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ABSTRACT 

Background. Wildland–urban interface (WUI) fires are becoming more frequent and cata-
strophic as they are associated with the effects of climate change, demographic pressure, human 
activities, abandonment of rural areas and activities promoting dangerous fuel continuity. For 
example, in the central regions of Portugal, Chile and California, severe direct and indirect 
impacts have been observed, with a catastrophic number of fatalities. Aims. Mitigating and 
reducing the impacts of wildfires in the WUI requires understanding heat transfer mechanisms 
from forest fires and understanding how structures ignite is crucial to define and implement new 
mitigation strategies. Methods. Adopting Computational Fluid Dynamics is essential to assess 
the WUI fire problem by simulating fire behaviour and quantifying its characteristics. In this paper, 
a building is exposed to several wildfire scenarios, assessing the influence of parameters such as 
materials, fuels, topography and meteorological conditions. Key results. The investigated 
scenarios were developed considering validated Fire Dynamics Simulator (FDS) models of single 
trees on fire and the influence of governing parameters was quantified. Conclusions. For the 
selected scenarios, the impacts on the building were assessed and compared, quantifying heat 
release rates, radiative heat flux and adiabatic surface temperature. Implications. This research 
contributes to a Performance-Based Design (PBD) approach for buildings in the WUI.  

Keywords: adiabatic surface temperature, built environment, convection, Fire Dynamics 
Simulator (FDS), heat transfer, incident heat flux, performance-based approach, physics-based 
model, radiation, wildland–urban interface (WUI). 

Introduction 

Fires have been a persistent problem over recent decades, burning millions of hectares 
around the world, according to Quarles and Standohar-Alfano (2018), and becoming 
increasingly frequent, as confirmed by Bento-Gonçalves and Vieira (2020). Climate 
change (Barbero et al. 2015), the abandonment of forests and rural areas (Mantero 
et al. 2020), increasing fuel continuity (Knorr et al. 2016) and human activities 
(Krawchuk et al. 2009) are among the main causes for the increase in the occurrence 
and intensity of fires. As a result, catastrophic consequences for human society and the 
environment are being observed, as stated by Syphard et al. (2017) and Bento-Gonçalves 
and Vieira (2020). Different kinds of fires can be classified in relation to location and 
conditions, such as forest fire, rural fire, urban fire, bushfire, shrub fire, wildfire, large 
outside fire and wildland–urban interface (WUI) fire (Manzello et al. 2018). The present 
paper is focused on the WUI, which refers to the area where structures meet or inter-
mingle with wildland and vegetative fuels and where a wildland fire can potentially 
ignite buildings (Bento-Gonçalves and Vieira 2020). The high risk associated with this 
kind of problem is the uncontrolled spread of fires due to fuel continuity, as described by  
Moinuddin and Sutherland (2017). As an example of fires in the WUI, Manzello et al. 
(2018) mention several burned areas in the Mediterranean countries of Portugal, Spain, 
Italy, France and Greece. Specifically, in Portugal, at least three megafires can be cited 
(Oliveira et al. 2018; Bento-Gonçalves and Vieira 2020). In 2016, the island of Madeira 
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was affected by a big fire. As a consequence, 177 houses 
were destroyed and three people died (Couto et al. 2021;  
Ribeiro et al. 2021). Further, the estimated damage was 
approximately €61 million (Couto et al. 2021). One year 
later, another two catastrophic fires occurred in Portugal: 
the Pedrogão Grande fire in June 2017 and the megafire in 
October 2017. Regarding the Pedrogão Grande fire, in total 
66 people were killed and 253 were injured, more than 458 
homes were destroyed and 49 businesses were directly 
affected by the fire, as stated by Ribeiro et al. (2020). 
Concerning the October 2017 megafire that occurred in the 
central region of Portugal, 521 industrial buildings were 
partially damaged or destroyed (Guerreiro et al. 2018), 47 
people were killed and 2100 km2 burned (Viegas et al. 2017;  
Oliveira et al. 2018). Another tragic incident is the Valparaiso 
fires in Chile. According to Manzello et al. (2018), Valparaiso 
has been affected by wildfires at least five times between 
2013 and 2017, with 15 people killed, 533 injured and 3000 
homes destroyed (Reszka and Fuentes 2015). It is notable 
that the Valparaiso fires had an economic impact of more 
than €100 million (Manzello et al. 2018). Unfortunately, 
more examples exist and can be found in the literature such 
as in Ryan and Opperman (2013), Molina-Terrén et al. (2019) 
and Finney (2021). 

Fernandez et al. (2018) highlighted that the essence of 
the problem is not wildland fire control, but rather house 
ignitability (vulnerability of a structure to ignition mecha-
nisms). Fires can start owing to exposure to heat flow from 
flames or firebrands generated by a forest fire (Sandström 
2013); however, as stated by Potter and Leonard (2011), 
90% of building ignitions are due to firebrand exposure 
events. Fire in the WUI still requires extensive research, 
especially concerning the different heat transfer mecha-
nisms and the ignition potential of buildings located in the 
vicinity of forest areas. 

According to Vacca et al. (2020), the complexity of the 
WUI fire problem is due to the interaction of multiple 
phenomena of different causes occurring at different scales, 
namely the macroscale, mesoscale and microscale. Focusing 
on the microscale, three main fire sources can be identified: 
the wildfire front, burning natural fuels (e.g. grassland, 
shrubland, forest stand, logging slash) and burning non- 
natural fuels (for example, as defined in Instructor Guide  
NWCG S-190 (2019), artificial materials like houses, sheds, 
fences, pipelines and trash piles). Based on the species of 
fuels and their level of maintenance (i.e. trimming, pruning 
and watering), wildfires vary greatly and manifest a specific 
intensity (vegetation burning) throughout the flaming phase 
(Vacca et al. 2020). At the microscale level, the ‘home 
ignition zone’ (HIZ), first conceived by Cohen (2000), can 
be defined as a place where preventive actions are neces-
sary, like regular cleaning of the outside area (defensible 
space), avoiding accumulation of fuels, and maintaining 
a distance between the vegetation and the building, as 
described by Vacca et al. (2020). 

Another important relationship to be considered in the 
analysis of the WUI fire problem is between the meteorology 
(such as temperature, humidity and wind) and the fire 
growth mechanisms involved. Wind can impact firebrands, 
radiant heat flux and flame contact. Also, topography (eleva-
tion and slope) and vegetation (type of cover, fire load, 
moisture content, height and species) influence fire beha-
viour (Cohen and Saveland 1997). Viegas (2004) investigated 
the effects of upslope and favourable wind with different 
velocities on fire spread and found that the rate of spread 
increases with higher wind velocity. Linn et al. (2010) con-
firmed the acceleration of fire when it spreads upslope 
through several simulations of slope and fuel structure effects 
on coupled wildfire behaviour. Regarding measurements of 
convective and radiative heating in wildfires, Frankman et al. 
(2013) stated that crown fires reached higher radiative values 
compared with surface fires. Drissi (2014) investigated the 
influence of different parameters (wind and moisture content, 
among others) on the rate of spread of fire, showing that the 
key parameters are wind velocity and fuel load. Countryman 
(1976) explained that moisture content affects the pyrolysis 
process and consequently ignition, confirming that the burning 
rate of wildland fuel slows when moisture content increases.  
Tihay et al. (2014) calculated the following parameters for the 
combustion of forest litter under slope conditions: burning 
rate, heat release rate, convective and radiant fractions for 
various loads. As a result, they demonstrated that with increas-
ing slope, the heat release rate (HRR) increases and that the 
contribution of convective heat release decreases with increas-
ing slope, whereas radiation increases with increasing fuel 
load. Kim et al. (2016) focus on tree crown spacing and 
slope interaction effects, demonstrating how increasing tree 
spacing and reducing the slope decreases HRR and increases 
the time to reach peak HRR. Safdari (2018), with particular 
attention to different heat transfer mechanisms, states that it is 
still not clear whether convective or radiant heat transfer is 
predominant during wildfires and that a combined radiation 
and convection mode is more relevant. Castillo Soto et al. 
(2022) focus their study on safety distances in the case of 
real fires in Chile and Spain (calculating the corresponding 
radiative heat flux). As a result, the need for a gradual reduc-
tion in fuel load to mitigate radiant heat transfer is stated.  
Abu-Zidan et al. (2022) contributed with observations on the 
effect of wind velocity and direction on façade fire spread in 
an isolated rectangular building. One of the main findings of 
the wind–fire interaction was that the façade fire spread was 
heavily influenced by the near-wall flow fields generated by 
the building geometry. Also, the presence of external wind 
influenced the temperature and HRR of façade fires. 

Performance-based design (PBD) must be used in the field 
of fire safety engineering to improve the development of 
design specifications for buildings in the vicinity of forest 
areas, understanding the conditions promoting ignitions in 
the built environment and the behaviour of buildings 
exposed to this extreme external action. 
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The use of computational fluid dynamics (CFD) tools, 
such as those described by Papalou and Baros (2019), 
allows modelling different fire scenarios at the microscale 
level, assessing and quantifying HRRs and temperatures, for 
instance. According to Mell et al. (2009), Fire Dynamics 
Simulator (FDS) (McGrattan et al. 2021) is a well-validated 
tool for modelling compartment fires and burning vegetation 
and has been used to model WUI fire scenarios by several 
authors, including Ghaderi et al. (2021), Suzuki and Manzello 
(2021) and Vanella et al. (2021). However, further validation 
and developments of the numerical models are needed, espe-
cially concerning the generation of firebrands and their inter-
action with structures (different levels of vulnerability of 
structures may lead to new secondary fires). 

In this work, the main objective is to identify and quan-
tify the basic heat transfer mechanisms occurring from fire 
to buildings (impact on the structure), assessing the influ-
ence and importance of parameters such as topography, 
meteorology, materials and fuels. Thermal quantities such 
as HRR, radiative heat fluxes, gas temperatures and adiabatic 
surface temperature (AST) are measured. Beshir et al. (2021) 
outlined the importance of the assessment of AST, which is 
commonly used to investigate the behaviour of structures 
subjected to thermal stresses. The AST can be defined as the 
temperature of a surface that cannot absorb or lose heat to 
the environment. The use of this concept is very convenient 
because it describes with a single quantity the thermal expo-
sure of a solid surface. This parameter is provided automati-
cally by FDS. AST is used as an input parameter for a 
structural model assessed with finite element method 
(FEM) software (Wickstrom et al. 2007). As a result, by 
coupling the thermal and structural analyses (using CFD 
and FEM), extreme wildfire action in the WUI is more thor-
oughly investigated. This type of research improves the PBD 
approach for buildings near forests, contributing to a better 
understanding of the heat transfer phenomena involved and 
their impact on the built environment. Note that severe 
limitations still exist in the current modelling tools, namely 
when discussing ignitions due to firebrands, and new and 
additional developments are still needed in this field. 

Methodology 

The FDS is widely used to simulate and reproduce fire 
scenarios, especially compartment fires, and in recent 
years, its field of applicability has been extended to wildfires 
in the WUI. FDS is suitable for modelling microscale wildfire 
scenarios in the vicinity of buildings. This CFD software 
numerically solves a form of the Navier–Stokes equations 
appropriate for low-speed, thermally driven fluid, focusing 
on smoke and heat transport from fires (McGrattan et al. 
2022). Fluid dynamics is solved using three governing equa-
tions referring to the conservation of mass, momentum and 
energy (McGrattan et al. 2022). The FDS algorithm was 

created with a focus on low Mach number approximation. 
This means that gas moves at a low speed due to chemical 
heat release and buoyancy forces. Consequently, pressure 
behaviour, internal energy and enthalpy are influenced by 
this approach. Regarding the simulation mode, FDS uses a 
very large eddy simulation (VLES) model with a Cartesian 
three-dimensional grid. Specifically, a staggered grid is used 
to represent scalar quantities and vector components 
(McGrattan et al. 2022). 

Among different models for representing wildland fire 
spread, FDS provides the Lagrangian particle model (LPM). 
In LPM, the vegetation (surface and raised) is assumed to be 
a collection of Lagrangian particles that are heated via radi-
ation and convection, as explained by Vanella et al. (2021). 
One advantage of Lagrangian particles is that they overcome 
the geometry constraints imposed by the numerical grid. 
Grass, trees, firebrands, etc. are normally modelled using 
Lagrangian particles, as found in Wadhwani et al. (2017).  
Cheney et al. (1998) showed the validation process, where 
the mathematical model prediction was compared with an 
experimental assessment (short and tall burning grass). The 
experimental work performed by Mell et al. (2009) pre-
sented in detail the behaviour of a single Douglas fir tree 
on fire with different heights of 2 and 5 m and moisture 
content of 14 and 49%, respectively. Using such experimen-
tal results, numerical models were first developed and cali-
brated. The numerical model for representing grass and trees 
was based on the LPM using cylindrical particles and a linear 
thermal degradation sub-model to simulate a tree burning, as 
implemented in Wildland Fire Dynamics Simulator (WFDS). 
In FDS, the pyrolysis model, and consequently the chemical 
kinetics involved, can be considered infinitely fast or obey an 
Arrhenius rate law (McGrattan et al. 2022). The Arrhenius 
rate law defines a finite-rate reaction where the temperature- 
dependent reactions are characterised and based on the acti-
vation energy and Boltzmann distribution (Batiot et al. 2021). 
In the present study, the FDS was run applying the Arrhenius 
rate law to the trees and the grass (McGrattan et al. 2022). 

Before proceeding with the study of the numerical case, 
the pyrolysis model was calibrated based on the mass loss rate 
(MLR) results, which reproduced the thermo-physical fuel 
properties of the experimental tests described by Mell et al. 
(2009) using FDS 6.7.7 (McGrattan et al. 2021). Following a 
similar approach to the one used by Moinuddin and 
Sutherland (2019), physics-based simulations were per-
formed, unlike what was implemented by Hostikka et al. 
(2008), where HRR values per ground area were used for 
crown and surface fires. The experiments aimed to assess the 
behaviour of Douglas fir trees in fire considering different 
heights, ranging from 2 to 5 m, and moisture content, ranging 
from 14 to 49%. In Table 1, the physical and thermal proper-
ties used in the calibration model are summarised, and in  
Fig. 1, a comparison between experimental and numerical 
results in terms of MLR is plotted. Fig. 1 shows four different 
curves, namely an experimental curve (solid black line) and 
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three FDS numerical curves. The fuel chemical compositions 
of the three curves are: C3.4H6.2O2.5 (Hostikka and McGrattan 
2001), CH1.7O0.74N0.002 (McGrattan et al. 2021) and C6H10O5 
(i.e. cellulose) as found in Browne (1958). The heat of com-
bustion was 14 516 kJ/kg (Vacca and Àgueda 2020). In  
Fig. 1a, for the case of a tree of 2-m height and moisture 
content (MC) of 14%, the peak MLR values are 2.03 and 
1.97 kg/m2 s, respectively, for C3.4H6.2O2.5 (cyan line) and 
the experimental curve (black dashed line). This means a 
peak-to-peak MLR difference of 3%. In addition, for a tree of 
5-m height and MC of 26% (see Fig. 1b), the peak-to-peak MLR 
difference is 2%, with the peak MLR values of 0.409 and 0.418 
expressed in kilograms per square metre per second (kg/m2 s) 
for C3.4H6.2O2.5 and the experimental curve. Hence, the 

chemical composition C3.4H6.2O2.5 was adopted in the para-
metric studies. The ignition was done through a burner with a 
heat release rate per unit area (HRRPUA) of 1500 kW/m2. 

Referring to grid size, two mesh sizes were tested: 25 and 
10 cm; 10 cm was the same computational grid used by Mell 
et al. (2009). 

Case study 

Scenario description 

In Fig. 2, an industrial warehouse set in a WUI scenario is 
depicted. The warehouse is representative of a real building. 

Table 1. Physical and thermal properties used for calibration within FDS.      

Quantity Value Quantity Value   

HRRPUA ignitor (kW/m2) 1500 Heat of combustion (kJ/kg) 14 516F 

Duration of ramp fire (s) 13 Soot yield (kg/kg) 0.02 

Wood/wood/cellulose CH1.7O0.74N0.002/ 
C3.4H6.2O2.5/C6H10O5 

Initial temperature (°C) 28 

Time (s) 120 Heat of reaction (kJ/kg) 416 

Grid size cell (cm) 10–25 Specific heat capacityB (kJ/kg K) 2.0|1.5|4.184 

Fuel geometry tree Cone Thermal conductivityA (W/m K) 0.1A 

Crown width (radius) (m) 1.45 DensityB (kg/m3) 1000|100|1300 

Crown base height (m) 0 Reference temperature (°C) 300C, 100D 

Tree height (m) 5 Vegetation density (kg/m3) 514 

Shape Cylindrical Moisture vegetation (%) 14 

N_PARTICLES_PER_CELL 1 Drag coefficient 2.8   

PACKING_RATIO (s, m, l)E 68, 48, 44 

AMoisture, vegetation and char. 
BMoisture, charred vegetation and dirt. 
CGrass vegetation. 
DMoisture. 
Es, m, l, small, medium, large. 
F Vacca and Àgueda (2020).  
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Fig. 1. Mass loss rate (MLR): (a) height 2 m, MC 14%; (b) height 5 m, MC 26% ( McGrattan et al. 2022).    
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Owing to the high computational resources needed, the 
building is slightly smaller than a real industrial building 
but still representative. The warehouse has a rectangular 
base of 15 × 10 m2 (x and y directions) and a height of 
12 m (z direction). The structure has a sawtooth roof and 
three descending planes in the western direction. Two doors 
(3.5 × 8 m2) are located on the eastern and western sides. 
Two square gates (8 × 8 m2) are placed on the northern and 
southern wall perimeters. The panel walls thickness is 25 cm. 
The doors and gates have 15 mm thick glass surfaces 
(see black surfaces in Fig. 2). The warehouse is located on 
higher ground (west side), where there is no vegetation. 
The flat ground has an extent of 37 × 36 m2. The ground is 
covered in grass and measures 20 × 36 m2 (top view). 
Considering the base scenario depicted, several parameters 
influencing fire behaviour were varied to quantify the impact 
of different fire scenarios in WUI fire exposure of the building. 

The trees have a conical shape, with a base radius of 
1.45 m and a height of 15 m. These sizes represent the 
average height for a eucalyptus tree at 10 years of age, as 
found in Tomé et al. (2001). The distances between trees are 
3 and 6 m in the x and y directions, respectively. 

Relative to wind and assuming a neutral stratification of 
the atmosphere (upstream wind field), Porterie et al. (2007) 

and Vanella et al. (2021) describe, based on Monin–Obukhov, 
the attributes of airflow properties (i.e. height, surface rough-
ness, turbulent friction, etc.). 

The thermal devices are positioned on the eastern façade, 
as depicted in Fig. 2. Three AST devices are located on the 
concrete wall (point C), on the glass (point B) and the roof 
top (point D). Radiative heat flux gas sensors are placed in 
front of the eastern façade (Point A), as well as on the roof 
top (Point E). Slices of thermal parameters (temperature, 
radiation loss, velocity) are placed in planes X (30.5 and 
36 m), Y (18 m) and Z (18.5 and 20 m). 

Regarding the material description, in this investigation, 
the house materials considered were non-combustible, 
namely concrete and glass, but other structural materials 
(for instance, steel and timber) will be considered in the 
future. All thermophysical properties used in the numerical 
models are listed in Table 2. 

Numerical simulation 

The FDS 6.7.7 release was used to conduct the numerical 
simulations. The computational domain is X = 57 m, 
Y = 36 m, Z = 40 m. The domain is divided into eight meshes 
(see Fig. 3), six meshes with a cubic cell of 25 cm for a range of 
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Fig. 2. Schematic representation of 
the base scenario investigated (1) 
Position coordinates for measurement 
of devices (DVC) type, (2) Fire load, 
(3) Wind, (4) Slope with inclination of 
angle α, (5) Distance (δ) from the façade 
and (6) Building materials.    

Table 2. Thermophysical properties of the materials considered for the building.       

Material Density (kg/m3) Specific heat (kJ/kg K) Conductivity (W/m K) Emissivity (–)   

Concrete 1500 1 0.3 0.9 

Glass 2500 0.82 0.95 0.9   
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Z = 0–24 m, and two meshes with (50 cm)3 for a range 
Z = 24–40 m. A total of 3 414 528 cells are generated. The 
domain boundary is open in the E–W direction and at the top, 
namely in (Xmin = 0, Xmax = 57) and (Zmax = 40), while it is 
periodic (i.e. it repeats itself indefinitely) in the N–S direction 
(Ymin = 0, Ymax = 36). The dimension of the grid size cell 
chosen (equal to 25 cm) is in agreement with Moinuddin 
et al. (2018) and Khan et al. (2019) for simulating similar 
computational domains and purposes. Specifically, Moinuddin 
et al. (2018), in their investigation, developed a grid sensitiv-
ity analysis. 

The wood chemical composition formula used is 
C3.4H6.2O2.5 (Hostikka and McGrattan 2001). Heat combus-
tion, moisture fraction and drag coefficient have been 
defined in Table 1. Ignition starts on the eastern bound, 
occupying 75 cm (see Fig. 2). The ignition is started by the 
burner, with an HRR per unit area (HRRPUA) of 1500 kW/m2. 
To simulate the ignition process, a time ramp lasting 13 s at 
the beginning of the simulation is applied to the ignition 
process. The time of the simulation is 120 s (2 min). The 
goal is to use a physics-based model capable of accurately 
assessing and quantifying heat transfer phenomena as a func-
tion of the number of trees (fire load, FL), wind direction 
(WD), wind velocity (WV), slope (topography, S), distance 
between the façade and the trees (DIST) and finally the 
moisture content of the vegetation (MC). 

Design of experiments with several factors 

In the present study, the independent effects of a group of 
factors as well as their combined effects are studied through 

CFD fire simulations, assessing in detail the magnitude of all 
heat transfer mechanisms and impacts on the built environ-
ment. To do this, two-factorial design approaches are applied: 
an analysis based on the change of factors one at a time 
(OFAT) and a full factorial design (FFD). In total, 35 numeri-
cal simulations were performed: 19 for the OFAT and 16 for 
the FFD (see Supplementary material S1a, b, respectively). 

OFAT 
A parameter sweep is applied by changing one factor at a 

time (OFAT). As shown in Table 3, the OFAT is implemented 
with four levels for six factors. The factors used for assessing 
wildfire behaviour are: fire load (FL), slope (SL), wind 
velocity (WV), wind direction (WD), distance (DIST) and 
moisture content (MC). These parameters are used for mea-
suring time variations of quantities and their peak values, 
such as HRR, AST and radiative heat flux (RHF). In terms of 
fire load, the space between trees was kept constant at 3 m, 
as in the numerical experiment of Kim et al. (2016). Only 
the number of trees was changed. The variation in the angle 
of the wind direction was selected to study the wind effect 
specifically on the closest façade to the trees. The chosen 
wind velocity interval was based on data extracted from a 
real field test involving a crown fire type, as reported by  
Morvan and Frangieh (2018) and as found for Portuguese 
conditions in Trigo et al. (2006). Upslope topography was 
chosen for analysis because the combined wind effects are 
significant. In this way, flat terrain was excluded. Pimont 
et al. (2012) studied the influence of slope by varying it from 
0 to 100%. In the present investigation, a smaller range of 
slopes (from 16° to 46°, i.e. from 30% to ~100%) was 

XY YZ XZ

Fig. 3. Meshes (represented with dif-
ferent colors) in the computational 
domain.    

Table 3. Fire scenarios configuration model.A         

(1) (2) (3) (4) (5) (6) (7) 

Level Fire load (FL) Wind 
direction (WD) 

Wind 
velocity (WV) 

Slope (α) (SL) Distance (δ) 
(DIST)B 

Moisture 
content (MC) 

(–) (no. trees) (°) (m/s) (°) (m) (%)   

LV1 6 67.5 4.15 16 (9) 13 

LV2 (9) (90) (5) 30 12 (26) 

LV3 12 112.5 5.85 38 15 39 

LV4 15 135 6.70 (46) 18 52 

AValues in parentheses are considered as benchmark values. 
BThe distance between the eastern façade and the closest tree row is measured in the x direction.  
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considered. Recently, Castillo Soto et al. (2022) investigated 
values for safety distance (defined as the distance from the 
edge of the vegetation to a building). The distances used in 
our analysis belong in Priority Zone one (0–10 m) and 
Priority Zone two (10–20 m) as defined in Partners in 
Protection (2003). Finally, MC variation was based on the 
experiment described by Mell et al. (2009) and by Ribeiro 
et al. (2021). 

Full factorial design 
To further understand the interactions between the dif-

ferent governing factors, a second set of numerical simula-
tions was performed, and the results were investigated 
considering an FFD. Other authors, like Drissi (2014) and  
Bearinger et al. (2021), used an FFD as well. The ability to 
evaluate the main effects and their interactions is one of the 
benefits of a full-factorial analysis. In this paper, the FFD is 
based on four factors expected to influence the heat transfer 
mechanisms. The factors involved are defined at two levels 
(high and low). A complete list of the factors involved in the 
16 cases is provided in Supplementary material S1b. In  
Table 4, the four factors (FL, SL, WV and MC) are designated 
in the first column with the letters A, B, C and D, respec-
tively. Wind direction and distance were not changed, con-
sidering that the perpendicular direction (90°) and the 
closest distance (9 m) represent two of the main factors in 
the baseline scenario. 

Results 

Varying single factors 

Varying the fire load 
In this section, the FDS results are discussed when a 

single factor is modified at a time with particular attention 
to peak HRR values and peak AST values. 

To investigate the influence of fire load, given by the 
increasing number of trees, the base scenario was fixed; i.e. 
considering a slope of 46°, wind direction of 90°, velocity of 
5 m/s, distance from the building to the trees of 9 m and MC 
of 26%. The graphical representation of the scenarios inves-
tigated is depicted in Supplementary material S2. In Fig. 4a, 
b the main results in terms of HRR (in MW) and AST (in °C) 
are depicted. For HRR, as expected, the higher the number of 
trees, the higher the HRR (owing to the increase in fuel 
quantity). The first period (between 0 and 13 s) corresponds 
to the ignition phase. The second phase (13–20 s) is char-
acterised by the increase of HRR. Maximum values are 1985, 
1564, 1016 and 563 MW for 15, 12, 9 and 6 trees, respec-
tively. Similar results were reported by Wickramasinghe 
et al. (2022) for different wildfire scenarios but using similar 
modelling strategies. The four peak HRR values happened 
within 5 s (between 20 and 25 s). Additional figures are 
provided for different simulation times in Supplementary 
material S3, such as the instant when the maximum value 
of HRR was attained and the corresponding slice tempera-
ture visualisation. MLR graphics and roof AST plots are 
depicted in Supplementary material S4a, b, respectively. 

Considering the monitoring devices located in the build-
ing, it was possible to assess the evolution of the AST (points 
C and B in Fig. 2) as a function of time for the different 
scenarios. The results obtained for the devices located on the 
glass (dashed lines) and concrete walls (solid lines) are 
presented in Fig. 4b, whereas for the devices located on 
the roof, the results are presented in Supplementary mate-
rial S4b. From the graphs shown in Fig. 4b, the difference in 

Table 4. Factors of the full factorial design and range of variations.      

(1) (2) (3) (4) 

Code of factor Name of factor Low level High level   

A FL (no. trees) 9 15 

B SL (°) 13 46 

C WV (m/s) 5 6.7 

D MC (%) 13 52   
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terms of AST evolution is clear in the interval ranging from 
21 to 28 s, where the difference between the scenario with 
15 and 6 trees reached the maximum value of approximately 
330°C. This difference is due to the fact that with the smaller 
number of trees, there is a delay in the increase of the heat 
release rate per unit volume (HRRPUV) because there is a 
larger distance between the fire origin and the first row of 
trees. It is worth noting that (see Supplementary material 
S3), in the scenario with six trees, flame deflection is less 
pronounced and the flame height smaller, hence impacting 
the façade of the building directly. This explains why the 
ASTs measured are some of the highest for the scenario with 
only six trees. 

For the roof (see point E in Fig. 2), it was observed that 
increasing the number of trees led to higher ASTs during a 
longer period (see Supplementary material S4b). The maxi-
mum AST values recorded in the simulations were 622, 580, 
516 and 616°C, respectively, for the scenarios with 6, 9, 12 
and 15 trees. 

Additionally, two thermocouple (TP) devices were placed 
to monitor the gas temperature of the two burning trees closest 
to the building and aligned with the x-direction (in the plane 
Y = 18 m). TP1 (see Supplementary material S5) refers to the 
burning tree 9 mand TP2 to the tree 12 m away from the 
building at a height of 9 m. The temperatures recorded by 
the thermocouple devices are presented in Supplementary 
material S5. Looking at the graph (see Supplementary material 
S5), the curves for TP2 increase faster than the curves for TP1. 
This is justified by position as TP2 is closer to the ignition 

zone. Also, the temperature reached by the solid lines (TP2) is 
always higher than that of solid lines (TP1). This means that 
combustion of the second tree is more complete. The solid red 
line (for six trees) shows that the flame did not reach the 
height of 9 m above ground level. Excluding the case of six 
trees, the average peak-to-peak difference in the cases of 9 and 
15 trees is ~200°C for TP1 and TP2. 

Varying the wind velocity 
To investigate the influence of wind velocity, the same base 

scenario is considered, assuming the existence of nine trees, a 
slope of 46°, wind direction of 90°, distance from the building 
to the trees of 9 m and a moisture content of 26%. Fig. 5 is an 
example of the outputs obtained with FDS for a wind velocity 
of 4.15 m/s. In detail, three HRRPUV frames are presented, 
respectively, from the top, frontal and lateral views. 

The evolution of HRR (MW) and AST (°C) as a function of 
time and for different wind velocities is presented in Fig. 6a, b. 
In detail, the simulated wind velocities are: 4.15, 5.00, 5.85 
and 6.70 m/s (i.e. 15, 18, 21, and 24 km/h). The highest 
values are obtained when the wind velocity is the lowest, at 
4.15 m/s (purple line). As found in Wang and Chateil 
(2007), the pyrolysis and flame height (and consequently 
combustion) are related to the wind velocity, showing how 
with increasing wind velocity, pyrolysis decreases. Also,  
Abu-Zidan et al. (2022) confirmed that the presence of 
wind causes a reduction in the intensity of a façade fire 
and that with higher wind velocities, greater reductions 
are caused in HRR and AST owing to the presence of a 

XY YZ XZ

Fig. 5. Example of multiple views 
detailing the fire spread in the simulated 
scenario considering a wind velocity of 
4.15 m/s.    
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high-pressure stagnation region in front of the building. The 
peak HRR value in the present study is 1170 MW (at 23.4 s). 
Increasing the wind velocity from 4.15 to 6.7 m/s leads to a 
reduction in the HRR of approximately 307 MW. 

As previously mentioned, the varying parameters are 
considered to assess in detail the AST on the façade 
(see Fig. 6a). Supplementary material S6a, b depicts the 
plots of MLR and the roof AST. For the façades, the highest 
ASTs were obtained for the lower wind velocity, whereas in 
the roof, the highest AST was obtained for the higher wind 
velocity. This behaviour is governed by the wind velocity 
causing flame deflection. On the façade in front of trees, there 
is a major presence of flames (involving the building from 
the ground to the roof) when the wind velocity is lower 
(4.15 m/s). For the highest velocity (6.70 m/s), the flames 
are more inclined toward the façade (as highlighted by the 
red circle and the blue arrow drawn in the Supplementary 
material S7, when the wind is blowing at 6.70 m/s, the first 
section of the roof is almost completely covered by flames). 
These observations are further supported by the slice temper-
ature visualisation depicted in Supplementary material S8. 
The pictures presented in Supplementary material S8a–d cor-
respond to the instant when the highest AST was attained, 
whereas the ones presented in Supplementary material S8e–l 
correspond to the instant when the highest HRR was recorded. 

The gas temperature was also monitored; results are 
plotted in Supplementary material S9. The highest peak 
TP value reached is 1375°C (blue solid curve). This curve 
shows a rapid decrease phase, meaning that with the highest 
wind velocity (6.70 m/s), the entire combustion process is 
completed more quickly compared with lower wind veloc-
ity. The other curves present a longer period of stable tem-
perature (almost 10 s). 

Varying the wind direction 
Fig. 7a, b depicts HRR and AST evolution with wind 

directions ranging from 67.5° to 135°. In the HRR plot, the 
green curve for a wind direction of 90° has the highest value 

of 1016 MW at 24.3 s. The second highest value (blue line) 
was ~20% less than the first, i.e. 802 MW (at 25 s). Similar 
behaviour was observed for wind directions 67.5°, 112.5° and 
135°. In Supplementary material S10a, b, the plots of MLR 
and the roof AST are depicted. The combination of trees 
aligned with wind direction and the presence of a block 
representing the structure after the group of trees may explain 
why the peak HRR is higher with the wind blowing at 90°. It is 
possible to infer that alignment causes the unburned trees to 
be completely covered by flames. Furthermore, the structure’s 
presence as an obstacle allows the heat to remain in the region 
longer, increasing the HRR. Abu-Zidan et al. (2022) reported 
a similar conclusion, describing this condition as a high- 
pressure stagnation region in front of the building. The fire 
plume, however, experiences very strong tilting in the direc-
tion of the wind; the specific combined effect of building 
geometry and wind direction causes it to reach the highest 
temperature for a 135° wind direction. 

Fig. 7b shows AST graphics for the walls (glass, concrete). 
For a wind direction of 135°, both curves for glass and 
concrete (see purple line, solid and dotted) have the highest 
values: 1064 and 1188°C, respectively, at 27 and 25.7 s, 
despite the fact it is one of the scenarios with the smallest 
HRR measured (Fig. 7a). For the façade materials adopted 
(concrete and glass), the ASTs obtained are relatively similar 
for the following wind directions, 67.5° and 90°. For these 
wind directions, the observed maximum ASTs in concrete 
were 665 and 659°C, respectively. In the roof, (see 
Supplementary material S7b) the highest AST was observed 
for the wind direction of 67.5°, where a maximum AST of 
649°C was recorded, whereas the lowest maximum AST of 
329°C was recorded for the scenario with a wind direction 
of 112.5°. Considering that a fixed wind velocity of 5 m/s 
was assumed for all simulations, it is clear that the wind 
direction plays a role in the way heat transfer mechanisms 
impact the building. These observations are further sup-
ported by the slice temperature visualisation depicted in 
Supplementary materials S11 and S12. When the wind is 
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blowing in a 135° direction, the temperature recorded on the 
façade for glass and concrete is higher. This is because the 
flames impinge on those areas for a longer period, causing an 
increase in temperature (see red circles in the Supplementary 
material S13). However, for a 67.5° direction, the flames do 
not overlap and the façade is not engulfed by flames, while the 
top roof is covered by flames (see the blue circles in the 
Supplementary material S13). 

Varying the slope 
Different slopes were considered in this investigation, 

ranging from 16° to 46°. Fig. 8a, b depicts the evolution of 
HRR and AST considering different slopes. The peak HRR 
values (Fig. 8a) consistently increase as the slope increases: 
583, 764, 842 and 1016 MW respectively for the 16°, 30°, 38° 
and 46° slopes. A significant difference (decrease of approxi-
mately 43%) was observed between the scenario with the 
highest (46°) and the lowest (16°) slope. The steeper the 
slope, the higher the HRR and the AST owing to the pre- 
heating effect of the burning vegetation. The radiant heat 
pre-heats the fuel ahead, increasing the intensity and rate of 
spread, as can be seen in Fig. 8a. The higher the slope, the 
faster the maximum HRR and AST were attained. In Fig. 8b, 
maximum glass AST values for all curves (481, 602, 635 and 
775°C) are higher than the maximum AST for concrete 
(472, 597, 630 and 660°C). The monitored AST increased 
as the slope increased. 

In Supplementary material S14a, b the plots of MLR and 
the roof AST are shown. Regarding the evolution of AST on 
the roof, the highest values were obtained for the steepest 
slopes. The highest value was 656°C for a slope of 38°, 
whereas the lowest was 437°C for a slope of 16°. 

In this assessment, RHF was also monitored in the simula-
tions at points A and E depicted in Fig. 2, located on the 
façade (F) and the roof (R). The results are depicted in Fig. 9. 
It is worth mentioning that for all scenarios, the recorded 
values of RHF show a severe impact on the fire scenarios 
tested on the building. Concerning the RHF values for the 
façade, considering different slopes, an average peak RHF 

value of 74 kW/m2 was obtained. For the roof, the average 
peak RHF value was 65 kW/m2. For all the selected cases, the 
measured RHF is high or very high, clearly indicating that for 
all scenarios, the flames directly impact the building. This also 
explains the sustained high ASTs recorded and presented for 
all tested scenarios. The magnitude of the measured RHF is 
consistent with the scenarios described by Khan et al. (2019). 

Varying the distance 
The effect of the distance between the first row of trees and 

the façade of the warehouse was also assessed, ranging from 
9 to 18 m (see Supplementary material S15). The other para-
meters were fixed as detailed in Table 3. HRR and AST curves 
are depicted in Fig. 10a, b. For the smallest distances, 9 and 
12 m, the maximum HRR value of 1035 MW was observed 
respectively at 20.2 and 24.3 s. The average maximum HRR 
value of 654 MW was observed for the biggest distances, 15 
and 18 m, representing a decrease of 37% (i.e. 381 MW) com-
pared with the shortest distances. In Supplementary material 
S16a, b the plots of MLR and the roof AST are shown. In terms 
of MLR, some differences can be seen and can be explained by 
the position of the trees. Note that for some scenarios, all trees 
are on the slope (distance = 9 m), whereas for other scenarios, 
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some trees are on the slope and others are in the flat part of the 
terrain (distance of 12 and 15 m) and finally, for the final 
scenario, all the trees are located in the flat part of the terrain 
(18 m). Consequently, the HRR is smaller for the scenarios 
with the biggest distance to the building and with some or 
all trees on the flat part of the terrain. Both the influence of 
distance and slope can be observed simultaneously with these 
simulations. The lack of pre-heating of the vegetation ahead in 
the simulations with the largest distances to the building 
(fewer trees on the slope) lead to a smaller HRR. 

Varying the moisture content of the vegetation 
The MC of the vegetation was also varied, considering 

values ranging from 13 to 52%, as detailed in Table 3, and 
HRR and AST curves are depicted in Fig. 11a, b. Generally, 
the lower the MC, the higher the recorded values of HRR. 
The difference in terms of peak HRR values (1212 and 
829 MW) between the scenario with the lowest and highest 
MC is approximately 32%. The MC influences the quantity 
of heat released. 

In terms of the recorded AST, a decreasing trend is 
observed with increasing MC, and the time to reach 

maximum AST increases with increasing MC. As an example, 
the peak AST values for the glass are 906, 775, 655 
and 644°C at 17.8, 25.7, 25.2, 30.4 s for 13, 26, 39 and 
52% MC. The plots of MLR and the roof AST are given in 
Supplementary material S17a, b. 

Concerning the measured RHF (recorded at points A and 
E of Fig. 2) depicted in Fig. 12 as a function of time and for 
different values of vegetation MC, it was observed that the 
lower the MC, the higher the RHF. For an MC of 13%, the 
maximum RHFs obtained for the façade and roof were 177 
and 72 kW/m2, respectively. It is worth noting that for all 
scenarios, the recorded values of RHF show a severe impact of 
the fire scenarios tested on the building. Similar observations 
for different scenarios were reported by Khan et al. (2019). 

OFAT study 

Fig. 13 shows two graphics about HRR and glass AST, 
represented as mono-factor trends. The x-axis on the graph 
in Fig. 13 represents a dimensionless parameter, Pij/Pi0. This 
dimensionless parameter is defined as the ratio between the 
jth value (from LV1 to LV4 in Table 3) of the selected ith 
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parameter (from column 2 to 7 of Table 3) and its reference 
parameter value (in parentheses in Table 3). As an example, 
for the fire load curve (blue line), the four dimensionless 
values are (6/9; 9/9; 12/9; and 15/9). The denominator (9) 
represents the reference parameter value for the fire load, 
and the numerators are the values changed for that parame-
ter (found in the second column of Table 3). 

In the peak HRR shown in Fig. 13, fire load (blue line) 
and slope (cyan line) show growing trends, with FL higher 
than SL (in detail, the inclination of the straight line is 
almost double compared with the slope line; this implies 
that fire load has more influence than slope on the peak HRR 
values). The trend of increasing peak HRR is influenced by 
the quantity of fuel available for combustion, as found by  
Baker (2011). Furthermore, the increasing trend of peak 
HRR coincides with the increasing trend of the slope para-
meter. This is explained by preheating caused by flame radia-
tion and hot gas convection, as also stated by Drissi (2014). 
With regard to wind velocity (red line), distance (black line) 
and MC (green line), all show a decreasing trend; in particu-
lar, the decrease in wind velocity and MC is nearly linear. The 
increase in wind velocity causes a fluctuating and changing 
fire plume orientation, with a consequent reduction in peak 

HRR values, as stated by Abu-Zidan et al. (2022). Regarding 
the MC effect on peak HRR, the higher the MC, the lower the 
HRR peaks, as confirmed in previous studies by Babrauskas 
(2002). For the distance parameter, the number of trees on the 
slope is changing. For the 9-m distance, there are nine trees on 
the slope, and for the 18-m distance, all the trees are on the 
flat terrain. 

In Fig. 13, the peak AST values for the glass are rising 
owing to factors such as increasing slope (cyan line) and 
wind direction (yellow line). Observing the trends of the 
following factors – fire load, wind velocity, moisture content 
and distance – all are diminishing, with a stronger intensity 
for distance. As shown by the peak AST glass values reached 
in the experiments carried out by Ni et al. (2012), glass 
breaks between 600 and 800°C. The failure of the glass 
parts was not explicitly considered in the present simula-
tions, but it can be stated that such a scenario would most 
likely lead to a compartment fire in the building. Regarding 
the peak glass AST trend, the curves for slope, distance and 
MC present very similar behaviour compared with the same 
curves plotted for peak HRR values in Fig. 13. For the wind 
velocity curve, the behaviour initially decreases and then 
increases. This is driven by the movement and persistence of 
flames toward the warehouse’s main façade. Regarding the 
heat transfer mechanism, the evaluation represented in  
Fig. 14 was made. 

The ratio Qconv/Qrad is the ratio between the convection 
energy peak and the radiation energy peak. These values are 
directly obtained by the FDS software, in kilowatts, for 
convective and radiative heat flow. These heat transfers to 
the building in the computational domain represent parcels 
of the energy-conservation principle. This ratio ranges from 
7 to 14, showing a predominant convective heat transfer 
mechanism. As found by Finney et al. (2015), the heat flux 
from radiation alone is insufficient to support fire spread, 
and convective heating appears to be the critical heat trans-
fer mechanism causing the ignition and spread of wildfires. 

Two plots in Fig. 15a, b show the time required to reach 
the peak HRR and peak AST, respectively. The increase in 
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value from LV 1 to LV 4 (as shown in Table 3) for the slope 
distance and fire load parameters causes a reduction in time 
to attain peak HRR values, as shown in Fig. 15a. The time 
reductions are 8, 12 and 5 s, i.e. 20, 24 and 51% reductions 
of the initial time, respectively. This is explained by the 

increase in MLR. Regarding the wind factors (velocity and 
direction), the change in terms of time to peak HRR values is 
minor (less than 0.5 s). This means that these two factors do 
not govern the observed maximum values. Regarding the 
MC parameter, going from LV1 to LV4, the time increase is 
8 s, corresponding to a 44% increase based on the time 
needed to reach the peak HRR value at LV1. Both graphs 
shown in Fig. 15 have substantially the same trends. In the 
second graph (Fig. 15b), it is possible to see that the peak 
AST values for glass are reached later compared with the 
peak HRR values. 

Full factorial design 

Results obtained by running a full factorial design are rep-
resented in Fig. 16 using Pareto charts. In previous studies,  
Drissi (2014) and Bearinger et al. (2021) also used Pareto 
charts to assess how factors affect WUI fires and heat trans-
fer. One of the advantages of this data visualisation is that it 
illustrates the impact of every single factor included in the 
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FFD, as well as existing interaction effects. The results pres-
ent a 95% confidence level with a 5% significance level. This 
means that the horizontal bars crossing the red vertical 
dashed line indicate which factors are significant, as 
depicted in Fig. 16. In detail, looking at Fig. 16a, the peak 
HRR values show that (in order of importance) the main 
single factors are MC, fire load and slope (D, A and B, 
respectively). Furthermore, AD has a strong interaction fac-
tor. Regarding the peak MLR values represented in Fig. 16b, 
the most important factors are the same as those shown in  
Fig. 16a. Note that for both cases in Fig. 16, wind velocity 
(C) is the only single factor that is not relevant. Moreover, 
the other combined interacting factors are not relevant 
either. However, parameter C is more relevant when com-
bined with parameter B (i.e. BC). So, for peak HRR and peak 
MLR, a single factor (in this case, the wind velocity) is more 
important than the interacting factors, as was found by  
Drissi (2014). 

Fig. 17a shows the main effect of the factors on the mean 
of the peak HRR. The least important factor is WV as, in the 

range between 5 and 6.7 m/s, the mean of the peak HRR 
stays unchanged (less than 1% a difference). Observing FL 
and SL within their respective increases, both factors con-
tribute to increasing the peak result. However, MC is the 
main factor with the highest impact, inducing a difference of 
40% on the peak HRR mean values, because the lower the 
MC, the more efficient the combustion. The influence of 
combined factors on peak HRR is depicted in Fig. 17b. The 
majority are nearly parallel lines or at least do not intersect, 
showing that there is no interaction. 

Fig. 18a, b show glass AST as a Pareto chart and its 
interaction plot. In Fig. 18a, the main effects of factors 
on the mean of the peak AST values are MC and slope 
(D and B), with a higher contribution by MC. Wind veloc-
ity and fire load (C and A) and the remaining combined 
factors are not significant. In Fig. 18b, FL interacts with SL, 
WV and MC. This may be caused by the amount of fuel to 
be burned, where a greater quantity likely eliminates 
the need to increase wind velocity to reach higher 
temperatures. 
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Fig. 19a, b shows the RHF value measured at the façade 
as a Pareto chart and its interaction plot. In Fig. 19a, three 
main factors are relevant: D, B and their mutual interaction 
(DB). Contrary to the previous cases, D and B as single factors 
have nominally the same importance; the difference in bar 
length is very small (5%). The interaction plot shown in  
Fig. 19 indicates that SL and FL, as well as WV and FL, interact. 
The remaining combination shows the same behaviour. 

In summary, the wind velocity (C) selected in the FFD, 
ranging from 5 to 6.70 m/s, was found to be not significant 
for the HRR, RHF and AST. However, Cruz and Alexander 
(2014) explained that the rate of fire spread has already 
passed the transition point from surface to crown fire when 
considering these low wind velocities (5–6.70 m/s), showing 
in this way the importance of this range of velocities beyond 
the reason previously explained in the OFAT section. Future 
research will look at whether higher wind velocities signifi-
cantly affect HRR, RHF and AST. 

Data overview 

It can be seen from the graphs in Fig. 20 that the peak RHF is 
higher when the slope is higher (46%) and the MC is lower 
(13%). In this case, the peak RHF values of the façade are 
~160–180 kW/m2, versus ~50 kW/m2 in the case with the 
smaller slope. Also, for MC (52%), the highest peak RHF 
values are reached at the façade. Also, in this case, 52% MC 
(right panel of Fig. 20), the RHF value difference between the 
façade and roof is very low in the majority of cases (five out 
of eight): a maximum difference of 7 kW/m2. Another aspect 
to show (regarding the two cases: 01 and 09) is that for both, 
RHFf (at façade) is less than RHFr (at the roof), and for both 
cases, the difference is almost the same (~49 kW/m2). 
A possible explanation for this is that, in these conditions, 
the difference in MC percentage does not influence this rela-
tive difference. In agreement with Castillo Soto et al. (2022), 
the maximum heat supported by the structural and decorative 
house materials ranges from 12.5 kW/m2 (wooden structures) 
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to 400 kW/m2 (solid brick wall), so for the RHF obtained in 
this simulation, the warehouse is still safe. 

In terms of energy balance, when the MC is lower, the peak 
HRR values are higher, as depicted in right panel of Fig. 20. In 
the extreme case, HRR can double in value, as shown by 
comparing the HRR extreme values for Case 8 (2300 MW) 
and Case 16 (1100 MW). Furthermore, when MC is at 52%, 
the oscillation of peak HRR values is reduced, varying between 
350 and 1100 MW. Peak radiative heat is lower than from-
convection mechanism. Considering the 16 cases, the mean 
peak Qrad value reached is 72 MW. This value is less significant 
than the mean peak Qconv (equal to 712 MW). This shows a 
correspondence of ~ 10% between the two contributions of 
the heat transfer mechanism (as deduced from Fig. 14). 

In Fig. 21, the time, expressed in seconds, to reach the 
extreme values of HRR and AST for the three different 
positions shows that for Cases 1–8 with MC equal to 13%, 
Case 5 takes the longest (~33 s) and Case 8 takes the short-
est time (~16 s). This can be explained by the combined 
effect of fire load and slope on accelerating the process to 
reach peak values. On the other side, for the second group 
(Cases 9–16), all with MCs of 52%, there is a larger variance 
in timing (almost 35 s). The times to reach peak HRR (blue 
line) are always shorter than those to reach peak AST values. 
This can be explained by the slow process of heat transfer 
that happens when the MC is higher. 

Discussion 

To assess and quantify the impact of different wildfire sce-
narios in a microscale scenario, several comparisons were 
established considering the studied parameters. The main 
observations are:  

• Increasing the number of trees sequentially (adding a 
group of three trees), the increase in HRR is approximately 
500 MW.  

• Increasing the wind velocity from 4.15 to 6.7 m/s, the 
measured HRR decreases by approximately 26%, mainly 
owing to the incomplete combustion of the trees due to the 
large deflection of the flames.  

• Concerning wind direction, the HRR decreases when the 
wind is not blowing perpendicular to the façade (90°). The 
HRR reduction is approximately 31, 21 and 24%, respec-
tively, for wind blowing at 67.5°, 112.5° and 135°.  

• Increasing the slope leads to an almost linear increase in 
the HRR due to the influence of preheating of the vegeta-
tion ahead and also reduces the time to reach the highest 
values of HRR.  

• Increasing the distance and considering the singularity of 
the geometric configuration of the terrain, a reduction in 
the HRR is observed, mainly because for the smallest 
distance to the building, the trees are all on the slope, 
and for the intermediate distances of 12 and 15 m, some 
trees are on the slope and others in the flat part of the 
terrain, and finally, for the largest distance of 18 m, all 
trees are on the flat part of the terrain. This influences fire 
behaviour significantly, replicating the effect observed 
when the slope was varied.  

• The higher the MC, the lower the HRR. For the selected 
case study, a reduction of 32% was observed.  

• For the AST monitored on the façade of the building, 
significant variations were observed. The difference 
(between extreme values) was 450°, 550° and 260° respec-
tively for the following factors: distance, wind direction 
and MC. AST increased by a factor of 1.5 to 2 times for 
each of the three parameters.  

• The highest values reached for HRR, glass AST and RHF 
were respectively ~2300 MW, 1000°C and 180 kW/m2. 
Quantifying the impacts of wildfires in the built environ-
ment enables the adoption of a PBD approach for the 
design of structures in the WUI.  

• The time necessary to reach the highest values of AST 
increases when the slope decreases and also when the 
MC increases.  

• The key factors that are most relevant to the results 
obtained are slope and MC. 

Conclusions and future research 

Based on a calibrated numerical model of a single burning 
Douglas fir tree, a parcel-scale WUI fire scenario was inves-
tigated reproducing a typical industrial scenario. In this 
study, FDS was employed, and the LPM was considered to 
represent the fuel. The heat transfer mechanisms from the 
wildfire to the building were assessed considering the influ-
ence of the number of trees, wind direction and velocity, 
slope, distance between the façade and the trees, and finally 
MC of the vegetation. An OFAT (for six factors at one level) 
and an FFD (for four factors at two levels) were used to 
assess the impact of some parameters on the WUI and heat 
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transfer mechanisms. Based on these analyses, the main 
factors and interaction factors were identified. Results 
obtained show the relationship and importance of single 
factors as well as combined factors. Also, depending on 
the parameters assessed (RHF, AST, HRR and time), the 
influence of a single factor changes. It was possible to 
understand and quantify in detail ASTs in the building and 
radiative heat flux. Generally, it can be considered that the 
impact of a wildfire on the building is severe with sustained 
direct flame contact for all the scenarios modelled. The AST 
recorded may indicate that severe damage to the structure 
with a high ignition potential could occur. 

The information obtained allows CFD results to be 
coupled with finite-element software, enabling the mechan-
ical analysis of buildings in the WUI and consequently the 
analysis and design of fire-resistant and resilient buildings. 

Finally, it is worth noting that severe limitations still exist 
when using advanced computational tools to model micro-
scale WUI fire scenarios, especially when simulating fire-
brands and secondary spot fires that can originated from 
these. Hence, extensive research is still needed in this field, 
focusing on new mathematical models capable of better 
describing their behaviour and interaction with the surround-
ings (vegetation or buildings). Such developments will enable 
the effective use of physics-based tools to model complex WUI 
fire scenarios, and consequently to develop and improve new 
and existing codes for the design of buildings in the WUI, 
incorporating performance-based principles. 

Supplementary material 

Supplementary material is available online. 
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