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Abstract
The research on land subsidence (LS) is a global topic. In recent years, the environmental problems caused by coal mining have
received great attention. In particular, mining land subsidence (MLS) caused damage to villages, buildings, farmland, etc, which
seriously threatened the living environment and ecological environment of the mining area. To reasonably evaluate mining land
subsidence (MLS) of coal mine, based on characteristics of strata movement in coal mining, this study put forward PSR (Pressure-
State-Response) concept model based on MLS to build an evaluation index system of MLS in coal mine. Based on this index system, in
view of the uncertainty in the evaluation process, the cloud model is used to represent the index weight and comprehensive evaluation
calculations, which fully consider the randomness and ambiguity in the evaluation process. MLS of several important mining areas in
China were evaluated and were classi�ed as three grades (Slight-Medium-Strong). The cloud model assessment results are compared
with the result of the probability integration method and the actual situation. The assessment results of the cloud model are closer to
the actual situation than the probability integration method. It shows that the established MLS evaluation method based on cloud
model in this study is reasonable and feasible. The Mining width and height ratio, depth and height ratio and coal seam dip angle are
important factors affecting MLS. Therefore, improving the mining method to deal with the goaf reasonably, optimizing the mining
design to control the in�uence range of mining are important measures to reduce the MLS and protect the ecological environment of
mining areas.

Highlights
A new land subsidence concept model in coalmine is proposed the �rst time.

Ming land subsidence can be described by the model and 11 indictors.

An improve Cloud model is used to conduct assessment on mining land subsidence.

Result of cloud model is more bene�cial to assess the  danger level of mine land subsidence.

1 Introduction
Land subsidence (LS) refers to the problem of surface subsidence caused by man-made and natural causes. Natural factors mainly
include natural compaction of loose strata and man-made factors mainly include human activities such as the exploitation of
groundwater, oil and natural gas resources. Research and treatment of land subsidence have been a global problem(Dinar et al., 2021;
Galloway et al., 2016; Zoccarato et al., 2018).In recent years, mining land subsidence (MLS) has received extensive attention and
research. The mining of coal resources is of great strategic signi�cance to China's long-term development. However, the excessive
exploitation of underground coal resources has caused serious secondary disasters, which have had a huge impact on the landscape
and ecological environment of the mining area(Zhang et al., 2019). Geological disasters such as surface deformation, fracture, and
collapse caused by mining have destroyed a large number of farmland, vegetation, water resources and surface buildings, severely
damaged the ecological environment of the mining area, and threatened the sustainable development of the coal industry(Akcin, 2021;
Zheng et al., 2020). MLS destroys land resources, causing serious impacts on vegetation and water environment pollution (Ma et al.,
2019; Zhao et al., 2020)and at the same time, it has also caused problems such as soil quality degradation and food security (Chen et
al., 2019; Sun et al., 2019b). According to a survey conducted by the Bureau of Statistics of the People’s Republic of China, 92% of
domestic coal production comes from underground mining. It is estimated that 10,000 tons of coal mining underground will cause
about 0.2–0.33 hectares of ground surface subsidence. In China, the annual subsidence is expected to increase 2104 hectares (Hu and
Xiao, 2013).Accurate prediction and evaluation of MLS is an important prerequisite for preventing mining subsidence damage,
reducing subsidence disasters, and protecting the ecological environment, especially the areas with serious potential land subsidence
hazards in China (Yuan et al., 2020).For a long time, methods such as probability integral method and in�uence function method,
which focus on the analysis of mining subsidence law and the study of subsidence mechanism, have been the main methods of
mining subsidence prediction, which provide theoretical support for subsidence control and disaster prevention.(Chen et al., 2016; Ju
and Xu, 2015; Ma et al., 2017; Yan et al., 2018). With the rapid development of the subject of arti�cial intelligence, many scholars have
cited arti�cial intelligence technology in the prediction and evaluation of MLS(Mohammady et al., 2021; Yan et al., 2021b).Research
methods based on numerical simulation are also widely used in the evaluation and analysis of MLS (Liu et al., 2021; Sikora and
Wesolowski, 2021). At present, the probability integral method is the most widely used subsidence prediction method in China (Xing et
al., 2021; Yuan et al., 2020). The MLS is affected by mining conditions and geological conditions, and it is affected by a large amount
of randomness and ambiguity(Li et al., 2021).It can be seen from the above-mentioned literature analysis that MLS is seriously harmful
to the environment. There are many research methods for MLS, but they have the following shortcomings in the application:
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(1) MLS is closely related to mining and geological conditions and is affected by strata movement and overlying rock activities. It is a
complex problem of quantitative and qualitative multi-index coupling, with signi�cant regional and particular characteristics. In the
evaluation and analysis, it is di�cult to comprehensively analyze complex indicators, and can only simplify the analysis of a large
number of qualitative indicators. The traditional predictive evaluation methods established by simplifying complex in�uencing
conditions are di�cult to describe the impact of complex factors such as key strata, loose strata, and lithological coupling of different
strata. Therefore, the �nal result often deviates from the actual situation. (2) In the past, few models can well solve the randomness
and ambiguity problems in MLS research. Therefore, this study uses the cloud model to solve this long-term problem, based on the
establishment of an index system.

Therefore, in view of the shortcomings of traditional evaluation and prediction models, such as di�culty in describing key strata, loose
strata, lithological coupling of different strata, and some complex and fuzzy factors, this study adopts the safety evaluation
method(Ranjan and Hughes, 2014; Sovacool et al., 2011; Vithayasrichareon et al., 2012) to integrate the quantitative dimensions (the
occurrence conditions of the coal seam, mining design parameters), and the qualitative dimensions (the nature of the rock, the impact
of key strata ) to construct the PSR (pressure-state-response) comprehensive conceptual model of MLS(Fang et al., 2008; Wang and
Sun, 2017) based on the characteristics of coal mining, land subsidence, prediction and evaluation, etc. In addition, the comprehensive
weighted cloud model of game theory weighted subjective weight and objective weight is introduced for analysis and evaluation, which
improves the rationality and safety of mining subsidence evaluation.

2 Research Method

2.1 MLS-PSR concept model
In coal seam mining, the direct roof broke and collapsed, the cracks extended upward, and the overlying rock layer was bent and
separated. As the working face advances, the exposed area of the goaf gradually expands, and the impact of mining continues to pass
upwards, eventually forming a subsidence basin on the surface, directly leading to a series of serious environmental and ecological
problems such as the destruction of ground villages, land, buildings, and the loss of vegetation and water resources. The mining
subsidence model is shown in Fig. 1.

As shown in Fig. 1, the activities of the overlying strata caused by human mining activities eventually evolved into land subsidence, and
mining is the main factor causing subsidence. The occurrence and mining conditions of coal seams such as coal seam thickness m,
mining width l, depth buried H, dip angle a, etc are directly related to land subsidence(Yan et al., 2021a). The activity of the rock strata
shows the evolution state of the land subsidence. For coal mining, the lithology of the overlying strata, key strata, the thickness of the
loose strata and the slope angle of the terrain have always been the focus of the research on the overburden activity(Sun et al., 2021).
In order to predict and control mining subsidence, many scholars have established important indicators for predicting and evaluating
mining subsidence through a lot of research and actual measurement. Among them, the maximum subsidence value w0 is an
important index to describe the hazard degree of mining subsidence, which is related to the mining thickness m. dip angle a and the
subsidence factor q. The main in�uence tangent tanβ mainly describes the range distribution of mining subsidence, and the in�ection
point offset s0 mainly describes the control distance of the coal roof. In addition, the in�uence parameters on mining subsidence
include the mining in�uence propagation coe�cient and the crushing expansion of rock. Deng Kazhong...Edit. Deformation monitoring
and subsidence engineering[M]. China University of Mining and Technology Press, 2014. From the above description and the
subsidence model shown in Fig. 1, the study of mining subsidence is a closed-loop system, which is composed of human activities
(resource mining), changes in environmental conditions (surface subsidence), and human response measures (prediction and control).
It contains a lot of quantitative, qualitative and fuzzy factors.

According to the characteristics of mining land subsidence and referring to the PSR model, this study establishes a MLS-PSR concept
model, where P is the pressure exerted by mining on the environment, S is the environmental geological state of the mining area, R is
the countermeasure that human beings take to deal with this situation(Fang et al., 2008; Wang and Sun, 2017).The MLS-PSR concept
model is shown in Fig. 2.

2.2 Construction of coal mining index system based on MLS-PSR conceptual
model
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The law of coal mining subsidence has regional characteristics, and the evaluation index system of subsidence mining impact should
be different in different mining areas. According to the characteristics of coal mining subsidence, consulting to the existing research,
and following principles of representativeness, independence, quanti�cation and systematization of indicators(Peng et al., 2021a), this
study built 3 evaluation criteria including the pressure exerted by mining on the environment (P), the geological environmental state of
the mining area (S), human response to predict and control this situation (R).The assessment criteria includes 11 assessment
indicators, which is shown in Table 1.

Table 1
MLS-PSR assessment indexes and interpretations

Target layer Criterion layer Indicator layer Interpretation Type

Assessment on
MLS-PSR model

Coal resource
mining(P)

Mining depth and height ratio Re�ects the relative goaf height of the coal
seam in the vertical direction.

+

Coal seam dip angle Re�ect the shape of the mining in�uence +

Mining width and height ratio Re�ects the su�ciency of mining +

Geological
environment(S)

Terrain slope angle Re�ects the complexity of the geological
environment

+

Thickness of loose strata Re�ects the complexity of the geological
environment

-

Overlying rock lithology
(unidirectional compressive
strength)

Re�ect the comprehensive properties of
the overlying strata

-

Key strata position Re�ects the ability of key strata to affect
subsidence

-

Predictive
research(R)

subsidence factor Re�ect the comprehensive properties of
the overlying strata

+

Main in�uence tangent Re�ect the range distribution of mining
subsidence

+

In�ection point offset coe�cient Re�ect the comprehensive properties of
coal roof

-

Mining propagation coe�cient Re�ect the propagation characteristics of
mining in�uence

+

2.3 Evaluation method of MLS based on improved cloud model
Cloud model is an algorithm model based on fuzzy mathematics and random mathematics, with strong qualitative and quantitative
analysis capabilities (Pei et al., 2019; Ren et al., 2017; Xu et al., 2020). Let X be a quantitative domain expressed by values of number,
and C be a qualitative notion of X. If the quantitative value x∈X, and x is a random quantity on C, the membership degree. µ(x)∈[0,1]. x
is the cloud droplet of cloud X, then:

μ(x):X → [0, 1], ∀x ∈ X, x → μ(x)

1

The digital characteristics of the cloud consist of element expectations Ex, entropy En, and super entropy He composition (Peng and
Deng, 2020b; Xu et al., 2020). Where Ex is the central point of domain for cloud droplets. En is used to measure its uncertainty and
re�ect qualitative concepts such as randomness and ambiguity. He is used to describe the uncertainty of En, that is the entropy of
entropy, which is re�ected by the dispersion of clouds. The larger the value of He, the thicker the cloud appears. The membership cloud
and its digital features are shown in Fig. 3.

For an improved cloud model with bilateral constraints[cmin, cmax](Cao et al., 2020), the formula for its numerical features is:
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Ex =
cmax +cmin

2

En =
cmax −cmin

2.335

He = K

2

Among them, K is served as a constant, which can be modulated on the grounds of the blur threshold of the variable. The uniform
value of K in this study is 0.01.

FCG (Forward cloud Generator) is a cloud generation algorithm that maps from qualitative to quantitative, which generates cloud drops
based on the digital characteristics of the cloud[Ex, En, He]. The principle of establishing the MLS cloud model is shown in Fig. 4, and
concrete step is:

Step 1: Generate a normal random number yi with En as the expectation and He2 as the variance

Step 2: Generate a normal random number xi with Ex as the expectation and yi
2 as the variance, Delete x that does not meet the

objective reality.

Step 3: Calculating µ(xi):

μ(xi) =

1
(xi ∈ MinDegree&xi < Ex) or
(xi ∈ MaxDegree&xi > Ex)

exp −
( xi−Ex) 2

2y2
i

3

Step 4: A cloud droplet (xi, µ(xi)) is entered.

Step 5: Step 1–Step 4 are repeated until the Nth cloud droplet that meets requirements is formed into a cloud.

2.4 Calculating the weight of each assessment index for MLS-PSR

2.4.1 Improved analytic hierarchy process
Analytic Hierarchy Process (AHP) is a systematic engineering method from qualitative analysis to quantitative analysis, which is widely
used to determine the in�uence weight of each evaluation index. This study uses the improved 3-scale AHP method, the algorithm is as
follows(Peng and Deng, 2020a; Peng and Deng, 2020b; Peng et al., 2021b).

Step 1: Determining the level-structure model

Step 2: Establishing the comparison matrix A

a ij =
2 Element iis more important than element j
1  Element i is the same important as element j
0 Element iis less important than element j

4

{

{ [ ]

{
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Step 3: Calculating the ranking index ri of importance.

ri =
n

∑
j=1

a ij

5

ri is elements' sum of row i in matrix A, rmax= max (ri), rmin =min (ri)

Step 4: Establishing judgment matrix B

bij =

ri−rj
rmax −rmin

(bm − 1) + 1 ri > rj

1 ri = rj

rj−ri
rmax −rmin

(bm − 1)
−1

ri < rj

6

b m is the comparison standard of base point, and then the two base point comparison elements are compared according to the
judgment scale of level 1–9, to obtain the value of bm.

Step 5: The optimal transfer matrix C of judgment matrix B is obtained:

cij = 10
1
n

n
∑

k=1
lg

b ik

b jk

7

Step 6: The weight w is calculated(Duan et al., 2014):

(a) Normalize the matrix by column to get matrix T, each element of which is

tij
=

cij
n
∑

k =1
ckj

8

(b) Calculate the weight value

w =
1
n

n

∑
j=1

tij

9

2.4.2 Criteria importance though intercrieria correlation (CRITIC) method
There are two fundamental principles in CRITIC: (1) The contrast intensity is introduced, and the standard deviation is used to
characterize the value of each evaluation level of the same index. The larger the standard deviation, the larger the index gap. (2) It
re�ects the con�ict of evaluation indicators. If the two indicators have a strong positive correlation, it indicates that the con�ict of
indicators is smaller(Peng et al., 2021b).The speci�c calculation steps are as follows:

{ [ ]

( )
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Step 1: Standardize the original data and normalize the evaluation matrix to eliminate the in�uence of dimensionality. The calculation
formula is as follows:

For positive indicators:

y =
xij − min(xij)

max(xij) − min(xij)

10

For negative indicators:

y =
max(xij) − xij

max(xij) − min(xij)

11

Step 2: Calculate the variability and con�ict of the evaluation index, use the standard deviation σj of the evaluation index to describe
the variability, and the con�ict coe�cient is calculated by formula 12.

cj =
n

∑
m=1

1 − rmj

12

In formula 12, cj is the con�ict coe�cient of evaluation index, j = 1, 2, …, n, rmj is the correlation coe�cient between evaluation
indicators, which could be calculated by formula 13:

rxy =
∑ (x − x)(y − y)

∑ (x − x)2(y − y)2

13

Step 3: Calculating weight coe�cient. Finally, the weight coe�cient wj of each index is calculated to obtain the weight matrix W. The
weight coe�cient could be calculated by formula 14:

wj =
σj ∗ cj
n
∑

j=1
σj ∗ cj

14

Therefore, the weight matrix W of evaluation indicators could be obtained, that is W = [w1, w2, …, wn].

2.4.3 Calculate the combined weight of subjective and objective weights by
game theory
After obtaining the subjective and objective weights, game theory is used to comprehensively weight the combined weights. This
method combines the advantages of subjective and objective weighting, which not only considers the subjective opinions of decision-
makers on the index factors, but also re�ects the importance of the index itself to the research object. The steps to determine the
combination weight using game theory are as follows:

Step 1: The S method is used to scienti�cally and reasonably weight the multi-index evaluation problem, and then the combined weight
vector is obtained.

w(k) = [wk1, wk2, ⋯wkn] (k  =  1,  2, ⋯,  n)

( )

√
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15

w(k) is the weight vector determined by the k-th method, and the weight vector determined by the s methods can be expressed as a
linear combination:

WT = ∑s
k =1αkwk

T αk > 0

16

Step 2: According to the idea of the game aggregation model, the optimal combination of different weights is carried out, and the
combination coe�cientαkis optimized to obtain the most suitable weight w*. The countermeasure model is as follows:

min‖
L

∑
k =1

αkwT
k − wk‖

2
(k = 1, 2..., L)

17

Step 3: According to the differential properties of the matrix, the optimal derivative conditional linear equation system equivalent to
Eq. 16 can be obtained:

w1 ⋅ wT
1 ⋯ w1 ⋅ wT

k

⋮ ⋱ ⋮

wk ⋅ wT
1 ⋯ wk ⋅ wT

k

α1

⋮
αk

=

w1 ⋅ wT
1

⋮

wk ⋅ wT
k

18

Step 4: Normalizing the solution ().

\alpha _{{\text{k}}}^{*}=\frac{{{\alpha _{\text{k}}}}}{{\sum\limits_{{{\text{k}}={\text{1}}}}^{{\text{s}}} {{\alpha _{\text{k}}}} }}
19

Step5: Then comprehensive weight could be obtained:

{\text{w}}_{{}}^{*}=\sum\limits_{{{\text{k}}={\text{1}}}}^{{\text{L}}} {\alpha _{k}^{*}} w_{k}^{T}
20

2.5 Determine the degree of comprehensive certainty
The forward cloud generator (FFG) algorithm is used to calculate the certainty µij of the index i belonging to the level j. Taking the
average after multiple calculations can improve the reliability of the certainty. Finally, combined with the index weight w* determined by
the combination weighting method, the comprehensive certainty cj of each level of MLS-PRS can be obtained.

{c_j}=\sum\limits_{{i=1}}^{n} {{\mu _{ij}}\omega _{i}^{*}}
21

2.6 Evaluation criteria division criteria
The evaluation criteria of coal mining land subsidence have different characteristics due to different mining conditions and geological
conditions. Considering the current mining status of most coal mines in China, referring to relevant references(Jia et al, 2009) and
combining with relevant national regulations, the land subsidence is divided into three levels: Slight, Medium and Strong. The index
classi�cation and classi�cation criteria of the body are shown in Table 2.

[ ] [ ] [ ]



Page 9/20

Table 2
Evaluation index grading standard

Evaluation indicator I grade II grade III grade

Mining depth and height ratio c1 > 200 100–200 0-100

Coal seam dip angle c2(^\circ) 0–25 25–45 45–90

Mining width and depth ratio c3 0-1.2 1.2–1.4 > 1.4

Terrain slope angle c4(^\circ) < 15 15–30 > 30

Thickness of loose strata c5(m) < 10 10–40 > 40

Overlying rock lithology (unidirectional compressive strength)c6(MPa) > 60 30–60 < 30

Key strata position c7(m) > Hl Hm-Hl <Hm

Subsidence factor c8 0.27–0.55 0.55–0.84 0.84-1

Main in�uence tangent c9 1.20–1.91 1.91–2.40 2.40–3.54

In�ection point offset coe�cient c10 0.31–0.43 0.08–0.31 0-0.08

Mining propagation coe�cient c11 0.5–0.6 0.6–0.7 0.7–0.8

Note: In the table, Hm is the height of the caving zone and Hl is the height of the fracture zone

2.7 Speci�c assessment procedure of MLS-PSR based on combined
weighting cloud model
The basic principles of MLS-PSR evaluation based on the combination weighting cloud combination model: Firstly, cloud numerical
features of the corresponding grade on the basis of MLS-PSR index grading standards could be calculated; Second, the measured data
of each indicator is substituted into the cloud model to calculate the certainty of each indicator, and combined with the combined
weights obtained by game theory to determine the comprehensive certainty of each level of MLS-PSR. Finally, the grade of MLS is
con�rmed according to the “maximum membership degree principle”. The speci�c procedure is demonstrated in Fig. 5.

3 Case Veri�cation

3.1 Case mining area
In order to verify the applicability of the combined weighting cloud model and the MLS-PSR model in the evaluation of surface
subsidence, this study selects typical domestic coal mining subsidence cases in Gansu, Shanxi, and Chongqing mining provinces for
analysis. The speci�c distribution of each mining area is as follows as shown in Fig. 6 (Li, 2019; Li, 2019; Yu, 2015; Wu, 2013; Li, 2010;
Wang, 2020; Guo, 2018).

3.2 Model establishment

3.2.1 Calculating cloud model parameters
The expected value Ex and the entropy value En are calculated according to the boundary values of the different grade evaluation index
grade standards in Table 2. In this study, the super entropy He is consistently taken as 0.01. The parameters (Ex, En, He) of each index
of the cloud model are shown in Table 3.
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Table 3
Cloud model parameters of MLS in domestic coal mining at different levels based on MLS-PSR
Evaluation indicators (Ex, En, He) of different levels

I grade

Slight

II grade

Medium

III grade

Strong

c1 (225, 21.41, 0.01) (150, 42.83, 0.01) (50, 42.83, 0.01)

c2 (12.50, 10.71, 0.01) (35.0, 8.57, 0.01) (67.50, 19.27, 0.01)

c3 (0.60, 0.51, 0.01) (1.30, 0.09, 0.01) (1.70, 0.26, 0.01)

c4 (7.50, 6.42, 0.01) (22.50, 6.42, 0.01) (37.50, 6.42, 0.01)

c5 (45.00, 4.28, 0.01) (25.00, 12.85, 0.01) (5.00, 4.28, 0.01)

c6 (65.00, 4.28, 0.01) (45.00, 12.85, 0.01) (15.00, 12.85, 0.01)

c7 (86.36, 11.68, 0.01) (50.04, 23.71, 0.01) (11.18, 9.58, 0.01)

c8 (0.41, 0.12, 0.01) (0.70, 0.12, 0.01) (0.92, 0.07, 0.01)

c9 (1.56, 0.30, 0.01) (2.16, 0.21, 0.01) (2.97, 0.49, 0.01)

c10 (0.37, 0.05, 0.01) (0.20, 0.10, 0.01) (0.04, 0.03, 0.01)

c11 (0.55, 0.04, 0.01) (0.65, 0.04, 0.01) (0.75, 0.04, 0.01)

Note: In the table, the C7 digital feature is obtain according to the actual mining area conditions.

3.2.2 Obtain membership degree
Based on the cloud model theory and the forward cloud generator algorithm (FFG), the MLS-PSR evaluation index cloud model is
generated, and the corresponding membership degree is solved. Taking the important evaluation indicators as an example, the cloud
model diagram is drawn as shown in Fig. 7.

4 Research Result

4.1 Raw data
The index data involved in this research comes from actual observations and theoretical studies of typical coal mines in China by
scholars (Li, 2019; Li, 2019; Yu, 2015; Wu, 2013; Li, 2010; Wang, 2020; Guo, 2018).. The original data and combined weights of each
indicator are shown in Table 4.
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Table 4
The original data and comprehensive weight of each case mining area evaluation index

Indicators Chongqing
Datong
Coalmine

Shanxi
Xiadian
Coalmine

Shanxi
Huangyanhui
Coalmine

Shanxi
Ganhe
Coalmine

Shanxi
Majialiang
Coalmine

Eight
mining
area of
Chenjiagou
Coalmine,
Gansu

Third
mining
area of
Chenjiagou
Coalmine,
Gansu

Combination
weight

Mining depth
and height
ratio

202 70 61 106 66 44 55 0.24

Coal seam dip
(°)

10 4 5 7 3 6 15 0.08

Mining width
and height
ratio

1.67 3.31 1.14 1.3 4.8 0.24 2.4 0.24

Terrain slope
angle(°)

14 0 9 8 0 18 40 0.03

Thickness of
loose strata
(m)

17 19 30 93 264 10.4 12.5 0.03

Overlying rock
lithology
(unidirectional
compressive
strength MPa)

46 49.5 36.5 39 81.4 22.8 27.05 0.08

Key strata
position (m)

129 182 58 338 182.27 255 240 0.08

Subsidence
factor

0.62 0.81 0.82 0.72 0.73 0.13 0.6 0.10

Main
in�uence
tangent

1.6 2.5 2.1 2.5 2.98 2.12 2.4 0.07

In�ection
point offset
coe�cient

0.23 0.12 0.06 0.1 0.24 0.06 0 0.01

Mining
propagation
coe�cient

0.62 0.4 0.6 0.6 0.5 0.7 0.6 0.04

4.2 Results
According to the established MLS-PSR evaluation index system, the corresponding forward cloud model is used to indicate the
evaluation level corresponding to each evaluation factor, and the comprehensive certainty is calculated, as shown in Table 5.
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Table 5
Assessment result of MLS-PSR

number Mining area Comprehensive certainty degree Assessment results

U(I) U(II) U(III)

1 Chongqing Datong Coal Mine 0.3541 0.3765 0.2529 II

2 Shanxi Xiadian Coal Mine 0.0796 0.2345 0.2848 III

3 Shanxi Huangyanhui Coal Mine 0.2463 0.3463 0.3936 III

4 Shanxi Ganhe Coal Mine 0.2313 0.599 0.2388 II

5 Shanxi Majialiang Coal Mine 0.0865 0.147 0.3091 III

6 Eight mining area of Chenjiagou Coal Mine, Gansu 0.2813 0.1732 0.3585 III

7 Third mining area of Chenjiagou Coal Mine, Gansu 0.139 0.2107 0.3848 III

Table 5 and Fig. 8 show the results of the evaluation using the cloud model. In order to verify the accuracy of the cloud model, the
calculated result is compared with the calculated result of the probability integral method. Finally, the conclusions of the two methods
are compared with the actual observation results, as shown in Table 6.

Table 6
comparisons of cloud model and probability integral method

Number Mining area Model Actual grade

Cloud model Probability integral method

1 Chongqing Datong Coal Mine II II II

2 Shanxi Xiadian Coal Mine III III III

3 Shanxi Huangyanhui Coal Mine III III III

4 Shanxi Ganhe Coal Mine II III II

5 Shanxi Majialiang Coal Mine III III III

6 Eight mining area of Chenjiagou Coal Mine, Gansu III II III

7 Third mining area of Chenjiagou Coal Mine, Gansu III III II

It can be seen from Table 6 that the cloud model evaluation conclusions of Case 1–6 are basically the same as the actual
measurement on site, while the calculation conclusion of the probability integral method is too large in No. 4 and too small in No. 6
case. The conclusions of the cloud model and the probability integral method of Case No. 7 are both level III. The main reason is that
the coal seam in this mining area is shallow and the mining area is large, which makes the evaluation and calculation more emphasis
on the strong level of III.

This study compares the evaluation results of the cloud model with the results of the probability integral method and the actual on-site.
Relatively speaking, the cloud model is more consistent with the actual situation than the probability integral method. The main reason
is that the probability integral method is more sensitive to the main calculation parameters such as mining width, depth, and
subsidence factor. It is di�cult to consider the fuzzy factors in the actual mining process, such as the location of key strata, Overlying
rock lithology, etc. However, the cloud model comprehensively considers mining factors, geological conditions and other factors, so its
evaluation results are more secure and reliable.

5 Discussion And Suggestion

5.1 Discussion
In recent years, there has been a lot of research on MLS in academia, and fruitful research results have been obtained. The main
content is focused on studying the law of MLS activities and internal mechanism analysis, optimizing the accuracy of the prediction
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model and its adaptability to complex mining conditions. (Chi et al., 2021; Jiang et al., 2021) The ecological environment damage
caused by coal mining is a very important subject, and ecological protection and ecological restoration in mining areas are important
research areas.(Li et al., 2020; Sun et al., 2019a). The research method based on MLS-PRS is mainly embodied in the comprehensive
consideration of actual mining conditions and geological conditions, and the construction of an evaluation model index system and
index weights. Research methods have a greater impact on the evaluation results of MLS.

Therefore, it is necessary to consider the actual situation of coal mining and establish a scienti�c and reasonable evaluation index
system. This study uses the cloud model to evaluate the level of MLS, classi�es the evaluation index, and obtains the weight of each
index, and then determines the weight by the game theory combination. Finally, the grade is obtained through comprehensive certainty,
which overcomes the uncertainty degree in the evaluation process to a certain extent.

The establishment of MLS-PSR and the use of cloud models provide new ideas for the evaluation of mining subsidence, which not only
fully considers the comprehensive in�uence of mining conditions and geological conditions, but also comprehensively considers the
randomness and ambiguity of the actual situation. However, the pros and cons of the evaluation model are closely related to the
construction of the evaluation index system. If some important indexes are ignored, the evaluation results will be biased. This study
mainly establishes the evaluation index system from the mining conditions, geological conditions and the laws of rock formations.
However, in different mine environments, more indicators need to be considered to improve the reliability of the evaluation results.
Therefore, analysis based on actual engineering conditions, in-depth exploration and re�nement of index system establishment and
grading standards can improve the reliability of model evaluation.

5.2 Suggestion
The control and treatment of mining subsidence is based on accurate subsidence damage assessment. Coal mining is affected by
actual mining conditions, geological conditions, hydrological and meteorological factors. The evaluation of mining subsidence in
mining areas should be based on familiarity with the regional environment, geological conditions and mining technology, and scienti�c
and reasonable MLS evaluation suggestions should be put forward to provide bene�cial countermeasures for the protection and
governance of the ecological environment. Main recommendations are as follows:

(1) From the data of various indicators, it can be seen that the mining technology and mining design have a severe impact on the
subsidence of mining. Therefore, the government and mining enterprises should actively promote the mining technology with little
impact, optimize and improve the design parameters to reduce the environmental impact from coal mining activities.

(2) The movement of the rock strata in coal mining causes the rock strata to appear shear dislocation, bending deformation, separation
and fracture, etc., which eventually leads to land subsidence. Therefore, strengthening the control of the movement of the rock strata,
�lling the separation space, and maintaining the stability of the key strata can effectively prevent surface subsidence.

(3) Pay attention to the coordination of ecological environment protection and restoration with coal mining activities. The government
and mining enterprises should strengthen the monitoring of ecological environment indicators in mining areas in coal mining activities.
Strictly control the continuous destruction of the ecological environment due to mining subsidence, timely adjust the mining plan and
strengthen ecological restoration. In addition, safety monitoring in mining areas should be strengthened to prevent natural disasters
induced by coal mining.

(4) Increase investment in science and technology, improve coal mine �lling technology, improve technology, reduce �lling costs, and
promote coal mine goaf �lling technology. Fundamentally solve the problem of mining subsidence and realize the sustainable
development of the mining area.

6 Conclusions
Prediction and evaluation of coal mining subsidence is the basic work of protecting the ecological environment of mining areas and
implementing environmental governance. The purpose of this research is to try to establish a conceptual model of resource extraction
and environmental protection based on the PSR model, and introduce the currently widely used cloud model for evaluation and
analysis. In the evaluation process, the qualitative factors in the coal mining process are comprehensively considered and
quantitatively analyzed. In addition, the proposed conceptual model and cloud model were used for mining subsidence evaluation, and
the typical mining area cases in China were analyzed to verify their practicability and rationality. The main conclusions are as follows:
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(1) In this study, based on the characteristics of coal mining subsidence, evaluation indexes were selected from coal mining, rock strata
movement, and strata control, etc., and the MLS-PSR model of mining subsidence evaluation index system was constructed. Then, the
cloud model is used to classify the MLS-PSR level. This study takes typical domestic coal mines as the research object, and evaluates
mining subsidence, which has great practicability. The research results can be extended to the scope of MLS research in a large
number of mining areas. It has certain research value.

(2) In this study, MLS-PSR and cloud model are used to evaluate coal mining subsidence, combined with the evaluation model of game
theory. Taking some mining areas in Shanxi, Gansu, and Chongqing as examples, the comprehensive certainty of MLS is calculated
and classi�ed. The evaluation results show that the current impact of mining subsidence in these coal mine are still at a medium and
strong level. Among them, Mining depth and height ratio, width and depth ratio are the main factors affecting mining land subsidence.
Comparing the evaluation results of the cloud model with the calculation results of the probability integral method and the actual
situation on site, the evaluation results are basically the same. It shows that the MLS-PSR evaluation method based on the cloud model
established in this study is reasonable and feasible.

(3) The evaluation results show that the overall MLS in the study area is still in a relatively severe situation. Mining technology, plan,
etc. are important factors that affect mining subsidence. Therefore, more scienti�c and reasonable mining techniques should be
adopted in the future to reduce mining impacts through effective goaf �lling. At the same time, optimize the mining design plan, set up
reasonable safety coal pillars, control the scope of mining in�uence, fundamentally prevent the impact of mining subsidence, and
protect the ecological environment of the mining area.

(4) In this study, a conceptual model of mining land subsidence evaluation was established, combined with cloud model and game
combination weighting method to evaluate and analyze the mining subsidence of typical domestic mining areas. Due to the fact that
there are many in�uencing factors in the process of coal mining and obvious regional characteristics, some indicators are relatively
random. The mining subsidence in mountainous areas, plateaus and other special areas needs further study. In addition, the
subsidence data of typical domestic mining areas is used to analyze mining subsidence, and the scale of its scope is relatively small,
which cannot well re�ect the relationship between land subsidence and coal mining, which needs to be further improved.
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Figures

Figure 1

Mining subsidence model
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Figure 2

The PSR concept model of MLS

Figure 3

Cloud model and its digital features

Figure 4

The cloud model of Land subsidence
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Figure 5

Evaluation process of MLS based on cloud model

Figure 6

Case mining area distribution
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Figure 7

Cloud model diagram of the response subsystem

Figure 8

Assessment result of MLS-PSR in the Case of the mining area


