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Abstract
Mining companies play a critical role in developing mineral wealth across the globe. Interacting effectively with local communities is yet another potential source of long-term profitability, because of the opportunities that are not accessible if community engagement is not achieved. The financial advantages of a positive company image can be linked to attracting and retaining employees, as well as sustaining or even enhancing the capacity to do business with local suppliers. The socially responsible rehabilitation of a site after mine closure can facilitate access to new or former jobs for the mine workers. This study focuses on how to identify the best rehabilitation strategy after the closure of a mining site. In particular, a q-rung orthopair fuzzy sets (q-ROFSs) based CODAS (COmbinative Distance-based ASsessment) model is developed to support the evaluation of socially responsible rehabilitation activities in mining sites. To test and validate the model, the proposed methodology is compared to the ARAS (Additive Ratio Assessment) method. The results show that rehabilitation and social transition subsidy is the best alternative among those considered. Implementation of this alternative benefits the mining companies and also brings social benefits to the mine workers and the wider communities within the mining site.
Keywords: Sustainable mining, rehabilitation, social responsibility, q-rung orthopair fuzzy sets, multi-criteria decision making (MCDM). 
1. Introduction

Mining affects everyday life and contributes to many sectors, both directly and indirectly, such as the energy sector and the industrial sector. In particular, mining is an essential component of the green energy transition, providing the metals required for renewable energy technologies. The main reason mining is so important is that it provides economic returns. There is another contribution of mining, which is providing job opportunities.
Besides the positive attributes of the mining sector, there are also disadvantageous aspects that affect the ecosystem and the community of a mine site. Disturbance to the ecosystem around a mine location is associated with environmental and social effects (Manero et al., 2020). To minimize the environmental effects of the mines, the ecosystem must be gradually converted to its initial form, i.e. it must be rehabilitated. Along with the environmental cost, job losses, or migration of the workforce associated with mine closures is a social problem (Hoskin, 2020). To overcome the challenges associated with migration, actions toward reskilling the workforce and diversifying the employment fields can be key to promoting resilience and social sustainability (Moore et al., 2021), while other strategies may include subsidies as well as investment that leads to the creation of new jobs. Considering all these effects of the mining sector, it is an undeniable fact that a rehabilitation plan for each closed mine is essential to increase the sustainability aspect of a mining operation. In this study, three different rehabilitation strategies for the closed mines, namely (i) rehabilitation in the mining site, (ii) rehabilitation and business investment in the mining site, and (iii) rehabilitation and social transition subsidy in the mining site, are investigated and prioritized according to their advantages.
The advantage prioritization method conducted in this study is performed by creating a survey and asking experts to evaluate the alternative rehabilitation methods according to specified criteria. Both the alternatives and the criteria are selected through a thorough literature review. The methodology of this study is called multi-criteria decision-making (MCDM) and the results of the surveys are assessed using q-Rung Orthopair Fuzzy Sets (q-ROFs) (Khan et al., 2020).
Despite the importance of the topic for the mining sector, studies in the literature assessing rehabilitation strategies using structured decision-making methods are scarce. Also, different sustainable rehabilitation methods for closed mines are evaluated together and compared with each other, which is a unique study and contribution to the literature. This study can inform mining regulatory authorities; even though the cultural and geographical characteristics of the mining sites change, the alternatives considered in this study can still be applied by tailoring the criteria according to the regional properties.
The study aims to evaluate the socially responsible rehabilitation of mining sites. In decision-making algorithms, uncertainty related to human thinking, judgment, and reasoning is the challenging factor that is faced. To handle this uncertainty, fuzzy sets (FSs) theory (Zadeh, 1965) is used just as it is the case in this study (Keshavarz et al., 2017). FSs have been successfully integrated into many decision-making problems to handle uncertain and imprecise information (Gorcun et al., 2021; Đalić et al., 2020; Sahu et al., 2021; Pamucar and Ecer, 2020; Zolfani et al., 2020; Durmić et al., 2020; Bozanic et al., 2021). However, the modeling tools of FSs are limited to processing vague and imprecise information in which two or more sources of uncertainty arise simultaneously. Q-rung orthopair fuzzy sets (q-ROFSs) provide a stronger definition of uncertainty and therefore allow decision-makers to evaluate in a wider area due to the uncertainties that arise in the problems being addressed and the lack of decision-making process (Pınar and Boran, 2020). For this purpose, a q-ROFSs -based CODAS (COmbinative Distance-based ASsessment) (Keshavarz  et al., 2016) model is developed to provide a more comprehensive way and address uncertainty in decision making. The new model has the following advantages: The q-rung orthopair fuzzy sets are more general than intuitionistic fuzzy sets (IFSs) (Atanassov, 1986), pythagorean fuzzy sets (PFSs) (Yager and Abbasov, 2013), and traditional fuzzy sets. The q-ROFSs have membership degrees and non-membership degrees, where the summation value of the qth power of the membership degree and the qth power of the non-membership degree is between 0 and 1. In this sense, q-ROFSs contain more information than IFSs and PFSs, which have attracted the attention of many researchers. Clearly, the advantage of q-ROFSs is that they can contain substantially more data to express the information. Compared with other uncertainty tools based on fuzzy information, q-rung orthopair fuzzy value is more accurate and flexible. We can thus derive that the q-ROFS is an appropriate tool for practical decision-making applications. To test and validate the model, this study compares this new model to a q-ROFSs -based ARAS (Additive Ratio Assessment) (Mishra and Rani, 2021). The ARAS method was introduced by Zavadskas and Turskis (2010) and solves complex problems. The CODAS method is extended using q-ROFSs for the first time in the literature and applied to prioritize the rehabilitation strategy for mine sites. The proposed model is applied to choose the best rehabilitation strategy after the closure of a mine.
The rest of this study is organized as follows: Section 2 reviews the existing studies in the literature on the rehabilitation of mines. In Section 3, the problem, alternatives, and criteria are defined. Section 4 presents the preliminaries of the study. In Section 5, the proposed model is explained. Section 6 presents the experimental results of the study. In Section 7, a discussion is presented regarding the results given in section 6, whereas the conclusion of the study is given in Section 8. 
2. Background

2.1. Literature Review on Rehabilitation of Mines
Mining is an economic activity linked to societal development. Mining can take place at the top of a mountain or in a forested and green area. The carrying out of mining operations involves other construction activities besides the mine itself. Land area is temporarily or permanently occupied in mining operations. Besides the advantages of mining, there are also disadvantages. These disadvantages may include the cutting of trees if the mining operations will be in a forested area, or the flow direction of the water being changed if it is on the stream route. At the same time, it can adversely affect all living things nearby mining operations. To counter such negative outcomes, rehabilitation operations should be carried out in the field after the mining operations are completed. Rehabilitation processes might also involve the creation of different job opportunities in the area after the completion of the mining works, both to improve the mining land and to prevent the people living in that area from encountering an adverse effect. These rehabilitation processes can be classified as follows: (i) rehabilitation in the mining site, (ii) rehabilitation and business investment in the mining site, and (iii) rehabilitation and social transition subsidy in the mining site.
This first rehabilitation alternative involves several activities, such as the reforestation of the disturbed landscape and restoration of the old texture of the soil. In a study conducted by Svobodova et al. (2019), the relevance of rehabilitation studies after mining activities with sociodemographic characteristics, mining activities, and resources about the mine was examined. With this study, the effects and results of mining on the environment in terms of rehabilitation have been revealed. Erickson et al. (2017) examined the potential of local plant seeds for the rehabilitation of the area after the closure of an iron ore mine in Australia. They concluded that the seeds of native plants would benefit the environmental rehabilitation and soil distortion caused by the mine can be eliminated. Lechner et al. (2016) created a land cover classification by examining the damage caused by the increased coal mining in recent years. When they examined the coal mines in Australia as a case study, they calculated the cost required for the rehabilitation of these sites. In their research, they also recommended what monitoring and rehabilitation methods government agencies should apply for the rehabilitation of coal mines. Lima et al. (2016) examined the impact of surface mining on the land with a focus on the role of remediation, reclamation, restoration, and rehabilitation. Winterhalder (1996) examined environmental degradation and soil rehabilitation because of mining in different mines. Hanckcock et al. (2020) described the process and methods for establishing a geomorphic and integrative landscape. In their research, they look at a self-sustaining landscape that is similar to the previous undisturbed landscape using geomorphic planning and modeling.
Another alternative method of rehabilitation is to offer new job opportunities to the community, which is referred to in this study as rehabilitation and business investment in the mining site, to prevent the migration of the mineworkers because of the completion of the mining operations. A study conducted by Toumbourou et al. (2020) examined the effects of post-mining political ecologies and investigated the causes of social movements by the surrounding community after the closure of coal mines in East Kalimantan, Indonesia. It was concluded that the major factors of these social movements were the absence of any investment and environmental clean-up after the closure of the coal mines. In a study by Najafi et al. (2014), the use of land after mining and the economic effects of the results were evaluated. They drew attention to the fact that if these mining sites are considered as tourism regions, new job opportunities could be provided. Major urban development initiatives in Morocco have been launched at the site of a phosphate mining company. The current contribution examines the implementation of these sustainability-focused programs, and the social effects they have at the community scale. The investigations undertaken in three Moroccan phosphate cities demonstrate that rather than driving dynamics of change at the local level. These interventions help to reinforce and consolidate existing patterns of socioeconomic precariousness (Harroud, 2020).  Esteves (2008) researched mining and social development, using multi-criteria decision analysis to investigate how companies should evaluate post-mining social investment projects, presenting ideas about what kind of investment opportunities companies should evaluate for sustainable development. Esteves and Vanclay (2019) examined how the benefits from mining activities counteract the social repercussions they will encounter. By using the Social Development Needs Analysis, it can be obtained because of the research on how the local people should respond to their needs to avoid negative reactions that may be experienced after mining. Lockie et al. (2009) conducted two social impact assessment studies at the Coppabella coal mine site. They revealed that to get rid of the objection of the local community, they should focus on their second investments, which include their economic and social conditions, with the first investment being the capital used for mining operations. Besides being one alternative to business investments rehabilitation, rehabilitation and social transition subsidy in the mining site is another rehabilitation alternative.
Alongside providing new job opportunities for the people working in the mine, help is provided so that they can return to their old jobs. Providing cattle or small cattle to miners who worked in animal husbandry or providing seeds, pesticides, or other support to miners who were engaged in agriculture can be given as examples to the assistances. Frank et al. (2010) investigated the reasons for increasing and decreasing the number of coal mining in Australia, which is troubling for some communities. However, these are welcomed by some communities. The main reasons it is disturbing are the inability of the communities in the region to work after the closure of the coal mines, the destruction of the environment, and the effect on the community. Hence, some coal mine closure cases were examined, and suggestions were presented to reduce these negative effects and have positive effects on the community. Hilson and Banchirigah (2009) examined whether the measures taken by companies and government in mining communities in Ghana could prevent poverty after mine closures. It has been revealed that the job opportunities offered by the companies and the government to the local people did not meet the demands of the rural population in Ghana. In a study conducted by Veiga et al. (2001), it is pointed out that mining should be sustainable not only during the operation of the mine but also after closure. As proof of this, there is also a way to make it sustainable after the mine closure by presenting a series of real-life examples to keep the miners active in their business life. The article concludes, emphasizing the importance of sustainability by describing various approaches and community consultation strategies that can foster mining communities. This alternative method can be seen as an important alternative in rehabilitation because both incentives are given for miners not to migrate, and support is provided for returning to their previous line of work.
The mining industry continues to be intense today, just as it was in the past. Since mining activities are generally not welcomed by the residents, three different rehabilitation alternatives are presented in this paper. These are rehabilitation in the mining site, rehabilitation and business investment in the mining site, and rehabilitation and social transition subsidy in the mining site. In these alternatives, there are incentives both to ensure the recovery of nature, and to integrate the people working in the mine into social life and economic activities after the mining works are completed, either by providing jobs or support to return to their previous jobs. Considering the literature on the topic, there are studies on the advantages and disadvantages of mining operations, and although rehabilitation examples are also included, because of the absence of the above alternatives of mining studies in a single study, our study will fill this gap which is one of the most important contributions of the research to the literature. One other contribution of this study is that there are few studies on providing new job opportunities to the miners to prevent the migration of the miners after the closure of the mining area or providing convenience in returning to their old jobs.
2.2.  Literature Review on q-ROFSs and CODAS Method
There have been studies applying different decision-making problems using q-ROF based models. Darko and Liang (2020) improved a novel approach including the Evaluation Based on Distance from Average Solution (EDAS) method under q-ROFS frameworks for a mobile payment platform selection problem. Rani and Mishra (2020) studied the fuel technology selection problem using a q-ROF based weighted aggregated sum product assessment (WASPAS) method. Krishankumar et al. (2020) developed a new decision framework under q-ROFS for a green supplier selection problem. Mishra and Rani (2021) focused on sustainable recycling partner selection using a q-rung orthopair fuzzy ARAS method. Yang et al. (2021) proposed a decision algorithm based on Q-ROF for selecting the design scheme for a blockchain-based agricultural product traceability system. Albahri et al. (2022) extended the fuzzy-weighted zero-inconsistency under fuzzy environment q-ROFS for the distribution of COVID-19 vaccine doses.
A number of fuzzy sets based CODAS methods have been applied to various decision-making problems. Peng and Garg (2018) proposed interval-valued fuzzy soft decision making based CODAS and this approach has been implemented for a mine emergency decision-making problem. Deveci et al. (2020) proposed the new distance metric and fuzzy aggregation operator for interval-valued intuitionistic fuzzy sets based CODAS for the evaluation of renewable energy alternatives. Maghsoodi et al. (2020) proposed a novel hybrid approach to solve a site selection problem. They used hybrid multi-granular interval-valued 2-tuple linguistic variables and target-valued criteria with the Best-Worst Method (BWM) and CODAS method. Mishra et al. (2021) evaluated low-carbon sustainable suppliers in the maritime sector using a new intuitionistic fuzzy-based CODAS. Simic et al. (2021) developed a picture fuzzy sets-based CODAS method to solve a vehicle shredding facility location problem. Sharafi et al. (2022) presented a new hybrid multi-attribute decision-making-data envelopment analysis method including CODAS method for the selection of a green supplier.
3. Problem Definition

Mining involves temporary land use (although some mines can have very long lifespans), and each operation is expected to close at a certain point in the future. Rehabilitation is invariably a key performance indicator against which the company's environmental performance is judged. Poorly rehabilitated mines leave significant legacy problems for all elements of society. The economic benefits of mining can be sustainable by investing in creating other forms of capital. Mining a nonrenewable mineral resource can adhere to sustainability principles by saving a portion of the revenues from mining and investing them in human, social, and man-made physical capital. Depleting mineral resources can be converted into a sustainable source of human well-being through investment. The type of corporate social responsibility that is usually suggested involves such things as the diversion of a certain portion of profits to community purposes, protecting jobs, and establishing working conditions. One way is supporting the region, and the society affected by the mining activity to transition the community's return to agriculture or livestock, which eventually helps incorporate environmental and socio-cultural dimensions of mining activities into sustainability. Therefore, we consider a case where a mining company has to decide among alternatives of activities after the closure of mining sites. These may include A1: Rehabilitation in the mining site, A2: Rehabilitation and business investment in the mining site, and A3: Rehabilitation and social transition subsidy in the mining site. 
First, experts working on mining and sustainability were interviewed. The surveys were completed by experts who are knowledgeable of the industry and its consequences. Their perspectives on the issue are both critical and beneficial. The criteria for determining the suitable socially responsible rehabilitation of mining sites include four main criteria and twelve sub-criteria. This study offered the information gathered from the experts. The surveys were conducted in person. The decision hierarchy of the problem is shown in Fig. 1.


Fig. 1. The decision hierarchy of the prioritization of socially responsible rehabilitation problem.
Alternatives and criteria have been evaluated by four experts. Three experts are executive managers in the sustainability and environment department of a mining company while the fourth expert is a mining engineer with twenty-two years of experience.
3.1.  Definition of Alternatives
Three alternatives are defined and given in Table 1. 
Table 1
Alternative socially responsible rehabilitations for sustainable mining. 
	Alternatives

	A1
	Rehabilitation

	A2
	Rehabilitation + business investment

	A3
	Rehabilitation + social transition subsidy 



· A1: Rehabilitation in the mining site
This alternative corresponds to the rehabilitation of the mine zone by different measures, such as forestation, refurbishment of the soil, and restoration of the ecological life of the area after mine closure. A study investigates the successful implementation of a vegetation restoration plan applied near Western Australia (Grant and Koch, 2007). 
· A2: Rehabilitation and business investment in the mining site
The construction of a mining site makes the workers' economic dependence rely on the mine (Owen and Kemp, 2018). After the closure of the mine, workers of the mine may migrate to another region to find new jobs. In terms of investment, increasing the facilities to provide information may be an emphasis. For example, supporting educational institutions or equipping technical schools would contribute to upskilling the workforce, then alleviating the effects of mine closures. In addition, the establishment of new facilities will also be worthwhile in such a case. This alternative is related to providing business investments to the region of the closed mine to increase the employment rate of the miners so that they do not migrate to other regions. 
· A3: Rehabilitation and social transition subsidy in the mining site
Residents of the mine site are expected to leave their current jobs and start working in the mine. However, after the closure of the mine, an initial investment is needed to carry out work in their old job fields such as agriculture and livestock. Therefore, providing initial investments like animals or seeds is a socially sustainable rehabilitation alternative to provide a social transition for the workers of the mine.
3.2.  Definition of Criteria
The criteria for prioritization of socially responsible rehabilitation for sustainable mining include four main criteria and twelve sub-criteria. These criteria are presented in Table 2.
Table 2
The evaluation criteria of socially responsible rehabilitation of mining sites
	Main criteria (MC)
	Sub-criteria
	Type

	MC1: Economic Aspect
	 
	 

	C1
	Income of the residents in the region  
	Benefit

	C2
	Employment in the region 
	Benefit

	C3
	 
	Cost

	MC2: Social Aspect
	 
	 

	C4
	Migration to other cities
	Cost

	C5
	Social transition after the closure of a mine
	Benefit

	C6
	Social justice  
	Benefit

	MC3: Sustainability Aspect
	 

	C7
	The reputation of the mining company
	Benefit

	C8
	Social acceptance 
	Benefit

	C9
	Providing sustainable land use
	Benefit

	MC4: Environmental Aspect
	 
	 

	C10
	Biodiversity 
	Benefit

	C11
	GHG emissions
	Cost

	C12
	Contamination of soil 
	Cost



MC1: Economic Aspect
· C1: Economic activities in the region after rehabilitation (benefit)
Increasing the economic activities in the region by providing business investments creates employment fields for the residents of the region, including the mineworkers, which removes the economic dependence of the residents on the mining sector (Owen and Kemp, 2018). Therefore, increased economic activities highly decrease the migration rates and rehabilitate the region after mine closures.  
· C2: Employment in the region after rehabilitation (benefit)
Rehabilitation of the region resulting in increased employment removes the economic dependence on the mining sector (Owen and Kemp, 2018). Therefore, migration is prevented and mine workers can find new jobs easily.
· C3: Socially responsible activities after rehabilitation (cost)
Rehabilitation actions taken by the mining company towards increasing the economical welfare and quality of life of the community of the region can be achieved by saving a portion of the revenues gathered from the mining operations and spending that portion on new businesses and in socially responsible ways (Mendes, 2013; Harroud, 2020).
MC2: Social Aspect
· C4: Migration to other cities (cost)
The mining sector requires the workers to travel since when the current mines are no longer profitable, they are closed and new mines are opened (Hoskin, 2000). The migration of the workers is disadvantageous in means of social aspects for both the workers and the regions of the closed mines because workers leave their home and the region lose the labor force (Knoblauch et al., 2018). 
· C5: Social transition after the closure of a mine (benefit)
After the closure of a mine, miners who choose not to migrate to work at a different mine need to find a new field of employment, which corresponds to a social transition. Increasing the diversity and the number of jobs in the region provides better and easier social transition and provides a more sustainable rehabilitation (Spencer et al., 2018).
· C6: Social justice (benefit) (fairness—in the distribution of the benefits and burdens (economic, environmental, and social) that result from economic growth, and of the process through which decisions about commercial activities and public policy are made). Social justice is related to the fairness in distributing the revenues and economic, environmental, and social burdens, which are generated by the economic growth and the actions taken towards commercial activities and public policy (Ash, 2018; Kim et al., 2019).
MC3: Sustainability Aspect
· C7: The reputation of the mining company in terms of sustainability (benefit)
The sustainability aspect has become very important for many authorities and companies all over the world (Ponte, 2019). With an unsuccessful rehabilitation plan resulting in unsustainable work, the reputation of the mining company decreases in means of sustainability (Fraser, 2021). This reduces the bargaining power of the company, decreases revenues and profits, makes the company lose association with other partners, and causes many more disadvantageous aspects for the company (Ndossi, 2018).
· C8: Social acceptance (benefit)
The sustainability aspect of the rehabilitation after the mine closure is very important for the residents of the region since the social life of the residents is affected (Laurence, 2006). The disruption of the land, weak social transition, and labor migration are factors that make the public refuse mining operations. Therefore, increased sustainability in the rehabilitation process also increases the social acceptance of the public (Gross, 2007).
· C9: Providing sustainable land use (benefit)
The construction of new mines disrupts the land and harms the ecology of the region (Sengupta, 2021). Therefore, providing sustainable land use is very crucial in means of keeping the disruption and ecological impact at a minimum level, rehabilitating the site to make it turn back to its initial form (Tiwari, 2000; Barton, 2009).
MC4: Environmental Aspect
· C10: Biodiversity (benefit)
It is known that the land disruption related to mines is a threat to the biodiversity of the region (Sonter et al., 2018). Rehabilitation of the closed mine sites by forestation and vegetation and providing a sustainable transition is very beneficial to restore the biodiversity of the closed mine site. 
· C11: GHG Emissions (cost)
Mining operations cause direct and indirect GHG emissions (Azadi et al., 2020). Fuel and electricity used in the mining process and transportation of the extracted minerals account for the biggest portion of the emitted GHG. Therefore, to compensate for the emitted GHG, rehabilitation of the disrupted land must be conducted sustainably and the ecosystem of the region must be converted back to its initial form.
· C12: Contamination of soil (cost.
Mine and operational wastes include cyanide compounds and heavy metals (Hoskin, 2000). Contamination of the mine site by these wastes affects the productivity of the soil, which makes it hard to rehabilitate the site. Therefore, the sustainability of the rehabilitation of the site is greatly affected by the contamination aspect.
4. Preliminaries
In this section, some basic concepts and operators of IFSs, PFSs, and q-ROFSs are reviewed.
4.1. Intuitionistic fuzzy sets
       Intuitionistic fuzzy sets (IFSs) as a generalization of the traditional fuzzy set theory, also called Zadeh’s fuzzy sets (Zadeh, 1965) were introduced by Atanassov in 1986 (Atanassov, 1986). IFSs are characterized by membership degree and non-membership degree and their sum is less than or equal to one (Alkan and Kahraman, 2021). The basic definitions of IFSs are defined as follows (Atanassov, 1986):
Definition 4.1. Let  be a non-empty set. An IFS  in  is defined by:
	
	(1)


Where  represent the degree of membership and  the degree of non-membership of the element , respectively, with a condition . In addition, the degree of hesitancy is defined as: . An IFS can be represented as a triplet in the following way:.
Definition 4.2. Let  and  be two intuitionistic fuzzy numbers (IFNs). The basic arithmetic operations of them are defined as follows:
	
	(2)

	
	(3)

	
	(4)

	
	(5)


4.2. Pythagorean fuzzy sets
       Pythagorean fuzzy sets (PFSs) were developed by Yager and Abbasov (2013) as an extension of the IFSs. PFSs are characterized by the degree of membership and non-membership. In PFSs unlike IFSs, the sum of the two membership degrees can be less or more than 1, however, the sum of the squares of two degrees has to be  (Deveci et al., 2021). PFSs are defined as follows (Zhang and Xu, 2014):
Definition 4.3. Let  be a non-empty set. A PFS  in  is defined by:
	
	(6)


Where  represent the degree of membership and non-membership of the element  to the set , respectively. PFS in  must satisfy the condition as:
	
	(7)


With the degree of hesitancy given by:
	
	(8)


where denotes the degree of hesitancy.
Definition 4.4. Let  and  be two Pythagorean fuzzy numbers (PFNs). The basic arithmetic operations of these two PFNS are defined as follows:
	
	(9)

	
	(10)

	
	(11)

	
	(12)


4.3. Q-rung orthopair fuzzy sets
       Q-rung orthopair fuzzy sets (q-ROFSs) were developed by Yager (2017) as a more generalized fuzzy set concept. q-ROFS is an extension of the existing IFSs and PFSs, and is represented by the degree of membership, non-membership, and hesitation degree. It fulfills a constraint that the sum of the qth power of the membership and non-membership degrees is less than or equal to 1, where q ≥ 1 (Garg et al. 2021). It can be seen in Fig 2 that q-ROFSs have an acceptable membership grade space larger than IFSs and PFSs. q-ROFSs are defined as follows:
Definition 4.5. Let  be a non-empty set. A q-ROFS  in  is defined by Yager (2017):
	
	(13)


Where  represent the degree of membership and non-membership of the element to the set , respectively. q-ROFS in  must satisfy the condition as:
	
	(14)


Where 
The degree of hesitancy is defined as:
	
	(15)


where denotes the degree of hesitancy. For simplicity,  is called a q-rung orthopair fuzzy numbers (q-ROFNs).
Definition 4.6. Let  and  be two q-ROFNs, and their operations are defined as follows (Yager, 2017):
	
	(16)

	
	(17)

	
	(18)

	
	(19)

	
	(20)

	
	(21)


Definition 4.7. Let  be a q-ROFN, then the score function  and accuracy function  of  can be expressed as in Eqs. (22) (Wei et al. 2018) and (23) (Liu and Wang, 2018), respectively. 
	
	(22)

	
	(23)


Definition 4.8. Let  be a set of q-ROFNs, and  be weight vector of  with . A q-rung orthopair fuzzy weighted average  operator can be defined as follows (Liu and Wang, 2018):
	
	(24)


Definition 4.9. Let  be a set of q-ROFNs, and  be weight vector of  with . A q-rung orthopair fuzzy weighted geometric  operator can be defined as follows (Liu and Wang, 2018):
	
	(25)


Definition 4.10. Let  and  be the q-ROFNs. Then the distance measure between  and  can be defined as follows (Liu and Liu, 2019):
	
	(26)



	

(a) Intuitionistic fuzzy numbers ()
	

(b) Pythagorean fuzzy numbers ()

	


(c) Q-rung orthopair fuzzy numbers ()


Fig. 2. Geometric interpretation of IFNs, PFNs, and q-ROFNs.
5. Proposed Model
In this section, a new model of q-ROF CODAS method is proposed to choose the best socially responsible rehabilitation strategy and rank strategies. The flowchart of the proposed model is shown in Fig. 3.
Step 1. Determine criteria and alternatives, and form the committee decision-makers (DMs) to build the proposed model. The set ( alternatives in terms of  decision criteria of set ( is evaluated by  experts of set . 
Step 2. Select the linguistic terms and their corresponding values for evaluating criteria and alternatives.
Step 3. The criteria weights are calculated by the linguistic scale presented in Table 3, and for each expert. After that, the criteria weight of experts are aggregated and the weight of jth criterion is represented , where  and .
Table 3 
Linguistic scale for weighting of criteria (Bozanic et al., 2022).
	Linguistic terms
	Membership function

	Absolutely low (AL)
	(1, 1, 1)

	Very low (VL)
	(1, 1.5, 2)

	Low (L)
	(1.5, 2, 2.5)

	Medium low (ML)
	(2, 2.5, 3)

	Equal (E)
	(2.5, 3, 3.5)

	Medium high (MH)
	(3, 3.5, 4)

	High (H)
	(3.5, 4, 4.5)

	Very high (EH)
	(4, 4.5, 5)

	Absolutely high (AH)
	(4.5, 5, 5)


Step 3.1.  The priority vectors are defined. Experts   prioritize the criteria by assigning a higher triangular fuzzy number (TFN) to the more important criterion than the fuzzy scale, and assigning a lower TFN to the less important criterion than the fuzzy scale. Therefore, the priority vector   is obtained.  denotes the TFN  from the fuzzy scale given by the expert  to criterion .
Step 3.2.  The absolute anti-ideal point  is defined. It can be defined by Eq. (27).
	
	(27)


Step 3.3.  The relation vector  is defined. The relations between the elements of  and are calculated by Eq. (28).
	
	(28)


where denotes an element of the priority vector .
Step 3.4.  The vector of the weight coefficients  is determined and later, the weights of the criteria are calculated by Eq. (29). 
	
	(29)


where, denotes the elements of relation vector  , , while .
Step 3.5.  The aggregated vector of the weight coefficients is calculated using the fuzzy Hamacher weighted averaging (FHWAA) operator (Hamacher, 1978) given in Eq. (30).
	
	(30)


Where .
Step 3.6.  To calculate the crisp value of criteria weights, Eq. (31) is used to calculate the defuzzification of the fuzzy values.
	
	(31)


where  represents a triangle fuzzy number.
Step 4. Structure the q-ROFs decision matrices  in terms of experts’ opinions with the help of Eq. (32) and the scale presented in Table 4. The decision matrix based on Expert to assess the alternatives in terms of each criterion is given in Table 5. 
	 , and 
	(32)


where  denotes the evaluation of alternative  with respect to criterion  of th expert.
Table 4
Linguistic scale for ratings of alternatives (Pınar and Boran, 2020).
	Linguistic terms
	q-ROFN for alternatives

	
	
	

	Extremely low (EL)
	0.15
	0.95

	Very low (VL)
	0.25
	0.85

	Low (L)
	0.35
	0.75

	Medium low (ML)
	0.45
	0.65

	Medium (M)
	0.55
	0.55

	Medium high (MH)
	0.65
	0.45

	High (H)
	0.75
	0.35

	Very high (VH)
	0.85
	0.25

	Extremely high (EH)
	0.95
	0.15



Table 5
The decision matrix based on q-ROFNs in terms of expert .
	Criteria
	Alternatives
	 
	 

	
	A1
	A2
	……
	An

	C1
	 
	 
	……
	 

	C2
	
	
	……
	

	.
	.
	.
	           .
	.

	.
	.
	.
	             .
	.

	.
	.
	.
	               .
	.

	Cm
	
	
	……
	



Step 5. The aggregated q-ROF decision matrix for each alternative in terms of criteria is calculated by Eq. (24). This decision matrix  is structured by Eq. (33) and reported in Table 6.
	 , and 
	(33)


where  represents the aggregated q-ROF decision matrix of alternative  with respect to criterion .
Table 6
Aggregated q-ROFNs decision matrix.
	Criteria
	Alternatives
	 
	 

	
	A1
	A2
	……
	An

	C1
	 
	 
	……
	 

	C2
	
	
	……
	

	.
	.
	.
	           .
	.

	.
	.
	.
	             .
	.

	.
	.
	.
	               .
	.

	Cm
	
	
	……
	


Step 6. Normalize the aggregated q-ROF decision matrix. Normalization values for the benefit and the cost type criterion are calculated by Eq. (34).
	 
	(34)


where denotes the normalized q-ROF decision matrix and  is the normalized values.
Step 7. The weighted normalized q-ROF decision matrix  using  is calculated by Eqs. (20) and (35). 
	
	(35)


Step 8. Score values of each alternative in terms of criteria are calculated by Eq. (22).
       The CODAS method introduced by Keshavarz Ghorabaee et al. (2016) includes Euclidean and Hamming distances is implemented in this study. The steps of CODAS method are as follows:
Step 9. The negative-ideal solution is determined by Eq. (36).
	 and  
	(36)


Step 10. The Euclidean  and Hamming  distances are calculated using Eq. (37).
	 and  
	(37)


Step 11. The relative assessment matrix  is structured by Eq. (38).
	  and  
	(38)


Where  and  is a threshold function that can be defined as follows:
	 
	(39)


where  represents the threshold parameter of the  function.
Step 12. Calculate the overall score values  for each alternative.
	 
	(40)


Step 13. The last step of the proposed model consists of ranking the alternatives. Rank the alternatives according to decreasing order of the overall scores .


Fig. 3. The flowchart of the proposed model.

6. Experimental Results
Step 1: In the first step, three alternatives, four main criteria, and twelve sub-criteria are determined. Then, four experts (decision-makers) are defined to evaluate these criteria and alternatives.
Step 2: The four experts assess the three alternatives in terms of decision criteria by using the linguistic scale in Table 4 and are reported in Table 7.
Table 7
Linguistic assessments for the three alternatives in terms of decision criteria.
	Alt.
	Experts
	Criteria

	
	
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8
	C9
	C10
	C11
	C12

	A1
	E1
	L
	ML
	EH
	EH
	L
	L
	H
	M
	ML
	MH
	VL
	L

	
	E2
	VL
	EL
	EH
	EH
	L
	EL
	EH
	M
	M
	VL
	EL
	EH

	
	E3
	VL
	EL
	EH
	EH
	EL
	ML
	H
	MH
	EH
	EH
	EL
	EL

	
	E4
	VL
	L
	M
	H
	ML
	M
	H
	M
	EH
	EH
	L
	VL

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	A2
	E1
	MH
	H
	MH
	ML
	M
	M
	EH
	MH
	H
	MH
	VL
	L

	
	E2
	H
	EH
	ML
	EH
	M
	L
	EH
	M
	EH
	VL
	EL
	L

	
	E3
	EH
	MH
	VL
	VL
	EH
	MH
	EH
	H
	MH
	M
	ML
	M

	
	E4
	EH
	H
	L
	VL
	MH
	H
	EH
	EH
	M
	MH
	M
	L

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	A3
	E1
	ML
	L
	ML
	H
	EH
	MH
	EH
	H
	EH
	EH
	VL
	VL

	
	E2
	M
	ML
	EL
	EH
	MH
	L
	EH
	MH
	EH
	VL
	EL
	VL

	
	E3
	H
	MH
	ML
	VL
	MH
	EH
	EH
	EH
	EH
	EH
	EL
	VL

	
	E4
	EH
	EH
	EL
	EL
	EH
	EH
	EH
	EH
	H
	EH
	VL
	EL



Step 3: The weight coefficients of the criteria are calculated using the fuzzy logarithmic additive methodology as follows:
Step 3.1.  Using the linguistic scale in Table 3, the criteria are prioritized by four experts. The linguistic assessments for the criteria are presented in Table 8.
Table 8
The priority vectors of the criteria.
	Criteria
	Expert 1
	Expert 2
	Expert 3
	Expert 4

	MC1: Economic Aspect
	AH
	AH
	EH
	AH

	MC2: Social Aspect
	MH
	ML
	E
	ML

	MC3: Sustainability Aspect
	E
	E
	L
	E

	MC4: Environmental Aspect
	H
	MH
	L
	MH

	MC1: Economic Aspect
	 
	 

	C1
	AL
	E
	ML
	MH

	C2
	H
	EH
	MH
	H

	C3
	MH
	H
	VL
	ML

	MC2: Social Aspect
	 
	 

	C4
	AL
	ML
	VL
	ML

	C5
	E
	MH
	MH
	EH

	C6
	EH
	AH
	ML
	ML

	MC3: Sustainability Aspect
	 
	 

	C7
	AH
	AH
	AH
	AH

	C8
	H
	MH
	L
	EH

	C9
	H
	EH
	E
	ML

	MC4: Environmental Aspect
	 
	 
	 

	C10
	VL
	L
	EH
	E

	C11
	EH
	EH
	EH
	H

	C12
	H
	MH
	H
	EH



Step 3.2.  The absolute anti-ideal point  is determined by Eq. (27).
Step 3.3.  The relation vectors are defined in Table 9 using the values of linguistic scale in Table 8, , and Eq. (28).
Table 9
Relation vectors.
	Criteria
	Expert 1
	Expert 2
	Expert 3
	Expert 4

	MC1: Economic Aspect
	(7.5,10,12.5)
	(7.5,10,12.5)
	(6.667,9,12.5)
	(7.5,10,12.5)

	MC2: Social Aspect
	(5,7,10)
	(3.333,5,7.5)
	(4.167,6,8.75)
	(3.333,5,7.5)

	MC3: Sustainability Aspect
	(4.167,6,8.75)
	(4.167,6,8.75)
	(1.667,3,5)
	(4.167,6,8.75)

	MC4: Environmental Aspect
	(5.833,8,11.25)
	(5,7,10)
	(1.667,3,5)
	(5,7,10)

	MC1: Economic Aspect
	 
	 

	C1
	(1.667,2,2.5)
	(4.167,6,8.75)
	(3.333,5,7.5)
	(5,7,10)

	C2
	(5.833,8,11.25)
	(6.667,9,12.5)
	(5,7,10)
	(5.833,8,11.25)

	C3
	(5,7,10)
	(5.833,8,11.25)
	(1.667,3,5)
	(3.333,5,7.5)

	MC2: Social Aspect
	 
	 

	C4
	(1.667,2,2.5)
	(3.333,5,7.5)
	(1.667,3,5)
	(3.333,5,7.5)

	C5
	(4.167,6,8.75)
	(5,7,10)
	(5,7,10)
	(6.667,9,12.5)

	C6
	(6.667,9,12.5)
	(7.5,10,12.5)
	(3.333,5,7.5)
	(3.333,5,7.5)

	MC3: Sustainability Aspect
	 
	 

	C7
	(7.5,10,12.5)
	(7.5,10,12.5)
	(7.5,10,12.5)
	(7.5,10,12.5)

	C8
	(5.833,8,11.25)
	(5,7,10)
	(1.667,3,5)
	(6.667,9,12.5)

	C9
	(5.833,8,11.25)
	(6.667,9,12.5)
	(4.167,6,8.75)
	(3.333,5,7.5)

	MC4: Environmental Aspect
	 
	 
	 

	C10
	(1.667,3,5)
	(2.5,4,6.25)
	(6.667,9,12.5)
	(4.167,6,8.75)

	C11
	(6.667,9,12.5)
	(6.667,9,12.5)
	(6.667,9,12.5)
	(5.833,8,11.25)

	C12
	(5.833,8,11.25)
	(5,7,10)
	(5.833,8,11.25)
	(6.667,9,12.5)



For example, the elements of the relation vector for Expert 1  for MC1 (C1, C2, and C3) are calculated using Eq. (28) as follows:
	

	

	


Step 3.4.  The weight coefficients of the criteria are given in Table 10 using the values in Table 9 and Eq. (29).
Table 10
Vectors of the weight coefficients of the criteria.
	Criteria
	Expert 1
	Expert 2
	Expert 3
	Expert 4

	MC1
	(0.214,0.284,0.371)
	(0.224,0.301,0.404)
	(0.24,0.355,0.581)
	(0.224,0.301,0.404)

	MC2
	(0.171,0.24,0.338)
	(0.134,0.21,0.322)
	(0.18,0.29,0.499)
	(0.134,0.21,0.322)

	MC3
	(0.152,0.221,0.318)
	(0.158,0.234,0.347)
	(0.065,0.178,0.37)
	(0.158,0.234,0.347)

	MC4
	(0.187,0.256,0.355)
	(0.179,0.254,0.368)
	(0.065,0.178,0.37)
	(0.179,0.254,0.368)

	MC1: Economic Aspect
	 
	 

	C1
	(0.091,0.147,0.236)
	(0.201,0.295,0.426)
	(0.203,0.346,0.606)
	(0.239,0.345,0.503)

	C2
	(0.313,0.441,0.623)
	(0.267,0.362,0.496)
	(0.272,0.418,0.693)
	(0.262,0.369,0.529)

	C3
	(0.285,0.412,0.593)
	(0.248,0.343,0.476)
	(0.086,0.236,0.484)
	(0.179,0.286,0.44)

	MC2: Social Aspect
	 
	 

	C4
	(0.091,0.148,0.239)
	(0.176,0.275,0.417)
	(0.086,0.236,0.484)
	(0.184,0.297,0.468)

	C5
	(0.254,0.383,0.566)
	(0.235,0.332,0.477)
	(0.272,0.418,0.693)
	(0.289,0.406,0.587)

	C6
	(0.338,0.469,0.659)
	(0.294,0.393,0.523)
	(0.203,0.346,0.606)
	(0.184,0.297,0.468)

	MC3: Sustainability Aspect
	 
	 

	C7
	(0.274,0.356,0.456)
	(0.274,0.357,0.457)
	(0.32,0.443,0.639)
	(0.285,0.377,0.494)

	C8
	(0.239,0.322,0.437)
	(0.219,0.302,0.417)
	(0.081,0.212,0.407)
	(0.268,0.36,0.494)

	C9
	(0.239,0.322,0.437)
	(0.258,0.341,0.457)
	(0.226,0.345,0.549)
	(0.17,0.263,0.394)

	MC4: Environmental Aspect
	 
	 
	 

	C10
	(0.078,0.204,0.386)
	(0.138,0.251,0.414)
	(0.254,0.339,0.454)
	(0.201,0.295,0.426)

	C11
	(0.289,0.409,0.605)
	(0.285,0.397,0.571)
	(0.254,0.339,0.454)
	(0.248,0.343,0.476)

	C12
	(0.269,0.387,0.58)
	(0.242,0.352,0.521)
	(0.236,0.321,0.435)
	(0.267,0.362,0.496)



Step 3.5.  The aggregated vector of the weight coefficients is calculated by Eq. (30) and is reported in Table 11.
Step 3.6.  The crisp values of the weight coefficients of the criteria are calculated by Eq. (31) using Table 10. These values are given in Table 11.
Table 11
The local, global, and crisp values of criteria weights.
	Criteria
	Local
	Global
	Crisp values

	MC1: Economic Aspect
	(0.225,0.311,0.443)
	-
	 

	C1
	(0.186,0.287,0.45)
	(0.042,0.089,0.199)
	0.095

	C2
	(0.278,0.398,0.587)
	(0.063,0.124,0.26)
	0.130

	C3
	(0.204,0.321,0.499)
	(0.046,0.1,0.221)
	0.106

	MC2: Social Aspect
	(0.155,0.238,0.373)
	-
	 

	C4
	(0.137,0.241,0.406)
	(0.021,0.057,0.151)
	0.062

	C5
	(0.263,0.385,0.582)
	(0.041,0.092,0.217)
	0.098

	C6
	(0.258,0.378,0.566)
	(0.04,0.09,0.211)
	0.096

	MC3: Sustainability Aspect
	(0.135,0.217,0.346)
	-
	 

	C7
	(0.288,0.384,0.513)
	(0.039,0.083,0.177)
	0.088

	C8
	(0.206,0.3,0.439)
	(0.028,0.065,0.152)
	0.069

	C9
	(0.224,0.318,0.46)
	(0.03,0.069,0.159)
	0.073

	MC4: Environmental Aspect
	(0.155,0.236,0.365)
	-
	 

	C10
	(0.172,0.274,0.42)
	(0.027,0.065,0.154)
	0.069

	C11
	(0.269,0.372,0.528)
	(0.042,0.088,0.193)
	0.093

	C12
	(0.253,0.356,0.509)
	(0.039,0.084,0.186)
	0.089



Steps 4-5.  The aggregated decision matrix for each alternative is given in Table 12 using Table 7 and Eqs. (24), (32), and (33).  
Table 12
Aggregated decision matrix.
	Alternatives
	C1
	C2
	C3
	C4
	C5
	C6

	A1
	[0.29,0.824]
	[0.359,0.814]
	[0.925,0.208]
	[0.929,0.185]
	[0.374,0.768]
	[0.451,0.71]

	A2
	[0.798,0.315]
	[0.839,0.302]
	[0.515,0.657]
	[0.793,0.515]
	[0.713,0.43]
	[0.639,0.505]

	A3
	[0.73,0.421]
	[0.804,0.426]
	[0.392,0.786]
	[0.813,0.454]
	[0.888,0.26]
	[0.842,0.335]

	Alternatives
	C7
	C8
	C9
	C10
	C11
	C12

	A1
	[0.783,0.322]
	[0.583,0.523]
	[0.839,0.34]
	[0.774,0.393]
	[0.276,0.871]
	[0.673,0.624]

	A2
	[0.889,0.22]
	[0.744,0.384]
	[0.744,0.384]
	[0.591,0.555]
	[0.446,0.733]
	[0.441,0.694]

	A3
	[0.916,0.194]
	[0.893,0.244]
	[0.908,0.211]
	[0.866,0.299]
	[0.221,0.899]
	[0.237,0.874]



Step 6.  The normalized decision matrix is calculated by Eq. (34) using Table 12 and is presented in Table 13.
Table 13
Normalized decision matrix.
	Alternatives
	C1
	C2
	C3
	C4
	C5
	C6

	A1
	[0.29,0.824]
	[0.359,0.814]
	[0.208,0.925]
	[0.185,0.929]
	[0.374,0.768]
	[0.451,0.71]

	A2
	[0.798,0.315]
	[0.839,0.302]
	[0.657,0.515]
	[0.515,0.793]
	[0.713,0.43]
	[0.639,0.505]

	A3
	[0.73,0.421]
	[0.804,0.426]
	[0.786,0.392]
	[0.454,0.813]
	[0.888,0.26]
	[0.842,0.335]

	Alternatives
	C7
	C8
	C9
	C10
	C11
	C12

	A1
	[0.783,0.322]
	[0.583,0.523]
	[0.839,0.34]
	[0.774,0.393]
	[0.871,0.276]
	[0.624,0.673]

	A2
	[0.889,0.22]
	[0.744,0.384]
	[0.744,0.384]
	[0.591,0.555]
	[0.733,0.446]
	[0.694,0.441]

	A3
	[0.916,0.194]
	[0.893,0.244]
	[0.908,0.211]
	[0.866,0.299]
	[0.899,0.221]
	[0.874,0.237]



Step 7.  The weighted normalized decision matrix is calculated by Eq. (35) using Table 13 and criteria weights in Table 11 and is given in Table 14.
Table 14
Weighted normalized decision matrix.
	Alternatives
	C1
	C2
	C3
	C4
	C5
	C6

	A1
	[0.181,0.982]
	[0.239,0.974]
	[0.132,0.992]
	[0.106,0.995]
	[0.235,0.974]
	[0.283,0.968]

	A2
	[0.515,0.896]
	[0.584,0.855]
	[0.424,0.932]
	[0.296,0.986]
	[0.456,0.920]
	[0.404,0.936]

	A3
	[0.465,0.921]
	[0.553,0.895]
	[0.517,0.906]
	[0.261,0.987]
	[0.597,0.876]
	[0.553,0.900]

	Alternatives
	C7
	C8
	C9
	C10
	C11
	C12

	A1
	[0.497,0.905]
	[0.344,0.956]
	[0.521,0.924]
	[0.466,0.938]
	[0.575,0.887]
	[0.388,0.965]

	A2
	[0.585,0.876]
	[0.446,0.936]
	[0.451,0.932]
	[0.348,0.960]
	[0.466,0.928]
	[0.435,0.930]

	A3
	[0.613,0.866]
	[0.563,0.907]
	[0.584,0.892]
	[0.537,0.920]
	[0.602,0.869]
	[0.572,0.880]



Step 8.  The score values of alternatives in terms of criteria are found by Eq. (22) using Table 14 and are reported in Table 15.
Table 15
Score matrix.
	Alternatives
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8
	C9
	C10
	C11
	C12

	A1
	0.044
	0.063
	0.020
	0.011
	0.061
	0.077
	0.211
	0.103
	0.183
	0.148
	0.257
	0.085

	A2
	0.229
	0.305
	0.154
	0.036
	0.180
	0.145
	0.277
	0.150
	0.158
	0.094
	0.168
	0.160

	A3
	0.179
	0.239
	0.213
	0.032
	0.280
	0.230
	0.300
	0.221
	0.252
	0.192
	0.292
	0.267



Steps 9-10.  The Euclidean and Hamming distances of each alternative are obtained by Eqs. (36)-(37) using Table 15 and are presented in Table 16.
Table 16
The distance measures
	Distance measure
	Alternatives

	
	A1
	A2
	A3

	Euclidean
	0.076
	0.267
	0.352

	Hamming
	0.290
	0.693
	0.895



Steps 11-12. The relative assessment matrix is found in Table 11 using Table 16 and Eqs. (38)-(39).  is set to 0.02. Then, the overall scores of each alternative are calculated by Eq. (40) using the relative assessment matrix and are reported in Table 17.
Table 17
The relative assessment matrix, scores, and ranks of the socially responsible rehabilitation of mining sites.
	Alternative
	A1
	A2
	A3
	Overall
Score
	Rank

	A1
	0
	-0.59
	-0.88
	-1.475
	3

	A2
	0.59
	0
	-0.29
	0.307
	2

	A3
	0.88
	0.29
	0
	1.168
	1



Step 13. The alternatives are ranked with respect to their overall score values. The final ordering is A3 > A2 > A1 in Table 17. A3 is the best among the three alternatives, while A1 is the worst alternative.
       To evaluate the performance of the q-ROF based CODAS model, a comparison with the q-ROF based ARAS model (Mishra and Rani, 2021) is performed. The comparison results are given in Table 18. According to this table, A3 is selected as the best alternative.
Table 18
The comparison of different q-ROF-based approaches.
	Proposed approaches
	Ranking
	Best alternative
	Worst alternative

	q-ROF based CODAS Model
	A3 > A2 > A1
	A3 
	 A1

	q-ROF based ARAS Model
	A3 > A2 > A1
	A3 
	 A1



6.1. Sensitivity analysis
In this section, sensitivity analyses are conducted to validate the robustness of the results of the proposed models. In the proposed q-ROF based CODAS model, the sensitivity analysis is conducted to emphasize various scenarios in decision-makers’ priorities on criterion weights. The sensitivity analysis of the proposed q-ROF based CODAS model is given in Table 19. Each set is found to be the best alternative A3 while A1 is the worst alternative. 
Table 19
The sensitivity analysis of q-ROF based CODAS model
	Description
	Experiments
	A1
	A2
	A3
	Rank

	Set 1 (C1=AL)
	1
	-1.466
	0.282
	1.185
	A3 > A2 > A1

	Set 2 (C2= VL)
	2
	-1.469
	0.295
	1.174
	A3 > A2 > A1

	Set 3 (C3= L)
	3
	-1.468
	0.324
	1.144
	A3 > A2 > A1

	Set 4 (C4= ML)
	4
	-1.454
	0.315
	1.138
	A3 > A2 > A1

	Set 5 (C5= E)
	5
	-1.463
	0.313
	1.150
	A3 > A2 > A1

	Set 6 (C6=MH)
	6
	-1.466
	0.313
	1.153
	A3 > A2 > A1

	Set 7 (C7=H)
	7
	-1.467
	0.310
	1.156
	A3 > A2 > A1

	Set 8 (C8=EH)
	8
	-1.472
	0.315
	1.158
	A3 > A2 > A1

	Set 9 (C9=AH)
	9
	-1.460
	0.308
	1.152
	A3 > A2 > A1

	Set 10 (C10=E)
	10
	-1.463
	0.312
	1.151
	A3 > A2 > A1

	Set 11 (C11=ML)
	11
	-1.492
	0.323
	1.169
	A3 > A2 > A1

	Set 12 (C12=AH)
	12
	-1.480
	0.321
	1.160
	A3 > A2 > A1

	Set 13 (C1= AL; C2=AH)
	13
	-1.461
	0.282
	1.180
	A3 > A2 > A1



[bookmark: bt0070]       In Table 20, and Fig. 4, the rank of alternatives can be seen for the q-ROF-based CODAS and ARAS approaches when the q parameter ranges from 1 to 30. As can be seen from Fig. 4, A3 is the best alternative, while A1 is the worst alternative. Table 20 summarizes the proposed model results. 
Table 20
Ranking results for proposed approaches.
	
	q-ROF based CODAS Model
	 
	q-ROF based ARAS Model

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1

	
	A3 > A2 > A1
	 
	A3 > A2 > A1



	
(a) q-ROF based CODAS
	
(b) q-ROF based ARAS


Fig. 4. Sensitivity analysis results of q parameter for q-ROF based CODAS and ARAS.
       A sensitivity analysis is performed to validate the robustness of q-ROF-based CODAS by changing the threshold parameter . The values of the threshold parameter are changed from  =0 to  =0.20 with an increment value of 0.01. The results of the sensitivity analysis are shown in Fig. 5. It can be observed from this figure that the ranking sequence is A3 > A2 > A1.

Fig. 5. Sensitivity analysis of integrated q-ROF based CODAS model.
7. Discussions
In this study, three different alternatives are evaluated concerning twelve sub-criteria, which are grouped under four main criteria aspects. For the evaluation, a questionnaire is organized, which requires that the alternatives be scored according to each criterion. Then, this questionnaire is sent to the experts. After the results have been gathered from the experts, the alternatives are arranged in order of advantage. According to the results of the proposed q-ROF CODAS method, rehabilitation and social transition subsidy are the most advantageous alternative. Rehabilitation and business investment are the second advantageous alternative. The third and the least advantageous is rehabilitation.
       Considering the workers in the mine, they may be in a difficult situation since only rehabilitation just focuses on implementing the recovery of the environment and nature. Since this alternative does not focus on the fate of mine workers, it is not considered beneficial enough for mine workers, as mine workers may have difficulty returning to their old jobs or finding a new job. Therefore, although the rehabilitation alternative is environmentally friendly, it is not sustainable enough when considering the mine workers and this situation makes the rehabilitation alternative the least advantageous one. 
Rehabilitation and business investment are the second least advantageous alternative. Implementing this alternative aims both to improve and regain nature and to prevent the mineworkers from having difficulties in finding new jobs after the mine is closed. Bringing new jobs to the mining area and offering different job alternatives open a wide range of jobs to mineworkers and these can facilitate mine workers’ integration into their life after the mine is closed. However, sometimes, this alternative was not seen as the best alternative, as mine workers could not easily adopt these new job opportunities. 
Rehabilitation and social transition subsidy are the most advantageous alternative. Considering the recovery of the environment, the improvement of nature, and integrating the mineworkers into their former lives after the closure of the mine, this alternative is a more sustainable alternative compared to other alternatives. Since, in this alternative, the new jobs of the mineworkers after the closure of the mine are restored to their former jobs. This alternative is more likely to be adopted by the mineworkers. The fact that alternative 3 will both provide jobs to mineworkers and that mineworkers can regain their previous jobs is the feature that makes this alternative the most valuable. Therefore, this alternative is the most advantageous.
8. Conclusions

Mining is a societal development-related economic activity. Mining operations entail a variety of building activities in addition to the mine itself. Rehabilitation operations should be conducted to counteract such unfavorable results after the mining activities are concluded. The possibility of both environmental recovery and job opportunities has promoted the enhancement of rehabilitation and social transition subsidies. If governments address the issue, new job opportunities can be created, improving the situation for the local population and the level of acceptance of such a solution. A foundation for environmental management can be provided and integrated into legislation, which should then be followed by mining companies to implement responsible mining procedures. The acquired results are consistent with the literature in the sense that inferences and suggestions can be obtained. Experts from academia and business were polled on a variety of mining-related concerns.
This study proposed a q-ROFs based CODAS model for the prioritization of socially responsible rehabilitation of mining sites. To test and validate the model, this new q-ROFs based CODAS is compared to a q-ROF based ARAS. Results of the proposed models indicate that rehabilitation and social transition subsidy is the best alternative. This alternative has many benefits considering the social and economic recovery of the mineworkers after mine closure and the reputational and social benefits provided to the mining companies.
The advantage of q-ROFSs is that they can contain significantly more data to express information. However, the newly defined q-ROFS-models can derive more accurate decision-making results, but it is difficult to collect related decision-making data due to a lack of experts with a fuzzy theory background. Thus, it is important to overcome this limitation. In the future, we will continue to study the MCDM problem, and apply the developed method to other fields such as transportation, energy, and business management to derive more rational and objective decision-making results.
Further research should focus on the development of a universal adaptive decision-making tool based on the q-ROFs based combined compromise solution (CoCoSo) approach. CoCoSo is a decision support tool that deals with the uncertain issues that exist in decision-making problems. The effectiveness of the proposed model can be tested by increasing the number of experts, criteria, and alternatives. In addition, the best-worst method (BWM) method can be used to calculate criterion weights.
[bookmark: _GoBack]More research on mine rehabilitation is needed in the future. The opportunities and implications in the rehabilitation process should be investigated to improve effectiveness. Further research should be directed toward involving a larger number of experts in the feasibility analysis. It is also critical to explore expanding the proposed methodology by including various uncertainty theories. This study fills a gap in determining the best rehabilitation strategy after the closure of a mine. Alternatives and criteria may alter depending on the area's suitability and the time of year. Even though the outcomes differ, the approach stays the same. As a result, the study's recommended technique has the potential to serve as a guide for policymakers.
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