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Abstract

:

The rapid urban growth followed by disordered occupation has been generating significant impacts on cities, bringing losses of an economic and social nature that directly interfere with the well-being of the population. In this work, a proposal for local urban infrastructure problems associated with watercourse management is presented, comparing Sustainable Drainage System (SuDS) techniques and Low-Impact Development (LID) concepts with alternative traditional interventions. The study addresses sustainable alternatives to cope with the urbanization of the Cehab’s open channel, which is an important urban watercourse tributary of the Muriaé River, at the municipality of Itaperuna, Rio de Janeiro—Brazil. The multi-criteria decision-making method called Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) was applied here. The results highlighted the better performance of sustainable techniques when compared to the traditional ones, with an overall advantage of the geogrids and geocells for this case study. The obtained TOPSIS coefficients-C for these techniques were higher (0.59488, for Reach 1; and 0.68656, for Reach 2) than those for the others. This research, therefore, presented an important urban watercourse management methodology that can be further applied to guide sustainable investments and help the decision-making associated with the development of territories.
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1. Introduction


Accompanied by the development of society and cities, the concepts of urban infrastructure have been adjusted through time. The advance in the urbanization process has resulted in changes in land use and occupation. Furthermore, due to the close relationship between urban and drainage infrastructure, the impacts could also be largely observed in the hydrological cycle [1,2,3,4,5,6,7]. Practices such as the suppression of existing vegetation and increased soil waterproofing, as a consequence, have contributed to the reduction of local infiltration conditions, excessively increasing the rainwater volume to be drained by the surface [8,9].



The conventional drainage systems are characterized to adopt techniques with basic principles of meander straightening (rectification) that tend to accelerate the flow in the channels, mostly conducted for local flood control [10,11]. These systems are considered as focusing on the drainage network itself, shortening along-channel distances and increasing the steepness of the slopes in order to drain local excess rainwater. Although these techniques reduce flood elevations in a given area, they create some detrimental effects (e.g., increasing settlement and flooding downstream, reducing fish habitat, and increasing degradation of the channel bed) [11,12,13]. For this reason, the dependence on the constant increase in the capacity of channels and pipes is not considered efficient for the control and management of the system. Such perspective of drainage projects directly influences the increase in the speed of surface runoff and maximum discharges, tends to reduce the restitution of groundwater and increase the constant floods, especially on the downstream course. As a sequence, numerous measures to balance the changes imposed by urban growth in the water cycle have been developed, enabling changes in the path of sustainability to the traditional concept.



Nowadays, the issue of a sustainable city, where water occupies a prominent place, is increasingly becoming a concern of citizens and managers [10,14]. Sustainability is usually expressed by its “three pillars”: social, economic, and environmental [15,16,17]. In his review, Keivani [18] highlighted the main challenges of urban sustainability. Some of them are the huge intra-urban inequalities that cities are prone to (social); the severe challenges for sustainable economic growth that cities are faced with [16] (economic); the impacts of the greenhouse gases (GHG) released on the world climate and the impacts of climate change on living conditions due to extreme events and natural hazards such as heatwaves, hurricanes, and floods [3,6,7,19] (environmental); and the consequences of urban form and spatial development on the sustainable development [4,5] (environmental and economic). The main concern is to maximize these three sustainable dimensions, albeit the intrinsic conflicts among them and the commonly required trade-offs [20,21,22].



The sustainability of the urban environment must take into account key elements interconnected to the progress of the city, forming a complex and multidisciplinary scenario. In that regard, the United Nations established Sustainable Development Goal 6 (SDG 6, Ensure availability and sustainable management of water and sanitation for all), which considers eight global targets that should be accounted for by decision-makers while dealing with water and sanitation issues [23]. This goal demonstrates the attention given by the 2030 Agenda to the dependence of social development and economic prosperity on the management of water resources and water-related ecosystems. The impacts, therefore, of an urban drainage system not properly conceived can result in a considerable change in the ecosystem and the quality of life of the community.



Thus, some concepts emerged as alternatives to add value and quality to the environment and the community, such as the Sustainable Drainage Systems (SuDS) [24] and the Low Impact Development (LID), which address the use of techniques to increase the storage and infiltration, improve rainwater use and destination, and decrease surface flow [3,25,26,27]. In the same context, Nature-Based Solutions (NBS), which are broadly defined as solutions to societal challenges that are inspired and supported by nature, seek sustainable techniques as alternatives to respect the natural aspects of the environment, minimizing the effects of urbanization on the hydrological cycle [24]. They can be used as a sustainable and successful strategy to restore and rehabilitate degraded ecosystems [28,29]. Keesstra et al. [30] showed the potential of NBS as a cost-effective long-term solution for hydrological risks and land degradation, promoting desirable soil and landscape functions of catchment systems. Additionally, as stated in Raymond et al. [24], NBS can have environmental, social, and economic co-benefits.



In connection with this, this research approached the Cehab’s open channel as the case study, located in the center of the urbanized area of the municipality of Itaperuna, in the Northwest region of the state Rio de Janeiro—Brazil, with approximately 100,000 inhabitants [31], inside the Muriaé River catchment [19]. This watercourse is frequently subject to floods (associated with the urbanization), affecting the local population which urgently requires an engineering intervention, as diagnosed by Campos and Paz [19].



This work aims to present an application of a multi-criteria decision methodology to the sustainable watercourse management in urban areas, which will support organizational decisions related to investments in sustainability measures. The use of the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) [32] was proposed as Multi-Criteria Decision Method (MCDM) model to analyze the sustainability of possible watercourse interventional techniques. The main goals of this study are to develop and implement a sustainable approach to the diagnosis of the watercourses and their riverside conditions, and the selection and implementation of the more sustainable engineering interventions in the watercourses, especially those flowing through consolidated urban areas.



Thereby, the core contributions expected from the presented approach are to guide sustainable investments and help the decision-making associated with the development of territories, by indicating the best choice(s) among the possible (traditional or sustainable) interventional techniques, based on sustainability indicators related to the economic, environmental, and social dimensions. Finally, although the present research has been applied to a Brazilian case study, it should be noted that this approach can be replicated to other regions, in developing and/or developed countries, with the help of sustainability indexes.




2. Materials and Methods


2.1. Case Study


The municipality of Itaperuna is located in the Northwest region of the Rio de Janeiro state, in Brazil, with a semi-urbanized 1105.341 km2 area and an estimated population of 103,224 inhabitants in 2019 [31]. The entire municipality territory is placed inside the Muriaé River basin, which has a total area of 8126 km2 and whose main river (the Muriaé River, about 300 km long) crosses the urbanized center of Itaperuna [33,34].



The historical deforestation process of the Muriaé River basin and the following irregular occupation of the riverbanks of the Muriaé River and its tributaries, especially in urban areas (such as the urbanized area of Itaperuna), have negatively affected the local population [34].



In this work, we chose as a case study the Cehab’s open channel, also known as Porto Alegre Channel. It consists of the main element of urban macro drainage located in the urban area of the municipality of Itaperuna. The watercourse extends through the districts of Governador Roberto Silveira and Presidente Costa e Silva (Figure 1) about 1740 m long, located in the main route of communication between the central region and other neighborhoods of the municipality.



The case study region is considered mostly residential, with some commercial establishments and places for public use by the extension of the watercourse’s riparian areas. The channel presents, at some points, streambank instability and settlement in the stream bed, causing the accumulation of stilling water. The urban environment found in the riparian area of the channel undeniably resulted in the degradation of the urban landscape, public health problems, and difficulties in urban traffic of pedestrians and drivers. Besides, the studied area has been an issue of recurrent floods (also related to the urbanization and consequent occupation of the channel’s and main streambanks). Figure 2 displays the flood mapping of the urbanized area of Itaperuna during the major event of January 2020 [19], in which it is possible to identify the case study watercourse been affected.



Therefore, in view of the devaluation imposed by the current situation, it is necessary to develop a project proposal that contemplates new pavements for the roads and containment of the streambanks, an increase of the green area and aesthetic values, resulting, consequently, in the improvement of the quality of life.




2.2. Conceptual Framework


The proposed methodology of this work consists of analyzing the sustainability of possible interventional engineering techniques to be applied at watercourses, especially those flowing through consolidated urban areas. Figure 3 presents the conceptual framework idealized in this work.



Firstly, a diagnosis of the watercourse and its riverside conditions was performed. Then, the sustainability indicators (criteria) were defined and the possible interventional techniques (alternatives) were listed. Thus, we elaborated on the decision matrix, in order to finally apply the TOPSIS multi-criteria decision method. Once the results of the method application were obtained, we could rank the techniques and discuss and make considerations about them.




2.3. Diagnosis of Watercourse and Riverside Conditions


The analysis of the impacts of interventional measures on a watercourse has to be preceded by a detailed diagnosis of the watercourse and its riverside conditions. For this preliminary assessment, we subdivided the watercourse in reaches with homogeneous characteristics, in order to consider the entire length of each reach separately. Figure 4 displays the framework of the methodology applied to perform the diagnosis of watercourse and riverside conditions.



The analysis consists of an overall evaluation subdivided into four steps. Firstly, we analyzed the local vulnerability to the flood occurrences according to the frequency of the events: rare, corresponding to a flood with more than ten years to occur; occasional, between two and ten years; common, once a year; and very common, described as an event with more than once a year of frequency. Subsequently, the next topic evaluated the watercourse geometry according to the preservation of the natural sinuosity and shape or the interventional occurrence that altered the original form, identifying the analyzed reach as free surface flow or closed-section, with a natural or coated bed, and natural or coated streambank; followed by the assessment of the potential manifestation of streambank erosion/landslide and stream bed silting. Then, the potential of watercourse pollution was verified, which affects water quality. Lastly, we analyzed the existence of occupation in both streambanks up to 30 m of the stream riparian area.




2.4. Multi-Criteria Analysis


The Multi-Criteria Decision Methods (MCDM) are capable of assisting decision-makers in problems that present several alternatives and criteria [35,36]. These methods make it possible to order, compare, or choose the best solution [37,38]. In this context, several methods have been developed, such as Analytic Hierarchy Process (AHP) [39], VlseKriterijumska Optimizcija I Kaompromisno Resenje (VIKOR) [40], Elimination et Choix Traduisant la Réalité (ELECTRE) [41], Data Envelopment Analysis (DEA) [42], Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) [32], Preference Ranking Organization Method for Enrichment Evaluation (PROMETHEE) [43], an acronym in Portuguese for Interactive Multi-Criteria Decision-Making (TODIM) [35], among others.



According to Alamanos et al. [44], Bianchini [45], Paz [46], Hamurcu and Eren [47], the TOPSIS method is widely used, because the logic of application of the method is understandable by using a mathematical approach that allows the identification of human logic through a simple calculation process, and maintains the same number of steps independent of the number of alternatives and criteria. This method has been applied to sustainability studies involving environmental, social, or economic dimensions, making it possible to evaluate different alternatives concerning the different criteria [37,38].



The TOPSIS method was developed by Hwang and Yoon [32] and has aimed to order the alternatives from the evaluation of their performance in relation to the similarity with the ideal solution. In this sense, as exposed by Chung et al. [48], for this method, the best alternative is the one closest to the Positive Ideal Solution (PIS) and farthest from the Negative Ideal Solution (NIS). According to Silva et al. [49], PIS is a solution that maximizes benefit criteria and minimizes cost criteria, while NIS is a solution that minimizes benefit criteria and maximizes cost criteria, with PIS being composed of the best possible values of benefit criteria, while NIS is composed of the worst possible cost values. In this case, it was defined as the benefit criteria as those related to a positive impact (the bigger, the better) and cost criteria as those with negative impact (the smaller, the better).



Regarding the above, following Hwang and Yoon [32], Silva et al. [49], Caiado et al. [50], and Sirá et al. [51], the steps for applying the TOPSIS method are described as follows:




	
Elaborate the decision matrix considering  m  alternatives and  n  criteria, in which    x  i j     represents the performance of the alternative  i  according to the criterion  j :


   X  m n   =  [       x  11      ⋯     x  1 n        ⋮   ⋱   ⋮       x  m 1      ⋯     x  m n        ]   



(1)







	
Normalize the values of the decision matrix in the range from 0 to 1:


   y  i j   =  x  i j   / √   ∑   i = 1  m   x  i j  2  ;   j = 1 ,   2 ,   … ,   n  



(2)







	
Calculate the weighting of the normalized decision matrix, in which    w j    is the weight of the criterion  j :


   r  i j   =  w j   y  i j   ;   i = 1 ,   2 ,   … ,   m   and   j = 1 ,   2 ,   … ,   n  



(3)







	
Determine the Positive Ideal Solution (PIS) and Negative Ideal Solution (NIS):


  PIS = { M a  x j   r  i j    |    j = 1 , 2 , … , n } =  {   r 1 +  ,  r 2 +  , … ,  r n +   }   



(4)






  NIS = { M i  n j   r  i j    |    j = 1 , 2 , … , n } =  {   r 1 −  ,  r 2 −  , … ,  r n −   }   



(5)




where    r  i j     is the element of the decision matrix corresponding to the alternative i and the criterion j; and, considering    J +    as the set of benefit criteria (the bigger, the better) and    J −    as the set of cost criteria (the smaller, the better),    r j +    and    r j −    are defined as:


   r j +  =  {      max  r  i j   ,   j ∈  J +        min  r  i j   ,   j ∈  J −         



(6)






   r j −  =  {      min  r  i j   ,   j ∈  J +        max  r  i j   ,   j ∈  J −         



(7)







	
Calculate the distance of each alternative to the Positive Ideal Solution (   D i +   , in Equation (8)) and the Negative Ideal Solution (   D i −    in Equation (9)):


   D i +  =     ∑   j = 1  n   (   r  i j   −  r j +   )  2   ;   i = 1 ,   2 ,   … ,   m  



(8)






    D i −  =     ∑   j = 1  n   (   r  i j   −  r j −   )  2     ;   i = 1 ,   2 ,   … ,   m   



(9)







	
Calculate the approximation coefficient (   C i   ), which varies between 0 and 1:


   C i  =  D i −  /  (   D i +  +  D i −   )   



(10)







	
Sort the alternatives downwards concerning the result of the approximation coefficient.








Finally, after firstly defining the criteria (sustainability indicators) and the possible alternatives (interventional techniques), and then applying the TOPSIS method to sort the alternatives according to the chosen criteria, we can define which interventional techniques would be best suited for each watercourse.




2.5. Criteria: Sustainability Indicators


In this multi-criteria methodology, we have used the concept of sustainability indicators as criteria to support watercourse management decisions associated with interventional measures (especially in urban areas). These indicators are therefore related to the three pillars of sustainability: the economic, environmental, and social dimensions [15,16,17]. In that regard, Table 1 displays the criteria employed in this study, followed by their descriptions. The impact column presents the behavior of each indicator where ▲ means the bigger, the better and ▼ means the smaller, the better. The weights given for each criterion were adapted from those obtained by Cardoso [52], which realized detailed research with a multidisciplinary group of specialists.



where:




	
ENV1: This indicator refers to the preservation and the restoration of the natural conditions of the watercourse, concerning the evaluation of several items, such as: the recovery of their riparian areas; integration of the stream as a natural environmental element (maintenance of its open channel and the natural coating of its bed and banks); and planting of native plant species to recover part of the original character of the local landscape [53,54]. In summary, minimal anthropic intervention in the watercourse is expected, in order to keep its appearance as close as possible to the natural and recapture the characteristics of the watercourse previous to the urbanization process.



	
ENV2: The permeabilization indicator assesses the use of nature coatings (e.g., vegetation-based uncovered soil) on stream bed and streambanks that favor the water infiltration [1,5,25].



	
ENV3: Recovery degraded areas, such as the banks of the watercourse through planting adequate vegetation to withstand flood events and to protect the soil from erosive processes [54], besides the landscape treatment of the riparian buffer zone to the recuperation of such areas [5,55,56,57,58,59].



	
ENV4: Evaluation of the stabilization potential of streambanks, aiming at the protection of the slope against erosion, landslides, or another form of mass wasting [54,60,61,62,63,64].



	
ENV5: The indicator of the increased diversity of habitats and biomass both in the watercourse and in its riverside areas [65] can be analyzed according to the use of suitable coatings in its bed and banks, recovery of the degraded area, as well as the creation of riparian protection zones [56,57,65,66].



	
ENV6: This indicator addresses the vulnerability of local flood and the impacts on the riparian areas of watercourse [1,45,67,68,69].



	
ENV7: This item assesses the impact of the implemented techniques to the acceleration of the water flow and, consequently, the anticipation of the flood peaks downstream [70,71,72,73].



	
ENV8: Proliferation of insects resulting from the increase of the natural coatings, vegetation, and native species [52].



	
SEC1: Necessity of the expropriation and removal of the resident population in the intervention area, generating a negative impact on the riparian community area [52].



	
SEC2: Assessment of improving the aesthetics characteristics along the river corridor and the creation of leisure areas to the riparian community [52,55,73,74].



	
SEC3: The financial valuation could be analyzed through the concept of the valorization of the area, given the recovery of degraded areas, the sanitary condition incorporated to eliminate the local pollution, the creation of leisure areas, and equipment for the population [52,69,73,75].









2.6. Alternatives: Interventional Techniques


All changes that occur in a drainage basin, regarding climatic conditions, vegetation cover, and lithology, have repercussions, directly or indirectly, on watercourses [76]. Modifying agents, which cause changes in watercourses, are natural events or anthropic activities that occur separately or simultaneously. Individually or in combination, these disturbances cause tensions in the flow of the river that could modify the watercourse structure and impair its ability to perform hydraulic functions [77]. An occurrence of a disturbance in the watercourse or riparian areas typically produces a cause-effect chain, which can permanently change one or more characteristics of a stable system [78].



The effects of the interventional measures may cause local impacts or at points far from the origin. Activities of rectification of watercourses, construction of dams, forest management, construction and maintenance of roads, agricultural planting and irrigation, as well as urban invasion, are forms of disturbances and can have dramatic effects on the geomorphology and hydrology of a watershed and the morphology and hydraulics of a watercourse. The modification of the flow hydraulics, for example, directly affects the system, causing an increase in the intensity of disturbances caused by floods [77,78].



Stabilization structures have been intended to protect the streambanks and control erosive processes. In order to contain erosion and prevent or mitigate its consequences, techniques with conventional coating applications are commonly used in streambank stabilization, such as riprap, gabion, concrete plates, among others, acting as a rigid protection structure [79]. Another technique traditionally used is rectification, in which the watercourse is ground to reduce its meander and minimize the natural erosion process. However, in redefining the main stream bed and limiting its floodplain, rectification is an aggressive practice that destroys the balance of waterways and causes numerous physical and ecological impacts [57].



In recent decades, these traditional methods of streambank stabilization are being reassessed in the context of the resulting environmental impacts [77]. In addition to affecting the ecological integrity of watercourses, harming biodiversity variability, these methods often transfer erosion problems to other areas of the river. Little attention is paid to the side effects or impacts that these practices will have on upstream and/or downstream areas. Considering, therefore, the harmful effects of heavy engineering used in the rectification of natural watercourses, environmentally sensitive alternatives to conventional watercourse interventional techniques were sought in response to concerns about their environmental impacts, here called sustainable techniques [79].



In the Sustainable Drainage Systems (SuDS), fundamental aspects are considered for the implementation of sustainable techniques such as increasing storage and infiltration, improving rainwater use and destination, decreasing surface flow, and the valorization of urban land, seeking to better interact and further strengthen urban growth to socio-environmental perspectives [1,26,27]. To present itself as parallel as possible to natural behavior, the concept of Low Impact Development (LID) emerged in the United States in the 1980s. This concept addresses the use of techniques to increase the local capacity of interception, infiltration, and evaporation of rainwater, and even decrease the volume of surface flow [3,25,26,27]. Therefore, a LID project must be guided by some basic principles, such as preserving the natural drainage path, conserving the urban environment to conditions prior to urbanization, and minimizing impermeable surfaces [26,27].



Regarding the above, Table 2 presents a summary of the conventional and sustainable interventional techniques analyzed in this work, followed by their descriptions.



where:




	
T1: Induced natural meandering techniques aim to return the degraded river to its prior undisturbed condition [73,80]. The main objective of these techniques is to preserve the natural channel state, avoiding direct physical channel modification, or to promote natural meandering (when already in disturbed/non-natural conditions), in order to foster the stream’s ecological properties [81,82]. According to Modi et al. [63], the natural meandering can be induced by reconnecting the floodplain to the channel’s former course, widening the meander belt width to allow construction of a new channel at the existing elevation, changing stream types through in-stream morphological alterations and stabilizing the current incised channel in place. Nevertheless, Kondolf [80,83] verified that for historically non-meandering rivers, the creation of single-thread meandering channels had threatened channel stability. Therefore, in these cases, constructing riparian buffers is more effective than imposing meandering forms [73].



	
T2: Implementing riparian buffer zone (defined as the vegetative zone linking the terrestrial and aquatic environments [59,84]) and river corridor (defined as the land riparian to lakes or streams [85]) consists of the most effective means for protecting channel resources [86] through techniques focused on replenishing and augmenting the ecological quality and biotic diversity of these areas [73]. The riparian vegetation impacts positively on water quality, wildlife habitat, flood reduction, aesthetic impression, and financial valuation of the riparian regions [57,58,87,88]. The vegetation acts as a partial filter from surface runoff, removing the sediment and contaminants that would otherwise enter the stream without any form of treatment [57,58]. Aside from that, riparian vegetation also provides habitat for wildlife, and its tree foliage helps control stream temperatures for aquatic habitat [58,89]. Further, vegetated buffers contribute to flood peaks’ reduction by storing floodwaters [90]. Finally, in an aesthetical issue, the vegetation may also provide financial benefits [91], and it is observed that the riparian inhabitants will mostly prefer vegetative cover than visually intrusive concrete or stone riprap [56,92].



	
T3: Vegetation-based techniques [93,94] offer a natural healing process to the stream [64,95], positively impacting (as previously mentioned in the description of the group of techniques T2) on water quality, wildlife habitat, flood reduction, the aesthetic value of a stream and financial valuation of the riparian regions [57,58,64,87,88,95,96,97]. Furthermore, the physical vegetative coverage on streambanks protects the soil according to the combined effects of roots, stems, and foliage [61]. These effects are also related to improving streambank stabilization through soil–root interaction [61], decreasing flow velocities and dissipating flow energy by redistributing the flow pattern and direction [57], and reducing surface erosion [60,61]. Nevertheless, according to Schwarz et al. [60] and Vaverková et al. [61], vegetation’s use on streambanks may have both adverse and beneficial effects, depending on the circumstances, which highlights the need for not using a single perspective [57].



	
T4: Techniques related to constricting lateral channel dimensions and raising the stream bed, such as dams and embankments, normally aim to protect existing properties or infrastructure near streams [57]. Nevertheless, the impacts of increased runoff due to urbanization remain a problem to be solved. These engineering techniques are highly contested by the local population, especially regarding their usefulness, as they are usually more effective in the short term and have no long-term viability, not eliminating the risk of flooding [98,99,100,101,102]. Besides altering discharge and sediment fluxes, dams and embankments also contribute to the massive avulsion of the channel, leading to flooding in the lower regions [70,71,72,73]. Moreover, dams alter ecological habitats by imposing a barrier between upstream and downstream species [103,104].



	
T5: Impermeable stabilization structures, such as concrete mats and cell steel sheet piling, are categorized, according to Mondal and Patel [73] and Keown [105], as hard armoring-based measures, which are implemented to reinforce streambank shear strength. However, the use of such techniques reduces bank roughness and removes vegetation, which affects the natural stream’s ability, respectively, to dissipate flow energy (enhancing the flood and erosion downstream susceptibility) and to cool water temperature (making it more difficult for fish to survive and reproduce due to loss of riparian habitat, reduced diversity, etc.) [57,65,106].



	
T6: Permeable structures, such as gabion walls and riprap, are also categorized [73,105] as hard armoring-based measures implemented to reinforce streambank shear strength. Similarly to the group of techniques T5, these permeable structures also remove partially the vegetation, which diminish the stream’s ability to cool water temperature (impacting the riparian habitat, diversity, and fish reproduction) [57,65,106]. Nevertheless, differently from techniques T5, this group of techniques is characterized by being porous and draining coatings due to the voids index generated by the irregular contact between the stones.



	
T7: Geogrids and geocells are engineering techniques normally associated with the application of vegetation cover used to stabilize slopes, control surface erosion, and protect against flooding [107]. The first group corresponds to three-dimensional meshes made of organic and synthetic filaments, arranged in a crossed or interlaced manner. The geocells are cell confinement systems, made up of three-dimensional cells in different formats (e.g., honeycomb). They are used to simultaneously improve drainage and compaction capacity, reducing runoff and favoring water infiltration, in addition to preventing the direct action of erosive agents. However, if they are not well-executed, they do not integrate into the landscape, making it a strange element [108].



	
T8: The engineering technique of closed cross-section is usually executed below road lanes, to preserve traffic lanes and increase the flow of vehicles, however, in contrast to the natural environment, resulting from the drowning of the cross-section, and also increasing internal pressures on the channel walls. This hard-engineered channelization approach destroys the basic physical equilibrium of natural streams and has increased its ill effects, promoting numerous adverse physical and ecological impacts [57,109].








In the end, for each criterion, the alternatives will be valued according to the established impact levels of their implementation relative to the current watercourse conditions diagnosed. The methodology assumes a gradation scale to convert qualitative to quantitative indexes for the impact level evaluation of the criteria analyzed, as displayed in Table 3.



Table 3 illustrates that the impact level 1 means that the analyzed technique will promote a high reduction of the local conditions according to the analyzed criterion; 7 means a high increase; 4 means that the technique will not alter the local conditions according to that indicator; and the other values are intermediate impacts (2 and 3, for moderate and low reductions, respectively; 5 and 6, for low and moderate increases, respectively).





3. Results and Discussion


The Cehab’s open channel corresponds to a watercourse in an urban area, subject to the recurrent occurrence of floods that have impacted the local ecosystem and affected the population as diagnosed by Campos and Paz [19]. Therefore, an engineering intervention is urgent for this channel, in order to improve the watercourse management. In this context, this work brought a multi-criteria methodology to indicate which interventional technique (conventional or sustainable) would be better-suited for the studied channel.



Firstly, we have performed the diagnosis of the case study watercourse conditions, which revealed a channel with irregular geometry along its whole length. In Cehab’s open channel, it was observed different streambanks’ surface conditions along the channel, and, thus, we subdivided it into two mostly homogeneous reaches, according to their physical characteristics (Table 4). The first reach extends from upstream up to 770 m, whereas the second part of the channel was considered from 770 m up to downstream at 1740 m (Figure 5).



In Reach 1, both streambanks are still found in a natural condition (Figure 5), with advanced erosion of the streambanks since there is no protection or containment of the slopes. As it approaches downstream, at Reach 2, the channel presents a free surface flow with moderated alterations of sinuosity and shape, with natural bed and coated streambanks, covered by a conventional rough concrete wall. The slopes of the watercourse are subject to the efforts resulting from the loading of traffic on the adjacent roads; as a consequence, at some points in the watercourse, we noticed landslides of the streambanks due to the lack/inefficiency of the containment structure.



Moreover, over the years, the channel bed has been subject to the actions of the silting caused by the deposition of sediments at the bottom of the stream. The resulted elevation of the channel bed has impacted the water flow, also triggering the accumulation of stilling water and consequently, creating an appropriate environment for the birth of vegetation inside the stream.



In that regard, the following analysis consisted of the evaluation of the interventional measures of each reach through the multi-criteria indexes. According to the aforementioned in Section 2.3, the first step of the TOPSIS method was the elaboration of the decision matrix with the actual values of the criteria for each of the eight alternatives. Table 5 and Table 6 present the decision matrix (Equation (1)), built considering the impact levels presented in Table 3, for Reach 1 and Reach 2, respectively.



After the elaboration of the decision matrices, the second and third stages of application of the TOPSIS method consisted of the normalization of the matrix and the weighting of the criteria, according to the weights established in Table 1, illustrated in Section 2.5. Table A1 and Table A2 present the normalized and weighted matrices for Reach 1 and Reach 2, respectively. These Tables were obtained applying the normalization and weighting methodologies, presented in Section 2.4 (see Equations (2) and (3)), to the corresponding decision matrices (Table 5 and Table 6, respectively).



Sequentially, the fourth step was to determine the positive ideal solution (PIS) and the negative ideal solution (NIS) for each criterion, according to Equations (4)–(7). Thus, Table 7 displays PIS and NIS for Reach 1, while Table 8 presents PIS and NIS for Reach 2.



The fifth step consisted of calculating the distance of each alternative to the positive ideal solution (D+), Equation (8), and to the negative ideal solution (D−), Equation (9). After calculating the distances, the sixth step featured with the calculation of the approximation coefficient (C) using Equation (10). This coefficient varies between 0 and 1, with 0 being the alternative with the worst solution and 1 being the alternative with the best solution. Finally, the seventh stage consisted of ranking the analyzed alternatives (interventional techniques). These three steps are represented in Table 9 and Table 10, for Reach 1 and Reach 2, respectively.



From Table 9, which presents the multi-criteria analysis results for Reach 1, we could identify that the interventional technique T7 (geogrids or geocells) was the most indicated to be implemented (considering current conditions), followed by the techniques T2 (riparian buffer zone/river corridor), T6 (permeable structures—gabion walls and riprap), T3 (vegetation-based—seeding, hydroseeding, live stakes, crib wall), T4 (constricting lateral channel dimensions and raising the stream bed—dams and embankments), T1 (induced natural meandering), T5 (impermeable stabilization structures—concrete mats and cell steel sheet piling), and T8 (closed cross-section). On the other hand, for Reach 2, Table 10 displays that the most indicated interventional technique was T7, followed by the techniques T6, T3, T2, T8, T5, T4, T1. It became clear, therefore, that the methodology results changed according to the current conditions of the studied watercourse, where, except for the fact that technique T7 was the best ranked to be implemented for both reaches, the order of the interventional techniques best suited for each reach was relatively different. Additionally, one could also note that the differences between the coefficients-C obtained for the first- and second-ranked techniques presented distinctions in the analysis of both reaches: for Reach 1, the coefficient-C difference between techniques T7 (first-ranked) and T2 (second-ranked) was approximately 0.025; whereas, for Reach 2, the coefficient-C difference between techniques T7 (also first-ranked) and T6 (second-ranked) was more than twice the value for Reach 1 (approximately 0.05). This also means that the advantage of the choice of T7 (as first-ranked, in comparison to the other techniques) for Reach 2 is more relevant than for Reach 1.



It is should be pointed out that, still with regards to the coefficients-C presented in Table 9 and Table 10, the average value of the coefficients estimated for Reach 1 (0.52828) was smaller than that for Reach 2 (0.56769), and the higher coefficient-C for Reach 1 (0.59488) was also smaller (0.68656). These results demonstrate that an engineering intervention in Reach 2 is more urgent than in Reach 1. Moreover, the standard deviations of the coefficients-C for Reach 1 (0.04212) was less than half of that for Reach 2 (0.08505), which corroborates the previously mentioned more relevant advantage of the choice of technique T7 for Reach 2 than for Reach 1. In the next section, Figure 6 brings a graphical representation of the ranking of interventional techniques for each watercourse reach.



Firstly, we noticed that the interventional technique T7 (geogrid or geocells) was the most indicated to be implemented (considering current conditions) for the whole watercourse (Reaches 1 and 2). This technique would be a good option, especially considering the good impacts on both environmental and socioeconomic indicators (see Table 5 and Table 6). According to the hydraulic perspective, the geogrid and geocells are well-indicated to sustainably rebuild the banks (when necessary), providing steep slopes due to the preservation of the cross-section under stable conditions and the potential for erosion of the streambanks [57,107,110]. Furthermore, some authors suggested that its implementation tends to delay the peak flow rate in the watercourse, to decrease the flow energy, and to improve the rainwater infiltration process into the soil [107,108].



It is also important to mention that the interventional technique T2 (riparian buffer and river corridor) presents the highest normalized and weighted values for almost all positive impact criteria (ENV1, ENV2, ENV3, ENV5, SEC2, and SEC3; see Table A1 and Table A2), except for ENV4 (which is also a positive criterion). This is ratified by the attributed PIS values, which correspond exactly to the normalized and weighted values of these criteria in both Reach 1 (0.047, for ENV1; 0.046, for ENV2; 0.037, for ENV3; 0.030, for ENV5; 0.032, for SEC2; and 0.025, for SEC3—see Table 7) and Reach 2 (0.036, for ENV1; 0.041, for ENV2; 0.030, for ENV3; 0.037, for ENV4; 0.025, for ENV5; 0.026, for SEC2; and 0.022, for SEC3—see Table 8). However, it requires an important area adjacent to the watercourse, which is commonly a restriction in unplanned urban areas (such as this case study). Therefore, the implementation of this technique would require the removal of the resident population (which corresponds to the socioeconomic indicator SEC1). This space restriction similarly affects the implementation of technique T1. Feldman and Gesleir [111] argued that human vulnerability to displacement (including of the riparian areas) is sensitive and complicated. Thus, since the increase of the width of the watercourse cross-section implies the expropriation of the riparian community for this case study, the techniques suitable to be implemented are those restricted to the interventions on the stream bed and streambanks.



Moreover, we could still observe from Figure 6 that both reaches presented the same four techniques in the first positions, which represent the alternatives that suit the thresholds of the local socio-economic conditions. They have, in common, good conditions of protection and containment of the streambanks (in particular, the T7 and T6 techniques), water infiltration capacity, recovery of green areas, increase in species, and financial valuation and aesthetics. The techniques T6 and T3 are both (in this order) well-ranked (3rd and 4th, respectively, for Reach 1; 2nd and 3rd, respectively, for Reach 2). Thus, if we did not consider technique T2 (due to the width restriction), we could identify that the techniques T7, T6, and T3 (in this order) are the alternatives that better suit the thresholds of the local socio-economic conditions [107], being the most sustainable watercourse interventional techniques to be implemented in this case study.




4. Conclusions


The advance in the urbanization process resulted in changes in land use and occupation, such as the suppression of existing vegetation and the increased soil impermeabilization, contributing to the increase in the volume and speed of surface runoff, resulting in flawed and/or insufficient drainage systems. The absence of sustainable planning in urban areas allowed the extension of urbanization to the lowland sites of watercourses. In that regard, the drainage systems emerged in order to solve/mitigate such problems. The conventional (or traditional) urban drainage systems focus on the drainage network, mostly conducted for local flood control, tending to accelerate the flow in the channels. Although these techniques reduce local flood elevations, they are not considered efficient for flood control and watercourse management. The impacts, therefore, of an urban drainage system not properly conceived can result in a considerable change in the ecosystem and the quality of life of the community. Thus, the concepts of Sustainable Drainage Systems (SuDS) and Low Impact Development (LID) appeared as alternatives to respect the natural aspects of the environment [26], minimizing the effects of urbanization on the hydrological cycle.



This research addressed a methodology to help the decision-making process associated with sustainable watercourse management in urban areas by selecting the best interventional techniques to be implemented. Cehab’s open channel, located in the urban area of the intermediate-sized municipality of Itaperuna (in the Northwest region of the state of Rio de Janeiro—Brazil), was used as a case study. This watercourse is frequently subject to floods (associated with the urbanization), affecting the local population, which urgently requires an engineering intervention. In that regard, a primary diagnosis of the watercourse and riverside conditions made possible the development of a set of traditional and sustainable techniques to meet local interventional requests. These techniques were then analyzed based on sustainability indicators accounting for the environmental, social, and economic dimensions. Thus, we employed the Multi-Criteria Decision Method (MCDM) called Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), which is based on the evaluation of benefits and costs, to analyze the possible watercourse interventional techniques from a sustainable point of view [44], and to rank them in order to indicate which technique would be better-suited for each reach of the studied watercourse. The multi-criteria analysis for Reach 1 (which presents both banks in natural condition but with advanced erosion) presented the interventional technique T7 as the most indicated to be implemented, followed by the techniques T2, T6, T3, T4, T1, T5, and T8. For Reach 2 (which presents both banks covered by a conventional concrete wall), the results also displayed the technique T7 as the most indicated, however, followed by the techniques T6, T3, T2, T8, T5, T4, T1. This evidences the variety of results according to the current conditions of the studied watercourse.



Finally, this research demonstrated that the multi-criteria methodology developed here can be used to guide sustainable investments, helping decision-makers, based on the sustainability indexes. Furthermore, this methodology has a relatively fast implementation and can be further applied to other watercourse management in urbanized areas, especially in developing countries, performing a primary analysis to define the suitable techniques that could be applied to watercourse interventions.
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Table A1. Normalized and weighted decision matrix applied to Reach 1, according to the selected alternatives (techniques) and environmental (ENV1–ENV8) and socio-economic (SEC1–SEC3) criteria.






Table A1. Normalized and weighted decision matrix applied to Reach 1, according to the selected alternatives (techniques) and environmental (ENV1–ENV8) and socio-economic (SEC1–SEC3) criteria.





	ID
	ENV1
	ENV2
	ENV3
	ENV4
	ENV5
	ENV6
	ENV7
	ENV8
	SEC1
	SEC2
	SEC3





	T1
	0.047
	0.046
	0.037
	0.022
	0.030
	0.080
	0.016
	0.046
	0.090
	0.018
	0.014



	T2
	0.047
	0.046
	0.037
	0.022
	0.030
	0.048
	0.033
	0.046
	0.090
	0.032
	0.025



	T3
	0.027
	0.037
	0.021
	0.022
	0.017
	0.064
	0.033
	0.026
	0.052
	0.018
	0.014



	T4
	0.014
	0.018
	0.011
	0.032
	0.009
	0.032
	0.049
	0.013
	0.052
	0.014
	0.014



	T5
	0.007
	0.009
	0.005
	0.038
	0.004
	0.032
	0.049
	0.013
	0.052
	0.014
	0.014



	T6
	0.014
	0.028
	0.011
	0.038
	0.009
	0.032
	0.041
	0.020
	0.052
	0.014
	0.014



	T7
	0.027
	0.046
	0.027
	0.038
	0.022
	0.064
	0.033
	0.026
	0.052
	0.018
	0.014



	T8
	0.007
	0.009
	0.005
	0.038
	0.004
	0.032
	0.057
	0.007
	0.052
	0.014
	0.014



	Weight
	0.080
	0.095
	0.065
	0.090
	0.053
	0.145
	0.115
	0.080
	0.180
	0.052
	0.045
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Table A2. Normalized and weighted decision matrix applied to Reach 2, according to the selected alternatives (techniques) and environmental (ENV1–ENV8) and socio-economic (SEC1–SEC3) criteria.






Table A2. Normalized and weighted decision matrix applied to Reach 2, according to the selected alternatives (techniques) and environmental (ENV1–ENV8) and socio-economic (SEC1–SEC3) criteria.





	ID
	ENV1
	ENV2
	ENV3
	ENV4
	ENV5
	ENV6
	ENV7
	ENV8
	SEC1
	SEC2
	SEC3





	T1
	0.036
	0.041
	0.030
	0.018
	0.025
	0.093
	0.012
	0.040
	0.084
	0.015
	0.013



	T2
	0.036
	0.041
	0.030
	0.037
	0.025
	0.040
	0.024
	0.040
	0.084
	0.026
	0.022



	T3
	0.031
	0.035
	0.026
	0.018
	0.021
	0.040
	0.024
	0.028
	0.072
	0.022
	0.019



	T4
	0.021
	0.030
	0.017
	0.027
	0.014
	0.053
	0.048
	0.023
	0.048
	0.015
	0.013



	T5
	0.021
	0.024
	0.017
	0.037
	0.014
	0.053
	0.048
	0.023
	0.048
	0.015
	0.013



	T6
	0.026
	0.030
	0.021
	0.037
	0.014
	0.040
	0.036
	0.023
	0.048
	0.018
	0.013



	T7
	0.031
	0.041
	0.026
	0.037
	0.021
	0.040
	0.024
	0.028
	0.060
	0.022
	0.019



	T8
	0.016
	0.018
	0.009
	0.037
	0.007
	0.013
	0.073
	0.006
	0.048
	0.011
	0.013



	Weight
	0.080
	0.095
	0.065
	0.090
	0.053
	0.145
	0.115
	0.080
	0.180
	0.052
	0.045
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Figure 1. Hydrography of the municipality of Itaperuna, and the case study watercourse. 
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Figure 2. Flood mapping of 2020 event in Itaperuna’s urbanized area [19] and the flood occurrences in the case study watercourse. 
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Figure 3. The conceptual framework applied to the selection of interventional techniques in watercourse management. 
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Figure 4. The methodology applied to the diagnosis of watercourse and riverside conditions. 
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Figure 5. Cehab’s open channel subdivided into homogeneous reaches: Reach 1 (green line) with natural streambanks, extended from 0 m (upstream) up to 770 m (transition point); and Reach 2 (red line) with coated streambanks, from 770 m up to 1740 m (downstream). 
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Figure 6. The methodology applied to the diagnosis of watercourse and riverside conditions. 
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Table 1. Environmental (ENV1, ENV2, ENV3, ENV4, ENV5, ENV6, ENV7, and ENV8) and socio-economic (SEC1, SEC2, and SEC3) criteria, with their impacts (positive, which means the higher, the better; or negative, which means the smaller, the better), and weights (with a total sum equals to 1).






Table 1. Environmental (ENV1, ENV2, ENV3, ENV4, ENV5, ENV6, ENV7, and ENV8) and socio-economic (SEC1, SEC2, and SEC3) criteria, with their impacts (positive, which means the higher, the better; or negative, which means the smaller, the better), and weights (with a total sum equals to 1).





	
Dimension

	
ID

	
Indicator

	
Impact

	
Weight






	
Environmental

	
ENV1

	
Preservation/Restoration of the natural conditions of a watercourse

	
▲

	
0.080




	
ENV2

	
Permeabilization

	
▲

	
0.095




	
ENV3

	
Recovery of degraded areas

	
▲

	
0.065




	
ENV4

	
Streambank stabilization

	
▲

	
0.090




	
ENV5

	
Increase species diversity and biomass

	
▲

	
0.053




	
ENV6

	
Local flood vulnerability

	
▼

	
0.145




	
ENV7

	
Impact on downstream floods

	
▼

	
0.115




	
ENV8

	
Proliferation of insects

	
▼

	
0.080




	
Socio-economic

	
SEC1

	
Expropriation/Removal of resident population

	
▼

	
0.180




	
SEC2

	
Increasing river corridor and along-channel aesthetics and leisure

	
▲

	
0.052




	
SEC3

	
Financial valuation of riparian areas

	
▲

	
0.045








▲ symbolizes a positive impact, which means the bigger, the better; and ▼ symbolizes a negative impact, which means the smaller, the better.
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Table 2. Watercourse interventional techniques selected based on the sustainable and traditional concepts.
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	ID
	Techniques





	T1
	Induced natural meandering



	T2
	Riparian buffer zone/River corridor



	T3
	Vegetation-based (seeding, hydroseeding, live stakes, crib wall)



	T4
	Constricting lateral channel dimensions and raising the stream bed (dams and embankments)



	T5
	Impermeable stabilization structures (concrete mats and cell steel sheet piling)



	T6
	Permeable structures (gabion walls and riprap)



	T7
	Geogrids or geocells



	T8
	Closed cross-section
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Table 3. Impact levels applied for the evaluation of each criterion.
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	Description
	Impact Symbol
	Impact Level (Index)





	High Reduction
	− − −
	1



	Moderate Reduction
	− −
	2



	Low Reduction
	−
	3



	Indifference
	=
	4



	Low Increase
	+
	5



	Moderate Increase
	+ +
	6



	High Increase
	+ + +
	7
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Table 4. Diagnosis of a case study watercourse condition according to the evaluation subjects, subdivided into two reaches.
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	Evaluation Subjects
	Reach 1 [0–770 m]
	Reach 2 [770–1740 m]





	Flood occurrence
	Occasional (between 2 and 10 years)
	Occasional (between 2 and 10 years)



	Sinuosity
	Natural conditions
	Moderately altered



	Shape
	Free surface flow, natural bed, and natural streambanks
	Free surface flow, natural bed, and coated streambanks



	Pollution
	Polluted
	Polluted



	Erosion, landslide and silting
	Erosion and silting
	Landslide and silting



	Occupation of margins
	Occupation of both margins
	Occupation of both margins
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Table 5. Decision matrix for Reach 1 (0–770 m), with impact levels (as presented in Table 3) attributed to each interventional technique (T1, T2, T3, T4, T5, T6, T7, and T8) analyzed by each indicator (ENV1, ENV2, ENV3, ENV4, ENV5, ENV6, ENV7, ENV8, SEC1, SEC2, SEC3).
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	ID
	ENV1
	ENV2
	ENV3
	ENV4
	ENV5
	ENV6
	ENV7
	ENV8
	SEC1
	SEC2
	SEC3





	T1
	7
	5
	7
	4
	7
	5
	2
	7
	7
	4
	4



	T2
	7
	5
	7
	4
	7
	3
	4
	7
	7
	7
	7



	T3
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4



	T4
	2
	2
	2
	6
	2
	2
	6
	2
	4
	3
	4



	T5
	1
	1
	1
	7
	1
	2
	6
	2
	4
	3
	4



	T6
	2
	3
	2
	7
	2
	2
	5
	3
	4
	3
	4



	T7
	4
	5
	5
	7
	5
	4
	4
	4
	4
	4
	4



	T8
	1
	1
	1
	7
	1
	2
	7
	1
	4
	3
	4










[image: Table] 





Table 6. Decision matrix for Reach 2 (770 m–1740 m), with impact levels (as presented in Table 3) attributed to each interventional technique (T1, T2, T3, T4, T5, T6, T7, and T8) analyzed by each indicator (ENV1, ENV2, ENV3, ENV4, ENV5, ENV6, ENV7, ENV8, SEC1, SEC2, SEC3).






Table 6. Decision matrix for Reach 2 (770 m–1740 m), with impact levels (as presented in Table 3) attributed to each interventional technique (T1, T2, T3, T4, T5, T6, T7, and T8) analyzed by each indicator (ENV1, ENV2, ENV3, ENV4, ENV5, ENV6, ENV7, ENV8, SEC1, SEC2, SEC3).





	ID
	ENV1
	ENV2
	ENV3
	ENV4
	ENV5
	ENV6
	ENV7
	ENV8
	SEC1
	SEC2
	SEC3





	T1
	7
	7
	7
	2
	7
	7
	1
	7
	7
	4
	4



	T2
	7
	7
	7
	4
	7
	3
	2
	7
	7
	7
	7



	T3
	6
	6
	6
	2
	6
	3
	2
	5
	6
	6
	6



	T4
	4
	5
	4
	3
	4
	4
	4
	4
	4
	4
	4



	T5
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4



	T6
	5
	5
	5
	4
	4
	3
	3
	4
	4
	5
	4



	T7
	6
	7
	6
	4
	6
	3
	2
	5
	5
	6
	6



	T8
	3
	3
	2
	4
	2
	1
	6
	1
	4
	3
	4
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Table 7. Positive Ideal Solution (PIS) and Negative Ideal Solution (NIS) values for Reach 1 of the studied watercourse.
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	Criteria
	ENV1
	ENV2
	ENV3
	ENV4
	ENV5
	ENV6
	ENV7
	ENV8
	SEC1
	SEC2
	SEC3





	Impact
	▲
	▲
	▲
	▲
	▲
	▼
	▼
	▼
	▼
	▲
	▲



	PIS
	0.047
	0.046
	0.037
	0.038
	0.030
	0.032
	0.016
	0.007
	0.052
	0.032
	0.025



	NIS
	0.007
	0.009
	0.005
	0.022
	0.004
	0.080
	0.057
	0.046
	0.090
	0.014
	0.014







▲ symbolizes a positive impact, which means the bigger, the better; and ▼ symbolizes a negative impact, which means the smaller, the better.
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Table 8. Positive Ideal Solution (PIS) and Negative Ideal Solution (NIS) values for Reach 2 of the studied watercourse.
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	Criteria
	ENV1
	ENV2
	ENV3
	ENV4
	ENV5
	ENV6
	ENV7
	ENV8
	SEC1
	SEC2
	SEC3





	Impact
	▲
	▲
	▲
	▲
	▲
	▼
	▼
	▼
	▼
	▲
	▲



	PIS
	0.036
	0.041
	0.030
	0.037
	0.025
	0.013
	0.012
	0.006
	0.048
	0.026
	0.022



	NIS
	0.016
	0.018
	0.009
	0.018
	0.007
	0.093
	0.073
	0.040
	0.084
	0.011
	0.013







▲ symbolizes a positive impact, which means the bigger, the better; and ▼ symbolizes a negative impact, which means the smaller, the better.
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Table 9. Multi-criteria analysis results for Reach 1: with positive (D+) and negative distances (D−), coefficient-C, and final rank.
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Alternatives

	
D+

	
D−

	
C

	
Rank






	
T1

	
0.07697

	
0.07999

	
0.50961

	
6




	
T2

	
0.06200

	
0.08230

	
0.57034

	
2




	
T3

	
0.05621

	
0.06613

	
0.54051

	
4




	
T4

	
0.06833

	
0.07247

	
0.51472

	
5




	
T5

	
0.07911

	
0.07224

	
0.47732

	
7




	
T6

	
0.06226

	
0.07392

	
0.54280

	
3




	
T7

	
0.05078

	
0.07456

	
0.59488

	
1




	
T8

	
0.08256

	
0.07502

	
0.47608

	
8




	
Average

	
0.52828

	
-




	
Standard Deviation

	
0.04212

	
-
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Table 10. Multi-criteria analysis results for Reach 2: with positive and negative distances, coefficient- C, and final rank.
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Alternatives

	
D+

	
D−

	
C

	
Rank






	
T1

	
0.09714

	
0.07385

	
0.43190

	
8




	
T2

	
0.05777

	
0.08722

	
0.60157

	
4




	
T3

	
0.04910

	
0.08180

	
0.62489

	
3




	
T4

	
0.06461

	
0.06465

	
0.50012

	
7




	
T5

	
0.06532

	
0.06576

	
0.50169

	
6




	
T6

	
0.04661

	
0.08139

	
0.63587

	
2




	
T7

	
0.04008

	
0.08778

	
0.68656

	
1




	
T8

	
0.07579

	
0.09605

	
0.55894

	
5




	
Average

	
0.56769

	
-




	
Standard Deviation

	
0.08505

	
-
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