
An analysis of the vulnerability of road networks in response
to disruption events through accessibility indicators
specification
Ilaria Henke, Gianmarco Troiani and Francesca Pagliara

Department of Civil, Architectural and Environmental Engineering, University of Naples Federico II,
Naples, Italy

ABSTRACT
The objective of this paper is to propose an analysis of the
vulnerability of road transportation networks in response to
external shocks. Through the estimation of the accessibility and
Link Importance Indicator (LII), a vulnerability road transportation
analysis has been carried out and applied to a real case study. The
case study comprises the 112 districts of the metropolitan area of
the city of Naples, in the south of Italy. The main findings of this
study are represented by the accessibility indicator introduced,
which can be considered a measure to capture the vulnerability
due to disruptions in the road network, and the LII, which can be
used to identify critical roads. The proposed methodology
represents a useful tool for local administrations, transportation
agencies, and civil protection that need to deal with emergency
situations, which are becoming more common.
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1. Introduction

Road transportation systems are consistently susceptible to many different types of
disruptions. The latter, when happen, may affect the functioning of the whole
urban transportation system. They might be natural disasters such as earthquakes,
or floods, or human-made events such as terrorist attacks, strikes, and system failures
caused by human error or sabotage. These service shocks decrease the network per-
formance and the accessibility to many urban areas, causing severe impacts on the
mobility of the residents with consequences on the economy of the whole area
affected by the shock itself. As a matter of fact, cities and urban areas are becoming
increasingly vulnerable to anthropic/natural disruptions. Furthermore, the damages
brought to urban mobility depend on where the disruptions take place, which
roads could be subject to these descriptions, and how long the service disruptions
last. Transportation network vulnerability analysis aims to assess the effects of disas-
ters on the transportation system and identifies the areas that are most susceptible to
these impacts. A complementary approach to vulnerability analysis, extensively devel-
oped in the literature, is known as network criticality. This method allows for the
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identification of the most crucial components within the network based on the topo-
logical properties and transport characteristics of the network. Events that have caught
the interest in the transportation vulnerability analysis are the Kobe earthquake in
1995 and the terrorist acts of September 2001 (Jenelius, Petersen, and Mattsson
2006). After these shocks numerous studies have been carried out with the purpose
to estimate the vulnerability and the consequences on road networks due to
different events: earthquakes (Chang 2003), floodings (Balijepalli and Oppong 2014;
Kermanshah, Derrible, and Berkelhammer 2017; Sohn 2006), sea-level rise (Lu and
Peng 2011) and public transport interruptions (Rodríguez-Núñez and García-Palo-
mares 2014). Disasters may happen within a transportation network with varying
probabilities, and the outcomes of these incidents differ. Assessing the vulnerability
of a transportation network can be exceedingly challenging due to the intricate
nature of probability and uncertainty associated with such events. Vulnerability analy-
sis encompasses numerous concepts such as robustness, resilience, reliability, vulner-
ability, etc. These terms are all technical in nature and are used to evaluate the
security of system operations, albeit from different perspectives. Among them, vulner-
ability and resilience are the most pertinent and representative concepts. While
definitions may vary among authors, discussions regarding resilience and vulnerability
are extensively covered in the literature.

In the current literature, the approaches focus on comprehending transportation
vulnerability through the assessment of system performance both pre- and post-dis-
ruption. Several methodologies have been proposed in the transportation arena to
assess vulnerability. However, in the transportation systems analysis, identifying vul-
nerable areas is insufficient since another related issue is ranking critical links. In the
network criticality literature, several studies have been proposed concerning the
ranking of the importance of links, with networks exposed to natural catastrophic
events or minor short-term disruptive events (Francini et al. 2020; Rupi et al.
2015; Wang, Djahel, et al. 2016). Establishing which are the critical roads within a
network, both from a topological and congestion point of view, would allow
administrators to allocate the resources necessary for maintenance, making the
network at the same time more robust and flexible with respect to accidents and
external shocks.

In this study, two complementary approaches have been developed in order to identify
vulnerable urban areas and critical roads. Vulnerable areas could be identified by using
the concept of accessibility. The latter is often correlated to the concept of vulnerability
(Chen et al. 2007; Lu and Peng 2011) and refers to the ease of reaching a desired destina-
tion (Bono and Gutiérrez 2011).

The objective of this paper is to propose a methodology for evaluating the network
criticality and vulnerability analysis of urban areas through the estimation of accessibility
and link importance indicators (Lu and Peng 2011; Rupi et al. 2015). The methodology
will be applied to a real case study, i.e. the metropolitan area of the city of Naples, in the
south of Italy.

The paper is organized as follows. In section 2 a literature review is reported. Section 3
deals with the methodology description. In section 4 results are reported, while in section
5 conclusions and further perspectives are described.
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2. Literature review

The notion of vulnerability initially emerged in the literature on disasters during the early
1970s, and subsequently, it found its way into other disciplines, with its definition conti-
nually expanding. During the 1990s, the concept of vulnerability in relation to road net-
works gained importance, particularly after the Kobe earthquake in 1995 (Lu and Peng
2011). Since then, numerous research focused on the vulnerability of transportation net-
works, presenting various definitions and approaches to the subject. Nevertheless, there is
no universally agreed-upon definition for the concept of transport system vulnerability.
Berdica (2002) provides the most referenced and recognized definition of vulnerability
in transportation networks. According to Berdica, vulnerability in the road transportation
system refers to its susceptibility to incidents that can significantly diminish the level of
serviceability offered by the road network (Berdica 2002). Serviceability refers to the
ability to utilize a link, route, or road within a network at a specific time. Another
aspect Berdica (2002) emphasized is that vulnerability is associated with the capacity to
sustain operations after experiencing a disruption.

Taylor, Sekhar, and D’Este (2006) suggested that a network becomes susceptible when
the loss or deterioration of a few links or routes significantly reduces the reachability to
the intended destination nodes. Also, Chen et al. (2007) viewed a direct link between vul-
nerability and reduced accessibility caused by different disruptions.

According to Husdal (2004), a network is considered vulnerable when it demonstrates
limited functionality, characterized by issues such as non-serviceability, non-accessibil-
ity, and variability, particularly in specific circumstances. This vulnerability stems
from a lack of redundancy, robustness, and resilience within the network.

There are some properties connected to vulnerability such as reliability, robustness,
and redundancy. Reliability focuses on the frequency of occurrence of the disturbance,
or better, on its probability (Rupi et al. 2015). In other words, transportation reliability
can be interpreted as the probability of travellers successfully completing their trips
between certain OD pairs (Wang et al. 2015).

The Multidisciplinary Center for Earthquake Engineering Research provided a clear
definition for robustness: ‘Robustness refers to the capacity of a network to endure a
certain level of stress or demand without experiencing degradation and to maintain
effective functionality’. It indicates the network’s ability to withstand external pressures
and disruptions while efficiently performing its intended tasks. Lastly, redundancy rep-
resents the existence of alternative links or paths that can satisfy functional requirements
in case of interruption, degradation, or loss of functionality of a certain element.

According to Gonçalves and Ribeiro (2020), a system can exhibit vulnerability when it
is susceptible to disruptions (due to poor robustness and limited capacity to absorb
damages), while also possessing the ability to adapt and recover some of its initial charac-
teristics through redundancy. In this scenario, the system displays both vulnerability and
resilience simultaneously.

As emphasized by Russo and Vitetta (2006), the vulnerability of a system can be
defined as the capacity of the infrastructure, both physical and non-physical, to withstand
and respond to emergencies. Consequently, it pertains to the resistance of the infrastruc-
ture in emergency situations, without being contingent on demand (Russo and Vitetta
2006).
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Vulnerability is also connected to the concept of risk, in fact, vulnerability is seen as
‘society’s risk of transport system disruptions and degradations’ (Jenelius, Petersen, and
Mattsson 2006). There are various ways to define risk, but the majority of definitions
centre around two key factors: the probability of an event with adverse impacts occur-
ring, and the magnitude and severity of the consequences resulting from that event. Jene-
lius, Petersen, and Mattsson (2006) argue that vulnerability can be approached in a
similar manner to risk, suggesting that the concept of vulnerability should be separated
into two distinct components: probability and consequence.

Erath et al. (2009) provided a similar definition: ‘vulnerability is the probability of
failure due to a given hazard event multiplied by the sum of the direct and indirect
hazard-induced consequences’.

Pan et al. (2021) provided a definition of transportation system vulnerability from the
perspective of supply and demand considering the impact of the system itself and its
users: In fact, transportation systems can exhibit abnormal sensitivity to both internal
and external risk scenarios, leading to a significant decrease in system capacity. There-
fore, the service quality of the transportation system is noticeably diminished, resulting
in reduced accessibility and increased travel costs (Pan et al. 2021).

According to Husdal (2004), the vulnerability of a transportation system is the result
of three different elements: structure, nature, and traffic (see Figure 1). Indeed, vulner-
ability is closely connected to the physical body of the road, topology, geometry,
width, curvature, gradient, tunnels, bridges, etc. Furthermore, vulnerability pertains to

Figure 1. Elements of vulnerability. Source: Husdal (2004).
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attributes of the natural environment, the topography, and to nature-given incidents,
such as floods, heavy snow, earthquakes, etc. Finally, vulnerability concerns also with
attributes describing traffic flow and attributes resulting in flow decrease, such as daily
peak hours, as well as maintenance operations. Figure 1 shows the three different
elements of vulnerability.

Considering all these definitions of transportation network vulnerability reported in
the literature, there are some correlated concepts that emerge among others: risk and
accessibility.

As highlighted by Chen et al. (2007), vulnerability can be seen as an issue arising from
diminished accessibility caused by various disruptions. Specifically, a possible compre-
hensive definition describes vulnerability as the potential risk of the transportation
system being exposed to natural/anthropic hazards, which can be measured through
an accessibility reduction to a given node or to a given link (increased travel time and
costs) and decrease of the system capacity in terms of traffic flow.

2.1. Measures of vulnerability

Road network vulnerability measures are often discussed from the perspective of acces-
sibility (Chen et al. 2015; Lu, Peng, and Zhang 2014; Luathep et al. 2011; Sohn 2006;
Taylor 2012; Taylor and D’Este 2005). An accessibility-based approach is able to effec-
tively capture regional and traffic characteristics during the analysis considering popu-
lation or employees, traffic volumes, distance, travel time and cost. Lu and Peng
(2011) used a location-based accessibility index to estimate the degradation of a
network under sea-level scenario. This metric included population, residence, employ-
ment, and travel cost. Luathep et al. (2011) provided a sensitivity analysis using a relative
accessibility index based on the average path travel cost. Martin et al. (2021) applied an
accessibility-based approach to evaluate the territorial vulnerability of two Mediterra-
nean region. The authors removed road sections from the networks using three
different methods: random removal, deterministic removal in order of criticality, and
deterministic removal in flood-prone areas. They found that deterministic removal of
the most critical elements causes the most damage to the network. Papilloud and
Keiler (2021) tested two modified accessibility indices. These metrics included flood
affected population, average shortest travel time and opportunities. The latter included
employment and school places.

One of the measures of vulnerability, reported in the literature, is the increase of the
generalized travel cost (i.e. time, distance, cost, etc.) for the users of the network (Jenelius,
Petersen, and Mattsson 2006; Nagurney and Qiang 2012; Taylor, Sekhar, and D’Este
2006). In this formulation, the generalized travel cost is conceived as a simple measure
of accessibility, indicating the difficulty connected when travelling between two locations.

Based on the increase in cost of travel Jenelius, Petersen, and Mattsson (2006) pro-
posed two measures: importance of a link and exposure. These metrics can be calculated
with respect to a single node, to the municipalities and to the whole network. Taylor,
Sekhar, and D’Este (2006) suggested a weighted network travel time increase as a conse-
quence of failure of link and an accessibility index called ARIA, which is an index of
remoteness to estimate the social impacts of rural communities as a measure of regional
vulnerability.
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Multiple metrics have been proposed to estimate the criticality of links within a
network considering transportation characteristics such as travel time, flow and capacity
(Balijepalli and Oppong 2014; Li and Ozbay 2012; Rodríguez-Núñez and García-Palo-
mares 2014; Snelder, Van Zuylen, and Immers 2012; Sullivan et al. 2010; Ukkusuri
and Yushimito 2009). One of them is the Network Robustness Index (NRI) (Sullivan
et al. 2010). It is a measure for evaluating the critical importance of a road and it is
equal to the increase of the cost due to the demand re-assignment when the given
road segment becomes not usable.

The Network Trip Robustness (NTR) is an index based on NRI (Network Robust-
ness Index) and it has been calculated by adding all the individual NRI values for each
link in the network and dividing by the total demand in the network (Luathep,
Suwanno, and Taneerananon 2013). Li et al. (2020) suggested a new metric called
traffic flow betweenness index (TFBI) to identify critical links in large-scale road
network. This parameter is a function of the minimum travel time, link flow, and
the total traffic demand.

Balijepalli and Oppong (2014) proposed a new vulnerability index considering the
change in travel time, flow and capacity of a link i before and after a flooding
event. Snelder, Van Zuylen, and Immers (2012) developed a framework which
studied the relations between robustness, travel time and travel time reliability.
They divided indicators of robustness into three groups: static indicators, which are
independent of the traffic flow, dynamic indicators which are dependent on the
traffic flow and indirect indicators which refer to travel time. They suggested to use
an indirect indicator, travel time losses caused by incidents, to assess the robustness
of a network.

Some studies evaluated the efficiency of a network due to a link closure considering
topological properties (Chen et al. 2012; Freeman, Borgatti, and White 1991; Gu et al.
2020; Latora and Marchiori 2003; Nagurney and Qiang 2007). One of the most recog-
nized metrics, originally proposed by Freeman, Borgatti, and White (1991), is between-
ness centrality, which assess the criticality of a link or node based on his frequency in
the shortest path between nodes in a network. Latora and Marchiori (2003) proposed
the efficiency of the network as a measure to evaluate the impact on the network con-
nectivity. Nagurney and Qiang (2007) used this metric incorporating travel demand
and travel cost. Eliminating one link at a time allows for assessing the decrease in
network efficiency and determining which component is more critical. Gu et al.
(2020) proposed some system based and topological metrics including the Closeness
Index, which measures the relative change in the average shortest distances between
all nodes.

Sarlas, Páez, and Axhausen (2020) proposed a hybrid metric called betweenness-acces-
sibility index which includes topological properties and socio-economic features. The
authors provided an empirical example estimating this metric to the road network of
Zurich, Switzerland.

Mylonas, Mitsakis, and Kepaptsoglou (2023) proposed various hybrid graph-theoretic
parameters such as traffic volume centrality, to study the criticality of a link considering
topological properties and the inputs/outputs of user equilibrium-based traffic assign-
ment models. Gauthier, Furno, and El Faouzi (2018) proposed a parameter that is a func-
tion of the travel cost increase and compared it with parameters referring to topological
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properties. They suggest that the proposed methodology is computationally expensive
and not easily applicable to medium to large networks. On the contrary, topological
indices are imprecise, failing to reproduce traffic patterns. Almotahari and Yazici
(2020) compared five metrics, including network efficiency proposed by Nagurney and
Qiang (2007) and ‘NRI’ proposed by Sullivan et al. (2010). The authors provide a meth-
odology for selecting a parameter from various alternatives based on topological and
network congestion characteristics. Kermanshah and Derrible (2016) combined topolo-
gical indicators such as betweenness centrality with accessibility indicators to define a
new parameter called vulnerability surface. The authors calculated this index to quantify
the impacts on the road network of Los Angeles and San Francisco following an
earthquake.

Some of these parameters have been studied in the paper of Jafino, Kwakkel, and Ver-
braeck (2020). The authors provided a review of transport network criticality evaluating
and comparing seventeen criticality metrics. They found that the network topology plays
a fundamental role in bringing out an empirical similarity among the parameters. Never-
theless, they state that conceptually similar parameters do not necessarily have to have
similar empirical evidence.

Other authors (Francini et al. 2020) proposed a Vulnerability Index (VI) including
infrastructure components. The latter encompasses geometric properties such as road
length and width, the availability of alternative routes (redundancy) in the area, and
the presence of critical elements. Rupi et al. (2015) developed a methodology in which
the level of usage (traffic flow) and the impact on the general connectivity of the
network are used to classify links. This methodology has been applied in this paper
and will be presented in section 3.2.

Other contributions found evaluate link interruptions and alternative routing (Berdica
and Mattsson 2007; Snelder, Van Zuylen, and Immers 2012). A network disruption event
can restrict or delay travel on a particular road segment or a series of segments. When a
network link is interrupted, routes need to be redirected, resulting in an overall increase
in the total route length. In these cases, Morelli and Cunha (2021) suggested that the user
should always choose the shortest path connecting two points. Consequently, route
efficiency can be evaluated by examining the changes in average minimum distances
between points.

Finally, some resources also tried to institute a hierarchy among the links by employ-
ing a combination of different criteria or by using spatiotemporal patterns of alternative
travel routes (Fang et al. 2012; Knoop, Hoogendoorn, and Van Lint 2012). In their study,
Kumar et al. (2019) identified three factors that determine the significance of a road
within a network: connectivity to crucial facilities, traffic volume, and the number of
origins and destinations it serves. Some of these metrics briefly described in this
section have been collected in Table 1.

3. Methodology

In this paper two distinct analyses have been carried out. The first deals with the acces-
sibility variation (decrease) due to the disruption of some critical roads and the second
concerns the identification of a specific parameter for these roads to establish a ranking of
importance between them.
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Table 1. List of some vulnerability/criticality metrics.
Metric Measure Description Reference

Accessibility index
Ai = wp

i

∑n−1

j=1
wr
j

f (tij)
f 0(tij)

( )−a . Ai : accessibility index of the zone i;
. wp

i : population weight of zone i which equals to the ratio of population in zone
i overall the population in the study area;

. wr
j : weight of residence in zone j which equals to the ratio of residence in zone

j overall the residence in the study area except for residence in zone i;
. f (tij): travel cost between region i and j after network degradation;
. f 0(tij): travel cost between region i and j before network degradation;
. a: travel cost decay parameter

Lu and Peng (2011)

Accessibility Index AIw = qw∑
k[Kw f

w
k c

w
k

. AIw : accessibility index for each OD movement w;

. qw : travel demand of OD movement w;

. f wk : flow on the path of OD movement w;

. cwk : mean travel cost of the path connecting OD movement w.

Luathep et al. (2011)

Regional accessibility As =
∑

i

∑
j
Pj
Tij
Pi∑

i Pi
. As: regional accessibility for the s scenario;
. Pj : resident population for each destination j;
. Tij : generalized travel time between origin i to destination j;
. Pi : resident population for each origin i.

Martin et al. (2021)

Population weighted
Hansen index

A1i = Pi
Ptot

∑
j Bj f (Cij)∑

j Bj
. A1i : Population weighted Hansen index;
. Pi : population of node i;
. Ptot : total population;
. Bj : total number of opportunities in each traffic zone;
. f (Cij): impedance function.

Papilloud and Keiler
(2021)

Network robustness
index

qa =
∑
a
taxad a −

∑
a
taxa . qa : value of NRI for a link a;

. xa : travel time on each link a comprising the network;

. ta: traffic flow on each link a comprising the network;

. d a is equal to 1 if a link a is not removed, 0 otherwise

Sullivan et al. (2010)

Network Vulnerability
Index

NVI = ∑A
i=1

xbeforei

rbeforei

tbeforei

( )[ ]
−∑A

i=1

xafteri

rafteri

tafteri

( )[ ]
. NVI: network vulnerability index;
. ri : total available capacity of link i/standard hourly link capacity per lane for the

given type of road;
. A: number of links in a network;
. xi : total flow on a link i;
. ti : travel time on a link i.

Balijepalli and Oppong
(2014)

Betweness centrality BC(u) = ∑
i=u=j[G

sij(u)
sij

. BC(u): betweeness centrality of u node;

. sij(u): total number of shortest paths between nodes i and j that pass through
u;

. sij : total number of shortest paths between nodes i and j.

(Continued )
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Table 1. Continued.
Metric Measure Description Reference

Network efficiency 1(G, d) =
∑

w[W
dw
lw

nw
. 1(G, d): network efficiency for a given network topology G and travel demand d;
. dw : travel demand between O-D pair w;
. lw : travel cost between O-D pair w;
. nw : number of O-D pairs.

Nagurney and Qiang
(2007)

Closeness index VI = 1
|N|(|N| − 1)

∑
i=j[N (d

′
ij − dij)∑

i=j[N dij
. VI: Closeness index;
. N: number of nodes of a network;
. dij : shortest path between i and j before disruption;
. d′ij : shortest path between i and j after disruption.

Gu et al. (2020)

Efficiency of alternative
route

h(o, d) = d0(o, d)
d1(o, d)

. η (o, d): efficiency of alternative route

. do(o, d): length of the shortest route between nodes before the disruption

. d1(o, d): length of the shortest route between nodes after the disruption.

Morelli and Cunha (2021)

Traffic volume
centrality

UE − Traffic− Volume− C = xg∑
i=j[Vd Dij

. xg: equilibrium traffic volume on link g;

. Dij : demand corresponding to OD pair ij
Mylonas, Mitsakis, and
Kepaptsoglou (2023)

Betweness-accessibility Cpop(li) =
∑

j,k j=k

s(pj , pk|li)
s( pj , pk)

popj
emplkf (tt jk)

Accemplj

. s(pj , pk|li): shortest path between pj and pk that pass through link li ;

. s( pj , pk): total number of shortest paths between pj and pk ;

. popj : population of node j;

. emplk : employments of node k;

. f (tt jk): cost function of trip production;

. Accemplj : accessibility of node j.

Sarlas, Páez, and
Axhausen (2020)

Importance of a link Importancek(k) =
∑

i

∑
i=j wij(ckij − c0ij )∑
i

∑
i=j wij

. Importancek(k): importance of a link k;

. wij : weight assigned to each OD pair in a network;

. ckij : travel cost of the damaged network;

. c1ij : travel cost af the undamaged network.

Jenelius, Petersen, and
Mattsson (2006)

Vulnerability Index IVj =
∑n
i=1

wiPi . IVj : vulnerability index;
. Pi : property of the i-th road;
. wi : weight of the i-th properties;
. n: number of properties.

Francini et al. (2020)

Link Importance Index LIj = b · F(ADTj)+ (1− b) · G(DCj) . LIj : Link Importance Index of the link j;
. F(ADTj): function of the average daily volume traffic along link j;
. G(DCj): function of increase in the network users’ total cost due to the

interruption of link j;
. b: sensitivity parameter.

Rupi et al. (2015)

Weighted network
travel time increase

Dt(e) = ∑
ij
wijDteij . Dt(e): weighted network travel time increase;

. wij : normalized weight for travel between i and j;

. Dteij : travel time increase between i and j when link e is disrupted.

Taylor, Sekhar, and D’Este
(2006)
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The following sections show themethodology andhow these analyses have been carried out.

3.1. Link accessibility-vulnerability

Accessibility is a crucial concept in transportation analysis and planning, as emphasized by
Miller (1999). It encompasses the notion of ‘ease’ in reaching various opportunities for
activities and services. In literature, there are two general types of accessibility: active
and passive. As stated by Cascetta, Cartenì, and Montanino (2013), active accessibility
refers to the ease with which individuals located in a particular zone can engage in
various activities such as shopping, entertainment, education, work, and more. On the
other hand, passive accessibility pertains to the ease with which an activity located in a
specific zone can be reached by potential users, including clients, workers, providers,
and others. This study considers active accessibility as a measure of vulnerability, and it
is calculated with the following equation:

AAo =
∑n
d=1

Kb1
d ∗ exp(−b2Tod) (1)

where:

. AA0 is the active accessibility of the origin node o;

. Kd is the number of jobs (provided by the Census) located in the destination node d;

. Tod is the travel time between the o-d pair estimated through the software TransCAD;

. b1 and b2 are parameters estimated equal to 1.17 and 1.14.

We calibrated the values of b1 and b2 using data related to the observed trips carried out
with private transportation within the metropolitan area of the city of Naples, as reported
in the Urban Plan for Sustainable Mobility (Piano Urbano della Mobilità Sostenibile –
Città Metropolitana di Napoli, – Urban Plan for Sustainable Mobility – Metropolitan
City of Naples 2022). Referring to a descriptive gravitational model, p[d/oh] represents
the traffic demand between the origin o and destination d during the morning peak hour
h and can be calculated as follows:

p[d/oh] = Kb1
d ∗ exp(−b2Tod)∑n

d=1 K
b1
d ∗ exp(−b2Tod)

(2)

where Kd is the number of jobs, provided by the Census, located in the destination node
and Tod is the travel time between the o− d pair. The statistical tests for the validation of
beta parameters are reported in Table 2.

One of the expected effects of disruptions of critical roads is a decrease in accessibility in
some areas. Accessibility is closely connected with vulnerability. Indeed, the vulnerability
of a generic node d can be regarded as a problem of reduced accessibility due to different
disruptions (accidents, floods, etc.) and it can be calculated as follows:

Vulnerabilityd =
Acc0d − Acc1d

Acc0d
(3)

TRANSPORTATION PLANNING AND TECHNOLOGY 637



where:

. Vulnerabilityd is the vulnerability of the node d;

. Acc0d is the accessibility of the node d before disruption;

. Acc1d is the accessibility of the node d after a disruption.

3.2. Link Importance Index

In this section, a hierarchy between roads has been proposed through the estimation of
the Link Importance Index (LII) introduced by Rupi et al. (2015). The following
expression for the index LIIj has been estimated for a generic link j:

LIIj = b · F(ADTj)+ (1− b) · G(DCj) (4)

where:

. ADTj is the average daily traffic along link j estimated during TransCAD simulations;

. DCj represents the additional cost incurred by network users as a result of the disrup-
tion of link j, calculated in comparison to the normal, undamaged configuration of the
network;

. b is a sensitivity parameter.

. G is a function of DCj;

. F is a function of ADTj;

F(ADTj) is called local importance and G(DCj) is called global importance. As stated by
Rupi et al. (2015) b can take values between 0 and 1 and the specific value should be
determined at the political level (Jenelius, Petersen, and Mattsson 2006). In this study,
we consider local and global importance to carry equal weight; hence, b is equal to
0.5.

The local importance indicator is proportional to the link traffic. In fact, a road should
be considered vulnerable when the volume of traffic along is increasing. To consider this,
the local importance indicator F(ADTj) has been defined as follows:

Fj = F(ADTj) =
ADTj − ADTmin

ADTmax − ADTmin
(5)

where ADTmin and ADTmax are respectively the minimum and the maximum ADT
measured on the set of links whose ADT is known.

Table 2. The statistical tests for the gravity model.
Attributes Passenger cars

b1 Robust Std err Robust t-test 1.17 +2.07
b2 Robust Std err Robust t-test −1.14 −7.800

Parameters Passenger cars

Adjusted rho-square 0.659
Final log-likelihood −34.142
Null log-likelihood −106.52
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The global importance function involves assessing DCj, which represents the overall
change in trip cost across the network resulting from the closure of a specific link j.

DCj = Cj − C0 ∀ j [ B (6)

Cj represents the total cost of the network when link j is closed, C0 represents the total
cost of the undamaged network and B is the set of links under investigation.

The total trip cost C is the sum of all generalized trip costs paid by all users and is cal-
culated as:

C =
∑

∀OD Tod · Vod∑
Vod

(7)

where

. Tk is the travel time of the generic O-D pair estimated during the software TransCAD;

. Vk is the simulated volume between origin o and destination d based on the O-D
matrix.

The global importance index of a link, denoted as Gj, can be estimated as:

Gj =
DCj − gmin

gmax − gmin
(8)

where gmin and gmax are the total minimum and maximum travel times computed
through the software TransCAD. DCj represents the total trip cost variation when link
j has been closed.

The above methodology has been applied to the case study of the metropolitan city of
Naples.

4. Case study

The road network of the metropolitan city of Naples serves an area of an extension of
1.179 square kilometres populated by 3,017,658 residents. Despite the metropolitan
city of Naples covering only 8.6% of the regional territory, it concentrates over half of
the entire population of the Campania region within its borders, making it one of the
most densely populated areas in Europe. Almost a third of the inhabitants concentrate
in the municipality of Naples alone, on a surface of just 119 square kilometres. Along
the coastal strip, stretching from the municipality of Giugliano in Campania (second
in population density in the entire metropolitan area) to the municipality of Castellam-
mare di Stabia in the Sorrentine Peninsula, approximately half of the population is con-
centrated. 11% of the municipalities in the metropolitan area of city of Naples have a
population fewer than 5000 inhabitants, while no municipality has a population below
1000 inhabitants. Above 100,000 inhabitants, there are only 2% of the municipalities,
city of Naples and Giugliano in Campania, while half of the municipalities have a popu-
lation ranging from 10,000 to 40,000 inhabitants. Figures 2 and 3 show the active popu-
lation and jobs distribution of the area. The active population consists of all citizens in the
working age group (age range 16–65 years), while jobs are individuals who need to
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commute from their place of residence for work. Approximately 41% of jobs are concen-
trated in the municipality of Naples alone.

The area is crossed by A1, A3, A16, A30, and A56 motorways and by the national
roads SS162, SS7, SS145, SS268, SS163. A graph of 75,184 links represents the area
under study.

Figure 4 shows the main important road (motorway, trunk, and primary link) of the
area.

As shown in Figure 5, the area was divided into 112 districts: 82 for every municipality
in the metropolitan area of the city of Naples and 30 for the district within the city of
Naples.

The O-D matrix has been based on Urban Plan for Sustainable Mobility (Piano
Urbano della Mobilità Sostenibile – Città Metropolitana di Napoli, –Urban Plan for Sus-
tainable Mobility –Metropolitan City of Naples 2022) referring to a weekday and it pro-
vides the car demand between the 112 centroids included in the network model. The
demand matrix was calculated based on some data related to telephone users. These
are databases that store trips in each study area for a particular time period. The trips
linked to phone users in transit within the metropolitan area of city of Naples area
during October 2021 were acquired and processed. All the information is anonymized
in compliance with current privacy regulations. Further details can be obtained by con-
sulting section 5 of the Urban Plan for Sustainable Mobility. The database contains exten-
sive information, including origin and destination traffic zones, purpose of the trip, and
the mode of transportation used. As reported in the Urban Plan for Sustainable Mobility,
the average number of trips recorded among the municipalities within the metropolitan
area of Naples on a typical weekday is over 2.5 million. An interesting analysis proves to

Figure 2. Active population distribution of the metropolitan area of the city of Naples. Source:
Author’s elaboration.
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be that related to the purpose of trip and the mode of transportation used. As shown in
Figure 6 during the morning hours (from 5 AM to 12 PM), 32% of trips are attributed are
for work or school-related purposes. 37% of the trips are associated with other purposes,

Figure 3. Jobs distribution of the metropolitan area of the city of Naples. Source: Author’s elaboration.

Figure 4. Main links in the study area. Source: Author’s elaborations.
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where under the category ‘other purposes’ are included all trips that neither have the
usual place of study nor work as their origin or destination. The ‘home-home’ trips rep-
resent 31% of the total. In this category, there are trips that, despite crossing other cellular
towers, never stayed for more than 30 min in any of them, thus having both the origin
and destination coinciding with the cellular tower location of own residence. Figure 7
illustrates the modal distribution of trips during the morning peak hours on a typical

Figure 5. Districts of the metropolitan area of the city of Naples. Source: Author’s elaboration.

Figure 6. Distribution of the purpose of movement during the morning on a typical weekday. Source:
Author’s elaboration based on Urban Plan for Sustainable Mobility.
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weekday. As evident, the use of private modes of transportation (cars and motorcycles) is
highly prevailing.

These information were essential to estimate the average trips generated by each
municipality during the morning peak hours on a typical weekday using private trans-
portation (for further details, refer to tables 87 and 91 of section 5 of the Urban Plan
for Sustainable Mobility, Piano Urbano della Mobilità Sostenibile – Città Metropoli-
tana di Napoli, – Urban Plan for Sustainable Mobility – Metropolitan City of
Naples 2022). Based on a gravity model for interaction between all OD pairs it was
possible to complete the OD matrix using jobs as a weighting factor. The O-D
matrix has been assigned to the road network using a stochastic user equilibrium
approach (Cascetta 2009).

Using the TransCAD® software, some simulations have been conducted based on
seven different hypotheses. Figure 8 points out the seven links investigated during the
simulation.

The basis scenario considers operating all the roads within the metropolitan area; this
scenario provides the regular traffic flow in the area. In the first hypothesis, the road ‘Tan-
genziale di Napoli’ (A56) has been removed by the network (see Figure 8). This road is
20.2 kilometres long and crosses 10 districts. It is crossed by about 170,000 transits per
day (source: Urban Plan for Sustainable Mobility Mobility –Metropolitan City of Naples
2022), its route starts at Capodichino, nearby the international Airport of Capodichino,
and crosses the entire city of Naples from east to west until it reaches the Phlegraean area
of Pozzuoli. The road consists of three lanes in each direction, and along its route, there
are eight overpasses and four tunnels. This scenario tries to evaluate the global effect on
the whole metropolitan area. The second hypothesis focuses on the local effects on
human urban mobility caused by removing two important roads: ‘Galleria della Vittoria’

Figure 7.Modal distribution for internal movements within the metropolitan area of the city of Naples
during the morning peak hours in a typical weekday. Source: Author’s elaboration based on Urban
Plan for Sustainable Mobility.
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and ‘Via Nuova Marina’. They are primary links consisting of two lanes in each direction
located in the centre of the city of Naples, some of the busiest streets in the city (see
Figure 8). ‘Galleria della Vittoria’ extends for about 630 metres long while ‘Via Nuova
Marina’ is 845 metres long. These roads are some of the main connecting roads for
users coming from the western part of the city to the seaport, these links crossed three
districts. In the third scenario the road ‘Strada Statale 7 Domitiana’ has been removed
from the network. This link crosses two districts located in the western parts of the
area (see Figure 8). It is one of the access roads to the centre of the metropolitan area
for users coming from the north. Starting from the border between Lazio and Campania
regions on the Garigliano river, this trunk road, consisting of two lanes in each direction,
extends for about 49 kilometres along the entire Domitian-Flegrean coastline. At the end
of its development, it connects to ‘Tangenziale di Napoli’. During the simulation only the
last sections of the road, which are about 13 kilometres long, inside the metropolitan area
of city of Naples have been removed. The fourth hypothesis evaluates the damages caused
by removing ‘Strada Statale 87 Sannitica’. This road links the city of Benevento with the
metropolitan area of the city of Naples and crosses 5 municipalities of interest (see Figure
8). The road has two lanes in each direction and it’s 13.5 kilometres long. Along its route,
it intersects with important arteries of the area such as the ‘Circumvallazione esterna di
Napoli’, the trunk roads 162 ‘NC Asse Mediano’ and ‘Asse di supporto Nola-Villa
Literno’.

The fifth scenario provides the effects on human mobility caused by the interruption
of the ‘Strada Statale 145 Sorrentina’. This road links south-east parts of the area with the
rest of the region and crosses 7 districts (see Figure 8). It is a single-lane, high-speed state
road that connects the A3 Napoli-Salerno highway with the Sorrento Peninsula. The road
is about 43 kilometres long, and along its route, there is a tunnel of over 5 kilometres that

Figure 8. Links investigated. Source: Author’s elaboration.
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allows bypassing the winding and busy centre of the municipality of Vico Equense. The
road crosses a very fragile territory from a hydrogeological perspective and it is the main
connecting road to the major tourist destinations in the Sorrento Peninsula. Only the first
sections of the road, which are about 7.6 kilometres long, inside the metropolitan area of
city of Naples have been removed.

In the sixth scenario the link ‘Strada Statale 162 NC Asse Mediano’ has been removed
by the network. This road connects the west and east parts of the area under analysis and
crosses 8 districts located in the north part of the study area (see Figure 8). The road is 39
kilometres long, with two lanes in each direction and 8 kilometres of viaducts. It forms a
tangential line inland to the north of Naples, connecting to other internal main roads and
the Italian highway network.

The last hypothesis considers the interruption of the ‘Strada Statale 268 del Vesuvio’.
This trunk road goes around the volcano’s Vesuvius and crosses 9 municipalities (see
Figure 8). The current route is partially single-lane and partially dual-lane in each
direction, extending for about 30 kilometres. This road crosses the entire inner Vesu-
vian area before terminating at the A3 highway. All these roads play a fundamental
topological role and represent the main arteries of the network, being traversed
every day by a very high number of users (source: Urban Plan for Sustainable Mobility
– Metropolitan City of Naples 2022). The main characteristics of the case study are
summarized in Table 3.

Lastly, the LII was estimated for these six critical roads.

4.1. Results

By removing the critical road ‘Tangenziale di Napoli’ (A56), the accessibility of the
metropolitan area of the city of Naples was reduced by an average of 16.83%. The
effects are significant for the districts located in the northwest parts of the area. Further-
more, accessibility was reduced by an average of 43.08% only for the city of Naples. 39 are
the districts with an important reduction in accessibility greater than 10%. This simu-
lation shows that the metropolitan area of Naples is highly vulnerable with respect to
scenario 1. Figure 9 shows the percentage accessibility variation in all the districts
within the metropolitan area with respect to scenario 1.

By removing the critical roads ‘Galleria della Vittoria’ and ‘Via Nuova Marina’ it was
pointed out that the global accessibility of the area was not influenced meanwhile it was
noted a reduction of 7.69% on average only for the city of Naples. For this scenario, five
districts showed an accessibility reduction greater than 10%. Figure 10 shows the percen-
tage accessibility variation in all the districts within the metropolitan area with respect to
scenario 2.

Table 3. Main characteristic of the case study.

Region Municipalities Population
Active

population Jobs
Road

length (km)

Road types considered for
the elimination of sections

and length (km)

Metropolitan area
of city of Naples

112 3,055,196 2,008,788 783,490 20,623.92 Motorway (20.2)
Trunk road (103.1)
Primary link (1.5)
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In the third scenario the global accessibility was reduced by an average of 2.55% and 4
municipalities registered an accessibility reduction greater than 10%. The main damaged
districts are located in the northwest parts of the area. Figure 11 shows the percentage acces-
sibility variation in all the districts within the metropolitan area with respect to scenario 3.

By removing the road ‘SS 87 Sannitica’ the accessibility of the metropolitan area was
reduced by an average of 1.96%. The most important effects were concentrated in the
northern part of the area. Figure 12 shows the percentage accessibility variation in all
the districts within the metropolitan area with respect to scenario 4.

In the fifth scenario the removal of the ‘SS 145 Sorrentina’ caused a decrease of 9.27%
in the area’s accessibility and the effects were significant for the south-east districts. The
latter are vulnerable with respect to the closure of ‘SS 145 Sorrentina’. For this scenario,
fourteen districts showed an accessibility reduction greater than 10%. Figure 13 shows
the percentage accessibility variation in all the districts within the metropolitan area
with respect to scenario 5.

The removal of the ‘SS 162 NC Asse Mediano’ caused a considerable reduction of
accessibility equal to 8.44% and 10.17% for the whole area and for the city of Naples
respectively. Twenty-four municipalities with a decrease of accessibility greater than
10% were registered. Figure 14 shows the percentage accessibility variation in all the dis-
tricts within the metropolitan area with respect to scenario 6.

The last scenario provided the impacts by removing the ‘SS 268 del Vesuvio’. It was
estimated an 8.33% reduction of accessibility and eighteen districts had a decrease of
accessibility greater than 10%. Figure 13 shows the percentage accessibility variation in
all the districts within the metropolitan area with respect to scenario 7. Figure 15

Figure 9. Damaged districts by removing the road ‘Tangenziale di Napoli’ (scenario 1) from the
network. Source: Author’s elaboration.
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Figure 10. Damaged districts by removing the ‘Galleria della Vittoria and Via Nuova Marina’ (scenario
2) from the network. Source: Author’s elaboration.

Figure 11. Damaged districts by removing the road ‘Strada Statale 7 quater Via Domitiana’ (scenario
3) from the network. Source: Author’s elaboration.
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Figure 12. Damaged districts by removing the road ‘Strada Statale 87 Sannitica’ (scenario 4) from the
network. Source: Author’s elaboration.

Figure 13. Damaged districts by removing the road ‘Strada Statale 145 Sorrentina’ (scenario 5) from
the network. Source: Author’s elaboration.
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Figure 14. Damaged districts by removing the road ‘Strada Statale 162 NC Asse Mediano’ (scenario 6)
from the network. Source: Author’s elaboration.

Figure 15. Damaged districts by removing the road ‘Strada Statale 268 del Vesuvio’ (scenario 7) from
the network. Source: Author’s elaboration.
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shows the percentage accessibility variation in all the districts within the metropolitan
area with respect to scenario 7.

Table 4 summarizes the effects on accessibility for the whole metropolitan area and for
the city of Naples.

Following Equation (4) a hierarchy between the roads has been established. The
AverageDaily Traffic (ADTj) and the travel timewere estimated using theTransCAD® soft-
ware. The parameter β is equal to 0.5 giving the sameweight to the global and local indices.
Table 5 summarizes the results for the seven links investigated.

According to Equation (7) ‘Tangenziale di Napoli’ and ‘Strada Statale 268 del Vesuvio’
are themain critical roads in the road network due to their daily traffic flows and their stra-
tegic geographic positions. These roads are located near the centre of themetropolitan area
and serve themost densely populated part of the region. ‘Strada Statale 154 Sorrentina’ and
‘Strada Statale 87 Sannitica’ are quite important for the area, while ‘Strada Statale 7 Via
Domitiana’ and ‘Galleria della Vittoria’ and ‘Via Nuova Marina’ are less important
roads compared to other links of the metropolitan area.

5. Conclusions and further perspectives

This study evaluates the main impacts on urban mobility caused by the disruptions of
some links in the metropolitan area of the city of Naples. The methodology used in

Table 5. Link Importance Index.
Scenario Road Link Importance Index Ranking based on LII

1 Tangenziale di Napoli 0.275 1
2 Galleria della Vittoria-Via Nuova Marina 0.061 6
3 Strada Statale 7 quater Domitiana 0.013 7
4 Strada Statale 87 Sannitica 0.166 3
5 Strada Statale 145 Sorrentina 0.147 4
6 Strada Statale 162 NC Asse Mediano 0.086 5
7 Strada Statale 268 del Vesuvio 0.267 2

Source: Author’s elaborations.

Table 4. Results.

Scenario
Links removed from

the network

Average Accessibility
variation for the
metropolitan area

Average Accessibility
variation for city of

Naples

Number of districts with
accessibility variation
greater than 10%

1 Tangenziale di Napoli
(A56)

−16.83% −43.08% 39

2 Galleria della Vittoria
and Via Nuova
Marina

−2.22% −7.69% 5

3 Strada Statale 7
quater Domitiana

−2.55% −1.21% 4

4 Strada Statale 87
Sannitica

−1.96% −1.06% 3

5 Strada Statale 145
Sorrentina

−9.27% −0.89% 14

6 Strada Statale 162 NC
Asse Mediano

−8.44% −10.17% 24

7 Strada Statale 268 del
Vesuvio

−8.33% −3.56% 18

Source: Author’s elaborations.
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this study captures the influence of travel time increases as a result of interrupted links.
Another complementary investigated aspect was the importance, in terms of traffic flow
and travel time (total user’s cost), of some critical roads.

This study provides quantitative results on the degree of network vulnerability and
identifies vulnerable areas based on an accessibility-based index. Active accessibility
could be a good measure to capture the breakdown in the road network and to identify
some critical roads. Using the TransCAD® software, it was stated that the worst case
could be the first scenario with the disruption of ‘Tangenziale di Napoli’. 39 districts
might be considered vulnerable with an accessibility reduction greater than 10%.

Consistent and spread damages on mobility might occur if ‘Strada Statale 162 NC Asse
Mediano’ or ‘Strada Statale 268 del Vesuvio’ were interrupted. These important roads for
metropolitan human mobility caused an accessibility reduction greater than 10% for 24
and 18 districts respectively. The breakdown of ‘Strada Statale 268 del Vesuvio’ makes
vulnerable 7 districts, located around the volcano, with an accessibility reduction
greater than 50%.

There are some gaps in this research. The latter focused on a single mode of transpor-
tation, so the dynamic analysis of the number of users in the network and travel demand
only considers the changes within this mode of transport. With the diversification of
travel methods, the interconnection between different transportation systems has
become increasingly significant. It is crucial to consider the changes and improvements
that arise from the integration and combination of various transportation modes on the
performance of the overall system. Another issue concerns the non-identification of the
external shock that causes a closure in the network.

To improve on the methods introduced in this study, future investigations should
consider a multimodal transport system and a better comprehensive vulnerability
metric. This measure might include other aspects such as robustness, redundancy, rapid-
ity, and resourcefulness.

One of the necessary measures to avoid or prevent shocks is to maintain a high level of
maintenance on critical roads. Following traffic distribution and the topology structure of
the network, it is possible to establish a priority of maintenance. According to the results
obtained, it could be recommended a high level of maintenance on all the roads dis-
cussed, especially for ‘Tangenziale di Napoli’, ‘Strada Statale 268 del Vesuvio’ and
‘Strada Statale 145 Sorrentina’. These roads are crucial for the regular traffic flow and
are fundamental for connecting districts to the others of the whole area.

Maintenance interventions are part of short-term strategies that administrators should
necessarily adopt to guarantee a minimum level of network serviceability. However,
nowadays, these actions are no longer enough. In section 4, the characteristics of the
case study have been highlighted. As many urban areas in Italy, the metropolitan area
of the city of Naples has been growing constantly all over the last years. Despite the muni-
cipality of Naples remains the economic and social centre of the area, over 66% of the
inhabitants are concentrated in the neighbouring territory, outside the municipal bound-
aries. One of the effects of this urban sprawl is the increase of congestion linked to private
transport demand. Indeed, as shown in Figure 7, almost 70% of users choose private
transportation for their trips. Considering also the increasing frequency of service dis-
ruptions due to extreme events connected to climate change, administrators should
promote comprehensive long-term sustainable urban planning policies to reduce the
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vulnerability of the transportation system. The most crucial links investigated in this
study are very long and congested arteries that cross a large part of the urban territory,
for this reason it is necessary to support the development of different transportation
modes. Public transportation should be improved by expanding the transportation
supply and enhancing the existing one. Moreover, creating cycling and pedestrian
paths, which the metropolitan area of Naples is not particularly equipped with, could
further serve the residents of the area. The safety and efficiency of the road network
could be also improved using autonomous vehicles and the widespread implementation
of road monitoring systems. The latter are very useful for informing users in real-time
about accidents and changes in road conditions. All these strategies should be
implemented through the community involvement in decision-making process
because they are crucial to ensure sustainable urban growth and improve citizens’
quality of life. In this process vulnerability and criticality analysis plays a fundamental
role because, through monitoring the transportation system, it can assist administrators
in allocating resources for maintenance interventions and reducing impacts on mobility.
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