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Surface damage caused by coal mining is one of the problems perplexing ecological
environment restorations in coal mining areas. Accurately evaluating and predicting the
degree of surface damage induced by coal mining with reasonable and correct indexes are
of great significance to the restoration and treatment of the ecological environment. In this
paper, these methods including the unmanned aerial vehicle aerial photography and manual
measurement were used to investigate the development characteristics of surface damage
caused by 2% coal seam mining in Yangchangwan Coal Mine. The results showed that with
the change of mining conditions, the characteristics of surface cracks change obviously,
which can be adopted to indicate the degree of surface damage. Thus, based on the results
of the investigation, the classification standard of surface damage degree was established
based on the evaluation indexes including density of crack, drop height of surface crack,
crack width, maximum surface subsidence, and geological disaster caused by cracks and
the damage characteristics of buildings. The evaluation method and process of surface
damage degree also were given. Based on the ratio of the buried depth to the thickness of
the coal seam (H/M), ratio of the thickness of overlying bedrock to the thickness of the coal
seam, the thickness of loose layers (Ms), geomorphology, distance to faults, and distance to
folds, the prediction model of surface damage degree was built on the GIS platform. The
weight coefficient of each prediction index was obtained by the analytic hierarchy process
(AHP) method. The surface damage degree map of 2% coal seam in Yangchangwan Coal
Mine was divided into four classes: very minor, minor, moderate, and serious, which
provides a relatively applicable method for the prediction of surface damage degree in
Yangchangwan Coal Mine and its adjacent mining areas.
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INTRODUCTION

Xie X, Hou E, Long T, Feng D, Hou P,
Wei Q, Li Y and Liu J (2022) Study on
Evaluation and Prediction of the
Degree of Surface Damage Caused by
Coal Mining.

Front. Earth Sci. 9:805248.

doi: 10.3389/feart.2021.805248

At present, the proportion of coal consumption to total primary energy consumption began to
decline after implementation of the coal industry rationalization action by the Chinese government
(Wang et al.,, 2020; Yan et al., 2018; Xie et al., 2021). But coal still plays an important role in the
development of regional economy, especially the western China economy (Yan et al., 2021; Zhu et al.,
2018). Undoubtedly, exploitation of coal resources will do harm to the environment of the ground
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surface, such as exhaustion of groundwater resources, death of
vegetation, cracking of the land, and damage to surface structures,
such as railroad tracks, roads, and buildings. Moreover, with the
increase of scale and intensity of coal resources, the
environmental problems caused by mining will be more
serious (Zeng et al., 2020; Xu Y. et al, 2019; Fan et al., 2017;
Fan et al,, 2015; Huang et al., 2013; Bell et al., 2000). Thus, clearly
grasping the distribution of ground subsidence and accurately
evaluating the susceptibility of ground subsidence is the
prerequisite for ensuring the safety of the workers and
restoration and treatment of the environment.

Evaluation is a description and characterization of objects that
have emerged (Djamaluddin et al., 2011; Si et al., 2010). Some
indicators including water (Guo, et al., 2019; Xiao et al., 2020;
Zeng et al., 2020), landform (Hu Z. et al., 2014a), landscape (Xu J.
et al,, 2019; Quanyuan et al., 2009), geological disaster (Shao,
2019), and building damage (Djamaluddin, et al, 2011;
Malinowska and Hejmanowski, 2010) have been used to
evaluate the degree of ground collapse. In addition, Yu et al.
divided the land subsidence damage into four grades using the
surface subsidence (Yu, et al., 2008). Youfeng Zou et al. divided
the land damage into six grades according to the stable ground
slope, the relationship between surface inclination deformation,
and soil erosion (Zou, et al., 2003). Xiaojing Li et al. used the
surface crack, surface subsidence and collapse crater, and
additional gradient to classify the degree of land damage
caused by coal mining (Li, et al, 2012). Zishao Zhang et al.
determined the evaluation criteria for the degree of geological
environment induced by coal mining using the horizontal
deformation, the deformation of slope, and curvature (Zhang
and Sui, 2017).

The above results have laid the foundation for the in-depth
study of the evaluation of the degree of surface damage. However,
it was impractical to use the horizontal movement deformation
and tilt deformation as an index to evaluate the degree of surface
damage because not all working faces have these two values that
need to be measured for a long time, and the cost is relatively high
to obtain these two parameters. In addition, for the workers in the
coal mine, the evaluation standard established in the above
research is too complex to be applied in practical work. For
these reasons, selecting intuitive, convenient, and easy to obtain
parameters as the index to evaluate the degree of surface damage
caused by working in face mining is one of the problems to be
solved in the paper.

Generally, surface damage can be decreased to a certain extent
by predicting the degree of surface damage. In recent years,
several models including the analytic hierarchy process (AHP)
(Rezaei, et al., 2020; Zhang, et al., 2011), artificial neural network
(ANN) (Lee, et al., 2012; Kim, et al., 2009), rough set (RS) (Feng
and Luo. 2016), and other methods in tandem with GIS were
adopted to evaluate the ground subsidence susceptibility caused
by coal mining by some experts. But there are two shortcomings.
One is that the above research methods or models were used to
predict the ground subsidence susceptibility rather than the
degree of surface damage, the other was that the indicators
used for prediction were not consistent with parameters of
coal mining such as mining thickness of coal seam, depth of

Prediction of Surface Damage

coal seam, bedrock thickness, thickness of soil layer, and so on.
Therefore, using the reasonable prediction model to predict the
degree of surface damage caused by coal mining with appropriate
factors is another problem to be solved in this paper.

In order to complete the research content, Yangchangwan
Coal Mine was taken as the study area and the UAV remote
sensing and field investigation were applied to investigate the
ground collapse caused by working face mining. According to the
survey results, the evaluation factors of surface damage were
determined, and then the surface damage level was divided.
Combined with the coal mining information and geological
information of the working face, the prediction model of
surface damage could be established with the appropriate
index of surface damage under the GIS platform.

GENERAL SITUATION OF THE STUDY
AREA AND INVESTIGATION METHOD

General Situation of the Study Area
Yangchangwan Coal Mine chosen as the study area is located in
Ningxia Province, China, within latitudes 37°54'49" N to 38° 02
27" N, and longitudes 106°33'46" E to 106°39'49" E (Figure 1).
The study area belongs to Ningxia Coal Industry Group, which is
an important mining area in the coal base located in the east of
Ningxia. The coal mine’s length is about 12.8 km from north to
south, and its width is approximately 9.8 km, the overall area is
about 58.21 km”. Land types in the study area are mainly grass,
bare land, and residential areas. The altitude ranges from
1,320.25m to 1,497.69 m and increases from north to south.
The surface is mainly covered by the loess and wind aeolian loose
layer, and bedrock appears sporadically.

As can be seen from Figure 2, the strata, from old to new, in
the coal mine are mainly Triassic, Jurassic, Cretaceous, and
Quaternary. The Yanan formation of Jurassic is the main coal
bearing strata in the area, with an average thickness of 91.47 m,
which contains 32 layers of coal seam. Among these coal seams,
the stable 2” coal seam with dip angle ranges from 5° to 28° is
being mined. The occurrence thickness of 2% coal seam ranges
from 4.73 to 10.66 m (7.80 m averagely), and the mining depth
ranges from 50 to 1,300 m and decreases from north to south.
The thickness of the surface loose layer ranges from 1.65 to
36.95 m, and the average thickness is 10.17 m. There are about
23 faults in the study area, of which 15 faults are normal and
eight faults are reverse. In addition, there are nine folds in the
region.

Methods for Investigation of Surface
Damage

Ground collapse, which includes surface crack, surface
subsidence, collapse, and landslide caused by coal mining, is
the main form of surface damage and also is the object of this
investigation. In order to accurately obtain the surface damage
date of each working face, UAV and manual monitoring were
carried out (Figure 3), and the indexes of UAV are shown in
Table 1.
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FIGURE 1 | Study area location.

EVALUATION OF SURFACE DAMAGE
DEGREE

Results of Investigation on Surface Damage
A total of 10 working faces were investigated in the study area
(Figure 4). The surface damage caused by 120,211 and 120,209
working face mining had been repaired. Thus, there is a lack of
data on surface damage induced by 120,211 and 120,209 working
face. The investigation results of the remaining working faces are
shown in Table 2.

The surface damage caused by 110,207 working face located in
the north of the study area was serious. The density of surface
cracks was 181 I/km? (I/km? indicates the number of cracks in the
1 km? area), the maximum width and the maximum drop height
of surface cracks were 150 and 160 cm, respectively. A collapse
groove with a width of 4.0 m was developed on the surface above
the working face. Since the surface subsidence had not been
measured in the mining process of the working face, there is no
way to obtain the maximum surface subsidence. In addition, the
number of associated disasters caused by the working face was
zero, and there were no roads and buildings above the
working face.

The density of surface cracks, the maximum width, and the
maximum drop height caused by 110,201 working face were
280 I/km?, 76 cm, and 45 cm, respectively. There was no collapse
groove, associated disasters, roads and buildings above the
working face, and the surface subsidence was not measured in
the mining process.

The density of surface cracks, the maximum width, and the
maximum drop height caused by 120,215 working face were

206 I/km?, 34 cm, and 10 cm, respectively. There was no collapse
groove, associated disasters, or roads and buildings above the
working face. The maximum subsidence was not obtained.

In 120,210 working face, the surface damage characteristics are
more obviously caused by coal mining. The density of surface
cracks is 145 I/km’, the width is generally less than 30 cm, and the
maximum drop height was 18 cm. There was no measured data
on surface subsidence and buildings. However, a road in the
working face was cracked by coal mining.

The 130,204 working face was located in the south of the mine
field. The surface damage caused by 130,204 working face was
minor, the density of surface cracks is 41 //km® and the
maximum drop height and width of surface cracks were 8 and
15 cm. There was no collapse groove development in the working
face. In addition, there are no roads and buildings in the
working face.

According to the survey results, the density of the surface
cracks was 104 I/km?, the maximum drop height and width of the
surface cracks caused by 160,203 working face were 11 and 30 cm,
respectively. After mining, there were no collapse groove and
associated disasters on the surface.

The density of surface cracks caused by 120,212 working face
was 65 I/km” and all surface cracks have no drop height, the
maximum width was 5 cm. Furthermore, the road in the working
face was intact.

As similar to 120,212 working face, the surface damage
induced by 160,202 working face was very minor. The surface
crack was the only form of surface damage. The density of surface
cracks was 61 I/km?, the maximum drop height and width were 5
and 21 cm, respectively.
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CLASSIFICATION OF SURFACE DAMAGE
DEGREE OF WORKING FACE

According to the investigation results of surface damage caused by
working face, the surface crack was the most intuitive and convenient
parameter to characterize the surface damage degree. Based on the

combination of actual management experience and the investigation
results, the crack density, maximum drop height, maximum width,
maximum subsidence, associated disasters, and other features were
taken as the classification standard of the surface damage degree, and
the degree of surface damage was divided into four grades, which were
serious, moderate, minor, and very minor (Table 3).
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TABLE 1| The ncxs of LAV EVALUATION RESULT OF SURFACE
Performance of UAV (Md4-1,000) DAMAGE DEGREE OF WORKING FACE
Ciimbing rate 7.5m/s Cruising speed 15.0m/s  The evaluation process of the surface damage degree is shown
Maximum power 1000w Weight of the UAY 26509 in Figure 5. The first step was selection of target working face.
Flight time < 50 min Load 2000 g . |

Flight radius 5,000 m Flight altitude 1,000 m The seco.nc? step was to investigate the .surface damage
Remote control distance 5,000 m Wind resistance <12 m/s characteristics of the target face. The third step was to

evaluate the index grade according to Table 3. The last step
was to take the highest grade of the index as the grade of the

N

A

collapse groove T~

crack (width<20cm)

crack (width<30cm)

Boundary line of coal mine

] [

Working face Buried depth of 2°coal seam

FIGURE 4 | (A) collapse groove; (B) Crack with a width less than 30 cm; (C) Crack with a width less than 20 cm; (D) Crack with a width less than 5 cm.

TABLE 2 | Results of surface damage.

Name Surface crack Collapse Maximum subsidence Number of Other features
Crack density Maximum drop Maximum width Maximum width (m) associated disasters Roads Buildings
(I/km?) (cm) (cm) (cm)

110,207 181 160 150 400 No data 0 No roads  No buildings
110,201 280 45 76 0 No data 0 No roads  No buildings
120,215 206 10 34 0 No data 0 No roads  No buildings
120,210 145 18 30 0 No data 0 Cracked  No buildings
130,204 41 8 15 0 No data 0 No roads  No buildings
160,203 104 ih! 30 0 No data 0 No roads  No buildings
120,212 65 0 5 0 No data 0 Intact Cracked

160,202 61 5 21 0 No data 0 No roads  No buildings
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TABLE 3 | The degree of surface damage.

Surface damage Crack density Maximum drop Maximum width

degree (I’km?) (cm) (cm)
Very minor <20 0 <10
Minor 20~100 <50 1.0~30
Moderate 100 ~ 300 5.0~30 1.0~50
Serious >300 >30 >50

Selection of target working
face

Investigation of surface
damage

Evaluation of index grade

Determination of surface
damage degree

FIGURE 5 | Evaluation process of the surface damage degree.

TABLE 4 | The degree of surface damage of the working face in the study area.

The name of the The degree of surface

working face damage
110,207 Serious

110,201 Serious

120,215 Moderate
120,210 Moderate
130,204 Moderate
160,203 Moderate
120,212 Minor

160,202 Moderate

surface damage degree of the working face according to the
evaluation results of the index.

According to the above evaluation process and combined
with the formulated level of the surface damage degree, the
evaluation of the surface damage degree of 8 working faces in
the study area was completed, and the results were as follows:
the degree of surface damage caused by 110,207 working face
and 110201working face were serious, the degree of surface
damage induced by 120,215, 120,210, 130,204,160,203, and
160,202 working face mining were moderate, and that
induced by 120,212 the degree of surface damage was minor
(Table 4).

Maximum subsidence

Prediction of Surface Damage

Associated disasters Other features

(m) Roads Buildings
<01 0 Intact Intact
0.1~1.0 <10 Deformed Deformed
1.0~3.0 10~50 Cracked Cracked
>3.0 >50 Severely cracked ~ Severely cracked

PREDICTION OF SURFACE DAMAGE

Factors of the Surface Damage Degree
According to previous literature and surface damage of the study
area, 6 conditioning factors were selected, including the ratio of
the buried depth to the thickness of the coal seam (H/M), ratio of
the thickness of overlying bedrock to the thickness of the coal
seam, the thickness of the loose layer (Ms), geomorphology,
distance to faults, and distance to folds in the study. All above
factor maps were converted into raster format with a spatial
resolution of 20 x 20 m.

The actual mining thickness of the coal seam is generally less
than or equal to the thickness of the coal seam, which is positively
correlated with the degree of surface damage induced by coal
mining. In general, the working face with large mining thickness
has a large goaf after mining, which provides sufficient activity
space for the overlying strata, which leads to the stronger
disturbance to the surface. The buried depth of the coal seam
is negatively correlated with the degree of surface damage.
Generally, the greater the buried depth of the coal seam, the
longer the time for the disturbance caused by mining to be
transmitted to the surface, the more attenuation of the
disturbance, and the more minor the surface damage.
Therefore, in the study the ratio of the buried depth to the
thickness of the coal seam (H/M) was taken as a factor to
predict the degree of surface damage caused by coal mining.
The ratio (H/M) was reclassified into four classes (Figure 6A).

As a parameter negatively related to the degree of surface
damage caused by coal mining, the thickness of overlying bedrock
can prolong the time for the deformation to extend to the surface,
which reduces the degree of surface damage induced by coal
mining. Thus, in the present study, the ratio of the thickness of
overlying bedrock to the thickness of the coal seam (Hj/M) was
reclassified into four categories: < 45, 45-70, 70-95, >95
(Figure 6B).

The loose layer refers to the sedimentary strata in Quaternary
and Neogene, which has great influence on the characteristics of
surface movement, especially horizontal movement and
horizontal deformation. Commonly, the greater the thickness
of the loose layer, the more uniform the surface deformation and
the smaller the less developed the surface cracks. The thickness of
the loose layer (Ms) of the study area ranged from 0 to 56 m and
was divided into four classes (Figure 6C).

Geomorphology is also an important factor affecting the
degree of surface damage caused by coal mining. Generally,
the surface damage induced by coal mining under the loess
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FIGURE 6 | Study area thematic area: (A) H/M, (B) Hi/M, (C) Ms, (D) geomorphology, (E) distance to faults, and (F) distance to folds.

gully landform is more serious than that under the sandy region.
In this study, the geomorphology was reclassified into three
categories: aeolian sand, soil layer, and bedrock (Figure 6D).
Generally, the degree of surface damage caused by coal mining
under bedrock was greatest, and the degree of surface damage was
least under aeolian sand.

As an independent index, the fault restricts the surface damage
by means of affecting the mechanical property of the bedrock and
the slip of faults along the cross-section. In general, the surface
damage caused by mining of the working face near the geological
fault is relatively serious because the surrounding rock strength
decreases, and fault slip due to tectonic break. In this study, the
fault buffers were reclassified into four categories to produce the
map of distance to the faults (Figure 6E).

In general, mining leads to the superposition of overlying rock
and surface movement caused by folds, and it is easy to appear as
discontinuous movement and deformation and increase the
amount of subsidence on the axis of folds. Thus, the surface

damage caused by coal mining in the geological fold areas is more

serious. Like distance to faults, fourfold buffers were created
(Figure 6F).

METHODOLOGY OF AHP

In order to accurately predict the degree of surface damage by
coal mining, the analytic hierarchy process (AHP) method, which
is a multi-criteria decision making (MCDM) and was put forward
by Saaty (1980), and was applied in the essay and was divided into
four steps (Saaty, 1980; Durmusoglu., 2018; Gnanavelbabu and
Arunagiri, 2018).

In the current study, building an AHP model is the first step.
In this study, occurrence conditions of the coal seam are
subdivided into the ratio of the buried depth to the thickness
of coal seam (H/M) and the ratio of the thickness of overlying
bedrock to the thickness of the coal seam (Hj/M). The geological
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TABLE 5 | Weights of factors for prediction of the degree of surface damage.

Geological structure

Surface layer condition

Factors Conditions of the coal
seam
H/M Hj/Mm Distance to
faults
Weights 0.271 0.453 0.052

structure condition is based on the fault and the fold. The surface
layer condition is subdivided into two indexes such as thickness of
loose layer (Ms) and geomorphology. The AHP model which was
built in the previous step was divided into three layers, the degree
of surface damage is the target layer (A layer). Occurrence
conditions of the coal seam, the geological structure condition,
and the surface layer condition belong to the middle layer (B
layer). The bottom layer (C layer) consists of six factors derived
from occurrence conditions of the coal seam, the geological
structure condition, and the surface layer condition (Figure 7).

The second step was to construct a judgment matrix for the
degree of surface damage caused by coal mining, which was used
to verify the AHP model constructed in the first step by
comparing the consistency parameters. The judgment matrix
for the degree of surface damage is as follows:

Cll C12 C13 C14 C15 C16

C21 C22 C23 C24 CZS C26
A= . . . . . .

CGI C62 C63 C64 C65 C66

As the next step, sub-criteria under each main criterion are
compared two by two by three experts by using Mesh cade
software, and then the weight coefficient of each index was
calculated. Table 5 indicates the weights for all factors, the
sum of factor weights was 1, and the most important factor
for the degree of surface damage is “ratio of the thickness of
overlying bedrock to the thickness of the coal seam (Hj/M)”
which weight was 0.465. The least important factor was folds
which weight was 0.051. Finally, the key of the AHP method is the
consistency test, which was adopted to examine the rationality of
the judgment that was constructed in the previous step. As shown
in Table 5, the consistency index of the judgment matrix (Cg) is

Distance to Geomorphology Ms
folds
0.031 0.072 0.121

0.063 < 0.1, which indicated that the judgment matrix was
reasonable.

Cg =0.0623

Prediction Model of the Degree of Surface
Damage

Based on the above analysis and the weight of each factor, the
prediction model of the degree of surface damage was established,
as follows:

W= ZW X fi(xy) = 0.271 X f1(x,y) +0.453 X f,(x,y) +0.052 X f3(x,y)+
0031><f4(x, y) +0.048 x f5(x,y) +0.145 x f6(x,y)

where W is the value indicating the degree of surface damage by
coal mining, higher values indicate serious surface damage. w; is
the weight value of the i factor and fi (x,y) is the normalized value
of the i.

RESULTS OF THE DEGREE OF SURFACE
DAMAGE

First, the above factors of surface damage were normalized. The
positive factors were normalized by Eq. 1, and the negative factors
were normalized by Eq. 2. However, the geomorphology that
cannot be normalized by the formula was normalized by the
reassignment method. The aeolian sand area was assigned as 0.4,
the soil area was assigned as 0.6, and 1.0 was assigned to the
bedrock area.
Equation 1:
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FIGURE 8 | Prediction map of surface damage degree caused by 2"
coal seam mining.

Xx; — min x;
! i i
xlj= —————— 1)
max x; — min x;
Equation 2:
max x; — X;
12 i 1
xij=—— X (2)

max x; — min x;

where the X;” was the dimensionless value, X; was the actual value
of the i factor, min X; was the minimum value in the index value,
and max X; was the maximum value in the index value.
Furthermore, the value of the degree of surface damage (W)
was calculated using the prediction model. The calculated W
values are in the range 0.1-0.9. After that, all W values were
converted into ArcGIS 10.2 to produce the map of the degree of
surface damage by 2# coal seam mining (Figure 8). Finally, the
map was reclassified by the natural discontinuity method into
four classes such as serious (W > 0.7), moderate (0.50 < W < 0.7),
minor (0.0.3 < W < 0.5), and very minor (0.10 < W < 0.3). The
area within 9.53km” of the northern boundary of the
Yangchanwan Coal Mine was severe. The 14.41 km® area in

5000 r 46.07
45.00 Percent of each class
40.00 ® area of each class
35.00
@
2
= 3000 F 26.82
2 24.76
9 25.00
o
B 2000 1637 Laal
5 1500 [ i 12.80
g 9.53
L 1000 f 7.45
5.00 I l
0.00 L L L
Serious moderate minor very minor
FIGURE 9 | Percentage of each class of the degree of surface damage.

TABLE 6 | Comparison of the degree of surface damage.

Names
of working face

Evaluation degree Predicted degree

110,207 Serious Serious
110,201 Serious Serious
120,215 Moderate Moderate
120,210 Moderate Moderate
130,204 Moderate Moderate
160,203 Moderate Minor
120,212 Minor Minor
160,202 Minor Moderate

the north and the middle was a moderately damaged area of
surface damage. Meanwhile, due to the influence of folds and
faults, some of the middle areas were striped and slightly
scattered. The remaining parts were the minor area and very
minor area. The area percentages of each class are shown in
Figure 9. The minor class has the largest area (46.07%), followed
by moderate (24.76%), serious (16.37%), and very minor
(12.80%).

Validation of Prediction Results

The 8 usable working faces investigated in this study were added
to the map of the degree of surface damage caused by 2* coal seam
mining by using the back substitution method. In the 8 working
faces, the degree of surface damage obtained by the prediction
was basically consistent with the level of the evaluation, and the
accuracy was 87.5% (Table 6), indicating that this method can be
used for the prediction of the degree of surface damage induced
by coal mining.

DISCUSSION

As an important part of the whole ecological environment in the
coal mine, the surface ecological environment is bound to
undergo negative changes due to coal mining. Especially in
Northwest China, the impact of coal mining on the surface
ecological environment is more serious. According to the

Frontiers in Earth Science | www.frontiersin.org

January 2022 | Volume 9 | Article 805248


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Xie et al.

statistics, the total surface collapse area has exceeded 1,189 ha
(Shang, 2013) in Lingwu mining area caused by large-scale coal
mining, resulting in a continuous decline in the quality of the
surface ecological environment. Thus, it is necessary to accurately
evaluate the impact of coal mining on the surface environment
based on determining the form and degree of surface damage. In
this study, the surface damage degree and the classification
standard were established. However, this evaluation system is
only aimed at surface damage and is the basis of surface ecological
environment assessment. Therefore, the evaluation system of
vegetation and surface water resources needs to be constructed
in the follow-up research, and then improve the evaluation
system of the impact of coal mining on the surface ecological
environment.

Several reports have shown that the surface damage caused by
coal mining is a complex process, which can be summarized as
two stages: rock collapse and topsoil deformation (Chen and Hu,,
2018). In the stage of rock collapse, the overlying rock mass will
subside and collapse under the action of gravity. In the stage of
topsoil deformation, the movement and deformation of topsoil
will damage the integrity of the surface. Surface damage mainly
includes surface collapse, surface cracks, surface subsidence, and
associated disasters, among which, surface cracks are the most
common type of surface damage in the coal mine area. Different
from the previous research results in using surface deformation
parameters (Yu, et al., 2008; Zou, et al., 2003) to evaluate the
degree of surface damage caused by coal mining, we selected
surface cracks, associated disasters, and buildings as the basis for
dividing the degree of surface damage, which reduces the
difficulty of obtaining the characteristic data of the
evaluation index.

There are many factors affecting the degree of surface damage
caused by coal mining, which can be divided into three categories:
coal mining, geology, and geomorphology (Hu, et al.,, 2014b).
Therefore, the prediction of mining surface damage degree is a
multi-disciplinary and complex research field, which needs to be
combined with different data sources to predict the degree of
surface damage. In this study, six conditioning factors were
selected as prediction factors, and the prediction model of
surface damage degree is constructed by the AHP method.
Through superposition analysis, the prediction map of surface
damage degree of 2 coal seam in the Yangchangwan Coal Mine
was obtained. The minor class has the largest area (46.07%),
followed by moderate (24.76%), serious (16.37%), and very minor
(12.80%), and the overall accuracy is 87.5% (Table 6). However,
in addition to the influencing factors discussed in this paper, the
surface damage induced by coal mining is also related to the coal
mining process, mining speed, working face layout, the nature of
overlying bedrock, rainfall, and topography, and the control effect
of each factor on the surface damage needs to be further studied.
In addition, the prediction model of the surface damage degree
constructed in this paper is relatively simple and does not involve
more predictive factors such as multi-coal seam mining
conditions, topography, lithology, and so on. The treatment
method for structural geological conditions is relatively simple,
so it is necessary to construct a complex prediction model
covering multiple factors in future research.

Prediction of Surface Damage

CONCLUSION

(1) Based on the results of the surface damage investigation, the
degree and the classification standard were established with
these factors including the crack density, maximum drop of
crack, maximum width, maximum subsidence, the
associated disasters, and other features. The degree was
divided into four grades such as serious, moderate, minor,
and very minor. Meanwhile, the evaluation method and
process of surface damage degree by mining of the working
face were given.

In this research, the AHP model was systematically analyzed
for application in the prediction of surface damage caused by
coal mining. Six factors were extracted for the study including
ratio of the buried depth to the thickness of the coal seam (H/
M), ratio of the thickness of overlying bedrock to the
thickness of the coal seam (Hj/M), thickness of the loose
layer (Ms), geomorphology, distance to faults, and distance to
folds, and the weights for these factors were calculated, which
were 0.271, 0.453, 0.121, 0.072, 0.052, and 0.031.
According to the predicted result of the degree of surface
damage by 2” coal seam mining, four groups such as serious,
moderate, minor, and very minor were reclassified by the
natural discontinuity method, and the minor class has the
largest area, followed by moderate, serious, and very minor.
The verification result of the back-substitution method shows
that the AHP model has an accuracy rate of 0.875. Finally,
these study results may be useful for protection of the
ecology.
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