, respectively. As the degree of load eccentricity is increased,
the main force couple formed by the working resistance, rotation angle φ, force between supportsS, and value of
subsidence zA of the lower boundary all gradually increase. At the same time, the component of gravity along the incline
of the support remains unchanged, while the support sliding factor f increases with the increase in S. As the action
position of the load y0 evolves from zero to e, the support dynamics change from upper-side lifting with reverse rotation
to non-lifting rotation and finally to lower-side lifting with sequential rotation, as shown in Fig 13. It is seen from Fig.
11 that, when the support is eccentrically loaded but not subject to the tangential load of the roof (y0 = e / 4m, FR = 0
kN), the enhancement of the working resistance increases the probability of support instability; however, even though
the maximum static friction FFmax increases, the probability of support sliding is reduced as the working resistance on
the support increases.
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Fig.13 Influence of action position of normal loading on support stability (h = 4 m)

5.2. Influence of mining height on support stability
Fig 14 shows the influence of mining height on the stability of the support at a support working resistance of 5,000
kN. The following observations are made from the figure:
(1) If the support is not eccentrically loaded and not subject to the tangential load of the roof (y0 = e / 2m, FR = 0
kN), the main force causing rotation and sliding is the component of gravity along the incline. As the mining height
increases, the height of the center of gravity, main force couple formed by the component of gravity along the incline,
rotational angle φ, inter-support force S, and displacement of the lower boundary of the base all increase. At the same
time, the increase in the force S induced by increasing the mining height reduces both the sliding force and factor on
the support.
(2) If the support is not eccentrically loaded and subject to the tangential load of the roof (y0 = e / 2m, FR = 1,200
kN), the component of gravity along the incline and the tangential load of the roof are the primary causes of rotation
and sliding of the support. As the mining height increases, the force couple formed by the tangential load, component
of gravity along the incline, rotation angle φ, inter-support force S, and displacement of the lower boundary of the base
all increase, while the increase in S induced by increasing the mining height reduces the sliding force and factor on
the support.
(3) If the support is eccentrically loaded and not subject to the tangential load of the roof (y0S= e / 4m, FRS= 0 kN),
the primary force causing sliding is the component of gravity along the incline while the primary forces causing rotation
are the component of gravity along the incline and the tangential load. As the mining height increases, the height of the
center of gravity, inter-support force S, and anti-rotational force couple formed by S increase, while the rotational
angle and the amount of lower boundary subsidence of the base decrease. At the same time, the enhancement of S
results in decreases in the sliding force and factor.
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Fig.14 Influence of mining height on support stability (P= 5,000 kN)
From the above analysis, it is seen that, in the mining of steeply dipping coal seams, the support will move with
the roof and that the magnitude and direction of force, action point, and mining height will affect the stability of the
support to various extents. The tangential load and action position of the roof load have the most significant impact on
the stability of the support and can affect both the amplitude and direction of motion of the support. Roof loading
inevitably leads to rotation and subsidence of the support, with the force S and the sliding force gradually increasing
with the amplitudes of rotation and subsidence.
Combining with the law of surrounding rock migration in longwall mining of steeply dipping coal seams, it can be
concluded that focusing on the characteristics of uneven filling of the gob in the middle and upper areas of the working
face or the long distance of the filling gangue from the working face, large roof movement amplitude, poor roof structure
stability, support loading and variable behavior, etc. The stability control of the support should start with the optimization
of the support structure and the mining process. In terms of support structure, the support is required to have independent
base adjustment frame, side pushing device, reinforced side guard, and base lifting device. In particular, in the upper
area of the working face, multiple supports should be connected by an oil cylinder to form an integral anti-skip unit to
improve the overall stability of support in the range. In terms of the optimization of the mining process, the main aim is
to move the support, and the operation should be strictly in accordance with the working face mining process regulations.
The “down-up” moving sequence of “sliding advance of support” and the combination of the whole and the part should
be adopted to ensure that the stability of the support during the dropping and moving process is controlled. These laws
of surrounding rock migration under the longwall mining of steeply dipping coal seams clarify the need for full-time
pressure monitoring of the working face, with the key goal of obtaining early warning based on characteristics such as
empty gob filling in the upper and middle areas of the wall, increased distance between the gangue and the working
face, large motion amplitudes, poor roof structure stability, or variable behavior of the support. In the event of a sudden
increase in load or poor positioning, immediate measures should be taken to protect the roof and floor and adjust the
support position.

6. Conclusion
The key to safe and efficient longwall mining in steeply dipping coal seams is the effective control of surrounding
rock by undertaking the challenging task of controlling the stability of the "support-surrounding rock" system. With the
goal of reducing challenges to managing support stability in the longwall mining of steeply dipping coal seams, this
study assessed the characteristics of non-uniform filling in the gob, the interactions within the “support-surrounding
rock” system in different areas along the incline, and the motion laws governing the support. The following findings
were made:
(1) It was found that the filling characteristics of the gob have obvious asymmetries along the incline and
anisotropies along the strike. Depending on the angle of the coal seam, the gangue will roll (slide) downward along the
incline. In the deep gob, a non-uniform filling zone with lower, middle, and upper areas of compaction, filling, and
hanging, respectively, is formed. In the middle and upper areas, an inverted triangular hollow face is formed on the floor
behind the support. As the angle of the coal seam, length of the working face, and mining height increase, these
characteristics of non-uniform filled-in gob formation are enhanced.
(2) In the lower area of the working face, the gob is in a high-density filled-in state with limited space for
surrounding rock migration and a relatively stable “support-surrounding rock” system. There is a complex interaction
between the "support-surrounding rock" system in the upper and middle areas of the working face, in which the
amplitude of roof movement is large and the stability of the surrounding rock structure is poor. There are obvious
phenomena of eccentric loading and no-loading of the supports and biting between supports, and it is difficult to control
support stability. Under the influence of the movement of the roof, the supports will also move.
(3) The magnitude and direction of force on the support, action point, and mining height will affect support stability

to different extents. The tangential load and acting position of the roof load affect the amplitude and direction of motion
of the support, with a more significant impact on the stability of the support than other factors. Under roof loading, the
support will inevitably rotate and subside with a gradually increasing amplitude that leads to a gradual increase in the
inter-support and sliding forces.
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Figure 1
Support resistance and load ratio of back to front leg in different areas
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Test model
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Filling characteristics of the gob

Figure 5
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Figure 7
Interaction relationship of “support-surrounding rock” system along the strike
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Figure 10
Mechanical model of motion of support along incline

Figure 11
In uence of working resistance on support stability (h = 4 m)

Figure 12
In uence of tangential load of roof on support stability (h = 4 m)

Figure 13
In uence of action position of normal loading on support stability (h = 4 m)

Figure 14
In uence of mining height on support stability (P= 5,000 kN)

