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Abstract
Coal mining under the geological conditions of a loose layer will lead to the intensification of surface movement and deforma-
tion, and mining under the geological conditions of a fault will lead to the living slip of a fault. Mining under both conditions 
will have a great impact on the safety of coal production. To reveal the evolution law of the coupling mechanism of loose 
layer and fault on the multi-physical fields of overburden, the numerical simulation method is used to simulate the coupling 
of loose layer and fault with different thicknesses, analyze the changes of vertical stress on the key strata, the changes of 
surface subsidence, the evolution of elastic energy on the fault zone and the changes of activated slip area of the fault zone. 
The simulation analysis shows that the vertical stress change trend of the key strata gradually changes from the "V" shape to 
the "W" shape at the beginning of mining, and the vertical stress concentration will occur at the fault. The loose layer will 
promote surface subsidence, and the fault will hinder the surface subsidence to a certain extent. The loose layer and the fault 
alternately affect the surface subsidence. The elastic energy accumulation on the key strata is mainly concentrated on both 
sides of the goaf. The elastic energy in the center of the goaf is dissipated. The elastic energy accumulation in the fault zone 
starts from the shallowly buried fault and gradually develops to the deeply buried fault. The instability of fault activation has 
gone through the initial stage of activation—the intensification stage of activation—the stable stage of activation. Under the 
working conditions of no loose layer, thin loose layer, and thick loose layer, the fault zone is the first to undergo living slip, 
and under the action of an extra-thick loose layer, there is a certain lag in the activation slip of the fault zone.
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1  Introduction

Coal is the main energy in the world and plays an irreplace-
able role in world economic development (Jiang et al. 2019a, 
b, c; Rahmatmand al. 2023). Against the background of 
increasing coal demand, the geological conditions of coal 
mining are becoming more and more complex (Wu et al. 

2018; Lu et al. 2016; Jiang et al. 2019a, b, c). Faults and 
joints widely exist in the underground rock mass and directly 
affect the macro mechanical properties of rock mass, such 
as load resistance, deformation capacity, shear strength, etc. 
(Jiang et al. 2019a, b, c). The occurrence environment of 
complex geological structures such as faults is an impor-
tant inducement for dynamic disasters such as rockburst 
(Rehcock Sander et al. 2018). Generally, when the coal 
mining working face is close to a fault, the fault that is ini-
tially in equilibrium will produce a series of chain effects 
under the influence of mining, such as fault stress concentra-
tion (Souque et al. 2019), and cracks and sinking steps will 
appear on the surface (Ścigała and Szafulera 2020). When 
there is a loose layer in the stratum with fault, the mining of 
coal resources will be more difficult. The loose and unsta-
ble structural characteristics of a loose layer will make the 
formation damage process more complex.

Wang et al. (2020) established the FLAC3D numerical 
model based on the geological conditions of the No. 6303 
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working face of the Jisan Coal Mine of Yanzhou Mining 
Group and calculated it. They studied the blocking effect 
of fault on vertical stress, horizontal stress, and shear 
stress. The research shows that the stress concentration 
area on the fault zone will gradually expand to the hanging 
wall as the working face advances. Through experimental 
research, numerical simulation, and on-site microseismic 
monitoring Cai et al. (2021), verified the mechanism that 
the superposition of static stress and dynamic stress in the 
process of mining leads to fault activation and induced 
shock. Shen et al. (2021) found that the stress around the 
dam was abnormal due to the influence of the fault during 
the monitoring of the dam near a coal mine in Australia. 
The stress around the dam was redistributed, resulting in 
stress concentration in the hanging wall and stress release 
in the footwall. Fernández-Torres et  al. (2022) found 
that fault activity has affected the ground subsidence of 
Mexico City for more than 100 years. The research results 
show that the ground bench subsidence caused by faults 
has occurred in the northeast part of Mexico City and the 
suburbs, and the maximum local subsidence has reached 
423 mm/a. Brunori et al. (2015) studied the influence of 
thick loose layer sedimentation and fault existence through 
InSAR technology and field monitoring. The research 
results show that a 1.5 km long ground crack occurred in 
Halysco, Mexico, which led to the deformation of roads 
and the expansion of cracks in adjacent buildings. They 
believe that surface deformation and cracks are affected 
by both loose layers and faults. Cao et al. (2022) studied 
the working conditions of water inrush from coal seams 
when mining deep-buried coal seams under fault geologi-
cal conditions and established a corresponding evaluation 
model for fault seepage barrier capacity. The results show 
that aquifers can threaten the stability of fault zones and 
have a certain impact on coal mining. Sainoki et al. (2014) 
took full account of various factors that may cause fault 
slip, established a fault model of the mineral deposit, and 
carried out dynamic numerical simulation analysis. The 
research results show that the fault will lead to slipping 
in the process of mining, which is easy to cause safety 
accidents in coal mining. When there is a loose layer on 
the surface, the surface subsidence has special character-
istics compared with that when there is no loose layer. 
When there is a thick loose layer, the maximum surface 
subsidence value may be greater than the mining height of 
the coal seam (Garcia et al. 2022). During the coal seam 
mining process, the rock stratum will form a collapse zone, 
fracture zone, and bending zone (Shoaib et al. 2022). Lai 
et  al. (2021) used similar simulation experiments and 
numerical simulation experiments to analyze the over-
burden migration and the development of water-flowing 
fracture zone in the mining of three soft coal seams under 
thick loose beds. The research shows that the movement 

of the loose layer presents a "Hyperbolic" shape, and the 
development of the water-conducting fracture zone has 
gone through five stages.

Based on the research of many scholars, it has been found 
that the existence of loose layer and faults will cause con-
siderable security risks to coal mining, but how the overbur-
dened multi-physical fields change when they are coupled 
will be the focus of this paper. In this paper, from the point 
of view of the coupling between loose layer and fault, a 
numerical simulation model is established to study the ver-
tical stress variation law of key strata, surface subsidence 
characteristics, energy evolution of fault zone, and active 
slip surface product of fault zone when different loose layer 
thickness and fault coupling are in the process of mining. 
The purpose of this paper is to reveal the characteristics of 
the multi-physical field evolution of rock strata under special 
geological coupling, to provide theoretical guidance for safe 
and efficient mining of coal mines.

2 � Numerical simulation

2.1 � Numerical simulation model

This paper researches the evolution of the overburdened multi-
physical fields caused by coal mining when only loose layers 
exist and when loose layers are coupled with faults. A numeri-
cal model is established with a length of 1200 m, a width of 
1200 m, and a height of 300 m. The thickness of the coal is 
5 m, the coal is horizontal, the thickness of the fault is 5 m and 
the dip angle of the fault is 55°. The grid size is 30 m × 30 m, 
with a total of 44,800 cells and 48,790 nodes. The excavation 
size of the model is 400 m × 360 m, the working face is 400 m 
long in direction and 360 m long in tendency, and each exca-
vation step is 30 m × 400 m, and the excavation is completed 
in 12 steps. Currently, the commonly used contact surface 
method and fault zone weakening method are used to simulate 
fault (Chen et al. 2021). The contact surface method is to set 
contact surfaces between the upper and lower wall rock masses 
to simulate the contact between rock layers. The weakening 
assignment method refers to the method of simulating faults 
by assigning parameters to a certain area that are significantly 
lower than the surrounding rock mass in the simulation. Using 
the weakening method to simulate the fault fracture zone, the 
model response effect is more obvious, and its numerical value 
is also convenient for further research. Therefore, this arti-
cle uses this method to simulate the fault zone for subsequent 
research. The bottom boundary and the surrounding boundary 
of the model constrain the boundary displacement and veloc-
ity. The top of the model is a free boundary, the initial state 
is self-weight equilibrium, and a trapezoidal uniform load is 
applied horizontally, which is 0.5 times the vertical stress. The 
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calculation model without fault is shown in Fig. 1a, and the 
calculation model with fault is shown in Fig. 1b.

2.2 � Rock mechanics parameters

Rock is an elastic–plastic material in FLAC3D, which will be 
destroyed and weakened when it reaches the yield strength in 
the process of coal mine excavation, so the Moore-Coulomb 
failure criterion is adopted. The relationships between bulk 
modulus (K) and shear modulus (G), elastic modulus (E), and 
Poisson's ratio (v) in FLAC3D are shown in Eqs. (1) and (2). 
The physical and mechanical property distribution of each rock 
stratum is shown in Table 1.

(1)K =
E

3(1 − 2v)

(2)G =
E

2(1 + v)

2.3 � Multi‑physical fields data monitoring

Figure 2 shows the layout of ground subsidence monitoring 
points and key strata stress monitoring points. The surface 
subsidence information is monitored by 50 monitoring points 
on the surface, and the vertical stress changes of key strata 
are monitored by 50 monitoring points in key strata during 
mining.

According to the laws of thermodynamics, energy dissipa-
tion is the essential attribute of rock deformation and failure, 
which reflects the continuous development of micro defects in 
rock, the continuous weakening of strength, and the ultimate 
loss process. Therefore, energy dissipation is directly related 
to damage and strength loss, and the amount of energy dis-
sipation reflects the degree of initial strength attenuation (Xie 
2005).

The energy relationship of rock mass element under a com-
plex stress state is shown in Eq. (3).

(3)Ud = U − Ue

Fig. 1   Numerical calculation 
model and monitoring point 
layout a Numerical simulation 
model without faults; b Numeri-
cal simulation model with faults

Table 1   Mechanical parameters 
of each rock stratum

Lithology Elastic modu-
lus (GPa)

Poisson's ratio Cohesive 
force (MPa)

Tensile 
strength (MPa)

Internal 
friction 
angle (°)

Sandstone 0.425 0.20 8.45 29.50 25
Coal 0.46 0.30 0.50 0.50 30
Fine sandstone 0.775 0.21 3.55 34.00 22
Siltstone 0.425 0.20 8.45 29.50 25
Conglomerate 1.94 0.27 16.75 32.00 29
Fine sandstone 0.775 0.21 3.55 34.00 22
Siltstone 0.425 0.20 8.45 29.50 25
Fine sandstone 0.775 0.21 3.55 34.00 22
Medium sandstone 0.69 0.26 5.15 37.20 25
Topsoil layer 0.05 0.15 0.80 20.00 35
Fault 0.05 0.2 0.25 0.25 10
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The energy of each part of the rock mass element in the 
principal stress space can be expressed as Eqs. (4)–(6).

In Eqs. (3) to (6), U is the total work done by the principal 
stress in the principal strain direction, �e

i
 is the total elastic 

strain in the three principal stress directions, and vi is Pois-
son's ratio.

When the rock mass is undamaged in the process of failure, 
the energy ratio of the rock is shown in Eq. (7).

For damaged rock mass, conventional damage variables are 
introduced to consider the impact of damage on unloading 
elastic modulus Ei of rock mass, as shown in Eq. (8).

(4)U = ∫
�1

0

�1d�1 + ∫
�2

0

�2d�2 + ∫
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0

�3d�3

(5)Ue =
1
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(8)Ei = (1 − �i)E0

where E0 is the initial elastic modulus of rock mass element 
without damage.

Assuming that Poisson's ratio v will not be affected by dam-
age, Eq. (8) is substituted into Eq. (7) to obtain the change of 
elastic energy, as shown in Eq. (9).

Equation (9) is simplified for convenience of applica-
tion. Let E = E0(1 − �) , v = v

(1−�)
 , �i = � , (i = 1, 2, 3).

Then the releasable elastic strain energy Ue can be 
rewritten as Eq. (10).

According to Eq. (10), the elastic energy calculation 
program is compiled with fish programming language in 
FLAC3D to visualize the process of rock stratum energy 
change, and the energy change of corresponding monitor-
ing points is sorted out.

Affected by mining, the original balance state of the 
coal seams near the fault is broken, and the rock stratum 
above the goaf collapses to form a "masonry beam" struc-
ture, as shown in the Fig. 3 (Wang et al. 2022). In Fig. 3, 
are the normal stress and shear stress of the fault plane, the 
fault dip angle, and the tectonic stress of the rock stratum. 
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Fig. 2   Ground subsidence and 
critical layer stress monitoring 
point layout
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In addition, rock block B acts on rock block A with shear 
force and horizontal force, and coal seam acts on rock 
block A with supporting stress.

Take micro units on the fault plane for analysis, as 
shown in Fig. 3. The micro-unit is subject to the horizon-
tal stress �x and shear stress �xy given by the fractured roof 
rock stratum, the normal stress �y and shear stress �yx of 
the lower coal seam to the unit, and the mechanical analy-
sis of the unit is conducted assuming the normal stress �n 
and shear stress �n acting on the fault plane. �n and �n are 
respected.

The stress function form of fault is shown in Eq. (13).

It can be seen from Eq. (13) that changes caused by coal 
mining will lead to changes in normal stress and shear stress 
on the fault, and changes in the stress state of the fault will 
lead to activation and instability of the fault. In the follow-
ing, the method of numerical simulation is used to analyze 
the activation trend of fault, the activation area of fault, and 
the change law of energy field under the influence of mining.

3 � Results

3.1 � Overburden stress analysis

3.1.1 � Analysis of stress change of key strata 
under the influence of loose layer

Figure 4 shows the change of vertical stress of the key strata 
with an advancing distance of the working face when there 
is only a loose layer. Take the curve of vertical stress change 

(11)�n = �x sin
2
� + �y cos

2
� + 2�xy sin � cos �

(12)�n = (�x − �y) sin � cos � + �xy(cos
2
� − sin

2
�)

(13)�n, �n = f (�x, �y, �xy, �)

on the key strata in Fig. 4a as an example. The vertical stress 
curve of key strata is symmetrical about the center of the 
mined-out area and gradually changes from a "V" shape to a 
"W" shape at the early stage of mining. The vertical stress of 
key strata before coal mining is 6.20 MPa, with the advanc-
ing of the working face, there will be stress concentration 
areas on both sides of the goaf, and the stress peak value is 
9.19 MPa. The stress unloading zone will be formed above 
the mined-out area when the coal mine in the working face 
is mined out, and the range of the stress unloading zone will 
also expand with the advancing of the working face. The 
stress unloading reaches the maximum when the advancing 
length of the working face is 180 m, and the vertical stress of 
the key strata is close to zero. Since then, a "stress arch" will 
be formed in the key strata, and the scope of the "stress arch" 
will gradually expand and the stress peak will gradually rise, 
with a maximum stress peak of 4.04 MPa.

With the thickness of the loose layer being 30, 60, 90, 
120, and 150 m, respectively, the vertical stress of the key 
strata changes with the advancing distance of the working 
face as shown in Fig. 4b–f. When the thickness of the loose 
layer changes, the changing trend of vertical stress on the 
key strata is the same as that of the non-loose layer, showing 
the difference in stress peak value.

According to the stress monitoring results, the vertical 
stress of key strata after stopping mining is compared and 
analyzed, as shown in Fig. 5. From the figure, it can be seen 
that when the thickness of the loose layer changes, the stress 
concentration on both sides of the goaf keeps good consist-
ency, and the stress change trend and stress concentration 
peak keep synchronization. The vertical stress of the key 
strata above the goaf presents a "W" shaped change trend, 
with stress concentration in the center of the goaf forming a 
"stress arch", and pressure relief on both sides of the goaf. 
The extreme stress points in the W-shaped area are divided 
into the minimum point A1 at 514 m, the maximum point B1 
at 615 m, and the minimum point C1 at 740 m.

Further analysis of the vertical stress variation law of the 
"W"-shaped area formed by the key strata above the goaf, 

Fig. 3   Stress analysis of fault
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the variation of extreme stress with the thickness of the loose 
layer is shown in Fig. 6. As the thickness of the loose layer 
increases, the stress values of A1, B1, and C1 are gradually 

increasing. Stress values at A1 and C1 have the same trend, 
and stress curves coincide. The stress value of A1, B1, and C1 
is 2.06 MPa, 4.05 MPa, and 2.03 MPa respectively when the 

Fig. 4   Vertical stress variation in key strata a No loose layer; b 30 m loose layer; c 60 m loose layer; d 90 m loose layer; e 120 m loose layer; f 
150 m loose layer
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thickness of the loose layer is 0 m. The stress value of A1, B1, 
and C1 is 3.24 MPa, 5.75 MPa, and 3.10 MPa respectively 
when the thickness of the loose layer is 150 m. Figure 7 
shows the percentage increase of vertical stress at A1, B1, and 
C1 when the thickness of the loose layer increases compared 
with that of the no-loose layer. With the thickness of the 
loose layer increasing from 30 to 150 m, the percentage of 
vertical stress increases from 8.7% to 57% at the A1 point, 
from 6.3% to 41.9% at the B1 point, and from 8.9% to 52.4% 
at C1 point. With the increase of loose layer thickness, the 
vertical stress of A1, B1, and C1 will increase, and the vertical 
stress on both sides of the goaf will increase more than that 
in the center of the goaf.

3.1.2 � Analysis of stress changes in key strata 
under the influence of coupling of loose layer 
and fault

When there is a fault in overburden, the change of verti-
cal stress of key strata with the advancing distance of the 
working face under the influence of coupling between fault 
and loose layer is shown in Fig. 8. Figure 8b shows that 
the loose layer with a thickness of 30 m is coupled with 
a 55° fault. The vertical stress curve of key strata is sym-
metrical about the center of the goaf when the advancing 
distance of the working face is less than 180 m, but it 
will fluctuate briefly when passing through the fault. The 
"stress arch" will appear in the key strata above the goaf 
when the advancing distance of the working face is more 
than 180 m, and the stress concentration will appear in 
the area passing through the fault (870 m). The vertical 
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stress of key strata gradually changes from a "V" shape to 
a "W" shape at the initial stage of mining, and the stress 
concentration occurs when it passes through the fault. The 
vertical stress of the key strata before mining is 5.91 MPa, 

and with the advancing of the working face, stress con-
centration areas will appear on both sides of the goaf and 
near the fault, with the peak stress of 8.63 MPa on both 
sides of the goaf and 15.54 MPa near the fault. When the 

Fig. 8   Vertical stress variation in key strata a No loose layer; b 30 m loose layer; c 60 m loose layer; d 90 m loose layer; e 120 m loose layer; f 
150 m loose layer
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coal seam in the working face is mined, a stress unload-
ing area will be formed above the goaf, and the scope 
of the stress unloading area will also expand. When the 
advancing length of the working face is 180 m, the stress 
unloading reaches the maximum, and the vertical stress of 
the key strata is 0.05 MPa. After that, a "stress arch" area 
will be formed in the key strata, and the scope and stress 
peak value will be gradually expanded, and the stress peak 
value of the "stress arch" will be 3.85 MPa.

Make a comparative analysis of the vertical stress curve 
when the advancing distance of the working face is 360 m, 
as shown in Fig. 9. It can be seen from the figure that the 
vertical stress of the key strata will show a "W" shape right 
above the goaf, resulting in pressure relief on both sides of 
the goaf. Stress extremum points in the "W" shaped area are 
divided into minimum A2 at 514 m, maximum B2 at 587 m, 
and minimum C2 at 740 m.

Further analysis of the vertical stress variation law of the 
"W" shaped area formed by the key strata above the goaf 
shows that the extreme point stress varies with the thick-
ness of the loose layer as shown in Fig. 10. The stress values 
of points A2, B2, and C2 increase with the increase of the 
thickness of the loose layer. The stress value of point B2 is 
much larger than that of points A2 and C2, which is consist-
ent with that of only the loose layer, and the stress change 
value of point A2 near the open-off cut is also higher than 
that of point C2 on the side of terminal line, which is dif-
ferent from that of the only loose layer. With the thickness 
of the loose layer of 30 m, the stress at A2, B2, and C2 are 
2.38, 3.86, and 1.63 MPa, respectively. With the thickness 
of the loose layer of 150 m, the stress at A2, B2, and C2 are 
3.68, 5.43, and 2.26 MPa, respectively. Figure 11 shows the 
percentage increase of vertical stress at points A2, B2, and 
C2 when the thickness of the loose layer increases compared 
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with that of the no-loose layer. Generally, the loose layer 
is loaded on the bedrock in the form of vertical static load 
(Wang et al. 2022). The vertical stress of A2, B2, and C2 
on the key layer will increase with the increase of loose 
layer thickness. The vertical stress of A2 and B2, which are 
far away from the fault zone and less affected by the fault, 
shows a gradually increasing trend. Point C2 is located under 
the influence range of the fault, and the vertical stress will 
fluctuate slightly due to the influence of the fault zone. The 
percentage of vertical stress increases from 12.5% to 74.3% 
at the A2 point, from 7.1% to 50.8% at the B2 point, and 
from 19.0% to 64.9% at the C2 point when the thickness of 
the loose layer increases from 30 to 150 m. The increase of 
vertical stress at both sides of the goaf is greater than that at 
the center of the goaf.

Figure 12 shows the stress change at the extreme point of 
the "W" shaped area in the key strata. The figure shows that 
when fault exists, the vertical stress of key strata is smaller 
than that of no faults, and the existence of faults will hin-
der the propagation of stress in the overburden. The vertical 
stress changes in the open-off cut and goaf center are con-
sistent, as shown in A1, A2, B1, and B2 in Fig. 11. There are 
obvious differences in stress changes when the loose layer 
on one side of the terminal line is coupled with the fault, 
as shown in Fig. 12, line C1, and line C2. The existence of 
the fault on the side of the terminal line will increase the 
propagation obstacle of the vertical stress, so the vertical 
stress here will be smaller when the fault is coupled with 
the loose layer than when there is no fault. The fault dip 
angle designed in this paper is 55°, and the position where 
the fault occurs lags behind the center of the working face. 
In the early stage of mining, the fault will hinder the stress 
propagation in the whole rock stratum. When the working 
face reaches the fault, the hanging wall rock mass has been 
directly affected by the fault zone. At this time, the vertical 

stress propagation of the key layer located in the fault area 
is blocked with greater intensity.

3.2 � Analysis of surface subsidence

3.2.1 � Analysis of surface subsidence under the influence 
of loose layer

The model with the thickness of 0 m, 30 m, 60 m, 90 m, 
120 m, and 150 m of loose layer is selected to monitor the 
surface subsidence of the working face every 60 m. The 
monitoring data of surface subsidence is shown in Fig. 13. 
It can be seen from the figure that the surface subsidence 
curve of mining under conventional geological conditions 
is symmetrical concerning the center of the goaf. The loca-
tion of the maximum subsidence point is close to the center 
of the goaf from the side of the open-off cut. After mining 
is stopped, the maximum subsidence point appears in the 
center of the goaf. When the thickness of the loose layer 
gradually increases from 0 to 150 m, the maximum surface 
subsidence value under the same mining length is increas-
ing. The maximum surface subsidence values after stopping 
mining are 3499, 3691, 3805, 3862, 3905, and 4038 mm, 
respectively. When the thickness of the loose layer increases 
from 0 to 150 m, the maximum surface subsidence values 
increase by 15.4%. The subsidence values at the same loca-
tion increase with the increase of the thickness of the loose 
layer, which shows that the promotion effect of the loose 
layer on surface subsidence is gradually increasing.

The thickness of the loose layer affects the base load ratio 
(the ratio of the thickness of the bedrock to the thickness of 
the loose layer) of the overlying strata on the working face 
(Ma et al. 2021). With the increase of the thickness of the 
loose layer, the thickness of the bedrock in the rock stratum 
decreases. Because of the special structural characteristics 
of the loose layer, it is loaded on the bedrock in the form of 
high vertical static load. Under the influence of the mining 
disturbance of the working face and the vertical static load 
of the loose layer, the damaged rock mass in the upper part 
of the goaf is easier to be compacted, and the separation 
layer between the layers tends to close gradually. The form 
of subsidence below the replaced rock separation layer gap 
is transferred to the surface, increasing the amount of subsid-
ence on the surface.

3.2.2 � Analysis of surface subsidence under coupling 
influence of loose layer and fault

Figure 14 shows the subsidence change of the surface with 
the advance of the working face when the loose layer with 
different thicknesses is coupled with the fault. It can be seen 

Fig. 12   Stress change at monitoring points of key strata
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from the figure that when there is a fault in the rock stratum, 
the changing trend of the surface subsidence curve is no 
longer symmetrical about the center of the goaf, and there 
will be abnormal subsidence points at the fault. When the 
advancing length of the working face is 120 m, abnormal 
points begin to appear on the surface subsidence curve, 
and subsidence steps appear at the fault outcrop. With the 
advance of the working face, the maximum subsidence point 

on the surface is gradually close to the center of the goaf but 
different from Sect. 3.2.1, the maximum subsidence point 
is no longer symmetrical about the center of the goaf but is 
offset to the side of the open-off cut. With the increase of the 
thickness of the loose layer, the maximum surface subsid-
ence values after mining stoppage are 3191 , 3350, 3480, 
3510, 3530, and 3580 mm, respectively. When the thickness 
of the loose layer increases from 0 to 150 m, the maximum 

Fig. 13   Surface subsidence with the thickness of loose layer changes a No loose layer; b 30 m loose layer; c 60 m loose layer; d 90 m loose 
layer; e 120 m loose layer; f 150 m loose layer
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surface subsidence increases by 12.2%, which is weakened 
under the action of faults.

The mechanism of discontinuous surface deformation 
is that a weak surface releases mining vertical stress and 
shear stress through its medium, making the rock mass at 
the side of the weak surface far from goaf less affected by 
mining (Dudek et al. 2020). As a weak surface in the rock 
stratum, the fault zone acts as a barrier to the movement of 

the rock stratum, destroying the continuity of the internal 
rock stratum subsidence, so there will be abnormal points 
in the surface subsidence. The increase in the thickness of 
the loose layer will make the bedrock bear a higher vertical 
static load, and the existence of faults can weaken the rock 
movement caused by the increase in the thickness of the 
loose layer. The linkage evolution of loose layer and fault 
is always in the process of dynamic change, and during 

Fig. 14   Surface subsidence with the thickness of loose layer changes a No loose layer; b 30 m loose layer; c 60 m loose layer; d 90 m loose 
layer; e 120 m loose layer; f 150 m loose layer
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this period, it is also affected by many factors, such as 
rock stratum combination, tectonic movement, and mining 
layout. This process is extremely complex. When the loose 
layer and fault are coupled, the linkage evolution process 
between them can be described as follows: (1) When there 
is no loose layer and the thin loose layer above the working 
face, the fault plays a leading role in surface subsidence. 
At this time, the fault will block the spread of overburden 
stress, resulting in abnormal surface subsidence on the 
fault side. (2) When there is a thick loose layer above the 
working face, the fault and loose layer play a similar lead-
ing role in surface subsidence. Thick loose layer will lead 
to greater surface subsidence, while the fault will hinder 
surface subsidence. (3) When there is an extra-thick loose 
layer in the working face, the loose and unstable structure 
of the very thick loose layer will aggravate the surface 
subsidence. At this time, the blocking effect of the fault on 
the surface subsidence is not enough to offset the promot-
ing effect of the extra-thick loose layer.

3.3 � Energy change analysis

3.3.1 � Energy change law of key strata

Figures 15 and 16 respectively show the evolution process of 
elastic energy of key strata with mining length when there is 
only loose layer and loose layer is coupled with fault. It can 
be seen from Figs. 15 and 16 that the elastic strain energy 
accumulation effect will occur in the strata on both sides of 
the goaf. The energy dissipation effect appears in the area 
above the goaf, the elastic strain energy is lower than the 
initial energy value, and the energy dissipation degree in 
the center of the goaf is the largest. When the mining length 
reaches 300 m, the energy in the center of the goaf rises 
again. When there is only loose layer, the changing trend 
of the elastic properties of the key strata under the same 
mining length is symmetrical about the center of the goaf. 
With the increase of mining length, the energy accumulation 
occurs near the open-off cut, and the energy accumulation 
position at the end of the goaf is gradually far away from 
the open-off cut.

Under the coupling effect of loose layer and fault, when 
the mining length is less than 240 m, the changing trend 
of the elastic property of key strata is consistent with the 
working condition where only loose layer exists. When the 
mining length reaches 240 m, the elastic strain energy of 
the monitoring point near the fault will drop suddenly, then 
increase rapidly, after reaching the maximum value, it will 
drop suddenly, and after a short period of fluctuation, it will 
gradually become stable. According to the analysis of the 
vertical stress of the key strata in Sect. 3.1, the changing 
trend of the elastic properties of the key strata is synchro-
nized with the change trend of the vertical stress on the key 
strata.

From the analysis of the data of energy change, it can 
be seen that the initial elastic strain energy at the key strata 
is 3.3 × 105 J when there is only loose layer, the maximum 
value of energy accumulation at the open-off cut side is 
7.37 × 105 J, and the maximum value of energy accumula-
tion at the terminal line side is 7.46 × 105 J. When the loose 
layer is coupled with the fault, the initial elastic energy at 
the key strata is 8.6 × 104 J, the maximum value of energy 
accumulation at the open-off cut side is 2.38 × 104 J, and the 
maximum value of energy accumulation at the terminal line 
side is 3.68 × 104 J. The initial elastic performance of the 
key strata, the maximum accumulated elastic performance 
of the open-off cut, and the maximum accumulated elastic 
energy of the terminal line under the condition of loose layer 
only are 3.8 times, 3.1 times, and 2.0 times of those under 
the coupling effect of loose layer and fault respectively. The 
existence of a fault when the fault is coupled with a loose 
layer will reduce the elastic energy on the key strata.

Fig.15   Elastic energy of 30  m thick loose bed varies with mining 
length

Fig. 16   Variation of elastic energy of coupling 30 m loose layer and 
fault with mining length
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3.3.2 � Fault zone elastic energy evolution characteristics

According to the above analysis, faults will cause the elastic 
energy on the key strata to decrease, while the energy is 
always conserved during the mining process. The resistance 
of the fault to the stress propagation leads to a large amount 
of energy accumulating in the fault and the overlying strata. 
A large number of studies show that the rock burst caused by 
the fault has gone through this process (Wang et al. 2021), 
and the energy change of the fault and the nearby coal and 
rock gradually changes from a stable accumulation state to 
an unstable release state. Due to the influence of many fac-
tors such as high-stress levels in coal and rock, the special 
geological structure of fault, and mining conditions, the 
energy change of coal and rock during mining has obvious 
space–time characteristics.

This article has studied the elastic energy evolution law 
on the 55° fault zone when the thickness of the loose layer 
changes. Due to the limited space of the article, to quan-
tify the elastic energy evolution law, this section selects the 

incremental analysis of the elastic energy change along the 
fault zone with the mining length when the thickness of the 
loose layer is 60 m. When the loose layer is coupled with the 
fault zone, the characteristics of the elastic energy change on 
the fault zone are shown in Fig. 17. According to the analy-
sis of Fig. 17a, the elastic performance of the fault zone is 
mainly accumulated in the shallowly buried fault at the ini-
tial stage of mining, and the elastic energy increment of the 
fault zone presents a "Bowl" shape. At this time, the maxi-
mum elastic energy accumulation increment of the shallow 
buried fault zone is 1.6 × 104 J. With the increase of min-
ing length, the accumulation of elastic energy is gradually 
transferred to the deep fault, and the accumulation range of 
elastic energy is gradually increased. As shown in Fig. 16e, 
the maximum elastic energy accumulation is 3.0 × 106 J, and 
the elastic energy accumulation has increased 187 times.

In the process of coal mining, the overlying strata will 
move, deform and destroy. As the working face advances, 
the deformation of overlying strata will gradually develop 
upward, which will lead to the dynamic response of the stope 

Fig. 17   Fault zone elastic energy distribution. Advance length of working face: a 120 m; b 180 m; c 240 m; d 300 m; e 360 m
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and the surface (Guo et al. 2020). At the initial stage of 
mining, the working face is far away from the fault zone, 
and the mining activity of the working face cannot affect 
the stability of the fault. However, due to the particularity 
of the loose layer structure, the shallow coal seam is vulner-
able to mining. With the advance of the working face, the 
shallowly buried fault is first affected and becomes unstable, 
and the stable structure of the activated unstable fault zone 
is broken, which is no longer having the function of accu-
mulating energy. When the working face is pushed close to 
the fault, the deeply buried fault zone can still maintain a 
complete structure relying on the bonding of surrounding 
rock masses. At this time, a large amount of energy will be 
accumulated in the middle fault to create conditions for sub-
sequent activation and sliding. During the mining process, 
the fault will accumulate energy at the shallowly buried fault 
first. After the shallowly buried fault is destroyed, it will no 
longer have the function of accumulating energy. The loca-
tion of elastic energy accumulation will gradually transfer to 
the middle fault. After the middle fault accumulates enough 
energy and is destroyed, the elastic energy accumulation will 
gradually shift to the fault zone with greater burial depth, 
and finally, the complete structure of the entire fault zone 
will be destroyed.

3.4 � Fault zone slip analysis

According to relevant research, when the stress on the fault 
zone changes and the stress of a node in the fault zone 
exceeds its ultimate strength, the node will be damaged (Sai-
noki and Mitri 2014). The activated unstable area of the fault 
zone is extracted with fish language. The activated unstable 
area of the fault zone at different distances from working 
faces with different loose layer thicknesses to the fault zone 
during mining is shown in Fig. 18. When the working face is 
165 m away from the fault zone, the initial stress balance of 

the fault zone is broken, and the fault zone starts to activate 
and become unstable. At this time, the fault zone is in the 
initial stage of activation. When the working face is 120 m 
away from the fault zone, the area where the fault zone is 
activated and becomes unstable suddenly increases. At this 
time, the fault zone is in the stage of intensified activation. 
When the working face is 90 m away from the fault zone, 
the activated area of the fault zone is still increasing gradu-
ally, but it can be seen from the activated unstable area of 
the fault zone that the growth rate of the activated unstable 
area of the fault zone is decreasing, and the fault zone is in 
the stable stage of activation. The fault activation becomes 
unstable and goes through the initial activation stage, the 
intensified activation stage, and the stable activation stage.

Furthermore, the activated unstable area of the fault zone 
in the mining process is analyzed. In the initial stage of acti-
vation, the fault zone without loose layer, 30 m, 60 m, and 
90 m loose layer took the lead in active slip. Under the work-
ing conditions of 120 m and 150 m loose layer, the active 
slip of the fault zone has a certain hysteresis, and the fault 
zone starts to slip when the working face is 150 m away 
from the fault zone. In the intensified activation stage, the 
activated instability area of the fault zone is bounded by the 
working condition of no loose layer. Under the working con-
ditions of 30 m and 60 m loose layers, the activated instabil-
ity area of the fault zone is greater than that of 90 m, 120 m, 
and 150 m loose layers. The activated instability area of the 
fault zone is 4 times that of the initial activation stage. In 
the stable activation stage, the increase rate of the activated 
unstable area of the fault zone slows down. The activated 
unstable area of the fault zone under the 60 m, 90 m, and 
120 m loose layers is equivalent, and the activated unstable 
area of the fault zone under the 30 m and 150 m loose layers 
is equivalent. The activated unstable area of the fault zone 
is the smallest when there is no loose layer.

4 � Conclusions

Given the important role of loose layer and fault in stress 
evolution and surface subsidence, this paper studies the evo-
lution characteristics of multi-physical fields of overburden 
under the coupling of loose layer and fault. The following 
conclusions can be drawn through monitoring the vertical 
stress of key strata, surface subsidence, fault zone energy, 
and fault zone activated slip area.

(1)	 Only under the action of loose layer, does the vertical 
stress change trend of key strata gradually change from 
a "V" shape to a "W" shape at the beginning of min-
ing. Stress concentration areas appear on both sides of 
the goaf. When the coal seams in the working face are 
mined out, a stress unloading area will be formed above Fig. 18   Fault activation area
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the goaf. When the loose layer is coupled with the fault, 
the vertical stress of the key strata gradually changes 
from the "V" shape to the "W" shape at the beginning 
of mining, and the stress concentration occurs when 
passing through the fault.

(2)	 The interaction between the loose layer and the fault 
affects the surface subsidence. When there is no loose 
layer above the rock stratum and when there is a thin 
loose layer, the fault plays a dominant role in surface 
subsidence. When there is a thick loose layer above 
the rock stratum, the leading role of the fault and loose 
layer on surface subsidence is comparable. When there 
is an extra-thick loose layer on the working face, the 
loose and unstable structure of the huge thick loose 
layer will intensify the surface subsidence, and the 
obstructing effect of the fault on the surface subsid-
ence is not enough to offset the promoting effect of the 
huge thick loose layer, and then an extra-thick loose 
layer plays a leading role in the surface subsidence.

(3)	 The elastic energy on the key strata is mainly concen-
trated on both sides of the goaf, and the elastic energy 
in the center of the goaf is dissipated. When the loose 
layer is coupled with the fault, the elastic energy accu-
mulation on the key strata is less than that in the loose 
layer only. At the initial stage of mining, the elastic 
energy accumulation of the fault zone first appears in 
the shallow fault zone, and the elastic energy increment 
of the fault zone presents a "Bowl" shape. With the 
increase of mining length, the elastic energy accumu-
lation gradually transfers to the deep fault zone, and 
the elastic energy accumulation range is also gradually 
increasing.

(4)	 The active instability of fault is induced by mining. 
When the working face is 165 m away from the fault 
zone, the fault zone starts to be activated and unsta-
ble, and the fault zone is at the initial stage of activa-
tion. When the working face is 120 m away from the 
fault zone, the fault zone is in the stage of activation 
and intensification. When the working face is 90 m 
away from the fault zone, the fault zone is in the active 
and stable stage. Fault activation destabilization goes 
through the activation initial stage—activation intensi-
fication stage—activation smooth stage. The activation 
slip occurs first in fault zones without a loose layer, thin 
loose layer, and thick loose layer working conditions, 
and there is a certain lag in the activation slip of fault 
zones under the action of the extra-thick thick loose 
layer.
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