
Geomechanics and Engineering, Vol. 36, No. 1 (2024) 27-37 

https://doi.org/10.12989/gae.2024.36.1.027                                                                                                                                               27 

Copyright © 2024 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=gae&subpage=7                                                                                                              ISSN: 2005-307X (Print), 2092-6219 (Online) 

 
1. Introduction 
 

The technology of gob-side entry retained (GER) has 

been widely used in China and other countries (Zhang et al. 

2021, Yang et al. 2020, Smart and Haley 1987). Due to the 

important influence of the roof above the filling area on the 

successful implementation of GER, the failure 

characteristics and stability analysis of the roof-filling body 

in GER have become one of the key research contents. The 

successful implementation of GER with roadside filling is 

the result of the combined effect of the roadway support and 

the roadside support. Up to now, roadside support has 

undergone the development process of wood piles, dense 

pillars, gangue belts, concrete blocks, and high-water 

materials. The roadway support has undergone the process 

of wooden shed support, I-steel frame support, U-shaped 

steel retractable metal support, and anchor mesh cable 

support. The GER application has also been successful from 

thin coal seams to thick coal seams, from near-level to 

gently inclined coal seams (Liu et al. 2018, Tan et al. 2019). 

In recent years, scholars at home and abroad have 

obtained rich research results and conclusions on the 

stability of surrounding rock in GER. Han et al. (2018) 

proposed that gob-area roof rupture movement is a key 

disturbance factor for gob-side entry retaining. Kong et al. 

(2021) analyzed the load-bearing structure of the filling 

body and top coal in GER of a fully mechanized caving  
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face. Wang et al. (2016) proposed and verified the X-type 

failure principle of the filling body through numerical 

simulation and experiments. Guo et al. (2020) established a 

mechanical model of the roadside filling support and 

showed that the fill body must have the longitudinal 

deformation ability to adapt to the roof subsidence. Chang 

et al. (2018) showed that as the width of the filling body 

increases, the deformation of the filling body decreases, and 

the bearing capacity increases by using theoretical analysis 

and FLAC3D numerical simulation. Li et al. (2020) studied 

the early and late stress states of the filling body formed by 

the high-water filling materials in Xin’an Coal Mine. At 

present, most of the scholars focus on the analysis of the 

roof or the filling body independently. The independent 

stability analysis of the roof and the filling body has been 

relatively complete. However, many scholars have not 

analyzed the filling body and the roof as a whole system, 

and further analysis is demanded to study the failure 

characteristics and instability law of the roof-filling body 

system in GER. 

However, the failure characteristics and instability law 

of surrounding rocks such as coal mine roofs and filling 

bodies have significant non-linear characteristics, 

manifested as progressive failure modes, disorder to order, 

and deformation from constant velocity to non-linear 

acceleration and jump development. Cusp catastrophe 

theory is a branch of non-linear theory, which is usually 

used to analyze rock mass stability problems (Wang et al. 

2021, Chau 1995). Cusp catastrophe theory focuses on 

studying the external control conditions when the system 

state changes suddenly. It explains why some variables in 

the system change continuously and gradually lead to the  
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sudden change of the system state. Fu et al. (2018) used the 

cusp catastrophe theory to study the stability and evolution 

indexes of gobs under unloading effect in the deep mines. 

The above-mentioned study on the stability of 

surrounding rock in mining engineering based on the cusp 

catastrophe theory guides for the research on the instability 

mechanism of the roof-filling body system in GER. 

Therefore, a case study in the Heilong Coal Mine was 

analyzed to the failure characteristics and stability analysis 

of the roof-filling body system in GER from numerical 

simulation and theoretical analysis. It is hoped that this 

engineering stability analysis case can offer an insight into 

the roof-filling body system failure mechanism with 

different geological conditions and help to select a 

reasonable filling body ratio of width to height in GER 

application. 

 

 

2. Roof-filling body system failure characteristics in 
GER 

 

The roof-filling body system in GER has experienced 

multiple stages of roof movement. According to the fracture 

characteristics of the roof movement and the resistance-

increasing characteristics of the filling body, the 

deformation of the roof-filling body system in GER can be 

divided into the original rock stress stage, the advanced 

abutment stress stage, the resistance-increasing support 

stage of the filling body, and the stable support stage of the 

filling body, as shown in Fig. 1. 

Stage I (Fig. 1(a))：The original rock stress stage. At 

this stage, the roof above the area to be filled is basically in 

the original rock stress state. 

 

 

Stage II (Fig. 1(b))：The advanced abutment stress 

stage. Due to the advanced abutment stress of the working 

face, the roof and coal seam in front of the working face is 

under the action of the concentrated stress. Due to the 

superposition of lateral abutment stress and original rock 

stress, the main roof would break above the solid coal. 

Stage III (Fig. 1(c))：The resistance-increasing support 

stage of the filling body. In the initial filling stage, the 

strength of the filling body is low. After the filling body is 

loaded, the roof-filling body integral system is gradually 

formed. The roof above the filling area can withstand 

greater pressure and maintain integrity is the guarantee of 

GER. Due to the continuous increase in the strength of the 

filling body, the stress of the roof is reduced, and the roof-

filling body system tends to be stable. 

Stage IV (Fig. 1(d)) ：The stable support stage of the 

filling body. Under the conditions of the filling body 

support resistance, the stress of the immediate roof, and the 

roadway support resistance, the roof-filling body system 

reaches a balanced state, and the retained roadway reaches a 

stable stage. 

 

 

3. Engineering sites 

 

The Heilong Coal Mine selected for this case study is 

located in Shanxi Province, China. The retained roadway is 

the 1103 working face belt transportation roadway. The belt 

transportation roadway is 425 m long, 4.5 m wide, and 2.3 

m high. It is excavated along the roof of the coal seam. No. 

2 coal seam is mainly mined in 1103 working face, with an 

average thickness of 1.3 m and an average inclination angle 

 

 

(a) Stage I (b) Stage II 

 
 

(c) Stage III (d) Stage IV 

Fig. 1 Multiple stages of roof movement in GER 
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of 14°. The length of the 1103 working face is 151 m. The 

average buried depth of the working face is 210 m. The 

north of the 1103 working face is the gob of the 1101 

working face, the west is the FS1 reverse fault, and the 

south is the designed 1105 working face. The immediate 

roof is mudstone (1.1 m) and the main roof is fine sandstone 

(3.4 m); the immediate floor and the main floor are both 

mudstones, with thicknesses of 2.8 m and 3.0 m, 

respectively. 

After mining out the 1103 working face, the 1103 

working face belt transportation roadway is retained as the 

1105 working face air-return roadway. The retained width 

of GER is 4.5 m, and the width of the filling body is 

designed to be 1.2 m. It is constructed by using high-water 

quick-setting materials with a water-cement ratio of 1.5:1. 

The single hydraulic props are used to strengthen the 

roadway support within 80 m behind the active working 

face. Each row has 3 single hydraulic props. The row 

spacing is 1000 mm, the column spacing is 1200 mm. and 

the distance of the side props to the rib is 800 mm, and the 

top beam is arranged along the width of the roadway. 

 

 

4. Stability mechanism of roof-filling body system 
based on cusp catastrophe model 

 

4.1 Stability discrimination of the roof-filling body in 
GER based on cusp catastrophe model 

 

Catastrophe theory uses topology and singularity theory 

as mathematical tools to study various mutations. That is to 

use mathematical models to discuss the universal law of 

jumpy changes in the state of the system. The main method 

is to summarize various phenomena into different types of 

topological structures and discuss the discontinuous 

characteristics near various critical points. The key to 

applying catastrophe theory is to establish an appropriate 

model according to the research problem. Thom (1975) 

pointed out that when the control variable is not greater than 

4 and the state is not greater than 2, there can be up to 7 

basic catastrophe models. Among them, the cusp 

catastrophe model is the most widely used, which has 2 

control variables and one state variable. The standard form 

of its potential function is shown in Eq. (1). 

  4 21 1
=

4 2
V x x mx nx C    (1) 

Where, x is the state variable of the system; m and n are 

control variables; (m, n) is the control plane, and (x, m, n) 

constitutes a three-dimensional space. 

Therefore, the steps to use the cusp catastrophe model to 

analyze the instability of the roof-filling body system in 

GER are as follows: 

(a) Establishing a mechanical model according to the 

stress environment of the roof-filling body system in GER, 

finding the total potential energy of the system, establishing 

the expression of the potential function, and using 

mathematical methods to transform it into the standard form 

of the cusp mutation in Eq. (1); 

 
Fig. 2 The balanced surface and bifurcation set of the cus

p catastrophe model 

 

 

(b) Taking the derivative of the potential function V(x), 

the equation of the balance surface and the equation of the 

singular point value of the system are shown in Eqs. (2) - 

(3). 

  3 0V x x mx n      (2) 

  23 0V x x n     (3) 

(c) The Eqs. (2) and (3) are eliminated simultaneously to 

obtain the bifurcation set equation of the system mutation as 

shown in Eq. (4). 

3 2

0 4 27 0m n     (4) 

The set of critical points determined by Eq. (4) is the 

balanced surface. The graph in the (x, m, n) space is 

composed of the upper, middle, and lower three sheets. The 

upper and lower sheets are stable, and the middle sheet is 

not stable. No matter which path m and n change along, the 

phase point (x, m, n) changes only in the upper sheet (or 

lower sheet) in a balanced manner. When it reaches the 

edge of the sheet, it jumps over the middle sheet. Therefore, 

the points with vertical tangents on the balance surface 

constitute the set of mutation points of the state. Fig. 2 is a 

schematic diagram of the balanced surface and bifurcation 

set of the cusp catastrophe model. 

The bifurcation set divides the control variable plane 

into 2 areas. In the smaller area, the system has 3 

equilibrium points, including 2 stable points and one 

unstable point. In the other larger area, there is only one 

stable equilibrium point. Thus, 

(a) When Δ0>0, Eq. (4) has only one real number root, 

which corresponds to a stable equilibrium state, the system 

deformation is continuous, and the system is in a stable 

state at this time. 

(b) When Δ0<0, Eq. (4) has 3 real number roots, 

corresponding to 3 equilibrium states. At this time, the 

control point has crossed the bifurcation set, and the system 

is in an unstable state at this time. 
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Fig. 3 Mechanical model of the roof-filling body system 

 

 

(c) When Δ0=0, Eq. (4) has 3 real number roots, among 

them, 2 stable states and 1 unstable state. When the control 

point set (m, n) crosses the boundary of the bifurcation set, 

it jumps from one branch to another, and the system state 

changes suddenly. 

 

4.2 Cusp catastrophe model of the roof-filling body 
system in GER 
 

Based on the cusp catastrophe theory, the stability 

mechanism of the roof-filling body system in GER is 

analyzed. First, a mechanical model is established to obtain 

the standard form of the cusp catastrophe of the system 

potential function, and then the equilibrium surface and the 

bifurcation set equation are calculated, and finally obtained 

conditions for system stability. The upper boundary of the 

immediate roof in GER is the overlying strata load q0 and 

the weight of the main roof. The lower boundary is the 

support load p1 in the roadway, the support load p2 of the 

filling body, the support stress σyf of the immediate roof in 

the limit equilibrium zone, and the temporary support load 

p0 outside the filling area. The mechanical model of the 

roof-filling body system is shown in Fig. 3. 

The deflection curve equation wi(x) of the immediate 

roof in GER can be obtained by Zhang (2016) as shown in 

Eq. (5). 
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(5) 

Where, Ei is the elastic modulus of the immediate roof; 

Ii is the inertia moment of the cross-section of the 

immediate roof beam per unit width, Ii=(hi)3/12; hi is the 

thickness of the immediate roof; d0 is the width of 

temporary support outside the filling area; p0 is the 

temporary support strength in the area; px is the coal rib 

support strength; γm is the bulk density of the main roof; hd 

is the thickness of the coal seam; λ is the lateral pressure 

coefficient of the coal rib; k0 is the stress concentration 

coefficient of the coal rib; γ is the average bulk density of 

the overlying strata; H0 is the buried depth of the coal seam; 

cf is the cohesion of the coal seam; φf is the internal friction 

angle of the coal seam. 

Therefore, when x=L1+a+0.5b, the deflection of the 

filling body is u (the immediate roof deflection is -u), which 

can be obtained by substituting into Eq. (5). 
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The filling body of the 1103 belt transportation roadway 

is constructed by using high-water quick-setting materials, 

and the filling body has the characteristics of strain 

softening. Therefore, using the Weibull distribution model 

(Kim et al. 2019), the constitutive relationship of the filling 

body strain-softening can be expressed as shown in Eq. (7). 
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 (7) 

Where, Eb is the elastic modulus of the filling body; ε is 

the compressive strain; u is the compression displacement 

of the filling body, which is the same as the sinking 

displacement of the immediate roof; εmax is the strain at the 

peak point in the stress-strain curve; umax is the compression 

displacement of the filling body corresponding to the peak 

point. 

The force balance condition (balance surface) can be 

obtained shown in Eq. (8) by applying V'=0. 
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The sharp point can be obtained according to the smooth 

properties of the balance surface. At the cusp, V'''=0 (see 

Eq. (9)) 
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Therefore, u1=2umax. At the cusp, the cusp is just the 

inflection point of the constitutive relationship curve of the 

filling body in the elastic-plastic zone. 

By performing Taylor expansion on the state variable u1 

of the balance surface at the cusp, and taking it to the third-

degree term, the result is shown in Eq. (10). 
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By introducing the dimensionless state variable z, that is 

 1 1/z u u u   (11) 

The equilibrium surface equation in the standard form of 

the cusp catastrophe theory can be obtained as shown in Eq. 

(12). 

3 0z mz n    (12) 
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Where, z represents the state variable; m, n represents 

the control variable; η is the stiffness ratio, that is, the ratio 

of the roof stiffness and the filling body; the parameter ξ is 

related to F0, G0, and the deformation value umax at the 

inflection point, which is called geometric mechanical 

parameters. It can be seen that the control variables m and n 

of the system are completely determined by the stiffness 

ratio η and the geometric mechanical parameters ξ. 

The projection of the balanced surface on the m-n plane 

is the bifurcation set, and the equation is shown in Eq. (13). 
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4.3 Stability analysis of the roof-filling body system in 
GER 

 
4.3.1 Necessary condition for the stability of the roof-

filling body system in GER 
Generally, there are gradual changes and sudden 

changes in the destruction of the filling body. When Eq. 

(13) is satisfied, the filling body becomes unstable and 

changes along the path II in Fig. 2, and when it reaches the 

left branch, the slight change of the control variable will 

cause a sudden change in the system state. At this time, only 

when m is less than 0, the system can undergo a sudden 

change across the bifurcation set. Therefore, the necessary 

condition for the stability of the roof-filling body system in 

GER is that the stiffness ratio η is greater than 1. 

2 3

i i

2 3
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3
1

4 ( 0.5 )b

e E h

E b L a b
 
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=  (14) 

The stiffness ratio is completely determined by the 

internal properties of the system (geometrical dimensions, 

material properties, etc.). 

 

4.3.2 Sufficient condition for the stability of the roof-
filling body system in GER 

When the roof-filling body system is in the lower sheet, the 

elastic energy increases, and the system is in a balanced state. 

With the implementation of the roadway retention, the 

softening characteristics of the filling body increase, and the 

roof elastic modulus decrease to the critical state of the middle 

sheet. When the roof elastic modulus reaches the upper sheet, 

the system returns to a stable state. The instability process of 

the filling body is the jumping process of the system from the 

lower sheet to the upper sheet, that is, the process from η>1 to 

η≤1. When the control variable is disturbed, it exceeds the 

critical value. Then it jumps from the left branch to the right 

branch, the roof-filling body system will suddenly lose 

stability, that is, the roof-filler system will undergo a sudden 

change. But the sudden change at this time is only the sudden 

change of the mathematical structure of the system, and the 

system state variable z does not jump suddenly. When the roof-

filling body system is unstable, its deformation tends to 

increase instantaneously, which corresponds to the situation of 

crossing the left branch of the bifurcation set (n<0). Therefore, 

the sufficient condition for the instability of the roof-filling 

body system is summarized as shown in Eq. (15). 
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(15) 

Conversely, to keep the roof-filling body system in GER 

to be in a stable state, it must be ensured that the control 

point does not cross the bifurcation set, that is when Δ0>0. 

Eq. (16) can be obtained as follows. 

3
2 3
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 
   

  




 (16) 

Combining Eq. (14) with Eq. (16), it can be clear that 

the sufficient and necessary conditions for roof-filling body 

system instability in GER are consistent. 

It can be seen that the stability of the roof-filling body 

system is not only related to the thickness and elastic 

modulus of the immediate roof, the elastic modulus of the 

filling body but also related to the width of the retained 

roadway, the width of the filling body and the width of the 

plastic zone of the coal rib. 
 

4.4 Energy-releasing mechanism of catastrophic 
instability of roof-filling body system in GER 

 

When m=0, the balance surface equation has triple zero 

roots. Under the condition that the bifurcation set equation 

holds, when m<0, there are 3 real roots, namely z1，z2，z3 

and z2=z3. When crossing the bifurcation set, the amount of 

sudden jump of the state variable Δz is shown in Eq. (17). 

2 3

i i
1 2 2 3

1

33 2
1

2 4 ( 0. )
=

5b

e E h
z z

E b L a b
z   

 
  (17) 

When the roof-fill body system in GER is in the lower 

sheet, the system is in a stable equilibrium state. With the 

progress of working face mining and roadside filling 

construction, the balance point of the system reaches the 

crease. Then, as long as it is slightly disturbed, the balance 

point will go from the crease to the middle sheet, and the 

instability of the middle sheet cannot exist. Finally, the  
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Fig. 4 Sudden jump of state variable z when crossing a 

bifurcation set 

 

 

system inevitably jumps to another stable upper sheet, 

causing the instability process of the system (see Fig. 4). 

Therefore, the deformation sudden jump before and after 

the system instability is shown in Eq. (18). 

2 3

i i
1 max 2 3

1

3
3 2 1

4 ( 0.5 )b

e E h
u u z u

E b L a b
    

 
 (18) 

When η≤1 and the sudden jump amount meets Eq. (18), 

system instability will occur. The energy difference of the 

system before and after the sudden jump can be used to 

estimate the released energy during the instability process. 

Expanding the displacement value u1 relative to the cusp 

and quoting the dimensionless parameter, the released 

energy during the instability process can be obtained by Eq. 

(19). 

 
220

max2
1

2

F
V u

e
    (19) 

It can be seen that the decrease of the stiffness ratio η 

means the increase of the released energy. The more the 

immediate roof stiffness decreases, the more energy the 

system releases. When the rigidity of the immediate roof 

remains unchanged, the greater the stiffness of the filling 

body and the smaller the stiffness ratio η, the more energy 

the system releases. This is equivalent to the situation where  

 

 

 

the slope of the softening section becomes steeper, 

reflecting the brittle nature of the filling body rupture. 

 

4.5 Case analysis 
 

According to the actual production geological 

conditions and laboratory test results of 1103 belt 

transportation roadway in GER, H0=210 m, a=4.0 m, 

Eb=0.1 GPa, hd=1.3 m, b=1.2 m, hm=1.1 m, λ=0.8, q0=0.15 

MPa, k0=1.5, γ=2.5×10-2 MN/m3, γm=2.5×10-2 MN/m3, 

px=0.15 MPa, cf=1.5 MPa, φf=25°, p1=0.25 MPa, d0=1 m, 

p0=1 MPa. Moreover, according to the mechanical 

properties of high-water materials (Zhang et al. 2020), 

εmax=0.16. 

According to the construction process of the filling body 

in GER and analyzing the stability of the roof-filling body 

system, the system can be divided into the resistance-

increasing support stage of the filling body and the stable 

support stage of the filling body. Taking the support 

strength and roof elastic modulus damage into account in 

different stages, the typical values of Ei, Eb, p1, p2, and p3 in 

the above two stages are shown in Table 1. 

Incorporating the above results into Eqs. (14)-(16), the 

necessary and sufficient conditions for determining the 

instability of the roof-filling body system in GER can be 

calculated as shown in Table 2. 

Therefore, the current design parameters do not meet the 

necessary condition for the instability of the roof-filling 

body system in GER during the resistance-increasing 

support stage of the filling body, and the roof-filling body 

system will not lose stability at this stage. During the stable 

support stage of the filling body, the necessary condition for 

the instability of the roof-filling body system in GER has 

been met, but the sufficient condition has not been met, and 

the roof-filling system will not be unstable at this stage. 

 

 

5. Numerical investigations on roof-filling body 
failure characteristics subjected to filling body 
width-height ratio 

 

5.1 Numerical model and simulation plans 
 

O

z

n

B

H

Upper sheet

Middle sheet

Lower sheet

Table 1 Typical values of Ei, Eb, p1, p2, and p3 during two different stages 

Stage Ei (GPa) Eb (GPa) p1 (MPa) p2 (MPa) p3 (MPa) 

Resistance-increasing support stage of the filling body 5 0.1 0.5 1 0.1 

Stable support stage of the filling body 1 0.1 0.25 8 0.1 

Table 2 Necessary and sufficient conditions for determining the instability of the roof-filling body system in GER 

during two different stages 

Stage η 
Necessary condition 

for the instability 

2 3 2

i i 0

2 3

1 0 max

3
1

4 ( 0.5 ) 2b

e E h e G

E b L a b F u
 

  
 

Sufficient 

condition for the 

instability 

Resistance-increasing 

support stage of the filling 

body 

1.149 Not satisfied 0.23 Satisfied 

Stable support stage of the 

filling body 
-0.269 Satisfied 0.65 Not satisfied 
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Table 4 Calculating parameters of the filling body for the 

strain-softening model 

Parameters 
Density  

(kgm-3) 

Bulk modulus 

(GPa) 

Shear modulus 

(GPa) 

Value 1100 0.274 0.07 

 

Table 5 Parameters of the rock strata and coal seam 

Rock  

strata 

Thickness 

(m) 

Density  

(kg/m3) 

Bulk  

modulus 

(GPa) 

Shear  

modulus 

(GPa) 

Cohesion 

(MPa) 

Friction  

(°) 

Main roof 3.4 2670 1.9 1.2 3.2 37 

Immediate

 roof 
1.1 2720 1.7 0.94 1.42 20 

Coal 1.4 1400 1.1 0.73 2.1 16 

Immediate

 floor 
2.8 2680 1.9 0.93 1.5 24 

Main floor 3 2700 2.4 1.2 4.2 41 

 

 

FLAC3D software has been widely used to simulate the 

impact of coal mining stress, so it can be used to analyze 

the stability of the surrounding rock in GER (Lee et al. 

2021, Kim et al. 2019, Kwon and Lee 2018, Wang et al. 

2018, Li et al. 2020). According to the mining and geology 

conditions of the 1103 working face, the plane strain 

numerical simulation model shown in Fig. 5 was 

established. The model included the main floor (3 m), 

immediate floor (2.8 m), 2# coal (1.3 m), and immediate 

roof (1.1 m), the main roof (3.4 m). Meanwhile, considering 

the boundary effect, 20 m above and 20 m below the model 

were added to simulate the overlying strata and underlying 

strata, respectively. The overall size of the model was 145.2 

m×2 m×51.6 m (length×width×height), a total of 4374 

zones and 6888 nodes. The bottom of the model was fixed 

without displacement, and the normal displacement of the 

boundary was limit. On the top of the model, a vertical load 

of 4.605 MPa was applied to simulate the weight of the 

overburden. According to the distribution law of ground 

stress, the lateral pressure coefficient was set to 0.8. The 

roadside filling body was constructed by using high-water 

quick-setting materials with a water-cement ratio of 1.5:1.  
The filling body has obvious plastic characteristics, so 

the strain-softening model was used to simulate the roadside 
filling body. The Mohr-Coulomb model was used to 
simulate the roof and floor strata. To evaluate the influence 
of the gob stress recovery and the bearing characteristics of 
the caving zone on the mining abutment stress of longwall 
mining, the Double-Yield model is often used in FLAC3D to 
simulate the strain-hardening characteristics of the gob 
materials. 

According to the literature (Zhang 2016), it can be 
known that the strain-softening parameters of the filling 
body in the FLAC3D simulation are shown in Tables 3 and 
4. The detailed parameters of the rock strata and coal seam 
are shown in Table 5. 

 

 

Fig. 5 Roof-filling body system numerical model 

 

 

5.2 Parameter determination and model verification 
of the Double-Yield constitutive model for gob materials 

 

5.2.1 Parameter determination of the Double-Yield 
constitutive model for gob materials 

The load-bearing capacity of the gangue in the gob of 

the working face has a greater influence on the distribution 

law of the mining abutment stress. The greater the load-

bearing capacity, the smaller the mining abutment stress 

appears. Many scholars believe that the vertical stress at the 

edge of the gob is basically zero and gradually increases 

toward the middle of the gob until the in-situ stress level. 

When the distance to the gob was 0.12 to 0.6 times the 

depth of the coal seam, the stress in the gob was the original 

rock stress. As the depth of the coal seam was deeper, when 

the gob stress recovered, the closer it was to the edge of the 

gob; the materials in the gob showed the characteristic of 

strain hardening. Therefore, the initial model parameters 

were obtained using the Salamon’s model (Eq. (20)) (Bali 

and Mishra 2021, Yadav et al. 2020, Esterhuizen et al. 

2010, Morsy and Peng 2002). 
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，

，

 (20) 

Where, bg is the expansion coefficient of the gangue; 

εgmax is the maximum strain of the gob materials; hcav is the 

height of the caving zone; hm is the mining thickness of the 

coal seam; σcg is the initial vertical stress at the top of the 

coal seam; Eg0 is the initial modulus of the gob materials.  

In practice, the height of the caving zone is generally 2-

8 times the mining thickness of the coal seam. According to 

the geological conditions of the 1103 working face, the coal  

σv=4.605MPa

X

Z

Filling body Coal seamRoadway

σh=0.8σv

51.6m

145.2m

Overlying strata

Main roof

Immediate roof

Gob

Coal

Immediate floor

Main floor

Underlying strata

Table 3 Strain-softening parameters of the filling body 

Plastic parameters 0 0.01 0.06 0.07 0.12 0.14 0.16 1 

Cohesion（MPa） 3 3 2.4 1.9 1.75 1.5 1.35 1 

Friction（°） 30 30 24 24 24 24 24 16 
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Table 6 Stress-strain relationship of the gob materials 

Strain 

(m/m) 

Stress 

(MPa) 

Strain 

(m/m) 

Stress 

(MPa) 

Strain 

(m/m) 

Stress 

(MPa) 

0.01 0.1 0.08 1.1 0.15 4.24 

0.02 0.21 0.09 1.41 0.16 5.23 

0.03 0.32 0.10 1.69 0.17 6.58 

0.04 0.46 0.11 2.02 0.18 8.55 

0.05 0.6 0.12 2.41 0.19 11.66 

0.06 0.77 0.13 2.89 0.20 17.36 

0.07 0.95 0.14 3.49 0.21 31.13 

 

Table 7 main mechanical parameters of the Double-Yield 

model 

Parameters 
Density 

(kgm-3) 

Bulk 

modulus 

(GPa) 

Shear 

modulus 

(GPa) 

Friction  

(°) 

Dilatancy 

angle (°) 

Value 1800 6.8 5.53 24 7 

 

 
Fig. 6 Comparison result of the stress-strain relationship 

between the gob materials in the numerical model and the 

Salamon’s model 

 

 

seam mining thickness was 1.3 m, and the height of the 

caving zone was 4.5 m. Substituting the Eq. (20). It can be 

calculated that the expansion coefficient of the gob 

materials was 1.289, the maximum strain was 0.22, the 

initial vertical stress at the top of the coal seam was 5.895 

MPa, the initial modulus of the gob materials was 9.35 GPa. 

The stress-strain relationship of the gob materials was 

shown in Table 6. 

To determine the reasonableness and accuracy of other 

parameters of the Double-Yield model in FLAC3D, the 

unique element method was used for parameter verification. 

The unit block size was 1m×1m×1m, the displacement was 

fixed at the periphery and bottom of the model, and a fixed 

vertical velocity was applied to the top of the model. The 

main mechanical parameters of the Double-Yield model for 

the gob materials in FLAC3D were obtained by the trial-and-

error method inversion. The main mechanical parameters 

were as follows as shown in Table 7, the comparison result 

of the stress-strain relationship between the gob materials in 

the numerical model and the Salamon’s model was shown 

in Fig. 6. 

 

Fig. 7 Vertical stress distribution of 1103 gob 

 

 
Fig. 8 comparison of the actual measured surrounding 

rock deformation with the deformation obtained by the 

numerical simulation 

 

 

To verify the rationality of the parameters of the 

Double-Yield constitutive model for gob materials, the 

vertical stress data of the 1103 gob at the central height of 

the coal seam was recorded and extracted to obtain the 

vertical stress distribution law of 1103 gob as shown in Fig. 

7. This curve was compared with existing research results. 

It can be seen that the vertical stress at the edge of the 

1103 gob was zero; as the distance to the edge of the gob 

increased, the vertical stress in the gob increased rapidly. 

When the distance to the edge of the gob was 50 m, the 

vertical stress reached 5.19 MPa. That is, when the 1103 

gob was restored to the in-situ stress of 88.1% (5.19 

MPa/5.89 MPa), the depth of the coal seam at this distance 

was 21.2% (50 m/235.8 m), which was consistent with the 

results of other scholars. Therefore, the Double-Yield model 

and its parameters used in this model are appropriate. 

 
5.3 Global model verification 
 
To verify the rationality of the global model parameters, 

Fig. 8 showed the comparison of the actual measured 

surrounding rock deformation with the deformation  
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Fig. 9 Deformation of surrounding rock with respect to 

different width-height ratios 

 

 

obtained by the numerical simulation. The actual measured 

results were obtained from daily monitoring, and the 

numerical simulation results were obtained from time steps.  

The time steps were corresponding to different 

measuring times for comparison and analysis. The final roof 

to floor convergence between the measured results and the 

numerical simulation results had an error of 4.2%, and the 

error of the filling body rib to coal rib convergence was 

6.3%, the actual monitoring data and simulation results 

displayed by the two were the same. Therefore, the coal 

rock parameters used in this paper are appropriate. 

 

5.4 Simulation result analysis 
 

In this study, we focused on the deformation and 

instability of the roof-filling body system in GER. The 

width-height ratios of the filling body were selected to be 

0.4, 0.5, 0.62, 0.92, 1.23, 1.54, and 1.85, then the 

deformation, stress of the roof-filling body system, and the 

plastic zone were analyzed. Fig. 9 showed the deformation 

of surrounding rock with respect to different width-height 

ratios.  

From Fig. 9, it can be seen that: as the width-height ratio 

of the filling body increased, the floor heave increased 

rapidly, the roof subsidence, the filling body rib 

convergence, and the coal rib convergence decreased 

slowly, and the roof sinks increased and then decreased; as 

the width-height ratio of the filling body increased, the 

convergence of the filling body rib to the coal rib increased 

and then decreased, and the convergence of the roof to floor 

gradually increased. 

Fig. 10 showed the vertical stress and plastic zone 

distributions of the roof-filling body system with respect to 

different width-height ratios. 

From Fig. 10, it can be seen that: as the distance to the 

roadway increased, the stress of the filling body increased 

rapidly, and the roof stress decreased slowly; when the 

width-height ratio was greater than 0.62, with the decrease 

of the width-height ratio, the peak stress of the filling body 

gradually decreased; when the width-height ratio was 

greater than 0.92, as the distance to the roadway increased, 

the roof stress increased and then decreased; as the distance 

to the roadway increased, the stress increased and then 

decreased; as the width-height ratio increased, the coal rib 

stress increased little, the peak stress was located at 10.5 m 

to 11 m away from the roadway rib. 

Meanwhile, it can be seen that: as the width-height ratio 

increased, the shear failure and tensile failure had always 

occurred on the filling body close to the retained roadway; 

when the width-height ratio was greater than 1.54, the 

internal tensile failure of the filling body decreased and the 

shear failure increased; as the width-height ratio increased, 

both the shear failure and tensile failure always occurred on 

the roof close to the gob. When the width-height ratio of the 

filling body was greater than 0.92, the roof mainly suffered 

from shear failure. 

 

 

6. Conclusions 
 

This paper investigates failure characteristics and 

stability analysis of the roof-filling body system in GER of 

Heilong coal mine, China. Theoretical analysis and 

numerical simulation of the roof-filling body system of in 

GER of 1103 working face belt transportation roadway 

were conducted. 

Cusp catastrophe model of the roof-filling body system 

in GER was established to analyze the system stability 

including the necessary condition and sufficient condition. 

The necessary condition for the stability of the roof-filling 

body system in GER is that the stiffness ratio of the roof to 

the filling body was greater than 1. The sufficient condition 

for the instability of the roof-filling body system was that 

the bifurcation set equation of the system was greater than 

0. The more the immediate roof stiffness decreased, the 

more energy the roof-filling body system released. When 

the rigidity of the immediate roof remained unchanged, the 

greater the stiffness of the filling body and the smaller the 

stiffness ratio, the more energy the system released. The 

current design parameters in GER of 1103 working face belt 

transportation roadway could ensure the roof-filling body 

system stable during the resistance-increasing support stage 

of the filling body and the stable support stage of the filling 

body. 

A global numerical model in FLAC3D was established to 

analyze the roof-filling body system stability with respect to 

different width-height ratios of the filling body. The 

Double-Yield model was used to simulate the strain-

hardening characteristics of the gob materials, and the 

strain-softening model was used to simulate the plastic 

characteristics of the roadside filling body. The global 

model and its parameters were verified by comparison the 

in-site measured surrounding rock deformation data with 

the simulated data. The numerical simulation results 

showed that the width-height ratio of the filling body had a 

great influence on the stability of the roof-filling body 

system. When the width-height ratio was greater than 0.62, 

with the decrease of the width-height ratio, the peak stress 

of the filling body gradually decreased; when the width-

height ratio was greater than 0.92, as the distance to the 

roadway increased, the roof stress increased and then  
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decreased. When the width-height ratio was equal to 0.92, 
the displacement of the filling body was the largest. 

The findings in this study would lead to better 
understanding of the failure characteristics and stability 
mechanism of the roof-filling body system in GER and 
provide a new research method to analyze the stability of 
the roof-filling body system under similar mining and 
geological conditions.  
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(a) width-height ratio 0.4 (b) width-height ratio 0.5 

  
(c) width-height ratio 0.62 (d) width-height ratio 0.92 

  
(e) width-height ratio 1.23 (f) width-height ratio 1.54 

 
(g) width-height ratio 1.85 

Fig. 10 Vertical stress and plastic zone distributions of the roof-filling body system with respect to different width-height 

ratios 
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