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Dip-Angle-Effect-Based Deformation and Failure Law of Steeply  
Dipping Stope Roofs with Large Mining Heights 

The deformation and failure law of stope roofs is more complicated than horizontal coal seams 
affected by the angle of the coal seam during the mining process of steeply dipping coal seams. This 
study focused on and analysed the working face of a 2130 coal mine with steep dipping and large mining 
height. Through the use of numerical calculation, theoretical analysis, physical similar material simula-
tion experiments, and field monitoring, the distribution characteristics of roof stress, as well as the three-
dimensional caving migration and filling law, in large mining height working faces under the dip angle 
effect was investigated. The influence mechanism of the dip angle change on the roof stability of large 
mining heights was investigated. The results revealed that the roof stress was asymmetrically distributed 
along the inclination under the action of the dip angle, which resulted in roof deformation asymmetry. With 
the increase in the dip angle, the rolling and sliding characteristics of roof-broken rock blocks were more 
obvious. The length of the gangue support area increased, the unbalanced constraint effect of the filling 
gangue on the roof along the dip and strike was enhanced, and the height of the caving zone decreased. 
The stability of the roof in the lower inclined area of the working face was enhanced, the failure range 
of the roof migrated upward, and the damage degree of the roof in the middle and upper areas increased. 
Furthermore, cross-layer, large-scale, and asymmetric spatial ladder rock structures formed easily. The 
broken main roof formed an anti-dip pile structure, and sliding and deformation instability occurred, 
which resulted in impact pressure. This phenomenon resulted in the dumping and sliding of the support. 
The ‘support-surrounding rock’ system was prone to dynamic instability and caused disasters in the sur-
rounding rock. The field measurement results verified the report and provided critical theoretical support 
for field engineering in practice. 
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1.	I ntroduction

Mining in steeply dipping coal seams with a dip angle of 35°-55° is difficult [1,2]. However, 
more than 50% of steeply dipping coal seams are high-quality coking coal and anthracite, which 
are rare coals for protective mining in China. Most such seams are thick. Large mining heights 
(3.5-5.0 m thick) can considerably improve resource mining efficiency [3,4]. The stability con-
trol of the ‘roof–support–floor’ (R–S–F) system, especially the roof, is critical for the safe and 
efficient mining of the working face in steeply dipping coal seams [5-8].

The mine pressure behaviour law [9-13], roof spatial structure and its loading mechanism 
[14,15], asymmetric deformation and failure law of roof strata [16-18], stress transfer path and 
evolution mechanism [19-20], main roof fracture mode and evolution process [21,22], interaction 
law between surrounding rock migration and support [23-26], stope gangue slip filling effect, and 
overlying rock movement mechanism [27,28] under various mining conditions of steeply dipping 
coal seams have been studied through theoretical analyses, field measurements, and numerical 
calculations. The results of these studies have laid the foundation for mining theory and tech-
nology of steeply dipping coal seam. The coal seam dip angle is the main factor of surrounding 
rock control in steeply dipping seam mining. In the mining of coal seam with steep dipping and 
large mining height, because of the influence of the dip angle, the caving gangue slides along 
the inclined working face, and the goaf exhibits non uniform filling, which results in the asym-
metric characteristics of strata behaviour law, roof deformation and failure characteristics, and 
the spatial form of the roof structure.

Based on the existing research work, this paper takes the working face of steeply dipping and 
large mining height in Xinjiang 2130 coal mine as the engineering background, using physical 
similar material simulation experiments and theoretical analysis to study the deformation and 
failure characteristics of the roof of steeply dipping and large mining height under the action of 
gangue filling. Numerical calculations were performed to analyse the distribution characteristics 
of roof stress of the working face with steeply dipping and large mining heights under various 
working face dip angles, as well as the three-dimensional space caving migration and filling law 
of the stope roof. Through field monitoring, the pressure law of the roof, the load characteristics 
of support, and the nonuniform filling characteristics of gangue were analysed to confirm the 
accuracy of numerical calculations and theoretical derivations. The results of this study can 
considerably advance the theory and practice of roof stability control in the working face of 
steeply dipping coal seams.

2. Engineering background

Xinjiang Coking Coal Group 2130 coal mining 5# coal seam. The average thickness is 5 m, 
the average dip angle is 45°, the bulk density is 1.35 t/m3, and the hardness coefficient f = 0.3-0.5. 
The immediate roof is gravelly coarse sandstone of thickness 2.4 m. The main roof is medium 
sandstone of thickness 16.2 m. The floor is coarse sandstone with a thickness of 17 m. The coal 
seam roof and floor histogram are shown in Fig. 1. The inclined length is 100 m, and the strike 
length is 1766 m. The comprehensive mechanised large mining height method is adopted. The 
mining height is 4.5 m, and the roof is managed by all caving methods.
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Fig. 1. Coal seam roof and floor histogram

3.	P hysical similar material experiment

According to the measured physical and mechanical parameters of working face and 
laboratory rock mechanics experiments, river sand was used as the aggregate, and gypsum and 
calcium carbonate were the cementing materials. The ratio of similar materials in the physical 
model is presented in TABLE 1. The simulation material is paved on a three-dimensional loading 
test bench. After paving, compaction, and random characterisation of joints, mica was used to 
simulate stratification. The geometric similarity constant of the physical model was 20, the bulk 
density similarity constant was 1.6, the stress similarity constant was 32, and the time similarity 
constant was 201/2. The self-developed hydraulic support model was used in the experiment, 
and the data acquisition box and computer terminal were used to receive and process the sensor 
signals. The camera took photos to record the roof fracture form, rock-hinged structure and caving 
gangue accumulation form. The physical similarity model of the pavement is displayed in Fig. 2.

Table 1

Ratio of similar materials

Rock formation Lithology Strata 
thickness/m

Model 
thickness/cm

Ratio (river sand : gypsum : 
calcium carbonate : coal dust)

Main roof Medium sandstone 16.2 81.0 837

immediate roof gravelly coarse 
sandstone 2.4 12.0 846

Coal seam 5# coal 5 25.0 20 : 1 : 3 : 15
Immediate floor Carbon mudstone 0.8 4.0 828

Main floor Coarse sandstone 17 85.0 846

Fig. 3 displays the failure and migration characteristics of surrounding rock in steeply dipping 
and large-height coal seam mining. The movement process of roof strata was mainly bending 
subsidence → layer separation → fracture caving → sliding filling.

The failure and migration characteristics of the stope roof were more active than those of 
general mining height in the steeply dipping coal seam. With the increase in the mining height, 
the space of roof caving and migration increased. After the support was moved, the immediate 
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Fig. 2. Physical similar material model

(a) Immediate roof caving	 (b) Main roof caving

Fig. 3. Roof cave-filling evolution characteristics

roof of the middle and upper areas broke and fell first, and along the floor slides and filled to the 
inclined lower area, which formed the rectangular gangue support area and the free surface area 
along the inclination direction, as displayed in Fig. 3(a). 

With the advance of the working face, the main roof strata were destroyed, caved, and 
slipped to form a layered accumulation. The filling compaction degree of the inclined lower 
part was the highest, and the middle and upper parts were partially filled. Unfilled space was 
observed in the inclined upper part. In the area of the uncaving immediate roof and main roof 
strata, an obvious ladder-like contour was formed because of the large migration space. On the dip 
section, this contour exhibited multilevel ladder-like characteristics of lower inclined and higher 
middle-upper layers. In the upper part of the main roof, the roof cracks are produced, and the rock 
layer produced by the cracks does not have the bearing capacity. Therefore, a load-bearing arch 
is formed with the vault in the upper part of the working face, the upper arch foot on the return 
airway side, and the lower arch foot on the transport roadway side, as displayed in Fig. 3(b). 

The movement space of the roof in the inclined lower area was limited, and the caving 
was not sufficient. The adjacent rock blocks in this range were hinged and extruded from each 
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other to form a stable dip-direction pile structure. The middle and upper part of the inclination 
was structurally active; the roof strata moved actively and exhibited a large migration space. 
After the main roof was broken, a rotating and anti-dip direction pile structure formed easily; 
the instability of the structure formed impact pressure on the area (Fig. 3(b)). During the experi-
ment, the lateral load of the lower and middle supports of the working face was stable, whereas 
the upper support load was extremely unstable, and was vulnerable to the impact load of the 
roof (Fig. 4,5). The support and surrounding rock had a weak contact relationship, resulting in 
partial load, empty load, and extrusion between the support. This made it challenging to control 
the stability of the support, leading to dynamic instability and rock disasters. Additionally, gas 
tended to accumulate in the upper corner of the caved area, significantly affecting the safety of 
mining operations on the working face. 

4.	M echanical analysis of the inclined roof rock beam

The mechanical model of the inclined roof rock beam was established according to the 
nonuniformity characteristics of caved gangue sliding filling in the inclined direction of the work-
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ing face, as displayed in Fig. 6. Here, α is the coal seam dip angle, °; L is the inclined length of 
working face, m; a is the inclined length of the gangue support area, m; q(x) is the normal load 
of rock beam, kN/m; PA is the load at section A, kN/m; γ is bulk density, kN/m3; the action 
load of overlying strata on the main roof beam can be calculated using the following expression:

	    sin cosAq x P x    	 (1)

Fig. 6. Mechanical model of the inclined roof rock beam

As displayed in Fig. 7(a), the AB section rock beam, the deflection differential equation can 
be expressed as follows:

	
 2 2

1
2 0

( )( )
2

x
a a g

d z x xEI M F x q x d P
dx

        	 (2)

a) b)

Fig. 7. Mechanical analysis of deformation and failure of the inclined roof rock beam:  
a) Rock beam in the gangue supporting area, b) Rock beam in the unsupported area of gangue
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As detailed in Fig. 7(b), the BC section rock beam, the deflection differential equation can 
be expressed as follows:

	
 2

2
2 ( ) ( )( )

x
b b a

d z x
EI M F x a q x d

dx
        	 (3)

Mb and Mc are the bending moments respectively, and Fb and Fc are the shear forces re-
spectively.
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where A2, B2, A3, B3, Mb, and Fb are coefficients. According to the continuity conditions of A, B, 
and C sections of rock beams, the following expressions can be obtained:

	    1 10 0, 0 0z z   	 (6)

	    2 20, 0z L z L  	 (7)

	        1 2 1 2,z a z a z a z a   	 (8)

Furthermore, z1(x) is the deflection of rock beam:

	

 4 4 3

1 2
1 1

cos sin 5 5 201( )
120 60 120 120

A g a

a

x x P P x F x
z x

EI M x A xEI B EI

     
 
    

	 (9)

where z2(x) is the deflection of rock beam:
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Combined with the deflection equations (9) and (10) of the rock beam, the breaking defor-
mation law of the rock beam under various dip angles can be determined.

Fig. 8 reveals that because of the dip angle effect, roof deformation exhibits asymmetric 
characteristics. With the increase in the dip angle, the normal load component of overlying strata 
decreased, and the deflection of the rock beam decreased gradually. The peak position of deflec-
tion shifted from the middle to the middle-upper layer. The filling of the gangue changed the 
stress and constraint conditions of the roof. The caving gangue was filled down to the lower goaf, 
and the gangue filling area length increased. The lower area roof stability enhancement and the 
vulnerable position moves to the middle-upper. The stability of the middle-upper parts is reduced, 
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and it is prone to slip and deformation instability. The impact pressure is formed, resulting in the 
dumping and sliding of the support, and the dynamic instability of the support-surrounding rock 
system induces the disaster of surrounding rock in the working face.

5.	N umerical calculation

5.1.	T hree-dimensional numerical calculation model

The mechanical parameters of coal rocks are determined by field geological surveys and 
rock mechanics experiments (TABLE 2). The three-dimensional numerical model was established 
by using the FLAC3D finite element and 3DEC discrete element numerical calculation software 
(Fig. 9). The working face advanced along the y-axis, and the vertical load of 2MPa was applied 
to the top of the model to simulate the formation depth of 80 m. The vertical displacement con-
straint was applied to the bottom of the model, and the horizontal displacement constraint was 
applied to the front, back, left and right of the model, respectively. The stability characteristics of 
the large mining height working face roof and the three-dimensional caving migration and filling 
law of the stope roof were calculated for dip angles 30°, 35°, 40°, and 45°. The Mohr-Coulomb 
constitutive model was used for calculation.

Table2

Mechanical parameters of coal rocks

Lithology Density
(kg/m3)

Elastic 
modulus (GPa)

Poisson 
ratio

Tensile 
strength/MPa

Cohesion/
MPa

Friction 
angle/(°)

Carbon mudstone 1500 2 0.35 1.1 0.8 23
Coal seam 1350 3 0.30 2.0 1.6 28

gravelly coarse sandstone 2662 2 0.26 1.1 0.8 23
Medium sandstone 2675 1.2 0.31 0.9 1.0 25
Coarse sandstone 2492 20 0.21 1.8 3.1 35
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Fig. 8. Deflection diagram of rock beam under various dip angles
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Fig. 9. Numerical analysis model

5.2.	E volution characteristics of roof stress

Fig. 10 reveals that along the working face inclination, an asymmetric arch stress release 
zone is formed in the roof and floor strata, and the minimum vertical stress is 0.08-1.08 MPa. 
The stress concentration zone was formed in the upper and lower ends, and the maximum con-
centration stress was 9.1-9.4 MPa. Due to the dip angle of the coal seam, the stress distribution 
exhibited asymmetric and local regional characteristics. The stress release area of the roof in the 
middle and upper part was larger than that in the lower part, and the pressure relief range was an 
‘inverted spoon’. The pressure relief height of the middle upper was the largest. The peak value 
of concentrated stress in the lower end of the working face was greater than that in the upper-end 
area. The upper roof was in a positive stress state and vulnerable to tensile failure. The lower roof 
was in a negative stress state and prone to compression failure. With the increase in the dip angle, 
the height and width of the roof stress relief arch gradually reduced, and the arch axis shifted to 
the upper part. The concentrated stress value and influence range of the upper and lower ends of 
the coal body gradually reduced, and the asymmetric and regional characteristics of the stress 
release zone became clear.

(a) Angle of 30°	 (b) Angle of 35°	 (c) Angle of 40°	 (d) Angle of 45°

Fig. 10. Vertical stress distribution along inclined under various dip angles
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Along the strike, the vertical stress of the surrounding rock of stope was redistributed, and 
the roof and floor strata formed a symmetrical arch stress release zone. The roof stress relief 
zone was larger than the floor, and the minimum vertical stress was 0.03-1.2 MPa. The stress 
concentration zone formed in the front and rear coal walls, and the maximum concentration stress 
was 8.2-8.6 MPa. Under various dip angles, the stress distribution characteristics of the working 
face were the same, and the pressure relief height in the central region was the largest. With the 
increase in the dip angle, the vertical stress of the roof increased, and the peak value of concen-
trated stress on both sides decreased, including the stress arch height (Fig. 11).

(a) Angle of 30°	 (b) Angle of 35°	 (c) Angle of 40°	 (d) Angle of 45°

Fig. 11. Vertical stress distribution along strike under various dip angles

5.3.	R oof caving migration filling characteristics

In the mining of the coal seam with steeply dipping and large mining height, the deforma-
tion failure and filling form of surrounding rock exhibited obvious asymmetric characteristics. 
The roof strata collapse exhibited a unique ‘multi-stage ladder key layer’ roof structure with 
the low lower and high upper layers of the working face. The low-level ladder structure was 
located in the lower part of the working face, and the horizon was low, mainly in the immediate 
roof strata. The weighting strength was small, and the step was large, which affects the stability 
of the surrounding rock in the lower area of the working face. The high-level ladder rock struc-
ture was located in the middle and upper parts, which was mainly composed of main roof strata 
with high horizon, strong weighting strength, small step, short period and impact. Furthermore, 
the vertical distance from the stope floor was the largest, which plays a key role in roof stabil-
ity. The broken rock strata existed in the form of inclined stacking. The broken rock blocks in 
the lower inclined region formed hinged structures, accompanied by reverse rotation, and were 
mainly dip pile structures. In the middle and upper regions, the dip pile structure and anti-dip 
pile structure coexist. When the dip angles of the working face were 30°, 35°, 40°, and 45°, the 
heights of the roof caving zone were 33.2, 29.6, 26.2, and 23.2 m, respectively. The filling lengths 
of the caving gangue were 97.5, 83.2, 62.7, and 56.2 m, respectively. With the increase in the 
dip angle, the filling length decreased gradually, the length of the gangue support area increased, 
and the filling shape of the inclined section of the accumulated gangue changed. The filling 
compactness increased from trapezoid → triangle → rectangle + triangle. The degree of filling 
density increased, and the non-equilibrium constraint characteristics of the roof became more 
clear. The stability of the roof in the lower part of the tendency is enhanced, and the movement 
amplitude and activity of the roof strata in the middle and upper parts are increased. The main 
roof strata are prone to sliding, deformation and instability, forming an anti-dip direction pile. 
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The structure is unstable and prone to instability forming an impact. The height of the caving 
zone decreased gradually, and the deformation and failure area developed on the upper part of 
the working face, as displayed in Fig. 12.

(a) Angle of 30°	 (b) Angle of 35°	 (c) Angle of 40°	 (d) Angle of 45°

Fig. 12. Caving migration and filling characteristics of roof along inclined under different dip angles

The immediate roof fell with the strike, and after the main roof was broken, considerable 
cutting and rotation were performed. The broken main roof and the unbroken roof were hinged 
to form a ‘masonry beam’ structure. The broken main roof rock blocks were hinged and extruded 
to maintain stability, which formed an inclined masonry structure. The roof strata fell in the 
symmetrical arch structure. The vault was located in the middle of the strike. The front arch foot 
was located in the coal wall in front of the working face, and the rear arch foot was located in 
the coal wall at the open-off cut. When the dip angles of the working face were 30°, 35°, 40°, 
and 45°, the vault heights were 38.3, 35.5, 33.2, and 31.3 m, respectively. With the increase 
in the dip angle, the roof failure range gradually reduced, the height and width of the symmetrical 
arch continuously reduced, and the stability of the surrounding rock strike structure was enhanced, 
as displayed in Fig. 13.

(a) Angle of 30°	 (b) Angle of 35°	 (c) Angle of 40°	 (d) Angle of 45°

Fig. 13. Caving migration and filling characteristics of roof along strike under various dip angles 

The broken immediate roof rock block not only slid down and filled along inclination, but 
also along the lateral slide. The broken rock block rolls and slides along the coal wall of the 
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open cut side, and produces a depression area at a certain angle. The accumulation of the upper 
boundary of the caved gangue-filling body resulted in an asymmetric V-shaped structure along 
the inclination. From the bottom to the top, the distance between the roof caving gangue and the 
support increased, which resulted in the filling characteristics of gangue in goaf not only exhibit-
ing obvious asymmetry in the inclination direction but also anisotropy in the advancing direction. 
With the increase in the dip angle, the inclined component of gravity of caved gangue increased, 
the degree of rolling and filling increased, the range of the free surface area increased, and the 
nonuniform characteristics of gangue filling in goaf became significant. The three-dimensional 
nonequilibrium constraint effect of the filling body on the roof and floor strata along the inclina-
tion and advancing direction was obvious, as displayed in Fig. 14.

(a) Angle of 30°	 (b) Angle of 35°	 (c) Angle of 40°	 (d) Angle of 45°

Fig. 14. Deformation and failure characteristics of immediate roof under various dip angles

Because of the three-dimensional nonequilibrium constraint effect of caving gangue, the 
main roof strata asymmetrically broke, caved, settled, and accumulated. The broken main roof 
exhibited an obvious hinged structure along the inclination and strike. The initial caving formed 
ellipsoid caving in the middle and upper areas; periodic caving exhibited a periodic arc rock 
strip structure. Numerous shear and tensile failure zones were formed in the middle and upper 
area, mainly vertical settlement, accompanied by lateral displacement and inclination slide. The 
lower strata’s tensile failure zone was limited, resulting in only minor lateral displacement and 
minimal vertical settlement. Thus, the sequence, upper area settlement > middle area settle-
ment > lower area settlement, was observed. After the initial weighting, the broken main roof 
and the unbroken rock layer formed a hinged structure, which supported and limited the broken 
structure under periodic weighting. The main roof exhibited ladder dislocation in various periods 
along the advancing direction.

The non-uniform filling of gangue leads to the full caving of the middle and upper roof in 
the working face. Arc triangular block appeared at the upper end, which reduced the restraint of 
the gangue, resulting in the occurrence of a tensile-shear fracture with a small area and a large 
rotational subsidence displacement. The arc triangular block at the lower end was carried by 
the gangue and resulted in a restraint effect on the roof of the overlying stratum, as displayed in 
Fig. 15(b), with a large area and a small subsidence displacement, resulting in various weighting 
steps of the upper and lower ends in the process of advancing the working face. The following 
sequence was observed: the weighting step of the lower end > the middle area > the upper end. 
The weighting phenomenon in the upper-end area was apparent. The upper caving area partially 
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exceeded the outside of the return airway, and a trend of upward development was observed. 
The upper-end rock block was prone to caving and sliding, and formed a ‘cavity’, as displayed 
in Fig. 15(c). Thus, this phenomenon indicates that when the support is not connected to the 
roof, sliding or dumping of the support may occur. With the increase in the dip angle, the space, 
amplitude, and intensity of roof-caving rock movement in the middle and upper regions increased 
considerably, and the basic form of surrounding rock structure formed after failure along the 
inclination and advancing direction differed considerably.

(a) Angle of 30°	 (b) Angle of 35°	 (c) Angle of 40°	 (d) Angle of 45°

Fig. 15. Deformation and failure characteristics of main roof under various dip angles

6.	F ield monitoring

To investigate the deformation, failure and migration characteristics of surrounding rock 
in the mining process, and the adaptability of supporting equipment, the measuring areas were 
arranged along the upper, middle, and lower three regions. The KJ377 mine pressure dynamic 
monitor was used to continuously record the load on the support in the measuring area and then 
analyse the behaviour law of the mine pressure in the working face and the stress characteristics 
and stability characteristics of the support in various areas.

The field monitoring results revealed that along the inclined direction, the mine pressure 
law revealed the characteristics of unbalanced sub-regions. The average working resistance of 
the support in the upper, middle, and lower parts of the working face was approximately 5186, 
6355, and 3862 kN. Thus, the working resistance (support load) in the middle area is the highest, 
followed by the upper area, whereas that in the lower area was the lowest. The working resist-
ance of the lower area was approximately 60.7% of the middle area, and the working resistance 
of the upper area was approximately 81.6% of the middle area. A large-scale empty roof area 
existed in the upper inclined area, which formed a cross-layer, large-scale, asymmetric spatial 
ladder residual wall roof rock structure (Fig. 17). This corresponds to the deformation and failure 
characteristics of the surrounding rock in the numerical calculation part. The periodic instabil-
ity of the ladder structure considerably affects gangue caving and filling and the stability of the 
support and coal wall.

The stability of the support surrounding the rock system differs in various areas of the work-
ing face. The support changed considerably in the middle and upper areas, whilst the working 
resistance of some supports was small or even close to zero (Fig. 16), which resulted in inadequate 
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R–S–F system elements, which are prone to roof caving. In the upper and middle regions, the 
load of individual supports exceeded the rated working resistance, and the supports push and bite 
each other. Corresponding to the theoretical analysis part, it shows that the roof in the middle 
and upper parts is prone to damage, resulting in roof sliding, deformation and instability, caus-
ing empty roof, no-load support, toppling between supports, extrusion and other phenomena. 
The load of the R–S–F system is complex, and its instability tendency is considerably higher 
than that of gently inclined coal seam mining. As a result of significant weight accumulation, 
dynamic instability can occur, which can lead to disasters in the surrounding rock.

Therefore, in order to reduce the phenomenon of roof caving and support toppling, we put 
forward the following prevention and control measures in the mining of large mining height 
working: 

(1)	I n the mining of the working face, the working resistance and initial support force of 
hydraulic support should be set up in different regions. By adjusting the output pressure 

20 40 60 80 100 120
0

2000

4000

6000

8000

W
or

ki
ng

 re
si

st
an

ce
/ (

kN
)

Time/ (d)

Upper area

Lower area

Middle area

Fig. 16. Characteristic of the working resistance in various areas of the working face

Fig. 17. Field observation results (Angle of view: upper corner of return airway)



521

of the hydraulic pump station of support system and the safety threshold of support itself, 
the working resistance of support in the lower region is lower than that in the middle 
region by 30% ~ 40%, while that in the upper region is lower than that in the mid-
dle region by 10% ~ 20%. The initial support force of support should reach about 80% 
of its working resistance, to prevent the roof from sinking prematurely and reduce the 
strength of impact load during weighting. 

(2)	 The hard roof space partition weakening technology of “deep hole pre-splitting of the 
main roof in the middle of the working face + deep hole roof cutting in the roof of 
the two roadways“ is adopted. Four non-equaling blast holes are arranged in each group 
in the mining roadway by using the down-the-hole drilling rig, and the non-uniform 
charge structure and group blasting method are adopted. The advanced periodic blasting 
weakening treatment of the hard roof with steeply dipping seam and large mining height 
can reduce the working resistance of the support in the upper, middle and lower parts of 
the working face, reduce the weighting step, eliminate the large area of the suspended 
roof and impact dynamic load, and improve the stability of the “support-surrounding 
rock“ system. See Fig. 18.

Fig. 18. Hard roof space partition weakening

(3)	 The large working resistance support is selected, and a large number of high-strength 
plates are used to meet the overall strength and stiffness requirements of the support. 
The weight of the support is reduced, which can not only resist the impact of gangue but 
also improve the stability of the support. Increase the area of the support base, increase 
the contact area between the support and floor, and reduce the probability of damage 
to the floor; the roof beam is completely closed to the roof and has a large front-end 
support force, which is conducive to the stability of the support and can also effectively 
prevent roof leakage and spalling. Liftable blocking gangue plate are set up in front 
and side of the support, respectively, which can prevent the gangue from rolling down 
and impacting people; through the retractable connecting device, multiple supports are 
connected together to form an overall anti-falling and anti-skid unit, and the support 
toppling and sliding state is adjusted in real-time. See Fig. 19.
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(a) Liftable blocking gangue plate	 (b) Connecting device of supports

Fig. 19. Large working resistance support

(4)	 Through the arrangement of an intelligent mine pressure monitor, comprehensive and 
continuous monitoring of mine pressure characteristics of the working face (weighting 
step, weighting strength, sustained period, support load change), especially in the middle 
and upper area, the roof movement range and intensity are large, easy to fall, support 
toppling, extrusion, accurate prediction of roof weighting time is crucial. The probability 
of roof caving can be reduced by increasing the advancing speed of the working face 
(greater than 3 m/d) and reducing the mining height (about 3.5 m).

7.	C onclusions

(1)	 The roof failure and migration characteristics of large mining height face are more ac-
tive than those of general mining height in steeply dipping coal seams. The dip angle 
affects the slip-filling characteristics of caved gangue. The rolling and filling degree 
of caving gangue is considerably higher than that of the gently inclined coal seam, and 
the range of the free surface area increases, which provides a large space for the failure 
and movement of the middle and upper main roof strata in the inclined working face. 
Cross-layer, large-scale, and asymmetrical multilevel spatial ladder-like rock structure 
forms easily. The breaking of the main roof can easily result in the formation of an 
anti-dip pile structure, and its instability will form a greater degree of impact pressure 
on the middle and upper area. 

(2)	D ue to the influence of the dip angle effect, the deformation and failure of the surround-
ing rock and the filling form show obvious asymmetric characteristics. The roof stress 
relief arch is an ‘inverted spoon’ shape. With the increase of dip angle, the stress release 
arch decreases, the length of the gangue support area increases, and the height of the 
caving zone decreases. The filling form of gangue evolves from trapezoid → triangle → 
rectangle + triangle, and the three-dimensional unbalanced constraint effect of gangue 
filling body on the roof and floor strata becomes apparent, and the deformation failure 
area develops to the upper part of the working face.
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(3)	I nfluenced by gangue along the working face inclination and lateral slide filling, 
a free surface is formed in the middle and upper area, and the gangue filling exhibits 
nonuniformity in the inclination and advancing direction, which results in the load 
and deformation failure characteristics of the roof, and the basic form of surrounding 
rock structure formed after the failure also exhibit considerable differences along the 
inclination and advancing direction.

(4)	 The mine pressure law revealed the characteristics of unbalanced sub-regions, and 
the working resistance in the middle area of the working face is the largest, followed 
by the upper area and the lower area. With the increase in the dip angle, the stability 
of roof strata in the lower area was enhanced, and the space, amplitude, and inten-
sity of roof strata movement in the middle and upper areas increased. The load of the 
support is changeable, and the interaction between the supports increased considerably. 
The contact state of the support-surrounding rock system is poor, which results in dy-
namic instability and induces the surrounding rock disaster.
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