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Abstract: This paper explores a new pathway towards seismic resilience of Road Networks (RNs) under
earthquake hazards, by leveraging post-shock rapid responses as the key to minimize the functionality
losses of RNs, especially in the immediate aftermath of earthquakes. Accordingly, an agent-based
modelling (ABM) framework is developed to enable the nuanced examination on resilience of
earthquake-damaged RNs, when different system repair approaches are considered. In this framework,
those different approaches are predicated on the damage level of individual bridges and on the system
recovery timeline, i.e. the response to rehabilitation need is considered as a function of the time elapsed
from the event. Each approach is represented by a different agent, whose behaviour is shaped by a set
of pre-defined behavioural attributes, while the interplay among those agents is also accounted for,
during the entirety of post-shock recovery campaigns. To demonstrate its applicability,
the ABM framework is applied to a real-world RN across Luchon, France. As shown by the case-study,
post-shock rapid responses are found to be a viable strategy to increase the recovery rate of RNs’
functionality in the immediate-, and mid-term aftermath of damaging earthquakes, and ultimately, to
improve the seismic resilience thereof.

Keywords: Seismic hazard; Resilience; Recovery; Rapid response; Partial repair; Road networks;
Agent-based model

1. Introduction

The sustained functionality of modern road networks (RNSs) is strategically crucial to the
resilience of the urban communities that they serve, throughout destructive events, such as
strong earthquakes (Gomez and Baker 2019). They become particularly vital across
mountainous regions, where they might represent the only means of mobility for the residents
to connect to other communities and to access critical services, in the aftermath of damaging
natural hazards. Nonetheless, RNs in such locations have proven to be insufficiently robust, as
demonstrated by real-world seismic events, around the globe (Zhao and Taucer 2010, Lekkas
et al. 2012). Furthermore, the protracted disfunction of RNs is often found to have a significant
knock-on effect on all facets of the emergency response, across the affected region (D’Ayala
etal. 2019), and the restoration of the other interconnected critical infrastructure systems (Zhao
and Sun 2021).

As one of the most important components of modern RNs, the functionality of bridges under
earthquake hazards is critical to seismic resilience of the whole system. Deco et al. (2013)
proposed a probabilistic model to assess seismic resilience of bridge structures. Following such
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a model, the initial damage induced by earthquake hazards is evaluated by fragility functions
of the bridges of interest. To deliver the adaptive recovery associated with different levels of
initial damage and different pace of rehabilitation operations, a probabilistic six-parameter
function was proposed as a viable tool to shape the recovery path of bridge structures.

Resilience assessment of RNs, has also been conducted at system level. Guidotti et al. (2017)
studied the system reliability of RNs under seismic hazards. To that end, in their model, the
seismic fragility of RNs has been examined on both the nodal and system level, considering
four different connectivity measures (i.e. diameter, efficiency, eccentricity and heterogeneity),
in the wake of damaging earthquakes. Do and Jung (2018) considered the societal impacts of
seismic resilience of RNs on the community they serve. To that end, a quantitative evaluation
method is developed and applied to the RN in Sejong city, South Korea. The work highlights
the need to restore RN functions in a priority-based order. Specifically, to maximize the traffic-
carrying capacity of the whole RN, it is preferable to restore road sections based upon users’
priority, rather than investment costs. Kilanitis and Sextos (2019) have developed a holistic
framework for the multi-criterion assessment and management of seismic risk and resilience
of RNs. Both the structural and monetary losses, along with the broader financial, connectivity
and environmental impact of hazard levels with different annual rate of exceedance are put into
context and employed to gauge the seismic resilience of RNs. Such a framework can therefore
enable the stakeholders to device cost-effective strategies to ameliorate seismic resilience of
RNs. Most recently, Wu et al. (2021) proposed a modelling framework on the long-term
recovery of RNs, under earthquake hazards. In such a framework, a resilience indicator was
introduced and employed to balance the trade-off between the overall travel time and safety
performance of earthquake-damaged RNs, and a bridge restoration prioritization index was
generated accordingly. Therefore, such a framework can help to develop long-term recovery
plan for RNs, with the presence of some partially functional bridges.

In light of the complex dynamics associated with the recovery of the RN-Community
Systems, the agent-based model (ABM) approach has been leveraged as an adaptive tool to
dissect and model resilience behaviour of those socio-technical networks (Ouyang 2014). Sun
et al. (2019a) proposed an ABM framework for assessing seismic resilience of the integrated
system of Road Network-Power Network-Community. Based on the case-study, it was found
that the interplay among operators of different CISs, who are modelled as the agents, can
profoundly affect the recovery trajectory of such interwoven socio-technical networks.
Furthermore, the outcome also indicates that sluggish restoration of individual CIS can have a

significant “bottleneck™ effect on the recovery of others connected to them. Hence, a well-
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coordinated restoration of interdependent CISs was found to be one of the most crucial
parameters in determining the resilience of the whole system.

Notwithstanding the increased interest in use of advanced stochastic and ABM techniques
to determine the resilience of RNs exposed to natural hazards (Argyroudis et al. 2020), with
very few exceptions (Shao et al. 2018), little attention has been paid to the decision-making in
the immediate aftermath of earthquakes (IAOEs), although it is generally recognised that such
early decisions shape the whole recovery process (Hassan and Mahmoud 2020). The trajectory
of the recovery process for road networks, as a measure of their resilience, is proposed by
Zhang et al. (2017).

Against this backdrop, as a research endeavour to deliver tools for the resilience
improvement of socio-technical systems, through better exploitation of post-shock rapid
responses, this paper focusses on how the implementation of the rapid response on the
earthquake-damaged bridges can expedite the recovery of road networks and minimise the
corresponding disruptions to the urban community. To that end, in this study, an adaptive and
compositional modelling framework has been proposed, to enable seismic resilience modelling
of RNs, and the examination of the effectiveness of the rapid-response. In such a framework,
the initial functionality loss of any branch of the RNs immediately following seismic hazards
is quantified by linking it to the probability of physical damage of any bridge on that branch,
expressed through fragility functions for different damage levels. Beyond the absorption phase,
their functionality trajectory throughout the post-shock recovery phase, including 1AOEs, is
shaped by the developed agent-based model (ABM). Several indicators are used to measure the
level of resilience of the RN under different scenarios of increasing magnitude. It is found that
the physical resilience of the network, is very sensitive to small changes in magnitude with a
strongly non-linear behaviour. This is even more apparent when the societal impact is measured
through the restoration time for the connectivity of the critical path. Moreover, the study
demonstrates that the looped interdependence between the post-shock rapid response and the
regular repair procedure of damaged bridges is critical to the recovery trajectory of RNSs, in the
immediate-, and mid-term aftermath of damaging earthquakes, which substantially affects
seismic resilience of the RNs. Under an earthquake scenario with the maximum magnitude My
= 7, the post-shock rapid responses can reduce the restoration time of critical connectivity of
the RN by up to 96.8%, if self-reliant.

The remainder of the paper is organised as follows. Section 2 first introduces a conceptual
modelling framework which situates this rapid response-based resilience approach within the

wider context of damage recovery of complex urban systems, and how it is influenced and
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influences the community recovery and resilience. Following such a framework, an agent-
based model (ABM) for seismic resilience of RNs is proposed and elaborated on, in Section 3.
The proposed ABM framework is applied to a real-world RN in Bagnéres-de-Luchon, France,
whose seismic resilience is investigated from both the physical and societal perspectives, in
Section 4. The case-study outcome demonstrates the applicability of the proposed ABM
framework to real-world cases and highlights the need for further developments. Section 5
draws the main conclusions and sheds light on the potential pathways forward.

2. Rapid response-based resilience (RRbR) of modern CISs

The modus operandi of urban communities is underpinned by an array of Critical Infrastructure
Systems (CISs), which have become increasingly interdependent and interwoven, through
sharing and exchange of the operation resources and information (Kréger and Zio 2011). Such
a transformation is contributing to the efficient functioning of CISs, however, also renders those
systems more vulnerable to disruptive events, such as strong earthquakes (Helbing 2013).

Against this backdrop, post-shock resilience of those interwoven CISs has become
strategically crucial to the well-being of the whole community that they serve (Guidotti et al.
2019). Conceptually, resilience is characterized as the capacity of CISs to absorb the effects of
a disruption to their performance, referring to robustness, yet more, to recover that
performance, in a swift and sound pattern (Bruneau et al. 2003, Hosseini et al. 2016). Standard
modelling of seismic resilience of interconnected system of CISs assumes that the restoration
of their functionality starts when all damage induced by the earthquake hazards has been
“absorbed” (Argyroudis et al. 2020). In general, studies are focussed on the overall measure of
functionality loss of the system (Bruneau et al. 2003, Ouyang et al. 2012, Sun 2017), rather
than its rate of change throughout the recovery. Nevertheless, many of the lessons learnt from
past seismic events have highlighted that one of the main deficiencies regarding state-of-the-
art resilience modelling frameworks lies in their lack of characterization of the criticality
associated with different time-windows, throughout the post-shock recovery stage (Aydin et
al. 2018).
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Figure 1. Time and information dependent recovery of interconnected critical infrastructure systems
(CISs) subject to seismic hazards. DF(t) stands for deliverable functionality, FL(t) for functionality
loss, DSR(t) is the dynamic stakeholder response.

Figure 1 shows the proposed conceptual framework, which contextualises the recovery of a
system of a set of the interwoven CISs within modern communities, affected by the time-
varying information, perception and level of hazard. The purpose of such a framework is also
to highlight the research needs for the rapid response-oriented recovery. Within the framework,
the post-shock recovery of CISs can be disaggregated into three sub-stages characterised by
different conditions:

The immediate aftermath of earthquakes (1AoEs): During this stage, potentially with large
number of casualties and widespread earthquake-induced and cascading damage to buildings
and CISs, the primary objective is to restore the functionality of CISs to a minimum acceptable
level, so that the emergency rescue, evacuation and sheltering can be delivered. However, due
to the incomplete and inaccurate information during such a stage, it is challenging for CISs
Operators to react in an expeditious and well-coordinated way. Typically, protocols are
followed based on the level of pre-event preparedness of the specific organisation. Meagre
research has been conducted on this phase so far. Fraioli et al. (2021) use a discrete-event
system approach to identify key factors that would have a significant impact on the restoration
time, and emphasized that the disaster managers of CISs should hoard sufficient volume of
emergency-response resources, at all times.

Recovery under (potential) aftershock sequences: Real-world earthquake events are often
characterised by mainshocks followed by aftershock sequences with damage potential, which
usually decreases in magnitude and frequency obeying known seismological patterns, but could
also increase (Reasenberg and Jones 1994). Dong and Frangopol (2015) developed a detailed
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framework for the computation of mainshock-aftershock sequence effects on the repair costs
and functionality losses of bridges, outlining how this can influence the decision-making on
post-event repair/rehabilitation activities to reduce economic and societal impacts considering
full event sequences, but also determine the decisions on network access (Alessandri et al.
2013).

Long-term recovery: Throughout such stages, considerable social and business activities
will restart and be likely affected by the post-shock restoration and reconstruction endeavours.
Overall, long-term reconstruction of severely damaged CISs components will take a long time,
and shall be planned pursuant to the socio-economic demand across the affected communities.
Gyawali et al. (2020) suggested that the promotion of Sustainable Livelihoods for those
earthquake-affected communities shall be perceived as the highest priority to be addressed
throughout such stages. To that end, economic rejuvenation, sustainable use of natural
resources, and participatory demand from different sectors shall all be promoted and facilitated.

The decision-making on specific activities related to the post-shock recovery throughout the
three stages identified in Figure 1, is dependent on the Dynamic Stakeholder Response (DSR),
which is essentially driven by the evolving perception of the gap between the deliverable
functionality (DF) of CISs, and the concurring demand from the end users (Sun et al. 2015,
Aki 2017). DSR is highly dependent on information availability and flow, which increases in
quantity and quality throughout the event sequence. Blake et al. (2019) examined the flow and
use of information during the response and recovery decision-making across all transport
modes in the aftermath of the My 7.8, 2016 Kaikoura earthquake, New Zealand. While many
positive aspects in the communication flow were identified, one observation critical to this
study is that the actors on-the-ground, managing the repairs, were not engaged directly in the
communication chain, notwithstanding their critical position, to provide real-time insights
while responding to highly dynamic situations, where uncertainty is significant and decisions
are needed immediately. Many of the real-world catastrophic earthquakes have highlighted the
far-reaching impact of the lack of expeditious post-shock responses on seismic resilience of
the whole system of Community-CISs, throughout the three stages discussed above. For
instance, in the aftermath of April 25, 2015 Gorkha earthquake in Nepal, while the bridge
infrastructure exhibited a good response, the road network was highly affected by earthquake
induced landslides and rockfalls in the foot hills. This was extended by the 12 May aftershock
and the recovery of the road network in the following months was severely hindered by the
monsoon season, having a detrimental effect on the hydropower plants recovery, and in turn
on households’ recovery throughout the affected region (Hashash et al. 2015). Much of this
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evidence is however anecdotal and a systematic analysis framework of the whole phenomenon
is not available.

DF, D
Shock

D)

Rapid response (1)

1) Z Time
IAoFE Long-term recovery

Figure 2. Modelling framework on rapid response-based resilience (RRbR) of modern CISs.

Therefore, in this paper, a modelling framework for Rapid Response-based Resilience
(RRbR) of CISs throughout seismic events is proposed. In such a framework, the post-shock
recovery phase will be subdivided into two stages, namely, the immediate aftermath of the
earthquakes (IAoESs), and the long-term recovery thereafter. As illustrated in Figure 2, the time
points to and t- denote the moment when the seismic event occurs, and the end of the 1A0Es,
respectively, which indicates that the system has recovered sufficiently, to satisfy the reduced
demand of the post-shock state of the community (e.g. reduced need of mobility because of the
closure of school, factories and etc.). Clearly, the duration of 1AOE is case-specific, as it is
dependent on the magnitude of the seismic event, the specific physical vulnerability of the
system, and the societal context of CICSs (SPUR 2009, Smith 2013).

Correspondingly, for each CISs, it can be postulated that, as shown in Equation (1):

RR= argmin ( ftt:(D (t) — DF(t, a))dt) 1)

defines the rapid response (RR) as the set of actions taken by the Operator of each individual
CIS to minimize the functionality deficit throughout the IAoEs, where D(t) refers to the
functionality demand, while DF(t, a) denotes the recovering deliverable functionality,
conditioned on the action a taken by the Operator.

3. Agent-based Model on RRbR of Road Networks

Within this study the functionality of the RNs is examined in the separate Absorption,
Immediate Aftermath of Earthquake (IAoE), and Long-term recovery stages, respectively.
Essentially, the focus during the Absorption stage lies in the estimation of the functionality
losses of RNs immediately following the shock. Afterwards, as shown in Figure 3, throughout
the ensuing 1AoE, the ABM will be employed to examine how the functionality restoration of
RNs is shaped by both the rapid-response and regular repair. In this paper, the post-shock

7



J-RESS 108030 (2021) Li Sun, Dina D’Ayala, Rosemary Fayjaloun, Pierre Gehl

rapid response is defined as the set of activities to restore the functionality of the earthquake-
damaged bridges to an incomplete, yet minimal acceptable level, whereby the emergency
rescue and evacuation could be delivered. In practice, given the structural characteristics of the
damaged bridges, such rapid responses could usually be implemented by building temporary
bridges, ramps or bypasses (Schanack et al. 2012, Durante et al. 2018), or delivering the rapid
repair of critical damaged members (Parks et al. 2016, Sun et al. 2017). In the following case-
study, the rapid response will only be delivered to those bridges with severe damage. Ideally,
rapid responses should be delivered in a few days. Although specific time frames for rapid
repair delivery are not clearly defined in practice, current research aims at interventions to be
accomplished by squads of two people within 24 hours (e.g. Fakharifar et al. 2016). However,
from the real-world perspective, such endeavours tend to be encumbered by the widespread
damage of the RN, as well as the interaction with the other interdependent CISs, throughout
IAOEs. From evidence available in literature, it is realistic to assume that it would take around
a week to complete a rapid response on a critical bridge (Durante et al. 2018, Norton 2020).
Conversely, regular repair refers to the set of actions typically employed to deliver the full
restoration of the functionality of the damaged bridge, irrespective of its level of damage.
Beyond the rapid response phase, the functionality of the whole RNs will be restored by the
regular repair alone, in the long-term recovery stage. In this study, only the damage of bridge
structures will be considered, whereas those road segments connecting them are assumed to be
intact. This is justified by the large number of bridges of different configurations and seismic
performance, present on the network under study, and by its topology. In the following the
specific modelling of each stage is discussed.
3.1 Absorption stage
The earthquake-induced functionality losses regarding various bridges of RNs is quantified by
considering seismic functionality-loss functions. Mathematically, such functions provide a
measure of the probability that the bridge of interest could retain a certain fraction of their pre-
shock functionality, conditioned on the intensity measure of the earthquake ground motion at
its geographic site, obtained from seismic attenuation models. Nonetheless, for real-world
bridge structures, the quantitative relationship between the seismic damage they have sustained
and the corresponding loss of functionality is indeed complex and very case-specific (Gehl and
D’Ayala 2016, Gehl and D’Ayala 2018). To address such a challenge, in this paper, seismic
fragility functions are employed to determine the Damage States (DSs) of bridges under
seismic hazard. A total of three DSs are considered, i.e. no damage (DS1), minor damage (DS2),
and extensive damage (DS3). The seismic fragility model developed by Shinozuka et al. (2002)



J-RESS 108030 (2021) Li Sun, Dina D’Ayala, Rosemary Fayjaloun, Pierre Gehl

is employed for beam bridges, while the fragility functions published by Zampieri (2014) is
used to model the response of arch bridges. The vulnerability of the bridge is then assessed by
quantifying its remaining degree of functionality, given its DS. The bridge functionality loss
metrics proposed by Gehl and D’Ayala (2018) is employed in this study. Following such
metrics, it is assumed that bridges with DS3 are completely closed to vehicular traffic, while
those bridges with DS2 are set to remain passable, but the travelling speed on them will be
reduced to 25% of the pre-shock level. In the following, it is assumed that two operators are
collaborating to restore the network: a rapid response operator, who might represent a Civil
Protection Agency, tasked with leading activities in the emergency and immediate aftermath
phase, represented by Agent A; and a recovery operator, representing the conventional network
management agency, which will dispatch two different agents, B and C, tackling bridges with
minor and severe level of seismic damage, respectively, to reflect the different level of
resources needed and consequences for the network functionality.

3.2 Immediate aftermath of earthquake

Once the probabilistic damage states of each of the individual bridges have been determined,
conditional to the particular earthquake scenario, RNs will enter 1AoEs (Figure 2). As discussed
in Section 2, the ultimate objective of rapid response throughout such a stage is to restore the
traffic-carrying capacity of RNs, in particular, the connectivity of a set of critical paths, to an
acceptable level. However, the time needed to fulfil such objectives can be very case-specific.
In this paper, the time span of such a stage is set to be one month, with regard to earthquake
scenarios with the maximum magnitude, by which time the full functionality of the majority of
those severely-damaged bridges will very unlikely be restored (Deco et al. 2013), but the
restoration on the connectivity of critical paths through rapid responses, can be accomplished.
A multi agent-based model is proposed in this study, as an adaptive and inclusive modelling
strategy, with regard to the interacting post-shock rapid response and the regular repair of RNs
(Sun et al. 2019b), to investigate whether such a time frame is realistic, when applied to a real-
case scenario, given the current data on repair and replacement delivery. Previous studies have
looked into the prioritization of bridge repair on the basis of various criteria (Merschman et al.
2020), nonetheless, the working assumption being that the repair phase occurs by considering
one bridge at a time. In the present study, three different Repair Unit Agents have been
considered to model the restoration of bridges, as discussed in the previous section. The
behaviour of those agents throughout the recovery campaign is shaped by a set of pre-defined
behavioural attributes.
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In each realization of the simulation following the Absorption stage, the Agent A delivering
the post-shock rapid-response throughout IAoEs, will start the rapid response on the damaged

bridges, without any idle period.
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Figure 3. Process of recovery as modelled through the concurrent activity of rapid response agent and
repair agents.

Agent a will only intervene on those bridges with DS3, in light of their critical impairment
of accessibility to other critical services (e.g. hospitals and emergency shelters), and their
potentially long-lasting bottleneck effect on the repair of other bridges with Minor damage
(DS2).

It shall be noted that, it would be rather challenging to formulate the optimal rapid response
sequence of repair to a RN, following catastrophic earthquakes. Regarding a local RN like the
one considered in the following case-study, for earthquake scenarios with high magnitude and
epicentre close to its central area, approximately 16% of the bridges would be severely
damaged, say 19 bridges. Accordingly, there would be 19! (= 1.2165e+17) permutations of
possible sequences. Therefore, the use of a basic optimization routine would be unfeasible on
any real-world problem, as also recognised by Bocchini and Frangopol (2012). Instead

engineering reasoning is used in this paper to plan rapid responses, based on the network and
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bridge characteristics. Technically, it will be increasingly difficult to provide promptly
temporary replacement bridges in the form of prefabricated ramps or spans to create bypasses,
for bridges with span length greater than 50m (Yeh et al. 2015), due to local logistics and
procurement delays. Indeed, Long et al. (2013) proposed a system for construction of
temporary arch bridges, which can take few days for spans up to 10m. Therefore, in this paper,
as a straightforward criterion for rapid response priority at system level, the bridges with DS3
are ranked based on their span, as a measure of ease of reparability, in the ascending order.

The initial number of bridges with either DS2, or DS3, will affect the pace of delivery of the
rapid response in the IAOE phase, and the rate of restoring access for each individual bridge,
depending on its position on the ranking list and its span. Therefore, as shown in Figure 3, the
start time and completion time of the rapid repair/replacement of each bridge (out of a total of
Nr ones) is defined by Equations (2-4):

Rrj=Ty,; + EF# * Sp:—g(j), if Span (j) < 50m or
Rj=Ty; + EF% * (S%g(j))z, if Span (j) > 50m, )

with j=1: N;and
Toa=SDyo/ (3)

where Ty is the time required to start the repair of the first bridge, since the seismic event.
Given the RN topology, the travelling time between the rapid response centre and the first
bridge (i.e. the severely-damaged bridge with shortest span) is set to be determined by the
length of the shortest path between the two locations (denoted as SDro); Vris the travelling
speed of the rapid response team, which is a function of the path maximum allowed speed,
including speed restriction on slightly damaged bridges. The total time needed to deliver the
rapid response on the first bridge, denoted as Rr1, will thereby be obtained by Tr1 plus the
required repair time as defined in (Eq. 2).

In Eq. (2), Fr,1 denotes the component functionality objective to be restored, which in the
IAOEs is set to be the target of being accessible, with the corresponding travelling speed set to
be 10% of the pre-shock level; E,. denotes the efficiency of the rapid repair/replacement squad,
also treated as a probabilistic variable. To account for delays associated with the network
typology and topology, with initial lack of information on actual damage, as well as the
availability of resources, need for clearance operations, etc, as shown in Eq. (2), the efficiency

11
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parameter is reduced by a factor " (w<lI), where w is a pre-defined reduction coefficient,
while n(t, bq, br) denotes the number of damaged bridges (with either DS2, or DS3) associated
with the shortest path between the last bridge that the Agent A has delivered the rapid response
(denoted as bg), and the one it is heading to tackle (denoted as bx) . As shown in Figure 3, n will
assume a new value for each rapid response loop, and will depend on the number and location
of bridges repaired by the other two agents.

Moreover, for each individual bridge j, according to Eq. (2), the repair/replacement time
will increase linearly with its span, denoted as Span (j), when shorter than 50m, while it will
increase quadratically with Span (j), if longer than 50m.

The model described above therefore allows to develop a looped interdependence between
rapid repair/replacements and regular repairs. The expeditious rapid response will help to
alleviate the bottleneck effect with regard to the regular repair, which will in turn, accelerate
the rapid response itself.

3.3. Long-term recovery

As shown in Figure 3, following the Absorption phase, like Agent A, also Agent B and Agent
C, will be dispatched to deliver the regular repair on damaged bridges with DS2 (i.e. minor
damage), and DS3 (i.e. severe damage), respectively. Both agents formulate their repair
sequences by ranking the bridges based on their betweenness centrality, with the assumption
that the topology of the road networks affects the efficiency of restoration. Mathematically, the
betweenness centrality of bridge v is computed following Equation (5):

GW) = Ve 222 )

Ost

where g, is the total number of shortest paths from node s to node t, and o, (v) is the number
of those paths that pass through v (Brandes 2001). A ranked repair list can therefore be
generated in descending order, based on such a criterion, and each of the two Agents B and C
will depart from the Repair Centre and start to repair the first bridge on their own repair list
(i.e. the bridge with the largest value of betweenness centrality, with regard to both DS2 and
DS3). Similar to Equations (2) ~ (4), the repair time for each bridge with DS2 will be
determined by the two behavioural attributes of the agent, namely, Vm and Em, which refer to
the traveling speed of the Agent B and its repair efficiency, respectively. Hence, for each
individual bridge i with DS2 (the total amount of which will be denoted as Nps2), the time

needed to start and finish its repair will then be determined following Equations (6) ~ (8):

Ti=To+ SDO/Vm (6)
Ri=Ti+ Fm,i/Em , 1=1: Nps2 @)
Ti=Ria+SD;/Vy, ,1=2:Nps (8)

12



J-RESS 108030 (2021) Li Sun, Dina D’Ayala, Rosemary Fayjaloun, Pierre Gehl

where Ty is the time needed to reach the first bridge, since the seismic event. Similar to Eq. (3),
SDg refers to the length of the shortest path between the RN repair centre and the first bridge
(in the specific ranked repair list), given the RN topology, which is different from the pre-shock
one, and is itself a function of the repairs undertaken at any given time. Therefore, for the first
bridge, the corresponding travelling time will be obtained by SDo divided by the attribute Vp,
which again is affected by the restriction on speed on any of the bridges with DS2. Besides, To
is set to consider the time for the Agent B to scheme the repair plan, while preparing the
necessary repair resources (Deco et al. 2013, Sun et al. 2019b). The total time required to
restore the functionality of the first bridge, denoted as R can therefore be obtained by T plus
the required repair time quantified by Fm 1/Em. Here, Fm,1 denotes the functionality to be fully
restored, for the first bridge. In this case, full restoration of functionality responds to the criteria
of the bridge being passable with the pre-shock allowed speed level, i.e. means that all lanes
have been restored and therefore no speed or weight restrictions are in place. The Agent B will
proceed to restore the next bridge in the repair list, until the functionality of all bridges with
DS2 has been fully restored. Nevertheless, it shall be highlighted that Agent B would likely
encounter inaccessible paths, due to the existence of bridges with DS3. Regarding such cases,
in this study, before being able to reach a particular bridge scheduled for the repair, Agent B is
assumed to be waiting until the restoration of the accessibility of those severely-damaged
bridges (DS3), which occlude its available path forward to such a bridge, delivered by either
Agent A (rapid response), or Agent C (full repair). Finally, the Agent C’s behaviour will be
modelled in the same way as Agent B, yet with different behaviour attributes, namely, Vs and
Es, respectively. However, as the complete functionality recovery (defined as stated for DS2
bridges) on most of the bridges with DS3 would only be delivered in the long-term recovery
stage (Figure 3), when calculating the travelling time, the potential bottleneck effect from those
bridges with DS2 will be considered only in the earlier phase of activity of Agent C, namely,
during IAoOEs.

3.4 Multidimensional resilience measures

In order to quantify the seismic resilience of RNs from both the physical and societal point of

view, a total of three resilience measures are proposed in this study:

A. Functionality losses at the component level. As already stated, the only components of RNs
analysed in this paper are the bridge structures. It is justifiably important to first examine
the probabilistic distributions of DSs associated with individual bridges, particularly, those

critical ones with high betweenness centrality, or those ones that are most vulnerable to
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seismic hazards. Only the damage distribution obtained in the absorption stage following
the main shock is investigated in this study. In other words, the influence of aftershock
events (during the recovery phase, shown in Figures 1 and 2) on the DSs of bridges will not
be modelled in this paper;

B. Percentage of functional bridges, denoted as PFB(t).

PP

PFB(t) = Z , with f(i,t)=1, if functional; Otherwise, 0 9)
Btot

As shown by Eq. (9), at any given time t, PFB(t) can be examined, based on the functionality
state of each individual bridge i, denoted as f(i,t). The value of f(i,t) is set to be 1, if the
bridge has no damage or if it has been fully repaired. Otherwise, it equals to 0. PFB(t) will
be monitored throughout the entirety of the recovery phase, and employed as a physical
resilience measure at the system level;

C. Normalized length of critical path, denoted as NLCP(t).

LCP oy
NLCP(t) = 2%

The ultimate role played by RNs is to enable the uninterrupted mobility of people. It is self-

(10)

evident that the traffic-carrying capacity of RNs is contingent not just upon the PFB, but
also the topology of RNs. Throughout the recovery phase, the RNs’ topology itself will
evolve over time, affected by the shock sequence and the corresponding repair and rapid
response. By the end of the Absorption phase, some of the road segments of RNs will be
inaccessible, due to the damage or collapse of one or more bridges associated with them.
From the perspective of graph theory, the RN topology then is different from the one at the
pre-shock stage, as those inaccessible road segments are essentially removed from the
topological model representing the RNs. Given the start and end nodes of interest, the
shortest path between them may likely be substantially different from the one obtained
before the earthquake event, or there might not be any accessible path anymore. However,
upon the start of the 1A0Es, the functionality of those damaged bridges will start to be
restored. Those inaccessible paths can thereby be available again, as those associated
damaged bridges have been partially or fully repaired. Therefore, in this study, the topology
of the system is reanalysed after each rapid repair/replacement or regular repair has been
completed, and the shortest path between that particular pair of start and end nodes is
updated (i.e. shortened, or fully restored to the original one associated with the intact RN).
As shown in Eq. (10), the global dynamic behaviour of the RNs is therefore well interpreted
by the normalized length of critical path (NLCP) of interest. Here, LCPorig and LCP(t) refer
to the geographic length of that particular path, obtained from the original topology and the
time-varying topology, at time point t following the earthquake hazard, respectively. From
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a socio-economic perspective, the length of the set of critical paths of RNs will be
strategically crucial to the emergency aid, the evacuation of the wounded, as well as the
restoration on several other interconnected CISs, as mentioned in Section 2.

4. Case study

4.1 Configuration of the case-study RN

To examine the adaptability of the modelling framework proposed and the effectiveness of
rapid responses, the ABM developed hereinbefore is applied to a real-world RN across the
Luchon Valley, France, a historic and touristic region, one of the valleys of the Pyrenees
connecting France to Spain. Such a hierarchical RN consists of a route nationale (N125),
several route départementales, and rural roads. Given the mountainous topography and the
presence of several water courses, the RN comprises 118 bridges, of which 89 beam-type
bridges, 1 truss bridge and 28 arch bridges, and connects 53 municipalities (small villages and
towns), as shown in Figure 4.

4.2 Scenario-based simulation following the developed ABM framework

On account of the significant uncertainties with regard to seismic hazards, as well as the
vulnerability and recovery behaviour of RNs, Monte Carlo (MC) simulations are run to account
for their collective influence on the seismic resilience of the RN. The simulation outcomes
presented hereinafter are obtained from 2,000 MC simulations. For each realization, the
simulation is run for a reference time of 1,800 days, to ensure the full recovery of the network
and repair of all damaged bridges. As the post-shock recovery continues, the state of the RN is
updated at each time step, set as half day, allowing the whole recovery trajectory to be tracked.

15



J-RESS 108030 (2021) Li Sun, Dina D’Ayala, Rosemary Fayjaloun, Pierre Gehl

43.0) " |

1 0 2 4km v ‘:— v |

« 'f‘"".g b .

1 i I

; WV ,

g A .

| _;'l_. _‘;'.. j : 1
42.9, 545" RS A

1 612 ~ _ 1

. - ss3:@ g | L= .

I X * . L"\’.“ . \"‘."__'-.4 652, i "

i T, s & . I

* 676 " .

; 78 . SR :

: st L L e ML % Epicentre with No. / |

42.8 !Exi.t’h: ey \ ""_ % J{T % Epicentre with No. 2 !

I ‘ i ¢ -é . % Epicentre with No. 3 I

I : Can g ® City centre !

! PN L Cr%tllcal (Arch) Brlc.lges I

" 4 ~a ® Critical (Beam) Bridges |

: S @ Other Bridges :

| == |

. — Road segments .

42.71 |

bt o= - 65_._._._._.6.6 ___________ 0 7 ___________ 0§ ....... 4

Figure 4. Topology of the road network in Luchon, France.

The realization of each single MC simulation is set to start with the generation of an
earthquake scenario, characterized by the location of its epicentre and the corresponding
seismic magnitude Mw. On the basis of recorded historic seismic activity across the region,
three epicentres close to the central area of Luchon, with coordinates presented in Table 1, are
considered in this case-study, as shown in Figure 4.

Table 1. Location of epicentres.

Epicenter Longitude (W) Latitude (N)
0.6 42.8

1 . .
2 0.55 42.867
3 0.5 42.833

To generate ground shaking scenarios, different ground motion models have been
considered as recommended by Garcia-Fernandez et al. (2019), ultimately choosing the ground
motion attenuation model for a rock site proposed by Campbell and Bozorgnia (2008),
applicable to earthquake scenarios with Mw< 7.5. Given the upper limit of the SHARE seismic
source area model across the region (Woessner et al. 2013), the maximum seismic magnitude
considered in this paper is setto 7.
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For each single bridge of the RN, its DS is determined by fragility analysis, based on the
Intensity Measure (IM) of the ground motion at its geographic location, obtained from the
attenuation model.
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Figure 5. Probabilistic distribution of intensity measure at one critical bridge location as sampled

through the MC simulation and the corresponding fragility functions.

Figure 5 shows the histogram of the Intensity Measure (e.g. Peak Ground Acceleration) at
the geographic site of bridge #663 for a scenario with the epicentre No.1 and magnitude Mw=7,
and the corresponding fragility behaviour for such a bridge. It shows that the value of the
resulting PGAs is varying between 0.2g and 0.4g, for the majority of the realizations. It can be
further found that, given its fragility function, for such a range of PGA values, the probability
of being in DS2 or DS3 are low but not insignificant, from the probabilistic point of view.

The functionality losses associated with each earthquake-damaged bridge can be
determined, based on its DS obtained from the fragility analysis. Accordingly, the trajectory of
their post-shock functionality recovery, driven by the activity of those three agents described
above, can also be tracked thereafter. To that end, in each of the simulations, the behavioural
attributes of those agents will be randomly generated following the probabilistic distributions,
characterized by the pre-defined parameters, presented in Table 2. Specifically, for Agent A,
the travelling speed (Vi) is set to follow a uniform distribution with the lower and upper limits
of 15km/h and 20km/h, respectively. Such a relatively low speed is assumed, to account for the
potential impact of the debris and jam on the travel, throughout the 1AoE phase, in an implicit
way. Accordingly, the lower and upper limit for the travelling speed (Vi) of Agent B in charge
of the repair on bridges with DS2, who may need to ship some heavier equipment, are set to be
5km/h and 10km/h, respectively, while the travelling speed Vs of Agent C delivering the
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restoration of bridges with DS3, is set to be varying between 2.5km/h to 5km/h, assuming that
major on-site equipment will need to be mobilised for each repair.

In terms of Efficiency, for Agent A, E; is set to follow a uniform distribution with lower and
upper limit of 100/day and 200/day, respectively. This means that the time needed to complete
the rapid response for a single bridge will range from 0.5 to 1 day. However, it is noteworthy
to highlight that, as shown in Eq. (3), such a time will be increasing with span length, linearly
up to 50 m, and then quadratically, for spans exceeding 50m. More importantly, Erwill also be
reduced by the factor " (w<1), as explained in section 3.

For Agent B and Agent C, their Efficiency parameters (denoted as Em and Es, respectively)
are also assumed to be following uniform distributions. The corresponding lower and upper
bounds of such distributions are summarised in Table 2.

Table 2. Behavioural attributes of the three Agents

Attribute Lower Upper Distribution Averagm_e
recovery time

Vi (km/h) 15 20 Uniform

Er (%) 100 200 Uniform 0.75 day
Vi (km/h) 5 10 Uniform

Em (%) 5 10 Uniform 15 days
Vs (km/h) 2.5 5 Uniform

Es (%) 1.25 2.5 Uniform 60 days

4.3 Simulation results

As mentioned hereinbefore, resilience of the RN in Luchon will be investigated from the
perspective of the probabilistic DSs of critical bridges, PFB(t)), and NLCP(t), respectively. To
that end, a graph-theory (topological) model is established to represent such a RN, where each
individual node refers to a starting/end point, while the links among them are set to represent
the corresponding road segments. In total, there are 682 edges, and 607 nodes, as shown in
Figure 6.

Based on that graph, the betweenness centrality of each single bridge can therefore be
computed following Eqg. (5), which will serve as the measure of the criticality of the 118 bridges
of the RN. However, to account for the hierarchical nature of the RN, with greater traffic
capacity and demand on the national road and substantially lower traffic capacity on the local
roads, the betweenness centrality of bridges, associated with the “regional” and “local” road
systems, is scaled down by 0.1 and 0.01, respectively, while the betweenness of bridges
belonging to the “main” road system is kept unchanged. Based on the scaled betweenness, two
bridges with ID No. 663 and 676, become the two most relevant ones (Figure 4), with regard
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to the whole RN (i.e. with the highest betweenness centrality values). Indeed, they are both
located on the national road connecting the central and northern regions of Luchon.
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Figure 6. Graph-theoretical model of the RN.

To determine the efficiency of the repair and the restoration of critical paths, after analysing
a number of critical Origin-Destination pairs, the start and end node have been set to be the city
centre and the southwest exit of the RN, which links the valley’s population to critical
emergency facilities (see Figure 4). The shortest path between these two nodes is 11.5 km,

given the topology of the intact RN.
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Figure 7. Damage Sate of critical bridges under seismic scenarios with different magnitude.

The stochastic analysis under My 7 scenarios (with epicentre No.1) obtained through the
2000 MC realisations provides a probabilistic distribution of the damage states DS2 and DS3
for each of the 118 bridges, as plotted in Figure 7, which can be interpreted together with their
betweenness centrality ranking to determine critical bridges across the network and the critical
paths. For instance, regarding bridge #663, its likelihood of DS2 and DS3 are found to be
merely 2.25% and 6.65%, respectively. It shall be noted, in light of its high betweenness
centrality, the seismic robustness of this bridge is strategically valuable, as many of the paths
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can thereby be maintained, notwithstanding widespread damage across the RN. The analysis
shows that for the specific level of magnitude chosen, the maximum credible in the region, the
likelihood of DS3 is significantly larger than that of DS2 for many bridges. Among all, due to
its proximity to the epicentre, bridge No. 619 turns out to be the most vulnerable one, in terms
of DS3. It can be noted that several masonry arch bridges have high probability of being in
DS3, and as mapped in Figure 4, they would affect both the national and regional branches of
the network, and substantially affect the mobility throughout the valley and its accessibility, as
for instance bridge No. 706, being on the critical path between the city centre and the exit.

The results on recovery and restoration of the chosen critical path are presented in the
following considering two distinct scenarios: first, a conventional recovery process, considered
as the baseline scenario, where only Agent B and Agent C are active; then a second scenario,
which considers the activity of all three Agents and determines the gain to be had by
implementing rapid repair/replacements in the 1AoE period.
A. Baseline scenario: conventional recovery process
In Figure 8, the sensitivity of seismic resilience of the RN, with regard to different locations of
the epicentre was first examined, by tracking the median of its PFB(t), under scenarios with
Mw=7. In general, the recovery trajectories are not found to be radically different from each
other, despite the different location of epicentres and different initial number of non-fully
functional bridges. Specifically, for the epicentres with Nos. 1, 2 and 3, the PFB value is found
to be 73.7%, 76.3%, and 78.0%, respectively. In light of the same probabilistic distribution of
the behaviour attributes of the agents (Table 2), the overall recovery rate of the RN is close to
each other, regarding all the three epicentres. Eventually, it takes 1023 days, 962.5 days, and
840 days, respectively, for the RN to be fully recovered.

Given the similarity of the resulting resilience of the RN with regard to different epicentre
locations, the behaviour of the RN is further investigated, under the scenario with Epicentre
No.1 alone, which induces the most serious damage, on the systems level.
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Figure 8. Median PFB(t) under earthquake scenario with different epicentres.

Figure 9(a) tracks the median PFB(t) of the RN, under earthquake scenario with different
magnitudes. The analysis at network scale shows the sensitivity of seismic resilience of the

Luchon RN to the increasing magnitudes. Specifically, its median PFB in the absorption phase
drops from 90.7% to 73.7%, as the magnitude increased from 5 to 7. Similarly, the median full
recovery time vary from 191 days to 2.8 years for the same range of magnitudes. It should be
noted that the rate of recovery is not substantially affected by the increase in magnitude
although two step changes can be seen between My 5.25 and My 5.5 and between My 6 and M
6.5, corresponding to increases in the number of bridges with DS3.
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Figure 9. PFB(t) under earthquake scenario with different magnitudes.

In Figure 9(b), the quantile of 5% and 95% of the PFB(t) under seismic scenario with My=7,
are also presented. It should be noted that even considering the hazardous event as a given

scenario, the stochasticity regarding seismic resilience of the RN is large, due to the collective
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impact of the uncertainty associated with seismic fragility of the bridge structures, their
recoverability, and the interdependences thereof. The uncertainty of seismic fragility is
measured by the PFB immediately following the shock, which is found to be ranging between
68% and 78%. On the other hand, it can be seen that the recovery paths diverge with time, and
for the 5% quantile, it will take up to 4.3 years to fully repair all the seismically-damaged
bridges. Such a significant lack of resilience, notwithstanding the fairly low exceedance
likelihood, underscores the sensitivity of the system to the uncertainty associated with the
recovery behaviour, and the importance to define them more accurately.

To further examine the recovery trajectory of bridges with different DSs, Figure 10 presents
the time-varying number of bridges with DS2 and DS3, respectively, under scenarios with
different magnitude. It can be found that, immediately following the seismic hazard, the
number of bridges with DS3 will be growing from 3 to 19, as the magnitude is increased from
5 to 7, while the recovery rate remains constant throughout. For the same range of scenarios,
the number of bridges with DS2 increases from 8 to 12. The pattern associated with their post-
earthquake recovery, however, are fairly different. Notwithstanding the same behavioural
attributes, the stagnancy regarding the recovery is found to be increasingly pronounced, as the
magnitude increases, due to the bottleneck to recovery induced by the increase of the amount
of bridges with DS3, which prevents reaching bridges with DS2 conditioned on certain

branches of the network until they have been fully repaired.
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Figure 10. Median number of bridges under seismic scenarios with different magnitude.

In Figure 11, the NLCP(t) between City Centre and Exit (Figure 4) under those different
earthquake scenarios are tracked. Results show that the NLCP is not substantially affected by

earthquakes of magnitude lower than 5.5, so that the corresponding recovery time is almost 0,
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even though the number of damaged bridges is non-zero. This highlights that, although the
network is highly hierarchical and has a substantially in-series layout, there is nonetheless
sufficient redundancy to accommodate up to 13% of the bridges being damaged, with 5 of them
seriously, without losing accessibility.

However, once the magnitude reaches the threshold of 5.5, the response of the RN turns out
to be substantially different, as no available path can be identified between the pair of nodes of
interest anymore (thus 0, in Figure 11) following the shock. More crucially, such a loss of
connectivity remains unchanged for 76.5 days. This outcome reveals that as the number of non-
functional bridges increases, the system-level resilience would degrade, given its topology. For
magnitudes increasing from 5.75 to 7, no accessible path can be determined between the two
reference points for up to 81.5 to 109.5 days, which suggests a long-lasting functionality loss,
and the associated socio-economic disruptions. It shall be noted that, as shown in Figure 4,
such a particular path connects the city centre to an exit of the valley, which will thereby be
employed to transport the wounded to the hospitals, to evacuate the affected inhabitants, and
to ship the emergency necessities. Such a lack of societal resilience would thus pose a strategic
risk to the whole community, under hazardous events, especially, in the IAOE phase.
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Figure 11. Normalized, median NLCP under seismic scenarios with different magnitude.

B. Rapid Response Scenario

The simulation outcome presented above has highlighted that, the RN of interest will not be
sufficiently resilient under strong earthquakes, particularly from the societal perspective.
Therefore, the post-shock rapid responses should be leveraged as an alternative pathway to the
enhancement of seismic resilience of earthquake-damaged RNs. However, justifiably, for the
increased widespread damage inflicted to the network, the delivery of Rapid Response will also

be increasingly encumbered. Therefore, to simulate such a dependency of the rapid response
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on the level of seismic damage in the 1AOE phase, and the concurrent regular repair activity,
the factor w is employed as a multiplier of the efficiency parameter and assigned values o =
0.5, 0.75, and 1, respectively. The higher the w value is, the more self-reliant the Rapid
Responses will be, and for @ = 1, there is no hindrance on the activity of Agent A. Moreover,
as described in Section 3, another parameter n, which is the exponent of @ and denotes the
number of damaged bridges associated with the path to the next target bridge in the IAOE phase,
will also be introduced to account for that dependency.

Additionally, the duration of IAoEs in this paper, as already mentioned in Section 3, is set
to be 30 days, following the main shock.

Figure 12 examines the influence of parameter w, on the Rapid Response itself. In the case
of w = 0.5, the benchmark efficiency E, will therefore be reduced by 0.5", so that the rapid
repair/replacement is found to be delivered to only 8 bridges, by the end of the IAOE. The partial
restoration of accessibility of the limited amount of bridges with DS3 is thus expected to be
unable to substantially expedite the regular repair on bridges with DS2. In particular, as
mentioned in Section 3.2, the guiding strategy of the rapid response Agent A is to address the
restoration of the “easiest” bridges first, so as to maximise the number of passable bridges in
the short term. However, such bridges might not be necessarily on those paths to be taken by
the Agent B, whose sequence is ranked by betweenness centrality of the bridges of DS2.

This outcome also highlights the difficulty of delivering rapid responses in a really “rapid”
way, unless the influence of the widespread damage of the RN can be mitigated through “pre-
emptive” preparedness, for instance, by appropriately distributing the resources needed for
post-shock rapid responses, such as enough vehicles able to carry heavy equipment and
prefabricated metal ramps, across minor roads, through the mountainous valley.

As the w value increases, the influence of regular repairs on the activity of Agent A is less
pronounced. From Figure 12, in case of w = 0.75, all bridges with damage DS3 can be made
passable within the rapid response timeframe of 30 days, with a single delay identified by the
plateau observed. Moreover, as showed in Table 2, on average, it will take around 15 days and
60 days to fully restore one bridge with DS2 and DS3, respectively. Therefore, according to
Figure 12, the rapid response has already been delivered to the majority of bridges with DS3
on the 15" day, which means that the corresponding bottleneck effect could be effectively
lifted, before the completion of the regular repair of the first bridge with DS2.

Finally, for @ = 1, not only the rapid response can be delivered to all the severely-damaged
bridges, but also is unaffected by the existence of the other damaged bridges of the RN, as 1"

=1. Therefore, as shown in Figure 12, the rapid response trajectory is nearly a straight line and
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the entirety of the rapid response campaign takes only 10.5 days. While this situation is clearly
ideal, the fact that the average repair time is 15 days for the first bridge with DS2, means that
there is negligible difference in terms of RN resilience associated with the two cases of w =
0.75 and 1, respectively.
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Figure 12. Median number of bridges with rapid response delivered, under seismic scenarios with
magnitude 7 for different values of w.

In Figure 13, the resulting functionality trajectories of the whole RN, as well as the recovery
path of bridges with DS2, under the earthquake scenarios with the magnitude of 7, associated
with three different values of w, are tracked and compared with the outcome obtained from the
baseline case without Rapid Response.
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Figure 13. Median trajectory under seismic scenarios with magnitude 7.
It can be found that, compared with the baseline case, the Rapid Responses is able to

improve seismic resilience of the RN, yet by a narrow margin, when @ = 0.5. In terms of the
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repair on bridges with DS2, the overall recovery rate is indeed slightly higher than that of the
baseline. Nevertheless, it shall be noted that the plateau observed in Figure 10(a) can still be
found, which indicates that the repair on bridges with DS2 would still be impeded by the
bottleneck effect from some bridges with DS3. The whole recovery campaign (on bridges with
DS2) is thus only shortened by 17.3% (from 731 days to 604.5 days).

As w reaches 0.75, however, the resulting resilience behaviour is found to be sharply
enhanced. Figure 13(a) shows that the overall recovery rate substantially increases since the
very beginning of IAoE. Compared with the baseline, it can be found that the time needed to
reach 85% of the pre-shock level has been reduced by 62.8%, i.e. from 465.5 days to 173 days.
The positive interaction between Agent A and Agent B is demonstrated by Figure 13(b),
whereby the plateau observed in the first two cases can no longer be identified, showing that
the Agent B is no longer hindered by damaged DS3 bridges. Finally, it only took 169 days to
fully repair all the bridges with DS2, which account for 23.1% of the time needed for the
baseline case.

When the rapid response become completely “independent” (w = 1), the seismic resilience
of the RN is not further improved, in a significant way. From Figure 13(a), it took 167.5 days
to reach 85% of the pre-shock level. In terms of those bridges with DS2, the entirety of the

recovery campaign took 162 days, signifying a 77.84% reduction, compared to the baseline.
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Figure 14. Median PFB on “milestone” moments under earthquake scenario with magnitude of 7,
given different w values.

To further examine the influence of @ on the seismic resilience of the RN, in Figure 14, the
median PFB on a set of “milestone” moments (which includes the 30", 60", 90", 120, 150",
and 180" day after the earthquake), have been tracked by the additional simulations with «
value increased from 0.5 to 0.75, with the step of 0.025. Overall, it can be found that, for the
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first two moments, PFB is found insensitive to different « values, consistent with the
observations from Figure 13. Therefore, although the rapid response campaign concludes on
the 30" day, it is too soon for its beneficial effect to be observed, given the average rate of
repair for bridges with either DS2, or DS3 (Table 2). However, the resilience improvement
become increasingly pronounced, from the 90" day onwards. It can be seen that the growing
value of w lead to a steady increase of the percentage of functional bridges. Specifically, on
the 120" day, there is an increase of 3.4% of functional bridges between the cases with o =0.55
and o =0.725 (also shown in Figure 13). Such a pattern holds true and becomes more
remarkable, when it comes to the response of the RN, on the 150" and 180" days, respectively.
For the former, an increase in the o from 0.525 to 0.7 yields an increase of PFB from 79.66%
to 83.9%, in an almost-monotonical way, while an increase from 80.5% to 85.6% of PFB is
measured on the 180™ day for the same change in the value of ®. From the perspective of risk
governance, such an observation indicates that, even the slight increase of self-reliance of the
rapid response unit, e.g. through the improved preparedness, could substantially improve the
seismic resilience of RNs.
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Figure 15. Median number of the NLCP under seismic scenarios with magnitude 7.

Finally, Figure 15 examines the NLCP of interest, regarding the four different cases. It is
shown that the rapid response can significantly accelerate the restoration of the connectivity of
such a path. Even for the case of o = 0.5, accessibility of the critical path can be restored 88
days earlier (21.5" day versus 109.5™ day), despite the marginal contribution made by the rapid
response, regarding the recovery rate of the percentage of fully functional bridges (Figure
13(a)). In particular, the corresponding period is further shortened to 3.5 days, as w reaches
0.75 and 1, respectively. Such a reduction by up to 96.8% is strategically critical, not only to
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the emergency aids and evacuations, but also to the restoration on other CISs, which will in
turn, have a knock-on effect on seismic resilience of the RN itself.

5. Conclusions and Outlook

Road Networks (RNs) are strategically critical to seismic resilience of the whole community
that they serve, under damaging earthquakes. Nevertheless, real-world seismic events around
the globe have demonstrated that RNs themselves are often insufficiently robust, and thus
impair access to critical services, as well as the recovery on a host of other interconnected
Critical Infrastructure Systems (CISs), in the immediate aftermath of earthquakes (IAOES).

Current resilience modelling frameworks of CISs available in literature focus mostly on the
total functionality losses of CISs, throughout the entirety of the absorption and recovery process
of a catastrophic event, without characterizing the criticality of different time-windows and the
associated activities. In this paper, however, it is revealed that an expeditious post-hazard
functionality restoration in the immediate aftermath of those events, even if only partial, indeed
plays a strategically crucial role with regard to the global resilience of CISs. Furthermore, the
study conducted in this paper also shows that it is possible to use engineering criteria to
determine a generic model of recovery that can provide case specific and case sensitive results.
This can therefore allow the applications in practice, which can support decision-makings
based on the modelling and the quantification of the improved resilience.

Accordingly, an agent-based modelling (ABM) framework has been developed to enable a
nuanced modelling on the rapid response-based seismic resilience of CISs, considering
different repair strategies in relation to different phases in the recovery process and different
level of damage of the assets. To demonstrate its applicability, the framework is applied on a
real-world Road Network (RN) in Luchon, France. Seismic resilience of such a RN is
quantified, using both physical and social metrics. The impact of different earthquake scenarios
and the interdependence between the regular repair and rapid response on seismic resilience of
the RN is examined in detail, and the following conclusion can be drawn:

1. The granularity of the proposed ABM framework enables the formulation and
quantification of RNs’ resilience measures, which are crucial to the governance policy on
seismic risk of modern communities;

2. Seismic resilience of the RNs is found to be profoundly influenced by different
earthquake scenarios. In particular, the societal resilience of RNs could sharply decay and thus
pose a significant seismic risk to the entire community, as the magnitude of the earthquake

hazards reaches a certain threshold value;
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3. A looped interdependence between the post-shock rapid response and the regular repair
on damaged bridges has demonstrated to be playing a crucial role to seismic resilience of RNs.
Moreover, without losses of generality, the case-study outcome shows that post-shock rapid
responses can decrease the restoration duration of critical connectivity by up to 96.8%.
Therefore, it can be concluded that a well-planned rapid response can serve as a promising and
viable pathway towards future resilient RNs.

It is noteworthy to mention that, post-shock recovery process of RNs is rather dynamic and
stochastic. Notwithstanding the effectiveness associated with the reparability-oriented rapid
responses on severely-damaged bridges, here expressed as a function of the span, more
sophisticated and adaptive strategies need to be developed to better ameliorate the seismic
resilience of RNs, in particular, throughout the immediate aftermath of earthquakes.

Furthermore, as shown in this study, from the perspective of hazard preparedness, it is
strategically crucial for effective disaster management of communities in earthquake-prone
areas to hoard sufficient rapid response resources (e.g. manoeuvrable vehicles that can be
deployed in mountainous or harsh regions, prefabricated ramps, self-propelled cranes, and etc.)
at all times, allowing for emergency response squads to fulfil their restoration objective, in an
expeditious way. The total expected socio-economic losses with regard to the hazard-impacted
community can be significantly reduced as well, owing to those rapid response endeavors.

Lastly, it shall also be highlighted that, despite the resilience improvement of RNs that post-
shock rapid response could bring about, cost analysis on such a new approach has been meagre,
so far. Hence, granular data needs be to collected from communities with different socio-
economic context, and corresponding, adaptive models could be therefore developed. Based
on such models, investment on rapid response policies can be weighted, in probabilistic terms,
against policies of seismic upgrading of bridges on such networks, by accounting for the
consequences of traffic disruptions (Stergiou and Kiremidjian 2010), emergency rescues
(Ceferino et al. 2020), and the recovery of other CISs across the community of interest,
throughout the immediate aftermath of damaging earthquakes. Accordingly, a comprehensive,
budget-based optimization framework can be established, where the investment on rapid
response, long-term reconstruction and the pre-shock retrofit (Zanini et al. 2016) can all be put
into perspective, to better inform the decision-making and risk governance of urban
communities imperilled by future catastrophic earthquakes.
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Appendix
Table 3. List of the abbreviations in the manuscript
Abbreviation Nomenclature

CIS Critical Infrastructure System
ABM Agent-based model

IAoE Immediate aftermath of earthquake
PGA Peak Ground Acceleration

RN Road network
RRbR Rapid Response-based Resilience
PFB Percentage of functional bridges
NLCP Normalized length of critical path

Table 4. List of the parameters

Abbreviation Physical term
Ry The time to deliver the rapid response to bridge j
Ty ; The time to arrive at bridge j
SD, ; The shortest distance to reach bridge j
E, Efficiency of rapid response
|4 The travelling speed of rapid response Agent
Ri The time to deliver the full repair to bridge i
Ti The time to arrive at bridge i
SD; The shortest distance to reach bridge i
E,, Repair efficiency of bridges with minor damage
v The travelling speed of the Agent delivering
m repair to bridges with minor damage
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