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Abstract 
The ground subsidence caused by coal mining changes the surface conditions and causes 
soil structure variation, which affects soil physicochemical properties and soil quality. 
In this study, based on PCA and fuzzy mathematical method, the spatial and temporal 
variation characteristics of soil physicochemical properties in the subsidence area are 
studied and soil quality is evaluated, taking a typical subsidence mining area-Jiaozuo 
Jiulishan mining area as the study area. The results show that the physical and chemical 
properties of soils in the sinkhole area have obvious characteristics of change in 
different times; the total phosphorus content of soils in 2021 is greater than the total 
phosphorus content of soils in July 2020 on different slopes; the water content and 
organic matter vary significantly with the increase of sinkhole time; the soil quality 
index in April 2021, except for the bottom of the slope, the middle and top of the slope 
are smaller than the The soil quality index in April 2021 was smaller than that in July 
2020, except for the bottom of the slope, and the top of the slope was smaller than that 
in July 2020. 
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1. Introduction 

Coal is an important source of energy in China, and its proportion in China's disposable energy 
consumption structure has always been about 70%[1]. About 90% of China's coal originates from 
well mining, and the large amount of long-term well mining has resulted in the formation of large 
areas of mining hollow areas, which collapse the roof[2] and ripple to the ground to form uneven 
settlement (surface cracks) and surface subsidence, and the soil quality of collapsed farmland is 
damaged[3, 4]. The ground subsidence caused by coal mining not only threatens land resources, but 
also brings a series of ecological problems, such as the decrease of soil quality, water loss, water 
pollution, and air pollution[5, 6]. 

Subsidence of the ground surface due to coal development is a common phenomenon, and coal 
mining collapse has a significant impact on soil physicochemical properties[7]. Coal mining 
subsidence leads to a large number of cracks and fissures on the ground surface[8], which in turn 
induces the response of various elements such as soil erosion[9], nutrient loss, and decrease in 
groundwater level[10, 11], and soil physicochemical properties are one of the direct elements 
reflecting the ecological environment changes in mining areas[12]. Zhang Jinrui et al[13]concluded 
that the impact of coal mining subsidence on land is mainly caused by surface tilting and tensile 
deformation, and soil erosion caused by surface deformation changes the physicochemical properties 
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of topsoil and its own nutrient conditions, and this erosion process poses a great threat to soil nutrient 
and moisture retention. Coal mining subsidence leads to less physical clay particles in the mechanical 
composition of the soil and a smaller specific surface area of the soil, which makes the soil less 
capable of retaining fertilizer and water, and the reduction of nutrients makes the soil less resistant to 
erosion, plus subsidence causes nutrient leakage and loss from the surface to the deeper layers of the 
soil, so it is not conducive to vegetation growth and recovery[14]. Zhao Hongmei et al[15] studied 
the spatial distribution and dynamic change characteristics of soil water in coal mining collapse areas, 
and found that the soil water content in the collapse area was significantly lower than that in the non-
collapse area, and the areas with low values of soil water content were all located in the collapse pit 
area within the collapse area, which proved that the collapse patterns such as ground cracks, collapse 
pits, and collapse holes on the surface had a significant impact on the soil water holding capacity.  

Many experts and scholars have studied the changes of soil physical and chemical properties caused 
by coal mining subsidence in different aspects and to different degrees. In terms of the effect of coal 
mining subsidence on soil physical properties some scholars found that coal mining subsidence 
caused soil subsidence, increased soil compactness, and changes in porosity, resulting in soil 
structural variability, deterioration of soil physical properties, and reduced crop yields[8].Lechner et 
al[16] studied that coal mining subsidence caused an increase in spatial heterogeneity of soil physical 
and chemical properties, providing the possibility to meet the stand conditions of different land use 
types The possibility to adapt to the non-homogeneous landscape of the subsidence area. The changes 
in soil physicochemical properties in coal mining subsidence areas can, to some extent, reflect the 
degree of damage to soil ecosystems caused by coal mining subsidence[17]. In terms of the effect of 
coal mining subsidence on soil nutrients, some scholars have shown that coal mining subsidence 
causes soil nutrients to flow into the extraction area with fissures, resulting in nutrient shortage[18]. 
Soil nutrients in the subsidence area have a tendency to decrease, with significant and highly 
significant decreases in total nitrogen, total phosphorus and fast-acting potassium[19]. The damage 
to surface soils by subsidence is very complex, and the degree of damage varies for different soil 
conditions, different years of subsidence, and different depths[20]. 

However, although many studies have been conducted by domestic and foreign scholars on the spatial 
variability patterns of soil quality in coal mining subsidence areas, they have mainly looked at two 
unfavorable factors, slope and fractures, on a single land use type[9, 17, 21]. Few studies have been 
conducted on the spatial and temporal variability of coal mining subsidence on soil physicochemical 
properties. In this study, the spatio-temporal variability of physicochemical properties and quality of 
soils in the microtopography (slope direction and slope position) of the sinkhole area was 
quantitatively investigated based on PCA, taking the typical Jiaozuo Jiulishan coal mining sinkhole 
as the study area, which provides important theoretical and practical values for the rational zoning of 
the sinkhole area and promoting the scientific decision of the comprehensive ecological improvement 
of the mining area. 

2. Overview of the Study Area and Research Methods 

2.1 Overview of the Study Area 

This study was conducted on arable soils within the Jiaozuo Jiulishan mine area. Jiaozuo Jiulishan 
mine (113.42°E, 39.34°N, 97m above sea level) is located in Macun District, Jiaozuo City, Henan 
Province, on the northern bank of the Yellow River and the southern foot of the Taihang 
Mountains.The study area has a continental monsoon climate in the temperate zone, with a windy dry 
season, rainy summer, high autumn, cold winter and little snow, an average annual temperature of 
14.2°C, an average annual rainfall of 578 mm, an average annual sunshine hours of 2062 h, and a 
light and heat Resources are abundant, and it is one of the high grain producing areas in China[22]. 
The mining area of Jiaozuo mainly produces high quality anthracite coal with low ash, very low sulfur 
and high heat generation, and the mining in the past hundred years has caused a large area of 
subsidence, according to statistics, the subsidence land of Jiaozuo has reached 2471.42 hm2. the 
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surface of the subsidence basin is undulating and cracked, so that the arable land loses its irrigation 
capacity, and the water holding capacity and fertility of the soil are reduced, and the productivity of 
the land is very low[23]. 

2.2 Research Methodology 

2.2.1 Sampling Method 

Slopes with different subsidence slope directions (north and south slopes) and different subsidence 
slope positions (bottom, middle and top of the slope) were selected as sampling points in the study 
area. In July 2020 and April 2021, respectively, the in situ soil columns were collected at the same 
sampling sites using PVC rigid pipes (200 mm in length and 150 mm in diameter), which were 
smashed vertically into the soil with a rubber hammer and then dug out with a shovel, and the ends 
of the PVC pipes were covered with pipe caps, and three replicate samples were taken randomly at 
each sampling site. 

2.2.2 Measurement Method 

Soil indicators (water content, organic matter, PH, and total phosphorus) were determined with 
reference to Rukun Lu[24] , as shown in Table 1. 

 

Table 1. Determination method of soil index 

Index Test Methods 

Moisture content Drying method 

Organic matter 

pH 

Total phosphorus 

Potassium dichromate volumetric method-dilution heat method 

Potentiometric method 

NaOH fusion-molybdenum antimony anti-colorimetry 

2.2.3 Data Analysis 

The fuzzy set weighted synthesis method in fuzzy mathematics is chosen to calculate the soil quality 
index. Since the importance of the above four indicators is not the same and their magnitudes are also 
very different, before comprehensive evaluation, the data should be standardized using the continuous 
nature of the affiliation function to eliminate the influence of the magnitudes and determine the 
respective weights. The affiliation function is selected as follows. 

 

F(𝑋 ) =
𝑋 − 𝑋

𝑋 − 𝑋
 

 

Where F(Xi) is the affiliation value of each indicator, Xij is the observed value of each indicator, and 
Xjmax and Xjmin are the maximum and minimum values of the first indicator, respectively. 

The weights of each indicator are calculated as follows. 

 

𝑊 =
𝑐

∑ 𝑐
 

 

Where, Wi is the weight of index i and ci is the common factor variance of index i. 

The fuzzy set weighted synthesis method in fuzzy mathematics calculates the soil quality index with 
the following formula. 
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SQI = [𝑊𝐹(𝑋 )] 

 

where SQI is the soil quality index. 

The principal component analysis (PCA) of each index was analyzed by SPSS 22.0 software. 

3. Results and Discussion 

3.1 Spatial and Temporal Characteristics of Soil Physical and Chemical Properties in 
Different Slope Directions in the Subsidence Area. 

The characteristics of water content, organic matter, PH and total phosphorus in different slope 
directions in the coal mining subsidence area at different sampling times are shown in Figure 1 below. 

 

 
Figure 1. Comparison of physical and chemical properties at different sampling times 

 

From Figure 1, it can be seen that the physicochemical properties of soils on the north and south 
slopes of the coal mining subsidence area have obvious characteristics of change in July 2020 and 
April 2021. The water content and organic matter content of the bottom of the north slope in July 20 
are higher than those in April 21, with the values of 21.9 and 19.3 respectively, which are higher than 
the water content and organic matter of 13.0% and 61.0% respectively in April 21, and the PH and 
total phosphorus in April 21 are higher than those in July 20, with the values of 8.7 and 0.81 
respectively, which are higher than the PH and total phosphorus of 17.7% and 2.4 respectively in July 
20; the south slope The values of water content and total phosphorus in April 21 were higher than 
those in July 20, with values of 20.5 and 0.75, respectively, and higher than those of water content 
and total phosphorus in July 20, with values of 9.2% and 3.2, respectively, while the values of organic 
matter and PH in July 20 were higher than those in April 21, with values of 19.3 and 8.9, respectively, 
and higher than those of organic matter and PH in April 21, with values of 41.1% and 2.9%, 
respectively. The water content in July 20 was higher than the water content in April 21 by 14.4, and 
the organic matter, PH and total phosphorus in April 21 were higher than those in July 20 by 15.2%, 
7.9% and 1.4, respectively; the water content and total phosphorus in April 21 were higher than those 
in July 20 in the south slope by 19.8 and 0.83, respectively, and higher than the water content and 
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total phosphorus in July 20 by 54.8% and The values were 24.1 and 8.8, respectively, higher than 
those of organic matter and PH of 52.6% and 2.1%, respectively, in April 21. The water content and 
organic matter of the top of the north slope were higher in July 20 than in April 21, with values of 
19.8 and 24.1, respectively, higher than the water content and organic matter of 27.1% and 19.6%, 
respectively, in April 21, and the PH and total phosphorus were higher in April 21 than in July 20, 
with values of 8.5 and 0.81, respectively, higher than the PH and total phosphorus of 8.9% and 1.44, 
respectively, in July 20; the top of the south slope The values of water content, organic matter, PH 
and total phosphorus in April 21 were higher than those in July 20 with values of 20.7, 20.0, 8.7 and 
0.68, respectively, which were higher than those in July 20 with values of 39.7%, 7.7%, 1.7% and 
2.88 for water content, organic matter, PH and total phosphorus, respectively. Thus, it can be seen 
that different time had significant effects on soil physicochemical properties. 

The effects of coal mining subsidence on soil physicochemical properties may be long-term, short-
term or irrecoverable[7], and different topographic conditions (slope position, slope direction and 
slope degree, etc.) in the subsidence area have different mechanisms of influencing soil 
physicochemical properties. Wang Qi et al[7] studied the processes of soil water content, porosity, 
organic matter and soil nutrients in different sinkhole years and found that soil water content and 
porosity in 2 years of sinkhole did not differ compared to non-sinkhole areas, while organic matter 
decomposition rate increased; phosphorus elements in sinkhole areas increased in variability with 
increasing sinkhole years. Chen Longqian et al[18]concluded that coal mining subsidence has 
different effects on the chemical properties of different soil layers at different locations, with the most 
obvious effect on the surface soil. The soil chemical properties most affected by mining subsidence 
are soil salinity, followed by soil total nitrogen and organic matter, and again by soil fast-acting 
phosphorus and fast-acting potassium, while soil acidity and alkalinity are less affected by it. The 
mean value, standard deviation, variance and coefficient of variation of soil moisture at each level 
after coal mining subsidence were greatly changed, especially the soil moisture in the middle layer 
was most affected, while the soil moisture in the surface layer and lower layer was not significantly 
affected. The dispersion of soil moisture at all levels in the longitudinal and transverse directions in 
the coal mining subsidence area was greatly increased, which enhanced the spatial variability of soil 
moisture[25]. In this study, we concluded that the spatial and temporal variability of soil physical and 
chemical properties in the coal mining subsidence area was great, and the variation of soil water 
content and organic matter on different slopes was obvious, and the total phosphorus in April 2021 
was greater than the total phosphorus in July 2020 on both the south and north slopes. The reason for 
this is that with the increase of land use, the soil structure changed compared with the previous one, 
which led to the significant difference of porosity and water content rate at different times; with the 
increase of tillage and fertilization time, which led to the increase of soil plant root content, so the 
organic matter and total phosphorus increased significantly in 2021 compared with 2020. The water 
content rate was the largest at the bottom of the slope and the smallest at the middle of the slope at 
different times, the reason should be that the water continuously gathered at the bottom of the slope 
through the pore space, while the middle of the slope is the main tillage area, the soil porosity is large 
and the structure is loose, which is more conducive to the infiltration and transportation of water. 

3.2 Evaluation of Soil Quality at Different Slope Locations in the Sinkhole Area 

In this study, to investigate the effect of coal mining subsidence on soil quality, soils from different 
slope positions, different slope directions and different sampling times in the coal mining subsidence 
area of Jiaozuo Jiulishan Mine were used to compare the differences in soil water content, organic 
matter PH and total phosphorus, and to comprehensively evaluate the soil quality of different collapse 
slope positions and slope directions based on principal component analysis and soil quality index 
method. Firstly, principal component analysis (PCA) was performed on soil water content, organic 
matter, PH, and total phosphorus, and the results are shown in Table 2 below. 

As can be seen from Table 2, two principal components had eigenvalues greater than 1, and the 
cumulative variance contribution rate reached 80%, which indicates that the three mutually 
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independent principal components can reflect more than 80% of the total variance of the four 
physicochemical index components of water content, organic matter, PH and total phosphorus. The 
variance contribution of the 1st principal component was 44.889%, and the factor loading of organic 
matter was the largest; the variance contribution of the 2nd principal component was 35.554%, and 
the factor loading of PH was the largest. The metric ANOVA on soil quality indicators showed that 
the 2 principal components could explain more than 90% of the variation in water content and more 
than 87% of the variation in PH. 

 

Table 2. Principal component factor loads, common factor variances and weights of soil quality 
indicators 

Index 

Main ingredient 
Common factor 

variance 
Weights First principal 

component 
Second principal 

component 

Eigenvalues 1.796 1.422   

Variance contribution rate 44.889 35.554   

Cumulative variance 
Contribution rate 

44.889 80.442   

Moisture content 0.697 -0.65 0.909 0.282 

Organic matter -0.879 0.042 0.775 0.241 

PH 0.218 0.908 0.871 0.271 

Total phosphorus 0.699 0.417 0.663 0.206 

 

Soil quality indices of soil water content, organic matter, PH and total phosphorus for different slopes 
and slope directions in the sinkhole area were calculated by the fuzzy set weighted synthesis method 
in fuzzy mathematics, and the soil quality indices for different slopes and slope directions are shown 
in Tables 3 and 4. 

 

Table 3. Soil quality index of different slope positions 

Slope 
Sampling time 

2020.07 2021.04 

Bottom of the slope 0.778 0.910 

Middle of the slope 0.996 0.956 

Top of the slope 0.853 0.811 

 

Table 4. Soil quality index of different slope aspects 

Slope 
Sampling time 

2020.07 2021.04 

North slope 1.341 1.432 

South slope 1.286 1.245 

 

From Table 3 and Table 4, it can be seen that the soil quality indices of different slope positions and 
slope directions varied significantly at different sampling times in July 2020 and April 2021. At the 
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bottom of the slope, the soil quality index in April 21 was greater than that in July 20, and at the 
middle and top of the slope, the soil quality index in July 20 was greater than that in April 21; the soil 
quality index in July 20 was the smallest at the bottom of the slope, and the soil quality index in April 
21 was the smallest at the top of the slope. In terms of slope direction, the soil quality index in April 
21 was greater than the soil quality index in July 20 on the north slope, and the soil quality index in 
July 20 was greater than the soil quality index in April 21 on the south slope; the soil quality index 
on the north slope was greater than that on the south slope in both July 20 and April 21. 

The large-scale mining of coal changes the topographic conditions of the soil, causing variation in 
soil structure and particle composition, while the slope direction generated by subsidence causes 
spatial differences in temperature, wind speed, and light, which in turn leads to differences in soil 
physical and chemical properties in time and space. The variation of soil structure and particle 
composition will in turn affect the distribution of soil water and fertilizer causing water and fertilizer 
loss, thus affecting land productivity.  

The current methods for soil quality evaluation are mainly principal component analysis, fuzzy 
mathematical method, hierarchical analysis, neural network method, and gray-scale correlation 
method and many other methods[26-28]. Most experts and scholars are using hierarchical analysis, 
fuzzy evaluation method and other improved gray-scale correlation models, and combined with GIS 
technology to quantify and automate the comprehensive evaluation of soil fertility[29-32]. Wang 
Xinjing et al[33]used the gray correlation projection method and combined principal component 
analysis and hierarchical analysis to establish a time-efficient comprehensive evaluation model for 
the evolution of soil quality in coal mining subsidence in the wind and sand area, and concluded that 
the negative impact of coal mining subsidence on chemical properties is longer than that of physical 
properties and that physical properties have certain restoration ability. Zhu Li et al[34]conducted a 
comprehensive evaluation of soil quality under different sinkhole years based on factor analysis and 
found that the soil quality had a tendency to turn better after natural soil succession over time, but the 
best soil quality was still the unsinkable land. In this study, based on principal component analysis 
and fuzzy mathematical method, the soil was comprehensively evaluated by analyzing the 
relationship between each index of soil physical and chemical properties and soil quality index. It 
was found that with the increase of sinkhole time, the soil quality index at the bottom of the slope 
increased, while the quality index in the middle and bottom of the slope decreased; the soil quality 
index on the north slope was larger than that on the south slope, and the increase of soil quality index 
was more obvious with the increase of time. 

4. Conclusion 

(1) Soil water content, organic matter, PH and total phosphorus in the coal mining subsidence area 
varied significantly in different slope directions and slope positions. 

(2) The physical and chemical properties of soils in the coal mining subsidence area varied 
significantly over time. In different slope directions, the total phosphorus content of the soil in 2021 
was greater than that in July 2020; the water content and organic matter varied significantly with the 
increase of sinking time. 

(3) From the slope position, the soil quality index in April 2021 was smaller than the soil quality 
index in July 2020 in the middle and top of the slope except for the bottom of the slope; from the 
slope direction, the soil quality index increased in April 2021 compared with July 2020 in the north 
slope, while it decreased in April 2021 compared with July 2020 in the south slope. 
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