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ABSTRACT 

Background. This study investigates firebrand and heat flux exposures of structures in the 
wildland–urban interface (WUI). Australian Building Standard AS3959 defines Bushfire Attack 
Levels (BALs) based on radiant heat flux exposure of properties at the WUI. Despite the fact that 
firebrands are one of the main causes of house losses in the WUI, firebrand attack levels on 
houses are still not quantified owing to inherent difficulties. Aims. We aimed to quantify 
firebrand flux on houses for three Fire Danger Indices (FDIs). Methods. Three wildfires with 
varying fireline intensities were modelled to mimic wildfire exposure at FDIs of 100, 80 and 50. 
The current model was improved by adding the effects of fuel moisture content (FMC), 
vegetation and wind speed to estimate firebrand generation rates in different vegetation species 
for various fire severities, and these rates were used to simulate firebrand attack on structures. 
The firebrand and radiative heat fluxes on the structures were calculated to develop correlations 
to quantify firebrand attack. Key results. A logarithmic relationship between firebrand flux and 
radiative heat flux was found. Conclusions and implications. The findings are beneficial in 
quantifying firebrand flux on houses for different vegetation fires to improve building construc
tion requirements and mitigate the vulnerability of structures at the WUI.  

Keywords: Australian Standard AS3959, bushfire attack level, firebrands, firebrand flux, 
physics-based modelling, radiative heat flux, radiant heat, wildland fire. 

Introduction 

Firebrands generated from burning vegetation are a potential threat to people and 
structures in the wildland–urban interface (WUI) owing to the unpredictable nature of 
spotting (the phenomenon of ignition of new fires by burning particles like wood chips, 
bark, twigs, leaves, or seeds ahead of a main fire front). This phenomenon becomes more 
severe with the magnitude of the wildfire and structural ignition becomes harder to 
control. The hazards from wildfire on structures in the WUI can be classified as direct 
flame contact, radiant heat, firebrand attack and a combination of two or all of these 
(Blanchi et al. 2006). Post-fire investigations reveal more than 50% of houses destroyed 
by wildfires are from firebrands and two thirds of these are ignited directly or indirectly 
by firebrands (Maranghides and Mell 2011). Leonard et al. (2004) claim that firebrands 
caused the ignition of over 90% of houses in Australia during a number of wildfire events. 
Firebrands may accumulate in particular locations of residential structures such as 
gutters, roofs, decks and corners or may penetrate through vulnerable openings such 
as windows, vents and gables, eventually triggering structural ignitions (Leonard 2009;  
Manzello et al. 2011, 2020; Whittaker et al. 2017). Hence, quantifying firebrand attacks 
and selecting building materials capable of withstanding ignitions by firebrands are 
required. 

Numerous standards and guidelines are used in different jurisdictions for constructing 
buildings to mitigate wildfire and firebrand attack. Some of these standards provide 
protocols to follow for minimising the danger of firebrands landing on structures 
and secondary ignition. The FireSmart guide book (Alberta Government 2013; Intini 
et al. 2020) provides guidance to Canadian provinces to define three buffer zones 
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(<10, 10−30, >30 m) for the degree of vegetation close to 
buildings. The guidebook states the roof is the most vulner
able component of a building owing to landing glowing and 
flaming firebrands. The importance of selecting proper con
struction materials for exterior siding, vents and other open
ings to avoid firebrand ignition is also described. The US 
National Fire Protection Association standards (NFPA 
1141–1144) includes provisions regarding hazard definition, 
WUI fire prevention, suppression, protection and mitigation. 
The generalised US codes are further made more specific for 
the fire weather conditions of jurisdictions, including 
some of the California Fire Code (California Standard 2016) 
and the Colorado WUI Hazards Assessment Methodology 
(Edel 2002). 

The Fire Emergency New Zealand Act (New Zealand 
Governement 2017) and the New Zealand Building Code 
(Department of Building and Housing 2012) provide guide
lines to ensure the safety of rural homes. The forest code of 
France (Francaise 2017; Intini et al. 2020) sets up plans to 
reduce wildfire risk in vulnerable areas and plans for pre
venting fires by vegetation clearing in fire-prone regions. 
The fire code in Italy (Bovio et al. 2001) applies to country- 
level WUI fires and defines regional planning activities and 
danger zones for structures against wildfires and interface 
fires. The International Wildland–Urban Interface Code 
(International Code Council 2022) proposes firebrand and 
wildfire safety provisions for properties in the WUI and 
aligns with other international building standards. 

In Australia, Australian Standard AS3959:2018 (Weir 
2018) is used to define construction requirements in 
wildfire-prone areas. The Bushfire Attack Level (BAL) of 
AS3959 measures the severity of a building’s potential expo
sure to firebrand attack, radiant heat and direct flame con
tact using increases of radiant heat flux (kW m−2) (Weir 
2018). BAL describes the safe distance between the building 
and the edge of vegetation expressed quantitatively as radi
ant heat. AS3959 also provides construction guidelines to 
prevent firebrand attack. In general, the effect of firebrands 
generated in proximity to the main fire front and its attack is 
generalised in all the above-mentioned codes. 

Quantifying firebrand attack is necessary to improve the 
quality of the standards as firebrands are the main cause of 
house ignition during wildfires. In this study, we mainly 
focus on Australian Standard AS3959:2018. However, the 
methodology can be applied to any code. 

The intensities of wildfires that occur in different juris
dictions and regions of Australia are expressed by the Fire 
Danger Index (FDI) in AS3959. The numerical value of FDI 
varies with environmental conditions, as shown by Eqn 1 
(Noble et al. 1980): 

D
T

U

FDI = 2.0 × exp( 0.450 + 0.987 × ln( )
0.0345 × Rh + 0.0338 × + 0.0234

× )10 (1) 

where D, Drought Factor; Rh, relative humidity (%); 
T, ambient temperature T (°C) and U10, wind speed 
(km h−1) at 10 m elevation in open land. 

Compared with the DF and temperature, wind speed 
changes in a shorter time, resulting in rapid changes in 
FDI. Also, increasing wind speed results in a higher number 
of firebrands generated, according to Bahrani (2020). 
Experiments of Adusumilli et al. (2021), Hudson et al. 
(2020) and Manzello et al. (2007) showed that a lower 
Fuel Moisture Content (FMC) also causes a higher number 
of firebrands. The Rh also affects the FMC according to Eqn 2 
(Cruz et al. 2014), which is an empirical correlation widely 
used by Australian fire agencies: 

T T
FMC = 5.658 + 0.04652 × Rh + 0.0003151 × Rh

× 0.185 ×

3

1 0.77 (2)  

where T is the air temperature (°C). Eqn 2 is widely used by 
Australian fire agencies to calculate FMC (Cruz et al. 2014). 
Further, Adusumilli et al. (2021), Hudson et al. (2020) and  
Manzello et al. (2007) revealed the number of firebrands 
generated depends on the burning fuel species. Therefore, 
calculating the firebrand generation rate by accounting for 
fuel species, wind speed and FMC is important to apply in 
any realistic firebrand modelling study. 

Firebrand modelling and dynamics have been extensively 
studied over the past few decades. These models can be 
categorised into mathematical, empirical and computational 
fluid dynamics (CFD) models according to the degree of 
complexity, availability of input data and computational 
power. The empirical models of Tarifa et al. (1965), Albini 
(1979) and Woycheese and Pagni (1999) explained the 
effect of firebrand shape, size and terminal velocity on 
spotting distance and the influence of the convective column 
on the critical height attained during flight. The empirical 
model of Ellis (2000) combined aerodynamic and combus
tion behaviours of firebrands to estimate spotting distance.  
Koo et al. (2010) developed a physics-based model for the 
transport of cylindrical and disk-shaped firebrands. They 
showed the spotting distance of firebrands generated from 
a crown fire is larger than that originating from a surface 
fire. Wadhwani et al. (2022) validated short-range firebrand 
transport using the physics-based model Fire Dynamics 
Simulator (FDS) and Wadhwani et al. (2019) examined the 
dispersion of firebrands inside an idealised forest. They 
found the streamwise distribution of firebrands qualitatively 
similar to field measurements and observations of 
Eucalyptus and pine vegetation fires (Gould et al. 2008;  
Thomas et al. 2017; Storey et al. 2020). Wickramasinghe 
et al. (2022) reproduced the single tree burning experimen
tal results of Manzello et al. (2007) using physics-based 
modelling. They also numerically estimated the firebrand 
generation rate using the experimental data from a 
single tree burning conducted by Manzello et al. (2007) 
and a management-scale forest fire test conducted by  
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Thomas et al. (2017) using an inverse analysis process. In 
these simulations, they reproduced experimental firebrand 
collection using a trial and error method while maintaining 
the environmental (wind speed, temperature, relative 
humidity) and fuel (fuel density, FMC, tree height and 
dimensions of vegetation particles) conditions of the labora
tory and field experiments. It was found that the firebrand 
generation rate was 4.18 pieces (pcs) MW−1 s−1 for a 
pitch pine forest fire (correlated with fire intensity). In the 
present work, firebrand generation data calculated from  
Wickramasinghe et al. (2022) are used as simulation inputs. 

In this study, we seek to address a significant gap in 
building codes, standards and guidelines, which currently 
do not provide a means to quantify firebrand attacks on 
houses under various wildfire conditions. Our objective is 
to establish a correlation between wildfire intensity, fire
brand attack and radiative heat flux, making this study the 
first of its kind to bridge this knowledge gap. To achieve 
this, we conducted a series of physics-based simulations 
exploring the potential correlation between the firebrand 
landing flux on structures and the corresponding received 
radiative heat flux. Our simulations encompassed a range of 
fire intensity levels, specifically FDI 100, 80 and 50, along 
with different distances of a house from a static fire front. 
With these simulations, we aim to fill the knowledge gap 
and provide valuable information for the development of 
comprehensive recommendations and standards for the 
characterisation of a firebrand attack. 

Methodology 

The simulations were conducted using a physics-based 
model in FDS, which is an open-source fire modelling tool 
of the National Institute of Standards and Technology 
(NIST), USA (McGrattan et al. 2005). FDS uses the multi
phase modelling technique, with fluid turbulence modelled 
by Large Eddy Simulation (LES), while firebrands are intro
duced into the domain using a Lagrangian particle-based 
transport scheme (McGrattan et al. 2013). The FDS 6.6.0 
version used in the present study comes with Deardorff’s 
viscosity model (McDermott et al. 2008) as the default 
transport coefficient. It solves governing conservation equa
tions for buoyant flow, combustion rate, energy and species 
transport in a low Mach number approximation. The con
cepts of mass, momentum and energy conservation are 
applied to sub-divided smaller volumes (rectilinear cells or 
control volumes) to obtain time-dependent, three- 
dimensional solutions (McGrattan et al. 2013). The flaming 
laboratory-scale firebrand landing distribution (~10 m tra
vel distance) simulation using FDS was validated by  
Wadhwani et al. (2022) against experimental data obtained 
from a firebrand generator. Wadhwani (2019) showed the 
distributions of firebrands in the downwind direction were 
qualitatively similar to the field study in Project Vesta 

(Gould et al. 2008) for short-range firebrands. Hence, it 
can be considered that the FDS model is suitable for short- 
range firebrand simulation. As per Wadhwani et al. (2022), 
we modified the FDS source code to include the Haider and 
Levenspiel (1989) drag model accounting for the sphericity 
of particles. 

Model set-up 

The simulation domain size was chosen as 336 × 100 × 90 m 
with a 1.5 m grid size in the wind developing region and 
0.75 m grid size in the volume where fireline, firebrand gen
eration and landing occur. These grid sizes were determined 
both graphically and using the grid convergence index (GCI) 
according to the grid sensitivity analysis by Wickramasinghe 
et al. (2022). Both time-averaged wind velocity and tempera
ture were used in the grid sensitivity analysis for 0.5, 0.75 and 
1.5 m grid sizes. It was found that GCIs for time-averaged 
velocity are 16% for 0.5 m/0.75 m grids and 32% for 0.75 m/ 
1.0 m grids. These values are 19% and 27% for time-averaged 
temperature. Therefore, a 0.75 m grid size was chosen for 
conducting the simulations in the current study for reasonable 
accuracy of results and lower computational cost. The inlet of 
the domain is set at X = −120 m and the forest starts at 
X = 0 m, providing sufficient space to develop the wind 
field. The end of the forest is at X = 130 m. The domain 
was divided into 16 meshes, as shown in Fig. 1. All these 
mesh segments are set along the X direction as slices parallel 
to the Y-axis. The height of each mesh segment is 90 m. 

The side boundaries, with an area of 336 × 90 m, were 
defined as ‘MIRROR’ boundary conditions (free slip) to repre
sent the extending nature of the fireline and forest to avoid 
any edge effects. The top and the outlet boundaries were set 
with ‘OPEN’ boundary conditions to allow free wind flow and 
firebrand movement. The inlet boundary is set by the wind 
while the bottom boundary represents the ground surface. 

The dimensions and shapes of vegetation particles, FMC, 
thermo-physical properties (density, thermal conductivity, 
specific heat) and mass per volume (MPV) are important 
input parameters to model a forest in FDS. Table 1 presents 
the input parameters for Eucalypt forest that we used for the 
respective simulations taken from the literature. The MPV 
for understorey (0.25 kg m−3) and canopy (0.05 kg m−3) 
were calculated according to the forest fuel load given in 
AS3959 (Weir 2018). The vegetation particles were ran
domly distributed in a volume of 130 × 100 × 40 m with 
an average forest height of 40 m. The vegetation height was 
taken as the average forest height given in AS3959 (Weir 
2018) to be relevant to Australian jurisdictions. Researchers 
can follow our methodology to conduct research for their 
jurisdiction with a chosen forest height. There are two 
vegetation layers from 0 to 10 m and 20 to 40 m for the 
understorey and the canopy within this volume (Weir 2018). 
The trunks of the Eucalyptus trees were represented by 25 m 
high and 0.75 m diameter non-burning (INERT) obstacles. 
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In this study, we focused on FDIs 100, 80 and 50 to 
represent a variety of fire intensity conditions. To obtain the 
selected FDIs, we varied the wind speed while keeping the DF, 
relative humidity and temperature constant, as per Eqn 1. The 
reason for selecting wind speed as the controlling parameter is 
its sensitivity to FDI and the rate of change compared with 
other parameters. We selected the annual maximum mean 
temperature of 39°C in Australia according to the Bureau of 
Meteorology (Australia Bureau of Meteorology 2022) as the 
ambient temperature. The DF indicates the degree of absence 
of moisture in the duff and upper soil layer on a scale from 1 
to 10 (CSGNetwork 2022). In this case, we considered the 
worst-case scenario for starting a fire based on a DF of 10, 
which indicates complete dryness of the fuel surface. The 
relative humidity was taken as 25% from a psychrometric 
chart, ensuring the possibility of the existence of an extreme 
day according to the chosen ambient temperature. The clima
tological records from the Australian Bureau of Meteorology 
suggest that there is potential occurrence of simultaneous 
conditions featuring 25% relative humidity (Australia 
Bureau of Meteorology 2006) and a maximum temperature 
of 39°C (Australia Bureau of Meteorology 2022) in specific 

geographic areas. Based on these data, FDIs of 100, 80 and 50 
were obtained for open land wind speeds of 70 km h−1 

(19.44 m s−1), 60 km h−1 (16.67 m s−1) and 40 km h−1 

(11.11 m s−1) respectively. The FMC of both canopy and 
subcanopy was calculated as 3.84% with an Rh of 25% and 
T of 39°C according to Eqn 2 (Cruz et al. 2014). 

Wind flow development 

A wall of wind approach (McGrattan et al. 2005) was 
applied by setting up the atmospheric profile. The length 
scale and the number of eddies at the inlet were calculated 
and added to the model according to Jarrin et al. (2006). In 
this case, the eddy length scale is calculated as three times 
the cell length of the inlet domain (3 × 1.5 m) and the 
number of eddies (~450) is calculated by dividing the 
area of the inlet domain by the square of the length scale 
((102  × 90 m/(4.5 m))2. When the wind blows over the 
ground, its speed decreases with distance owing to surface 
roughness. Therefore, to obtain the desired wind speed on 
the open land, we need to apply a slightly higher wind speed 
at the domain inlet. Hence, a few trials were carried out 
with several initial wind speeds (20.7, 18.2 and 14.3 m s−1) 
at the domain inlet to obtain the intended average U10 wind 
speeds on the open land (X = −80 m) to match the FDIs. 
The spin-up time was 5 × DTT (Domain Travel Time) to 
obtain the developed wind fields without the fire having 
started, as proposed by Moinuddin et al. (2018) in precursor 
simulations. The well-developed wind field was applied in 
the following simulations to establish the desired wind 
speed in a shorter time. These wind profiles are presented 
in Fig. 2a–c at a few locations on the open land. The loca
tions from X = −120 to 0 m (i.e. X = −109.5, −100.5, 
−90.0, −81.0 m, etc.) were chosen with an ~10 m gap to 
each to cover the entire open land area. These wind profiles 
help to determine the steady state wind speed in this region. 

Table 1. Thermophysical properties used in the forest simulation.     

Parameter Pine needles Moisture   

Thermal conductivity 
(W m−1 K−1) 

0.31 ( Hays 1975) 2.0 ( Khan 
et al. 2019) 

Specific heat 
(kJ kg−1 K−1) 

2.760 ( Aston 1985) 4.184 ( Khan 
et al. 2019) 

Density (kg m−3) 650 ( Wadhwani 2019) 1000 ( Khan 
et al. 2019) 

FMC (%) 3.84 ( Cruz et al. 2015) – 

MPV (kg m−3) 0.05 (canopy) and 0.25 
(understorey) 

–   

0.0

–120.0–105.0–90.0 –75.0 –60.0 –45.0 –30.0 –15.0 0.0 15.0 30.0 45.0 60.0 75.0 90.0 105.0 120.0 135.0 150.0 165.0 180.0 195.0

10.0

20.0

30.0

40.0

50.0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

60.0

70.0

80.0

Fig. 1. Mesh segmentation of the forest simulation. Green meshes are discretised into 1.5 m cubic grids and red meshes are 
divided into 0.75 m grids. The width of the green and red segments is 100 m (scale is in metres). The model house is shown in pink 
and the forest is illustrated in green (leaves) and brown (trunks).    
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Fig. 2. Developed wind field at X = −80 m and other locations in open land with ~10 m gap for: (a) FDI 100; (b) FDI 80; (c) FDI 
50. Z is the vertical height in metres; and (d) is the velocity reduction when the wind enters the forest region at FDIs 100 (red dots) 
and 80 (blue dots). The velocity tree is the set of devices included in the simulation to capture the wind velocity at X= −80 m and 
along the vertical direction.    
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House designs 

Australian Standard AS3959 describes construction require
ments for each building component, such as roofs, gutters, 
sub-floor, decks, windows and doors, to avoid firebrand 
attack. Therefore, we designed two houses (single-storey 
and double-storey) following the technical drawings of stan
dard house designs proposed by the Australian Government 
Guide to Environmentally Sustainable Homes (Australian 
Government 2020). Fig. 3 shows the iso-views of the houses 
designed by SOLIDWORKS to import into the FDS simula
tions and the respective designs proposed by the Australian 
government. 

We did not consider the ignition of the houses at this 
stage and decided to represent housing components by non- 
burning obstacles with the relevant dimensions. The loca
tion of the house (distance from the edge of the vegetation) 
was maintained according to the BALs presented in Table 2. 
Here, we positioned the frontmost location of the house 
(gutter and the deck), as shown in Fig. 4, at the mid-value 
of each distance range except for BAL 12.5. In AS3959, the 
acceptable distance for constructing houses from the vege
tation at BAL 12.5 is given as 48–100, 42–100, 32–100 m for 
FDIs 100, 80 and 50 respectively. Therefore, we maintained 
the distance between the modelled house and the vegetation 
as 50 m while fulfilling the above requirement to reduce the 
length of the simulation domain. 

Heat and firebrand flux 

The measurement point devices in FDS were set up at stra
tegic locations (roof, gutter, window, steps, understorey, 
deck, etc.) to capture the radiative heat flux and firebrands 
landing on the houses. As mentioned earlier, these locations 
are considered as openings and vulnerable to spread fire 
according to AS3959. Laboratory-scale experiments of  
Manzello et al. (2011) and Suzuki and Manzello (2020, 
2021)  also underscore the importance of concentrating on 
these vulnerable strategic locations to prevent firebrand 
attacks. Fig. 3 illustrates the location (not to scale) of the 
heat flux devices. The cuboid firebrand flux devices were 

(a) (b)

(c) (d)

Fig. 3. Iso-views of the modelled (a) single-storey, (b) double-storey houses and their respective designs (c), and (d) proposed 
by the Australian Government. Heat flux devices are located at the deck (violet), front wall (red), side wall (blue), door and 
windows (green), and gutter (yellow), as shown in (a) and (b).   

Table 2. The distance between the forest and house for 
different BALs.        

Case BAL 

BAL-FZ BAL-40 BAL-29 BAL-19 BAL-12.5 

Distance between house and vegetation (m)   

Forest 
FDI 100 

9.5 22 30 41.5 50 

Forest 
FDI 80 

8 18.5 26 36.5 50 

Forest 
FDI 50 

6 14 19.5 27.5 50   
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positioned at strategic locations such as roof, gutter, deck, 
window and door corners. These devices have a bottom 
surface area that is the same as the area covered by the 
strategic locations and a thickness of one grid cell. The 
firebrand flux devices record the mass of each size of fire
brand landing on the device volume. Firebrand mass accu
mulates in the cuboid collector and the number of collected 
firebrands is calculated by dividing the mass accumulated 
by the individual firebrand’s mass. The firebrand flux is 
calculated by dividing the collected number of firebrands 
by the area of the device and the time duration of collection. 
The maximum and average radiative heat fluxes on the 
houses are calculated during the fire time with the data 
recorded in the FDS device output file. The firebrand 

distribution in the downwind direction was also investigated 
by setting devices as vertical and horizontal planes as illus
trated in Fig. 5. These devices measure the quantity of 
‘PARTICLE FLUX’ using an area integral technique through 
the defined area of the plane and facilitate understanding of 
the risk areas where a large number of firebrands land. 

Firebrand data 

The firebrand data (shape, size, composition) were taken 
from Thomas et al. (2017). There were 42 sizes of firebrands 
used as inputs to the FDS model while varying their genera
tion numbers based on the composition of firebrands col
lected, as shown in Fig. 6. Most of these firebrands are 
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Fig. 4. Smokeview illustration of the locations of the house at different BALs for forest vegetation at FDI 100 (scale is in metres).   
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Fig. 5. A sketch of firebrand mass flux devices to identify firebrand distribution in the downwind direction. The vertical devices 
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fragments of bark (81%), and the rest are twigs (9.5%) and 
needles (9.5%). Out of these, 55% are cylinders, 32.5% cubic 
and 17.5% are sphere-shaped firebrands. The thermo-physical 
data of the firebrands were taken from the literature (Hays 
1975; Aston 1985; Wadhwani 2019) to match Eucalyptus fuel, 
as presented in Table 3. A density of 650 kg m−3 was used for 
Eucalyptus wood (Wadhwani 2019). The density variations of 
the firebrands were approximated by accounting for moisture 
evaporation, pyrolysis and combustion that occur during 
flight based on the findings of Menzemer (2021). In this 
approximation, we consider the initial temperature of the 
firebrands (900°C) based on the flame temperature of simula
tions as firebrand generation happens in the forest volume 
where the trees are engulfed by flame. As per Fig. 7a, we 
estimated the density reduction percentage and calculated the 
density of the landing firebrands, which varied from 355 to 
467 kg m−3 depending on their thickness. We also assumed 
the shape and the size of firebrands remained the same during 
flight regardless of combustion and pyrolysis, as Menzemer 
(2021) showed that combustion and pyrolysis occur in the 
first few seconds after release from the vegetation. The esti
mated density distribution of these firebrands is presented in  
Fig. 7b and was used as input in the simulation to differentiate 

between the characteristics of the cylinder, sphere and cube 
firebrands generated. 

Firebrand generation rate estimation for 
vegetation species, wind and FMC 

We considered firebrand collection data of species such as 
ponderosa pine, western juniper, loblolly pine and Leyland 
cypress from the experimental studies of Hudson et al. (2020) 
and Bahrani (2020) to approximate firebrand generation for 
Eucalyptus. We compared the average tree height, shape of 
the canopy and the orientation of tree leaves of these species 
with Eucalyptus to identify vegetation from the same family 
using photographs and databases (World Agroforestry 2023;  
International Botanic Gardens Conservation 2023) of numer
ous vegetation species. Owing to the scarcity of data, we 
considered tree species from the same family produce similar 
numbers of firebrands under the same wind and fuel moisture 
conditions. Out of the species used to find the effect of wind 
speed on firebrand generation by Bahrani (2020), loblolly 
pine is the species that matches Eucalyptus most closely. As 
per the experiment of Hudson et al. (2020), western juniper is 
the closest species to Eucalyptus to approximate firebrand 
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Table 3. Some of the thermophysical data used in the FDS input file for firebrands.     

Parameter Canopy woody fuels Live needles   

Conductivity (W m−1 K−1) 0.38 ( Aston 1985) 2.802 ( Hays 1975) 

Specific heat (kJ kg−1 K−1) 0.36 ( Aston 1985) 2.607 ( Aston 1985) 

Element density (kg m−3) 590 ( Wadhwani 2019) 650 ( Wadhwani 2019)   
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generation rates for different FMCs. Using these experimental 
data, we derived mathematical relationships to understand 
the effect of wind and FMC on firebrand generation. 

However, the firebrand generation numbers of these experi
ments were not correlated with fire intensity. We needed a 
base value to find firebrand generation rates correlated with 
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Fig. 7. (a) Firebrand density reduction percentage at 900°C initial temperature for different thickness classes; (b) estimated 
density of firebrands considering pyrolysis and combustion according to  Menzemer (2021).   
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fire intensity using the mathematical relationships derived for 
firebrand generation against wind speed and FMC. Therefore, 
we used the firebrand generation rate of 4.18 pcs MW−1 s−1 

(Wickramasinghe et al. 2022) determined for pitch pine at 
31% FMC and with 2 m s−1 average wind speed as the base 
information for estimating the firebrand generation rate for 
Eucalyptus. 

The experiment of Bahrani (2020) shows higher fire
brand production with increasing wind speed. Based on 
these experimental data, we obtained the mathematical 
relationships (Eqns 3 and 4) for the number of generated 
firebrands with wind speed for FDIs 100, 80 and 50: 

U

U

fb = 33.39 × + 202.03 when 0

< < 8.19 m s
generation wind

wind 1 (3) 

Ufb = 575 when 8.19 m s <generation
1

wind (4)  

where fbgeneration is the number of firebrands generated and 
Uwind is the wind speed at the burning vegetation. As the 
wind enters the forest region, it is deflected owing to the 
drag force exerted by the vegetation. Therefore, the wind 
speed obtained on the open land decreases and we need to 
find the speed at the fireline to estimate firebrand genera
tion to match the experimental procedure of Bahrani (2020).  
Fig. 8 is a sketch of the locations where wind velocities were 
measured in our simulations to average them and use them 
in the estimation of firebrand generation rate against wind 
speed. The average wind velocities at the fireline for FDI 
100, 80 and 50 were found to be 10.38, 8.88 and 5.48 m s−1 

for open land wind speeds of 19.44, 16.67 and 11.11 m s−1, 
respectively. All these open land wind speeds were calcu
lated according to Eqn 1, where wind velocity (U10) was 
adjusted to obtain the FDIs of 100, 80 and 50. The wind- 
specified firebrand generation ratio, which is the number of 
firebrands produced at the average wind velocity at the 
fireline compared with the number of firebrands produced 
at the reference wind speed (2 m s−1), was calculated, as 
shown in Table 4. 

According to the relationship of Hudson et al. (2020) 
between the number of firebrands produced and FMC, 
fbgeneration was mathematically derived as shown in Eqn 5: 

fb = 4.7 × FMC + 538.32generation (5)  

where FMC is the dry basis fuel moisture content. From this, 
the FMC-specified firebrand generation ratio of Eucalyptus, 
which is the number of firebrands produced at a certain 
FMC compared with the number of firebrands produced at 
a reference FMC (31%), was estimated and is shown in  
Table 5. 

Although numerous researchers have experimentally 
explored the effects of firebrand generation solely for wind 
speeds, fuel moisture and vegetation, a comprehensive 
experiment incorporating all these effects for a vegetation 
species such as Eucalyptus is still lacking. However, it is 

possible to include all these relevant parameters in the 
simulation, which represents the physics of the wildfire. In 
the novelty of this work, we introduced calculated individ
ual firebrand generation ratios to account for the combined 
influence of these factors. Therefore, final firebrand genera
tion rates were approximated by multiplication of the quan
tified individual generation ratios of species, wind and FMC 
with the reference firebrand generation rate of pitch pine. 
Hence, the firebrand generation rates of forest vegetation 
were found to be 8.43, 10.68 and 10.68 pcs MW−1 s−1 for 
FDI 50, 80 and 100. 

Firebrand input rate 

From the firebrand generation rates (pcs MW−1 s−1), we 
calculated the firebrand input rate (pcs s−1) to use as simu
lation input based on the total heat release rate (HRR) (MW) 
of the fire. The process of estimating firebrand input rate is 
presented in Fig. 9; it is initiated with the FDI at Step 1 
according to Eqn 1. The rate of spread (ROS) of the fire was 
calculated in the second step as per Noble et al. (1980): 

wRoS = 0.0012 × FDI × (6)  

where w is the surface fuel load (t ha−1) of the forest. 
Modelling coupled pyrolysis and combustion reactions of 
vegetation material (leaves, twigs, trunks) is a computation
ally expensive complex task that needs accurate thermo- 
physical properties of non-homogeneous vegetation materi
als under different environmental and fuel conditions as 
well as huge computational resources. Hence, it is note
worthy that we prescribed the forest fire using the pyrolysis 
rate (reflecting fireline intensities) to represent the burning 
forest. The intensity I of the fireline (MW m−1) was calcu
lated according to Eqn 7 (Step 3) as per Byram (1959) to 
apply in the fourth step: 

I W= HoC × × ROS
36

(7)  

where W is the total fuel load (t ha−1) and HoC is the heat of 
combustion, which is taken as 18 600 kJ kg−1 from AS3959 
(Weir 2018). Fire intensities were calculated for extreme 
weather conditions corresponding to FDI 50, 80 and 100 
according to Eqns 6 and 7. In the fifth step, the total HRR 
(MW) is calculated by: 

I LHRR = ×Total (8)  

where L is the fireline length (100 m). The firebrand input 
rate FI (pcs s−1) is calculated with Eqn 9: 

FI = HRR × FGRTotal (9)  

where FGR (pcs MW−1 s−1) is the final firebrand generation 
rate found in 'Firebrand generation rate estimation' section 
for the selected FDIs. 
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Table 4. Firebrand generation ratio according to wind conditions for FDIs 50, 80 and 100.       

Similar vegetation Firebrand generation 
rate (pcs MW−1 s−1) 

Wind 
speed (m s−1) 

Number of 
firebrands 

Generation ratio 
relative to 2 m s−1   

Loblolly pine Eucalyptus 4.18 (pitch pine at 2 m s−1) 2.00 (reference) 298 (298/298) = 1.00 

5.48 (FDI 50) 454 (454/298) = 1.52 

8.88 (FDI 80) 575 (575/298) = 1.93 

10.38 (FDI 100) 575 (575/298) = 1.93   

A. Wickramasinghe et al.                                                                                                     International Journal of Wildland Fire 

L 



The fireline depth is a product of ROS and the residence 
time (37 s) (Wotton et al. 2012) and was used to calculate 
the fireline area at each fire event. The HRR per unit area of 
1759 kW m−2 (HRRPUA) was calculated by dividing the 
total HRR by the area of the fireline, which was also used 
as an input parameter. Although we used instant ROS (in  
Eqn 6) to calculate the fire intensity, the fireline is set as a 
stationary line close to the edge of the forest and does not 
spread further. We defined the total HRR in FDS with the 
calculated value from Eqn 8 to ensure the simulation repli
cated the behaviour of the fire described in Australian 
Standard AS3959. The final firebrand input rates were cal
culated and are presented with ROS, I and HRR in Table 6 
for the FDIs. 

The theoretical radiative flux exposure of the house was 
calculated based on the detailed method presented in 
Appendix B of AS3959 (Weir 2018). The firefront location 
was also adjusted (tuned) to match the theoretical radiative 

heat flux as described in detail in 'Sensitivity analysis' sec
tion. After setting up the models following the fire weather 
conditions given in AS3959, a total of 30 simulations were 
conducted with the three FDIs and five different BALs to 
calculate the firebrand and heat fluxes on the two different 
house designs. We compared the radiative heat flux received 
by the houses in FDS simulations with the values calculated 
according to the procedure given in AS3959. When these 
radiative heat flux matched reasonably, we could assume 
the simulations represented the quantified radiative heat 
flux on houses in AS3959. 

Results and discussion 

Wind effect 

Fig. 10 presents some snapshots taken from Smokeview, the 
visualisation software of FDS, illustrating some major events 
of a simulation. The vector format of the developed wind 
field including eddies is shown in Fig. 10a. The wind has 
been deflected at the top of the canopy owing to vegetation 
drag. The speed of the flow through the vegetation is 
decreasing as it proceeds into the forest. Fig. 10b shows 
the fire at the edge of the forest. The flow at the volume 
over the fireline becomes highly turbulent, creating a con
vective column because of the heat provided by the fire. 
However, this fire column leans towards the house because 
of the force of the wind flow. The incline of the flame varies 
with the FDI corresponding to the wind speed and the 
intensity of fire. 

Firebrand generation and landing downwind are shown 
in Fig. 10c. Many of these particles follow the path of fire- 
induced buoyancy and rise above the understorey layer of 
the forest. Some firebrands are highly influenced by the 
upwards flow and do not move away from the convective 
column until reaching the top of the domain. When the 
horizontal wind field becomes the dominant force acting 

Table 5. Firebrand generation ratio according to FMC for FDIs 50, 80 and 100.       

Similar vegetations Firebrand generation rate 
(pcs MW−1 s−1) 

FMC (%) Number of 
firebrands 

Generation ratio to 
3.84% FMC   

Ponderosa pine Eucalyptus 4.18 (pitch pine at 31%) 31 (reference) 393 (393/393) = 1.00 

3.84 (all FDIs) 520 (520/393) = 1.33   

Step 1: Calculating fire
danger index

Controlling
parameters

FDI = f(Rh, U10, T, D)

ROS = f(FDI, w)

I = f(ROS, HoC, W)

HRR = f(I)

fb = f(HRR)

Step 2: Calculating fire
rate of spread

Step 3: Calculating fire
intensity

Step 4: Calculating
heat release rate

Step 5: Calculating
firebrand generation

rate

Fig. 9. The process for estimating the firebrand input rate to use in 
the numerical simulation. The controlling parameter is the U10 wind 
velocity on open land to obtain different Fire Danger Indices (FDIs); 
w and W are the surface and total fuel load of vegetation.  

Table 6. Firebrand injection rates for the forest for FDI 50, 80 
and 100.       

FDI ROS 
(km h−1) 

I (kW m−1) HRR 
(MW) 

FI (pcs s−1)   

50 1.493 27 002 2700 22 766 

80 2.384 43 117 4312 46 057 

100 3.013 54 485 5449 58 199   
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on them, some firebrands leave the convective column, 
following parabolic trajectories. These firebrands land on 
the ground or the house depending on the instant resultant 
forces exerted. The mass, size, shape and flow dynamics 
determine the firebrand paths and their spotting distance. 

Sensitivity analysis 

We carried out a sensitivity analysis to understand the effect 
of forest fuel consumption and fireline location on total 
radiative heat flux (sum of convective and radiative heat 
fluxes) and firebrand flux on the single-storey house. Fig. 11 
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Fig. 10. Smokeview representation of streamlines from the simulation of Forest fire at FDI 100 and BAL 12.5 with (a) 
developed wind flow, (b) buoyancy from forest fire, (c) firebrand generation, transport and landing on the modelled house. The 
distance between the house and the forest edge is maintained at 50 m according to the BAL.   
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shows the variations of radiative heat and firebrand fluxes at 
strategic locations of the house for FDI 100 and BAL 29 for 
demonstration purposes. We maintained canopy and under
storey fuel consumption of 20, 40, 60, 80 and 100%. HRR 
varies according to the fuel load as per Eqns 6, 7 and 8, 
affecting both radiative heat and firebrand flux. According 

to Fig. 11a, b, all firebrand and radiative heat fluxes 
decrease with lower fuel consumption. The highest radiative 
heat and firebrand fluxes are observed when 100% of the 
fuel is consumed. These values are significantly higher than 
for the lower fuel-consuming events. For example, the maxi
mum radiative heat flux on the house when 100% fuel is 
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consumed is greater than 35, 89, 97, 99% compared with 
fuel consumptions of 80, 60, 40, 20%. This value is 20, 48, 
64, 94% for the total firebrand flux on the house. The gaps 
between the adjacent radiative heat flux values increase, 
showing the danger increases with higher fuel consumption. 
This result is consistent with conventional knowledge that 
management-scale burns help reduce the fuel load in forests 
and mitigate the danger from firebrand and radiative heat 
fluxes on houses in the WUI. 

The effect of fireline location was examined by position
ing the fire front inside the forest at a distance of 0, 5, 8, 10 
and 12 m to the edge of the forest. In this process, we aimed to 
obtain a comparable radiative heat flux for the BALs given in 
AS3959 and obtain a realistic flame that engulfed the top of 
the canopy and the lower edge of the forest where firebrands 
are produced. As the first step, we positioned the model house 
at BAL 40 (to represent the upper range of the BAL spectrum) 
and observed the radiative heat flux for the above locations of 
the fireline. As presented in Fig. 12a, the radiative heat flux 
was significantly higher for all FDIs when the fire front was 
aligned with the forest edge (0 m gap). Increasing the gap 
results in a decreasing radiative heat flux. When this gap is 
10 m, the radiative heat flux is reasonable in comparison with 
the BAL values given in AS3959. However, increasing the gap 
further results in decreasing radiative heat flux. 

The effect of fireline location was further investigated for 
other BALs (BAL 12.5 to BAL 40) and FDIs maintaining a gap 
of 10 m between the fire front and the forest edge. As shown 
in Fig. 12b–d, the radiative heat flux values obtained for 
each BAL are comparable with the values given in AS3959 
for FDI 100, 80 and 50. From this sensitivity analysis, we 
chose the distance between the fire front and the forest edge 
as 10 m to obtain the desired radiative heat flux given in the 
BALs in AS3959. 

The theoretical and FDS radiative heat fluxes are com
pared in Fig. 13. When they match, the values should lie on 
y = x. As per Fig. 13, most of the comparison points are close 
to y = x, implying the fire behaviour of the simulations 
reasonably represents the fire behaviour theoretically 
expressed in AS3959. However, there is a notable deviation 
at the highest radiative heat flux that relates to BAL FZ. In 
this case, the distance between the house and the forest is the 
shortest and the flame is almost in contact with the house. 
Owing to the complexity of fire behaviour and heat transfer 
to the house, the divergence of FDS radiative heat flux is 
coherent at BAL FZ. Compared with theoretical radiative 
heat flux, there is an underprediction of simulated radiative 
heat flux for all the values of FDIs 80 and 50 but a slight 
overprediction for BALs 12.5 and 19 of FDI 100. 

Firebrand flux on the houses and distribution in 
downwind 

Fig. 14 shows the location-specific total firebrand flux on both 
house designs for FDIs 100, 80 and 50. It shows the gutter, 

roof, stairs and deck are the places where most firebrands 
landed. The locations that are not directly exposed to the 
wind flow such as doors and windows, receive comparatively 
a lower firebrand flux. Although it is not directly exposed to 
the wind, the back of the house receives a considerable num
ber of firebrands owing to the recirculation zone created 
behind the house, as shown in Fig. 10. The firebrands accumu
late close to the back wall of the house following the stream
lines of the created vortices. The streamlines and firebrand 
movement following the circulation near the house location 
are presented as enlarged images in Supplementary material 1. 
The video of the forest fire simulation cases for FDI 100, 80 
and 50 and BAL 29 are also presented in Supplementary 
material 2 for clarity. The ignition probability becomes high 
upon the accumulation number of firebrands on the landing 
location of the house (Manzello et al. 2006; Suzuki and 
Manzello 2020, 2021). Therefore, some housing components 
(roof, gutter, etc.) are more vulnerable than others and need to 
have special construction requirements, such as material selec
tion, to overcome ignition from accumulated firebrands. 

The experimental study of  investigated firebrand accu
mulation close to the walls and corners of a model house 
placed in a wind tunnel facility at the Insurance Institute for 
Business and Home Safety (IBHS), USA. The high and 
medium wind speeds (17.4 and 10.3 m s−1) applied in 
their experiment are close to the relevant wind speeds for 
FDI 80 and 50, and the distance between the firebrand feeder 
and the house is close to the BAL FZ in our simulations. 
Therefore, we converted our simulation results of firebrand 
number flux (pcs m−2 s−1) on the deck area of the single- 
storey house into firebrand mass flux (kg m−2 s−1) by multi
plying by the individual particle masses as it is the most 
comparable location with experimental firebrand accumula
tion near the front wall of the house. The average experi
mental firebrand accumulation at the wall at high and 
medium wind speed is 0.2 and 0.073 g mm−2 s−1, respec
tively. However, these are 0.0047 and 0.0027 g mm−2 s−1 

for comparable high and medium wind speeds in the simu
lations. These variations between the experiment and the 
simulations may be due to the differences in firebrand gen
eration/injection rates, firebrand characteristics and designs 
of the houses and not maintaining an actual fire for lofting 
firebrands in the wind tunnel facility. For example, in the 
experiment, the firebrand feeding rate (by an auger feeder) 
was controlled based on visual inspection whereas the simu
lations maintained constant firebrand generation rates for 
each FDI. However, both simulation and experiment show 
that high wind speeds result in a greater accumulation of 
firebrands. The majority of the firebrands accumulate imme
diately adjacent to the wall in the simulation and the experi
ment, and both show a greater vulnerability in corner areas. 
Furthermore, the wind tunnel experiment of Nguyen and 
Kaye (2021) shows similar results to our simulation for roof
top firebrand accumulation hotspots. In this experiment, 
many firebrands were retained at internal corners (around 
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dormers) making those places hotspots depending on the 
flow characteristics around the building. 

The firebrand fluxes decreased with decreasing BAL and 
FDI. In other words, firebrand attack decreases when the 
house is located far from the fire and the fire intensity is 
low. The difference in firebrand flux of adjacent BALs (i.e. 
BAL 19 and BAL 29, BAL 29 and BAL 40, etc.) also increases 
when the house is located closer to the vegetation. This 
suggests the firebrand attack becomes significantly higher 
when the house is built near vegetation. 

The average total firebrand mass distribution through 
vertical planes and horizontal sections in the downwind 
direction is presented in Fig. 15. The total firebrand mass 
flux (kg s−1) is the sum of each firebrand type’s mass flux. 
Dividing the mass flux of the individual firebrand type by 
the weight of a single firebrand of that type and the area of 
the plane that firebrands pass through or land on gives the 
firebrand number flux (pcs m−2 s−1). Therefore, an increas
ing total firebrand mass flux indicates an increase of total 
firebrand number flux (pcs m−2 s−1) and vice versa. 

According to Fig. 15a, there is an exponential relation
ship for the total firebrand mass flux through the vertical 
planes in the downwind direction, with an agreement 
R2 ≥ 0.96. The highest total firebrand mass flux is at the 
plane aligned with the forest edge and it decreases with 
distance. This total firebrand mass flux decreases with 
decrease in FDI. The histograms in Fig. 15b show the total 
firebrand mass flux on the horizontal sections in the down
wind direction. Similarly to the particle mass distribution 
through vertical planes, the highest total firebrand mass 
landing flux is obtained for FDI 100 followed by FDIs 80 

and 50. The pattern of firebrand flux vs distance is similar to 
the particle distribution of an idealised forest fire by  
Wadhwani (2019) and the firebrand distribution experiment 
conducted in a Eucalyptus forest under project Vesta (Gould 
et al. 2008). 

Correlation between firebrand flux and radiative 
heat flux 

We used the maximum radiative heat flux and the total 
firebrand flux on the houses to develop a mathematical 
correlation. There is no significant difference in total fire
brand flux between FDI 100 and 80 compared with FDI 50. 
Therefore, we decided to consider FDI 100 and 80 together 
as ‘high FDI’ and FDI 50 as ‘low FDI’. According to Fig. 16, 
the firebrand flux on both house designs shows a logarithmic 
relationship with radiative heat flux, with an R2 over 0.95 
for both high and low FDIs. The high FDI curve is located 
over the low FDI, implying a higher firebrand risk for the 
same radiative heat flux at higher FDIs. The results show that 
the firebrand risk is minimum (i.e. BAL 12.5) when the house 
is situated far from the fire and there is no large difference in 
the firebrand flux between the high and low FDIs. This 
difference becomes huge with higher BALs, such as BAL FZ 
where the house is much closer to the fire. 

We can use the mathematical correlations developed to 
estimate the firebrand flux for a known maximum radiative 
heat flux on a house. For instance, when the maximum radia
tive heat flux is 25 kW m−2, the firebrand flux on the single- 
storey house for low and high FDIs will be 1.93 and 3.02 pcs 
m−2 s−1 respectively. This is 1.89 and 3.13 pcs m−2 s−1 for 
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the double-storey house. Furthermore, when the maximum 
radiative heat fluxes are 4 kW m−2 for high FDI and 
4.1 kW m−2 for low FDI, there is virtually no firebrand flux 

on the single-storey house. The ignition time for some con
struction materials decreases rapidly with increasing radiative 
heat flux (e.g. 20 s at 45 kW m−2 and 10 s at 55 kW m−2 for 
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Fig. 14. (a–c) Firebrand flux at differ
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timber; Weir 2018). Therefore, having additional protection 
for construction materials that are closer to vegetation is 
encouraged to withstand longer radiative heat exposure. 
Furthermore, higher firebrand flux increases the ignition 
risk of building materials (Manzello et al. 2006; Suzuki and 
Manzello 2020, 2021). Hence, the selection of proper building 
materials that are capable of enduring firebrand attacks in 
particular locations will enhance the resilience of houses. The 
findings may assist building regulators in improving the con
struction requirements not solely concerning radiative heat, 

but also in regard to firebrand flux. Maintaining a suitable 
distance between a house and vegetation plays an important 
role when setting up construction standards and policies to 
mitigate heat flux and firebrand attack. 

Conclusion 

A series of physics-based simulations were conducted to 
quantify the firebrand and radiative heat fluxes on two 
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different house patterns. The radiative heat flux exposure of 
houses was consistent with the theoretical values of 
Australian Standard AS3959 as expressed by BALs. The 
sensitivity analysis showed that the highest radiative heat 
flux was received by the house from maximum fuel con
sumption. The fireline location was also adjusted to match 
the theoretical radiative heat flux and it was found that a 
distance of 10 m from the forest edge was suitable. The 
gutters, roofs and decks received a higher number of fire
brands and radiative heat flux compared with doors and 
windows, which are not directly exposed to the fire and 
wind flow. An exponential relationship was found for fire
brand mass flux with radiative heat flux. The highest fire
brand landing flux occurred close to the vegetation edge and 
it decreased rapidly with distance. The firebrand flux and 
radiative heat flux exposure of the houses was found to 
follow a logarithmic (R2 ≥ 0.95) trend. In this work, we 

approximated firebrand generation for Eucalypt trees from 
similar vegetation species owing to a scarcity of data. 
Conducting experimental work to identify firebrand genera
tion from the dominant fuel species in each vegetation 
classification in different environmental conditions is rec
ommended to improve the fidelity of models. The quantifi
cation of firebrand flux will be useful to develop building 
construction requirements to mitigate house ignitions by 
firebrand attack and improve Australian Standard AS3959 
to better counter wildfire risk on structures at the WUI. 

Nomenclature 
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D Drought Factor 
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Fig. 16. The correlation of the firebrand flux and the radiative heat flux (a) single-storey houses, and (b) 
double-storey houses for forest vegetation at high and low FDI.   
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FDI Fire Danger Index 
FDS Fire Dynamics Simulator 
FGR Firebrand generation rate, pcs MW−1 s−1 

FI Firebrand input rate, pcs s−1 

FMC Fuel Moisture Content, (%) 
GCI Grid convergence index, (%) 
HoC Heat of combustion, kJ kg−1 

HRR Heat release rate, MW 
HRRPUA Heat release rate per unit area, kW m−2 

I Fire intensity, kW 
L Fireline length, m 
LES Large Eddy Simulation 
MPV Mass per volume, kg m−3 

NFPA National Fire Protection Association 
Standards 

Rh Relative humidity, (%) 
ROS Rate of spread of fire, km h−1, m s−1 

T Ambient temperature, °C 
U10 Wind speed at 10 m elevations, 

km h−1, m s−1 

w Surface fuel load, t ha−1 

W Total fuel load, t ha−1 

WUI Wildland–urban interface  

Supplementary material 

Supplementary material is available online. 
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