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Abstract

:

Optimal selection of sustainable materials in construction projects can benefit several stakeholders in their respective industries with the triple bottom line (TBL) framework in a broader perspective of greater business value. Multiple criteria of social, environmental, and economic aspects should be essentially accounted for the optimal selection of materials involving the significant group of experts to avoid project failures. This paper proposes an evaluation framework for solving multi criteria decision making (MCDM) problems with incomplete weight information by extending the combinative distance assessment (CODAS) method with interval-valued intuitionistic fuzzy numbers. To compute the unknown weights of the evaluation criteria, this paper presents an optimization model based on the interval-valued intuitionistic fuzzy distance measure. In this study, we emphasize the importance of individual decision makers. To illustrate the proposed approach, an example of material selection in automotive parts industry is presented followed by a real case study of brick selection in sustainable building construction projects. The comparative study indicates the advantages of the proposed approach in comparison with the some relevant approaches. A sensitivity analysis of the proposed IVIF-CODAS method has been performed by changing the criteria weights, where the results show a high degree of stability.






Keywords:


material selection; multiple criteria decision making; IVIFN; CODAS; sustainability












1. Introduction


Selecting the right material to develop a particular product is essential for each of the organizations to survive in the competitive business sectors. One suitable material can substantially minimize the production cost and maximizes the profit. It is also needed to improve the product performance and customer satisfaction. Due to the presence of varieties types of almost similar kind of materials, the task of material selection has become one of the most challenging tasks in the real life environment [1,2,3]. Thus, the material selection process is essential in many practical industrial problems like automotive parts manufacturing, selection of robots and forklifts, designing the femoral component of cemented total hip/knee replacement, building constructions, etc. Hence, in the last few decades, several researchers have focused on this domain. This paper deals with the material selection problem with sustainability perspectives for a construction company.



The material selection problem (MSP) in the presence of imprecise and incomplete information is regarded as an important area of research where researchers try to solve ill-structured complicated real circumstances. Researchers have applied classical fuzzy set theory (CFST) to explore and solve the MSP under uncertain environment where they mainly considered the individual performance of every material. Due to the complicated and ill-structured characteristics and several practical contexts of MSP, it is necessary to adopt/use newer advanced techniques which can flexibly handle uncertain data while assessing the performance of alternative materials. In the recent years, many researchers have proposed novel methods for solving MSP under uncertainty, such as, two interval type 2 fuzzy TOPSIS method [4], interval 2-tuple linguistic model [5], and soft computing tool based on fuzzy grey relations [6]. However, only a few researchers [7] have used interval-valued intuitionistic fuzzy sets (IVIFSs) in MSP under incomplete weight information. The IVIFS theory [8] is more practical and reliable approach than CFST for handling imprecision and fuzziness in DMs’ judgments in real world decision making problems. IVIFS considers both the degree of membership and nonmembership value of a component in a given set and they can take interval values rather than exact numbers. When DMs often find it difficult to evaluate the uncertain material performance with just a single valued number using CFST, IVIFS offers more flexibility and DMs get an extra degree of freedom to evaluate the same. Hence, it has become considerably important to explore MSP under uncertainty with more efficient and appropriate mathematical approaches that use the IVIFSs for better handling of imprecise information. Due to its inherent flexible nature, recently many authors have contributed on IVIFS and applied it in decision problems. Some significant contributions of IVIFS in decision making problems are narrated below. Cheng [9] proposed a decision making method to select hotel locations using IVIFS, where the authors used IVIFS to denote the values and weights of the attributes. Wen et al. [10] introduced a new method to aggregate the IVIFNs when they are distributed all over a region. For that purpose the authors studied the interval-valued intuitionistic fuzzy definite integral and based on that they proposed interval-valued intuitionistic fuzzy definite integral (IVIFDI) operator. Rashid et al. [11] studied interval-valued knowledge measure for the IVIFSs by extending the knowledge measure of IFSs and proposed interval-valued information entropy measure for IVIFSs. Wang and Chen [12] proposed a decision making method using IVIFSs, linear programming (LP), and the extended TOPSIS method, where they used LP methodology to obtain optimal weights of attributes. Gupta et al. [13] combined extended TOPSIS and LP method to propose a multi-attribute group decision making (MAGDM) method in the context if IVIFS. Interval-valued intuitionistic fuzzy matrix (IVIFM) was used by Das et al. [14] to propose a decision making approach, where the authors assigned confident weights to the experts and then presented a decision making algorithm [15].



MSP has been recognized as an MCDM problem [7] and one has to take care of several criteria (sometimes referred as objectives) systematically, such as enactment, cost, use, mobility, transportation, availability, disposal, environmental norms, maintenance, etc., while seeking the best material [1,2,3]. The applicability of MSP in the context of MCDM to design a product/service has been explored in the literature survey segment of this paper. The availability of numerous MCDM tools has helped the DMs to identify and select the optimal choice for their MSP (refer to Section 2.2). The CODAS method is a new evaluation tool, recently proposed by Ghorabaee [16], has been proved to be efficient to deal with MCDM problems. Due to its inherent characteristics, the CODAS method possesses a systematic and simple computation procedure which is logically sound to represent the underlying principle of real life decision making problems. Thus, it has become significant to incorporate CODAS method in MSP for evaluating and ranking the alternative materials under incomplete criteria weight information and IVIFNs context.



The above-mentioned deliberations motivate us to extend the CODAS method for material selection problems (MSPs) under uncertainty. Then the extended CODAS method is used to develop a novel MCDM framework using IVIFNs under difficult situations where criteria weight are partial known or totally unknown. The projected MSP solution procedure is able to replicate both subjective judgments and objective information in practical engineering, manufacturing, and industrial problems in the context of IVIF. Finally, one illustrative example is given to examine the proposed IVIF-CODAS method for MSP followed by a real case study which is demonstrated for a sustainable building construction company. The outcomes of the proposed research framework can help DMs (engineers, manufacturers, and designers) to have an effective decision for complicated MSPs in uncertainty.



The rest of the paper is structured as follows. Section 2 offers a literature review of MSP and sustainability perspectives along with IVIFSs and MCDM. Section 3 discusses the preliminaries on IVIFSs. Next, the extended CODAS method with IVIFNs and incomplete weight information is presented in Section 4. Two illustrative examples are discussed in Section 5 to show the usefulness of the projected evaluation framework. Section 6 explains the outcomes through result comparison and sensitivity analysis while Section 7 concludes the current research work.




2. Literature survey


2.1. Material Selection in Construction Industry and Sustainability


The construction industry has been revealed as the fastest growing industry throughout the world due to the constant increase in urban population. This fastest growth has influenced the society for better economic and social movement and simultaneously has triggered the environmental pollution factors. Some researchers [17,18,19] investigated that the energy used ratio in recent infrastructures is six times more than that of the older ones, especially in United Arab Emirates (UAE). Furthermore, it was documented (https://ccap.org/assets/Success-Stories-in-Building-Energy-Efficiency_CCAP.pdf) that the construction industry consumes 40% of the world’s energy. These factors had inspired many countries to consider eco-friendly infrastructures such as buildings which gives more importance to sustainable construction rather than economic concerns [3]. Since sustainable construction has a direct impact on environment, economy, and society, the construction agencies are continuously trying to adopt it in their work cultures mainly in the form of sustainable design, structure, and material selection. This kind of changed scenario has drawn the focus of many researchers and consequently, several research works have been carried out on sustainable construction. As a pioneer of this concept, Kibert [20] stated that “Sustainable construction is the creation and responsible management of a healthy built environment based on resource efficient and ecological principles”. Among many other sustainable construction factors, sustainable material selection imparts a key role and directly effects building sustainability. Radhi [21] performed an experiment on UAE construction and found the impact of UAE construction on global warming. Elchalakani and Elgaali [22] combined the effects of recycled aggregate and recycled water and discussed the strength and durability of recycled concrete. The authors prepared a moderate strength concrete using recycled water and recycled aggregate obtained from construction wastes. Al-Hajj and Hamani [23] investigated the existing studies regarding the sources of waste and suggested some measures to reduce it. The authors noticed that the lack of awareness and poor design were the main causes of material waste. Despite the need to explore MSP in construction projects under sustainability perspectives, only a few research papers [18,24,25] are found in the literature. A more extensive literature survey can be found in [18,23]. As per our knowledge, no researcher has explored the MSP with sustainability norms in the Indian scenario. Hence, this paper attempts to fill this gap and enrich the literature of MSP in sustainable construction projects.




2.2. MSP and Various MCDMs


To find the optimal choice of MSP in construction and design engineering, one can consider diverse methodologies, such as MCDM techniques, statistical approaches, artificial intelligence, mathematical programming, and hybrid methods. Among them, MCDM tools are most widely used for MSP, since they can easily and successfully solve the evaluation problems that are complex and have multiple conflicting objectives/criteria. For example, Bahraminasab and Jahan [26] applied a comprehensive VIKOR (VIsekriterijumska optimizacija i KOmpromisno Resenje) method to find the best material for a femoral component of total knee replacement. A new framework was developed by Jahan et al. [27] for weighting of criteria in MSP. Chauhan and Vaish [28] proposed a hybrid evaluation model including entropy, VIKOR, and TOPSIS (Technique for order preference by similarity to ideal solution) methods to select the soft and hard magnetic materials. Interval 2-tuple linguistic VIKOR [3], multi-objective optimization on the basis of ratio analysis [29] (MOORA), complex proportional assessment [30] (COPRAS) are also successfully used in MSP. In recent years, Anojkumar et al. [31] used fuzzy AHP (Analytic Hierarchy Process), VIKOR and TOPSIS for MSP in the sugar industry. Furthermore, interval type 2 fuzzy TOPSIS [4], Multi-Attributive Border Approximation area Comparison [7] (MABAC), hybrid MCDM framework with DEMATEL, ANP and TOPSIS models [18], neutrosophic MULTIMOORA [32], and grey-correlation-based hybrid MCDM method [33] are notable contributions in MSP in recent times. All the authors except Xue et al. [7] have used either fuzzy sets or crisp sets.



Although many material selection methods are available in the literature, still there is a need to explore the MCDM techniques by incorporating IVIFS theory. IVIFNs remove the limitations of CFST and offer a more rational and computational flexibility to address uncertainty and ambiguity in data. IVIFS theory is receiving much interest from researchers and has been effectively used in a diverse domain of real life problems. This motives us to extend the CODAS method with IVIFNs and apply it to two real problems with incomplete criteria weight information. In this article, the readers will find a systematic and comprehensive research framework for MSP, which is capable of discoursing with the subsequent research questions: (1) what are the sustainability indicators for MSPs in construction projects in India? (2) How to set priorities of these indicators in the evaluation process? (3) Which should be the optimal choice for a sustainable alternative (here, brick) for building construction?





3. Preliminaries


This section reviews the related ideas. Interval-valued intuitionistic fuzzy set (IVIFS) [8] is a generalization of intuitionistic fuzzy set (IFS). Compared to IFS, where the values of membership and non-membership functions are exact numbers, an IVIFS has the characteristic that those values are in intervals [0, 1] instead of exact numbers. Hence, IVIFS is more suitable in uncertain situations.



Definition 1.

LetXbe a universal set. An IVIFSAinXis expressed as


A={⟨x, [μAl(x), μAr(x)], [νAl(x), νAr(x)]⟩ |x∈X}



(1)




where[μAl(x),μAr(x)]∈[0,1]and[νAl(x),νAr(x)]∈[0,1]are respectively the interval-valued degrees of membership and non-membership of an elementx∈XtoA, and the sum of upper bounds of these two interval-valued degrees is not greater than 1,0≤μAr(x)+νAr(x)≤1. IfμAl(x)=μAr(x)andνAl(x)=νAr(x),∀x∈X,then the IVIFSA={⟨x,[μAl(x),μAr(x)],[νAl(x),νAr(x)]⟩∨x∈X}is reduced to IFS, denoted byA={x,μA(x),νA(x)]⟩∨x∈X}, whereμA(x)=[μAl(x),  μAr(x)]andνA(x)=[νAl(x),  νAr(x)]. Hence, Atanassov’s IFS can be considered as a special case of IVIFS.



For a fixedx∈X,an object([μAl(x),μAr(x)],[νAl(x),νAr(x)])is called interval-valued intuitionistic fuzzy number (IVIFN). Letβ=([p,q],[r,s])be an IVIFN, where0≤p≤q≤1,0≤r≤s≤1andq+s≤1. Then the score function [34,35]Sofβis defined asS(β)=(p−r)+(q−s)/2, whereS(β)∈[0,1]. The accuracy function [34,35]Hofβis defined asH(β)=(p+r)+(q+s)/2,whereH(β)∈[0,1].



Xu and Jian [35] compared two IVIFNs using score and accuracy functions which is defined below.



Letβ1=([p1,q1],[r1,s1])andβ2=([p2,q2],[r2,s2])be two IVIFNs, then

	
IfS(β1)<S(β2),thenβ1<β2;



	
IfS(β1)=S(β2), then

	
IfH(β1)=H(β2), thenβ1=β2;



	
IfH(β1)<H(β2), thenβ1<β2;













Xu and Chen [36] proposed a similarity measure between two IVIFNs β1 = ([p1, q1], [r1, s1]) and β2 = ([p2, q2], [r2, s2]) defined as


S(β1,β2)=14(|p1−p2|+|q1−q2|+|r1−r2|+|s1−s2|)



(2)







Let β = ([p,q], [r,s]), β1 = ([p1,q1], [r1,s1]), β2 = ([p2,q2], [r2,s2]) be three IVIFNs and λ > 0. Some of their basic operational laws [34,37] are given below.

	(1)

	
1 − β1 = β1c = ([r1,s1], [p1,q1])




	(2)

	
β1 ∩ β2 = ([min(p1,p2), min(q1,q2)], [max(r1,r2), max(s1,s2)])




	(3)

	
β1 ∪ β2 = ([max(p1,p2), max(q1,q2)], [min(r1,r2), min(s1,s2)])




	(4)

	
β1 + β2 = ([p1 + p2 − p1p2, q1 + q2 − q1q2], [r1r2, s1s2])




	(5)

	
β1 · α2 = ([p1p2, q1q2], [r1 + r2 − r1r2, s1 + s2 − s1s2])




	(6)

	
λβ = ([1 − (1 − p)λ,1 − (1 − q)λ], [rλ, sλ])




	(7)

	
βλ = ([pλ, qλ], [1 − (1 − r)λ,1 − (1 − s)λ])











Definition 2.

Let βj = ([pj, qj], [rj, sj]) (j = 1,2,…,n) be a collection of IVIFNs, and w = (w1,w2,…,wn)T be their associated weight vector, with 0 ≤ wj ≤ 1 and ∑j=1nwj=1, then he interval valued intuitionistic fuzzy weighted geometric (IVIFWG) operator is defined as


IVIFWG(β1,β2, …,βn)=∏j=1nβjwj=([∏j=1npjwj,∏j=1nqjwj], [∏j=1n(1−rj)wj,∏j=1n(1−sj)wj]) 



(3)









Definition 3.

According to Park et al. [38] the distance measures between two IVIFSs are defined as follows:



The Hamming distancedH(β1,β2)and Euclidean distancedE(β1,β2)for the IVIFNs β1 = ([p1, q1], [r1, s1]) and β2 = ([p2, q2], [r2, s2]) are computed as:


dH(β1,β2)=14(|p1−p2|+|q1−q2|+|r1−r2|+|s1−s2|)



(4)






dE(β1,β2)=14[(p1−p2)2+(q1−q2)2+(r1−r2)2+(s1−s2)2]



(5)









Definition 4.

LetA˜1=[([pj(1), qj(1)], [rj(1), sj(1)])]1×nandA˜2=[([pj(2), qj(2)], [rj(2), sj(2)])]1×nbe two IVIFNs in the universe X = {x1, x2, …, xn }, then the distance measure betweenβ1andβ2is defined as follows:


D(A˜1,A˜2)=[14n∑j=1n{|pj(1)− pj(2)|λ+|qj(1)−qj(2)|λ+|rj(1)− rj(2)|λ+|sj(1)−sj(2)|λ}]1/λ



(6)







Particularly, if λ = 1, then Equation (6) becomes the Hamming distance:


dH(A˜1,A˜2)=14n∑j=1n{|pj(1)−pj(2)|+|qj(1)−qj(2)|+|rj(1)−rj(2)|+|sj(1)−sj(2)|}



(7)







If λ = 2, then Equation (6) is degenerated to the Euclidean distance:


dH(A˜1,A˜2)=14n∑j=1n{|pj(1)−pj(2)|2+|qj(1)−qj(2)|2+|rj(1)−rj(2)|2+|sj(1)−sj(2)|2}



(8)










4. Proposed CODAS Method Using IVIFNs


This section presents an extension of the CODAS method based on IVIFS to deal with MCDM problems. Let D = {d1, d2, …, dl} be the group of decision makers, C = {c1, c2, …, cn} be the set of criteria, and A = {a1,a2,…,am} be the set of alternatives. The group of experts/decision makers D = {d1, d2, …, dl} provide their opinions regarding the criteria C = {c1, c2, …, cn} corresponding to each alternative A = {a1, a2, …, am} using linguistic terms which are presented by IVIFNs. In this algorithm, we consider that significance of individual decision makers are different and the weights of the decision makers are expressed using fuzzy membership grades. We also consider that opinions of individual decision makers about the importance of various criteria are different. A flow chart of the proposed approach is given in Figure 1.



A step wise illustration of the proposed approach is given below.



Step 1. Opinion of each expert is expressed using decision matrix given below.


Xk=(x11kx12k…x1nkx21kx22k…x2nk…xm1k…xm2k………xmnk)    (k=1, 2, …,l)



(9)







Here xijk denotes the evaluating value of ith (i∈{1, 2, …, m}) alternative with respect to jth (j∈{1, 2,…,n}) criterion and kth (k∈{1, 2, …,l}) decision maker which is expressed as IVIFNs.



Step 2. Interval-valued intuitionistic fuzzy weighted geometric (IVIFWG) aggregation operator is used to aggregate the opinion of individual decision makers. The aggregated/collective decision matrix is formed as


X=(x11x12…x1nx21x22…x2n…xm1…xm2………xmn)



(10)




where xij=IVIFWG(xij1,xij2 , …,xijl) and l be the number of decision makers.



Step 3. Calculate the weights of evaluation criteria



Let w=(w1,w2, …,wn)T be the weight vector of the criteria Cj, j=1, 2, …,n, where wj>0 (∀j) and ∑j=1nwj =1. The known criteria weights are divided into five basic ranking forms [39,40,41] for i≠j as given below:

	(1)

	
A weak ranking: H1={wi≥wj};




	(2)

	
A strict ranking: H2={wi−wj≥βj|βj⟩0};




	(3)

	
A ranking of differences: H3={wi−wj≥wl−wl|j≠k≠l};




	(4)

	
A ranking with multiples: H4={wi≥βjwj|0≤βj≤1};




	(5)

	
An interval form: H5={βi≥wi≤βj+ϵi|0≤βi≤βi+ϵi};









For simplicity, let H denote the set of criteria weight information given by DMs and H=H1∪H2∪H3∪H4∪H5. This approach uses the known criteria weight information to define the weights of evaluation criteria.



In MSP, the significance of a criterion is determined by evaluating the performance values of the alternatives for that criterion. When the performance values of the alternatives differ a little for a particular criterion, then that criterion is considered to be less significant for choosing the best material. Similarly, when the performance values of the alternatives differ much for a particular criterion, then that criterion is considered to be much significant for choosing the best material. This observation leads to assign less weight to the less significant criteria and more weight to the much more significant criteria [42]. A criterion is said to have no significance in the material selection process when the performance values of the alternatives are same for that criteria [43].



When the criteria weight information is partially known, this paper presents an optimization model using the IVIF distance measure to compute the evaluating criteria weights. Below, we define the distance between the alternative Ai and other alternatives corresponding to the criterion Cj.


Dij=1m−1∑g=1,g≠imdH(xij,xgj);i=1, 2, ⋯,m;j=1, 2, ⋯,n.



(11)







The overall distance measures of all the alternatives for the criterion Cj is presented as:


Dj=1m−1∑i=1m∑g=1,g≠imdH(xij,xgj),j=1, 2, ⋯,n.



(12)







Next the weighted distance function is formulated as given below.


D(w)= ∑j=1nDjwj =∑j=1n∑i=1mDijwj =1m−1∑j=1n∑i=1m∑g=1,g≠imdH(xij,xgj)wj



(13)







Hence, a suitable weight vector of criteria w=(w1,w2,…,wn)T is needed to maximize D(w), and therefore, we can present the optimization model defined below:


(M−1)={Maximize D(w)=1m−1∑j=1n∑i=1m∑g=1, g≠imdH(xij,xgj)wjsubject to w∈H, ∑j=1nwj=1,   wj≥0,  j=1, 2, …, n



(14)







The optimal solution w* is obtained by solving the model (M − 1). We use the optimal solution w* as the weight vector for the evaluation criteria.



In another case, when the information concerning criteria weights is totally unknown, we can develop another model for optimization to find the optimal weights of criteria:


(M−2)={Maximize D(w)=1m−1∑j=1n∑i=1m∑g=1, g≠imdH(xij,xgj)wjsubject to   ∑j=1nwj=1,   wj≥0,  j=1, 2, …, n



(15)







Lagrange’s method is used to solve the preceding Model (15) and the corresponding optimal solutions are normalized to determine the criteria weight vector.


wj=∑i=1m∑g=1,g≠imdH(xij,xgj)wj∑j=1n∑i=1m∑g=1,g≠imdH(xij,xgj)wj



(16)







Step 4. The collective decision matrix is normalized by determining the highest IVIFN under each criterion for all the alternatives and then performing the division operation of between the highest IVIFN and the corresponding IVIFN as given below.


N˜=[n˜ij]m×n



(17)




where


n˜ij={xijmax1≤i≤m(xij);if j∈B1−xijmax1≤i≤m(xij);if j∈C



(18)







In the above operations, B and C respectively represent the sets of benefit and cost criteria, and n˜ij denote the normalized performance values in terms of IVIFNs.



Step 5. The weighted normalized decision matrix is determined by performing product operation between the aggregated criteria weights and the normalized performance values of the criteria corresponding to the alternatives, which is give below. It is noted that both the aggregated criteria weights and the evaluating values are expressed as IVIFNs.


R˜=[r˜ij]m×n



(19)




where


r˜ij=wjn˜ij



(20)







Here the weight of jth criterion is denoted by wj.



Step 6. The interval-valued intuitionistic fuzzy negative ideal solution is computed as


NS˜=[ns˜ij]m×n



(21)




where ns˜ij=min1≤i≤m{r˜ij}. Here ns˜ij is an IVIFN for each criterion j∈{1, 2, …,n}.



Step 7. IVIFN-based Hamming (HD) and Euclidean distances (ED) of the alternatives i∈{1, 2, …,m} from the interval-valued intuitionistic fuzzy negative ideal solution (NS˜) are computed as


ED=∑j=1ndE(r˜ij, ns˜ij)



(22)






HD=∑j=1ndH(r˜ij, ns˜ij)



(23)







Step 8. The relative assessment matrix (RA) is computed as


RA=[pis]m×m



(24)




where


pis=(EDi−HDs)+{ψ(EDi−EDs)×(HDi−HDs)}



(25)




where i,s∈{1, 2, …,m} and ψ is a threshold function defined below.


ψ(t)={1;if |t|≥θ0;if |t|<θ



(26)







Decision maker can set the threshold parameter (θ). Here we consider θ=0.02.



Step 9. The assessment score (ASi) of each alternative is computed, which is given below.


ASi=∑s=1mpis  (∀i∈{1, 2, …, m})



(27)








5. Application of the IVIF--CODAS in MSPs


5.1. Illustrative Example


Here, a MSP is illustrated to show the applicability and effectiveness of the proposed IVIF-CODAS approach. We have considered an automotive parts factory in India [7], where the factory want to find the best material for the automotive instrument panel. In the selection process, a group of five experts/decision makers (DM1, DM2, DM3, DM4, DM5) evaluates four materials/alternatives (A1, A2, A3, A4) based on the values of eight evaluation criteria (C1, C2, C3, C4, C5, C6, C7, C8) and finds the suitable alternative. The structure of the problem in given in Figure 2. The linguistic assessments (using Table 1) of the alternatives given by the decision makers are shown in Table 2. This example assumes that the group of five decision makers and the set of eight criteria have their individual weights/importance. The weights of decision makers and criteria are respectively expressed using fuzzy membership grades and IVIFNs.



	
Assessment of decision makers regarding the alternatives on each criteria are shown using linguistic terms which are given in Table 2, where the IVIFNs corresponding to each linguistic terms are given in Table 1.



	
The collective decision matrix is shown in Table 3 which is computed by aggregating the opinions of the decision makers (DM1, DM2, …, DM5).



	
The consensus making model [39] is used to determine the weights of the evaluation criteria. In our study, the criteria weights are unknown while the weights of experts (∑k=15λk=1) are known in advance. Hence, applying model (M−1) and assuming that the criteria weights are partially known as follows: H={w1≤0.08,w1=w2,0.10≤w3≤0.20,w4+w2≥0.3,0.13≤w5≤0.20,0.12≤w6≤0.17,0.12≤w7≤0.16,w8=w6,w5−w6≥0.05,w5−w7≥0.03,wj≥0,j=1,2,…,8,∑j=18wj=1}. To compute the criteria priorities, Equations (16)–(18) and model (M − 1) are used to develop the linear programming model given below:


{maxD(w)=0.450w1+0.590w2+0.550w3+0.421w4+0.550w5+0.530w6+0.640w7+0.605w8subject to to w∈H











	
The final criteria weights (w*) are obtained by solving the above model and they are represented by the following weight vector w*=(0.050, 0.050, 0.100, 0.250, 0.170, 0.120, 0.140, 0.120)T.



	
Weighted normalized decision matrix, shown in Table 4, is computed by finding the normalized decision matrix and then combining the criteria weights obtained in the previous step with the normalized decision matrix.



	
Interval-valued intuitionistic fuzzy negative ideal solution for each of the criteria is shown in Table 5.



	
Hamming distance and Euclidean distance of the alternatives from the Interval-valued intuitionistic fuzzy negative ideal solution is shown in Table 6.



	
Relative assessment matrix, assessment scores, and rank of the alternatives are given in Table 7.



	
Table 8 shows the ranking orders by the proposed method along with four other existing methods for result comparisons.







5.2. A Real Case of MSP in Sustainable Construction Projects


This section presents a sustainable material selection problem for construction projects using the proposed IVIF-CODAS approach. Applicability and usefulness of the proposed model are validated through a real case study of a construction company. Initially, we sent our research proposals to 10 national builders, who are associated with construction, materials supply, and providing services mainly in India. Three out of ten companies provided positive responses to our proposal and our research team accomplished necessary groundwork on these three construction companies which are located in the “Durgapur-Asansol” division of West Bengal. We have had selected “Maha Prabhu Buiders: A national company (name changed)” for implementing our proposed research framework. The company has several operating units all over the country. The primary goal of this study is to provide wide-ranging results by incorporating the perceptions of all actors in the construction field since this research work is completely based on the decision makers’ (refer to Table 9) judgments. Therefore, we integrated some major perspectives: clients, the Construction Company, manufacturers, consultants, and material suppliers.



The main reason for selecting “Maha Prabhu Buiders” over other two volunteering companies is because they arrange for all kind of services such as construction, consultants and architects, material suppliers, and so on. The central public works department (CPWD-2014) of India has been promoting the norms and guidelines of sustainable construction in India to increase the awareness in public, private sectors, and most importantly among the habitants. Following to the CPWD (2014) guidelines, this particular company has been striving in sustainable construction projects and most of all other activities. The general manager discussed with our team and informed the new trend in clients. The trend is not limited to embracing the concept of sustainable design of buildings but also in materials (bricks, mortar, concrete, cement, plasters, etc.). Hence, they recognized our research framework, and acknowledged the results that will classify which sustainable materials are most preferable. The consultant will endorse these results, and as a product manufacturer, the company can advertise that specific material with its sustainability indicating tags. On acceptance of the research proposal, we arranged a three-day workshop for the managing directors of the company, architects, and aforementioned clients who encourage sustainability issues in designing buildings as well as selecting materials, engineers and skilled professionals from the company. The problem goal and structure were explained to all the participants and, after several rounds of discussion, the materials selected to be evaluated are burnt clay bricks. Bricks are used substantially in almost every type of construction projects including bridges, housing, firms, hospitals, etc.



As soon as the usefulness of the proposed framework was revealed, our research team began the preliminary investigation on the sustainable alternatives of burnt clay bricks. We found there are three popular alternative bricks which are usually used in sustainable construction projects. The detailed description and characteristics of alternatives bricks can be found in Dhanjode et al. [44] and Mahendran et al. [45].



For evaluating the alternative bricks for sustainable practices, the team of experts (DM1,DM2,DM3,DM4,DM5) conducts the performance testing to decide the most suitable brick. Next, the sustainable indicators are considered as evaluation criteria which were recommended by the team of experts of the company and approved with the literature. In this concern the proposed framework is applied to find the most sustainable brick(s) based on the considered criteria of sustainable practices in construction industry. To accomplish the purpose of this assignment, a three-phase methodology was used: data collection, data aggregation using IVIFWG operator, and evaluation of bricks and selecting the most suitable brick(s) using extended IVIF-CODAS method. The decision structure of the problem is depicted in Figure 3 in which the goal of this project is located in the top level, followed by the most cited factors and criteria of sustainability. Final level of the hierarchy deals with evaluation of the alternative bricks as sustainable material for building construction.



In the selection process, a group of five experts (DM1,DM2,DM3,DM4,DM5) evaluates three sustainable materials/bricks (A1,A2,A3) based on the values of twelve evaluation criteria (C1,C2,C3,C4,C5,C6,C7,C8,C9,C10,C11,C12) and finds the suitable material. Similar to the previous case study, the preferences of the decision makers about the materials against the criteria are given in linguistic terms as shown in Table 1. This example also assumes that the group of five decision makers and the set of twelve criteria have their individual weights/importance. The weights of decision makers and criteria are respectively expressed using fuzzy membership grades and IVIFNs. The structure of the sustainable material selection problem is given below in Figure 3.



Step 1.Data collection



After finalizing the hierarchical structure (Figure 3) of brick selection problem the required data are collected for conducting the evaluation process. For evaluating the sustainable material for construction projects, sustainability parameters are regarded as criteria in this study. In search of the most suitable sustainability parameters, we go through the present literatures available in reliable journals such as Taylor & Francis, Elsevier, MDPI, and Springer. Articles with environmental, economical, and social sustainability indicators and sustainable material selection and evaluation in the context of the construction and manufacturing projects were selected for this research work. After discussion with the relevant professionals, some criteria were selected which are given in Table 10. Next, each decision maker opined on the importance of individual criterion. Finally, the alternatives (list of bricks) were designed, which was already completed in previous steps.



Step 2.Calculation of criteria weights



Similar to previous example, according to model (M−1) and Equation (14), the weight vector of the three objectives/dimensions (economic, environmental, and social) is calculated as (wEC,wEN,wSO)T=(0.4268,0.3568,0.2164)T. Likewise, the local and global criteria weights are computed and presented in Table 11.



Step 3.Evaluating the best sustainable material using IVIF-CODAS method



The IVIF-CODAS method is used to prioritize the optimal choice for sustainable material selection problem. We follow the step-by-step calculation mechanism is discussed in Section 4 and phase 3 in Figure 1. The mechanism includes fuzzy aggregation of individual judgments followed by normalization. The criteria weights that are obtained using Equations (11)–(16) in the second phase are lodged via Equation (20) to the normalized data yielding weighted normalized decision matrix. Next, we find the negative ideal solutions (NIS) are defined in Equation (21), which are used as criteria reference points to obtain optimal solution. The Euclidean (ED) and Hamming (HD) distances between the interval-valued intuitionistic fuzzy negative ideal solution and criteria functions in the weighted normalized decision matrix(R) are calculated using Equation (19). Finally, we determine the relative assessment matrix (RA) which is computed according to Equation (24). Now, assessment score of each alternative material is calculated taking the column sum of the RA matrix. Ultimately, the alternative/material with highest assessment score is the most desirable alternative in the material selection problem. In our problem, we find the “Fly ash bricks (A3)” is the optimal choice for sustainable construction projects in India.





6. Result Discussion


The goal of this section is to analyze the results of the proposed framework in order to validate its rationality and practicality. For exploring the most significant dimensions/aspects of construction projects and to avoid complexity, the sustainability indicators (criteria) were classified into 3 major aspects of sustainability. To keep it simple, we assume all three dimensions should be equally important. On contrast, each individual criterion has its own importance as a sustainable indicator for evaluating sustainable materials in construction industry. Table 11 demonstrates economic (C1,C2,C3,C4), environmental (C5,C6,C7,C8), and social (C9,C10,C11,C12) aspects including the corresponding criteria within them. From Table 11, it is clear that “Prospective recycling and reusing” (C5), “Returns” (C3), and “Use of local material” (C11) are top three important criteria among the twelve sustainable indicators considered here. However, usually there are conflicting concerns on priorities of the economic and environmental factors [18]. Hence, it becomes difficult to adjust them under such conflicts. However, in the viewpoint of sustainable construction in India, our findings show that “Returns” (C3) is the most important criterion in the economic dimension. It is quite reasonable for a company to devote its main effort to get higher returns. This fact is supported by the results we obtained by IVIFWG operator. In this cluster, the descending order of criteria is C3>C1>C2>C4.



For the second dimension, “Prospective recycling and reusing” (C5) occupies the most significant sustainable indicator among the four environmental factors. In this group, the descending order of criteria is as follows: C5>C6>C8>C7. Now, to justify such order of criteria importance, some of the works in the existing literature are cited. For green practices the 3R (reduce, recycle and reuse) policy [46,47] is the most sustainable strategy for providing the promotion of environmental performance and development. Finally, “health and safety” (C11) grips the top rank in the social dimension. Construction companies in a nation like India deals with more issues than other countries, since a large number of accidental cases as well as safety-related difficulties happen in construction. Table 11 reflects this fact that “Health and safety” (C11) and “Fire resistance” (C12) come first rather thinking much of “Labor availability” (C9), and “Esthetics” (C10) in real life situations.



After finalizing the criteria weights, we aim to evaluate and select the most suitable brick(s) as alternative material for sustainable construction. The linguistic assessments of the three alternatives supplied by the five decision makers are shown in Table 12. The decision matrix in Table 12 is transformed to the aggregated IVIF decision matrix (Table 13) by using Equation (10). Next, the average decision matrix is normalized with the help of Equation (18) and after plugging the criteria weights the weighted normalized decision matrix (refer to Table 14) is computed. Interval-valued intuitionistic fuzzy negative ideal solution for each of the criteria is shown in Table 15. Hamming distance and Euclidean distance of the alternatives from the Interval-valued intuitionistic fuzzy negative ideal solution is shown in Table 16. Finally, Table 17 tells the overall performance scores of all the sustainable alternatives of brick, in which “Fly ash bricks” (A3) bears the top rank with a high assessment score of 2.158. In addition, “AAC bricks” (A3) and “Clay Bricks” (A2) have got second and third ranks, with assessment scores −0.976 and −1.182, respectively. The final ranking order of alternative bricks for sustainable construction is: A3>A1>A2. Additionally, Table 18 shows the ranking orders by the proposed method along with four other existing methods for result comparisons.



On comparison with Clay bricks (A2), both of the Fly ash bricks (A3) and AAC bricks (A1), which consume less energy and have better thermal insulation, are found to be stronger than conventional clay bricks. In addition to this, although Dhanjode et al. [44] argued that the Fly ash bricks and AAC brick save 82 and 95 carbon tax respectively compared to clay bricks to its environmental properties. However, in Indian perspectives, only a few research works are found on AAC bricks while AAC bricks have been used for the construction of several buildings. Global unavailability of the AAC bricks often arises serious concern since it increases transportation and inventory costs. Moreover, Fly ash bricks are more cost and energy saving alternative choice than other ones. Mahendran et al. [45] asserted that Fly ash brick is the most favorable choice among the building blocks in perspectives of strength, heating load, framed and load bearing buildings. The above findings have selected Fly ash brick to be the most sustainable construction material for use in this case study. When we shared our results to the relevant builders, they appreciated our task and adopted this material in their own construction business. The builders also discussed with their clients about the benefits of using this material and suggested them to use it.



6.1. Comparisons


In this section, we perform the necessary comparative analysis with a set of a few existing approaches to prove the practicality and efficiency of the proposed IVIF-CODAS method. The CODAS [16], fuzzy CODAS [48], IVIF-TOPSIS [49], IVIF-VIKOR [50] methods were modified using fuzzy and IVIF numbers. The reason behind choosing these methods is their stability and reliability in producing satisfactory solutions/results. It is essential to measure the reliability of the results attained by the proposed model for crosschecking the optimal results/alternatives. For such action in MCDM problems the most common measure is the comparison of the results produced by other stable and reliable methods [16,51].



Now, the classical CODAS needs crisp numbers as inputs. Therefore, the crisp numbers corresponding to their linguistic ratings are used to perform the CODAS algorithm. Here, the order of ranking is similar to that of the original study. On contrast, fuzzy CODAS can adopt linguistic ratings as triangular/trapezoidal fuzzy numbers. The outcome of fuzzy CODAS is also same as the ranking produced by IVIF-CODAS. Finally, IVIF-TOPSIS and IVIF-MABAC are used to solve the same material selection problem. Table 18 shows that A3 (Fly ash bricks) occupies the first ranking in all the methods except in IVIF-VIKOR. There is a ranking swapping between A3 (Fly ash bricks) and A1 (AAC bricks).



From the comparative analysis, we can summarize that the results are harmonious to each other. Below we give some advantages of the proposed IVIF-CODAS method.

	(1)

	
Crisp ratings is used to evaluate the classical CODAS method but this ratings often fail in real life scenario as real life problems are much uncertain. For example, the construction company may consider some criteria as highly important and to signify the importance, the corresponding rating scale need to be more flexible. This “highly important” term can be preferably expressed using as an IVIF number ([8,10],[0,0]) rather than a single crisp number 9. However, in this paper, we use IVIF numbers to assess the alternative bricks and criteria importance since DMs can flexibly express their opinions using IVIF numbers.




	(2)

	
Compared with fuzzy CODAS, the proposed IVIF-CODAS has an advantage. Grattan-Guinness [52] argued that it is a difficult task for decision makers to represent linguistic ratings in the form of a single membership degree in classical fuzzy set theory. In response, Atanassov [53] introduced IFS as an extension of fuzzy sets. In IFS, hesitation margin is introduced as a new concept and the sum of membership and non-membership degree may be less than one. However, both in fuzzy set and IFS, the membership values are exact and crisp in nature. To present the membership and non-membership values are in intervals, Atanassov and Gargov [8] extended IFS in IVIFS. Thus, in group decision making problems the extended IVIF-CODAS method offers a better treatment in handling uncertainty in the decision making process.




	(3)

	
As it is difficult to show the applicability and trustworthiness of a newly proposed method, hence it is necessary to assess it in solving several MCDM problems. Wang et al. [54] asserted a comparison which is only way to apprehend the validity of newly proposed MCDM model (here, IVIF-CODAS). To justify any proposed approach, one has to compare it with several related approaches for the same problem. Accordingly, we have presented two illustrative examples and found encouraging results that show the similarity of IVIF-CODAS to other methods. One can consider this to be one of the advantages of the novel approach that is reckoned to be applicable irrespective of its case studies.










6.2. Sensitivity Analysis


It is well known that the results of MCDM methods can be highly influenced by the weight coefficients of the evaluation criteria. Hence, a sensitivity analysis is discussed in the next two paragraphs, where we compute the final ranking of the alternative bricks by changing the criteria weights. Small variations in the rank of alternatives are noticed due to the small variations in the weight coefficients. Hence, the results of MCDM methods are analyzed by their sensitivity to these changes [55,56]. Below we present a sensitivity analysis using 10 different scenarios (Table 19). We apply the expression given in Equation (28) for changing the criteria weights.


wjnew=wjold±αwjold



(28)







Here α is the percentage of change of wjold. In this work, the sustainable material selection and criteria weights evaluation are performed by human inputs. The robustness testing of the final ranking has been conducted by considering the changed weights of the criteria. Small changes in criteria weights of the alternatives A1,A2 and A3 have a negligible effect in the final ranking in the brick selection problem. The result of the performed sensitivity analyses enforce the proposal that Fly ash bricks (A3) have the highest priority followed by AAC bricks (A1) and Clay bricks (A2). The computed ranking order (Figure 4) A3 (Fly ash bricks) A1 (AAC bricks) A2 (Clay bricks) can be followed in eight out of 10 scenarios. Thus, A3 (Fly ash bricks) has been ranked as maximum number of scenarios except in scenario 5 and 10. In these two cases, there are noticeable changes (increase and or decrease) in priorities of criteria set which obviously affect the final ranking as A1 (AAC bricks) A3 (Fly ash bricks) A2 (Clay bricks).



We find the ranking is consistent unless some noticeable changes are made in the criteria weights. The robustness of the sustainable materials has been shown by sensitivity analysis (Table 19). A3 (Fly ash bricks) or A1 (AAC bricks) occupies top rank in all cases and may be selected as best by the decision makers. The sensitivity analysis becomes meaningful to assess the bricks as sustainable building blocks of construction projects.





7. Conclusions


Sustainable material selection as well as suitable material selection in uncertainty for construction industry is mandatory to sustain in the competitive market and for eco-friendly environment. Since material selection is one kind of MCDM problem, an efficient MCDM method is needed to cope with the market challenges. In this study, the classical CODAS method is extended with IVIFNs known as IVIF-CODAS for comprehensive, rational, and sensible decision making and especially to handle the uncertain material selection problem. Since human reasoning capability is inherently inexact in nature, we have used linguistic terms to present the opinions of decision makers. IVIFN has been used in this study, since it uses intervals rather than exact numbers to represent the membership and non-membership functions. The comparative study shows that the proposed method is consistent and efficient in respect to the other existing methods. This ranking method will enable clients, the Construction Company, manufacturers, consultants, and material suppliers to understand central public works department norms in India and keep at parity with global standards.



Although this research article delivers numerous valuable implications, a few of the project implications are mentioned here. In any industry it is highly important to keep a balance between the cost parameters (material cost and its operating cost, etc.); hence, managers or engineers face difficulty in selecting the finest material only on the basis of its sustainability benefit. Also, the incorporation of TBL (environment, economy, and society) factors is equally difficult and needs a typical framework in material selection problem. This research work offers such a framework that aids the engineers and experts to decide the most suitable material under sustainability constraints especially in the Indian construction industries. Most research papers in the literature mainly focused on environmental concerns in the construction sector. In comparison to them this paper assists both scientific and societal contributions which contributes towards social progress along with the eco-friendly set-ups. Additionally, this study functions as a reference for researchers and practitioners working in the same field in an Indian context. As a whole, this paper helps and inspires architects, engineers, and other construction managers to respond and to decide the best sustainable material within their viable business set-up.



In future, IVIF-CODAS method can be used to solve other complex MCDM problems, like market segment evaluation and selection, project selection, supplier selection, etc.
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Figure 1. Flow diagram of the proposed IVIF-CODAS. 
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Figure 2. Structure of material selection in automotive industry. 
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Figure 3. Structure of sustainable material selection problem in construction industry. 
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Figure 4. Different ranking positions due to sensitivity analysis. 






Figure 4. Different ranking positions due to sensitivity analysis.



[image: Symmetry 11 00393 g004]







[image: Table]





Table 1. Linguistic terms and corresponding IVIFNs for evaluating materials.






Table 1. Linguistic terms and corresponding IVIFNs for evaluating materials.





	Linguistic Terms
	Corresponding IVIFNs





	Very High (VH)
	([0.9,1], [0,0])



	High (H)
	([0.8,0.8], [0.1,0.1])



	Medium High (MH)
	([0.6,0.7], [0.2,0.3])



	Medium (M)
	([0.5,0.5], [0.4,0.5])



	Medium Low (ML)
	([0.3,0.4], [0.5,0.6])



	Low (L)
	([0.2,0.2], [0.7,0.7])



	Very Low (VL)
	([0,0.1], [0.8,0.9])
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Table 2. Decision matrix with linguistic ratings.
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Table 3. Collective decision matrix.






Table 3. Collective decision matrix.












	
	C1
	C2
	C3
	C4



	A1
	([0.636, 0.719], [0.181, 0.264])
	([0.755, 0.779], [0.121, 0.144])
	([0.636, 0.719], [0.181, 0.264])
	([0.645, 0.724], [0.176, 0.255])



	A2
	([0.668, 0.716], [0.204, 0.284])
	([0.687, 0.753], [0.169, 0.247])
	([0.775, 0.787], [0.136, 0.171])
	([0.782, 0.800], [0.124, 0.157])



	A3
	([0.931, 0.956], [0.021, 0.021])
	([0.943, 0.978], [0.010, 0.010])
	([0.915, 0.925], [0.036, 0.036])
	([0.926, 0.946], [0.026, 0.026])



	A4
	([0.925, 0.925 ], [0.036, 0.036])
	([0.947, 0.967], [0.016, 0.016])
	([0.941, 0.956], [0.021, 0.021])
	([0.925, 0.925], [0.036, 0.036])



	
	C5
	C6
	C7
	C8



	A1
	([0.654, 0.729], [0.171, 0.245])
	([0.713, 0.758], [0.141, 0.186])
	([0.618, 0.709], [0.191, 0.282])
	([0.636, 0.719], [0.181, 0.264])



	A2
	([0.775, 0.787], [0.136, 0.171])
	([0.727, 0.774], [0.149, 0.208])
	([0.718, 0.741], [0.180, 0.237])
	([0.727, 0.774], [0.149, 0.208])



	A3
	([0.921, 0.935], [0.031, 0.031])
	([0.954, 1.000], [0.000, 0.000])
	([0.904, 0.904], [0.046, 0.046])
	([0.915, 0.925], [0.036, 0.036])



	A4
	([0.964, 1.000], [0.000, 0.000])
	([0.925, 0.925], [0.036, 0.036])
	([0.964, 1.000], [0.000, 0.000])
	([0.941, 0.956], [0.021, 0.021])
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Table 4. Weighted normalized decision matrix.






Table 4. Weighted normalized decision matrix.












	
	C1
	C2
	C3
	C4



	A1
	([0.042,0.049], [0.028,0.035])
	([0.056,0.056], [0.014, 0.021])
	([0.090,0.105], [0.030, 0.045])
	([0.042,0.049], [0.014, 0.021])



	A2
	([0.035,0.035], [0.028, 0.035])
	([0.042,0.049], [0.014, 0.021])
	([0.120,0.120], [0.030, 0.045])
	([0.056,0.056], [0.014, 0.021])



	A3
	([0.063,0.070], [0.028, 0.035])
	([0.056,0.056], [0.014, 0.021])
	([0.135,0.150], [0.030, 0.045])
	([0.056,0.056], [0.014, 0.021])



	A4
	([0.056,0.056], [0.028, 0.035])
	([0.063,0.070], [0.014, 0.021])
	([0.120,0.120], [0.030, 0.045])
	([0.056,0.056], [0.014, 0.021])



	
	C5
	C6
	C7
	C8



	A1
	([0.144,0.144], [0.018, 0.018])
	([0.087,0.102], [0.029, 0.044])
	([0.102,0.119], [0.034, 0.051])
	([0.087,0.102], [0.029, 0.044])



	A2
	([0.144,0.144], [0.018, 0.018])
	([0.087,0.102], [0.029, 0.044])
	([0.102,0.119], [0.017, 0.017])
	([0.087,0.102], [0.029, 0.044])



	A3
	([0.144,0.144], [0.018, 0.018])
	([0.087,0.102], [0.000, 0.000])
	([0.102,0.119], [0.017, 0.017])
	([0.087,0.102], [0.000, 0.000])



	A4
	([0.162,0.180], [0.018, 0.018])
	([0.087,0.102], [0.015, 0.015])
	([0.102,0.119], [0.000, 0.000])
	([0.087,0.102], [0.015, 0.015])










[image: Table]





Table 5. Negative ideal solutions.






Table 5. Negative ideal solutions.





	Criteria
	IVIF Negative Ideal Solutions





	C1
	([0.1407 0.1703], [0.7286 0.7692)]



	C2
	([0.1520 0.1791], [0.7167 0.7572)]



	C3
	([0.4668 0.5526], [0.2885 0.3857)]



	C4
	([0.1427 0.1722], [0.7191 0.7598)]



	C5
	([0.5886 0.7290], [0.1710 0.2450)]



	C6
	([0.5158 0.5787], [0.2650 0.3472)]



	C7
	([0.5401 0.6705], [0.2120 0.3007)]



	C8
	([0.4668 0.5526], [0.2885 0.3857)]
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Table 6. Euclidean and Hamming distance matrices.
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	A1
	A2
	A3
	A4





	ED
	0.0182
	0.1899
	0.767
	0.8317



	HD
	0.0117
	0.1264
	0.5361
	0.5824
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Table 7. Assessment matrix and scores.






Table 7. Assessment matrix and scores.





	

	
Relative Assessment Matrix

	
Appraisal Scores

	
Ranking




	
A1

	
A2

	
A3

	
A4






	
A1

	
0

	
−0.2864

	
−1.2731

	
−1.3842

	
−2.9437

	
4




	
A2

	
0.2864

	
0

	
−0.9867

	
−1.0977

	
−1.798

	
3




	
A3

	
1.2731

	
0.9867

	
0

	
−0.1111

	
2.1487

	
2




	
A4

	
1.3842

	
1.0977

	
0.1111

	
0

	
2.593

	
1
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Table 8. Comparison with other models.
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	MCDM Methods
	Ranking Order





	Classical CODAS
	A4 > A3 > A2 >A1



	Fuzzy CODAS
	A4 > A3 > A2 >A1



	IVIF-VIKOR
	A3 > A4 > A2 >A1



	IVIF-TOPSIS
	A4 > A3 > A2 >A1



	The proposed IVIF-CODAS
	A4 > A3 > A2 >A1
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Table 9. Description of experts.
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	Decision Makers
	Expertise





	DM1
	Head of establishing standards and techniques with 21 years of work experience



	DM2
	Health, Safety and Environment (HSE) management employee and the head of operations evaluation with 20 years of work experience



	DM3
	Expert supervisor of construction project implementation with 21 years of work experience



	DM4
	Project manager with 17 years of work experience



	DM5
	Financial manager with 18 years of work experience
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Table 10. Objectives and criteria.






Table 10. Objectives and criteria.





	
Dimension

	
Criteria

	
Description






	
Economical

	
Initial cost (C1)

	
Cost considered for purchasing/manufacturing of materials




	
Maintenance cost (C2)

	
Cost considered for maintaining in its lifetime




	
Disposal cost (C3)

	
Cost considered for material disposal




	
Tax contribution (C4)

	
Tax regarding the materials




	
Environmental

	
Raw material extraction (C5)

	
It is necessary to manufacture the final material




	
Land acquisition (C6)

	
Land required for the material construction




	
Soil consumption (C7)

	
It is required by the material at the time of manufacturing and operation




	
Production and transportation (C8)

	
Comfortable transportation and production is important




	
Social

	
Fire resistance (C9)

	
Necessary arrangements to resist fire




	
Esthetics (C10)

	
Looking of the material




	
Use of local material (C11)

	
To develop society, more use of local material is needed




	
Labor availability (C12)

	
Quality labor is vital for production
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Table 11. Aggregated weights of sustainable material selection indicators.
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Dimension

	
Criteria

	
Local Weights

	
Global Weights

	
Rank






	
EC

	
-

	
0.4268

	
-

	
-




	
C1

	
0.3487

	
0.1488

	
2




	
C2

	
0.1857

	
0.0793

	
6




	
C3

	
0.4031

	
0.1720

	
1




	
C4

	
0.0625

	
0.0267

	
11
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-

	
0.3568
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0.1369

	
3
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0.3396

	
0.1212

	
4
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0.0143

	
0.0051

	
12
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0.2623

	
0.0936

	
5
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-

	
0.2164

	
-
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C9

	
0.2387

	
0.0517

	
9




	
C10

	
0.2180

	
0.0472

	
10




	
C11

	
0.3000

	
0.0649

	
7




	
C12

	
0.2434

	
0.0527

	
8
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Table 12. Decision matrix with linguistic ratings.
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Table 13. Aggregated IVIF decision matrix.
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	C1
	C2
	C3
	C4



	A1
	([0.673, 0.754], [0.174, 0.264])
	([0.600, 0.700], [0.200, 0.144])
	([0.600, 0.700], [0.200, 0.264])
	([0.691, 0.793], [0.125, 0.255])



	A2
	([0.800, 0.800], [0.100, 0.343])
	([0.733, 0.785], [0.145, 0.356])
	([0.800, 0.800], [0.100, 0.249])
	([0.584, 0.666], [0.245, 0.288])



	A3
	([0.800, 0.800], [0.100, 0.046])
	([0.600, 0.700], [0.200, 0.046])
	([0.733, 0.785], [0.145, 0.056])
	([0.600, 0.700], [0.200, 0.056])



	
	C5
	C6
	C7
	C8



	A1
	([0.600, 0.700], [0.200, 0.245])
	([0.584, 0.666], [0.245, 0.186])
	([0.500, 0.500], [0.400, 0.282])
	([0.584, 0.666], [0.245, 0.264])



	A2
	([0.704, 0.726], [0.180, 0.249])
	([0.834, 0.865], [0.061, 0.340])
	([0.760, 0.839], [0.117, 0.383])
	([0.600, 0.700], [0.200, 0.373])



	A3
	([0.834, 0.865], [0.061, 0.076])
	([0.800, 0.800], [0.100, 0.036])
	([0.834, 0.865], [0.061, 0.066])
	([0.834, 0.865], [0.061, 0.071])



	
	C9
	C10
	C11
	C12



	A1
	([0.691, 0.793], [0.125, 0.264])
	([0.755, 0.779], [0.111, 0.264])
	([0.800, 0.800], [0.100, 0.264])
	([0.800, 0.800], [0.100, 0.264])



	A2
	([0.500, 0.500], [0.400, 0.373])
	([0.500, 0.500], [0.400, 0.373])
	([0.691, 0.793], [0.125, 0.373])
	([0.614, 0.637], [0.264, 0.373])



	A3
	([0.584, 0.666], [0.245, 0.071])
	([0.854, 0.904], [0.051, 0.071])
	([0.746, 0.746], [0.170, 0.071])
	([0.755, 0.779], [0.111, 0.071])
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Table 14. Weighted normalized decision matrix.






Table 14. Weighted normalized decision matrix.












	
	C1
	C2
	C3
	C4



	A1
	([0.149, 0.180], [0.718, 0.763])
	([0.133, 0.167], [0.727, 0.724])
	([0.448, 0.557], [0.294, 0.376])
	([0.129, 0.159], [0.702, 0.760])



	A2
	([0.149, 0.180], [0.693, 0.788])
	([0.133, 0.167], [0.708, 0.793])
	([0.448, 0.557], [0.205, 0.363])
	([0.129, 0.159], [0.743, 0.771])



	A3
	([0.149, 0.180], [0.693, 0.693])
	([0.133, 0.167], [0.727, 0.693])
	([0.448, 0.557], [0.245, 0.200])
	([0.129, 0.159], [0.727, 0.696])



	
	C5
	C6
	C7
	C8



	A1
	([0.540, 0.700], [0.200, 0.245])
	([0.422, 0.508], [0.348, 0.329])
	([0.437, 0.473], [0.416, 0.301])
	([0.429, 0.512], [0.344, 0.477])



	A2
	([0.540, 0.700], [0.180, 0.249])
	([0.422, 0.508], [0.189, 0.456])
	([0.437, 0.473], [0.140, 0.399])
	([0.440, 0.538], [0.344, 0.477])



	A3
	([0.540, 0.700], [0.061, 0.076])
	([0.422, 0.508], [0.222, 0.206])
	([0.437, 0.473], [0.085, 0.090])
	([0.612, 0.665], [0.344, 0.477])



	
	C9
	C10
	C11
	C12



	A1
	([0.166, 0.217], [0.773, 0.786])
	([0.181, 0.213], [0.773, 0.786])
	([0.554, 0.598], [0.295, 0.502])
	([0.192, 0.218], [0.722, 0.786])



	A2
	([0.120, 0.137], [0.773, 0.786])
	([0.120, 0.137], [0.773, 0.786])
	([0.479, 0.593], [0.295, 0.502])
	([0.147, 0.174], [0.722, 0.786])



	A3
	([0.140, 0.182], [0.773, 0.786])
	([0.205, 0.247], [0.773, 0.786])
	([0.517, 0.558], [0.295, 0.502])
	([0.181, 0.213], [0.722, 0.786])
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Table 15. Negative ideal solutions.






Table 15. Negative ideal solutions.





	NIS
	IVIF Negative Ideal Solutions





	C1
	([0.149, 0.180], [0.718, 0.788])



	C2
	([0.133, 0.167], [0.727, 0.793])



	C3
	([0.448, 0.557], [0.294, 0.376])



	C4
	([0.129, 0.159], [0.743, 0.771])



	C5
	([0.540, 0.700], [0.200, 0.249])



	C6
	([0.422, 0.508], [0.348, 0.456])



	C7
	([0.437, 0.473], [0.416, 0.399])



	C8
	([0.429, 0.512], [0.344, 0.477])



	C9
	([0.120, 0.137], [0.773, 0.786])



	C10
	([0.120, 0.137], [0.773, 0.786])



	C11
	([0.479, 0.558], [0.295, 0.502])



	C12
	([0.147, 0.174], [0.722, 0.786])
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Table 16. Euclidean and Hamming distance matrices.






Table 16. Euclidean and Hamming distance matrices.











	
	A1
	A2
	A3





	ED
	0.3519
	0.3258
	0.9647



	HD
	0.2107
	0.1682
	0.6426
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Table 17. Assessment matrix and scores.






Table 17. Assessment matrix and scores.





	

	
Relative Assessment Matrix

	
Appraisal Scores

	
Ranking




	
A1

	
A2

	
A3






	
A1

	
0.000

	
0.069

	
−1.045

	
−0.976

	
2




	
A2

	
−0.069

	
0.000

	
−1.113

	
−1.182

	
3




	
A3

	
1.045

	
1.113

	
0.000

	
2.158

	
1
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Table 18. Comparison with other models.






Table 18. Comparison with other models.





	MCDM Methods
	Ranking Order





	Classical CODAS
	A3 > A2 > A1



	Fuzzy CODAS
	A3 > A1 > A2



	IVIF-VIKOR
	A3 > A2 > A1



	IVIF-TOPSIS
	A3 > A1 > A2



	The proposed IVIF-CODAS
	A3 > A1 > A2
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Table 19. Ranking for different scenarios.






Table 19. Ranking for different scenarios.





	Alternatives
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5
	Scenario 6
	Scenario 7
	Scenario 8
	Scenario 9
	Scenario 10





	A1
	2
	2
	2
	2
	1
	2
	2
	2
	2
	1



	>A2
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3



	>A3
	1
	1
	1
	1
	2
	1
	1
	1
	1
	2
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