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Abstract

:

Amidst sudden and unprecedented increases in the severity and frequency of climate-change-induced natural disasters, building critical infrastructure resilience has become a prominent policy issue globally for reducing disaster risks. Sustainable measures and procedures to strengthen preparedness, response, and recovery of infrastructures are urgently needed, but the standard for measuring such resilient elements has yet to be consensually developed. This study was undertaken with an aim to quantitatively measure transportation infrastructure robustness, a proactive dimension of resilience capacities and capabilities to withstand disasters; in this case, floods. A four-stage analytical framework was empirically implemented: (1) specifying the system and disturbance (i.e., road network and flood risks in Chiang Mai, Thailand), (2) illustrating the system response using the damaged area as a function of floodwater levels and protection measures, (3) determining recovery thresholds based on land use and system functionality, and (4) quantifying robustness through the application of edge- and node-betweenness centrality models. Various quantifiable indicators of transportation robustness can be revealed; not only flood-damaged areas commonly considered in flood-risk management and spatial planning, but also the numbers of affected traffic links, nodes, and cars are highly valuable for transportation planning in achieving sustainable flood-resilient transportation systems.
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1. Introduction


Floods, the most frequent natural disasters, have been considerably increasing in frequency and severity over recent decades [1]. Flooding has a significant impact on human well-being and ecosystem function. Flood impacts vary depending on a variety of factors: length, depth, size, and velocity, as well as the risks and significance of the environment affected by situation and structure. Floods can take a few days or longer to affect people, communities, society, finances, and the natural environment. There are two types of losses from floods: direct and indirect. Direct losses are from contact with floodwater related to buildings, harvests, farm animals, cars, transportation, lives and injuries, loss of souvenirs, harm to cultural or heritage sites, and biological destruction. It has been evident that at least one-third of all losses due to natural forces worldwide are caused by floods [2]. Indirect losses are due to floodwater related to the loss of added value in businesses and disruption of industry, ecological loss, and disruption of transportation. Indirect losses also are the loss of added value in trade and business interruption, the legal costs associated with lawsuits, stress and anxiety, disruption to life, loss of community, loss of ecological resources, and disruption of transportation [3,4].



There are four types of flood in general: (1) local floods, which occur during the rainy season due to heavy rainfall; (2) riverine floods, which are caused by extensive flooding and prolonged flooding; (3) coastal floods, which are caused by sea levels rising above normal; and (4) flash floods, which are caused by the accumulation and runoff drainage of rainfall from upstream mountains. Flash floods are the most severe, and local floods have the least impact. When flooding occurs, all types of floods will impact the economy, the health system, and the transportation system. In Thailand, for example, the monsoon season typically takes place from July to October. River floods and flash floods can occur nearly every year throughout the northern and central region along the Ping and Chao Phraya river basins, covering almost one-third of the country. In July and August 2011, this part of Thailand unfortunately encountered the worst flood in half a century. The heavier-than-usual amount of rainfall was not the only factor responsible for this. It was reported that, as influenced by the lack of coordinated flood management and information supported, the local governmental agencies faced difficulties in their decision-making on mitigation during flooding situations and how to handle transportation [5].



Transportation-infrastructure systems, as one of the key critical infrastructures, are central for functioning economic progression and urban growth. The physical components within the systems include infrastructure (i.e., guideways, terminals, and stations), vehicles, equipment, fuel, power systems, and control–communications–location systems [6]. During floods, all these elements can be directly or indirectly damaged. Damaged transportation roadway networks during flood events can retard economic growth due to the inability of logistic trade. Humanitarian logistics and disaster-relief supply-chain operations can be severely hindered, leading to more human suffering and death. It has also been mentioned that transportation networks are among the most important types of infrastructure systems [7].



Despite that, there has currently been no direct way to measure the robustness of transportation, a proactive dimension of the resilience capacities and capabilities of transportation systems to withstand natural disasters. It is therefore difficult to improve the robustness in the absence of standardized measuring approaches [8]. As a general standard for selecting or prioritizing measures to diminish flood risks, several critical decision criteria need to be considered, including the cost-effectiveness of the measurement, the ratio between functioning and preservation costs, and the reduction in expected flood risk.



Although it has been very common to quantify and express flood risk using a single number, such an approach is rather incapable of certainly specifying how severe the flood impact will be and when flooding will occur. De Bruijn [9] investigated the flood-risk predictions from a system perspective by adopting a comparative approach to explore the concept of resilience and study how low-lying river systems respond to river-water discharge. De Brujin [9] suggested that the system’s approach may expand the scope of the flood-risk-mitigation measures considered, as system dynamics are better understood. Moreover, to measure flood risks and robustness of the systems, different interpretations can be found. Some studies regard robustness as flexibility, while others associate it with the strength to endure changes [10]. Without any universally consensual description and interpretation, there is likely to be a threat of miscommunication between stakeholders. Mens et al. [11] proposed the concept of strength or robustness in flood-risk management. It is expected that analysis of the robustness of the flood risk system will help to understand the differences in the effects of flooding.



Due to the lack of a standard approach to assess the readiness of flood-risk management and efficiency of transportation infrastructure during flood events, this study developed a framework for analyzing the robustness of systems, especially the flood risk systems. The framework is based on a set of theories describing system behavior, critical aspects of system behavior, and a set of indicators to evaluate these characteristics. The scope of this study was conducted in a research field of local flooding and its impact empirically based on the transportation system in Chiang Mai, the largest city in the northern part of Thailand, one of the most flood-prone Southeast Asian countries. We have employed this framework for a flood-risk system to identify the areas at risk of flooding and to prepare flood-risk maps for developing flood-risk-management plans.




2. Literature Review


2.1. Flood-Risk Systems


A flood-risk system can be demonstrated by a geographic zone along a river that is prone to flooding. The system consists of socioeconomic and social components, and biophysical subsystems such as soil, water, plants, and animals, as well as upgrading flood-prone areas and natural elements to control flood risks, such as dams. The socioeconomic subsystem also consists of the financial situation of the area, the economic value of land use, and the economic connection to other areas. It also includes people living in flood-prone areas [1]. Sea storms, waves in river-water reservoirs, or heavy rainfall can cause flash flooding from time to time, most of which are unlikely to cause significant damage and death. In addition to flooding, the work of the flood-risk systems (work, living, restoration, manufacturing) may be disrupted by other influences such as financial crises, disease, and war. These factors are essential to reflect, as they can adversely affect the inflexibility of the system against flooding.



From the literature reviews, we know that transport infrastructure, as a core component of urban infrastructure, plays a key role in critical emergencies such as natural disasters and extreme events [4]. Many researchers are interested in assessing the strength of the transportation system. For example, Valenzuela et al. [12] developed decision algorithms and risk-assessment frameworks to investigate the resilience of highway and pavement structures in response to extreme weather events. Considering that the pavement-structure performance is substantially affected by environmental factors, the resilience of the infrastructure resilience is therefore a key contributor to the sustainability of the systems. Other studies are presented in Table 1.



Previous research has shown that although there are variations in assessing the robustness of transportation, almost none assessed the robustness of transportation while considering the damage or the impact of flooding at each level. Therefore, we intend to bridge the gap of the above-mentioned studies by quantitatively measuring the robustness of transportation against flooding disasters. This can be achieved by assessing, for each of the different levels of floods, the damaged area, the number of affected links, the number of affected nodes, and the number of the affected cars (in passenger car units; PCUs) as indicators of robustness.




2.2. Transportation Resilience


Currently, research on the resilience of transportation is available, but limited. However, previous research, which has been published in small numbers, has been very interested in robustness against flooding. This is a huge problem and has many impacts on economic systems and social, health, and educational aspects, as mentioned in Section 2.1.



As indicated by Carpenter, Walker, Anderies, and Abel [21], resilience refers to the capability to respond, improve, and remain as close as possible to the origin. As originally derived from the Latin “robustus”, meaning strong and hardy, the robustness of the system can sometimes be expressed as a function of response and recovery. Several studies aimed to determine road-network resilience during flooding. They assessed the behavior of road networks during crises in which segments were disabled or unusable for a time. The proposed method was structured around two metrics calculated from the road network and trip distribution: network continuity and efficiency of alternative [22]. Some studies have shown a model of resilience since it is associated with seismic-resistance measures. Bruneau et al. [23] illustrated the concept of defining resilience over time from a single event (at t0) and restoring the level of service to 100% (at t1), as shown in Figure 1.



The previous studies indicated that the principles of measuring the resilience of transportation could be divided into two dimensions: technical and organizational. The technical dimension includes robustness, redundancy, safe-to-fail, and change-readiness, while the organizational dimension includes networks, leadership, culture, readiness, rapid recovery, absorbing externally induced changes, and cost-effectiveness [6,17,19,23,24,25,26,27]. Most studies have intended to measure robustness as a capacity requirement for network strength or resilience [19,26,27]. In this study, the robustness of transportation systems will be assessed with the sense of the capability of the strength of transportation infrastructure to withstand flooding disasters.




2.3. Definition of System Robustness


In literature, the term “robustness” can be found in various research contexts and has been given diverse meanings. The system robustness or system strength, which is rather common in engineering context, refers to the capability of organizations to keep some anticipated system characteristics under pressure [28,29,30]. The strength of decision-making, which is rather common in political decisions by analyzing policy and economics, was widely used as a basis for decisions under uncertainty [31,32,33,34].



Robustness can also refer to, for example, the ability to resist “imprecision” [35], the tolerance for “a certain degree of uncertainty” [36], and the potential to “manage with unexpected problems without major changes” [37]. Kermanshah and Derrible [18] suggested that strength in space systems, such as road networks, depends on many factors, including system size (number of nodes and links) and network-topology composition. Cats and Jenelius [38] indicated that capacity improvements would be more useful for increasing transport-system robustness. They evaluated public transport network robustness by using four steps: (1) define the sections of the public transport networks (PTN) model, (2) present the standards for assessing the impact of interruption of the link, (3) propose a structure for the most efficient capability optimization strategy during severe trouble conditions, and (4) study the potential of rising production capability in a price appraisal model that does not generate advantages. Moreover, Sullivan et al. [13] indicated that determining the network robustness index (NRI) values across all definite links and then allocating that sum by the total trip demand in the network can be used to measure the network trip robustness (NTR).



Kermanshah and Derrible [18] suggested that robustness can be evaluated using the percentage of losses in the infrastructure, including: (1) the number of vertices affected, ΔV, such as critical point loss; (2) the number of edges affected, ΔE, such as loss of road section number; and (3) total length (in meters) of affected roads, ΔL. These qualities can help us to determine the level of exposure of the city to severe events. They used the model of centered betweenness, which typically calculates nodes or edges to be used to correlate any pair of nodes. This network-topology indicator can obtain some characteristics of the robustness of the transportation network. In addition, the center between the points is a structural-significance indicator based on the global data of the shortest path that links every pair of nodes. The node or edge betweenness signifies the shortest path throughout the node or edge [39]. Nodes or edges having much higher values than the average appear to be more central in relation to their neighbors, suggesting that the others depend on these nodes or edges in making connections within the transportation network. The edge-betweenness centrality model can incorporate the relative importance of roadway sections into the prioritization of postdisaster roadway networks for restoration, and it is an essential part of the transportation network.



Given such notable characteristics of the node- and edge-betweenness centrality models, these two modeling approaches appear to be naturally applicable to our research problems. They can be comparatively developed to analyze road network patterns as well as the robustness of transportation networks. Previous studies studied how and why systems respond to interference, all from different perspectives. In the event of higher interference, the system becomes more resilient and may be able to respond and recover [40,41].



Moreover, to recognize the robustness of the system, understanding is essential in the response curve and recovery level. De Bruijn [41] suggested aspects of system robustness, as it demonstrates how the system responds to interference at different levels. A more gradual curve indicates that floods are more frequent, so people are expected to be better prepared. High resistance thresholds often coincide with low proportions, as well-protected areas attract socioeconomic development. The probability of flooding may be minimal, but one large flood will have a significant impact. A robust system is one in which the response curve is far from the recovery criteria for a wide range of noise sizes.





3. Methodology


This study used the framework of Mens et al. [11] for evaluating system robustness. In this study, the four-stage framework was adopted and refined before being empirically employed to systematically quantify urban road network robustness against floods.



Figure 2 shows the steps to be taken when analyzing system robustness: (1) specifying the system and disturbance (i.e., transportation and flood-risk system), (2) illustrating the system response in terms of the damaged area as a function of floodwater levels and protection measures, (3) determining recovery thresholds based on land use and socioeconomic system functionality, and (4) quantifying robustness through the application of the edge- and node-betweenness centrality models [11].



3.1. Step 1: Specifying the System and Disturbance (i.e., Identifying Chiang Mai’s Road Network or Transportation Together with Flood-Risk System)


Disturbances are defined as discontinuous events at times that disrupt ecosystems, communities, and population structures [42]. Therefore, floods are the primary form of natural disturbances. In this step, we define the systems that are considered and the type of disturbance and causing of floods, such as local flooding, riverine floods, coastal floods, and flash floods.




3.2. Step 2: Illustrating the System Response in Terms of the Damaged Area as a Function of Floodwater Levels and Protection Measures


Response to flooding is vital because if we can respond to flooding quickly enough, it will significantly reduce the flood impact. If we can present the response to the affected person or affected areas, it will help to respond immediately to areas of large impact. If there are no affected persons or affected areas of flooding, the system response is zero. The response depends on the level of the disturbance as well as on the system attributes.




3.3. Step 3: Determining Recovery Thresholds Based on Land Use and Socioeconomic System Functionality


Recovery of flood-risk systems means the progression of returning to a usual condition after flooding. Recovery capacity is the ability to organize, repair, and reconstruct. The long-term impact of a flood event depends on the recovery time, depending on the recovery capacity. Recovery features are defined as system-specific aspects that affect the ease of recovery [9,43]. Therefore, the degree of recovery can be inferred from preflood and postflood system conditions, identified by key system characteristics such as population, labor, availability of drinking water, and access to food and electricity. There are four degrees of recovery: recovery, recovery and betterment, partial recovery, and no recovery (Figure 3).




3.4. Step 4: Quantifying Robustness through the Application of Edge- and Node-Betweenness Centrality Models


To understand system robustness, it can be explained through four characteristics:




	
Resistance threshold: determined by the reverse phase of the highest interference level, which response is zero.



	
Severity of the response: represents the effect of the disruption-level range. It is challenging to estimate severity in a single number, as it depends on the interruption level and the response variable selected. For flood-risk systems, previous studies used the predictable annual damage and the predictable number of deaths per year to specify the severity of the response. It is equal to the flood risk and can be considered as the area under the response curve when the trouble is stated in terms of the possibility of the flood [40,41].



	
Response proportion: To measure the proportion of the response or evaluate the effect of flooding on the resilience of the transport network, the model of betweenness centrality is used, which measures the likelihood of node or edge to be used to link any pair of nodes. This network topology can capture portions of the response. Overall, the central structure indicator between the centers is based on global information of the shortest path connecting all node pairs. A node or edge with high probability indicates the shortest path through that node or edge [44]. The node or edge that has a value between very high altitudes can play an important role in the network and is an essential part of the network in disrupting the situation if there are no other routes in the network. It is often used as one of the most representative indicators of a network center [45]. The evaluation of the response proportions can be calculated from the following equation.








A roadway network  G  comprises  m  nodes and  n  road sections with nodes   s , t ∈ N   and section    e  i j   ∈ E  , where  N  is a set of nodes, and  E  is a set of sections. In mathematics, edge-betweenness centrality and node-betweenness centrality are defined as [39]:



Edge-betweenness centrality   E B    e  i j       of the section    e  s t     between node  s  and node  t  is denoted by:


  E B    e  i j     =   ∑     s , t ∈ N       s ≠ t , i ≠ j            σ  s t      e  i j        σ  s t            



(1)




where    σ  s t      e  i j       is the total number of shortest paths between node  s  and node  t  that pass through a section    e  i j    , and    σ  s t     is the total number of shortest paths between node  s  and node  t .



Node-betweenness centrality   N B  i    of a node  i  is defined as [18]:


  N B  i  =   ∑  s ≠ i ≠ t ∈ V         σ  s t    i     σ  s t          



(2)




where    σ  s t    i    is the number of those paths that pass through the node  i , and    σ  s t     is the total number of shortest paths from node  s  and node  t .



In general, we can indicate that node-betweenness centrality allows us to measure the amount of traffic or the amount of traffic that moves through each intersection and road section [46], and it can be used as a measure of the influence that nodes have on the spread of information across the entire network. Therefore, in this study, we used the edge-betweenness centrality and node-betweenness centrality for measuring the proportionality of the response.



	4.

	
Point of no recovery: To reach this point, we need a recovery basis for each response variable. Little is known about this issue, and it is likely not the point of difference but is it a gradual process or “the area with no recovery” instead. However, the study of the response related to the possible criteria is expected to provide insights into the level of the flood. First, we recommend the following recovery criteria for response variables: affected area, affected link, and affected node. If these criteria are exceeded, the recovery will be challenging, and regime changes may occur. Thus, the unrecoverable point can be measured by the return time of the trouble magnitude at which the response curve intersects with the assumed recovery threshold.









4. Results


In this study, the application of a framework for evaluating system robustness was employed to systematically quantify the flood resilience of urban road networks in Chiang Mai, Thailand.



Chiang Mai has an area of approximately 20,107.057 km2 and an area of land use of 408.09 km2. It is the largest province in northern Thailand. The general topography is mountainous with plains in the middle along the Ping River. It has an estimated population of 1.76 million people, the fifth-largest in the country, of which 960,000 live in urban and suburban areas (Figure 4). Since Chiang Mai is the center of northern Thailand in commerce, industry, tourism, education, and transportation, it is facilitated by several transportation modes such as railways, roadways, waterways, and airways.



This case study aims to measure the urban road network robustness of the Chiang Mai flood-risk system and to explore alternative configurations. Hydrodynamic and damage models were developed to calculate the robustness indicators. Then, the Chiang Mai flood-risk system was modeled using flooding simulations, and the resulting flood-depth maps were created.



4.1. Step 1: Specifying the System and Disturbance (i.e., Identifying Chiang Mai’s Road Network, or Transportation and Flood-Risk System)


In Thailand, the flooding season starts around July every year. The arrival of tropical storms and heavy monsoons between July and October of every year results in heavy rains, landslides, flash floods, and river flooding [47]. At the start of the monsoon season, the first floods occur in the northern part of Thailand. The excess water drains into the Ping River, providing the largest and the most important river basin in the northern part of Thailand.



For Chiang Mai, the largest city in northern Thailand, the main cause of the flooding is local flooding. There are many reasons for flooding in Chiang Mai Province, including: (1) a large amount of rainfall that both falls within the city and comes from outside the city, which accumulate together; (2) the forest area in the upstream area has declined to become commercial agricultural areas, causing the water from the upstream area to flow down with urban water, which is lowland and flood plain until the amount of water exceeds that of the Ping River, which will then overflow and flood; (3) invasion of the Ping River has greatly narrowed the size of the river from the past, which is found mostly in the area of the bridge over the Ping River, a super highway road to the area of Provincial Police Station 5; (4) the construction of roads with insufficient drainage systems, lead to flooding in the Chiang Mai municipality area; and (5) a narrower and shallower river channel caused by bridge foundations built in the river [48].



Chiang Mai transport consists of several transportation systems: land, rail, and air. There are several types of road networks: radial road, ring road, primary provincial road, secondary provincial road, district road, and L-railway local road [49]. Additionally, flooding impacts in several ways, through both direct impacts (e.g., physical damage to transport infrastructure) and indirect impacts (e.g., disruption to traffic flow, business interruption, increased emissions) [50,51,52].




4.2. Step 2: Illustrating the System Response in Terms of the Damaged Area as a Function of Floodwater Levels and Protection Measures


Figure 5 shows the estimation of the damaged areas that coincide with the water level in Chiang Mai. It indicates that the water level and the number of affected areas formed a direct relationship in that as the water level increased, the number of the affected areas also increased, and vice versa (Figure 5). High amounts of water flowing in streams, consequently increasing the water depth and water pressure, often lead to flooding.



In the “water wall on the bank of the Ping River”, no flooding occurred until a disturbance of 3.7 m. When this resistance was exceeded, only the subareas with a relatively lower economic value were flooded. At a disturbance level of 4.3 m, the better-protected areas were flooded as well. Compared to the current configuration, the water wall on the bank of the Ping River had the same resistance threshold but a smaller response for disturbances between 3.7 and 4.3 m. In the “spatial planning” configuration, the affected area and the economic losses were relatively lower when the disturbances were greater than 3.7 m. Thus, the resistance threshold was set to that of the current situation. Note that the spatial planning in this case only implied flood-proof buildings, and did not include people motivated to migrate to the low-risk zones; hence it only affected the economic damages and not the number of affected persons.




4.3. Step 3: Determining Recovery Thresholds Based on Land Use and Socioeconomic System Functionality


Recovery of flood-risk systems means the progression of returning to a usual condition after flooding [9,43]. Therefore, the degree of recovery can be inferred from preflood and postflood system conditions, identified by key system characteristics such as population, labor, availability of drinking water, and access to food and electricity. The recovery level of the damaged areas was proposed at 6.33% of Chiang Mai Province, equaling 233,632 affected persons (density 1533.01 persons/km2) at a water level of 4.7 m (level 7). Although only 6.33% of the areas were affected (408.09 km2), these are economically important districts in terms of trading, education, healthcare, and transportation systems. It is a community for farmers to bring agricultural products for sale. A total of 21 schools ranging from kindergarten to high school are also located in this area, with approximately 46,800 students. Additionally, a large hospital, McCormick Hospital, which treats 400 inpatients and serves approximately 500 outpatients per day, is located in this zone. Last but not least, this area also includes the bus terminals of Chiang Mai Province.



From the quantified thresholds, the recovery threshold of the affected area can be considered as the indicative point of no recovery. Then, this point of no recovery is utilized as the maximum water level for calculating the node and link damage curve. On the other hand, the resilience of transport can be determined in specific areas where nodes and links are most affected, to the point of not being affected or the point of normal condition before flooding.




4.4. Step 4: Quantifying Robustness through the Application of Edge- and Node-Betweenness Centrality Models


The results of the road-network analysis by edge-betweenness and node-betweenness that indicated the network of roadways at the edge or link with high to low traffic conditions are shown in Figure 6 as red, pink, brown, yellow, and green lines, respectively. A node or intersection with high traffic conditions is presented as a large circle, while a smaller circle is considered a lower traffic condition (Figure 6).



Moreover, the application of edge- and node-betweenness centrality models showed that the number of affected links (Figure 7a), nodes (Figure 7b), and cars (Figure 7c) also increased according to the rising water level.





5. Discussion


In this study, the edge- and node-betweenness centrality models are presented as a new methodology to evaluate the resilience of transportation during floods. In previous research on Shijiazhuang in China [39], it was recognized that an edge-betweenness centrality model can corporate the relative importance of roadway sections into the prioritization of postearthquake urban roadway networks for restoration. They used the shortest paths of the edge- and node-betweenness centrality models to define the dynamic network, and used node and edge measures to analyze the topology of transportation networks [53,54]. The edge-betweenness centrality model has the potential of not only obtaining the weight of each roadway section of a large-scale roadway network, but also of conducting the resource allocation for restoring the postearthquake urban roadway network. According to previous research, we employed the edge-betweenness centrality model to evaluate the resilience of transportation and model the relative importance or weight of a roadway section in support of the restoration during flood.



In a previous study, Kermanshah and Derrible, [18] indicated that they adopted a deterministic approach to simulate extreme flooding events in two cities, New York City, NY, and Chicago, IL, by removing entire sections of road systems used in the US. They measured changes in the number of real trips that could be completed (using travel-demand data), Geographical Information System (GIS) properties, and network topological indicators. They notably measured and discussed how betweenness centrality is redistributed after flooding. Broadly, robustness in spatial systems like road networks is dependent on many factors, including topological structure of the network and system size (number of nodes and links). Similar to the study in New York City and Chicago, in this study we also used the number of nodes and links from the edge-betweenness centrality model as an indicator of robustness or resilience of transportation after flooding.



In this study, the robustness indicators shown in the system response curve (Figure 7) can provide useful information for decision-makers to manage flood risk. Through a series of explanations about the conceptual framework, planners can then develop tools to quantify road-network robustness towards flood-resilient transportation systems. In addition, this study describes how to quantify the response of a flood-risk system in terms of the damaged area, the number of affected links, and the number of affected nodes. The response curve is a great spot to start discussing the strength of a system. The response curves of alternative system configurations can be compared to the current configuration, and all tolerance characteristics can be quantified.



Moreover, some studies indicated that they found a high correlation between traffic flow obtained using an augmented betweenness centrality measure and traffic flow obtained using a state-of-the-art traffic-assignment model. They suggested a new traffic-assignment model that was based on the concept of the shortest path betweenness centrality measure, borrowed from the domain of complex network analysis. They showed how betweenness can be augmented to solve the traffic-assignment problem given an arbitrary travel cost [55]. In this study, we can indicate that the number of affected cars obtained using edge- and node-betweenness centrality models can solve the traffic-assignment problem during and after flooding.



This study defines the strength of the transportation system as the ability to function under a wide range of flooding-disruption levels. In the robustness analysis, the response-and-recovery systems over a wide range of flooding in each level are shown in the response curve, with four properties described as the threshold of resistance, the severity of response, response proportions, and point of no recovery. From the conceptual framework, we believed that the point of no recovery would be pushed further away at a lower response curve by implementing a consequence-reduction flood-protection project. One of the recommended indicators is the point of no recovery. In Chiang Mai, the point of no recovery is only influenced by the water wall on the bank of the Ping River. The point of no recovery can be revealed if one of the recovery thresholds is exceeded. For example, the amount of the affected area exceeds 6.33% of the people at a disturbance level of 4.6 m (local flooding level). At that point, the recovery threshold has not been exceeded yet. However, it will reach the point of no recovery when links and nodes cannot function.



This study broadly describes how to set the recovery criteria from the response curve. Less or more disruption will be highly dependent on the recovery threshold, where less to more disruption occurs between normal conditions before flooding and at a rising water level. Therefore, it is very important for decision-makers when setting goals for managing flood-risk disaster that these criteria be examined. This study is similar to previous studies in that they also used the edge-betweenness centrality model and integrated the relative importance or weight of each roadway section in the restoration of a postdisaster urban roadway network [18,53,54,55,56,57]. The findings of this study can be used to provide decision-making support for road-network management, planning, and optimization of urban traffic construction. Additionally, we suggested further study to compare the strength of other flood-resilient transportation systems.




6. Conclusions


Managing flood risk in transportation systems is very complex and essential for relevant organizations. This study presented a methodology to help decision-makers assess the resilience of transportation during a flood situation. A framework for analyzing system robustness was developed to quantify flood resilience of urban roadway networks in Chiang Mai, Thailand as a case study. Response curves for the current and alternative system configurations, including the recovery threshold, were described based on three significant variables: the affected links, nodes, and cars during a flood situation. The results of this study contribute to sustainability in preventing and solving traffic problems during floods, which in the end can sustainably reduce the effects of flooding, such as economic, health, and education impacts during the event of flooding. Other variables mainly affected by floods also can be developed as flood-risk criteria for transportation. Those variables and their thresholds can be set differently based on resources, budgets, and technical constraints in each organization.
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Figure 1. Conceptual measurement of resilience [23]. 
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Figure 2. A conceptual framework for analyzing system robustness (modified from [11]). 
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Figure 3. System state as a function of time, in response to a flood event, showing four degrees of recovery. [11]. 
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Figure 4. (a) Map of land use in Chiang Mai (408.09 km2) (source from: Department of Public Works and Town & Country Planning, 2021); (b) flooding (25.83 km2). Data from 1994, 1995, and 2005. 
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Figure 5. The damaged area increased with increasing water. 
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Figure 6. Study area with an indication of the flood extent and flood depths. 
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Figure 7. Response curves for the current and alternative system configurations, including the recovery threshold: (a) number of affected links, (b) number of affected nodes, and (c) number of affected cars (PCU). 
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Table 1. Indicators for assessing robustness of transportation from previous studies.
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	No.
	Indicators for Assessing Robustness of Transportation
	Studies





	1
	Different link-based capacity-disruption values for identifying and ranking the most critical links and quantifying network robustness in a transportation network
	[13]



	2
	The ability to remain functional under a range of disturbances (system response curve)
	[11]



	3
	A network’s maximum resilience level while simultaneously determining the optimal set of preparedness and recovery actions
	[14]



	4
	Real trip distribution; each link in the network is measured for criticality
	[15]



	5
	Adaptability and transformability, and identifying important components to implement resilience strategies
	[16]



	6
	Transportation system performance, along with its management; physical damage resulting from a future hazard event
	[17]



	7
	Social, economic, and ecological resilience
	[4]



	8
	The number of real trips that can be completed (using travel demand data), Geographical Information System properties, and network topological indicators
	[18]



	9
	Community-level resilience
	[19]



	10
	Level of loss and recovery time
	[20]
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