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Abstract

:

In civil engineering and construction, in the selection of the most adequate and sustainable alternative, all of the alternatives and selection criteria, such as the requirements of the construction process (which are often overlooked) and the preferences of designers, clients, or contractors, are not always taken into account. The purpose of this article is to suggest a methodology that may allow studying all of the possible alternatives to find the most ideal solution among all of the existing possibilities for the selection of retaining walls to be built in infrastructures in different environments. For this purpose, all typologies of retaining walls and selection criteria (external requirements, construction requirements, characteristics of the natural land and economic criteria) are first identified. Subsequently, a simple methodological method is proposed, allowing the relative importance of each criterion to be established and allowing us to select the most suitable solution for each situation by successively applying different multicriteria decision-making methods. Finally, the methodology developed is applied to two projects in different locations with different constraints. The results obtained provide a set of compromise solutions that remain as best-rank alternatives when the weights of the criteria change. Therefore, the methodology developed can be applied to the selection of typologies of other structures in future projects.
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1. Introduction


A retaining wall could be defined as any uninterrupted structure that, whether in a passive or in an active way, produces a stabilizing effect over a mass of land [1]. The earth retaining walls are those structures that retain a piece of land with a steeper angle than the angle of friction of the land [2]. There are different classifications of retaining walls according to different criteria: load support mechanism (externally or internally stabilized walls), construction concept (fill or cut), system rigidity (rigid or flexible), and service life (permanent or temporary) [3]. Thus, several different types of retaining walls exist with different performance characteristics as well as constructability characteristics, as well as different uses [2]. Retaining walls are expensive structures that are designed and constructed to support cut and fill slopes where space is not available for construction of flatter, more stable slopes [3]; therefore, the cost of construction, the environment and the space available will be criteria to take into account in its design and construction. Selecting a type of retaining wall is a complex process, considering the various geotechnical and non-geotechnical factors involved [4]. Moreover, during the selection process, it is necessary to consider all the criteria during the whole life cycle [5].



In decision-making, it is necessary to consider all the alternatives and criteria involved in the decision process [6]. In civil engineering and construction, the choice of the most adequate and sustainable alternative is not always made by studying all of the possible typologies nor the life cycle of the infrastructure: design, construction, maintenance, and dismantlement. Therefore, it is necessary to identify all the typologies, their characteristics, and the selection criteria without forgetting the requirements of the construction process. The methodology to be developed must establish a systematic process in the decision-making process. Finally, the solutions obtained must remain unchanged in the face of changes in the decision-maker’s preferences or variation in the weight of criteria, i.e., provide strong solutions.



Multicriteria decision-making methods have become a tool to solve engineering problems because they allow complex problems to be modeled. These methods can be used to select the best alternatives when there are several conflicting criteria in a context of uncertainty [7]. In this paper, a methodology is developed for the selection of typology of retaining walls according to different criteria. In the developed methodology, the first step is taken has been to identify all of the different types of retaining walls and selection criteria (external requirements, construction requirements, characteristics of the natural land, and economic criteria) that may determine whether a solution is the best option or not, and to which extent. Subsequently, the most suitable solution is determined by successively applying different multicriteria decision-making methods.




2. Literature Review


2.1. Retaining Walls


Retaining walls are constructed to sustain the lateral pressure of the earth behind them. They are structures used to contain soil or other loose materials when their natural steeps are undesirable, in the case when building linear infrastructures such as railways or roads [5]. Retaining walls are often an overlooked critical asset of infrastructures because they are constantly around us. Each year, globally, millions of square meters of retaining walls are constructed for private and public projects. Retaining walls save space, reduce impacts, and allow owners to get the most out of a given property or right-of-way. Thus, retaining walls are an important part of development projects today [8].



There are many kinds of retaining walls, with different forms and structural characteristics according to the dimensions and location [9]. Over the last three to four decades, due to the development of materials and enhancement in technical understanding of geotechnical engineering, different types of soil retention systems have evolved [10]. There are several classifications of types of earth retaining structures.



In general terms, these structures may be classified into two groups, externally stabilizes walls and internally stabilized walls. The examples of first category are gravity walls, reinforced concrete cantilever and reinforced concrete counterfort walls. These walls are essentially characterized by the concept that the lateral earth pressures due to self-weight of the retained fill and accompanied surcharge loads are carried by the structural wall [10]. The construction sequence of these walls involves the casting of base and stem followed by backfilling with specified material. This requires a considerable amount of time as concrete has to be adequately cured and sufficient time spacing has to be allowed for concrete of previous lift to gain strength before the next lift is cast [10]. The internally stabilized walls include metal strip walls, geotextile reinforced walls and anchored earth walls. These walls comprise of horizontally laid reinforcements which carry most or all of the lateral earth pressure via soil-reinforcement interaction or via passive resistance from the anchor block [10]. This reduces the volume of concrete and steel reinforcement in the wall significantly, thus its construction is relatively fast speed. Retaining walls with relief shelves can be considered as a special type of retaining wall [11].



Another classification establishes three different groups: gravity walls, embedded walls and hybrid walls [2].




	
Gravity walls: The purpose of a gravity wall is to avoid sliding and overturns throughout its own weight and by the friction of its base with the land. They are generally built over flat land before being refilled behind the wall. Given their characteristics, they are generally used in high lands, as per example, for retaining embankments in roads and railways. They can also be used in order to support excavations, which are under the natural level of the land. For these situations, the excavation is made in open air and the refilling is done behind the wall. These walls require an additional excavation and refill, as well as the occupation of the land during construction. One of the basic characteristics of the gravity walls is that the drainage is done through drain tubes located behind the wall with the purpose of reducing the water pressure.



	
Embedded walls: An embedded wall is the one which base penetrates in the land to achieve side support of the passive resistance of the land on the lower front part of the wall. This resistance can be used as a sole resistance to provide stability to the wall or it can also be used with moorings, supports or other support sources of side support to increase the stability. In this case, they are considered anchored walls or underpinned walls. Unlike with gravity walls, building embedded walls requires specialized equipment and in-situ operations. These walls need to be built before starting the excavation. It is preferred to use embedded walls rather than gravity walls, when:




	○

	
It is necessary to make deep excavations.




	○

	
It is not possible to temporarily occupy adjoining lands in order to make temporary excavations in open air.




	○

	
There are buildings or structures close to the excavation that need to be supported or protected.




	○

	
If there is a high phreatic level and it needs an excessive pumping in order to eliminate the water for making a temporary excavation in open air.









	
Hybrid walls: These are the ones that combine different aspects of both gravity walls and built-in walls or slurry walls for retaining the land. An example of a hybrid wall would be a concrete wall built forming an L or T, with pile foundations.








A subclassification of these types of retaining walls is included in Table 1.




2.2. Multicriteria Decision-Making


V. Neumann-Morgenstern (1943) works represent the starting point of the scientific treatment of the individual decision-making process problems [12]. The decision-making process can be done by applying different methods and tools, as well as using different objectives [13]. The use of multicriteria decision-making (MCDM) methods constitutes an efficient tool for reducing subjectivity and systematizing the decision-making process [14]. They can be used in different stages of the process, either to decide on the importance of the criteria for each alternative, to select the most suitable alternative or to establish a ranking of alternatives. Thus, MCDM methods can be used to select the best alternatives when there are several conflicting criteria in a context of uncertainty [7]. MCDM methods have had a fast-growing in many disciplines [15].



In a decision-making problem there are always several elements: Decision criteria C = {C1, C2, … Cn}, conditions which allow us to differentiate alternatives and to establish the preferences of the decision–maker; Weight or measurements of the importance of the criteria for the decision-maker, being each criteria vector associated to a weight vector [w] = (w1, … wn). Weights can be established by direct allocation methods or by other methods as Simos method [16], Delphi method [17] or by paired comparisons, analytic hierarchy process (AHP) [18] among others. Alternatives, different solutions to be adopted in a decision-making problem, which are assigned as, As = {A1, A2, … Am} (I = 1, 2, … m) are the possible alternatives. And last, the assessment or decision matrix, by which, for all of the criteria taken into account and for each alternative of the choice ensemble, the decision-maker is able to give a numeric or symbolic aij value that expresses an assessment or opinion of the alternative Ai regarding criteria Cj [19].



The MCDM methods can be classified into different groups according to similar characteristics [13]. These groups are: (1) Scoring methods, their basis consists of assessing the alternatives using basic arithmetical operations, including the simple additive weighting (SAW) and the complex proportional assessment (COPRAS) methods obtain the sum of the weighted normalized values of all the criteria [20]; (2) distance-based methods, the basic principle of them is obtaining the distance among each alternative and a specific point (a hypothetical best alternative), including technique for order preference by similarity to an ideal solution (TOPSIS) and the viekriterijumsko kompromisno rangiranje (VIKOR) methods [21,22,23]. This group also includes others based on Euclidean distance measurement [24,25]. (3) Pairwise comparison methods are widely used for their ease of calculation when selecting different alternatives in case there are quantitative and qualitative criteria. They allow evaluating the different alternatives according to qualitative criteria when comparing them in pairs and they are sometimes used to weigh the selection criteria as it is the case in this paper. The best-known method of this group is the Analytic Hierarchy Process (AHP) method [18]. Other methods in this group are Analytic Network Process (ANP) [26,27] and Measuring Attractiveness by a Categorical Based Evaluation Technique (MACBETH) [28,29] methods. (4) Outranking methods, this term includes all those MCDM methods that revolve around the theoretical concept of relationships of achievement, proposed by a group of French researchers in the mid-1960s. The first representative of the methods of overcoming was the ELimination Et Choix Traduisant la REalité (ELECTRE) method [30,31]. Another widely used method included in the outranking methods is the Preference Ranking Organization METHod for Enrichment Evaluations (PROMETHEE) method, was introduced by Brans and Vincke (1985) and Brans et al. Since then, numerous applications with a special interest in location problems have appeared: hydropower plants, commercial facilities in a competitive environment, waste disposal sites, financial evaluation, etc. [32].



There already are some precedent uses of MCDM methods in order to choose the type of retaining wall, such as the case of the Transportation Department of South Carolina in USA [3]. In this case, the determination of the most acceptable type is made based on the Important Selection Factor, ISF, rating and the weighted rating each of the above selection factors is given for each retaining wall type. Where the ISF ratio varies between 1: least important factor and 3: most important factor, that is to say, it is a qualitative evaluation. Likewise, for the selection of the most suitable construction solution of retaining walls on construction lands, other precedent selection uses have been included in the bibliography –although not studied in this review-, such as decision trees using logistic regression analysis, for the selection of walls [4]. In this paper, also all decision criteria are identified including construction requirements or requirements of the construction process.





3. Methodology


Description of the problem:




	
Question to be answered; which is the most suitable retaining wall to be chosen for certain infrastructures?



	
We have different alternatives for the resolution (Aj), which are the different typologies of retaining wall constructions.



	
The solution is conditioned by a series of criteria, project and construction requirements (Ci), although not all criteria have the same importance regarding the decision. Therefore, they must be analyzed for each case depending on weights (wi).



	
If we were to represent the problem based on a matrix, we would obtain a matrix by which aji would be the obtained assessments for each alternative (Aj), depending on the criteria (Ci).








Once the problem has been defined, Figure 1 includes an outline of the steps in the decision process [33]. This process is followed by the methodology developed and described in this section.



3.1. Selection Criteria


To make correct use of the MCDM method, apart from identifying all the alternatives (in this case the types of retaining walls), it is required to identify all characteristics and requirements of the project and the construction process that may influence the selection of the most suitable typology. The project and construction requirements can be divided into five main groups: external requirements, requirements of the construction process, characteristics of the natural land, environmental and economic criteria. These criteria have been listed in Table 2. Some criteria are quite easy to incorporate, analyze and assess, such as the cost criteria, or the performance, which have quantitative assessments, but others, such as the culture (based on the frequency with which certain types of retaining walls are chosen in certain geographical areas), or the influence of the drainage, is not as easy and clear to analyze or assess.




3.2. MCDM Methods


A methodology for resolving the problem has been set out, combining two multiple-criteria decision-making methods, the analytic hierarchy process (AHP) and the VIKOR methods. The obtained selection will be compared with the one resulting when applying the TOPSIS method in substitution of the VIKOR method. Both methods are focused on trying to find the solution that is closest to the optimal solution but with a different process of evaluation [21].



By the analytic hierarchy process (AHP), the weight eigenvector is calculated for the criteria that determine which is the most ideal solution, by making a paired comparison of them for each project [34]. It must be taken into account that the weight eigenvector is not the same for each project, since certain criteria may have bigger importance in comparison to the others, depending on the characteristics of the project. We must remember that AHP measures the global inconsistency of the views by the consistency ratio (CR), calculated by dividing the consistency index (CI) and the random index (RI), and it should be of less than 10%. The consistency index measures the consistency of the comparison matrix [18].


  C I =      λ  m a x   − n   n − 1    



(1)




where λmax is the biggest value of the transposed matrix of the paired comparison matrix, and n is the matrix range. The RI is an index which measures the consistency of a random matrix [18,35]. On the other hand, through paired comparisons we can establish the “behavior” of each alternative for each of the qualitative criteria that are part of the making-decision processes, to obtain a quantitative assessment for qualitative criteria.



Later, the VIKOR method will be applied for selecting the most suitable typology, based on a classification list of alternatives that shall provide us with one or more compromise solutions. “Viekriterijumsko kompromisno rangiranje” (VIKOR) is a Serbian term meaning multicriteria optimization and compromise solution [23]. It was developed to solve a decision problem with a limited number of alternatives (possible solutions) with conflicting criteria and with different units of measurement [22]. Therefore, the VIKOR method is suitable for solving decision-making problems with conflicted and noncommensurable criteria (which means, with different units) or when there are quantitative and qualitative criteria. The VIKOR method has been applied on many occasions for selection of alternatives in infrastructures, as reflected in the literature [36,37,38,39,40]. For normalization, converting the criteria into dimensional variables, a linear function is used in the VIKOR method that does not depend on a function of value of criteria as in the case of TOPSIS method [21]. The compromise solution shall be the one closest to the optimal solution [22]. To obtain a compromise solution (or solutions), we shall follow the next steps:




	
“Best” and “worst” value of each alternative is calculated for each criterion, as follows:


    f i *  = m a  x i   f  j i   ;        f i −  = m i  n i   f  j i   ;    If   criterion   i   represents   a   benefit    .     f i *  = m i  n i   f  j i   ;      f i −  = m a  x i   f  j i ;        If   criterion   i   represents   a   cost  .               








where i is the number of criteria and j is the number of alternatives, so fji is an evaluation of the alternative Aj with respect to criterion Ci.



	
Values Sj, Rj, and Qj are calculated for each alternative as follows:


   S j  =   ∑   i = 1  n   w i     f i *  −  f  j i     /    f i *  −  f i −     



(2)






   R j  =   max  i     w i     f i *  −  f  j i     /    f i *  −  f i −       



(3)




where wi is the weight of criterion i relative to the rest, that is, it reflects the relative importance of each criterion. At this point, it is necessary to indicate that in the VIKOR method the normalized values are given by the expression: (fi* − fji)/(fi* − fi−). Thus, normalized values do not depend on the unity of the different criteria [21].


   Q j  = ϑ      S j  −  S *    /    S −  −  S *      +   1 − ϑ        R j  −  R *    /    R −  −  R *       



(4)




where S* = minjSj, S− = maxjSj, R* = minjRj, R− = maxjRj, and ϑ represent weight of the strategy of “the majority of criteria” (or “the maximum group utility”). Consensus is for a value ϑ = 0.5 [21]. Other authors have demonstrated how difficult it is to achieve consensus in situations of uncertainty and with large amounts of information and possible alternatives [41].



	
Different alternatives are sorted according to values S, R and Q and the results are three ranking lists.



	
Best-ranked alternative A(1) is identified as a compromise solution, i.e., the alternative with the lowest value of Q. This is true, if the following two conditions are met:








Requirement 1: Acceptable advantage.



Q(A(2)) − Q(A(1)) ≥ DQ, where besides A(2) is the second alternative according to the value classification of Q, and DQ = 1/(J-1), where J represents the number of alternatives.



Requirement 2: Acceptable stability in the decision-making process.



Alternative A(1) will also be the best ranked according to the list of values of S and/or R. This alternative solution is stable within a decision-making process.



If one of the requirements is not met, the method offers a range of alternative solutions, which can consist of: Alternatives A(1) and A(2), if condition 2 is not met; Alternatives A(1), A(2), … A(M), if condition 1 is not met; A(M) will be established taking into account the relation Q(A(M)) − Q(A(1)) < DQ. These alternatives are considered to be within the “closeness” [21,22].



The VIKOR method is an efficient tool to use as a multiple-criteria decision-making method when the decision-maker is not able to, or does not know how to, express their preferences at the beginning of the design process. The obtained compromise-solution may be approved by the decision-maker, given that it provides the biggest group usefulness to the majority, represented by the minimum S, and an individual minimum opposition represented by the minimum R [22].



Later, the TOPSIS method shall be applied in order to compare the results obtained by both methods. In order to do this we start with the decision matrix and we calculate the positive optimal solution and the negative optimal solution, and we will obtain the best ranked solution, being the one that is closer to the positive optimal solution, and further from the negative optimal solution [42,43]. To carry out the simulation and application of the VIKOR and TOPSIS methods, an algorithm has been developed in the MATLAB® software to automate the calculations.





4. Case Study


The described methodology is applied to two projects with different context and purpose. Project 1: Mountain road in a nature park in the province of Madrid (Spain) and Project 2: New highway under construction in Andalusia (Spain).



Validity will be verified by the behavior in the solution to be adopted when there are variations in the weight of criteria, the changes in the compromise solution will be determined using the VIKOR method. And lastly, the results will be compared to the obtained results using the TOPSIS method.



A small set of criteria and typologies have been taken into account to show the methodology simply. As alternatives are considered, four typologies included in Table 2: a reinforced concrete wall built in situ, garden wall, green wall reinforced with geotextiles, and riprap wall. These typologies have been selected given that they represent a bigger variety of retaining walls. In the decision-making process, we choose as determining criteria the following: construction cost in €/m, construction performance, m/day, landscape integration, technical culture and customs (construction frequency), and lastly, preservation and maintenance necessities. In a manner similar to that of the selection of alternatives, these five criteria were chosen because they are the most common and determining in retaining walls. All retaining walls have an average height of four meters. To apply the decision-making methodology, the following hypotheses are needed:




	
All the retaining walls have a stable structure (the assessed solutions are stable).



	
Logistic determinants have not been considered such as material availability or available space for gatherings.



	
The drainage system works correctly in all cases



	
Selection criteria are independent.








To evaluate the different alternatives concerning the selection criteria, firstly the cost and performance of construction has been determined based on the advice of suppliers, Spanish Ministry of Development [1,44], as well as the advice of designers and contractors who were consulted for this purpose. Next, for the quantitative evaluation of the different alternatives for the qualitative criteria: technical culture and customs and preservation and maintenance necessities, paired comparisons according to the Saaty scale of the AHP method [18,35] are used to determine such a quantitative assessment. In this way, the quantitative assessment of each alternative for each qualitative criterion varies between 0 and 1, with 0 being the lowest value and 1 the highest value for each criterion. The results obtained for each alternative respect to each selection criterion have been included in Table 3. If these results are analyzed, it can be seen that, for example, the alternative of reinforced concrete retaining wall is the one which obtains the lowest valuation concerning the criterion of landscape integration, is the one that is built most frequently and, on the contrary, is the alternative which requires the least conservation and maintenance actions throughout the life cycle.



Once the assessment of the alternatives has been determined, the values fi* and fi−, being the best and worst values of each criteria function, are calculated according to the VIKOR method. The results are included in Table 4.



It is important to highlight that the importance of each criterion depends on the location where the retaining wall is going to be constructed. Thus, for each project, and before using the VIKOR and TOPSIS methods, the weight vector is determined, by paired comparisons, and by applying the AHP. So, for project 1, given the environmental factors, when using the AHP method for obtaining the weight vector by paired comparisons, the weight vector is obtained, w = (0.03; 0.08; 0.54; 0.21; 0.13). It is important to remember that the consistency of the comparison matrix must be identified. After determining the consistency following equation (1), the consistency ratio = 0.094697, which is under 0.1, is obtained. Therefore, the assessments made can be considered as consistent.



Then, Equations (2)–(4) are applied to calculate the Sj, Rj and Qj values. The alternatives classification list will be established according to the values of S, R and Q, to establish the solution or the ensemble of compromise solutions. To carry out the simulation and application of the VIKOR and TOPSIS methods, an algorithm has been developed in the Matlab® software to automate the calculations. The results obtained by VIKOR method are shown in Table 5:



Minimum value of Q can be observed for the green wall alternative (see Table 5). Both requirements of the VIKOR method are met: requirement 1, acceptable advantage, and requirement 2, stability of the decision-making process. Therefore, there is a compromise solution for the decision-making problem described here, being the alternative of green wall reinforced with geotextile the one most suitable to the determining criteria.



To verify the validity of the method, the VIKOR method is applied for another case varying the importance of the different criteria but keeping the criterion of landscape integration as the most important, with the weight between 0.48 and 0.54. Thus, it is confirmed as compromise solution the typology of the green wall, being the best-ranked option in the classification lists Q, S and R, although within an ensemble of compromise solutions in which a riprap wall is also included as the second option. When using TOPSIS, the green retaining wall is confirmed as the best-ranked solution, obtaining the following classification: Green retaining wall, Rj = 0.9966; Riprap retaining wall, Rj = 0.5955; Garden retaining wall, Rj = 0.5227; Reinforced concrete retaining wall, Rj = 0.0034.



For project 2, the process followed in the previous case must be repeated, calculating on first place the weight matrix for the selection criteria, by paired comparisons. The weight vector obtained is w = (0.41; 0.03; 0.26; 0.11; 0.18). The consistency of the comparison matrix has been assessed, obtaining a Consistency Ratio of less than 0.1, being able now to conclude that the assessments made are consistent. In the same way, we complete the decision-making process by calculating the values Sj, Rj and Qj and establishing the classification lists of alternatives, Table 6.



As a result, a minimum of the Q, S and R values for the case of the green wall is obtained, but with similar values to those for riprap wall, from which we deduce that there is not a clear optimal solution, but an ensemble of compromise solutions that can be a solution to the problem in a more or less appropriate form. It is demonstrated this by applying requirement 1, acceptable advantage of the VIKOR method. Q(A(1)) − Q(A(2)), is lower than 0.333, therefore the requirement 1 of acceptable advantage is not met. Therefore, as a solution to the decision-making problem, we suggest an ensemble of compromise solutions formed by the alternatives green retaining wall and riprap retaining wall. It should be remembered that the VIKOR method proposes an ensemble of compromise solutions to those alternatives, A(1), A(2), …, A(M), that make Q(A(M)) − Q(A(1)) < DQ. For project 2, when the most important criterion is the cost, the best-valued solution is the green wall, being a close second (admissible solution) the riprap wall, therefore being both valid with VIKOR. However, in the case the importance of the construction performance is increased (+3%), the optimal solution is the riprap retaining wall, and the garden retaining wall would be the second solution. With this analysis, we can see the sensibility of the method and its possible use when no characteristic is clearly predominant, like the landscape integration in the previous case. If the criteria weight is not defined, the strongest solution will be the riprap retaining wall, which is the best ranked or the second in all the cases. A strong solution is the one that is still admissible when the importance of the criteria changes.



When using TOPSIS, the green retaining wall is confirmed as the best-ranked solution and as the second option the riprap retaining wall, obtaining the following classification: Green retaining wall, Rj = 0.9991; Riprap retaining wall, Rj = 0.5955; Garden retaining wall, Rj = 0.5227; Reinforced concrete retaining wall, Rj = 0.0005. This way it is proven that the proposed method can be applied both in cases with different criteria importance and in cases in which the precedence is clear but the differences not so much.




5. Results


After applying the methodology (AHP + VIKOR methods) to two projects in different environments, in both cases, we obtained a compromise solution (or set of solutions) that remains stable in the case of changes in the weights of the selection criteria. In other words, the best-rank solution of type of retaining wall remains the best-ranked first or second whit different weighting criteria, which is why this solution is admissible when the importance of the criteria changes. In both projects, the ranking obtained by the VIKOR method is confirmed after the application of the TOPSIS method. Obtaining the green retaining as the first-rank solution and the rip rap retaining wall as the second-rank solution in the selection of retaining wall types for two different projects, one in a natural environment and other in design and construction of a new highway.




6. Study Implications and Contributions


The methodology developed first provides a systematic process for the identification of alternatives and selection criteria for the selection of types of retaining walls. It incorporates an exhaustive list of all the selection criteria that need to be considered and analyzed in the decision-making process, including the requirements of the construction process. This list of criteria, and their definition, may help other researchers and practitioners to include in the selection of best alternative in future projects for example for selection de typologies of bridges. Moreover, it is possible to systematically incorporate the importance of the different criteria according to the environment in which the structure is built since it is not the same as a structure being built in a natural environment as in a newly constructed highway with fewer environmental and space limitations.




7. Discussion


After applying the methodology to the case studies, it is appropriate to discuss whether some issues could improve the identification or weighting of criteria or the assessment of each alternative against each criterion. By that and concerning the selection of retaining wall typologies, the article provides a more objective process for the weighting of criteria than other previous investigations commented on in the review of the literature that is carried out by subjective assessments of the decision-maker and with qualitative scales. However, in any way, the weighting of criteria by paired comparisons (AHP method) has a subjective component, although this can be overridden with an appropriate number of decision-makers/experts or decision group. Therefore, for future research, it would be appropriate to modify the methodology for the selection of retaining walls by applying other methods of weighting selection criteria such as the entropy method, which does not involve the opinions of experts and increases objectivity, [45] and compare the results with the application of the AHP method with an appropriate number of decision-makers. On the other hand, the selection methodology has not taken into account the dependence of the criteria, so this issue should be analyzed to verify if the solutions obtained would vary and whether the methodology is appropriate [26,35].



In the paper, all the typologies of retaining walls have been identified, as well as all the selection criteria, however, and to simplify the application of the methodology, the selection method has been applied to a reduced group of alternatives and criteria. For this reduced set of alternatives and criteria, a ranking of stable compromise solutions when there are changes in the weight of the criteria has been obtained, but it would be convenient to extend the application to a greater number of alternatives and criteria and to analyze the results. On this option, the rank reversal process should be analyzed when adding new alternatives or criteria to the previously chosen set. In this phenomenon, the ordering of alternatives inverts when an alternative is added or eliminated from the list of alternatives [46,47,48,49].



The TOPSIS method is applied to confirm the best-rank solution previously classified by the VIKOR method; however, the TOPSIS method has several disadvantages. One of them is that it requires the normalization of the values of the decision matrix to avoid the effect of the dimensionality of the assessments of the alternatives with respect to each criterion [42,50]. Another disadvantage of the TOPSIS method is that, when using the Euclidean distance to determine the distance of each alternative to positive ideal solutions and negative ideal solutions, it does not consider the correlation between criteria [51].




8. Study Limitations and Future Research Directions


As discussed in previous sections, one of the limitations of the study is the determination of criteria weights, which has been done according to the AHP method assuming criteria independence. In future research, this issue should be addressed so that it is studied how the correlation of the criteria influences the weighting of the criteria and to consider other methods of decision-making that allow this correlation to be taken account. Furthermore, in future studies, the methodology can be improved to avoid the phenomenon of “rank reversal” when an alternative is added or removed.




9. Conclusions


The methodology developed first provides a systematic process for the identification of alternatives and selection criteria for the selection of types of retaining walls. Thus, the application of the methodology allows identifying all the determining criteria in the selection of retaining walls, both minor and major importance criteria, and identifying the construction requirements that are often overlooked in the phase of design and selection of alternatives. The relative importance of the criteria for different projects is determined through paired comparisons. As result, a ranking of constructive solutions of retaining walls that is still admissible when the importance of the criteria changes is obtained.



Case study validates the combined sequential use of two decision-making methods for selecting the best constructive solution for a wall in different and specific situations by proving that a solid and transparent ensemble of criteria can be taken into account, such as the environment, with the construction performance and the costs through an objective and transparent process, making clear which are the expressed preferences and their importance in the process. Moreover, verification of the validity of the methodology shows the stability of the solutions obtained, even if there are changes in the weighting of the criteria.



The suggested decision-making process is based on data that are easy to obtain and to allow the evaluation of alternatives according to qualitative criteria. As a result of this, the fact of obtaining a solution as a result of the application of a systematic process that is relatively objective will allow—in situations of disagreements among different groups of interests, stakeholders—to justify the adopted solution. As a result of the research, a methodology for the selection of types of retaining walls is provided, which can be useful for public administrators, designers, project managers, and constructors.



It should be noted that the methodology can be applied to the selection of other infrastructures in which the design and construction requirements may determine that particular alternatives are not suitable or are suitable to a lesser extent, for example, for the selection of bridge types.
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Figure 1. Steps or stages of the decision-making process. 
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Table 1. Types of retaining walls. Source: the authors’ own research.
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	Type of Retaining Wall
	Sub-Type of Retaining Wall
	Main Characteristics





	Gravity wall
	Mass concrete wall
	It uses its own weight for stabilizing, it does not use any traction



	Gravity wall
	Reinforced concrete wall
	They can be constructed in an L or T shape with a stabilizing platform, with buttresses, made in situ or prefabricated



	Gravity wall
	Ashlar factory walls
	They are stone walls, ashlar masonry, placed one together with another



	Gravity wall
	Masonry walls
	Walls formed by coined rough stones



	Gravity wall
	Riprap walls
	Walls formed by irregular stone blocks, which are generally obtained from a quarry, with different shapes and rough surfaces.



	Gravity wall
	Crib walls
	Walls comprise a grillage of header and stretcher units placed on firm foundations, usually of mass or reinforced concrete



	Gravity wall
	Gabion walls
	Walls formed by superimposed boxes of prismatic form of wired (galvanized) reinforcing mesh refilled with small rocks.



	Gravity wall
	Green walls
	Solid masses of earth reinforced with geotextiles. They do not generally need any foundation. Complete landscape integration.



	Gravity wall
	Garden walls
	Walls formed by a grid of concrete elements placed over a concrete base



	Gravity wall
	Wooden garden walls
	Walls formed by wooden pieces put in place and which interior is refilled with earth



	Gravity wall
	Prefabricated concrete walls
	Walls with the form of an L. The panel and footing have been conjointly prefabricated forming a sole element. They have a 4 meters height limit. Transport limitations



	Gravity wall
	Concrete prefabricated blocks walls
	Green: Formed by prefabricated empty pieces to be filled with sand Blocks of solid mass, which have been fit together. There is a great typology of blocks



	Gravity wall
	Slat walls
	Formed by prefabricated transversal plates, placed between vertical buttresses. They usually have a vegetal cover.



	Gravity wall
	Reinforced soil
	It is a special gravity wall. The gravity structure is provided by reinforcing the ground itself rather than providing a separate structure



	Embedded wall
	Traditional embedded walls
	Wall penetrates the ground at its base to gain lateral support from the passive resistance of the ground in front of the lower part of the wall. This resistance may be or act in conjunction with anchorages, props or other sources of lateral support for stability



	Embedded wall
	Sheet pile walls
	Walls are constructed by driving, vibrating or pressing steel sheets into the ground without any material being removed



	Embedded wall
	Contiguous o secant bored pile walls
	Pile wall consists of bored cast-in-place piles installed along the line of the wall



	Embedded wall
	Diaphragm walls
	Diaphragm walls are interlocking reinforced-concrete panels. The panels are formed by excavation under fluid to support the surrounding ground and lowering a prefabricated reinforce-ment cage into the trench excavation
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Table 2. Selection criteria. Source: the authors’ own research.
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	Group
	Criteria
	Type of Criterion
	Relevance





	External requirements
	Retaining wall dimensions
	Quantitative
	High



	External requirements
	Space available
	Quantitative
	High



	External requirements
	Traffic restrictions
	Qualitative
	Medium



	External requirements
	Influence on public services
	Qualitative
	High



	External requirements
	Space available in the base of the wall
	Quantitative
	Medium



	External requirements
	Permissible settlement
	Quantitative
	High



	External requirements
	On-site overloading
	Quantitative
	High



	External requirements
	Seismicity
	Quantitative
	High



	External requirements
	Permeability
	Quantitative
	Medium



	External requirements
	Aesthetic appearance
	Qualitative
	Low



	External requirements
	Technical culture and customs
	Qualitative
	Medium



	Environmental
	Noise and vibration during construction
	Quantitative
	Medium



	Environmental
	Construction and demolition residues
	Quantitative
	High



	Environmental
	Landscape integration
	Qualitative
	High



	Environmental
	Energy use and greenhouse gas emissions (life cycle)
	Quantitative
	High



	Construction requirements
	Construction performance
	Quantitative
	High



	Construction requirements
	Elements inside the ground: round stones, gravel, debris
	Qualitative
	Low



	Construction requirements
	Surface disturbances
	Qualitative
	Low



	Construction requirements
	Machinery and specialized equipment
	Qualitative
	High



	Construction requirements
	Spaces for material storage
	Quantitative
	Medium



	Construction requirements
	Material availability
	Quantitative
	Medium



	Characteristics of the soil natural
	Density of the retained material
	Quantitative
	Medium



	Characteristics of the soil natural
	Interstitial water pressure
	Quantitative
	Medium



	Characteristics of the soil natural
	Soil resistance (internal angle of friction)
	Quantitative
	High



	Economic criteria
	Construction cost
	Quantitative
	High



	Economic criteria
	Preservation and maintenance necessities
	Quantitative/Qualitative
	High
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Table 3. Data and values of alternative for each criterion. Source: the authors’ own research.
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	Alternative
	Construction Cost (€/m)
	Construction Performance (m/Day)
	Landscape Integration
	Technical Culture and Customs
	Preservation and Maintenance Neccesities





	Reinforced concrete retaining wall
	870
	1.5
	0.041
	0.506
	0.047



	Garden retaining wall
	640
	2.48
	0.099
	0.257
	0.316



	Green retaining wall
	430
	2.75
	0.608
	0.065
	0.564



	Riprap retaining wall
	608
	2.8
	0.251
	0.172
	0.073
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Table 4. Values fi* and fi−, applicating step 1 of the viekriterijumsko kompromisno rangiranje (VIKOR) method Source: the authors’ own research.
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	Construction Cost (€/m) Minimum
	Construction Performance (m/day) Maximum
	Landscape Integration Maximum
	Technical Culture and Customs Maximum
	Preservation and Maintenance Necessities Minimum





	fi*
	430
	2.8
	0.608
	0.506
	0.047



	fi−
	870
	1.5
	0.041
	0.065
	0.564
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Table 5. Ranking of alternatives according to the VIKOR method. Project 1. Source: the authors’ own research.
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	Alternative
	Q
	S
	R





	Green retaining wall
	0.000
	0.346
	0.210



	Riprap retaining wall
	0.437
	0.521
	0.341



	Garden retaining wall
	0.917
	0.711
	0.487



	Reinforced concrete retaining wall
	0.925
	0.657
	0.542
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Table 6. Ranking of alternatives according to the VIKOR method. Project 2. Source: the authors’ own research.
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	Alternative
	Q
	S
	R





	Green retaining wall
	0.034
	0.294
	0.182



	Riprap retaining wall
	0.158
	0.424
	0.166



	Garden retaining wall
	0.514
	0.598
	0.237



	Reinforced concrete retaining wall
	1.000
	0.707
	0.409
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