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A B S T R A C T   

Solid waste filling and roadway retaining can effectively control surface subsidence and alleviate 
solid waste accumulation pollution. In order to effectively evaluate the advantages of solid waste 
filling in deformation control of overlying strata and surrounding rock of retained roadways, this 
study used theoretical analysis and numerical simulation methods to analyze the factors affecting 
surface subsidence, as well as the deformation characteristics of surrounding rocks and retaining 
tunnels during backfill mining. By calculating the influence of factors such as the foundation 
coefficient and the filling rate on the subsidence of the roof, it is concluded that the filling rate is 
the main controlling factor affecting the subsidence of the roof. Through simulation and 
comprehensive analysis of the impact of different filling rates on overlying rock migration, it was 
found that when the filling rates are 70 % and 80 %, it can effectively control the subsidence of 
overlying rock in the mining area. By simulating the effects of these two filling rate conditions on 
the deformation of surrounding rock within the retained roadway zone, the results show that the 
optimal filling rate that can effectively control the subsidence of the overlying rock and improve 
the stability of the retained roadway is 80 %.   

1. Introduction 

Coal mining is associated with a number of environmental problems. On the one hand, coal mining causes the movement and 
destruction of overlying rock strata, which results in the loss of groundwater and the destruction of surface vegetation [1–3]. On the 
other hand, some coal mining processes affect the extraction rate of coal resources, resulting in a waste of coal resources [4–7]. The 
process of coal mining also produces a large amount of coal gangue waste, which accumulates on the surface, occupies good land and 
pollutes surface water and groundwater [8–12]. 

Technical bottlenecks in the traditional coal mining field constrain the development of the coal mining field. Many mines have 
experienced decades of high-intensity mining leading to a surge in mining difficulty [13–15]. The method of leaving large-scale coal 
pillars in mines not only loses a large amount of coal resources, but also produces stress concentration phenomenon that affects the 
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safety of the mines. In order to alleviate the surface subsidence caused by coal mining resources, reduce the environmental problems 
caused by the accumulation of coal gangue waste, and improve the extraction rate of coal resources, it has become an important 
technology to combine roadway retaining and solid waste filling process. Many scholars have conducted research on this. Some 
scholars have analysed the technical difficulties and construction keys of the roadway retaining and solid waste filling [16–19]. Some 
scholars have analysed the deficiencies of the roadway retaining and solid waste filling technology, and put forward the formation of 
roadside support by filling gangue belt and grouting reinforcement of filling body [18,20–22]. Therefore, it further improves the 
deficiency of this technology in deep filling mining conditions [23–26]. Some scholars constructed a structural mechanics model of 
roadway retaining and backfill mining under the thick hard roof, and analysed that improving the filling rate is the main means of 
controlling the deformation of the retained roadway [27–29]. Some scholars have proposed a new stable synergistic bearing structure 
for roadway retaining and backfill mining，which is called “load-bearing rock layer - filling body - roadside support body - coal body”, 
and analysed the support characteristics of its constituent elements [30]. 

The objective of this study is to investigate the protective role of coal gangue waste on the rock strata above the goaf and the 
retained roadway during underground backfilling mining. The research employs theoretical calculation and numerical simulation 
techniques to examine the factors that influence surface subsidence, the migration behavior of overburden rock, and the deformation 
characteristics of retained roadways in fill mining [31]. The theoretical calculation confirms the significant impact of the filling rate on 
controlling roof subsidence. Then, the effects of various filling rates on surrounding rock fragmentation and roof subsidence are 
analysed by numerical simulation. Ultimately, the study evaluates the impact of the filling rate on the stability of the retained 
roadways explores the optimal filling rate scheme, which guides the field engineering practice. 

2. Project overview 

CT21201 of Hulusu Coal Mine is a coal mining face with filling and retaining roadway, which is located in the middle of 2–1 coal 
panel of Hulusu minefield. The working face is 80 m wide, with roadways on each side measuring 5.4 m in width. The coal seam is 
located at a depth of 630~640 m, and it has a dip angle ranging from − 3◦ to +3◦, making it a nearly horizontal coal seam. The average 
thickness of the coal seam, immediate roof, main roof, immediate floor, and hard floor are 3.2 m, 4 m, 10 m, 8 m, and 12 m, 
respectively. Fig. 1 shows the project background map. 

3. Mechanical model of gob side entry retaining for filling mining 

In order to analyze the main controlling factors of roof subsidence, a mechanical model of backfill mining is established based on 
the collaborative control method of backfill mining. The coordinate system is established, with the origin located at the intersection 
point of the filling body’s edge and the side support of the roadway. The x-axis is aligned with the inclination direction of the working 
face, while the y-axis represents the height direction of the roadway. Q is the equivalent uniformly distributed load on the upper part, 
kmy represents the support force at the coal wall. kzy is the support force at the retained roadway. key is the support force for the side 
support of the roadway. kcy is the supporting force of the filling body in the goaf. By applying the Winkler hypothesis and taking into 
account relevant literature, the differential equation for the deflection of rock beams is obtained as shown in Equation (1). 

y=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

eαx[A1 sin(αx) + A2 cos(αx)] + e− αx[A3 sin(αx) + A4 cos(αx)] +
q

km
x ∈ ( − L1 − L2 − L3, − L2 − L3)

eβx[B1 sin(βx) + B2 cos(βx)] + e− βx[B3 sin(βx) + B4 cos(βx)] +
q
kz

x ∈ ( − L2 − L3, − L3)

eδx[C1 sin(δx) + C2 cos(δx)] + e− δx[C3 sin(δx) + C4 cos(δx)] +
q
ke

x ∈ (− L3, 0)

e− γx[D1 sin(γx) + D2 cos(γx)] + eγx[D3 sin(γx) + D4 cos(γx)] +
q
kc

+ fc x ∈ (0,L4)

e− αx[E1 sin(αx) + E2 cos(αx)] + eαx[E3 sin(αx) + E4 cos(αx)] +
q

km
x ∈ (L4,L4 + L5)

(1) 

The relationship equation among the rotation angle (x) , bending moment M(x), shear force Q(x) , and deflection y is expressed by 

Stratum Rock name Coal seam histogram Thickness(m)

Roof 

Sandy mudstone 40 

21enotstliS

Sandy mudstone 32 

Medium grained 

sandstone 
10 

Sandy mudstone 4 

Coal seam 2.3laoC

Floor 

Sandy mudstone 8 

Fine grained 

sandstone 
12 

Fig. 1. Project background.  
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the following equation (2). 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

θ(x) =
dy
dx

M(x)= − EI
d2y
dx2

Q(x)= − EI
d3y
dx3

(2) 

The continuity conditions at connection points x= − L2, x= 0, and x = L3 are shown in equation (3). 
⎧
⎪⎪⎨

⎪⎪⎩

y1(− L3) = y2(− L3)

θ1(− L3) = θ2(− L3)

M1(− L3) = M2(− L3)

Q1(− L3) = Q2(− L3)

⎧
⎪⎪⎨

⎪⎪⎩

y2(0) = y3(0)
θ2(0) = θ3(0)

M2(0) = M3(0)
Q2(0) = Q3(0)

⎧
⎪⎪⎨

⎪⎪⎩

y3(L4) = y4(L4)

θ3(L4) = θ4(L4)

M3(L4) = M4(L4)

Q3(L4) = Q4(L4)

(3) 

Using software maple to calculate, specific values of parameters A1， A2， B1， B2， C1， C2， D1， D2，E1 and E2 can be 
obtained. By using the above equation and Table 1, it becomes possible to calculate the correlation curve between the primary factors 
depicted in Fig. 2 and the settlement of the roof. 

From Fig. 2a, the elastic modulus of the immediate roof has little effect on the control of the roof. The higher the elastic modulus of 
the immediate roof, the slower the speed at which the roof subsidence reaches a stable state. When the immediate roof’s elastic 
modulus is increased from 6 GPa to 18 GPa, the peak distance from the working surface increases from 8 m to 10 m. At this point, the 
unfilled height is set to 1.6 m, and the final roof settlement value is calculated to be 1.64 m. This indicates that the correlation between 
the immediate roof elastic modulus and roof settlement is relatively small. 

In accordance with Fig. 2b, set the filling height to 1.6 m, and when kc increases from 0.02 to 0.3 GN/m3. At that time, the peak 
value of roof settlement decreased from 2.42 m to 1.7 m. At the position close to the working face, the subsidence of the roof increases 
with the increase of kc value. At the filling position, the subsidence of the roof demonstrates a negative relationship with the kc value. 

The final settlement of the roof is greatly influenced by the amount of unfilled space above the filling body, as presented in Fig. 2c. 
When fc is 0.32 m, 0.64 m, 0.96 m, and 1.28 m, the respective maximum settlement values of the roof are 0.37 m, 0.7 m, 1.03 m, 1.36 m, 
and 1.7 m. It can be observed that the higher the filling height, the more effective the control over roof settlement. Therefore, when fc is 
controlled at a suitable position, the roof of the goaf will not experience significant settlement. 

4. Model establishment 

Based on the actual conditions of the CT21201 working face in Hulusu Coal Mine, a numerical simulation model is established. The 
middle part of the 2–1 coal seam in the Hulusu mining area is the CT21201 working face. The working face is 80 m wide. The coal is 
situated at a depth ranging from 630 m to 640 m, and it has an average height of 3.2 m. The model is constructed using the FLAC3D 
software. The model’s X direction length measures 170.8 m, including an 80 m working face with 5.4 m wide roadways and 40 m wide 
coal pillars on both sides. The roadside support is 3 m wide and 3.2 m high, positioned adjacent to the left roadway near the goaf. There 
are 400 m in the Y direction, with a 300 m advance in the working face and 50 m coal pillars arranged on both sides. The model is 121.2 
m high, including 20 m high floor, 3.2 m high coal seam and 98 m high roof. To simulate the upper strata pressure, the model’s upper 
surface is subjected to a vertical downward load. The grid division of the 3D model is shown in Fig. 3. The stratigraphic parameters are 
shown in Table 2. 

5. Effect of filling rate on overburden migration law in goaf 

5.1. Development characteristics of overburden plastic zone in stope under different filling rates 

The plastic zones’ distribution under various filling rates is illustrated in Fig. 4. The filling rates are 50 %, 60 %, 70 %, 80 % and 90 
% respectively, and the equivalent mining heights are 1.6 m, 1.28 m, 0.96 m, 0.64 m and 0.32 m respectively. When the filling rate is 50 
%, as shown in Fig. 4a, the plastic zone extends into the main key stratum, the development height has expanded to about 78 m above 
the basic roof, and about 50 m above the working face. The plastic zone is close to the top of the model and has a continuous upward 
trend. When the filling rate is 60 %, as shown in Fig. 4b, there is a plastic zone distributed in the middle of the main key stratum, where 
the overlying rock has weakened. When the filling rate is 70 %, as shown in Fig. 4c, the plastic zone is fully developed. The plastic zone 

Table 1 
Value range of actors affecting roof subsidence.  

Average volume force of 
overburden 
γ/(kN /m3)

Elastic foundation coefficient 
of coal km/ (GN /m3)

Elastic foundation coefficient of 
backfill kc/ (GN /m3)

Elastic modulus of 
immediate roof rock beam 
E/GPa 

Height of gap between filling 
body and roof fc/m 

25 0.2～0.6 0.02～0.3 5～20 0.32～1.6  

K. Sun et al.                                                                                                                                                                                                             



Heliyon 9 (2023) e21729

4

develops below the key stratum, with small saddle shaped undulations, and most of the rock layers undergo shear failure, and the 
control of roof subsidence has achieved good results. When the filling rate is 80 %, as shown in Fig. 4d, the damage to the rock layer is 
relatively small, and the plastic zone is located below the key stratum, which improves the safety of mining and the stability of the 

Fig. 2. Influence factors: (a) E; (b) kc; (c) fc.  

Fig. 3. Numerical simulation model.  

Table 2 
Physical and mechanical parameters of coal and rock strata.  

Number Rock lithology Thickness/ 
m 

Density/ 
kg • m-3 

Bulk modulus/ 
GPa 

Shear modulus/ 
GPa 

Friction 
angle/◦

Tensile 
strength/MPa 

Cohesion/ 
MPa 

1 Sandy mudstone 40 2530 5.02 4.63 40 2.11 2.45 
2 Siltstone 12 2468 10.26 7.39 38 1.98 2.15 
3 Sandy mudstone 32 2545 5.25 6.24 36 2.14 3.02 
4 Medium grained 

sandstone 
10 2580 4.35 2.36 37 2.38 2.72 

5 Sandy mudstone 4 2465 3.14 2.78 36 1.65 1.38 
6 Coal 3.2 1312 0.86 0.51 25 0.62 0.18 
7 Sandy mudstone 8 2590 6.56 5.03 37 2.19 2.73 
8 Fine grained 

sandstone 
12 2638 8.45 5.89 38 1.56 1.92 

9 Roadside support 3.2 2480 3.76 1.97 29 1.67 1.63  
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retained roadway. When the filling rate achieves 90 %, as shown in Fig. 4e, a large number of filling bodies have the best control effect 
on the subsidence of the overlying strata, and there will be no significant aggravation phenomenon in the working face. 

5.2. Distribution law of overburden stress in stope under different filling rates 

The stress distribution diagram under various filling rates of 50 %, 60 %, 70 %, 80 %, and 90 % are shown in Fig. 5a, b, Fig. 5c, d, 
and Fig. 5e, respectively. Table 3 displays the maximum values of the advance support pressure observed at different filling rates. The 
distribution of peak pressure of advanced support is shown in Table 3. As the filling rate increases, the difference in stress distribution 
becomes larger, and the peak pressure of advanced support decreases and gradually approaches the working face. At a filling rate of 50 
%, as shown in Fig. 5a, the advance support pressure reaches a peak value of 32.17 MPa, and the peak stress point is 16.32 m away from 
the working face. As shown in Fig. 5d, when the filling rate is increased to 80 %, the peak value of advance support pressure is 27.56 
MPa, which is 7.68 m away from the working face, the stress peak decreases by 4.61 MPa, and the distance of peak point moving closer 
along the working face is 8.64 m. As shown in Fig. 5e, when the filling rate reaches 90 %, although the high stress range at the front end 
of the working face decreases, the peak value of the advance support pressure increases rather than decreases compared to 80 %. In the 
case of high filling rate, the coal gangue waste filling body provides good support for the roof. However, the overburden stress ac-
cumulates to the coal wall at the front end of the working face and the rear end of the setup entry, causing stress concentration, which is 
easy to form accidents such as wall fragmentation and roof fall, and is unfavorable for the safety of the roadway. 

Therefore, when the filling rate is 80 %, a good surrounding rock stress distribution can be formed, and the stability and reliability 
of the roadway can be improved. When the filling rate is lower than 70 %, the advance support pressure is large and has a wide in-
fluence range. When the filling rate is higher than 90 %, the advance support pressure has a small influence range but a large peak 
value. 

5.3. Displacement characteristics of overburden in stope under different filling rates 

Fig. 6(a− e) display the displacement nephogram when various filling rates are employed, and Fig. 7(a− d) show the subsidence 
curves of the overlying rock at different filling rates. When the filling rate is 50 %, as shown in Figs. 6a and 7(a− d), the maximum 
vertical displacement of overburden is 1368 mm. There are varying degrees of displacement mutations in various parts of the overlying 
rock, and the vertical displacement of the main key stratum is about 900 mm, which has a significant impact on the deformation of the 
roadway and also poses some safety hazards. When the filling rate is 60 %, as shown in Figs. 6b and 7(a− d), the maximum vertical 
displacement is 430 mm less than that when the filling rate is 50 %. The main key stratum has a small vertical displacement, while the 
sub key stratum is fractured, which is not conducive to maintaining the stability of the retained roadway. When the filling rate is 70 %, 
as shown in Figs. 6c and 7(a− d), the main key stratum and sub key stratum will not break, and the immediate roof and main roof will 
break, which will influence the stability of the retained roadway to a certain extent, but the impact is relatively small compared with 
the filling rate of 50 % and 60 %. When the filling rate is 80 %, as shown in Figs. 6d and 7(a− d), the roof is fractured, with a maximum 

Fig. 4. Plastic zone diagram under different filling rates: (a) 50 %; (b) 60 %; (c) 70 %; (d) 80 %; (e) 90 %.  
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vertical displacement of 369 mm. The basic roof failure is relatively small, and the effect of controlling overlying rock movement is 
good. When the filling rate is 90 %, as shown in Fig. 6e, the roof overburden subsidence can be well controlled, the main roof will not 
break, and the working face will not form obvious late weighting, ensuring the safety of the retained roadway as much as possible. 

6. Effect of filling rate on deformation characteristics of retained roadway 

6.1. Development characteristics of plastic zone of roadway retaining surrounding rock under different filling rates 

When the working face advances 240 m and the filling rate is 70 %, the plastic zone at 40 m in front and behind the working face is 
shown in Fig. 8a and b. As shown in Fig. 8a, the plastic zone of the roof and floor of the roadway develops upwards and downwards for 
about 5 m, and the wall of the roadway develops to a depth of about 4 m. The main failure modes of surrounding rock are shear failure 
and tensile failure, with severe weakening. In Fig. 8b, the plastic zone of the roadway roof and floor develops 5 m upward and 4 m 
downward, and the development range of the left coal wall is about 6 m. The right side runs through the entire support side of the 
roadway and continues to develop towards the goaf, forming large-scale shear and tensile failure zones on both sides of the retained 
roadway. 

Fig. 9a and b demonstrate the plastic zone when the filling rate is 80 % at a distance of 40 m in front and behind the working face. 
Fig. 9a reveals that the plastic zone extends 4 m upward along the roof, 4 m downward along the floor，and 4 m along both sides of the 
wall. In Fig. 9b, The development height of the plastic zone behind the working face is 4 m, and the development depth at the floor and 
coal wall is about 4 m, It has also runs through the goaf on the side of the roadway support body. The filling rate increment from 70 % to 
80 % results in a reduction of the plastic zone to the immediate roof area. 

Fig. 5. Stress nephogram under different filling rates: (a) 50 %; (b) 60 %; (c) 70 %; (d) 80 %; (e) 90 %.  

Table 3 
Peak distribution of leading abutment pressure under different filling rates.  

Filling rate/% Maximum advance support pressure/MPa Stress concentration factor Distance from working face/m 

50 32.17 2.04 16.32 
60 30.10 1.91 13.21 
70 28.72 1.82 11.35 
80 27.56 1.75 7.68 
90 29.48 1.85 4.08  
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6.2. Stress distribution characteristics of surrounding rock under different filling rates 

When the working face is advanced by 240 m and the filling rate is 70 % and 80 %, the distribution of vertical stress at different 
positions on the left and right sides of the roadway in the coal seam is shown in Fig. 10a, b, 11a, 11b. As the distance from the left side 
of the roadway increases, the vertical stress along the coal seam gradually decreases until it approaches the original rock stress. When 

Fig. 6. Displacement nephogram under different filling rates: (a) 50 %; (b) 60 %; (c) 70 %; (d) 80 %; (e) 90 %.  
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the distance from the left side of the roadway is 5 m, a peak stress occurs. Compared with a 70 % filling rate, the lower the stress at 80 % 
filling rate, the better the stress distribution. On the right side of the roadway, the stress in the leading working face continuously 
decreases towards the goaf side. On the side of the goaf, it gradually increases from the right side of the retained roadway to the goaf 
side, and the increase and decrease of both tend to stabilize at a distance of 20 m from the right side of the retained roadway. Compared 
with the 70 % filling rate, when the filling rate is 80 %, the stress value at the same position of the goaf on the right side of the retained 
roadway is greater, so an 80 % filling rate can form better support for the roof. 

6.3. Deformation law of retained roadway under different filling rates 

In Fig. 12a and b, the surface deformation of the retained roadway under the condition of 80 % filling rate is less than that under the 
condition of 70 % filling rate. The area with the greatest deformation in the remaining roadway occurs at the roof of the roadway, 
followed by the two sides of the roadway, and the area with the smallest deformation is the floor of the roadway. In addition, the 
deformation patterns of the roof and sides of the retained roadway are similar. The deformation of the roof and edge is continuously 
decreasing and stabilizing along the advancing direction of the working face, and tends to stabilize at 10–20 m ahead of the working 
face. The deformation along the goaf direction from the working face first increases and then tends to stabilize, and tends to stabilize at 
a distance of 30–50 m behind the working face. The deformation of the floor is close to a straight line. After analysis, the first reason is 
that the floor itself has good physical and mechanical properties. Secondly, considering the fact that the working face is 80 m and 
relatively short, as well as factors such as goaf filling, these factors to some extent weaken the rock pressure of the floor and reduce the 
deformation of the floor. Under the conditions of 70 % and 80 % different filling rates, when the working face was advanced by 240 m, 
the evolution law of the surface displacement of the retained roadway at different positions in front of and behind the working face is 
analysed. When the filling rate is 80 %, the surface deformation and deformation gradient of each part of the roadway are smaller than 
when the filling rate is 70 %. From the angle of roadway deformation, it is revealed that 80 % filling rate can effectively control 
roadway deformation and improve the stability of roadway. 

7. Discussion and conclusion 

7.1. Discussion 

By establishing a mechanical model, the influence of factors such as the elastic modulus and filling rate of the immediate roof on the 
subsidence of the roof was analysed. The subsidence of the roof is mainly controlled by the filling rate, with little influence from 
changes in the elastic modulus of the immediate roof and the elastic foundation coefficient of the filling body. When fc is 0.32 m, 0.64 
m, 0.96 m, 1.28 m, and 1.6 m, the roof’s maximum subsidence values are 0.37 m, 0.7 m, 1.03 m, 1.36 m, and 1.7 m. It is evident that a 
higher filling rate leads to improved roof control, thereby achieving the objective of ensuring roof safety. 

Through a comprehensive analysis of the development characteristics, vertical stress field, and displacement field evolution of the 
plastic zone under the conditions of 50 %, 60 %, 70 %, 80 %, and 90 % filling rates, it is believed that when the filling rate reaches 70 % 
or above, the roof control effect is good. However, when the filling rate reaches 90 % or above, the peak value of advanced support 
stress increases sharply. Further analysis was conducted on the safety of the roadway when the filling rate was 70 % and 80 %, and it 
was found that when the filling rate was 80 %, the development range of the plastic zone and peak stress around the roadway was 
smaller than when the filling rate was 70 %. 

Fig. 8. Distribution diagram of plastic zone under 70 % filling rate: (a) 40 m in front of the working face; (b) 40 m behind the working face.  

Fig. 9. Distribution diagram of plastic zone under 80 % filling rate: (a) 40 m in front of the working face; (b) 40 m behind the working face.  
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7.2. Conclusion 

Taking the CT21201 working face of Hulusu Coal Mine as the engineering background, the influence of filling rate on the migration 
law of surrounding rock in the mining area and retained roadway is analysed. The conclusion is as follows. 

(1) The analysis of the influence curve of factors such as the elastic modulus of the immediate roof and filling rate on roof sub-
sidence shows that filling rate is the main control factor for roof settlement, while other factors have little impact on roof 
settlement.  

(2) When the filling rate is between 70 % and 80 %, stress distribution, the plastic zone failure range, and roof subsidence in the 
mining area are well controlled, improving the continuity and stability of the overlying rock layer, and ensuring the safety of the 
retained roadway.  

(3) Compared with a filling rate of 70 %, a plastic zone with an 80 % filling rate has a smaller development range and can be 
effectively controlled in the immediate roof area. When the filling rate is 80 %, compared to 70 %, the stress value decreases and 
the stress distribution state is better. The deformation of each part of the retained roadway at 80 % filling rate is less than 70 %. 
It indicates that an 80 % filling rate is more favorable for the stability control of the roadway. 
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Fig. 10. Vertical stress curve at a filling rate of 70 %: (a) Coal wall side; (b) Goaf side.  
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