

  sustainability-14-10957




sustainability-14-10957







Sustainability 2022, 14(17), 10957; doi:10.3390/su141710957




Article



A Reflection on the Response to Sudden-Onset Disasters in the Post-Pandemic Era: A Graded Assessment of Urban Transportation Resilience Taking Wuhan, China as an Example



Jingzhao Wang 1[image: Orcid], Jincheng Yan 1, Keyuan Ding 1, Qian Li 2,3, Yehao Liu 1, Xueliang Liu 1 and Ran Peng 1,4,5,*





1



School of Civil Engineering and Architecture, Wuhan Institute of Technology, Wuhan 430074, China






2



School of Architectural Engineering and Mechanics, Yanshan University, Qinhuangdao 066004, China






3



Faculty of Humanities and Arts, Macau University of Science and Technology, Macao 999078, China






4



School of Transportation and Logistics Engineering, Wuhan University of Technology, Wuhan 430063, China






5



State Key Laboratory of Green Building in Western China, Xi’an University of Architecture & Technology, Xi’an 710055, China









*



Correspondence: pengran@wit.edu.cn







Received: 11 July 2022 / Accepted: 29 August 2022 / Published: 2 September 2022



Abstract

:

The COVID-19 pandemic has led to thinking about the response to sudden-onset disasters, for which the transportation resilience of urban areas is crucial. The purpose of paper is to provide a graded assessment of urban transportation resilience to help city managers target policies and plans. Wuhan, the first city in China to be severely hit by COVID-19, was selected as the case study for this research. Based on an extensive survey of the travel characteristics of residents in central urban areas, the concept of “travel mode shift” was combined to classify residents into four modes, including non-motorized conventional travel, non-motorized over-distance travel, motorized adaptable travel and motorized non-substitutable travel. The potential transportation stoppages in different levels of epidemic impact were then divided into three scenarios, corresponding to each of the city’s three levels of transportation resilience. The concept of MWD (Maximum Willingness Distance) in active travel mode was further developed, which was divided into WMWD (Walking Maximum Willingness Distance) and RMWD (Riding Maximum Willingness Distance). Finally, a hierarchical assessment model of urban transportation resilience is developed based on the MWD distance threshold. Besides, the average income level of urban residents was also included in the assessment system. The following research conclusions were drawn: (1) The degree of transportation resilience in Wuhan showed an “S-curve” relationship with RMWD, with thresholds at RMWD = 2.5 km, 11 km and 23 km respectively. (2) The resilience of transportation in the suburbs of the city was weaker than in the city center, and the gap between the two increases as the RMWD increases, but the share of motorized transportation in short distance trips in the city center was still higher than desirable. (3) The upper-income groups in the city had more flexible travel options, while the lower income groups were less resilient to travel. Based on the results of the study, it is recommended that city managers can identify areas of low resilience and critical distance thresholds that may lead to sudden changes in transportation resilience in the event of a sudden disaster. This will lead to the development of improved policies. The special needs of socially disadvantaged groups should also be taken more into account in this process.
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1. Introduction


The COVID-19 epidemic, which began in 2019, poses a significant threat to human health and its highly contagious nature has led to the adoption of more stringent control measures in many parts of the world, in which most commonly transportation controls aimed at restricting the movement of people, with varying degrees of impact on the mobility of urban dwellers. The negative effects of the COVID-19 epidemic will eventually disappear. Indeed, the post-epidemic era has arrived, but the reflections left by the epidemic will persist for a long time. In the peacetime times, the vast majority of the population has probably never experienced such massive transportation shutdowns and travel restrictions if not for the COVID-19 outbreak. So, have city managers prepared and deployed well for this? Will the lack of appropriate preventive measures lead to further secondary disasters? More importantly, transportation shutdowns and travel restrictions in cities are not necessarily limited to times of respiratory pandemics. Other events (such as earthquakes, floods, tsunamis, extreme weather, terrorist attacks and even energy crises) can all have an impact on the normal functioning of transportation. This endogenous urban resilience to disaster shocks will thus be crucial [1,2]. A sound assessment of the classification will allow for targeted measures to be taken in the event of a sudden disaster, rather than just allow no flexibility.



The keyword Resilience is central to our research work and its academic concept first originated in the field of materials science [3]. In 1818, Tredgold used the term resilience to describe the properties of wood to explain why some types of wood are able to adapt to sudden and violent loads without breaking [4]. In addition, the studies by Fairbairn, Mallet, Merriman, Gere and Goodno [5,6,7,8] all emphasized the ability of an object to resist an external impact without breaking. In 1973, Holling introduced the concept of Resilience to social ecology [9]. His academic definition of Resilience is the ability of a system to resist disturbances and maintain the same relationships between state variables when subjected to shocks. In contrast to the emphasis on adaptability and stability, Tilman et al. defined resilience as the speed with which a system returns to an equilibrium point after an interruption, focusing on its recovery ability [10]. Folke summarized three definitions of resilience [11], namely engineering resilience, ecological (ecosystem) resilience/social resilience and socio-ecological resilience, where engineering resilience focuses on recovery and stability, ecological (ecosystem) resilience/social resilience on persistence and robustness, and socio-ecological resilience on variable adaptive capacity, learning, and innovation. As an important part of resilient urban planning, urban transportation is vital to the proper functioning of cities. The concept of urban transportation resilience was developed by Folke [12] and Fernandes [13], who argue that the ability to sustain transportation resilience is directly related to the potential for people to maintain their daily transportation flows while lives unaffected by disasters. Murray-Tuite et al. [14] proposed 10 dimensions for resilient transport systems, which were then refined by many scholars, extending the application of resilience theory to passenger and freight transport, transportation energy efficiency and natural disaster response [15,16,17,18,19]. Among these, passenger and freight transportation are more vulnerable to environmental, economic and social factors, thus directly affecting urban development, and has therefore received more scholarly attention. In addition, Raymond et al. [20] defined resilience in transportation as the ability of a transportation system to return to normal operating conditions within an acceptable time after a disruption.



The global impact caused by the COVID-19 pandemic can be classified as a natural disaster with social, economic and political implications [21]. In the studies of urban issues related to the COVID-19 pandemic, Xin Li [22] and Feiyang Liu [23] identified urban risk factors in Wuhan, taking into account data on the distribution of the epidemic. Based on the above urban risk factor identification results, Ran Peng [24] further extracted typical transportation factors for geographical weighting analysis to study their influence on the spread of COVID-19. In the early years of the COVID-19 pandemic, measures such as radical changes to conventional travel patterns, social distancing, movement restrictions and blockades were often used [25], but some studies have shown that complete restrictions on urban transport, while slowing the spread of the epidemic, increased energy consumption and travel inconvenience [26], and socially vulnerable groups may have lost their travel options during this period. Transportation resilience has also been the focus of some scholars in the face of COVID-19. SERDAR’s review of existing research has identified differences between the various types of transportation resilience assessment due to the nature [27], scale and impact of disturbances, and identifying reference indicators will help to address the respective shortcomings of the different approaches. Therefore, more sophisticated statistical models are used in the urban resilience assessment framework represented by ARUP [28], but the scarcity of data and the lack of targeting of populations will be more prominent in the face of unexpected natural disasters. Caprì [29], Stamos [30] and Krumdieck [31], in their assessment of urban transportation resilience, all proposed to classify the travel characteristics of the population according to the necessity and the degree of impact, and this idea has some reference value for the development of various types of transportation shutdown measures in response to sudden disasters.



This study defines the level of urban transportation resilience as the adaptability and stability of the daily travel behavior of urban residents in the face of changing natural and social environments, which can be enhanced by the optimization of the urban road network structure, traffic management measures and related supporting facilities. Stemming from a reflection on the problems of shocks to urban transportation during the COVID-19 pandemic, the study constructed a hierarchical approach to assessing urban transportation resilience based on the concept of travel mode shift through an extensive OD survey and applies it to Wuhan, China. The method firstly classified residents’ travel patterns in a dynamic way and corresponds to different levels of resilience for the different types of travel restrictions that may result from sudden disaster shocks in the city. The concept of Maximum Willingness Distance (MWD) was then proposed for residents to travel. By simulating various scenarios with changes in MWD thresholds at different levels of resilience, the proportion of people who can travel by non-motorized modes in each scenario was calculated and defined as a key indicator for evaluating the transportation resilience of the city. The relationship between the level of urban transport resilience and the MWD value was thus fitted and the key nodes were identified. The final assessment of the urban integrated transportation resilience and the transportation resilience of each TAZs were graded, and the impact of various factors on the urban transportation resilience was analyzed.



The resilience of urban transportation is currently a hot topic of research, with the majority of studies using complex models to assess the extent to which different types of shocks affect urban traffic order and the resilience of urban transportation. This type of research requires a large amount of data and there is a lot of data that is inaccessible or even confidential. In addition to the fact that some less developed regions may also have incomplete specialist data and limited research conditions. The aim of the study is therefore to develop a simple, quick and efficient method for assessing the resilience of urban transportation in the face of different constraints on how people travel during sudden disaster shocks, and to inform the development of targeted strategies. We consider that this assessment method can be replicated and implemented inexpensively and easily, especially in areas where there is a lack of specialist data as well as specialist research staff.




2. Materials and Methods


2.1. Sources of Data


COVID-19 was first identified in Wuhan, which was hit hard by the epidemic in early 2020 and led to a 76-day closure of the city. Two years after the outbreak, Wuhan’s public transport traffic is still far from the levels in 2019, and it is clearly recovering slower than other cities in China that have not experienced the severe impact of the epidemic. The epidemic has changed the travel attitudes of Wuhan residents, which is of great value in investigating the travel characteristics of urban residents in the post-epidemic era. Therefore, this paper took Wuhan as the research object. Seven central urban areas, including Jiang’an District, Jianghan District, Qiaokou District, Hanyang District, Wuchang District, Qingshan District and Hongshan District, were selected as the study area, with an area of about 860 km2 and involving a resident population of about 6.4 million.



As the basic administrative unit of Chinese cities, subdistricts have certain functional integrity and transportation integration [24]. So, there are 86 subdistricts in the study used as TAZs (Traffic Analysis Zones) for resilience assessment (Figure 1) [32].



In order to obtain sample data on the travel characteristics of Wuhan residents, the sampling method used was mainly in the form of a questionnaire. The work started in March 2021 and lasted for one year. A research team of more than ten people conducted a large number of investigations through a combination of online network push and offline field distribution. A total of 9010 valid questionnaires were collected, including respondents’ OD (Origin-Destination) data on their daily travels after the outbreak, the main mode of transportation for daily travels and household financial income. The online questionnaire was distributed based on the Credamo platform, a questionnaire distribution system with more specialized functions, which grids the respondents by restricting their IP addresses, and embedded the option of geographic coordinates in the questionnaire, so that the daily OD data of the respondents could be extracted directly. This compensates for the inefficiency of offline questionnaire distribution and the tendency to concentrate respondents in different areas. In addition, the geographic data such as administrative divisions and road networks in this manuscript are sourced from the Gaode open platform, a system of open map data services, and vectorized based on ARCGIS 10.7. According to the survey results, for the residents’ daily mode of transportation, the number of people who chose to walk is 883, the number of people who rode is 1165 (including bicycles, electric vehicles and motorcycles), the number of people who took the bus is 1268, the number of people who took the subway is 3973, the number of people who travelled by car is 1649, and the number of people who traveled by other means was 72. In Rastogi R’s research on non-motorized mode as a sustainable transportation option, it is believed that controlling the travel distance within 5 km will be more conducive to achieving sustainable and healthy travel modes [33]. From the distribution of the daily OD distance of all respondents, it was seen that 49.56% of the respondents had a daily OD distance of less than 5 km, indicating that the residents had a high potential for non-motorized travel in Wuhan (Figure 2).




2.2. Research Methods


2.2.1. Definition of Travel Distance


Caprì S., Stamos I. and Krumdieck S. [29,30,31] classified urban residents travel by necessity and degree of impact, on the basis of which this paper analyzed the feasibility of non-motorized alternatives and the maximum distance travelled in such situations, assuming that motorized travel may be restricted to varying degrees during sudden disasters [34]. The concept of MWD (Maximum Willing Distance) for residential non-motorized mode travel was proposed to represent the maximum distance that urban residents would ideally be willing to walk or cycle, where WMWD and RMWD can be used to represent the maximum willing distance for walking and cycling respectively.



The network analysis function in ARCGIS 10.7 enabled the processing of residents’ daily OD data to measure the actual distance travelled by residents on a daily basis. In order to facilitate the analysis of the regional distribution of transportation resilience, the geometric center of the TAZ in which each OD data was located was used as the origin or destination of the respective region in the calculation and extraction of the actual travel distance. For example, A, B, C and D represented the four TAZs in Figure 3, with each trip taking the geometric center of the TAZ in which it was located as the origin or destination, and the distance between them all being the shortest path distance in the urban road network (e.g., dAB, dAC, etc.). When both the origin and destination were within the same TAZ, the OD distance was generally short and can usually be travelled directly non-motorized, and the actual distance travelled was taken as 0 for simplicity of calculation.



A further comparison of the actual daily travel distances of urban residents with the WMWD and RMWD values resulted in a preliminary classification of transportation trips (Table 1).




2.2.2. Travel Mode Division


The resident travel mode segmentation was based on the concept of travel mode shift [35,36,37] and accordingly a model to assess the level of transportation resilience with a MWD threshold was proposed. This series of thresholds provided a good indication of the scope of control within which urban transportation systems can be optimized and problems solved in the event of a sudden disaster, thus minimizing the impact of all types of transport stoppages on the travelling public.



As a result, Wuhan residents’ travel was divided into four modes, including non-motorized conventional travel, non-motorized over-distance travel, motorized adaptable travel and motorized non-substitutable travel (Figure 4). Non-motorized conventional travel indicated that residents’ daily travel distances were within their respective MWD, i.e., daily travel distances were less than both WMWD and RMWD. Non-motorized over-distance travel referred to a specific group of people who, due to individual factors, chose to walk for distances outside their WMWD, and walk or cycle for distances outside their RMWD. This group of people were less likely to be affected by the suspension of urban motorized transportation, despite the fact that their non-motorized travel distances were further than the general population. Motorized adaptable travel indicated that residents chose to travel by motorized means despite their daily travel distance being within the MWD, and therefore can also switch from motorized to non-motorized travel when motorized transportation was out of service due to the short travel distance. In contrast, motorized non-substitutable travel meant that the distance travelled exceeded the corresponding MWD and cannot be replaced by non-motorized means such as walking or cycling, so that travel cannot be completed when motorized transportation was shut down due to sudden disaster shocks.




2.2.3. Transportation Resilience Grading


In Nélson’s 2019 study [34], he argued that external shocks may lead to urban motorized transportation shutdowns. Based on this, Nélson analyzed the transportation resilience of two typical Brazilian cities. At the time, the study was based on a scenario of possible external shocks, but only a year later the hypothetical urban transportation shutdown due to the COVID-19 epidemic was actually occurring in many parts of the world. Transportation closures around the COVID-19 outbreak were often graded, ranging from vehicle closures at some stations to a mobility ban for the entire population. But there were three types of transportation travel restrictions that were most common in general, which were stepped up in descending order of restriction level. The first level was a single operating restriction for the metro. The second level was a public transportation travel restriction that included all public transportation modes such as buses and ferries. The third level was a motorized transportation travel restriction that included all motor vehicles except emergency vehicles. It was reasonable to stop the metro first in times of pandemics because the metro, which carried a large number of passengers in populated cities, was the most significant contributor to the spread of infectious diseases. Some metro lines might even become “high speed corridors” for the spread of epidemics in the city. Compared to the metro, other public transportation in the city was a close second in terms of its contribution to the spread of the epidemic, while the correlation between self-driving or non-motorized travel and the spread of the epidemic was significantly weaker than for public transportation [24].



For example, on 22 April 2022, there was a more serious epidemic backlash in Beijing, as a result of which some metro stations were closed and the government encouraged residents to travel by car. This is a typical case of restricted metro travel. Restrictions on public transportation had also been issued in some areas. For example, on 21 October 2020, the Spanish government reopened a six-week home-based order to reduce the number of public transportation operations and restrict non-essential travel in response to the resurgence of the epidemic. Among the total motorized transportation travel restrictions, for example, Wuhu, Anhui Province, China, adopted temporary transportation controls in response to the epidemic on 17 April 2022, suspending travel for all vehicles and people in the city except emergency vehicles. On 30 October 2021, all roads in Yanshan County, Jiangxi Province, China, were continuously illuminated in red following the epidemic. Although motorized transportation has not been banned in the form of a ban, motorized transportation has been completely restricted in fact, while non-motorized travel has not been affected for the time being. In addition, there were areas where almost all people were banned from going outside for a period of time, such as California, where the strictest home restrictions in the United States were implemented on 7 December 2020, during which residents were not allowed to go outside except for essential activities. This was also the case for Wuhan, China in early 2020 and Shanghai, China in the second quarter of 2022, where all travel stopped and the cities’ resilient transportation system was essentially defunct, and was therefore outside the scope of this paper (Table 2).



The three types of travel restrictions mentioned above are not limited to times of epidemics; other sudden disasters are just as likely to result in the suspension of motorized transportation. When a disaster strikes it is clear that Metro transportation is the most vulnerable and therefore most susceptible to shutdowns, followed by other public transportation such as buses and then private cars, while non-motorized travel is the most flexible. In fact, people will naturally tend to make various preparations for non-motorized travel because of their low expectations for the sustainability of motorized transportation in the face of sudden disasters. For example, in May 2022, due to the long-term epidemic control in Beijing, a large number of citizens began to use bicycles as a new means of travel, resulting in a general increase of about 30% in bicycle sales, and some manufacturers even have orders in place until 2024, which shows that cycling has a strong substitution in urban transportation. As a result, the paper assumed and analyzed urban transportation resilience when the above three types of travel restrictions occur. The three types of travel restrictions were assigned to three levels of resilience, with first-level resilience being when metro operations were restricted, second-level resilience being when public transportation travel was restricted, and third-level resilience being when all motorized transportation was restricted (Figure 5). Based on the above, the level of urban transportation resilience was determined by the relative share of non-motorized conventional travel, non-motorized over-distance travel and motorized adaptable travel in the total travel category, while motorized non-substitutable travel was able to represent the level of vulnerability of the urban transportation system [34].





2.3. Calculation of Resilience Indicators


As non-motorized conventional travel and non-motorized over-distance travel were not affected by the three levels of transportation travel restrictions described above. The calculation is as follows.


   P u  =  1 S   (    ∑   i = 0 , i > M W D  n   W i  +   ∑   j = 0 , j > M W D  n   C j   )  × 100 %  



(1)






   P r  =  1 S   (    ∑   i = 0 , i ≤ M W D  n   W i  +   ∑   j = 0 , j ≤ M W D  n   C j   )  × 100 %  



(2)







   P u    represented the proportion of non-motorized over-distance travel in the corresponding MWD scenario.    P r    represented the proportion of non-motorized conventional travel in the corresponding MWD scenario. i and j represented the distance cost of walking and the distance cost of cycling respectively.    W i    represented the number of people who chose to walk for travel distance i.    C j    represented the number of people who chose to ride for travel distance j.  S  represented the total number of people who travelled.



The types of restricted motor vehicles in the three resilience levels for motorized adaptable travel were different and therefore have different resilience values. The calculation process for this resilience indicator is as follows.


   P  a 1   =  1 S   [    ∑   j = 0  n  (  A j  +  B j  ) +   ∑   j = 0 , j ≤ M W D  n   M j   ]  × 100 %  



(3)






   P  a 2   =  1 S   [    ∑   j = 0  n   A j  +   ∑   j = 0 , j ≤ M W D  n  (  B j  +  M j  )  ]  × 100 %  



(4)






   P  a 3   =  1 S    ∑   j = 0 , j ≤ M W D  n   (   A j  +  B j  +  M j   )  × 100 %  



(5)




where    P  a 1    ,    P  a 2    , and    P  a 3     represent the percentage of motorized adaptable travel patterns in the MWD scenarios corresponding to Level 1 resilience, Level 2 resilience and Level 3 resilience, respectively.    A j    indicated the number of people travelling by car when the travel distance was j.    B j    indicated the number of people travelling by public transportation other than metro when the travel distance was j.    M j    indicated the number of people travelling by metro when the travel distance was j.



By accumulating the relative share of non-motorized conventional travel, non-motorized over-distance travel and motorized adaptable travel in the total travel category, the above three levels of resilience indicators were obtained. The calculation process is as follows.


  R =  P u  +  P r  +  P a   



(6)




where R denoted the level of resilience of urban transportation.    P a    indicated the proportion of motorized adaptable travel in the corresponding MWD scenario, with the values of    P a    corresponding to the values of    P  a 1    ,     P  a 2     and    P  a 3     in Equations (3), (4) and (5) for the Level 1, Level 2 and Level 3 resilience scenarios respectively. Based on these indicators, a series of scenarios with different MWD values were arranged to analyze the changes in the overall transportation resilience level for the city, thus identifying scenario nodes of significance. The same method was used to calculate the resilience level of each TAZ in these scenarios.





3. Results


3.1. Integrated Urban Transportation Resilience Assessment


Due to individual differences in each respondent, their MWD for walking and cycling differed from each other. In this paper, the level of integrated urban transportation resilience at different distance costs in multiple scenarios was simulated and analyzed by continuously increasing the MWD for walking and cycling from 0 km. The survey data within the study was then imported into different scenarios to calculate the respective share of each of the four travel modes within them, which in turn fitted the relationship between the MWD and the overall level of integrated transportation resilience in the city. Table 3 showed the simulated 479 scenarios for Wuhan’s integrated transportation resilience assessment.



In the simulations of 479 scenarios, the three levels of resilience corresponding to each scenario were obtained according to the calculation method of resilience described previously (Table 4). If Wuhan’s integrated transportation resilience levels reached 100%, it meant that all transportation travel in the city could be shifted to non-motorized modes, at which point the RMWD in Level 1, Level 2 and Level 3 resilience would be 45.5 km, 48 km and 50 km respectively. In addition, the integrated transportation resilience levels for the three levels were 65.65%, 56.42% and 36.58% respectively when both WMWD and RMWD were at 0 km. The reason for this difference was due to the different transportation travel restrictions in the three resilience levels.



The WMWD was set at an upper limit of 4 km, and the entire range of values was included in the range of RMWD. The paper therefore plotted the change in resilience levels from 0 km, taking RMWD as the independent variable, to visualize the change in resilience levels with MWD for the city’s integrated transportation. The curves were shown in Figure 6a and it could be seen that the curves for the three resilience levels differed in their initial resilience values at an RMWD of 0 km, but the trend of the curves and the location of the inflection points were basically the same. A 4-parameter logistic model was fitted to the actual variation curves shown in Figure 6a, resulting in the “S-shaped” fitted curves shown in Figure 6b. The R2 of these fitted curves were all greater than 0.998, so the fit was very well done. The results of the fit are shown in Table 5.



The results of the fitted curves are in accordance with Equation (7).


  R =  A 2  +    A 1  −  A 2    1 +    (   x   x 0     )   p     



(7)




where    A 1    was the resilience value when the independent variable tends to infinity,    A 2    was the resilience value when the independent variable tends to zero,    x 0    was the RMWD, the inflection points of the curve, when the fitted curve was increasing at the fastest rate.  p  was the slope of the curve at    x 0   .



Based on the fitted curve of Wuhan’s integrated transportation resilience levels shown in Figure 6b, the changing characteristics of Wuhan residents’ travel patterns were further analyzed when the MWD gradually increased. The “S-shaped” curve had three inflection points at which the slope changed abruptly, corresponding to the three possible shifts in travel patterns of Wuhan residents. These points of inflection were also three important points of change in the city’s integrated transportation resilience levels. When the first inflection point occurred at an RMWD of 2.5 km, corresponding to scenario 6, the resilience values for the three resilience levels were 67.88%, 59.86% and 37.85% respectively. At this inflection point the resilience value changed abruptly from a slow increase with increasing RMWD values in the previous period to a rapid increase. The second inflection point occurred when the RMWD was 11 km, corresponding to scenario 85, where the rate of increase in resilience values began to slow down, at which point the three resilience levels reached 82.25%, 78.94% and 69.08% respectively. The third inflection point occurred at an RMWD of 23 km, corresponding to scenario 205, after which the resilience values did not increase significantly. At this point the resilience values for all three resilience levels were more than 90% and the difference in values was minimal. The above analysis of the shift in travel patterns and the identification of nodes of change in transportation resilience levels will contribute to the specialized prevention and deployment of urban transportation managers for critical scenarios during sudden disasters.




3.2. Distribution of Transportation Resilience Levels across TAZs in Wuhan


Among the three transportation resilience levels described above, third-level resilience corresponded to the full motorized travel restriction and reflected the most extreme case of urban transportation resilience. The results of the calculations were highly representative. Therefore, the distribution of transportation resilience levels for each TAZs in third-level resilience was further analyzed in Wuhan. Figure 7 showed the distribution of each of the four residential travel modes in each TAZ at the three inflection points (i.e., at RMWD values of 2.5 km, 11 km and 23 km respectively) of the fitted curve of the city’s integrated transportation resilience level. The distribution chart reflected the transportation resilience level and its changing trend in different regions of Wuhan.



As shown in Figure 7, the proportion of motorized non-substitutable travel modes was greater overall in urban periphery regions of Wuhan than in the downtown, regardless of whether the RMWD value is 2.5 km, 11 km or 23 km. The regions from Chenjiaji to Wuhu in the north of Hankou and the Gutian in the west of Hankou were particularly significant, while the Optical Valley in the southeast of Wuchang was relatively insignificant. The regions from Chenjiaji to Wuhu and Gutian had in common that they were densely populated, but the lack of industrial support and the sparse road network in the region often led to long commuting distances for residents. The Chenjiaji to Wuhu region is currently planned for the construction of the Yangtze River Demonstration District, where both industry and transportation are not yet complete. While the Gutian is an old urban region of Hankou and the construction of the metro within the region is seriously delayed. Both of these regions have problems with being blocked by the railway, which makes it further difficult for residents to travel non-motorized. In contrast, the Optical Valley region is a gathering area for Wuhan’s high-tech industries, where various transportation facilities are well established, attracting the majority of residents to work and live in the district. This indicated that the distribution of industries had a significant impact on the resilience of urban transportation.



In addition, when the RMWD was low, at 2.5 km, the proportion of motorized non-substitutable travel in the downtown was close to the proportion in urban periphery regions, both at the similarly high level. When the RMWD was increased to 11 km and 23 km, the proportion of motorized non-substitutable travel in the downtown decreased significantly compared to the urban periphery regions. This suggested that residents of the downtown were more likely to shift to non-motorized travel as the RMWD increased, while there was more resistance to shift in urban periphery regions. It also meant that a relatively large number of residents in the downtown of Wuhan still travelled more than 2.5 km daily and chose to travel by motor vehicle. Further analysis of the OD data for this type of resident showed that most of them had traffic detours, which were mainly caused by the vast area of Wuhan’s waters. A large proportion of residents were bound to have more detours due to cross-river travel and were therefore unsuitable for non-motorized transportation options (Figure 8). The three towns of Wuhan, formed by the division of the Yangtze and Han rivers, boast a scattering of lakes of all sizes, so the city’s road network is not laid out in the usual circular radial pattern. The geographic center of Wuhan is located along the river, forming a cluster layout with multiple banks along the river, which made it less accessible than the cities with a centralized layout. Even parts of the city center had become “End of traffic” in a sense due to the more obvious problem of bypassing transportation along the river [38]. The geographical characteristics described above led to an inherently weak foundation for transportation resilience in the downtown of Wuhan. In addition, urban centers are generally old urban areas where buildings are dense, vehicles are congested and roads are narrow. The lack of a good slow-moving transport system will inevitably make it difficult to support residents to actively choose non-motorized modes of travel such as walking or cycling, which is also a problem of resilience in the downtown of Wuhan. Generally speaking, walking within 3 km and cycling within 5 km are ideal for human habits. It is therefore necessary to optimize urban transport facilities as much as possible to make them pedestrian-friendly and cycling-friendly. This will promote the conversion of some motorized non-substitutable travel to non-motorized travel, ultimately increasing the resilience of urban transportation in the event of a sudden disaster.




3.3. Impact of the Average Income Level of the Residents


The income level of urban residents often has an important influence on the mode of transport and thus indirectly on the resilience of cities. The level of income of residents was therefore included as an indicator of individual characteristics in the hierarchical assessment of urban transportation resilience. By surveying the total annual household income of the respondents and the number of household members, the average monthly disposable income of the household members was calculated. Then based on the Hubei Provincial Statistical Yearbook for 2021, the average monthly income level of residents in Wuhan was assigned to four groups (Low income group: RMB 0–1038, lower-middle income group: RMB 1038–2766, upper-middle income group: RMB 2766–6729, high income group: greater than RMB 6729).



Figure 9 showed the relationship between the number of residents’ average monthly income and the distance travelled in three important nodes where the fitted curves emerged as inflection points, namely Scenario 6, Scenario 85 and Scenario 205. Its travel patterns were the four modes described above, which were non-motorized conventional travel, non-motorized over-distance travel, motorized adaptable travel and motorized non-substitutable travel. The results of the study showed that the upper-middle income groups in Wuhan had relatively short daily travel distances, mostly within 20 km. The increase in MWD also allowed for more non-motorized conventional travel and motorized adaptable travel, which indicated a greater flexibility in their travel patterns. In Scenario 6, the proportion of motorized non-substitutable travel dominated. In comparison, its proportion decreased significantly as the MWD increases and its distribution was more dispersed outside the low-income group (Figure 9c). It was also clear that there were two clusters of travel for the low-income groups: Some of these groups concentrated on non-motorized conventional travel when distances were short, while others concentrate on motorized non-substitutable travel when distances were long. The travel patterns of the high-income groups were more dispersed. For short distance travel, people on low incomes were less likely to choose motorized travel due to financial constraints. While for long distance travel the number of people on low incomes was significantly higher, indicating that the separation of employment and residence was more prominent among people on low incomes. Based on the above analysis, it was concluded that the vulnerability of low-income people to travel was significantly higher in sudden-onset disasters, and therefore more consideration should be given to the transportation substitutability of low-income people for long-distance travel in the response measures, while it was important that the enforceability of short distance travel for people on low incomes was also ensured. The simultaneous implementation of these two measures was likely to achieve twice the result with half the effort.





4. Conclusions


In this paper, the three types of travel restrictions potentially caused by a city suffering from a sudden disaster were corresponded to three levels of transportation resilience, and then the MWD threshold was used as the core variable in the urban transportation resilience grading assessment model. Thereby, a fitted curve describing the change in the level of integrated urban transportation resilience had been constructed, and the fitted formula had been further developed. The results of this fitting can be used as a reference for the formulation of relevant transportation countermeasures in sudden-onset disasters when survey data are insufficient due to restricted conditions.



These are the innovations of this paper. In addition, three key conclusions can be drawn from this paper as follows.



(1) When assessing Wuhan’s integrated transportation resilience level, the trend of the curves at the three levels of transportation resilience was almost the similar, all appearing to be “S-shaped”, with the three key inflection points of the curves corresponding to the RMWD of 2.5 km, 11 km and 23 km respectively.



(2) For the level of transportation resilience in Wuhan’s TAZs, the proportion of motorized non-substitutable travel modes among all travel modes was an important indicator, and this proportion was generally greater in the peripheral regions of the city than in the downtown. When the RMWD was low, the difference was not significant, but as the RMWD became larger, the proportion in peripheral urban regions increased significantly. The main reasons for this phenomenon were the more pronounced separation of jobs and dwellings in some peripheral areas of the city and the inadequate planning of the road network, which made the region even less resilient to transportation. On the other hand, the city center was characterized by significant traffic bypasses due to the large amount of water and mostly old urban areas, resulting in an inadequate slow-moving transportation system. As a result, motorized transportation accounted for a large proportion of short-distance trips, and the transportation resilience also needed to be further improved.



(3) Wuhan’s higher income groups travelled relatively shorter distances daily and had more flexibility regarding their travel patterns than lower and middle income groups. For the lower income groups, there are two concentrations of travel. There is a concentration of non-motorized conventional trips when travel distances are short and motorized irreplaceable trips when travel distances are long. The vulnerability of low-income people to travel in sudden-onset disasters is therefore higher.



It is clear that different types of transport stoppages in the event of a sudden disaster will result in some urban residents being restricted from travelling and having no alternative means of transport. The proportion of this part of the population will affect the stability of production and life in the city, as well as the probability of various secondary disasters. Therefore, city managers can carry out effective prevention and comprehensive deployment. Early construction of an evaluation model through surveys of residents’ travel characteristics can identify key thresholds for sudden changes in urban transportation resilience. From this point of view, relevant optimization measures can be taken for areas with low traffic resilience, and strive to quickly change the travel mode of residents in an emergency. The hierarchical approach to assessing urban transportation resilience proposed in this study allows for a rapid determination of the proportion of residents, based on limited data, who may be restricted from travelling during sudden disasters such as epidemics, earthquakes, floods, tsunamis, extreme weather, terrorist attacks and energy crises, and thus a preliminary identification of the above-mentioned urban vulnerable areas with a high proportion of inhabitants. It is therefore suitable for replication in less developed regions where there is a lack of specialist data and researchers to help target transport policy in these areas. Furthermore, the analysis of this paper also suggested that urban managers should take into account the special needs of socially disadvantaged groups when responding to sudden-onset disasters and formulating relevant transportation policies.



As an essential part of the urban system, urban transportation is key to the proper functioning of cities. Shocks from sudden disasters such as COVID-19 could lead to changes in the city’s transportation demand and supply. For example, the growth of passenger and freight demand is slowing down and the constraints of the newly invested resource elements are increasing, etc. Therefore, it is very important to establish the integration of urban transportation, which presupposes the integration of infrastructure, passenger transport services, and the integration of the transport communication and information support guarantee system of heaven and earth. The urban transport resilience assessment methodology presented in this manuscript can lead to improved urban transportation integration in areas such as infrastructure and passenger services, and can help to address problems in transportation supply and demand. The use of the urban transportation resilience assessment method in this study can refer to the process of Figure 10. This method can help managers quickly and accurately explore the key nodes that affect the improvement of transportation resilience.



In this study, the distance threshold was used as the core variable in the graded assessment of urban transportation resilience. We consider that other factors may also lead to a shift in the travel patterns of urban residents. For example, the willingness to choose walking and cycling for non-motorized travel may be related to the friendliness of the city’s slow-moving system, the adequacy of urban transportation facilities and the safety of the urban transportation space. The choice of car, bus and metro travel is not only related to the level of income, but also to the distance of public transportation connections, the extent of public transportation detours and the speed of each mode of transportation. The current weakness of this study is that our analysis of the above factors is still lacking. It is therefore the next step in our work to identify the factors that influence the willingness of urban residents to choose their travel mode and to establish a more disaggregated system of thresholds, so as to achieve a more accurate assessment of urban transportation resilience in the face of sudden disaster shocks.
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Figure 1. Distribution of TAZs in the central city of Wuhan. 
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Figure 2. Distribution of daily OD travel distances for respondents in Wuhan. 
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Figure 3. Schematic representation of the shortest path distance calculation for TAZs. 
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Figure 4. Schematic representation of the four modes of travel according to MWD characteristics. 
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Figure 5. The three transportation restrictions corresponding to the three levels of resilience. 
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Figure 6. Curve of change in citywide integrated transportation resilience levels for different RMWD values. (a) is the curve of the actual result; (b) is the fitted curve. 
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Figure 7. Distribution of residential travel mode share by TAZs. (a). RMWD = 2.5 km; (b). RMWD = 11 km; (c). RMWD = 23 km. 
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Figure 8. Illustration of a typical cross-river bypass OD in Wuhan. 
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Figure 9. Plot of average monthly income of residents versus distance travelled. (a) is the result in scenario 6; (b) is the result in scenario 85; (c) is the result in scenario 205. 
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Figure 10. Flowchart of the use of the transport resilience assessment method. 
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Table 1. Classification of transportation travel distances.
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	Range of Distances
	Classification





	   d ≤ WMWD   
	Fully non-motorized mode: shorter distances, suitable for trips completed on foot or by bike.



	   WMWD < d ≤ RMWD   
	Cycling mode: longer distances, not suitable for walking, but suitable for riding to completion.



	   d > RMWD   
	Motorized mode: long distances, trips can only be completed by motorized vehicle.
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Table 2. Relevant cases of different restricted measures.
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	Type of Restriction
	Region
	Timing of the Measures
	Measures of Restriction





	Restrictions on metro travel
	Beijing, China
	22 April 2022
	Some metro stations were closed and the government encouraged residents to travel by car



	Restrictions on public transportation
	Spain
	21 October 2020
	A six-week stay-at-home order was reopened to deal with the backlash by reducing the number of public transports runs and restricting non-essential outings



	total motorized transportation travel restrictions
	Wuhu, Anhui Province, China
	17 April 2022
	All vehicles and personnel were suspended from travel except for emergency vehicles



	total motorized transportation travel restrictions
	Yanshan County, Jiangxi Province, China
	30 October 2021
	All roads were continuously illuminated in red following an outbreak



	Restrictions on travel for all persons
	California, USA
	7 December 2020
	The nation’s strictest home restrictions had been imposed, during which residents were not allowed to go outside except for essential activities



	Restrictions on travel for all persons
	Shanghai, China
	March–May 2022
	All non-emergency travel was restricted



	Restrictions on travel for all persons
	Wuhan, China
	January–March 2020
	All non-emergency travel was restricted
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Table 3. Scenarios for the citywide integrated transportation resilience assessment in Wuhan.
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RMWD (km)

	
WMWD (km)




	
0

	
0.5

	
1.0

	
1.5

	
2.0

	
2.5

	
3.0

	
3.5

	
4.0






	
0

	
1

	

	

	

	

	

	

	

	




	
0.5

	

	
2

	

	

	

	

	

	

	




	
1.0

	

	

	
3

	

	

	

	

	

	




	
1.5

	

	

	

	
4

	

	

	

	

	




	
2.0

	

	

	

	

	
5

	

	

	

	




	
2.5

	

	

	

	

	
6

	
7

	

	

	




	
3.0

	

	

	

	

	
8

	
9

	
10

	

	




	
3.5

	

	

	

	

	
11

	
12

	
13

	
14

	




	
4.0

	

	

	

	

	
15

	
16

	
17

	
18

	
19




	
4.5

	

	

	

	

	
20

	
21

	
22

	
23

	
24




	
⋯⋯

	

	

	

	

	

	

	

	

	




	
49.5

	

	

	

	

	
470

	
471

	
472

	
473

	
474




	
50.0

	

	

	

	

	
475

	
476

	
477

	
478

	
479








Note: 1. The numbers 1–479 in the table correspond to each of the 479 hypothetical scenario serial numbers, which are matched to the scenarios in Table 4. 2. The assumed precondition is WMWD ≤ RMWD. when walking distance ≥ 2 km, put each RMWD corresponding to each of the five WMWDs from 2 km–4 km, and the increment of both RMWD and WMWD was 500 m.
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Table 4. Citywide integrated transportation resilience levels for each scenario in Wuhan.
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Scenario

	
MWD (km)

	
Integrated Transportation Resilience Levels




	
WMWD

	
RMWD

	
First-Level Resilience

	
Second-Level Resilience

	
Third-Level Resilience






	
1

	
0.0

	
0.0

	
65.65%

	
56.42%

	
36.58%




	
2

	
0.5

	
0.5

	
65.65%

	
56.42%

	
36.58%




	
3

	
1.0

	
1.0

	
65.65%

	
56.42%

	
36.64%




	
⋯⋯

	

	

	

	

	




	
430

	
2.0

	
45.5

	
100.00%

	
99.41%

	
98.61%




	
⋯⋯

	

	

	

	

	




	
454

	
4.0

	
47.5

	
100.00%

	
99.94%

	
99.94%




	
455

	
2.0

	
48.0

	
100.00%

	
100.00%

	
99.94%




	
⋯⋯

	

	

	

	

	




	
478

	
3.5

	
50.0

	
100.00%

	
100.00%

	
99.98%




	
479

	
4.0

	
50.0

	
100.00%

	
100.00%

	
100.00%
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Table 5. Fitting results of the “S-shaped” curve.
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	First-Level Resilience
	Second-Level Resilience
	Third-Level Resilience





	    A 1    
	0.61736  ±  0.00154
	0.5082  ±  0.00203
	0.36234  ±  0.00255



	    A 2    
	1.01172  ±  8.2639E−4
	1.01489  ±  0.00104
	1.02027  ±  0.00132



	    x 0    
	11.53613  ±  0.06591
	10.93474  ±  0.06477
	10.95639  ±  0.063



	  p  
	2.2406  ±  0.02607
	2.19466  ±  0.02561
	2.17033  ±  0.02444



	   R 2    (COD)
	0.99886
	0.99883
	0.99891



	   Adjusted    R 2    
	0.99883
	0.9988
	0.99889
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