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ABSTRACT

Background. In most wildland—urban interface (WUI) fires, damage to buildings results from
poor surrounding vegetation management. No simulation had been conducted yet on historical
WUI fires with Computational Fluid Dynamics modelling. Aims. It was interesting to check the
feasibility of this modelling in simulating past fire cases for different scenarios of vegetation
management and fire propagation. Methods. We studied three cases of WUI dwellings sur-
rounded by gardens (subject to French regulations on fuel reduction) adjacent to forest affected
by a past fire. The 3D fire propagation was assessed using the Fire Dynamic Simulator model
(FDS) and taking into account accurate fire environment (fine vegetation distribution, terrain,
etc.). Key results. Results showed that, in the current model state, brush-clearing mitigated fire
intensity and propagation and damage to ornamental vegetation. However, it sometimes high-
lighted that this measure could be strengthened when the effects of topography and wind were
combined. Conclusions. FDS modelling at the WUI scale using accurate vegetation distribution
proved to be functionally satisfactory, exhibiting realistic fire behaviour. Implications. Once
validated, this modelling will ultimately help to assess when fuel reduction is efficient in fire
mitigation and to pinpoint possible limitations.

Keywords: CFD modelling, Fire Dynamic Simulator model (FDS), fire prevention, fire risk,

mandatory brush-clearing, ornamental vegetation, post-fire damage analysis, WUI fire behaviour.

Introduction

In some Mediterranean countries, the culture of fire risk has slowly declined with the
decreasing trend of fire occurrence and burned area over the past decades (Fox et al
2015). However, peaks of large fire occurrence still occur during extreme weather events
(e.g. 2003, 2016 in south-eastern France, 2017 in Portugal, 2018 in Greece, 2020 in
California), often resulting in catastrophic fires that are difficult to suppress (Maditinos
and Vassiliadis 2011; Jones et al. 2016; Ganteaume et al. 2021). Among the fire preven-
tion measures in SE France, implementing regulations on fuel reduction around housing
(i.e. in a 50-100-m radius around the building) located at the wildland—urban interface
(WUI) is of the utmost importance to mitigate fire effects on buildings and to keep people
and firefighters safe during a fire. However, these regulations are difficult to enforce and
little respected, even when experience feedback also shows that the environment sur-
rounding housing (e.g. location of hedges, no fuel areas) can play an important role
during WUI fires, especially on the resulting damage (Syphard et al. 2019).

In order to raise the awareness of WUI residents and of land planning managers about
fire risk, it is important to identify the different environmental factors surrounding
housing that can contribute to increase or decrease its vulnerability, especially in relation
to the different vegetation types, slope and wind that can combine and result in critical
scenarios during a fire. It is also necessary to verify if the regulations in terms of fuel
reduction at the WUI are still efficient in these scenarios or if they can be loosened or
strengthened in some cases. Besides the role of the fuel reduction on the mitigation of fire
behaviour, the hazard associated with firebrands as a leading cause of ignition of
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structures and ornamental vegetation nearby in WUI fires
(and as a fire spread vector) is well documented (Blanchi
and Leonard 2005; Maranghides and Mell 2011; Caton et al.
2017; Hakes et al. 2017; Manzello et al. 2020), depending,
however, on the fuel type and the wind speed (Thomas
et al. 2021).

Previous studies have revealed that the issue of WUI fire
is mostly due to building susceptibility to fire rather than
difficulty controlling fires (Cohen 2000, 2008). Fire beha-
viour modelling is a useful alternative tool, when properly
calibrated and validated, to forecast fire intensity and prop-
agation as well as fire impact on buildings in different
scenarios of vegetation, terrain and weather conditions.
Despite several models applying to forest fires (Sullivan
2009), few are used for simulations at the WUI, especially
involving damage assessment, because WUI vegetation dif-
fers from that of wildland (more heterogeneous in terms of
species composition and spatial distribution; Ganteaume
2019), for instance.

Recently, increasing attention has been paid to fire
spread modelling in WUI areas (Mell et al. 2010; Rehm
and Evans 2013; Ghaderi et al. 2021; Jiang et al. 2021).
The type of burning materials (e.g. trees, grasses, shrubs,
buildings) plays a significant role and their burning char-
acteristics are often acquired from experiments. Other
objects like roads, rivers and barren land, which act as
fire-resistant elements, can also be considered. Modelling
fire behaviour at the WUI is already possible with raster-
based models such as SWIFFT (De Gennaro et al. 2017;
Fernandez et al. 2018), or with heterogeneous cellular
automata models (e.g. Jiang et al. 2021). These models
can perform real-time fire spread simulations and analysis
with low computational cost. However, they are not able to
represent thermal attack on buildings in full 3D scale, with
fire propagating to canopies and impacting multistorey
buildings, adding the effect of topography. However,
advanced physic-based fire behaviour models, such as
Wildland-Urban Interface Fire Dynamics Simulator
(WFDS; Mell et al. 2007) and FIRETEC (Linn and
Cunningham 2005; Pimont et al. 2009; Dupuy et al. 2011)
allow the modelling of this 3D fire behaviour in more heter-
ogeneous fuels, taking into account wind and slope (Linn
et al. 2005; Parsons et al. 2011; Pimont et al. 2011, 2014).
The simulation processes in such physical-based models are
complicated and time-consuming (Mell et al. 2010; Rehm
and Evans 2013) but using high computational power allows
for these constraints. These existing fire models have also
shown acceptable accuracy for scenarios that contain smal-
ler fire scenario types, such as a single tree or a small forest
zone, with or without slope (e.g. Mell et al. 2010; Pimont
et al. 2011, 2014), but not taking into account the hetero-
geneous vegetation distribution around housing located at
the WUL Using these physics-based models makes it partic-
ularly challenging to simulate large-scale complex fire sce-
narios that include the full environment complexity (various
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types of potential burning units with different burning prop-
erties, complex terrain, etc.). Moreover, validating these
models at such scales is also challenging.

The current work therefore aimed at evaluating the func-
tional capacity of a physics-based model (FDS, Fire Dynamic
Simulator) to model fire behaviour in WUIs that have been
impacted by a past fire. Different scenarios of vegetation
management (brush-clearing vs no brush-clearing) as well as
the full environment complexity, in particular a refined
vegetation distribution, terrain and wind, were taken into
account in the modelling, comparing simulated results with
post-fire vegetation data.

Material and methods

Study cases

Three study cases of housing located at the WUI and differ-
ently affected by a past large fire event that occurred in SE
France (Rognac Fire, 2016; Fig. 1) were considered in this
work. One case was selected in the community of Vitrolles
(Griffon neighbourhood) and two were located in the com-
munity of Les Pennes-Mirabeau (Barnouins and Chateau).
Damage recorded during post-fire surveys was compared
with modelled fire behaviour and impacts on ornamental
vegetation. According to French regulations (Instruction
techniques sur les obligations légales de débroussaillement
2019; Code forestier 2022), buildings located at the WUI are
subjected to fuel reduction within a 50-mradius (up to
100 m in specific terrain conditions according to municipal-
ity decrees; Code forestier 2022) around the house.
Depending on the study case, this regulation was implemen-
ted sometimes partially, or not at all.

These study cases were selected for the different environ-
mental conditions, implementation of fuel reduction regula-
tions or lack thereof, and range of post-fire damage recorded
(from partial damage to total destruction) (Table 1). Each
case had, between the building and natural forest, an area
corresponding to a garden composed of ornamental vegeta-
tion (e.g. lawn, trees and shrubs) that could be assimilated to
the home ignition zone (HIZ; Cohen 2000) or safety space.
This ornamental vegetation was composed of both natural
species (brush-cleared or not), similar to the neighbouring
natural vegetation, and of exotic species used for landscaping
(also subject to the regulations) or species planted in
orchards. In each case, the ornamental vegetation distribu-
tion and composition was accurately recorded (i.e. identify-
ing the different vegetation patterns found at the WUI, such
as hedges, individual trees, patches of shrubs). Vegetation
was recorded with as much spatial accuracy as possible, using
either orthophotography from IGN (Institut Géographique
National) with a precision of at least 1 m or a GPS (global
positioning system) in the field (precision ranging from
1 to 5m), according to three strata (litter and grass,
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understorey and overstorey). Reconstitution was able to be
done of all the ornamental vegetation items in the garden
(shrubs, trees) in terms of their individual crown diameters,
total height and height of the lower branches for trees. The
linear vegetation, i.e. hedges, was individualised as one item
(therefore not taking into account the different plants com-
posing the hedge). The list of different species recorded in the
three study cases is presented in Supplementary Table S1.

Modelling

In the current work, simulations were performed using FDS
(version 6.7.5) for the three-dimensional prediction of fire
behaviour taking into account the full fire environment
complexity observed in the post-fire analysis. FDS has been
preferred to WFDS mainly for its larger number of features to
model the fire complex environment (e.g. possibility to
implement an intermittent wind function via wind ramp).
The model uses the LES (Large Eddy Simulation) to solve the
mass equations, momentum and energy, with a low-Mach
number assumption. Vegetation, on the ground and in the
canopy, is represented by static Lagrangian particles in a
volume that partially obstruct the airflow. The particles
can also absorb and emit heat and finally undergo thermal

Near-infrared aerial image of the past fire studied and locations of the three study cases (scale 1/120 000).

degradation. The classical thermal degradation scheme, orig-
inating from Grishin (1997), is used in the model in which
endothermic moisture evaporation competes with the
endothermic pyrolysis reaction (from solid-phase cellulose
to combustible gaseous products) and with exothermic char
oxidation and ash formation. The collapse of the fuel bed
after the fire passage is not taken into account. All the
parameter values are found in Vanella et al. (2021).

Flying particles were not modelled, so firebrands are con-
sidered as having already landed and accumulated in their
target zone close to adjacent combustible material. When
considered (only in the case study Chateau), they are mod-
elled on a very simplistic and arbitrary basis as a static
125 cm?® particle emitting a heat point source of 300 kW m ™2,

The Computational Fluid Dynamics (CFD) models FDS
and WFDS, developed by the National Institute of
Standards and Technology (NIST; McGrattan et al. 2013),
have been validated only by laboratory experiments (e.g.
Mell et al. 2009, Perez-Ramirez et al. 2017, Morandini et al.
2019, Terrei et al. 2019) or grass fires on 200 X 200 m zones
(Mell et al. 2007). Some limited use has been made of WFDS
and FDS at a larger scale (Vanella et al. 2021) but so far,
using real input data from historical past fires has not been
attempted.
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Table I. Characteristics of the three study cases.

Study case Wind/fire Topography between building Type of vegetation Mandatory brush-clearing: Observed damage
direction® and natural vegetation® outside HIZ® 50-m buffer around the building®

Griffon 300° Slope (in situ: maximum of 9%, Quercus pubescens stand, Yes, but vegetation treated left on site Partial damage to the building and

modelled: maximum of 7%) understorey with Arundo resulting in a modality equivalent to a ornamental vegetation
43°26/05.84"N Altitude: 98 m donax, grass lack of brush-clearing, i.e. high amount

of fuel

05°16'56.60"E
Barnouins 45° Slope (in situ: maximum of 51%, Quercus coccifera shrubland Yes Building destroyed (because of

modelled: maximum of 27%) and Pinus halepensis stand, window left open) and ornamental

tati tly b d

43°25'15.83'N Altitude: 200 m grass vegetation mosty burne
05°18'40.08"E
Chateau 350° Small negative slope (almost flat) Pinus halepensis stand, Not windward Building destroyed and ornamental

43°25'0654"N
05°18'30.51"E

Altitude: 183 m

shrubland, grass

vegetation burned or scorched

AWind direction is defined following the standards of the World Meteorological Organisation.

BAltitude is given at the building level.

CHIZ, home ignition zone.
PMandatory brush-clearing = legal fuel management.
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The sensitivity of model predictions for the heat release
rate on grid resolution could not be tested against experi-
ments in cases presenting full fire environment complexity.
Therefore, it was tested (not shown here) on both a single
tree case of a laboratory experiment performed in Mell et al.
(2010) and the grassfire experiment in Mell et al. (2007),
which allowed verifying that a 25-cmresolution was an
optimal choice. Indeed, the fire behaviour in 3D showed
less than 20% change when degrading the resolution from
10 to 25cm and the computational time remained reason-
able. The computational domain size differed for the differ-
ent study cases but was ~100 X 100 X 4 m in the xyz
directions (with z vertical).

The inputs used for the simulations were:

(i) Topographical data (EU-DEM-v1.1 COPERNICUS pro-
gram, available with a resolution of 25 m). Though it
was enough for the majority of cases with gentle slope,
this fairly poor resolution did not allow modelling with
high accuracy of steep slopes, especially in Barnouins
(51% in situ but seen by the model as 27%);

(i) Vegetation data: all individual vegetation data loca-
tions in the garden and their physical properties
reconstituted during the post-fire survey were used
for the modelling. The physical properties of natural
vegetation outside the garden (e.g. tree density) were
inferred during the post-fire survey from still existing
patches of unburned vegetation in the neighbourhood.
Additional physical properties involved in the com-
bustion process for individual trees and shrubs of
native or exotic species (e.g. leaf surface-to-volume
ratio, crown bulk density) were found in the INRAE
fuel particle and combustion database constructed
during previous studies (these fuel properties have
been defined in previous papers on the flammability
of ornamental vegetation; e.g. Ganteaume et al
2013a, 2013b; Ganteaume 2018). The WUI vegetation
was supposed to be managed according to the regula-
tions enforced for buildings located at the WUI in SE
France, but in some cases, there was a lack of manage-
ment (i.e. regulation not or partially enforced; see
Table 2). Owing to current model limitations, a fuel
moisture content (FMC) lower than 25% was chosen in
accordance with the work of Terrei et al. (2019): an
arbitrary value of 5% was chosen for herbaceous mate-
rial while an FMC of 20% was chosen for shrubs and
tree leaves;

(iii) Wind data: the wind direction was taken from firefigh-
ter reports of the event (see Table 1). The wind speed
considered was 11 ms™~ ' on average over 5min, mea-
sured at 2-m height. For the vertical wind profile, FDS
in its current state cannot cope simultaneously with
complex terrain and a non-constant vertical wind pro-
file, so the 2-m wind was used everywhere in the simu-
lation domain. However, initial tests showed that FDS

can functionally cope with the effect of wind intermit-
tency at 15 s resolution, which is more realistic than a
wind field constant over 5min. The intermittent wind
was modelled as a simple approximation of the domi-
nant wind (mistral) by a step function exhibiting alter-
nation of constant 2ms~ ' during 15s followed by
constant 20ms ' during 15s (the typical pattern of
the mistral wind in the study area exhibits gusty beha-
viour alterning with pseudo-periods that vary between
10 and 205);

(iv) Fire front approaching in the natural forest: the post-
fire survey specified where the fire front position was
in the forest when the fire approached in each case.
This information was used to position an ignition
line in the natural forest at least two tree rows before
the garden, so that the fire became auto-fed in the
canopy of the natural forest before hitting the garden,
as was reported to be the case from the post-fire
survey.

The outputs of the modelling were the damage to vegetation
in the HIZ and garden (i.e. mass loss mapping of the vegeta-
tion particles at different times of simulation), as well as
selected indicators of fire behaviour, namely a global rate
of spread (ROS) in the simulation domain, the total heat
release rate (HRR) in the simulation domain and the
heat fluxes received at selected locations (i.e. recorded by
heat sensors located at different heights on buildings that
give the magnitude of exposure; Supplementary Fig. S1).
The ROS was evaluated once for the entire duration of
each simulation, by taking two fire front positions when
the wind speed was the highest. These fire front positions
were manually located on the vegetation mass loss map. The
mass loss map has the advantage of not being disturbed by
the tilting flame, which was fully lying on the ground when
the wind gusted.

The modelling was run for each study case on two vege-
tation management scenarios — with or without brush-
clearing — one of the scenarios corresponding to the actual
fuel management (Fig. 2a). The study case Chateau was
broken down into three different sub-cases, given the
extended area impacted by the fire (several buildings
destroyed and most the ornamental vegetation burned):
the two first sub-cases (C1 and C2) compared both treatment
modalities in two different locations of the property, and a
third one (C3) was added comparing the ignition of the
ornamental vegetation by firebrands with the ignition by
flame propagation from a nearby hedge south of the prop-
erty. Different views of slope were represented for the two
study cases concerned, Barnouins and Griffon (Fig. 2b).

Simulations were performed on a high-performance par-
allel computing cluster, running over 72-128 cores (with
one domain mesh per core). On average, it took approxi-
mately 2days to generate a fire propagation of 100-s
duration.
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Table 2. Vegetation description in the three study cases according to the fuel treatment modality.

Study Fuel strata Area outside mandatory regulation (>50 m from the Area submitted to mandatory regulation: Area submitted to mandatory regulation: no brush-
case building) brush-clearing clearing
Griffon Surface Litter (dominant) and grass: H 0.50 m, SVR 10923 m_', Garden: lawn mown: H 0.15 m, SVR 6537 m_', Garden: lawn not mown: H 0.45m, SVR |1 422 m_', PR 0.0005,
PR 0.01, BD 13.9kgm™> PR 0.0015, BD 0.8kgm> BD 1.0kgm™
Rest of the area: grass (Brachypodium sp.): H 0.25 m, Rest of the area: litter (dominant) and Grass: H 0.50 m,
SVR 6875m™"', PR 0.0015, BD 0.8kgm™ SVR 10923 m™', PR 0.01, BD 13.9kgm™>
Understorey E.g. Buxus sempervirens, Juniperus oxycedrus, Phyllirea media: Garden: different georeferenced ornamental trees and Garden: different georeferenced ornamental trees and shrubs
H 0.50 m, SVR 10425 m™', PR 0.0025, BD I.5kgm™ shrubs
Rest of the area: None Rest of the area: e.g. Buxus sempervirens, Juniperus oxycedrus,
Phyllirea media: H 0.50 m, SVR 10425 m™", PR 0.0025,
BD I.5kgm™
Overstorey Quercus pubescens: D 150 trees ha™', H 7m, BH 0.40 m, Garden: different georeferenced ornamental trees and Garden: different georeferenced ornamental trees and shrubs
SVR 7212m™", PR 0.0022, BD 0.7 kgm™> shrubs
Rest of the area: Quercus pubescens: D 100 trees ha_', Rest of the area: Quercus pubescens: D |50 trees ha_', H7m,
H 7m, BH 2m, SVR 7212m™", PR 0.0022, BH 0.40 m, SVR 7212m™", PR 0.0022, BD 0.7 kg m™>
BD 0.7kgm™
Barnouins Surface Grass and litter: H 0.50 m, SVR 9071 m™', PR 0.016, Grass (Brachypodium sp.): H 0.25 m, SVR 6629 m™', Grass and litter: H 0.50 m, SVR 9071 m™', PR 0.016,
BD 22.0kgm™® PR 0.0015, BD 0.8kgm™® BD 22.0kgm™®
Understorey E.g. Quercus coccifera, Phyllirea angustifolia, Viburnum tinus, None e.g. Quercus coccifera, Phyllirea angustifolia, Viburnum tinus,
Rosmarinus officinalis: H 0.50 m, SVR 6884 m_', PR 0.0013, Rosmarinus officinalis: H 0.50 m, SVR 6884 m_', PR 0.0013,
BD 1.0kgm™ BD 1.0kgm™
Overstorey Pinus halepensis: D 150 trees ha_', H Il m, BH 040 m, None Pinus halepensis: D 150 trees ha_'. H Il m, BH 040 m,
SVR 6719m™', PR 0.0023, BD 1.7kgm™> SVR 6719 m™', PR 0.0023, BD 1.7kgm™>
Chateau Surface Grass and litter: H 0.50 m, SVR 9071 m_', PR 0.016, Garden: lawn mown: H 0.15 m, SVR 6537 m_', Garden: lawn not mown: H 0.45m, SVR |1 422 m_', PR 0.0005,
BD 22.0kgm™> PR 0.0015, BD 0.8kg m™> BD 1.0kgm™
Rest of the area: grass (Brachypodium sp.): H 0.25 m, Rest of the area: grass and litter (dominant): H 0.50 m,
SVR 6629 m™', PR 0.0015, BD 0.8 kg m™> SVR 9071 m™', PR 0.016, BD 22.0kg m™>
Understorey E.g. Quercus coccifera, Phyllirea angustifolia, Viburnum tinus, Garden: different georeferenced ornamental trees and Garden: different georeferenced ornamental trees and shrubs
Rosmarinus officinalis: H 0.50 m, SVR 6884 m~', PR 0.0013, shrubs
BD 1.0kgm™
Rest of the area: none Rest of the area: Quercus coccifera, Phyllirea angustifolia, Viburnum
tinus, Rosmarinus officinalis: H 0.50 m, SVR 6884 m_" PR 0.0013,
BD 1.0kgm™
Overstorey Pinus halepensis: D 150 trees ha™', H |1 m, BH 0.40 m, Garden: different georeferenced ornamental trees and Garden: different georeferenced ornamental trees and shrubs

SVR 6719 m™', PR 0.0023, BD 1.7kgm™>

shrubs

Rest of the area: Pinus halepensis: D 100 trees ha_',

H 11 m, BH 2m, SVR 6719m™', PR 0.0023,
BD I.7kgm™

Rest of the area: Pinus halepensis: D 150 trees ha_', HIllm,
BH 0.40 m, SVR 6719 m™', PR 0.0023, BD 1.7 kgm™

The list of the ornamental species for the three study cases is given in the Supplementary material.
H, height; SVR, surface-to-volume ration; PR, packing ratio; BD, bulk density; D, stand density; BH, height of the lower branches.
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(@ Griffon with brush-clearing Barnouins with brush-clearing

Chateau: C1, C2 and C3

C3: ignition by firebrands vs
propagation from the hedge

C1 without brush-clearing C2 without brush-clearing

(b) Barnouins Griffon

Fig. 2. (a) The different configurations (with or without brush-clearing) for the three study cases used in
the modelling. The arrow shows the fire direction. Scale is given in metres. (b) Representation of the slope
in the Barnouins and Griffon study cases (upper picture: seen from the south, lower picture: seen from the
east). Colour legend (also for Figs 5, 6, 9 and 10): grey, access lanes; pink or dark brown cuboids,
buildings; light green, managed natural vegetation; brown, unmanaged natural vegetation; green, managed
ornamental vegetation; orange, unmanaged ornamental vegetation.
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Results

Comparisons of experimental and numerical fire
damage and behaviour

Post-fire surveys carried out in the three study cases showed
a large range of damage from scorched vegetation to build-
ing destruction (Fig. 3). As stated earlier, building destruc-
tion was not modelled, but is shown here for information.

Overall, the results of the modelling run on brush-cleared
vegetation showed fire behaviour less intense than when the
fuel treatment was not implemented (up to 11 493 kW for
the modality without brush-clearing vs 5020 kW with brush-
clearing; case study Chateau C1, Fig. 4), however, with a
similar fire HRR during the first 10-20s (up to 40s in the
case Chateau C2; Supplementary Fig. S2) according to the
study case.

Griffon

Post-fire damage assessment (Fig. 3a): only the windward
house was severely burned (A1) and this building sheltered
the neighbouring house (B), which was undamaged, from
the fire. The facades exposed to the fire (A1) were the most
damaged (window with broken glass allowing the fire to
impact the inside), mostly because the ornamental hedge
(D) nearby acted as a vector for fire propagation. The south-
ern hedge (C) was burned by a surface fire fuelled by the

(b) Barnouins

iiéh .

« Griffon » Google \
Earth image after the
fire

Fig. 3.

brush-clearing residues and spread the flame to the orna-
mental shrubs located in the garden nearby.

Modelling: during the first part of the simulation, flames
propagated further in the brush-cleared modality because
the trees were more scattered (low tree density; Table 2)
(Fig. 5) and possibly because of the tilt angle between the
flame and the slope located between the forest and the
garden, especially to the south of the domain. Beyond 20 s
of simulation, when the vegetation was brush-cleared and
composed mostly of grass (that could be mown lawn in
the HIZ), it burned very rapidly (less than 15s) without
fire spread to low tree branches. In contrast, in the scenario
without brush-clearing, the fire could propagate vertically
into the tree canopy, intensifying the damage caused by the
fire to vegetation (Supplementary Video S1).

Quantitatively, this differing behaviour between both
modalities can be also found with the ROS inferred from
the mass loss maps: without brush-clearing, values were
approximately 3 m s~ ! (between 10 and 20 s of simulation)
and 1.5ms ™! (between 20 and 30s), whereas with brush-
clearing, the ROS increased to values respectively of 4 and
2.5ms” L.

Barnouins

Post-fire damage assessment: the fire propagated uphill in
the brush-cleared vegetation towards the house (slope of
~50%), the damage was mostly due to a windward window

(c) Chateau

Southem cypress hedge

« Chateau » Google Earth image before the fire

Pictures of post-fire damage recorded in the three study cases. (a) Griffon (Al, damaged house; B, undamaged house;

C, hedge impacted by the residues left on site; D, hedge impacted by the fire front), (b) Barnouins and (c) Chateau.
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that had been left open, allowing the firebands generated by
the pine stand downhill to enter the building and set it on
fire; then, the fire spread outside through the windows on
the left side of the house. A large part of the windward
ornamental vegetation located on this side was also
impacted (Fig. 3b). The vegetation located on the leeward
side of the house was not affected.

Modelling: besides the lower HRR in the modality with
brush-clearing during the simulation, we found that, regard-
ing the fire front position (Fig. 6), after the first 15s of
simulation, the flames were more scattered in the scenario
with brush-clearing, especially at TO (T0: simulation

14000

12000

10000
No brush-clearing
8000
6000

4000

Heat release rate (kW)

2000 )
Brush-clearing

0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Simulation time (s)

Fig. 4. Temporal evolution of the heat released rate in the entire
simulation domain (example using Chéateau Cl) according to fuel
treatment.

start) + 50 and TO + 65s (Supplementary Video S2). In
the scenario without brush-clearing, the tree canopy burned,
involving higher tree mass loss (Supplementary Fig. S3).
This was largely due to the fact that the HIZ contained no
trees in the modality with brush-clearing and had only grass
vegetation, whereas shrubs and trees were present in the
modality without brush-clearing. In contrast, the mass loss
did not differ between both modalities regarding the orna-
mental vegetation (Supplementary Fig. S4). The vegetation
on the leeward side of the house was partly burned only
when the house was not an obstacle between the vegetation
and the fire downslope, regardless of the fuel management.
Without brush-clearing, the ROS measured on the mass loss
map showed a value of 7ms~ ", this unrealistically high
value being due to the assumption of low FMC used in the
modelling. The ROS in the modality with brush-clearing
could not be assessed because fire propagation in grass
only in the HIZ was much too scattered to allow identifica-
tion of where the front position was located. This could be
due to the fact that the fire front was not a clear line but
rather patches of grass that ignited here and there.

Flux sensors located at different heights on the house
windward facade, in both modalities, were quickly reached
by the flames and intensities of total heat flux higher than
80 kW m ™2 were recorded (Fig. 7). The much lower values
obtained for the radiative heat flux (up to 16-18 kWm ™2
according to the fuel treatment modality) compared with
those obtained for the total heat flux showed that the con-
vective heat flux (difference between the total and the
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Fig. 5. Temporal evolution of the numerical flame front (Griffon) according to fuel treatment (see Fig. 2 caption for explanation of
colours).
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Fig. 6. Temporal evolution of the numerical flame front (Barnouins) according to fuel treatment (see Fig. 2 caption for explanation

of colours).
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Fig. 7. Temporal evolution of the numerical heat flux (total and radiative) recorded by flux sensors located at different heights
on the side of the house (Barnouins) exposed to the flame front according to fuel treatment.
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radiative heat flux) was higher than the radiative heat flux.
The heat sensor positioned the highest (13 m) was the most
affected by the wind gusts (highest values of total heat flux).

Chateau

Post-fire damage assessment Cl: in this case, the fire
propagated from the NNW to the SSE, first in untreated
wildland vegetation (stand of Pinus halepensis Mill., 1768)
and then reached the tall northern hedge of cypress
(Cupressus sempervirens L., 1753) located to the south of
the southwerstern building that completely burned (Fig. 3c).

Modelling: in the modality with brush-clearing, the fire
propagated less intensely (HRR on average 2.4 times lower
than without vegetation management; see Fig. 4), limiting
the spread on the flanks, therefore avoiding the cypress
hedge and the other trees around the building (Fig. 8).
This was due to two main factors: (i) a lower intensity in
all of the vegetation strata in the modelling and (ii) stronger
wind (20% higher) in the HIZ in the scenario with brush-
clearing because the trees were more scattered (Table 2). In
contrast, without brush-clearing, corresponding to the
actual situation during the fire, the hedge partially burned.
The ROS estimates were found to be quite close in both
modalities, at a value of ~4ms~! when the wind was
higher (between 10 and 20 s of simulation).

Post-fire damage assessment C2: in this case, fire beha-
viour was assessed when the flame front, spreading through
the unmanaged pine stand, reached the building to the
north. The tall pine (11 m) located close to the building

(and overhanging the roof) completely burned, contributing
to the building destruction (Fig. 3c).

Modelling: beyond the first 40 s of simulation with brush-
clearing (Fig. 9), the fire spread in the pine stand and in the
brush-cleared area but with decreasing intensity when
approaching the buildings (HRR of 14100kW at 40s
down to 10900 kW at 50s; Supplementary Fig. S2). After
45 s, the tall pine was reached by the fire in both modalities
but burned more intensely (tree totally burned) without
brush-clearing (on average, HRR 1.42 times higher; see
Supplementary Fig. S2), agreeing with the post-fire damage
assessment. The ROS in the modalities with and without
brush-clearing reached 5 and 6 ms ™! respectively.

Post-fire damage assessment C3: in this case, three tall
trees, a cedar (Cedrus atlantica (Manetti ex Endl.) Carriére,
1855), a palm tree (Phoenix canariensis Hort. ex Chabaud,
1882) and a linden tree (Tilia europea L., 1753), located
close to the southernmost building (and partially overhan-
ging the roof) were impacted by the fire (the two former
trees mostly or totally burned while the latter was heavily
scorched), contributing to the building destruction. The
southern cypress hedge also burned as well as the neigh-
bouring trees (Fig. 3c).

Modelling: the simulation presenting fire propagation
due to firebrands showed that the fire could ignite the tree
canopy and spread progressively towards the ground
(Fig. 10), then igniting the lower branches and vegetation
nearby (Supplementary Video S3). This was possible owing
to local wind currents of different directions generated by
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Fig. 8. Temporal evolution of the numerical mass loss of the northern cypress hedge (Chéateau Cl) according to the fuel treatment
(colours ranging from blue to red: initial to totally burned fuel mass).

373


https://www.publish.csiro.au/wf

A. Ganteaume et al.

International Journal of Wildland Fire

T0+40s

s T0+15s
S

T0+50s T0+65s

Brush-clearing

Big pine

No brush-clearing

Fig. 9. Temporal evolution of the numerical flame front (Chateau C2) according to fuel treatment (see Fig. 2 caption for

explanation of colours).
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Fig. 10. Temporal evolution of the numerical flame propagation after ignition by fire spotting of the linden canopy (Chateau C3)

(see Fig. 2 caption for explanation of colours).

obstacles nearby (buildings, trees, etc.) during wind gusts
(i.e. 11.7ms™Y). This result was not observed in the post-
fire survey, especially for the linden, possibly because this
tree’s moisture content was higher than in the modelling.
The simulation presenting the fire propagation involving the
cypress hedge located to the north showed that the tall cedar
burned (Fig. 11). After some time (180s), the fire reached
the side of the building where the linden tree was located,
but was not powerful enough to cause its ignition while,
between 80 and 130s, the fire ignited the southern cypress
hedge, possibly because the canopy was lower and therefore
more easily reached by the flame.
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Discussion

Comparing observed and numerical results of
vegetation damage

Overall, the results of the simulations in terms of damage to
ornamental vegetation were in agreement with the damage
recorded post-fire. Numerical results showed a decrease in
fire intensity in the modality with brush-clearing, in agree-
ment with the commonly agreed effect of brush-clearing.
Moreover, these results revealed that, overall, fire spread
was greater in the beginning of the simulation (corresponding
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Fig. 1l. Temporal evolution of the
numerical mass loss of the ornamental
vegetation ignited by the burning northern
cypress hedge (Chateau C3. Colours
ranging from blue to red: initial to totally
burned fuel mass).

to propagation in the native vegetation before reaching the
garden) with brush-clearing. This was mostly due to the lower
tree density used in this modality enhancing the wind effect
on fire propagation. Pimont et al. (2011), using a coupled
atmosphere wildfire behaviour model, HIGRAD/FIRETEC,
found that the rate of spread was not strongly modified
while a decrease in fire intensity occurred after several metres
of propagation in the treated zone. In these authors’ work,
only a reduction in the fuel canopy was modelled as vegeta-
tion treatment but the authors suggested that, if the surface
fuel was also cleared, the increase in wind speed in channels
was likely to increase the fire spread. In the current work,
numerical ROS derived from the mass loss maps in each study
case (highest values ranging from 3 to 7ms~ ') were higher
than those reported by firefighters during the fire (between 1
and 1.5ms ™!, estimated as an average value over the entire
Rognac Fire area). The assumption of low FMC in the simula-
tion was clearly a large contributor to this overestimation.
In the study case Chateau C1, the scenario without brush-
clearing (which was the case at the time of the fire) under-
estimated the fire effects on the hedge that did not totally
burn a bit despite the low simulated FMC. In this case,
ignition could have also been provoked or enhanced by

the firebrand shower generated by the burning pine stand
(both mechanisms highly likely to be in synergy). In the case
of Chateau C2, the modality without brush-clearing, corre-
sponding to the actual case, showed the same severe impact
on the vegetation close to the building (e.g. the big pine) as
observed post-fire. Regarding Chateau C3, for the scenario
dealing with ignition by firebrands, the results of the simu-
lation overestimated the impact on the linden tree (though
the impact on the cedar was correctly modelled) with the
total burning of the tree while the post-fire damage observed
on this tree showed a lesser impact (the canopy was only
scorched) than for the cedar (which was totally burned).
This could be due to the low FMC used in the simulation.
In contrast, for the scenario dealing with ignition from the
northern cypress hedge, the results of the simulation
matched the post-fire damage observed, with the linden
tree lightly impacted, even with a simulated FMC lower
than during the fire. This was mostly due to the longer
time required by the fire to spread to this tree. However,
synergy with the firebrand shower is likely to have impacted
the building and the vegetation. Indeed, conifers like
Pinus halepensis are among the best firebrand generators
(Ganteaume et al. 2011) in the Mediterranean basin, and
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the native vegetation burned in this study case was domi-
nated by this species (and some big pines were very close to
the building).

In the study case Barnouins, numerical results showed
that, regardless of the fuel treatment scenario, ornamental
vegetation and structures would have been impacted by the
fire, despite the lower HRR during the simulation with
brush-clearing. This was in agreement with the post-fire
damage to the ornamental vegetation.

In the study case Griffon, both simulated results and post-
fire damage survey showed that the damaged house and
garden were fully exposed to fire owing to the continuity
from the natural to the ornamental vegetation (involving
mostly hedges) while the neighbouring house was
undamaged, mostly because this house was sheltered from
the fire by the damaged building, the fire front coming from
the NW. This result is in agreement with the work of
Fernandez et al. (2018) that used the raster-based model
SWIFFT on the same study case.

Impact of the fuel reduction regulations
(mandatory brush-clearing) on fire behaviour

Fuel management, including fuel reduction, with or without
segregation of pockets of fuel, is frequently used to reduce
fire intensity and crowning (Xanthopoulos et al. 2006;
Finney et al. 2007). Physics-based modelling studies have
been used to assess fire propagation in various fuel treat-
ments, taking into account or not the wind effect (Dupuy
and Morvan 2005; Linn et al. 2005; Pimont et al. 2006,
2011; Parsons 2007) and usually showing the mitigation
of fire behaviour in the treated areas. For instance, Pimont
et al. (2014) mentioned that a cleared distance of 50 m was
appropriate (90 and 95% reduction of radiant flux reduction
observed at 50 m compared with the forest edge) in their
tested conditions, for both thermal radiation and gas tem-
perature. The current work confirmed the utmost impor-
tance of enforcing the regulations relating to fuel
reduction, including the distance between tree crowns and
buildings.

Vegetation management around housing, along with the
location and arrangement of structures at the WUI, have
been found equally important as, if not more than building
construction. In the Griffon study case, brush-clearing had
been carried out before the fire; however, plant residues had
not been removed from below the trees, which counteracted
the effect of this measure, highlighting the importance of
clearing the residues after treatment. Indeed, the scenario
with brush-clearing, i.e. without vegetation residue, showed
that the fire intensity would have strongly decreased.
Moreover, it was already noted in a previous study that,
even when the buffer area around a building had been
cleared very recently, some fuels and remaining litter
could spread the fire to the building (Pimont et al. 2014).
In the cases Chateau C1 and C2, regarding the modality with
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brush-clearing, the fire impact on the ornamental vegetation
was low, highlighting the importance of mandatory fuel
treatment aiming at the reduction of fuel biomass and con-
tinuity, especially in the area subject to the dominant wind,
and therefore to the fire.

In contrast, in the Barnouins study case, the peak values
of the numerical heat fluxes were of the same order regard-
less of the fuel treatment scenario, showing, first, that the
contribution from the vegetation was significant, even if the
highest values occurred over a shorter time when the vege-
tation was brush-cleared. Secondly, in this case study, the
combination of two important factors (terrain and wind)
driving the fire behaviour allowed the limits of mandatory
brush-clearing to be reached. This showed that the area
treated should have been extended beyond the mandatory
50-m brush-clearing to 100 m as is the case in specific loca-
tions (according to municipal decree). However, Syphard
et al. (2013) showed that, even if structures were more
likely to survive a fire with defensible space immediately
adjacent to them, the most effective treatment distance
varied between 5 and 20 m from the structure, but distances
larger than 30 m did not provide additional protection, even
for structures located on steep slopes. Moreover, the numer-
ical results of heat fluxes obtained in the Barnouins study
case showed that convection was dominant over radiation,
in contrast to previous studies (e.g. Silvani and Morandini
2009; Terrei et al. 2019). This could be due to the high slope
which favoured the impact of the hot gases. As the model
took into account a slope of only 27% whereas in situ the
slope value was 51%, the convective part would even have
been higher in reality. The highest total heat fluxes occurred
at 13-m height on the building side exposed to the fire front,
even in the modality with brush-clearing (which corre-
sponded to the actual case). It was therefore possible that,
even if the window had been closed, the brush-cleared
vegetation located on the steep slope combined with the
strong wind could have caused the breaking of the window
pane and therefore fire propagation into the house.

Computational modelling as well as laboratory and field
experiments describing the heat transfer required for igni-
tion have shown that the high flames of intensely burning
shrubs and tree canopies (crown fires) must be within 30 m
to ignite a home’s wooden exterior (Cohen 1995, 2000,
2004; Cohen and Wilson 1995; Cohen and Butler 1998),
but this is not the case in France. A previous study also
showed that the location and arrangement of the home can
override the protective benefits of fire-safe structure design
(Syphard et al. 2017). The distance between the building
and tree canopy is at least 3 m in the French regulations and
therefore without a canopy overhanging the roof. This dis-
tance could be underestimated in the case of synergy
between slope and wind (as simulated in the Barnouins
study case) and should be increased according to terrain
conditions (along with the radius of mandatory brush-
clearing). Previous work also suggested that, in addition to
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treatment at the house level, an overlapping community
protection zone (a little less than 500 m wide under delete-
rious conditions) could provide opportunities for firefighters
to protect other flammable features of a community
(Nowicki 2002). It is worth noting that Syphard et al.
(2012), using an extensive geographic dataset of structure
locations that were destroyed or damaged by wildfires since
2001 in southern California, found that rates of structure
loss were higher when they were surrounded by wildland
vegetation, but were generally higher in herbaceous fuel
types than in higher fuel-volume woody types.

Functional capacity of FDS to model WUI fire
behaviour using refined vegetation data

Previous studies on fire behaviour modelling concentrated
on ecosystems that were very different from Mediterranean
forest ecosystems, especially from those found at the WUL
Among the closest systems studied, Mediterranean shrubs
and grasslands have been experimentally (Morandini et al.
2006; Santoni et al. 2006) and numerically studied (Morvan
and Dupuy 2004; Mell et al. 2007; Morvan et al. 2009),
however without tackling the issue of the crown fire propa-
gation, except in the work of Pimont et al. (2011), for
instance. Numerically, the complexity of models varied
(Novozhilov et al. 1996; Plourde et al. 1997; Morvan and
Dupuy 2001; Mell et al. 2009; Pimont et al. 2011, 2014) but
using rather simplified vegetation inputs (involving gener-
ally one or two species). In contrast, the added value of the
current work was the consideration in the modelling of the
characteristics of most species (native as well as exotic and
orchard species) and the georeferencing of the main com-
ponents of the WUI vegetation recorded in each study case.
This allowed the mapping of an accurate vegetation distri-
bution (i.e. reflecting well the pre-fire vegetation). This
helped to pinpoint the easy fire propagation in the
Cupressus sempervirens hedge, due to both fuel continuity
and high combustibility (high amount of dead fuel within
this species’ canopy; Ganteaume et al. 2013b), as well as
other highly flammable conifer species such as Pinus hale-
pensis and Cedrus atlantica compared with rather less flam-
mable deciduous species (such as the linden tree, Tilia
europea). The use of deleterious species combined with
the unwise location of these species (e.g. overhanging a
roof) certainly worsened the level of damage to buildings
and the unwise structure of some of these species (cypress
hedge) could also increase fire propagation. Firewise land-
scaping should avoid planting deleterious species, espe-
cially with such structure patterns, close to structures
(Ganteaume 2019).

Using species generating firebrands is also an issue at the
WUIL not to mention natural pine stands being among the
best firebrand emitters. Besides the damage that firebrands
could produce in vegetation and structures, it is important
that the fire behaviour models include propagation by

embers, along with the advancing flame font, as ember
transport can be critical to the simulation of past fire spread.
Without their inclusion in the model, the simulation of fire
spread could be shortened, especially depending on the
terrain (Pugnet et al. 2013).

Conclusions

This work consisted in implementing the CFD model FDS on
three different study cases impacted by a past fire in the
south-east of France (Rognac Fire 2016) and comparing the
results with the post-fire damage on vegetation recorded in
the field. For each case, two scenarios of vegetation man-
agement were tested (brush-clearing vs no brush-clearing).
Numerical results mostly agreed with the post-fire survey
and underlined once more the relevance of fuel reduction
measures in terms of fire mitigation. In some cases, they
highlighted the necessity to strengthen these regulations
according to slope and wind conditions.

This work also proved the functional capacities of the
model used to assess fire behaviour at the WUI scale, taking
into account accurate vegetation distribution, despite the
bias inherent in the model, mainly regarding the simulated
FMC, which was lower than in the field. Indeed, the FMC has
a very important role in plant flammability, both in experi-
ments and CFD modelling (Bufacchi et al. 2016). Research
has also shown that modelling burning vegetation that has
high moisture content can distance the results from reality
(El Houssami et al. 2016). In the current work, arbitrary
FMC values lower than 25% were chosen to avoid this
problem, along with the difficulty of igniting the vegetation
canopy in some cases, according to the work of Terrei et al.
(2019). This hypothesis is common to all of the calculation
codes (e.g. SWIFFT, WFDS) and cannot be by-passed with
the current state of knowledge.

Supplementary material

Supplementary material is available online.
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