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Abstract

Niumasi Coal Mine (located in Shaodong City, Hunan Province, China) was an important producing area of high-quality
coking coal in Hunan Province. After large-scale mining of underground coal seams in the area, there has been a large
area of surface subsidence and serious land damage. The damaged land urgently needs to be reclaimed. In this paper, the
suitability of land reclamation as arable land in Niumasi coal mining area was comprehensively evaluated, and a catas-
trophe progression model (CPM) for the suitability evaluation of land reclamation as arable land in coal mining area was
put forward with the help of the catastrophe theory. The suitability classification was divided into four grades: suitable,
moderately suitable, less suitable, and unsuitable. Eleven parameters including terrain slope grade, effective thickness of
soil layer, soil parent materials, soil contamination, organic content, alkali hydrolyzable nitrogen (N), available phosphorus
(P), available potassium (K), ground collapse, land destruction extent, and conditions of irrigation and drainage were
selected as evaluation indicators, and the classification standards of each evaluation indicator was determined. Using
MATLAB software to generate a total of 1200 samples (300 samples per level) between the arrays corresponding to each
level of standards according to the normal distribution principle, of which 800 samples were used as training samples to
establish the catastrophe progression criteria, and 400 samples as test samples to verify the reliability of the proposed
criteria. According to CPM, the suitability status of the four land samples in Shuijingtou working area of Niumasi Coal
Mine were identified. The evaluation results show that the suitability level of three lands are all‘Moderately suitable; and
one sample is ‘Unsuitable’ Mining coal has the greatest damage to paddy fields, followed by the dry farming lands and
vegetable lands, and the least impact to the forest lands. CPM can not only evaluate the suitability of land reclamation,
and comprehensively compare the suitability degrees, but also can assess the damage degree of coal mining to different
types of lands. This paper aims to provide a new idea for the study of quantitative evaluation methods of land reclama-
tion suitability. The results have reference and guiding significance for the comprehensive evaluation of the suitability
of land reclamation as arable land in coal mining areas.
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1 Introduction

The exploitation of mineral resources not only promotes
economic development, but also sometimes destroys land
resources [1-5]. In addition, it also has adverse effects on
the ecological environment, as well as the physical and
chemical properties of soils [6-14]. Mining has caused land
destruction and desolation, which is a serious problem
universally existing in many countries in the world. Soil is
a fragile and limited resource, which needs thousands of
years to form, and it is not renewable in human lifespan [15].
Land reclamation is one of the effective means to deal with
the damaged lands. Reclamation plays an essential role for
integrated and sustainable post-mining land use [16]. The
restoration of ecological functions through reclamation of
the mined area can stimulate the soil formation and initiate
the bio-activities on the surface of the disposal sites [17].
Land reclamation can restore the damaged land in mining
area to a safe, stable and pollution-free land form [18], thus
significantly improving the land type of the mining area and
reducing the amounts of damaged lands [19]. Mine land rec-
lamation, also known as land reclamation, is an activity to
take remediation measures to restore the land damaged due
to excavation, collapse, etc. in the process of mine construc-
tion and production in accordance with the requirements of
laws and regulations on mineral resources and land manage-
ment. Land reclamation is the method and process of sur-
veying, planning, filling, regulating, developing and utilizing
the land abandoned due to mining [20]. By improving the
quality and condition, the damaged lands can be restored
to a usable state [21]. However, it is difficult to be restored
to its original state absolutely for any kind of destroyed land
resource. In general, only the reclamation standard adapted
to the local environmental conditions can be formulated,
and the damaged land can be reclaimed and transformed
into another land resource with new suitability. The suitabil-
ity evaluation of land reclamation is the premise and basis
for carrying out land reclamation by scientific means.

The suitability evaluation of land reclamation is to
comprehensive assess the suitability of a certain utiliza-
tion mode and utilization degree after land reclamation
according to the natural, economic and social attributes
of the land to be reclaimed [22]. The aim of the suitability
evaluation of land reclamation is to determine the best uti-
lization scheme of the land to be reclaimed under the con-
ditions of economic feasibility and reasonable technology,
and achieve the coordinated development of sustainable
land utilization and ecological environment protection
[23]. Suitability assessment is a key step in the reclama-
tion planning of the damaged lands in mining areas to
ensure the sustainability of land use after mining [24]. At
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present, the suitability evaluation of mine land reclama-
tion in China is mainly based on the relevant contents of
TD/T 1036-2013 [25]. The standard divides the evaluation
results of land reclamation suitability into four grades: the
most suitable, the medium suitable, the less suitable and
the unsuitable. The evaluation indexes mainly include the
terrain slope, soil quality, irrigation and drainage condi-
tions and pollution degree. However, the standard also has
some shortcomings, such as the difficulty in quantifying
indicators such as soil quality and irrigation and drainage
conditions, and the lack of assessment content of the land
damage level, resulting in leading to the incorrect deter-
mination of the land reclamation suitability level of a land
reclamation unit in the actual assessment, which is not
conducive to the later development of land reclamation
work.

Shaodong City situated in Hunan Province, China, is rich
in coal resources. Mining coal not only promotes the local
economic development, but also damages a lot of land
resources. In this paper, the suitability of land reclamation
as arable land in Niumasi coal mining area of Shaodong
City was comprehensively evaluated. The suitability classi-
fication was divided into four grades: suitable, moderately
suitable, less suitable, and unsuitable. According to three
factors including land quality, soil nutrients and engineer-
ing suitability in the reclamation area, selecting eleven
parameters as evaluation indicators including terrain slope
grade, effective thickness of soil layer, soil parent materials,
soil contamination, organic content, alkali hydrolyzable
nitrogen (N), available phosphorus (P), available potas-
sium (K), ground collapse, land destruction extent, and
conditions of irrigation and drainage, and determining
the classification standards of each evaluation indicator.
Using MATLAB software to generate a total of 800 samples
(200 samples per level) between the arrays correspond-
ing to each level of standards according to the normal
distribution principle, of which 600 samples were used as
training samples to establish the catastrophe progression
criteria as per the catastrophe theory, and 200 samples as
test samples to verify the reliability of the proposed cri-
teria. This paper aims to provide a new idea for the study
of quantitative evaluation methods of land reclamation
suitability.

2 Study area

The study area is Niumasi coal mine, which located in
Shaodong city of Hunan Province, China. Its landform is
mainly micro hilly area, and the soil is mainly clayey soil.
Niumasi mining area was an important producing area of
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high-quality coking coal in Hunan Province. There were
mainly four working areas, including Midoushan, Shui-
jingtou, Mayuan and Tiejishan. The total area was about
36 km?, and the coal resources are now nearly exhausted.
After the deep and large-scale mining of underground
coal seams in this area, the surface subsidence was char-
acterized by large-area, continuous and gentle in space,
and the houses in the coal mine living area were cracked
and deformed to varying degrees. The site surface settle-
ment was basically stable without obvious collapse. Shao-
dong City land and resources administration entrusted
Xiangdong mineral geological survey institute (situated
in Changsha City of Hunan Province, China) to conduct a
comprehensive survey of the land damage caused by coal
mining in this mining area, and make a comprehensive
evaluation of the suitability of reclamation for arable land
based on TD/T 1036-2013 [25] (Fig. 1).

3 Methodology
3.1 Evaluating indicator

In the suitability evaluation of mine land reclamation,
the evaluation indicators of the Chinese standard TD/T
1036-2013 [25] include the terrain slope, soil quality,
irrigation and drainage conditions and pollution degree.
Among them, the indicators such as soil quality, irrigation
and drainage conditions are difficult to quantify. Moreover,
the standard lacks evaluation indicators for assessing the
degree of land damage. According to the research needs
of this paper, in combination with the Chinese stand-
ard TD/T 1036-2013 [25] and with reference to relevant
studies [26-31], three factors used as suitability evalua-
tion index of land reclamation for arable land including
land quality, soil nutrients and engineering suitability are
taken into account in this mining area. Eleven parameters,
including terrain slope grade, effective thickness of soil
layer, soil parent materials, soil contamination, organic

®
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Fig. 1 Distribution of main working areas in Niumashi coal mine

content, alkali hydrolyzable nitrogen (N), available phos-
phorus (P), available potassium (K), ground collapse, land
destruction extent, and conditions of irrigation and drain-
age, are selected as the evaluation indicators. The classifi-
cation standards for the above eleven indicators are sum-
marized in Table 1. The hierarchy of evaluation indicators
is shown in Fig. 2.

The existing researches show that the land in the coal
mining area can be mainly reclaimed as arable land, forest
land, grassland, garden land [26, 27, 32, 33]. The land in
the coal mine area is mainly considered to be reclaimed
as arable land due to less arable land per capita in Shao-
dong City.

3.2 Survey items and results in the study area

Two parameters in land quality factor, including the terrain
slope grade, effective thickness of soil layer, are quantita-
tive indicators, which can be determined by engineering
technicians on the spot. Two parameters in land quality
factor including soil parent materials and soil contamina-
tion are determined by the specific situations on the spot,
and the values are assigned according to Table 1 respec-
tively. Four parameters in soil nutrients factor, including
organic content, alkali hydrolyzable nitrogen (N), available
phosphorus (P), available potassium (K), are quantitative
indicators, which can be measured through field soil sam-
pling. During soil sampling, the plot that can fully reflect
the soil characteristics shall be selected first, and the sam-
pling depth is generally within 20 cm. Organic matter in
soils is determined by potassium dichromate volumetric
method heated in oil bath. Alkali hydrolyzed nitrogen (N)
in soils is determined by Kanghui dish method. Available
phosphorus (P) in soils is extracted by sodium bicarbonate
and determined by molybdenum antimony colorimetry.
The content of available potassium (K) in soils is extracted
with ammonium acetate and then determined by flame
photometry. Three parameters in engineering suitability,
including ground collapse, land destruction extent, and
conditions of irrigation and drainage, are determined
according to the specific situations on the spot by engi-
neering technicians and the values are assigned according
to Table 1 respectively.

The field survey was completed by Xiangdong Min-
eral Geological Survey Institute. The indicators in TD/T
1036-2013 [25] were used in the actual survey of Niumasi
mining area. In the investigation of four pieces of lands
with a total area of about 1.3 km? in Shuijingtou working
area, the survey was conducted not only according to the
evaluation indicators of TD/T 1036-2013 [25], but also the
above 11 evaluation indicators. Since only a few regions
were investigated according to the above 11 indicators in
this paper, so only a few samples were obtained. In this
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Fig.2 The hierarchy of evaluation indicators for suitability evalua-
tion of land reclamation as arable land

paper, four samples are selected for evaluation. The origi-
nal land types of the four samples are dry farming land,
forest land, vegetable land, and paddy field respectively.
The results are listed in Table 2.

3.3 Catastrophe progression method (CPM)

In this paper, CPM is utilized to evaluate the four land sam-
plesinTable 2. CPM is a comprehensive evaluation method
based on catastrophe theory and fuzzy mathematics the-
ory, its basic idea [34-36] is to first determine the overall
evaluation objective of the evaluation object, and then
decompose it layer by layer to form an evaluation index
system with a hierarchical structure. After normalizing the
control variables at each level according to the mathemati-
cal model of the corresponding catastrophe system, the
values of catastrophe subordinate functions are calculated
layer by layer according to the principle of ‘non comple-
mentarity’ or ‘complementarity; until the value of catastro-
phe subordinate function of the evaluation object, that is,
the catastrophe progression criterion, Thereby determin-
ing the state category of the evaluation object.

According to the basic idea of CPM, a catastrophe pro-
gression model for comprehensive evaluation of the suit-
ability of land reclamation as arable land in coal mining
areas is established, which includes the following aspects:
(1) Evaluation object; (2) Evaluation index system with a
hierarchical structure; (3) Normalization; (4) Training sam-
ples; (5) Catastrophe progression criteria.

3.3.1 Evaluation object and evaluation index system
with a hierarchical structure

The evaluation object is the general objective of the
evaluation. The evaluation object of land reclamation is
the suitability of land reclamation. In this paper, it is the

Table 2 Evaluation results of Shuijingtou working area

Sample No

Indices

10
45

Terrain slope grade (°)

82

35

Effective thickness of soil layer (cm) 26

Soil parent materials

Sandy loam and sand
There are pesticide pollution sources

Sandy and clay soil

Clay soil

Clay soil

There are pesticide pollution There are pesticide pollution

There are pesticide pollution

Soil contamination

and no heavy metal pollution

sources

36.9

sources and no heavy metal pol-
lution sources

40.1

sources and no heavy metal pol-
lution sources

387

sources and no heavy metal pol-
lution sources

46.2

organic content (g/kg)

Serious uneven settlement

Serious damage
The water source is far away but the

conditions are good

89.3
23.8
142.1

The water source is far away but
the conditions are good

Serious uneven settlement
Serious damage

97.8
25.1
135.6

The water source is far away but
the conditions are good

Serious uneven settlement
Serious damage

92.0
28.8
126.8

the conditions are good

104.4
Serious uneven settlement

Serious damage
The water source is far away but

94.1
33.0

age

Alkali hydrolyzable nitrogen (g/kg)
Available phosphorus (g/kg)
Available potassium (g/kg)
Conditions of irrigation and drain-

Ground collapse
Land destruction extent
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suitability of land reclamation as arable land in the coal
mining area. The overall objective of this evaluation is set
as A The first-class evaluation indexes are: land quality, soil
nutrients and engineering suitability, set as‘B1;,'B2'and ‘B3’
respectively. Decompose the first-class indicators to form
a secondary indicator system. The secondary index system
of ‘B1’ are: terrain slope grade, effective thickness of soil
layer, soil parent materials, and soil contamination, which
are set as'C1;'C2;'C3'and ‘C4’respectively. The secondary
index system of ‘B2" are: organic content, alkali hydrolyz-
able nitrogen (N), available phosphorus (P), and available
potassium (K), set as‘C5;,C6;,'C7’and ‘C8'respectively. The
secondary index system of ‘B3’ is: ground collapse, land
destruction extent, and conditions of irrigation and drain-
age, set as‘C9;,‘C10"and ‘C11' respectively.’'C1'to ‘C11" are
also called the control variables.

The above hierarchical index system (see Fig. 1.)
constitutes the following catastrophe system: (i) C1 to C4
and C5 to C8 are constituted the butterfly catastrophe
models B1 and B2 respectively; (ii) C9, C10, and C11 are
formed as a swallowtail catastrophe model B3 (iii) B1,
B2, and B3 constitute a swallowtail catastrophe model A.
The control variable normalization formulas of swallow
tail catastrophe system are:*** The control variable
normalization formulas of butterfly catastrophe system
are:**** Where x is the state variable in the catastrophe
system; a, b, ¢, and d are the control variables; x,, x;, x.,
and x, are values of x corresponding toa, b, c,and d in the
above expressions.

Fig.3 CPM a Swallow tail catastrophe model; b Butterfly catastro-
phe model

Table 3 Potential functions, bifurcation sets, and normalization formula

The two CPMs mentioned above are shown in Fig. 3.
The potential functions, bifurcation sets, and normaliza-
tion formula of two CPMs are listed in Table 3 [37-39].

3.3.2 Normalization

Normalization processing includes two aspects: one is
dimensionless processing of original data; the second is
to normalize the control variables at each level according
to the mathematical model of the corresponding catastro-
phe system, and then calculate the values of catastrophe
subordinate functions. The method by Chen et al. [35], Zou
et al. [36], Cao et al. [40], Cheng et al. [41], Xu et al. [42]
is used for dimensionless processing of the original data.

3.3.3 Training samples and test samples

The evaluation of land reclamation suitability is essentially
a pattern recognition problem, that is, the actual evalua-
tion results of the evaluation index system used in land
reclamation suitability are compared with the classifica-
tion standards of the evaluation indexes, and the level cor-
responding to the standard value array closest to the array
formed by the actual evaluation results is the level of land
reclamation suitability, that is, the identification result of
CPM in this paper.

According to the grading standards of evaluation indi-
cators in Table 1, MATLAB software was utilized to gen-
erate a total of 1200 samples (300 samples per grade)
between the arrays corresponding to each level of stand-
ards according to the principle of normal distribution, of
which 800 samples are training samples and 400 samples
are test samples.

3.3.4 Catastrophe progression criteria

By dimensionless evaluation indexes of training samples
and normalizing control variables, the values of catas-
trophe subordinate functions and the catastrophe pro-
gression values of each hierarchical level are solved, and

CPM Numbers of control Potential functions Bifurcation sets Nor-
variable malization
formula
Swallow tail 3 Fx) = lxs + lax3+ a=—6x2b = —8x3c = —3x* X, = fal,
: 5 . 3 Xp = W
be +cx xe = Vlel
Butterfly 4 fo) = 1x6 + Laxts a=—-10x2b = 20x3 ¢ = —15x%d = 4x® x, =v/la|
6 4 = {/1b]
T, 5 1 5 Ko = VD
§bX +ECX + dx X, = 4|C|
X4 = v1Id|
SN Applied Sciences

A SPRINGER NATURE journal



SN Applied Sciences (2023) 5:146

| https://doi.org/10.1007/542452-023-05363-2

Case Study

finally the catastrophe progression values of each training
samples are obtained. Thus, the ranges of the catastrophe
progression values of each state level are obtained, that is,
the catastrophe progression criteria of suitability for land
reclamation as arable land in the coal mining areas:

‘Suitable’when x =0.9550;

‘Moderately suitable’when 0.8750 < x <0.9550;
‘Less suitable’when 0.7850 < x < 0.8750;
‘Unsuitable’when x <0.7850.

These criteria are used to identify the test samples, and
it is found that the evaluation results are completely con-
sistent with the expected results, which indicates that the
criteria can be used for the suitability evaluation of land
reclamation in this paper.

4 Results and discussion
4.1 Suitability evaluation results in study area

According to the above catastrophe progression model,
the suitability status of the four land samples in Table 2 are
identified. First, assigning values to the qualitative indica-
tors in Table 2, and the results are listed in Table 4. Then,
computing the catastrophe progression values of four
samples, and the results are listed in Table 4.

According to the catastrophe progression values, the
identification results of the four land samples are as fol-
lows: the suitability level of 14#—3# lands are all ‘Moder-
ately suitable) and that of 4# land is ‘Unsuitable’

4.2 Discussion

By analyzing the catastrophe progression values of
the four land samples, we can obtain: The catastrophe
progression values of 1# and and 3# land samples are
approximately the same, indicating that their suitability
levels are approximately the same, while the catastrophe
progression value of 2# are larger than those of 1# and
3# indicating that its suitability is better. 4# land sample
is not suitable for reclamation as arable land, so it can be
reclaimed as forest land or used for other purposes. The
original land types of the four samples (1# to 4#) are dry
farming land, forest land, vegetable land, and paddy field
respectively. The evaluation results show that mining
coal has the greatest damage to paddy fields, followed by
the dry farming lands and vegetable lands, and the least
impact to the forest lands. These results indicate that CPM
can not only evaluate the suitability of land reclamation,
and comprehensively compare the suitability degrees,
but also can assess the damage degree of coal mining to
different types of lands.

The evaluation of damaged land reuse in mining area
is a multi-dimensional problem. There are many factors
in this problem that seriously affect decision-making [43].
Suitability evaluation plays an important role in land rec-
lamation, and the selection of evaluation methods affects
the accuracy and objectivity of the suitability evaluation
results, and also affects the decision-making related to
land reclamation [44]. Therefore, some scholars have car-
ried out a lot of studies in this field. In practice, the land
reclamation suitability evaluation mainly adopts the quali-
tative evaluation method on the basis of field investiga-
tion [45]. In recent years, some other methods have been
applied to the suitability evaluation of land reclamation,

Table 4 Suitability evaluation

: Indexes Samples

results of land reclamation

as arable land in Shuijingtou 1 2 3 4

working area
Terrain slope grade (°) 4 3 7 10
Effective thickness of soil layer (cm) 26 35 82 45
Soil parent materials 8 8 6 6
Soil contamination 7 7 7 7
organic content (g/kg) 46.2 38.7 40.1 36.9
Alkali hydrolyzable nitrogen (g/kg) 94.1 92.0 97.8 89.3
Available phosphorus (g/kg) 33.0 28.8 25.1 238
Available potassium (g/kg) 104.4 126.8 135.6 142.1
Ground collapse 6 6 6 6
Land destruction extent 5 5 5 5
Conditions of irrigation and drainage 6 6 6 6
Catastrophe progression value 0.8878 0.9190 0.8853 0.7309
Suitability Moderately Moderately Moderately Unsuitable

suitable suitable suitable
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such as fuzzy mathematics method [23], discriminant
analysis method [26, 271, immune clone algorithm method
[28], neural network method [32], etc. These methods
have their own merits and shortcomings. The fuzzy math-
ematics method has some shortcomings, such as artifi-
cial subjectivity, when assigning weights to indicators.
Discriminant analysis (Bayes discriminant analysis, Fisher
discriminant analysis) has no special requirements for the
distribution of raw data, but requires a large number of
training samples. The immune clone algorithm method
and the neural network method need to select the model
and parameters, which have the weakness of slow conver-
gence. However, the CPM overcomes the shortcomings of
the above methods, and the calculation process is simple.
This is why CPM is adopted in this paper.

5 Conclusions

In this paper, the suitability of land reclamation as arable
land in Niumasi coal mine of Shaodong city in Hunan Prov-
ince, China, is evaluated by CPM. On the basis of consider-
ing three factors of land quality, soil nutrients and engi-
neering suitability in the reclamation area, a catastrophe
progression model is established by selecting evaluation
indicators and determining their grading standards. This
model are suitable for the suitability evaluation of land rec-
lamation as arable land in Niumasi coal mine, and can be
applied to land reclamation projects in other mining areas.

CPM can better evaluate the suitability of the land to be
reclaimed, which is conducive to further understanding
and mastery of the land quality, soil nutrients and the suit-
ability of reclamation projects of the land to be reclaimed.
The theoretical basis of CPM is catastrophe theory and
fuzzy mathematics theory. CPM has no special require-
ments for the distribution of sample data, and does not
need to give weight to evaluation indicators, avoiding the
subjectivity brought by artificially determining the weight
of each evaluation indicator, and making the classification
results of different algorithms comparable.

The computed method and process of the catastrophe
progression values of samples are simple, easy to under-
stand and master. In the suitability evaluation of land recla-
mation in mining areas, the catastrophe progression value
can be combined with qualitative analysis, which can more
accurately and quantitatively describe the level attribute
of the characteristic value of the evaluation index, and can
better quantitatively and comprehensively evaluate the
suitability of land reclamation.

The main disadvantage of the catastrophe progression
model of land reclamation established in this paper is that
the classification grade of suitability and the classification
standard corresponding to the evaluation index are
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subjective. Although the calculation results of the
catastrophe progression values are objective, the number
of suitability classification groups and the corresponding
grading standards of evaluation indicators are artificially
given. In addition, up to now, there are no unified
evaluation index system and classification standards for
land reclamation suitability.

Through the review of existing literature, it is found
that different scholars have adopted different evaluation
indicators and methods in their studies. This paper refers
to the results of relevant scholars and directly uses their
evaluation indicators, but the evaluation model is based
on catastrophe progression method. Therefore, the
correlation between the evaluation indicators has not
been studied. Other evaluation indicators and methods
should also be reasonable. This paper only applies the
catastrophe progression method to provide new idea
and way for the research in land reclamation.

Acknowledgements The author would like to thank the editor and
the reviewers for their contributions.

Author contributions All authors reviewed the manuscript.

Funding This research was supported by Hunan Provincial Depart-
ment of Education Project: Research on Landscape Development
Pattern of Eastern Urban Agglomeration and Western Eco-sphere in
Shaoyang (No. 21C0591). Hunan Provincial Department of Education
Project, 21C0591

Data availability Not applicable.

Code availability Not applicable.

Declarations

Conflict of interest The author states that there is no conflict of inter-
est.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

SN Applied Sciences

(2023) 5:146

| https://doi.org/10.1007/542452-023-05363-2

Case Study

References

Hu ZQ (2009) Review and prospect of land reclamation and
ecological restoration in China. Sci Technol Rev 17:25-29 ((in
Chinese))

Zipper CE et al (2011) Restoring forests and associated eco-
system services on appalachian coal surface mines. Environ
Manage 47:751-765

Macdonald SE et al (2015) Forest restoration following sur-
face mining disturbance: challenges and solutions. New For
46:703-732

Setiawan et al (2021) Evaluation of environmental and eco-
nomic benefits of land reclamation in the Indonesian coal
mining industry. Resources 10:60. https://doi.org/10.3390/
resources10060060

Ruiz et al (2020) Soil quality assessment of constructed Tech-
nosols: Towards the validation of a promising strategy for
land reclamation, waste management and the recovery of
soil functions. J Environ Manage 276:111344. https://doi.org/
10.1016/j.jenvman.2020.111344

Fernédndez-Caliani JC et al (2009) Heavy metal pollution in soils
around the abandoned mine sites of the Iberian Pyrite Belt
(Southwest Spain). Water Air Soil Poll 200:211-226
Fernandez-Caliani JC et al (2019) Oral bioaccessibility and human
health risk assessment of trace elements in agricultural soils
impacted by acid mine drainage. Chemosphere 237:124441
Fernandez-Caliani JC et al (2021) Soil quality changes in an lbe-
rian pyrite mine site 15 years after land reclamation. CATENA
206:105538

Candeias C et al (2011) Assessment of soil contamination by
potentially toxic elements in the aljustrel mining area in order
to implement soil reclamation strategies. Land Degrad Dev
22:565-585

Perlatti F et al (2015) Trace metal/metalloid concentrations in
waste rock, soils and spontaneous plants in the surroundings
of an abandoned mine in semi-arid NE-Brazil. Environ Earth Sci
74:5427-5441

Beane SJ et al (2016) Abandoned metal mines and their impact
on receiving waters: A case study from Southwest England. Che-
mosphere 153:294-306

GabariV, Ferndndez-Caliani JC (2017) Assessment of trace element
pollution and human health risks associated with cultivation of
mine soil: a case study in the iberian pyrite belt. Hum Ecol Risk
Assess. https://doi.org/10.1080/10807039.2017.1364130

Feng et al (2019) Effects of surface coal mining and land reclama-
tion on soil properties: A review. Earth-Sci Rev 191:12-25

Wu ZJ et al (2020) Shifts in vegetation-associated microbial com-
munity in the reclamation of coal mining subsidence land. Environ
Eng Sci. https://doi.org/10.1089/ees.2019.0491

Kaiser J (2004) Wounding earth’s fragile skin. Science
304:1616-1618

Kodir A et al (2017) Integrated post mining landscape for sustain-
able land use: a case study in South Sumatera, Indonesia. Sustain
Environ Res 27:203-213. https://doi.org/10.1016/j.serj.2017.03.003
Uzarowicz t et al (2020) Technogenic soils (Technosols) developed
from mine spoils containing Fe sulphides: microbiological activity
as an indicator of soil development following land reclamation.
Appl Soil Ecol 156:103699. https://doi.org/10.1016/j.apsoil.2020.
103699

Hendrychovéa M et al (2020) Mine reclamation planning and man-
agement: Integrating natural habitats into post-mining land use.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

Resour Policy 69:101882. https://doi.org/10.1016/j.resourpol.2020.
101882

Yu XY et al (2020) Assessment of land reclamation benefits in min-
ing areas using fuzzy comprehensive evaluation. Sustainability
12:2015. https://doi.org/10.3390/su12052015

Cheng LL, Sun HY (2018) Reclamation suitability evaluation of
damaged mined land based on the integrated index method and
the difference-product method. Environ Sci Pollut Res. https://doi.
org/10.1007/s11356-018-2020-4

Zhou W et al (2016) Comprehensive evaluation of land reclama-
tion and utilisation schemes based on a modified VIKOR method
for surface mines. Int J Min Reclam Env. https://doi.org/10.1080/
17480930.2016.1228031

Ye GH et al (2010) Reclamation suitability evaluation of tempo-
rary land in highway construction based on GIS. J Anhui Agri Sci
38(4):1976-1978 ((in Chinese))

Cheng LL et al (2016) Improved methods for fuzzy comprehen-
sive evaluation of the reclamation suitability of abandoned mine
lands. Int J Min Reclam Env. https://doi.org/10.1080/17480930.
2016.1167305

Amirshenava S, Osanloo M (2021) Mined land suitability assess-
ment: a semi-quantitative approach based on a new classification
of post-mining land uses. Int J Min Reclam Env. https://doi.org/10.
1080/17480930.2021.1949864

TD/T 1036-2013. Completion Standards on Land Reclamation
Quality. Industrial standards of the people’s Republic of China;
2013.

Zhang ZZ et al (2015) Suitability evaluation method and applica-
tion for land reclamation to grassland in Xinjiang coal mines. Trans
Chin Soc Agric Eng 31:278-286 ((in Chinese))

Zhang ZZ et al (2016) Establishment and application of the suit-
ability evaluation model for reclamation of grassland of Xinjiang
coal mine. China Min Mag 25:69-75 ((in Chinese))

Wen PF et al (2015) The evaluation on land reclamation suitability
based on immune clone algorithm. J Shandong Agri Univ 46:379-
384 ((in Chinese))

Liu WK et al (2006) Suitability evaluation of land reclamation in
mining area based on the extension method. China Mining Mag
15:34-37 ((in Chinese))

Wang GL et al (2015) Suitability Evaluation for land reclamation
in coal mining subsidence area based on extenics. Chin J Undergr
Space Eng 11:222-228 ((in Chinese))

Zhang TJ et al (2009) Application of the catastrophe progression
method in predicting coal and gas outburst. Min Sci Technol
19:430-434

Wu X et al (2015) Discussion on land reclamation in power trans-
mission and transformation based on BP neural network. Sci Surv
Mapp 40:67-70 ((in Chinese))

Wang SD et al (2012) Study and application of suitability evalua-
tion of land reclamation based on comprehensive extreme condi-
tion method. Sci Surv Mapp 37:67-70 ((in Chinese))

Liu H, Ai CM (2019) Empirical research on rural e-commerce devel-
opment level index system based on catastrophe progression
method. Clust Comput 22:6101-6109

Chen LY et al (2020) Regionalization of green building develop-
ment in china: a comprehensive evaluation model based on the
catastrophe progression method. Sustainability. https://doi.org/
10.3390/5u12155988

Zou ZL et al (2021) Catastrophe progression method - path (CPM-
PATH) early warning analysis of Chinese rare earths industry secu-
rity. Resour Policy 73:102161

Liu H, Ai CM (2019) Empirical research on rural e-commerce
development level index system based on catastrophe

SN Applied Sciences

A SPRINGERNATURE journal


https://doi.org/10.3390/resources10060060
https://doi.org/10.3390/resources10060060
https://doi.org/10.1016/j.jenvman.2020.111344
https://doi.org/10.1016/j.jenvman.2020.111344
https://doi.org/10.1080/10807039.2017.1364130
https://doi.org/10.1089/ees.2019.0491
https://doi.org/10.1016/j.serj.2017.03.003
https://doi.org/10.1016/j.apsoil.2020.103699
https://doi.org/10.1016/j.apsoil.2020.103699
https://doi.org/10.1016/j.resourpol.2020.101882
https://doi.org/10.1016/j.resourpol.2020.101882
https://doi.org/10.3390/su12052015
https://doi.org/10.1007/s11356-018-2020-4
https://doi.org/10.1007/s11356-018-2020-4
https://doi.org/10.1080/17480930.2016.1228031
https://doi.org/10.1080/17480930.2016.1228031
https://doi.org/10.1080/17480930.2016.1167305
https://doi.org/10.1080/17480930.2016.1167305
https://doi.org/10.1080/17480930.2021.1949864
https://doi.org/10.1080/17480930.2021.1949864
https://doi.org/10.3390/su12155988
https://doi.org/10.3390/su12155988

Case Study

SN Applied Sciences

(2023) 5:146

| https://doi.org/10.1007/542452-023-05363-2

38.

39.

40.

41.

42.

progression method. Cluster Comput. https://doi.org/10.1007/
$10586-018-1829-4

Song F et al (2020) Catastrophe progression method based on M-K
test and correlation analysis for assessing water resources carrying
capacity in Hubei province. J Water Clim Change. https://doi.org/
10.2166/wcc.2018.114

Karman A, Pawtowski M (2022) Circular economy competitiveness
evaluation model based on the catastrophe progression method.
J Environ Manage 303:114223. https://doi.org/10.1016/jjenvman.
2021.114223

Cao W et al (2015) Land-use regionalization based on landscape
pattern indices using rough set theory and catastrophe progres-
sion method. Environ Earth Sci 73:1611-1620

Cheng X et al (2017) Obstacle diagnosis of green competition pro-
motion: a case study of provinces in China based on catastrophe
progression and fuzzy rough set methods. Environ Sci Pollut Res.
https://doi.org/10.1007/511356-017-0762-z

Xu XH et al (2017) Social vulnerability assessment of earthquake
disaster based on the catastrophe progression method: A Sichuan

SN Applied Sciences

A SPRINGERNATURE journal

43.

44,

45,

Province case study. Int J Disast Risk Re. https://doi.org/10.1016/j.
ijdrr.2017.06.022

Soltanmohammadi H et al (2008) Achieving to some outranking
relationships between post mining land uses through mined land
suitability analysis. Int J Environ Sci Tech 5(4):535-546

Wang SD et al (2011) Suitability evaluation for land reclamation in
mining area: a case study of Gaogiao bauxite mine. Trans Nonfer-
rous Met Soc China 21:s506-5515

Ma CA et al (2006) Expert system for reclamation suitability evalu-
ation of surface mine. J China Univ Min Technol 2:231-234 ((in
Chinese))

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s10586-018-1829-4
https://doi.org/10.1007/s10586-018-1829-4
https://doi.org/10.2166/wcc.2018.114
https://doi.org/10.2166/wcc.2018.114
https://doi.org/10.1016/j.jenvman.2021.114223
https://doi.org/10.1016/j.jenvman.2021.114223
https://doi.org/10.1007/s11356-017-0762-z
https://doi.org/10.1016/j.ijdrr.2017.06.022
https://doi.org/10.1016/j.ijdrr.2017.06.022

	Suitability evaluation of land reclamation as arable land in coal mining area based on catastrophe theory
	Abstract
	1 Introduction
	2 Study area
	3 Methodology
	3.1 Evaluating indicator
	3.2 Survey items and results in the study area
	3.3 Catastrophe progression method (CPM)
	3.3.1 Evaluation object and evaluation index system with a hierarchical structure
	3.3.2 Normalization
	3.3.3 Training samples and test samples
	3.3.4 Catastrophe progression criteria


	4 Results and discussion
	4.1 Suitability evaluation results in study area
	4.2 Discussion

	5 Conclusions
	Acknowledgements 
	References


