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Abstract

:

Due to insufficient funds to implement all candidate road infrastructure projects, there is a need to efficiently utilize available funds and select candidate projects that maximize performance criteria decision-makers. This paper proposes an incremental benefit–cost analysis (IBCA) framework to prioritize low-volume road (LVR) projects that maximize road network accessibility considering project cost and network accessibility requirements. The study results show that the accessibility benefits of road projects depend not only on their cost requirements but also on their spatial locations in the network that affect their network-level accessibility benefits per unit cost of investment. Additionally, the number of disrupted LVR links cannot fully determine the degree of change in network accessibility. The framework enables decision-makers to consider project cost requirements and the accessibility-related impacts of LVR projects, maximize economic benefits, and ensure the sustainability of the LVR network performance.
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1. Introduction


In addition to other benefits, transportation infrastructure projects should be able to maximize the accessibility of the infrastructure network so that the mobility of system users is optimized [1]. One of the effects of road infrastructure investment is to increase network accessibility [2]. Network accessibility consideration in infrastructure project selection is useful for evaluating the overall transportation system’s effectiveness and addressing spatial inequality issues [3,4]. However, infrastructure investment decisions rarely consider the impact of project selection and prioritization on transportation networks’ accessibility performance [1].



Investment decisions often look for optimal solutions for complex problems [5]. In the context of transportation investments, decisions are based on solving corridor-level transportation problems associated with traffic congestion, air pollution, or travel time reduction [6,7]. These corridor-level decisions may bring unwanted impacts on network accessibility. For example, those decisions may not consider the importance of individual road sections in maximizing network accessibility, which plays a significant role during network disruptions due to human-made or natural disasters. The significance of a given road section in terms of network accessibility especially becomes very significant in cases of sparse networks with a lower level of connectivity among road links.



Evaluation criteria used in the past for making investment decision on proposed projects or appraising past projects include travel time, vehicle operating cost, safety, and economic efficiency [8,9,10,11,12,13,14,15,16]. Other criteria have been used to assess the impacts of transportation projects on land use, the social and biological environments, economic development, asset resilience [10,17], aesthetics, air quality, water resources, and noise [18,19,20,21,22,23,24,25]. The literature also shows that a combination of these criteria has been used to prioritize various investment alternatives [26,27,28,29,30,31,32].



The investment decision criteria described in the previous paragraph do not directly consider infrastructure projects’ impacts on roadway sections’ network-level accessibility. Additionally, they do not assess the cost-effectiveness of the investment in maximizing accessibility at the network level. The network-level accessibility benefits and project costs, mainly the incremental accessibility benefits of higher-cost projects, were not considered using suitable methodologies such as the incremental benefit–cost analysis technique proposed in this study.



Various performance measures were used in the literature to characterize road infrastructure performance and prioritize transportation projects. Chandran et al. [33] prioritized transportation projects using the pavement condition index (PCI) and the pavement condition rating technique. While these techniques are beneficial, they do not consider the relative importance of higher cost projects to the network accessibility. Gokey et al. [34] used various factors such as bridge performance influencing factors such as traffic volume, detour length, etc., to prioritize bridge projects but did not assess the projects’ contribution to network accessibility per unit cost of investment. Sinha and Labi [31] recommended using mobility performance measures in prioritizing infrastructure projects to accommodate system users’ preferences but did not propose a relevant framework. Straehl and Schintler [35] provided general project selection criteria to prioritize rural road projects. However, their approaches did not include the impact of each project on the network accessibility performance.



The World Bank’s rural accessibility index (RAI) measures the proportion of rural communities that live within 2 km (i.e., approximately within 20 to 25 min of walking) from an all-season road and aids in prioritizing road projects in developing countries [36]. The RAI could be even more beneficial if it incorporated each road project’s impact on the entire rural road network’s accessibility level. The Southeast Michigan Council of Governments prioritizes road infrastructure projects using various performance measures (PMs) that consider congestion duration, pavement condition, bridge condition, fatalities, etc. [37]. However, their PMs list does not incorporate each road or bridge’s contribution to the network accessibility. The Divisions of Transportation in Norfolk, Virginia, identified, evaluated, and prioritized projects on the city’s intersections and corridors considering PMs related to safety and congestion [38] but did not address how each road project could affect the accessibility performance of the city’s network.



In their case study, Galvan and Agarwal [39] demonstrated the importance of community-based centrality measures such as intra-community and inter-community centralities in identifying critical network elements. However, they identified the critical network elements based solely on their benefits to network efficiency without considering the criticality of network elements per unit cost of investment. Bell [40] considered the cost of traversing a link in the network as a performance measure. Forkenbrock and Weisbrod [10] developed a framework for a network-level and local-level accessibility measurement. They suggested the following accessibility measures: a change in travel time, change in travel costs, and change in the number of choices in terms of the number of reachable destinations with a given criterion such as travel time. Cambridge Systematics [26] and Sinha and Labi [31] suggested average origin–destination travel time and average trip length as accessibility performance measures for passenger and freight travel. Karlaftis and Kepaptsoglou [41] referred to travel time and hours of congestion delay as accessibility performance measures. Novak et al. [42] developed a network-level performance metric called the network trip robustness (NTR) that incorporates the network-level travel time and the number of origin–destination trips. Sullivan et al. [43] used network-level travel time as a performance measure in their metric called the network robustness index (NRI). The NRI was used by Scott et al. [44] to evaluate the impact of a roadway section on the network-level travel time. Ismaeel and Zayed [45] developed an integrated assessment model for the water networks’ performance, considering such factors as the importance of network components to the network performance to identify vulnerable network components and make informed network improvement decisions. Adarkwa et al. [46] used the structure conditions of bridges as a performance measure to predict the bridges’ network-level performance.



In general, the literature shows that various network performance measures were used to prioritize infrastructure investments by considering the investments’ corridor-level or network-level impacts. However, the network-level accessibility benefits and project costs, mainly the incremental accessibility benefits of higher-cost projects, were not considered using suitable methodologies such as an incremental benefit–cost analysis technique proposed in this study.



Benefit–cost analysis (BCA) is widely used to evaluate transportation projects [47,48]. It has been used to rank transportation projects using criteria such as statistical methods, either for an ex post facto or ex-ante evaluation [49] to identify the interdependence of infrastructure projects for their degree of benefits to the infrastructure network [50], to optimize weather stations’ locations for improving road weather information systems (RWIS) performance [51], to determine optimal road infrastructure construction and maintenance timing [52], and to analyze robotic systems’ productivity across multiple construction sites [53].



Li and Madanu [54] developed a method incorporating a project-level life-cycle BCA methodology under certainty, uncertainty, or risk scenarios. Labi and Sinha [55] evaluated the cost-effectiveness of various asphalt pavement treatment strategies considering agency and user costs associated with each treatment strategy. Odeck and Kjerkreit [56] conducted ex-post BCA of transportation projects to evaluate how the project objectives were met by comparing their ex-post and ex-ant BCA results. Manzo and Salling [57] incorporated a conventional life-cycle assessment technique into a BCA technique to consider infrastructure projects’ indirect impacts. Batarce et al. [58] investigated the effect of vehicle occupancy on BCA using the concept of utility to quantify user benefits and various travel-related costs. Ito and Managi [59] used the BCA procedure to justify the economic importance of using fuel cell vehicles (FCVs) and all-electric vehicles (EVs). Yen et al. [60] employed the BCA method to evaluate the benefit of utilizing the mobile terrestrial laser scanning (MTLS) technology in geospatial data collection.



Ikpe et al. [61] used the BCA technique to evaluate the benefit of proper management of health and safety in the construction industry. Myers and Najafi [62] used the BCA technique to assess the importance of having performance bonds. Berechman and Paaswell [63] conducted a BCA to evaluate transportation investment in New York City, considering the number of riders and travel time savings such as benefits and capital, operating, and maintenance costs. Proost et al. [64] used the BCA procedure to evaluate the economic justification of selecting projects in the Trans-European transportation network. West and Borjesson [65] use a BCA methodology to assess the economic benefit of congestion charges considering its social benefits.



The paper’s main objective is to present an incremental benefit–cost analysis (IBCA) methodology considering network accessibility benefits and project cost. Investment decision-makers and transportation planners could apply the framework to appraise projects and policies and prioritize infrastructure investments considering network accessibility and project cost requirements. The paper uses a case study on low-volume roads (LVRs) to demonstrate how agencies can apply the framework to assess infrastructure projects’ contribution to maximizing network accessibility per unit cost of investment. The case study considers LVR networks that operate under normal conditions and various network disruption scenarios caused by natural or human-made events.




2. Framework


The study framework is given in Figure 1. The general steps of the framework include road network development, project identification, network performance measure development, and incremental benefit–cost analysis (IBCA). The first step is to delineate the study area to identify the LVR network and the locations of candidate low-volume road (LVR) projects. In general, the LVR network should be within the jurisdiction on which decision-makers can make infrastructure investment decisions. Next, the LVR network topology is developed and its nodes and links labeled for easy identification. The nodes may represent road intersections, rural cities, etc., in the LVR network. Appropriate parameters (such as link length or link travel time) could be used to take into account the cost of traversing each road link. The next step is to identify candidate LVR projects that will be considered in the prioritization process. Both single and bundle projects should be considered because the LVR network accessibility may depend both on the costs of the of LVR projects and their spatial locations in the LVR network. Then, the costs of single and bundle projects are determined as they are among the inputs in the incremental benefit–cost analysis. Next, the network accessibility performance measure is developed. Then, a suitable network accessibility performance is determined. Finally, the IBCA procedure is applied considering the various project alternatives to select the best LVR project.



Various definitions and applications of the term accessibility exist in the literature [66,67,68]. Therefore, the selection of accessibility measures depends on the accessibility-related problems that needs to be addressed [69,70]. Transportation-related accessibility measures are often developed using the distance traveled or the time it takes to reach destinations [71]. As the daily traffic volume in low-volume roads (LVRs) is very low (less than 400 vehicles) [72], it is not necessarily appropriate to prioritize and implement LVR projects based on such factors as traffic congestion as system performance measures because the LVR networks operate under capacity under normal conditions [1]. Therefore, this study uses the network-level travel time as the LVR network accessibility measure. Equation (1) shows the network accessibility metric used to determine the network accessibility performance of LVR networks due to the implementation of single or bundle LVR projects.


  N A =    (    ∑   i = 1  n    ∑   j = 1  n   t  i j    )    − 1    



(1)




where NA = network accessibility; tij = travel time between nodes i and j in the network.



The benefit associated with a project or project bundle due to the change in network accessibility should be monetized to use the developed framework. However, it is very difficult to estimate the value of travel time. Hence, the unit travel time value is often established by transportation agencies [31]. These travel time values are updated using consumer price indices to take into account the time value of money. This study used the average values of travel time in the U.S. The average value of the unit travel time considering all vehicle classes (i.e., small automobiles, medium-sized automobiles, multiple classes of trucks) is used to demonstrate the developed framework. The unit travel time’s average value is calculated to be $18.9/h (in 2005 dollars). The unit travel time value is then converted into 2019 dollars using Equation (2).


TTVx = TTVy ∗ (CPIx/CPIy)



(2)




where TTVx = travel time value in year x (in dollars); TTVy = travel time value in year y (in dollars); CPIx = consumer price index in year x; and CPIy = consumer price index in year y.



The average consumer price indices for 2005 and 2019 were $195.30 and $254.95, respectively [73]. The value of the travel time calculated using Equation (2) is $24.67/h (in 2019 dollars).



Incremental benefit–cost analysis (IBCA) procedure can be used to compare various public projects [74], such as road infrastructure projects considered in this study. First, the total cost and the total benefit associated with each candidate project or project bundle is determined. Then, the benefit/cost ratio (BCR) of each candidate project or project bundle is calculated. If we suppose the BCR of a project or project bundle is less than 1.0, then the project or project bundle is eliminated from the analysis because the project is considered not worth implementing when compared to the do-nothing alternative. On the other hand, if the BCR ≥ 1.0, the candidate project or project bundle is considered in the further IBCA analysis.



Once all candidate projects and project bundles with BCR ≥ 1.0 are identified, the IBCA procedure requires ranking of candidate projects and project bundles based on their total project cost, beginning with the lowest cost. The ranking of projects based on their total cost is crucial in the IBCA procedure to conduct a pair-wise comparison between the lowest and the higher cost candidate projects. Additionally, it helps to check if the incremental cost due to the higher cost alternatives is justified based on the attained incremental benefit–cost value. The incremental costs and incremental benefits between the first and the second lower-cost candidate projects are calculated using Equations (3) and (4).


  ∆ C = T  C 2  − T  C 1   



(3)






  ∆ B = T  B 2  − T  B 1   



(4)




where ∆C = incremental cost (∆C) (in dollars); TC2 = the total cost of the second lower-cost candidate project (in dollars); TC1 = the total cost of the first lower-cost candidate project (in dollars); ∆B = incremental benefit (∆B) (in dollars); TB2 = the unit network-level benefit of the second lower-cost candidate project (in dollars); TB1 = the unit network-level benefit of the second lower-cost candidate project (in dollars). Then, the incremental benefit–cost ratio,   ∆ B / ∆ C  , is determined. If   ∆ B / ∆ C   ≥ 1.0  , the first lower-cost candidate project is eliminated, and the second lower-cost project is considered for further pair-wise comparison. This procedure is repeated, for the remaining candidate projects. At the end of the IBCA procedure, only one candidate project (a single project or project bundle) comes out as a winner and is recommended for implementation. In general, the incremental benefit/cost analysis (IBCA) of mutually exclusive projects aims to select a project or a bundle of projects that maximize the IBCA value.



The network-level benefit due to a project or project bundle is computed using Equation (5).


NLBX = (NABN − NAX) ∗ TTV



(5)




where NLBX = the network-level benefit due to a project or project bundle x (in dollars); NABN = network accessibility of the base network (in hours); NAX = network accessibility due to implementation of a project or project bundle x (in hours); TTV = travel time value per hour ($/h). As explained above, the travel time value is calculated to be $24.67/h (in 2019 dollars).



After determning the the network accessibility values of the LVR networks using Equation (1), Equaton (6) is used to calculate the percent change in network accessibility (i.e., the benefits) due to each single or bundle LVR project.


  P N  A x  =  (    N  A x  − N  A  B N     N  A  B N      )    ×   100    



(6)




where PNAx = percent change or the benefit in network accessibility due to an LVR project x; NABN = network accessibility of the base network; NAx = network accessibility of the network with LVR project x implemented.




3. Case Study


The developed framework was demonstrated using a low-volume road (LVR) network shown in Figure 2 [75]. The case study LVR network has 17 nodes and 24 links. The nodes may represent intersections, rural cities, distribution centers, etc., in the LVR network, depending on scope of the analysis. The numbers shown on each link represent the impedance of the link, measured by travel time in hours. The dotted lines in Figure 2 represent candidate LVR Projects A, B, C, and D with travel times (in hours) of 0.7, 1.4, 0.6, and 1.9, respectively.



The IBCA framework requires project costs as one of the inputs. The cost of constructing a new two-lane low-volume road (such as rural road) can vary between $2 million and $3 million per mile [76], representing cost variations that exist in real-world applications due to differences in highway classes that affect pavement design requirements, spatial locations, etc. [76]. Therefore, the IBCA framework is demonstrated, assuming that candidate projects will cost $2.5 million per mile. Table 1 shows the total project cost of the candidate LVR projects and project bundles. It is important to note that there exist other types of transportation costs associated with each project or project bundle that should be included in the IBCA procedure whenever data are available. These costs include agency costs, user costs, and community costs [31,77]. In this study, it is also assumed that the total cost of two or more projects is equal to the sum of the individual project costs due to lack of sufficient data. For example, as shown in Table 1, the cost of project bundle AB is equal to the sum of the costs of project A and B (i.e., $1.75 M + $2.5 M = $4.2 M). However, in real world situations, the cost of project bundles may be less than the sum of the individual projects forming the bundle due to existence of economies of scale [1]. Therefore, whenever data availability permits, it is useful to consider the impact of project bundling in the overall project cost in the IBCA framework.




4. Results


4.1. Selection of the Best LVR Project


Table 2 shows the benefit–cost ratio (BCR) values of the single or bundle projects and the corresponding LVR network. These BCR values were used in the IBCA procedure shown in Table 3. Then, the best project or project bundle was selected among all individual LVR projects (i.e., projects A, B, C, or D) or their project bundles.



Table 3 presents results of the pair-wise comparison of the LVR network developed considering the candidate LVR projects. The first row shows ranking of networks based on the total cost requirement of the candidate projects. For example, the total cost of Project C is the lowest among all single or bundle projects and hence was listed first. The first column lists pairs of networks to be compared and the second column shows the corresponding incremental benefit–cost ratio (BCR) ratio values. For example, the incremental BCR value when the network BN+C is compared with the do-nothing (DN) alternative is 746.9, which is greater than 1, implying that candidate Project C is preferred to the DN alternative. In Step 2, the next higher cost alternative, BN+A, is compared to BN+C, the winner of the pair-wise comparison in Step 1. In Step 2, the higher cost alternative, BN+A, is eliminated because the incremental BCR value is less than 1.0, implying that the additional investment cost due to candidate Project A cannot be justified. In all other steps, similar procedure of LVR network selection and elimination is followed. At the last step, Step 14, it is shown that the incremental BCR value is less than 1.0, indicating that the network BN+ACD is the best network among all networks in terms of maximizing network accessibility benefits. Therefore, the corresponding candidate Project Bundle ACD is selected for implementation.



The results shown in Table 3 generally show that it is not trivial to select the best candidate LVR project without applying the ICBA procedure. For example, one can expect that the simultaneous implementation of all the LVR projects (i.e., A, B, C, and D) could bring the highest network accessibility benefits. However, the results show that this is not necessarily the case because, as shown in Table 3, Project Bundle ACD is preferred to Project Bundle ABCD.




4.2. Disruption-Induced Change in Network Accessibility


In this study, the impact of network disruption events (such as flooding, earthquakes, traffic accidents, etc.) on the network accessibility of LVR networks was evaluated considering various network disruption scenarios. A Monte Carlo simulation program was written in Python [78] to simulate the network disruption events and identify network links or nodes likely to be affected by the network disruption event. Table 4 shows network disruption simulation results for BN+AC and BN+BCD networks considering two-link, four-link, and six-link disruption scenarios. For example, for Scenario 1 (i.e., the two-link disruption scenario), the disrupted links in the case of BN+AC network after 107 simulation cycles were links 13–16 and 8–13. The spatial locations the links is shown in Figure 2.



Figure 3 shows the results of the percent change in network accessibility due to various link disruption scenarios. The results show that, as the number of disrupted links increases, there could be an increase in percent reduction in network accessibility. For example, in the case of the four-link disruption scenario, the percent reduction in network accessibility of the BN+AC network is 0.24%, whereas, in the case of a six-link disruption scenario, the network’s percent reduction in network accessibility is 0.30%. A similar observation can be made for the case of BN+BCD.



The results also show that the implementation of more LVR projects could help minimize the percent reduction in network accessibility regardless of the number of link disruption. For example, considering a four-link disruption scenario, the BN+BCD’s percent reduction in network accessibility is only 0.01%, whereas that of BN+AC is 0.24%. A similar observation can be made for the cases of two-link and six-link disruption scenarios.



In some cases, the network accessibility could be improved after the occurrence of network disruption events. For example, the LVR network BN+BCD has shown a 0.01% increase in network accessibility after a two-link disruption event occurred, indicating that transportation decision-makers could consider LVR projects as one of the many options to mitigate the degradation in network accessibility due to network disruption events at planning stage.




4.3. Selection of LVR Projects Considering Network Disruption Scenarios


Table 5 shows selected LVR projects based on the IBCA procedure considering two-link, four-link, and six-link network disruption scenarios. As shown in the table, the best performing networks according to the IBCA procedure are BN+AD, BN+AC, and BN+ACD, respectively. Therefore, Project Bundles AD, AC, and ACD should be implemented in the case of two-link, four-link, and six-link disruption scenarios, respectively.



These results indicate that the selection of LVR projects or project bundles may depend on the level of disruption events (i.e., how many links are expected to be disrupted based on the severity level of the disruption event). The results also show that project bundles containing LVR Project A are preferred for the three disruption scenarios considered in the study, implying that some LVR projects are very vital for maximizing LVR network resilience after the occurrence of network disruption events that degrade network accessibility performance regardless of the level of investment made in improving the network accessibility. The vitality of the LVR projects could be attributed to their spatial locations in the network that help improve accessibility by reducing the overall travel time required to travel among nodes (counties, cities, states, etc.) in the network.



It is interesting to see from results shown in Table 5 that the implementation of all the LVR projects (i.e., Project Bundle ABCD) may not be useful to maximize the LVR network performance based on the IBCA procedure. Therefore, transportation investment decision-makers should use the proposed IBCA procedure to identify those LVR projects that need not be implemented to maintain network accessibility after an expected network disruption scenario. That way, the decision-makers could reduce investment costs and ensure the availability of funds for future LVR network improvement to maximize network accessibility resilience in areas where disruption events often occur.





5. Discussion


The results of this study provide valuable information for transportation and infrastructure investment decision-makers that plan to maximize the LVR network accessibility by investing economically. By implementing the IBCA procedure, the decision-makers can identify which single or bundle projects should be implemented to improve the accessibility of the LVR network at network-level. Additionally, transportation investment decision-makers could avoid implementing a large number of projects (and hence saving investment costs) to achieve the same level of accessibility that could be attained by implementing a single or a small number of projects.



Network disruption scenarios could severely damage an LVR network, causing significant degradation in the accessibility of the LVR network. However, transportation investment decision-makers have options of developing mitigation strategies at planning stages by conducting network disruption scenarios and identifying a single or a bundle of LVR projects. That is, the decision-makers could ensure the LVR network’s resilience to degradation in accessibility level, and, in some cases, they could improve the accessibility level, depending on the contribution of the selected LVR project or project bundles to the network accessibility.



Previous studies did not develop a framework that incorporates the incremental accessibility benefits of higher-cost LVR projects in the project prioritization procedure. In addition, they did not extensively consider the impact of simultaneous implementation of multiple LVR projects on network accessibility benefits per unit cost of investment. This study could help researchers and decision-makers consider the IBCA procedure developed in this study and incorporate other parameters of interest when required.



The IBCA procedure developed in this study is especially beneficial currently because, as noted in [79], there are insufficient funds to implement infrastructure projects. This study’s findings generally indicate that extensive analysis of single and bundle LVR projects is essential to maximize network accessibility benefits and ensure sustainability of LVR network performance by effectively utilizing available infrastructure funds. A framework, such as the one developed in this study, is beneficial to serve this purpose.



Future research could expand the IBCA framework, considering other infrastructure-related costs such as user, community, and environmental costs (such as air pollution and noise pollution costs) to ensure the sustainability of infrastructure performance. Future research could also improve the IBCA framework by incorporating the concept of economies of scale related to candidate LVR projects to help realize the sustainability of infrastructure funding and maximize LVR network accessibility benefits. Future research could also utilize the IBCA procedure to evaluate LVR project selection outcomes with respect to network accessibility benefits per unit cost of investment at the post-implementation stage, the during-implementation stage (for example, when planning network-wide construction activities that force complete link closure), or the pre-implementation stage (i.e., at planning stage) of LVR projects.




6. Conclusions


The research results show that low-volume road (LVR) projects’ accessibility benefits depend on their relative spatial location in the network and their total project cost, suggesting the importance of the developed IBCA framework to capture such spatial effects and maximize the sustainability of LVR network performance. LVR projects are useful for ensuring the sustainability of network accessibility performance not only during normal operating conditions but also after the occurrence of network disruption events (such as flooding, earthquakes, etc.) that degrade the LVR network accessibility performance.



The IBCA framework is particularly useful for investment decision-makers to justify selecting a higher-cost project that may play a significant role in the degree of accessibility of an LVR network. The proposed framework helps to maximize the accessibility-related economic benefits of road infrastructure investments and ensure the sustainability of LVR network performance.
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Figure 1. Study framework. 
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Figure 2. Case study network [75]. 
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Figure 3. Percent change in network accessibility considering link disruption scenarios. 






Figure 3. Percent change in network accessibility considering link disruption scenarios.



[image: Sustainability 13 13434 g003]







[image: Table] 





Table 1. Total project cost of LVR projects.
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	Project ID 1
	Length (Mile)
	Total Project Cost ($M) 2





	A
	0.70
	1.75



	B
	0.98
	2.45



	C
	0.50
	1.25



	D
	1.96
	4.90



	A-B
	1.68
	4.20



	A-C
	1.20
	3.00



	A-D
	2.66
	6.65



	B-C
	1.48
	3.70



	B-D
	2.94
	7.35



	C-D
	2.46
	6.15



	A-B-C
	2.18
	5.45



	A-B-D
	3.64
	9.10



	A-C-D
	3.16
	7.90



	B-C-D
	3.44
	8.60



	A-B-C-D
	4.14
	10.35







1 Project ID represents single or bundle projects. 2 An average cost of $2.5 million per mile was considered [76].
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Table 2. Benefit–cost ratio of LVR projects.
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	Project ID 1
	Network Notation 2
	Benefit–cost Ratio (BCR)





	A
	BN+A
	7.4



	B
	BN+B
	232.9



	C
	BN+C
	456.4



	D
	BN+D
	190.5



	A-B
	BN+AB
	222.3



	A-C
	BN+AC
	384.7



	A-D
	BN+AD
	226.2



	B-C
	BN+BC
	441.6



	B-D
	BN+BD
	231.1



	C-D
	BN+CD
	369.0



	A-B-C
	BN+ABC
	471.1



	A-B-D
	BN+ABD
	285.0



	A-C-D
	BN+ACD
	375.9



	B-C-D
	BN+BCD
	345.3



	A-B-C-D
	BN+ABCD
	210.5







1 represents single or bundle projects. 2 Notation example: BN+X represents LVR network with implementation of LVR project X.













[image: Table] 





Table 3. Pair-wise comparison of LVR networks.
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	Step
	Networks Compared
	∆B/∆C 1
	DN 2
	BN+C
	BN+A
	BN+B
	BN+AC
	BN+BC
	BN+AB
	BN+D
	BN+ABC
	BN+CD
	BN+AD
	BN+ACD
	BN+BCD
	BN+ABD
	BN+ABCD





	1
	BN+C vs. DN
	746.9
	✗ 3
	✓ 4
	
	
	
	
	
	
	
	
	
	
	
	
	



	2
	BN+A vs. BN+C
	−726.1
	
	✓
	✗
	
	
	
	
	
	
	
	
	
	
	
	



	3
	BN+B vs. BN+C
	−767.2
	
	✓
	
	✗
	
	
	
	
	
	
	
	
	
	
	



	4
	BN+AC vs. BN+C
	126.0
	
	✗
	
	
	✓
	
	
	
	
	
	
	
	
	
	



	5
	BN+BC vs. BN+AC
	−314.9
	
	
	
	
	✓
	✗
	
	
	
	
	
	
	
	
	



	6
	BN+AB vs. BN+AC
	−486.2
	
	
	
	
	✓
	
	✗
	
	
	
	
	
	
	
	



	7
	BN+D vs. BN+AC
	252.5
	
	
	
	
	✗
	
	
	✓
	
	
	
	
	
	
	



	8
	BN+ABC vs. BN+D
	−235.8
	
	
	
	
	
	
	
	✓
	✗
	
	
	
	
	
	



	9
	BN+CD vs. BN+D
	746.9
	
	
	
	
	
	
	
	✗
	
	✓
	
	
	
	
	



	10
	BN+AD vs. BN+CD
	−778.0
	
	
	
	
	
	
	
	
	
	✓
	✗
	
	
	
	



	11
	BN+ACD vs. BN+CD
	229.7
	
	
	
	
	
	
	
	
	
	✗
	
	✓
	
	
	



	12
	BN+BCD vs. BN+ACD
	−537.2
	
	
	
	
	
	
	
	
	
	
	
	✓
	✗
	
	



	13
	BN+ABD vs. BN+ACD
	−583.5
	
	
	
	
	
	
	
	
	
	
	
	✓
	
	✗
	



	14
	BN+ABCD vs. BN+ACD
	0
	
	
	
	
	
	
	
	
	
	
	
	✓
	
	
	✗







1 incremental benefit divided by incremental cost. 2 do-nothing alternative. 3 represents that the network alternative is eliminated at a given comparison step. 4 represents that the network alternative is selected at a given comparison step. Notation: BN+X = Base network with implementation of single or bundle project X. For example, BN+ A represents an LVR network with the implementation of the LVR project A.
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Table 4. Network disruption simulation results.
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Network

	
Disrupted Links (107 Simulation Cycles)




	
Scenario 1

	
Scenario 2

	
Scenario 3






	
BN+AC

	
13–16, 8–13

	
11–12, 12–14, 14–15, 7–16

	
12–14, 11–13, 4–5, 6–9, 8–13, 9–11




	
BN+BCD

	
10–12, 7–8

	
1–2, 11–12, 5–6, 6–9

	
1–2, 11–12, 11–13, 6–9, 5–8, 7–8








Notation: BN+XY = LVR network with the implementation of projects X and Y.
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Table 5. Results of prioritization of LVR projects based on the IBCA procedure and considering network disruption events.
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	Type of Disruption Scenario
	Selected Network
	Selected LVR Project or

Project Bundle





	Two-link disruption
	BN+AD
	AD



	Four-link disruption
	BN+AC
	AC



	Six-link disruption
	BN+ACD
	ACD







Notation: BN+XY = LVR network with the implementation of Projects X and Y.
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