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Abstract: Hosting Mega Sport Events (MSEs) is a formidable expedition that requires enormous
investments and that has the potential to reform the nation’s future and create a lasting legacy.
However, the increase in environmental concerns is pushing host cities to adopt a compact event
approach. Compactness increases the concentration of the load on host cities’ infrastructures, which
have to preserve an acceptable level of functionality under any possible disturbance; in other words,
they should be resilient. Among these infrastructures, the road network plays the most prominent
role in the fans’ experiences and the event’s success. To assess its resilience during MSE, we proposed
a multilevel assessment approach that focuses on the network cohesion and critical trips performance
under several disturbance scenarios, including natural hazards, intentional attacks, and accidents.
The framework was applied to the Doha road network, since Doha will be a host city for the
FIFA World Cup in Qatar in 2022, which exhibited a high level of resilience to intentional attacks
and accidents scenarios. However, during the natural hazard scenario (flooding), the network
experienced severe fragmentation, signaling weak resilience and highlighting the need to improve
storm management plans. Future research could investigate the use of weighted graphs to increase
the accuracy or incorporate different assessment approaches into the framework.

Keywords: multilevel resilience assessment; complex networks; management of Mega Sport Events
(MSE); GIS analysis; road networks; FIFA World Cup Qatar 2022

1. Introduction

Hosting a successful Mega Sport Event (MSE) such as the FIFA World Cup (WC) is a
formidable expedition, especially under adverse challenges such as climate change and
rapid urbanization. Today, more than half of the world’s population lives in cities, and
experts expect this number to reach two-thirds of the world’s population by 2050 [1]. This
accelerated urbanization trend has led to capital concentration in cities, converting them
into development hubs [2–4]. However, in many cases, ill-planned expansions increased
loads on infrastructure and caused degradation in service quality [5–7]. At the same time,
political tensions and climate change have increased the rate, intensities, and impacts of
disasters in recent years, adding more loads on the infrastructure systems [8–10]. These
challenges have caused a paradigm shift in design mentality and fueled the research in
infrastructure resiliency in the past decade [3,4,11,12]. Hosting a successful MSE with
tremendous popularity, such as the WC, is an important milestone in any nation’s history
and a testimony to its capabilities and development [13]. However, a critical factor in
organizing a successful event of such a scale is a robust and efficient transportation network
that can accommodate the influx of a huge number of fans and preserve functionality under
perplexing and unpredictable threats; in other words, a resilient transportation system
is required.
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1.1. Resiliency in Transportation Systems

Resiliency is a relatively new concept in the engineering field with varying definitions
and assessment methods. The first mention of system resiliency in the academic literature
is by Holling [14] in 1973, where the term is used to describe an ecological system’s
ability to regain its original state after a disturbance. However, the concept only found
its way to urban planning and engineering literature about two decades ago because of
the increasing amount of unpredictable disasters and their impacts, especially with an
ever-growing capital concentration in urban centers [3,15–18]. So far, there is no consensus
on the definition of resiliency in engineering systems and critical infrastructures, which is
attributed to the varying nature of threats and assessment frameworks [3,15,17]. According
to various researchers, resiliency is a combination of several systems’ properties, most
notably, vulnerability, robustness, flexibility, and reliability, that describe its response
and reaction to disturbances [19]. Despite the variance, most definitions proposed in the
literature converge at two qualities to measure system resiliency, impact resistance, and the
amount of time required for recovering an acceptable performance [3].

Transportation system resiliency assessments are distinct from other critical infras-
tructure resiliency assessments. For instance, water and electrical infrastructures have a
directed continuous flow with a source-sink theme [3,20–22], while communication infras-
tructure has area coverage and wireless connectivity in most urban areas [3,23]. On the
other hand, transportation networks usually enjoy two-way connectivity, especially on
highways and main roads, with no main, distinguished source-sink [12,24,25]. Further-
more, transportation networks enjoy a discrete nature of flow, which allows for the usage of
methodologies, such as agent-based modeling and simulation, to assess their performance
and resiliency [26–28].

However, the level and scale of the transportation network that is under investigation
can profoundly affect the resiliency assessment method. Many methods are proposed
in the literature, ranging from analytical methods to simulation and even logical meth-
ods, depending on the available resources and addressed threats, whether it is a natural
disaster, an intentional attack, something else that is affecting the city’s network, or an
origin-destination group of links [12,17,29]. Simulation methods, such as agent-based
or Monte Carlo simulations, can provide high-resolution results that can be used to as-
sess the effectiveness of various improvements under different scenarios, but they are
resource-demanding, hard to scale up, and need calibration to reflect the real world, which
makes them only suitable for small-scale networks or networks with a limited number
of elements and links [30,31]. Logical methods, such as optimization and game theory,
and their applications, are mainly used to address intentional attacks or to draft informed
development strategies, depending on the informed payoff value; however, the accuracy of
the mathematical formulation of the impacts, each strategy’s actual cost, and the probability
of predicting each side behavior affects their feasibility [32–34]. Analytical methods include
complex networks theory (CN) and simple performance measurements, such as pace and
shortest path length; these are the most often-used methods in resiliency studies since they
are the least resource-demanding and provide metrics with a reasonably acceptable level
of accuracy [35–39].

CN can form the base for other methods and even leverage other disciplines and
technologies. CN provides a simple yet efficient abstract of a network’s components
and their relationships, allowing for the analysis of these relations by other methods,
such as game theory or Monte Carlo simulations [30,40]. This combination of methods
can significantly reduce the computational resource demands and provide comparability
between various methodologies [39,41,42]. Moreover, CN can leverage other technologies,
such as geographic information systems (GIS), to give the network abstract spatial meaning
and more accurate representations [43,44]. This coupling of GIS with CN also allows for
scenario simulations, using powerful GIS spatial analysis tools, and reflects the results on
the network’s connectivity and centrality measures. This application is widely applied in
the literature [5,45,46]. Furthermore, GIS can measure the shortest paths and the levels
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of walkability in areas of interest, giving the abstract further information or weighting
other than the normal connectivity of links; this potential could be employed to measure
the effect on the commuting time between points of interest and used as an additional
resiliency metric [47–49].

1.2. Mega Sports Events and Resilience

Mega Sport Events (MSEs) present a great opportunity and a formidable challenge
to the host nation. Hosting an MSE presents a possibility of boosting the economy in
multiple sectors, including tourism and construction, and creating a lasting legacy for the
nation [13,50,51]. On the other hand, it also requires renovating infrastructures to meet the
sudden increase in demands that is presented by the influx of spectators (which, in the
case of the 2022 FIFA WC in Qatar, is expected to reach 50% of the population) without
creating “white elephant projects” [13,52,53]. Furthermore, host nations are increasingly
expected to apprehend strict environmental obligations and are encouraged to achieve
carbon neutrality, promoting a trend of compact MSEs, as in the 2022 WC in Qatar, where
all the stadia are within the Doha metropolitan area and the furthermost distance between
venues is less than 60 km [13,52,54]. This compactness means concentrating the demands
on the supporting infrastructures throughout the event, which in the WC case, extends over
a month, and ensuring that these infrastructures can sustain the expected disturbances;
such disturbances can range between natural hazards, intentional attacks, accidents, and
failures propagated between interdependent infrastructures [55–57]. However, in the face
of these disturbances, the main focus during MSEs should be on preserving functionality
over recovery, as this is essential for maintaining an acceptable service level and ensuring
a remarkable visitor experience. Among these infrastructures, the road networks play a
critical role in providing mobility throughout the city and between points of interest, such
as fan zones and event venues, and in affecting the visitors’ experiences and the event’s
success [56].

For this study, we will focus our resilience assessment on the system’s ability to
preserve functionality; functionality evaluation here refers to the evaluation of suitable
performance metrics for each level. For example, it is widely accepted in the literature
to use, at a network level, network centrality and cohesion as performance criteria and
resilience metrics [3,41,43,58,59]. While representing a small part of the system level, it is
more common to use the shortest path to travel between point A and point B or to use
changes in travel pace instead [7,28,60–62]. Both assessment methods would result in a
performance degradation metric, which can easily be compared under different scenarios
and generalized for other purposes and interests.

To the best of our knowledge, no published work has suggested a framework to
evaluate the resilience of road networks during MSEs to date; thus, the main objective
of this research is to suggest a framework for assessing the resilience of road networks
during MSEs, paving the way for considering resilience as a criterion in evaluating future
host cities’ nomination profiles. The additional contribution of the suggested framework is
addressing the network’s resilience on multiple levels, rather than the common approach of
focusing on a single, certain level. Furthermore, the flexibility of the suggested framework
to produce a combined and weighted index under different threats of interest allows for
the comparability of different development plans and the evaluation of their effectiveness
under the credibility of possible threats. The suggested framework focuses on urban
areas and assumes that the event’s activities would be compacted to be contained in a
metropolitan area. However, in the case of multiple host cities, the framework concepts
could be adopted and modified to accommodate related complications, but that is out of
the scope of this paper.

In the following sections, we will present the suggested framework and apply it to
the Doha metropolitan as the host city for the 2022 WC in Qatar; then, we will present
the results and discuss them, before, finally, providing the main conclusion, remarks, and
future research directions
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2. Methods

Creating a lasting legacy through an MSE means delivering a remarkable experience
for the spectators; as such, they should have unrestricted exposure to the local culture and
landmarks and access to various competition activities [13]. Such accessibility and exposure
require a robust and effective transportation system. Furthermore, with the current trend
of compact MSEs, the concentration of activities and mobility would be limited to urban
transportation networks. Urban networks could include various modes, such as metros,
buses, and private cars. However, metro networks, in general, lack flexibility and cannot
accommodate the large influxes of demand, as is expected in such events, so the main
modes of transportation that would facilitate the intended mobility would be the ones that
use road networks.

To address the resilience of road networks during MSEs, we develop a framework that
simultaneously assesses the network capacity at multiple levels to meet the aforementioned
mobility goals under several expected disturbances. Geographical Information Systems
(GIS), combined with complex network (CN) properties, form the basis of this framework.
GIS is a powerful technology that allows for the extraction of various information about the
real transportation network and the simulation of various disaster scenarios. CN allows
for the representation of the network in a simplified way yet preserves the topological
relation between its components. Furthermore, CN properties are used in many studies to
assess a system’s resiliency and performance in normal situations and when under stress
by focusing on connectivity metrics and network robustness.

2.1. Multilevel Resiliency Assessment

Simulating massive network behaviors under disturbances to flow and demand is
a challenging and resource-intense process. To simplify this challenge, we divided the
problem into two levels, focusing on more efficient resilience metrics such as connectivity
(on the whole network level) and travel delays (on vital origin-destination pairs, such as
fan zones and stadia). We used GIS technology to simulate the network and the conse-
quences of extreme events, analyzed the resulting network on both levels and under the
same disturbance scenarios, and combined the results into the Mega Sport Events Roads
Resilience Index (MSERRI).

On the whole system level, we converted the road network into pure CN, consisting
of E edges and N nodes, representing roads and intersections, respectively. During extreme
events, we identified the affected nodes and edges and removed them from the network.
The removal of the damaged elements would affect and change the properties of the
network, which is assessed through network centrality properties. CN centrality properties
include degree, closeness, and betweenness; however, we focused on using betweenness as
a performance indicator. Betweenness measures the node’s role in connecting other nodes
in the network [63]. More accurately, it calculates the fraction of shortest paths passing
through the node and connecting pairs of other nodes, or, mathematically [64]:

CB(i) = ∑s 6=t 6=i∈N
σst(i)

σst
(1)

where:

CB(i): is the betweenness centrality of node (i),
σst: is the number of shortest paths that start at node (s) and ends at node (t), and
σst(i): is the number of these shortest paths that pass through the node (i).

Based on this definition, betweenness reflects the importance of specific nodes as
bottlenecks in the network and the network’s cohesion [63,65]. Furthermore, betweenness
allows for the detection of changes throughout the network since it considers any random
pair of nodes. Under disturbances, relations between network components change and,
consequently, its properties change as well. Resiliency measures how a network responds
to a disturbance so that we can use betweenness as an indicator of network performance
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and resilience [41,43,58]. Using ArcGIS software developed by ESRI (California, USA),
we processed the road network and simulated the disturbance scenarios; then, both the
baseline and the damaged networks were converted into a graph using open-access tools
such as (GIS F2E) [66] and further processed with CN tools such as Gephi [67] to calculate
the network’s metrics.

On the vital set of the origin-destination paths level, we measured the performance
based on the shortest route length. The connection between specific points of interest can
be of great importance, especially during disasters or events. However, using the overall
network performance metric cannot reflect the real situation of such elements. In this
regard, we aimed to measure the performance of connections between valuable points (fan
zones and stadia) through changes in the shortest route length. Comparing the change in
performance on a set of essential links with the performance level at the whole network
level and under the same disturbance allowed for a better understanding of its performance
during MSEs. We used the ArcGIS network analyst plugin to identify the closest route
between pairs of points in regular and disturbance conditions to perform this assessment.
The loss of roads and links due to disaster can increase the distance traveled between these
essential points, which can be considered as a reduction in performance. This change in
performance under specific events in the city can be considered as a resilience indicator
of these connections [7,60–62]. This concept is similar, to some extent, with betweenness
centrality within the context of shortest paths; however, betweenness in pure CN does
not account for distances. This measure is essential for, and complimentary to, the overall
network performance and focuses on the efficiency of completing specific trips.

2.2. Disturbance Scenarios

During an MSE, several disturbances could affect the host city, including natural
hazards, intentional attacks, and accidents; however, the probability and impact of these
disturbances vary. In the literature, the main disturbance categories that can directly affect
critical infrastructures are natural hazards, intentional attacks, and accidents [55]. However,
during an MSE, the importance or credibility of these disturbances vary, and planners
should have the capacity to reflect this in their design by assigning different weightings
for each disturbance, based on local priorities and conditions. The impact of other critical
infrastructure failures, or of failure propagations, could affect and destabilize the road
network; however, such scenarios result from the hazards mentioned earlier and should be
considered on a more holistic level, as suggested in [56].

Natural hazards cause large-scale and undirected damage to critical infrastructures,
can be reoccurring or emerging, and are influenced by the geographical properties and
climate of the region. Natural hazards, such as earthquakes and floods, have a widespread
impact and can cause devastating damage to the networks. However, while earthquakes
are reoccurring disasters, allowing for precaution and for regulations to limit their impact,
extreme floods, on the other hand, are emerging in some regions, especially in recent years,
fueled by a shift in precipitation patterns and intensities attributed to climate change [57].
To simulate the impact of natural hazards, we used nationally accepted designs and
insurance maps, such as a 100-year average recurrence interval (ARI) map for floods [68,
69]. Such maps use hydraulic models, peak flows, and elevation profiles to identify the
inundation levels. Some inundation levels can restrict or prevent the mobility over some
sections of the road networks; in other words, they can act as a hazard level, and these
impacted sections can be identified by overlaying hazard maps over the road network and
removing the impacted elements. Such maps are developed by emergency management
agencies such as Federal Emergency Management Agency (FEMA).

The second scenario is based on an intentional attack targeting the network’s central
node. This scenario considers targeting a central node with the highest betweenness
centrality in order to cause the most substantial disturbance in the network; however, it
can be reasonably considered in different scenarios that target a financial center or a city’s
downtown [70]. Within the same context, the effect of such an attack would affect a circle
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with a 3 km radius around the targeted node, according to a similar scenario conducted in
a study by Kermanshah et al. (2014) [70]. The nodes and elements within this buffer zone
were also removed from the network.

The third scenario considers a widespread random failure, or accidents, in the network.
Random failures are attributed to regular service disturbances, such as car accidents,
congestions, or unexpected failures of structural elements. However, the widespread
nature of such simultaneous failures and occurrences can stress the network [70]. To
consider this effect and the resulting disturbance, we chose ten random points of the
network and considered a circle with a 500 m radius as a buffer zone around these nodes.
Moreover, we removed any nodes or links within the buffer zone.

We identified the affected links and nodes and removed them by overlaying maps
resulting from each scenario on the transportation network within the GIS environment.
Then, by analyzing the resulting change in network properties and traveling distances,
we evaluated the resilience of the road network under each scenario. Finally, assigning
different weights to each threat and level allowed us to get the MSERRI, as demonstrated
in Figure 1, summarizing the suggested framework.

Figure 1. Multilevel resilience assessment framework developed for MSEs. CB refers to betweenness centrality, T refers to
the average time of trips, MSERRI refers to Mega Sport Events Road Resilience Index, β refers to threat weighting, α refers
to level weighting, and the subscript notations 0, N, I, A, G, and L refer to baseline case, natural hazard scenario, intentional
attack scenario, random accidents scenario, global/network level, and local/important trips level, respectively.

2.3. Case Study Description

The 2022 FIFA WC in Qatar is set to be the most compact WC in its current 32-team
version, with all the matches being held at eight stadia that are mostly scattered within
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or around the Doha metropolitan area [52]. The suggested framework will be applied
to the Doha road network, focusing on origin-destination pairs between the central fan
zone close to the old city center and the stadia. Due to harsh summer weather and fears
regarding players’ health, the competition was moved to December, a month during the
winter season which witnessed unprecedented rainfalls and floods in recent years [9]; as
such, we decided to consider flooding as the investigated natural hazard. In this regard,
Qatar’s Ministry of Municipality and Environment (MME) has developed a flood hazard
map with several hazard levels suitable for our application with 100-year ARI; detailed
explanations and the scientific background are provided through the MME website [71].
We considered roads overlayed by a high hazard level (inundation depths of 61–120 cm)
to be inaccessible, according to the manuals and the guidance provided by MME [71],
hypothesizing that the primary means of transportation for fans would be buses. As for
intentional attack and accident scenarios, they were applied as stated during the previous
subsection, which correlates with similar studies in the literature [70]. As for weighting,
the most significant weight was given to intentional attacks due to their severity and
considering the region political sensitivity, while accidents were given low weight due to
the possibility of reducing them with simple approaches, such as reducing the demand
on the network by shifting to a work-from-home system during the competition. The
weighting factors for natural hazards (βN), intentional attacks (βI), and accidents (βA)
were, respectively, as follows: βN = 0.35, βI = 0.5, and βA = 0.15. Additionally,
weighting factors for the whole network (Global level, αG) and for important trips (Local
level, αL) were assumed to be equal: αG = 0.5, αL = 0.5.

3. Results and Discussion

After applying the suggested framework, including simulating different disturbance
categories, it was clear that the network is severely vulnerable to flooding while being
resilient towards other disturbances (intentional attacks and random accidents). The
assessment results are shown and discussed in the following subsections; however, a
summary of the results is presented in Table 1. Figure 2 shows the network layout and
the stadia, forming the baseline case and the network metrics, including betweenness and
average trip times before any disturbances.

Table 1. Doha road network assessment results and resilience index.

Case

Betweenness Travel Time (Min.)

MSERRIMax
(% Change)

Sum
(% Change)

Max
(% Change)

Average
(% Change)

Baseline 1085 37,194 43.5 16 -
Scenario #1 103 (−90%) 914 (−97.5%) - - 0.00

Scenario #2 1242
(+14.5%)

34,360
(−7.6%) 43.5 18 (+12.5%) 0.91

Scenario #3 1228
(+13.2%)

31,523
(−15.2%) 46.1 (+5.8%) 17 (+6.25%) 0.9

MSERRI refers to Mega Sport Events Road Resilience Index.

3.1. Doha Is Vulnerable to Flooding Hazards

Flooding scenarios caused complete network fragmentation and severe degradation
in betweenness centrality. The flooding hazard scenario showed the worst performance,
with the network suffering from complete fragmentation, as in Figure 3. Natural hazards
are generally associated with large-scale impacts on infrastructure networks [57,68,70].
The large extent and severe impact of flooding on the Doha road network is reflected
by the extreme reduction in the betweenness centrality, reaching almost 90%. However,
this correlates with results from previous studies where road networks showed a massive
reduction in betweenness centrality under extreme flooding scenarios, reaching more than
85%, as in Chicago [70], and around 65% in New York City [68].
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Figure 2. Doha Road network (the baseline case). In the baseline case, the sum of betweenness
centrality of all nodes is ∑CB0 = 37,194, and the Average important trips duration is T0 ≈ 16 min.

Figure 3. Flooding scenario and its impact on Doha. Under the natural hazard scenario, the sum of
betweenness centrality of all nodes is ∑CBN = 914, and the important trips could not be completed
due to the extensive damage to the network. Due to the failure of the damaged network to facilitate
the trips, its resilience index during this scenario was equal to zero: MSERRIN = 0.

Flooding restricted mobility in the network and prevented trips between the city
center and the stadia. In addition to the reduction in betweenness, flooding restricted the
mobility throughout the Doha road network, preventing the completion of any previously
defined trips, compared to around 60% of uncompleted trips in Chicago [70]. This severe
degradation of mobility in the network can be attributed to underestimating the flooding
hazard in early development plans, due to Qatar’s arid climate and the rarity of rainfalls
combined with low-elevation barren plains and a reduction in the total number of pervi-
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ous surfaces due to rapid urbanization, in addition to the impacts of climate change [9].
Considering the failure of the network to provide mobility between different venues, we
considered its resilience towards natural hazards equal to zero.

3.2. Doha Road Network Is Resilient to Intentional Attacks

During an intentional attack scenario, the Doha road network exhibited a high level
of robustness and resilience. Despite being targeted on the highest betweenness node and
the supposed removal of all the elements in the surrounding 3 km buffer area, the Doha
road network remains intact and in good service condition. Both the betweenness and
average trip time metrics did not suffer any significant degradation, even in the case of
a considerable localized impact close to the city center, as shown in Figure 4, which can
serve as an example of the good design and cohesion of the network.

Figure 4. Intentional attack scenario and its impact on the Doha road network. Under the intentional
attack scenario, the sum of betweenness centrality of all nodes is ∑CBI = 34,360, and the average
important trips duration is TI ≈ 18 min. Based on the calculation and the use of level-weighting
factors, the resilience index during this scenario was: MSERRII = 0.91. The threat-weighting factor
βI = 0.5 was used before adding it to the final calculations.

As presented in Table 1, it is notable that the Doha road network showed an increase in
the maximum betweenness value of 1242, compared to the baseline case of 1085, equal to an
increase of 14%; this increase highlights the increase in the importance of alternative paths
and nodes. However, as will be discussed later, we focused on the sum of all betweenness
values as a more effective measure, which yielded ∑CBI = 34,360, resulting in a degradation
of 8% from the baseline. The limited impact of intentional attacks on the resilience of this
well-connected and well-designed road network correlates with similar studies conducted
on the Chicago road network, where only 2% degradation in maximum betweenness was
reported [70].

Average travel time increased slightly, causing a decrease in the performance metric.
The increase in average travel time, equal to almost 2 min, can be attributed to the loss of
several edges (roads) passing through the impacted buffer area. This loss of direct roads,
especially close to the city center, forced the use of longer alternatives and additional turns
in certain trips, while the rest of the trips remained unimpacted; subsequently, the overall
degradation in this performance metric was equal to almost 11%. The impact of intentional
attacks and the resulting values are shown in Figure 4, with a resilience index equal to
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MSERRII = 91%, resulting from using the previously presented weighting factors (αG = 0.5,
αL = 0.5).

3.3. Doha Road Network Is Resilient to Accidents (Random Widespread Failures)

The Doha road network maintained a good resilience level during the accident hazards
scenario, based on a limited degradation in the metrics despite a large number of affected
elements. Despite the widespread nature of accident points within this scenario, with
more than ten randomly scattered failure areas of 500 m surrounding buffer areas, as
shown in Figure 5, the Doha road network continued to prove good performance on both
metrics. With accidents assigned randomly, mostly at intersections, and the assumption
of preventing the accessibility in the surrounding links within 500 m buffers, the scenario
assumes an extreme, high rarity event where all such access-restrictive accidents happen
simultaneously and throughout the city.

Figure 5. Random accidents scenario and its impact on Doha road network. Under the random
accidents scenario, the sum of betweenness centrality of all nodes is ∑CBA = 31,523, and the average
important trips duration TA ≈ 17 min. Based on the calculation and the use of level-weighting
factors the resilience index during this scenario was: MSERRIA = 0.898. The threat-weighting factor
βA = 0.15 was used before adding it to the final calculations.

The Doha road network continues to show a high level of cohesion even after the
widespread accidents scenario. During this scenario, the maximum betweenness also
increased to 1228 (up by almost 13%), as in the intentional attack scenario, compared to the
baseline case, presented in Table 1. However, to avoid misrepresenting the result, we used
the total network betweenness as the sum of all nodes’ betweenness, resulting in a value of
31,523, reflecting a betweenness degradation of around 15%. Within this scenario, the Doha
road network exhibited better performance compared to similar studies where the maxi-
mum betweenness decreased by around 30% in the Chicago road network [70], reflecting
the good planning and the abundance of alternatives within the Doha road network.

Additionally, the average travel time was more than the baseline case but still better
than the intentional attack scenario. The average travel time between the central station and
the stadia was around 17 min, equal to a decrease in performance of almost 6% compared
to the baseline, but this performance is still better than the intentional attack scenario.
Furthermore, in the Doha road network, all trips continue to reach their destinations with
small delays, compared with 4% of uncompleted trips and 52% of longer trips in the
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Chicago network [70]. Based on the result and weighting factors, the resulted resilience
index towards accidents was almost MSERRIA = 90%.

The value of the overall resilience index for the Doha road network during MSE, based
on the suggested framework, is:

MSERRI = βN∗MSERRIN + βI∗MSERRII + βA∗MSERRIA

= 0.35 ∗ 0 + 0.5 ∗ 0.91 + 0.15 ∗ 0.9 = 0.59

We can notice that the lack of resilience during natural hazards jeopardized the overall
resilience, with the network performing quite well during other scenarios.

Although previous studies highlighted the importance and effectiveness of maximum
betweenness for assessing large infrastructure networks, maximum betweenness may
reflect only a part of the performance [70,72,73]. This limitation is clearly encountered
during this study, as we repeatedly dealt with cases where the maximum betweenness
increased, which is rational considering the development of bottlenecks in the network after
the disturbances. This problem could be encountered in any network where the damage
does not lead to network fragmentation, associated with an increase of the importance
of the remaining critical links. To address this issue, we suggested using the sum of
betweenness of all nodes, or total network betweenness, which can always return a value
less than the baseline case and thus reflect the resulted degradation in the cohesion of the
network. This approach correlates with results reported in the literature where the sum of
betweenness increases along with the increase of the size of the network [74].

4. Conclusions and Outlook

Mega Sport Events (MSEs) are a sign of the host nation’s ambition and capacity,
and can act as a catalyst to boost development plans and reshape its economy, including
tourism and construction, creating a lasting legacy for the nation. However, host nations
are increasingly expected to apprehend strict environmental obligations and be encouraged
to achieve carbon neutrality, promoting a compact MSE, as in the 2022 WC in Qatar.
Furthermore, during MSEs, this compactness means concentrating the demands on the
supporting infrastructures throughout the event and ensuring that these infrastructures
would sustain the expected disturbances; the road networks are the most prominent among
these infrastructures. Road networks are expected to provide mobility for visitors between
fan zones and event venues and accessibility throughout the city, thus directly affecting
visitors’ experiences and the event’s success. Additionally, road networks should enjoy the
capacity to preserve an acceptable level of functionality to provide these services during
any possible disturbance scenario; in other words, they should have resilience.

In this study, we develop a framework to assess the resilience of road networks during
MSEs, focusing on multilevel assessments during several disturbance scenarios subjected
to varying weighting factors. The suggested framework assesses the cohesion of the
network through a complex network approach based on betweenness centrality and the
mobility between the event’s hotspots, such as the venues and a central fan zone, using the
average trip time. Several disturbance scenarios were considered, ranging from natural
hazards, intentional attacks, and accidents. Weighting factors prioritized the importance of
certain disturbances and impeded flexibility in the framework based on designer interests
and concerns.

During the application of the framework on the Doha road network, the network
exhibited a high level of resilience on both levels during intentional attacks and random
failure scenarios, attributed to the good design practices and the abundance of alternatives.
On the other hand, during the scenario of flooding as the simulated natural hazard, the
network suffered an extreme degradation and fragmentation, preventing access to any of
the stadia. Despite the high performance in other scenarios, the lack of resilience towards
flooding severely affected the resilience index during MSEs. These results highlight the
urgent need to revisit storm-management plans and adopt practical approaches to prevent
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such degradation, especially as the WC will be held during the winter season, which has
witnessed unprecedented precipitation events over the last decade associated with the
impacts of climate change.

The proposed framework considers the first attempt to address the resilience of road
networks during MSEs. Considering the limited literature in this regard, we hope such
research would pave the way for other researchers to address this topic with all its potential,
considering the sensitivity and huge investments associated with MSEs. Additionally, this
study is a first step in creating a holistic assessment of urban resilience during MSEs,
including other critical infrastructures [56]. However, future research can customize this
framework for considering multiple fan zones, instead of central gathering zones, or
incorporate several modes of transportation, such as metros and buses, based on their
expected share of travelers, or assess the possibility of compensating for the lost capacity or
the possibility of bridging the lost elements of other modes of transportation. On the other
hand, future studies can revise this framework to include several improvements, such as
weighted graphs to improve its accuracy, or incorporate multiple assessment approaches,
such as game theory, in an intentional attack scenario. Furthermore, this study aims to
direct attention towards the importance of resilience assessments during MSEs as a vital
part of ensuring their success in creating a lasting positive legacy, preserving sustainable
developments, and to maybe be used as a criterion for evaluating the hosting nations’
profiles to prevent ill-planning and resource-wasting.
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