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Abstract

:

Many studies have been carried out to evaluate the sustainability of transportation systems, but little attention has been given for the design of roadway intersections. This study aimed to establish a framework and develop a tool to assess the sustainability of roadway intersections from a road-user perspective. Sustainability indicators at the strategic level were extracted from the literature and were utilized with relative weights to develop economic, environmental, and social indices that would be combined into a composite sustainability index (CSI) tool. The tool was applied to four case studies of intersections in Al Ain, United Arab Emirates. For each case study, the sustainability of fifteen design alternatives was evaluated for different scenarios of traffic volume and operational speed. Dimensional indices and the overall CSI were determined using the Multi-Criteria Decision Making method. Results indicated that traffic volume had a significant impact on intersection sustainability ranking, while the effect of operational speed was insignificant. Moreover, weight assignment had an effect on determining the most sustainable design alternative, where the best alternatives of the dimension with the major weight would most likely be the most sustainable. The developed tool would assist decision-makers in other cities to assess intersection projects that correspond to their regional goals.
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1. Introduction


With the recent “industrial revolution”, the economic and industrial sectors undertook fast developments. Unfortunately, some of these developments were at the expense of a lot of natural and social equity considerations. As a result, “sustainable development” was introduced to encounter any negative impacts. Sustainable development can be defined as the “development that meets the needs of the present generation without compromising the ability of future generations to meet their own needs”. This definition reflects the three aspects of environment, economy, and social equity [1].



Transportation activities and projects play a big role in urban development that should be carefully considered. The International Energy Agency (IEA) claims that transport activities were responsible for approximately a quarter of the total global greenhouse gas (GHG) emissions in 2016 [2]. Poor air quality also has a significant impact on socio-economic wellbeing. Increased air pollution would lead to an increase in healthcare expenses and loss of working days due to illnesses, as well as a decrease in productivity levels in both public and private companies [3]. Therefore, achieving transport sustainability is a huge step in obtaining sustainable urban development.



Evaluating transportation sustainability has been a highly discussed topic throughout the years. Currently, a common state-of-practice for measuring sustainability in transportation is by matrices of performance indicators. Some developed frameworks and indicator matrices for evaluating transportation sustainability were introduced by several researchers [4,5,6,7,8,9,10,11,12]. However, it should be noted that while most of these studies focused on evaluating road transport sustainability, little attention was given to specifically evaluating the sustainability of the design of roadway intersections.



In the United Arab Emirates (UAE) and especially in the Emirate of Abu Dhabi, sustainable transportation plays an essential role in the achievement of Abu Dhabi’s Vision 2030. The “Plan Abu Dhabi 2030” aims to help respond to current and future development needs, establish a planning culture and introduce strong guiding principles for new development in a sustainable way [13]. An essential part of road projects is the construction of intersections. Intersections in the UAE vary by type and size. Abu Dhabi city itself has more than 460 roundabouts [14]. The aim of this study was to develop a methodology for evaluating the transportation sustainability of intersections using an index-based multiple criteria decision-making technique. The resulting tool generated an index for each design alternative, called the composite sustainability index (CSI), representing its overall sustainability. This methodology is directed towards the macroscopic and strategic planning of road intersections.




2. Materials and Methods


2.1. CSI Framework Development


The first step in developing the CSI tool was to define the sustainability dimensions under consideration followed by the extraction of related indicators from the literature. The indicators reflected the three major sustainability aspects (social equity, economic development, and environmental sustainability) from a road-user perspective. After that, the Multi-Criteria Decision Making (MCDM) method was applied to evaluate the proposed intersection design alternatives based on the chosen set of indicators. Specific weights were assigned to the indicators as part of the Technique of Order Preference by Similarity to Ideal Solution (TOPSIS) analysis of the MCDM method, which enables the determination of the CSI for each design alternative. Figure 1 shows the framework of the proposed methodology.



This study defines transportation sustainability as the transport that provides equity and safe access to its users, enhances the economic efficiency of road users, and minimizes the harmful effects of transportation activities on the environment. Hence, the three main pillars of transportation sustainability that are considered in this study are the economic, environmental, and social dimensions.



A common method for choosing the corresponding sustainability indicators is to check their adherence to certain criteria. This study focused on some of the common criteria that were suggested by Castillo and Pitfield [15], namely: (1) Measurability, where the indicator should be measurable in a way that is theoretically sound, reliable and simple to understand. (2) Ease of availability, where the data for the indicator should be available for collection at a reasonable cost and effort. If the data were obtained using a model, the model should be reliable and theoretically acceptable. (3) Interpretability, where the indicator value should provide clear information that all the stakeholders can understand with ease. Moreover, the indicators used in this study would focus on the perspective of the road-user. The study provides a macroscopic dimension that is of use for strategic purposes in the early planning stages. A comprehensive list of indicators that were extracted from the literature is shown in Table 1.




2.2. Selection of Sustainability Indicators


The extracted list of indicators was refined with respect to the previously mentioned criteria. Several economic, environmental, and social indicators were selected. The percentage of chosen indicators from the comprehensive list (Table 1) ranges from 22% to 38% for the three dimensions, which ensures a fair relative selection process of the sustainability indicators.



The selected economic indicators are initial cost, operational cost, and economic efficiency. Knowledge of the initial cost is necessary for decision makers who care about finding equity in the financial state. Since the employed tool is used for evaluating alternatives in the early stages of transport planning, an exact or even an estimated cost may not be available. Nevertheless, this tool allows the ranking of alternatives as a means of comparison instead of using real values. The operational cost reflects the cost of fuel for operating all the vehicles in addition to the time cost of the passengers occupying those vehicles. Finally, the economic efficiency indicator is represented by the monetary value of the total hourly time traveled. This measure uses the time value factor to directly present the value of the traveled time per vehicle in monetary units. The monetary value makes it easier for stakeholders to understand the economic efficiency indicator.



The environmental dimension includes three main indicators: energy consumption, GHG emissions, and land consumption. Energy consumption has the fuel consumed in liters per vehicle as a performance measure. The emissions considered are CO2, hydrocarbons, CO, and NOx, expressed in kg per hour per vehicle. The last selected environmental indicator is land consumption (the exact area needed for the intersection and approaches) as a measure for quantifying the consumption of natural resources. Minimizing the area consumed would achieve higher scores for sustainable development.



The selected social indicators are mobility, public satisfaction and safety. The chosen performance measures for mobility are vehicles’ average speed (km/h), total passenger miles traveled per hour (m/h), and total travel time of vehicles (h). The average speed represents that of vehicles in the peak hour of the day with the peak demand on the intersection. This gives an indication of how the vehicles maneuver through the intersection and the level of service it can provide. For the total passenger miles traveled, it considers the passengers occupying the vehicles along with the pedestrians crossing the intersection. Public satisfaction can be quantified indirectly by obtaining the average hourly delay per person (for both passengers of the vehicles and pedestrians crossing the intersection). The less the delay, the more satisfied the users would be with the service (of the intersection).



The last indicator of the social dimension of sustainability is safety. Quantifying safety in the early stages of intersection planning can be quite tricky due to lack of data. The suggested method used in this study is the qualitative assessment of safety using a ranking procedure based on previous literature and the number of conflict points of the intersections. However, the ranking in the literature can vary depending on the region or time period of the conducted study due to differences in road users’ behavior and the perceptions of local citizens. Nevertheless, this method seems good enough for the purpose of this study. Customized ranking using the opinions of a specialist panel can be considered when applying this tool in real life to the specific proposed project designs. Another method for ranking the alternatives objectively is by considering the conflict points for each design as having implications for safety. Having more conflict points for a certain intersection design makes the intersection less safe. In this study, those two methods were combined to assess and rank the safety of the different design alternatives of the intersections.




2.3. Calculation of CSI


After determining the set of sustainability indicators, the proposed intersection design alternatives can be evaluated using the MCDM method. This method allows for the observation of trade-offs in each individual sustainability dimension. Hence, stakeholders can have a better understanding of the sustainability impacts regarding each design alternative. TOPSIS analysis is a technique under the MCDM method. It allows the evaluation of the criteria in an individual and collective manner, using various relative weights assigned by stakeholders for dimensions, criteria, and indicators. A brief explanation of the TOPSIS algorithm used is provided below [23].



To evaluate a set of alternatives for a multi-attribute decision making problem with the alternatives defined by A = (A1, A2, …, Am), the criteria set defined by C = (C1, C2, …, Cn), and the jth criteria’s value in the ith alternative defined by xij, the decision matrix can be presented as X = [xij]m×n. Eliminating the effect of the different criteria units and their varying range on the sustainability evaluation would require normalization across the values of the original matrix. Hence, the normalized decision matrix is R = [rij]m×n, where rij is determined by Equation (1).


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



(1)







The weighted decision matrix (V) is determined by multiplying the criteria weights (wj) by the normalized decision matrix, as shown in Equation (2).


  V = [ v     i j    ]  =    w j  [  r  i j    ]  ,    (  i = 1 ,   … , m ; j = 1 , … , n  )   



(2)







The ideal best solution is composed of the optimal value of every attribute from the weighted decision matrix, as shown in Equation (3), and the ideal worst solution is composed of the worst value of every attribute from the weighted decision matrix, as shown in Equation (4).


   V +  =    (   V 1 +    ,    V 2 +  ,   … ,    V m +       )   



(3)






   V −  =    (   V 1 −  ,    V 2 −  ,   … ,    V m −       )   



(4)







The ideal best value and ideal worst value are determined by Equations (5) and (6), respectively.


   V j +  =    {      max  v  i j     ,   t h e   p o s i t i v e   c r i t e r i a       min  v  i j     ,   t h e   n e g a t i v e   c r i t e r i a        



(5)






   V j −  =    {      max  v  i j     ,   t h e   n e g a t i v e   c r i t e r i a       min  v  i j     ,   t h e   p o s i t i v e   c r i t e r i a        



(6)







The distance of every possible solution from the ideal best solution and the ideal worst solution are computed, respectively, by Equations (7) and (8).


   S i +  =         ∑   j = 1  n   (   v  i j   −    v j +   )   2    ,    (  i = 1 ,   … , m ; j = 1 , … , n  )   



(7)






   S i −  =         ∑   j = 1  n   (   v  i j   −    v j −   )   2    ,    (  i = 1 ,   … , m ; j = 1 , … , n  )   



(8)







The relative degree of approximation (CSIi) is calculated by Equation (9).


  C S  I i  =      S i −     (   S i +  +  S i −   )    ,    (  0 ≤   C S  I i  ≤ 1 ; i = 1 ,   2 ,   … m  )   



(9)







The object of evaluation, which is sustainability in this study, is ranked according to the value of the relative degree of approximation, which is coded as “CSI” to conveniently represent the composite sustainability index used in this study. The higher the value, the better the sustainability of the alternative.



Relative weights show how much an indicator contributes to the concept of sustainability as a whole and with respect to its relevant dimension of sustainability. Two weighting attempts would be considered. The first attempt would be to equalize the weights across the three dimensions of sustainability and within the set of indicators. The second attempt would be to introduce variations in the main weight distribution of the three dimensions of sustainability. A major part of the weight (80%) would be placed on one dimension, while the other two dimensions would equally share the remaining minor weight (10% each). This variation would alternate through the three dimensions and the difference in the final ranking of the alternatives would be observed. This demonstrates how the interests of specific stakeholders can produce a change in the sustainability direction.





3. Case Study Application


3.1. Considered Cases and Design Alternatives


The previously developed framework was demonstrated in four case studies in Al Ain city, UAE (Figure 2). The case studies include four roundabouts, namely, Asharej Roundabout, Al-Markhaniya Roundabout, Al-Ahliya Roundabout, and Al-Dewan Roundabout. They are connected by four main streets, which are Sheik Khalifa Bin Zayed Street, Hazzaa Bin Sultan Street, Shakhboot Bin Sultan Street, and Zayed Al Awwal Street. Each of the considered roundabouts has four arms with three lanes for each approach, exit lanes, and circulating lanes. Al-Ahliya and Al-Dewan roundabouts have an operational speed of 80 km/h on all four arms while Al-Markhaniya and Asharej roundabouts have varying operational speeds of 80 km/h and 100 km/h. Moreover, Al-Ahliya Roundabout is currently being transformed into a signalized intersection.



For each roundabout, fifteen design alternatives were developed using the Signalised & unsignalised Intersection Design and Research Aid (SIDRA) V7.0 software [26]. The alternatives were grouped into three main categories: at-grade intersections, grade separated intersections with an underpass, and grade separated intersections with an overpass. The design alternatives within each group differ by the type of intersection control they have. The types of intersection control used include a traditional roundabout, a signalized roundabout and traffic signals. A difference in the signalized intersections was further added by introducing one-to-three exclusive turning lanes as three different design alternatives. A brief description of each alternative and its coding (ID) are shown in Table 2. The alternatives were evaluated by TOPSIS while introducing variations in the traffic volume and the operational speeds. The best design alternative with respect to sustainability was determined alongside any existing trade-offs within the individual sustainability dimension. A sensitivity analysis was conducted by varying the weights of the sustainability dimensions and observing the changes in the final ranking.



The investigated four case studies have three traffic volume variations each. They cover the present (year 2018) traffic volume and two other volumes representing ten years back and ten years later (2008 and 2028). This ten-year period allows one to check whether the decision made based on a traffic volume in the past was justifiable and whether that design is still suitable for current and future traffic volumes or whether it might be changed to another design alternative. In addition, for Al-Ahliya and Al-Dewan roundabouts, two operational speeds were investigated. Hence, fourteen different scenarios were considered. Within each scenario, a set of fifteen different design alternatives were evaluated using the CSI tool that we had developed. Table 3 summarizes the scenarios considered for the four case studies along with the identification number of each case.




3.2. Data Collection


Data collection methods varied from using simulation models (e.g., SIDRA software), to making qualitative assessment based on a literature review, to consulting contractors, and taking direct measurements. Traffic data for the four roundabouts was obtained from the Department of Transport—Abu Dhabi. The traffic volume was taken as the A.M. peak hour (7:15–8:15) volume count on 8 December 2015. This traffic volume was interpolated by using a growth factor of 3% (which was recommended by the North California Department of Transportation (NCDOT) to use for intersections [27]) in order to get the current year traffic volume for 2018, and further interpolated to get the volumes for the years 2008 and 2028.



The quantitative indicators, which are stated next, were measured directly. For instance, the area indicator was determined using the AutoCAD software. The operational cost, fuel consumption, rate of emissions of air pollutants (CO2, NOx, CO and hydrocarbons, which are expressed in kg/h/vehicle), average speed, total passenger miles travelled (person-km/h), total travel time, and the average delay per person were determined using SIDRA V7.0 software.



The monetary value of the total hourly travel time (per vehicle) was indirectly computed by multiplying the total hourly travel time from SIDRA by the average income of UAE citizens (US $14.037/h) and the time value factor (0.4) that was recommended by the American Association of State Highway and Transportation Officials [28]. The average income was computed by dividing the Gross National Income for the UAE (at the end of 2017 this was equal to US $40,988/capita/year [29]) by the working hours determined by article 65 of the UAE Labor Law to be 8 h/day [30].



Moving on to the qualitative indicators, a ranking procedure was applied for safety and initial cost. Several studies were conducted with the intention of comparing safety among different types of intersections. The findings of these studies are summarized in Table 4. Insufficient studies were found that compare the safety of underpasses versus overpasses; however, a reasonable factor that may be considered is the effect of possible flooding on underpass-paired intersections. As such, the overpass is considered safer than an underpass design alternative for the intersections. Table 5 lists the safety ranking based on the findings of the studies summarized in Table 4.



Determination of an exact cost in the early planning stages for the design alternatives is not possible. Hence, a ranking procedure based on the authors’ experience and best judgment was conducted, resulting in the ranks provided in Table 5. The cost ranking in Table 5 was based on the assumption that the at-grade intersection alternatives have the lowest cost, the intersection alternatives with an overpass have the second highest cost since they require the building of an elevated structure, and finally the intersection alternatives with an underpass have the highest cost since they require the building of a structure with additional earth work (e.g., excavation). The ranking of the type of intersection within the three main groups was arrived at by a process of logical reasoning. A roundabout usually costs more than a signalized intersection due to the earth work and large circulating lanes area. The signalized roundabout, when compared to a regular roundabout, involves some added technology expense for the signals, hence it has a higher cost. Finally, for ranking within the signalized intersections, added lanes mean added cost.



TOPSIS analysis uses an algorithm that eliminates the effect of the different criteria units and their varying range on the sustainability evaluation. Hence, a ranking from 1 to 15 does not differ in effect when using real values. This was checked through a test run of two trials for the same scenario; one trial used ranks and the other used some estimated values for the cost. The values for all of the other criteria were the same in both trials. The final ranking of the alternatives was the same for the first five best sustainable alternatives in both trials.





4. Results and Discussion


TOPSIS analysis was carried out using Equations (1)–(9). Sustainability assessment for the different scenarios within the case studies resulted in three indices in the three dimensions of sustainability and a fourth index of the overall CSI for each design alternative. The results are presented in the form of triangular and radar graphs. Triangular graphs show the explicit dimensional trade-offs for each alternative. Radar graphs show the impacts of the design alternative on the three dimensions of sustainability while comparing several alternatives, with the ideal (best) alternative being closer to the 100% mark.



4.1. Equal Criteria Weights Scheme


The first part of the results focused on the case where the weight was distributed equally among the three main dimensions (one third each) and furthermore equalized within the criteria of each dimension. The radar graph in Figure 3a shows the four indices for the fifteen design alternatives for the Case 2A (Asharej Roundabout—2008) scenario. Figure 3b shows the final ranking of each design alternative for this scenario in a line-graph, while Figure 3c shows the sustainability trade-offs for the most sustainable design alternative, which is O-RA. Figure 3b,c show that the best design alternative (O-RA) has a tendency towards the social dimension when compared to the other design alternatives. The previous analysis was repeated for the remaining spatial and temporal scenarios of the four roundabouts. Table 6 shows the results of the sustainability assessment with the corresponding CSI values and the dimensional tendency for equal weight scheme.



As shown in Table 6, by equalizing the weights of the three aspects of sustainability and equalizing the weights within the criteria, all the scenarios have a tendency towards the social dimension. This implies that the impact on the overall CSI for the most sustainable design alternative comes from the social dimension. In other words, the most sustainable design alternative performs exceedingly well in the social dimension when compared to the other two dimensions of sustainability. This may be attributed to the fact that the design alternatives exhibit a large variation in performance with respect to the social dimension.



Moreover, the overall CSI values are relatively close to each other throughout the years and even when varying the operational speeds. However, a slight increase in the best CSI values can be noticed for the high traffic volume of 2028. Contrary to the idea that more vehicles could cause less sustainable impacts, a higher CSI value may be due to the enhanced utilization of the built facilities when higher volumes are present.




4.2. Effect of Traffic Volume and Operational Speed Variation


The effect of varying the assigned traffic volume on the different case studies has been studied while controlling the operational speed. Three different traffic volume scenarios (for years 2008, 2018 and 2028) have been generated for the four case studies of the four roundabouts. Al-Ahliya and Al-Dewan roundabouts have two extra scenarios where the operational speed was varied (80–100 km/h) while controlling for the traffic volume. The sustainability assessments for each scenario of the four case studies with traffic volume and operational speed variations are shown in Figure 4 and Figure 5, respectively.



A trend that can be noticed from the traffic volume variation in Figure 4 is that the best alternatives for the lower volumes have a paired roundabout design, while for the higher volumes, the signal paired designs with added exclusive turning lanes are more likely to be more sustainable. Moreover, the most sustainable design for all the volumes has an overpass grade-separated design, while the least sustainable designs are at-grade intersections. This may be due to the fact that the traffic volume gets separated into two sections in the overpass-alternatives, providing smoother flow of traffic. The speed variation did not have a noticeable effect on the final sustainability ranking of the design alternatives, as shown in Figure 5.




4.3. Sensitivity Analysis


The effect of varying the weight of the sustainability dimension on the ranking of the alternatives was observed for some of the case studies’ scenarios. Table 7 shows the results of the sustainability assessment with the corresponding CSI values and the dimensional tendency for the sensitivity analysis where the major weight (80%) alternates between the three main dimensions while the weights of the criteria within each dimension remain equalized.



The impact on the tendency dimension of the CSI value and rank when applying the sensitivity analysis can be clearly seen in the Al-Markhaniya Roundabout (2028) scenario. The best design alternative when equalizing the weights within the sustainability dimensions was the O-S (RT, LT, UT) alternative (Table 6). However, after assigning the majority of the weight (80%) to each sustainability dimension alternatively, the most sustainable design alternative changed correspondingly (Table 7).



When assigning the majority of the weight to the economic dimension, the best design alternative changed to the at-grade roundabout alternative. It can be seen from Figure 6a that the RA design alternative has the best performance in the economic dimension, hence it ranked as the most sustainable design when the majority of the weight was assigned to the economic dimension. The same reasoning applies when assigning 80% of the weight to the other two sustainability dimensions, as shown in Figure 6b,c. The best design alternative is the one with the best performance in the dimension with the major weight, and vice versa for the worst design alternative.



However, a different observation can be made in other scenarios (e.g., Case 1C, 2A and 4A), where the major impact of a dimension on the overall CSI may not be from the dimension that has the major weight. For instance, when alternating 80% of the weight between the three sustainability dimensions of the Case 4A (Al-Dewan Roundabout 2008) scenario (Table 7), the dimension that contributes the most to the overall CSI is the social dimension regardless of the weight-dominating dimension. Thus, the best design alternative throughout the sensitivity analysis has a tendency towards the social dimension.



However, when examining the ranks of the most sustainable alternative within each dimension while alternating the major weight, it can be seen that the dimension with the major weight ranks the highest with respect to the other alternatives even though it does not have the highest index value. This is demonstrated in Figure 7 where 80% of the weight is assigned to the environmental dimension. This implies that when implementing a sensitivity analysis in the assessment of sustainability, considering the index value alone without including the rank of the alternative may give misleading interpretations of the results. Hence, sustainability assessment is highly affected by weight assignment. The higher the weight assigned to a specific dimension of sustainability, the higher the chance that a design alternative that performs well in that dimension would be considered as the most sustainable design in the overall sustainability assessment. This finding is consistent with the findings of others [43,44].





5. Conclusions and Recommendations


A framework of road intersections’ sustainability was built after a thorough literature review. Transportation sustainability was defined and a set of intersection sustainability indicators was extracted in the economic, environmental and social dimensions. The indicators were defined from a road-user perspective and supported a macroscopic point of view. A Composite Sustainability Index (CSI) tool was developed for evaluating the sustainability of intersection design alternatives using a multi-criteria decision making (MCDM) method.



Four case studies of roundabouts in Al-Ain city, UAE were used to demonstrate the applicability of the CSI tool and at the same time explore whether the existing intersections in the city are based on considerations of sustainability. Different design alternatives for different scenarios of traffic volume and operational speed variables were generated and evaluated with respect to sustainability using the CSI tool. It was found that traffic volume had a significant effect when determining the most sustainable design alternative for an intersection, while the operational speed variable had an insignificant impact on the final ranking. The results imply that the current designs of the four case studies are not the most sustainable option. The results from ten years back show that pairing the roundabouts with an overpass would give a more sustainable performance. As for the current and future traffic volumes, adding an overpass and a conversion to a signalized intersection with exclusive turning lanes would enhance the sustainability of the intersections.



Results of the sensitivity analysis show that assigning the majority of the weight to a specific dimension tends to rank the best alternatives towards that specific dimension. This means that, when stakeholders and decision makers want to achieve some specific objectives or have certain constraints that direct their project, they should reflect such requirements in the weights of the criteria. Hence, the CSI tool can be utilized to support and enhance future strategic planning and decision-making of stakeholders by adequately comparing between a set of different intersection design alternatives while balancing between the three dimensions of sustainability. Moreover, even though the CSI tool was applied on case studies in Al-Ain city, it is applicable to assess intersection sustainability in any other region.



For future work, research should focus on: incorporating the design of a whole network of intersections in the evaluation of the transport sustainability of the region; evaluating the sustainability of roadway intersections with the number of lanes as an explicit factor; and including sustainability impacts on other stakeholders and road neighbors in addition to road-users. It should be noted that some of the main limitations of this study include the lack of comprehensive initial cost and safety data and the lack of data from other aspects than the road-user perspective.
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Figure 1. Proposed methodology framework. 
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Figure 2. Location of the roundabouts studied in Al-Ain City [24]. The top map is taken from [25]. 
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Figure 3. Sustainability assessment of the Case 2A (Asharej Roundabout—2008) scenario, (a) radar graph of CSI values, (b) dimensional trade-offs of the most sustainable design alternative, and (c) line-graph of CSI ranks. 
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Figure 4. Sustainability assessment of the four roundabouts with traffic volume variation: (a) Al-Ahliya (Case1), (b) Asharej (Case 2), (c) Al-Markhaniya (Case 3), and (d) Al-Dewan (Case 4); Group 1: at-grade intersections, Group 2: intersections with underpass, Group 3: intersections with overpass. 
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Figure 5. Sustainability assessment with operational speed variation for (a) Al-Ahliya Roundabout (2018) (Case 1B) and (b) Al-Dewan Roundabout (2018) (Case 4B). (* the original operational speed). Group 1: at-grade intersections, Group 2: intersections with underpass, Group 3: intersections with overpass. 
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Figure 6. Most sustainable design alternative for Case 3C (Al-Markhaniya Roundabout, 2028) with 80% weight variation assigned to the (a) economic, (b) environmental, and (c) social dimension. 
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Figure 7. Sustainability trade-offs for the most sustainable design alternative for the Case 4A (Al-Dewan Roundabout, 2008) scenario (rank, sub-index). 
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Table 1. Sustainable transportation indicators collected from the literature.
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	Economic Dimension
	



	Indicator
	Performance Measure/Variable
	Reference



	Operator cost
	(1) Initial cost and (2) maintenance cost
	[12,16]



	Affordability and household expenditure allocated to transport
	(1) Percent household income spent on transportation, (2) cost of parking, (3) fuel price, and (4) point-to-point travel cost
	[9,17,18,19]



	Economic efficiency
	(1) Total time spent in traffic and (2) user welfare changes
	[18]



	Promotion of economic development
	(1) Induced employment and (2) land consumed by retail/services
	[18,20]



	
	Environmental Dimension
	



	Indicator
	Performance measure/Variable
	Reference



	Energy consumption
	(1) Vehicle kilometers traveled (2) passenger kilometers traveled by public transport, (3) fuel consumption
	[12,18]



	Air pollutants
	(1) Volatile organic compounds emissions, (2) CO emissions, and (3) NOx emissions
	[12,17,21]



	GHG emissions
	(1) CO2 emissions per capita and (2) ozone emissions per capita
	[9,18]



	Noise pollution
	(1) Exposure to noise level > 65 dB, (2) traffic volume reduction (%), and (3) average speed
	[11,12,17]



	Land consumption for transport
	(1) Land use mix, (2) length of railways, main roads, cycling and walking paths, and (3) green spaces’ destruction
	[12,17]



	
	Social dimension
	



	Indicator
	Performance measure/Variable
	Reference



	Mobility
	(1) Level of service (LOS), (2) freeway/arterial congestion, (3) total vehicle-miles traveled, (4) total passenger-miles traveled, (5) travel time, and (6) average speed of private vehicles
	[4,12,17,18,19]



	Accessibility to facilities and public transport
	(1) Railway and main road length, (2) proportion of residents with public transit services within 500 m, (3) percent of children walking to school, (4) percent commuting to work via non-automobile means, (5) access to activity centers, major services and health care centers, and (6) number of accessible facilities
	[5,12,18]



	Health
	(1) Pedestrian/bicycle mode share and (2) Air Quality Index
	[9]



	Traffic safety
	(1) Fatalities and injuries of traffic accidents per capita and (2) cyclist and pedestrian fatalities per capita
	[9]



	Public satisfaction
	(1) Average travel time, (2) mode split, and (3) quality of pedestrian and bicycle environment
	[12,17,22]



	Social equity
	(1) Average income of population using transit relative to average state income and (2) equity of exposure to noise and emissions
	[9,12,18]
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Table 2. Description of the design alternatives with their corresponding coding.
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No.

	
ID

	
Intersection Type

	
Interchange Type

	
Turning Lanes a




	
RT

	
LT

	
UT






	
1

	
RA

	
Roundabout

	
-

	
√

	
-

	
-




	
2

	
SRA

	
Signalized roundabout

	
-

	
√

	
-

	
-




	
3

	
S(RT)

	
Signals

	
-

	
√

	
-

	
-




	
4

	
S(RT, LT)

	
Signals

	
-

	
√

	
√

	
-




	
5

	
S(RT, LT, UT)

	
Signals

	
-

	
√

	
√

	
√




	
6

	
U-RA

	
Roundabout

	
Underpass

	
√

	
-

	
-




	
7

	
U-SRA

	
Signalized roundabout

	
Underpass

	
√

	
-

	
-




	
8

	
U-S(RT)

	
Signals

	
Underpass

	
√

	
-

	
-




	
9

	
U-S(RT, LT)

	
Signals

	
Underpass

	
√

	
√

	
-




	
10

	
U-S(RT, LT, UT)

	
Signals

	
Underpass

	
√

	
√

	
√




	
11

	
O-RA

	
Roundabout

	
Overpass

	
√

	
-

	
-




	
12

	
O-SRA

	
Signalized roundabout

	
Overpass

	
√

	
-

	
-




	
13

	
O-S(RT)

	
Signals

	
Overpass

	
√

	
-

	
-




	
14

	
O-S(RT, LT)

	
Signals

	
Overpass

	
√

	
√

	
-




	
15

	
O-S(RT, LT, UT)

	
Signals

	
Overpass

	
√

	
√

	
√








a RT: right-turn lane, LT: left-turn lane, UT: U-turn lane.
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Table 3. Summary of the scenarios under consideration.
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Roundabout

	
Year

	
Speed (km/h)

	
Case ID






	
Al-Ahliya

	
2008

	
80

	
Case 1A




	
2018

	
80

	
Case 1B-80




	
2018

	
100

	
Case 1B-100




	
2028

	
80

	
Case 1C




	
Asharej

	
2008

	
80 a, 100 b

	
Case 2A




	
2018

	
80 a, 100 b

	
Case 2B




	
2028

	
80 a, 100 b

	
Case 2C




	
Al-Markhaniya

	
2008

	
80 c, 100 b

	
Case 3A




	
2018

	
80 c, 100 b

	
Case 3B




	
2028

	
80 c, 100 b

	
Case 3C




	
Al-Dewan

	
2008

	
80

	
Case 4A




	
2018

	
80

	
Case 4B-80




	
2018

	
100

	
Case 4B-100




	
2028

	
80

	
Case 4C








a In the arms connected to Sheik Khalifa Bin Zayed Street (138th St.); b in the arms connected to Hazzaa Bin Sultan Street (138th St.); c in the arms connected to Shakhboot Bin Sultan Street (131th St.).
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Table 4. Safety assessment based on literature review.
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	Finding
	Reference





	Roundabouts are safer than signalized intersections.
	[28,31,32,33]



	Metered/signalized roundabouts are safer than conventional roundabouts.
	[34,35]



	A metered roundabout is safer than a regular signalized intersection.
	[36]



	More exclusive lanes added in an intersection result in safer design alternatives.
	[37,38]



	Grade separated intersections are safer than at-grade intersections.
	[28,39,40,41,42]
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Table 5. Ranking of the intersection design alternatives with respect to safety and initial cost.
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	ID
	Intersection Safety
	Initial Cost





	RA
	12
	4



	SRA
	11
	5



	S(RT)
	15
	1



	S(RT, LT)
	14
	2



	S(RT, LT, UT)
	13
	3



	U-RA
	7
	14



	U-SRA
	6
	15



	U-S(RT)
	10
	11



	U-S(RT, LT)
	9
	12



	U-S(RT, LT, UT)
	8
	13



	O-RA
	2
	9



	O-SRA
	1
	10



	O-S(RT)
	5
	6



	O-S(RT, LT)
	4
	7



	O-S(RT, LT, UT)
	3
	8
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Table 6. Sustainability assessment of the case studies’ scenarios with equal weight scheme.
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	Case
	Best Design Alternative
	Best CSI (%)
	Worst CSI (%)
	Tendency Dimension (%) for Best Alternative





	Case 1A
	O-RA
	76.9
	32.6
	Social (96.4)



	Case 1B-80
	O-S(RT, LT, UT)
	72.9
	31.5
	Social (88.6)



	Case 1B-100
	O-S(RT, LT, UT)
	79.7
	30.9
	Social (88.9)



	Case 1C
	O-S(RT, LT, UT)
	91.3
	12.9
	Social (91.9)



	Case 2A
	O-RA
	75.7
	34.5
	Social (95.9)



	Case 2B
	O-RA
	75.8
	34.1
	Social (95.4)



	Case 2C
	O-S(RT, LT, UT)
	76.1
	34.1
	Social (89.7)



	Case 3A
	O-RA
	73.9
	35.9
	Social (96.0)



	Case 3B
	O-S(RT, LT, UT)
	76.0
	34.8
	Social (86.6)



	Case 3C
	O-S(RT, LT, UT)
	77.7
	35.8
	Social (90.8)



	Case 4A
	O-RA
	77.3
	32.3
	Social (95.8)



	Case 4B-80
	O-S(RT, LT, UT)
	76.6
	30.3
	Social (85.7)



	Case 4B-100
	O-S(RT, LT, UT)
	76.8
	30.3
	Social (86.1)



	Case 4C
	O-S(RT, LT, UT)
	81.3
	24.9
	Social (90.6)
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Table 7. Sustainability assessment of the case studies’ scenarios with sensitivity analysis a.
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	Case
	80% of Weight
	Best Design Alternative
	Best CSI (%)
	Worst CSI (%)
	Tendency Dimension (by CSI %)

(for Best Scenario)
	Tendency Dimension (by Rank)

(for Best Scenario)





	Case 1C
	Eco
	O-S(RT)
	75.4
	38.5
	Env (87.6)
	Eco and Env (2)



	Case 1C
	Env
	O-S(RT)
	84.9
	15.9
	Env (87.6)
	Eco and Env (2)



	Case 1C
	Soc
	O-S(RT, LT, UT)
	91.3
	12.9
	Soc (91.9)
	Soc (1)



	Case 2A
	Eco
	O-S(RT, LT, UT)
	69.0
	43.6
	Soc (86.2)
	Eco (2)



	Case 2A
	Env
	O-S(RT, LT, UT)
	70.6
	27.4
	Soc (86.2)
	Eco (2)



	Case 2A
	Soc
	O-RA
	93.4
	7.6
	Soc (95.4)
	Soc (1)



	Case 3C
	Eco
	RA
	83.0
	47.2
	Eco (84.2)
	Eco (1)



	Case 3C
	Env
	O-S(RT)
	78.5
	28.6
	Env (90.8)
	Env (1)



	Case 3C
	Soc
	O-SRA
	93.1
	8.1
	Soc (96.1)
	Soc (1)



	Case 4A
	Eco
	O-RA
	70.8
	43.1
	Soc (95.8)
	Eco and Soc (1)



	Case 4A
	Env
	O-S(RT, LT, UT)
	71.8
	35.5
	Soc (83.6)
	Env (1)



	Case 4A
	Soc
	O-RA
	93.9
	7.1
	Soc (95.8)
	Eco and Soc (1)







a Eco: economic dimension, Env: environmental dimension, Soc: social dimension.
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