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Abstract: Road networks are regarded as the backbone of transportation systems, which play an
important role in the social and economic prosperity of societies. Due to this reason, it is crucial to
develop road networks with higher resiliency rates to operate normally during earthquake incidents.
In the last decades, the research that tackled the management of disasters for road networks gained
great attention, in particular by developing various seismic vulnerability assessment models. Most of
those models study a single criterion, e.g., physical damage of road assets, traffic disruption, and/or
functionality loss of the network without taking into consideration the combination of different
vulnerability criteria. The proposed framework is part of the global seismic vulnerability assessment
models that combine fragility functions and vulnerability indices, which is demonstrated by an
application in a road network in the city of Penang in Malaysia. In the first step, the fragility functions
are developed where their results are used to calculate the Seismic Vulnerability Index (SVI) for
roadways by weighting the main investigated parameters. This is followed by investigating the
Accessibility Index (AI) model that is employed to assess the accessibility of targeted districts within
the investigated area. Subsequently, an integrated approach is employed to generate the emergency
evacuation maps to critical service centres by referring to the correlations between vulnerability and
the accessibility rates. In conclusion, the results of this study integrate engineering judgment and
numerical models to create a comparative study for assessing the performance of road networks and
to validate the significance of an integrated seismic assessment on various critical societal sectors, such
as improving emergency accessibility and implementing better mitigation strategies for communities
living in disaster-prone areas.

Keywords: accessibility index; cities disaster risk reduction; integrated framework; resilient
infrastructure; vulnerability assessment; critical service centres

1. Introduction

Recent earthquakes affecting the life and economic prosperity of humans has raised
a lot of concerns about the reliability of road networks and their elements. Moreover,
earthquakes can disturb the evacuation and rescue process in a specific region. Due to these
facts, different approaches have been proposed to evaluate and mitigate the earthquake-
related risks for these systems. In particular, the assessment of road networks under
seismic incidents has become a crucial approach in response to recent earthquakes [1].
This assessment approach mainly helps in achieving one of the main goals of disaster
management, which is to limit the effect of disasters by implementing better natural
disaster security measures and emergency strategies [2]. In this respect, the integrated
vulnerability assessment approach for road networks, which takes into consideration the
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accessibility to critical services such as hospitals, firefighting stations, and open spaces, is
considered essential.

Even though the resulting damage to road networks due to earthquakes cannot be
precisely predicted, a preventative procedure can be implemented. This procedure is an
assessment of the risks that can endanger road network systems, which would consequently
reduce disturbance. Therefore, a precise estimation of the degree of the seismic hazard and
its effects is considered a challenge encountered during this assessment. This is mainly
because a road network is extended over a large area, compared with a specific structure,
e.g., a building, where the risk is considered site-specific, and thus in the case of networks
the effects of a natural disaster may be more severe. Additionally, the accuracy of seismic
hazard assessment can be reduced because several network elements are exposed to diverse
geotechnical conditions and variable levels of seismic intensity [3,4].

Previous studies that have assessed the seismic vulnerability of road networks tackle
a single criterion, such as the physical damage of roadway assets, traffic disruption, and/or
loss of functionality for road networks are categorized in Figure 1. For instance, the
Accessibility Index (AI) considers the vulnerability of the network by calculating the
relative accessibility and linkage between the network nodes. This index is typically based
on two measures, i.e., the travel distance and time [5–11]. In addition, the link importance
index focuses on the criticality of road elements inside a road network [12–21].

Additionally, the loss estimation and quantitative risk analysis commonly rely on fragility
functions, which correlate a given intensity measure with damage probability [22–28] and vul-
nerability indexes [29–32]. For further details on the applications for seismic vulnerability
assessment models, refer to El Maissi et al. [33].
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Figure 1. Applications for seismic vulnerability assessment models with respect to travel time
distance [5–11], link importance index [12–16], and vulnerability index [22,28] and fragility func-
tions [29–32].

Nonetheless, the studies that takes into consideration the correlation between asset
damage, functionality, and network traffic, within risk assessment models that concentrate
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on multiple criteria aspects, are limited. Moreover, specifying and prioritizing the seismic
performance for road networks using seismic vulnerability assessment models is considered
an important step in enhancing the resilience of the network following a major earthquake
event [34].

Various research have addressed the physical seismic vulnerability and reliability
assessment for different types of critical infrastructures such as roadway systems and
bridges [35,36]. For instance, O’Reilly et al. [37] conducted a study on a sample of existing
school buildings in Italy to assess the seismic vulnerability and estimate the losses by
developing a model that relies on the collected data from site examinations to precisely
develop the dynamic analysis for these school structures. Additionally, Kassem et al. [38]
developed an analytical framework to investigate the seismic behaviour of hospital and
school reinforced concrete buildings in Malaysia, where the authors proposed a Seismic
Vulnerability Index by using nonlinear parametric analysis for prioritizing the damage to
buildings. Zanini, et al. [39] developed a probabilistic seismic risk framework to forecast the
economic losses based on the vulnerability of bridges. The frameworks assess 500 different
bridges in Veneto region, Italy. The authors reached an interesting conclusion that illustrated
significant discrepancies between average annual losses. Moreover, Ertugay, et al. [40]
provided an accessibility model based on the road closure probabilities, where the results
are drawn in maps showing the main effect of the earthquake scenarios on specified shelter
site accessibility.

Mainly, improving accessibility by specifying the main emergency evacuation corri-
dors that can be used after earthquakes is considered a crucial point in seismic vulnerability
assessment. In this respect, the assessment of road networks during earthquakes is consid-
ered a critical process to improve urban resilience and enhance emergency accessibility by
40% by considering suitable reliability measures for emergencies [36]. The evacuation pro-
cess is classified into two main categories, which are short-notice and no-notice evacuation.
The categories are typically based on the type of threat and its level [41].

To improve the accessibility to emergency facilities a disaster management plan should
be developed by taking into consideration the link between different phases of the disaster
management cycle [42,43]. The latter consists mainly of five phases, which are prevention,
mitigation, preparedness, response, and recovery. In the case of Malaysia, disaster risk
management that can operate efficiently in all phases has been developed through differ-
ent agencies such as National Disaster Management Agency (NADMA), State Disaster
Management, and Relief Committee (SDMRC) [44].

However, more effort is needed to overcome the main challenges such as the integra-
tion of immediate rescue responses and developing the readiness to sustain the number of
emergency facilities [45]. In addition, more focus should be provided to the mitigation of
road networks since this can improve the accessibility to healthcare centres [44]. Moreover,
Barnes, et al. [46] argued that even the developed countries including the USA and Euro-
pean countries need to employ more advanced disaster management methods in the future
to improve preparedness when facing natural hazards, regarding critical infrastructure.
Although the main studies that assess the vulnerability of road networks are increasing,
the number of studies that integrate the physical vulnerability of transportation systems in
the accessibility modelling process is considered limited.

Many researchers have conducted AI models to identify the accessibility scores of
roads in specific road networks based on various scales and aspects of analysis. One of the
first studies that conducted the AI is the Hansen Index which was presented by Hansen [8].
This index was conducted by evaluating the accessibility spatial separation ratios and
supply–demand ratios. The assessment of the relative accessibility of road networks needs
a big data analytics approach and hence, the ArcGIS platform (Esri, Redlands, CA, USA)
provides a useful tool for conducting spatial analysis models. Moreover, the use of ArcGIS
facilitates the development of land use accessibility maps because it correlates the decision
support methodology (AHP) with efficient visualization and mapping [47,48].
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The main ArcGIS-based approaches that are used to assess accessibility are: (1) zone-
based approach, (2) isochrone-based approach, and (3) raster-based approach. Bono and
Gutiérrez [49] conducted a network-based analysis that assesses the accessibility of road
networks in Haiti by using a raster-based model. The research combined simple graph
theory perceptions and ArcGIS-based spatial analysis during earthquakes. Moreover,
Ertugay, et al. [40] provided an accessibility model based on the road closure probabilities,
where the results are drawn in maps showing the main effect of the earthquake scenarios
on specified shelter site accessibility. It was noticed that most of the previous studies focus
on building accessibility models without relating it to analytical assessment of physical
damage to roadways and their assets, so it is essential to conduct an integrated approach
that correlates the SVI with AI for achieving more precise results that are based on real
earthquake events.

It is important to identify and analyse the unforeseen hazard scenarios of road per-
formances to acquire big data analytics that help in implementing better natural disaster
security measures and solutions, which can reduce losses [50–52]. The impacts following
an earthquake should account for the properties of the system such as the configuration
of the road network and characteristics of roads, e.g., locations, traffic capacities, and
redundancies. However, transport agencies do not always account for the impact of seismic
damage on traffic conditions in their risk reduction studies and mitigation planning [53].
This research tackles significantly the seismic vulnerability assessment of road sections
where other structural assets in road network, e.g., bridges, tunnels, and retaining walls
are not being assessed and do not appear in the investigated network and are described
elsewhere [54,55].

Looking at these facts shows the importance of developing an integrated seismic
vulnerability assessment model for road networks. In this respect, this paper proposes
an integrated framework that includes three main stages: (1) Seismic Vulnerability Index
(SVI) for road networks and their assets, (2) traffic disruption assessment, and (3) building
integrated transport performance maps pre-and post-earthquake conditions. Each stage is
addressed in a specific section with a detailed explanation for all the steps for these stages.
The proposed framework aims toward a higher fidelity assessment procedure. Thus, it may
be used in the evaluation process of seismic performance for road networks and to inform
efficient emergency planning. The framework is shown through a case study in the city of
Penang in Malaysia.

2. Integrated Framework for Road Network Vulnerability Assessment

Vulnerability assessment can be conducted at an asset or network level. Assessment
at the asset level focuses on the damage degree for specific assets exposed to given inten-
sity measures using fragility functions and/or vulnerability indexes. At a network level,
available models commonly study traffic-based aspects of the network functionality, e.g.,
accessibility index and link importance index [33]. Various studies evaluated the vulnera-
bility of road networks and their elements by tackling single criteria, without considering
how physical damage might affect traffic and functionality of the network, through models
that are based on multi-criteria approaches [56].

Many studies consider the function of single assets in the transportation system and
neglect the effect of the System of Assets [57]. Moreover, several approaches assess the
consistency and useability of roadway systems that are subjected to an earthquake, but most
of these systems deal only with the possibility of physical or functionality damage and do
not deliver any information on the pre-disaster performance of each structural component
in the system [58]. Hence, an integrated framework for road network vulnerability is
considered a necessity in transport infrastructure risk management.

This section represents the main methodology for building the framework of this
research, which includes three main stages: In stage 1 the physical damage is assessed by
following three main steps. In step (i), the road network is set up based on the classification
of its assets considering various aspects such as the linkage between nodes, the length of
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the links, or the role of the components within the network. This is followed by developing
the Seismic Vulnerability Index (SVI) through selecting the main modelled parameters,
which are classified into four main parameters: embankments (P1), pavement strength (P2),
ground condition (P3), and road width (P4). Afterward, the vulnerability classification
is categorized. In step (ii) a Non-Linear Dynamic Analysis (NLDA) is conducted based
on various selected ground motion records to generate fragility curves, which are used to
weight the modelled parameters (P1, P2, P3, and P4). This step helps in prioritizing the
parameters from the most to the least essential one, based on the results of the fragility
functions for the roads. In step (iii) of this stage, the SVI can be calculated, and each road
has a specific vulnerability score. This is followed by stage 2 which focuses on traffic
assessment by calculating the Accessibility Index (AI) of road networks based on the
results of the physical damage assessment in stage 1. This stage is aiming to specify and
prioritize emergency accessibility by identifying the main emergency evacuation corridors.
Finally, in stage 3, the transport performance maps before and after earthquakes are built
based on an integration between the first two stages of this framework. All the stages are
described in one master flowchart shown in Figure 2. Each stage is described in detail in
the following sections.
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2.1. Stage 1: Seismic Vulnerability Index (SVI) for Road Networks and Their Assets

In the SVI method, various parameters and weighting factors are used to rate the
assets of the roadway. This method is mainly used to assess and rank the assets based on
their vulnerability level, aiming to prioritize the asset that needs a more detailed assessment
before any mitigating measures are applied. SVI can be assessed based on the intrinsic (e.g.,
pavement, embankments, and soil beneath roads) or extrinsic (e.g., surrounding buildings
and bridges) elements characteristics [15,59,60]. The proposed framework focuses on the
main structural characteristics of the transportation systems (intrinsic characteristics). The
number of assessed parameters is selected based on vulnerability type (physical or traffic-
based aspect) under investigation and the perspective (intrinsic or extrinsic) of this SVI.

Francini et al. [15] developed an SVI that evaluates the seismic performance of various
roadway assets in urban areas. The study is conducted in Italy, where it focused on four
main parameters which are: (i) road length, (ii) road width, (iii) level of redundancy for the
road, and (iv) critical components. The SVI is calculated based on Equation (1):

Ivj = ∑n
i=1 wiPai (1)

where Ivj is the Vulnerability Index of the j-th alternative road, wi is the weight related to
the i-th parameter, Pai is the i-th parameter, and n = 1 to 4.

Moreover, Adafer and Bensaibi [29] investigated the vulnerability of roadway systems
in Algeria, through formulating a Vulnerability Index (VI) method. The method depends
mainly on the expert and judgmental view based on past earthquake incidents where
different factors are weighted using Analytical Hierarchy Process (AHP) to calculate the VI,
which is calculated using Equation (2):

VI = ∑2
i=1 Wi∑3 or 4

j=1 Wij∑2 or 3
k=1 Wijk.Cijk1 (2)

where Wi is the weighting coefficient of the studied parameter, Wij is the weighting coeffi-
cient of item, Wijk is the weighting coefficient of factor, and Cijkl is the score of the factors,
where l = 2, 3, 4, or 5.

Vulnerability assessments using the different models in previous studies revealed
significant variations due to different assumptions and weighting factors as described
in Equations (1) and (2). This controversial variation in SVI values is a result of the
modification of the parameters used and their weighting score coefficient [15,29].

The variation in the results shows the importance of enabling a more reliable assess-
ment method of the SVI. The first stage of the framework in the present study advances
previous models by providing a new weighting approach for the vulnerability parame-
ters of the investigated structural roadway components by implementing an analytical
approach with respect to NLDA. This stage helps in specifying the main damage level of
the assets for roads and in prioritizing the assets that affect the SVI scores significantly. The
framework that is suggested focuses on road embankments and pavements, but it can also
be used for other types of assets including bridges, tunnels, and retaining walls.

2.1.1. Selected Modelled Parameters

Road vulnerability mainly depends on different structural and geometric features, in
addition to the seismic and geotechnical properties of the study area. The main parameters
considered in the present study are discussed in the following:

P1: embankments.

Roadway embankments are one of the most vulnerable assets in the roadway system.
Maruyama et al. [26] analysed the damage distribution by developing fragility functions
for roadway embankments after various earthquake incidents in Japan and found that
the roadway and embankment damage accounts for 65% of the total damage of roadway
assets. The parameters that are commonly taken into consideration are the height and slope
angles [2], while some studies considered the compaction quality [61].
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P2: pavement

The road pavement has an important effect on vehicle speeds, traffic safety, and rescue
operations [1]. The main parameters linked to the damage of pavements are the type and
condition of the pavement. Caiado et al. [59] used the quality of pavement to assess the seis-
mic vulnerability for urban networks in Lisbon city, Portugal. Moreover, Pitilakis et al. [60]
conducted research to study the systematic vulnerability of transportation systems in
Thessaloniki city, Greece. One of the main investigated assets in this study is the road
pavement, by which the road closure results were analysed based on the direct damage to
road pavement.

P3: ground condition

Road assets are considered geotechnical infrastructures and for this reason, the ground
condition is a main parameter in the vulnerability assessment. One of the main references
that are used widely to classify the ground conditions is the Eurocode 8 [61], which, adapts
five soil types: 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). The ground
condition is also affected by potential liquefaction, fault rupture, and landslides, which
can cause a partial or total road closure. Different studies concentrated on the ground
conditions as one of the main parameters for evaluating the SVI of road networks [22,62].

P4: road width

Road width is usually considered as a factor of the pavement category. For instance,
Adafer and Bensaibi [29] used the number of lanes and pavement types to assess the
vulnerability of pavements, while Francini et al. [15] concentrated on road width and
length, assuming that wider roads can have a higher capacity and shorter roads can help to
reduce the travel time. In the present study, the road width and pavement type are assessed
separately. After defining the main parameters, each modelled parameter is distributed in
three main vulnerability classes (low, moderate, and high class), as shown in Table 1.

Table 1. Vulnerability classes for the investigated roadway parameters based on Adafer and
Bensaibi [29] and Zakaria et al. [63].

Investigated
Parameter

Defined
Vulnerability Class

Parameter (P1) Vulnerability
Classes

Embankment Low Moderate High

Height H > 8 m 5 m < H ≤ 8 m 2 m < H ≤ 5 m

Parameter (P2) Vulnerability
Classes

Pavement Low Moderate High

Elastic Modulus 3929 MPa 10828 MPa 17,726 MPa

Thickness of
Pavement 0.04 m 0.08 m 0.14 m

Parameter (P3) Vulnerability
Classes

Ground Condition Low Moderate High

Soil Type Type D Type C Type B

Parameter (P4) Vulnerability
Classes

Road Width Low Moderate High

Number of Lanes <2 lanes =2 lanes >2 lanes
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The fragility functions are built based on the interaction between all the components
of the roadway system, for instance, while determining the damage probability based
on the height of the embankment. Different situations are considered using different
height ratios, such as h = 4 m, h = 6 m, or h = 9 m, while keeping the other parameters,
such as road width, pavement strength, and soil type, unchanged at a certain value.
When performing the fragility functions, the worst-case situations with the most severe
consequences are considered. To evaluate each of the key elements of the roadway system,
the same procedure is performed to assess all the parameters of the roadway system. All
the classified parameters in Table 1 are considered in the roadway assessment model as
shown in Figure 3. Various heights (h) for embankments, pavement strengths, soil types,
and different road widths are assigned in different numerical models at different seismic
intensities to assess the roadway damage.
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2.1.2. Weighting Modelled Parameters Using NLDA

IDA curve for selected ground motion records

Empirical approaches are characterized by uncertainties due to the restricted data
and expert judgment applied to develop the SVI. Currently, analytical approaches can
provide more reliable and precise vulnerability assessments [64]. In this respect, Non-
Linear Dynamic Analysis (NLDA) was introduced to develop the main models for the
investigated parameters of the road network and to produce fragility curves which are
used for weighting the vulnerability weights of the SVI.

The proposed analytical approach models each parameter individually through the
three vulnerability classes of Table 1 in Section 2.1.1. This can be achieved by applying the
Incremental Dynamic Analysis (IDA) [65]. An appropriate ground motion intensity must
be specified to construct IDA curves accurately and efficiently and reflect the response of
the road assets under different earthquake records. The Damage Measure (DM) is described
by the vertical displacement/settlement and is used to describe the damage states of the
roadway asset. The intensity measure (IM) is commonly defined by the spectral acceleration
at fundamental period Sa (T1). Since the Sa (T1) measure is considered a convenient and
efficient intensity measure for first mode dominated structures [66,67], it has been widely
adopted in seismic design codes and research in many countries.

Furthermore, choosing the appropriate ground motion records is considered a vital
step towards obtaining the Non-Linear Time History Analysis, and it is considered an im-
portant criterion for developing an accurate Non-Linear Time History Analysis (NL-THA).
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According to several seismic codes [68,69], a minimum of three or seven ground motion
records are required. Thus, to comply with the minimum requirement of international
codes, seven ground motion records were considered in this study, which is obtained
from the Consortium of Organizations for Strong-Motion Observation Systems Database
(COSMOS) Database as tabulated in Table 2.

Probabilistic damage distribution functions

Table 2. Selected sets of ground motion records.

# Earthquake Year Station PGA (g) Epicentral
Distance (km)

Magnitude
(Mw)

1 Izmit-Kocaeli,
Turkey 1999

Nuclear
Research
Center

0.181 101 7.4

2 Landers USA 1992 San Bernardino,
CA 0.332 80 7.3

3 Superstition
Hills, USA 1987 Calipatria, CA 0.252 27 6.5

4 Chi-Chi,
Taiwan 1999 Taichung 0.527 39 7.6

5 Loma-Prieta,
USA 1989 Emeryville, CA 0.490 68 7.0

6 Northridge,
USA 1994 Santa Monica,

CA 0.684 28 6.7

7 Ranau, Sabah,
Malaysia 2015 KKM_HNE 0.125 65 6.1

Probabilistic damage distribution functions can help in formulating the seismic vul-
nerability physical assessment of road networks in terms of DM and IM by applying the
Cumulative Distribution Function (CDF) of the infrastructure performance damage states.
A probabilistic approach is represented by fragility functions, which describe the correlation
between the seismic intensity level and the damage probability and are considered efficient
tools in seismic risk analysis of infrastructure systems [3]. Additionally, a fragility curve is
considered an indicator of seismic vulnerability and can be used to help make decisions
about retrofitting, calculating the cost of destruction, and avoiding fatalities during earth-
quakes. The maximum vertical displacement or settlement is taken into consideration as an
Engineering Demand Parameter (EDP) to measure how well the damaged road performs
under the influence of lateral stresses.

Different IMs and mathematical expressions have been adopted to establish seismic
fragility functions [33]. Numerous seismic IMs can be used to develop fragility functions.
The crucial damaged form in the road structural element of the first mode shape is related
to the spectral acceleration (Sa) for the vibration period (T1) by which the IM utilized in
this study is derived. While the first mode of spectral acceleration is an accurate index for
structures to react elastically, it is frequently used such as a default earthquake intensity
scaling parameter for a time-history analysis. Equation (3), is applied to establish the
fragility functions, as formulated by Ibrahim and El-Shami [70] and Kassem et al. [38].

P[Damage ≥ DS/Sa(T1)] = Φ
(

ln [Sa(T1)]−µ
σ

)
(3)

where Sa(T1) is spectral acceleration for a specific vibration period, Φ is the standard normal
distribution, µ is the mean value for damage states at different intensity measures, σ is the
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standard deviation for each damage state as shown in Table 3. Two major parameters are
required for development of the fragility functions, i.e., µ and σ.

Table 3. Damage states of roadway and its assets [71].

Serviceability Damage States (DS) Direct Damages Indirect Damages

Fully or partially
closed due to
temporary
maintenance and
traffic for a few weeks
or a few months.

Extensive
Major settlement or
offset of the ground
(>60 cm)

Considerable debris
of collapsed
structures

Fully closed due to
temporary
maintenance for a few
days. Partially closed
to traffic due to
permanent
maintenance for a few
weeks.

Moderate

Moderate
settlement or offset
of the ground
(30 to 60 cm)

Moderate amount of
debris of collapsed
structures

Open to traffic.
Reduced speed
during maintenance.

Minor
Slight settlement (<30
cm) or offset of the
ground

Minor amount of
debris of collapsed
structures

Fully open. None - No damage/Clean
road

2.1.3. Vulnerability Classification

Two main studies by Adafer and Bensaibi [29] and Francini et al. [15] tackled the SVI
for roadway assets based on different empirical approaches. As stated in Section 2.1 the
two studies adopt different vulnerability parameters and weighting factors for assessing
the SVI. Moreover, both studies used the judgemental expert method to weigh the main
parameters that are used to conduct the SVI. In the present study the weighting is based
on the results of the analytical-based rating approach (see Section 4.3) to provide higher
fidelity evaluation of the SVI is calculated by Equation (4):

SVIj = ∑n
i=1 wiPai (4)

where SVIj is the Seismic Vulnerability Index of the j-th alternative road; Pai is the i-th
parameter that are labelled in Section 2.1.1; wi is the weight that is related to the i-th
parameter that is extracted from the fragility function results after developing the analytical
model (Section 4.2); and n is the number of parameters.

For the Penang case study, various seismic hazard scenarios derived from the micro-
zonation studies are used to perform the vulnerability analysis of the roadways and their
assets [72]. The classification of roadway systems is built on the following investigated
parameters: soil type, road width, pavement strength, and embankment height (P1–P4, re-
spectively). According to the spectral acceleration, the probability of damage is determined
using appropriate fragility curves for the roadway assets that are mainly located in Penang.
It is mainly distinguished that the embankment height is the most effective parameter
that seems to have by far the highest percentage of improvement followed by the number
of lanes; on the contrary, the soil type and the pavement strength are the least effective
parameters of the roadway system with a small advantage for the soil type compared
with pavement strength. SVI is mostly unaffected by any eccentric factors and is related
to the intrinsic characteristics of roadway systems. Depending on the level of damage
being investigated and the primary context of this SVI, a different set of parameters are
used. Where the weighting factors are commonly employed to assess the contribution
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of the different parameters to the road vulnerability see El Maissi et al. [33,73] for more
information regarding SVI development.

The weighting of the parameters, which is evaluated in relation to the percentage
of improvement that is taken from the generated fragility functions, is used to classify
the vulnerability that is determined using Equation (4). Different earthquakes scenarios
with different ground motions are specified as shown in Table 2 and applied for various
models to assess the vulnerability of the roadway system. The selected ground motions are
considered the most critical situations with the highest disastrous impact. Additionally,
in this study the main aim is to correlate the evaluated vulnerability with the accessibility
rate, to achieve this aim it is important to consider earthquakes with high seismic inten-
sities ranging between VIII and IX [29], where the assessment of roadway vulnerability
is considered more efficient by considering this critical situations and validation process
shown in Figure 15 Subsequently, the reduced accessibility values are evaluated based
on the vulnerability of roads that is linked with different earthquake scenarios. A new
vulnerability classification is proposed in this study, which is divided into three main
classes based on the range of the estimated SVI. In particular, the road segment is classified
as safe (VI = 0–0.40), moderately resistant (VI = 0.4–0.7), and low resistant (VI = 0.7–1).

2.2. Stage 2: Traffic Disruption Assessment Method

The accessibility disruption of the road network is assessed using the Accessibility
Index AI. The AI scores signify the score of accessibility between various nodes in the
network, where the high scores represent a better accessibility ratio. To calculate the AI, the
relative accessibility, which studies the ratio of connectivity between the nodes should be
evaluated based on the distance, travel costs, and travel time. This research considers the
distance as the main factor in the calculation of the AI since the distance is considered a
constant factor with less variability compared with travel time demand.

The traffic disruption assessment is conducted through six new main steps. In step (i)
the road network is selected and defined based on the existing data and the distribution
of the critical service centres (Hospitals, firefighting stations, open spaces) because this
network is used to estimate the relative accessibility. The relative accessibility is calculated
to evaluate the ease of transport towards main critical service centres in case of emergency
based on the connection between origin and destination.

In step (ii) the network and critical services topology are built, and the crucial network
components and geographical dimensions are classified. A road network is considered a set
of specific nodes and links. Nodes are considered the main point elements of this network.
The travellers can use them to enter (e.g., bridge and intersection) or alter the path of travel
(e.g., ramps, roundabouts, and road interchanges). The linear elements are represented by
links connecting the nodes. The classification of road network elements is evaluated by a
different number of variables, which are the length of the road, the connection between
nodes, direction, cycle, and circuit representing the geographical dimensions of the network.
The critical service centres are classified and located on the map for estimating the relative
accessibility to these critical services. This helps in specifying the emergency and evacuation
corridors towards each critical service point. An example of a road network is shown in
Figure 4 with the classified network topology and representation of the critical service
centre’s location.

The aim of step (iii) is to determine the undamaged corridors, which represent the
components that the traffic can be relied on in case of emergencies (emergency corridors).
The damaged roads are specified based on the physical damage approach results extracted
from stage 1, by which the roads are classified as safe, moderately resistant, and low resis-
tant (damaged roads). The network is considered fully connected if there is an accessible
path between the main network nodes, and in this case, the nodes are considered equally
accessible. When the road network is not entirely linked, then it is divided into various
independent connected elements. If links are damaged or blocked, the connecting nodes
in these links can become unreachable (isolated area); hence, the network graph may be
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divided into various components (road network nodes and links) (see Figure 5). Connec-
tivity analysis is developed by identifying the undamaged components (low vulnerability
components) to distinguish the isolated areas of the network.
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In step (iv) the accessibility analysis is performed in pre-and post-earthquake condi-
tions. The accessibility can be calculated through different terms, which are distance, cost
of travel, and time of travel. In this research, the focus is on the cost distance analysis to
calculate the accessibility index. The latter is assessed based on the raster grid converted
from a road network vector feature using GIS as shown in Figure 6. The black lines in
Figure 6a represent the undamaged road, while Figure 6b represents the road after being
damaged due to an earthquake. The scaling blue points and the colour intensities are used
for estimating the cost value of the regions surrounding the roads that vary as a result
of damaged parts (eliminated parts). The main critical service locations are located on a
specific raster grid inside the network map and the variation in results of cost distance for
this specific grid shows the reduced accessibility towards this service location.
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The cells that the links path through are considered the sources, which are used to
calculate the cost distance by measuring the distance between these sources and other cells
as shown in Equations (5) and (6) [49]. The two main factors, which play a crucial role in
defining the impedance of the links are: (i) the extracted cost from the distance travelled
between origin and destination and (ii) the path of roads that are passing through the
cells. As a result, when there is an orthogonal movement between neighbouring cells, the
costs are calculated by finding the average cost of these cells, while in the case of diagonal
movement the cost is calculated as the average of the costs between the cells multiplied by√

2, to recompense for the longer distance [74] as shown in Figure 7.

Orthogonal cos t : C0 = (cost1 + cost2)/2 (5)

Diagonal cos t : Cd =
√

2 (cost1 + cost2)/2 (6)
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Figure 7. Cost function: Cost distance development using raster set.

In step (v) the reduced accessibility (level of isolation) is calculated on the basis of the
outcome between the two cumulative costs’ difference (Figure 6). The cells that are near
the links are considered unaffected, due to the small distance between the source and these
cells. The cells are coloured in white and represented in Figure 8. While the damaged links
result in increasing the accessibility values, which are coloured in red, orange, and yellow
and scaled based on accessibility values from 0.00 to 0.06 as shown in Figure 8. Finally, the
accessibility maps for road networks after earthquakes are built based on the accessibility
index that is developed from cost distance analysis using the GIS platform.
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2.3. Stage 3: Building Transport Performance Maps

This stage includes the development and visualization of the transport performance
map using the ArcGIS platform, aiming to define the main corridors that will be operat-
ing after earthquakes. Firstly, the main map is divided into districts for the area under
investigation as shown in Figure 9.
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After that, the accessibility for these districts is visualized into GIS maps from the
extracted data in stage 2. The integrated maps are comprised of (1) damaged roads,
(2) accessibility for each district in the specified area, and (3) main emergency corridors
that will be operating after earthquakes.

Finally, the relationship between the SVI and AI is drawn, based on the developed
integrated approach between the traffic functionality and physical asset damage assessment
for the road network. The visualised outcomes will be useful for the stakeholders and
decisionmakers to determine which regions of the city will have lower accessibility scores
towards critical service centres during earthquakes, so more precautionary measures and
re-maintenance procedures can be taken in the near future. These measures are expected to
improve the accessibility of the network, toward more resilient and sustainable cities.

3. Case Study

Penang Island experiences tremors whenever there is an earthquake in Indonesia
that can affect the functionality and causes damage to road segments and linking nodes
of the road network. The large earthquakes originating from Sumatra pose the highest
threats to the transportation systems in Penang, which is 350 km away from the Sumatra
fault. Penang is one such state in Malaysia that is working on improving and transforming
transportation systems, by proposing the Penang Transport Master Plan (PTMP). The
plan works on enhancing accessibility and reducing traffic congestion without taking into
consideration the effect of natural disasters such as earthquakes, floods, and others.

Such disasters have a direct effect on the functionality and accessibility of road net-
works and improved planning is needed in the future to make these networks more resilient
to natural disasters. Due to these facts, this research focuses on developing a seismic vulner-
ability assessment model in accordance with nearby seismicity such as Sunda Megathrust.
The present case study is the region within 5 km of the surrounding of Komtar area, since
it is considered a main metropolitan area and all the critical service centres (hospitals,
firefighting stations, and emergency departments) are located within this main region,
where the road network under investigation is considered a major network in Penang with
high traffic flow.
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All the roads in the road network are classified as federal or state roads according to
the Malaysian Highway Authority. The road network consists of 64 nodes and 84 links.
Most of the roads follow the one-way road system. The local roads that have a higher
risk of closure are not investigated in this research because the main aim is to focus on the
main structure of the network and its assets and not on its surroundings. Moreover, in the
analysis the road under investigation is considered a one-way road due to two different
reasons: (1) Komtar area follows the one-way system operation and (2) in case of emergency
the emergency vehicles may not follow the traffic rules. Therefore, the roads in this study
are converted to one-direction links.

The seismic records were selected for soil type D and Magnitude (Mw) between 5.0
and 8.0 and recognised as Far-Field (FF) records with Epi-central Distance more than 20
km according to Malaysia historical seismic events. A different range of seismic intensities
should be considered for the development of the fragility functions. Therefore, according
to the Malaysia National Annex (NA), all the selected records are scaled within the range
of 0.125 g to 0.684 g, with respect to the targeted response spectrum as shown in Figure 10
and Table 4.
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Table 4. Parameters recommended for Penang Horizontal Elastic Response Spectrum According to
Malaysia National Annex.

Parameters S TB TC TD

Soil Type (D) 1.35 0.30 0.80 2.20

4. Results and Discussion
4.1. Incremental Dynamic Analysis (IDA)

When evaluating and prioritizing the impact of the parameters on the stabilization of
the roadway system, it is important to consider the idea of resistance design for highway
systems. At the collapse stage, the roadway system’s destabilization can be predicted. It is
important to investigate how this system might be stabilized appropriately by applying
resistance design perception at two separate transmission stages. By examining the percent
difference/improvement in two different stages with respect to the damage states and
primarily the collapse state at specific collapse intensity measures, it is possible to weigh
each parameter’s influence on its structural performance and vulnerability behaviour from
the fragility curves [74]. Table 5 shows the first stage, which is from low to moderate
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class, and the second stage, which is from moderate to high class. Based on the generated
Incremental Dynamic Analysis (IDA) and percentage of improvement, the ERD principle
can be interpreted for the roadway system that are shown in Figures 11 and 12 and Table 5.

Table 5. Percentage of improvement of the investigated parameters on the roadway system for two
different stages.

Parameters
Percentage of Improvement

Embankment Height Number of Lanes Soil Type Pavement Strength

1st Transmission Stage
from Low to Moderate 48.82% 28.57% 13.95% 5.16%

2nd Transmission Stage
from Moderate to High 39.20% 28.00% 12.5% 5.09%
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The embankment height (P1) clearly enhances the roadway stability by 48.82% and
39.20% by extending the endurance of resistance against earthquakes before reaching the
collapse stage from 0.589 g to 1.152 g, and 1.903 g for transmission stage 1 (Low-ERD
to Moderate-ERD) and stage 2 (Moderate-ERD to High-ERD), respectively, as shown in
Figure 11a.

Nevertheless, number of lanes (P4) enhanced the roadway stability by 28.57% and 28%
at a collapse stage by increasing the resistance to earthquakes before the stage of collapse
from 1.048 g to 1.505 g, and 2.103 g for transmission stage 1 and stage 2, respectively, as
shown in Figure 11b. The soil type (P3) parameter enhances moderately the stability of
roadway system of 13.95 and 12.5 for transmission stage 1 and stage 2, respectively, as
shown in Figure 12a. Subsequently, the pavement strength showed a very small percentage
of improvement at both transmission stages (5.16% for transmission stage 1 and 5.09 for
transmission stage 2) as illustrated in Figure 12b.

It is obvious that the most effective parameter is embankment height, followed by the
number of lanes, while the least effective criteria are soil type and pavement strength, with
soil type being more effective than pavement strength.

4.2. Assessment of Resistance for Roadway System by Conducting Fragility Functions

The fragility functions for various parameters of roadway assets (embankment height,
number of lanes, soil type, and pavement strength) are developed from the main extracted
results of the Incremental Dynamic Analysis (IDA), which are shown in Figure 13a,b and
Figure 14a,b. The main parameters under investigation are soil type, the height of embank-
ment, number of lanes, and strength of the pavement. Different models were developed
using a simulated numerical model. To compare the results of the main parameters, which
are under investigation, the Probability of Exceedance (POE) for each parameter is drawn
out at a fixed value for Sa (T1, 5%) that is equal to 1.0 g for all the extensive damage states.
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Figure 14. Numerical fragility functions for different roadway assets (a) type of soil and
(b) road width.

The results of the fragility function for roads with different soil types indicated a POE
equal to 38%, 43%, and 48% for soil type B, C, and D, respectively, at the extensive damage
state. Additionally, the results for embankments heights for roads show that the POE is
equal to 20%, 40%, and 66% for h = 4 m, h = 6 m, and h = 9 m, respectively. The POE for
roads with a different number of lanes that are shown in the fragility function is equal
to 18%, 25%, and 35% for roads with more than two lanes, equal to two lanes, and less
than two lanes. Moreover, the fragility function for roads with various pavement strengths
indicated that POE is equal to 23%, 25%, and 26% for high, moderate, and low strength,
respectively, at extensive damage state.

Based on the derived fragility functions, it is evident that the models with a lower
strength of soil type D are more vulnerable compared with higher strength profiles of
soil type B and C. Furthermore, as expected, the embankments with 9 m height are more
vulnerable than the ones with lower heights of 4 m and 6 m. The fragility functions also
indicate that roads with one or two lanes are more vulnerable than roads with more than
two lanes. Moreover, roads with high pavement strength are more resistive compared with
low pavement strength roads, which are shown in Figure 13a,b and Figure 14a,b.

4.3. Seismic Vulnerability Index (SVI)
4.3.1. Weighting of Identified Parameters

The main identified parameters that were assessed based on the results of fragility
functions in (Section 4.2), are weighted using the Analytical Hierarchy Process (AHP). The
parameters are grouped in two different criteria and compared head-to-head to conclude
the importance of one parameter among the other. Criteria A and B are compared, and they
are weighted based on the importance of one criterion over another. This importance is
scaled by different intensities based on Saaty [75] classification and the main results that
are extracted from (Section 4.1), where the most effective parameter is concluded from the
probability of damage difference between the two transmission stages at collapse state that
is shown in Table 6.
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Table 6. Comparative table for identified parameters with their intensities.

Criteria More Important Intensity
A B

Embankment Height Number of Lanes A 8

Embankment Height Soil Type A 9

Embankment Height Pavement Strength A 9

Soil Type Number of Lanes B 7

Pavement Strength Number of Lanes B 8

Soil Type Pavement Strength A 2

The comparison pairwise matrix is built based on the main intensities extracted from
Table 6 after comparing the main parameters with each other. The matrix equation is
represented in Equation (7).

M =


1 8 9 9
1
8 1 7 8
1
9

1
7 1 2

1
9

1
8

1
2 1

 (7)

By multiplying the matrix by big powers, adding up the rows one by one, and dividing
the sum of each row by the sum of all the rows, the weighted priorities for the parameters
are obtained in a specified way. Embankment height, lane count, soil type, and pavement
strength all had weights that came out to 0.65, 0.21, 0.11, and 0.03 correspondingly. Addi-
tionally, the parameters are separated into various categories, and each category is provided
a particular score depending on the findings of the derived fragility functions. The main
assigned scores are presented in Table 7.

Table 7. Assigned scores for the categories of main parameters.

Parameter (Pai ) Category Scores

Embankment height

h ≤ 4 m 0.2

4 m < h ≤ 6 m 0.6

6 m < h ≤ 9 m 0.8

Number of lanes
> 2 lanes 0.4

≤ 2 lanes 0.8

Soil type

Soil type B 0.2

Soil type C 0.6

Soil type D 1.0

Pavement strength

High strength 0.2

Moderate strength 0.4

Low Strength 0.6

4.3.2. Validation of the Seismic Vulnerability Index (SVI) Assessment Method

The weighting values of the soil type (P2) and pavement strength (P3) in this research
are showing similar results compared to the study by Adafer and Bensaibi [29]. However,
when considering the embankment height and the number of lanes, the weighting scores in
this research are higher. The weighting values are varying because this study is conducting
the SVI and weighing the main parameters on the basis of analytical approach, while
the past studies used mainly expert judgemental methods. Although there is a small
variation between P1 and P4 when comparing the results of this study with Adafer and
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Bensaibi [29] results, the prioritization of the weighted parameters based on their influence
on the roadway and its assets is showing compatibility. The followed validation process in
this study is illustrated in Figure 15.
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4.3.3. Calculation of the Seismic Vulnerability Index (SVI) Scores

Equation (4) is utilized in the SVI scores calculation based on the impact of various
characteristics for the roads, different scores are derived. When determining the SVI for the
route and its assets, all the parameters with various categories were introduced. Some of
the samples for SVI scores are determined and illustrated in Table 8.

Table 8. Samples of the SVI scores for roads.

Street
Number

Embankment
Height (m)

Number of
Lanes

Soil
Type

Pavement
Strength

SVI
Score

1 4 >2 B High 0.242
2 6 >2 C Moderate 0.552
3 9 >2 D Low 0.732
4 4 <2 B High 0.326
5 6 <2 C Moderate 0.636
6 9 <2 D Low 0.816
7 4 >2 D Low 0.342
8 6 >2 C Moderate 0.552
9 9 >2 D Moderate 0.726
10 4 <2 D Low 0.426
11 6 <2 C High 0.630
12 9 <2 B High 0.716

SVI Range Classifications
SVI = 0.0–0.4 SVI = 0.4–0.7 SVI = 0.7–1.0
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The results of the SVI scores show that the scores increase with small values that do not
exceed 0.1, when the pavement strength and soil type change from the highest vulnerability
class (Soil type B and high pavement strength) to the lowest vulnerability class (Soil type
D and low pavement strength), while the embankment height and number of lanes are
fixed at the same class (for example see the difference between street number 6 and 9). On
the other hand, when there is a variation in the embankment height and the number of
lanes from low to moderate class or from high to moderate class the SVI scores are rapidly
increasing. This is due to the fact that the main weighting scores that have been adjusted
for each parameter are highly fixed for the height of embankments and number of lanes,
after conducting an analytical method to assess these parameters. Figure 16 illustrates the
map of the investigated area with the estimated SVI classification for each road segment of
the network.
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4.4. Seismic Vulnerability Index (SVI)

Traffic disruption approach for road network

The traffic disruption is assessed following the steps described in Section 2.2 using the
results of stage 1. The level of accessibility is characterised by three different colours (green,
yellow, and red); red signifies a highly reduced accessibility. The results showed that the
accessibility is reduced sharply for the roads that have high a Seismic Vulnerability Index
(SVI) score with values between 0.04 and 0.06, while the roads with moderate reduced
accessibility values range between 0.03 and 0.04 for the roads that have a moderate VI score
as shown in Figure 17a.

Figure 17b shows the main extracted emergency corridors with the critical service
location and ranges of their accessibility. The emergency corridors represent the roads
that have the lowest VI, in other words, the highest resistive roads. The accessibility of
the critical service centres is assessed based on the distance from the emergency corridors
to the critical service locations, taking into consideration the disruption of roads, i.e.,
roads with the highest VI scores (red coloured roads in Figure 16). The following results
highlight the reduced accessibility of the critical service centres based on an integration with
the seismic vulnerability assessment, which creates an integrated tool for assessing road
networks accessibility compared with previous studies that focus on physical or functional
aspects alone.
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Traffic Disruption Approach for Main Districts (Accessibility of Areas)

The traffic disruption approach for the main districts is assessed on the basis of the
cost distance and the reduced accessibility, which are defined in Section 2.2. The reduced
accessibility values (level of isolation) are calculated based on the difference between
the two cumulative costs. Furthermore, different levels of isolation are categorized by
referring to the reduced accessibility values which are, high (0.01–0.03), moderate (0.03–
0.04), and low (0.04–0.06) accessibility areas, and the isolated zones that contain many roads
with values higher than 0.06 of reduced accessibility as shown in Figure 18. The results
showed compatibility between the vulnerability and accessibility approach, demonstrating
a directly proportional relation between the Vulnerability Index (VI) and the reduced
accessibility levels.

Figure 18. Accessibility map for the main districts under study.
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5. Conclusions

The main aim of this research is to develop an integrated model for the assessment of
the seismic vulnerability of road networks and their assets by combining vulnerability with
accessibility assessment approaches, where the focus in this research is on the road sections
without considering other road network elements such as bridges, tunnels, and retaining
walls. The model sheds light on the importance of using integrated tools for more realistic
and detailed outcomes, which can support the decisionmakers’ disaster risk reduction.
Moreover, the criticality of this research lies in assessing the pre- and post-earthquake
accessibility levels for the critical service centres.

This research is considered an original framework for building an analytical inves-
tigation approach and integrating the seismic vulnerability of road networks in terms of
physical and functionality assessment of roadway systems, which aims to improve the
established methods that have been performed in previous studies. Fragility functions
are used to extract and compare the percentage of improvement related to the four in-
vestigated parameters. Findings demonstrate that the height of the embankment is the
most significant parameter with the percentage of improvement, which ranges between
20% and 66%, followed by the number of lanes that is ranging between 38% and 48%.
Meanwhile, soil type and pavement strength had lower efficiency rates with percentage of
improvement ranging from 18% to 35% and 23% to 26%, respectively, thus indicating that
soil type has a better efficiency compared with pavement strength. Additionally, a Seismic
Vulnerability Index (SVI) approach was established by weighting different parameters
based on analytical approach aimed at a more precise assessment of roadways and their
assets. These precise results were used to generate more advanced and accurate procedures
by integrating the analytical outcomes and GIS techniques, particularly for regional and
complex road networks.

The variation in the data related to the vulnerability parameters and their weighting
scores makes it difficult to develop a common vulnerability index perspective. For this
reason, a new VI approach was developed by weighting the parameters based on analyti-
cally derived fragility functions aiming for more reliable assessment of roadways and their
assets. The results show that the most effective parameter is the height of the embankment
followed by the number of lanes, soil type, and pavement strength, where the effectiveness
of each parameter over another is assessed at collapse state. The weight of the height of
embankments and number of lanes are compatible with the weights of past studies, while
the weights of soil type and pavement strength differ from past studies due to the variation
in factors used and the integration between the vulnerability and accessibility approach.
Furthermore, these results were used to conduct the accessibility index in a more advanced
and precise way by integrating the analytical outcomes and GIS techniques, particularly in
urban and complex networks.

Moreover, the case study in the city of Penang, established the main isolated regions,
which are located mostly in the south and west of the area under study, signifying the
main regions that need improved preparedness for emergency cases. In addition, the main
emergency corridors, and the accessibility level to critical service centres were determined,
which will help in planning and managing the disasters in the future, paving the way
towards more resilient cities.

In conclusion, the integrated model can be useful in real-world settings to determine
the relationships between all road network assets, to facilitate disaster management, and to
lower mortality and financial losses during disasters. Future research should concentrate
on creating accurate maps for disaster management, including the best places for essential
service centres. The interdependencies between various infrastructures, such as electric
power, water, transit, airports, or fuel should be the focus of future research. This includes,
for example, the interaction rate between transportation networks and other systems [76,77].
In order to create advanced models in the future, resilience analytics and other emerging
digital technologies should be supported [78,79].
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