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Abstract During the process of coal mining, there 
is a violent appearance of mining stress when the 
initial weighting occurs. To guarantee the safety of 
the gob-side entry formed automatically by roof-
cutting (EFARC) in an inclined coal seam, a study 
was conducted on the initial weighting mechanism 
and appearance characteristics through field moni-
toring and theoretical analysis. The findings reveal 
that, upon the initial breaking of the main roof in the 
non-pillar mining stope of an inclined coal seam, the 
deflection of the thin plate structure exhibits asym-
metric distribution, with the maximum position 

situated in the middle-upper part of the thin plate. 
As the main roof thin plate reaches its limit interval, 
the tensile fracture first occurs in the middle-upper 
part of the coal wall in front and back of the stope. 
Once broken, the thin plate changes to a simply sup-
ported state. The analysis of field data reveals that 
the mine pressure in the non-pillar stope of EFARC 
shows an asymmetric weighting phenomenon. The 
periodic weighting interval at the ends of the working 
face increases, and the weighting intensity decreases. 
These results can serve as theoretical support for con-
trolling mine pressure in non-pillar mining through 
EFARC in inclined coal seams and can serve as a 
basis for further investigations in this area.

Article highlights 1. The initial pressure mecha-
nism for the EFARC non-pillar mining stope in an 
inclined coal seam is revealed.
2. The flexure function of the main roof structure 
is establish by considering the special constraint 
conditions.
3. The initial failure mechanical mechanism of the 
main roof structure of EFARC in an inclined coal 
seam is revealed.
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1 Introduction

The gob-side entry formed automatically by roof-
cutting (EFARC) is a new, safe, efficient non-pillar 
mining method in the coal industry. It has been suc-
cessfully applied in nearly 200 coal mines in China. 
However, the complex stress and multiple dynamic 
disasters during the mining of inclined coal seams 
limit the application of this technology in this geo-
logical condition (Zhang et  al. 2020a, b). As one of 
the effective technical means to realize green coal 
mining, the non-pillar mining method by EFARC has 
several advantages, including improving coal recov-
ery rate, alleviating continuous tension in production, 
reducing roadway excavation rate, avoiding stress 
concentration caused by set coal pillar, realizing 
Y-type ventilation, and eliminating gas accumulation 
(He et al. 2018b).

The successful implementation of the new non-
pillar mining technology under different geological 
conditions has led to an increasing number of experts 
and scholars studying its design parameters (Chen 
et  al. 2019), mine pressure behavior (Wang et  al. 
2021; Xu et  al. 2021), and surrounding rock control 
of the EFARC (Liu et al. 2020; Wang et al. 2022a, b, 
c, d), among other aspects (Tang et  al. 2022; Liang 
et  al. 2022; He et  al. 2022; Wang et  al. 2022a, b). 
Corresponding research results have been obtained. 
However, most application research focuses on near-
horizontal and gentle dip coal seams. When mining 
inclined coal seams, several problems arise, such as 
support sliding and complex surrounding rock stress 
environment, which makes the application of non-
pillar mining technology by EFARC in inclined coal 
seams face challenges (Zhen et al. 2019).

In the process of mining, the first severe dynamic 
pressure disturbance in the mining space is typi-
cally caused by the initial weighting, which leads to 
the rotation and sinking of the overlying rock in the 
stope and severe deformation of the surrounding rock 
of the mining entry (Wang et al. 2020). The pressure 
relief mechanism and spatiotemporal development 
law of surrounding rock stress in EFARC were ana-
lyzed through theoretical and numerical simulation 
(Zhang et al. 2020a, b). The evolution mechanism of 
surrounding rock stress and deformation in the entire 
life cycle of EFARC was also investigated (Wang 
et al. Wang et al. 2022a, b, c, d). Moreover, the effects 
of roof-cutting techniques on the overlying strata’s 

movement law and the surrounding rock’s deforma-
tion features in gob-side entry retaining mines were 
studied using mechanical analysis (Zhu et  al. 2020). 
A similar three-dimensional simulation experiment of 
roof precutting was conducted to obtain the roof stra-
ta’s caving characteristics and migration law in the 
strike and dip directions (Hua et al. 2021). However, 
there is currently no related research on the initial 
pressure mechanism of EFARC in an inclined coal 
seam. This paper aims to establish the flexure test 
function of the main roof structure under the bound-
ary conditions, considering the special constraint 
conditions of the main roof structure of EFARC in 
an inclined coal seam. The stress distribution of the 
main roof structure is obtained by using the relation-
ship between work and energy and the relationship 
between thin rectangular plate stress and deflection 
parameters. Analyzing the breaking state of the main 
roof structure reveals the initial failure mechanical 
mechanism of the main roof structure of EFARC in 
an inclined coal seam. Finally, the theoretical analysis 
is validated using the test site mine pressure monitor-
ing data. The research results provide reasonable sur-
rounding rock control ideas in an inclined coal seam 
and enriching the non-pillar mining technology appli-
cation scene by EFARC.

2  The non‑pillar mining technology by EFARC 

2.1  Technological principles

The non-pillar mining technology developed by 
EFARC is based on the roof-cutting short arm beam 
theory. It employs a technical support system that 
utilizes the constant resistance large deformation 
anchor cable (CRLDA), directional energy accumula-
tion pre-splitting technology, and temporary support. 
This system takes advantage of the characteristics of 
the broken expand gangue during the mining process 
to achieve entry automatically formatted behind the 
working face. According to Zhen and Gao (2020), 
the basic principle of this technology involves three 
stages:

a. Before mining begins, the CRLDA is used to 
increases the bearing capacity of the roof strata, 
allowing it to withstand the stress disturbance 



Geomech. Geophys. Geo-energ. Geo-resour.           (2023) 9:151  

1 3

Page 3 of 15   151 

Vol.: (0123456789)

that occurs during the pre-splitting blasting and 
mining process.

b. After completing the roof reinforcement, direc-
tional pre-splitting technology making the gob-
side entry located in the weak mining-stress area.

c. As the working face advances, the rock mass in 
the goaf collapses along the cutting line. Based 
on specific protection measures, the collapsed 
rock automatically forms one side of the gob-side 
entry. The technical principle and flow diagram 
of EFARC is shown in Fig. 1.

   2. 2   Geo log i cal  co nditions of the test site

The test site Jinfeng Coal Mine is located southeast 
of Wuzhong City, Ningxia, China. The test face is 
the 011810 working face of the mine, and the bur-
ied depth is 214–328 m, the strike length is 1023 m, 
the width of the working face is 260 m, the dip angle 
range of the coal seam is 12°–32°, the average dip 
angle of the coal seam is 22°, and the average thick-
ness of coal is 3.75  m. The immediate roof is silt-
stone with a thickness of 7.1 m, the main roof is fine 

sandstone with a thickness of 6.8  m, the immediate 
bottom is siltstone with a thickness of 1.3  m, and 
the main bottom is fine sandstone with a thickness 
of 5.5  m. The overlying dip angle of the coal seam 
varies greatly, the maximum dip angle at the open-off 
cut is 32°, and the dip angle along the strike of the 
working face gradually changes to 13°. The geologi-
cal conditions of the test site are shown in Fig. 2.

3  Mechanism and characteristics of the initial 
weighting in non‑pillar stope of EFARC 
in the inclined coal seam

3.1  Establish the mechanical model

The breaking process of the overlying rock in the 
inclined coal seam stope of EFARC differs signifi-
cantly from that of horizontal coal seams due to the 
influence of both mining and tectonic stresses. We 
established a geological model map to better under-
stand the main roof breaking process of EFARC in 
inclined coal seams. The map simplifies the overly-
ing rock structure of the stope into three parts: the 

Stage C: Temporary supportingStage B: Roof cutting Stability state

Temporary supportEnergy gathering 
device

Gob-side entry

Stage A:Reinforced timbering

CRLDA cable

Gob

CRLDA 
cable

Energy 
gathering device

Temporary 
support

Stage A

Stage B

Stage C

Stability
state

Fig. 1  The technical principle of the EFARC and schematic diagram of the f orm ati o n p roc ess 
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immediate roof, main roof, and overlying strata while 
considering the dip angle of the coal seam (α). The 
rapid accumulation area forms due to the caving rock 
accumulation in the lower part of the working face, 
affected by the coal seam inclination. The roof-cut-
ting affected area is where the roof pressure weakens 
due to the roof-cutting. The geological model is pre-
sented in Fig. 3.

The behavior of stope pressure is closely related to 
the fractured state of the main roof. Typically, when 
studying the mechanical mechanism of the main 
roof, it is considered thin plates according to the thin 
plate theory. In the non-pillar mining technique used 
by EFARC in inclined coal seams, gangue falls into 
the goaf and slides or rolls down to the lower part of 
the working face due to gravity. This creates an accu-
mulation area of gangue with particular supporting 
strength in the lower part of the goaf. As a result, the 
main roof experiences a different restraining effect of 
gangue along the direction of the working face (Wang 
et  al. 2016). To model the main roof mechanics in 
non-pillar mining by EFARC in an inclined coal 
seam, the X-axis represents the length of the working 
face, the Y-axis represents the advancing direction of 
the working face, and the Z-axis is perpendicular to 
the main roof. The model is fixed on three sides and 
simply supported on one side, ignoring the horizontal 

tectonic stress in the study area. The vertical load 
consists of overlying strata load P and gangue support 
Pz. Using this model, the range of the X-axis is from 
0 to 2a, and the range of the Y-axis is from 0 to 2b, as 
shown in Fig. 4(Part I).

Fig. 2  Schematic diagram of geological conditions of the test site (Part (I) Geographic location of the test site. Part (II) Geological 
conditions of the test site)

Fig. 3  Geological model of the non-pillar mining stope of 
EFARC in the inclined coal seam



Geomech. Geophys. Geo-energ. Geo-resour.           (2023) 9:151  

1 3

Page 5 of 15   151 

Vol.: (0123456789)

In order to prevent the transmission of stress 
between the goaf and the roof of EFARC and to 
improve the stress environment of the entry prior to 
mining, the roof of one side of the entry will be pre-
fractured by roof cutting. The main roof is consid-
ered to have one side simple support, with the other 
three sides being fixed before the initial fracture. Fig-
ure 4(part II) illustrates the support conditions of the 
main roof and the plane stress diagram.

3.2  Analysis of mechanical mechanism of the initial 
fracture of main roof

According to the established geological and mechani-
cal model in the previous section, the load exerted by 
the overlying strata on the main roof can be expressed 
as a linear load function, P(x), which increases along 
the inclined direction from the end of the working 
face, as shown in Eq. (1):

 where �1 represents the average bulk density of the 
overlying strata, H1 is the thickness of the overlying 
strata, x represents the length of the working face 
(0–2a), and α represents the dip angle.

(1)P(x) = �1H1 + �1(2a − x)sin�

Based on the above analysis, the mechanical model 
for the main roof of non-pillar mining by EFARC in 
the inclined coal seam has the following boundary 
conditions: three sides are fixed, and one side is sim-
ply supported. The fixed side has zero deflection and 
rotation angle, while the simply supported side has 
zero deflection and bending moment. The displace-
ment boundary conditions for the model are:

In the formula, x is the length of the working face 
(0–2a), y is the advancing direction of the working 
face (0–2b), � is the deflection.

The model is solved by the Ritz method, which is 
a direct variational method based on the minimum 
potential energy principle. By selecting a trial func-
tion to approximate the exact solution of the prob-
lem, substitute the trial function into the function of 
a scientific problem, and then the stationary value 
of the function is obtained to determine the undeter-
mined parameters in the trial function. thus, obtain 
the approximate solution of the problem. With this 

(2)

⎧⎪⎨⎪⎩

x = 0,� = 0,
�2�

�x2
= 0

x = 2a,� = 0,
��

�x
= 0

y = 0∕2b,� = 0,
��

�y
= 0

Fig. 4  Main roof mechanics model of non-pillar stope of EFARC in inclined coal seam (Part (I) The main roof mechanical model. 
Part (II) The main roof support conditions and the plane stress diagram)
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method, the first-order expression of the main roof 
function, which satisfies the above displacement 
boundary conditions, is set as �(x, y) = C1�1 , and it 
can be expressed as:

C1 is the coefficient of trial function, x and y repre-
sent the length and advancing direction of the work-
ing face respectively and they range from 0 to 2a and 
0 to 2b respectively.

After checking, the first-order expression of the 
function is satisfied with the displacement boundary 
conditions that above-mentioned. It can be seen that:

The total potential energy of the thin plate can 
express as the difference between the work done by 
lateral force and longitudinal force on the plate with 
the plate’s strain energy, and it can define as:

 where I represents the total potential energy of the 
plate, U is the strain energy of the inclined thin plate, 
V is the work done by the lateral force on the inclined 
plate, and W is the work done by the longitudinal 
force on the inclined thin plate.

(1) According to the formula which shows the bend-
ing strain energy of the thin plate:

U can be expressed as:

(3)�(x, y) = C1xsin
2
(
�x

2a

)
sin2

(�y
2b

)

(4)�2�

�x2
= C1

�
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2b
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�x

a
+

�

2a
xcos

�x

a
)

(5)
�2�
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2b2
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(7)I = U − V −W
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D
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0 ∫
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0

(
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�2�
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)2

dxdy
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0 ∫
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(
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+
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D is the bending stiffness of the thin plate, 
D =

E2H2
3

12(1−�2
2)

where, E2,H2,�2respectively, is the 
elastic modulus, thickness, and Poisson’s ratio of 
the main roof.

(2) The work done by the lateral force on the inclined 
plate.

The lateral force is composed of the gravity stress of 
the overlying strata perpendicular to the plate and 
the gangue supporting force Pz , and its work on 
the inclined thin plate express as the following 
formula:

,
In which,∬ P

1
�dxdy = ∫ 2b

0
dy∫ 2a

0
(�1H1 + �1(2a − x)sin�)cos��dx

The work done by the gangue supporting force on the 
main roof can be expressed as:

L2 = a − L1 , L1 =
K(h3)

2

h4

√
2Rt(E3h3

3+E2h2
3+E1h1

3)

E3h3
3(�3h3+�2h2+�1h1)cos�

 , q is 

the supporting force of gangue, K is the expan-
sion coefficient of immediate roof, Rt is the ten-
sile strength limit, hi is the thickness of each 
layer, �i is the volume force of each layer, Ei is the 
elastic modulus of each layer.

(3) The work done by the longitudinal force on the 
inclined plate.

According to the thin plate theory, the load done by 
the longitudinal force can be expressed as follows:

(10)V = ∬ P1�dxdy −∬ Pz�dxdy

(11)

∬ Pz�dxdy

= ∫
2b

0

dy∫
a+L2

a−L2

q

2
�dx

+ ∫
2b

0

dy∫
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0

(−
q

2
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∑∞
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0

dy∫
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2
)
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L
2
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dy∫
a+L2
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−
2qsin2(
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2
)
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n�x

a

]
�dx
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Among them, Nx,Ny,Nxy are the internal force caused 
by the longitudinal load on a differential block 
in the middle surface of the plate, and then only 
consider the influence of self-weight stress, 
Ny = Nxy = 0 , Nxdx = �x , Nx = �xx + �x0 , �x is 
the longitudinal load in the x-direction. From 
the mechanical analysis, it can be seen that, 
�x = P2 + G2 , P2 =

[
�1H1 + �1(2a − x)sin�

]
sin�

,G2 = �2H2sin�,Finally, we can know:

Taking U,V  and W into Formula (6), according to the 
principle of minimum potential energy, substitute 

(12)

W =
1

2 ∬ Nx

(
�2�

�x2

)
+ Ny

(
�2�

�y2

)
+ 2Nxy

(
��

�x

��

�y

)
dxdy

(13)
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1

2 ∬
[
�
1
H

1
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1
(2a − x)sin� + �

2
H

2

]
sin�x
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[
�
1
H

1
+ �

1
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2
H

2

]
sin�

×
[
C
1

�

a
sin

�y

2b
(sin

�x

a
+

�

2a
xcos

�x

a
)
]
dxdy

relevant parameters where the length of the work-
ing face is 260 m, the advancing size is 40 m, and 
the inclination angle of the working face is 32°. 
The mining height is 3.8 m, and the mechanical 
parameters of stope strata are shown in Table 1. 
We can know that C1 = 4.69 × 10-4 , so that the 
deflection distribution of inclined thin plate under 
non-uniformly distributed load can be obtained, 
as shown in Fig. 5.

The three-dimensional distribution map of the main 
roof deflection of the non-pillar stope in the 
inclined coal seam of EFRAC reveals that the 
point of maximum deflection is not located at 
the geometric center of the stope. The deflection 
coordinate values of the extreme point are x = 154 
in the strike direction and y = 20 in the inclined 
direction, with a maximum bending subsidence 
value of − 0.74 m. This extreme point is situated 
at the midpoint of the advancing direction and in 
the upper position in the inclined direction.

Table 1  Physico-
mechanical parameters of 
adjoining rocks

Rock formation Rlastic modulus 
E/GPa

Thickness/m Average volume 
weight
�/(kN/m3)

Poisson ratio

Immediate roof 7.4 7 25 0.25
Main roof 8.6 10 26.5 0.27
Overlying strata 4.9 210 24 0.25

Fig. 5  Deflection distribution of the inclined thin plate under non-uniformly distributed load
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3.3  Stress distribution of main roof thin plate

The internal force expression of the inclined thin plate 
structure can be derived by using the elastic mechan-
ic’s deflection function and substituting the deflection 
function obtained from the inclined thin plate into the 
functional relationship between the stress and deflec-
tion parameters of the narrow rectangular plate.

Substituting the corresponding function into the 
formula (14), we can obtain:

 where x ∈ (0,2a), y ∈ (0,2b), z = 0.5h2

By substituting the parameters of the stope into the 
formula (15), obtain the internal stress distribution 
map of the inclined thin plate before the initial frac-
ture when the working face is advanced for 40 m, as 
shown in Fig. 6.

According to the three-dimensional distribution 
of the internal force of the main roof, the maximum 
compressive stress �x occurs at x = 154 m, y = 20 m, 
and the value is 71.47  MPa. The maximum tensile 
stress point is located at the upper midpoint of the 
two long edges of the thin plate, and the value is 
69.72 MPa. The position of the maximum compres-
sive stress �y is the same as �x , the maximum compres-
sive stress value is − 21.56 MPa, and the maximum 
tensile stress is + 20.3  MPa, the shear stress in the 
inclined thin plate is diagonally asymmetric distribu-
tion. The maximum positive shear stress and negative 
shear stress appear in the upper part of the inclination 
direction, and the coordinates are x = 254 m, y = 29 m 
and x = 256  m, y = 10  m, the values are 52.3  MPa, 
and 51.7 MPa, respectively.

(14)
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3.4  Analysis of the breaking state of inclined main 
roof plate in the non-pillar stope of EFARC 

Taking the internal force expression into the princi-
pal stress formula, we can know the principal stress 
expression of any point on the main roof inclined thin 
plate:

From the analysis, we can know the expression 
of the maximum principal stress at any point on the 
inclined thin plate:

(16)�1, �3 =
�x + �y

2
±

√(
�x + �y

2

)2

+
(
�xy

)2

The rock mass has the characteristic that the 
compressive strength is generally more significant 
than the tensile strength, so when the tensile stress 
of the principal stress is greater than the tensile 
strength of the main roof rock mass, the tensile frac-
ture of the rock mass occurs, the critical fracture of 
the main roof and the fracture criterion when the 
fracture occurs, express as the following formula:

Let G(x, y) = �1∕�T , when the value of the func-
tion G(x, y) is greater than 1, the main roof is broken 
in the form of tension at the coordinates (x, y).

According to the geological conditions and rock 
mechanics parameters of the 011810 working face 
in the Jinfeng Coal Mine, the contour map of the 
upper surface of the basic roof sheet is made by 
using MATLAB software, as shown in Fig. 7.

(17)�1 =
�x + �y

2
+

√(
�x + �y

2

)2

+
(
�xy

)2

𝜎1 > 𝜎T
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y

Fig. 6  Internal stress distribution map of inclined thin plate before primary fracture: a �
x
 ; b�

y
 ; c �

xy
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From the picture, when the main roof reaches 
the limit step, in the middle-upper position of the 
coal wall in front and rear of the working face, the 
value of G(x, y) is greater than 1. Therefore, the ten-
sile fracture first occurs in this position, the crack 
development range is between 105 and 200 m from 
the lower of the working face along the dip direc-
tion, and the thin plate, after breaking, changes into 
a simply supported state. That is, the first weighting 
position of the non-pillar mining stope by EFARC 
is in the upper part of the working face.

In conclusion, when the main roof of the non-pillar 
mining stope in the inclined coal seam is first broken, 
the deflection of the thin plate structure exhibits asym-
metric distribution. The maximum deflection of the 
main roof does not occur at the geometric midpoint of 
the stope, as in the horizontal coal seam. Instead, it off-
sets upward in the inclined direction, with the extreme 
value coordinate being (154,20). Similarly, the maxi-
mum stress and the first fracture position in the main 
roof are also located in the middle-upper part of the 
coal wall in front and rear of the working face, con-
sistent with the deflection distribution. The analysis 

indicates that the constraint conditions of the main roof 
and the arrangement pattern of the overburden struc-
ture in the inclined stope are different from those in the 
horizontal coal seam due to the influence of dip angle 
and roof cutting, resulting in specific characteristics of 
stress distribution.

4  Stope pressure data monitoring

4.1  Monitoring content and station layout

Monitoring the pressure changes within a stope is 
crucial to understanding the interaction between the 
support and overlying strata. By monitoring the sup-
port’s stress status, the behavior of the pressure in the 
stope can be analyzed to understand the movement 
of the overlying strata better. There are 156 supports 
in the 011810 working face of Jinfeng Coal Mine, 
including three end supports, one transition sup-
port, and 152 middle supports. The central distance 
between the supports is 1.75 m. When examining the 
support pressure in the working face, we thoroughly 

Fig. 7  Isoline map of plate surface on main roof thin plate
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assessed all 156 hydraulic supports across the entire 
working face. To comprehensively analyze the sup-
port pressure, we initially divided the working face 
into distinct vital areas: upper, middle-upper, middle, 
and lower. This division was based on the outcomes 
of theoretical analysis. We compared and analyzed 
the pressure data from 10 hydraulic supports in each 
region within these crucial areas. We specifically 
selected representative supports that effectively dem-
onstrated the pressure characteristics within the study 
area. Monitoring data for resistance at the end of each 
cycle of supports in the upper (NO.5), middle-upper 
(NO.75), middle (NO.95), and lower part (NO.150) 
of the working face were selected to analyze the pres-
sure performance of the working face. The number 
of the selected supports is shown in Table  2. Fig-
ure  8 shows the location of the pressure monitoring 
equipment.

4.2  Analysis of monitoring results

To facilitate the study of the relationship between the 
hydraulic support load and the weighting of the work-
ing face, the criterion for judging the weighting of the 
working face was defined as: when the support load 
was higher than the sum of the average load and the 
quadratic mean deviation, we judge that the working 
face had roof weighting (He et  al. 2018a). The load 
distribution curve of the support, the average load, 
and the pressure judgment reference line are shown 
in Fig. 9.

The load distribution map of the NO.5 support 
in the lower part of the working face indicates no 
significant pressure phenomenon in that area. Using 
the weighting criterion, NO.5 support has an ini-
tial weighting distance of 39  m, with a maximum 
load of 28.32  MPa, a periodic weighting distance 
of 21  m, and a maximum load of 28.23  MPa dur-
ing periodic weighting. Indicates that due to roof-
cutting and the coal seam’s inclination, the rock 
collapse in this area is relatively sufficient and fills 
the goaf quickly, resulting in limited space for the 
roof rotation and subsidence, which to some extent 
restrains the main roof’s intensity of rotary sink-
ing and weakens the dynamic pressure’s weighting 
strength.

After analyzing the load distribution map of the 
NO.75 support in the middle of the working face, it 
is evident that this support experiences initial and 
periodic weighting phenomena during the advance-
ment of the working face, and the load increases 
significantly during pressure periods. The initial 
weighting distance of the NO.75 support is 31  m, 
with a maximum load of 45.21 MPa. The periodic 
weighting distance is about 14 m, and the peak load 
of the periodic weighting is 44.86 MPa.

From the load distribution map of the NO.95 
support in the middle-upper part of the working 
face, we can get that the pressure phenomenon is 
evident in this aera, the initial weighting distance 
is 34 m, with a maximum load of 48.39 MPa. The 
periodic weighting distance is 15  m, and the peak 
load value is 46.32 MPa.

From the analysis of the load distribution map of 
the NO.150 support in the upper part of the work-
ing face, it can be seen that the support load does 
not show an apparent increase. The initial pressure 
distance of the support is 35  m, the peak load is 

Table 2  Layout diagram of mine pressure monitoring station

Position of support Lower Middle Middle-upper Upper

Number of support 5 75 95 155

Fig. 8  Layout diagram of 
mine pressure monitoring 
station
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37.32 MPa, the periodic weighting distance is 18 m, 
and the peak load of the support is 37.29 MPa.

4.3  Analysis of the strata behavior characteristics in 
the stope

Based on the weighting judgment method mentioned 
above, we can get the peak load distribution map of 
initial weighting along the working face, as shown in 
Fig. 10. The map shows that the weighting distribu-
tion in the inclined coal seam by EFARC is asymmet-
ric, with the weighting strength following the order 
of middle-upper > middle > upper > lower parts of 
the working face. Due to the lower part being close 
to the roof cutting area, the weighting phenomenon is 
not apparent. The length of the lower load area of the 
lower part is 46 m, and the upper part is 38 m.

The data of the initial weighting of the upper, mid-
dle, middle-upper, and lower part supports during 
the mining advance are counted, and the results are 
shown in Table 3.

The statistical data presented in Table  3 reveals 
that the initial weighting in the middle-upper of the 

working face is conspicuous, with the largest value 
found in the middle-upper part, which is 3.18  MPa 
(about 7%) higher than that in the middle. Com-
pared with the upper part, the initial weighting peak 
value in the lower part of the working face decreased 
by 5.37  MPa (about 14%), with an increased initial 
weighting distance. This is mainly because the roof 
strata in the upper part are still in a longwall beam 

Fig. 9  Load distribution in the working face

Fig. 10  Load distribution of first weighting in working face
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state, and the gangues in goaf slide down to the lower 
part because of the inclination of the coal seam, lead-
ing to a larger rotary subsidence space of the main 
roof and thus increased pressure intensity. On the 
other side of the working face, the roof is fully sup-
ported by caving gangue, and the initial weighting 
distance in the lower part increases due to roof cut-
ting and gangue sliding. This shows that roof cutting 
can reduce the pressure strength and optimize the 
stress environment of the stope.

Sort out load pressure data of the selected sup-
port and choose the monitoring data within the min-
ing advancing distance of 120 m. Get the distribution 
map of the initial and periodic weighting, as shown in 
Fig. 11.

Based on the analysis of Fig. 11, it can be observed 
that there are significant variations in weighting 
strength and periodic weighting distances on both 
sides of the working face when compared to the cen-
tral area. The upper part of the working face exhib-
its higher weighting strength, with a peak pressure 
of 48.39 MPa and a smaller weighting distance. The 
initial weighting distance of the working face at the 
lower part is 39 m, followed by the upper and middle-
upper parts at 35 m and 33 m, respectively. Addition-
ally, the periodic weighting distance is the largest in 
the lower region. The analysis indicates that the ini-
tial collapse of the overlying layers in the non-pillar 
mining area of an inclined coal seam is influenced by 
the dip angle of the coal seam. After the collapse, the 
immediate roof in the upper-middle section slides and 
rolls toward the working face, reducing its support on 
the main roof in that area. The collapsed higher-level 
layers must be filled in the goaf to compensate for this 
lack of support. Consequently, the collapse zone in 
the upper-middle part of the mining area is relatively 
high, leading to a more severe weighing phenom-
enon. In the lower part of the working face, the goaf 
is densely filled with waste rock due to the combined 

effects of roof cutting and the dip angle of the coal 
seam. This waste rock provides significant support 
to the main roof. When the overlying layers initially 
fracture, the height of the caving zone is low, and the 
intensity and step distance of the weighing are rela-
tively small.

Judging from the weighting phenomenon, the frac-
ture sequence of overlying strata and the distribution 
of the falling zone in the non-pillar mining stope by 
EFARC in the inclined coal seam exhibit asymmetric 
characteristics. These findings are consistent with the 
mechanical analysis of the overlying strata first break-
ing in the stope.

5  Discussion

Based on the mechanical analysis presented earlier, 
it can be concluded that the constraint condition 
of the main roof thin plate in the non-pillar mining 
stope by EFARC in an inclined coal seam is fixed on 
three sides and simply supported on the other due to 
the dip angle and roof cutting. As the hanging roof 
area of the stope increases with coal seam mining, 
tensile and shear stresses first appear in the middle-
upper part of the two long sides of the thin plate, fol-
lowed by the short upper side and the central region. 
The main roof is prone to failure in positions with 
high tensile stress due to the compressive capacity of 
the rock being much greater than the tensile capac-
ity. The pressure distribution state of the inclined thin 

Table 3  Various indexes of first weighting at working face

Support position Peak load value/MPa Weighting 
distance/m

Upper 37.32 32–35
Middle-upper 48.39 33
Middle 45.21 35
Lower 31.95 37–39

Fig. 11  Distribution of support weighting in working face
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plate suggests that the main roof first breaks in the 
middle-upper part of the two long sides (breakdown 
area I), followed by tensile failure on the short side 
and the maximum flexure position of the thin plate 
(breakdown area II and III). The fracture then extends 
and penetrates continuously in the middle and on two 
long sides, forming the shape of an O-X fracture. 
However, the lower part weighting distance is longer 
than the upper due to the different restraints of gangue 
on the two ends of the thin plate. This results in the 
lower opening being larger than the upper opening in 
the formed O-X fracture. The on-site mine pressure 
data confirm this phenomenon. Figure 12 shows the 
final fracture form of the main roof in the non-pillar 
mining stope by EFARC in an inclined coal seam.

6  Conclusion

Based on the analysis of the main roof fracture and 
mine pressure behavior characteristics of the non-pil-
lar mining stope of EFARC in the inclined coal seam, 
the study draws the following conclusions:

1. The main roof fracture occurs asymmetrically 
with the top position in the middle-upper part of 
the stope, and the thin plate changes to a simply 
supported state after breaking.

2. The initial weighting intensity and space-time 
state of the non-pillar stope show asymmetric 
characteristics.

3. The tensile fracture is the primary failure mode, 
and the main roof eventually forms an o-x frac-
ture form. The knowledge of the initial fracture 
position of the main roof and weighting charac-
teristics of the non-pillar stope in the inclined 
coal seam can provide theoretical guidance for 
production safety.

The results suggest that preventive forced caving 
can be carried out in critical areas of mining pressure 
to weaken the influence of stress on surrounding rock 
stability. Furthermore, defining the critical monitor-
ing area of stope support can enhance the scientific 
management level of stope mining pressure. These 
research findings provide theoretical support for 
mine pressure control and surrounding rock stability 
control during non-pillar mining by EFARC in the 
inclined coal seam.
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Fig. 12  Main roof of inclined thin plate “o-x” failure form
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