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Abstract: The extraction of underground coal leads to ground 
movement and deformation. Also, it can, to different degree, 
impact the natural environment and surface structures. 
Ground cracks and subsidence are the most common 
phenomena of surface damage. The assessment of ground 
cracks has great significance when evaluating this damage. 
Using the field data of surface cracks, collected over 15 coal 
mines in Shanxi mining Province, China, the surface movement 
and the deformation prediction software (MMSPS), a 
relationship between the predicted slope and the crack size was 
constructed. In order to establish the impact of geological and 
mining conditions on the crack levels, the fuzzy membership 
function was used. The accuracy and reliability of this method 
were verified through the case studies. The model provides a 
new method for directly evaluating the level of surface damage 
due to coal mining and it plays an important role in the 
prevention of geotechnical disasters caused by mining 
subsidence. 

I. INTRODUCTION 
Underground coal extraction can cause the movement and 

deformation of overlying strata, and form the ground 
subsidence basin and other ground damages. Ground 
movement and deformation can affect the buildings on 
ground, and which is popular research point now (Eray, 
Şenol and Murat, 2012; Ibrahim, Yasuhiro and Tetsuro, 
2011; Kaoshan and Shenen, 2009; Xugang and Huayang, 
2016; Ying, Jian and Haozhao et al., 2014; Zhenqi, 
Guanghua and Wu et al., 2014). Some of the studies focused 
on the relationships between ground deformation and 
building deformation, and some focused on the damage 
conditions of land and land cover change. Under the 
different geological conditions, the underground mining can 
cause different ground subsidence and deformation rules, 
and overlying strata composition play a significant role 
(Haifeng and Xugang, 2015). In order to predict the ground 
subsidence and deformation caused by underground coal 
mining, the influence function method and fuzzy model 
were utilized to establish the model (Ibrahim, Yasuhiro and 
Tetsuro, 2011; Wenxiu, Songhua and Shuhua, 2006; Lei, 
Hongfei and Yan et al., 2015; Sheorey, Singh, et al., 2000; 
Weifeng and Xiaohong, 2013). Above researches were 
focused on the movement and deformation of strata, ground 
and building, it is hard to know the land damage levels. The 
conditions of mining geometry and geology play very 
important role. Therefore, it is necessary to establish the 
relationship model between land damage levels and the 
conditions of mining. Surface crack is one of the most 
commonly damage forms, the size and distribution are easy 
to measure. Under different conditions of mining, the size 
and magnitude of crack are different. It is important to 
predict the ground crack degree based on a special mining 
condition. 

II. METHODOLOGY OF FUZZY MATHEMATICS 
Because of complexity and diversification of mining 
conditions, fuzzy mathematics is selected to establish the 
relation model between ground crack and mining conditions.  

A. Membership function 
The membership function of a fuzzy set is a 

generalization of the indicator function in classical sets. In 
fuzzy logic, it represents the degree of truth as an extension 
of valuation. Degrees of truth are often confused with 
probabilities, although they are conceptually distinct, 
because fuzzy truth represents membership in vaguely 
defined sets, not likelihood of some event or condition. 
Zadeh introduced membership functions in the first paper on 
fuzzy sets in 1965. Zadeh, in his theory of fuzzy sets, 
proposed using a membership function (with a range 
covering the interval (0,1)) operating on the domain of all 
possible values. 

For any set X , a membership function on X is any 
function from X to the real unit interval [0,1]. Membership 
functions on X represent fuzzy subsets of X . The 

membership function, which represents a fuzzy set, A% is 

usually denoted by Aµ . For an element x of X , the value
( )A xµ is called the membership degree of x in the fuzzy set

A%. The membership degree ( )A xµ  quantifies the grade of 

membership of the element x to the fuzzy set A%. The value 0 
means that x  is not a member of the fuzzy set; the value 1 
means that x  is fully a member of the fuzzy set. The values 
between 0 and 1 characterize fuzzy members, which belong 
to the fuzzy set only partially. 

B. Evaluation model of crack level 
Underground mining can cause the movement and 

deformation of ground, and the deformation degree is 
related with the conditions of geological and mining. In 
order to establish the relationship between conditions of 
mining geological and crack degree the author based on 
“Procedures for the preparation of land reclamation 
plan”(MLR, 2011), damage classification standard of the 
land in arid area divides into level I (slight damage), level II 
(moderate damage), level III (severe damage). It should be 
explained that the level of the crack and the damage level of 
the land are corresponding to each other. 

1)  Influencing factors of crack size  
When the underground coal seam is extracted, the 

overlying strata start to move and cave, transfer to the 
surface, and form subsidence basin on ground. Owing to 
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surface movement deformation, the cracks will be produced 
in the basin. The size of the crack is related to the geological 
mining condition and the topographic features of the coal 
seam, and the influence factors set of the X can be expressed 
as: 

{ }1 2, ,..., nX x x x=       (1) 

Where when n=6, the meanings of { }1 2 3 4 5 6, , , , ,x x x x x x
are showed in Table1. 

Based on the influence factors in Table1, the assessment 

influence factor 1 2 3( , , )A A A A  can be determined as Table2. 

TABLE 1. INFLUENCING FACTORS OF CRACK SIZE 

Physical 
meaning 

Mining 
depth 

Extraction 
thickness  

Inclined angle of 
coal seam 

Width of coal 
panel 

Rock 
thickness 

Slope of 
surface 

Letter 1x  2x  3x  4x  5x  6x  
 

TABLE 2. ASSESSMENT INFLUENCE FACTOR 

Influence Factor Name Calculation expression 

A1 Depth to thickness 1 2 3/ cosx x x  

A2 Width to strata thickness 4 5/x x  

A3 Cosine of surface slope  6cos x  

   

 

2)  Membership function for standard type 
Based on the assessment of the influence factors

1 2 3( , , )A A A A , the membership function between the surface 
crack level I, II, III and the influence factor are established: 
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Where 1 2 3 1 2, , , ,k k k n and n are corresponding critical 
parameters for different levels, it can be obtained by 
combing the empirical value and the actual results of the 
measurement. 

3)  Decision Criteria 
According to the principle of maximum membership 

degree, it is known that the surface crack grade of the 
ground surface should belong to the maximum value of the 
membership function when the influence factor 

1 2 3( , , )A A A A  is known. 
{ }1 2 3( ) max I ( ), II ( ), III ( )F A f A f A f A= = = =  (5) 

III. INVESTIGATION OF GROUND LAND DAMAGE  

A. Typical geological conditions 
Shanxi is the inland provinces, is located in the middle 

and eastern coast of Yellow River, west of the North China 
Plain on the Loess plateau, showed in Figure1. Shanxi is 
rich in mineral resources, has been found to 120 kinds of 
minerals. Among them, to find out resource reserves have 
70 species. With resource advantages of minerals are coal, 

coal seam gas, bauxite, iron ore, copper ore, rutile, dolomite, 
refractory clay, limestone, Glauber's salt, gypsum and pyrite 
etc. 13 species, among them, the coal reserves 2767.85 tons, 
coal seam gas to maintain reserves 1825.16 billion cubic 
meters. 

 Figure 1. The location of Shanxi Province 

In order to compute the assessment factor in Shanxi, 15 
coal sites distributed from north to south cross Shanxi 
province were selected to supply the filed data. 

Figures 2 to 4 are three typical geological conditions. 
According to the Table 3, the corresponding ground damage 
degree are level I, II, and III. The investigation results of the 
other mine site are showed in Table 4. 
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Figure 2. Ground crack (Level I) in Pingshu coal mine and the corresponding geological section 

 
Figure 3. Ground crack (level II) in Buzi coal mine and the corresponding geological section 

 
Figure 4. Ground crack (level �) in Sunjiagou coal mine and the corresponding geological section 

 

B. Assessment of surface damage level 
In this paper, the ground in mining area is mainly arid 

agricultural land, partial of is Loess Mountain, “Procedures 
for the preparation of land reclamation plan” is used to 
determine the grade of ground damage, showed in Table 3.  

The ground crack was investigated in this paper, and the 
cause of ground crack is mainly because horizontal tensile 
strain, so the indicator of horizontal strain is selected as the 
reference to determine the surface damage level. 

According to the geological conditions of 15 coal mines, 
and the mountain surface movement and deformation 

prediction software system (MMSPS) was used to predict 
and draw ground contour map of horizontal strain, then the 
actual position of crack above coal panel can be confirmed, 
and obtained the corresponding deformation value of surface 
cracks. Figure 4-6 illustrated the three surface destruction 
levels under the action of the correspondence surface cracks. 
The predicted results of 15 coal mines are summarized as 
Table 4. 
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TABLE 3. GROUND CRACK GRADE INDEX CAUSED BY MINING SUBSIDENCE [MLR, 2011] 

Damage 
degree 

Horizontal 
strain(mm/m) 

Additional 
tilt(mm/m) 

subsidence 
(m) 

Depth of water level 
after subsidence(m) 

Productivity 
decrease% 

light ≤8 ≤20.0 ≤2.0 ≥1.5 ≤20.0 
moderate 8.0-16.0 20.0-40.0 2.0~5.0 0.5~1.5 20.0~60.0 
severe >16.0 >40.0 >5.0 <0.5 >60.0 

Note: anyone of the indicators in Table 3 meet the corresponding standards, and which belong to the damage level. 
 

TABLE 4. INVESTIGATED RESULTS OF GROUND CRACKS IN THE MINING AREA 

Name of 
mine 

Width of coal 
panel (m) 

Thickness of 
Loose/bedrock 

(m) 

Thickness 
of coal 

seam (m) 

Width/fall 
of crack 

(cm) 

Horizontal 
strain 

�mm/m�  

Ground 
damage 
degree 

Nanling 150 0/180 6 60/40  8~12 III 

Yuanbao 
150 21/320 11 3-15/5-10  16~19 III 

200 16/230 11 30/5-30  16~19 III 

Taian 

180 80/70-120 6 3m/4-5m 18~22 III 

120 75/50-100 6 35-170/27-
360  18~22 III 

120 75/50-100 6 35-170/27-
361 18~22 III 

Sunjiagou 200 120-150/120-180 2.14 20-100/50-
170  20~22 III 

Huirong 247 22/220 2.3 10 4~6 I 

Shiqiu 850 15/90-110 2.6 5 19 III 

Huahong 
500 30/230 2.2 

3-6 
4 � 

120 25/220 2.2 4 � 
Xinxing 345 40-60/130-140 1.8 4/7  3.6 XI 

Dengmaoto
ng 120 0-20/260-280 1.4 2-3 4.2 I 

Shanwa 144 0-30/150-180 2.5 5/3 3.5 I 

Buzi 
100 55-65/120-130 5.2 

15/50-60  
15~17 III 

63 55-65/120-130 5.2 15~17 III 

Donggou 119 0-20/90-110 1.8 35-50/8-25 16~20 III 

Hezhai 118 130/30 2.5 60-90/100-
170 18~24 III 

Pingshu 200 40/400 1.5 3-5mm 4~6 I 

Kaiyuan 216 20-30/280 2.5 2-3/1-2  I 

Note: it is expected that the horizontal deformation in the table is interval because of the large crack span. 
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Figure 5. Contour map of ground horizontal strain in Pingshu coal mine 
(Ground damage Level I) 

 

 

 

 

 

 

 

 
Figure 6. Contour map of ground horizontal strain in Nanling coal mine 
(Ground damage Level II)  

  

 
Figure 7. Contour map of ground horizontal strain in Hezhai coal mine (Ground damage Level III) 

 

IV. RESULTS AND DISCUSSIONS 
The value of surface crack influence factor set 

1 2( , ,..., )nX x x x  can be determined based on the actual 
situation, and then get the expected impact factor

1 2 3( , , )A A A A . The size of the surface cracks in the field is 
also measured. Through the investigation on 15 coalmine 
sites in Shanxi Province, the surface crack size of the site 
was measured, and the surface crack size was found in Table 

3. The model parameters of membership function are 

1 2 3 180, 50, 30, 0.4,k k k n= = = = and 2 0.8n = . Therefore, 
for the coal mine in Shanxi Province, formulas (2), (3) and 
(4), can be determined as follow. 
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Figure 8. Membership function curves with A1 changing (A1=the ratio of 
the depth to thickness of coal seam) 

Under a special geological and mining conditions, the 
ratio of the width of coal panel to the thickness of bedrock 
A2=0.5, and the ground is horizontal, the cosine of the 
ground slope A3 = 1. Figure 8 illustrated the influence on 
the level of ground crack with changes of A1 (the ratio of 
depth to thickness of coal seam) based on membership 
function analysis. When A1<36, in accordance with the 
principle of maximum degree of membership, surface cracks 
belong to level III, when 36 <A1<73 and surface cracks is in 
level II. When A1>73, surface cracks is in level I. That is 
when the ratio of width to depth and the ground slope are 
constant, with A1 increasing, the level of surface cracks 
reducing, and which conform to the general mining 
subsidence law. The author described it quantitatively from 
the view of fuzzy mathematical. 

 

 
Figure 9. Membership function curves with A2 changing (A2=the ratio of 
the width of coal panel to the thickness of bedrock) 

Under a special geological and mining conditions, the 
ratio of depth to thickness of coal A1=50, and the ground is 
horizontal, and the cosine of surface slope A3=1. Figure 9 
illustrated on the influence on the level of ground crack with 
changes of A2 (the ratio of width to thickness of bedrock) 
based on membership function analysis. When A2<0.25, 
according to the principle of maximum degree of 
membership, surface cracks is in level I, when 
0.25<A2<0.73 and surface cracks is in level II. When 
A2>0.73, level of surface cracks is in level III. That is when 
the ratio of depth to thickness of coal and surface slope are 
constant, with increasing of ratio of width pf coal panel to 
thickness of bedrock, the crack level of ground will increase.  

The value of 1 2 3( , , )A A A A  is obtained according to the 
geological mining condition of each mining area, and the 
value of each membership function is calculated. Finally, 
the calculation results are shown in Table 5. 

It indicates that the calculation results of cracks 
prediction model established based on fuzzy mathematics 
and actual surface damage level agreement reached more 
than 90%, which proves the reliability of the model. For the 
coalmine site where don’t have enough filed measured data, 
this method can effectively on the surface of the damage 
grade was predicted. 

TABLE 5. COMPARISON OF MODEL PREDICTION RESULTS AND EXPERIMENTAL RESULTS OF CRACK 

Name of Mine  1I ( )f A=  2II ( )f A=  3III ( )f A=   F 
Actual 

damage 
degree 

Nanling 0.63  0.85  0.85  III II 

Yuanbao 0.63  0.85  0.85  III III 
0.44  0.37  0.93  III III 

Taian 
0.21  0.07  0.39  III III 
0.25  0.10  0.50  III III 
0.25  0.10  0.49  III III 

Sunjiagou 0.30  0.15  0.65  III III 
Huirong 0.77  0.49  0.15  I I 
Shiqiu 0.52  0.46  0.86  III III 

Huahong 
0.76  0.38  0.11  � � 
0.68  0.36  0.11  � � 

Xinxing 0.49  0.24  0.14  XI XI 
Dengmaotong 0.29  0.10  0.03  I I 
Shanwa 0.65  0.55  0.34  I I 

Buzi 0.59  0.77  0.91  III III 
0.59  0.76  0.92  III III 

Donggou 0.45  0.25  0.45  III III 
Hezhai 0.06  0.01  0.06  III III 
Pingshu 0.10  0.03  0.01  I I 
Kaiyuan 0.54  0.26  0.10  I I 
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V. CONCLUSIONS 
The study based on the measured data, established 

prediction model of ground fissure damage grade by using 
fuzzy mathematics method, and the accuracy of the model is 
verified by an example, and some conclusion were obtained 
as follow. 

(1) The main influence factors of ground cracks are ratio 
of depth to thickness, ratio of width to bedrock and slope of 
surface, and the surface crack damage level is inversely 
proportional to the ratio of depth to thickness, and is 
proportional to the ratio of the width to bedrock and the 
slope of ground.  

(2) According to different damage levels corresponding 

to the critical parameters 1 2 3 1 2, , , ,k k k n and n , some 
conclusion can be obtained, when ratio of depth to thickness 
is less than 30, surface can cause serious cracks, when the 
ratio of depth to thickness is greater than 80, surface can 
produce tiny cracks, or even without crack; when less than 
0.4, when surface damage is not obvious, when the ratio of 
width to bedrock is greater than 0.8, the surface will appear 
large cracks even steps. 

(3) When prediction the surface damage of a coal mine 
without previous measured data, the parameters 

1 2 3 1 2, , , ,k k k n and n can adopt experience value, the 
prediction effect is still good. 

(4) This study adopted a membership function of the 
fuzzy mathematics, through the analysing the influence 
factors of geological and mining conditions. As the principle 
of maximum degree of membership, the level of surface 
cracks have been quantified, greatly simplifying processing 
of the surface damage level evaluation. 
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