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ARTICLE INFO ABSTRACT

Keywords: Understanding and enhancing the resilience of transport networks against climate-induced extreme events,

Resilience such as wildfires, is critical to minimizing disruptions and their societal impacts. In this context, resilience is

Reco"e"Y‘ essential for effectively coping with these hazards, as road disruptions can hinder evacuation efforts, reduce

5\;’_;’jftrafﬁc networks accessibility, and lead to significant economic losses. Despite scientific progress, existing resilience assessment
1 res

frameworks have limitations, including scenario-specific results and limited consideration of the underlying
resilience concepts. To address these limitations, this paper introduces a resilience framework based on
dynamic thresholds and characteristic curves to evaluate system recovery capacity. The framework incorporates
a temporal dimension, allowing for the analysis of recovery time and recovery rate, which depend on the
resources available for recovery activities. The characteristic curves illustrate system resilience by capturing key
information on the preparedness, response, and recovery capacities inherent in each network. Consequently, the
framework offers a more comprehensive view of system behavior during the recovery stage, as demonstrated
through its application to a Portuguese case study. The insights gained can assist stakeholders in determining
the feasibility of strengthening system resilience through enhanced response and recovery efforts, as well as
in identifying when it is critical to reinforce resilience at earlier stages through adaptation measures.

Extreme events

Events like these create a context where critical infrastructures are
often affected, with transportation systems being particularly vulnera-

1. Introduction

Societal impacts from wildfires have become a significant concern
of the decade, with new records broken annually in terms of burned
areas and the number of fires globally. For instance, in 2023, wild-
fires in Greece were declared the largest in the EU, resulting in over
20 casualties [1]. The total damage from wildfires in the European
Union in 2023 reached approximately €4.1 billion ($4.43 billion) [2],
affecting around 120.000 people [3]. Maui, Hawaii in 2023 faced
one of the deadliest wildfires on record in the world, with at least
115 confirmed deaths and 388 people missing [4]. In addition, 3.000
structures were reported destroyed [5], of which 1.900 were homes.
These damages represent a significant economic loss, and an initial
estimate suggests that $5.5 billion will be required to address the
damage in West Maui [6]. Concurrently, Los Angeles, California (2025),
has experienced its worst fire season on record, resulting in 30 fatalities
and the destruction of more than 16,000 structures [7].

* Corresponding author.

ble [8]. Transportation networks are vital for the daily functioning of
society, playing a crucial role in the mobility of people and goods. Road
networks, in particular, are an immediate necessity during disasters, as
they are essential for evacuation and post-event recovery efforts [9].
Disruptive events can lead to challenges in post-disaster response, in-
cluding difficult evacuation, accessibility issues, increased travel costs,
and severe economic losses. This problem has been widely addressed
from the perspective of transportation resilience, as it provides a holis-
tic perspective on the functioning of transportation networks during
and after unexpected events [10]. Especially as climate change leads to
more frequent and unexpected extreme events, resulting in significant
human and financial costs [8].

Resilience is defined as ‘“the ability to prepare and plan for, absorb,
recover from, or more successfully adapt to actual or potential adverse
events” [11]. Transportation resilience is often assessed in terms of the
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system’s recovery capacity (e.g., [12-19]). The resilience curve is one
of the most widely used approaches for assessing systemic recovery,
particularly in critical infrastructure systems during and after events
[20]. These curves represent the relationship between the recovery
time and some functionality measured through indicators such as net-
work users (e.g., [21-23]), link flow (e.g., [24]), travel time reliability
(e.g., [25-27]). Alternatively, recovery ratio, as an indicator, is also
used to measure recovery resilience (e.g. [21,28]).

These recovery analyses have at least one of the following limita-
tions:

(i) Case-dependent evaluations: Many assessments are scenario-
based, making it impractical to explore all potential damage scenarios
due to high computational costs. This lack of comprehensive analysis
hinders the ability to draw generalized conclusions [29] and compli-
cates comparisons between different networks and conditions.

(ii) Simplified system functionality: These models typically focus on
a single performance indicator, such as passenger delay, travel time,
or connectivity. However, considering only one indicator is insufficient
to fully understand system behavior. Transportation networks serve
multiple critical functions, such as safety, connectivity, and reliability,
that are interdependent. Focusing solely on one indicator can overlook
how these functions interact during disruptions. A comprehensive as-
sessment using multiple indicators is essential to accurately evaluate
system resilience and performance.

(iii) Descriptive approaches: Recovery is often studied from a de-
scriptive perspective (i.e., assessing the recovery process) while neglect-
ing the normative aspect (i.e., determining to what extent the recovery
is acceptable). The normative approach is require to determine whether
recovery performance meets acceptable standards.

(iv) Essential system characteristics: The recovery process is influ-
enced by several factors, including available resources, hazard charac-
teristics, and the extent of damage. This makes developing meaningful
recovery estimations highly challenging [30]. These complexities align
with the limitations outlined in (i) and (ii), hinder a comprehensive un-
derstanding of recovery dynamics. Furthermore, a lack of deep system
understanding, such as the interactions between various components
and how they collectively affect recovery, further complicates the
creation of accurate and predictive recovery models.

(v) Recovery is not resilience: studying resilience solely in terms
of recovery capacity presents a limited understanding of the concept.
The recovery process is intrinsically linked to the system’s ability to
manage a specified level of damage. Ignoring the interrelationship
between preparedness and recovery capacity constrains the decision-
making process. This understanding is crucial for effectively managing
the recovery process in communities [31].

While some studies address specific limitations, none provide a
framework that tackles all the five issues simultaneously. For in-
stance, [32] addresses Issue (i) by using Monte Carlo simulations to
generate multiple damage scenarios. Similarly, the framework proposed
in [33] mitigates Issues (i) to (iii) by assessing the preparedness level
of a system (e.g., a road traffic network) exposed to wildfires of varying
intensities, ranging from normal to extreme events. The framework
assesses system performance across various functionalities, considering
their importance and evaluating them based on an allowable perfor-
mance loss. The permissible performance loss is contingent on both the
hazard intensity and the functionality significance. Dynamic thresholds
are employed for this assessment, enabling the evaluation of different
states in a degradation process induced by escalating hazard intensities.
Nonetheless, the framework does not currently evaluate the recovery
process nor allow conclusions about the system’s ability to recover.

Therefore, this paper aims to extend the existing framework to
incorporate recovery assessment. To overcome all the limitations listed
above and align with the proposed framework, the key contributions
of this work include (i) extending the preparedness framework for
recovery assessment by adding the time domain to full or partial re-
covery, while maintaining important aspects such as case-independent
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evaluation, multiple system functionalities and normative approach
considering dynamic threshold. (ii) It identifies system’s characteristic
curves for recovery, which offer deeper insight by capturing essential
system traits. These curves are system-specific and remain independent
of damage scenarios and recovery resource allocation decisions. (iii)
The framework considers the interrelationship between preparedness
and recovery capacity of the system. Its application in a Portuguese
case study demonstrates the framework’s effectiveness in evaluating
recovery.

The rest of the document is organized as follows: Section 2 outlines
the fundamental principles of the existing preparedness assessment
methodology. Section 3 delves into the description of the methodology
extended to recovery assessment, including the characteristic curves.
In Section 4, the framework is applied to a case study, with detailed
decision-oriented discussion of the results. Finally, Section 5 presents
conclusions.

2. Foundations:
thresholds

Preparedness assessment through dynamic

The framework proposed by Arango et al. [33] examines the perfor-
mance of a traffic network across multiple functions, including safety,
connectivity, reliability, and efficiency. The normative approach is
introduced by juxtaposed the performance of each of these functions
with their corresponding dynamic thresholds to obtain the capacity to
cope with different hazard intensities, and, finally, a resilience index
is obtained. The dynamic thresholds represent the acceptable perfor-
mance losses, determined by the hazard intensity and the importance
of the functionalities for the network’s overall performance. Fig. la
depicts the concept of dynamic thresholds in comparison to static
thresholds. While static thresholds set a minimum requirement for
system performance regardless of hazard intensity (in Fig. 1a, after
point b, the system fails), dynamic thresholds adjust this minimum
requirement based on the hazard intensity. For example, in Fig. 1a,
under a dynamic threshold, the performance between points a and b
is not acceptable for normal conditions, but after point c the it would
be acceptable for high-intensity hazards. The reasoning behind dynamic
thresholds is that, for instance, responding to a strike does not demand
the same level of performance from the system as responding to a
tsunami, just as a low-intensity fire does not required the same response
as an extreme wildfire. It is noted that non-compliance with these
thresholds does not necessarily indicate a system failure.

This framework is employed to assess the resilience of road net-
works in terms of their anticipatory and absorptive capacity, i.e., the
network’s preparedness. Accordingly, the approach proposes a spe-
cific formulation to assess how a traffic network’s safety, connectivity,
reliability, and efficiency are influenced by varying wildfire intensi-
ties. However, the recovery stage, i.e., post-event, is not addressed.
Therefore, this paper presents the framework’s extension to assess the
recovery stage while retaining three essential elements of the approach:
(i) a range of increasing hazard intensities; (ii) network functionalities
(referred to as targets) organized into different levels of importance;
and (iii) dynamic thresholds, associated with the hazard intensities
and the importance of the functionalities. This is schematically de-
picted in Fig. 1b. For a detailed explanation of these elements and
the complete framework to assess the preparedness of road traffic
networks affected by different intensities of wildfire hazards, the reader
is referred to [33].

The extension of this methodology to the recovery stage is not
straightforward because the recovery stage includes more aspects to
be considered, such as the different damage scenarios, the available
resources, and the evolution of the recovery over time.



E. Arango et al.

Reliability Engineering and System Safety 264 (2025) 111365

. Hazard Intensities
High |
AN
3 N
g N\a |
£ N Acceptance area based on
5 o | Dynamic Threshold (D.T) Network Functionalities
£ N Acceptance area based Outer Efficiency
ko] ~ N on Static Threshold (S.T) ——
3 ~ 1 Reliability
S.T
@ b = Interme: Connectivity
¢ = =bDT
Low . C Safety
Low Hazard intensity High
ST Ok. Not acceptable Dynamic
Thresholds
DT OKk. Not acceptable Ok.
Resilience

a)

b)

Fig. 1. Foundations of the framework: (a) Conceptual representation of dynamic thresholds. (b) Resilience evaluation through dynamic thresholds.

Source: [33].
3. Recovery capacity assessment

This section explains how the methodology proposed by Arango
et al. [33] is extended for evaluating the recovery of a system impacted
by different levels of wildfire damage. The assessment of the recovery
capacity consists of the performance evaluation of a road transport
network as a function of recovery time and recovery rate for diverse
damage levels. The performance of the network is obtained by evaluat-
ing its functionalities or targets during the recovery stage, e.g., safety,
connectivity, and reliability.

Information from a single scenario is insufficient to fully capture
the performance of an entire traffic network. Thus, based on the pre-
paredness foundations, the proposed approach enables the exploration
of multiple damage scenarios, offering a more comprehensive under-
standing of the network’s performance during the recovery stage. Since
each network has distinct characteristics and levels of preparedness,
their recovery capabilities differ.

New aspects added to the original framework to allow recovery
assessment are (i) the introduction of indicators to quantify the levels
of damage and available resources; and (ii) the introduction of a
temporal dimension to evaluate the change of the targets over time.
The entire framework to assess recovery resilience is depicted in Fig. 2,
highlighting the novel elements introduced into the existing framework
to evaluate the recovery process.

The relevant aspects of the framework, both existing and new, are
explained in detail below.

3.1. Damage assessment

Damage assessment depends on the specific hazard. In this case,
the process is explained in the context of wildfire hazards affecting
road transport infrastructures. To understand the recovery process in
the context of wildfires, there are a few key stages that can be outlined
as follows: 1- active wildfire, 2- suppression, 3- suppression repair, 4-
emergency stabilization, and 5- long-term restoration. Stages 2 to 5 are
conditioned by the intensity and magnitude of the fire, i.e., conditions
of Stage 1. Note that the recovery activities are initiated once the
hazard no longer affects directly the system, it could be from Stage
3 when the fire is under control. This highlights that the recovery
process can begin even before the hazard is completely gone. In any
case, it is important to carefully consider the stages of recovery and the
appropriate actions. In this study, recovery activities are considered to
start post-fire, when the damage can be quantified. Therefore, recovery
assessment is concentrated in Stages 3 and 4.

Wildfires can damage road infrastructures directly and indirectly.
According to Setunge et al. [34] direct impacts are the closure of roads,
either due to surrounding fires during the event or falling objects that
obstruct mobility after the disruptive event. In addition, prolonged
exposure to fire and high intensities could lead to the degradation
of the structural or functional capacity of roads, bridges, or other
infrastructure and, eventually, to failure. Indirect impacts encompass
damage to the surrounding area, such as the loss of stability, which
can trigger additional hazards like landslides and erosion; the danger
of falling trees, and the potential risk of flooding. This study focuses on
the direct impacts of wildfires on road transportation networks. This is
for two reasons; (i) road closures due to obstructions are more frequent
than damage to infrastructure after a wildfire. For instance, only 2.8%
of the bridges exposed to wildfires in the US have collapsed due to
fires [35]; (ii) The study of multi-cascading hazards is beyond the scope
of this paper.

3.1.1. Damage susceptibility and damage severity

After a wildfire, roads can become obstructed by burned debris,
abandoned vehicles, fallen trees, and downed power lines. These block-
ages can lead to delays in carrying out emergency and recovery activ-
ities following wildfires. For instance, in the wildfires on Vancouver
Island in 2023, the trees fell onto Highway 4 because their roots had
been compromised [36], which resulted in the closure of the only paved
road to the island’s west coast communities of Port Alberni, Tofino, and
Ucluelet. Also, in Australia in 2020, hundreds of people had to wait
more than 10 h to evacuate due to falling trees and power poles [37].
Weakened trees along roads, known as hazard trees, can unpredictably
fall on people and cars, resulting in injuries, fatalities, or hindrances to
firefighting efforts. The biggest problem with hazard trees is that they
can fail immediately after the wildfire or in the following months or
years. Therefore, roads should not be opened to road users until the
effect of these hazardous trees is mitigated. In that sense, removing
hazard trees from roadways improves safety and access for road users,
restoration and recovery projects, and emergency personnel. The miti-
gation of these trees should focus on roads where hazardous trees pose
a risk to people’s safety, property, or infrastructure. However, all forest
areas affected by a wildfire are vulnerable to hazardous trees [38].

Building on this, damage assessment involves two key concepts:
damage susceptibility and damage severity. In this context, suscepti-
bility refers to the extent to which certain road segments are prone to
damage. This can be calculated using various methods; however, in this
case, it is determined by the presence of nearby trees and power lines
that could obstruct specific sections of the road.
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Fig. 2. Methodology for recovery assessment of a traffic network affected by diverse damage levels through dynamic thresholds and characteristic curves. Asterisks (*) indicate

the new elements introduced into the framework in [33].

Table 1
Steps for damage assessment.

Step Description

1. Identifying
hazardous elements

Determine the target of study (e.g., roads, bridges)
and the hazardous elements (e.g., trees, power lines in
the case of wildfires).

2. Mapping
susceptibility

Determine the susceptibility zone surrounding the
target based on hazard-specific parameters (e.g., tree
height for wildfires, floodplain boundaries for
flooding). This can be done by using geospatial data
(e.g., land use, vegetation, infrastructure maps) or
remote assessments (e,g., satellite imagery, Google
Maps, forensic reports).

3. Classifying damage
severity

Define severity levels based on historical disasters or
expert judgment to categorize damage intensity. In
this study seven levels are considered, from negligible
to extremely severe.

4. Damage assessment Combine susceptibility and severity information to
estimate the impact for each damage severity level.
For instance, the number of fallen trees, or power
poles affecting each km of road per damage level.
This information is then use for recovery planning

and resource allocation.

On the other hand, damage severity refers to the intensity of dam-
age. For this, different levels of damage are defined to analyze the
behavior of the system for a more complete damage range. In this
case, seven damage levels are considered, namely: negligible, minor,
moderate, medium, medium to severe, severe, and extremely severe.
Technically, these seven levels of damage correspond to the seven
categories of wildfire intensities used in the preparedness assessment.

The damage susceptibility and severity assessment follows the steps
listed in Table 1.

Note that the inherent vulnerabilities of the roads themselves, such
as pavement properties and structural layout, are not fully considered

in this analysis, as explained in [39]. Instead, the study emphasizes
varying levels of damage and susceptibility to wildfire hazards. While
this methodology is explained in the context of wildfires affecting
roads, it can be adapted for various hazards and infrastructures.

3.2. Recovery time and recovery rate

The recovery of road networks after a disruptive event depends on
multiple factors, including the extent of damage, available resources,
and prioritization criteria. There are two key dynamic indices used in
the assessment for this purpose, recovery time and recovery rate. While
recovery time refers to the time required to fully restore the function-
ality of a system, recovery rate is a measure of recovery trajectory. In
this sense, the recovery rate can be expressed by the number of roads
recovered per time unit, i.e., roads/h. These indices depend on the
extent of damage and the resources available for recovery. Resources
refer to all the available means that contribute to the recovery of the
damage suffered, namely, economic, technical, and human resources.

As depicted in Fig. 3, the recovery assessment begins by defining
recovery priorities based on the criticality of road segments and iden-
tifying available recovery resources, such as the number of response
crews and their working capacity. Once priorities and resources are
established, the recovery time for each road segment is computed by
considering the severity of damage and the efficiency of available
crews. Each damage level requires a different allocation of recovery
resources, leading to variations in recovery time. Based on this in-
formation, the recovery rate is calculated as the number of roads
restored per unit of time. Finally, the system functionalities are updated
reflecting the recovery process. This will reflect how quickly different
functionalities are restored.

Further explanations on recovery priorities and the assessment of
various system functionalities are provided in the following subsec-
tions.
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Fig. 3. Recovery time and recovery rate methodology.

3.2.1. Recovery priorities

After a shock, i.e., a sudden, intense, and often unexpected event
that can cause significant and immediate disruptions to the road net-
work, the primary goal is to quickly restore the affected areas of the
system to a functional state. However, recovery resources are often
limited, especially in cases involving extensive areas or multiple af-
fected locations. Consequently, it can be challenging to simultaneously
recover all areas of the system. For instance, during the recovery phase
of a significant incident affecting various traffic routes, the highest
priority is given to roads connecting to emergency services or those
with the highest traffic volume, essentially, the most frequently used
routes. To guide recovery prioritization decisions, a criticality param-
eter is introduced. This parameter emphasizes that more critical roads
are related to more severe consequences when affected (e.g., social,
economic, environmental, and health impacts) [40], making their quick
recovery a top priority.

3.3. Targets in relation to recovery capacity

The target functions under consideration encompass safety, con-
nectivity, reliability, and efficiency. These factors are considered in a
hierarchical manner, where connectivity depends on safety, and relia-
bility and efficiency are dependent on connectivity. These targets have
been chosen to cover various domains in a resilience assessment. Safety
and connectivity pertain to the physical domain, encompassing network
infrastructure and other tangible components of the traffic network.
Reliability and efficiency delve into the managerial domain, delineating
traveler preferences, and the social domain, concerning the demand for
road transport. The assessment of these targets across different levels of
damage (/ € L) is carried out through the formulation presented below,
which takes into account damage indicators, traffic-related conditions,
and resources.

The traffic network is represented by a set of nodes and a set of
directed roads connecting those nodes, i € N. Several routes, denoted
as r € R, connect different origin—destination (OD) nodes, pg € PQ.
The traffic demand from some OD pairs is known, and the traffic
flow is distributed according to a traffic assignment model, e.g., the
User Equilibrium model, that optimizes the travel time experienced
by the drivers. A volume-delay function, such as the BPR (Bureau of
Public Roads) function, is then used to capture the speed reduction on
congested roads.

The recovery process is analyzed over a discretized period. Con-
sidering T,,,. the total time required to fully recover the system func-
tionality under the most severe scenario, the analysis is done for each
t € T. Thus, T,,,, = |T| x 4t, with |T| being the number of discrete
time intervals and Ar the time unit represented by each time interval
(e.g., day).

Safety: As in [33], the safety target aims to ensure that users
are shielded from potential hazards, i.e., that roads are safe after the
occurrence of a disruptive event. The recovery stage requires that the
safety index determine the safe and unsafe roads at the time step 7,
according to the recovery rate p and the recovery priority. The safety
index can be represented as the following Eq. (1).

1 (safe)
0 (unsafe)

Ajpy =1

S, .=
it Ai,l,t <1

VieN,VIeLVteT 1)

Table 2
Equations for targets extended to the time domain, adapted from [33].
Target At OD level At the system level
Vpge PQ, VieL, VteT vieL, VteT
. 0 ifR,, =0 5 o€
Connectivity (C C,. = pa.lit C = Zwere S
v (© ol { L if Ry #0 T Sera ool
liabili rfn’gjf;.uh’, 1
Reliability (RL) Rqu_,_I = o RL, = ol ZMEPQ quv,',
. . _dy Zvem./ %’ _ 1
Efficiency (E) E, = Rl S E, = ol ZMEPQ E,i.

pa i

Notation: R, is the set of available routes connecting the OD pair pq under damage
level / at the time step r. Sub-index 0 means normal conditions. 7, is the travel
time associated with route r. d5 and d, are the geometric distance and route length,
respectively. X, is the total users of route r.

where 4, , is the portion of road i that has been restored under damage
level [ at time step . When A;;, = 1, it implies that the road is
completely available. The restoration activities are constrained by the
recovery rate, as follows:

(A= Ai-)D;

X

ieN

<p VIELVIET (2)

where D; refers to the length of road i. The recovery rate, p;, is
expressed in length per time unit and is calculated as follows;

g = 2N Aol 3)
T,

where 4;,, is the percentage of road that is not affected before the
restoration activities and 7; is the total recovery time required to
recover the traffic network under damage level /.

Safety at a network level is assessed considering the portion of safe
roads to the total number of roads in the network for each damage level
at each time step, as expressed in Eq. (4).

1
S =— E S;
Lt |./\/| Pt ilt

VieLvVteT ()]

where || refers to the total number of roads.

Other targets, such as connectivity, reliability, and efficiency, are
also considered. In this case, connectivity refers to the evaluation of
network mobility at any time step ¢. It assesses the disconnected regions
and the network’s redundancy, considering the number of routes in
each OD pair. Reliability is assessed regarding travel time, determin-
ing if travelers can reach their destinations within the expected time
under given conditions [41]. Its calculation consists of the ratio of
the minimum travel time of the OD pairs under normal and disrupted
conditions at the time step ¢. Efficiency considers the quality of service
of the network in terms of demand capacity and mobility. Therefore,
efficiency is measured by the proximity of the driving distance to
the minimum geometric distance as well as the proportion of users
associated with a route. The complete formulation of these targets
is summarized in Table 2. The second column indicates the target
calculation at the OD level and the third column at the network level.
These equations are derived from those presented by Arango et al. [33],
with the incorporation of a time dimension.

It is clarified that target values equal to 1 represent optimal per-
formance. For example, an efficiency index close to unity indicates an
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efficient network, while values near zero signify inefficiency. On the
other hand, safety and connectivity are linked. When a road does not
meet the safety criteria indicates that the road has not been restored
and is therefore not considered as available because of the existence of
potential elements impeding safe transit. Consequently, routes passing
through this particular road are disabled. Similarly, reliability and
efficiency are associated with connectivity.

In general, the assessment of the targets is consistent with the
preparedness framework, with one notable exception, safety. When it
comes to safety, the target’s goal remains the same, but the method-
ology for calculating the safety index differs. While in the original
approach, safety focuses on the fire arrival time to a road, in the
recovery assessment, the emphasis shifts to the restoration of the road.

3.4. Dynamic thresholds for recovery

Dynamic thresholds define the desirable recovery performance of
target j € M at each damage level, / € £, denoted by T hreshold; ;, with
t = t*. This means that it is not only important to define the acceptable
performance but also the time to reach such performance, i.e., t*. Thus,
dynamic thresholds are defined in terms of the desired maximum time to
recover a given level of functionality for each level of damage. An example
of a dynamic threshold could be, for a minor damage level, the system
is expected to recover 80% of its capacity in 2 days. For a medium-
high level of damage, the system is expected to recover 50% of its
functionality in 10 days. An example of the dynamic threshold for a
specific target could be expecting 60% recovery of safety within 3 days
for a minor damage level and achieving 100% safety recovery within
30 days for a medium-severe damage level.

The definition of dynamic thresholds can be driven by a variety of
social, political, and economic reasons. In this paper, user serviceability
is given more importance. However, it is important to note that the
definition of dynamic thresholds responds to the interests of stakehold-
ers. Therefore, they must establish them. The definition of dynamic
thresholds follows the same reasoning as the preparedness framework.
However, it is necessary to also define them including the temporal
dimension.

3.5. Network performance and compliance levels

The functionality performance for each damage level (i.e., Negligi-
ble to extreme) and time step are all integrated within the network
performance matrix. This results in an |[M]| X |£]| X |7| matrix of
components f;,,, where |M| represents the number of targets, |L|
the number of damage levels, and |7| the number of time steps, as
established in Eq. (5). For instance, the component f},, corresponds
to safety.

PM,=[f;;,] VYieM, VIeL, ViteT (5)

This performance matrix illustrates the variation in performance
over time for each target. The evolution of the target’s performance
can be obtained by averaging the results across all the damage levels.
Fig. 4 shows a generic performance matrix, PM,.
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Fig. 5. Exemplification of characteristic curves depicting the system’s recovery capac-
ity, comparison of three networks.

Note that, while the intensity of the damage, ranging from negligi-
ble to extreme (i.e., the amount of obstructions), is used to estimate the
recovery time, specific considerations regarding the road susceptibility
are introduced limiting some unlikely damage scenarios.

On the other hand, comparing the performance with the dynamic
thresholds provides the compliance values. Each compliance value,
g;; = {0,1} indicates if the system performance fulfills the dynamic
threshold associated with a given target j and damage level / at t = t*.
Compliance values are binary, taking either 0 or 1, where 1 indicates
threshold compliance, as determined in Eq. (6).

0
il = 1

3.6. Characteristic curves of the system’s recovery capacity

if fj,,A’, < thresholdjylyt

vj Jdelt=t* 6
if fj1; > threshold;, jeM,le ©

The proposed approach enables the construction of recovery charac-
teristic curves for the traffic network. Characteristic curves describe the
resilience of a system in the post-wildfire recovery phase based on the
system state before the recovery process starts. Resilience is inherent
to each network and depends on its ability to withstand hazardous
events, influenced by the degree of system preparedness and capacity
to recover. Each network possesses unique characteristics, resulting in a
distinct level of preparedness and response, leading to varied recovery
performances based on the degree of damage. Therefore, each network
has an associated recovery capacity that, ideally, could be captured by
a characteristic curve.

To illustrate the concept of the characteristic curve, three networks
can be considered, each characterized by its level of preparedness,
response, and recovery resources, leading to distinct recovery rates,
as depicted in Fig. 5. The networks’ curves are represented by green,
yellow, and orange. The orange curve indicates the network with the
lowest preparedness and response level resulting in more critical dam-
age under a wildfire event. The criticality of damage experienced by a
network depends on the damage distribution concerning the relevance
of the affected roads and their topology. For instance, if a road network
suffers damage that is concentrated on secondary roads, it may recover
more easily than a network where damage is mainly concentrated
on primary routes. Similarly, if the damage is concentrated in areas
with greater redundancy, the network performance will be recovered
much faster. It can also be observed that for a given recovery rate
(e.g., dashed vertical line in Fig. 5), the recovered performance is
higher for the most resilient network (the green curve).

The ideal recovery behavior would be to reach the maximum per-
formance value even with the lowest recovery rate. This is represented
by the dashed blue line in Fig. 5. The more the curve deviates from
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Fig. 6. Safety performance for different damage levels averaged over time.

the ideal recovery behavior, the worse its resilience. In other words,
a greater deviation of the characteristic curve from ideal behavior
indicates a lower preparedness and response level of the network and
more critical damage suffered by the system.

This curve can be constructed for each target j. For the sake of
clarity, the construction of the characteristic curve for the first target
( = D, which is safety (i.e., f;-;;, = S;,) is explained. The char-
acteristic curve associated with safety is denoted by {S,(x?),p,(x?)}
with x? being the state of the system before the recovery starts. The
characteristic curve is obtained by mapping the values of the safety
performance matrix averaged regarding time, as shown in Fig. 6, and
the associated recovery rate.

Note that the recovery rate, p;, is given by the available resources
and damage level, /. In contrast, the initial system state, x?, depends on
the damage level, which is in turn defined by the system’s susceptibility
and damage severity. In this sense, susceptibility is an indicator of how
the system may be adversely affected by external factors or distur-
bances. It depends on the inherent characteristics of the system, which
may make it more or less prone to critical damage or disturbance, and
on its degree of risk exposure. Meanwhile, the damage severity refers
to the intensity of the damage or disruption.

The information provided by the characteristic curves holds signifi-
cant relevance for decision-makers, as they allow for assessing whether
the available resources are adequate to address a particular level of
damage. It provides insights into the attainable level of resilience
during the recovery phase for different damage scenarios, highlighting
the need for proactive measures to enhance the network’s preparedness
resilience. Essentially, it offers insights into how effectively the system
responds and the extent of damage it sustains. Systems with greater
resilience during the response phase tend to have more optimal curves,
while less resilient systems have less optimal ones. The following
section will exemplify the characteristic curves in their application to
the case study.

The characteristic curves capture the system’s recovery capacity
under various hazard intensities and resource levels, reflecting the
system in its current state. If changes are introduced, such as adding
a new road or modifying vegetation, the curve will adapt, reflecting
the altered recovery response of the new system. By encompassing
a range of hazard and resource scenarios, the characteristic curve
provides a more powerful tool for comparing systems and assessing
the effectiveness of interventions than comparisons based on specific
recovery scenarios.

4. Application to a case study: Pedrégiao Grande, Portugal

This section presents the application of the proposed framework to
assess the recovery capacity of a transportation network in a case study
in Portugal, considering various levels of damage caused by wildfires.
The choice of this Portuguese case study comes from the significant
impact it experienced in 2017 due to severe wildfires, resulting in
damages exceeding 1.5 €billion [42]. Among the affected areas was
the municipality of Pedrégdo Grande, situated in the Leiria district, as
shown in Fig. 7. This region is predominantly covered by forests con-
sisting mainly of pine and eucalyptus plantations. The local population
consists of small towns, villages, and scattered houses, and due to the
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lack of adequate fuel management strategies, controlling wildfires in
this area posed significant challenges. Transportation infrastructure in
the study area includes important national and complementary roads,
such as N2 and IC8, which support the national highway network.
Consequently, this traffic network experiences high levels of activity
and is important to both the region and the country.

4.1. Damage susceptibility

Due to the forested nature of the study area, damage assessment
is based on the susceptibility of hazardous trees and power lines. To
achieve this, an analysis of trees located near the road network was
conducted, focusing on trees that could obstruct roads following a
wildfire. Geographic data related to land use and occupation in the
area, obtained from available Open Data at DGT [43], was utilized
for this purpose. Tree species with a high capacity to spread fire and
burn faster are considered, i.e., Eucalypt plantations, Maritime pine
(plantations), Stone pine (plantations), and cork oaks (see classification
in Fig. 8). The first two are the ones that burn the fastest and are
particularly abundant in the study area.

A susceptibility zone of 7.5 m on each side of the roads was
considered. This width corresponds to the average height of trees in
the study area, as sourced from the forensic report [44]. That means,
if a tree is less than 7.5 m from a road, it may be hazardous. In this
way, the number of km of roads that would be affected in the event
of hazard trees is obtained. The above is represented in Fig. 8, which
shows the hazard tree susceptibility in the case study.

A total of 7 roads are not susceptible to hazard trees, such as roads
37 and 38, see cyan circle Fig. 8(a). Meanwhile, 32% of the roads are
susceptible to hazard trees in their total length, e.g., roads 1 and 2 (see
Fig. 8(b). The susceptibility of power poles and lines was checked on
each road using Google Maps.

Once the damage susceptibility in the area has been analyzed, the
different levels of damage can be estimated. For this, it is necessary
to set the damage severity, which is established according to Table 3,
assuming the number of downed trees and power poles per km of road.
Fallen trees assumption is centered around Highway 126 in Oregon, fol-
lowing the severe Holiday Farm Fire, which resulted in approximately
200 hazard trees per kilometer [45,46]. For the largest damage level, a
value of 100 hazard trees per kilometer is assumed, considering the area
is not entirely forested, unlike the Oregon case. The values for other
damage levels are extrapolated from this assumption. Meanwhile, the
number of power poles is assumed having the example of the recent
extreme fires on Maui (August 2023), in which more than 30 power
poles came down along Honoapiilani Highway at the south end of
Lahaina, causing the closure of the only route out of Lahaina to the
south [47]. Five downed power poles per kilometer are assumed as the
highest level of damage, based on evidence of wooden poles in the area,
which was observed by walking the case study roads using Google Maps
Street View. The number of power poles for the other damage levels
has been extrapolated from this value. Exact values can be obtained
through drones and on-site inspections, or approximate values can be
obtained by consulting expert opinions.

Damage severity is expressed as the number of trees that could fall
on one susceptible km of the network, which relates to the damage
level. Thus, damage severity is given in terms of the number of trees
and power poles that could obstruct each road of the network for each
damage level, as shown in Table 3. Combining the damage suscepti-
bility and severity for each damage level provides the number of trees
and power poles fallen on each road, which must be removed during
the recovery process.

It is worth mentioning that other factors, such as smoke from fires
and damage to signage and guardrails, can also pose safety risks for
users. These factors primarily affect visibility and traffic speed, influ-
encing road connectivity and reliability. They have not been included
in this case study. Nevertheless, the framework does allow for their
consideration by including these factors in the respective targets.
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Fig. 7. Portugal Case study - Pedrégdo Grande traffic network, defined by nodes and roads. Source of background: Open Street Maps.

Table 3
Damage severity associated with each damage level, in terms of hazard trees and falling
power poles.

Damage level® 1 2 3 4 5 6 7
Trees/km - 1 3 10 30 50 100
Power poles/km - - - 1 2 3 5

2 The numbers correspond to the different categories of damages, e.g., 1 is Negligible,
2 is Minor, and 7 is Extreme.

4.2. Traffic network information

The traffic network information consists of node coordinates, uni-
directional roads, road lengths, road free-flow speeds, road flow, and
road typology data. This information was provided by Infraestruturas de
Portugal S.A.. Information about the demand associated with each OD
(origin—destination) pair and the set of routes connecting each OD pair
is also required. The Pedrégao Grande network comprises 118 roads
and 45 nodes (see Fig. 7), with a total of 25 OD pairs considered.
Detailed information about the OD pairs can be found in Table A.1 in
Appendix. Regarding the traffic model parameters, they are assumed as
a=0.26,=1,y=84and 0 = 1.2. a, f, and y are the BPR parameters,
while 6 is a parameter of the C-logit Stochastic User Equilibrium model
related to the network dispersion. For detailed information on the
traffic model see [39].

4.3. Criticality of the network’s components

The criticality of the different components of the network is deter-
mined by analyzing how the degradation of these components impacts
the overall travel time experienced by network users. Degradation
refers to the gradual reduction or complete closure of individual roads.
This analysis uses a traffic assignment model, operating on the principle
that traffic flows through the network in a way that drivers seek to

minimize their travel time. As a road’s travel time depends on the
congestion level, this analysis necessitates network-level optimization.
Consequently, this assessment considers the topological characteristics
of the road network to evaluate its connectivity, taking into account
both traffic demand and network performance concerning travel time.
The annual average daily traffic (AADT) assesses how a wildfire event
might impact the network’s capacity to handle standard traffic condi-
tions. For a more detailed explanation of this criticality assessment,
see [39].

The criticality analysis leads to the results in Fig. 9. The figure
represents the criticality of each road in the Pedrégdo Grande traffic
network.

There are 13 roads classified with high criticality (between 0.8 and
1), within which we can find roads 34, 27, 57, 13, and 14 mainly due to
the number of users and the absence of alternative routes. Examples of
less critical roads are roads 49, 50, 58, and 59. The criticality ranking,
which determines the importance of each road within the network, is
later used to establish the order of priority for recovery activities. In
other words, the most important roads will be recovered first. Other
criticality analyses can be used in the methodology as long as they
provide a priority ranking for recovery.

4.4. Available resources for recovery

For the quantification of the resources available in this case, the
number of crews available in the area for tree and power pole re-
moval is considered. In Portugal, rehabilitation and restoration ac-
tivities are conducted by local, governmental, and private entities,
mainly executed by the Firefighter Corps and, in some cases, the
National Guard [48,49]. According to the Portugal Contemporaneo
database, there are 45 active firefighters in the municipality of Pe-
drégdo Grande [50]. They are normally organized in crews of 5 fire-
fighters [51]. This gives a total of 9 crews for this area. Note that
only the resources within the study area are considered. Depending on



E. Arango et al. Reliability Engineering and System Safety 264 (2025) 111365

69°0,000"

169°0,000

-18°0,000

62°0,000

Legend

— Road Network

Forest

I Eucalypt (Plantation)

"7 Maritime pine (Plantations)

Stone pine (Plantations)
[ Cork oak
Bl Other oaks

i

{__1 Pedrégao Grande

Fig. 8. Hazard trees susceptibility for Pedr6gao Grande traffic network.

{ 4
/ %
{ N
N
\\
\ {

7 / o

A / Criticality

e { <03

4 — 0.3-0.5
S/
— —05-08
Sy - — 08-1.0

L (& o [ Pedrdgio Grande
/

Fig. 9. Ranking of critical roads for the Pedrégao Grande traffic network.



E. Arango et al.

Table 4
Tree removal times.
ID Data Ref Removal
time (h)
Fallen tree A large tree (pine) fell on the roadway. [52] 1.50
The warning was given at 14.19 and the
road was clear of traffic at 15.50.
(2022-04-04)
Fallen tree The tree hit a motorcycle and a pickup, [53] 2.15
caused killing both drivers. California Highway
fatalities Patrol and fire crews responded to the
scene around 6 a.m. One lane of traffic
reopened around 8:15 a.m., so traffic
slowly began to move again.
Power pole Traffic was cut off from 18:50. Traffic on [54] 3.00

fall the avenue was re-established at 21:54

the specific circumstances, external resources can also be taken into
account. For instance, additional firefighting crews from neighboring
regions, departmental, or national levels, as well as crews from the
Armed Forces and Republican National Guard, can be considered. It
is also assumed that the crews work 10-hour workdays.

4.5. Work efficiency

Recovery times for fallen trees and power pole removal are consid-
ered as given in Table 4, these values are taken from available reports.
This recovery times can serve as a base for other application cases.
However, it is crucial to assess and revise them following the specific
conditions of each case study.

In addition to these removal times, it is important to account for the
crews’ travel time. For instance, in the case of Canada, where the roads
are longer, crew arrival times can exceed one hour. Removing one tree
would take about 1.5 h, plus the crews’ travel time. Nevertheless, for
the current case study, the roads are relatively short and approximately
15 min away from the fire station, where the restoration activities are
assumed to be coordinated; this additional time is not considered.

4.6. Recovery time and recovery rates calculation

For each damage level, the number of trees and power poles down
on each road is calculated as explained in Section 4.1. The assumed
removal time given in Section 4.5 indicates the required time for a
crew to remove elements fallen on the road. The order in which the
roads will be recovered is given by their criticality as explained in
Section 4.3. Consequently, at each step, the number of roads recov-
ered under different damage levels can be determined considering the
available resources indicated in Section 4.4. The calculation of the total
recovery time required to remove all the fallen elements associated
with each level, T, is straightforward. Table A.2 in Appendix presents
the recovery time, in days, of the entire system (i.e., complete removal
of fallen trees and poles) for each road and damage level, employing
9 crews. Note that the estimated total recovery time under the most
severe scenario is used to establish the time window to be analyzed,
that is, T, = T}

Based on the previous information, the recovery rate associated with
each intensity level, p;, can be calculated using Eq. (3). In this case, the
recovery rate is expressed as kilometers recovered per day. Finally, the
evolution of the performance of the different targets at a system level
can be calculated using Eq. (4) and the expressions given in Table 2.

4.7. Dynamic thresholds

Resilience exhibits a temporal dimension. In the case of a com-
munity being cut off, the primary objective is to restore the power
supply. The road, in this scenario, only needs to be partially functional,
ensuring, for instance, 50% safety, i.e., allowing a few vehicles to
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deliver essential supplies or facilitate evacuation. Subsequently, the
focus shifts to recovering connectivity, followed by reliability and,
finally, efficiency. For instance, for moderate damage, the goal is to
restore 50% of the safety within 3 days, 50% of the connectivity within
5 days; and achieve 90% reliability and efficiency within 30 days.
The latter two requirements indicate the need for nearly complete
system recovery within a month. Accordingly, it is assumed that after
consultation with the stakeholders involved and interested in the road
network recovery, the selected dynamic thresholds are 3, 4, 5, 6, 10,
15, and 30 days to recover 50% of safety functionality associated with
damage levels negligible, minor, moderate, medium, medium to severe,
severe, and extremely severe, respectively. That is,

Threshold; ;, = 0.5;
(1,1 =1{(1,3),(2,4),(3,5),(4,6),(5,10), (6, 15),(7,30)}

For the case of connectivity, the assumed thresholds are

Threshold,;, = 0.5;
1,0 =1{(1,5),(2,7),(3,9),(4,10), (5, 12), (6, 20), (7,45) }

and for the case of reliability and efficiency, the thresholds are

Threshold 3 4 ,, =0.9;
(.0 ={(1,15),(2,21),(3,30), (4,90), (5, 180), (6, 365), (7, 500) }

4.8. Results

According to the initial damage established with the susceptibility
of hazard trees and power poles, Fig. 10 shows the total recovery time
for the traffic network as a function of the number of available crews
and damage levels resulting from the fire suppression. As expected,
increasing the number of crews reduces the total recovery time for all
damage levels, with the most significant difference observed between
medium and extreme damage levels. For instance, for extreme damage,
the recovery time of the system with 1 crew is 7 times higher than
having 9 crews. In this case, relying on a single crew might not be
acceptable because the recovery process will take around two years.
These recovery times can take several months to complete, e.g., in
the case of Oregon, the recovery process took about 18 months [55].
Decision-makers should consider the trade-off between the cost of
adding resources (crews) and the societal consequences associated with
a prolonged recovery process.

More detailed information about the network recovery is obtained
by plotting the performance associated with each target at different
damage levels over time. See Fig. 11. These curves represent the
response of the system when all available crews are engaged in recovery
efforts. In this sense, Fig. 11 illustrates the recovery profile of the safety
and connectivity targets for each initial damage level. At the negligible
level, where no damage is implied, safety remains intact since there are
no unsafe roads for users. As the damage level increases, the recovery
curves become less steep, indicating a more extended time required
for recovery. Up to the medium damage level, safety is fully restored
in less than 10 days, while at medium to extreme damage levels, it
takes 30 to 80 days for safety to recover. However, what determines
whether the recovery performance is enough is the comparison with the
dynamic thresholds. The thresholds are represented with an asterisk.
Safety performance meets the accepted threshold for the first four
damage levels, that is, 50% of functionality associated with damage
levels negligible, to medium is obtained before 3, 4, 5, and 6 days.
However, for medium-severe to extreme damage levels, the accepted
performance is not achieved, with the curves falling to the right of the
dynamic threshold. The black arrows indicate the difference between
actual safety performance and the thresholds. For example, in the most
critical case of extreme damage, the target is to restore 50% of network
safety within 30 days but the actual safety recovered at this time is only
31%. In contrast, the 45-day threshold is sufficient to recover 50% of
connectivity; in fact, at this time connectivity is over 70%.
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Fig. 10. Total recovery time according to each damage level resulting after the fire suppression and number of crews available.
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Fig. 11. Recovery profile of (a) safety and (b) connectivity associated with different damage levels. 9 crews considered.

It is evident the hierarchy between the targets, where connectivity
depends on safety. For instance, 10 days after a medium-severe damage
event (green curve), more than 40% of safety has been recovered,
while connectivity has reached less than 20%. Besides, after a period of
little recovery of the connectivity, the recovery curves for connectivity
exhibit steeper slopes than the safety curves for all damage categories.
This is due to the need to open critical road segments before different
OD pairs are reconnected again.

On the other hand, Fig. 12 offers a comprehensive view of safety
performance during the recovery stage concerning varying resource
units, i.e., the number of crews available. This graph consolidates the
information from the previously presented results for all possible crew
combinations by following the process outlined in Fig. 6, logging safety
performance values at each evaluated time step and damage level.
Subsequently, each point represents the average safety performance
achieved by the corresponding number of crews during the considered
time steps. For instance, when only one crew is available for recovery
activities following a moderate level of damage, network safety remains
above 50% throughout the recovery time window. In this way, it is
possible to determine the number of crews required for a specific
safety performance. For example, to ensure an 80% safety level for a
minor damage state during the recovery time, one crew would suffice.
However, for a moderate damage level, at least 3 crews would be
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needed at the same safety level. For the other damage levels, that safety
level could not be ensured with the currently available resources.

Another insightful way to represent the results is the performance
of a target as a function of the recovery rate. This is exemplified by
focusing on the safety target when considering the 9 crews. For this,
the formulation of the characteristic curve, Section 3.6, is followed. Fig.
13 represents the average safety performance (throughout the recovery
time step) as a function of the recovery rate.

The obtained results provide valuable insights, reflecting the infor-
mation shown in Fig. 12. For instance, for minor levels of damage,
safety remains consistently high throughout the recovery time window.
This indicates that the recovery rate, given the available resources, ef-
fectively restores safety performance promptly after a disruptive event.
However, for medium-severe damage levels, the average safety value
drops to less than 55% during the recovery time. This suggests that even
with the maximum recovery resources (i.e., 9 crews), it takes longer to
restore network safety at this damage level.

The discussed curve represents safety performance with a specific
resource allocation, i.e., 9 crews. Nonetheless, examining all possible
combinations of available resources (crews) leads to a complete char-
acteristic curve of the system recovery, as shown in Fig. 14. This charac-
teristic curve illustrates safety recovery capacity regarding achievable
recovery rates based on resource availability. It offers more complete
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Fig. 12. Average safety performance of the Pedr6gdo Grande Traffic network for different numbers of crews and levels of damage.
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Fig. 13. Average safety target through the time steps associated with 9 crews. Construction step of the characteristic curve for safety recovery capacity.

information than the previous curves (e.g., Figs. 12 and 13), as it con-
denses the safety performance and the recovery rate for each damage
level and amount of resources. Thus, it is possible to observe that at
a minor damage level, 100% safety can be assured with 7 crews or
more. The recovery rate achieved by this number of crews is sufficient
to maintain that level of safety. In contrast, the recovery rate achieved
by a single crew is 9 times lower, and therefore, it only guarantees
80% network safety. As damage severity increases, the recovery rate
decreases, leading to reduced network safety. Consequently, with the
available resources, ensuring network safety becomes challenging for
moderate to high damage levels.

These curves are intrinsic to the network. The behavior of the
curve depends on the damage susceptibility (which relates to roads
prone to obstructions from hazard trees and power poles), however, the
curve’s tendency is independent of the assumed damage severity (which
relates to the percentage of trees and poles falling due to different
fire intensities), i.e., the number of hazard trees and power poles. To
illustrate this, two scenarios of damage severity are compared within
the same case study, (i) the reference case with the current damage
severity and (ii) an alternative case with 10 times the current damage
severity. In both scenarios, the damage susceptibility remains the same
for the network. Still, the assumed damage severity for each damage
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level is increased by a factor of 10, i.e., 10 times the values in Table 3.
Fig. 15 shows that the curve follows the same trend for both scenarios,
albeit, within different ranges, i.e., both curves overlap and describe the
same behavior. In this sense, the damage susceptibility is responsible
for the shape of the curve and damage severity defines the position
within the curve. Therefore, the trend exhibited by the characteristic
curves will be the same regardless of the damage levels, susceptibility
and severity, and available resources, because the curve represents the
intrinsic recovery capacity of the system under different circumstances.
The characteristic curves of connectivity and reliability are shown in
Appendix, in Figs. A.1 and A.2.

4.9. Discussion of results

The proposed framework provides relevant information to stake-
holders regarding the system’s recovery time based on available re-
sources and the level of damage incurred. This offers a more compre-
hensive perspective on the system’s behavior and whether available
resources are enough for an acceptable recovery, i.e., thresholds. For
instance, in the case study, if only 3 crews were available, the total
recovery time for severe and extreme damage levels would be three
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Fig. 15. Influence of different initial damage state in the characteristic curve of the recovery capacity of safety for the Pedrégdo Grande traffic network, Portugal.

times longer, resulting in a total of 251 days. Therefore, the framework
also allows comparison between networks and different conditions.

Another relevant information for stakeholders is comparing network
recovery performance based on thresholds and available resources.
Considering the case of safety performance, that comparison is present
in Fig. 16, which represents the relationship between the damage levels
and recovery rates in terms of kilometers recovered per day. It shows
that at high damage levels, the recovery rates are not compliant, even
when maximum resources are available. That is, for damage levels
ranging from medium-severe to extreme, the kilometers recovered per
day are insufficient to achieve the expected recovery. This suggests
that the municipality’s resources would not be sufficient to handle such
levels of damage, and therefore, actions are necessary. In addition, a
single crew would not be sufficient to recover the required kilometers
for the damage levels above minor.

Informed decisions about the allocation of resources concerning the
extent of damage are essential. Therefore, the system’s characteristic
curves could be an important tool to support decision-making. Using
the example of the safety recovery characteristic curve in Fig. 14, the
stakeholders can determine the necessary resources to ensure a specific
safety level for a particular damage level. For instance, 90% of safety
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can be guaranteed either with 2 crews for minor damage or with 4
crews for a moderate damage level. However, for the other damage
levels, the resources are not enough to guarantee this safety level for
the network. The stakeholders should reflect on the desired safety level
during the recovery time. Accordingly, the proposed curves can inform
whether the internal resources are sufficient to achieve this or whether
different actions are needed.

Those actions can be reactive, to improve the recovery rates, or
proactive, to increase resilience in terms of preparedness and minimize
the system damage impact by possible events. One of the reactive
measures that can be taken is utilizing external resources. When dealing
with extreme wildfires, external assistance usually plays a central role
in supporting affected communities during recovery. Assistance from
agencies or organizations at various levels (such as local, state, and
federal) can offer aid within different time frames. In this case, the
resources required to fulfill the accepted recovery times are more
than 13 crews. The additional resources improve recovery rates and,
therefore, network performance restoration times.

If external crews are unavailable, the response conditions can be
enhanced by increasing the level of preparedness resilience. In other
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words, adjustments should be made in earlier stages through adapta-
tion. In this context, considering the framework’s assessment of damage
susceptibility, it is possible to analyze the most exposed areas within
the network. This analysis allows the implementation of proactive
measures to mitigate potential fire damage before an event occurs.
These measures may include vegetation management, e.g., the creation
of firebreaks, and the reinforcement of power poles. For instance, if
firebreaks were implemented to manage the hazard trees for half of the
roads, the resilience would increase as well as the capacity to recover,
as it reduces the network’s susceptibility. Firebreak is understood as a
series of actions related to vegetation management aimed at reducing
fire exposure [56], e.g., removing the trees around the roads. The
influence of this adaptation option and its influence on the resilience
and recovery increase is demonstrated in Fig. 17. This figure compares
the safety recovery capacity of the network of the reference case,
represented by Curve 1, and an alternative case, that accounts for the
introduction of firebreaks, represented by Curve 2. This, considering
that firebreaks are applied to half of the most relevant roads, following
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the criticality ranking. Generally, better network safety performance is
achieved with a lower recovery rate, moving the curve closer to the
ideal behavior. Thus, 4 crews would be needed to guarantee the total
safety of the network, as opposed to the present case (Curve 1) where
at least 7 crews are required.

This also demonstrates that the characteristic curves allow the
comparison of networks in terms of their recovery performance, high-
lighting that the alternative case (Curve 2) is more resilient than the
reference one (Curve 1).

5. Conclusions

This work is presented as an extension of the preparedness resilience
framework [33], addressing recovery assessment. Based on the pre-
paredness framework, this framework evaluates response behavior for
different levels of damage, encompasses different system functional-
ities, and incorporates dynamic thresholds. However, to incorporate
recovery performance, the framework has added a temporal dimension,
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allowing the consideration of aspects such as recovery time and recov-
ery rate. They depend on the amount of resources available for recovery
activities. Thus, the framework provides a more complete picture of
system behavior during the recovery stage, as demonstrated in the
application of the case study of the Pedrégao Grande traffic network.

The framework permits the generation of the recovery characteristic
curves of the system. They capture the recovery capacity of a net-
work, consider the system preparedness capacity, and include relevant
information for the analysis of the recovery stage. It can be very
useful for classifying and analyzing network resilience in terms of
recovery, thus avoiding a detailed analysis of many scenarios and the
assumptions they entail. As these curves are intrinsic to each network,
they enable network comparisons. Thus resolving the limitations found
in the scientific literature frameworks. This paper has proposed some
representations of recovery assessment. However, the characteristic
curves aggregate the meaningful information of those representations
into a single curve, allowing for the comparison of the impacts of
different wildfire management decisions. Alternative representations of
the studied dimensions, including 3D models, could also be considered.
Additionally, since the approach supports the analysis of various de-
cisions, it could be extended into a prescriptive tool, which will be
explored in future studies.

This framework offers several advantages over others in the analysis
of recovery; (i) It avoids dependence on specific scenarios by consider-
ing the susceptibility of damage across the entire network, instead of
assuming damage in specific roads. It also accounts for various levels
of damage, providing insights into network behavior across a damage
range. The creation of characteristic curves of the system recovery
also reinforces this advantage of being scenario-free oriented, since the
characteristic curves are independent of the damage scenarios; (ii) It
provides an overview of the system’s recovery capacity by evaluating
different functionalities, including safety, connectivity, and reliability.
In addition, it eliminates the need to study all possible damage sce-
narios to make informed decisions about system recovery. This can
mean a significant reduction in computational cost; (iii) It aids in
understanding and decision-making regarding resource availability for
recovery activities, as it evaluates system performance for all possible
resource combinations. Thus, stakeholders can determine what amount
of resources are needed to obtain a certain performance, that complies
with the required acceptable behavior; (iv) The framework enables
an assessment of the adequacy of a system’s resilience to withstand
damage, determining whether the available resources are sufficient for
recovery or if additional actions are necessary, i.e., external resources
or achieving the required resilience during the preparedness stage.

The framework has some limitations, such as the assumption of
damage severity and criticality assessment. Damage severity may be
overestimated because the data are based on records of fire conse-
quences in another country. However, by considering different levels
of damage, the analysis provides more information and is more conser-
vative. Furthermore, this limitation can be addressed with the use of
expert judgment, drones, and inspections during a real event. Regarding
criticality consideration, it may not be realistic to evaluate each road
separately; ideally, criticality should be discriminated by routes. This
aspect will be addressed in future studies. While originally used for
traffic networks and wildfires, this approach can be extended to differ-
ent systems such as power transmission networks, as well as to various
types of hazards by establishing suitable targets, levels of damage, and
dynamic criteria.
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Appendix. Input data and results

Traffic input parameters per OD are given in Table A.1.

Table A.1
Origin—destination pair nodes, demand, and the number of routes considered for the
Pedrégao Grande traffic network.

Origin node Destination node OD demand (users/hour) No. of routes

1 35 390 5
1 36 438 5
10 22 251 5
10 36 290 5
10 22 250 5
12 36 550 5
12 43 653 1
22 35 370 5
22 36 1061 5
22 43 431 5
23 35 222 5
23 36 600 5
23 42 672 5
10 1 285 5
36 1 537 5
22 10 603 5
36 10 223 5
36 12 687 5
43 12 711 1
23 22 329 1
35 22 591 5
36 22 888 5
43 22 541 5
35 23 422 5
36 23 605 5



https://doi.org/10.54499/UIDB/04029/2020
https://doi.org/10.54499/2020.05755.BD

E. Arango et al. Reliability Engineering and System Safety 264 (2025) 111365

1 T T — * e *
09r b
08 r b

207 = b
= /
© L —#%— Minor |
o 06
c ) —#— Moderate
5 05l ¢ Medium |
o > —#— Medium-Severe
% —#— Severe
g 04r —#— Extreme i
>
< 03 |
0.2 k
0.1 |
0 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Recovery rate (km/day)
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Table A.2

Total recovery time in days per road (9 crews). Numbers 1, 2,

...7, correspond to the

Negligible to extreme damage levels respectively.

Roads Damage levels
1 2 3 4 5 6 7
1 0,00 0,03 0,11 0,46 1,28 2,13 4,12
2 0,00 0,01 0,03 0,16 0,43 0,71 1,42
3 0,00 0,01 0,03 0,10 0,31 0,51 1,03
4 0,00 0,03 0,09 0,39 1,04 1,73 3,37
5 0,00 0,00 0,00 0,00 0,00 0,00 0,00
6 0,00 0,00 0,00 0,00 0,00 0,00 0,01
7 0,00 0,00 0,00 0,00 0,00 0,00 0,00
8 0,00 0,00 0,00 0,00 0,01 0,01 0,03
9 0,00 0,02 0,06 0,26 0,68 1,13 2,24
10 0,00 0,01 0,04 0,19 0,57 0,91 1,79
11 0,00 0,01 0,03 0,14 0,41 0,67 1,31
12 0,00 0,06 0,16 0,69 1,86 3,06 5,94
13 0,00 0,02 0,07 0,22 0,66 1,09 2,17
14 0,00 0,02 0,06 0,24 0,62 1,03 2,01
15 0,00 0,00 0,01 0,06 0,17 0,28 0,54
16 0,00 0,00 0,01 0,03 0,09 0,16 0,30
17 0,00 0,01 0,03 0,16 0,44 0,73 1,47
18 0,00 0,03 0,10 0,42 1,17 1,91 3,68
19 0,00 0,02 0,07 0,29 0,80 1,31 2,56
20 0,00 0,00 0,00 0,00 0,00 0,00 0,00
21 0,00 0,04 0,12 0,53 1,44 2,38 4,63
22 0,00 0,02 0,08 0,33 0,96 1,54 3,02
23 0,00 0,01 0,02 0,08 0,24 0,41 0,82
24 0,00 0,00 0,01 0,04 0,14 0,23 0,48
25 0,00 0,00 0,01 0,04 0,18 0,27 0,53
26 0,00 0,00 0,01 0,04 0,14 0,23 0,47
27 0,00 0,00 0,00 0,01 0,03 0,06 0,10
28 0,00 0,03 0,10 0,34 1,02 1,70 3,40
29 0,00 0,00 0,00 0,00 0,00 0,00 0,00
30 0,00 0,00 0,00 0,00 0,00 0,00 0,00
31 0,00 0,01 0,02 0,09 0,21 0,36 0,69
32 0,00 0,01 0,04 0,13 0,41 0,69 1,39
33 0,00 0,02 0,07 0,30 0,82 1,34 2,62
34 0,00 0,02 0,07 0,23 0,70 1,17 2,33
35 0,00 0,02 0,08 0,26 0,76 1,26 2,52
36 0,00 0,00 0,00 0,00 0,00 0,00 0,00
37 0,00 0,01 0,02 0,09 0,26 0,43 0,87
38 0,00 0,00 0,00 0,00 0,00 0,00 0,00
39 0,00 0,01 0,04 0,18 0,54 0,87 1,70
40 0,00 0,01 0,02 0,09 0,20 0,34 0,66
41 0,00 0,02 0,07 0,29 0,80 1,30 2,54
42 0,00 0,01 0,02 0,07 0,21 0,36 0,72
43 0,00 0,00 0,01 0,04 0,16 0,23 0,48
44 0,00 0,00 0,01 0,06 0,19 0,29 0,57
45 0,00 0,01 0,02 0,12 0,34 0,52 1,04
46 0,00 0,01 0,02 0,10 0,24 0,42 0,81
47 0,00 0,03 0,11 0,36 1,07 1,77 3,54
48 0,00 0,01 0,04 0,19 0,58 0,93 1,82
49 0,00 0,02 0,06 0,23 0,61 1,02 1,98
50 0,00 0,01 0,02 0,09 0,26 0,42 0,84
51 0,00 0,01 0,03 0,12 0,37 0,61 1,23
52 0,00 0,00 0,01 0,04 0,13 0,22 0,44
53 0,00 0,01 0,04 0,20 0,59 0,94 1,86
54 0,00 0,00 0,01 0,04 0,16 0,23 0,47
55 0,00 0,01 0,03 0,14 0,39 0,64 1,24
56 0,00 0,00 0,01 0,04 0,17 0,24 0,50
57 0,00 0,01 0,04 0,18 0,54 0,88 1,72
58 0,00 0,00 0,00 0,00 0,00 0,00 0,00
59 0,00 0,01 0,03 0,14 0,41 0,67 1,30
T, 0 1 2 9 26 42 83
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