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ABSTRACT

Firebrands or embers are a crucial phenomenon in wildfire behaviour. Firebrands — small,
burning or smouldering pieces of wood or other flammable materials — can be carried by
wind considerable distances, leading to ignition of new fires ahead of the main fire front. This
process, called spotting, significantly contributes to the rapid spread of fires, particularly in
wildland—urban interface (WUI) areas. Spot fires pose a severe threat to people and properties.
Better understanding the thermal behaviour of firebrands and their ability to ignite various
natural fuel beds and structural materials is crucial for developing effective fire prevention and
mitigation strategies. This paper presents a comprehensive review of recent studies investigat-
ing the thermal behaviour of firebrands and their interaction with natural and structural fuels.
These intensive research efforts have focused on predicting firebrand behaviour in spot fires
through experimental studies, numerical simulations and statistical modelling to identify factors
influencing ignition likelihood. This review explores the mechanisms through which firebrands
interact with vegetative and building materials, focusing on ignition and subsequent fire spread.
Critical factors, such as material composition, moisture content and firebrand accumulation, are
discussed. This study also identifies critical knowledge gaps and proposes future research
directions to ultimately contribute to more effective wildfire mitigation and management
strategies.

Keywords: embers, firebrand pile, firebrand shower, firebrands, ignition, spot fire, thermal
behaviour, wildfires, WUI.

Introduction

Over the past few decades, there has been a notable increase of wildfires globally
(Manzello et al. 2013; Donovan et al. 2023). They have caused a wide range of significant
impacts, including the release of carbon dioxide, loss of biodiversity, destruction of
structures and contribution to global warming (Manzello et al. 2013; Thomas et al.
2017). Wildfires can rapidly move from wildlands to residential zones, leading to
wildland—urban interface (WUI) fires and posing substantial risks to both human popu-
lations and property globally (Fernandez-Pello 2017; Kramer et al. 2018; Radeloff et al.
2018). For instance, in 2014, Chile experienced severe wildfires that, in just 5 days,
resulted in the deaths of 15 people, injured over 500, destroyed more than 2900 homes,
burned 10 km? and prompted the evacuation of ~12,500 individuals (Reszka and
Fuentes 2014). In 2017, Portugal was devastated by fires that consumed over
5000 km? and resulted in at least 112 deaths (Viegas 2018). During the US 2018
Camp Fire, over 18,000 structures were destroyed (Attorney 2020). During the
2019-2020 Australian bushfire season (Filkov et al. 2020; Henriques-Gomes 2020;
Tiernan and O’Mallon 2020; Ulpiani et al. 2020), nearly 5900 buildings were destroyed,
and the lives of at least 34 people were lost. Significant WUI fires have also occurred in
other parts of the world (Lampin-Maillet et al. 2010; Claridge and Spearpoint 2013). WUI
fires have become an increasing threat as more people move into fire-prone regions and
urbanisation continues to spread (Haynes et al. 2020; Filkov et al. 2023).
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Fig. 1. Fire spread mechanisms in the WUI: thermal radiation, direct
flame contact and firebrands.

Fires spread to the WUI through three fundamental path-
ways: radiant exposure, direct flame contact exposure and
firebrands, as shown in Fig. 1 (Caton et al. 2017; Gaudet et al.
2020; Filkov et al. 2023). Among these pathways, firebrands,
also known as embers or burning debris, have been recog-
nised as one of the primary causes of ignition and rapid fire
spread in the WUI (Manzello et al. 2005a; Ganteaume et al.
2011). Firebrands can be lifted by the fire’s plume, carried by
wind over a considerable distance and then ignite target fuel
on contact. This phenomenon is known as ember or firebrand
spotting (Albini 1979; Koo et al. 2010), shown in Fig. 2. For
instance, post-fire investigations indicate that one out of
every three destroyed homes were due to direct ember igni-
tions (Maranghides and Mell 2011; Thomas et al. 2021). In
the Grass Valley Fire in the USA, 199 homes were destroyed
by firebrands just during the first day (Cohen and Stratton
2008). Moreover, over 50% of the destroyed houses during
the Canberra bushfire (2003) (Leonard and Blanchi 2005)
were due to embers. Firebrands are generated as a result of
the combustion and ignition of vegetation, structures and
other combustible materials that serve as fuel (Manzello
et al. 2008a; Rissel and Ridenour 2013; Zhou et al. 2019;
Wadhwani et al. 2022). During intense wildfires, owing to
their lightweight nature, these particles can generate ember
storms, significantly accelerating fire spread by igniting spot
fires far from the primary fire zone. This allows the fire to
cross natural or human-made barriers, known as firebreaks
(Tarifa et al. 1965; Albini 1983; Karimpour and Kaye 2012;
Manzello 2019; Dossi and Rein 2022; Dossi et al. 2025). For

example, these flying debris were able to initiate new spot
fires up to 33 km from the main fire during the Victorian
bushfires in 2009 (Cruz et al. 2012).

One of the critical aspects of spotting is the ignition of
structural materials or vegetation by firebrands (Moghtaderi
et al. 2007; Manzello 2019). This ignition will occur if the
firebrand possesses enough energy to heat, dry and ignite
the fuel. The ignition process is significantly affected by
various factors, such as firebrand properties involving fire-
brand thermal behaviour, conditions (smouldering or flam-
ing) and accumulation patterns (Almeida et al. 2011;
Santamaria et al. 2015; Hakes et al. 2019; Suzuki and
Manzello 2020b; Lin et al. 2024b). Furthermore, the
shape, mass and size, along with the remaining heat after
travel and the contact area between these firebrands and
fuel bed (Filkov et al. 2017; Warey 2018; Salehizadeh et al.
2021), environmental conditions (Kasymov et al. 2016;
Song et al. 2017; Yan et al. 2024), fuel arrangement and
moisture content (Cawson et al. 2022) significantly influ-
ence ignition probability and fire spread.

Understanding the thermal behaviour of these firebrands,
including their temperature and heat flux, as well as the
thermal interaction between firebrands and the receptive
fuel, will enable us to predict the potential of these particles
to ignite new spot fires. Moreover, it is crucial for predicting
fire spread in WUI communities and developing fire man-
agement strategies through utilisation of fire-resistant mate-
rials and implementing landscaping practices.

This paper provides a comprehensive review of the thermal
behaviour of firebrands focusing on the measurement of their
temperature and heat flux and examining their critical role in
the ignition process. Additionally, the paper explores the
characteristics of firebrands, such as size, shape, mass, num-
ber and accumulation patterns. To achieve this, we focused on
the main factors that affect firebrands causing spot fires. This
focus guided the structure of the article as follows:

First section: thermal behaviour of firebrands:

« Thermal behaviour of an individual firebrand
» Thermal behaviour of accumulated firebrands.

Second section: ignition of vegetative fuel bed by firebrands:

« Ignition by individual natural firebrands
« Ignition by metal firebrands

« Ignition by accumulated firebrands

« Ignition by firebrand showers.

Third section: ignition of structures by firebrands:

« Influence of firebrand characteristics

« Influence of structure characteristics

« Ignition of structure by firebrand showers

« Enhancing the resilience of buildings against firebrand
attacks.
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Thermal behaviour of firebrands

The thermal behaviour of firebrands, such as temperature
and heat flux, plays a crucial role in influencing the ignition
of a fuel bed (Wessies and Yang 2023). These parameters of
firebrands are significantly influenced by several factors.
Wind serves as the primary source of oxygen delivery for
the combustion zone, thereby increasing the firebrand’s
temperature and the heat flux (Kim and Sunderland 2019;
Mensch et al. 2023a). The orientation of the firebrand in
relation to the wind after landing is also crucial, as a per-
pendicular orientation generally results in more stable and
intense combustion compared with a parallel one (Abul-
Huda and Bouvet 2021). In addition, the material properties
and chemical composition of the firebrand play a significant
role in the oxidation rate and overall heat release. These
factors, in turn, influence the formation of ash on the fire-
brand’s surface, which can insulate the underlying fire-
brands, thereby affecting both temperature and heat flux
(Wong et al. 2022).

In this section, we examine the effect of these factors on
the thermal behaviour of firebrands by reviewing data on
their temperature and heat flux, focusing on both individual
and accumulated firebrands. The studies that measured the
thermal behaviour of deposited firebrands are summarised
in Tables 1 and 2.

Thermal behaviour of an individual firebrand

Temperature measurement

The temperature at which a firebrand’s surface glows is a
critical factor in two key aspects, its burning rate and its ability
to ignite a target fuel on landing (Urban et al. 2019b). However,
factors such as variations in material, shape, size, moisture
content and environmental conditions, like wind speed, can
significantly influence firebrand temperature, heat release

Fig. 2. The three processes of spot fire phe-
X nomena caused by firebrands.

and overall energy output during flight and transport (Green
and Kaye 2019; Ju et al. 2024). For instance, cylindrical fire-
brands show a more even distribution of temperature compared
with irregular shapes (Hedayati et al. 2019; Abul-Huda and
Bouvet 2021; Tao et al. 2021). Furthermore, the type of fuel
from which firebrands are generated, such as vegetation or
timber material, has a significant impact on the thermal char-
acteristics of firebrands owing to the varying combustion and
chemical characteristics (Ellis 2000; Manzello et al. 2007a;
Prohanov et al. 2020). A range of measurement methods,
including the use of thermocouples to measure the surface
temperature of a firebrand, provides real-time temperature
data as the firebrand burns (Manzello et al. 2009b). Infrared
thermography, which enables the indirect measurement of
temperature, has been used to capture both spatial and tempo-
ral temperature distributions across the firebrand surface, offer-
ing valuable insights into heating patterns (Urban et al. 2019b;
Baldwin and Sunderland 2023). However, the accuracy of the
infrared camera (IR) technique is affected by variations in
emissivity, particularly owing to the formation of ash layers.
Studies have shown that the formation of an insulating ash layer
reduces the firebrand surface temperature while prolonging
combustion duration, as examined by Wong et al. (2022).
Their study used an inverse heat transfer method based on
thermograms recorded by IR cameras with an emissivity of
0.9, and a 2D numerical model, revealing that vegetative fire-
brands present lower temperatures, as shown in Fig. 3, but
longer burning times compared with structural firebrands
owing to the formation of an ash layer on the outer surface of
the firebrands, which acts as an insulation, and slows the
oxidation process of the char core.

Additional experimental exploration using IR cameras
with an emissivity of 0.6 was conducted by Manzello et al.
(2009b), who measured the surface temperature of a glow-
ing firebrand under airflow. They found that the average
surface temperature of a cylindrical glowing firebrand made

3
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Table 1. Summary of studies on thermal behaviour of individual firebrands.
Ref. Measured parameters Experimental conditions Findings
Manzello et al. Surface temperature and « IR imaging of the surface temperature of a e The maximum measured temperature and heat

(2009b) heat flux of cylindrical firebrand
glowing firebrand » Wind speed: 13 and 2.4 m/s
Kim and Surface temperature of » Diameter: 6.4 mm, length: 2 cm

Sunderland (2019)

cylindrical firebrands

utilised

Urban et al.
(2019b)

Mapping of firebrand
surface temperature

Bearinger et al. Temperature and heat flux

(2021b) of firebrands » Wind speed: 0.5-2 m/s
Wong Temperature and heat flux .
et al. (2022) of vegetation and structure

firebrands » Wind speed: 1.0, 2, 3.5 m/s
Mensch et al. Heat flux and heating « Firebrand material:
(2023a) duration of disc-shaped

firebrands

Colour pyrometry technique combining
ratio pyrometry, based on green/red
pixel ratios, and greyscale pyrometry was

Firebrand diameter: 6.5, 9.5, 11, 159 mm
Wind speed: 1.0-4.0 m/s

Firebrand configuration: cylindrical, cuboid

Firebrand type: vegetation firebrand (oak
branch), structure firebrand (oak dowels)

birch wood discs
(31.75 mm diameter, 10.6 mm thickness)
Wind speed: 0.05-1.6 m/s

flux were 700°C and 34.2 kW/m? respectively at
an airflow of 2.4 m/s

The measured temperatures ranged from 750 to
1070°C with a mean of 930°C

Thermocouple measurements showed 230°C lower
compared with colour pyrometry

Glowing temperatures ranged 750-950°C
Airflow velocity and ash accumulation significantly
influence the surface temperature of firebrands

The cuboid firebrand exhibited a higher peak
temperature than cylindrical firebrand

When the wind speed increased from 1to 2 m/s,
the heat flux value nearly doubled

surface

Structure firebrands have a higher
temperature and heat flux compared with
vegetation firebrands owing to the formation of an
ash layer that enhances thermal resistance and
decreases oxygen transport

The disc-shaped birch firebrand exhibited an
average peak heat flux of 45 kw/m?

An increase in total heat transfer, heating duration
and mass consumption with higher flow velocity

from ponderosa pine, with a diameter of 10 mm and a
length of 76 mm, ranged from 500-600 to 650-700°C for
airflows of 1.3 and 2.4 m/s, respectively, as shown in Fig. 4.
In contrast, Fateev et al. (2017) reported higher average
surface temperatures, ranging from 700 to 900°C, under
airflow conditions of 1-3 m/s and a temperature of 80°C
for a pine bark firebrand with linear dimensions of 15, 20,
30 mm and a thickness of 4—5 mm. These notable varia-
tions in firebrand temperature highlight the influence of
firebrand material and shape on the formation of an ash
layer, which insulates the char core and slows the oxidation
process, as well as the impact of airflow speed and tempera-
ture on the surface temperature of firebrands.

Other researchers have employed the colour pyrometry
technique to measure the surface temperature of firebrands.
In contrast to IR methods, colour pyrometry does not require
accurate knowledge of the material’s emissivity, which is often
affected by the accumulation of ash on the firebrand’s surface
(Urbas et al. 2004; Kim and Sunderland 2019). This technique
analyses the ratios of red, green and blue colour intensities to
accurately determine the surface temperature with high spa-
tial resolution, all without disrupting the firebrand combustion
process (Urbas et al. 2004; Lu et al. 2008). For example, in Kim
and Sunderland (2019) and Baldwin and Sunderland (2023),
an imaging ember pyrometer was developed to measure the
temperature of a cylindrical firebrand with a diameter of
6.4 mm and a length of 2 cm. A hybrid approach combining
ratio pyrometry, based on green/red pixel ratios, and greyscale

pyrometry was used to estimate the surface temperature of
firebrands. This method achieved a high spatial resolution of
17 pm, a signal-to-noise ratio of 530 and an estimated uncer-
tainty of = 20°C. The measured temperatures ranged from 750
to 1070°C, with a mean of 930°C. Interestingly, when com-
pared with the pyrometer, fine bare-wire thermocouples
underpredict the firebrand mean temperature by 230°C
owing to quenching effects and imperfect thermal contact.

This range of temperature measurements also align with
the findings of Urban et al. (2019b) who employed colour
pyrometry to assess the surface temperature of glowing fire-
brands under varying airflow conditions ranging from 1 to
4 m/s. The results indicate that firebrand temperature
increases with increasing airflow, with temperatures ranging
from 750°C at 1 m/s to 950°C at 4 m/s, and maximum
temperatures reaching up to 1100°C. Furthermore, the
study highlighted temperature variations caused by periodic
removal of ash by the passing air. This ash reduces the
effectiveness of measuring methods, such as IR cameras,
owing to its lower emissivity compared with charring
wood, as also observed by Wong et al. (2022). However,
this challenge can be overcome by using colour pyrometry
to accurately measure firebrand temperatures.

Heat flux measurements

Quantifying the heat flux emitted by firebrands is crucial
for evaluating their potential to ignite surrounding fuel beds
or building materials. Researchers often employ heat flux

4
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Table 2. Summary of studies on thermal behaviour of accumulated firebrands.
Ref. Measured parameters Experimental conditions Findings
Thomas Net heat flux from glowing e Firebrand mass: 50, 100 and 200 g e Sustained smouldering accumulations, peak heat flux
et al. (2018) firebrands into substrate « Firebrand temperature: 400 and 800°C and burning duration are significantly influenced by

Hakes et al. (2019)

Salehizadeh

et al. (2021)

Tao et al. (2021)

Lattimer
et al. (2022)

Cantor et al. (2023)

De Beer et al.
(2023b)

Thermal energy and heat
release from glowing
firebrands

Temperature and
smouldering time of
firebrand

Heat flux

Temperature of firebrand
and heat flux to a surface

Contact surface
temperatures of different
type of firebrands

Heat flux of firebrand pile

Deposition area: d = 50, 100 mm

Initial diameter: 6.35, 9.52 and 12.7 mm
Firebrand mass: 0.1-9.6 g

Firebrand mass: 4, 8 and 16 g
Wind speed: 0.5-2 m/s

Firebrand type: pine bark and eucalyptus sticks,
birch dowels

Wind speed: 0.5-1.4 m/s

Firebrand mass: 4 g

Experiments and an analytical model prediction
performed on firebrands with different sizes and
wind speeds for three firebrands held in a wire
mesh, and a firebrand pile

Firebrand mass: 200, 500 g.

Firebrand type: Eucalyptus and pine, pine charcoal
and conventional wood

Wind speed: 1.3 m/s

Pile covering density: 0.06 and 0.16 g/cm?
Wind speed: 0.9-2.7 m/s

accumulation mass, deposition area and initial
temperature

Peak heat flux measurements varied between 30 and
80 kW/m’ (gauge) and 4-9 kW/m’ (net)

Smaller diameters and larger mass of firebrands
showed higher height flux and net heat release
Under windy conditions, increased oxygen transport
resulted in an increase in the heat flux value

The average temperature ranged from 500 to 700°C
for the 16 g pile, and 400°C for the 4 g pile
An increase in particle size results in
smouldering time

longer

At higher wind speeds, the natural fuel firebrands
yielded higher heat flux compared with artificial fuels

Decreasing the firebrand diameter leads to in an
increase in the surface temperature

The highest heat flux was observed at the upstream
leading edge of the pile compared with downstream
owing to decreased air velocity

The oxygen mass fraction plays a crucial role in
determining the burning rate and temperature of
the firebrand

Higher pile porosity results in an increase in firebrand
temperature owing to the higher velocities within
the pile

Proposed a standard firebrand accumulation
temperature curve with max. 480°C
A positive relationship between the presence of wind

and duration of maximum temperature

The average heat flux from the pile was found to be in
the range from 28 to 80 kW/m?

Structure

Vegetation

Fig. 3.
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0s 20 s 40 s
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Average temperature measurements of vegetation and structure firebrands (Wong et al. 2022) (with
permission from Elsevier, licence no. 5804601186461).
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Fig. 4. IR images of the surface temperature of a glowing firebrand
under the effect of airflow: (a) 1.3 m/s, and (b) 2.4 m/s (Manzello et al.
2009b) (with permission from Elsevier, licence no. 5804601510843).

sensors (Tao et al. 2021) and thin-skin calorimeters (TSCs)
(Mensch et al. 2023a) to measure the radiative and convec-
tive heat fluxes. Others employ advanced techniques such as
inverse heat transfer methods to evaluate the heat flux of
glowing firebrands. This approach estimates heat flux by
analysing the temperature increase of a surface exposed to
heat, considering factors such as energy storage, conduction,
and both radiative and convective heat transfers to the
surface (Thomas et al. 2018). For example, Mensch et al.
(2023a) proposed a novel approach for measuring the aver-
age peak net heat flux of a glowing disc firebrand using a
TSC under various airflow conditions from 0.05 to 1.6 m/s.
Their findings showed that the average peak net heat flux
from a disc-shaped birch firebrand was 45 kW/m?. Further
expanding on firebrand material properties, in Mensch et al.
(2023b), the effect of different firebrand wood types and
wind speeds on peak heat flux, total heating and duration of
heating from the firebrand was investigated. Firebrands
were generated from disc-shaped samples made of four
different wood types: oak, western red cedar, pine and
birch. The results revealed that these parameters vary across
wood types, with oak and cedar yielding lower values,
whereas pine and birch showed higher heat flux and heating
duration. Specifically, peak heat flux values were recorded
at 60 kW/m? for pine, 74 kW/m? for birch and 62 kW/m?
for cedar, whereas oak demonstrated a significantly lower
peak value of 40 kW/m? under airflow conditions of 0.6 m/s.
In contrast, Manzello et al. (2009b) performed a heat trans-
fer analysis using firebrand surface temperature measure-
ments obtained from an IR camera to estimate the heat flux
from a cylindrical glowing firebrand made from ponderosa
pine subjected to airflow. The results indicated that the
estimated heat flux was 23.4 kW/m? for a firebrand
exposed to an airflow of 1.3 m/s and this increased to
34.2 kW/m? when the airflow was raised to 2.4 m/s.
These variations highlight how both firebrand shape and

material significantly affect heat flux, with disc-shaped
firebrands resulting in higher peak values than cylindrical
ones, even at lower wind speed, additionally indicating the
effect of measurement techniques on the heat flux from the
firebrands, as TSC provides a direct net heat flux measure-
ment, whereas IR thermography relies on surface tempera-
ture estimations, which are affected by the formation of ash
on the outer surface. These findings also highlight the
influence of measurement techniques, as TSC provides a
direct measurement that minimises heat losses and poor
thermal contact, whereas IR thermography relies on sur-
face temperature estimations, which can be affected by ash
formation on the firebrand’s outer surface.

Similarly, Wong et al. (2022) used an inverse heat trans-
fer method based on the temperature rise of the firebrand’s
surface to estimate the average heat flux of both structural
(oak dowels) and vegetative (red oak, Quercus rubra) fire-
brands and reported peak heat fluxes of 21.9 and 23.5 kW/m?,
respectively, at a wind speed of 1 m/s. Their findings empha-
sise that material composition plays a key role in heat flux,
with less dense woods (structural firebrands) generating
higher peak heat flux values than denser materials (vegetative
firebrands), which aligns with the observations made by
Mensch et al. (2023b). However, the heat flux from the vege-
tative firebrand decreases more gradually compared with the
structural firebrand. This slower reduction in heat flux from
the vegetative firebrand can be attributed to its relatively
constant surface area throughout the burning process due to
the formation of lager layer of ash compared with the struc-
tural firebrand.

Another experimental study used an inverse heat transfer
method using the surface temperature IR thermographs to
quantify the heat flux from the firebrand to adjacent sur-
faces (Bearinger et al. 2021b). Different shapes and sizes of
firebrands were tested, including cylindrical and cuboid
shapes with varying notches to determine how geometry
affects heat transfer. The cuboid-shaped firebrands tested
had identical dimensions (6.35 X 6.35 X 38.1 mm); how-
ever, each featured different notches on their faces.
Additionally, a shorter cuboid, measuring 25.4 mm in
length, and a cylindrical firebrand 6.35 mm in diameter
and 38.1 mm long, were also tested. The wind speed varied
in the range of 0.5-2.1 m/s with different orientations,
parallel and perpendicular, to the firebrand. Fig. 5 illustrates
the heat flux measurements of these configurations. The
results indicate that the cylindrical-shaped firebrand pro-
duced lower heat flux compared with the cuboid-shaped
firebrands. Notches in the firebrands tended to increase
heat flux owing to enhanced radiation from the oxidising
surfaces within the notches. The measured heat flux from a
single firebrand ranged between 30 and 105 kW/m?. It was
noted that the orientation of the firebrand to the wind had a
significant effect on the magnitude and duration of the
heat flux.
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Fig. 5.
permission from Elsevier, licence no. 5804610244013).

Adusumilli and Blunck (2022, 2023) investigated the
effects of different wood species and moisture contents on
the size and heat flux of firebrands generated from burning
trees and shrubs. The study utilised fire-resistant fabric to
capture char marks left by falling firebrands, which were
then used to estimate heat flux. The wood species analysed
included Douglas-fir, ponderosa pine and sagebrush, with
moisture contents ranging from 8 to 72%. The results
revealed that the char marks and heat flux of firebrands
varied significantly depending on the species and moisture
content. Moreover, Douglas-fir and sagebrush firebrands
generally produced larger char marks and higher heat fluxes
compared with ponderosa pine. This difference was attrib-
uted to variations in shape and moisture content.

Thermal behaviour of accumulated firebrands

A review of relevant studies, summarised below, highlights
that the accumulation of firebrands in the form of a pile
significantly impacts the thermal behaviour and burning
intensity of these particles, particularly affecting the tem-
perature and heat flux generated by firebrand piles
(Bearinger et al. 2021a; Banagiri et al. 2023). When these
burning particles accumulate, they form an upper layer of
burning material that can insulate the underlying particles,
contributing to a reduction in convective and radiative heat
losses from these particles to the surroundings, and enhan-
cing re-radiation within the pile, leading to higher overall
temperatures, heat fluxes and stored energy for a longer
time compared with single firebrands. This presents a higher
risk of igniting adjacent fuel beds or structures (Wong et al.
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The impact of firebrand shape and configuration on heat flux distributions (Bearinger et al. 2021b) (with

2022). In this section, we highlight the effect of factors such
as mass, porosity and wind on the thermal behaviour of
firebrands by reviewing their impact on temperature and
heat flux measurements. Table 2 summarises studies on the
thermal behaviour of accumulated firebrands.

Temperature measurement

Understanding the temperature distribution within piles
of accumulated firebrands is crucial for analysing their ther-
mal behaviour and ignition potential. Numerous experimen-
tal studies have employed various techniques to measure
temperatures in accumulated firebrands. Thin-skin calorim-
eters, consisting of multiple thermocouples positioned at
different locations within the pile, have been widely used
to obtain spatial and temporal temperature data (Thomas
et al. 2018; Salehizadeh et al. 2021; Tao et al. 2021). This
method represents an estimation of the temperature beneath
the firebrand pile or between the pile and an inert board,
providing representative temperatures for both the centre
and the perimeter of the pile. Additionally, infrared ther-
mography has been employed to visualise surface tempera-
ture distributions and identify hot spots within the piles
(Lattimer et al. 2022). For example, Salehizadeh et al.
(2021) characterised the thermal condition of three piles
with masses of 4, 8 and 16 g having bulk densities of 38.3,
46.8 and 54 kg/m?> respectively using TSCs. It was found
that, as illustrated in Fig. 6, both the mass of the pile and
wind speed significantly impacted the firebrand tempera-
ture. It was observed that an increase in these variables led
to higher surface temperatures. The highest peak tempera-
ture was found to be approximately 700°C, occurring with a
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Fig. 6. Averaged temperatures for a firebrand pile using TSCs: (left) a 4 g mass pile, and (right) a 16 g mass pile. Solid lines
represent inner TSCs; dashed lines represent outer TSCs (Salehizadeh et al. 2021).
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pile mass of 16 g and a wind speed of 1.2 m/s, whereas the
4 g pile reached only ~400°C, a temperature range that
aligns with the findings of Tao et al. (2021) for the lowest
mass pile. Furthermore, Tao et al. (2021) observed spatial
temperature variations within firebrand piles focused on the
distribution of temperatures in three distinct areas: the
upstream, centre and downstream regions of the pile under
different applied airflow. Their results, shown in Fig. 7,
revealed that the highest temperatures occur in the centre
region compared with other regions throughout the entire
smouldering process. Moreover, in the final stages of smoul-
dering, the downstream region yielded higher temperatures
than the upstream region. This is attributed to the increased
burning rates having consumed much of the fuel in the
upstream area, leaving more fuel available downstream. In

contrast, studies by Bicelli et al. (2023) and Cantor et al.
(2023) focused on developing a standardised firebrand accu-
mulation temperature curve to assess the contact temperature
between various firebrand types, including eucalyptus and
pine, pine charcoal and conventional wood and a surface,
revealing that the maximum firebrand contact surface tem-
peratures recorded are in the range of 123-432°C depending
on the firebrand type.

However, Lattimer et al. (2022) developed an analytical
model to explore the dynamics of firebrand piles, highlight-
ing the significant influence of factors such as pile porosity,
firebrand diameter and gas velocity on firebrand tempera-
tures and heat transfer behaviour. It was found that the
porosity within a firebrand pile plays a crucial role in deter-
mining the velocity within the pile, as decreasing porosity
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leads to lower temperatures of firebrands. The reason is that
piles with lower porosity exhibit reduced air velocities both
at the leading edge of the pile and within the pile, slowing
down the oxidation process. Moreover, they found that
smaller firebrand diameters led to increased temperatures.
This increase is due to a higher heat transfer coefficient
associated with smaller diameters, which enhanced the
burning rate. Additionally, decreasing the firebrand diame-
ter resulted in reduced heat loss from the firebrand surface.

Heat flux measurement

Studies consistently indicate that the heat flux from piles
of accumulated firebrands is considerably higher than from
individual firebrands. This increase is largely due to the
intricate interactions and heat transfer processes within the
pile. In a pile, firebrands are grouped together, which
can lead to a higher accumulation of heat due to reduced
heat loss to the surrounding environment. Therefore, their
collective heat release and enhanced radiative heat transfer
among the particles lead to significantly higher heat flux
values. Furthermore, the accumulation of firebrands in a pile
enhances their insulation from some of the convective cooling
effects caused by the surrounding wind, thereby elevating the
heat flux values on the target surface. Techniques commonly
used for heat flux measurement from firebrand piles include
using water-cooled heat flux gauges or developing an inverse
heat transfer analysis using IR thermography, which provides
a means to visualise the surface of the pile, identifying critical
hot spots (Hakes et al. 2019; De Beer et al. 2023b).

Hakes et al. (2019) conducted a comprehensive comparison
of different techniques for measuring the thermal character-
istics of glowing firebrand piles. They investigated heat flux
under various conditions using a water-cooled heat flux gauge
(WC-HFG) with diameters of 1.27 and 2.54 cm, as well as an
array of TSCs. Although the WC-HFG introduces a cooling
effect on the firebrand pile, their study demonstrated that it
still provided a reliable representation of heat flux. In contrast,
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the TSC array effectively captured spatial variations in heat
flux. Interestingly, heat flux measurements obtained using
the 2.54 cm WC-HFG were consistently lower than those
from the 1.27 cm gauge, highlighting the greater cooling effect
of the larger gauge. Additionally, WC-HFG measurements
were slightly lower than those from the TSCs, further empha-
sising the impact of the gauge cooling effect. However, the
study also highlighted significant limitations of the TSCs, par-
ticularly under windy conditions, where they demonstrated
substantial inaccuracies in heat flux measurements. To further
investigations, Hakes et al. (2019) expanded their analysis to
examine the influence of firebrand diameter (ranging from
6.35 to 12.75 mm) and the deposited mass of the firebrand
pile (ranging from 2.7 to 9.6 g) on heat flux. Their findings
showed that the heat flux was primarily dependent on the
deposited mass rather than the initial size of the firebrands.
Moreover, as shown in Fig. 8, the average heat flux values
ranged between 15 and 25 kW/m?, while peak heat flux values
generally fell within the range of 20-60 kW/m?. Similarly,
Salehizadeh et al. (2021) observed that the peak heat flux
fluctuated between 15 and 40 kW/m? for a pile mass of 8 g
exposed to wind speeds ranging from 0.5 to 1.4 m/s.

Thomas et al. (2018) developed an inverse heat transfer
model to estimate the net heat flux of firebrand accumula-
tions with masses of 50, 100 and 200 g on a substrate. The
results showed that the peak heat flux, defined as the total
incident heat flux for a given firebrand accumulation, ran-
ged from 30 to 80 kW/m? Meanwhile, the peak net heat
fluxes, defined as the portion of the incident heat flux that
transferred into the substrate, ranged from 4 to 9 kW/m?.

Another experimental study focused on quantifying the
characteristics of glowing firebrand piles with different cov-
ering densities, 0.06 and 0.16 g cm~ 2, under an applied
wind speed varying from 0.9 to 2.7 m/s using an IR thermal
imaging system was conducted in Alascio (2021) and De
Beer et al. (2023b). An inverse model for temperature mea-
surements in front and underneath the pile was developed to
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Fig. 8. The impact of the mass of the firebrand pile and firebrand diameter on the firebrand heat flux: (a) the average
heat flux, and (b) the peak heat flux (Hakes et al. 2019) (with permission from Elsevier, licence no. 5819140027792).
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predict the incident heat flux from the pile on the target
fuel. Their experiments revealed that the average incident
heat flux from the pile was within the range 28-80 kW/m?.
Meanwhile, the net heat flux ranged from 75 to 365 kW/m?
in a study conducted by Cantor et al. (2023). They explained
the higher values of the net heat flux compared with other
studies was due to the use of a steel plate, which has a
higher thermal conductivity, on which the firebrands were
deposited.

Further investigation was conducted by Bearinger et al
(2021a), in which they developed a statistical model based
on experimental results to study the effect of firebrand
parameters such as diameter, length, wood density, type,
moisture content, porosity and mass of the pile on the heat
flux from a firebrand pile. They reported that artificial fire-
brands provided a higher heat flux compared with natural
firebrands. Moreover, it was found that the wood density
and moisture content did not have a significant impact on
the heat flux compared with the diameter, length and mass
of the pile. Additionally, increasing the porosity of the pile
showed an increase in heat flux despite the shortening in
burning time.

Knowledge gaps

Despite previous efforts to determine and measure thermal
behaviour, temperature and heat flux aimed at assessing the
susceptibility of firebrands to ignite fuel beds, there remain
significant gaps in our understanding of these characteristics.
One key challenge is ensuring the realism of laboratory
experiments in accurately representing real-world firebrand
ignition scenarios in WUI fires. Although laboratory experi-
ments provide controlled environments for studying fire-
brand behaviour, they may not adequately represent the
complex interactions between firebrands and natural or
man-made fuels in WUI environments. In real-world scenar-
ios, factors such as wind-driven turbulence, heterogeneous
fuel bed compositions and varying atmospheric conditions
introduce uncertainties that are challenging to reproduce in
experimental settings. Therefore, investigating these factors is
essential to gain a deeper understanding of their effect on the
thermal behaviour of firebrands.

Additionally, key missing data include information on the
heat transfer process, like convection and radiation losses to
the surroundings and radiation exchanges between within
the firebrands themselves. Another critical gap is the lack of
data on the effect of how material properties, such as den-
sity, thermal conductivity, specific heat and heat of combus-
tion, influence firebrand thermal behaviour. These
properties determine the rate at which firebrands dissipate
heat into their surroundings and affect their ability to main-
tain burning after landing on a fuel bed. Furthermore, there
is limited understanding of the impact of thermal decompo-
sition of firebrands on the remaining energy after landing on
the target fuel. There is insufficient knowledge about how
environmental conditions such as wind speed, temperature

and humidity influence the surface temperature and stored
energy of firebrands during their flight and landing on
fuel beds.

A notable gap exists regarding the impact of firebrand
accumulations and their associated porosity on temperature
and heat flux values within firebrand piles. The porosity of
these piles, which varies with firebrand size, shape and
arrangement, not only affects oxygen availability but also
significantly influences the air velocity profile as it passes
through the pile. This altered velocity profile impacts the
oxygen supply and convection heat transfer within the pile,
creating complex feedback that affects temperature distribu-
tion and sustained burning. Therefore, there is an great need
to conduct research that quantifies how pile porosity,
arrangement and accumulation patterns affect velocity pro-
files, oxygen penetration and heat transfer mechanisms.
Experimental studies combined with numerical modelling
of these interactions could offer valuable insights into these
processes, enabling more accurate predictions of firebrand
pile thermal behaviour and burning dynamics.

Ignition of vegetative fuel beds by firebrands

The ignition of recipient fuel beds by firebrands presents one
of the most challenging processes in WUI fire spread. Once
firebrands land on the recipient fuel bed, a series of com-
bustion and thermal interactions between the firebrands, the
fuel bed and the surrounding air starts to occur, as shown in
Fig. 9, dependent on the energy of firebrands (Manzello
et al. 2009b). When firebrands hold enough energy to dry
and heat the fuel bed and initiate pyrolysis, smouldering
combustion can occur, which can transition into flaming;
otherwise, the firebrands cool down during this process. The
burning duration and heat of combustion of firebrands sig-
nificantly influence their potential to ignite spot fires
(Cawson et al. 2022). This complex ignition process is influ-
enced by factors such as the size, temperature, mass and
condition of the firebrands (glowing or flaming) on landing
(Ganteaume et al. 2011; Filkov et al. 2016). It also depends
on the characteristics of the fuel bed where the firebrand
lands such as the type of fuel, density, porosity and moisture
content (Viegas et al. 2014; Alvarez et al. 2023; Burton et al.
2023; Valenzuela et al. 2023). Moreover, the way firebrands
interact with the fuel bed on contact under different envir-
onmental conditions (temperature, humidity and wind
speed) significantly affects the ignition process (Manzello
et al. 2008a; Ellis 2015).

To ignite a fuel bed using firebrands or hot particles, a
sufficient amount of heat must be transferred from the fire-
brand to the fuel bed to raise the temperature of the fuel to
its ignition point and overcome heat losses. This process can
be described by an energy balance equation where the heat
generated by the firebrand must be greater than heat losses
through convection and radiation as well as the heat
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required to evaporate any moisture present in the fuel. The
basic energy balance equation can be represented as follows:

G = G — G M

where gjq is the minimum energy required to ignite the fuel
bed, gr is the energy released from the firebrand and q; is the
heat losses.

Assuming ignition occurs when the temperature of the
fuel beds reaches the ignition temperature, gi; can be
expressed as follows (Suzuki and Manzello 2021b):

qig = Ptuel CfuelV(Tig - TO) (2)

where pg.e is the bulk density of the fuel beds, Cg is the
specific heat capacity of fuel beds, V is volume, Ti, is the
ignition temperature and T, is the surrounding air
temperature.

The heat generated from a glowing firebrand during the
ignition process is calculated by multiplying the rate at
which the firebrand loses mass during its burning time by
the heat of combustion:

g = Am X HoC 3)

where Am is the mass loss of the firebrand, and HoC is the
heat of combustion of the firebrand.

The heat losses during the ignition process occur in sev-
eral ways, namely the evaporation of moisture within the
fuel or reaching the ignition temperature of the dry mate-
rial, as well as losses due to convection and radiation to the
surrounding environment.

q = qevap. + 9cony. + Grad. (4)
qevap. = M[LW + Cw (373'15 - ’Ib)] (5)
Qeonv. = hconv.Af (’1} - Tz))tig (6)

Grad. = UEAf (Tf4 - 'IE) 4)tig (7)

> Fig. 9. Interaction between firebrand
X and fuel bed.

where gevap. is the heat required for water evaporation per
unit mass of fuel bed, gcony. is the heat loss due to convec-
tion, and ¢4 is the heat loss due to radiation (Yin et al.
2014). M is the moisture content, C,, is the specific heat of
water (4180 J/kg K), L., is the heat of vaporisation
(2257 kJ/kg), hcony. is the convection heat transfer
coefficient, o is the Stefan-Boltzmann constant, ¢ is the
firebrand emissivity, A¢ is the cross-sectional area of fire-
brand, T; is the surface temperature of firebrand, and t;; is
the time to fuel bed ignition.

The heat flux from the firebrands to the fuel bed raises its
temperature, initiating pyrolysis and producing volatile
gases. The rate of the chemical reactions and the mass rate
of pyrolysis involved in this process are governed by the
Arrhenius equation, which expresses the temperature
dependence of the reaction rate as:

_Ea
k Aexp( RT ) (8
where A is the pre-exponential factor, E, is the activation
energy, R is the gas constant, and T is temperature. Ignition
occurs when heat generation from the firebrand overcomes
the heat loss rate, leading to a sustained exothermic reaction
in the fuel bed.

This section examines how natural fuel beds such as
forest litter or vegetation can be ignited by various types
of firebrands, including natural firebrands, metal firebrands,
firebrand piles and firebrand showers. It explores factors
that influence this ignition process, such as the firebrands’
material and size, environmental conditions and the physi-
cal properties of the fuel bed. Additionally, the accumula-
tion of multiple firebrands in the form of piles and firebrand
showers is considered. Studies exploring the role of fire-
brands on the ignition of natural fuel beds are summarised
in Table 3.
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Table 3. Summary of studies on ignition of natural fuel beds by firebrands.
Ref. Study conditions Study parameters Findings
Manzello et al. Interaction of glowing and flaming « Different sizes of cylindrical firebrands, one e« Flame ignition was only observed with
(2008a) firebrand with three distinct fuel beds with 10 mm diameter and 76 mm length, and flaming firebrands
composed of pine needles, shredded another with 5 mm diameter and 51 mm » Smouldering ignition of the fuel beds
paper and shredded hardwood mulch length required a higher number of glowing
» Wind speed: 0.5 and 1.0 m/s firebrands
Ganteaume The likelihood of ignition of a larch « Fuel bed sample 220 x 160 x 45 mm e The time to ignition increased with
et al. (2009) fuel bed with different moisture » Type of firebrands: Pinus halepensis twigs, increase in fuel bed moisture

Hadden et al. (2011)

Suzuki et al. (2014)

Ellis (2015)

Filkov et al. (2016)

Matvienko
et al. (2018)

Fang et al. (2021)

contents and bulk densities

Combined experimental and
theoretical study involving the use of
spherical hot steel particles on
powdered cellulose

The impact of continuous wind-driven
firebrand showers on ignition of fuel
bed attached to a non-combustible
re-entrant corner assembly

Study on ignition of dry-eucalypt
forest litter by standard flaming and
glowing firebrands

Interaction of smouldering pine bark
firebrands with surface litter (pine
needle) fuel beds

A 3D mathematical model to simulate
the ignition of fuel beds by glowing
firebrands

Interaction of the coupled action of a
hot metal particle and thermal
radiation with a pine needle fuel bed

bark and cone scales, Quercus ilex leaves,
Quercus suber bark

Air speed: 0, 08, 25 and 45 m/s, 3.59%
< FMC < 212%, and 134 < bulk density < 46.5

Particles with diameters: 0.8-19.1 mm
Particles temperature: 500-1300°C

Fuel bed sample: shredded hardwood mulch
beds, measuring 1.2 m x 1.2 m x 51 mm thick.
Wind speed: 6.0 and 8.0 m/s

Moisture content: dried to 83%

Flaming firebrands were made of bamboo
sticks 50 mm long

Glowing firebrands were made of shed bark
of Eucalyptus, with 50 mm long, 15 mm
wide, and 2 mm in thickness

Fuel bed sample: 400 x 400 mm with MC
between 4 and 21%

Wind speed: 0, 1.0, 2.0 m/s

Firebrands size: 10 x 10, 15 x 15, 20 x 20,
25 x 25, 30 x 30 mm?
Wind speed: 1.0, 1.5, 2.0, 3 m/s

Firebrand type: pine bark (10 x 10 to
30 x 30 mm?) and pine branches

(2 mm < d < 8 mm).

Fuel bed density range: 60-105 kg/m?
Airflow velocity: 22 m/s

Firebrand temperature: <1073 K

Particle diameter: 8, 10, 12 mm

Particle temperature: 700-1100°C (step: 50°C)
Radiation heat flux: 5-30 kW/m?

No wind; ambient temperature: 20°C

content, and bulk density

Pinus halepensis cones were the
firebrand type with the highest
capability of ignition for all the tested
conditions

A significant relationship was found
between particle size and
temperature for ignition

Increasing the particle temperature
led to a decrease in the particle size
required to sustain ignition

An inverse relationship between
increasing wind speed and the
number/mass of firebrands required
to sustain ignition was found
Notably, a wind speed of 8 m/s was
able to sustain ignition of a fuel bed
with moisture up to 83%

Ignition probability was sensitive to
variation in fuel moisture content
and wind conditions

Fewer larger firebrands were required
to sustain ignition

A firebrand with size of 10 x10 mm?
was unable to initiate ignition of the
fuel bed

An increase in the flow rate led to an
increase in the probability of fuel bed
ignition and reduction in the

particle size

The firebrand length had a significant
impact in the initiation of ignition

Inverse relationship between radiant
heat flux and both particle diameter
and temperature

The critical radiant heat flux required
for sustained ignition was 17.76 kw/m?
when the ignition probability

reached 50%

Ignition delay time decreased as radiation
heat flux increased

(Continued on next page)
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Table 3. (Continued)

Ref. Study conditions

Study parameters

Findings

Suzuki and Manzello  Study of the ability to ignite adjacent

(20214) wall assemblies with different
separation distance by continuous
wind-driven firebrand showers .
Wessies and Using thermocouple and IR camera .

Ezekoye (2022b) measurements to observe the growth
of the reacting area between a
firebrand and a fuel bed to predict

ignition

height

Suzuki and Manzello
(2021b, 2023)

Coupled effect of radiative heat flux
and firebrands on the ignition of a
fuel bed

* Fuel bed type: shredded hardwood,
Japanese cypress, pine bark nuggets, mini
pine bark nuggets

Wind speeds: 6, 8 m/s

Separation distance: 102, 203 mm

Fuel bed sample 320 x 490 x 40 mm
Flow conditions: Ujet = 0.63, 1.62 m/s
Cylindrical firebrands: 19.2 diameter, 1 mm

Firebrand mass flux: 20, 40, 60 g/min
Radiant heat flux: 5.8 kW
Pre-heating times: 0, 600, 1200 s
Wind speed: 4.0, 6.0, 8.0 m/s

The significant gaps between the
particles of pine bark nuggets
reduced their susceptibility to ignition
A higher risk of susceptibility of ignition
of the adjacent wall assemblies by the
fuel bed was observed with Japanese
cypress and mini pine bark nuggets

Firebrand temperature and fuel bed
temperature data were insufficient
to predict ignition

A quantitative definition of ignition
was found, defined as the
temperature of the reacting area in
the fuel bed surpassing 500°C

Radiative heat flux played a significant
role in ignition time at wind speed

6 m/s but had little effect at 8 m/s
owing to the increase in convective
cooling

Notably, the mass flux of firebrands
required to achieve ignition decreased
with increased pre-heating time

Ignition by individual natural firebrands

Different factors affect the ignition process when firebrands
interact with a fuel bed. These factors include the character-
istics of the firebrands, the properties of the fuel bed and the
environmental conditions. These factors collectively deter-
mine the potential and speed of fuel bed ignition, which are
discussed in the following sections.

Influence of firebrand characteristics

The shape and material of the firebrands play a key role in
their thermal contact, burning temperature and duration, sub-
sequently affecting their impact on the fuel bed (Bearinger
et al. 2021b; Wong et al. 2022). Larger firebrands have a
larger mass and carry more heat energy, allowing them to
transfer sufficient energy to the fuel bed to heat, pyrolyse and
ignite it compared with smaller ones (Salehizadeh et al. 2021;
Manzello and Suzuki 2023; Matvienko et al. 2023). Smaller
firebrands exhibit different behaviour. Their smaller size
allows them to penetrate more deeply into the fuel bed, par-
ticularly when the bed has large pores and a low packing ratio.
This deeper penetration enables smaller firebrands to become
embedded within the fuel, potentially igniting it from the
inside, even though they carry less energy than larger fire-
brands (Hernandez et al. 2018; Yang et al. 2022). For instance,
researchers Manzello et al. (2005a, 2006a) investigated the
ignition vulnerability of various fuel bed types using two
different sizes of disc-shaped firebrands. One set of firebrands
had dimensions of 25 mm diameter and 8 mm thickness, while
the other had 50 mm diameter and 6 mm thickness. The study

considered both smouldering and flaming single firebrands
under applied wind speeds of 0.5 and 1 m/s. The results
showed that a single smouldering firebrand does not have
the ability to sustain ignition in any fuel bed type. In contrast,
flaming firebrands consistently resulted in ignition in all cases.
A similar trend was observed in the extended work of Manzello
et al. (2008a), despite variations in firebrand geometry. Their
study, which used cylindrical firebrands 10 mm in diameter
and 76 mm in length, as well as 5 mm in diameter and 51 mm
in length, reinforced the observation that a single smouldering
firebrand alone was insufficient for ignition. These findings
highlight the critical role of a firebrand’s state of combustion
on landing in determining ignition success. Additionally,
Filkov et al. (2016) explored the impact of different-size
cuboid pine bark firebrands, measuring 10 x 10, 15 x 15,
20 x 20, 25 x 25 and 30 x 30 mm? with a thickness of
5 mm, on the ignition of a pine needle litter fuel bed with a
density of 105 kg/m>® and found that all firebrands were
unable to initiate smouldering or flaming ignition of the fuel
bed except for the 30 x 30 mm? firebrands.

Advanced computational modelling, which combines
combustion and heat transfer principles, has provided valu-
able insights into the dynamics and the role of firebrands in
the ignition process of fuel beds. For example, Warey (2018)
proposed a heat transfer model to study the influence of
thermal contact between glowing firebrands and the fuel
bed using two different configurations: disc-shaped and
cylindrical firebrands under the effect of wind speed. His
results indicate that an increase in the contact pressure
between the firebrand and the fuel bed led to higher
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from Elsevier, licence no. 5804610461534).

temperatures and greater thermal penetration depth within
the target fuel bed, as shown in Fig. 10. Furthermore, the
cylindrical firebrands exhibited a higher temperature in the
fuel bed compared with the disc-shaped firebrands owing to
their enhanced radiation heat transfer.

Other studies have incorporated more advanced model-
ling techniques, considering gas-phase reactions coupled
with both a heat transfer model and a pyrolysis model to
simulate the ignition process of the fuel bed by firebrands.
These investigations enabled researchers to capture the
complex interactions between the firebrands and the recipi-
ent fuel bed during ignition, providing a more comprehen-
sive understanding of how heat transfer and pyrolysis
influence the ignition behaviour of the fuel bed under vari-
ous conditions. For example, a 3D mathematical model was
employed in Matvienko et al. (2018) to simulate the ignition
of fuel beds with different bulk densities and moisture con-
tents under varying wind speed by glowing firebrands of
different sizes. The results showed that increasing the length
and diameter of the firebrands had a significant effect on
initiating fuel bed ignition and reduced the ignition time.
Furthermore, in Lautenberger and Fernandez-Pello (2009), a
2D numerical model was developed to simulate the ignition
of a porous fuel bed (powdered cellulose) by glowing fire-
brands. This model handled the gas-phase reaction using fire
dynamic simulations (FDSs) (McGrattan et al. 2013) and
was coupled with a heat transfer and pyrolysis model to
address condensed-phase phenomena. The study considered
heat release rates of 4 and 6 MW/m?, with an applied air-
flow of 0.5 m/s. It was found that at the 4 MW/m> heat
release rate, only minimal smouldering occurred, resulting
in the formation of a thin char layer near the fuel bed’s
surface. In contrast, at 6 MW/m?>, considerable smouldering
occurred. Yang et al. (2024) introduced a 2D computational
model alongside bench-scale experiments to examine the
glowing combustion behaviour of a wooden ember on a
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Impact of thermal contact resistance on temperature patterns within a fuel bed (Warey 2018) (with permission

non-reacting substrate. They utilised a global char oxidation
reaction to simulate the combustion process. The findings
demonstrated that increased airflow enhances ember com-
bustion by supplying more oxygen, influencing heat transfer
and altering combustion dynamics between embers and
surfaces.

Influence of fuel bed characteristics

Influence of moisture content. The moisture content of
the fuel bed plays a pivotal role in determining its likelihood of
ignition by firebrands (Jervis and Rein 2016a; Reveco et al.
2024). Generally, fuel beds with lower moisture content are
more prone to ignition by firebrands, as they require less
energy to evaporate the water content within the fuel bed
and have shorter ignition delays compared with those with
higher moisture contents (Sun et al. 2018; Reszka et al. 2020).
For instance, Urban et al. (2019a) conducted a series of
experimental investigations to evaluate how the moisture con-
tent of a fuel bed influences smouldering ignition. These
experiments were carried out in a small-scale wind tunnel,
where they tested the ignition of a fuel bed made of coastal
redwood sawdust by glowing firebrands. These firebrands
were made by cutting birch, softwood and red oak dowel
rods into cylinders with diameters ranging in size from 1.6
to 16 mm. The moisture content of the fuel varied from 0 to
50%, with some tests including a moisture content up to 70%.
They found that ignition could occur at a maximum fuel
moisture content (FMC) of 40%. They also noted that for larger
firebrands, those with diameters greater than 11 mm, the
probability of smouldering ignition depended more signifi-
cantly on variations in FMC than on the size of the firebrands.

These observations align with studies examining the igni-
tion probability and ignition delay time of various
Mediterranean fuel beds, which found a notable inverse
relationship between moisture content and ignition proba-
bility (Ganteaume et al. 2009; Viegas et al. 2014). These
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studies also confirmed that as moisture content increased,
ignition probability decreased and ignition delay time
increased. Further, Ganteaume et al. (2009) extended their
analysis to highlight the key role of moisture content on fire
behaviour parameters such as fire spread, combustion rate
and flame height, which showed a reduction in these param-
eters with higher moisture content. Further exploration of
the relationship between moisture content and ignition
behaviour was provided by Yin et al. (2014), who derived
a new correlation for pine needle beds exposed to glowing
firebrands under a controlled wind speed of 3 m/s. They
observed that the square root of ignition time (ﬁ ) presents
a linear relationship with moisture content (MC), offering a
relationship to predict the moisture content and ignition
delay time as a function of fuel moisture (MC).

Influence of fuel bed arrangement and type. The type of
fuel bed, particularly its particle size and the porous or solid
nature of the fuel bed, significantly affects the ignition
process (Bean and Blunck 2021). Generally, smaller parti-
cle sizes enhance the ignition process owing to their higher
surface area-to-volume ratio, which facilitates better heat
transfer and faster heating of the fuel, increasing its poten-
tial for ignition (Urban et al. 2018). Additionally, smaller
particles also facilitate air penetration and oxygen access,
further supporting the ignition and combustion processes
(Qin et al. 2024). For instance, Bean and Blunck (2021)
examined how fuel bed characteristics, particularly particle
size and the difference between porous and solid fuel beds,
influence ignition behaviour when exposed to a cartridge
heater simulating a real firebrand. The experiments utilised
Douglas-fir shavings with varying particle sizes (L. < 1 mm,
4mm < L, < 6 mm, 6 mm < L. < 12 mm), as well as
Douglas-fir and cardboard plates. The results indicated that
smaller particles in porous beds ignited more readily,
whereas larger particles were more likely to ignite after
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extended times as fewer particles came into contact with
the heater, reducing the overall contact area.

Moreover, the packing ratio or bulk density, which indi-
cates the density and porosity of the fuel bed, plays a key
role in the ignition process (Campbell-Lochrie et al. 2021;
He et al. 2021). A higher packing ratio can enhance heat
transfer between fuel bed particles, facilitating ignition, but
may also restrict airflow and reduce oxygen availability.
Conversely, a lower packing ratio may improve air circula-
tion but could result in slower heat transfer and delayed
ignition (Qin et al. 2024). For instance, Kasymov et al
(2016) conducted a series of experiments to investigate
how the bulk density of the fuel bed influences the likeli-
hood of ignition. They found that low porosity prevents
firebrands from penetrating the fuel bed layer, resulting in
significant energy loss to the surrounding environment dur-
ing heat exchange, with only a small amount of energy
reaching the fuel bed. Consequently, a higher fuel bed den-
sity reduced the probability of ignition. Additionally, fuel
bed bulk density was recognised as a key factor affecting
ignition delay time and flammability characteristics includ-
ing fire spread, combustion rate and flame height, with
these parameters decreasing as bulk density increased
(Ganteaume et al. 2009). Other studies focused on determin-
ing the ignition delay time and observing the ignition likeli-
hood of forest fuel beds with varied packing ratios and bulk
densities (Ganteaume et al. 2009; Viegas et al. 2014; Yin
et al. 2014). An increase in the time to ignition with increas-
ing fuel bed bulk density was observed. In contrast, as
shown in Fig. 11, an increase in the packing ratio of the
fuel bed significantly decreased the ignition delay time of
the fuel bed (Herndndez et al. 2018; Rivera et al. 2020).

Other studies have consistently highlighted the signifi-
cant influence of fuel bed type exposed to firebrands on
ignition success. Experimental studies (Ganteaume et al.
2009; Viegas et al. 2014) investigating the ignition
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The effect of the pine needle fuel bed packing ratio (x) on ignition delay time using an electrical heater to

represent an idealised firebrand (Hernandez et al. 2018) (with permission from Elsevier, licence no. 5820010199496).
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probability and ignition time delay of various Mediterranean
fuel beds when exposed firebrands observed that pine needles
exhibited the highest ignition probability and the shortest
ignition delay, whereas eucalyptus leaves had the lowest
ignition probability. Additionally, it was noted that grass
fuel beds were more flammable than litter fuel beds. These
findings are aligned with the work of Manzello et al. (2008a),
who reported that pine needles and shredded paper readily
ignited when exposed to single flaming firebrands, whereas
shredded mulch beds demonstrated higher resistance to igni-
tion. These observations suggest that fine, loosely packed
fuels such as pine needles and grass promote rapid ignition
owing to their high permeability, which enhances oxygen
availability, a key role in sustaining ignition. In contrast,
denser and more compacted fuels are more resistant to igni-
tion owing to their reduced permeability, which limits oxy-
gen diffusion and the ignition process.

Influence of wind speed. Environmental conditions such
as wind, temperature and humidity have a considerable role
in the ignition of a receptive fuel bed by firebrands.
Increasing the wind speed enhances the oxidation of these
firebrands and raises their surface temperature, influencing
pre-heating and thermal degradation of the fuel bed, thus
increasing its ignition probability (Atreya and Abu-Zaid
1991; Yan et al. 2024). For instance, Ellis (2011, 2015)
demonstrated the effect of environmental conditions, specif-
ically the influence of wind speed, on the likelihood of
ignition of dry eucalypt forest litter by firebrands. It was
observed that flaming ignition of the fuel bed occurred in
windy conditions, whereas smouldering occurred in quies-
cent air conditions. Similarly, Manzello et al. (2006a,
2008a) reported that airflow is crucial for successfully
achieving flaming ignition in a fuel bed.

Additional experiments demonstrated that wind speed
plays a key role in supplying oxygen to the firebrand
surface, thereby enhancing its oxidation, increasing heat
release and accelerating the ignition of surface litter
(Filkov et al. 2016; Kasymov et al. 2016). The authors
noted that as wind speed increased, smouldering ignition
and its transition to flaming required smaller particle sizes
and fewer particles. Moreover, in Yin et al. (2014) and Fang
et al. (2023), a significant relationship between wind speed
and ignition delay time was observed, indicating that the
time required to sustain ignition of a fuel bed decreased with
an increase in wind speed, as shown in Fig. 12. Additionally,
Ganteaume et al. (2009) found that airflow and its direction
relative to firebrands played a crucial role in determining
ignition time, regardless of the fuel bed’s MC. Their study
revealed that oblique airflow (~45° to the fuel bed) accel-
erated ignition by improving oxygen supply to the firebrand
and enhancing heat transfer within the fuel bed, while
minimising heat loss compared with horizontal airflow,
which resulted in a considerably longer ignition time. Yin
et al. (2014) observed that pine needles could be ignited by
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Fig. 12. The effect of wind speed and moisture content on (a)
ignition probability, (b) and the ignition delay time of a moist pine
needle fuel bed using a cubic-shaped (2 cm®) firebrands made of
spruce (produced from data in Fang et al. 2023).

a glowing firebrand even when the FMC was as high as 65%
provided there was an airflow of 3 m/s.

Ignition by hot metal particles

Despite the complexity of firebrands in wildfires and the
effect of environmental conditions on their shape, mass and
size and the formation of an ash layer on the outer surface of
the char core affecting oxidation and combustion processes,
researchers have sought to simplify their behaviour by using
hot metal particles as surrogates for firebrands in their inves-
tigations (Zak et al. 2013; Wessies and Ezekoye 2022a; Wang
etal. 2024). This approach allowed control of the thermal and
physical properties of firebrands, including temperature, size
and heating effects on various fuel beds. For example, Wang
etal. (2017) investigated the probability of ignition in a forest
fuel bed made of pine needles with varying MC (ranging from
6 to 32%) and under applied wind speeds of 0-4 m/s using
stainless steel particles (6-8 mm diameter, 600-1100°C).
Their results, shown in Fig. 13, indicated that flaming igni-
tion time decreased with higher particle temperature and
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wind speed, whereas it increased with higher fuel bed MC.
Comparatively, Wang et al. (2025) further examined the
ignition behaviour of WUI fuels (pine needles, straw and
cotton) under quiescent conditions, using larger stainless-
steel particles (12 mm diameter) with both solid and hollow
particles (void ratios of 0, 0.59 and 0.68). Notably, their study
highlighted that cotton was the most easily ignited, requiring
the lowest particle temperature and exhibiting the fastest
flame spread. In contrast, straw was the most resistant to
ignition, requiring a minimum temperature of 950°C for
flaming ignition. Additionally, the study found that hollow
particles lowered the ignition threshold for cotton by extend-
ing contact time but inhibited smouldering ignition across all
fuels owing to rapid cooling.

The effect of the size and temperature of hot metal particles
on ignition was also investigated in Hadden et al. (2011), Scott
et al. (2011) and Urban et al. (2017). A crucial finding from
these investigations was the inverse relationship between the
size of the particles and the temperatures necessary for either
smouldering or flaming ignition, revealing that smaller particles
require a higher temperature to produce either smouldering or
flaming ignition of the fuel bed compared with larger particles.
However, in contrast to the previous studies that focused exclu-
sively on stainless steel and steel particles, the studies of Zak
et al. (2014), Fernandez-Pello et al. (2015) and Urban et al.
(2015) expanded this work to assess the effect of thermal
properties, such as specific heat and thermal conductivity, on
ignition behaviour. This included investigations of stainless
steel, aluminium, brass and copper hot particles. Most materials
were found not to have a significant influence on ignition;

however, copper was an exception owing to its significantly
higher thermal conductivity and thermal diffusivity, which are
at least three times greater than those of the other materials.
Fang et al. (2021) adopted a different approach by investigating
the combined effect of hot metal particles and thermal radiation
on the ignition of a pine needle fuel bed. They used a resistive
heating cone measuring 10 X 10 cm? positioned 2.5 cm above
the fuel bed to act as a thermal radiation source. As shown in
Fig. 14, their results indicated that with an increase in particle
temperature, diameter and radiant heat flux, flaming ignition
was observed and the ignition probability increased. Finally, the
experimental results revealed that the ignition delay time
decreased as radiative heat flux increased.

Other studies employed an electrical heater to simulate
an ideal firebrand to study the ignition of porous fuel beds
(Hernandez et al. 2018; Rivera et al. 2020; Bean and Blunck
2021; Alvarez et al. 2023). In these studies, researchers
varied the fuel bed packing ratio and heater temperature
to assess their impact on ignition likelihood. Increasing both
the heater temperature and the fuel bed packing ratio
resulted in a higher ignition probability and a reduced igni-
tion delay time.

Ignition by accumulated firebrands

The heat generated by a firebrand pile is expected to vary
from that of a single firebrand owing to the interaction
among the firebrands within the pile. The interaction
between individual firebrands in the pile is expected to
change the heat transfer processes involved in the ignition
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of solid fuels when exposed to a pile of firebrands (Kasymov
et al. 2018). The accumulation of multiple firebrands in a
pile can serve to retain heat for an extended period, thereby
enhancing the chances of smouldering ignition in fuel beds,
which may then transit to flaming ignition. As the number
or mass of firebrands increases, the heat flux to the fuel bed
intensifies, as discussed in the ‘Thermal behaviour of fire-
brands’ section, reducing the time to ignition and increasing
the likelihood of a fire transitioning from a smouldering to a
flaming state. For instance, Manzello et al. (2005b, 2006a)
demonstrated that multiple glowing firebrands have the
potential to not only initiate smouldering ignition but also
transition to flaming ignition. This observation aligns with
Kasymov et al. (2018), who highlighted the role of firebrand
accumulation in sustaining ignition in fuel beds. Additionally,
Manzello et al. (2006b) further expanded our understanding
about the influence of firebrand accumulation in sustaining
ignition in a pine needle fuel bed by identifying the minimum
firebrand mass required to sustain ignition. They found that
for flaming firebrands, a minimum mass of 1 g was sufficient
to sustain flaming ignition. In contrast, a significantly higher
mass of 6 g was required to achieve a sustained smouldering
ignition that could eventually transition to flaming under an
airflow of 1 m/s.

Furthermore, the study by Filkov et al. (2016) presented
a relationship between the accumulation of glowing fire-
brands and both smouldering and flaming ignition of a
fuel bed. Fig. 15 shows that as the number of accumulated
glowing firebrands increases, the likelihood of smouldering
and flaming ignition increases. The effect of another critical
factor, airflow temperature, on the minimum accumulated
firebrand mass required to sustain ignition was explored by
Kasymov et al. (2016). It was noted that an increase in the
ignition probability and a decrease in the number and size
of firebrands required to sustain ignition occur with an
increase in air flow temperature.
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A more recent study by Lin et al. (2024a) provides further
insights into how firebrand pile mass and wind speed influence
ignition dynamics. They performed a series of experiments in a
small-scale wind tunnel to examine the smouldering ignition
and transition to flaming of four mulch types (black mulch,
forest floor, redwood and fir bark) when exposed to glowing
firebrand piles under wind speeds up to 1.4 m/s. The firebrand
pile masses ranged from 0.06 to 0.79 g. Notably, they observed
that as the mass of the firebrand piles increased, the minimum
wind speed needed for smouldering ignition decreased.
Additionally, the transition from smouldering to flaming
occured at a critical wind speed, which was unaffected by
the firebrand pile mass but varied depending on the mulch
type, as shown in Fig. 16. Moreover, they found that a critical
surface temperature of approximately 850°C was necessary for
the smouldering to flaming transition.

Ignition by firebrand showers

Firebrand showers are characterised by a dynamic and
transient process in which individual firebrands remain air-
borne and influence ignition during their period of flight
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(Manzello and Suzuki 2023). In contrast, accumulated fire-
brands (piles) represent a static phase, forming when multi-
ple firebrands land in one location. Whereas firebrand piles
are significant for localised ignition and prolonged combus-
tion owing to their ability to smoulder and retain heat for
extended durations, firebrand showers present a different
challenge. These showers consist of thousands of small par-
ticles that can be carried by strong winds over significant
distances, bypassing firebreaks and natural barriers to ignite
new fires far from the main fire front (Quarles and
Standohar-Alfano 2018). The development of the firebrand
generator shown in Fig. 17 by the National Institute of
Standards and Technology (NIST) has significantly advanced
knowledge about firebrand showers. It has allowed research-
ers to investigate the ignition potential of various natural fuel
beds and structural components under exposure to firebrand
showers (Manzello et al. 2008b). The firebrand generator
allows the control of firebrand characteristics such as mass
and number flux.

Firebrand showers have been extensively studied to
understand their influence on the ignition of natural fuel
beds. Researchers have focused on the critical role these
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Fig. 16. Critical conditions for smouldering ignition and its transition to flaming of different mulch samples, (a)
forest floor, (b) redwood, (c) black mulch, and (d) fir bark A under different wind speeds and masses of firebrand pile

(Lin et al. 2024a).
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Fig. 17. Schematic diagram of the firebrand generator developed by NIST (Suzuki and Manzello 2020b) (with permission

from Elsevier, licence no. 5805060146603).

firebrands play in the spread of fires, particularly in WUI
areas. For example, laboratory experiments were conducted
to assess the ignition of mulch beds by continuous firebrand
showers under applied wind speeds of 6 and 8 m/s (Manzello
et al. 2017; Suzuki and Manzello 2021a, 2021d). Douglas-fir
wood particles, cutinto 7.9 x 7.9 x 12.5 mm size, were used
as firebrands in these experiments. Four different mulch fuel
beds made of shredded hardwood mulch, Japanese cypress
woodchip mulch, pine bark nuggets and mini pine bark nug-
gets were tested. The results indicated that at a wind speed of
6 m/s, the firebrands were capable of igniting all the mulch
fuel beds except for the pine bark nuggets. The lack of ignition
in the pine bark nuggets is due to significant gaps between its
fuel particles, which result in increased heat transfer from the
firebrands to the surrounding environment rather than
directly to the fuel bed. Additionally, increasing the firebrand
flux and the number of firebrands had a significant impact on
decreasing ignition time.

Additional laboratory studies by Suzuki et al. (2014) and
Suzuki and Manzello (2020b) were conducted to assess the
time to ignition, the effect of MCs ranging from dry up to
83%, and wind speeds varying from 6 to 8 m/s, as well as
the number of firebrands landing on a hardwood shredded
mulch fuel bed measuring 1200 x 1200 X 51 mm. The
results, shown in Fig. 18, indicate that under a wind speed of
6 m/s, firebrands were able to sustain smouldering, which
subsequently transitioned to flaming ignition when the fuel
bed’s MC ranged between 40 and 60%. However, at a higher
wind speed of 8 m/s, this moisture threshold increased to
86%, indicating that higher airflow can facilitate ignition
even in very wet fuel conditions. Moreover, it is notable that

a fuel bed with a higher MC requires a greater number of
firebrands and more time to sustain ignition.

Suzuki and Manzello (2023) further expanded their anal-
ysis to examine the influence of the combined effect of
radiation and firebrand showers on the ignition of cellulose
fuel beds under varying wind speeds. Firebrands were fed in
the generator at varying rates of 20, 40 and 60 g/min and
wind speeds were set at 4, 6 and 8 m/s. A 5.8 kW radiant
panel measuring 300 X 300 mm at a height of 440 mm
above the cellulose fuel bed was used. Additionally, differ-
ent pre-heating times, varying across 0, 600 and 1200 s after
the firebrand generator was started were tested. The results
revealed that the higher feeding rates, wind speeds and pre-
heating times yielded a higher probability of fuel bed igni-
tion. Moreover, higher wind speeds required a lower num-
ber of firebrands for fuel bed ignition owing to the enhanced
firebrand combustion process resulting from a higher rate of
oxidiser supply. Similarly, in Suzuki and Manzello (2021b),
the authors found that the heat flux generated by the radiant
panel had a significant impact on reducing the time required
and number of firebrands needed to sustain both smoulder-
ing and flaming ignition when the wind speed was set at
6 m/s. However, this effect was less notable when the wind
speed was increased to 8 m/s.

Knowledge gaps

Most research on the ignition of natural fuel beds
by firebrands has been conducted in laboratory studies.
In these studies, researchers have investigated different
parameters such as firebrand and fuel bed characteristics,
as well as environmental conditions, to explore the role of
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Fig. 18. The minimum number of firebrands required to sustain ignition of a hardwood shredded mulch fuel bed
exposed to wind-driven firebrand showers under various wind speed and moisture contents (Suzuki and Manzello 2020b)
(with permission from Elsevier, licence no. 5805060146603). Note: Sl is smouldering ignition, and FI flaming ignition.

firebrands in fuel bed ignition and the spread of spot fires. It
was found that flaming firebrands have enough energy to
pre-heat and ignite higher MC fuel beds compared with
glowing firebrands. The shape and size of firebrands signifi-
cantly influenced the likelihood of fuel bed ignition. Larger
firebrands tended to carry more energy and burn for a
longer duration, increasing the chance of igniting the fuel
bed on contact. Additionally, the type of fuel, MC and bulk
density played critical roles in the fuel bed ignition poten-
tial. In general, fuel beds with lower MC ignite more quickly
because they require less energy from the firebrands to dry

and pre-heat fuel to their ignition temperature. A negative
relationship was found between wind speed and firebrand
mass and number flux.

Despite considerable research efforts into the thermal
degradation and ignition processes of vegetative fuel beds
by firebrands in the WUI, most studies have focused on
specific configurations and parameters, limiting a broader
understanding of the phenomenon. These investigations
have identified critical thresholds for factors such as fuel
bed MC, wind velocity and firebrand characteristics (e.g.
size and shape) that affect ignition probability. However, a
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significant gap remains in developing a more generalised
theory applicable to a wider range of scenarios. For
instance, critical moisture levels may vary significantly
depending on the type of vegetation, environmental condi-
tions (e.g. temperature and humidity), or duration of expo-
sure to firebrands, making it difficult to generalise findings.
Additionally, the interaction between firebrands and varying
wind velocities often studied in laboratories may not fully
capture the complexities of real-world conditions. Therefore,
current knowledge is often limited to specific experimental
conditions, posing challenges in applying these findings to
the diverse fuel types, environmental conditions and fire-
brand properties encountered in real-world wildfires.
Consequently, there remain significant gaps in understanding
the chemical and thermal interactions between firebrands
and the recipient fuel bed during spotting phenomena. Key
knowledge gaps include: limited understanding of the resid-
ual potential energy of firebrands after flight and transport
from the fire source and insufficient data on the impact of
firebrand accumulation, their formation into piles, accumu-
lation pattern, and role in the ignition mechanism of the
receiving fuel bed. Although individual firebrands have
been widely studied, their collective behaviour, especially
when forming piles, presents additional complexities related
to heat retention, oxygen supply, reradiation and convective
heat transfer within the pile. Understanding these thermal
interactions is essential as they play a key role in the ignition
process of the receiving fuel bed.

Another significant gap is the lack of data on the com-
bined effects of firebrand showers or firebrand accumulation
with radiation and convection impact on ignition behaviour.
Addressing these gaps by conducting field studies to explore
firebrand behaviour in real fires could provide valuable
insights to better understand the ignition process and spread
of fires, which are challenging to replicate in laboratory
settings. Moreover, developing computational models that
simulate firebrand shower behaviour, accumulation, pile
formation and their interaction with environmental factors
is also essential.

Ignition of structures by firebrands

In communities situated at the WUI, not only vegetation but
structures and man-made fuels themselves are susceptible to
ignition by firebrands. These elements can be viewed as a
fuel source. Once ignited, they may generate additional
firebrands, thereby increasing the risk of fire spread
throughout the community (Suzuki and Manzello 2019).
The ignition of wood structures follows the same fundamen-
tal process described earlier in the ‘Ignition of vegetative
fuel beds by firebrands’ section. However, the mechanisms
through which firebrands ignite natural fuel beds and wood
structures differ significantly owing to variations in their
physical and thermal properties. Natural fuel beds, such as

leaves and grasses, typically have lower ignition thresholds
owing to their fine structure and high surface-area-to-
volume ratio, allowing rapid heat transfer and quicker igni-
tion when exposed to firebrands. In contrast, wood struc-
tures, including decking and siding, generally require
prolonged heating owing to their greater density and
lower surface area-to-volume ratio, which affects heat pen-
etration and delays ignition. Similarly to natural fuel, igni-
tion of structural components is significantly affected by
firebrand characteristics, material properties and configura-
tion. These factors collectively determine the likelihood of
structure ignition. This section reviews several aspects
related to the influence of firebrands on building ignition,
focusing on four critical areas: analysing how different
materials and designs, along with firebrand characteristics,
influence a building’s ability to withstand firebrand attacks;
understanding the impact of firebrand accumulation and
firebrand showers on the likelihood of structural ignition;
discussing methods for enhancing building resilience against
firebrand attacks; and highlighting innovative design
choices and materials that can reduce the risk of fire spread.
A summary of the reviewed studies is presented in Table 4.

Influence of firebrand characteristics

Recently, there have been increasing efforts in scientific
research aimed at examining the evolving role of firebrands
in the ignition of the building structures. Various factors,
including the size, quantity, mass and shape of the fire-
brands, as well as their accumulation pattern, significantly
affect their potential to ignite structural materials (Suzuki
and Manzello 2019; Wessies et al. 2019). For instance,
studies (Kasymov et al. 2019; Tarakanova et al. 2020;
Matvienko et al. 2022) evaluated factors such as firebrand
size and quantity, as well as the presence of airflow on
ignition probability and the ignition delay time in various
construction materials. These studies consistently highlight
the key role of wind speed in determining the likelihood of
structure ignition by firebrands. Specifically, at wind speeds
between 0 and 1 m/s, firebrands mostly smoulder without
transitioning to flaming ignition. However, as wind speed
increases, the ignition probability increases while the igni-
tion time decreases for the same firebrand size and quantity.
Notably, at higher wind speeds (2-2.5 m/s), larger fire-
brands significantly lower the minimum number of fire-
brands required to sustain ignition.

In contrast to the previous studies that mainly focused on
wind speed and number of firebrands, Kwon and Liao
(2022a, 2022b) systematically explored the impact of fire-
brand spacing to determine critical conditions for the igni-
tion and burning of building materials. They demonstrated
that when the spacing between firebrands exceeded 20 mm,
the firebrands were only able to burn on the surface of
plywood material until they were completely consumed. In
contrast, spacing less than 20 mm led to conditions where

22

G20z JoquianoN /g uo 3sanb Aq ypd-Lz05zim/82819€ /L Z0SZAM/L L0 L 0 L/10p/4pd-Bjo1lE/;M/NE"10S]0RUU0D//:dRY WOl papeojumoq



www.publish.csiro.au/wf

International Journal of Wildland Fire 34 (2025) WF25021

Table 4.

Summary of studies on the ignition of structures by firebrands.

Ref.

Study conditions

Study parameters

Findings

Suzuki et al. (2016)

Manzello and
Suzuki (2019)

Meerpoel-Pietri
et al. (2021)

Salehizadeh
et al. (2021)

Richter
et al. (2022)

Matvienko et al.

(2022, 2023)

Zhu and
Urban (2023)

De Beer et al.
(2023q)

Ignition propensity of wooden face
assemblies with and without nearby
natural fuel sources

Experiments focused on
understanding the impact of board
spacing in decking assemblies on
ignition behaviour

Ignition propensity of decking slabs
by flaming firebrands

Interaction between a smouldering
firebrand pile and woody fuel to
quantify critical ignition conditions

Analysing the influence of crevices
in wooden material on ignition
propensity

A series of experiments and 3D
mathematical model to simulate
wood ignition by firebrands

Thermal interaction between an
electrical heater acting as an
idealised firebrand and a wood
fuel bed

Influence of a glowing firebrand pile
on the ignition of substrate
materials

Wood assembly configuration: flat wall,
inside corner, outside corner and V-
corner

Wood assembly dimension:
WxH=091 x091m,and 1.83 x1.83m
Wood assembly material: cedar, redwood

Wood assembly material: western red
cedar, Douglas-fir, redwood
Board spacing: 0, 5, and 10 mm

Firebrand area: 0.07 and 12.00 cm?
Firebrand mass: from 0.57 mg to 2.66 g
Decking type: pine, thermoplastic

Test sample: marine-grade plywood,
oriented-strand board, cedar shingles
Pile mass: 4.0, 8.0, and 16.0 g

Wind speed: 0.5, 0.8, 1.2, 1.4 m/s

Firebrand mass: 10 g

Firebrand bulk density: 0.061 g/m*

Test sample configuration: flat, 0, 90°
crevice configurations

Wood material: plywood, oriented
strand board, chipboard
Firebrand size: d = 6-8 mm, L = 40 mm

Wind speed: 0, 1 m/s

Heater size: 7.5, 15 mm
Heat flux: 10-60 kW/m”
Separation distance: 0 to 15 mm

Coverage density: 0.06, 016 g/cm’

Air velocity: 0.9, 14, 2.4, 27 m/s
Substrate materials: Kaowool PM, western
red cedar

The presence of a natural fuel bed adjacent
to the wooden face assemblies significantly
influenced ignition propensity, as flaming
was observed in all cases; in contrast,
smouldering sometimes occurred without
the natural fuel bed

Redwood produced firebrands of larger size
compared with cedar owing to ignition

Larger gaps allowed greater accumulation of
firebrands, increasing ignition propensity

A minimum mass of 0.31 and 0.80 g was
required for pine and thermoplastic slab to
initiate ignition, respectively

A critical position of firebrand deposition
was necessary to sustain ignition

Higher temperatures and heat flux were
observed with increasing pile mass and
wind speed, owing to reradiation between
the particles and increasing rate of oxidation

Crevice configuration samples received higher
heat flux compared with flat configuration
Crevices parallel to the air flow direction
exhibited the highest ignition propensity, in
contrast to crevices perpendicular to the air
flow direction

Decreasing the distance between firebrands
and increasing their length yielded higher
ignition potential for wood samples

An inverse relationship between heater size
and incident heat flux was observed in terms
of ignition probability

The separation distance had a significant role
in the ignition delay time of the wood sample

Increasing both air velocity and covering
density had a significant impact on
increasing propensity for ignition

the plywood not only ignited but also continued to burn
even after the firebrands were consumed.

These observations are further substantiated by Zhu and
Urban (2023), who experimentally and numerically investi-
gated the effects of firebrand spacing using electrical heaters
asreal firebrands on the ignition of a wooden sample made of
pine. As shown in Fig. 19, when the separation distance is
large, a portion of the heat from the surface is used to heat the
space between the two heaters, resulting in heat loss.
Conversely, when the separation distance is small, the ther-
mal interaction between the two firebrands compensates for
this portion of heat loss, leading to higher ignition probability
and shorter ignition delay times. Further, they expanded their

analysis to explore the effect of the heater size and heat flux,
revealing that increasing both parameters enhanced ignition
probability while reducing time to ignition.

Further explorations by Matvienko et al. (2023) employed a
3D mathematical model incorporating gas-phase reactions with a
pyrolysis model to simulate the ignition of wood by firebrands.
Although their findings on the importance of firebrand size and
spacing are consistent with the previous studies, they uniquely
highlighted the role of firebrand geometrical parameters.
Specifically, they observed that closely spaced firebrands with
larger sizes and greater lengths led to a high-temperature regime,
generating sufficient thermal energy to initiate pyrolysis, even-
tually leading to ignition.
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Although studies examining the ignition processes
by multiple individual firebrands of structural materials
attached at varying spacing distances and with different
geometrical parameters have provided valuable insights
into the susceptibility of structural components to ignition,
these studies alone cannot provide a comprehensive assess-
ment of the vulnerability of these components to ignition
from the accumulated firebrands in the form of a pile
(Dowling 1994). Post-fire investigations in the WUI have
reported that firebrands carried over long distance by strong
winds often accumulate in piles on various fuel surfaces
before igniting them (Maranghides and Mell 2011;
Manzello et al. 2020). These accumulated piles of firebrands
store significantly more energy, posing a greater ignition
hazard compared with individual firebrands. Factors such
as ambient wind speed, firebrand pile mass, pile porosity
and the density of target fuels contribute to the ignition
potential of these piles. Firebrand pile porosity significantly
influences the magnitude and duration of heat transfer from
a firebrand pile, with higher-porosity piles exhibiting higher
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Fig. 19. The effect of separation distance:
(@) 2 mm, (b) 5 mm, and (c) 10 mm between
two electrical heaters representing idealised fire-
brands on the temperature profile of a wood
sample (Zhu and Urban 2023) (with permission
from Elsevier, licence no. 5820070271568). Note:
cooperative flaming ignition (Coop-Fl) was deter-
mined by comparing the ignition time difference
when the fuel bed is exposed to either one or
two firebrands. The cooperative flaming ignition
(time) is defined as the difference between these
two ignition times. The Fl event was deemed a
Coop-Fl event if the ignition time in the two-
heater case was 1 s smaller than that in an
analogous single-heater case; otherwise, the out-
come was treated as Single-Fl. g = heat flux.

(mm)

(mm)

450

velocities throughout the pile (Bearinger 2021). The inter-
action between firebrands within the pile enhances re-
radiation among them, and the oxidation rate increases
with higher wind speed. This intensifies the burning of the
firebrands, consequently leading to higher temperatures and
increased heat fluxes (Baldwin and Sunderland 2023; De
Beer et al. 2023b).

One of the studies on the effect of firebrand pile accumu-
lation on wooden structures was conducted by De Beer et al.
(2023a), who examined how accumulation affected igni-
tion in wooden structures by depositing firebrands onto
both flammable (western red cedar) and non-flammable
(Kaowool PM insulation) substrates. The firebrand pile mea-
sured 5 X 10 cm, with two distinct coverage densities of
0.06 and 0.16 cm?. Airflow velocities ranged from 0.9 to
2.7 m/s. Their study revealed that both airflow velocity and
firebrand coverage density significantly influence ignition,
with the highest peak average back surface temperature of
the substrate and heat release rate per unit area (HRRPUA)
observed at an airflow rate of 2.4 m/s, although further
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increases in airflow led to a decline in these parameters.
Notably, they demonstrated that increasing firebrand cover-
age density enhanced the likelihood of ignition. Lauterbach
et al. (2024) further expanded the previous study and high-
lighted the impact of firebrand pile orientation on ignition.
They found that combustion was more intense when the 10-
cm side of the firebrand pile was aligned with the airflow,
indicating that pile orientation influences heat transfer
dynamics and oxygen availability, which in turn affect the
ignition process. Zhu and Urban (2024) further investigated
the ignition of oriented strand board (OSB) under varying
coverage densities and airflow conditions. Firebrand piles
with coverage densities ranging from 0.06 to 0.16 g/cm?
were deposited within a 10 X 10 cm area. The findings
revealed that ignition probability exhibited a hyperbolic
relationship with airflow and coverage density, with smaller
firebrands igniting the fuel more rapidly. Increased airflow
elevated firebrand surface temperatures, thereby enhancing
ignition potential. Moreover, densely accumulated fire-
brands underwent re-radiation effects, leading to localised
temperature increases and faster ignition. Additionally, a
correlation between ignition time and firebrand accumula-
tion characteristics based on a theoretical heat transfer
analysis was also identified. Santamaria et al. (2015) also
conducted bench-scale experiments to investigate smoulder-
ing ignition in wooden substrates exposed to firebrand piles
with masses and sizes ranging from 0.2 to 98 g/m? and
surface areas typically under 100 mm?. Results indicated
that ignition of wood depended on firebrand size, mass and
configuration, with flaming ignition observed at a critical
firebrand mass of 60 g.

Meerpoel-Pietri et al. (2021) examined firebrand ignition
thresholds by analysing the location, minimum number and
mass of firebrands required to ignite different decking slabs.
The first decking slab was made of pine, whereas the second
was a thermoplastic composed of polypropylene and calcium
carbonate. They found that the wooden slab required a mini-
mum mass of 0.31 g of firebrands for ignition, whereas the
thermoplastic slab needed at least 0.80 g, indicating that
wooden slabs are more susceptible to ignition. Additionally,
they observed that ignition occurs when firebrands are depos-
ited in gaps or crevices of the wooden slab and against the legs
of the thermoplastic slab, but no ignition occurs when fire-
brands are deposited on the surface of the slabs.

Influence of structure characteristics

The characteristics of a structural material play a key role in
determining its vulnerability to ignition (Suzuki and
Manzello 2020a; Wickramasinghe et al. 2023a). The build-
up of firebrands in gaps and openings within the structure,
such as the roof, decking and vents, are considered the pri-
mary factor contributing to the vulnerability of structures to
ignition (Quarles and Sindelar 2011; Manzello et al. 2020;
Nazare et al. 2021) and the initiation of smouldering

(Gellerman and Chien 2023; Wickramasinghe et al. 2023b).
For example, studies have examined the ignition behaviour of
various wood construction materials. Kasymov et al. (2019)
and Tarakanova et al. (2020) examined the ignition beha-
viour of various wood construction material samples, includ-
ing plywood, OSB, chipboard, particle board and spruce.
Notably, construction materials like plywood and OSB are
more resistant to ignition compared with spruce, as they
require a larger number of firebrands and have a longer
ignition delay time. This was attributed to their composition,
which contains synthetic resins. Similarly, Lauterbach et al.
(2024) investigated how pressure-treated wood (PTW) and
wood-plastic composite (Trex) responded to comparable fire-
brand conditions. PTW was found to be more susceptible to
sustained smouldering across a wide range of airflow settings,
whereas Trex showed less susceptibility to pre-leading zone
ignition but was more vulnerable to downstream ignition.

Whereas the previous studies focused on wood-based
materials, Wessies et al. (2019) examined the vulnerability
of various home insulation materials to ignition when
exposed to firebrands under varying airflow conditions. The
test samples included polyurethane foam, expanded poly-
styrene (EPS), extruded polystyrene (XPS), flame-retarded
and non-flame-retarded denim, and cellulose. Notably, syn-
thetic polymer insulation materials (EPS and XPS) ignite in a
flaming mode but do not sustain flaming ignition, as the
firebrands melt through the material and then extinguish.
In contrast, cellulosic insulation materials are able to sustain
flaming ignition as long as there is sufficient airflow. These
findings are consistent with those of Arruda et al. (2024), who
noted that synthetic materials such as polystyrene foam (XPS
also known as Wallmate) and polyvinyl chloride (PVC) mate-
rials primarily melt rather than ignite, demonstrating a strong
resistance to sustained flaming ignition, with only smoulder-
ing being observed. Furthermore, they highlighted that add-
ing thermally resistant paint to woody materials greatly
influenced the reduction of flaming ignition behaviour.

In addition to material composition, the shape and config-
uration of building materials play a key role in determining
firebrand ignition susceptibility. Richter et al. (2022) con-
ducted an experimental study to assess the ignition probabil-
ity of various wooden materials by a pile of smouldering
firebrands under wind speeds ranging from 0.5 to 1.4 m/s.
In this study, they used five different configurations, namely a
flat board and four crevice configurations with different ori-
entations. Notably, the crevice configurations and their ori-
entation had a significant impact on the ignition propensity of
the material owing to the enhanced heat flux from the fire-
brand to the material surface. Additional study by Manzello
et al. (2009b) provided valuable insights into the effect of the
orientation angles of wooden structures on the ignition like-
lihood of building materials. In their study, plywood and OSB
samples (with dimensions of 206 X 88 mm) were exposed to
deposited firebrands at different angles (60°, 90° and 135°)
between the two sections of the test sample under airflow
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conditions of 1.3 and 2.4 m/s. The results indicated that, at a
sample angle of 60°, no ignition was observed for both ply-
wood and OSB at an airflow of 1.3 m/s. However, at the same
angle, an increase in airflow to 2.4 m/s resulted in smoulder-
ing ignition, which was subsequently followed by flaming
ignition.

The key role the configuration of a building plays in the
accumulation of firebrands was further explored. Nguyen
and Kaye (2021) investigated ember retention on rooftops
under varying wind conditions. They noted that internal roof
corners and dormers served as areas with high ember reten-
tion, increasing the likelihood of ignition in these regions.
Additionally, the study demonstrated that, under certain
wind conditions, higher roof slopes could unexpectedly lead
to increased ember retention. In another study by Nguyen
and Kaye (2022a), they quantified firebrand accumulation on
building rooftops with various building shapes under wind
speed. They experimentally investigated the accumulation of
firebrands on rectangular, L-shaped and T-shaped building
structures. The results indicated that building shape and wind
direction significantly influenced ember accumulation. As
noted, the rectangular-shaped building had the lowest accu-
mulation of embers compared with other shapes. Moreover,
the orientation of the wind relative to the building signifi-
cantly influenced ember accumulation. In a subsequent study
(Nguyen and Kaye 2022b), the authors further examined the
impact of surrounding buildings on ember accumulation.
Their results show that embers tend to accumulate more on
rooftops when the target building is surrounded by structures
of similar height, with the highest accumulation occurring in
closely spaced structures. Similarly, Quarles and Sindelar
(2011) highlighted that the wind direction relative to a
vent position significantly affects firebrand penetration,
with vents positioned perpendicularly to the wind being
more susceptible to firebrand entry.

Ignition of structure by firebrand showers

The interaction of firebrand showers with combustible
building materials and wood structures is a significant prob-
lem in fire science (Suzuki and Manzello 2020a; Kasymov
et al. 2023). Firstly, it should be mentioned that this section
focuses on studies examining the role of firebrand showers
in igniting structural materials, including various firebrand
and material types. These studies were not included in the
previous sections because they use a different approach.
Unlike deposited firebrands, which remain stationary, fire-
brand showers involve firebrands in motion before they
randomly land on the material. This key difference in meth-
odology justifies separating the two sections. Recent devel-
opments in firebrand generator technology and associated
research have greatly enhanced our understanding of the
ignition behaviour of structural materials exposed to fire-
brand showers (Manzello et al. 2011, 2012). For example,
experimental work by Suzuki et al. (2016) studied the

vulnerability of wooden assemblies to firebrand showers,
both with and without a nearby fuel source. They found
that all scenarios were prone to ignition when exposed to
firebrand showers and noted that the wooden assemblies
themselves produce firebrands. This aligns with findings by
Kasymov et al. (2023) who investigated the ignition resist-
ance of different wooden structures when exposed to fire-
brand showers, including a bench element, a compound
fence and an inside corner of a building. They noted
among the tested structures that a wood fence was the
most prone to ignition and required a lower ignition time.
Wind speed plays a crucial role in firebrand accumulation
and ignition potential. Suzuki and Manzello (2017a, 2021c)
examined the impact of varying wind speeds (4, 6, 8 and
10 m/s) on the accumulation of firebrands in front of two
structures separated by different distances. Notably, the
most significant accumulation of firebrands occured at
wind speeds of 6 and 8 m/s, generating enough heat to
initiate smouldering ignition of the boards covering the
floor. However, at wind speeds of 4 and 10 m/s, firebrands
were not able to accumulate in a compact zone. Although
they found that accumulation in front of structures
increased ignition potential, Manzello and Suzuki (2019)
suggest that accumulation beneath structures can be even
more critical for sustained ignition. Board spacing also sig-
nificantly influences the potential of ignition. Manzello and
Suzuki (2019) demonstrated that wider spacing between
deck boards of the sample reduced the required mass of
firebrands for sustained smouldering and flaming ignition,
as shown in Fig. 20. They explained that multiple firebrands
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Fig. 20. The relationship between the spacing of decking boards
and the required mass of firebrands to sustain ignition (Manzello and
Suzuki 2019) (with permission from Elsevier,licence no. 5820100416315).
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fall through these gaps in the boards, resulting in a higher
number of firebrands accumulating under the assembly.

Besides wind effects and spacing between boards, the
characteristics of the materials themselves also play a cru-
cial role in determining ignition susceptibility. Manzello and
Suzuki (2014) investigated the minimum mass of firebrands
and the time to flaming ignition of three different types of
timber decking made from western red cedar, Douglas-fir
and redwood. These decking materials were installed inside
a re-entrant corner wall measuring 1.2 m wide and 2.1 m
high. The results indicated that the average time to flaming
ignition was 437 s for cedar, 934 s for Douglas-fir and 756 s
for redwood. Moreover, it was noted that an average fire-
brand mass of 105 g for cedar, 224 g for Douglas-fir and
182 g for redwood was required to sustain ignition.

In addition to wood structures, roofing assemblies demon-
strate different levels of vulnerability to firebrand exposure.
Suzuki and Manzello (2017b) and Suzuki et al. (2017) high-
lighted the vulnerabilities of different tile roofing assemblies,
particularly noting that the penetration of firebrands through
tile gaps significantly influences ignition susceptibility due to
continuous firebrand showers under varying wind speeds. In
their experiment, a tile roofing assembly (flat concrete tiles,
profiled concrete tiles and flat terracotta tiles) with an angle
of 25° was constructed and placed 2 m from the firebrand
generator, as shown in Fig. 21. They found that flat tile
assemblies had the lowest number of penetrating firebrands
compared with another configuration, shown in Fig. 22.
Furthermore, wind speed had an effect on the number of
firebrands penetrating the roofing assemblies.

The vulnerability of different roofing materials was fur-
ther explored by Manzello et al. (2009a, 2010), who showed
that ceramic tile roofing assemblies were particularly prone
to ignition when combined with dried vegetation under the
tiles. Moreover, they identified that roof angle plays a

Fig. 21.
between the roof tiles (Suzuki and Manzello 2017b) (with permission from Elsevier, License Number:
5805051333850).

significant role in firebrand vulnerability, with steeper
angles (135°) reducing ignition probability owing to
decreased firebrand accumulation, whereas moderate angles
(60°) led to the highest ignition rates.

Enhancing the resilience of buildings against
firebrand attacks

Enhancing the resilience of buildings to withstand firebrand
attacks is essential, especially in wildfire-prone areas. This
can be achieved by using fire-resistant construction tech-
niques and materials (Liang et al. 2021; Albert and Liew
2024). Techniques include installing non-combustible roof-
ing, using fire-rated windows and utilising protective vent
screens. An effective method involves the application of fine
mesh metal screens to vulnerable parts of a building
(Sharifian and Hashempour 2016b). These screens can be
installed over vents, eaves and other openings to prevent
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Fig. 22. Number of firebrands that penetrated different types of

roof tile under various wind speeds (produced from data in Suzuki
et al. 2017).
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(a) Roofing assembly exposed to firebrand showers. (b) Schematic of firebrand penetration gaps
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firebrands from entering the building’s interior. These
screens act as a physical barrier, intercepting embers before
they can ignite flammable materials within the structure (Yang
and Manzello 2015). For instance, Sharifian Barforoush and du
Preez (2022) aimed to quantify the effectiveness of a stainless-
steel mesh with an aperture size of 1.67 mm and wire
diameter of 0.45 mm at a wind speed of 11.11 m/s against
firebrand penetration. The firebrands were generated from
red gum and cypress pine vegetation. A plastic sheet holder
was attached to the end of the wind tunnel, 2 m downstream
of the mesh holder, to capture passing firebrands for later
analysis of number and area, thus quantifying the mesh’s
effectiveness. The experimental results included various
interactions between firebrands and the mesh. It was
found that ~50-60% of the firebrands passed through the
mesh. When the plastic sheet holder was used without the
mesh, red gum firebrands caused between 13 and 77 holes,
whereas cypress firebrands caused between 85 and 125
holes. However, when the mesh was used, the number of
holes significantly decreased to 1-3 for red gum firebrands
and to 0-4 for cypress firebrands.

Another experimental study was conducted by Manzello
et al. (2007b) to assess the effectiveness of steel mesh
screens with varying sizes of 1.5, 3 and 6 mm in blocking
firebrands from entering a structure through a vent during a
firebrand shower. The results revealed that firebrands were
able to penetrate all tested screen sizes and result in the
ignition of fuel. Sharifian and Hashempour (2016a, 2020)
and Hashempour and Sharifian (2017) assessed factors such
as screen porosity, screen type (including woven and flat
screens), the shape of screen openings (square, circular and
rectangular) and the screen’s orientation relative to wind
direction (perpendicular, leaning forward at 45° and leaning
back at 45°) at a wind speed of 14.5 m/s. The study found
that both screen porosity and type significantly influenced
screen performance, with higher porosity decreasing effec-
tiveness and woven wire screens performing better than flat
screens. Larger opening sizes allowed more firebrands to
pass through, as shown in Fig. 23a, and the shape of the
openings (square, circular, rectangular) showed negligible
effect on the penetration ratio. Moreover, the orientation of
the screen was crucial, with the perpendicular position
being the most effective. Angled screens allowed higher
firebrand penetration, as shown in Fig. 23b, which is attrib-
uted to a decrease in the effective area of screen openings
and a reduction in the perpendicular force of the wind
needed to push firebrands through the screen.

Another study conducted by Atwood and Wagenbrenner
(2022) explored the efficiency of applying porous fencing,
which can act as a windbreak, to alter near-surface flow and
effect particle deposition to homes aiming to reduce fire-
brand attack. They numerically investigated the effective-
ness of varying factors including fence height, porosity,
wind speed and the size of firebrands on the reduction of
firebrand penetration. Results indicated that applying
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Fig. 23. The effect of (a) opening size, and (b) orientation of a

square woven wire screen on the firebrand fragmentation (penetra-
tion) ratio (produced from data in Hashempour and Sharifian 2017).

porous fencing around structural material can decrease fire-
brand penetration by up to 35%.

Knowledge gaps

Several laboratory studies have indicated that the pri-
mary factor contributing to the vulnerability of structures
is the penetration of firebrands into gaps and crevices. The
accumulation of firebrands in these areas can initiate smoul-
dering of combustible materials followed by flaming igni-
tion. Additionally, the configuration of building materials,
specifically the spacing and orientation of structural compo-
nents, significantly influences how these firebrands accumu-
late and ignite these structures. Despite considerable
research on the critical conditions and ignition behaviour
of structural materials exposed to firebrands in the WUI,
there are still significant gaps in understanding how struc-
tural characteristics influence ignition by firebrands, espe-
cially in terms of heat transfer mechanisms, which could
provide valuable insights for reducing structure losses in
wildfires. These studies face considerable challenges in rep-
licating the ignition dynamics of real fires caused by fire-
brands. Controlled laboratory settings are not able to
reproduce the wide variety of firebrand sizes, shapes and
thermal properties found in nature, which significantly
affect ignition potential. Furthermore, limitations exist
in replicating the conditions of real fire such as weather
conditions and structure properties. These factors affect
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firebrand transport, penetration and accumulation patterns
on structural surfaces, which remain an unexplored area of
research.

These challenges highlight the need for field studies and
advanced modelling techniques to achieve a comprehensive
understanding and accurately predict the role of firebrands
in structure ignitions. Key knowledge gaps include insulffi-
cient data on the impact of firebrand accumulation, their
formation into piles, accumulation patterns and their role in
the ignition mechanism of the receiving fuel beds.
Moreover, there is a lack of data on the combined effects
of firebrand showers or firebrand piles with radiation and
convection on ignition behaviour. Additional studies are
needed to evaluate and explore the ignition resistance of
new structural materials and configurations, and assess the
effectiveness of adding fire-resistance coating to structural
materials and new protective barriers in preventing fire-
brand penetration. Research should evaluate the effective-
ness of these protective materials under various
environmental conditions, such as high winds and extended
firebrand exposure, to replicate real-world scenarios. To
address these gaps, researchers should conduct field studies
to observe firebrand behaviour in real wildfires and comple-
ment these observations with computational modelling.
These models capable of replicating firebrand showers, fire-
brand accumulation in the form of piles and their interac-
tion with environmental conditions could provide valuable
insights into ignition behaviour. Furthermore, laboratory
experiments should investigate the effects of structural
material properties, firebrand characteristics and environ-
mental conditions on ignition likelihood, enabling a more
comprehensive understanding of structure ignitions. These
approaches could improve fire risk assessments and inform
the development of fire-resistant building materials to
reduce the impact of wildfires in the WUI.

Conclusion and recommendations for
future work

In order to understand the role of the firebrands in wildfire
spotting, this paper provides a comprehensive review of the
existing literature on the thermal behaviour of firebrands,
focusing on their temperature and heat flux characteristics,
as well as the ignition behaviour of natural fuel beds and
structures by these firebrands. These small particles or
debris, capable of travelling long distances, are considered
the primary cause of spotting phenomena and fire spread in
WUI areas. This review highlights the significant role of
firebrands in igniting fuel beds and structures by thoroughly
examining several key factors that influence this process: the
impact of firebrand characteristics (e.g. mass, shape and
size), the accumulation of firebrands in the form of piles,
the properties of fuel beds and structural materials (e.g.

moisture content and type), and environmental conditions
(wind speed).

Despite considerable efforts to investigate the thermal
behaviour of firebrands and their role in ignition mecha-
nisms, significant knowledge gaps remain. A major area of
interest is how the accumulation of firebrands, including
mass, porosity, and accumulation area and patterns affects
their thermal behaviour (temperature and heat flux).
Additionally, there are insufficient data on understanding
the ignition thresholds of recipient fuels influenced by fire-
brands. Therefore, more detailed studies are needed to
determine these thresholds for different fuel types, firebrand
characteristics, moisture contents and environmental condi-
tion that replicate real fire scenarios. Further studies are also
needed to understand firebrand ignition under the combined
effects of radiant and convective heating. Moreover, there is
a crucial need to improve computational and statistical
models to more accurately predict the ignition propensity
of vegetation and structures by firebrands and to quantify
the thermal and burning characteristics of these firebrands.
Enhancing these models requires incorporating more
detailed physical and chemical processes, improving the
representation of firebrand behaviour, refining the under-
standing of fuel characteristics to better predict ignition
likelihood and fire spread. Lastly, researchers should pay
attention to the development of fire-resistant building mate-
rials capable of withstanding severe heat exposure and pre-
venting firebrand penetration, thereby enhancing the
resilience of communities in fire areas.
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