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Abstract

:

The current approach to selecting sites for abandoned spoil areas primarily relies on qualitative methods, often overlooking the impact of policy factors on decision-making. Traditional single-site selection strategies may not be flexible enough to accommodate evolving external policy demands. Addressing this challenge is crucial for ensuring the site selection for abandoned spoil areas is both scientifically sound and policy-compliant. This research integrates various analytical methods, including principal component analysis, complex network theory, the CRITIC method, and the ordered weighted averaging method, to thoroughly evaluate the factors influencing site selection. Utilizing geographic information system (GIS) technology, the study simulates different policy scenarios, such as construction cost, social and ecological concerns, natural security, spatial accessibility, and a comprehensive balance approach. It specifically analyzes the suitability of the spoil site of a segment of the Chongqing ZW Railway under these policy conditions. Based on the actual policy situation in the local area, six potential suitable sites were screened with the help of field investigation. This study can offer a methodological framework and theoretical guidance for optimally locating mountain railway engineering waste disposal sites. In addition, the methodology presented in this study can be adapted to the development and change in policy scenarios.
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1. Introduction


Currently, as railroad engineering projects advance swiftly, the railway network in China’s eastern region has become increasingly comprehensive. Consequently, the emphasis of railway construction is progressively shifting towards the central and western regions, characterized by their challenging plateau and mountainous terrains. Constructing railroads in these areas frequently necessitates the erection of bridges and tunnels to navigate the varied topography, resulting in the significant production of construction waste materials, particularly spoil from excavations. Scientific planning of the disposal site is crucial for the proper disposal of these wastes. If the site selection of abandoned dreg sites is not properly designed, it may cause serious safety and environmental problems [1,2,3].



Most researchers have analyzed dumpsites from safety design and risk management perspectives. Tian et al. [4] used engineering data to statistically analyze the subgroup features of mountainous highway waste slag composition and the angle of repose. Jiang et al. [5] carried out an experimental study on the mechanical properties of loose spoil considering the vertical distribution factor. The results of their research can present basic parameters for the dynamic design of waste slag engineering. Li et al. [6] presented modelling work on the integration of fault tree and a Bayesian network to support the risk management of mega-project waste dumps under complex and dangerous environmental conditions.



In addition, there is currently a lot of research in the area of dump site selection, mainly focusing on the determination of dump site selection principles. Researchers have conducted extensive research on the principles and ideas of site selection and design for waste disposal sites by drawing inspiration from other fields such as highways, emphasizing the importance of reasonable site selection and design of waste disposal sites [1,7,8]. These studies have formed the basic principles of site selection of the abandoned dreg site, providing theoretical references for the determination of site selection standards.



However, there is a lack of research on the methodological framework for the site selection of the abandoned dreg site at this stage, but there are a large number of studies on the siting of similar projects such as landfills. Huo et al. [9], Kapilan et al. [10], and Huang et al. [11] conducted a site selection study for waste disposal using multi-criteria decision analysis (MCDA) methods such as the analytic hierarchy process (AHP) and fuzzy evaluation method based on a GIS platform. These research results can provide methodological references for the study of dump site selection.



Moreover, diversified policy scenarios have emerged with escalating national emphasis on building an ecological civilization and the westward shift in construction focus. A rigid, unchanging approach to site selection is often inadequate in responding to the evolving policy requirements. Such a scenario underscores the need for a more adaptable and forward-thinking strategy in site selection to accommodate the dynamic nature of policy frameworks and standards [1]. Policies are closely related to preferences. Preferences represent the extent to which an individual is inclined towards a particular service [12]. Some policies can influence the behavior of target groups by shaping their preferences [13]. Therefore, policy factors are very important in the decision-making of dump site selection and can influence decision-makers’ preferences for siting factors.



This study focuses on a section of the ZW railroad in Chongqing City, and a comprehensive evaluation index system for the site selection of the abandoned dreg site was constructed. A combination of principal component analysis (PCA), complex network theory, the CRITIC method, and the ordered weighted averaging (OWA) method was proposed to evaluate the suitability of the site selection of the abandoned dreg site. It aims to reduce the influence of subjective judgment, scientifically determine the weight of each indicator, and adapt to the siting needs under different policy environments. In addition, this study utilizes ArcGIS 10.2 to generate the suitability zoning map of the site selection of the abandoned dreg site. These results can provide methodological support and practical guidance for the site selection of mountain railway engineering waste disposal.



The paper proposes a set of combination weighing methods and simulates multiple policy scenarios to meet the needs of diversified siting scenarios. It avoids the inflexibility of the traditional residue disposal area siting methods and allows for the flexible siting of disposal sites in response to changes in policy scenarios, improving the adaptability and generalizability of the siting methods. Therefore, engineering designers and government regulators can use this method to adjust the site selection strategy for abandoned sites based on the persistent impacts of the external environment.




2. Overview of the Research Area


The study area is located in Chongqing City, with an elevation of 124–1379 m. The ZW railroad traversing this region predominantly consists of tunnels (Figure 1). The two sides of the tunnel are affected by the longitudinal cutting of streams and gullies. The soil cover on the slopes of the hills is thin, mostly exposed bedrock, and the ground surface is mostly forested and has shrubs. In contrast, the lower-lying areas, such as valleys, boast thicker soil layers, with much of this land converted into paddy fields and dry farmlands. The region is characterized by scattered villages and houses, alongside a network of densely situated highways. The geological stratification in the area is notably intricate, predominantly comprising mudstone and sandstone, with the rock material tending to be on the softer side. Moreover, the locale is prone to various geohazards, including the presence of rockfalls, avalanches, landslides, and mudslides, pointing to a highly developed adverse geological landscape.



Additionally, the area falls within the Three Gorges Reservoir zone, a region that prioritizes the ethos of ecological civilization construction, hence adhering to stringent environmental protection standards. This context not only heightens the significance of sustainable development practices but also necessitates a meticulous approach to any construction-related activities, especially those potentially impacting the delicate ecological and geological balance of the area.




3. Materials and Methodology


The methodology system adopted in the paper mainly includes PCA, complex network theory, CRITIC, OWA, etc. Based on GIS platform, we carried out the generation of indicator layers, weight allocation, and overlay analysis, and finally realized the site suitability evaluation of the residues disposal areas. The processes of the abovementioned methods can be seen in Figure 2. The detailed description of data collection and processing methods is described in the subsequent sections.



3.1. The Fundamental Data and Its Processing


The raw data of this study mainly include the Digital Elevation Model (DEM), land-use-type data, Normalized Difference Vegetation Index (NDVI), water system data, residential land data, public facilities data, road network data, stratum lithology data, adverse geology data, rainfall data, and soil physical and chemical properties data. The data sources are shown in Table 1.




3.2. The Suitability Index System for Site Selection of Abandoned Dreg Site


According to the research status [1,7,8] and the requirements of Code for design of soil and water conservation engineering (GB51018-2014) [14], 14 suitability evaluation indexes were selected. These include the land use type, terrain curvature, TPI, distance from the water system, distance from residential land, distance from public facilities, distance from cropland, soil erosion intensity, lithology, slope, distance from undesirable geologic conditions, SPI, distance from roads, distance from waste outlet, etc. These are further divided into four dimensions: construction cost, society and ecology, spatial accessibility, and natural security. Eventually, a comprehensive evaluation index system was constructed (Table 2).



Based on the ArcGIS 10.2 platform to analyze and process the raw data, we extracted the thematic layers of these evaluation indicators. We determined the methods of processing raw data, attributes, and assignment of evaluation indicators through literature research (Table 2). Furthermore, based on the index attributes and assignment methods, the above indicators were assigned and normalized by using raster calculator in ArcGIS 10.2 to eliminate the influence of different scales. The results of the processing are shown in Figure 3. The normalization calculation formulas are as follows.



Positive indicators:


    r   i j   =     Z   i j   − m i n   Z   i j       m a x Z   i j   − m i n   Z   i j     .  



(1)







Negative indicators:


    r   i j   =       m a x Z   i j   − Z   i j       m a x Z   i j   − m i n   Z   i j     .  



(2)







In the formula,     Z   i j     represents the raw data value of the indicator   j   at any geospatial location   i  , and     r   i j     represents the normalized indicator value,     r   i j   ∈   0,1    .




3.3. Research Methods


3.3.1. Principal Component Analysis Method


Principal component analysis (PCA) is a commonly used multivariate data reduction and feature extraction method. It projects the original data onto a new coordinate system through a linear transformation so that the projected data have the maximum variance, thereby identifying the most important features in the data [30].



This study employed SPSS 27 software to perform a principal component analysis of the data of evaluation indicators and threshold values. The primary steps include the following: (1) standardizing the evaluation indicators, which are exported from processed thematic layers (Figure 3) in the ArcGIS 10.2 platform; (2) calculating the correlation coefficient matrix; (3) calculating the eigenvalues and eigenvectors; (4) selecting the principal components; and (5) calculating the composite scores (    w   P C A    ) of the principal components (Table 3).



It is worth noting that the KMO test and Bartlett’s test need to be performed on the data before performing principal component analysis. In the KMO test, the value was 0.735; in Bartlett’s test, the p-value was less than 0.01, which indicated that it was appropriate to take PCA. The obtained     w   P C A     would be involved in the calculation of the final weights of the indicators (Table 3). And, we conducted final weight allocation through GIS overlay analysis.




3.3.2. Complex Network Theory and the CRITIC Method


	
Complex network theory






Complex networks employ network nodes to symbolize the individuals within the system, while the links within the network represent the relationships or associations among these individuals. Based on topological knowledge, the structural characteristics and dynamic mechanisms of network systems can be studied [31]. In this context, the suitability indicators are considered as the network nodes. By scrutinizing the inherent relationships among these indicator factors, a complex network is established, as illustrated in Figure 4.



The network features such as node degree, mediator centrality, proximity centrality, clustering coefficient, kernel degree, etc. [31,32,33], are selected as network node indicators to describe the importance of nodes. These node indicators can well reflect the structural characteristics and network status of nodes. However, node importance is also related to the importance of the subsystem in which it is located. When a node is located in a more important subsystem network, the node importance degree is relatively larger. To measure the comprehensive importance of subsystems, network subsystem indicators such as subsystem degree, subsystem nodes proportion, subsystem network density, and subsystem network aggregation (Table 4) are introduced.




	2.

	
CRITIC Method









The CRITIC (Criteria Importance Through Intercriteria Correlation) method is an objective weighting technique that thoroughly evaluates the correlations and distinctions among indicators, thereby minimizing informational overlap. This method assigns weights to each network node indicator. Through the CRITIC method, based on the values of network node indicators and network subsystem indicators, the weight of each node indicator (    ω   j   C R I T I C    ), and the weight of each subsystem indicator (    ω   l   C R I T I C    ). The calculation steps and formulas of the CRITIC method refer to the existing research [34], and are not repeated in the study.



On this basis, the comprehensive importance of network nodes (    ω   i   n o d e    ) and the comprehensive importance of subsystems (    ω   i   s u b s y s t e m    ) are calculated, as shown in Formulas (3) and (4).


    ω   i   n o d e   =     ∑  j = 1   n      ω   j   C R I T I C     r   i j   n o d e         ∑  i = 1   N      ∑  j = 1   n      ω   j   C R I T I C     r   i j   n o d e         ,  



(3)






    ω   k   s u b s y s t e m   =     ∑  l = 1   h      ω   l   C R I T I C     r   k l   s u b s y s t e m         ∑  k = 1   s      ∑  l = 1   h      ω   l   C R I T I C     r   k l   s u b s y s t e m          



(4)







In Formulas (3) and (4),   n   represents the number of network node indicators,   N   represents the total number of network nodes,     r   i j   n o d e     represents the value of network node indicators,     ω   j   C R I T I C     represents the node indicator weight obtained based on the CRITIC method,   h   represents the number of network subsystem indicators,   s   represents the number of subsystems,     r   k l   s u b s y s t e m     represents the value of network subsystem indicators, and     ω   l   C R I T I C     represents the weight of network subsystem indicators obtained based on the CRITIC method.



Furthermore,     ω   i   n o d e     and     ω   k   s u b s y s t e m     are corrected to obtain the importance of criteria layer indicators   (   w   k   c r i t e r i o n   )   and the importance of index layer indicators (    w   i   i n d e x    ) in the site selection index system, as shown in Formulas (5) and (6).


    w   k   c r i t e r i o n   =     ω   k   s u b s y s t e m   +   ∑  i = 1     N   k        ω   i   n o d e       2    



(5)






    w   i   i n d e x   =     ω   i   n o d e       ∑  i = 1     N   k        ω   i   n o d e         ω   k   s u b s y s t e m    



(6)







In Formulas (5) and (6),     N   k     represents the number of network nodes of subsystem   k  .



Moreover, the calculation involves determining the base weights of the criteria layer indicators (    W   i   b a s e    ) and the base weights of index layer indicators (    w   i   b a s e    ) in the site selection index system (Table 3). These calculations are executed according to Formula (7) for the criteria layer indicators and Formula (8) for the index layer indicators.


    w   i   b a s e   =     w   i   P C A     w   i   i n d e x       ∑  i = 1   m      w   i   P C A     w   i   i n d e x        



(7)






    W   i   b a s e   =   ∑  i = 1     N   k        w   i   b a s e      



(8)







In Formula (7),     w   i   P C A     represents the principal component scores of the site selection index layer indicator   i  ,     w   i   i n d e x     represents the importance of index layer indicators in the site selection index system, and   m   represents the number of site selection index layer indicators.




3.3.3. Ordered Weighted Average Method


Ordered weighted average (OWA) method is a multi-criteria decision-making method that operates by adjusting the decision risk factor to obtain different evaluation results [35]; the decision risk factor is used to express the decision-maker’s decision preferences, and is denoted by the symbol   α  .



When   α = 1  , it means that the decision-maker has no obvious preference, and the analysis of site suitability is transformed into the ordinary weighted superposition analysis of the indicators; when   α < 1  , the greater the base weight of the indicator itself, the greater the order weight, which means that the decision-maker holds a positive attitude and pays more attention to the indicators with a large degree of importance; when   α > 1  , the lower the base weight of the indicator itself, the greater the order weight, which means that the decision-maker holds a conservative attitude and pays more attention to the indicators with a weak degree of importance. Therefore, it is possible to simulate differentiated consideration of the importance of site selection indicators under different scenarios by adjusting different decision risk factors.



After the base weights are ranked, the order weights (Table 5) are determined using the given decision risk factors. Finally, the two are linearly combined to obtain the evaluation results (    O W A   α    ). The steps are as follows:


    O W A   α   =   ∑  k = 1   s        W   k     v   k       ∑  k = 1   s      W   k     v   k         Z   i k     ,  



(9)






    v   k   =       ∑  p = 1   k      q   p         α   −       ∑  p = 1   k − 1      q   p         α   ,  



(10)






    q   p   =   s −   a   p   + 1     ∑  t = 1   p      s −   a   t   + 1       , p = 1,2 , ⋯ , s  



(11)







In the above formulas,   k   represents the order,     W   k     represents the sorted base weight,     v   k     represents the order weight,     Z   i k     represents the value of indicator   k   at any geospatial location   i  ,   s   represents the number of indicators,   α   represents the decision risk factor,     q   p     represents the importance level of the indicator, and     a   p     represents the importance level based on the numerical value of the indicator weight, with the maximum being taken as 1, the next largest being taken as 2, and the smallest being taken as   s  .






4. Results and Analysis


4.1. Scenario Simulation of the Site Selection of the Abandoned Dreg Site


The variation in order weights signifies the shifting priorities and focus of decision-makers regarding site selection for abandoned spoil sites across diverse policy contexts. By modifying the decision risk factor, the order weights of indicators such as construction cost, society, and ecology, natural security and spatial accessibility can be adjusted, thus affecting the combined weights of these indicators. Consequently, this flexibility enriches the decision-making process, rendering it more dynamic and adaptable to changing circumstances. Consequently, the design of different policy scenarios can be realized (Table 6).



When the decision risk factor   α = 1  , it indicates that the decision-maker holds no particular preference, implying that the siting of the abandoned spoil sites is entirely determined by the inherent importance of each indicator factor. This decision-making scenario epitomizes a balanced approach, aiming to harmonize the diverse policy objectives encompassing construction cost, societal and ecological considerations, natural security, and spatial accessibility. Essentially, this balanced decision-making strategy seeks to equitably address and integrate the various critical aspects, ensuring a comprehensive and well-rounded site selection process.



When the decision risk factor transitions from   α = 0.001   to   α = 1000  , it indicates that the decision-maker’s focus shifts from an extreme emphasis on construction cost to an extreme emphasis on spatial accessibility. This sequence of adjustments showcases how decision-makers tailor site selection strategies to align with varying policy orientations. Such dynamic adaptability grants decision-makers the flexibility to modify their approach based on the prevailing policy context, ensuring that site selection decisions are both responsive and versatile. This adaptability is crucial for navigating the complexities of site selection, allowing for a more informed and nuanced decision-making process that can effectively accommodate different policy requirements and environmental considerations.



It is worth noting that when the decision risk factor is extremely skewed towards 0 or infinity, the impact of some indicators can be significantly suppressed. The policy scenarios simulated at this point are too extreme to correspond to actual needs. To avoid this situation and provide practical and feasible siting options, five values of α = 0.8,   α = 1  , α   = 1.5  ,   α = 3  , and   α = 6   are selected in this study to represent different decision risk preferences, corresponding to policy scenarios focusing on construction cost, comprehensive balance, society and ecology, natural security, and spatial accessibility (Table 6).



Furthermore, the suitability situation of the above scenarios was categorized into five categories using the natural break classification method in ArcGIS 10.2, namely the most suitable region, high suitable region, suitable region, low suitable region, and unsuitable region (Figure 5).




4.2. Analysis of the Suitability for the Site Selection of the Abandoned Dreg Site


The percentage of each suitability region under different policy scenarios can be calculated using the statistical functions of ArcGIS 10.2, as shown in Table 7.



In the scenario where the policy is focused on construction cost, indicators that influence construction expenses, such as terrain curvature, the Topographic Position Index (TPI), and land use type, are prioritized. Following these, the indicators related to society and ecology are also considered significant. Within this policy framework, the areas deemed most suitable for development predominantly span the northwest region of the study area, asserting a principal stance in site selection. The spatial distribution of regions categorized as highly suitable, unsuitable, and marginally suitable is relatively balanced, with each category covering a distinct portion of the study area, thereby reflecting a diverse range of potential sites for consideration under the construction-cost-oriented policy. The regions identified as most suitable for the establishment of abandoned spoil sites occupy the smallest proportion of the study area, predominantly located in the northeastern part and along the southern and northern banks of the central river. These areas feature relatively low-lying topography, and the predominant land cover of grass and shrubs contributes to lower construction costs for the spoil sites. Additionally, their distance from intensely used human areas such as farmlands, residential zones, and public facilities minimizes their social and ecological impact. This remoteness makes them particularly favorable for constructing abandoned spoil sites, as they align with the objectives of reducing disturbances to populated and agriculturally significant areas while also benefiting from the cost-effective and less disruptive land cover for construction.



Under a policy prioritizing social and ecological considerations, site selection is primarily guided by indicators that have significant impacts on society and the environment, with subsequent emphasis on natural security and construction costs. In this scenario, the majority of the study area is categorized as suitable, with the next largest portions being low suitable and unsuitable areas, respectively, and the high suitable regions being relatively scarce. The most suitable areas, despite their optimal conditions, represent the smallest fraction of the landscape. While the overall spatial distribution does not drastically deviate from that observed under the construction-cost-focused policy, subtle shifts are noticeable. There is a slight reduction in the combined extent of the high suitable and most suitable areas, whereas the extent of the low suitable and merely suitable regions see a marginal increase. This adjustment suggests a redistribution favoring areas that, while not optimal, still meet the necessary criteria for social and ecological compatibility. Moreover, this policy enhances the internal connectivity of the suitable regions (excluding the unsuitable areas), which signifies a heightened consideration for the continuity and wholeness of the social and ecological fabric. This increased connectivity indicates a strategic shift towards ensuring that the selected sites contribute positively to the overarching environmental and social landscape, reflecting a comprehensive approach to minimizing ecological disruption and fostering societal well-being.



Under a policy prioritizing natural security, the site selection process predominantly focuses on natural security factors, with subsequent importance placed on social and ecological indicators, followed by spatial accessibility. Under this emphasis, significant changes occur in the spatial distribution of suitability categories within the study area. Notably, a considerable portion of what was previously categorized as a suitable region, particularly in the northwestern part, is reclassified as a high suitable region. This reclassification results in the high suitable category encompassing the largest percentage of the area. Consequently, the extent of both the suitable and low suitable regions diminishes significantly. Although the area classified as the most suitable experiences an increase, it continues to represent the smallest portion of the study area. This most suitable area is primarily located in the northeastern part of the study area and along the northern and southern flanks of the central river. The enhancement of internal connectivity within the suitability regions under this policy signifies a deliberate effort to ensure greater overall coherence and alignment with the natural security focus. This indicates that, while prioritizing natural security, the site selection also robustly considers the continuity and suitability of regions to maintain ecological integrity and reduce vulnerability to natural hazards, thereby supporting a holistic approach to safe and sustainable site development.



Under a policy prioritizing spatial accessibility, the primary emphasis is placed on indicators related to spatial accessibility, specifically the proximity to outlets and roads, which are crucial for the efficient and cost-effective transportation of waste. While natural security factors are still considered important, indicators related to construction costs and social and ecological impacts are accorded lesser priority under this policy orientation. In this scenario, a significant portion of the study area is categorized as most suitable or highly suitable, underscoring a strategic focus on optimizing location advantages and transportation logistics. This reflects a clear preference for sites that offer superior accessibility and logistical convenience. Conversely, the areas designated as merely suitable or unsuitable are comparatively limited, with their presence being more scattered across the study area; the least proportion of the area is allocated to the low suitable category, constituting a mere 5.26%. This distribution pattern highlights a strategic prioritization of sites that maximize spatial accessibility benefits, ensuring that the selected locations support efficient waste management and transportation while aligning with broader policy goals.



Under the comprehensive balance policy, the site selection of the abandoned spoil site is a relatively comprehensive consideration of the influencing factors, with no particular preference for any single policy direction. Under this scenario, the suitability region with the largest share of area in the study area is the high suitable region, followed by the suitable region. When compared to other policy emphases, the spatial distribution and area proportions under the comprehensive balance policy exhibit similarities to those observed in the natural-security-focused policy. However, a notable distinction is the expanded coverage of the suitable region under the comprehensive balance approach, as opposed to the natural security policy, while the extent of the most suitable, low suitable, and unsuitable regions is decreased. This shift in distribution underscores a balanced integration of all influencing factors for site selection, avoiding a skewed emphasis on any particular element. Consequently, this leads to a broader categorization of areas as suitable or highly suitable, with a reduction in the areas classified as either most suitable or unsuitable. Such a balanced suitability zoning reflects a comprehensive and even-handed consideration of various factors, aiming to achieve an optimal and equitable distribution of site suitability across the study area, aligning with a multifaceted and pragmatic site selection strategy.



Based on the comprehensive analysis of the above five policy scenarios, the following can be observed: (1) In addition to the comprehensive balancing policy, with the increase in decision risk factor   α  , the policy orientation has transitioned from a focus on construction cost to a focus on society and ecology, then to a focus on natural security, and finally to a focus on spatial accessibility. (2) The proportion of the most suitable and unsuitable region areas continues to increase, and the zoning characteristics become more prominent. (3) Decision-makers gradually pay less attention to construction cost indicators with higher weights, and pay more attention to spatial accessibility indicators with lower weights. (4) The connectivity and agglomeration within the suitability region continue to increase. (5) Overall, the suitability of the eastern region of the study area is better than that of the western region under different scenarios, and the most-suitable areas are mainly distributed on the north and south sides and northeast of the study area, making it suitable to set up the abandoned dreg sites.




4.3. Post-Processing Analysis


The site selection scenario for the study area is a social and ecological scenario, because the local government of the study area attaches great importance to the ecological environment. On this basis, the combination of multiple methods and GIS-based overlay analysis in this study provided six potential suitable sites in the study area (Figure 6). The results are based on a site suitability zoning map and determined on the basis of a field investigation.



As shown in Figure 6, all potential suitable sites are located in the most suitable areas, close to the slag outlet, with good accessibility, and away from construction land, farmland, rivers, and unfavorable geologic conditions. The results of this study can offer valuable decision-making references for selecting suitable sites for the abandoned spoil areas of the ZW Railway.





5. Discussion


At this stage, the focus of China’s railroad construction gradually shifted to the west. Affected by the complex terrain and geological conditions in the western region of China, a large amount of soil and slag disposal is generated in the process of railroad construction. As one of the important ancillary projects of the railroad, the residues disposal areas can be used to solve this problem. However, due to the vast territory of China, there is a certain degree of difference between different regions in terms of the requirements for dump site selection, i.e., policy scenarios. Therefore, it is of great significance to choose the site of residues disposal areas scientifically according to the local conditions [1,2,3].



Domestic and foreign research on the site selection method of the abandoned landfill is relatively limited, mainly focusing on the determination of the principles and ideas of site selection [1,7,8]. However, there are many studies on the siting methods for similar projects such as landfills. Many studies use a combination of GIS and MCDA methods for landfill siting analysis [9,10,11,16,17,29]. These studies can provide methodological references for the siting of this paper.



This study utilized the principal component analysis method, complex network theory, CRITIC method, and ordered weighted average method in determining the weights, which can combine subjective and objective factors, and fully consider the role of expert experience and objective data, to arrive at more accurate decision-making results. At the same time, based on the GIS platform, we solved the complex spatial location problem and realized the visualization analysis of the decision-making process.



With changes in the decision risk factor of OWA, the importance of site selection indicators undergoes significant shifts. They substantially affect the characteristics of suitability zoning. As the decision risk factor escalates, decision-makers gradually shift their focus from heavily weighted construction cost indicators to those associated with spatial accessibility, which typically have lower weights. Concurrently, there is an increase in connectivity and agglomeration within the suitability regions, reflecting a strategic adjustment to the changing scenario in the decision-making process. It provides room for adjustment in the design of the footprint and volume of the disposal site.



In addition, this study utilized a combination of methods, which incorporates a variety of policy factors into site selection decisions. Some previous studies have also mentioned the impact of the policy environment on site selection, but they have only extracted the site selection impact factors based on local policies [9,10,18,29]. Without considering changes in policies and the generalization of methods, these site selection methods are generally static and have a narrow applicability.



Compared to traditional static site selection evaluations, this study enabled a dynamic decision analysis with multi-scenario simulation. This approach allows for the development of a variety of site selection plans that are responsive to different policy requirements, thereby addressing the limitations of the traditional static evaluation’s one-dimensional nature. Therefore, it has good flexibility and adaptability.



The current study has both practical and research implications. Practically, engineering designers, engineering managers, and governance regulators can use the method proposed in this study to evaluate the suitability of disposal site locations. Moreover, this study contributes to the enrichment of theoretical frameworks and methodological approaches in the site selection domain, specifically tailored for railway waste disposal in mountainous regions. The methodological framework can be adapted to most siting policy scenarios. It can continuously coordinate and design the siting strategy according to the changes in and development of nature, science and technology, and economy and society. And, finally, it is conducive to the realization of the scientific siting of the disposal site and the sustainable development of the external environment.




6. Conclusions


To address the issue where traditional research on waste disposal site selection primarily concentrates on establishing site selection criteria while neglecting the influences of the policy environment, it is essential to develop a scientific suitability evaluation system for the site selection of abandoned spoil sites. This study, recognizing the gap, focuses on identifying the key factors that influence site selection for railway engineering waste disposal sites in mountainous regions. Building on this identification, this study has formulated a comprehensive suitability index system tailored for the site selection process. This index system integrates various pertinent factors. Focusing on a segment of the ZW Railway in Chongqing City as the research subject, this study has incorporated various analytical methods to refine the site selection process for waste disposal sites. It utilizes the principal component analysis method, complex network theory, CRITIC method, and the ordered weighted average method to accurately determine the weights of site selection indicators under different scenarios. Moreover, the suitability of locations for waste disposal sites was evaluated using ArcGIS 10.2, resulting in detailed suitability zoning outcomes.



Under all policy scenarios, the suitability of the eastern part of the study area is better than that of the western part. The most suitable region and high suitable region are characterized by the concentration in the northeastern part of the study area and the southern and northern parts on both sides of the river. While the unsuitable region mainly includes construction land, farmland, rivers, and unfavorable geological conditions in the study area. At the same time, six potential suitable site locations were provided for the study area based on local policy.



In terms of limitations, the study is not all-inclusive and has room for improvement. First, the accuracy of the evaluation results is contingent upon the appropriateness of the chosen indicators and the practicality of the weight determination method. Thus, enhancing and refining the evaluation index system remains a crucial direction for future research. Similarly, the understanding of residues disposal siting scenarios in this study still needs to be deepened. Different policy scenarios may work together to influence the decision of disposal site selection, and a multi-dimensional coupled systematic study of the siting scenarios and related factors will be the focus of further research.
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Figure 1. The study area. 
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Figure 2. Technical flow chart. 
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Figure 3. Suitability indices for site selection of abandoned dreg field. (a) Land use type. (b) Terrain curvature. (c) TPI. (d) Distance from water system. (e) Distance from residential land. (f) Distance from public facilities. (g) Distance from cropland. (h) Soil erosion intensity. (i) Lithological type. (j) Slope. (k) Distance to adverse geology. (l) SPI. (m) Distance from roads. (n) Distance from waste outlet. 
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Figure 4. Complex network of the site selection indicators. 
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Figure 5. The suitability division under different policy scenarios. (a) Construction cost type. (b) Social and ecological type. (c) Natural security type. (d) Spatial accessibility type. (e) Comprehensive balance type. 
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Figure 6. The potential suitable sites. 
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Table 1. Data source.
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	Data
	Source





	DEM data
	https://www.tianditu.gov.cn/ (accessed on 23 March 2023)



	Land-use-type data
	https://doi.org/10.1016/j.scib.2019.03.002 (accessed on 25 March 2023)



	NDVI data
	https://www.resdc.cn (accessed on 28 March 2023)



	Rainfall data
	https://www.ncdc.noaa.gov (accessed on 28 March 2023)



	Water system data, residential land data, public facilities data, road network data, stratum lithology data, adverse geology data, rainfall data, soil physical and chemical properties data, adverse geology data, and soil physical and chemical properties data
	CAD engineering drawings provided by the project engineering party










 





Table 2. The index system and the normalization method.
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Criteria Layer

	
Index Layer

	
Criteria Guideline

	
Normalized Assignment Method

	
Attribute *






	
Construction cost

	
Land use type     ( A   1   )  

	
Refs. [1,7,8,14]

	
Water, cropland, impervious surface, 0; forest, 0.3; grassland, shrubland, 0.7; bareland, 1

	
+




	
Terrain curvature   (   A   2   )  

	
Refs. [1,7,8,14]

	
Normalize

	
−




	
TPI     ( A   3   )  

	
Refs. [14,15]

	
Normalize

	
+




	
Society and ecology

	
Distance to water system   (   B   1   )  

	
Refs. [9,11,14,16,17]

	
<100, 0; 100–500, normalize; >500, 1

	
+




	
Distance to residential land   (   B   2   )  

	
Refs. [9,11,14,17]

	
<100, 0; 100–500, normalize; >500, 1

	
+




	
Distance to public facilities   (   B   3   )  

	
Refs. [9,11,14,16]

	
<100, 0; 100–500, normalize; >500, 1

	
+




	
Distance to cropland   (   B   4   )  

	
Refs. [14,18]

	
<100, 0; 100–500, normalize; >500, 1

	
+




	
Soil erosion intensity   (   B   5   )  

	
Refs. [14,19,20,21,22,23,24,25]

	
Slight erosion, 1; light erosion, 0.8; moderate erosion, 0.6; strong erosion, 0.4; very strong erosion 0.2; severe erosion, 0

	
−




	
Natural security

	
Lithological type     ( C   1   )  

	
Refs. [9,11,14,26,27]

	
Loose soil, 0; soft rock, 0.3; softer rock, 0.5; harder rock, 0.7; hard rock, 1

	
+




	
Slope     ( C   2   )  

	
Refs. [9,11,14]

	
<5°,1; 5°–15°, 0.7; 15°–25°, 0.5; 25°–35°, 0.3; >35°, 0

	
+




	
Distance to adverse geology   (   C   3   )  

	
Refs. [11,14,17]

	
<200, 0; 200–1000, normalize; >1000, 1

	
+




	
SPI   (   C   4   )  

	
Refs. [14,28,29]

	
normalize

	
−




	
Spatial accessibility

	
Distance to road   (   D   1   )  

	
Refs. [9,11,14,16]

	
<200, 1; 200–1000, normalize; >1000, 0

	
−




	
Distance to waste outlet   (   D   2   )  

	
Refs. [11,14,16]

	
<200, 1; 200–10,000, normalize; >10,000, 0

	
−








* The attribute of the indicator is the positive or negative direction of the indicator’s contribution to the system: attribute “+” indicates that the indicator is positive; attribute “−” indicates that the indicator is negative.













 





Table 3. Weight of suitability indicators for site selection of abandoned dreg site.
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Criteria Layer

	
      W   i   b a s e      

	
Index Layer

	
      w   P C A      

	
      w   i n d e x      

	
      w   i   b a s e      






	
Construction cost

	
0.390

	
Land use type     ( A   1   )  

	
0.018

	
0.103

	
0.028




	
Terrain curvature   (   A   2   )  

	
0.121

	
0.114

	
0.211




	
TPI     ( A   3   )  

	
0.133

	
0.074

	
0.151




	
Society and ecology

	
0.329

	
Distance to water system   (   B   1   )  

	
0.100

	
0.021

	
0.033




	
Distance to residential land   (   B   2   )  

	
0.100

	
0.081

	
0.124




	
Distance to public facilities   (   B   3   )  

	
0.088

	
0.062

	
0.083




	
Distance to cropland   (   B   4   )  

	
0.072

	
0.075

	
0.082




	
Soil erosion intensity   (   B   5   )  

	
0.006

	
0.093

	
0.008




	
Natural security

	
0.148

	
Lithological type     ( C   1   )  

	
0.149

	
0.029

	
0.065




	
Slope     ( C   2   )  

	
0.009

	
0.053

	
0.007




	
Distance to adverse geology   (   C   3   )  

	
0.086

	
0.036

	
0.047




	
SPI   (   C   4   )  

	
0.036

	
0.052

	
0.029




	
Spatial accessibility

	
0.133

	
Distance to road   (   D   1   )  

	
0.052

	
0.112

	
0.089




	
Distance to waste outlet   (   D   2   )  

	
0.031

	
0.094

	
0.044











 





Table 4. Indicators of network subsystem.
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	Subsystem Indicators
	Formulas *





	Subsystem degree     ( D   k   )  
	     D   k   =   D   k    out      +   D   k    in        



	Subsystem nodes proportion   (   P   k   )  
	     P   k   =     N   k     N     



	Subsystem network density   (   T   k   )  
	     T   k   =     E   k       N   k   (   N   k   − 1 )     



	Subsystem network aggregation     ( G   k   )  
	     G   k   =     D   k       2 N   k   ( N −   N   k   )     







*     D   k    out        is the number of directed edges starting at the nodes within the subsystem   k  ;     D   k   i n     is the number of directed edges ending at the nodes within the subsystem   k  ;   N   is the total number of network nodes;     N   k     is the number of nodes of the subsystem network   k  ;     E   k     is the number of connected edges between the nodes within the subsystem network   k  .













 





Table 5. Result of the ordered weight.
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	      v   k      
	    α   =   0.0001    
	    α   =   0.1    
	    α   =   0.5    
	    α   =   1    
	    α   =   2    
	    α   =   10    





	     v   1     
	1.000
	0.912
	0.632
	0.250
	0.160
	0.000



	     v   2     
	0.000
	0.053
	0.204
	0.250
	0.330
	0.028



	     v   3     
	0.000
	0.025
	0.112
	0.250
	0.320
	0.320



	     v   4     
	0.000
	0.010
	0.051
	0.250
	0.190
	0.651










 





Table 6. Typical site selection scenarios.
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	Type
	Scenario Description





	Construction cost type
	Establish the concepts of cost reduction and efficiency, priority should be given to selecting concave terrain such as gourd shaped and bowl shaped for the layout of waste disposal areas. and reduce the unnecessary cost consumption arising from the construction process.



	Social and ecological type
	Focusing on the social and ecological benefits brought about by the construction of the project, and adhering to the concept of green and environmental protection, the project design and construction should avoid adverse impacts on the economy and society and the ecological environment.



	Natural security type
	Scientific assessment of the topographic environment and geological conditions of the project area is carried out at the stage of investigation and design of the project, to reduce the potential risks of geologic hazards during the construction and operation phases of the project.



	Spatial accessibility type
	Ensure the spatial accessibility and traffic convenience of the geographic location of the disposal sites to reduce the transportation cost of the slag and soil disposal.



	Comprehensive balance type
	Consider the impact of all factors in an integrated and comprehensive manner.










 





Table 7. Result of suitability region under different policy scenarios.
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	Suitability

Region
	Construction Cost Type
	Social and

Ecological Type
	Natural Security Type
	Spatial

Accessibility Type
	Comprehensive

Balance Type





	Unsuitable

region
	19.27%
	19.27%
	19.47%
	19.61%
	19.27%



	Low suitable

region
	18.66%
	19.46%
	15.09%
	5.26%
	14.87%



	Suitable

region
	30.00%
	30.87%
	21.05%
	21.26%
	22.45%



	High suitable region
	19.94%
	18.08%
	29.98%
	26.73%
	29.98%



	Most suitable region
	12.13%
	12.33%
	14.41%
	27.14%
	13.43%
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