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A B S T R A C T

Wildfires directly threaten human lives and properties in the wildland-urban interface (WUI). The quantity of 
combustible materials within houses is critical, yet variability in house fuel load remains unaccounted in current 
WUI fire modelling. This study integrates House Fuel Load (HFL) into the Streamlined Wildland–Urban Interface 
Fire Tracing (SWUIFT) simulation framework to examine its influence on WUI fire spread. HFL assessments were 
derived from computer-vision assessment of structural attributes and combined with standardized indoor fuel 
load values to calculate fully developed fire durations of ignited structures. We compared a baseline SWUIFT runs 
(fixed fire-duration configuration) with HFL-coupled cases under two pHRR scenarios of 100 kW/m2 and 150 
kW/m2 in simulations of the 2023 Lahaina fire. Results indicate that although varied HFL modifies the theo
retical heat release of individual structures, the WUI fire spread patterns and ignition statistics remain largely 
consistent. Sensitivity analysis further indicates that reducing burning time below 60 min substantially inhibits 
fire spread, whereas durations beyond 100 min have limited additional influence. Overall, the HFL-based method 
provides reasonable estimates of residential burning time, and the corresponding simulated fire spread paths 
align closely with the real event, supporting the applicability of the approach.

1. Introduction

Human life and property are increasingly threatened by wildland 
fires, especially in the wildland-urban interface (WUI) area, where res
idential structures coexist with surrounding vegetation. Till November 
2025, a total of 706,369 wildfires occurred all over the word, including 
69,444 in Asia, 42,821 in North America, 36,460 in Australia, and 
18,976 in Europe [1]. The fraction of global fires that occur in WUI areas 
increased by about 23% from 2005 to 2020 [2]. When a wildfire reaches 
WUI communities, residential structures are susceptible to ignition and 
destruction [3]; for example, 4552 structures were destroyed in 2024 in 
the United. More recently, the 2025 Southern California wildfires caused 

31 direct fatalities [4], and destroyed over 14,000 structures with 
damage extending beyond the WUI into urban neighborhoods [5]. These 
events underscore not only the increasing frequency and intensity of 
wildfires, but also critical vulnerabilities in the built environment, 
particularly in WUI communities [6].

To reduce structural vulnerability in WUI fires, building codes and 
material standards have incorporated ignition-resistant requirements 
[7–9]. However, these standards are often evaluated under simplified 
testing conditions that do not reflect the coupled, multi-factor fire risk in 
real WUI scenarios [10,11]. Designing adaptive and effective mitigation 
strategies and structural protections requires a systematic understand
ing and modelling of the entire fire spread process from wildland to 
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community. The major fire propagation modes among vegetation and 
structures in WUI fire are thermal radiation [12], direct flame contact 
[13], and firebrand (or ember) exposure [14]. Laboratory-scale experi
mental studies are gradually characterizing and quantifying these three 
spread mechanisms [15–20], which provide critical input parameters for 
fire modeling and simulations. Post-fire investigations further show that 
the ignition probability and damage level of structures in the WUI fire 
are affected by their construction features (e.g., construction type, ma
terials of roof, wall, deck, fence, etc.) [21]. A particularly important but 
unexplored factor is the house fuel load (HFL), defined as the amount of 
combustible materials, including structural fuel load (SFL) from fixed 
building components and indoor fuel load (IFL) from movable contents 
(e.g., furniture and appliances). While the effects of IFL on compartment 
fire behaviors [22] and fire protection systems [23] have been studied, 
the current WUI fire risk assessment rarely accounts for the global HFL.

Modelling the fire spread from vegetation to structures and between 
structures in WUI remains in an exploratory phase [24–26]. The relative 
contributions of different fire spread mechanisms and ignition modes 
vary widely among different fire events. Several approaches have been 
proposed to simulate fire spread at the community scale. For example, 
the Streamlined Wildland–Urban Interface Fire Tracing (SWUIFT) 
model, developed by one of the authors' research groups, incorporates 
both radiation and firebrand-driven ignition. In this model, firebrand 
generation from structures is estimated using experimental statistics and 
roof area [27] with each combustion cell assumed to have a constant 
firebrand generation time. Qin et al. [25] introduced an alternative 
framework in which the heat release rate (HRR) serves as the governing 
parameter for firebrand generation; however, the model applies a con
stant HRR to all structural cells. Purnomo’ model [28] assumes that fully 
developed fire duration of an ignited structure cell is 1 min, with a peak 
heat release rate per structural area of 150 kW/m2, where the HRR 
contributes to fire spread for full duration not just the peak. The model 
considers direct flame contact and thermal radiation but relies on pro
portional area-based transfer coefficients. Despite these efforts, current 
models neglect HFL as an input variable, thereby overlooking 
structure-specific differences in fire behavior associated with varying 
fuel quantities. Capturing such variability requires incorporating HFL 
into spread models, while still maintaining computational efficiency.

At present, there are few well-established statistical datasets or 
developed empirical framework to define house HFL, particularly SFL, 
and their influence on fire development in WUI communities. In 

contrast, IFL has been more extensively studied, with non-linear models 
developed to describe its correlation with compartment fire dynamics 
[29,30]. For instance, Eurocode specifies a reference IFL density of 780 
MJ/m2 for residential buildings [31]. However, quantifying SFL poses 
greater challenges despite its potential role as a critical source of fuel in 
WUI fire scenarios. In our preliminary work [32], we developed an SFL 
assessment method based on house image recognition and remote 
sensing data, which enables the identification of structural surface ma
terials and the calculation of total heat potential through physical 
equations. As an extension of our previous work, the present study aims 
to incorporate and verify the influence of variable HFL on fire spread 
modeling by coupling HFL data into WUI fire spread simulations.

Here, we propose an HFL-coupled SWUIFT model to simulate WUI 
fire spread. The method first estimates SFL through AI-based recognition 
of house images combined with remote sensing data and calculates IFL 
based on the Eurocode value. The resulting HFL values are then used to 
determine the fully developed duration of ignited structures. A spatial 
distribution matrix of fire durations is superimposed onto community- 
scale input maps of structures and vegetation to perform SWUIFT sim
ulations. Key evaluation metrics include the fire spread pattern over 
time and structure ignition statistics to quantify the effects of HFL. To 
assess the reliability of the proposed method, the process is applied to 
the 2023 Lahaina Fire as a case study, simulating a historical WUI fire in 
the United States and evaluating model performance against field ob
servations and results from the original SWUIFT framework.

2. Methodology

2.1. House fuel load assessment

In this section, the workflow of batch assessment of HFLs in a target 
WUI community is introduced, including four main steps: (1) footprint 
dimension assessment from GIS data, (2) street house image collections, 
(3) structural attribute recognition by an AI model, and (4) HFL calcu
lations, as illustrated in Fig. 1(a).

In Step 1, the target community is searched through the public GIS 
database, i.e., OpenStreetMap [33] and Bing map [34], from which all 
residential structures are retrieved. The geographic coordinates (longi
tude and latitude) of each building centroid are recorded. These data are 
then processed in QGIS to extract footprint parameters denoted as 
[P,A,W, L] representing perimeter, area, width, and length of the 

Fig. 1. (a) Workflow for batch assessment of house fuel load (HFL), (b) 3D view of a typical prototype house model in wildland-urban interface (WUI).
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footprint bounding box, respectively. In Step 2, the recorded coordinates 
are input into Google Street View, where house street images are 
batch-downloaded using a free Application Programming Interface 
(API) key. In Step 3, the collected images are analyzed using a 
pre-trained convolutional neural network (CNN) based on the ResNet-50 
architecture to automatically identify key structural attributes.

The output of this AI recognition process is a three-dimensional 
vector denoted [Mr, Mw, n], where Mr is the material of the roof sur
face, Mw is surface material of the wall, and n is the number of stories. 
Based on the compiled dataset, SFL and IFL are subsequently calculated 
following the unified prototype model illustrated in Fig. 1(b). The sur
face area of the roof material is calculated as Eq. (1), 

Aroof =(L − W+ L) × 0.71W ×
1
2
× 2 + W × 0.71W ×

1
2
× 2 (1) 

After combining the terms, 

Aroof =1.414 × L × W (2) 

The surface area of wall material is calculated as 

Awall =P × H (3) 

where P is the perimeter of the building footprint, and H is the building 
height.

After identifying the material types (e.g., wood, vinyl, etc.) of the 
roof and wall, the corresponding fuel load is calculated in Step 4 by 
multiplying the material-specific fuel load density as: 

SFL=Aroof × qroof + Awall × qwall (4) 

where, qroof and qwall are the fuel load per unit area of roof and wall 
(shown as Table 1), respectively.

In terms of IFL, we adopt the characteristic reference value for res
idential design provided by Eurocode, specified as 780 MJ/m2. The IFL 
is calculated as a function of the footprint area (A) and the number of 
stories (n), denoted as, 

IFL=780 × A × n (5) 

Lastly, HFL equals the sum of SFL and IFL.

2.2. WUI fire spread modelling (SWUIFT)

SWUIFT [26] is a semi-empirical model that simulates fire spread in 
WUI environments by considering thermal radiation and firebrand 
spotting mechanisms. The validity and reliability of SWUIFT have been 
demonstrated in several major events, including the 2018 Camp Fire 
[35], the 2021 Marshall Fire [36], and the 2023 Lahaina Fire [37]. The 
model represents the spatial layout of a community using a rasterized 
grid of vegetation, structures, and non-combustible cells, each with di
mensions of 10 m × 10 m. SWUIFT accounts for the uncertainties in fire 
spotting, ignition criteria, and the probability of structural ignition. 
Likelihood of ignition is assessed using either publicly available data (e. 
g., occupancy type, square footage) or through detailed community in
spections (e.g., parcel-level data on roofing type, siding material, 

number of windowpanes, decks, fences, defensible spaces). In its orig
inal version, SWUIFT does not account for differences in building fuel 
load, treating all cells as 10 m × 10 m × 3 m burning units.

The SWUIFT model integrates input on wildland fire spread (e.g., 
from WRF-Fire or FARSITE) and updates fire propagation within a 
community at 5-min intervals. As illustrated in Fig. 2, simulation inside 
the community begins with ignition cells, typically resulting from fire 
spotting originating in the wildland. The ignitions inside the community 
may occur in vegetation or structures.

The ignited vegetation does not contribute thermal radiation but 
serves as a source of firebrands. Each vegetation cell burns for 5 min 
(one time step), and ignition occurs when the accumulated firebrand 
mass exceeds 224 g.

Ignited structures follow the compartment fire development process, 
including developing stage (t1), fully-developed or stable-burning stage 
(t2), and decay stage (t3). The durations of these stages are 22 min, 155 
min, and 140 min, respectively. A structural cell contributes to firebrand 
generation and thermal radiation only during the fully developed stage.

Firebrands produced by both structures and vegetation can ignite 
new cells (structures or vegetation). For structural ignition in SWUIFT 
setup, deposition of more than 24 g of firebrands within a 10-cm 
diameter is required [38]. Firebrand transport is governed by wind di
rection and probability distributions: a lognormal distribution is applied 
in the downwind direction, while a normal distribution is applied 
laterally. The total number of firebrands generated from a structure in a 
given time step (5 min) is derived from experimental statistical data, as 
expressed in Eq. (6): 

nb =
306.77e0.1879vAroof

nt2
(6) 

where v is the wind speed in m/s, and Aroof is roof area m2, and nt2 
represents the number of time steps in a fully-development stage of fire, 
which is set to 31.

According to the previous research [39,40], the critical ignition 
fluxes across and along the wood grains are 12.0 kW/m2 and 9.0 kW/m2, 
respectively. Therefore, the critical heat flux for structural ignition in 
SWUIFT is set at 14 kW/m2 considering tiling or finishing, which is 
slightly larger than the reported values for bare materials in tests. 
Structures located within ±90◦ of the emitting surface, with respect to 
the wind direction, receive thermal radiation. The thermal radiative flux 
received at a given cell is determined at every time step by Eq. (7): 

Table 1 
Fuel load per unit area of different materials of roof and wall.

Component Material Fuel load density (MJ/m2)

Siding wall Wood 219.1
Metal 93.6
Vinyl 93.6
Brick 93.6

Roof Shingle Wood 340.1
Asphalt 288.3
Concrete 288.3
Tile 288.3
Metal 288.3

Fig. 2. Flowchart of original SWUIFT with default deterministic igni
tion criteria.
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q̇ʹ́
=ϕεeσT4

e (7) 

where q̇ʹ́  is the radiative heat flux in W/m2, ϕ is the configuration factor 
(view factor), εe is the emissivity of the emitting surface, σ is the Stefan- 
Boltzmann constant, and Te is the absolute temperature of the emitting 
surface in K.

2.3. Modeling wildfire spread with house fuel load

This study aims to validate the influence of HFL on WUI fire spread 
modeling. To achieve this, the HFL data of individual structures ob
tained in Section 2.1 are integrated into the SWUIFT framework by 
modifying the combustion duration, which is directly governed by the 
respective HFL. The total heat release over time, i.e., the area under the 
curve shown in Fig. 3, is assumed to equal the HFL under complete 
combustion conditions as calculated in Eq. (8), 

HFL=
∫

HRR dt =
(

1
2
t1 + t2 +

1
2
t3
)

pHRR (8) 

where, t1, t2, t3 represent the durations of growth stage, fully developed 
stage, and decay stage in minutes, and pHRR represents peak heat 
release rate.

If we assume pHRR, t1, and t3 are constant, the duration of the fully 
developed stage for each structure cell to generate firebrand and thermal 
radiation can be calculated as: 

t2 =
HFL

pHRR
−

t1 + t3
2

(9) 

In this work, t1 is assumed to be 22 min and t3 is assumed to be 140 min. 
Two values of peak heat release rate per unit area (HRRPUA) are 
assigned for structural cells, namely 100 kW/m2 and 150 kW/m2, and a 
sensitivity analysis is performed to evaluate the influence of HRRPUA. 
pHRR is then calculated by Eq. (10), 

pHRR=HRRPUA⋅A⋅n (10) 

where, A is the footprint area, and n is the number of house stories.
Eq. (6) is updated and the total number of generated firebrands from 

a structure in one simulation time step (5 min) is calculated based on t2, 
shown as Eq. (11). Similarly, the duration over which a structure con
tributes to fire spread via thermal radiation is adjusted based on t2. 

nb =
306.77e0.1879vAroof

t2/5
(11) 

Based on the assessed HFLs of all residences obtained from GIS data 
and the AI model, the fire duration of each individual structural cell can 
be calculated. The resulting distribution matrix of fire duration is then 
superimposed onto the community map raster to conduct SWUIFT 
simulations.

2.4. Case study: the 2023 Lahaina Fire

In this work, we conduct HFL-coupled SWUIFT simulation for the 
2023 Lahaina fire in Maui, Hawaii, as the case study. The spatial domain 
for the analysis covers the coordinates 20.854 (South), 20.903 (North), 
− 156.690 (West), − 156.660 (East), with a total area of 1729 ha, shown 
as Fig. 4(a). The domain covers the area affected by the Lahaina Fire, 
part of a series of devastating wildfires on the Hawaiian island of Maui, 
ignited on August 8, 2023, fueled by strong winds from Hurricane Dora 
and drought conditions. The fire rapidly spread through Lahaina, lead
ing to 102 fatalities and destroying over 2000 structures. The Lahaina 
Fire was the deadliest wildfire in the United States since 1918 [41].

Vegetation landcover data were obtained from the LANDFIRE fuel 
maps, while building locations were extracted from Microsoft's United 

Fig. 3. Idealized HRR-time curve of an ignited residential structure.

Fig. 4. (a) Ignition area to initialize the simulation, along with the building locations and classifications. (b) The probability distribution of estimated HFLs in the 
study domain.
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States Building Footprints database and OpenStreetMap. The simula
tions were driven by high-resolution wind fields generated with the WRF 
model [42]. The fire ignition was approximately located south of 
Lahainaluna Road, near the community, at 3:15 p.m. HST [43]. Because 
the ignition occurred in close proximity to the community, SWUIFT was 
applied as the sole simulator, without the need for an external wildland 
fire spread model [44].

SWUIFT differentiates between ignition-resistant structures, which 
have a lower probability of ignition based on construction features, and 
standard structures, which ignite once thresholds for thermal radiation 
or fire spotting are reached. For ignition-resistant structures, the prob
ability of ignition is set at 0.3 for both thermal radiation and fire spotting 
[44], compared to standard structures.

Ignition-resistant structures are identified using detailed parcel-level 
inspection data where available, or by applying proxies (e.g., occupancy 
type) from publicly available datasets when such information is not 
accessible, shown as Fig. 4(a). In Lahaina, most residential structures are 
classified as standard. The exception is residential buildings constructed 
in or after 2020. These newer structures were reviewed through satellite 
and street-level imagery and manually classified as ignition-resistant if 
they incorporated fire-resistant features such as non-combustible 
roofing, siding, or decking. The 2020 cutoff year was selected based 
on a conservative assessment of the local building code environment, 
which indicates that only the most recent constructions integrate non- 
traditional fire-resistant characteristics. Although Hawaii has adopted 
the 2018 International Building Code and the 2018 International Resi
dential Code, enforcement is carried out at the county level [45].

Within the study area, two clusters of recent construction were 
identified. The first is the Kahoma village community, located centrally 
in Lahaina near the Kahoma stream channel. Structures in Kahoma 
village were classified as ignition-resistant, as they featured Class A roof 
coverings, non-combustible wall claddings, high wind-rated off-ridge 
attic vents, and lower densities of inter-building connective fuels. The 
second is a cluster of houses on the west end of Komo Mai Street, which 
were classified as standard, as they retained traditional combustible 
exterior materials.

In summary, all residential buildings in Lahaina are classified as 
standard, except those in Kahoma village, which were identified as 
ignition resistant. Most non-residential structures (e.g., commercial) 
were assumed to be ignition-resistant. Further details are provided in 

Ref. [44].

3. Results and discussion

3.1. HFL estimation for predicting fire spread in the Lahaina Fire

The procedure described in Section 2.1 was applied to estimate the 
HFL for structures within the study domain in Lahaina. Estimates were 
generated for 1910 residential structures, while commercial structures 
with large footprints (over 500 m2) were excluded. The estimated results 
of HFL are shown as Fig. 4(b), where the histogram of the data and a 
fitted normal curve show that the estimated values of HFL follow an 
approximately normal distribution. The mean value of HFL is 384 GJ 
with a standard deviation of 208 GJ, and most structures fall within the 
range of 200–500 GJ. Although extreme values are less frequent, the 
presence of high-HFL structures (larger than 600 GJ) and low-HFL 
structures (lower than 200 GJ) may affect overall fire spread in this 
community. The statistical results show the reasonable variability of the 
HFL values in Lahaina, which can be coupled into WUI fire spread 
simulations to verify their influences.

Using Eq. (9), the duration (t2) for which each structure contributes 
to fire spread through thermal radiation and fire spotting was then 
evaluated. The AI algorithm of Section 2.1 was specifically developed 
for application to residential structures. Accordingly, the process was 
applied only to residential buildings with floor areas between 140 m2 

and 500 m2. Floor area was used as a proxy to identify timber-frame 
construction, consistent with prior SWUIFT studies [44]. In Eq. (9), 
the variable t2 is a function of the pHRR. For this study, t2 was calculated 
using two pHRR values: 100 kW/m2 and 150 kW/m2. As expected, the 
duration of the fully developed phase decreases with increasing pHRR.

Fig. 5 compares the calculated durations of the fully developed stage 
for these two pHRR values with the default SWUIFT value of 155 min. 
The probability distribution of durations of the fully developed stage is 
shown as Fig. S1 in Appendix. When pHRR is set to 100 kW/m2, 56% of 
t2 values are ranging from 102 min to 156 min and 44% of are ranging 
from 157 min to 249. When pHRR increases to 150 kW/m2, all struc
tures’ t2 are within 139 min, which are notably shortened compared to 
the default value of SWUIFT (155 min) under the assumed pHRR. It 
indicates that different HFL assumptions affect the duration of a single- 
building fire, but the differences remain within a reasonable range. The 

Fig. 5. Comparison of the duration of the fully developed phase, during which a structure contributes to thermal radiation and fire spotting: (a) original input of 155 
min, (b) HFL-based calculation with pHRR = 100 kW/m2, and (3) HFL-based calculation with pHRR = 150 kW/m2.
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Fig. 6. Comparison of simulation results for the three considered cases, (a) original input of 155 min, (b) HFL-based calculation with pHRR = 100 kW/m2, and (3) 
HFL-based calculation with pHRR = 150 kW/m2.
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magnitude of the calculated t2 values is as expected, given the much 
larger average HFL (384 GJ) of the surveyed residential buildings 
compared with a group of 1/3-scale reduced-size house fire tests con
ducted by Himoto et al. [46]. In his tests, 15 wooden model houses with 
footprint area of 12.96 m2 were burned. The average HFL of these house 
models is only 7.3 GJ, and average duration of fully-developed stage is 
3.2 min. The comparison results show that the increase of fire duration 
aligns with scale effect where larger fuel loads naturally lead to longer 
fully-developed burning durations.

3.2. Fire spread simulation for the lahaina case study

Fig. 6 presents the fire spread simulation results for the three cases 
defined in Fig. 5, shown at three different time stamps (5 p.m., 8 p.m., 
and 10 p.m.). Overall, the differences among the three cases are mini
mal. All cases produce a similar fire spread path, consistent with docu
mented observations from the real event, as reported by the Fire Safety 
Research Institute (FSRI) [47] and illustrated in Fig. 7. Finally, Fig. 8(a) 
summarizes the corresponding number of ignited structures at each 
critical time.

In each case, the fire reaches the historic town of Lahaina by 
approximately 5:00 p.m., though the simulations slightly underestimate 
the extent of fire progression compared with field observations. By 8:00 
p.m., however, the simulated fire spread catches up, extending both 
north and south of the historic town. At this time, the extent of fire 
spread is similar across all three cases, with 1,402, 1,411, and 1392 
ignited structures for two baselines of pHRRPUA = 100 kW/m2 and 150 
kW/m2 cases, respectively.

Field data on the number of burning structures over time are not 
available; however, the results indicate that the HFL-based method 
provides reasonable estimates of residential fuel load densities. The 
simulated fire spread paths align closely with the real event, supporting 
the applicability of the approach.

3.3. Sensitivity of simulations to duration of thermal contribution to fire 
spread

The cases presented in Section 3.2 show minimal differences in the 
results when different pHRR values are considered. In this section, 
multiple simulations were conducted in which the duration of the fully 
developed phase, t2, was fixed for all structures in the domain. The 
variable t2 varied between 20 and 140 min, as summarized in Fig. 8(b). 

Fig. 7. Active fire observations generated from the Lahaina Fire Comprehen
sive Timeline Report (Phase 1) published by the Fire Safety Research Institute 
(credit: Szasdi Bardales, F., 2025 [44]).

Fig. 8. (a) Growing ignited structures over time for different simulated fire scenarios, (b) Number of ignited structures as a function of fixed duration (t2) applied to 
all structures.
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By comparison, the calculated t2 values ranged from approximately 100- 
250 min for a pHRR of 100 kW/m2 and about 40-140 min for a pHRR of 
150 kW/m2.

Fig. 8(b) indicates that shorter durations (lower than 100 min) for all 
structures in the domain led to fewer ignited structures. For durations 
above 120 min, however, the change in the number of ignited structures 
tended towards saturation with only a minor increase. This analysis 
confirms that the fire spread model is sensitive to the lower limit of the 
available fuel and the corresponding duration during which a structure 
contributes to thermal radiation and fire spotting. When combustion 
time is much longer, the overall fire spread is dominated by other 
factors.

3.4. Discussion of modeling results

The simulation results indicate that variations in the estimated fire 
fully developed duration of burning structure (t2) derived from different 
HFL assumptions have a limited impact on the overall fire spread results. 
While higher HFLs with longer burning durations increase the theoret
ical energy release of individual structures, the regional-scale WUI fire 
spread simulation in the Lahaina case study shows that this effect is not 
significant.

The reasons for this result include several aspects. Firstly, in the 
Lahaina case, strong winds and the continuous distribution of fuels 
provided sufficient conditions for rapid fire spread, driving flames and 
flying firebrands, where variations in individual HFL and corresponding 
burning time become less significant under our pHRR setups (100 kW/ 
m2 and 150 kW/m2) once burning time increases to a threshold. Even if 
the burning time of some structures is very long, the overall fire line still 
advances rapidly along the primary wind direction. Once a structure has 
made a sufficient contribution to fire spread in its surroundings through 
thermal radiation in its immediate vicinity and fire spotting at greater 
distances, it may continue burning but would not further influence the 
overall fire spread pattern. Secondly, sensitivity analysis of t2 indicates 
the presence of a threshold effect. When t2 decreases to a certain value 
(e.g., lower than 60 min), the ignited structure cannot sustain long-term 
and stable thermal radiation and firebrand generation to its surrounding 
fuels, leading to an obvious suppression effect on fire spread. However, 
once the stable-burning stage (t2) exceeds a certain threshold of 
approximately 100 min, additional burning time cannot significantly 
provide extra contribution of fuel ignitions, as the surrounding struc
tures have already been ignited when the fire line reaches. In other 
words, once a burn time reaches the fundamental level required to 
maintain the fire propagation criteria, extending t2 merely increases 
redundant heat release with very limited impact on regional fire spread. 
Thirdly, simulations indicate that the dominant factor in fire spread is 
not the total energy released by individual structures, but rather the 
spatial relationships among structures and the ignition timing during the 
advancing fire line, which is also proved by other parametric study [48]. 
When the fire line rapidly passes through, what is most critical is 
whether structures can be ignited, rather than how long the structure 
can continuously burn. However, the observed sensitivity of certain 
parameters e.g., the threshold effect of t2 is specific to the setups of 
SWUIFT, and other models employing different assumptions may exhibit 
different sensitivities.

Accurately inputting wind conditions, topography, and spatial con
figurations of structures and vegetation will be more significant for 
enhancing simulation reliability than refining individual HFL. More
over, when real measured HFL data is lacking, AI-based HFL values can 
satisfy the prediction purposes for WUI fire modelling, and excessive 
precision in HFL assessments is not necessary for current fire spread 
simulations. Additionally, variations in structural burning time cannot 
dominate large-scale fire spread for high HFL community, but HFL and 

corresponding overall fire duration are also very important parameters 
for regional smoke and temperature distribution, toxic gas emissions, 
and short and long-term impacts on environment. Future research about 
WUI fire spread predictions is recommended to pay more attention to 
the modeling of fire spread channels, for example, the generation, 
propagation, and ignition effects of firebrands on different construction 
materials, which are primary factors driving rapid structure-to-structure 
spread in WUI fire.

4. Conclusions

This study assessed the role of house fuel load (HFL) in WUI fire 
spread simulations through the application of an HFL-coupled SWUIFT 
simulation to the 2023 Lahaina Fire. HFLs provides a realistic input for 
estimating residential burning time and supported simulated fire spread 
paths and perimeter align closely with the real observation. Given the 
comparative analyses at one case study, it found that variations in high 
HFL and the corresponding calculated fully-developed fire duration 
have a limited impact on the overall fire spread results. The major reason 
is that fire spread rate slows down if the HFL values resulted in small fire 
duration (lower than 60 min), while the extended fire duration (over 
100 min) only makes structure release more redundant heat when it 
exceeds a threshold, which has a relatively negligible effect on the 
already ignited surrounding structures.

Based on the analysis, the major findings and recommendations 
include the following, 

1. AI-estimated HFL values are sufficient to capture realistic ranges of 
burning durations and satisfy the fundamental requirements of WUI 
fire modelling. Excessive precision in HFL assessments is not efficient 
for computational resources.

2. Environmental conditions and fuel distribution are dominant factors 
for WUI fire spread. Therefore, accurately capturing wind conditions 
and spatial configurations of fuels will be more significant than 
refining individual HFL.

3. Future research is suggested to pay more attention to fire spread 
mechanisms and ignition effects on different construction materials 
and fire-resistant protection structures, instead of the variability of 
individual structures.

In conclusion, the integration of HFL into WUI fire modeling en
hances the physical realism of structural combustion representation but 
does not substantially alter community-scale fire spread under wind- 
driven conditions. This outcome affirms that large-scale propagation is 
governed by macro-environmental factors rather than distinct structural 
burning durations. Accordingly, WUI fire risk mitigation strategies 
should prioritize environmental and spatial management while using 
HFL estimation as a complementary but not decisive parameter of 
modelling input under constrained computational-source conditions.
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