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Ground fissures caused by underground coal seam mining easily result in secondary
geological disasters and destroy the ecological environment, which seriously impacts the
production and life of mining areas and residents. The traditional monitoringmethods, such
as manual measurement and satellite monitoring, have their disadvantages. Therefore, it is
urgent to develop a large-scale monitoring technology for ground fissures and study its
development law. In this article, we analyzed the distribution characteristics of ground
fissures based on the low-altitude UAV remote sensing images and combined them with
field investigation as validation. Moreover, we introduced the particle flow theory to study
the development law and formation mechanism of ground fissures. This article takes the
8092 working face of a mine in Ordos City as the study area. The results showed that the
accuracy rate of ground fissures based on the visual interpretation of UAV images was
95%. The ground fissures were mainly distributed near the stopping line and the groove of
the working face. The plane forms of ground fissures were mainly two types: the linear type
and arc type, and the location relationship can be divided into the parallel type and
bifurcation type. The types of ground fissures were the tensile type and step type. Whether
the upper and lower parts of the key strata were broken simultaneously is the root cause of
tensile ground fissures and step ground fissures. The stability of the overlying strata had a
significant influence on the change of abutment pressure above the goaf. The process of
surface movement and deformation can be divided into three stages: tensile failure of the
slope bottom, traction failure of the slope body, and sliding failure of the slope top. In
addition, the zero point of the surface horizontal movement value and the maximum
surface subsidence were not in the center of the goaf. Due to the horizontal slip of the
downhill direction in the horizontal movement on the surface, the value of the downhill
direction subsidence was zero. However, the value of the horizontal movement was not
zero, and there was even a large horizontal movement. In conclusion, the research results
can provide a useful reference for the rapid monitoring of large-scale geological disasters
caused by underground coal seam mining and the application of the particle flow theory.
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1 INTRODUCTION

With the growing global demand for energy, coal resources have
become the second largest energy in global energy consumption.
According to the relevant statistics, global production in
2020 exceeded 750 million tons (IEA, 2021). After coal is
mined, the original stress equilibrium state in the surrounding
rock strata is destroyed, and the movement of overlying strata
from bottom to top causes surface subsidence (Zhang and Wang,
2014; Yu and Guo, 2016; Zhang et al., 2021). Large-scale surface
subsidence will lead to the ground fissures, especially in loess and
gully regions. Due to the low vegetation coverage rate and severe
soil erosion, ground fissures formed by coal mining often cause
geological disasters such as landslides and collapses. In particular,
when the ground fissures are connected with the goaf, safety
accidents such as air leakage and water inrush will occur, which
seriously threaten the safety of people’s lives and property (Lian
et al., 2020a; Yang et al., 2022; Zhang et al., 2020; Liu et al., 2013).
Therefore, the large-scale investigation of ground fissures caused
by mining subsidence and study of its development law has
become particularly important.

In order to obtain dynamic information of ground fissures, the
traditional method was based on field measurement by total station,
tape, and GPS (Lian et al., 2020b; Li et al., 2017). The advantage of
field measurement is the high accuracy. However, if there are too
many ground fissures caused by coal mining, it is time-consuming
for the process of field measurement (Peng et al., 2016). Some
scholars have applied satellite remote sensing images to extract
ground fissures, but there are obvious limitations in spatial and
temporal resolution, which cannotmeet the high precision needs (Li,
2007; Zhang et al., 2019).With the continuous development of UAV
photogrammetry technology, it is widely used to study geological
disasters. The high-resolution images of the mining area can be
quickly obtained through the UAV system, and the ground fissures
can be extracted by visual interpretation with the generated DOM
(Digital Orthophoto map). The accuracy can reach the centimeter
level (Zhang et al., 2017; Gao et al., 2018; Lian et al., 2020c). For
example, Zhang et al. (2017) and Gao et al. (2018) realized the
monitoring of surface subsidence in mining areas by the UAV
remote sensing technology, which made up for the deficiency of the
traditional conventional measurement technology; Lian et al.
(2020a) used small UAVs to perform photogrammetry in a
geological disaster-prone area in Shanxi Province and identified
landslides, collapses, and ground fissures through the method of
combining the main and auxiliary. The identification accuracy rate
of ground fissures was 93%, and the collapse and landslide were all
identified. The aforementioned studies have an important reference
value for identifying mining geological disasters by UAV high-
resolution images.

In recent years, scholars have studied the law of ground fissure
development through similar material physical experiments and
finite element numerical simulation and have made a lot of
achievements (Hejmanowski and Malinowska, 2016; Shi et al.,
2016; Huang et al., 2019). For instance, Huang et al. (2019)
analyzed the evolution law and mechanism of mining fissures by
the numerical calculation and physical simulation, which took the
mining of a typical shallow coal seam group in northern Shaanxi

as the engineering background. It is considered that the fissures
induced by mining mainly include rock fissures and ground
fissures. Taking a coal mine in Poland as the research
background, Hejmanowski and Malinowska (2016) studied the
development law of ground fissures from geotechnical
engineering and geological conditions and determined the
main risk factors affecting the development of ground fissures
in deep mining. Taking a slope in Duyun City, Guizhou Province,
as an example, Shi et al. (2016) studied the formation and
evolution process of mining slope fissures through field
measurement and numerical simulation based on a slope in
Duyun City, China, and concluded that the fissures generated
on the slope surface were comprehensively affected by mining
and topography (high and steep air). The overlying strata
movement and ground fissure development are a problem of
discontinuous deformation, so the previous methods cannot well
study the dynamic evolution law (Wang et al., 2018). Therefore,
particle flow theory is gradually applied to study the rock strata
movement and deformation. For example, Lian et al. (2020b) and
Zhang et al. (2021) used the particle flow method to study the
surface movement and deformation caused by coal mining and
obtained the dynamic development process of ground fissures.

In summary, this article takes the surface of 8092 working face
of a coal mine in Ordos City, Inner Mongolia Autonomous
Region, as the study area. Based on the ground image
obtained by the low-altitude UAV photogrammetry system,
the distribution characteristics of ground fissures in the loess
gully area are derived by visual interpretation. Then, we analyzed
the development law of ground fissures using the particle flow
theory. This study is of great significance to the identification of
ground disasters based on UAV remote sensing images. It
provides a reference for the application of particle flow theory
on the study of ground fissure development law in coal mining.

2 MATERIALS AND METHODS

2.1 Overview of the Study Area
The study area is in eastern Ordos City, Inner Mongolia
Autonomous Region, China. The terrain in the mine field is
generally low in the east and high in the west with topographic
relief. The maximum height of the drop is about 75 m, with many
gullies. The surface is covered with a thick loess layer. The climate of
the study area is clear in four distinct seasons. The temperature
difference is big. The precipitation is mainly concentrated in May,
June, and July. The average annual precipitation is about 456.6 mm,
themaximum annual precipitation is 671.81mm, and theminimum
is 373.2 mm. Figure 1 shows the topography and geographical
location of the mining area. The overlying strata above the goaf
moves and deforms with continuous underground mining. The
mining affects the upward propagation, resulting in many ground
fissures, which seriously affects the ecological environment.

The mining size of 8092 working face is 400 × 175 m2. The
mining coal seam is 8 # coal seam, and the average coal thickness
is 8 m. Themining depth is 170–250 m, and the average coal seam
dip angle is 6°. The roof of the working face is siltstone with a
thickness of 12 m, and the floor is siltstone with a thickness of
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30 m. The maximum thickness of the surface loess layer is 85 m.
The overburden composition of the working face is shown in
Table 1. The working face adopts the longwall backward mining
method and the total collapse management roof method. The
average mining progress is 2.5 m /d.

2.2 UAV Data Acquisition and
Preprocessing
The terrain of mining areas in western China is complex, and there
are many gullies and valleys. The study area has large topographic
relief, so it is difficult to undertake a comprehensive field survey of
ground fissures. Therefore, unmanned aerial vehicle (UAV)
photogrammetry is used to obtain image data in our study to
analyze the morphology and distribution characteristics of
ground fissures. UAV is a non-manned aircraft controlled by
software program or radio remote. UAV aerial survey can
quickly and efficiently obtain high-resolution remote sensing
images. After batch processing, it can generate DOM (Digital
Orthophoto Map), DEM (Digital Elevation Model), DLG (Digital
Line Graphic), topographic map, and other thematic geographic
information results. Compared with traditional satellite remote
sensing and large aircraft aerial photography, UAV technology
has the advantages of strong maneuverability, fast speed, and less

dependence on weather and terrain (Colomina and Molina, 2014;
Siebert and Teizer, 2014; Wang et al., 2022).

On 17 January 2022, a photographic survey of the study area
was carried out using the Dajiang Elves 4pro UAV. The UAV
carries a 1-inch 20 million-pixel image Sony Exmor R CMOS
sensor that captures 4K /60fps video and takes static photos at
14 per second. Table 2 shows the main parameters of the aircraft.
Before aerial photography, the route should be set according to
the terrain above the working face. Figure 2 shows the route
design.

In this photogrammetry, the ground resolution was 5.6 cm /pixel,
and the flight height was 200m (calculation of the flight height based
on formula 1). The front overlap was 75%, and the side overlap was
60% (calculation of overlap based on formulas 2 and 3). The image
size was 5472 × 3648 pixels. There is a total of 948 JPEG images. The
acquired UAV image data and image control results were measured
and calculated by automatic aerial triangulation encryption using
Agisoft Photoscan Professional 1.4.2 software, and DSM, DOM, and
3D model were generated. The UAV operation process is shown in
Figure 3:

H � f × GSD

a
, (1)

Px � lx
Lx

× 100%, (2)

Py � ly
Ly

× 100%, (3)

where H is the flight height; a is the pixel size; f is the focal length
of objective lens; GSD is the ground resolution of UAV images; lx
and ly are the length and width of the overlapping parts,
respectively; Lx and Ly are the length and width of the entire
image, respectively; and Px and Py are the front overlap and side
overlap, respectively.

2.3 Interpretation of Ground Fissures
In different landform areas, the types of surface subsidence
caused by coal mining are different, including ground fissures,

FIGURE 1 | Topography and geographical location of the mining area.

TABLE 1 | Overburden composition of the working face.

Number Lithology Thickness (m) Depth (m)

S10 Loess layer 5–85 85
S9 Mudstone 26 111
S8 Sandy mudstone 32 143
S7 Medium-coarse sandstone 28 171
S6 Sandy mudstone 34 205
S5 Medium-coarse sandstone 20 225
S4 Mudstone 13 238
S3 Siltstone 12 250
S2 Coal 8 258
S1 Siltstone 30 288
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collapses, landslides, and so on (Gao et al., 2018). The main
monitoring object of this article is the ground fissures caused by
coal mining. In the obtained image data, the spectral and spatial
characteristics of ground objects are used to identify different
ground objects. Having analyzed the shape, color, and size of
mining ground fissures, the interpretation characteristics of
fissures are established, as shown in Table 3.

The distribution characteristics are obtained by the visual
interpretation of the generated DOM and 3D model when
interpreting ground fissures. In general, the recognition
accuracy of DOM is higher than the 3D model. However,
when there is dense vegetation or occlusion and if fissures are
difficult to distinguish from the background, ground fissures can
be determined by arbitrarily rotating the 3D model. Therefore, in
this study, the interpretation of ground fissures was based on the
DOM, supplemented by the 3D model.

2.4 Numerical Simulation of the Study Area
2.4.1 Principle of the Particle Flow Code Method
PFC (particle flow code) is a method based on discontinuous
medium mechanics (discrete element). Unlike the finite element
method, PFC reflects its macroscopic state through the interaction
between macroscopic and microscopic mechanical properties of
particles. The particle flow theory forms an arbitrary combination
by connecting two ormore particles. Newton’s second law and force-
displacement law are used to simulate the block motion alternately.
Figure 4 shows the calculation cycle process (Zhou et al., 2000).

This article adopts PFC5.0 software (two-dimensional version)
developed by Itasca, the United States. Themodel established by PFC
is composed of spherical or circular particles tightly packed by bonds,
which is called BPM (bonded particle model). Therefore, unlike other
methods, PFC has no grid and grid concept. Under the action of
stress, the destruction of bonds leads to tensile or shear fissures
between particles, so this numericalmethod can be applied to thefield
of mining subsidence to simulate the generation and development of
ground fissures (Wu and Hu, 2002). The particle flow method
stratified the overlying strata through the GROUP command flow.
The fissures in the rock mass are simulated through the JEST
command flow, and the loading of the model is simulated by
moving the wall or gravity. In the process of simulation
calculation, it is necessary to assume that the basic elements of
the particle flow numerical model are spherical or disc-shaped.
The two are rigid bodies that allow certain overlap, which is
suitable for soft materials such as loess, and the rigid bodies are
soft contact rather than hard contact (Itasca Consulting Group
Incorporated, 2016).

2.4.2 Designing the Numerical Model and Calibrating
Parameters
1) Numerical model design

In order to eliminate the boundary effect to influence the
numerical simulation results, the two-dimensional particle flow
model was established with the strike profile of the working face

TABLE 2 | UAV parameters.

Number Parameter

1 UAV name PHANTOM 4 PRO
2 Maximum flight time 30 min
3 Image sensor 1 inch CMOS; effective pixels 20 million
4 Maximum video resolution 4K 60P
5 Maximum remote control distance FCC: 7000m
6 Operating frequency 2.4 GHz/5.8 GHz

FIGURE 2 | Route design. (A) UAV. (B) Route design.
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based on the actual situation. The maximum size of the model is
864 × 288 m2. Considering the requirements of the
computational efficiency and accuracy, the particle size is
expanded in a certain proportion, and the particle radius is
0.4 m (Wang et al., 2017). There are a total of
229,193 particles in the proposed model. The overlying strata
were divided into several layers (Table 1). In order to simulate
mining, the particles of the coal seam were removed from the
corresponding layers. In calculating, the horizontal displacement
of the boundary on both sides of the model was constrained, and
the fixed support condition was applied at the bottom. There was
no constraint on the upper boundary. The gravity was 9.8 m /s2.
The open-off cut distance was 243 m from the left boundary of

the model, and the advance of 20 m was used to simulate the
mining along the strike of the coal seam. After each excavation, it
is considered to be balanced when the fissure growth rate in the
numerical model is less than or equal to 5 cycles per 1000 cycles.
Figure 5 shows the numerical model established by PFC2D.

2) Parameter calibration

Previously, the parallel bond contact model was often used to
study the fracture failure of rock materials. However, it is found that
the compression-tensile ratio of the particle aggregation is small, and
the actual rock material pressure ratio is about 10. The shortage of
the parallel bondmodel is overcome in the newly developed flat joint
model (Chen, 2018). In view of this, this article adopted the flat joint
model. In the flat joint model, the rigidity ratio, effective modulus,
radius of particles, volume-weight, and othermesoscopic parameters
were mainly included. The parameters were calibrated by
continuously adjusting the mesoscopic parameters until the
simulation results were as close as possible to the experimental
results. Through repeated debugging, a set of mesoscopic parameters
that can reflect the macroscopic mechanical properties of rock were
finally obtained (Lee and Jeon, 2011). The effective modulus of the
flat joint matches themacroscopic elastic modulus of the indoor test,
the rigidity ratio of flat joint matches themacroscopic Poisson’s ratio
of the indoor test, and the cohesion and tensile strength of the flat
joint match the macroscopic cohesion and tensile strength of the
indoor test. The mesoscopic parameters of the particle flow model
used in this article are shown in Table 4.

The “level effect” cannot be ignored in numerical simulation. So,
the calculation model considering the level effect is more suitable for
engineering practice. This article considered the influence of the
interface between the strata on the calculation of a numerical model.
The interface between the strata was treated as the contact surface,
and the layer thickness was the minimum particle radius. First, the
overlying strata were divided into several layers by the group
command. Second, we drew the geometric model of the layer by
CAD and imported it into the numerical model of the PFC program
by the geometry command. The layer was placed between the strata.
Finally, the corresponding mechanical parameters were contributed
to different layers by the cmat command. The selected parameters
were referred to in previous studies (Wang et al., 2013; Xia et al.,
2016), which were roughly 1/10 of the mechanical parameters of the
strata on both sides.

3 RESULTS

3.1 Recognition Results for Ground Fissures
Figure 6 shows the interpretation result of ground fissures of
8092 working face. There are 77 ground fissures determined by
visual interpretation, mainly distributed near the stopping line

FIGURE 3 | UAV operation process.

TABLE 3 | Interpretation characteristics of ground fissures.

Disaster species Color Shape Dimension Shadow Distribution Texture

Mining ground fissures Black Linear and banded Different lengths Yes Around working face Stripe
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and the trough of the working face. Most fissures were developed
in the inclined trough. The spacing was 3–18 m, and the length
was 6–109 m. As for the parallel stopping line fractures, the
spacing was 3–13 m, and the length was 7–138 m. The outermost
ground fractures in the moving basin were 78.2 m and 55 m away
from the stopping line and the trough of the working face,
respectively.

The plane forms of ground fissures were mainly linear and arc
types. The linear fissures were straight in shape without bending and

were mainly distributed along the boundary of the working face; the
arc-shaped fissures were developed with a curved shape and widely
distributed without distinct rules, as shown in Figure 6.

The position relationship of adjacent fissures was mainly
parallel type and bifurcation type. If the development shape
and angle of two or more fissures were basically the same and
the relative position was parallel, their position relationship was a
parallel relationship. Most of them were vertical to the advancing
direction of the working face. The bifurcation fissures referred to

FIGURE 4 | Principle of PFC.

FIGURE 5 | Particle flow field model.

TABLE 4 | Mesoscopic parameters of strata.

Symbol Description Loess
layer

Sandy
mudstone

Medium-coarse
sandstone S5 and

S7

Mudstone Coal Siltstone
S1 and S3

S10 S6 and S8 S4 and S9 S2

γ
(KN/m3)

Volume-weight 18 24 25 24 16 24

R(cm) Minimum radius of particles 40 40 40 40 40 40
Rmax/
Rmin

Particle radius ratio 1.6 1.6 1.6 1.6 1.6 1.6

E*(GPa) Effective modulus of the flat joint 0.4 14.2 22 13.5 4 28.2
K* Rigidity ratio of the flat joint 2 2 2 2 2 2
σc (MPa) Average tensile strength and standard

deviation of flat joints
0.1/0.025 0.8/0.2 1/0.25 0.8/0.2 0.25/

0.0625
1.2/0.3

c(MPa) Average cohesion and standard deviation of
flat joints

4/1 20/5 20/5 20/5 10/2.5 20/5
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the secondary fissures that extended from both sides of the main
fissure to different directions when the main fissure developed to
a certain length. They mainly were distributed outside the
stopping line of the working face. The main fissure was
vertical to the advancing direction of the working face, and
the secondary fissure was consistent with the advancing
direction of the working face, as shown in Figure 6.

The types of ground fissures were mainly tensile fissures and
step fissures. Affected by the loess hilly landform, the main type of
ground fissures outside the stopping line of the working face was
step fissures, as shown in Figure 7–A. The maximum drop was

2.3 m. The tensile fissures were mainly distributed near the
groove of the working face with flat terrain, and the maximum
tensile width was 1.3 m, as shown in Figure 7–B.

The UAV photogrammetry time is 20 months apart from the
end time of themining face. Therefore, the surface movement and
deformation have stabilized. The ground fissure obtained by
visual interpretation is permanent. The main characteristics of
this fissure are large width and length and the step ground fissures
with a large drop.

It can be seen from the orthophoto map that the number of
ground fissures above the working face is few, and the width is

FIGURE 6 | Visual interpretation of ground fissures acquired by UAV.

FIGURE 7 | (A) Step ground fissures. (B) Tensile ground fissures.
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less, which are dynamic fissures. As the working face advanced,
these fissures experienced a “generation–expansion–closure
(complete or partial closure)” dynamic process. The
development process of dynamic fissures is accompanied by
first stretching and then squeezing the surface above the goaf.

3.2 Analysis of Numerical Simulation
Results
3.2.1 Analysis of the Development Law of Ground
Fissures
There is different movement and deformation of the upper strata
under the influence of mining during the mining stage of the
working face, which can be transmitted to the surface to form
ground fissures, as shown in Figure 8 (the blue lines represent the
fissures, and the white lines represent the local amplification
phenomena of the model).

When the working face advanced to 80 m, the immediate roof
collapsed for the first time, and the collapsed height was 14.4 m.
At this time, the tensile stress failure in the subsidence area caused
the leading edge of the slope to split. As the working face
continued advancing, the direct roof fell with the mining, and
the goaf area increased gradually. When the working face
advanced to 100 m, the direct roof collapsed periodically, and
the periodic collapse step distance was 20 m.

When the working face advanced to 140 m (slope bottom), the
overburden rock blocks were continuously crushed and filled into
the goaf due to the load effect of the loess layer. The failure range
of the overburden rock was arched and developed upward. At this
time, the slope surface pulled by the front soil caused tensile

fissures R1 and R2. When the working face advanced to 180 m,
the immediate roof completely collapsed to the coal seam floor,
and the fissures R1 and R2 continued to develop. The moving
deformation developed along the slope and then formed the
fissure R3. Due to the increase of tensile stress on the upper part of
the slope, there is an obvious tensile fissure R4 on the back edge of
the slope due to the traction of the middle and lower soil.

When the working face advanced to 220 m, the fissure
R5 appeared on top of the slope due to slope traction. The
rock in the middle of the caving zone was compacted.
Moreover, the fissures at the bottom of the slope were
connected with the working face, forming a through mining
fissure R6. At the end of the mining face, the fissures on top of the
slope extended downward, and the slope became unstable with a
downward sliding trend. There is a positive step failure appearing
on the surface.

According to the simulation results, in the mining stage of the
working face, the moving deformation at the bottom of the slope
affected by mining developed from bottom to top along the slope.
After the mining of the working face, a total of six obvious fissures
were generated on the surface. The fissures mainly existed at the
bottom of the slope, the slope surface, and the top of the slope.
The fissures were positive fissures. The maximum width of the
top fissure (R5) was 1.17 m. The bottom fissure was connected
with the working face, and three obvious fissures were generated
on the slope surface.

3.2.2 Analysis of the Displacement Distribution Law
Coal seam excavation will cause the displacement, deformation,
and failure of the overlying strata. Figure 9 shows the vertical

FIGURE 8 | Evolution of the overlying strata at different advancing distances. (A) Advanced to 80m. (B) Advanced to 100m. (C) Advanced to 140m. (D) Advanced
to 180m. (E) Advanced to 220m. (F) Advanced to 440m.
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displacement field and horizontal displacement field of overlying
strata when the first caving of the direct roof and at the end of the
mining face.

When the working face advanced to 80m, the immediate roof fell
for the first time, and the overlying strata around the goaf moved
toward the direction of the goaf under the action of horizontal stress
and self-weight. The separation occurred above the goaf. Due to the
small excavation space, the surface loess layer was less affected by
mining, and the subsidence of coating rock gradually decreased from
bottom to top. As the working face advanced, the rock filled the goaf
continuously, and the slope affected by slip was biased toward the
free surface. It can be seen that the trend of the horizontal moving
direction of the goaf was opposite to the slope. The fissure zone
developed to the surface and formed mining fissures.

We drew the displacement curve according to the
displacement data of monitoring points at different locations
on the surface. Figure 10 shows the surface subsidence curve
during working face mining. The subsidence curve was relatively
gentle at the early stage of working face mining. The bottom of the
slope was first affected by mining, and there is larger subsidence.
Moreover, the slope was less affected by mining. With the
expansion of the mining scope of the working face, the
subsidence and the influence range on the surface gradually
increased. Under the influence of the slope slip, the maximum
subsidence point tended to the upward slope direction, and the
subsidence curve showed a “V” shape that was not centered on
the goaf. The overall trend showed that the edge of the basin was
slight, while the center of the basin was larger. After working face
mining, the maximum surface subsidence was 9020 mm.

Figure 11 shows the surface horizontal movement curve in the
process of mining. In the early stage of working face mining, the
horizontal movement curve was relatively flat, and there were two
extreme values in opposite directions. With the continuous
advancement of the working face, the amount of horizontal
surface movement and the range of surface influence gradually
increased, and the extreme value in the downhill direction moved
to the edge of the basin. When the working face advanced to the
bottom of the slope, the influence of slope slip was intensified.

The surface horizontal movement value and influence range in
the downhill direction were large, while the surface horizontal
movement value and influence range in the uphill direction were
small. Moreover, due to the fissures on the slope surface, there is a
mutation of the horizontal movement value of the
corresponding monitoring points on the surface. The
maximum horizontal displacement of the surface was
4170 mm at the end of mining.

As Figure 11 shows, in the mining stage of the working face, the
surface horizontalmovement curve shows a non-asymmetric state to
the zero-value point. For the point where the subsidence value in the
downhill direction is zero, the horizontal movement value is not
zero, and there is a large horizontal movement value. It indicates that
the surface can be affected bymining and topographywhen the slope
is mining down. The moving vector on the surface is the
combination of the moving vector pointing to the goaf and the
vector pointing to the downhill direction along the slope surface. The
surface horizontal movement has a horizontal slip pointing in the
downhill direction.

According to the surface rockmovement data, after themining of
8092working face, themeasuredmaximum surface subsidence value
is 8920mm, and the maximum horizontal displacement value is
3800mm. The maximum surface subsidence value of the numerical
simulation results is 9020mm, and the maximum horizontal
displacement value is 4170mm. It can be concluded that the
numerical simulation results are close to the actual results, as

FIGURE 9 | Horizontal and vertical displacement caused by mining. (A) Vertical displacement(m). (B) Horizontal displacement(m).

FIGURE 10 | Surface subsidence curve.
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shown in Table 5. It shows that the results simulated by PFC
numerical simulation software are reliable and correct for studying
surface movement and deformation caused by underground coal
mining.

3.2.3 Analysis of Abutment Pressure Variation in Stope
In the process of working face advancing, the overlying strata
gradually collapsed to the goaf and caused the stress distribution
of stope. The change of stope stress directly reflects the dynamic
evolution of the overlying strata structure and the root cause of the
ground fissures. Figure 12 shows the relationship between the
abutment pressure of the stope in the particle flow model and the
different mining distances of the coal seam. The measurement circle
is arranged from the left boundary of the model on the coal seam
floor. The radius is 4.2m, and the total amount is 102.

In the process of advancing theworking face, the area of increased
tensile stress was just above the goaf, and the area of increased
supporting pressure was in the coal wall. The values of maximum
supporting pressure in the coal wall gradually increased, and the
position of the maximum supporting pressure in front of the goaf
continuously transferred deeper. When the working face advanced
to 80m, the immediate roof fell for the first time. The peak abutment
pressure of all the measuring circles was 9.40MPa. There is a tensile
failure at the front edge of the slope under tensile stress. When the
working face advanced to 100m, the immediate roof periodically
collapsed. The maximum abutment pressure of all monitoring
points was 10.39MPa. The rate of peak increase of abutment
pressure was small in front of the goaf. It was directly related to
the load ability of the immediate roof when transmitting grazing
rock. At this time, therewas no obvious deformation or failure on the
slope. The change of abutment stress above the goaf was relatively

complex compared with the stress change in the coal body. When
the working face advanced to 180m (just below the slope), the value
of the abutment pressure at the monitoring point reached a peak,
which was 11.22MPa. This is because the direct roof fell completely,
and the instability of the bearing structure of the direct roof led to the
loss of the load ability to transfer. Moreover, due to the increased
tensile stress of the slope surface, the fissure on the slope continued to
develop, and new fissures appeared at the trailing edge of the slope
under the traction. When the working face advanced to 220m, the
overlying strata on the immediate roof was totally cut down, and the
overlying strata fissure was connected with the slope bottom fissure.
At this time, the peak value of abutment pressure dropped sharply.
After the mining of the working face, there was a step failure at the
back edge of the slope, and the abutment pressure in the coal body
rebounded. The maximum abutment pressure of all monitoring
points was 8.57MPa. As Figure 12 shows, the stability of the
overlying strata has a significant impact on the change of
abutment pressure above the goaf.

4 DISCUSSION

4.1 Comparison of Field Investigations and
UAV Results
In the field investigation, the dynamic real-time
differential observation (RTK) of the Zhonghaida V30 receiver
was used to determine the location and shape of ground fissures,
and the width and fall of ground fissures were measured by a tape
ruler. The survey results are shown in Figure 13.

We investigated 20 ground fissures randomly along the
boundary of the working face and above the working face,

FIGURE 11 | Surface horizontal displacement curve.

TABLE 5 | Comparison of numerical simulation results and rock movement observation.

Data source Rock movement observation
(mm)

Numerical simulation (mm) Relative error (%)

Maximum surface subsidence 8920 9020 1.1
Maximum surface horizontal displacement 3800 4170 9.7
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which were tensile fissures and step fissures. The survey
information is shown in Table 6.

Comparing the field survey results with the interpretation
results of UAV data, it can be seen that the fissures obtained by
the field survey failed to fully reflect their plane form, and the
ground fissures interpreted by UAV remote sensing technology
can well reflect the tortuous shape of fissures. The ground fissure
7 cannot be accurately identified in the orthophoto. The width of
the fissure is 5 cm, but the ground resolution of the UAV image is
5.6 cm /pixel. Thus, it is difficult to find ground fissure 7 through
visual interpretation.

In this study, the accuracy rate of ground fissures by visual
interpretation based on using UAV image data reached 95%, which
verified the feasibility and applicability of UAV remote sensing

technology in the investigation of ground fissures. Moreover, the use
of UAV technology can save much manpower and has the
characteristics of high efficiency and comprehensiveness.

4.2 Process of Surface Movement and
Deformation in the Loess Gully Area
According to the numerical simulation results, we analyzed the
fissure development law, displacement distribution law, and
abutment pressure variation law above the goaf in the mining
stage of the working face. It is concluded that the surface
movement and deformation of the mining under the loess
gully area have different stages, and the deformation process
can be divided into the following stages (Zhang et al., 2022):

FIGURE 12 | Distribution of the abutment pressure at different advancing distances.

FIGURE 13 | Ground fissure survey map.
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1) Tensile failure of the slope bottom: in the early stage of
working face mining, due to the self-gravity subsidence of
the overlying strata in the goaf, the surface loess layer is bent
and deformed, and the slope moves to the inner side of the
goaf. The bottom of the slope is first cracked by the tensile
stress of the rock and soil in the goaf, as shown in
Figure 14–A.

2) Traction failure of the slope body: when the working face
advances below the slope, the maximum subsidence value of
the surface is in the center of the goaf. The subsidence degree
of the slope bottom is deeper, and the fissures continue to
extend due to the increase of tensile stress. The mining effect
extends from the bottom of the slope to the slope, and the
slope is pulled by the front rock and soil and then causes
tensile fissures. The failure mode is traction failure, as shown
in Figure 14–B.

3) Sliding failure of the slope top: as the working face advances, the
range of the mined-out area increases. The upper slope moves
towards the free face under the traction of the lower slope, and
there are tensilefissures on the slope top.At the same time, the soil
at the bottom of the slope moves toward the slope under the
action of the mined-out area. The bottom of the slope is subjected
to two-way extrusion, which intensifies the fissure damage. After
the end of work face mining, the bottom of the slope fissures and
goaf is connected to form a penetrating fissure. The slope surface
and the top of the slope fissures continue to extend, and the slope
loses its stability, showing a downward sliding trend, such as
Figure 14–C.

4.3 Formation Process of Ground Fissures
Based on the numerical simulation results, it can be seen that the
instability of the overlying strata causes the ground fissures.
When the lower part of the key strata is broken and the upper
part not, there will be rock fissures developed from the top to the

bottom on the surface. The ground fissures characterized as
tensile ground fissures constantly develop with the
advancement of the working face. When the working face
advances to a certain distance, the upper and lower parts of
the key strata break simultaneously. The sliding instability of the
key strata will cause the surface subsidence and horizontal
deformation severe. At this time, the fissures above the goaf
are connected with the ground fissures, which are shown as step
fissures, as shown in Figure 15. If the ground fissure is in the
compression deformation area of a moving basin on the surface,
the width of the fissure will decrease, showing a closed trend with
the surface compression deformation, that is, dynamic fissures.

The highlights of this study:

1) Through UAV aerial photography and field investigation, the
distribution position, plane forms, location relationship, and
type of ground fissures in the loess gully region are obtained,
and the accuracy rate of ground fissures by visual
interpretation is verified. At the same time, we get that the
relationship between image pixels and the interpretation
object size should be considered in the interpretation of
ground disasters by UAV. The research results can provide
a useful reference for rapidly monitoring large-scale geological
disasters.

2) We first obtained three stages of surface movement and
deformation caused by coal mining in the loess gully area.
The stability of the overlying strata is reflected by analyzing
the change of abutment pressure in the stope. It is concluded
that the upper and lower parts of the key strata were broken at
the same time and are the root cause of tensile ground fissures
and step ground fissures, and the characteristics of surface
movement and deformation under this geological condition
are also obtained. For the first time, we consider the influence
of the “level effect” on surface movement and deformation

TABLE 6 | Survey of ground fissures.

Number Fissure type Width (m) Drop height
(m)

Plane form Position

1 Tensile fissure 0.82 0 Linear Near the groove
2 Tensile fissure 1.30 0 Linear Near the groove
3 Tensile fissure 0.50 0 Linear Near the groove
4 Step fissure 0 0.52 Arc Near the stopping line
5 Step fissure 0 2.30 Arc Near the stopping line
6 Step fissure 0 1.02 Arc Near the stopping line
7 Tensile fissure 0.05 0 Linear Near the stopping line
8 Tensile fissure 0.52 0 Linear Near the stopping line
9 Step fissure 0 0.40 Arc Near the stopping line
10 Step fissure 0 0.12 Arc Near the stopping line
11 Tensile fissure 0.46 0 Linear Interior of the working face
12 Step fissure 0 0.21 Arc Near the stopping line
13 Step fissure 0 0.25 Arc Near the stopping line
14 Step fissure 0 0.27 Arc Near the stopping line
15 Step fissure 0 0.22 Arc Near the stopping line
16 Tensile fissure 0.48 0 Arc Near the groove
17 Tensile fissure 0.52 0 Linear Near the groove
18 Tensile fissure 0.34 0 Arc Interior of the working face
19 Step fissure 0 0.18 Linear Near the groove
20 Tensile fissure 0.39 0 Linear Near the open cut
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FIGURE 14 | Surface movement and deformation process in the loess gully area. (A) Tensile failure of the slope bottom. (B) Traction failure of the slope body.
(C) Sliding failure of the slope top.

FIGURE 15 | (A) Formation process of tensile ground fissures. (B) Formation process of step ground fissures.
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caused by coal mining in the loess gully area, which makes the
simulation results more consistent with the actual. The
research results provide a reference for evaluating surface
movement and deformation.

5 CONCLUSION

Ground fissures are one of the main disasters caused by
underground coal mining. It is urgent to develop a large-scale
monitoring technology for ground fissures and study its
development law through new methods. In this article, taking
8092 working face as an example, we studied the distribution
characteristics and development law of mining ground fissures in
the loess gully area by using the method of UAV
photogrammetry, field investigation, and particle flow theory.
We can get the following conclusions:

1) Based on the interpretation results of UAV remote sensing
images, it can be seen that the mining ground fissures are
mainly distributed near the stopping line and the trough of the
working face under the condition of the loess gully area. Most
of them were inclined trough fissures, with a fissure spacing of
3–18 m and a length of 6–109 m. The parallel stopping line
fissure spacing was 3–13 m, and the length was 7–138 m. The
outermost ground fissures in the moving basin were
78.2 m and 55 m away from the stopping line and the
trough of the working face, respectively. The main plane
form of the ground fissure was linear and arc in type. The
linear fissures were more distributed along the boundary of
the working face, and the arc fissures were distributed widely
and randomly. There were mainly parallel type and
bifurcation type for the position relationship of adjacent
fissures. In terms of the types of ground fissures, there
were mainly tensile fissures and bench fissures. The outside
of the stopping line of the working face affected by the loess
hilly landform was mainly bench fissures, and the maximum
drop was 2.3 m. The tensile fissures were mainly distributed
near the groove of the flat working face, and the maximum
tensile width was 1.3 m. Combined with field investigation, it
was found that the accuracy of visual interpretation of ground
fissure by UAV image data was 95%, which verified the
feasibility and applicability of UAV remote sensing
technology in ground fissure investigation.

2) In the stage of coal seam mining, the failure range of the
surrounding overburden rock in the goaf developed arch
upward. The bottom of the slope first affected by mining
caused fissures. Then, the movement deformation developed
from bottom to top along the slope, and there were fissures
appearing on the surface and top of the slope. The stability of
the overlying strata has a significant influence on the
abutment pressure change above the goaf. The upper and
lower parts of the key strata breaking simultaneously are the
root cause of tensile ground fissures and step fissures.

3) Whenmining in the loess gully area, the surface subsidence curve
showed a “V” shape that was not centered on the goaf. The surface
horizontal movement curve showed a non-antisymmetric state

about the zero point. Since there was a horizontal slip pointing to
the downhill direction in the horizontal movement of the surface,
the subsidence value in the downhill direction was zero. However,
the horizontalmovement valuewas not zero, and therewas a large
horizontal movement value.

4) When mining in the loess gully area, the surface movement
and deformation had different stages. The surface had
experienced the process of tensile failure of the slope
bottom—traction failure of the slope body—sliding failure
of the slope top. The biggest advantage of particle flow theory
is that it can directly reflect the evolution process of rock strata
movement and deformation. It is more suitable for studying
mining subsidence problems than other methods.

In this article, the particle flow theory is mainly used to
study the formation mechanism of ground fissures in the loess
gully area. It does not focus on the quantitative study of
ground fissures. For the numerical model established along
the strike profile of the working face, the simulation results
can correctly restore the formation process of ground fissures
and explain the root causes of different types of ground
fissures. At the same time, the numerical model
constructed by PFC is composed of many particles, and the
amount of calculation is large. Therefore, in order to save
computation time, the 2D version of PFC is used in this study.
Future research focuses on the law and prediction of ground
fissures by the 3D version of PFC.

Unfortunately, the ground resolution of the UAV used in this
study is 5.6 cm /pixel, so it is impossible to interpret smaller ground
fissures. In addition, the special geological structure was not
considered in the numerical model based on PFC2D. Thus, there
is still a little difference between the simulation results and the actual
values. These limitations will be further studied in the future.
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