Chapter 15 ®)
Assessing the Resilience of the Current e
and Future Transportation System
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Abstract The resilience of the transport system has been extensively researched
in the past decades. Research has so far focused mainly on natural hazards as the
main threat to the system. Current and future developments in the transport sector and
beyond like automatization, digitalization, transition towards renewable energies and
climate change will likely increase the complexity of the transport system and pose
new challenges to ensuring the resilience of the system. Amidst these developments,
the role of individual behaviour during disruptions will be crucial and needs to
be better understood. In spite of the wealth of previous research on resilience, so
far, no standard methodology for the assessment of the resilience at system-level
could be established. In order to provide a roadmap towards such a methodology we
discuss the intended functionality, structure and components of the transport system
and propose several approaches on how to operationalize resilience metrics in a
model-based framework.

Keywords Transportation + Transportation system - Transportation resilience *
Digitalization + Sector coupling + Climate change - Travellers’ behaviour -
Assessment framework

15.1 Introduction

In light of the goal of many countries to reduce greenhouse gas emissions and reach
carbon neutrality, the transportation system will have to undergo a comprehensive
transformation. One of the key factors in achieving carbon neutrality in the transport
sector is a shift towards direct electrification, i.e. the increased usage of electricity
as energy source at the expense of fossil fuels (e.g. International Council on Clean
Transportation 2020). The increased electrification will add new components to, but
also new opportunities and challenges for the transport system, such as the charging
infrastructure, vehicle-to-grid (V2G) systems and the sector coupling. This increases
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the connection to and dependency from the energy system. In the context of the energy
transition, this connection is becoming even more important.

In parallel with the energy transition of the transportation system, the trend towards
digitalization and an increasingly intelligent transport system will also be one of the
main drivers shaping the future of this sector. Digitalization will not only manifest
itself in the context of autonomous driving, but will also enable new mobility services
that largely rely on digital technologies (e.g. shared mobility services such as ride-
or carsharing) or improve existing services by digital traveller information systems
(Bieser and Kriukelyte 2021).

The above-mentioned trends and developments will increase the complexity of the
transport system and the interdependencies between its components and thus increase
the importance of analysing the resilience of such a system. Although studying the
resilience of the transport system is by no means a new topic and has been conducted
extensively in the past couple of decades, the forthcoming transformation of the
transportation system might pose some novel research questions that have not been
adequately considered so far.

The aim of this chapter is to provide an overview of the current state of research
on transportation resilience and transportation resilience assessment and monitoring
methods. We will hereby focus on aspects related to electrification, energy transition
and digitalization. We do not attempt to achieve an exhaustive review of all previous
transportation resilience studies, but rather to offer a selection of papers and studies as
starting point for readers interested in a more in-depth research. In light of the present
knowledge regarding the resilience of the transport system and its transformation
and future challenges we will also discuss the necessity for a more comprehensive
assessment framework. Therefore, we will also address some of the key aspects and
requirements of such a framework. Furthermore, we also attempt to identify research
gaps and possible directions for future research in light of the above-mentioned
trends.

This chapter is structured as followed: First we give an overview of the literature
on transportation resilience research, starting with a generic definition and compre-
hensive review studies and continuing with a more detailed presentation of selected
topics of special relevance. We then present a roadmap towards establishing a frame-
work for transport system resilience assessment. Finally, we also identify the most
relevant research topics in the context of the energy transition and digitalization and
map out potential directions for future research in this field.
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15.2 Previous Research on Transportation Resilience

15.2.1 Definition of Resilience in the Transport Sector:
A Diverse Field

Research on the concept of resilience spans across a highly diverse set of disciplines
and topics. Consequently, there have already been quite a few systematic reviews of
how to define transportation resilience (see e.g. Zhou et al. 2019; Wan et al. 2018).
The wealth of research so far has produced a great variety of different transportation
resilience definitions and has made it difficult to find a generally accepted defini-
tion of resilience in the transport field (Wan et al. 2018). The latter authors wrote
a comprehensive transportation resilience definition review and precisely describe
the main differences between transportation resilience definitions. They show that
different definitions have different scopes. While some focus on the whole transporta-
tion system, others focus only on specific aspects. Some describe resilience as the
ability to return to a specific functioning, while others define it as a capability of the
system itself. In their comprehensive review, (Wan et al. 2018) summarize transporta-
tion resilience as the ability to absorb disturbances, maintain the system functionality
and recover to a certain level of service after being affected by disruptions (Wan et al.
2018).

We will subsequently use this rather generic definition of resilience as a starting
point to explore several aspects in-depth in the following sections. Furthermore, in
Sect. 3.2 we will give some insights into how these concepts can be operationalized
and implemented.

15.2.2 Comprehensive Literature Review Studies

Previous research has investigated transportation resilience from different perspec-
tives. For example, (Wan et al. 2018) parse the existing literature by reviewing both
objectives and research methods. They show that resilience has gained an increased
popularity in the transportation research field in recent years, but relatively late
compared to other fields. The review shows that natural hazards are predominantly
investigated as a source of disturbance and ports as research objects. The domi-
nant research method in this field is mathematical modelling (57.3% of the selected
works). This method is followed by simulation (more than one third) and concep-
tual works such as definitions (less than one fifth), surveys (about 10%) and case
studies (about 5%). Furthermore, the authors show that 70.5% of the research is of
quantitative nature and only 29.5% is qualitative (Wan et al. 2018).

Zhou et al. (2019) provide a comprehensive literature review focusing on metrics
and mathematical models to measure resilience and strategies to enhance resilience.
The authors show that resilience indicators can be divided into topological, attributes-
based, and performance-based metrics. Measurement approaches can be divided into
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optimization, topological, simulation, probability theory, fuzzy logic, and data-driven
models. The authors argue that the enhancement of resilience is interrelated to the
previous methods, however, most of the studies only focus on one method and on
only one phase of the resilience assessment (most of the time operationalized by
the cycle of disaster: mitigation, preparedness, response, recovery). What is missing
from the findings is research about the role of the human being in the recovery
phase and the societal perspective of resilience in general, as most of the research
focuses on technology. Furthermore, the authors describe another problem: previous
methods can hardly be applied to complex (interdependent) transportation systems
(Zhou et al. 2019).

Due to the wealth of literature other researchers focus on only one aspect of the
transportation system. For example, BeSinovi¢ (2020) investigates the railway trans-
port system resilience. She emphasizes that railway transport demand is rising, which
will be followed by more congestion and more complex, interdependent systems. Due
to this development as well as system failures and climate change, she expects an
increasing number of disruptions. She emphasizes the need for a field specific defini-
tion of resilience and for a widely accepted method to quantify impacts of disruptions
and the evolution of system performance (BeSinovi¢ 2020).

Other researchers focus on more holistic approaches. Tamvakis and Xenidis
(2012) investigate key variables for a holistic design of transportation systems
including resilience. They highlight the need for resilience engineering, which
ensures a certain minimum operation level in case of sudden disturbances and a
quick recovery potential. They also present first steps towards a new approach to
assess transportation systems resilience (Tamvakis and Xenidis 2012).

15.2.3 Threats to the Transportation System

A large part of transportation resilience research focuses on various threats to the
transportation system. Dominant threats are natural hazards. Among the different
kinds of natural hazards investigated are hurricanes (see e.g. Yin et al. 2014; Wu
et al. 2012), typhoons (Wang and Taylor 2015), or winter roads (Navestad et al.
2021). Wu et al. (2012) investigate evacuation logistics, and more specifically the
activities and resources needed to reach a safe location during hurricanes Katrina and
Rita. They found that evacuees most likely choose the homes of friends or relatives
as shelter, take multiple cars and rely on experience and traffic conditions to choose
an evacuation route. Yin et al. (2014) use a slightly different approach, employing an
agent-based travel demand model system for hurricane evacuation simulations. Wang
and Taylor (2015) investigate the impact of typhoons on human mobility patterns.
Even though human mobility can be influenced by typhoons, the authors show that the
power law still applies to human mobility patterns, which indicates that fundamental
travel patterns are resilient. Nevestad et al. (2021) focus on a less dramatic natural
hazard: winter roads in Norway. They investigate how heavy goods vehicle drivers
adapt to winter roads and compare foreign and Norwegian drivers. They show that
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foreign drivers feel less safe on Norwegian winter roads and are more likely to have
accidents compared to Norwegian drivers, who also feel more confident. In summary,
natural hazards threaten transportation systems and the investigation of these aspects
improves the knowledge on how to make the transportation system more resilient.

Other unexpected events such as industrial disputes or strikes have also been inves-
tigated to analyse the resilience of the railway system (van Exel and Rietveld 2009).
The authors investigate rail users’ behaviour before and after a national strike in the
Netherlands. They analyse associations between traveller and trip characteristics as
well as anticipated and actual reactions. The results show that 44% of those who
wanted to travel by train on the day of the strike cancelled their trip, 24% used the
car as a driver instead, 14% took another mode as passenger and 18% took the train
on another day. Such results can help to adapt to strikes and enhance the resilience
of a specific, affected transport system. Finally, pandemic situations have also been
investigated in the light of the resilience of transportation systems (Teixeira et al.
2021). The authors investigate whether the Corona pandemic influenced the use of
bike sharing. They show that bike sharing is an asset for the resilience of urban trans-
port systems especially during a health crisis as they are perceived to be capable of
preserving social distancing.

15.2.4 Data Sources and Analysis Methods

Another important part of transportation resilience research concentrates on the data
and methods that can be used to investigate the resilience of a transport system.
Examples for data sources are mobile phone data to track down individuals (Peak et al.
2018), GPS data from probe vehicles like taxis (Donovan and Work 2017), location-
based service data from Baidu Map analysed by GIS and spatial flow analysis (Chen
et al. 2020), or social media data (Roy et al. 2019). These different data sources are
used to investigate human mobility during disruptions in order to provide insights
and knowledge for transportation system planners to prepare for potential hazards.

Different methods to quantify transportation resilience have been applied, such
as pace deviations during normal versus unusual events (Donovan and Work 2017)
or path length analyses (Morelli and Cunha 2021). Since many different defini-
tions of resilience exist, just as many different quantification approaches have been
developed. Consequently, Besinovi¢ (2020) argues that there is a need for an agreed
quantification of the impact of disruptions. This further illustrates the current wealth
of transportation resilience research.

15.2.5 Resilience in the Context of Individual Behaviour

Disruptions require people to make quick decisions and can also trigger anxiety and
fear. The evaluation of the respective situation decisively influences the individual
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ability to react adequately. Therefore, it is important to also investigate the effects of
disruptive events on individuals.

One study investigates 15 destructive situations of five different kinds of natural
disasters and their effects on mobility patterns before, during and afterwards (Wang
and Taylor 2016). They show that mobility patterns are correlated during the different
measurement points but not during very heavy events. This means that mobility
patterns during normal state and disasters are somewhat related, but only up to
a specific disruption threshold, after which the correlation declines. The authors
emphasize the need for a deeper understanding of mobility during disasters to avoid
negative effects for the population.

Marsden et al. (2020) emphasize the necessity to examine how the transport
system and mobility patterns change when facing disruptive events. They investi-
gate behavioural adaptations in reaction to disruptive events. The authors find seven
coping strategies in response to three disruptive events, winter weather, flooding, and
a bridge closure that were followed by road closures of several days to a few weeks:
(1) Remoding: using a different mode of transport for at least the main leg of the
trip; (2) Rerouting: taking a different route from that which was planned or would
typically be taken; (3) Retiming: modifying the time at which a trip starts by either
bringing it forward or pushing it back without altering where in the sequence of activ-
ities it occurs; (4) Rescheduling: changing when in the week a trip is made. This is
distinct from retiming as the trip is moved in a sequence of activities; (5) Relocating:
changing the destination of a journey such as shopping somewhere else; (6) Reallo-
cating: passing over the responsibility for a journey to someone else (e.g. childcare
pick up or caring trip); (7) Reducing: not conducting a trip at all but conducting the
activity through ICT.

Another similar study by Parkes et al. (2016) shows that the most common
behavioural responses as a reaction to overcrowding in public transport during the
Olympic games in London 2012 were retiming and reducing journeys (33 and 32%
of respondents respectively), compared to 19% rerouting and 14% remoding.

Zhu and Levinson (2010) find that the preference for driving a car was very strong
after disruptions. Additionally, travel experience seems to be an important variable
as new habits may emerge through experience. In another study about suburban train
users, the authors identify coping mechanisms and aspects related to the decision-
making process of suburban train passengers when service is interrupted or delayed
(Adelé et al. 2019). They reveal that factors relating to the individual (e.g., exper-
tise), the journey (e.g., time constraints) and also information (pre-trip or enroute
communication of the disruption) affect the behaviour. They also show that travel
behaviour is further influenced by available transport services, car availability, the
situation in which the disruption occurs, perception of service recovery time, as well
as the attitudes towards information services. For example, those with route expertise
are more willing to wait, compared to those with no route expertise (van der Horst
and Ettema 2005), or are more reluctant to use unknown routes (Chorus et al. 2006).
If a car is available in the household, it is more likely to be used when a disaster
happens (Adelé et al. 2019). Yet another study shows that car access, travel time,
travel cost, trip importance, and weather influence whether someone will switch
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from public transport to car due to a public transport disruption (Nguyen-Phuoc et al.
2018).

Finally, there are also differences between the modes of transportation in terms
of their robustness during disruptions. For example, walking and cycling can be
seen as more robust compared to motorized individual transport and longer trips
are more vulnerable compared to shorter trips. This raises the point that the focus
on motorized individual transport in resilience planning could actually worsen the
transportation system vulnerabilities (Morelli and Cunha 2021).

15.2.6 Future Trends in the Transportation System

15.2.6.1 Resilience in the Context of Automatization, Digitalization
and New Transportation Services

Johnsen and Kilskar (2020) investigate the effects of automatization on the
resilience of transportation systems. They find that automatization itself might
increase vulnerabilities, for example due to human attention failures or poor human
machine interaction design. The authors emphasize that one key resilience factor
of automated systems is being able to handle unexpected situations. Furthermore,
automated systems also have to be resilient in order to increase the trust in such new
technologies. The authors point out that if automated functions are not perceived as
safe and therefore resilient in face of countlessly different situations, users will not
be willing to use such functions (Johnsen and Kilskar 2020).

Buinevich and Vladyko (2019) investigate the effects of digitalization on the
resilience of transportation systems. They show that one important aspect of digi-
talization in the transportation sector are wireless communication technologies for
intelligent transportation system applications, which represent a new potential target
for cyber-attacks. Any interruption of these systems might endanger the safety of
e.g. passengers and trains since such communication technologies are employed to
warn drivers about obstacles, systems failures, and other interruptions. The authors
emphasize the need for cyber-resilient transportation systems.

Mitusch (2021) analyses the resilience of new transportation services, e.g. car
or bike sharing. The author concludes that, because of the more flexible usage options
of these new modes they are more resilient compared to collectively used modes of
transport. However, the author emphasizes that, as most of these new services are
running on electricity, they are dependent on a well-functioning electricity supply.
Furthermore, he points out that the optimal utilization of a pool of vehicles may imply
a reduction in the total number of required vehicles compared to individual vehicle
ownership. In case of a disturbance this may cause a lack of available vehicles since
the number of shared vehicles is optimized for normal conditions.
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15.2.6.2 Resilience in the Context of Climate Change

Markolf et al. (2019) discuss the transportation system resilience in face of climate
change. Our transportation system is built on historical climate observations, but
climate change is making such assumptions obsolete. The authors differentiate
between direct and indirect threats. Currently, research is focussing more on direct
threats and the goal is to make the system more robust. However, the authors
conclude that the indirect threats are just as important to consider, and robustness
does not protect the transportation system. The authors emphasize the importance
of expanding the scope towards flexibility and agility above robustness to make the
transportation system more resilient in face of climate change (Markolf et al. 2019).

One important aspect of a sustainable and therefore of a resilient transportation
systemis congestion (Afrin and Yodo 2020). However, until now research has focused
on capturing “typical” circumstances, meaning the “normal” mobility (Marsden et al.
2020). The authors highlight that this leads to an overestimation of the rigidness and
invariability of individuals’ travel patterns. They emphasize how important it is to
close this research gap, especially in face of climate change. Such research could
lead to a better understanding of how flexible mobility patterns really are.

Adaptation strategies can also be observed in actions of transportation service and
infrastructure companies. For example, the German national railway infrastructure
operator, DB InfraGO (formerly DB Netz), has implemented a natural hazard strategy
to adapt to the effects of climate change. They analyse dependencies and relations
between different effects, economical aspects and derive the need for action (MeBen-
zehl 2019). However, due to climate change, weather will become less predictable
and more variant, which will in turn lead to less accurate forecasts and forewarnings
(Mitusch 2021).

15.2.6.3 Resilience in the Context of Energy Transition
and Electrification of the Transportation System

The electrification of the transport sector and therefore the coupling to the energy
sector brings various challenges and opportunities in relation to the resilience of
both sectors. Brown and Soni (2019) survey members of the U.S. Department of
Energy’s Electricity Advisory Committee to assess the market potential and chal-
lenges from the integration of vehicles in the electricity grid. The authors examine
the survey results in combination with a literature review, current policies and the
ecosystem of stakeholders. They find that grid-to-vehicle integration is the most
valuable mode. Furthermore, the management of transport and energy as comple-
mentary sectors could uncover the benefits for grid resilience. A coordinated policy
approach involving multiple sectors and infrastructures can support complemen-
tarities across sectors and significantly contribute to network resilience. The main
barriers to grid-integrated EVs are operational and administrative in nature (Brown
and Soni 2019).
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This knowledge raises the question of how electric vehicles could be integrated and
utilized into the grid system during emergency events to enhance resilience. Hussain
etal. (2020) investigate microgrids and energy management during emergency cases.
Within their research they develop a communication-based energy management
system for emergency cases. This approach provides interoperability and plug and
play solutions. Because EVs are spatially distributed and portable storage systems,
they are of high value in emergency situations. The energy stored in the vehicles can
be used until help arrives. To enable different energy system components to work
together in such cases, standards must be expanded and combined with smart grid
or smart city concepts (Hussain et al. 2020).

If disasters can be predicted like extreme weather events, the benefits on resilience
from electric vehicles can be enhanced. Roudbari et al. (2021) investigate the oppor-
tunities to enhance resilience by rescheduling resources and charging/discharging
patterns before and during extreme weather events. The effectiveness could be
demonstrated through several case studies.

On the other side it is necessary to consider the resilience of electric vehicles when
it comes to emergency situations. Hussain and Musilek (2022) analyse existing liter-
ature to discuss the use of electric vehicles as resilience resource and the resilience
of electric vehicles themselves. They propose different strategies and techniques
to enhance the resilience of electric vehicles during disasters. Prior to an event,
resilience can be increased by including storage capacity in the charging infrastruc-
ture or building renewably powered off grid charging stations. During disruptions the
allocation of power to EVs and along evacuation routes has an impact on mobility
and possible evacuation options. However, in addition to the V2G issue (see above),
there are other issues that need to be addressed, such as coordination among stake-
holders, standardization, installation of charging stations, and shaping public policy
to include electric vehicles (Hussain and Musilek 2022).

15.3 Towards a Framework for the Assessment
of the Transportation System Resilience

After having presented the main directions of research in the context of transport
system resilience we now turn our attention to the question of how the resilience
of this system can be assessed and quantified. Unsurprisingly, there is no readily
available state-of-the-art or even state-of-practice methodology for this task, since
assessing the resilience of the entire transport system has not been so far up on the
agenda of policy makers and practitioners so far. However, as previously discussed in
Sect. 15.1, the impending transformation of the transport system and the associated
new challenges will render this assessment considerably more pertinent in the future.

The following sections will present several fundamental aspects that need to
be considered in developing a roadmap towards a comprehensive and future-proof
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resilience assessment framework. We start by undertaking a more detailed exam-
ination of the transport system, followed by an analysis of conceptual transport
resilience indicators and how they can be operationalized. Finally, we present a
possible implementation of resilience assessment using model-based analyses.

15.3.1 Scope and Boundaries of the Transportation System

In order to assess the resilience of any system, it is imperative to have a clear under-
standing of the intended system functionality, system components and boundaries.
The transportation system is surprisingly difficult to describe in unambiguous and
comprehensive terms. For instance, one definition refers to the transport system rather
generically as a set of multiple elements that interact with each other and produce both
a certain demand for travel as well as the transportation supply (services) required
to meet this demand (Cascetta 2009).

A system can first be described in terms of its intended functionality. In a nutshell,
the purpose of the transport system is to ensure the mobility of persons and goods
(and according to some wider definitions also of information) at an acceptable level
of service and costs. Several implications for resilience analyses derive from this
high-level definition. Firstly, it is important to consider both the supply and the
demand and how well they match together. Secondly, the performance of the system
should be assessed from the perspective of the end users, as there is no universal
or objective definition of what are “acceptable” levels of service or costs associated
with travel. Furthermore, demand for (passenger) transport has traditionally been
considered as being derived from the necessity of carrying out activities at other
destinations (Mokhtarian and Salomon 2001). An interesting question that arises
from this consideration is whether or not the provision of alternative destinations,
locations or substitutes for the originally planned activities in case of disruptions
still falls within the boundaries of the transport system. A pertinent example for this
discussion was the sudden increase in working from home in response to the onset of
the COVID-19 pandemic. This drastically reduced the demand for commuting while
still enabling the originally planned activities (working) to be carried out. While such
a reaction is a clear indication of resilience, we consider that in this case it was not
the transportation system itself but actually the “societal system” as a whole that has
shown resilience, since enabling people to work is not the primary function of the
transportation system. Nevertheless, this example demonstrates the extent to which
the transportation system is integrated within other, broader systems.

Another way of describing the transportation system that is useful for resilience
analyses is to consider its components and structure. (Tamvakis and Xenidis 2012)
propose a two-layered definition of the transportation system where the inner layer
consists of six physical components (infrastructure, vehicles, equipment, power
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systems, fuel, communication systems) and the outer layer consists of external stake-
holders (e.g. government, general public, financial community etc.). This is a compre-
hensive definition that appears to include several relevant aspects in addition to the
most obvious core elements (e.g. infrastructure and vehicles).

For the purpose of resilience analyses it might be more beneficial to expand the
system definition proposed by Tamvakis and Xenidis (2012) by structuring the trans-
portation system and its components according to different kinds of vulnerabilities
and possible kinds of reactions with respect to that. For example, let’s consider the
physical component “Infrastructure”. This component has several vulnerabilities, one
example being that roads can be blocked by heavy snowfall. The factors and sub-
systems that influence the mitigation and adaptation reactions are equally important.
In our example this could be how well-organized the snow plough operation is and
how quickly the original functionality of the system component (e.g. a clean, snow-
free road) can be restored. This part of the transportation system could be termed as
“recovery support components”. The concept can be applied to any of the key system
components and its existence and performance is crucial in the assessment of the
system resilience. As with the aspect of providing alternative destinations discussed
above, the outer boundary of the transportation system cannot easily be defined and
it is debatable up to which point these recovery support components should still be
included in the definition. For the purposes of resilience system analyses, however,
they should at least be considered.

Based on these considerations we propose an updated, end user-focused descrip-
tion and structure of the transportation system well suited for resilience analyses,
which includes the following components (Fig. 15.1):

e Core:

— Individuals and end users: the actual “beneficiaries” of the transportation
system that need to get from A to B

»Recovery support“ systems Construction companies

(selection) (political) decision makers

Physical infrastructure

Communications Individuals Vehicles

end users
Maintenance and
repair facilities

Companies and
personnel Energy supply

Education and
training

Fig. 15.1 Updated transportation system structuring for resilience analyses
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e Key system components:

— Physical infrastructure: the different transport networks (road, rail, waterways,
stations, terminals, ports etc.)

— Vehicles: the moving vessels (cars, trains, airplanes etc.)

— Companies and personnel: the providers of transportation services (logistics
companies, public transport companies, drivers etc.)

— Energy supply: petrol stations, power plant operators, grid operators etc.

— Communications: Mobile networks, 5G providers, internet platforms etc.

e Recovery support:

— all systems (technical, procedures, companies, institutions) that act towards
restoring the full functionality of any of the key system components in case
of disruptions (e.g. construction companies repairing damage to the physical
infrastructure or repair facilities repairing damage to vehicles etc.).

15.3.2 Operationalization of Resilience Concepts

With a better understanding of the purpose, scope and structure of the transport system
we can now turn our attention to how its resilience can be quantified and assessed.
Implementing the generic definition of resilience given in Sect. 2.1 into a framework
for quantitative analyses is not straightforward. A useful, generic concept is the so-
called “resilience triangle” that was originally proposed by Bruneau et al. (2003)
for the evaluation of infrastructure resilience. This simplified conceptual model, as
illustrated in Fig. 15.2, considers the time-varying performance of the (transportation)
system before, during and after a disruptive event. In the immediate aftermath of
the disruption (t0), the performance decays. The robustness of the system and its
redundancies determine the extent of the decay. After the minimum of performance
has been reached (t1), the system enters the recovery phase where the functionality is
gradually restored. The hashed area in Fig. 15.2 indicates the impact of the disruption
on the system. The smaller this area is, the more resilient the system is. This can
be achieved by minimizing either the initial performance decay (through robustness
and redundancy), the time to full performance recovery (through resourcefulness and
rapidity), or both.

The next question is, then, what constitutes an appropriate measure for the overall
performance of the transport system (the y-axis of the conceptual model in Fig. 15.2).
Various metrics have been used both at sub-system levels (i.e. to assess the perfor-
mance of individual components of the transportation system) and for the overall
system (Zhou et al. 2019). For a system-wide performance analysis we must return
to the definition of the intended system functionality given in Sect. 3.1. Since the
purpose of the transportation system is to provide accessibility at minimal cost, it
is precisely this metric which should form the basis for the resilience assessment.



15 Assessing the Resilience of the Current and Future Transportation System 339

4 Relative System
Performance
100%
/
WI
to t1 t2 Time

Fig. 15.2 Two phases of resilience measurement, according to Zhou et al. (2019)

This can be implemented into two relatively straight-forward metrics based on the
underlying travel demand:

1. Percentage of serviced demand, i.e. ideal performance of the system is achieved
when all trips and movement can be carried out as originally planned, in spite of
any disruptions.

2. Impedance index, i.e. a comparison of the current total impedance in the network
with a best-case (undisrupted) scenario (see e.g. Twumasi-Boakye and Sobanjo
2018). The most relevant impedance metric is travel time, but measures of
generalized cost including monetary and/or other types of impedances are also
possible.

For sub-components of the transportation system, other indicators are required.
For example, access and availability of charging infrastructure for battery-powered
electric vehicles is an indicator worth considering in the light of electrification of
transport. Since the charging infrastructure depends on the power grid cross-sectoral
effects must be considered.

It should be noted here that this operationalization of resilience analysis is an
event-based assessment framework, i.e. it requires consideration of possible disrup-
tions to the system. This is a useful approach in many cases, but there are also some
drawbacks to consider here. Firstly, the assessment results will depend heavily on
the exact disruption(s) considered so care should be taken when selecting the stres-
sors. Ideally, for a comprehensive system analysis a wide-ranging set of disruptions
should be investigated in order to avoid selection bias. Furthermore, when assessing
future system configurations that greatly differ from the current one (e.g. a fully
automatized and digitalized transport system as indicated in Sect. 2.6.1), it might not
be so obvious at a first glance which disruptions are the most relevant. In some cases,
resilience-enhancing measures for one disruption might also increase the vulner-
ability to other disruptions (e.g. digitalization might help in natural catastrophes
but will also increase vulnerability to a hacker attack). Therefore, the event-based
assessment could be supplemented by a structural one.
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Structural indicators are generally employed to describe a system’s robustness and
redundancy. In transportation system analyses, such indicators have been developed
mainly to describe the topology of (road) networks using graph theory concepts and
include metrics such as the network diameter, average shortest path, average node
degree, size of giant component etc. (Zhou et al. 2019). Another relevant structural
indicator might be the total excess capacity, i.e. a network-wide aggregation of the
difference between the maximum capacity of each link and the regular (undisturbed)
traffic volumes. However, such indicators are difficult to apply in the context of multi-
modal, system-wide analyses investigating disruptions more complex than singular
link outages in simple networks.

One promising theoretical approach comes from microeconomics and has been
employed in transportation in the context of choice modelling. The expected
maximum utility, or logsum term, is a measure of consumer surplus in choice situ-
ations (see e.g. Jong et al. 2005). The greater the number of alternatives included in
the choice set, the higher the logsum will be. From the perspective of the end user
(e.g. a traveller), the transportation system can also be seen as a series of choices
(e.g. destination, travel mode, route etc.). It should thus be possible to calculate
logsums for each choice situation and aggregate them. By comparing the (aggre-
gated) logsum to the actual utility of the (modelled) best or preferred alternative,
it appears theoretically possible to evaluate the redundancy of the system. A more
redundant system will have a higher difference between the logsum term and the
best singular alternative. However, further research is required to operationalize this
concept.

15.3.3 Model-Based Analyses for Resilience Assessment

Building upon the aspects discussed in Sects. 3.1 and 3.2, it becomes clear that estab-
lishing a framework for the comprehensive assessment of the resilience of current and
future transport system is not a trivial task. This framework should include all relevant
parts of the system (see Fig. 15.1) and enable the time-dependent, dynamic assess-
ment of their performance. Based on this, indicators for both the event-based and the
structural assessment discussed in Sect. 3.2 should be derived. In the following we
will attempt to lay out a roadmap towards establishing such a framework.

Firstly, a proper model-based tooling should be developed. The starting point for
this tool could be provided by already existing transport models and simulations.
With such models it is already possible to compute the system performance metrics
for any given timestep in Fig. 15.2. Conventional transport models usually consider
both transport supply (e.g. the capacity and other characteristics of the road network,
public transport scheduling etc.) and its impact on travel demand. If changes are made
on the supply side, e.g. by reducing the capacities or removing certain links from the
network altogether, then this could have an impact on demand at various steps in the
transport model. Depending on the type of model and its sensitivity, such changes
could be seen in terms of route choice and flow re-routing, mode choice, destination
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choice etc. By comparing the model results from disruption and undisrupted scenarios
it is possible to calculate the impedance indices presented in Sect. 3.2. If the point
in time with the lowest system performance (t;) is selected and compared to the
undisrupted system performance, the results could also be interpreted as an analysis
of the system’s robustness.

In more complex, so called “activity-based” travel demand models it is also
possible to model changes in the activity patterns of individuals as a result of enhanced
or degraded accessibility and thus also directly calculate the percentage of serviced
demand. To assess future developments and cross-sectoral effects it may also be
necessary to build interfaces between specialized models. Since the spatial and
temporal resolution of different models might be very different a robust method-
ology needs to be established. Models with a higher temporal resolution might use
a slice of temporal data from models with a lower temporal resolution. An interpo-
lation methodology, as described later on, might help to build a sufficient interface.
However, care should be taken when employing the models for such purposes because
most of them have originally been developed and validated for long-term, strategic
modelling.

The second step in the development of the model-based tooling should be to
move from a static to a dynamic approach that is able to consider time-varying
aspects before, during and after disruptions. Several approaches could make this
possible. The first one is by employing dynamic simulations instead of conventional,
static travel demand models. Dynamic simulations consider an explicit time axis and
model the changes in the state of subjects or agents during the simulated period. Such
simulations have been developed with the main focus on increasing the accuracy of
the network assignment step, since there are obvious benefits in considering the
dynamics of traffic flows and queues in a network. However, even in these dynamic
simulations the travel demand (deriving from trip generation, destination, mode and
time of day choice) is static and is not dynamically re-evaluated during the simulation.
Understanding e.g. how travellers alter their activity plans spontaneously during a
disruption is an open research question that warrants further investigation.

In transport models, the typical simulation period is one day (24 h), although there
are also model implementations of week-long simulations (see e.g. Ordonez Medina
et al. 2012). Depending on the disruptions to the transport system considered, it
might be necessary to greatly expand this timeframe. This is especially relevant in
the context of damages to the transport infrastructure, since repairing them could
take months or even years. Performing continuous simulations for such extended
periods of time is obviously not feasible. Instead, another approach could be to
run multiple static models for several discrete points in time and then interpolate the
results in between. This approximation would greatly simplify the modelling process
and achieve an optimal trade-off between accuracy and computational efficiency by
selecting the appropriate time intervals between the discrete simulations.

In both of the approaches mentioned above, it is important to also include the
performance and behaviour of the relevant “recovery support” components of the
transportation system (see Fig. 15.1). This goes beyond the scope of traditional
transport models so new approaches will need to be developed for this purpose.
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One obvious approach could be to make assumptions regarding the recovery support
systems based on their observed performance during previous disturbances and stress
situations. This simple approach could work well enough when there is sufficient
historical data to base the assumptions on and when the interactions between different
systems are negligible. For example, if a bridge has been destroyed by an extreme
weather event, then the time required for reconstruction could be estimated from
previous experience with such occurrences. However, if the construction companies
(as an example of “recovery support” systems) are themselves affected by other
disruptions, e.g. shortage of materials due to unavailable supply lines or budgetary
and manpower constraints, then their performance might differ substantially from
previous observations. Furthermore, the performance of recovery support actions for
future technologies cannot be derived from historical data. This is illustrated by the
example of electrification of transportation, where vehicles rely on electric energy,
which is a different kind of infrastructure. Another example is autonomous driving,
which could have a huge impact on travel patterns and vehicle movements. In these
cases, it appears necessary to explicitly model the behaviour of the recovery support
agents, e.g. by using (simplified) agent-based models or system dynamics models
(Li et al. 2020).

Such a model-based tool for resilience analysis could primarily be used to assess
the performance of the system by selecting relevant disruption scenarios and stress
cases, simulating and analysing the results. By identifying those system features
over which planners have an active influence on, the tooling can then also be used
for design purposes. By finally running multiple simulations with different design
parameters and options, it should be possible to identify some form of optimal system
setup that maximizes resilience.

Figure 15.3 summarizes the proposed model-based resilience assessment frame-
work. Starting from already existing transport models and simulations, an enhanced
stress case evaluation tool will have to be established according the guidelines
presented above. The utilization of this tool for the assessment of relevant stress
cases will enable planners to monitor and better consider aspects of resilience when
designing the future transportation system.

15.4 Conclusion

Research on the resilience of the transportation system has been conducted inten-
sively during the last decades. There has been a specific focus on natural hazards and
evacuations, but resilience has also been investigated from other perspectives. Latest
developments in automatization, digitalization in the transport and energy transition
and climate change have led to new research topics in the transport sector concerning
resilience. Furthermore, these aspects are related to the individuals’ behaviour, which
is also highly relevant in the context of resilience.

While there is a wealth of research on current and future threats to the transporta-
tion system, up until now only a very limited focus has been placed on developing
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R

Fig. 15.3 Model-based resilience assessment framework

instruments and frameworks that allow planners and decision-makers to assess the
resilience of the transportation system as a whole. Ideally, a comprehensive assess-
ment framework should enable decision-makers to quantify both the costs and the
benefits of a resilient transportation systems and take system design-related decisions
accordingly.

This chapter has presented a vision of what such an integrated and comprehen-
sive framework could look like in the future. For this vision to become reality and
state-of-practice, research must now focus on developing practical and easily imple-
mentable tools that consider both short and long-term impacts on all resilience-related
aspects of the transportation system, including the recovery support systems. The
most obvious starting point in this endeavour are currently existing transport models
and simulations, which can already be implemented to investigate the robustness
and redundancy of several important parts of the transportation system, such as the
transport networks. This should at least allow us to quickly identify the main vulner-
abilities in our current system. Finding a quick solution for these vulnerabilities
will, however, not be so straight-forward, especially in view of the often limited
resources (financial, but also e.g. in terms of space in dense urban areas or shortage
of skilled labour force available for construction work etc.) to expand our transporta-
tion systems. This will require an informed prioritization of policy interventions and
optimal allocation of resources, for which a comprehensive resilience assessment
framework, as proposed in this chapter, is an indispensable prerequisite.
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