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Abstract: Road networks are considered as one of the most important transport infrastructure sys-
tems, since they attain the economic and social prosperity of modern societies. For this reason,
it is vital to improve the resiliency of road networks in order to function normally under daily
stressors and recover quickly after natural disasters such as an earthquake event. In the last decades,
vulnerability assessment studies for road networks and their assets gained great attention among the
research community. This literature review includes a brief introduction about seismic vulnerability
assessment, followed by the roadway assets damage and their damage states, and then the main
typologies for the vulnerability assessment of roadway assets. Moreover, it focuses on available
assessment methods, which were proposed to quantify the vulnerability of road networks and its
assets. These methods are divided into two main categories, physical and traffic-based approaches.
Methods based on fragility functions and vulnerability indexes were investigated in physical ap-
proach for roadways and its assets. On the other hand, accessibility and link importance index were
explored in traffic-based approach for road networks. This paper reviews and comments the most
common vulnerability assessment methods for road networks and its assets and points out their
advantages and disadvantages. The main gaps and needs are identified and recommendations for
future studies are provided.

Keywords: vulnerability assessment; road network fragility functions; vulnerability index; accessi-
bility index; link importance index; resilient infrastructure; cities disaster risk reduction

1. Introduction

Infrastructure is considered the backbone of our society and economy; it plays a
crucial role in attaining the economic and social prosperity and sustainability of our
world. Transport systems are essential critical infrastructure and play a crucial role in
maintaining national security and supporting the recovery of any country during and/or
after natural disasters. Nevertheless, earthquakes are considered as one of the most
destructive geophysical disasters that might affect and paralyze transport systems [1].

Road networks are one of the main forms of transport infrastructure that contribute to
mobility and accessibility for users. According to the World Bank, about 80% of freight and
passenger movements occur on road networks. In addition to that, the annual passenger
traffic on road networks will increase by 50% in the near future, and an additional 1.2 billion
cars will be using road networks by 2050 [2]. Yet, road networks as any other transportation
infrastructure are exposed and could be vulnerable to various natural hazard incidents.
Koks et al. [3] investigated the risk and exposure for multihazards on different assets of
road and railway infrastructure by studying the global expected annual damages (EAD)
and exposures (EAE). The results showed that 27% of this infrastructure is subject to at
least one hazard for a return period of 250 years, while, with respect to EAE, 0.5% of global
infrastructure is endangered by multihazards. Direct damage for transport infrastructures
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exposed to multi-hazards is estimated to be between 3.1 to 22 billion USD globally; in
particular, earthquakes result in 7.3% of the overall global EAD.

Due to all urgent risks, many countries have developed and improved measures to
reduce the risk and to make cities and critical infrastructure more resilient [4,5]. Moreover,
the United Nations adapted a strategic plan to implement the 2030 agenda for sustainable
development goals (SDGs). One of the main goals in SDGs is making sustainable cities and
human settlements and enhancing their resiliency against natural hazards. In particular,
SDG9 and SDG11 mainly focus on building resilient infrastructure by promoting public
and private investments and making human settlements inclusive, safe, and sustainable,
to conduct a risk reduction plan that will save lives, reduce losses, and strengthen the
resilience of cities. Achieving SDG9 and SDG11 will impact other SDGs. For example,
decreasing the risk will result in low damage and loss of livelihood that will reduce poverty,
as per SDG1 [6].

Moreover, the Transportation Research Board (TRB) policy works on achieving twelve
basic goals that address critical issues for transportation. One of the main goals focuses
on building more resilient and secure infrastructure against natural hazards. This goal,
which is represented in the fourth topic of TRB report “Critical Issues in Transportation
2019”7, concentrates on endangered transport infrastructures facing natural hazards. TRB
is concerned about rising risks resulting from natural hazards that threatens all transport
systems. In this respect, policies and strategies should be extended to increase the resiliency
and sustainability of critical transport infrastructure [7].

Past earthquake incidents have proven that the road network and its assets are vul-
nerable, while damage to the road network can affect the transportation of people and
goods [8]. The destruction of roads can obstruct emergency vehicles and directly affect
the rescue and aid emergency activities in the affected region, resulting in considerable
economic, social, and livelihood losses for the community [6]. Furthermore, earthquake
disasters can cause direct impacts on the structures of road networks, which involve both
life-safety issues and repair/replacement losses. Additionally, this destruction results in
long term and indirect economic losses on nations, by affecting tourism, trade, and/or
other industries. A common classification of economic impact includes direct economic
effects (repair/replacement costs of the damaged infrastructure) and direct consequential
economic effects (linked to the disruption of the transport infrastructure and its cost on
road users, such as road delays, fuel carbon emissions, and accident costs), and indirect
consequential economic effects (usually influence rural regions, which mainly depend
on transport activities in their daily life), as per Winter et al. [9]. Thus, these impacts are
mostly influenced by the functionality of the transport network rather than the earthquake
incident itself. Consequently, local business and tourism sectors in these regions will be
negatively affected because reduction of accessibility will adversely decrease the profits
and viability in these sectors in the short and long term [9,10].

Representative examples of disruptive earthquakes that have caused failure to trans-
port infrastructure are given in Table 1. These events led to improvements in the seismic
design and risk management in each country and in some cases internationally.

Looking at this evidence gives rise to the importance of assessing the seismic perfor-
mance of road networks. The possible loss associated with potential seismic events can be
estimated through a seismic vulnerability assessment of road networks and their assets.
In this respect, a seismic vulnerability assessment of road networks is an important step
toward improvement of infrastructure resilience and considerable enhancement of emer-
gency accessibility through the application of suitable and efficient mitigation measures for
emergencies [36,37].
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Table 1. Examples of disruptive earthquakes that have caused failure to transport infrastructure.
Earthquake Event and Losses Impact References
Loma Prieta (USA), 1989, M =7.1 g .
It is considered among the most destructive and costly earthquakes Traffic disruption
. . & . Y 1 Infrastructure damages
in the history of United States of America (USA), accounted for Possible safety concern
approximately in $1.8 billion in damages for road networks and $300 E - ¢ [11-15]
million in restoration cost for bridges. Various closures occurred at Hi CONOMIC COSS
. . . igh restoration costs
multiple roads, accumulating 65 blockages related to direct damages Indirect economic impacts
and 85 blockages related to indirect damages.
Kobe (Japan), 1995, M =7.9 Traffic disruption
One of the most devastating and destructive earthquakes that hit Obstruction of aid activities
Kobe-Osaka in Japan, resulted in blockage of many roads, due to the Infrastructure damages [16-20]
damage of more than 1300 spans of Hanshin expressway, with direct Economic costs
losses of $4.6 billion. High restoration costs
Kocaeli (Turkey), 1999, M = 7.4
The transportation system in Kocaeli was affected; most of the Traffic disruption
damages were related to fault ruptures and ground settlements. The Possible safety concern [21-23]
E80 segment, which is also known as the Trans European Motorway Economic costs
(TEM) was severely damaged. Roads experienced damages, mainly Damage for industrial plants
in the form of surface ruptures and roadway fills settlement.
Chi-Chi (Taiwan), 1999, M = 7.6 Traffic disruption
One of the largest earthquakes in Taiwan, resulting in extensive Safety concern [24-26]
damage to the transport system and infrastructure, particularly in Direct and indirect economic losses
Taichung and Nantou areas. Economic Repercussions
Sichuan (China), 2008, M =7.9 Reduction of accessibility
Several landslides were triggered, which caused a reduction in Obstruction of aid activities
accessibility of road network. Rugged mountainous roads were Infrastructure damage [27,28]
mainly damaged. The damaged roads obstructed the movement of High repair costs
heavy machines and emergency vehicles, which led to life losses. Economic costs
Chile (Chile), 2010, M = 8.8 Paralyzed road networks
One of the most devastating earthquakes in the last decade that High safety concern
damaged roads and highways in a large area in Chile. Most of the Infrastructure damages [29-32]
damages were related to deficiencies in bridges, embankments, and Economic repercussions
ground settlements. Loss of some major lifelines
Ranau (Malaysia), 2015, M = 6.0
One of the highest magnitude earthquakes that was recorded in Traffic disruption
Sabah state in the east of Malaysia. Twenty-two roads were damaged Obstruction of aid activities [33-35]

and caused malfunction to road network systems, which obstructed
the movement of emergency vehicle and prevented industrial and
domestic activities for a long time.

Economic costs
Travel disruption

M: moment magnitude of earthquake.

The aim of this paper is to shed light on the most common and practical methodologies

used to assess the seismic vulnerability of road networks and their assets and to identify the
main gaps and needs in this field. In this respect, this paper reviews and discusses available
methods, aiming at underpinning the understanding of road network risks and the efficient
mitigation measures by transport infrastructure owners and operators. Most of the studies
tackling vulnerability assessment of road networks focus on a single criterion, whether
it is asset damage, functionality, or network performance. The first section of this paper
describes the main types of roadway asset damage, including damage measurement criteria.
The second section highlights the main typologies of roadway assets and defines the critical
vulnerability factors. The next part reviews available fragility functions and damage
states for seismic vulnerability assessment of roadway assets, including a discussion of the
fragility assessment methodologies. This is followed by a part that discusses and compares
methods that are based on vulnerability indices, including the type of parameters used
and their weighting scores. Afterwards, a comprehensive review on assessment of road
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network vulnerability is presented, including two main approaches, the accessibility and
link importance method. The final part addresses the integrated seismic risk assessment
for a road system, with a focus on the integration between asset damage, functionality, and
network traffic. The paper sums up with the knowledge gaps on this topic and provides
recommendations for future research, emphasizing the cardinal need to include more
technologies for vulnerability assessment, and thus paving the way towards more resilient
infrastructure.

2. Roadway Assets Damage and Their States
2.1. Roadway Assets Damage

A roadway system consists of various assets interacting with the surrounding en-
vironmental conditions. Most of the vulnerability assessment methods consider single
assets exposed to single hazards and/or surrounding topographical and geomorphological
conditions, while recently, Argyroudis et al. [38] introduced the system of assets (SoA)
concept for transport infrastructures in diverse ecosystems exposed to multiple hazards.

Furthermore, transport infrastructures can be exposed to accumulation of damage,
e.g., after a sequence of seismic events within the lifetime of an asset or an abrupt disruption
following a strong event permitting that accumulation [39]. The effect of earthquakes on
roadway assets can be classified into different types. Damage is related to ground shaking,
commonly represented by peak ground acceleration (PGA), or to ground failure, e.g.,
due to soil liquefaction, commonly expressed by permanent ground deformation (PGD),
as shown in Figure la—c. Damage can be direct, affecting directly the roadway and its
assets, or indirect, where the cause is eccentric through interaction with other components.
Additionally, damage can be structural (physical damage of the roadway), or geotechnical,
where the subsurface underneath the roadway and its assets is affected [40], as shown in
Figure 1d,e. The damage of roadway assets is described and illustrated in Table 2 and
Figure 1. In Figure 1, the black arrows are used to label the type of roadway assets and
their structural elements, and the red arrows label the seismic damage for these assets and
their elements.

Invert uplift Portal failure Permanent ground deformation
Debris flow landslide

Figure 1. Main types of seismic damage for roadway assets: (a) bored tunnels, (b) cuttings and
embankments, (c) overview for various assets, and (d,e) different structural elements of bridges.
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Table 2. Seismic damage of roadway assets.

Assets Type of Damage Definition Reference
Direct damage Fault ruptures and ground failures due to soil liquefaction and/or
Road & lateral spreading.
41
Pavements Indirect damage Closure of roads due to building collapse and/or collapse of [41]
& electricity pylons and failures of underlying pipes.
Ground shaking and /or Accumulation of debris on road surface due to earthquake induced
Slopes and failure~g landslides. Structural damages due to landslides that may affect the
Trsnches cotechnical: a;1 d direct pavement, tranches, and slopes near the road. Geotechnical failure [42,43]
& dam; o such as permanent ground deformation, lateral spreading, and
& shear deformations can affect slopes and trenches.
Ground ngﬁilrrég and/or As above. Vulnerability factors depend on the method of
Embankments tructural: and ’ technical construction, topographical condition, and geometry of [44,45]
strictuta ,daamaggio echiica embankments, Figure 1c.
Damage is related to the seismic performance of bridge
e components (deck, bearings, piers, shear keys, abutments,
Bridges Structural di?;l;aie’ indirect foundations, approach fills). The level and type of failures depend [38,46]
& on the bridge type, the severity of the earthquake, and the local soil
conditions Figure 1de.
. Damage due to ground failure and ground shaking, including
Tunnels fgf&ir}i;ﬂiﬁi?fl adr:rir{aore lining failure, ovaling/racking failure, axial tension failure, axial [38,47]
! & compression failure, invert failure, portal failure, Figure 1a.
Rﬁ;ﬁ?g faiclir:el'lrglgost}iﬁfilga?réig;ge The main type of seismic failure is the backfill settlement (heaving). [38]

2.2. Damage States for Roadway Assets

Damage states (DS) are mainly used to evaluate the post-earthquake condition of
structures by giving a clear description of failure mechanisms. Furthermore, DS can be used
for categorizing the damage of structures in the context of a seismic risk assessment [48].
The damage evaluation criteria are defined by damage thresholds and limits, which define
the main boundaries among various damage conditions and states. Different damage
criteria were proposed depending on the approach used to formulate fragility models and
the type of the asset [49]. Maruyama et al. [50] categorized DS for roadway assets into four
main categories (major, moderate, minor, and very minor) as shown in Table 3. The DS
were defined based on damage reports after earthquake events in Japan. Argyroudis and
Kaynia [51] defined DS for highways and railways in terms of PGD, including into three
main grades (minor, moderate, and extensive/complete), which are depicted in Table 4.
Furthermore, Argyroudis et al. [52] in Risk-UE approach classified damage for roadways
into four main classes (extensive, moderate, minor, and none), including direct and indirect
damage with representation of the serviceability of roads after being damaged (Table 5).
Nevertheless, Argyroudis and Pitilakis [53] defined DS for tunnels, based on the ratio of
the total bending moment (M) due to static and dynamic loading to the capacity bending
moment (Mpg,) of the lining section. Mg, corresponds to the first yielding of the steel,
assuming that the lining behaves as a beam section (Table 6). Finally, DS for bridges are
commonly defined based on the performance of the most vulnerable bridge components,
since a bridge is considered as a serial system in various studies. For example, Nielson and
DesRoches [54] and Padgett and DesRoches [55] defined DS for typical and multi-span
bridges, respectively, by developing a fragility curve through integrating all potential
failure aspects of the combined seismic probabilistic demand models by producing an
integration between random bridge models of different parameters and specific geometric
bridge models. This integration helps in reducing the margin of the probability distribution
through developing a single joint for the probability distributions.
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Table 3. Damage states of roadway assets in Japan [50].

Damage Major Moderate Minor Very Minor
Side Slope Total Collapse Partial Collapse Deformation -
. Traffic lane:
Ga%)hm .Roa:lvlvay Traffic lane: >3 cm 1-3cm Traffic lane:
shorizonta Shoulder: >20 cm Shoulder: <lcm
displacement)
1-20 cm
Crack in Roadway - >5cm 3-5cm <3 cm
Table 4. Highway damage states [51].
Permanent Vertical Ground . o
Damage State Displacement (m) Serviceability
Min Max Mean
Minor 0.02 0.08 0.05 Open, reduced speeds or Partlally
closed during repair
Moderate 0.08 0.22 0.15 Closed or part{ally closed during
repair works
Extensive/Complete 0.22 0.58 0.40 Closed during repair works

Table 5. Damage states of roads [52].

Serviceability Damage States

Direct Damages

Indirect Damages

Fully closed due to
temporary repairs for few

Major settlement or

Considerable debris

days to few weeks. .
Partially closed o traffic due Extensive offset of the ground of collapsed
. (>60 cm) structures
to permanent repairs for few
weeks to few months.
Fully closed due to
temporary repairs for few settlel\r/[nce):i(’?:rtiffse ¢ Moderate amount
days. Partially closed to Moderate of the eround of debris of
traffic due to permanent (30 to g60 cm) collapsed structures
repairs for few weeks.
. Slight settlement Minor amount of
Opene’éo;f;fifrllc. rlZei?rced Minor (<30 cm) or offset of ~ debris of collapsed
spe § repairs. the ground structures
No damage/Clean
Fully open. None - road

Table 6. Tunnel lining damage states [53].

Damage State

Damage Index

Central Value of Damage Index

Ds0. None M/Mpgg <10 -
Ds1. Minor/slight 1.0 < M/Mpgy <15 1.25
Ds2. Moderate 1.5 < M/Mpgyg <25 2.00
Ds3. Extensive 25 < M/Mgz; <35 3.00

Ds4. Collapse

M/Mgy > 35

M: Actual bending moment. Mg4: Capacity-bending moment.
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3. Main Typologies for Vulnerability Assessment of Roadway Assets

This section includes the main vulnerability factors of roadway assets, i.e., the classifi-
cation of soil and the functional hierarchical road categorization. The typologies of road
pavements and geotechnical assets (embankments, cuts, trenches) are also described. Other
structural assets, e.g., bridges, tunnels, and retaining walls are not included here and are
described elsewhere [38,56,57].

3.1. Classification of Soil

Roadway assets are geotechnical structures, so the soil is considered a main factor for
their vulnerability assessment. Various soil classifications are available to specify the type
of the soil according to different variables and parameters. One of the most widely used
classifications is the one given by Eurocode 8 [58], which categorized the type of soil into
four categories: soil A (rock), B (very dense sand), C (medium dense sand), D (loose-to-
medium cohesion-less soil), and E (soil profile consisting of a surface alluvium layer).

3.2. Functional Hierarchical Road Categorization

The classification of roads according to their functional hierarchy includes six types,
which are local streets, minor collectors, major collectors, minor arterials, major arterials,
and freeways [59,60]. Different factors are used in this classification, such as accessibility,
mobility, geometry, speed limits, and number of lanes [61]. For instance, Goto and Naka-
mura [62] categorized roads’ hierarchy using the characteristics of the surrounding area,
i.e., access control, place status, road surface, link role, and transport mode. Other studies
considered a relation between local roads and high speed [63,64].

3.3. Road Pavements

The major parameter of typology is the number of lanes. Adafer and Bensaibi [65] used
pavement type as an additional parameter for assessing a vulnerability index (VI) of roads.
Moreover, Benedetto and Chiavari [66] used the pavement condition as a vulnerability
parameter for floods, while a specific weight was assigned for each parameter.

3.4. Embankments, Slopes, and Trenches

The main parameters are the geometrical characteristics such as the height of embank-
ments and slope angles [38]. Some researchers used compaction quality of the embank-
ments as an additional vulnerability factor [65,67].

3.5. Tunnels

The main factors that influence tunnels are the shape and dimensions of the structure,
the main properties of the surrounding soil and/or rock (geological conditions), and the
supporting system (e.g., steel, concrete, or masonry) [47].

3.6. Bridges and Retaining Walls

The damage of bridges is mainly related to the seismic performance of bridge com-
ponents (i.e., deck, bearings, piers, shear keys, abutments, foundations, approach fills),
which might be affected differently depending on the bridge type, the severity of the
earthquake, and the local soil conditions. Moreover, the important typological character-
istics for bridge abutments and retaining walls include the type of the abutment and its
foundation, the soil conditions of foundation, and the fill material (backfill behind retaining
walls/abutments) [38,68].

4. Fragility Functions for Vulnerability Assessment of Roadway Assets

Fragility functions is a key element in seismic risk assessment; it is described by
relating a given level of seismic intensity with the probability of reaching or exceeding a
given level of damage. The structural damage is quantified based on engineering demand
parameters (EDP) such as vertical displacements, crack patterns, or rotations in order to
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estimate the performance limit states based on performance based seismic design (PBSD)
during ground motion excitations [69,70]. Different methods can be used to conduct
fragility curves such as empirical, analytical, judgemental, and hybrid [47].

4.1. Empirical Method

It relies on post-earthquake survey and damage statistics for developing empirical
fragility curves. The reliability of the results depends mainly on the completeness and
variety of the empirical data collected from past earthquakes. Moreover, the empirical
fragility curves can have a large variation due to differences in the observed damage
datasets, such as the number of samples observed, the road assets typology, soil types,
and range of ground motions [71]. Different researchers have developed and validated
different empirical fragility curves for roadway assets. Kaynia et al. [47] validated the
results of the empirical fragility curves tailored for road pavements, which are presented
in HAZUS [72] using a combination of expert judgmental models and empirical models
that were conducted by Giovinazzi and King [73]. Furthermore, Maruyama et al. [50]
and Oblak et al. [74] conducted and assessed, respectively, the empirical fragility curves
of embankments. In addition to that, new methods are being used to develop empirical
fragility models by considering nonspecific damage data. For instance, Kim [75] formulated
a framework based on the possibility theory, which considers the fragility functions nested
to each other. The resulted possibility-based fragility function demonstrated by two main
measures, certainty and possibility, are compared with the traditional fragility curves that
are based on probability.

4.2. Analytical Method

Analytical fragility curves mainly analyze the damage distribution on any structure of
increasing earthquake loadings based on structural models. The damage levels are defined
based on a specific damage state classification [76]. In addition to that, the selection of
ground motion records is a fundamental tool to obtain an incremental dynamic analysis
to develop the fragility curves, as proposed by several seismic codes that recommend a
minimum of three or seven sets of ground motions. The ground motions can be chosen
based on several parameters such as magnitude (Mw), soil type, or epicentral distance.
This method has high efficiency compared to other methods, although the limitation of
the method has not been fully investigated [77]. Argyroudis and Kaynia [40] studied
the fragility functions of roadway assets by analyzing the level of damage in road assets
through a specific damage index (DI) representing the EDP, which is affected by increasing
intensity of earthquake excitation. Figure 2 illustrates a graph in Ln scale, where the hori-
zontal axis corresponds to the hazard intensity, expressed by a specific measure, e.g., PGA
(g), and the vertical axis shows the adopted damage index. The latter is expressed based
on a specific response parameter of the numerical model, e.g., the vertical displacement of
a road embankment or the drift of a bridge pier. The different points of the graph represent
the results of the numerical analyses (i.e., estimated DI) for different hazard intensities. The
solid line is produced based on regression analysis and describes the correlation between
the DI and the intensity measure (IM). This regression curve is used to define the median
of the intensity that is responsible for the iy, damage, based on the corresponding mean or
central value of the DI(4g;) (e.g., Tables 3, 4 and 6). The standard deviation of the residuals,
i.e., vertical distance between the data point and the regression line, defines the variability
of the seismic demand [40]. It is commonly referred as 3p (see also Table 5) and describes
the uncertainty in response due to variation in ground motion properties [78]. Panchireddi
and Ghosh [79] applied an approach based on the Park and Ang damage index [80] to
investigate the vulnerability of bridges against earthquakes. Similar methods focused on
vulnerability assessment of bridges by using the Park and Ang Damage Index (DI) [81-83].
Baker [84] investigated the efficiency of fragility functions by applying dynamic structural
analysis. The study focused on evaluating the approaches, which are used to develop the
fragility functions. The fitting approach focuses on statistical inference concepts, which
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works on a specific number of IM levels by analyzing multiple strips. The results showed
that the fitting approach for fragility functions used in this research is appropriate and
easy to implement. Furthermore, Argyroudis et al. [38] performed a study to investi-
gate the fragility of transportation infrastructure systems, by representing all the existing
information and synthesizing it. Moreover, Lu et al. [85] formulated a model to assess
the fragility of pavement infrastructure due to different environmental conditions. The
research formulated a pavement fragility method that relies on lognormal cumulative
distribution functions.

<) .
Se regression
x )
(] \
°
£
> ,
® residuals ;-
£
©
(=]
@
e PPN S
o i
c '
- ;
v
0 LnIM,, Intensity Measure (IM)

Figure 2. Example of damage evolution with respect to earthquake IM and regression analysis.

4.3. Expert-Based Judgement Method

Several judgmental fragility functions were built based on professional experience
and experts’ opinion through questionnaires. This method is simple and fast in derivation,
but the reliability of the results is uncertain, since this methodology is not focused on exper-
imental evidence but is based solely on professional judgement [86]. For instance, Winter
et al. [87] determined the physical vulnerability for roads exposed to landslides based
on questionnaires filled by experts regarding the probability of road closure for different
volumes of debris. Moreover, HAZUS methodology includes fragility models based on
a combination of expert observations and empirical data from previous earthquakes [88].
Werner et al. [89] formulated a method that relies on REDARS 2 modules, by which an ex-
pert judgmental approach can be conducted to evaluate the main parameters of formulated
PGD threshold values for abutment and road pavements. Moreover, ATC-13 [90] defined
six slope classes by formulating an expert judgment model that depends on matrices for
slope failure probability. These approaches provide useful assessments when insufficient
empirical data are available, or when the numerical modelling is very demanding.

4.4. Hybrid Method

The hybrid method uses different approaches to combine analytical, observational,
and judgmental data. This approach can be beneficial to calibrate analytical results with
experimental or empirical data. In this respect, the computational effort might be reduced,
while the reliability of the fragility model is increased. Additionally, the hybrid method can
be more efficient than other methods, because it is merging different sources of data, which
can overcome the limitations and reduce the error of other methods [91,92]. Moreover, it
takes into consideration all types of uncertainties, which is not available in the empirical
and analytical approach.
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4.5. Equations for Generating Fragility Functions

The fragility functions depend on uncertain values, which are known as random vari-
ables, i.e., damage measures (DM) and intensity measures (IM). The uncertainty in fragility
functions is due to unpredictable change in the seismic intensity measures generated from
different ground motions due to the uncertain behavior of roadways under seismic loading.
For instance, the capacity of road infrastructure will not change with time, but the capacity
of this infrastructure is uncertain during and post-earthquake [93]. The fragility functions
are commonly described by a lognormal probability distribution as shown in Equation (1).

1 S
P¢(ds > ds;) 4)['&“ X ln(smiﬂ 1)
where, (Py) is the probability of reaching or exceeding a particular damage state (ds;), (¢) is
the standard cumulative probability function, (S,;) is the median threshold value of the
earthquake parameter S (e.g., peak ground acceleration—PGA) required to cause the iy,
damage state, and (B¢,:) is the total lognormal standard deviation. Various equations were
employed for expressing fragility curves of roadway assets. An overview of representative
equations for different assets (e.g., embankments, road pavements, bridges, trenches and
slopes, and tunnels) is presented in Table 7.

Table 7. Equations describing fragility functions.

Asset

Equation Parameters Reference

Typical
bridges

P[D > C|IM] = ¢ [lnw/w]

S4: median estimate of the demand as a function
of IM, S.: median estimate of the capacity.
Ba|im: logarithmic standard deviation of the
demand conditioned on the intensity measure.
Bc: dispersion of the capacity, ¢: standard
normal cumulative distribution function.

[54,55]

N

Embankments

()

¢(x): standard normal distribution function.
A, ¢, and C: constants calculated by regression [94]
analysis.

Embankments
Trenches/
slopes

erf: error function.

P(D > DS;) =} {1 + erf(h‘PGA*h‘ﬂ)} u: median of fragility curve, B: lognormal [47]

Bv2 standard deviation.

Bridges

P[D > C|IM] = ¢(m)

Sp and S¢: median values for demand C and D.
Btot: total uncertainty.
Brot = ﬁ%}s + .3%) + .3%: [95]
where, Bp; is the variability of damage state, fp
is the variability of seismic demand, and B¢ is
the variability of capacity.

/32
tot

Embankments
Tunnels

Pf(ds > ds;|S) = <p[ﬁ X ln<1%iﬂ

¢: standard cumulative probability function.
IM,,;: median threshold of intensity measure. [51,96]
Biot: total lognormal standard deviation.

Road
pavements

¢: distribution function of standard normal

Ppmgimy = P(Damage|EP = x) = 4;(11“‘;"‘) distribution & and B: logarithmic mean and [83]

P logarithmic standard deviation of EP.

Tunnels

Fr(Ds > Dsi|[IM) = ¢(¢>

¢: cumulative probabilistic function of fragility
functions.
Bps: variability of damage state, fp: variability [97]
of seismic demand, B¢: variability of tunnel
capacity

v/ Bps+Bh+BE

Figure 3 illustrates some samples representing the fragility functions of roads and
tunnel linings, by which the damage states of roads are categorized into three and four
main categories, correspondingly. Assessing the vulnerability of roadway assets using
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fragility curves is a vital method for performing quantitative risk analysis in component or
network level [98]. Yet, the assessment of vulnerability for roadway assets can be conducted
by using the VI method, which is described in the following section.

T acatacat e e 1.0 - = -
Lo ? . 'L;J J;;‘g" Tunnel Lining Damage States] ik P
J .
- / / /f i f—— Minor ///
) o= Moderate ‘ e =
0.8+ / / —o— Extensive 08 |t Moderate‘ / P e
= ! { —o—Extensive, / /
%o 74 / f= Collapse ‘ / /
& 0.6 E 0.6 7 7
: 1/ 5 / 5
A | - / ard
z 0.4 4 / é 044 / v
/ . / A | A
0.3+ / B 4 / P A
0.2 / 02 / A .
/ // o
0.1+ / 7 [Road Pavement Damage Statesh / > 7/ 23 " ‘/_/ =
0.0 hrndinsdloas TR A i ——
0.0 0l2 0'4 0'6 018 110 1'2 14 00 02 04 06 08 10 12 14 16 18 20
PGA (g9) PGA (9)

Figure 3. Samples of fragility functions for road pavement and tunnel lining.

5. Vulnerability Index for Roadway Infrastructures Based on Physical Approach

Vulnerability index (VI) approaches assess roadway infrastructure based on different
parameters, which describe the vulnerability of the infrastructure to seismic events [99,100].
VI methods have been developed individually for bridges and other assets; however, the
focus of this review is on assets other than bridges.

5.1. Vulnerability Parameters

VIis mainly related to the intrinsic characteristic of roadway infrastructures, but it is
independent to any external factors. The number of parameters used varies depending
upon the type of vulnerability understudy and the main context of this VI.

Francini et al. [100] used four different parameters to formulate a VI for urban roads:
(i) the length of the road, (ii) the width of the road, (iii) redundancy level of the road, and
(iv) critical elements (bridges, intersections, underpasses, tunnels, and other elements that
could affect the vulnerability of the system). The VI of each road segment is calculated
according to Equation (2):

Ip, = Y o wiPy, )
where, I, is the Vulnerability Index of the j-th alternative road, w; is the weight relative to
the i-th parameter, P,, is the is the i-th parameter, and n = 1 to 4.

Moreover, Adafer and Bensaibi [65] proposed an index-based method, based on vari-
ous literature reviews from previous earthquakes worldwide, including ground motion
characterization, fragility curves, and traffic analysis during earthquake. This VI is de-
veloped based on different factors shown in Table 8 that are weighted according to the
analytical hierarchy process (AHP) method.

Table 8. Vulnerability index factors [65].

Parameter Item Factor
Number of lane
Pavement
Pavement type
Structural Ground conditions Ground type
Embankment Height
Maintenance condition Pavement conditions

Hazard Seismic intensity -
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The VI is formulated to study the effect of those factors on the response of roads
against seismic action based on Equation (3).
3or4 2013

=1 Wijd_—1 Wijk-Cijua 3)

2
VI=} Wi
where, W; is the weighting coefficient of structural or hazard parameter, Wj; is the weighting
coefficient of the item, W is the weighting coefficient of factor, and Cjjy; is the score of the
factors, wherel1=2, 3,4, or 5.

In addition, various VI based methods were developed to study vulnerability of
bridges [101-103]. Federal Highway Administration (FHWA) described the indices method
for rating the vulnerability of bridges. The VI is used in this method to rate and prioritize
the vulnerability of bridges, where various components of the bridge are assessed (connec-
tions, bearings, columns, piers, foundations, abutments, and soils) and rated according to
different rate values. The vulnerability ratings for connections, bearings, and seat widths
are calculated together to form vulnerability set V1, while column vulnerability rating
(CVR), abutment vulnerability rating (AVR), and liquefaction vulnerability rating (LVR)
are added together in the other vulnerability set, V2. The highest set is considered as the
overall VI value for ranking the bridge [56].

5.2. Weighting of Vulnerability Parameters

Weighting factors are commonly employed to assess the contribution of the different
parameters to the road vulnerability. In this respect, Francini et al. [100] used the AHP
method to weight the vulnerability parameters. For assignment of the scores for each
weight, a pairwise comparative matrix is applied, as per the three areas indicated in Table 9.
In particular, the table is split into three major segments, an upper triangular section of the
table colored in dark orange, a lower triangular section of the table colored in light orange,
and a line in the center (mean diagonal) separating the two triangular parts. In order to
calculate the weight percentage w;, an eigenvalue problem should be conducted, as shown
in Equation (4) below [104].

24.20%
() 11.07%
-_— . = 4
v Y oa(i) 45.00% 4)
19.10%

where w is the weight factor and v, is the relative Eigen vector of the matrix.

A consistency index (CI) is also developed, for achieving matrix consistency, as shown
in Equation (5). The CI can be calculated by determining random consistency index (RI) as
shown in Equation (6). RI is based on different values for variation of matrix size (Table 10).

A—n
p— ®)

Cl =

where CI is the consistency index, A is a maximum Eigen value, and 7 is the size of

the matrix.
_CI

" RI
where CR is the consistency ratio and RI is the random consistency index.

CR (6)
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Table 9. Pairwise comparative matrix (n x n) [100].
Road Length ~ Road Width Critical Elements Redundancy
Road Length 1 2 1/3 2
Road Width 1/2 1 1/3 1/2
Critical Elements 3 3 1 2
Redundancy 1/2 2 1/2 1
Table 10. RI values in term of matrix size n [100].
n 1 2 3 4 5 6 7 8 9 10
RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

n: Size of the matrix. RI: Random consistency index.

After assignment of scores by calculating the matrix, the main weights of each pa-
rameter are established, and the VI of the roads is calculated based on Equation (7). The
parameter that is related to critical element Pcg; is the most influential, with a weighting
factor 0.450, while the least important parameter is related to length of roadway P, with a

weighting factor 0.242.

I,; = 0.242 X P, +0.177 X Py, +0.450 x Pcg; +0.191 x Pg,

@)

Similarly, Adafer and Bensaibi [65] conducted the VI method by defining seven main
items and nine main factors, which are divided into two main parameters, i.e., structural
and hazard. The main items and factors are weighted using the AHP method, as shown in

Table 11.

Table 11. Weighted items and factors [65].

Parameter Item Weight (W;;) Factor Weight (W)
Structural Pavement 0.108 Number of lanes 0.667
N Pavement type 0.333
Ground conditions 0.561 Height 0.648
Embankment 0.283 Compaction quality 0.122
Ground type 0.200
Landslides potential 0.800
Maintenance 0.048 Pavement conditions 0.667
condition
Slope protection 0.333
measures
Parameter Item Weight (Wij) Factor Weight (Wi]-k)
Hazard Seismic intensity 0.633 - -
Liquefaction potential 0.106 - -
Intersection with fault 0.261 - -

Wi;: weighting coefficient of the item. Wij: weighting coefficient of the factor.

5.3. Vulnerability Rating

Adafer and Bensaibi [65] proposed three different categories for the vulnerability of
roads based on the range of the estimated VI as shown in Figure 4: VR1 (safe: VI = 10-20),
VR2 (moderately resistant: VI = 20-35), and VR3 (low resistant: VI = 35-50).
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Safe Road

- Suffers a little or no
damages.

- No requirement to any
repairs are necessary.

- Suffers moderate
damages.

- Some components need
retrofitting operations.

- Suffers heavy
damages.

- Many components need
retrofitting or rebuilding

operations.

Low Resistant Road

Moderately Resistant
Road

Figure 4. Categories of vulnerability index developed from Adafer and Bensaibi [65].

The vulnerability parameters were classified into two main groups, including struc-
tural and hazard criteria. The hazard parameter (W;) was weighted as 0.75, which is higher
than the structural parameter by 0.25. However, Francini et al. [100] focused more on the
structural elements and the surroundings by categorizing the parameters into qualitative
estimates and quantitative measurements of the roads under study.

Mainly the type of parameters used and the weighting score for those parameters can
affect critically the values of VI. Adafer and Bensaibi [65] conducted a study in Algeria and
obtained VI values that are equal to 0.271 for the roads of Ain Temouchent region and 0.580
for the roads of Zemmouri region. While Francini et al. [100] assessed the vulnerability
of two alternative roads for emergency plan in Italy for Rende Municipality. The study
resulted in two different values for VI of the two alternative roads, which are 0.096 for the
first road and 0.174 for the second road. The classification of the roads with their VI values
is shown in Table 12. This variation in VI value, in response to the change of the parameters
used and their weighting score coefficient, is controversial. Additional empirical data are
required to improve the applicability of VI methods and to reduce the variation between the
weighting coefficients of the parameters. Nevertheless, the parameters must be prioritized
from the most to the least influential after investigating different VI methods.

Table 12. Prioritization of VI values for roads.

Roads Under Study VI Classification Reference
Ain Temouchent region roads 0.271 Safe Adafer and Bensaibi [65]
Zemmouri region roads 0.580 Moderate Damage
Alternative road 1 0.096 Safe Francini et al. [100]
Alternative road 2 0.174 Safe

5.4. Comparison Between Physical Vulnerability Assessment Methods

The physical vulnerability assessment of roadway assets focuses on assessing the
expected degree of direct physical damage (Table 2), which can be studied by using fragility
functions (see Section 4) and vulnerability indexes (see Section 5). The main steps of
the two methods are illustrated in Figure 5. They are essential for understanding the
risks of the network and for identifying the most vulnerable assets while they support
efficient risk reduction strategies and emergency planning by the infrastructure owners.
The fragility functions provide the damage probability for a given seismic intensity, which
is a key factor in quantitative risk analysis (QRA) and estimation of direct losses [105].
This approach is becoming more and more prevalent today, with fragility functions being
generated and applied to various infrastructure assets exposed to diverse hazards around
the world. The VI approach results in a rating of the assets’ vulnerability based on different
parameters and weighting factors. Therefore, it does not provide loss estimations, but is
useful for prioritization purposes, in particular as part of periodical assessments of different
components of the network. Hence, it is considered as an important tool toward efficient
risk management and allocation of resources.
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Potential improvements include the development of new analytical and/or hybrid-
based models for roadway assets for which limited fragility functions are available, i.e.,
road pavements and slopes, and considering geotechnical and topographical conditions
as well as multi-hazard effects. The derived results should be compared and verified
with expert-based approaches and/or empirical data if available. Further improvements
regarding the VI methods include the definition of the most critical parameters and the
adjustment of weighting score coefficients based on empirical data and sensitivity analyses
as well as comparative studies between different VI methods to assess and evaluate the main
parameters used in these approaches. Finally, future research may formulate an alternative
approach by using vulnerability indices to adjust generic fragility curves, taking into account

the characteristics of specific assets such as geometry, age, structural conditions, etc.

Physical Vulnerability Assessment of Roadway Assets

Fragility Curve Method Vulnerability Index Method

Classifying main typologies for roadway
assets

Determining parameters affecting
vulnerability

Selection of intensity measure (IM) Gathering factors affecting vulnerability

Classifying damage states Calculating weighted coefficients

Developing fragility curves using different
approaches (empirical, analytical, expert-
judgment, and hybrid approaches)

Obtaining vulnerability scores

Calculating damage probabilities for given IM Calculating VI values

Quantitative Risk Analysis (QRA) and loss

L Rating and prioritisation of assets
estimations

10 S <-4 -€-< -4

) <-4 - - - 4

Figure 5. Physical vulnerability assessment methods for roadway assets.

6. Assessment of Road Network Vulnerability Using Traffic-Based Approach

Assessing the vulnerability of a road network by evaluating its accessibility provides
useful information for the functionality and traffic capacity of roads. The connectivity and
operability of the road define the term accessibility. In other words, a road is accessible
whenever it is connected (structurally) and operable (functionally). The most critical factor
for assessing the traffic capacity and functionality is the direct physical damage of the road
elements. The vulnerability assessment does not investigate the road network as a whole,
but identifies the most vulnerable points (weak points) in the network [106] (see Sections
4 and 5). To analyze the vulnerability of any road network, it is essential to divide the
network into elements, including nodes and links as shown in Figure 6 below. Mainly,
nodes represent the point elements, where the user can enter from (e.g., intersections and
bridges) or change the direction of travel (e.g., ramps, road interchanges, and roundabouts).
Links are linear elements, which connect the nodes [107]. The classification of road network
components depends on different factors, such as the length, connection, path, cycle, circuit,
or importance of these components inside a specific road network. Kilanitis and Sextos [108]
described the road network configuration in groups of nodes (intersections and other points
of interest), links (road segments), and key component (bridges). Nevertheless, Merschman
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et al. [109] considered intersections, endpoints, and zones as the main nodes for the road
network. In addition, the study of a system of assets (e.g., roadway on embankment and
a retaining wall in one of its sides) or grade separation of roads (planarity conditions)
requires more advanced network-based analysis [110-113]. Eventually, modelling a road
network and classifying its components as nodes or links is considered a complicated
process, as it depends on the scope of the analysis and the level of required detail. To assess
the network, different vulnerability scores are assigned to its damaged links and nodes,
which are prioritized according to their infrastructure condition, as shown in Figure 6.
These scores can be based on fragility curves results (damage probabilities) and/or VI
calculations (see Sections 4 and 5). Various methods were employed to assess the road
network vulnerability and subsequently functionality, based on their accessibility and
the importance of transportation links, which stay operative after an earthquake. Two
of these methods, the accessibility index and the link importance index, are described in
the following.

@ Transportation node

—— Transportation link
ﬂ Damaged transportation link

¢ Damaged transportation node

Figure 6. Road network sample including links and nodes affected by seismic events.

6.1. Methods for Network Vulnerability Assessment

In order to assess the impact of seismic damage to certain links or nodes on the function-
ality of the road network, a number of approaches were applied. Taylor [114] differentiated
and provided a relationship between reliability and vulnerability of the road network, with
vulnerability being considered more important than reliability when dealing with major
impacts of the transport network such as social and economic degradation. Accordingly,
the vulnerability of the road network is linked to the failure of the elements critical to that
network. One of the first attempts is attributed to Berdica [115], who defined the vulnerability
of the road network as the susceptibility to events that can lead to various deficiencies in
the serviceability of road networks. In addition, D’Este and Taylor [116] introduced a new
approach to assess the vulnerability of road networks by performing an accessibility analysis
based on two criteria: (i) a node is considered vulnerable if the loss or substantial degradation
of a small number of links reduces the accessibility of the node; (ii) the link is considered
critical if the loss of a particular link reduces the accessibility of the network.

6.1.1. Accessibility Index

The vulnerability of the road network is assessed on the basis of the quality of acces-
sibility between the nodes. Relative accessibility is the connection between two different
points, which can be evaluated using different terms such as distance, travel costs, and
travel time. Relative accessibility is mainly used to determine ease of transport to critical
facilities places such as emergency centers, hospitals, and police stations, by which the ease
of transport can be assessed on the basis of the degree of connection between origin and
destination [116].
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Different methods for calculating accessibility have been established, based on differ-
ent factors and scales of analysis. These include accessibility, place-accessibility, individual-
level analysis, and areal analysis [117]. The first accessibility index that was introduced is
the Hansen index, which includes the spatial separation coefficients and supply demand
coefficients [118].

D’Este and Taylor [116] introduced the accessibility index of road networks by using
the integral accessibility approach of Black and Conroy [119], which investigates the con-
nection between different nodes and activities in a given region. In addition, Chang [117]
formulated an indicator to measure the accessibility performance of the network D, for
specific spatial units S, at a particular time t after an earthquake. The value of this index
ranges from 0 (no accessibility) to 1 (full accessibility). If a particular link breaks or fails,
a measure of vulnerability is generated, defined as the cost of transport between two
separate nodes, which is resulting from the variation of travel distance, travel time, and
travel costs [120]. Nevertheless, Luathep et al. [121] assessed vulnerability of the road
network, by conducting a sensitivity analysis (SA) to evaluate the accessibility. The SA
approach is mainly used to improve the conducted results by increasing the computational
efficiency. This method is based on the accessibility index proposed by Taylor [114] and
integrated with the Hansen integral index [122]. The result of this method is considered
to be the normal accessibility index, which is symbolized by ATN°""4l An approximation
for the accessibility index was then performed, which led to the degraded accessibility
index A19¢8"ed The Jacobian of the normal accessibility index and Taylor index [114] is
performed using SA. For further details, refer to Luathep et al. [121].

The assessment of road network accessibility requires the processing of a large amount
of spatial data, and thus, GIS technology provides useful spatial analysis tools and methods,
which are described in the following.

Ertugay et al. [123] investigated the probabilistic models used to study the accessibility
of road networks using GIS and to determine the probability of road closures in a given road
network. Accessibility in the model is based on a zoning approach; the main advantage of
this approach is the comparison between different zones based on different accessibility
scores (zone-based method). Mainly, the method is conducted by evaluating the cumulative
cost between time and distance, which can be formulated by referring to the centroid of
the main services in each zone.

Another approach used to assess accessibility based on GIS is the isochrone-based
method, which studies the main boundaries of important service areas by evaluating and
connecting equal average travel time and distance points away from one or more specific
points. When the origin is specified as the main reference point (demand/supply location),
isochronal boundaries are conducted by connecting different points in all directions in
terms of time or distance or equal threshold [123-127].

The third method is the raster-based method, which is represented with pixels or cells,
which present the accessibility values. The raster pixels is considered the smallest entity in
the raster environment, which gives a specific accessibility score, depending on the closest
proximity to the supply/demand node [123,128-131].

Each method has specific advantages and disadvantages. For instance, in regional stud-
ies, the Raster-based approach is preferred over other methods, because it does not require
advanced spatial accuracy. This method results in different representations of accessibility
scores, which leads to a variety of advanced capabilities. However, the isochrone-based
method is preferred mainly because of the efficient representation of important service and
catchment areas. Although this approach is widely used, its weakness is its sensitivity to
travel time, distance costs, and user-defined thresholds. Finally, the zone-based method
has advantages over the two other methods. This is because this method compares the
accessibility score between zones in a simplified way; however, it is complicated to obtain
the required data for small zones than coarse zones [132].
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6.1.2. Link Importance Index

The assessment of VI for road networks is divided into two main categories. The first
category is related to travel-cost vulnerability measures (distance-based methods), while
the second is related to the cost vulnerability measures (cost-based methods) [133]. The link
between different nodes in the road network forms a cluster. A link is considered critical if
the loss of this link impairs the functionality of the road network [134]. Different approaches
were employed to study the criticality of links and their effect on road networks.

Taylor et al. [135] investigated the effect of the loss of a certain link on the functionality
of the road network. The study defined a cost factor that results from a specific combination
of distance and time. The index T, evaluates the variation in costs between two different
scenarios. In the first scenario the link is intact, while in the second scenario the link is
removed. Nagurney and Qiang [136] assessed the link importance index (LI) by performing
an efficiency measurement for networks with a specific network topology G and origin-
destination demand Q. Furthermore, Jenelius et al. [137] formulated an importance index
by studying the importance of a specific non-cut link symbolized by the letter a, through
which the cut-link increases the cost of travel and leads to a finite increase for the whole
network. Scott et al. [138] developed a network robustness index (NRI) for networks, based
on the volume of discrete links, taking into account redirection options for OD pair in
these links. The method then considered the travel time to measure the redirection cost,
when a link is completely removed. An assumption is built upon the complete closure
of a specific link, by which the users could follow the user-equilibrium in route options.
Finally, the travel costs for the network with all the intact links are calculated (base case).
The difference between the two scenarios is performed and results in NRI.

Balijepalli and Oppong [133] introduced a new vulnerability index (NVI) to examine
the criticality of links in the network. The NVI studies the importance of each link in
the road network by considering the serviceability of that link. In addition, the NVI
works efficiently in evaluating the system in case of partial degradation for a specific
link, resulting in different scenarios with different results. The serviceability of the link is
obtained by dividing the available capacity for the link by the maximum hourly capacity
per lane for a given road type. The capacity of a single link is calculated by summing the
capacities of available operational lanes. The hourly capacities are specified according
to DT Transport Analysis Guidance [139]. Finally, the value of r represents a reduction
factor for the available capacities in case of multiple hazards [133]. Nevertheless, Rupi
et al. [140] introduced LI to evaluate the criticality of links in road network, by conducting
a case study in Bolzano, northern Italy, where the LI depends on two main aspects: usage
level and closure impact on the entire road network, which range from zero to one. LI was
formulated by studying the local and global significance.

In addition, Gecchele et al. [141] used LI to analyze the vulnerability of road networks
by introducing two new measures for the local, F(ADT,) and G(AC,), which are defined
in Equations (8) and (9).

DT, — DTin
F(ADTG) DTmax — DTmin (8)
where DT, is the daily traffic (DT) for a given link and DTnax and DTy are the maximum
and minimum DT values, respectively.

G(AC,) = _8e = &min )

max — &min

where gmax and gmin are the maximum and minimum values of g, calculated for the set of
links in road network, by which g, is defined as shown in Equation (10):

ge = AC, + adf; (10)
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where AC, represents the total variation in travel time after the closure of link e; d’lr’j is the
unsatisfied demand from i to j; and « is coefficient calculated with respect to link (cut or
non-cut link).

Additionally, Chen et al. [142] proposed a vulnerability index to evaluate the effect
of link closure on the surrounding area instead of the entire road network. The impact
on the surrounding area if a specific link is closed is evaluated by the vulnerability index
VUL} (relative change in network efficiency). The network efficiency of the affected area is
developed based on Latora and Marchiori [143], with modifications by Chen et al. [142]
and the performance measure E(G) shown in Equation (11).

EG) i Lrs
 Lsdrs

where 4,5 is mean travel demand between O-D nodes; u'° i is the proportion of type i
travelers traveling from r to s; and 71;® is minimum travel time budget between the O-D
pair for type i travelers.

Li et al. [144] introduced a new approach to assess the criticality of links in the road
network. This method used the traffic flow betweenness index (TFBI) to identify the most
critical links. This approach assumes different scenarios with different link disruptions,
which leads to a time-consuming, prohibitive procedure.

Other studies introduced different methods to assess the vulnerability of road net-
works by identifying the criticality of links. For example, Rehak et al. [145] introduced
the cascading impact assessment method (CIA) to identify the most critical links. Vodak
et al. [146] studied the criticality by formulating a rapid deterministic algorithm. Further-
more, Zhang et al. [134] focused on characteristics that are highly correlated for traffic flow
in order to create a verification method, capable of specifying the most critical links in
road network.

The vulnerability assessment is mainly based on two measures, the travel distance and
travel time. Vulnerability indices based on distance work efficiently for scattered regional
networks. However, they are less suitable for urban networks, as travelers in urban
networks weight the travel time more than travel distance. Moreover, the VI that is related
to OD cost assumes that all traffic in scattered regional networks tends to travel through
the routes with the least cost. Therefore, while driver travel on different routes in the urban
network, all of these routes are considered important [133]. Furthermore, other indices
are based on computational methods that can be helpful in studying the vulnerability
of larger and more complex networks, such as the cascading impact assessment method
and the rapid deterministic algorithm method. After assessing the vulnerability of road
networks, a road network map with prioritized links is produced, taking into account
different scenarios of link failure.

An overview of the available methods for assessing network vulnerability is presented
in Table 13, including indices, parameters, and type of method.

Table 13. Existing methods for network vulnerability assessment.

Ass::/:slrrrl:;atbliflll:{ho d Equation Parameters Reference
Accessibility index Al =Y Bif(Cij) /L B; f (Cij >: Impedance function. , [118]
j j Bj: the intensity of an activity at j.
Rs ¢ Transport accessibility ratio of
ot _ f-Ry spatial unit s at a specific time ¢.
Accessibility index Dst = f-1 f: Constant (effective distance (1171

multiplayer).
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Table 13. Cont.

Vulnerability .
Assessment Method Equation Parameters Reference
Al;(T): Cumulative number of
- opportunities within T travel cost units
Accessibility index AL(T) = f N;(t)dt from location i. - [116]
0 N;(t): Absolute number of opportunities
at t travel cost units from i.
Link importance - wy: Weight specified for OD pair k that
. _ Lk WiDia Z 135
index Importance(a) = ka Wy reflects its importance by Ay, = —Ag,. [135]
(31: Represent the total travel cost for
Network robustness - network when link (a) is detached.
index NRI,=C,—-C C: Evaluated cost for the base cost when [138]
all links are in the network are intact
(C = L tsxs).
S
gx: Travel demand. .
Link importance . Acy,: Change in generalized cost for
index Ta= %qkAck” origin demand (OD) pair k when link a [135]
fails.
Link importance e cx: Cost of OD pairs.
efficiency measure €G,Q) = % o /T 1nx: Number of the OD pairs. [136]
q%: Travel demand of OD movement
Accessibility index Al = M we W. [114]
e AI%: Accessibility index.
Vs AIrmal| - Jacobian of the normal
Accessibility index degraded ! T accessibility index with respect to vector
grade ~ norma . norma
(sensitivity analysis) Al Al T Vsl 508 of link capacity degradations at initial [121]
state.
dij: Movement between i and j.
Accessibility loss Vis=¥L Zdijvijrs vjjrs: Difference of the generalized cost [120]
t of transportation between node i and ;.
Eo(Gq) and E;(Gg): Network efficiency
Network VUL — Fo(G)=Eu(Gy) of impacted area G, under two different [142]
vulnerability index a Eo(Ga) scenarios (normal condition and during
closure of link a).
r;: Link serviceability i.
Network |A] before |A| after o o 1o
vulnerability index NVI=Y Kxécfm tl-efm)] _y [(x}]ﬂ” £ | Al: number of specified links in the [133]
i=1L\T7i i=1L\T7i network.
Link importance F: is the function that is related to ADT;.
in(IiDex LI(j) = k.F(ADT;) + (1 — k)-G(AC;) G: function that is related to AC;. K: [140]
calibration coefficient.
Accessibility index A;: Accessibility score for origins.
(zone-based A= Z Wmme(zj) . i O%‘igir}. [123]
approach) J j: Destination.
Accessibility index ) . . .
(zone-ba};e d A=y G(j) G(j): GraYlty measure of specific service [123]
approach) i ; time or distance (i,j) in the road-network.
ds: Endpoint for OD demand; it
represents the affected demand caused
Traffic flow by the closure of link a.
TFBI, = [(TFBa),,,) - [(dst)nor}l_y TFBy: Traffic flow betweenness for a [144]

betweenness index

specific defined link a.
r: Coefficient used to allocate weights
between (TFB,),,,, and (dst),,o,-
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7. Integrated Seismic Risk Assessment for Road Network System

Although damage of road networks as a result of earthquakes cannot be accurately
predicted, there is a precautionary process, i.e., a risk assessment of the road network,
that could help in the mitigation and adaptation process by infrastructure owners and
stakeholders to decrease the disruptions in the event of an earthquake. A pre-earthquake
study is therefore essential to assess the performance of each road. An accurate assessment
of the seismic hazard estimation is a key challenge to be addressed in this process. This is
due to the fact that a road network, as opposed to a single structure where the risk is site-
specific, spans over a large region, which can lead to higher impact of the natural disaster.
Moreover, the risk assessment is more challenging, as the different network assets are
exposed to different levels of seismic hazard and variable geotechnical conditions [38,147].

Most of the available models focus mainly on a single criterion, e.g., physical damage
to road assets, traffic disruption, and/or functionality of the road network. However, the
correlation between damage to assets and network functionality by risk assessment models
that focus on multi criteria aspects are limited. In addition, specifying the seismic perfor-
mance considering the road network functionality is an essential step toward improving
the resilience of the transport infrastructure [148,149].

For all the above reasons, a comprehensive integrated model for risk assessment of the
road network needs to be implemented. This model will be able to assess and evaluate all
the above-mentioned critical consequences and to specify the seismic performance of road
networks. A number of studies and methods based on different integration approaches are
currently available.

7.1. Methods Considering Uncertainties (Probabilistic Models)

Tang and Huang [150] assessed the seismic vulnerability of road networks based on a
Bayesian network approach, which considers bridges and roads as the main components.
The model was developed on the area that is centering Shunhe Hui District and the
Baogong Lake in China. The model focused on connectivity as a seismic vulnerability
index (VI) to assess the serviceability of the network in case of earthquakes. In addition
to O-D connectivity, the capacity of the network depends on the integrity of its segments.
Yet, there is uncertainty in the seismic hazard, as well as in the evaluation of demand and
capacity of the road elements; hence, probabilistic methods are commonly adopted to treat
uncertainties. Moreover, seismic vulnerability of each component (road segments and
bridges) is examined prior to the road network vulnerability assessment. Eventually, the
Bayesian network method is considered important in reducing uncertainties, and it was
used extensively before in fields of safety management and risk assessment [151-153].

Costa et al. [154] developed a probabilistic approach to study the impact of earth-
quakes on road traffic by studying the correlation between the physical damage of road
assets and traffic flow on road networks in Messina, Italy. A probabilistic approach was em-
ployed to account for the spatial variation of earthquake-induced damages. This research
investigated the functionality of road network by comparing the traffic behavior of the
road network in normal conditions and in case of disruptions caused by building debris.

Although the physical damage of road networks is a crucial part for developing
the VI, the main problem arising from this physical damage is the reduced accessibility
and serviceability [115]. Therefore, in the vulnerability assessment, a combination of
damage, traffic, and functionality should be considered for both road network and its
system of assets.

7.2. Traffic Flow Analysis Methods

A frequently applied approach is the sensitivity analysis method [155]: this model
is used to assess road network vulnerability from the capacity degradation aspect; it is
considered more efficient than the traditional assignment method (traffic assignment).
Thus, the analytical performance is greatly improved, and the vulnerability of the actual
large road network can be analyzed more efficiently. Additionally, the model conducted
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the route vulnerability models and origin—destination (OD) pair based on road segments
by applying a weighted arithmetic average. The OD matrix presents a model that yields the
most likely origin—destination matrix that is consistent with measurements of link traffic
volumes [156]. Jin et al. [157] assessed the seismic risk by studying the vulnerability of road
networks using non-structural components. The model considered the increment of travel
time costs that resulted from different negative consequences. The aim of this model is to
test the vulnerability of the road network that becomes sensitive to internal and external
strains without taking into consideration the structural disruption. Nevertheless, Khademi
et al. [158] employed a binary OD matrix model to analyze the vulnerability of Tehran
road networks in Iran. This research proposes a method to investigate post-earthquake
responsive and recovered routes through identification of isolation measures (distance
between nodes and the type of trips), which are based on redundancy. These measures
can help in determining the most susceptible roads to disruption during earthquake. For
instance, as the distance increases between two nodes, more redundant paths will be
implied, but when the distance decreases, less redundant paths will be available, making
this node more isolated. The study aims to identify which areas in the road network are
the most vulnerable to disruptions caused by major earthquakes.

Other researchers provided seismic risk assessment and studied seismic vulnerability
performance for road networks using different methods. For instance, Liu et al. [159]
established a new theory by using a system-thinking method to analyze the vulnerability of
road networks. Cai et al. [160] performed vulnerability analysis for the subway network by
investigating two different models: a generalized travel time model with capacity constraint
and a logit based equilibrium model for path choice. Bilova et al. [161] investigated six
sites in the Czech Republic that were severely damaged due to earthquakes and used two
indexes, the network efficiency index and weighed network efficiency index, to identify
the number of damaged roads, which are investigated using computational-time demand
models. The network efficiency index V; is calculated based on an approach called closeness
centrality, which compares the average efficiency of the damaged network with average
efficiency of the undamaged road network. However, the weighted network efficiency
index is evaluated according to the importance of each node in a road network [135].

7.3. Connectivity Analysis Methods

Argyroudis et al. [51] conducted an integrated method for analyzing the systematic
risk of road networks. This research used a global connectivity indicator to investigate the
road network performance. The connectivity performance indicator is evaluated through
the relation between the physical damages and functional losses caused by interaction
with other systems. Furthermore, Caiado et al. [162] formulated an approach, based on
three main dimensions, to evaluate and strengthen the resiliency of urban networks. Those
three dimensions are network connectivity, land use, and specific demand patterns for
transportation. Finally, an accurate seismic risk assessment is considered as a complex task,
due to variety of factors involved. In addition, vulnerability is taken into account as a main
factor in this process alongside other factors. In general, the performance of road networks
is commonly evaluated by using a single criterion model. However, a proper and accurate
risk assessment for road networks requires an appropriate model that integrates damage,
traffic, and functionality [163-165].

7.4. Methods Considering Socioeconomic Factors

Mainly, the integration approach is considered more effective in determining road
network vulnerability, as it tests various parameters and their impact on each other. The in-
tegration can be done for studying different parameters and their effect on each other [166].
For instance, Kilanitis and Sextos [96] studied the functionality of a road network consider-
ing the economic and environmental consequences. Furthermore, Shinozuka et al. [167]
investigated the effect of retrofitted bridges on road networks, by developing a probabilistic
model to estimate and compare the economic losses before and after seismic retrofit of the
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bridges. The benefit of the retrofitting measures are assessed based on the drivers’ delay
index.

Duzgun et al. [168] assessed the vulnerability of urban areas based on a model, which
integrated socio-economic impacts, structural vulnerabilities, structural characteristics
of the ground condition, and accessibility to important services. In this study, a socio-
economic index was developed including demographic, socio-economic, social security,
socio-spatial, political, and behavioral dimension aspects. This model was formulated by
following four main steps, which are selection of samples and questionnaire formation, de-
velopment of clusters and indicators, measurement analysis and assigning of the indicators,
and formulation of socio-economic index. The study indicated that the socio-economic
index could help in specifying and prioritizing the most vulnerable areas, by which more
effective vulnerability reduction criteria can be implemented.

Nevertheless, Yang and Frangopol [169] investigated the deterioration of coastal
bridges due to hurricanes addressing climatic and socio-economic variations. A model
was built to study the effect of socioeconomic growth on life-cycle risks for coastal bridges,
considering indirect economic costs due to bridge failure, which are the cost due to extra
travelled time and distance per one car Cy;y,;, and C,,;,. The model accounts for the variation
of travel time and average daily traffic (ADT) between normal circumstances and after
hurricanes. Moreover, Kiremidjian et al. [170] formulated a model to evaluate the losses
due to earthquakes, landslides, and liquefaction. Losses were represented by the repair
costs of bridges as a measure of direct seismic losses.

7.5. Holistic Vulnerability Analysis Methods

These models investigate the urban system as a whole by integrating all its components
(physical, economic, and social). Rus et al. [171] introduced a holistic concept considering
four main components: buildings, community, open space, and infrastructure. This concept
employed (i) probabilistic fragility functions for the individual physical components, (ii) a
composite index approach for evaluating the resilience of the community against disasters,
and iii) a complex network methodology (graph theory) to assess of the systemic resiliency.
Nevertheless, Sevilla et al. [172] developed a holistic resilience assessment platform (HRAP)
that provides an advanced environmental simulation for different potential impacts due
to multi-hazards. This holistic platform provides an improved understanding of the
performance of infrastructure and system of assets exposed to multi-hazards by evaluating
interdependencies due to cascade failures and building up efficient risk-based response
criteria for different scenarios.

Additionally, vulnerability assessment mainly helps to obtain big data analytics for
better implementation of natural disaster security measures and resilience-based solu-
tions. With the increase interest of the internet of things (IoT), applications nowadays are
considered smarter with better connectivity aspects, making them beneficial in building
sustainable and resilient city infrastructure. Additionally, machine learning (ML) ap-
proaches can significantly improve the efficiency of transport models based on prediction
models such as the Bayesian method, Markov model, clustering method, artificial neural
networks, or regression analysis. These solutions can reduce the number of injuries and
accidents [173-176]. Eventually, different integrated models should be developed, through
the use of ML approaches, to increase the efficiency of the methods used for assessment of
vulnerability for road networks. Additionally, different open-source simulation tools for
traffic analysis are being used. For instance, Costa et al. [154] used the Simulation of Urban
Mobility (SUMO) tool to conduct the traffic simulations; in this tool different specifications
can be inserted to define the network, such as geometric specifications, speed limits, and
any junctions or traffic lights. Nevertheless, Van noort et al. [177] developed an integrated
traffic simulation platform (MOBYSIM) that takes into account the interaction between ve-
hicles and the surrounding environment, which can help in determining the road network
performance for three different aspects: efficiency, the environment, and safety.
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Moreover, monitoring-enhanced resilience has not been completely investigated yet.
Digital technologies have the ability to yield rapid resilience assessments for transport
infrastructure exposed to natural and human induced hazards within its life cycle. For in-
stance, remote sensing, which uses space-borne and air-borne imaging platforms, provides
the main merits of broad spatial coverage in the absence of any means of assessment for the
infrastructure performance or functionality. In addition, satellite images can provide rapid
vulnerability assessment maps for larger geographic areas [39,172,177]. Finally, different
technologies are being used to monitor and assess the vulnerability and the traffic condi-
tions of transport infrastructure. These technologies can provide valuable information and
improve the available vulnerability models as well as the phases of resilience (preparation,
response and recovery, mitigation). An improved integrated network vulnerability model
is proposed in this literature review (Figure 7), which integrates two main different assess-
ment approaches (physical damage and traffic disruption assessment approach). Although
the focus here is on seismic hazard effects, this integrated approach is also applicable to
other hazards.

Integrated Network Vulnerability Approach
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Figure 7. Proposed integrated network vulnerability approach.

8. Conclusions

The vulnerability assessment of critical infrastructure has gained great attention in the
last decades due to its great importance in natural disasters. Vulnerability assessment is a
key step for adaptation and improvement of the resiliency of road networks, to continue
their function under hazard events. This literature review aimed to present the methods
that are used in assessing the vulnerability of road networks and their assets, focusing
on seismic hazard. At first, this paper presented the two main categories of vulnerability
assessment, the ones based on fragility functions and the vulnerability index (VI) methods.
In the fragility functions, four different approaches are used: empirical, analytical, expert-
judgment, and hybrid. The empirical and expert-judgment approaches can be insufficient
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and, in some cases, less accurate compared to the hybrid and analytical counterparts.
However, the available hybrid and analytical based fragility models for road pavements
and slopes are limited. The VI methods are more efficient for road networks compared to
fragility curve methods due to their capability to tackle a set of road segments in a specific
network. Moreover, the VI method is considered important in rating and prioritization of
assets. However, the variability of data regarding the vulnerability parameters and their
weighting scores makes it difficult to formulate a common VI approach.

Subsequently, this paper explored two main methods for assessing the vulnerability
of road networks, the accessibility index, and the link importance index; these methods
evaluate the functionality of the road network with respect to the analyzed traffic. The
accessibility index is based on GIS techniques to obtain results that are more efficient and
practical, particularly in regional and complex road networks compared to the accessibility
indices. However, this model is data-dependent with respect to other models. On the other
hand, the link importance index is based on two main measures, the travel time and travel
distance. The travel time measurement is considered more efficient for studying urban
road networks, while travel distance-based is more adequate in case of regional networks.
Most of the vulnerability assessment studies focus on a single criterion without considering
the integration between different attributes. Therefore, more comprehensive models such
as integrated seismic risk assessment should be formulated and validated in future studies.
Conducting accurate integrated seismic risk assessment is a complex task due to the large
number of variables. However, a more reliable risk assessment for road networks requires
a model that integrates damage, traffic, and functionality. Therefore, integrated seismic
risk assessment methodologies were investigated in the last part of this paper, including
probabilistic models, traffic flow analysis methods, methods considering socioeconomic
factors, connectivity analysis methods, and holistic vulnerability analysis methods.

In summary, considerable efforts have been made to develop either physical ap-
proaches or traffic analysis-based approaches, in order to study the vulnerability of road
networks and their assets. The focus of future research should be on the testing of the
different methods in real-life settings and on the development of integrated systems that
will in turn show us the interrelations between all components of the road networks. A
main factor for such effort would be the integration of the physical based approach with
the traffic analysis. In addition to that, another important factor that should be further
investigated is the system of assets under the effect of multi-hazards. Formulating an inte-
grated assessment model is considered complex, yet an important approach that should
be followed in assessment of road network vulnerability and its assets. Indeed, the new
emerging and digital technologies are considered the ideals for development of these
integrated models in the future. In this respect, a holistic model forms the foundation for
the shift that is needed in formulation of more efficient integrated assessment approaches
in the research field.
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