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ARTICLE INFO ABSTRACT

Keywords: Climate change is leading to a rise in the occurrence and intensity of wildfires, exacerbated by the
Wildfires growing encroachment of communities into the natural environment, posing challenges to our
Extreme events global capacity to respond to wildfires. During wildfire events, road transport infrastructure
Transport networks becomes crucial for the evacuation of people and accessibility to an emergency by first re-

Road infrastructure

¢ " sponders. Nevertheless, resilience management of transportation infrastructure affected by
Decision-making

wildfires is poorly considered, despite its relevant role and high exposure to wildfires. Therefore,

Exposure - - L . .
Pr:paredness this study proposes a new methodology to estimate the priority level for wildfire preparation by
Resilience combining exposure and criticality of road transportation infrastructure to wildfire hazards with

consideration of different wildfire categories. The analysis is conducted at the system level
considering interdependencies and redundancies among infrastructure components and using a
geographic information system (GIS) to automate the modelling process and visualization of
results. The proposed methodology is applied to a case study in the Leiria region of Portugal,
demonstrating its utility in prioritizing economic resources and decision-making for areas
requiring preparation. This approach can serve as a resilience-based tool for decision-making,
supporting the implementation of effective adaptation strategies to enhance wildfire resilience.

1. Introduction

Society has reached a certain level of resilience to wildfires due to a long tradition of fire events (e.g., China 1987; Australia 1961;
Portugal 2003). However, this level of resilience may not be sufficient to cope with recent extreme wildfire events (EWE), or bushfires,
as reflected by their associated high societal cost. For instance, the Camp Fire that occurred in Butte County (California) in 2018
destroyed more than 18,000 buildings and claimed 85 lives [1]. EWE are fires with significantly high characteristic values, such as
intensity, size, and spread speed [2] that make suppression exceptionally challenging leading to severe and unexpected impacts, such
as those that occurred in Australia in 2019-2020; Chile in 2016; Portugal in 2017, the USA in 2021, and Canada in 2023. There is
evidence that climate change is influencing the frequency and intensity of wildfires and other natural catastrophes [3-6]. For instance,
bushfire projections in Australia predict that by 2050 the number of days with a very extreme risk of bushfires can increase by a factor
of four to five compared to 1990 [7]. Climate change has been linked to more extended fire seasons, i.e., the fire season is no longer
associated exclusively with the summer months but may happen at any time of the year. Therefore, the effects of climate change are
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becoming more important [8,9]. This new generation of wildfires leads to more extensive and destructive fires in regions already
susceptible to such events and emerges in areas where societies had not previously encountered similar phenomena. For instance, in
Europe, wildfires used to be concentrated mainly in the Mediterranean area. Nowadays, an increasing trend of wildfires is advancing
toward central and northern Europe. Therefore, countries such as Ireland, Sweden, and The Netherlands are already unexpectedly
facing these events. Wildfire propensity is also exacerbated by other factors, such as current land use problems, e.g., rural aban-
donment and low-density urbanization, which contribute to landscape-scale fuel accumulation and, consequently, more severe
wildfires [10].

Wildfire management has traditionally been based on suppression, i.e., extinguishing the fire, and risk rather than preparedness
and resilience [11]. Aiming at zero wildfire risk is not possible and a paradigm change is required in terms of wildfire management
towards a resilience-based approach [12-14]. Nonetheless, there is an important lack of methods with a focus on the preparation of the
critical infrastructure for wildfire hazards, so they can maintain their functionality supporting a resilient society. This is discussed in
more detail in Section 2.

To address the indicated gap, this study proposes a GIS-based methodology to estimate the priority level for the intervention of road
transportation infrastructures to prepare for wildfires. The methodology combines a novel exposure measure and a criticality raking to
capture the individual circumstances of each road in the context of wildfires at the asset level and to provide the importance of each
road within the context of the system, respectively. The approach considers a complete range of wildfire hazards (including normal
fires and EWE) to support decision-making and allow the prioritizing of economic resources. Unlike other studies, the methodology is
quantitative, is not data-intensive, and with an adequate level of fidelity to support decision-makers in wildfire management toward
resilience. It incorporates social, physical, and environmental factors without involving high data requirements or high computational
costs. The framework is developed from a resilience-based perspective (for a detailed discussion between the resilience-based approach
and risk-based approach see Ref. [15]), meaning that the system should be prepared, respond, and recover from any wildfire category
independently of the occurrence probability. Therefore, following a resilience-based approach, the methodology does not consider the
probability of man-made or naturally occurring wildfire events that bring unpredictability to the problem. The method proposes a
system-level analysis, considering interdependencies and redundancies among the road system, thus, accounting for important
resilience-related aspects, such as adaptability and redundancy. The framework is focused on road infrastructure, as it is one of the
most essential factors for the safety and resilience of communities in the case of wildfires. The geographic information system (GIS) is
used to automate the modelling process and visualization of results.

Therefore, the novelties of this paper rely on the novel exposure metric and its integration with road criticality, enabling the
establishment of a priority ranking for preparedness interventions. This allows interventions to be strategically designed to target roads
with higher priority, offering an effective decision-making tool to enhance wildfire resilience. This methodology is not presented as a
tool for resilience assessment, but it helps improve the resilience of the road network to wildfires. The study aims to 1) develop a GIS
method for prioritizing interventions for preparedness against wildfire hazards at a system level. This method is based on novel
exposure measures that account for the characteristics of the new extreme wildfire regime; 2) applies the method to a real case study in
the Leiria region of Portugal; and 3) reflects on its application to support decision-making processes at two stages: emergency man-
agement and long-term planning.

2. Preparedness of road networks for wildfires

In the field of road transport infrastructure, the study of wildfire management is focused on risk-based approaches, i.e., based on
known and measurable threats, where the main attention is on evacuation (e.g. Refs. [16-20]). It is also assumed enough suppression
capacity to adequately manage the wildfires. While this approach can be adequate to deal with normal fires (those fires where sup-
pression is sufficient to quickly control them), the impacts of events over the last two decades show that it is not sufficient when it
comes to EWE [21]. In this section, the limitations and challenges derived from the suppression-related assumption and risk-based
approaches are explained.

Issue I: Lack of tools to address the preparedness of critical infrastructures for wildfires. Suppression has been the cornerstone of wildfire
management, while preparedness has been considered through research into early warning systems once the fire is initiated (e.g.
Ref. [22]) and emergency management (e.g. Refs. [19,23,24]). In comparison, aspects such as prevention and protection, which are
essential to reduce the impact of wildfires, have received less attention. According to Ref. [25], one of the main reasons for the
persistence of the suppression approach is the lack of methods to identify and evaluate preparedness interventions, i.e., prevention and
protection through adaptation measures. Therefore, there is a clear need for tools to support the preparedness of road networks for
wildfires, particularly in the presence of the new generation of EWE. In that sense, adopting a resilience perspective may yield better
results in developing a plan for unforeseen disruptive events because resilience takes a broader approach that emphasizes the system’s
ability to cope with the unexpected at all levels [26].

Approaching concepts such as exposure, vulnerability, and criticality from a resilience perspective could be essential when
assessing the interventions to improve wildfire resilience. According to ISO Guide 73 [27], exposure is defined as the extent to which
an asset is subject to an event according to its location, whereas vulnerability considers the inherent qualities of the assets resulting in
susceptibility to a risk source. The inherent characteristics of a road regarding fire refer to aspects such as pavement properties and
road structural layout. When the focus of the study is on users’ safety, it is unacceptable that drivers use roads surrounded by flames,
then, the concept of vulnerability becomes less relevant than exposure. In addition, growing evidence suggests that the extent of
disaster risk associated with extreme hazards is more influenced by exposure than by vulnerability [28]. On the other hand, criticality
is the quantification of losing or damaging certain road segments or components [29], i.e., the more critical the road link, the more
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severe the consequences (e.g. social, economic, environmental, health impacts) [30]. Consequently, exposure can be related to hazard
identification and its causes at the asset level, and criticality with the consequence at the system level. Both concepts are of high
relevance to improve the capacity of road transport networks to cope with different wildfire intensities, i.e., enhance the resilience of
the system.

The criticality of road transport networks has been extensively studied, specifically in risk assessments [31,32]; also referred to as
vulnerability analysis [33-35]. There are criticality assessments that implement different criteria such as topology (e.g. Ref. [36]),
travel time increase (e.g. Ref. [37]), accessibility loss (e.g. Ref. [38]), traffic flow congestion (e.g. Ref. [39]), and disruption of the
supply chain (e.g. Ref. [40]). Recent literature reviews on criticality analysis can be found at Refs. [41,42]. On the other hand, despite
the many studies developed on wildfire risk, little attention has been paid to assessing wildfire exposure. For instance, in Ref. [43] a
guide for determining communities’ exposure to wildfires based on a rule of thumb is presented. In terms of more scientific methods, in
Ref. [44] wildfire exposure is evaluated using simulations, which have significant drawbacks related to the difficulties described in
Issue II.

Issue II: The problem of risk-based methods for capturing EWE behavior. Existing risk-based methods analyze wildfire behavior and
impact, such as fire ignition probability [45-47], risk mapping [48,49], forecasting [50-52], and spatial analysis of the factors related
to the fire phenomenon [53-55], within which qualitative methods can be distinguished (e.g. Refs. [56-59]). A recent literature review
of wildfire behavior modelling can be found in Ref. [60]. These methods have two main limitations; (i) they have difficulties capturing
the dynamics of extreme wildfire events (EWE), which are increasingly often out of line with expectations. The risk-based methods are
usually built upon historical records (e.g. Refs. [61-63]) and do not consider the effects of the new EWE regime. EWE has unpredictable
behavior and therefore high uncertainty. For instance, according to official reports, the wildfire in Pedrogao Grande (Portugal) 2017
was not anticipated by emergency services in Portugal or Europe [64]. It occurred unexpectedly during late Spring, i.e., with the
expected less favorable weather conditions for such an event. Despite significant efforts in suppression and detection, wildfire man-
agement results were not favorable in the case of Portugal. Wildfire management is a complex process that involves various com-
ponents, such as prevention, protection, detection, suppression, and recovery. Therefore, the limitation lies in the focus on only two of
the five crucial components of wildfire management, which also reinforces Issue I[; and (ii) these methods are increasingly categorical
for a specific scenario (e.g., a particular ignition point) and data-intensive, but with insufficient capacity to extrapolate other scenarios
or conditions. Examining a single scenario of hazard-specific conditions requires copious amounts of information, for this reason, very
specific scenarios are usually analyzed. However, analyzing a limited number of fire events to derive predictions is not conclusive
enough due to the large uncertainty of such a complex event that depends on many variables.

From a resilience perspective, focusing on the system capacity is necessary rather than predicting the wildfire occurrence.
Consequently, exposure assessment can provide valuable information in that regard. To the best of the authors’ knowledge, there is no
quantitative framework that differentiates the level of wildfire exposure of a road according to its location, i.e., depending on the
surrounding elements. Similarly, there is also a lack of tools to prioritize preparedness interventions by jointly assessing criticality and
exposure.

3. Methodology

The methodology includes aspects related to the causes and consequences of normal and EWE based on an analysis of the exposure
and criticality of road transport networks, respectively. The analysis in this study consists of two main components; (I) an assessment at
the asset level, which examines the exposure of each road to wildfires, considering its location within the natural and built envi-
ronment; and (II) an evaluation at the network level, which focuses on determining the criticality of each road in ensuring uninter-
rupted mobility. In this sense, criticality considers the interdependencies and redundancies of the road system.

There are many interrelated factors involved in the phenomenon of EWE. The proposed methodology accounts for different do-
mains to comprise many of these influential factors. It considers social factors (e.g., road transport demand, land use), physical factors
(e.g., buildings, road, and energy infrastructure), environmental factors (e.g., type of vegetation, rivers), and coping capacity of the
communities (e.g., the existence of fire stations and other barriers). These domains are quantitatively combined. Social consequences

Intervention prioritization—at the asset level

‘ Exposure— at the asset level

Technical Social Environmental Coping Organizational
capacity
Physical Road users Natural Decision-
infrastructure and land use. environment The existence making.
(buildings, (Vegetation, of fire stations
roads, and rivers). and other
energy barriers.
infrastructure).

Fig. 1. Domains involved in the methodology for prioritization intervention.
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are included; however, the environmental consequences are not considered in this analysis. The combination of these domains pro-
vides a global perspective and relevant information about the system to stakeholders, as shown in the discussion of results (Section 6).
Fig. 1 summarizes the conceptualization of the methodology.

3.1. Exposure analysis

This section presents a novel methodology that facilitates the comparison of two roads or targets situated in different natural and
built environments, assessing their exposure to various types of wildfires without considering associated ignition points. For instance,
when comparing Road 1, surrounded by pastures and a river at a distance of 2 km, with Road 2, encompassed by a Eucalyptus
plantation and a firebreak of 4 m width along the road: Which road is more exposed to a fire event? Or which road would be reached by
the fire first? Also, how long would it take to reach the roads under a given wildfire category? Hereinafter, the burning sources, and fire
extinguishers are referred to as sources and barriers, respectively. To answer these questions, two concepts are defined, the Equivalent
Fire Distance (EFD) and FIRe Arrival Time (FIRAT). EFD provides a fictitious distance to answer the first two questions. It translates the
surrounding conditions of a road or target involving sources and barriers of different nature to an equivalent scenario where there is a
unique source, the reference source. The transformation, which is based on the rate of spread of the different sources and barriers,
facilitates the comparison of different assets. FIRAT is an exposure measure that provides the average time for a random fire to reach a
target (e.g., assets) based on the wildfire conditions and surrounding sources and barriers with the ability to feed or extinguish the fire.
In that sense, FIRAT helps answer the third question.

For the sake of clarification, Fig. 2 compares the exposure level of a road with varied surroundings and two ignition points A and B.
In (I) the real system is shown with several types of sources and barriers on each side of the road. From each ignition point, the fire
travel time can be calculated as the sum of the propagation times for each of the sources and barriers for a given wildfire condition. This
will allow the comparison between Point A and B. Alternatively, the equivalent system (II) shows how all the sources are homogenized
in terms of a reference source, thus combining them into an equivalent measure. That means that areas on the right and left sides of the
road can be compared. In this case, we observe that ignition point B is more critical as Begyy. is closer than A.qy. The FIRAT can be
calculated considering the equivalent distances and the rate of spread of the reference source under a given wildfire condition,
providing the same results obtained for the real system.

It is important to highlight that EFD is independent of both the wildfire conditions and the location of the fire ignition. Similarly,
FIRAT is not associated with the location of the ignition point, as will be explained below. This stands as the primary distinction from
the fire travel time used by other authors, e.g. Ref. [65], which needs the definition of a specific ignition point. In this approach, the
ignition point holds no relevance because adopts a scenario-free perspective. As a result, regardless of where the fire originates, the fire
sources and barriers will ultimately determine the progression of the fire.

The homogenization also makes it possible to consider 7 different categories of fire conditions from normal to extreme wildfires, as
shown in Table 1, where each fire category is briefly defined. Several parameters are associated with a given wildfire category, such as
fireline intensity, flame length, and Rate of Spread (ROS). Given the goal of the proposed approach, the ROS parameter is used. ROS is a
measure of how fast the fire is propagated from its source. This propagation rate is quantified in units of distance over time (e.g., m/s).

Note that for a given fire category, f, the ROS varies with the burning source, i. For instance, ROS; £ ;}mland = 15 m/s (according to

I.Real System

distance 1
I1. Equivalent System *+ Equivalent
M v W o ! Wi " distances based
2 s 4 M W - i bt \ A O 18
X sz e il S i i gm S S \ on the rate of
) N S Gt [ e g - ADY) spreadiof
AP g TR i 7 U @ surrounding
equiv B B e g i by Be uiv
e g M W MMM W% q elements.
> " i g W TR ) W oL A\
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Equiv distance 1 Equiv distance 2 can be compared.

< >

Fig. 2. Schematic representation of the logic behind EFD and FIRAT.
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Table 1
Wildfire event classification based on fire behavior. Adapted from [2].
Fire Categories Fire Type Description ROS (m/min)
Normal 1  Surface Fire Walking fire in the lowest vegetation layer 5,—15p
fires 2 Surface Fire Walking fire in the lowest vegetation layer 15, - 30
3 Surface/Flying fire Burning and glowing vegetation particles are carried by the wind (Spotfire) 20, — 504
4 Surface Fire - Crowning likely depending on vegetation type and stand structure 50, — 1004
Crowning likely
EWE 5  Crown fire Either wind - or plume-driven. Spotting plays a relevant role in fire growth. Possible fire 150, — 2504
breaching across an extended obstacle to local spread. It has chaotic and unpredictable fire
spread
6  Plume-driven/ Highly turbulent fire. Chaotic and unpredictable fire spread. Spotting, including long-distance, 250-300
Firestorm plays a relevant role in fire growth. Possible fire breaching across an extended obstacle to local
spread
7  Firestorm Plume-driven, highly turbulent fire. Area-wide ignition and firestorm development non- >300

organized flame fronts because of extreme turbulence/vorticity and massive spotting

Note: ® Forest and shrubland; ® grassland; © forest; 4 shrubland and grassland.

Table 1). For a given target, e.g., a bridge, a road, or a building, the FIRAT associated with a fire category f, is calculated as the ratio of
the Equivalent Fire Distance, EFD, and the characteristic ROS as follows.

EFD,,

f?
ROS,},

FIRAT ' =

(€Y

where ROSré} is the ROS associated with a reference type of burning source for a fire category f, obtained from the fire classification in

Table 1. EFD,, is a measure that combines the distances from all the closest burning sources and barriers (included in the same group,
S) to the target expressed in terms of a reference type of burning source. Fire barriers are understood as those that inhibit the fire
advance due to the lack of sufficient fuel to support the spread of wildfires. Note that the fire approach time associated with the most
extreme wildfire category is at least 30 times shorter than the mildest fire category. Thus, the higher the FIRAT value, the less exposed
the target is.

One of the main challenges that an exposure assessment to wildfires poses is the consideration of different fire sources and barriers,
each with a different fire spread capacity. Therefore, it is a source/barrier factor proximity that indicates the distance to fuels or
dangerous flammable materials or fire breaks. To combine them, it is proposed the EFD that is calculated as Eq. (2),

EFD, ;s = Aics Wid; (2)

where A is an aggregator operator that combines the sources and barriers analyzed. For each source or barrier i € S, its physical
distance to the target element, d;. The distance is normalized by the ratio W; which is calculated as the ratio of the ROS of a reference

source, ROS,;}, and the ROS of a source or barrier i, that is,
ROS/

ref
= i 3
ROS,’ 3

i

Note that ROSif in the case of barriers is low, or even zero. To avoid computational overflow, it is recommended to assume a very
small number rather than a zero value. This normalization allows comparing different distances of several sources or barriers from the
point of view of their capacity to spread the fire. The aggregator operator can be the average or minimum of all the S distances or
others, depending on the information’s purpose. Whereas the average value offers a global perspective of the target exposure con-
cerning all the surrounding sources and barriers, the minimum value focuses on the most critical scenario for the target (i.e., how close
it is to a source of fire propagation). This choice mainly depends on the study objectives.

To summarize, the FIRAT is calculated as a distance divided by a propagation velocity. This distance refers to the distance between
the study target and the most critical element of its type, e.g., between two pasture areas, it will be the closest one. Therefore, FIRAT is
scenario-free (resilience-based approach), whereas traditional methods using fire travel time put the focus on the ignition point. These
methods are risk-based and consider a concrete hazard scenario (their limitations are discussed in Section 2, Issue II).

ROS is used as the basis for the methodology because it is one of the most important parameters of wildfire behavior, which in turn
allows considering the different fire categories for FIRAT assessment. ROS is easily related to distance units and combined with the
homogenization process, allows consideration of several sources and barriers in the exposure analysis, including fuel and infra-
structure types. ROS base values should reflect the specific conditions of the analyzed case and be estimated by experts. In some cases,
estimating the ROS associated with some infrastructure types, such as gas stations and power plants, can be challenging. The ROS
values used in Eq. (3), are assumed to be constant and spread similarly in all directions. Eq. (3) permits expressing all the sources in

terms of the reference value ROSré. Therefore, W; informs about the impact of different sources in a straightforward manner for each
fire category.



E. Arango et al. International Journal of Disaster Risk Reduction 99 (2023) 104126

Nonetheless, ROS is associated with significant uncertainty given wildfire dynamics. Therefore, ROS values can be altered by
factors, such as wind direction and speed, humidity, and topography [66]. Researchers such as [67], and [68] recommend altering the
ROS values by a factor between 2 and 3 to consider wildfires under windier and drier conditions, as well as the effect of an upslope fire.
Therefore, this correction factor can be applied to the calculation of the EFD and FIRAT. Underestimating them will yield conservative
values; nevertheless, it will ensure that the measures/decisions taken based on this information are the safest for users. It is possible to
consider a variability range for the ROS parameter to obtain more accurate results. The EFD can be given by a confidence interval
varying, for instance, between 1 and 3 m.

The exposure assessment procedure is summarized in the following seven steps.

1. Hazard definition. The input data correspond to the definition of the study target (e.g., a bridge, a road), fire propagation sources,
and barriers that can affect the object of study. In addition, it is necessary to contemplate a classification that allows considering the
different fire categories, in this case, the classification developed by Tedim et al. [2] as given in Table 1 is suggested.

2. ROS values identification (ROSif ) Establishing the ROS for the different sources and barriers for a selected fire category,
considering the source and zone characteristics.
. Reference object definition (ROSrgf) Select one of the fire propagation sources previously identified as a reference object.

. ROS ratio estimation (W;) using Eq. (3).

. Distances calculation (d;). A distance measure between fire propagation sources/barriers and the target.
. EFD calculation, using Eq. (2).

. FIRAT estimation using Eq. (1) for the selected fire category.

NOUh~ W

3.2. Criticality analysis

The wildfire consequences are considered from a criticality analysis focused on the human-related aspects. This analysis considers
the topological characteristics of a road network to evaluate connectivity based on the relative locations and configurations of roads
(henceforth referred to as links for traffic analysis purposes) and nodes. One link corresponds to each road direction, i.e., a two-way
road corresponds to two links. The nodes are defined as the road characteristics change, intersections, and places of entry or exit of
users. The traffic demand and the network performance regarding travel time are also considered. The annual average daily traffic
(AADT) is used to assess how a wildfire event can affect the capacity of the road network to meet the demand under regular operation.
However, during an emergency, the demand may well vary, and this is a topic for future research.

The proposed criticality analysis consists of measuring the change in the total travel cost of the traffic network, usually expressed in
terms of travel time, as a result of the degradation of the network. It is conducted through a traffic assignment model, whose underlying
idea is that traffic flow spreads through the network in such a way that drivers optimize their travel time, i.e., they try to reduce their
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Fig. 3. Methodology scheme for prioritization of preparedness interventions on road transport systems affected by wildfires.
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travel time as much as possible. Given that the travel time of a road is a function of its saturation degree, the analysis requires
optimization at a network level. This allows the consideration of the behavior of all users in the network and the influence of roads
affected by wildfires on non-affected roads because of users changing their routes.

The new traffic flow distribution through the network caused by the affected areas is assessed by a stochastic traffic assignment
model, which permits introducing the biased perception of users who may not have perfect information about the situation [69]. The
results allow the identification and classification of critical links in the network based on the relative increase in travel time caused by
link damage.

The criticality assessment procedure is summarized in six steps.

. Inputs definition. The network topology, origin, and destination (OD) pairs, routes, road characteristics, and traffic demand.
. Tune the traffic model.

. Estimate the reference total travel time (no damage scenario).

. One-at-a-time analysis. Estimation of the total travel time associated with each damaged link.

. Calculate the relative increment of travel time regarding the reference cost.

. Rank the links from the most to the least critical ones.

U A WN -

3.3. Intervention prioritization methodology

The final output of the framework is the ranking of the priority level for preparedness interventions, which is obtained by
combining the two main analyses: exposure and criticality analyses. Both analyses are combined following a risk-inspired approach,
which involves normalizing the results of each analysis between 0 and 1. The homogenized values are then multiplied and the
intervention priority ranking of all the links is obtained. It allows for identifying those roads with high exposure and criticality values,
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Fig. 4. Portugal Case study - Pedrégao Grande traffic network, defined by nodes and roads (links). Red-shadowed nodes are the origin and destination (OD) nodes.
Source of background: Google Maps
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Fig. 5. The fire spread sources and barriers.

dismissing those with either low criticality or low exposure. The new ranking provides valuable information for decision-makers
regarding where to implement actions to improve the wildfire resilience of the system. Fig. 3 summarizes the complete framework.
4. Pedrogao Grande traffic network. Case study

4.1. Case description

Pedrégao Grande is a Portuguese municipality in the Leiria District, Central Region, and inter-municipal community of Leiria, as
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Fig. 6. Fire propagation sources (forest) considered for Pedrégao Grande, Portugal.
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Table 2

ROS values for spread and barrier source — assumptions or observations.

Spread sources

ROS (m/min)

References

Assumptions/Observations

Bases

Fire Barriers

Forest

Other activities

Grassland

Shrublands

Dry eucalypt forest
Pine plantations

Wet eucalypt forest
Wastelands

Rivers

Swimming pools

Fire stations

Invasive species
Shrublands

Eucalypt (plantation)
Maritime pine (plantation)
Stone pine (plantation)
Cork oak

Other oaks

Chestnut

Hardwoods trees
Farming

Gas stations

Industrial (lumbermen and
furniture relative activities)

Substations and Power plants

Commercial

Sports
Buildings

50
25
12
7.0
1.2
0.5
0.5
0.5
0.5-0.8
50
35
25
30
33
12
12
7

7
25

200

450

250

170

25
7.2

Cruz et al. [75]

Scott and Burgan [74]

“Invasoras.pt” [77]
Assembleia da
Repiiblica [64]

Assembleia da
Reptiblica [73]
Teixeira [79]
Scott and Burgan
(2005) [74]

ARIA Technologies
(2009)

EPA CEPP (1998)
[80-82]

Al-Hajj et al. [83]

Ahumada and Lillis
(2021)

Dominion Energy
(2022)

BLANC et al. [84-86]
Office of Civil Defense
[87]

Cousins et al. [88]
Thomas, Heron, and
Baker [89]

All values were taken in 10 % Humidity and 20 km/h Wind condition.

They are assumed as elements that do not spread fire, i.e., fulfill a barrier’s function.

It is assigned the same ROS as grass due to the existence of Cortaderia Selloana, a species with high propagation speed.
This vegetation type is assumed to be large-scale plantations and therefore can increase fine flammable fuels at a
landscape scale [78]. The mean values of models built with previous information in this area were used.

These values are established from the base values and expert judgment.

Farming is assumed to be combustible and therefore spread the fire (based on previous fires in this area). Additionally, a
high ROS value is assigned for the farming type, which is mostly corn and sunflowers.

Assuming an average damage radius of 200 m (taken from ARIA 23952-January 22, 2003-93 - LA COURNEUVE) and a 1
min to reach it, consider an imminent explosion.

Assuming 3 km of heavy damage, recorded on the Beirut (Vancouver) blast and 400s to reach that fire radius according to
Chen et al. (2010) and Lin and Wu (2018).

An average explosion radius of 250 m is assumed, and 1 min is considered to reach that radius for the most critical
scenario.

A blast radius of 804 m according to the reference and a time of 284 s is assumed according to Chen et al. (2010); and Lin
and Wu (2018).

Assuming that they are mostly grass fields or green areas such as pastures.

Assuming fire-spread mechanisms between buildings with non-combustible claddings through non-fire-rated roofs or wall
openings use a critical separation distance for a broken window of 18 m and 2.5 min to reach that length.

‘v 32 03uDLY “H

9ZIH01 (£20Z) 66 UONIMPIY STY 423SDSIC JO [DULNOL [DUONDULIU]
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shown in Fig. 4. It is one of the richest councils in natural heritage [70]. This municipality gained international recognition due to the
large wildfire that devastated its surroundings in June 2017 and resulted in the loss of 64 lives and 153 injuries.

The transport network of the study area is mostly composed of primary roads and therefore they are busy and important within that
region and for the country. Due to the large amount of information, only the most relevant data from the case study is shown in the
main body of the paper. The interested reader is referred to Appendix A for further details.

4.2. Exposure analysis

In this case study, the targets are the links of the road network. The fire propagation and barrier sources are given in Fig. 5. They
were mostly defined from the available information in Open Street Maps through QGIS, free and Open-Source Software. The infor-
mation on fuel type was obtained from the land use and occupation chart for Continental Portugal, in its most recent version (2018
version). It provides a set of geographic data that represents the thematic mapping of land use and occupation, available as Linked
Open Data in DGT [71].

The collected data shows that the study area is characterized by a low presence of urbanized areas (<5 %) relative to areas with
infrastructure, equipment, and public space. It exhibits a discontinuous built fabric with scattered built areas and a dispersed popu-
lation. On the other hand, there is also a low presence of shrublands (<5 %), from 0 to 3 % of the land use corresponds to pastures and
from 10 to 20 % to agriculture. The forest is the most representative land use and occupation class of the territory >60 %. The forest is
formed by several species, predominantly maritime pine, eucalyptus, and cork oak plantations [72], as shown in Fig. 6.

Farming land is also considered a fire propagation source because agriculture is not always well maintained in non-combustible
conditions. It means the grass is allowed to grow under the crops, or wheat or similar crops are dried before harvest. This was
demonstrated in the 2017 wildfire event, where crops were one of the largest sources of fire spread [73]. On the other hand, sources
that could directly affect the target (roads) or considerably increase the fire propagation speed in the event of an explosion are also
considered, such as gas stations, power plants, substations, and industrial, commercial, and residential buildings. Explosion and
propagation considerations are detailed in the last column of Table 2.

Three barriers are considered; (I) wasteland, such as gravel pits, arid deserts, dunes, and rocky outcrops; (II) land covered by open
water bodies, such as lakes and rivers, see Ref. [74]. Only the highest order rivers are considered, from order three onwards, according
to Strahler’s stream order; and (III) the existence of firefighter’s brigades and other water bodies, such as swimming pools that can
serve as backup for firefighters. Other sources and barriers considered are shown in Appendix A-Figure A. 1

For the ROS assignment, the propagation sources were classified by activity into three main groups, namely: (I) forest (fuel type),
(ID) barriers, and (III) other activities. In the first group, the Australian guide of fire spread rate prediction for different fuel types [75]
was taken as a basis and complemented with the information reported in the analysis of data related to the fires that occurred in
Pedrégao Grande [64], combined with expert judgment. It was necessary to review and complement the information because the forest
conditions in Portugal are different from those in Australia, where for example, the eucalyptus forests are natural, while in Europe they
correspond mostly to plantations [21,76], which significantly changes the ROS value. While for dry eucalypt forest, the ROS value may
correspond to 12 m/min, a forest plantation is more flammable and increases the fine flammable fuels on a landscape scale [21]
doubling the ROS value (25 m/min). This was established according to the 2017 post-fire report in this area [64].

In the case of fire barriers, since they prevent the fire advance, their ROS value is assumed to be close to zero. For those sources that
can directly affect the target (road links) or considerably increase the speed of fire propagation in the explosion event, it is necessary to
consider a blast or damage radius with the respective reach time to set it in terms of propagation speed. The ratio and blast times are
obtained from scientific literature and reports. For example, for gas stations, assuming an imminent explosion, it is considered 200 m of
danger radius and a time of 1 min for the fire to spread in that radius, obtaining a ROS value of 200 m/min. All the values and
corresponding assumptions to the propagation source groups are synthesized in Table 2. The ROS values provided in Table 2 can be
used as a basis for other application cases. Nevertheless, it is important to review and update them according to the characteristics of
the case study. ROS values of bases and forest groups were taken in 10%-20 % humidity and 10-20 km/h wind conditions. Other factor
such as soil moisture is assumed to be similar throughout the study area.

On the other hand, no significant variations in slope were observed that could be considered as differentiating factors in the case
study. Therefore, they are not considered, as they do not alter the priority ranking. Note that these factors depend on the case study and
should be analyzed in all cases to avoid underestimation of ROS values. The ROS value of grassland is selected as the reference object
due to convenience for later steps in the use of the fire classification in Table 1. By applying Eq. (3), the ROS ratio of each source and
barrier can be estimated. For instance, the ROS value of the eucalypt (plantation) is 25 m/min. Therefore, its ROS ratio (W;) is 2 with
respect to the reference ROS (ROSref), which means that it takes double the time compared to the grassland (reference object) to reach
the target object under the same fire conditions.

On the other hand, to estimate the real distances between the roads to the fire propagation sources and barriers, the coordinates
provided by QGIS are used. In this case, only the closest source of each type has been considered, based on the assumption that the
wildfire will reach the target road by the closest sources. For instance, for the other activities group, the sources could affect all links
within the explosion range assumed in each case. Finally, using Eq. (2), the equivalent distance of each fire propagation and barrier
source can be obtained for each link.

The used aggregation is the average equivalent distance. FIRAT / is obtained by applying Eq. (1), considering the obtained EFD,s of
each target and the characteristic ROS value for each fire category using Table 1.
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4.3. Criticality analysis

The proposed approach has been implemented to determine the criticality of the traffic network in Pedrégao Grande, Portugal. The
data relating to the traffic network was provided by ‘Infraestruturas de Portugal. S.A.¢, a public company managing the largest stock of
asset