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ABSTRACT

Firebrands are the leading cause of infrastructure damage during wildfires. However, dedicated protections specifically de-
signed to mitigate firebrand accumulation, remain limited. In contrast, infrastructure protection strategies against sand ac-
cumulation have been developed, implemented and studied in detail. Because both sand and firebrands are airborne particles,
this paper explores the potential applicability of sand protection strategies to mitigate firebrand exposure. A literature review of
existing protection strategies from both sand and firebrands is presented, followed by exploratory numerical simulations using
Fire Dynamics Simulator (FDS). The simulations study the effectiveness of shielding a simplified cubic structure from particles
simulating firebrand exposure under varying ambient wind speeds (4, 6, and 8 m/s). Two sand protection strategies are simulated,
a trench and wall protection; results indicate the selected protections have the potential to reduce firebrand exposure to a target
obstacle. The findings provide novel insights into the feasibility of translating sand protection strategies to firebrand mitigation
and establish a foundation for innovative infrastructure solutions against wildfires.

1 | Introduction ignitions in urban areas [6]. Structural ignition by firebrands

can occur directly, through firebrand accumulation on the

1.1 | Wildfire Firebrand Exposure

Highly destructive wildfires have caused significant social,
infrastructure, and economic losses in recent years; wildfire-
caused damage and associate costs are expected to increase in
future years [1]. Firebrands are airborne particles of burning
fuel, generated during fire events, which contribute to rapid
wildfire spread by igniting discontinuous spot fires upon land-
ing [2]. Firebrands are regularly reported as the leading cause
of wildland urban-interface (WUTI) infrastructure ignition and
damage [3-5]; attributed to as high as >90% of building wildfire

exterior envelope or entry into structure openings (e.g., open
windows, vents, and chimneys) [7, 8], or indirectly through fire-
brand ignition of nearby fuel and subsequent flaming exposure
[9]. Wildfire firebrand spotting dynamics have been investigated
on a landscape scale [10, 11], full building structure scale [9, 12],
and building component scale [13], both computationally and
experimentally. This paper considers building-scale firebrand
exposure computationally, specifically by exploring the possi-
ble protection strategies applications of sand accumulation in-
frastructure protection. We introduce the similarities between
sand exposure and firebrand exposure towards building, and

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.
© 2025 The Author(s). Fire and Materials published by John Wiley & Sons Ltd.

Fire and Materials, 2025; 49:805-823
https://doi.org/10.1002/fam.3286

805


https://doi.org/10.1002/fam.3286
https://doi.org/10.1002/fam.3286
https://orcid.org/0000-0002-2212-5934
https://orcid.org/0000-0002-7465-0212
mailto:
https://orcid.org/0000-0001-7207-2685
mailto:g.rein@imperial.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Ffam.3286&domain=pdf&date_stamp=2025-02-23

explore whether the developed sand-shielding infrastructure
protection strategies may be applicable and promising in fire-
brand protection of buildings.

FDS has been applied in literature to investigate firebrand
transport and deposition. Wadhwani et al. [14] verified the FDS
Lagrangian spherical drag model with laboratory tests com-
paring cubiform and cylindrical, non-combusting firebrands'
short-range trajectories. Results indicate FDS underestimates
landing distance with an acceptable error; a higher discrepancy
is recorded for cylindrical particles compared to cubiform par-
ticles due to non-uniform drag effects neglected by FDS [14].
Mankame and Shotorban [15] modified the Lagrangian track-
ing model within the FDS framework by including both trans-
lational and rotational particle motion and adding a mass loss
rate model considering pyrolysis and charring firebrand mass
change to particles assumed to be thermally thin [15]. This mod-
ified model was used to analyse firebrand particle deposition
patterns around a cubic obstacle, along with a parametric study
varying dimensions of the cubic structure. FDS has also been
applied to support the analysis of firebrand accumulation exper-
imental investigations; Suzuki and Manzello [16, 17] modelled
the flow characteristics within the wind tunnel used for inves-
tigations of firebrand accumulation patterns around obstacles
under varying wind conditions [16, 17]. Suzuki and Manzello
present an analytical approach considering the drag and friction

forces acting on firebrand particles to estimate the local flow
speed threshold for firebrand accumulation to occur; FDS is ap-
plied to identify the locations of this flow threshold throughout
the wind tunnel domain.

Wickramasinghe et al. [18] use FDS to conduct an inverse anal-
ysis, based on firebrand generation experimental and prescribed
burn investigations results, to estimate the firebrand genera-
tion rate for a single tree (3.22pcsMW='s™!) and a forested land
(4.18 pcsMW~!s71); the analysis was extended to quantify effects
of vegetation type (considering Douglas fit, Grand fir, Ponderosa
Pine, and Western Juniper), wind speed and fuel moisture con-
tent on firebrand generation flux [18]. Wickramasinghe et al.
[12] used FDS simulations to model different wildfire condi-
tions, corresponding to Fire Danger Index (FDI) rating of 100,
800, and 50, to quantify the relationship between radiative heat
flux and firebrand flux on structures; results found a logarith-
mic relationship correlating firebrand flux exposure and radi-
ative heat flux [12]. Table 1 summarises relevant Lagrangian
particle properties and computational domain and mesh grid
dimensions for these FDS studies.

This work presents FDS simulations, in coherence with existing
firebrand exposure studies using FDS, to investigate the appli-
cability of firebrand protection strategies for infrastructures. A
literature review is conducted to analyse the existing literature

TABLE1 | Summary of relevant parameters applied in FDS computational literature studies investigating firebrand exposure.

Lagrangian particle properties Mesh and domain dimensions References
Six types of particles are introduced with densities of Domain size: 7mXx1.2mX2m [14]
u+o/4 u+3c/4, u+30/2 where: Uniform mesh grid sizes: 10, 20, 40 and

Spherical particles: 40mm, for 4 meshes in domain

Average length: 12.45mm

u =428.3kg/m? (6 =48.9kg/m?)

Cylindrical particles:

Average length: 11.6 mm

Average diameter: 6.2mm

H=492.9kg/m? (6 =44.3kg/m?)

Cylindrical particles: Domain size: 0.8 mx0.4mx0.4m [15]
Initial length: 3mm Uniform mesh grid size: 2.5mm

Initial diameter: 40 mm

Initial density: 570kg/m3

For single tree simulation: Uniform mesh grid size: 50mm [18]
Cylindrical particles: For single tree simulation:

Mass range: [0.005g, 2.00g] Domain size: 8m X8 mXx10m

97% particles <1.00g For forest simulation:

60% particles have length < 50mm and diameter Domain size: 336 m X 162 m X height

<3.7mm m—different heights tested

For forest simulation:

Cylindrical particles:

Details not provided.

Cubiform particles: Uniform mesh grid sizes: 1.5, 0.75m, [12]

Final density range: [344kg/m?]
Cylindrical particles:

Final density range: [300-380kg/m?]
Spherical particles:

Final density range: [295-240kg/m?3]

for 2 meshes in domain.
Domain size: 336 mXxX100m X 90m
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TABLE 2 | Research publications investigating wildfire firebrand hazard protection or mitigation strategies.

Protection method

Brief description

References

Vent screens

Full-house fire blanket

Fire retardants

Acoustical extinction method

Experimental investigation of unconsidered characteristics influencing wire

screens protection performance against firebrand entry. Results indicate screen

porosity, screen type, and wind speed are significant influencing parameters
for performance, while screen orientation is less influential on performance.

Takahashi tested building-scale fire blankets in the laboratory and in

prescribed wildland fires exposures. By enclosing the full building in

a fire blanket, firebrands are blocked from entering and accumulating
on vulnerable features. Laboratory tests resulted in 92% protection
from convective heat and up to 96% protection from radiative heat.

Laboratory investigation of fire-retardant treatment effect on
firebrand production by wooden roofs. Wind tunnel experiments
at 6 and 8 m/s found that roof assemblies (cedar shingles and cedar
shakes) treated with retardant produced little or zero firebrands,
while untreated assemblies produced more firebrands.

Laboratory experiments found the minimum sound pressure threshold
to extinguish a burning and moving firebrand particle. 20 mm diameter
dry wood spheres, ignited with a 250W flame, are connected to a

[25]

[26]

[27]

[28]

pendulum system to simulate firebrands. The extinguishment sound
pressure threshold increases with sound frequency, and decreases
significantly with increasing firebrand travelling speed.

on both firebrand and sand protection strategies; the review is
focused on the driving processes of the protection strategies de-
signs. The identified potentially applicable protection strategies
design strategies inform the selection of two protection strate-
gies—a trench and wall obstacle between the infrastructure and
firebrand generation location—which are tested in exploratory
FDS investigations. In this research, the firebrand contact expo-
sure (the number of firebrands and the contact time duration be-
tween firebrands and the target obstacle) is assumed to correlate
to the firebrand ignition probability of the target fuel, and is
thus used as a measure of firebrand exposure hazard. Firebrand
ignition dynamics are investigated in detail by numerous ded-
icated laboratory studies; the assumption correlating firebrand
amount and contact time to firebrand ignition potential proba-
bility is based on a number of supporting conclusions from these
experimental studies that are discussed in Section 4 [19-22]. The
firebrand deposition and accumulation and firebrand ignition
sub-processes are inherently connected and insights into the
former has crucial implications and for the latter.

1.2 | Firebrand Protection Strategies

Current firebrand protection strategies and recommendations
for UT buildings consist of maintaining defensible space in the
immediate surroundings of the building to prevent indirect fire-
brand ignition, selecting fire-resistant building materials and in-
stalling vent screens protection on openings to prevent firebrand
entry within the building (direct firebrand ignition). More spe-
cifically, WUI-tailored building construction regulations, the
Australian Standard of buildings in bushfire-prone areas, the
California Building Standard Chapter 7A, and the International
Code Council WUI Code [23], require screen with openings area
ranging from 0.03 to 0.40 cm? [24]. A recent systematic review of

international WUT fire safety codes and standards highlighted
a lack of codes focusing on building construction and especially
on firebrand exposure threat [23]. Recent literature includes few
studies of novel firebrand protection strategies. Table 2 lists the
publications, along with a brief description, related to buildings
firebrand ignition protection.

1.3 | Sand Protection Strategies

To meaningfully connect and learn lessons from the mature
research field on sand hazard and accumulation [29] on infra-
structure, this work reviews sand mitigation strategies to ex-
plore their applicability for firebrand direct ignition mitigation.
In desert and coastal environments, sand has been observed to
pose a hazard on infrastructure causing sedimentation on and
erosion of the built environment [30]. Sand can compromise in-
frastructures in different manners; including accumulated sand
posing lateral pressure on walls or increasing vertical load on
roofs causing damage, sand entering and accumulating inside
structures preventing normal performance, and sand covering
railway tracks inhibiting proper function for rail operation.
Threshold levels for limiting sand hazard performance have
been defined through modelling research [31], and a variety of
protection strategies have been applied and investigated to limit
this impact.

Although there are inherent differences between sand and fire-
brand hazards on infrastructure, there are also important sim-
ilarities. Figure 1 summarises the major qualitative differences
and similarities between sand exposure and firebrand exposure
hazards. The nature of the sand and firebrand particles is sim-
ilarly characterised by widely distributed particles’ chemical
composition, mass, size, and shape. Both materials consist of
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solid, irregularly shaped particles which vary in their physical
and chemical characteristics depending on geographical loca-
tion and generating processes.

Particle size and morphology of soil grains has been exten-
sively studied due to its importance in influencing associ-
ated physical, mechanical and hydraulic soil properties [32].
According to the ISO 14688-1:2017, which standardises granu-
lar soil characterisation for engineering purposes, sand is con-
sidered coarse soil with particle diameters ranging between
63 um and 2 mm [33]. Firebrand particles are larger. Firebrand
size distributions reported in literature repot the majority of
firebrands generated from vegetation have maximum diam-
eters between 5 and 25mm, while firebrands generated from
structural fuels have maximum diameters between 16 and
56 mm [34]. Minimum firebrand diameter ranges are reported
less often, literature indicated firebrands with diameters
<1mm do occur; firebrands generated from a full structure
burn were reported to have minimum 5mm diameters [35].
Diameter ranges are indicative given the varying degrees of
shape irregularity of soil particles and here calculated assum-
ing circularity of the reported particle projected area. There
are a number of quantitative shape descriptors that account for
particle shape irregularity based on 2D shape characteristics
(e.g, circularity [36, 37]) or 3D characteristics (e.g., sphericity

SAND FIREBRAND
EXPOSURE EXPOSURE
Slow, gradual and Wind-driven Sudden, occasional,

continuous process. transport in ABL. high intensity process.
Varied particle
Constant particle shapes and Transient particle
mass, shape, materials mass, shape,
temperature, and compositions. temperature, and
composition composition
Accumulation on
infrastructure
Particle diameters: creates hazard. Particle diameters:
<1lmm. ~5-10 mm.

FIGURE 1 | Venn diagram comparing sand hazard characteristics,
to wildfire firebrand hazard to infrastructure.

[38], flatness and elongation [39]). Quantitative considerations
for firebrand particle shape irregularity have only been con-
sidered through drag models which consider the particle sphe-
ricity [40] and a recently presented framework for firebrand
3D morphology characterisation [34]. Furthermore Tohidi
et al. [41] concluded through geometric scaling analysis and
validation with literature data that, for firebrand particles,
the surface area scales with the mass raised to the power of
2/3 [41].

Firebrand particles are involved in ongoing thermal degradation
and combustion reactions, and the heat they transfer to the tar-
get solid obstacles they interact with defines the hazard impact.
Although both exposure processes include particulate transport
in the atmospheric boundary layer processes, sand transport
and accumulation is a relatively slow gradual and continuous
processes over long temporal scales, while firebrand exposure
is sudden, occurs occasionally during wildfire events, and is
characterised by high intensity temperatures and wind. Sand
particle exposure always originates from the ground level, while
firebrand exposure includes the complexity of varying genera-
tion location and heights.

Numerous different sand mitigation strategies have been ex-
plored in literature and applied as practical infrastructure
protection. This section reviews these strategies through a
recently proposed characterisation measure, which divides
mitigation strategies based on which part of the component in
the sand-infrastructure interaction system is influenced; ‘the
source, path, and receiver’ characterisation [42]. The mitiga-
tion strategies are classified based on whether they act on the
particle origin location, transport trajectory location, or tar-
get location. These location areas are labelled in the Figure 2
schematic for both sand hazard and firebrand hazard.

Origin mitigation strategies aim to reduce the amount of wind-
blown sand by either modifying the sand properties themselves,
or the local wind flow field at the origin location of wind-blown
sand. Examples include layer systems, protection methodologies
that increase the sand bed moisture content thus increasing
the cohesive forces between sand grains and the wind velocity
threshold necessary to mobilise sand [43], and hedge systems,
obstacles designed and placed on sand beds which increase the

° = 0 o @
° = (6] ® o
) o [e] o
Sand dunes or beds Transport
Origin Trajecto

. q rajectory
° ° ® L L @ 2 ° ®
[*) e °

i A

Generating burning fuel

FIGURE 2 | Diagram illustrating the origin, transport trajectory, and target parts of the sand-infrastructure and firebrand-infrastructure inter-

action systems.
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ground aerodynamic roughness, reducing the shear stress of the
exposed sand bed [44, 45].

For firebrand exposure, the layer origin mitigation strategies
can be potentially transferred over for application. Moisture or
chemical modification to generating firebrand fuel can reduce
the amount of firebrands generated from a given flaming fuel;
an example is fire retardant impact on urban wooden fuel fire-
brand production was investigated [27]. Contrastingly, origin
hedge mitigation systems for firebrands will likely not be espe-
cially effective because in contrast to sand which is lifted from
the ground by the local wind flow, firebrand originate from a
higher lofted height; therefore, modifying the particle aerody-
namic properties at the generating origin location will likely not
impede their transport. Furthermore, the generating origin will
involve a wildfire, an uncontrolled burning location with smoke
plume and highly transient aerodynamic conditions. Given
these limitations for origin mitigation strategies this paper fo-
cuses the exploratory computational investigation on transport
trajectory mitigation strategies.

Transport trajectory mitigation strategies impact the aero-
dynamic forces driving wind-blown particulate hazard, by
focusing on modifying the flow field in the location of the
particle trajectory between the origin location and the target
infrastructure [42]. Solid obstacles in the trajectory location
are introduced to promote particulate sedimentation by de-
creasing wind speed along the trajectory and inducing flow
recirculation in designed areas. A number of mitigation strat-
egies following this principle have been applied against sand
[46] and snow [47] accumulation as (i) fences altering the
wind flow towards the impacted infrastructure, and (ii) as
ground surface geometry modifications, for example, creating
trenches. All strategies promote the sedimentation of sand in a
safe area away from the protected infrastructure. The orienta-
tion of the protecting fences or features is significant; the best
practice approach in sand mitigation is to design the features
with a 90° between the fence longitudinal axis and the pre-
vailing wind direction expected to drive the particulate flux
[42]. Both experimental and computational investigations of
the aerodynamics and particulate sedimentation behaviour
occurring around various types of fences are available in lit-
erature [48, 49]. The surface geometry modifications are in-
fluence by their size and geometry (determine by their height,
width, and the slope of their contours). In this paper we pres-
ent a simple preliminary analysis, using FDS, testing the ap-
plicability of a trajectory surface geometry trench mitigation
measure for firebrand protection.

Lastly, the target mitigations are protections installed directed
on the potentially impacted infrastructure. Aerodynamic-based
target mitigation strategies protect specific portions of the infra-
structure by impeding accumulation of sand particles on crucial
infrastructure components, and modifying the particulate wind-
driven trajectory by accelerating the particulate flow over the
crucial infrastructure and encouraging deposition and accumu-
lation in safe areas which do not disturb the infrastructure [42].
Patents for these protection systems applied to sand [50] and
to snow [51] are available. Similar protection systems can be
applied to firebrand ignition vulnerable building components;
such as gutters, where dry vegetation can often accumulate and

wildfire firebrands can easily land and ignite combustibles, or
over decks and porches. Target mitigation strategies can also
modify the target itself, through specific material selection
and design to render the target exposure-resistant. Using fire-
resistant materials, and applying finely-meshed screens to any
vents or openings, are examples of available target-protections
proposed and applied to protect building targets from firebrand
exposure.

Modifying the aerodynamic conditions along the pathways of
airborne particles as they are travelling towards infrastructure
to limit their exposure can be an effective protection measure
for wildfire firebrand exposure. This is the most easily mitiga-
tion measure computationally; to investigate the applicability
of a trench protection measure, and a wall obstacle protection,
simplified exploratory FDS simulations testing these two obsta-
cles under varying wind conditions. The results are compared
to a domain without these protection strategies to quantify the
potential reduction in wildfire firebrand exposure and final con-
tact with building structures.

2 | Methodology

This section outlines the computational approach used to
estimate firebrand exposure under varying conditions. FDS
is used to simulate firebrands as Lagrangian particles [52].
Lagrangian particles momentum contribution is represented

through a force term (fb ) included in the gas phase conserva-
tion of momentum equation, which considers all momentum
transferred from sub-grid Lagrangian particles to the fluid
in a grid cell. The FDS Lagrangian model considers two-way
coupling between the particle and fluid; therefore, momentum
transfer is only considered between the particles and carrier
fluid, particle-particle interaction and influence are neglected
[53]. This sub-grid force term is calculated by Equation (1)
and computes the forces transferred from the particles to the
surrounding fluid flow in a given grid cell. The force term is
related through Newton's second law of motion to the parti-
cle acceleration, neglecting rotational and translational forces
acting on the particles; each particle acceleration, velocity and
position are then resolved using Equation (2). C, is the drag
coefficient, A, is the particle cross-sectional area, r,, is the par-
ticle radius, p is the gas density, U is the gas velocity, u, is the
particle velocity, and m,, is the particle mass [53].

~ dm
h=y 2 [%pchp(lTp -0 -u| - (@ _ﬂ)] v

i 1

@:d_fzg_%pchp(u“p—ﬂ))u —u‘ )

Once the particles come to contact with a solid boundary, the
default FDS 6.7.7 setting essentially simulates zero friction be-
tween particles and solid boundaries is applied. The force bal-
ance around particles continues to be solved, neglecting friction
force effects and considering the local flow conditions; particles
reach quasi-static accumulation when in a recirculation zone
area where the drag force acting on the particle confines particle
movement to a specific region (e.g., re-entrant solid boundary

809

95U8017 SUOWIWOD aAIe81D) 3|qeoljdde ay) Aq pausenob ae ssppilke VO ‘8sn JO Sa|n 1o} Alq18ul|UO AB[IM UO (SUORIPUOD-PUE-SWLBIW0D" A3 1M A1 1[puluO//SANY) SUONIPUOD PUe SWiB | 8U1 89S *[9202/£0/.0] Uo ARiqiTauliuo A8|im ‘uopuo afie|joD ueduw| Aq 98ZE Wey/zZ00T OT/I0p/wWod A8 | Aelqipuljuo//sdny wouy pspeojumod ‘S ‘520z ‘8TOTE60T



corners), or the fluid force acting on the particle is below the
minimum threshold to move particles (e.g., in static flow wake
region). The FDS Lagrangian particle model has been verified
for short-range firebrand transport for constant-mass particles
with a spherical drag model simulating cubiform particles, and
the cylindrical drag model simulating cylindrical particles [14].
FDS software (in some cases with FDS code modifications to

FIGURE3 | Computational domain set up and dimension. Red rect-
angle corresponds to firebrand particles inlet vent location and blue
cube is the obstacle structure representing a building.

TABLE 3 | Computational domain boundary conditions.

account for rotational and translational forces acting on the par-
ticles, change in particle diameter due to charring, or sphericity
corrections to account for particle irregular shapes) has since
been applied in a number of studies to estimate firebrand expo-
sure and transport dynamics [12, 15, 18, 54, 55].

2.1 | Computational Domain

The computational domain is illustrated in Figure 3; a 1m high
cube represents a simplified structure. The boundary conditions
are summarised briefly in Table 3; further justification and val-
idation of the wind and firebrand inlet boundary are provided
in Sections 2.2 and 2.3. The cube geometry is chosen due to the
availability of pressure coefficient (Cp) data measured in full scale
(6 m cube) experiments which are used to validate the simulated
wind flow impact [56] in Section 2.2. Furthermore, cube struc-
tures have been used both experimentally and computationally as
simplified building structure obstacles to investigate firebrand ex-
posure patterns around the building [15, 17]. The computational
domain dimensions follow computational wind engineering best
practice guidance to allow for realistic wind development and
interaction around the investigated obstacle; best practices sug-
gest to include space within the domain of 5 times the obstacle
height upwind and around the lateral sides of the obstacle, and

Boundaries

Boundary condition

Wind and firebrand inlet

Wind is introduced with a constant vertical profile, except for ground

friction effects. Particles are introduced in the bottom half of the

Top, remaining later boundaries

Bottom

domain side, with the same velocity as the wind speed is set to

Open

Inert

| —

I 1

| ! 1 7m

1 n
S m L
3 1

1 1

f ; 20m

I I

I 1

[} 1

y ] 1

1 1

! \ I'5m

1 v 1

| . T
wl '3m
=} | +
3 I

1 1

1 |20m

1 I

1 |

1 1

1 1

FIGURE 4 | Computational domains with wall (top) and trench (bottom) protection strategies. Red rectangle indicates firebrand particle inlet

vent location, objects highlighted in blue indicate obstacles and protection strategies.
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of 10-15 times the obstacle height length downwind of the obsta-
cle to properly resolve vortex shedding in the wake region [57]. A
trench protection with dimensions (2mx0.5m) across the entire
computational domain width and a wall protection of dimensions
(10mx3m) are tested, as shown in Figure 4.

A grid sensitivity analysis was conducted by running a simulation
(4m/s reference wind speed, without protection obstacles) with

At -

2F

3F

Particles Y-Coordinates at t = 400s

sF —_ B —_ i

P ) L L
3.33 5.00 10.00

Mesh Grid Size [cm]

FIGURES5 | Gridsensitivity analysis results for the particles position
distributions for tested uniform grid sizes of 3.33, 5.00, and 10.00 cm for
the 4m/s reference wind speed scenario at 400s.

three different uniform cell sizes in the computational domain's
finest mesh: 3.33, 5, and 10cm. Figure 5 presents the final (at 4005s)
particles positions distribution for each grid tested; the average
particle position differs by 8.2% between the medium and finest
grids tested, and by 18.8% between the medium and coarsest grids.
8.2% is considered an acceptable difference for the presented simu-
lations and the 5cm uniform grid size is selected. The 5cm cell size
is applied in the mesh containing the cube obstacle and immediate
surroundings. The surrounding meshes in the z<2m portion of
the domain have uniform cell sizes of 10 cm, the meshes located in
the 2m <z <4m domain portion have 20cm cell sizes, and the top
domain portion (z>4m) have 40cm cell sizes of.

2.2 | Wind Load

The wind is introduced with a simple constant wind profile
in the z direction, except for friction impacts with the solid
ground; given the simplified nature of the computational
domain tested, and the exploratory purpose of the simula-
tions the flow profile is chosen to be maintained as simple as
possible to investigate the relative behaviour of the particles
under increasing flow speeds. FDS considers turbulence by
Large Eddy Simulation (LES); simulations are conducted with
the default Deardorff turbulence viscosity model. The wind
load on the cubic structure simulated is verified by compar-
ing experimental results. Pressure coefficient measurements
are compared to well-established, full scale field experimen-
tal measurements by Richards and Hoxey [56]. Results of the
pressure coefficients comparison is shown in Figure 6 [56];
the average difference between the two measurements is 6.3%
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FIGURE 6 | Pressure coefficients measured on FDS cube obstacle comparison with field measurements of wind load on full scale 6 m cube struc-

ture by [56].
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for the vertical ring measurements, and 5.2% for the horizon-
tal ring measurements.

2.3 | Lagrangian Particles

Non-combusting, constant mass, Lagrangian particles are intro-
duced in the domain to simulated wildfire firebrand particles. The
particle inlet vent height is 4 times the cubic obstacle height in the
domain, and particles are introduced throughout the vent height to
simulate a simplified wildfire flaming front producing firebrands
at various heights. Burning surface fuel during wildfires can gen-
erate firebrands at various heights and the simulations introduce
firebrands continuously in the z-direction within the inlet vent to
account for this. This approach overestimates the area size generat-
ing firebrands to produce conservative results in terms of number
of firebrands generated. Table 4 summarises all particle and parti-
cle inlet properties, along with appropriate literature references ex-
plaining the values selected. To prescribe the specific firebrand inlet
flux selected, particles are prescribed to be introduced in the do-
main every 20s, the inlet is not continuous but periodic temporally;
results are analysed considering the full temporal simulation dura-
tion and allow the wind profile full development before introducing
particles to mitigate this limitation. The Tachikawa (K) dimension-
less number [63], the ratio of aerodynamic forces to gravitational
forces acting on airborne object, is given by Equation (3) where p; is
the air density, p, is the firebrand particle density, u is the reference
wind speed, g is the gravitational acceleration and d,, is the average
particle density. K has been used to interpret firebrand wind driven
transport and landing [27] and estimate critical threshold values
above which firebrands are not expected to accumulate for a given
target obstacle and wind direction [62].

palt’

p,8d,

K= (©)

3 | Results
3.1 | No Protection

Results analysis aims to quantify the particles position and
proximity to the cubic structure and compare the particle po-
sition patterns amongst the different computational domain
arrangements. To quantify the cumulative contact of all par-
ticles simulated with the ground floor over the entire simu-
lation temporal duration, the particle positions are integrated
over the simulated time they spend on the ground floor, and
counted for 0.01 m?2 grid sections of the computational domain
floor. The resulting histograms are normalised, resulting in
heat maps illustrating the relative particle landing density
across the domain floor, throughout the entire simulation
time. The particle contact-exposure graphs quantify the sim-
ulated particle contact heat maps with values ranging from 0
to 1; where 0 indicates no firebrands reaching the solid ground
area in question, and 1 corresponds to the maximum amount
of firebrand particles coming to contact with the indicated
0.01m? area for the maximum amount of simulated time.
Figure 7 presents these results for the no protection case, for
each reference wind speed tested; results are presented for the
finest mesh grid in the computational domain.

To compare the particle position patterns at the final simula-
tion time step and the corresponding flow patterns, contour
and heatmaps graphs are computed. Figures 7-9 show the
particle position, particle landing density, and average wind
flow v-velocity component at z=0.15m at 300s of the simu-
lation for reference wind speeds 4, 6, and 8 m/s respectively.
Time 300s is selected to characterise particle location because
both the flow field and the particle position have reached
steady state by this time in the slowest reference wind speed
scenario tested.

TABLE 4 | Lagrangian particle properties simulated in FDS and the related literature references.

FDS Lagrangian particles

Firebrand particles literature

Shape Spherical

Radius

Cross sectional area

Volume 1.1x1077-1.8 X 10~°m?
Density 300kg/m?
Mass 0.03-0.5g

Firebrand inlet flux to computational
domain

Tachikawa number

Normally distributed between:
0.0030 and 0.0075m

2.8%X107°-1.8 X 10~*m?

3.8 particlesm2s7!

4m/s wind: 0.67
6m/s wind: 1.52
8 m/s wind: 2.70

FDS Validation for short-range transport [14].

80% particles: A, =0.1-20 X 10> m? [58].
Density of landing density varies between 355
and 467 kg/m?3 [12]; initial firebrand landing
distributed between 50 and 300kg/m?3 [59].
Mass distribution of 250 urban fuel-generated
firebrands collected, significant majority
range between 0.001 and 0.5g; only 2
firebrands were larger than 2.5g [60].

Flux to single story house, for max. wildfire
radiative heat flux 20-120 kW/m? [12]:
Low FDI: 2.6-5.6 particlesm—2s~!
High FDI: 1.7-3.6 particlesm 25!

2.6 [61]
2.19, 3.15, 3.41, 3.43, 5.06, 5.07,
5.17, 5.98, 6.44 [62]
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Relative Particle Landing Density throughout Simulation V’ s 4m/s Relative Particle Landing Density throughout Simulation V’ - 6m/s Relative Particle Landing Density throughout Simulation V’ S 8m/s

x[m] x[m] x[m]

FIGURE7 | Relative particle landing densities and contact time with computational domain ground floor around cubic obstacle (position indicat-
ed by white square) for each reference wind speed simulated (from left to right: 4, 6, and 8 m/s).
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FIGURE 8 | Particle position and average v-velocity on the z=0.15m plane at time step=300s of simulation with reference wind speed 4m/s.
Cubic obstacle location shown by white square.
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FIGURE 9 | Particle position and average v-velocity on the z=0.15m plane at time step=300s of simulation with reference wind speed 6 m/s.
Cubic obstacle location shown by white square.

3.2 | Trench Protection wall protection respectively. Results regarding the impact

of the trench protection in the domain are presented first,
For the protection strategies tested, the relative firebrand par- showing the impact of increasing wind speeds of the par-
ticles landing density and contact time duration with ground ticle position over the entire simulation (Figure 10), at the
floor are computed for a larger computational domain section; final time step simulations (Figures 11 and 12). The simula-

these are presented in Figures 11 and 15 for the trench and tions involving the protection strategies are simulated until
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200s to limit computational resources; at this timestep the the average velocity component in the y-direction (v-velocity)
flow patterns are fully developed, and have reached a steady is averaged for the last 50s of the simulation to estimate the

state configuration. To characterise the influence of the intro- streamlines and associated flow speeds created by the protec-
duced protection strategies on the wind flow field of interest, tion strategies introduced; there are provided in Figures 13
8m/s - Particle Positions Number of particles per m? Aveléage v-velocity [m/s] atz = 0.15m
-5 [ T — 5 -
o8 8
o, 5000
6
4000
:' 3000 1 &
08
2
2000
0
1000
-2
5 0

x [m] x [m]
FIGURE 10 | Particle position and average v-velocity on the z=0.15m plane at time step=300s of simulation with reference wind speed 8 m/s.
Cubic obstacle location shown by white square.

Relative Landing Density and Contact Time

4 m/s 6 m/s 8 m/s
1 410 1 -10 1
0.8 0.8 0.8
-5 -5
0.6 0.6 | 0.6
0.4 0.4 0.4
0 0
0.2 0.2 0.2
0 5 0 5 0
-10 -5 0 5 10 -10 -5 0 5 10
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FIGURE 11 | Relative particle landing densities and contact time with computational domain ground floor around cubic obstacle (position indi-
cated by white square) with trench protection measure (edges shown by white lines) for all wind speed simulated (from left to right: 4, 6, and 8 m/s).

8 m/s : Particle Positions

-2 2 2
0 N 0 N 0 |
2 2 2
-4 B 0 2 4 -4 . 0 2 4 -4 D 0 2 4
x [m] x [m] x [m]

FIGURE 12 | The particle position at 200s for the trench protection measure scenario for all reference wind speeds tested (from left to right: 4, 6,
and 8 m/s).
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and 17 for the trench protection and wall protection respec-
tively (Figure 14).

3.3 | Wall Protection

See Figures 15-18.
3.4 | Quantifying Protection Effect

The particles’ mass density in specific regions around the cubic
obstacle structure and around the protection strategies are

4m/s - number of particles per m?

4 3000
2500
2 2000
1500
0
1000
2 500
0
4 2 0 2 4

x [m]

6 m/s - number of particles per m

12000

-4 -4
10000

2 8000 -2
6000

0 0
4000

2 2000 2
0

4 2 0 2 4

x [m]

measured throughout the simulation; these measurements char-
acterise particle accumulation in different regions of interest
in the computational domain. The firebrand particles’ mass is
measured in a cuboid of 5m X 5m X 1 m dimensions surrounding
the target cubic obstacle, and in two cuboids located within the
trench protection and windward of the wall protection; parti-
cles’ mass is also measured in the cuboid immediately above the
cubic structure, this location did not record any significant par-
ticle accumulation and is therefore not included in the results.
All measurement locations are shown in Figure 19. The parti-
cles' mass density is recorded in mass per unit volume (kg/m?3)
in FDS, the measured particle density at the indicated locations
is then normalised to the inlet particles mass per unit volume

2 2

8 m/s - number of particles per m

15000
10000
5000
0
4 2 0 2 4
X [m]

FIGURE13 | The particle position and their landing density per ground floor m? at 200s for the trench protection measure scenario with reference

wind speed 8 m/s.
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FIGURE 14 | Average v-velocity at x=0m, between 150 and 200s, of central domain section for trench protection scenarios for all wind speeds

simulation (from top to bottom 4, 6, and 8 m/s).
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Relative Landing Density and Contact Time
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FIGURE 15 | Relative particle landing densities and contact time with computational domain ground floor around cubic obstacle (position indi-

cated by white square) with wall protection measure (shown by white line) for all wind speed simulated (from left to right: 4, 6, and 8 m/s).

4 m/s : Particle Positions o 6 m/s : Particle Positions 3 8 m/s : Particle Positions

-0 5 0 5 10
x [m]

X [m]

FIGURE 16 | The particle position at 200s for the wall protection measure scenario for all reference wind speeds tested (from left to right: 4, 6,
and 8 m/s).
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FIGURE 17 | The particle landing density per ground floor m? at 200s for the wall protection measure scenario all reference wind speeds tested
(from left to right: 4, 6, and 8 m/s).
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FIGURE 18 | Average v-velocity at x=0m, between 150 and 200s, of central domain section for wall protection scenarios for all wind speeds sim-

ulation (from top to bottom 4, 6, and 8 m/s).

For protection measure domains:

Inside of trench protection
Volume of 2m x 20m x 0.5m

Windward of wall protection
Volume of 2m x 10m x 1m

For all domains tested:

Top of cubic structure
Volume of 1m x 1m x 0.5m

Around cubic structure
Volume of 5m x 5m x 1m

FIGURE 19 | Cuboid locations where firebrand particle mass is measured throughout simulations: Around the cubic structure in a volume of
25m?3, on top of the cubic structure in a volume of 0.5m?, and within the trench protection and windward of the wall protection.

density, as indicated by Equation (3). Where ) is the propor-
tion of total inlet particles mass density in location i, MPUV, and
MPUV,,,,; are the particles’ mass per unit volume at location i
and at the particle inlet respectively.

#; = MPUV, /MPUV,,, @

Figures 20-22 compare the firebrands mass recorded in the
volume surrounding the cubic structure for all protection strat-
egies and all reference wind speeds tested; the measurements
indicate the amount of particles that would reach the structure
with and without the protection strategies considered. Results

are presented as the proportion of inlet firebrand density, and
suggest all protection strategies result in a significant decrease
of firebrand flux reaching the cubic structure; the most effective
reductions are measured for both protection strategies tested at
4m/s reference wind speed, and for the wall protection measure
tested at 6 and 8m/s reference wind speeds. The two higher
wind flow profiles tested (reference wind speed: 6 and 8m/s),
transport firebrands past the trench protection measure; thus,
decreasing its removal effectiveness. The protection strategies
dimensions and their related effectiveness should be tested for
all expected wind profile in detailed design assessments. For the
4m/s reference wind speed, the firebrand particles creep along
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FIGURE 20 | Proportion of inlet firebrand particles mass density in cuboid volume surrounding the target cubic structure for no protection strat-

egies (black), trench protection measure (red) and wall protection measure (blue) tested with (a) 4m/s, (b) 6m/s, and (c) 8 m/s reference wind speed.
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FIGURE 21 | Proportion of inlet firebrand particles mass density in
cuboid volume surrounding cubic target structure with wall protection
measure for all reference wind speeds tested.

the ground floor windward of the cubic structure before reach-
ing structure; both protection strategies tested in this simplified
domain for the 4m/s reference wind speed are, therefore, ex-
tremely effective in preventing the particles from reaching the
cube surroundings.

Table 5 summarises the maximum mass landing densities that
are found in the 25m? volume which immediately surrounds
the cubic structure. For the highest reference wind speed tested,
8m/s, there is a significant higher mass of particles recorded;
reaching up to 5 orders of magnitude greater than the measured
amount at the lowest wind speed tested, 4m/s. This large differ-
ence is due to the accumulation of particles in the recirculation
zones which occur around the cubic structure. The higher flow
speeds transport a greater number of particles in the recircula-
tion zones where they get entrained in the local flow patterns
and accumulate; for the no protection strategies domain, the
particles area surrounding the cubic structure reach 15% of the
inlet density in 200s. The flow speed in the recirculation zones
also increases with the increasing reference wind speeds. In the

simulations, accumulation is not caused or influenced by fric-
tion force, which is not considered in the FDS model, but rather
due to the flow recirculation zones created which inhibit the
particle movement. In reality, friction effects are expected to
increase the particle accumulation, most probably in firebrand
particle paths regions highlighted in Figures 6, 10, and 14. The
best firebrand reduction performance is recorded for the wall
protection measure. The wall obstacle's firebrand flux reduction
to the cubic structure's immediate surroundings reaches 99%
compared to the computational domain without protection strat-
egies. It is important to note that the measurement region used
to calculate the reduction does not include the windward area
of the wall obstacle where many particles are redirected (shown
clearly in Figures 14 and 15). This redirection is a critical phe-
nomenon caused by modifications to the local flow field, which
alter firebrand particle trajectories and shift their accumulation
to a different location. Further analysis and care of such protec-
tion strategies’ designs needs to ensure the redirected firebrands
are transported to an area resistant to the expected associated
heat exposure. As illustrated in Figure 17, the modified flow
field around the cubic structure effectively prevents a signifi-
cant number of particles from reaching and accumulating in its
immediate vicinity.

The trench protection, in this idealised scenario results in a sig-
nificant reduction of particle exposure around the cubic struc-
ture. At the final step of the simulation, the trench protection
provides the highest percentage reduction (98%) in particles
mass around the cubic structure, compared to the compu-
tational domain without protection strategies, for the 6m/s
reference wind speed. The variety in reduction performance
observed for the different wind speeds indicates the sensitivity
a trench type of protection has to the particle properties and
local field conditions; specific conditions should be tested to
confirm performance under various ambient conditions and
obstacle layouts.

Figure 22 presents the firebrands mass proportion throughout
the simulation duration that accumulates within the trench vol-
ume, and in the volume just windward of the wall protection
measure; as illustrated in Figure 19. The trench protection vol-
ume receives firebrand mass steadily; as ambient wind speed
increases so does the firebrand accumulation rate within the
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trench, reaching 2.9 times the inlet firebrand density for the
highest reference wind speed tested, 8 m/s. The firebrands mass
measured windward of the wall obstacle indicate a steady accu-
mulation rate pattern for the reference 8 m/s wind speed and a
more transient accumulation rate for the 6 m/s wind speed. The
firebrands are eventually moved leeward of the wall obstacle,
following the recirculation zones which form around the wall,
thus diverting the firebrands paths from reaching the leeward
side of the cubic obstacle directly (Figure 23).

4 | Discussion

This work presents exploratory simulations using the FDS
Lagrangian particle model, simulating non-burning spherical
particles, to estimate the wildfire firebrand flux exposure to-
wards a generic cubic obstacle, representing a simplified build-
ing structure, and how the firebrand flux exposure is affected
by implementing protection strategies inspired by sand infra-
structure protections. Current research on wildfire firebrand
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FIGURE 22 | Proportion of inlet firebrand particles mass density in cuboid volume surrounding target structure with trench protection measure
for (a) all reference wind speeds tested (b) and zoomed to maximum 1x 10~ proportion, to visualise 6 and 4 m/s reference wind speeds results.

TABLE 5 | Maximum firebrand density in volume immediately surrounding the cubic structure for all computational domains tested.
Only cube (g/m3)  Trench protection (g/m3)  Reduction (%) Wall protection (g/m3)  Reduction (%)
4m/s 0.0130 0.00230 82 0 100
6m/s 0.132 0.00230 98 0.00386 97
8m/s 203 36.8 82 0.0320 99

w

* Inside trench - 4 m/s
Inside trench - 6 m/s a)
*_Inside trench - 8 m/s

~
o

N

Proportion of Inlet Particle Mass Density

o
N
o

*  Windward of wall- 4 m/s
*  Windward of wall - 6 m/s b)
* _Windward of wall - 8 m/s .

.d
//

o
°
&

N '\\\
LT

Proportion of Inlet Particle Mass Density

o
S5E

20 40 60 80 100 120 140 160 180 200
Time [s]

o

0 20 40 60 80 100 120 140 160 180 200

Time [s]

FIGURE 23 | Mass per unit volume of firebrand particles measured (a) inside the trench protection measure and (b) windward of the wall protec-

tion measure.
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protection strategies is summarised, and parallels between sand
accumulation and firebrand accumulation hazards are pre-
sented; the purpose of this research is to explore whether the
same driving principles applied in implementing sand protec-
tion strategies can be extended to wildfire firebrand exposure
hazard and protection. FDS simulations creating a simplified
and conservative firebrand exposure scenario under three dif-
ferent ambient reference wind speeds (4, 6, and 8 m/s) are pre-
sented without any protection, with a wall protection, and a
trench protection to investigate their feasibility.

This research assumes that firebrand contact exposure, defined
as the number of firebrands and their contact duration with
the target obstacle (plotted in Figures 7, 11, and 15) correlates
to the firebrand-induced ignition probability of the target fuel.
This assumption relates firebrand contact exposure to expected
firebrand ignition hazard. A number of dedicated experimental
and theoretical investigations have been conducted in literature
to investigate firebrand ignition dynamics; conclusions from
various studies indicate a correlation between ignition potential
and amount of firebrand flux, or closer spacing between fire-
brands (up to a critical separation distance between firebrands)
[19-22, 64].

Kwon and Liao [64] experimentally measured the influence of
spacing distance between burning firebrands on their combus-
tion dynamics, and observed that decreasing spacing between
firebrands increased flame height and mass loss rate, up to a
threshold spacing distance which, when surpassed, limits com-
bustion due to air entrainment; smouldering firebrand piles
burned hotter and longer compared to single firebrands [64].
Zhu and Urban [22] conducted an experimental and numerical
study to investigate conditions associated with firebrand accu-
mulation and associated ignition potential; findings show that
when a second firebrand is introduced within a critical distance
to the first, the target fuel ignition is faster or requires lower
incident heat flux [22]. Suzuki and Manzello [21] experimen-
tally investigated the combined effect of firebrand exposure
and external radiant heat and found that higher wind speeds
and longer preheating time, correlate with lower time to igni-
tion; furthermore, increasing wind speeds resulted in firebrands
contributing increasing heat to the target fuel [21]. Suzuki and
Manzello [21] conclude that lower firebrand fluxes decrease ig-
nition potential, also due to the convective cooling experienced
by the target fuel bed during intermitted exposure. This paper
proposes that measuring firebrand contact exposure, defined by
the quantity of firebrands and the duration of their proximity to
fuel, is a useful metric for assessing firebrand ignition potential
and will apply this assumption in the results analysis.

Different firebrand contact exposure patterns are observed for
all protection configurations for different reference wind speeds
tested. As the wind speed increases, the firebrand contact re-
gions are more localised at the windward recirculation zones
edges, compared to wider firebrand contact regions spanning
the entire windward domain at the lowest wind speed tested.
Firebrand contact regions formed at higher wind speeds also in-
volve significantly larger amounts of firebrands compared to the
lower reference wind speeds (see Figures 7 and 14). To interpret
these distinct particle behaviours the Tachikawa (K) dimension-
less number serves to quantify the driving forces influencing

the firebrand particles' flight trajectories. The presented simula-
tions consider a lower range of Tachikawa numbers (0.67-2.70)
compared to those tested by Nguyen and Kaye [62] in wind tun-
nel experiments (2.19-6.44) [62]. Nguyen and Kaye found lin-
ear relationships between amount of accumulated firebrands
on the roof and the inverse Tachikawa number, for a given roof
geometry and wind angle. Given this relationship and the lower
Tachikawa number range considered in this paper, the expec-
tation is for firebrands to accumulate under all configurations
tested; when K<2 firebrand contact exposure and the most
likely accumulation regions are widespread across the wind-
ward floor area, when K> 2 these accumulation regions concen-
trate around the wind recirculation zone edges.

Two protection obstacles are tested, a wall and trench protection
measure; results show how the introduced protection obstacles
divert the firebrand particles trajectories and therefore displace
the accumulation location, as well as the firebrand flux received
by target cubic structure obstacle. For the particle properties
simulated, the trench protection reduced firebrand mass re-
corded in the immediate surroundings of the cubic structures by
82%-98% depending on the reference wind speed, and the wall
protection by 97%-100%. Within the trench protection measure
we observe steady increasing accumulation of firebrand parti-
cles mass; while windward of wall protection there is transient
trajectory of firebrand mass particles, that subsequently change
trajectory due to the modified flow field around the structure
and are redirected away from the cubic structure. In terms of
relative firebrand contact exposure, shown for the two different
protection strategies in Figures 10 and 14, all protection strate-
gies redirect firebrand contact exposure further away from the
target cubic structure. For the trench protection strategies, the
cubic structure is completely protected at 4m/s from firebrand
contact exposure, however windward of the trench protection
strategies the firebrand contact trajectories remain the same
as the case without protection. At 8 m/s reference wind speed
the highest firebrand mass proportion accumulated is within
the trench protection. The wall protection-caused reduction in
firebrand contact exposure is limited to the expected location of
firebrand contact exposure which is moved further windward
and away from the target structure.

The simulations presented complement the work by Mankame
and Shotorban [15], which investigates firebrand deposition
patterns for varying target cuboids structure sizes and aspect
ratios at 4.5m/s reference wind speed; their model considers
Lagrangian particle translational and rotational forces, as well
as particle temperature and mass loss due to pyrolysis and char
oxidation [15]. This work applied a similar methodology, to in-
vestigate the influence of surrounding protection strategies and
obstacles to quantify the possible reduction in firebrand expo-
sure and the changes in deposition patterns due to varying wind
speeds. Aside from differences in the Lagrangian particle model
applied, the inlet conditions of particles in the simulation dif-
fer in the presented simulations, which apply a vertical particle
inlet vent rather than a horizontal one. In both studies particles
do not reach the cubic structure's leeward side.

The geometrical simplification in the presented exploratory sim-
ulations includes limitations to results accuracy to field condi-
tions. The FDS simulations presented assume an idealised case
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without friction between the simulated particles and the solid
boundaries; with this assumption the contact between firebrand
particles and solid boundaries is maximised, and static particle
accumulation is neglected. A conservative firebrand inlet flux
scenario is chosen, based on literature values of firebrand gen-
eration flux. The distance between the firebrand inlet and the
cubic structure is conservatively chosen as close as possible in
the domain to allow realistic flow development in the domain,
the distance influence on firebrand exposure and protection
strategies performance should be characterised. Parametric
analysis of wind direction impact on the protection strategies
effectiveness is. Wind speed strongly influences the perfor-
mance of the protection measure. Different wildfire exposure
influencing parameters such as distance from fire front and
firebrand inlet heights (corresponding to the wildfire flaming
front height), need be tested to better characterise the protection
measure performance.

5 | Conclusion

This paper explores meaningful parallels between firebrand and
sand exposure hazard to infrastructure. To explore the potential
applicability of sand hazard protection strategies, exploratory
FDS simulations are presented with Lagrangian particles simu-
lating firebrand particles and a wall and trench protection mea-
sures windward of a cubic obstacle under three different ambient
wind speeds. The simulations show that, in such a simplified
scenario, the trench and wall protection methods significantly
reduce firebrand exposure to a target obstacle. The firebrand ex-
posure reduction is measured in terms of particles mass within
the 25m3 surrounding the target cubic structure, resulting in
percentage reductions ranging between 82% and 100%. The best
reduction is observed with the wall protection at 4 and 8m/s
reference wind speeds, achieving a 100% and 99% reduction re-
spectively, and with the trench protection at 6m/s, reaching a
98% reduction. Findings offer valuable insights into the design
and application of protective strategies to mitigate firebrand flux
towards vulnerable buildings or high-risk targets (e.g., storage
of flammable substances, power equipment). Parametric studies
investigating performance under a wider range of wind speeds,
varying wind directions, different protection dimensions need to
be conducted to further characterise the strategies’ applicability.
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