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Resilience metrics and measurement methods for transportation infrastructure: 
the state of the art

Wenjuan Suna  , Paolo Bocchinia   and Brian D. Davisonb 
aDepartment of Civil and Environmental Engineering, ATLSS Engineering Research Center, Lehigh University, Bethlehem, PA, USA; bDepartment 
of Computer Science and Engineering, Lehigh University, Bethlehem, PA, USA

ABSTRACT
Transportation infrastructure plays an important role in supporting the national economy and 
social well-being. Extreme events have caused terrible physical damages to the transportation 
infrastructure, with long-term socioeconomic impacts. An increasing number of studies focus 
on the resilience analysis of transportation infrastructure to support planning and design, as 
well as efficient management. As a comprehensive review, this paper covers different metrics 
for resilience assessments, with discussions of fundamental challenges due to uncertainties and 
interdependencies. It points out that validations of resilience assessments are limited due to the 
general scarcity of data, which may hinder practical applications. Finally, directions for future 
research are suggested. This paper provides an organized overview of the many lines of research in 
the field, accomplishments, and open gaps. It indicates useful starting points for researchers new to 
this field, and serves as a reference for teams already active on this topic.

1.  Introduction

The national economy and well-being depend on reli-
able and resilient infrastructures, with the transporta-
tion infrastructure playing one of the key roles. In the 
United States, there are over 4 million miles of roads, 
600,000 bridges, 19,000 airports, and 3000 transit provid-
ers, forming complex networks of transportation infra-
structure (United States Department of Transportation 
[USDOT], 2016). Transportation networks support the 
mobility of goods and people and provide the accessibil-
ity to important resources (such as shelters and emer-
gency vehicles) and vital services (such as wheelchair 
lifts and accessible buses) in emergency circumstances. 
Among transportation networks in the U.S., 65% of 
major roads are rated below good condition and 25% 
of bridges cannot handle the current traffic (The White 
House, 2014). Transportation infrastructure with dete-
riorated and vulnerable components may not withstand 
extreme events, such as natural hazards and man-made 
disasters. Extreme events would cause significant physical 
damages to the transportation infrastructure, leading to 
negative social impacts and large economic losses. For 
instance, Hurricane Sandy caused about $7.5 billion of 
damage to the transportation system in New York City 

and over $70 billion of economic loss to both New Jersey 
and New York (United States Department of Commerce 
[USDOC], 2013). Recently, Hurricane Harvey brought 
27 trillion gallons of rainwater on Texas and Louisiana, 
flooded many roadways and destroyed millions of cars, 
forcing tens of thousands to evacuate from their homes, 
with estimated economic loss over $190 billion (Dottle 
et al., 2017). Hurricane Irma caused power outages for 
over 4 million customers and significantly damaged high-
ways, railways, and airports in Florida, Georgia, and the 
Carolinas. (Chappell, 2017; Department of Homeland 
Security [DHS], 2017; Office of Cyber & Infrastructure 
Analysis [OCIA], 2017).

Such catastrophic impacts attract increasing atten-
tion on enhancing the performance of the transporta-
tion infrastructure during such extreme events. A variety 
of performance analyses have been conducted for the 
transportation infrastructure with regard to both vul-
nerability and resilience. These last two terms have been 
used in various ways, sometimes leading to confusion. 
Resilience and vulnerability are interrelated concepts. 
Both vulnerability and resilience are specific to the per-
turbation, meaning that a system may be more vulnerable 
or resilient to some disturbances rather than to others 
(Gallopín, 2006). However, resilience and vulnerability 
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quantitatively assess potential impacts of investment 
and policies for the transportation infrastructure (Zhang  
et al., 2015). In early research work, resilience analyses 
incorporated qualitative descriptions for communities 
(Kendra & Wachtendorf, 2003; National Institute of 
Standard & Technology [NIST], 2016a, 2016b; Federal 
Emergency Management Agency [FEMA], 2016a). These 
descriptive metrics provide ways to evaluate the pre-
paredness for various disasters (Johansen et al., 2016), 
but they are not adequate to objectively compare the 
resilience of different communities/systems. To address 
this aspect, quantitative resilience measurements have 
been introduced in analytical and numerical approaches 
to support better decision-making for transportation 
infrastructure (Adjetey-Bahun et al., 2016; Ip & Wang, 
2011; Miller-Hooks et al., 2012) and lifelines (Çağnan 
et al., 2006; Chang & Shinozuka, 2004; Rose & Liao, 
2005). For instance, Bocchini, Frangopol, Ummenhofer, 
and Zinke (2014) used the resilience index (Reed et al., 
2009) on the basis of the functionality recovery curve of 
bridges after a seismic event. Miller-Hooks et al. (2012) 
and Zhang and Miller-Hooks (2015) considered the 
resilience of a transportation system as the capability 
to resist and absorb disaster impacts and rapidly adapt 
through redundancies and excess capacities, and they 
measured the system resilience using throughput and 
capacity.

In these resilience analyses, numerous metrics are used 
with different application areas. There have been multiple 
studies critically reviewing resilience metrics and research 
issues. Johansen et al. (2016) summarized resilience met-
rics for communities, which may not be directly applica-
ble to transportation infrastructure. Hosseini, Barker, and 
Ramirez-Marquez (2016) presented the state-of-the-art of 
resilience definitions and assessment approaches for sys-
tems in general, not tailored to the transportation infra-
structure. Faturechi and Miller-Hooks (2015) focused on 
performance metrics and assessment methods for the 
transportation infrastructure in resilience analyses, but 
no practical tools were discussed for regional resilience 
assessments.

have a distinct meaning. Vulnerability is the susceptibil-
ity of a system to a given hazard (Berdica, 2002; Jenelius 
et al., 2006). It is usually applied to evaluate the system 
susceptibility pre-event, which does not account for the 
recovery process. There are diverse views on how to quan-
tify vulnerability because of different understandings of 
the precise meaning of the term (Faturechi & Miller-
Hooks, 2015; Zhou et al., 2010a). Conversely, resilience 
is the ability of a system to respond to, absorb, adapt to, 
and recover from a disaster (DHS, 2008). It is related to 
the dynamics (i.e., absorptivity, adaptability, and trans-
formability) of transportation infrastructure, covering the 
damage, but focusing mostly on both the response and 
recovery phases. Resilience can represent both vulnera-
bility and consequence estimations when measuring risk 
(DHS, 2008).

The concept of resilience originated in ecology 
(Holling, 1973, 1986), and then it has been widely 
applied to multiple engineering fields (Bruneau et al., 
2003; Bruneau & Reinhorn, 2007; National Research 
Council [NRC], 2011; PPD-21, 2013). In a comprehen-
sive definition of resilience, there are 11 aspects that 
need to be considered (Figure 1), including 4 dimensions 
(i.e., technical, organizational, social, and economic), 4 
basic properties (i.e., robustness, rapidity, redundancy, 
and resourcefulness), and 3 outcomes (i.e., more relia-
ble, faster recovery, and lower consequences) (Bruneau 
et al., 2003). Over time, the definition of resilience has 
gradually incorporated additional aspects. For instance, 
recent trends push the learning process in restoration to 
be taken into the consideration in resilience analyses, 
where learning refers to users’ changing expectations 
on infrastructure performances and infrastructure’s 
adaptations to new non-stationary circumstances 
(Intergovernmental Panel on Climate Change [IPCC], 
2014).

Resilience analyses of the transportation infrastruc-
ture have the benefit of improving physical operability, 
system safety, optimizing management and investment, 
with positive socioeconomic impacts. In resilience 
analyses, resilience metrics allow decision-makers to 

Figure 1. Eleven aspects of resilience (Bruneau et al., 2003).
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This study complements that work with a critical review 
of available metrics and methods in resilience analyses of 
the transportation infrastructure and points out challeng-
ing issues (such as uncertainties, interdependencies, and 
validations), with discussions on available guidelines and 
tools for practical applications. The major contributions 
of this study are the following. (1) The metrics and anal-
ysis methods of the resilience of the transportation infra-
structure have been comprehensively synthesized, based 
on over 200 recent articles and reports on this topic. (2) 
Key principles of resilience research are reviewed, such as 
research focus and methods, challenges, and research gaps 
are discussed. This study is intended to benefit scholars 
in this field and practitioners who are interested in the 
resilience analysis of the transportation infrastructure. 
The specific objectives are the following: (1) to promote a 
mindset based on the resilience concept for applications 
to transportation infrastructure, and (2) to facilitate the 
choice of the appropriate metric(s), analysis methods, and 
practical tools for regional resilience assessments.

The rest of this paper presents metrics and methods for 
resilience analyses, with the structure shown in Figure 2. 
Resilience metrics should capture the impact of an event 
on functional and socioeconomic aspects. In order to 
clarify how to measure the functionality for transporta-
tion infrastructure, functionality metrics are presented 
first, and then functionality-related resilience metrics are 
summarized, followed by socioeconomic resilience met-
rics. After that, methods for applying these metrics for 
regional resilience assessments are presented, along with 
discussions of challenges with respect to uncertainties, 
interdependencies, validations, and practical applications. 
The article ends with major findings and future research 
recommendations.

2.  Functionality metrics for transportation 
infrastructure

How to quantify resilience is a challenging question 
(Carpenter et al., 2001; Schoon, 2005). A resilient trans-
portation infrastructure system should have a small prob-
ability of failure, redundant connectivity, minimal time to 

full recovery, and limited propagations of the effects. Since 
the resilience of transportation infrastructure is tightly 
related to its functionality, we collect metrics that are fre-
quently used for measuring functionality and then discuss 
how to define resilience metrics on the basis of functional-
ity recovery curves and evaluate socioeconomic impacts.

The following sections classify functionality met-
rics into two categories: topological and traffic-related. 
Topological functionality metrics represent topological 
features of a transportation network. Some topological 
metrics capture the redundancy of the transportation net-
work, and the redundancy affects the post-event function-
ality and recovery. In fact, transportation networks with 
redundancy are more likely to effectively recover to an 
acceptable functionality level, because there are potentially 
multiple recovery strategies. This is certainly an important 
feature, which is likely to improve the outcome of a con-
strained optimization problem such as recovery planning. 
Conversely, traffic-related functionality metrics measure 
both topological features of the network and properties 
related to traffic flow and system capacity. The definition of 
every functionality metric is presented, followed by a dis-
cussion of the application of these functionality metrics to 
the resilience assessment of transportation infrastructure.

2.1.  Topological functionality metrics

Transportation infrastructure consists of many networks 
(e.g., roads and railroads); therefore, graph theory is often 
used to measure topological characteristics, especially 
focusing on connectivity and centrality.

2.1.1.  Connectivity
In graph theory, connectivity is the minimum number of 
nodes or edges that need to be removed to disconnect the 
remaining nodes from each other (Diestel, 2016). In gen-
eral, a greater number of interconnection paths between 
two nodes means lower isolation and higher accessibil-
ity of transportation system, corresponding to a greater 
redundancy of the transportation network. The function-
ality of a transportation network can be improved with 
an increase in the network connectivity, such as adding 

Figure 2. Metrics and methods for resilience analyses.
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the number of edges that need to be removed to locally 
lose connectivity.

2.1.2.  Centrality
The concept of network centrality was originally used 
in social networks to identify the most important node 
(Bonacich, 1972) and then gradually applied to other net-
work systems. Centrality allows one to identify the critical 
nodes, whose reliability has a great influence on network 
efficiency. Table 2 gives a summary of centrality measures. 
Generally speaking, centrality measures can be organized 
into three categories: connectivity-based, distance-based, 
and time-based centralities.

Connectivity-based centrality measures include degree 
centrality (Cheng et al., 2015; Pinnaka et al., 2015; Wang  
et al., 2011; Zhang et al., 2013), eigenvector centrality (Kim 
& Anderson, 2013), and commuter flow centrality (Cheng 
et al., 2015). Degree centrality is a first centrality meas-
ure, defined as the number of links incident upon a node. 
Eigenvector centrality is also called Gould’s index, widely 
used for air traffic network analysis (Cook et al., 2015; 
Spizziri, 2011). The eigenvector centrality of a node is pro-
portional to the sum of the centralities of the nodes that it 
connects to (Bonacich, 2007). Commuter flow centrality 
is the total number of commuters through the node per 
hour (Cheng et al., 2015). These three measures allow one 
to quantify the functionality related to connectivity and to 
identify important nodes in disaster resilience analyses.

Distance-based centrality measures include closeness 
centrality (Cheng et al., 2015; Julliard et al., 2015) and 
betweenness centrality (Cheng et al., 2015; Jordan, 2008; 
Julliard et al., 2015; Leu et al., 2010; Rokneddin et al., 
2013; Wang et al,, 2015; Wang et al., 2008). The closeness 
centrality of a node is the inverse of the average shortest 

redundancy and improving the capacity of important links 
and interconnected nodes.

Table 1 presents some parameters to measure con-
nectivity, including cyclomatic number, alpha index, 
beta index, gamma index, average degree, and cyclicity. 
Cyclomatic number is the number of fundamental circuits 
in the network, and a larger cyclomatic number represents 
more interconnected nodes within the network. Alpha 
index, beta index, and gamma index represent the ratio 
of cycle numbers to possible cycle numbers, the ratio of 
number of links to number of nodes, and the ratio of link 
numbers to maximum possible link numbers, respectively. 
Average degree is the average number of arcs incident 
on the nodes. Larger values of alpha index, beta index, 
gamma index, and average degree indicate the greater 
interconnectedness of the network. Cyclicity is the largest 
number of nodes in a cycle, where a node is reachable from 
itself. Alpha, beta, and gamma indices were widely used 
to measure network connectivity in the 1960s (Haggett & 
Chorley, 1969; Kansyky, 1963). Later, average degree and 
cyclicity have become more commonly used to measure 
topological characteristics of transportation networks. For 
instance, Derrible and Kennedy (2010) used cyclicity for 
the robustness analysis of 33 metro systems worldwide. 
Zhang et al. (2015) applied the six connectivity-based 
parameters in the resilience analysis of transportation net-
works. In their analysis, cyclicity is defined in a different 
way as the ratio between the number of times a random 
walk led to cycle back to a previously visited node and the 
number of random walk, with the value ranging between 
0 and 1. All these metrics of connectivity can be readily 
used in the vulnerability and resilience assessment con-
text. For instance, Sudakov and Vu (2008) measured local 
vulnerability with respect to connectivity in a network as 

Table 1. Connectivity-related measures in graph theory.

Note: e is the number of edges; v is the number of nodes; p is the number of non-connected subplot; μ is the cyclomatic number; α is calculated by dividing the 
number of cycles by the possible number of cycles; β is the ratio between the number of edges and the number of nodes; γ is the ratio of number of edges to 
the maximum possible number of edges; average degree is the average number of edges per node.

Illustration 
network

Measure 

Cyclomatic number Alpha index Beta index Gamma index Average degree 
Cyclicity 

index 

� = e − v + p, � ≥ 0 
(1)

� =
e−v+p

2v−5
, 0 ≤ � ≤ 1

 
(2)

� =
e

v
, � ⩾ 0

 
(3)

� =
e

3(v−2)
, 0 ⩽ � ⩽ 1

 
(4)

AD =
∑

i
ni

v
, AD ⩾ 0 

(5) Cyclicity ≥ 0
0 0.00 0.60 0.33 1.20 0

1 0.20 1.00 0.56 2.00 4

2 0.40 1.20 0.67 2.40 3
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2002), bridge networks (Guidotti et al., 2017), road net-
works (Dehghani et al., 2014), and other transportation 
networks (Nagurney & Qaing, 2007).

Weighted betweenness centrality is used for various 
weighted complex networks (Zhang et al., 2014), such as 
highways (Mohmand & Wang, 2013), bridge networks 
(Rokneddin et al., 2013), and subway systems (Sun & 
Guan, 2016). It can identify crucial nodes within a large 
infrastructure network in order to enhance them prior 
to an event.

Weighted degree centrality can be determined from the 
distribution of degree centrality for a weighted network. 
Based on the concept of weighted degree centrality, Ip and 
Wang (2011) used the weighted average number of reliable 
independent paths from one node to another within the 
network to investigate node resilience, and the weighted 
sum of resilience of all nodes to assess the overall resil-
ience of the Chinese national railway network. It is useful 
for evaluating the status of interdependent paths within 
the transportation network.

2.2.2.  Travel time
The damage caused by extreme events may lead to travel 
delay; therefore, travel time can indicate the impact of 
disruptive events. In network traffic analyses, travel time 
may refer to link travel time of the critical link and total 
travel time of the entire network (Omer et al., 2011). The 
link travel time can be estimated in several ways, such as 
the BPR curve (Horowitz, 1991), equilibrium-based traffic 
analysis (Shimizu et al., 2010), and surveys through GPS 
(Macababbad & Regidor, 2011; Parthasarathi et al., 2013). 
Total travel time is the weighted mean of link travel time 
for all disrupted links, with the demand assigned as the 
link weight (Fotouhi et al., 2017; Omer et al., 2011). Other 
authors defined the total travel time as the sum of the time 
required by all trips departing in one day or in one peak 
hour (Shinozuka et al., 2003).

2.2.3.  Throughput
Throughput in the transportation network is the total 
sum of flows of shipment/passengers between origination 
and destination pairs divided by their respective distance, 
under a specific scenario. Throughput was chosen as one 
of two variables used to analyze the functionality and vul-
nerability of transportation systems in Yamagata, Japan 
after the 2011 tsunami using simulation methods (Trucco 
et al., 2013). In the context of disaster management, Zhang 
and Miller-Hooks (2015) chose to maximize through-
put as the functionality objective to schedule short-
term recovery activities of the transportation network. 
Similarly, Adjetey-Bahun et al. (2014) used the number 
of passengers that reach their destinations as one of their 

path distance from the node to any other node in the net-
work. Betweenness centrality was originally proposed by 
Anthonisse (1971) and Freeman (1977), to describe to 
what extent a particular node lies between other nodes in 
the network. A node with a great betweenness centrality is 
on the shortest paths connecting many nodes. Therefore, 
it would be a critical node in the network that should be 
considered for pre-event strengthening interventions and 
given the top priority in post-event restoration to increase 
the resilience of the transportation network.

Time-based centrality measures include time delay 
centrality and DelayFlow centrality. Time delay centrality 
describes the extent of delay to the people affected through 
a linear combination of the additional time required by 
every trip. Time delay centrality does not consider how 
the commuter flow contributes to time delay, whereas 
DelayFlow centrality addresses this problem (Cheng  
et al., 2015). These metrics are useful for resilience anal-
yses to make time-sensitive decisions in the emergency 
response phase (0–3  days) and short-term restoration 
phase (3–60 days).

2.2.  Traffic-related functionality metrics

Besides the topological aspects, information about the traf-
fic flow features and system capacity is another important 
aspect to evaluate the functionality of the transportation 
infrastructure. In this respect, the following section pre-
sents the definitions of traffic-related metrics and briefly 
introduces their applications in resilience analyses of the 
transportation infrastructure.

2.2.1.  Weighted centrality-related metrics
To capture traffic-related characteristics, such as travel dis-
tance and travel time, networks can have weighted nodes 
or links (Dall’Asta et al., 2006). The weights in the trans-
portation networks typically are the length of the road 
segment, the traffic capacity of the link, or the traffic flow 
on the link. When length is used as weight, the resulting 
metric is still topological, when flow is used, the metric 
is traffic-related, when capacity is used, the metric can be 
assigned to either category. For simplicity, we address all 
weighted network metrics in this section. Here are some 
examples of centrality-related measures for weighted net-
work: network efficiency, weighted betweennness central-
ity, and weighted degree centrality.

Network efficiency is a parameter originally defined 
by Latora and Marchiori (2001), with the weight as the 
distance of each link in the network. It is a global measure 
of the efficiency of the network. Network efficiency has 
been applied to computer networks (Latora & Marchiori, 
2001, 2004), mass transit networks (Latora & Marchiori, 
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the transportation infrastructure are conducted either by 
directly comparing the functionality measures before and 
after the event or using functionality-based resilience met-
rics that cover the functionality recovery process. Other 
analyses use resilience metrics that are able to quantify the 
impact of an event on the society and the economy. The 
following sections present how to quantify the resilience in 
both functional and socioeconomic aspects. Even though 
the focus of this paper is on transportation systems, most 
of these metrics are also applicable to other infrastructures.

3.1  Functionality-based resilience metrics

3.1.1.  Resilience triangle-related measurements
Bruneau et al. (2003) defined the first influential and 
quantitative resilience metric based on the functionality 
recovery curve and introduced the concept of resilience 
triangle. The basic idea of the resilience triangle is that 
there is a significant and sudden decrease of functionality 
due to an extreme event at time instant t0, followed by a 
gradual recovery of functionality, until the system is fully 
functional at time instant tr.

The resilience triangle shown in Figure 3 consists of 
three edges: one edge showing the decrease of function-
ality at t0, the second edge showing the recovery time 
(tr − t0), and the slope of the third edge showing recovery 
speed. Recovery time (tr − t0) is the amount of time taken 
to fully recover to the final performance that satisfies the 
overall demand (Bruneau et al., 2003; Chang et al., 2013; 
Pimm, 1991). Rapidity shows the recovery speed of sys-
tem functionality, which is the outcome of robustness, 
redundancy, and resourcefulness (Tierney & Bruneau, 
2007). Rapidity is an important property of resilience in 
the recovery process. The three edges of the resilience 
triangle capture some features of resilience. However, no 
single edge or feature is sufficient to fully describe such a 
multifaceted property as resilience.

functionality metrics for a railway transportation system 
for the crisis management plan. Throughput is also useful 
for evaluating the evacuation capability of transportation 
systems in emergency circumstances.

2.2.4.  Congestion index
The congestion index measures the travel delay in a trans-
portation infrastructure network due to the disruption of 
extreme events. Different ways to measure the congestion 
index have been developed. The congestion index was 
originally proposed by Taylor (1992) and D’Este, Zito, and 
Taylor (1999) for measuring the congestion in terms of 
the ratio of link delay (i.e., difference between actual and 
acceptable travel time) to the acceptable travel time. This 
congestion time is limited in application to a roadway seg-
ment or a particular route (Aftabuzzaman, 2007). Lindley 
(1987) then used the congestion severity index to measure 
the freeway congestion using the total vehicle-hour delay 
per million vehicle miles of travel. In the 1990s, roadway 
congestion index (RCI) was developed as a weighted aver-
age of vehicle miles traveled and lane miles of freeways 
and principal arterial roads (Schrank & Lomax, 1997; 
Schrank et al., 1990). There are some arguments that RCI 
can represent traffic density rather than actual congestion 
(Gordon et al., 1997). Hamad and Kikuchi (2002) calcu-
lated congestion index using a fuzzy inference approach to 
combine two conventional transportation metrics, travel 
speed and delay. Their congestion index is a value between 
0 and 1, where 0 indicates the best travel condition and 1 
corresponds to the worst travel condition.

3.  Resilience metrics for transportation 
infrastructure

Resilience of transportation infrastructure should be 
assessed in both functional and socioeconomic aspects. 
On the basis of functionality metrics, resilience analyses of 

Figure 3. Resilience triangle and resilience index R(th).
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Ehlen, and Camphouse (2010) proposed optimal resil-
ience (OR) cost and recovery-dependent resilience (RDR) 
cost to evaluate impacts of different recovery schemes. 
These two metrics are calculated from system impact 
(i.e., resilience loss RL) and recovery cost, with OR pre-
senting the resilience cost of an optimal recovery scheme 
and RDR representing resilience cost under a particular 
recovery scheme. OR and RDR are suitable for com-
parative resilience studies to identify the best recovery 
scheme.

3.1.2.  Resilience index
Resilience index is defined in the following equation (Reed 
et al., 2009):
 

where R(th) is the resilience index at time th; Q(t) is the 
system functionality at time t, which is typically called the 
restoration function of a system; t0 is the time when the 
event strikes, and th is the time horizon of the analysis.

Resilience index attempts to comprehensively repre-
sent resilience with one parameter, with the value varying 
between 0 and 1 (Reed et al., 2009). It has been widely used 
for resilience analyses of various infrastructure systems, 

(13)R(t
h
) =

∫
th

t0
Q(t)dt

t
h
− t0

In this regard, defining a metric via the resilience tri-
angle may comprehensively represent the functionality 
loss, and the speed and duration for functionality recov-
ery. For instance, the area of the resilience triangle can 
estimate the resilience loss RL due to an event (Bruneau 
& Reinhorn, 2007; Bruneau et al., 2003). Larger values of 
resilience loss indicate less resilient systems. This metric 
was originally developed for quantitative resilience anal-
yses of communities under earthquakes, and it has the 
advantage of being easily generalized for other types of 
systems and disturbances (Biringer et al., 2013). In the 
original definition (Bruneau et al., 2003), it is assumed 
that the initial system functionality is 100% before the 
event and the final system functionality will eventually 
recover to 100%. In reality, this is not always the case. The 
infrastructure system may not be fully functional before 
the event and can recover to less than full functionality 
after the event due to other disruptions afterward (Ayyub, 
2014; Biringer et al., 2013), or not being able to afford the 
expenses for full recovery. In other cases, the recovery can 
instead enhance the functionality and bring it to a level 
better than the pre-event condition, i.e., larger than 100% 
(Ayyub, 2014, 2015). The original definition of resilience 
loss may not be able to capture such effects very well.

There have been some other resilience metrics that are 
defined based on the resilience triangle. Vugrin, Warren, 

Figure 4. Illustration of absorptive capacity, adaptive capacity, coping capacity, and restorative capacity.
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capacity is represented by the shaded area in Figure 4(a), 
which demonstrates the system’s capability to absorb some 
damage while remaining at a certain level of performance. 
Restorative capacity is the shaded area under the func-
tionality recovery curve that is purely due to restoration 
activities. Conversely, adaptive capacity and coping capac-
ity are considered to be similar (Burkett, 2013), defined 
as the area corresponding to the functionality increase 
due to the operational adjustments and reorganizations. 
It is worth noting that the four capacities are features of 
the transportation infrastructure in response to a specific 
event, and the same transportation infrastructure may 
result in different functionality loss and recovery under a 
different event scenario.

The aforementioned four capacities have been 
widely used for resilience assessments. According 
to Gunderson and Pritchard (2002), the resilience 
of a large-scale system is related to vulnerability 
and adaptive capacity. They defined adaptive capac-
ity as the ability of the system to devote resources 
to respond to a disturbance. In traffic analyses, the 
adaptive capacity is the ability of adjacent highways 
and nearby roadways to accommodate the additional 
traffic after extreme events. Vugrin and his co-work-
ers comprehensively analyzed the disaster resilience 
of supply chains (Vugrin et al., 2011) and hospitals 
(Vugrin et al., 2015) using absorptive capacity, adap-
tive capacity, and restorative capacity. The vulnerability 
of transportation systems under extreme weather in 
Northwestern European countries is measured by the 
extreme weather risk indicator as a ratio of the prod-
uct of exposure and susceptibility, divided by coping 
capacity (Leviäkangas & Aapaoja, 2015; Leviäkangas 
et al., 2013; Molarius et al., 2014).

In addition, there are some other capacity measures 
available. For instance, Morlok and Chang (2004) quan-
tified the unused capacity of a network as the resilience 
metric in the analysis of freight transportation on railway 
networks, and capacity flexibility is achieved by varying 
traffic quantities, commodity mixes, and flow patterns. 
Based on the user equilibrium concept, network reserve 
capacity is used to take into account both the route choice 
behavior of travelers and the congestion effect on net-
works, with the assumption that users will minimize their 
travel time by choosing the shortest travel path (Pant, 
2012; Xu et al., 2012).

3.1.4.  Other functionality-based resilience metrics
There have been a number of resilience metrics related to 
the loss of functionality and restoration time in different 
forms. These resilience metrics may be related to either 
one functional measure or a set of functional measures. 
Compared with resilience metrics related to a single 

such as power and communication systems (Reed et al., 
2009), hospitals (Cimellaro et al., 2009; Cimellaro et al., 
2010), bridges (Frangopol & Bocchini, 2011; Karamlou 
& Bocchini, 2015, 2016a), buildings (Dong & Frangopol, 
2015a, 2016), transportation network (Karamlou et al., 
2016), and tunnels (Huang & Zhang, 2016).

3.1.3.  Capacity
Capacity is a widely used parameter to quantify net-
work resilience, usually in the form of absorptive capac-
ity, adaptive capacity, restorative capacity, and coping 
capacity. Absorptive capacity describes the ability to 
absorb perturbations due to an event. Coping capacity 
is the ability to respond to and recover from the event 
perturbations (Burkett, 2013; Miller-Hooks et al., 2012). 
Transportation networks with a higher coping capac-
ity have a greater resilience (Zhang et al., 2015). Some 
studies even combine the two capacities as absorptive 
coping capacity in resilience assessments (de Weijer & 
MaCandless, 2015). Adaptive capacity is the system’s 
ability to gradually adapt itself, in terms of organization 
structure and operational function, from the disruption 
using alternative resources and processes (Brooks & 
Adger, 2005). Restorative capacity is the ability of the 
system to restore itself within a reasonable budget in a 
relatively short time (Hosseini et al., 2016; Vugrin et al., 
2011; Vugrin et al., 2015). Both adaptive capacity and 
restoration capacity are related to the recovery phase. 
After the event, adaptive capacity is the increased efforts 
to maintain overall performance by reorganizing, substi-
tuting, and rerouting processes in a temporary duration, 
whereas restorative capacity corresponds to restorative 
efforts to bounce back the original performance or even 
better. Similarities with the concepts presented by the 
resilience triangle are clear, but Figure 4 shows that 
these metrics are different. For example, a transporta-
tion network with redundant roadways may be able to 
provide full functionality despite some damages from 
seismic activities, demonstrating the absorptive capacity. 
If severe seismic damages lead to a functionality loss, the 
transportation infrastructure may still recover the func-
tionality by reorganizing two undamaged lanes that were 
originally for one-way traffic to two temporary lanes for 
two-way traffic, when the nearby lanes for the traffic in 
the opposite direction are damaged. The functionality 
recovery through temporary reorganizations rather than 
restoration activities demonstrates the adaptive/coping 
capacity. After a seismic event, repair crews restore 
damaged bridges and pavement with equipment and 
resources; the functionality recovery through restoration 
activities corresponds to the restorative capacity.

To elucidate the concepts of the four capacities, we 
propose the graphic illustration in Figure 3. Absorptive 
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time. By tracking the normalized travel time over time, the 
resilience assessment of the transportation network can 
well reflect the functionality disruption due to an event 
and the following functionality recovery at different times. 
To measure the resilience of regional road networks, Omer 
et al. (2011); Omer, Mostashari, and Nilchiani (2013) used 
multiple resilience metrics to capture the disaster impacts 
on traffic, environment, and economy; one of the metrics 
is travel time resilience that is defined as the ratio of the 
travel time under normal circumstances and the disrupted 
scenario. Some studies directly used the normalized travel 
time as the only resilience metric, by defining resilience as 
a ratio of the pre-event total travel time to the post-event 
total travel time, where the total travel time is calculated 
according to traffic flow and travel time of all links in 
the transportation network (Faturechi, 2013; Fotouhi et 
al., 2017). All of these metrics are closely related to how 
fast passengers can travel after the event, which influences 
the effectiveness of humanitarian help and restoration in 
the emergency response phase after an extreme event. A 
transportation network with a short travel time after the 
disruptive event is more likely to transport people in a 
timely manner for evacuations and deliver resources for 
restorations, which is desirable for resilient mass trans-
portation systems.

During the restoration process, functionality varies 
with time. The aforementioned resilience metrics treat 
resilience as a fixed scalar value, not as a function of time. 
One exception could be if the time horizon th in the resil-
ience index R(th) is made to vary in order to consider 
the resilience evolution over time. Some other resilience 
metrics can also address the resilience evolution (Ayyub, 
2014; Ouyang et al., 2012; Ouyang & Wang, 2015). For 
instance, by comparing the actual functionality with a 
target functionality over time, Ouyang and Wang (2015) 
defined resilience R̂(th) as follows, assuming the event 
strikes at t = 0.

 

where R̂(th) is the resilience at time th related to the tar-
get functionality; Q

A(t) is the actual functionality at time 
t; Q

T (t) is the target functionality at time t (typically 
Q

T (t) ≤ 100% in the restoration process because of the 
lower expectation immediately after the disruption); th 
is a period of interest. In addition, Ouyang et al. (2012) 
also proposed annual resilience (AR) to assess resilience of 
infrastructure under multiple inter-related hazards, which 
is the expected value of R̂(th) over a year. Both R(th) and 
R̂(th) have the value ranging between 0 and 1, representing 
the functionality recovery over time, with a greater value 
indicating a more resilient system.

(14)R̂(th) =
∫
th

0
Q

A
(t)dt

∫
th

0
Q

T
(t)dt

functionality metric, resilience metrics related to multiple 
functionality metrics have the advantage of representing 
the system performance of transportation infrastructure 
more comprehensively.

The following examples use one functional resilience 
measure for resilience assessments. Murray-Tuite and 
Mahmassani (2004) proposed a disruption index for 
quantifying the resilience of transportation networks 
with redundancy, diversity, and mobility. Garbin and 
Shortle (2007) proposed to measure the resilience of 
network systems using the percentage of links damaged 
versus the network performance and the percentage of 
nodes damaged versus the network performance, repre-
senting the redundancy of the network, which in turn is 
part of the resilience and similar to the absorptive capac-
ity. To evaluate the demand in a freight network, Miller-
Hooks and her co-workers used network resilience as 
the expected value of the post-event demand divided by 
the pre-event demand for the network (Chen & Miller-
Hooks, 2012a; Miller-Hooks et al., 2012). Francis and 
Bekera (2014) used functionality degradation that 
depends on the probability of an event and the proba-
bility density function of system failure under the event, 
and the resilience factor that depends on the restoration 
time, the functionality immediately after the event, and 
the new functionality after restoration. In the disaster 
resilience analysis of roadway networks in China under 
two historical events, Hu, Yeung, Yang, Wang, and Zeng 
(2016) used recovery efficiency as the recovery percent-
age of the network functionality compared to its original 
functionality, with the network functionality defined as 
the weighted inverse distance in the network. Chan and 
Schofer (2016) measured the resilience of the mass tran-
sit system, using the aggregate measure of lost service 
days (LSD) to compare planned revenue vehicle miles 
(RVM) and delivered RVM. There are two advantages 
using LSD to measure resilience: (1) it is a general rep-
resentation based on the operating conditions of the 
transportation system and (2) it is of easy application to 
systems and components at other scales, such as ferry, 
bus, and airlines.

There have been many studies deriving resilience 
parameters from travel time for the transportation infra-
structure. Some studies used the additional travel time of 
an original route or the travel time of an alternative route 
to represent the impact of an event. Werner et al. (2005) 
measured the resilience in terms of the increase in travel 
time after an earthquake event. Adams, Bekkem, and Bier 
(2010) evaluated the resilience of road corridors using a 
set of metrics, one of which is travel time for alternative 
routes identified from ArcGIS. Some other studies used 
the normalized travel time as one of the metrics, which is 
the ratio of the normal travel time to the disrupted travel 
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road available capacity, alternate infrastructure proximity, 
and network management.

3.2.  Socioeconomic resilience metrics

There are various socioeconomic benefits of a resilient 
transportation infrastructure, such as lower gas consump-
tion due to less traffic congestions and shorter waiting 
times after the event, and positive impacts on the environ-
ment due to less pollution. Due to extreme events, physical 
impacts of the transportation infrastructure can be easily 
measured, but socioeconomic impacts such as psycho-
logical, political, and economic impacts may gradually 
develop over a long time, and they are difficult to quantify. 
In this study, available metrics are summarized to repre-
sent socioeconomic impacts of disrupted transportation 
infrastructure due to extreme events in two categories: 
system-based and capital-based.

Traditionally, system-based economic resilience 
research was mainly focused on the business continuity 
and operability after extreme events (Briguglio et al., 2006; 
Cox et al., 2009; Rose, 2004a,b, 2007); later an economic 
resilience index for the transportation infrastructure was 
introduced (Cox et al., 2011). Rose (2007, 2009) defined 
economic resilience as the ability of a system to maintain 
function under an event, with two economic resilience 
indices related to the economic output for a given time: 
static resilience and dynamic resilience. Static resilience 
focuses on the short term, immediately after the disaster, 
with the value ranging from 0 to 1. Compared to static 
resilience, dynamic resilience takes repair and reconstruc-
tion into consideration, requiring longer time durations.

 
(15)Static Resilience =

ΔWC − ΔEP

ΔWC

On the other hand, the following studies use a set of 
metrics to measure the system resilience from multiple 
aspects related to functionality. Mileti (1999) measured the 
resilience in terms of four metrics: extraordinary damage, 
productivity losses, life quality, and quantities of assistance 
required from outside. Murray-Tuite (2006) measured 
transportation resilience using multiple metrics from 
four aspects: adaptability, safety, mobility, and recovery. 
In addition to the four aspects, a resilient transportation 
system requires six other aspects: redundancy, diversity, 
efficiency, autonomous components, strength, and collab-
oration (Godschalk, 2003). Therefore, she suggested to use 
multiple resilience metrics of the 10 aspects to comprehen-
sively measure the resilience of transportation infrastruc-
tures in future studies. Chang and Nojima (2001) proposed 
their own set of resilience metrics to evaluate the perfor-
mances of road networks after the Kobe earthquake: length 
of available roads, minimum travel distance between the 
nodes, and weighted minimum travel distance of different 
subareas. These three metrics are easy to measure and facil-
itate the implementation process, but these metrics cannot 
consider accessibility, potential moving, and recovery, or 
network rearrangements (Arcidiacono et al., 2012). To ana-
lyze the pre-event resilience of transportation network for 
preparedness, Serulle, Heaslip, Brady, Louisell, and Collura 
(2011) used a fuzzy inference approach and proposed a 
new transportation network resiliency index. This index 
is comprehensive and covers nine aspects in the transpor-
tation infrastructure network, including road availability 
capacity, road density, alternate infrastructure proximity, 
intermodality level, average delay, average speed reduction, 
personal transportation cost, commercial–industrial trans-
port cost, and network management. Sensitivity analyses 
show that the resilience of transportation networks can be 
greatly enhanced by improving the following three aspects: 

Figure 5. Illustration of static resilience and dynamic resilience (Rose, 2007).
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ability to anneal and recover. This framework has been 
applied to analyze the resilience of transportation network 
in Salt Lake City, Utah, in order to provide the means 
for prioritizing improvement projects for transportation 
infrastructures. Gardoni and Murphy (2008, 2010) pro-
posed disaster recovery index (RDI(t)) to represent the 
well-being of society at time t and evaluated the societal 
impact of a disaster as disaster impact index (DDI(t)), 
which is ΔRDI from the original RDI(0) to RDI(t). Both 
RDI(t) and DDI(t) are quantified by capabilities of indi-
vidual well-being, such as longevity, health, affiliation, 
and mobility. Both RDI(t) and DDI(t) vary with time t, 
capturing the resilience in the recovery phase using social 
capital parameters.

4.  Methods and challenges

4.1.  Resilience analysis methods

Methods for performing resilience analysis can be cate-
gorized as qualitative and quantitative, shown in Table 3. 
Qualitative methods have been used to evaluate the resil-
ience of the transportation infrastructure using one metric 
or a set of metrics only in a descriptive way, such as high, 
medium, and low, for resilience, accessibility, and avail-
ability. These methods can provide a preliminary under-
standing of the resilience of transportation infrastructure, 
which is useful for enhancing public preparedness and 
supporting decision-making. They cannot efficiently com-
pute resilience for large, complex, and interdependent 
infrastructure networks, or quantitatively compare retrofit 
plans and restoration plans.

Conversely, quantitative methods can quantify system 
resilience at both component level and network level. 
Component-based analyses can assess critical com-
ponents in the transportation infrastructure, such as 
bridges (Karamlou & Bocchini, 2015), intermodal com-
ponents (Nair et al., 2010), and human–machine systems 
(Enjalbert et al., 2011). This type of analysis can assess the 
resilience of critical components and identify the most 
vulnerable ones in a transportation infrastructure. On 
the other hand, network-based analyses can quantify the 
system resilience in terms of travel time, functionality, and 
economic impacts at system level (Karamlou & Bocchini, 
2016a).

There are two categories of methods to perform quan-
titative resilience analyses: analytical methods and simu-
lation methods. Analytical methods use different logical 
models to analyze possible responses and failure states. 
The logical models include event tree analysis (Santos  
et al., 2014), fault tress analysis (Akgün et al., 2015; 
Gheorghe et al., 2005; Jacques et al., 2014), damage sce-
nario tree (Tahmasebi, 2016), failure mode and effect 

where ΔWC is the economic output difference of a system 
in the undisrupted case and the worst case; ΔEP is the 
economic output difference between the undisrupted case 
and the expected case, shown in Figure 5; N is the number 
of time steps considered; ti is the ith time step; SOHR

(

t
i

)

 
is the system economic output under hastened recovery 
efforts at ti; SOWR

(

t
i

)

 is the system economic output with-
out hastened recovery efforts at ti. System economic out-
put in the two equations is the service output provided 
by a system, such as daily traffic for a transportation sys-
tem, water output for a water distribution system, and 
electricity output for an electric power system. The worst 
case represents the greatest disruption that is caused by 
a disaster, and the expected case represents the expected 
performance of system output (Figure 5(a)).

Static resilience and dynamic resilience can be applied 
to different systems at both macro- (entire economy) and 
micro- (household, component) levels, but the limitation 
is that the worst case must be known for the scenario in 
the analysis (Biringer et al., 2013). The concept of evalu-
ating system resilience in terms of socioeconomic impact 
in short term (static resilience) and long term (dynamic 
resilience) has been adopted in different formats. It has 
been applied to the London transportation system follow-
ing the bombings in July 2005 (Cox et al., 2009; D’Lima 
& Medda, 2015) and the business continuity afterward 
considering infrastructure interdependencies (Rose & 
Krausmann, 2013). It is found that resilience is greatly 
influenced by interdependencies between sectors, which 
will be further discussed in a later section.

In the mitigation after a disaster, the displaced popula-
tion can represent social impacts. Franchin and Cavalieri 
(2015) developed a resilience metric considering both 
network efficiency of critical infrastructure systems and 
displaced population after an earthquake. By measuring 
the displaced population at different times, the time-de-
pendent resilience analysis of critical infrastructures can 
quantify the progress of the recovery process.

Resilience is a feature meaningful at the system level, 
but it is related to individuals as well. There have been 
studies that try to quantify the resilience looking at the 
capital of individuals and communities. Freckleton, 
Heaslip, Louisell, and Collura (2012) proposed a frame-
work to calculate total network resiliency that is deter-
mined from multiple input attributes falling into four 
aspects: individual, community, economy, and recovery, 
in order to comprehensively represent how transpor-
tation service meet the needs of individual users and 
community, under scarce resource constraints, and the 

(16)Dynamic Resilience =

N
∑

i=1

SO
HR

(

t
i

)

− SO
WR

(

t
i

)
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adopted for the resilience assessment of the transportation 
infrastructure (Chang et al., 2010) and other interdepend-
ent infrastructures (Di Muro et al., 2016). The simulation 
methods to address uncertainties can be classified into 
scenario analyses (Nair et al., 2010), fuzzy approaches 
(Cho et al., 2002; Gürcanli & Müngen, 2009; Pinto et al., 
2012; Wang & Elhag, 2007), and probabilistic models 
(Chang et al., 2000; Decò et al., 2013; Ghosh & Padgett, 
2011; Jeong & Elnashai, 2007; Karamlou & Bocchini, 
2016b, 2017; Mackie et al., 2008; Wang et al., 2014).

In scenario analyses, one or more disaster scenarios are 
studied, sometimes considering the occurrence probabil-
ity of the scenario (Christou et al., 2018; Han & Davidson, 
2012; Jayaram & Baker, 2010). Historical scenarios and the 
worst case scenarios are commonly used to evaluate the 
resilience of transportation infrastructure by comparing 
the system functionality before and after an extreme event.

Fuzzy approaches use fuzzy logic and fuzzy numbers to 
quantitatively assess risk, security, mobility, and resilience 
of transportation infrastructure (Dojutrek et al., 2015; 
Pant, 2012; Serulle, 2010). Fuzzy-based approaches use 
simple models to simulate the experience and knowledge 
of human operators to determine a course of action, even 
though the surrounding environment conditions are not 
completely clear. However, it is limited to simple networks 
due to difficulties in describing large-scale simulations 
using quantitative input (El Rashidy, 2014).

Probabilistic methods use probabilistic distributions to 
describe uncertainties in different aspects, such as event, 
demand, damage state, recovery, and decision-making. 
Event uncertainties lie in occurrence frequency, location, 
and intensity (Bocchini et al., 2016, Chapter 2; Pitilakis  
et al., 2013a; Selva & Sandir, 2013). Event uncertainties 
can be incorporated in resilience analyses through prob-
abilistic models (Duan et al., 2016). The variability of 
geometric, material, structural properties, and demand 
can be addressed by fragility analyses (Banerjee & 
Shinozuka, 2009; de Felice & Giannini, 2010; Gehl et al., 
2009; Jeong & Elnashai, 2007; Jia et al., 2017; Karamlou 
& Bocchini, 2016b; Banerjee & Shinozuka, 2009; Kwon 
& Elnashai, 2009; Nielson & DesRoches, 2007; Padgett 
& DesRoches, 2007;  Tsionis & Fardis, 2013). Based on 
the concept of fragility analyses, functionality–fragility 
surfaces, adding time-related information, can predict 
functionality recovery over time at different intensity 
levels in a probabilistic manner (Karamlou & Bocchini, 
2017). Uncertainties in thresholds of damage states on 
capacity curves are usually handled through design codes 
(FEMA, 2010), expert judgments (Ghosh & Padgett, 
2010), experimental data (Mackie & Stojadinovic, 2004; 
Perrault et al., 2013), analytical approaches and simula-
tions (Azevedo et al., 2010; Banerjee & Shinozuka, 2008; 
Cho et al., 2002; Choi et al., 2004; Choi & Mahadevan, 

analysis (Lhomme et al., 2011), Bayesian analysis (Murray-
Tuite, 2010), analytical hierarchy process (Mabrouki et al., 
2014), among others. These models are complicated for 
large networks with a great variety of possible scenarios 
and decision options, preventing their applications in 
many practical cases (Faturechi & Miller-Hooks, 2014).

With advancements in computational hardware and 
cost-effective algorithms, various simulation models are 
used to conduct resilience analyses for large network 
systems, such as the graph-theoretical approach (Mishra  
et al., 2012; Schintler et al., 2007; Svendsen & Wolthusen, 
2005), game-theoretic model (Bhavathrathan & Patil, 
2015; Gomez et al., 2015), Markov chain model (Ferreira, 
de Picado-Santos et al., 2011; Goh et al., 2012), utility-the-
oretic model (Chan, 2015; Zhang et al., 2015), and human 
reliability analysis (Kirwan et al., 2008; Nan & Sansavini, 
2017; Stanton et al., 2006). These simulation models are 
capable of quantifying the network resilience and identi-
fying vulnerable components within the network under 
various scenarios in a cost-effective way, by investigat-
ing a large number of randomly selected cases. Based on 
the comparison of simulation results, better investment 
decisions on retrofits and maintenance activities can be 
made for more resilient transportation infrastructure to 
withstand and rapidly recover from future events.

Quantitative resilience analyses are able to calculate 
possible failures and recovery schemes and determine 
associated probabilities to represent uncertain factors 
embedded in the analyses. Such uncertainties may lie 
in the event model, material properties, functionality, 
damage state, recovery activities, and human behaviors. 
Resilience analyses should use appropriate methods to 
address uncertainties and their propagations to repre-
sent how the transportation infrastructure withstands 
the possible disturbances and recover afterward. The fol-
lowing section will discuss challenges to properly address 
uncertainties.

4.2.  Uncertainties in resilience analysis

In resilience analyses, representing the actual performance 
is challenging due to many uncertain factors, such as 
inherent randomness of material properties (Padgett & 
DesRoches, 2007), structural capacity and demand (Jia  
et al., 2017), unpredictable potential failures of infrastruc-
ture systems (Woods & Wreathall, 2003), dynamic char-
acteristics of the surrounding environment (Archibald, 
2013), and unforeseen human-related factors (Sheridan, 
2008; Werner et al., 2005). Table 4 summarizes available 
techniques to address the uncertainties in resilience analy-
ses. Presently, simulation is the most widely used approach 
to address uncertainties in different fields. In particular, 
stochastic simulation methods have been increasingly 
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et al., 2010). Decision-making uncertainties may be eval-
uated by human reliability analysis (Boring, 2010) and 
agent-based models (Bouarfa et al., 2013; Lemoine et al., 
2016), stochastic optimization (Chen & Miller-Hooks 
2012b), or by investigating extreme cases (e.g., for the case 
of flow of information, see Karamlou & Bocchini, 2016b).

4.3.  Interdependencies

Transportation infrastructure depends on and supports 
the other infrastructure systems in different ways, so that 
a small failure in one system may propagate to the others 
and lead to catastrophic damages in a large geographic 
region (Comes & Van de Walle, 2014; Ouyang, 2014; 
Rinaldi et al., 2001). Resilience analyses of transporta-
tion infrastructure without considering interdependencies 
may yield inaccurate results, especially for the cases of 
transportation infrastructure with sophisticated inter-
actions with other systems. For instance, underground 
transportation infrastructure requires complicated inter-
actions between subway trains, the electric power sys-
tem, and the telecommunication system to support full 
functionality; modeling interdependencies is necessary 
for accurate resilience assessments of underground trans-
portation infrastructure.

Based on the nature of interactions between the trans-
portation infrastructure and other infrastructures, inter-
dependencies are classified into four categories: physical, 
cyber, geographic, and logical (Rinaldi et al., 2001). 
Physical interdependencies denote the reliance on the flow 
of resources between infrastructures (e.g., traffic lights rely 
on the power distribution system). Cyber interdependen-
cies represent the reliance of information transfer between 
components and/or networks (e.g., SCADA systems that 
control electrical power systems to manage subway trains). 
Geospatial interdependencies indicate that components 
across multiple infrastructures are influenced by the same 
event due to physical proximity (e.g., a pipeline carried 
by a road viaduct). All the other interdependencies are 
classified as logical (e.g., traffic congestions on highways 
as people choose driving over flying due to low gas prices 
in holidays). In order to perform resilience analyses of 
transportation infrastructure with consideration of inter-
dependencies, a dedicated model should be chosen. The 
available options (see Table 5) are classified into empirical 
and analytical models, input–output models, agent-based 
models, and network models.

Empirical and analytical models evaluate interdepend-
encies based on survey data, historical data, fault tree 
and event tree analyses, and time-series analysis. Using 
expert survey data to develop an interdependency table 
(The Lifeline Council [TLC], 2014) or adjacency matrix 
(Guidotti et al., 2016) it is possible to identify the type 

2008; Nielson & DesRoches, 2007; Pinto et al., 2012; Wang  
et al., 2014). However, there are still debates on thresholds 
of damage states and parameters of fragility curves for 
structures of the same types (Trucco et al., 2013, Chapter 9).

Uncertainties related to recovery come from resource 
availability, duration and mode of tasks, and informa-
tion flow, among others. Because of these uncertainties, 
developing an accurate model for the restoration func-
tion Q(t) is extremely difficult. Restoration functions 
have been developed from surveys, mathematical deri-
vations, and simulations, resulting in different formats. 
For the case of bridges, restoration functions have been 
developed in lognormal (Shinozuka et al., 2003), step-
wise (Karamlou & Bocchini, 2016b; Padgett, 2007), linear 
(Bruneau & Reinhorn, 2007), normal cumulative distri-
bution function (Zhou et al., 2010b), sinusoidal (Decò  
et al., 2013), and exponential (Biondini, Camnasio, & Titi, 
2015; Dong & Frangopol, 2015b; Titi & Biondini, 2013) 
formats. Lognormal restoration functions are typically 
used to capture long-term restorations over large regions. 
Stepwise restoration functions are suitable for individual 
bridges with discrete functionality states during restora-
tion. Linear ones assume that the recovery of functionality 
progresses at a constant rate. This is the most reasonable 
assumption when no additional information is available. 
Sinusoidal and exponential restoration functions can 
consider idle time, restoration duration, residual func-
tionality and targeted functionality as parameters. More 
sophisticated recovery models have also been developed, 
for instance based on resource constrained project sched-
uling for the repair tasks (Karamlou & Bocchini, 2016b; 
Karamlou et al., 2017). In all these models, the mentioned 
uncertainties can be accounted for by considering the 
parameters as random variables (e.g., the recovery slope 
in the linear model, or the task durations in the schedul-
ing-based model). In this way, each set of random input 
parameters fed to the model will generate a sample of 
the restoration function. This has been done in several of 
the cited papers. The effect of these uncertainties on the 
restoration function can also be visualized by means of 
probabilistic restoration curves, which present the prob-
ability of recovering to a certain functionality level over 
time (Karamlou & Bocchini, 2017). These general con-
cepts can be applied to structures of different types and 
systems spreading over a large region.

Another set of uncertainties is associated with the deci-
sion-making process and reflects the fact that humans 
might make different decisions under the same scenario. 
The outcome of the uncertain decision-making process 
has a combination of influencing factor: average income, 
economic growth, awareness level, personality, emotions, 
preparedness, local politics, lack of data, and biased survey 
results (O′Rourke, 2007; Sheridan, 2008; Zoumpoulaki  

  W. SUN ET AL.186 



Network models simulate every infrastructure as a net-
work that consists of nodes and links. A multi-layered 
infrastructure network framework can be used for resil-
ience analyses of multiple interdependent infrastructures 
(Zhang & Peeta, 2011). Functional and geospatial interde-
pendencies are commonly investigated among infrastruc-
ture networks, and the network functionality is evaluated 
using the connectivity analysis and the flow analysis. For 
this purpose, knowledge of the system structure and the 
connectivity among components is necessary (Pitilakis, 
2011). Network models have been applied to perform 
resilience modeling considering the interdependencies 
between transportation and other infrastructure systems, 
such as railway system and the associated power and tel-
ecommunication systems (Johansson & Hassel, 2010), 
power and communication systems (Cimellaro et al., 
2014; Dueñas-Osorio & Kwasinski, 2012; Krishnamurthy 
et al., 2016), hospital and transportation networks (Dong 
& Frangopol, 2017; Shah & Babiceanu, 2015).

The concept of infrastructure interdependencies is 
intuitive, but the complexity of these models increases 
sharply as too many interactions are considered among 
transportation infrastructure and the other infrastruc-
tures. The aforementioned studies generally evaluate 
interdependencies between transportation and other 
infrastructures; however, very few of them can well rep-
resent interactions in a rigorous way due to the complex 
nature of the interdependencies in both spatial and tem-
poral domains. For instance, appropriately addressing the 
discrepancy in terms of temporal scales of the restoration 
processes for different infrastructures is a challenging 
problem. Restoring a bridge or a tunnel takes months, 
sometime years, but power lines are usually restored in 
hours or days (and switches that can protect such lines 
operate in milliseconds). Therefore, the same interde-
pendency model sometimes has to span multiple orders 
of magnitude in terms of time scales. Despite these chal-
lenges, it is essential to evaluate resilience of transporta-
tion systems with the consideration of interdependencies. 
There have been some improvements in this aspect, but 
more accurate interdependency models are still in need. 
An accurate interdependency model should be capable 
to comprehensively address dynamic interactions among 
components and infrastructure systems and the associated 
uncertainties. Moreover, it should be general enough to 
be applicable to interdependent relationships of different 
types.

4.4.  Validation and application

Effective resilience analyses for the transportation infra-
structure require appropriate input data and would also 
benefit from validation with appropriate data. Input data 

and strength of interdependency relationships. Because 
of the simplicity, the interdependency table and adja-
cency matrix have been widely used for regional resilience 
assessments of various infrastructure systems (including 
transportation infrastructure), despite a potential draw-
back of being subjective. Discrete event simulations, such 
as fault tree analysis, event tree analysis, Petri net, and 
Muir Web have been used to study failure outcomes under 
a scenario and the associated probability of failure, with 
applications to disaster risk analyses of tunnels (Hyun  
et al., 2015), bridges (Davis-McDaniel et al., 2013; LeBeau 
& Wadia-Fascetti, 2007), and critical infrastructure sys-
tems (Guikema, 2009; O′Reilly et al., 2007; Sultana & Chen, 
2009; Utne et al., 2011; Zio & Ferrario, 2013). Time series 
analysis derives cross-correlation function (CCF)-related 
parameters based on the functionality recovery curves of 
interdependent infrastructures (Cimellaro et al., 2014; 
Dueñas-Osorio & Kwasinski, 2012; Krishnamurthy et al., 
2016). This method has been applied to regional resilience 
assessments in Japan (Cimellaro et al., 2014) and in Chile 
(Dueñas-Osorio & Kwasinski, 2012; Krishnamurthy et al., 
2016). All the aforementioned models require either suf-
ficient experience or field measurements to capture inter-
dependency relationships at the system level.

Input–output models are suitable to evaluate the 
economic aspect of transportation infrastructure con-
sidering interdependencies with other systems under a 
disaster scenario in a large spatial domain, statewide or 
nationwide. The economic interactions between any two 
systems within a period are quantified via coefficients in 
an interdependency matrix (González et al., 2016; Gordon 
et al., 2007; Haimes et al., 2005a,b; Leontief, 1951). The 
interdependency matrix consists of constant scalar terms, 
if the system does not change through time. Actual inter-
dependencies are likely to change with time; therefore, 
some studies use an interdependency matrix that includes 
time-dependent variables (Cimellaro et al., 2016; Fantini 
et al., 2014). A challenging issue is that it is difficult to 
either calibrate the interdependency coefficients or eval-
uate interdependencies at the component level.

In agent-based models, critical components in infra-
structure systems can be viewed as agents, and agents 
interact with each other and the surrounding environment 
based on certain rules (Ehlen & Scholand, 2005; Huynh 
et al., 2014). Physical, cyber, and geographic interdepend-
encies are usually considered in agent-based models. This 
approach models human behaviors and major compo-
nents; therefore, it is suitable for resilience analyses of 
transportation systems considering traveler’s behaviors 
under a given hazard scenario. Its disadvantages are the 
great influence of assumptions on agent behaviors on sim-
ulated interdependencies and the difficulty of validating 
simulation results (Ouyang, 2014).
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and other critical sectors (FEMA, 2010; MAECENTER, 
2016; DHS, 2014a; 2014b; 2016). They are useful for timely 
identifying vulnerable components and effective plans for 
preparation, mitigation, and restoration.

However, some tools may be limited to specific geo-
graphic locations, hazard types, and infrastructure sec-
tors. For instance, the coastal resilience index (Sempier  
et al., 2010) is only used for coastal regions, BIPS02 is only 
applicable to the risk assessment of mass transit stations 
and BIPS03 is only for tunnels (DHS, 2011a, 2011b), and 
MAEViz is for risk assessment due to only seismic events 
(MAECENTER, 2016). Moreover, some guidelines may 
provide general descriptions instead of explicit technical 
suggestions to improve resilience. Therefore, enhanced 
versions of these guidelines and tools with detailed tech-
nical suggestions tailored to local transportation infra-
structures are still needed in practice. Researchers may 
overcome these drawbacks by: (1) providing user-friendly 
manuals for tools, as well as technical explanations for 
experts who want to extend/tailor the tools for their own 
transportation infrastructure, (2) enhancing current tools 
or developing new ones to comprehensively evaluate dif-
ferent aspects of the transportation infrastructure, and (3) 
encouraging stakeholders and engineers to apply these 
tools and guidelines by offering training.

5.  Concluding remarks

Resilience analyses can identify key influencing param-
eters and vulnerable components in the transportation 
infrastructure. It helps decision-makers develop informed 
and effective management plans for transportation infra-
structures subjected to extreme events. There has been a 
large amount of research on resilience assessments of the 
transportation infrastructure using various metrics and 
methods. This study reviewed the most important ones. 
It identified gaps and challenges in current research and 
suggested future research directions for the validation and 
implementation.

Resilience of transportation infrastructure is tightly 
related to its functionality. Therefore, prevalent metrics 
for determining the functionality of the transportation 
infrastructure are summarized at the beginning of this 
study. Based on these functionality metrics, functionali-
ty-based resilience metrics are defined to comprehensively 
represent different aspects of resilience. In addition, the 
impacts of the event can also be quantified by socioeco-
nomic resilience metrics. To perform a thorough resil-
ience analysis for the transportation infrastructure, we 
can integrate strengths of different metrics into a com-
prehensive metric from technical, organization, and soci-
oeconomic aspects, or use a set of metrics from different 
aspects. By comparing the selected metric(s) before and 

represent information about inventory and interactions, 
such as location and structural type of individual compo-
nents, in order to establish a rigorous model of the trans-
portation infrastructure and to represent the associated 
interdependencies. Validation data refer to information 
useful for evaluating the accuracy and effectiveness of the 
resilience analysis, such as survey data. Data may be col-
lected from the field, experiments, and expert surveys, or 
generated from simulations. There have been some data-
bases established and freely open to the public, such as 
fragility functions for buildings (FEMA, 2012), bridges 
(Pitilakis et al., 2013a; Pitilakis et al., 2013b, Chapter 
1), tunnels (American Lifelines Alliance [ALA], 2001), 
embankments (ATC-13, 1985), and roads (National 
Institute of Building Sciences [NIBS], 2004); highways 
and local roadways nationwide (Data.Gov, 2016; FHWA, 
2016; USDOT, 2016). These data can be used as input in 
resilience analyses of the transportation infrastructure. In 
some cases, agencies and companies may not be willing to 
share their inventory data for reasons of national security 
and competitive advantage, but the situation is improving.

It is challenging to perform the proper validation of 
the available techniques for resilience assessments. For 
specific scenarios, historical data, data collected from 
planned restorations, or data generated from first-prin-
ciple models can be used for the validation of resilience 
analyses. Survey data can be used to validate general qual-
itative relations. All these validations are limited due to 
the general scarcity of data; thus, it may not be possible 
to ensure the accuracy of resilience assessments in future 
scenarios. This makes the complete validation extremely 
difficult, which in turn hinders the practical applications. 
However, there have been efforts supported by multiple 
federal agencies, encouraging data collection at both net-
work and component levels. Such efforts are expected to 
make the comprehensive validation of resilience analy-
ses possible in the future. Future research on validations 
should focus on the following areas: (1) suggesting stand-
ardized methods for data collection and building database 
platforms for sharing data, (2) establishing a common set 
of metrics so that resilience analyses from different meth-
ods are comparable, and (3) most importantly collecting 
essential data at both the network and component levels.

Despite the fact that current resilience analyses may 
lack validations, there are many tools and guidelines for 
practical resilience assessments, shown in Table 6. For 
instance, Hazus-MH can perform the regional risk evalu-
ation and loss estimation, by considering resilience factors 
such as inventories, excess capacity, and ability of increas-
ing imports and exports for the indirect loss module (Rose 
& Krausmann, 2013; FEMA, 2016b). These tools and 
guidelines provide regional assessment methods for the 
transportation infrastructure (Croope & McNeil, 2011) 
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resilient infrastructures. At the system level, she develops sim-
ulation models to evaluate system resilience and infrastructure 
interdependencies in a probabilistic manner. At a finer level, 
she develops models to characterize and simulate mechanical 
properties of infrastructure materials.
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