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In the process of coal mining, the surface subsidence under ultrathick loose layer is abnormal (subsidence coeﬃcient greater than
1.0), which will cause great damage to the surface ecological environment. The fracture propagation and stress evolution of bedrock
are of great signiﬁcance to the prevention of surface subsidence. Taking the 1305 working face of a mine as the background, this
paper study the process of crack propagation and stress evolution of bedrock under the inﬂuence of ultrathick loose layer by
methods of on-site measurement, similar simulation, and numerical simulation. During the research process, the physical model
was veriﬁed by the measured data. Then, the numerical model was veriﬁed by the crack propagation angle and subsidence of
bedrock, which were obtained in a similar simulation. Based on the veriﬁed numerical model, it was obtained that after the coal
seam was mined out, the bedrock above the mined-out area was mainly damaged by tension, while the strata on both sides of
the crack expansion angle were mainly damaged by shear and tension. During coal seam mining, for bedrock the process of
fracture expansion, subsidence, and stress evolution all could be divided into four stages. This research provides a basis for the
control of surface subsidence.

1. Introduction
According to the classiﬁcation method of strata in China, the
layers composed of related sediments or accumulations in
Quaternary and Neogene, such as alluvium and diluvium,
are deﬁned as loose layers [1]. Li [2] pointed out that the thickness of alluvium over 50 m is called a thick loose layer, and the
thickness of alluvium over 100 m is called ultrathick loose
layer. As coal seam mining, the original equilibrium stress
state of rock mass and overlying strata around goaf will be
destroyed, which will cause collapsing, breaking, and bending
of overlying strata in goaf, and when it is transmitted to the
surface, it will cause subsidence and damage to the surface.
Relevant scholars have made a series of studies on the
movement law of overlying strata for coal seam mining under
a thick loose layer. Among them, Du [3] explained the reason

of large static pressure, small dynamic pressure, small
dynamic load coeﬃcient, and insuﬃcient development of
mining fractures in fully mechanized top-coal caving mining
under thick loose layer and ultrathin bedrock. Xu et al. [4]
obtained the microdeformation law of thick loose layer
through ﬁeld measurement. Wu et al. [5] analyzed the development of water-conducting fracture zone and mining inﬂuence range of hard roof under thick loose layer and thin
bedrock. Li et al. [6] discussed the load transfer eﬀect and
overburden failure characteristics of mining overburden in
the working face under thick loose layer and thin bedrock
through numerical analysis. Hou [7] applied the key layer
theory to thick loose layer and shallow coal seam and concluded that the main problem of roof management in thick
loose layer and shallow coal seam is the sliding instability of
rock pillars in combined key layers.
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Aiming at the problem of surface subsidence, experts and
scholars at home and abroad have obtained the surface subsidence law through methods of ﬁeld measurement, numerical
simulation, and physical simulation. With the continuous
updating and upgrading of measuring equipment, the monitoring technology of surface subsidence is gradually improved,
and the monitoring eﬃciency and accuracy are greatly
improved. Gueguen et al. [8] and Przylucka et al. [9] used
D-lnSAR and PS-lnSAR technology to monitor the surface
subsidence of goaf for a long time and pointed out that the
subsidence duration is related to the subsidence basin area.
Chrzanowsk et al. [10] used GPS to monitor and analyze the
law of surface subsidence in mining area. Based on measured
data, Xu et al. [11] obtained the law of the surface dynamic
movement parameters in the mining process under a thick
loose layer and put forward the prediction formula of the subsidence velocity at any time and any location of the main section. By analyzing observed data, Tan et al. [12] obtained the
law of surface movement, as well as various angle parameters
and predicted parameters during caving mining. Based on
FLAC3D numerical simulation, Liu [13] analyzed the relationship between loose layer thickness and surface movement, as
well as subsidence coeﬃcient during deep wide strip mining
under ultrathick loose layer. Chen et al. [14] discussed the
law of surface movement under the condition of a thick loose
layer by UDEC numerical simulation. By physical simulation,
Yan et al. [15] revealed the law of surface movement, the
mechanism of surrounding rock collapse and failure, and
obtained the size of movement strata in diﬀerent regions.
Based on the above analysis, it is found that in the existing research, there are relatively few studies on the speciﬁc
analysis of bedrock fracture propagation process and stress
evolution, and the analysis of bedrock fracture propagation
process and stress evolution is of great signiﬁcance to the prevention of surface subsidence. Therefore, on the basis of previous studies, this paper studies the crack propagation
process and stress evolution of bedrock during coal seam
mining. In this article, ﬁrst, the ground subsidence value
under the ultrathick loose layer was obtained through ﬁeld
measurement. Second, according to site geological conditions, a physical model was established, which was veriﬁed
by the data measured on-site. Third, the movement law of
bedrock was analyzed based on physical test, and the crack
expansion angle and bedrock subsidence value were obtained
in the test. Then, a numerical model consistent with the
physical model was established. Through numerical analysis,
the crack propagation angle of bedrock and the subsidence
value of bedrock were obtained. By comparing with the
values obtained from physical tests, the numerical model
was veriﬁed. Finally, based on the veriﬁed numerical model,
the process of fracture propagation and stress evolution in
bedrock are simulated and analyzed, and the relationships
between bedrock movement and fracture propagation, bedrock movement, and stress evolution were established.

2. Field Condition
In a coal mine, 3# coal seam is mined in no. 1305 working
face, and the buried depth of the coal seam is 850.7 m, in
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which the thickness of the loose layer is 724.7 m, and the
thickness of bedrock is 126.0 m, which belongs to a typical
working face under ultrathick loose layer. 1305 working face
has a strike length of 1823 m, a dip length of 223.6 m. The
coal seam dip angle is 13° on average, and the coal seam
thickness is 4.04 m on average. The thickness and mechanical
parameters of each stratum above the coal seam were shown
in Table 1. After 1305 working face was mined out, the surface subsidence value along strike direction obtained by ﬁeld
measurement is shown in Figure 1. The subsidence of the
surface obtained by monitoring is 4.201 m, the bedrock
boundary angle at the open-oﬀ cut side is 60.3°, and that at
the stop line side is 63.8° (Figure 2).

3. Similar Simulation Analysis on Bedrock
Subsidence under Ultrathick Loose Layer
According to similarity theory [16–19], combined with the
thickness and mechanical parameters of each stratum in
Table 1, a physical model of 1305 working face was established. Because the coal seam was buried deeply, only the
bedrock was established when the model was set, and the
overlying loose layer was applied to the upper surface of the
model by means of loads. According to the experiment, the
expansion angle of the bedrock fracture on the side of the
open-oﬀ cut is 65.2°, and that on the side of stop line is
61.4° (Figure 3). This is close to the two boundary angles of
the bedrock obtained by monitoring. Thus, the physical
model was veriﬁed reasonable. On the top of the model, the
subsidence curve obtained by a similar simulation is shown
in Figure 4. The average subsidence is 3.259 m, which is different from the 4.201 m obtained by monitoring. This is
because the ground subsidence obtained by monitoring
includes subsidence amounts of bedrock and ultrathick loose
layer, while the subsidence obtained by experiment only
includes the subsidence amount of bedrock.

4. Numerical Simulation Analysis on Bedrock
Movement under Ultrathick Loose Layer
4.1. Establishment of Numerical Model
4.1.1. Determination of Strata Parameters. In this section,
PFC is selected for simulation analysis. According to related
literature [20–24], there are some diﬀerences between
mechanical parameters input in PFC software and those
obtained by numerical calculation. Therefore, a 50∗100 mm
cylindrical standard specimen is established to check the
mechanical parameters of strata. In standard specimen, when
the height L and particle radius R satisfy L/R > 80, the particle
size has little inﬂuence on the calculation results [25], thus,
the particle radius of standard specimen ranges from 0.75
to 1.25 mm, with an average of 1.0 mm.
iThe stope involved in this paper is large and contains a
large number of joints. The strata parameters provided in
Table 1 are obtained from standard blocks, but standard blocks
contain almost no joints. Therefore, ﬁrst, according to the
Hoek-Brown strength criterion [26–29], the parameters of
strata containing a large number of joints in the ﬁeld are
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Table 1: Parameters of strata.

Rock
strata

Thickness/m

Loose
layer
Fine
sandstone
Mudstone
Fine
sandstone
Mudstone
Fine
sandstone
Mudstone
Fine
sandstone
Coal 3
Mudstone
Fine
sandstone

Density/kg·m3

Uniaxial compressive
strength/MPa

Tensile
strength/MPa

Elasticity
modulus/GPa

Cohesion/MPa

Internal friction
angle/°

724.7

2210

1.6

2340

76.8

6.9

19.6

19.28

36

75.09

2470

40.8

5.7

6.56

11.36

30

3.87

2340

76.8

6.9

19.6

19.28

36

5.98

2470

40.8

5.7

6.56

11.36

30

15.15

2340

76.8

6.9

19.6

19.28

36

8.15

2470

40.8

5.7

6.56

11.36

30

16.18

2340

76.8

6.9

19.6

19.28

36

4.04
4.01

1350
2470

15.8
40.8

1.8
5.7

3.52
6.56

4.82
11.36

28
30

10.7

2340

76.8

6.9

19.6

19.28

36

dard blocks are established, and the average particle radius is
10 mm, 50 mm, 100 mm, and 500 mm in each model, respectively. It is found that uniaxial compressive strength and triaxial compressive strength under 10 MPa conﬁning pressure
have little diﬀerence as the particle size changes (Figures 5(a)
and 5(c)). In the tensile tests, the peak strengths are almost
the same (Figure 5(b)), although the strain of each test is different at peak strength location. Therefore, compared with
the strength of the standard block, it can be considered that
the mechanical parameters of strata are unchanged when
large-size particles are used for calculation.
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Figure 1: Surface subsidence curves along strike length.

nversed [30–33], and then the relevant parameters that need to
be input in the numerical simulation are determined by trials
and errors. The ﬁnal input parameters are shown in Table 2.
4.1.2. Determination of Particle Size in Numerical Model. The
above mechanical parameters are obtained based on the standard block, and the average particle radius is 1 mm. For bedrock movement numerical simulation, if the model is
established with the same particle size as the standard block,
the number of particles in the model is large and the calculation time will be too long, so the particle size is enlarged in
the numerical model. This section analyzes the inﬂuence of
particle size on rock mechanics characteristics.
Based on original mechanical parameters of ﬁne sandstone (porosity is 0.05, ratio of normal stiﬀness to tangential
stiﬀness is 1.0, and other parameters are shown in Table 1),
models of 10 times, 50 times, 100 times, and 500 times stan-

4.1.3. Establishment of Numerical Model. In order to ensure
the consistency of the results, the size of the numerical model
is consistent with that of the physical model. The size of the
model is 300 m∗145 m, and the overlying loose layer is
applied to the model by external loads. The height of each
stratum in the model is shown in Table 1. Considering that
the ﬂoor under the coal seam has little inﬂuence on the
results, its mechanical parameters are selected according to
the ﬁne sandstone parameters. The values of mechanical
parameters of coal seam and all strata are shown in Table 2.
In the numerical model, considering the calculation time,
the average radius of particles is determined as 600 mm,
and there are 35,794 particles in the model. In the model,
the contact between particles is chosen as Flatjoint contact.
The established model is shown in Figure 6.
4.2. Veriﬁcation of Numerical Model. In the mining process,
the mining method was consistent with the physical model
experiment. 40 m protective coal pillars were set on both
sides of the model, so the mining range was 220 m. Monitoring lines of vertical displacement and vertical stress are set at
20 m, 40 m, 60 m, 80 m, 100 m, and 126.5 m locations above
the coal seam in the model, which was shown in Figure 7.
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Figure 3: Damage of bedrock obtained by physical simulation.
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Figure 4: Subsidence curve of bedrock obtained by physical simulation.
Table 2: Input parameters obtained by trials and errors.
Name
Fine
sandstone
Mudstone
Coal seam

Elastic
modulus/GPa

Tensile
strength/MPa

Cohesive
strength/MPa

Internal friction
angle/(°)

Friction
coeﬃcient

Normal (tangential)
stiﬀness ratio

6.2

2.0

9.55

7

0.123

1.0

2.5
0.9

1.65
0.51

5.05
2.45

5
3

0.087
0.052

1.0
1.0
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Figure 5: Strength contrast of blocks with diﬀerent size particles.
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Figure 6: Numerical model on bedrock movement.

After coal seam mining, the fracture of bedrock was shown in
Figure 8, and the subsidence curves of bedrock were shown in
Figure 9. In Figure 8, it can be seen that the fracture propagation angle at the open-oﬀ cut side was 63.6°, that at the stop
line side was 61.1°, and the corresponding values obtained
by physical test were 65.2° and 61.4°, respectively. It can be
seen that the fracture morphology of strata in numerical simulation and physical simulation is almost consistent. The
comparison of the model top subsidence curve between
numerical simulation and similar simulation was shown in
Figure 10. In a similar simulation, the average subsidence
value in the subsidence basin was 3.259 m, and that value
was 2.770 m in numerical simulation. There was a diﬀerence
of 0.489 m between these two results. Compared with the
results of similar simulation, the numerical simulation results
were reduced by about 15%. Considering the large size of
numerical and physical models, the diﬀerence was within
the allowable range. Thus, the numerical model, including
parameters selection and external force application, was reasonable and could be used in the following analysis.
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Figure 7: Layout of monitoring lines in numerical model.
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Figure 8: Sketch of fracture propagation in model.
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Figure 9: Subsidence curves at diﬀerent positions above coal seam.

4.3. Analysis on Bedrock Movement
4.3.1. Analysis on Fracture Distributions in Bedrock. After
mining, the distribution of fractures in bedrock was shown
in Figure 11, and the distribution of shear and tensile fractures in bedrock was shown in Figures 12.
In the whole model, there were 21833 fractures, including
8802 shear fractures, accounting for 40.3% of the total frac-
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Figure 10: Comparison of numerical simulation and physical
simulation results.

tures, mainly distributed on both sides of fractures propagation angle. There are 13031 tensile fractures, accounting for
59.7% of the total fractures, which are mainly distributed in
the strata above the goaf and on both sides of the fractures
propagation angle. It can be seen that after coal seam mining,
strata above goaf was mainly damaged by tension, while
strata on both sides of fracture propagation angle was mainly
damaged by shear and tension.
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Figure 11: Fracture propagation of bedrock in numerical model.
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Figure 12: Distribution of fractures in numerical model.

4.3.2. Analysis on Stress Evolution of Bedrock. The vertical
stress evolution curves were shown in Figure 13. It can be
seen that after the coal seam was mined, the stress above
the goaf was released, and the stress in other positions was
low except the abnormal stress in the monitoring line 20 m

in the range of 140 m-180 m from the left boundary of the
model. Combined with the fracture propagation ﬁgure, it
can be seen that the abnormal stress area is a tensile-shear
composite failure area, which is located in the center of goaf.
It is inferred that the bending and subsidence of bedrock after
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Figure 13: Stress evolution curves of bedrock in diﬀerent positions above coal seam.
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Figure 14: Fracture propagation and subsidence of monitoring point in numerical simulation.

coal seam mining leads to tensile failure at this location, the
tensile failure area collapses ﬁrst, and the collapsed strata play
a supporting role for the subsequent collapse or bending and
subsidence strata, which leads to obvious stress concentration at this position. Combined with displacement evolution
curves in Figure 9, it can be seen that in 20 m monitoring line,
the strata displacement in the area 140 m-180 m away from
the left boundary is smaller than that in other locations,
which further demonstrates the supporting eﬀect of the collapsed strata on the upper strata.
4.3.3. Correlation Analysis between Bedrock Movement and
Fracture Propagation. Relationships of number of fractures
in model and the subsidence value at the middle of the top
of the model, as well as the time step, were shown in
Figure 14. It can be seen that the process of fracture propagation and the process of bedrock subsidence could be divided
into four stages:
Stage I: the fractures begin to expand, and the subsidence
is almost zero. In the range of 0-500 time steps, the fracture

propagation curve is in the form of concave, and the fracture
propagation rate is gradually accelerated. At this time,
because the bedrock movement has not extended to the top
of the model, the subsidence of the monitoring point is
almost zero.
Stage II: the fracture expanded at a high constant rate,
and the monitoring point subsided at a high constant rate.
From 500-880 time steps, the fracture expanded at a constant
rate (the propagation rate is higher than that in stage I), and
the top monitoring point also subsides at a higher rate.
Stage III: the fracture propagation rate and the subsidence rate of the top monitoring point gradually decrease.
From 880 to 6000 time steps, the fracture propagation curve
was concave upward, and the fracture propagation rate gradually decreased and tended to zero. In this stage, the subsidence curve of the monitoring point was also concave
upward after a short stagnation, and the subsidence rate
gradually decreased.
Stage IV: the number of fractures almost no longer
increased, and the subsidence rate of the top monitoring
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Figure 15: Stress evolution of bedrock and subsidence of monitoring point in numerical simulation.

point gradually decreased to zero. From 6000 time steps to
the end of simulation, the number of fractures almost
stopped increasing, the subsidence rate of the top monitoring
point gradually decreased to zero, and the subsidence of the
monitoring point increased at a lower rate until the end of
simulation.
4.3.4. Correlation Analysis between Bedrock Movement and
Stress Evolution. Relationships of subsidence value at the
middle of the top of the model, and the vertical stress value
at the position 20 m above the coal seam and 100 m away
from the left boundary of the model, as well as the time step,
were shown in Figure 15. It can be seen that the stress evolution curve above the coal seam can be divided into four
stages: stage I stress sudden release; stage II lower stress ﬂuctuation; stage III stress gradually increased; stage IV stress
tends to be stable.
In stage I, stress in roof suddenly released after coal seam
mining, and the stress almost decreased from the original
state to zero. And the subsidence of the monitoring point
was zero. In stage II, the stress ﬂuctuates in a low state, and
at the ﬁnal of the stage, the stress was still at a low level. In
this stage, the subsidence of the monitoring point gradually
increased, but the subsidence rate gradually decreased after
the initial rapid and constant subsidence. In stage III, the roof
stress gradually increased from a lower level to a stable state.
In this stage, the subsidence of the monitoring point gradually increased, but the subsidence rate further gradually
decreased. In stage IV, the stress was almost constant. In this
stage, the subsidence of the monitoring point tended to be
stable after a small increase.
Because the stress monitoring point and the subsidence
monitoring point were located in diﬀerent positions of the
model, the correlation between them was weak. But when
the stress of the roof was zero, the subsidence of the monitoring point was zero. As the collapsed strata were compacted
gradually, the stress in roof increased gradually, as well as
the subsidence of monitoring point increased gradually.
After the stress in roof tended to be stable, the subsidence
of the monitoring point no longer increased.

5. Conclusions
In view of the importance of fracture propagation and stress
evolution of bedrock in preventing surface subsidence, based
on a coal mine with a loose layer thickness of 724.7 m, this
paper studied the crack propagation and stress evolution of
bedrock by ﬁeld measurement, physical simulation, and
numerical simulation. Through analysis, it is concluded that
after the coal seam is mined, the strata above the goaf were
mainly subjected to tensile failure, while the strata on both
sides of the fracture expansion angle were mainly subjected
to shear failure and tensile failure. During coal seam mining,
the process of fracture expansion, roof subsidence, and stress
evolution was obvious in stages. Among them, there was a
strong correlation between bedrock fracture expansion and
bedrock subsidence. When the bedrock fracture expansion
stopped, the bedrock subsidence almost stopped. Because
the stress monitoring point and the subsidence monitoring
point were located in diﬀerent positions, the correlation
between them was weak. But in general, with the stress in
strata above the goaf tending to be stable, the bedrock subsidence no longer increased.
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