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Abstract: This paper presents research concerning simulating the thermal firebrand effect
due to its accumulation in exterior construction wall elements by developing a 3D finite
element model (FEM) via ABAQUS (2022) software to analyze the exterior walls commonly
applied to the exterior of dwellings in southern Europe and South America. A non-linear
thermal transient analysis is undertaken, in which the results are directly compared with a
previous experimental campaign, in which firebrands are deposited on localized surfaces
of construction wall specimens, and the temperature is measured in the several layers
of the construction elements. The walls are composite elements, made of different layer
combinations of masonry brick and wood, varying the type of thermal insulation in the
internal core from cork to classical rigid rockwool and polystyrene foam (XPS). It can
be summarized from the results that the FEM effectively simulates the thermal response
of brick, normal wood (NW), and cross-laminated timber (CLT) walls when insulated
with materials like cork or rockwool coated with mortar against firebrand accumulation.
However, the lack of accounting for uncontrolled combustion leads to inconsistent results.
Additionally, for walls using XPS as the insulation material, the model requires further
refinement to accurately simulate the melting phenomenon and its thermal impact.

Keywords: thermal numerical response; temperature vs. time curve; firebrand accumulation;
composite wall elements

1. Introduction

Wildland fires (WLFs) cause significant material losses and human casualties. Despite
ongoing efforts by the scientific community to mitigate their risks, the number of devas-
tating WLFs fires has dramatically increased in recent years [1,2]. This surge is primarily
attributed to factors such as climate change, inadequate fuel management practices, and
the rapid expansion of human development in WLFs areas. Recent WLFs have caused
widespread devastation worldwide.

In Portugal, the 2017 fires led to 117 deaths and 204 injuries [3]. In September 2024,
Portugal also battled intense WLFs, particularly in the central and northern regions. The
combination of unusually high temperatures and severe drought worsened the situation,
making it difficult to control the fires as they spread rapidly. At the time of writing,
these fires had already consumed over 135,000 hectares of land and resulted in nine fatali-
ties [4]. Canada experienced its worst WLF season in 2023, with over 17.5 million hectares
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burned [5]. In the U.S., California and Hawaii were hit by devastating WLFs, including
the deadly Maui fire, which claimed at least 97 lives and destroyed 2200 buildings [6]. In
South America, Chile faced severe WLFs in February 2023, burning 270,000 hectares and
causing 26 deaths, while Bolivia’s wildfires severely affected the Amazon and Pantanal
wetlands [7]. Recently, wildfires swept through the Los Angeles region, causing unprece-
dented destruction. The fires claimed at least 24 lives, forced thousands to evacuate, and
destroyed over 12,000 buildings, covering an area of more than 160 km?, larger than the
city of San Francisco. Strong Santa Ana winds intensified the blazes, particularly in the
Palisades, Eaton, Kenneth, and Hurst regions. Early estimates suggest these could be the
costliest wildfires in U.S. history, with projected economic damages ranging from USD
135 billion to USD 150 billion [8].

Firebrands are a major mechanism in the spread of wildfires and play a crucial role in
igniting secondary fires [9]. These embers, carried by the wind, can travel distances ranging
from 2 km to 9 km ahead of the original fire source [3]. Firebrands remain incandescent
for several hours, further increasing their potential to start new fires far from the initial
blaze [10]. This phenomenon presents a significant challenge for wildfire management,
as studies suggest that at least half of wildfires are ignited by secondary fires, which are
often caused by firebrands [11]. In recent decades, there has been research conducted
on the topic of firebrand transportation [12-18]. In this context, studies have focused
on utilizing firebrand generators to simulate firebrand ignition in construction elements,
aiming to uncover and assess their vulnerabilities to such hazards [19-21]. On the other
hand, the scientific community has highlighted another mechanism of firebrand ignition,
emphasizing the impact of firebrand accumulation on construction elements. Santamaria
et al. [22] conducted an experimental study to evaluate the impact of smoldering embers
and wood degradation due to thermal exposure. Their findings revealed that flaming
ignition occurred when 60 g of embers had accumulated on the wood. The detailed
experiments conducted by Suzuki and Manzello [23] are highly relevant, demonstrating
that wind speed has a significant influence on the smoldering combustion intensity of
accumulated firebrands.

The investigation of Sayaka et al. and Suzuki and Manzello [24] revealed that ac-
cumulated firebrands could cause ignitions on fuel beds with high FMC, and the upper
limit of FMC for ignition increased from 6 m/s to 8 m/s. Bicelli et al. [25] conducted a
numerical study employing a temperature-dependent finite element method to simulate
the thermal effects of firebrand accumulation on flat surfaces, using heat flux transmission
via convection and radiation. Their findings demonstrated that moisture content up to
20% significantly impacts temperature distribution, underscoring the potential for thermal
optimization in designing wildfire-resistant structures. Zhu et al. [26] conducted experi-
mental and numerical studies to examine the glowing combustion behavior and ignition
capabilities of firebrand accumulations. The research focused on two firebrand sizes, four
coverage densities, and six airspeeds, revealing that airflow is the primary factor influenc-
ing the glowing temperatures of firebrands. Analytical modelling demonstrated that the
ignition time is primarily governed by the combustion behavior of the firebrands and the
heat transfer to the fuel, with significant influence from firebrand size and airflow, and a
lesser impact from coverage density. Arruda et al. [27] conducted a detailed experimental
study, followed by numerical validation, to evaluate the impact of firebrand accumulations
on construction materials. They found that rigid rock wool, aluminum, and cork could
withstand firebrand accumulations for extended periods, exceeding 200 min.

The response of construction elements to firebrand accumulation remains insufficiently
understood due to the diverse range of materials used and the numerous influencing factors,
such as material properties, geometric configurations, and environmental conditions. Ex-
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perimental studies, while critical for understanding firebrand impacts, are often constrained
by their high costs and time-intensive processes. This highlights the need for alternative
methods, such as numerical simulations. The primary objective of this study is to simulate
a previous experimental campaign that investigated the response of exterior dwelling
walls to firebrand accumulation using the finite element model (FEM) via ABAQUS (2022)
software. This simulation aims to evaluate the effectiveness of finite element software
ABAQUES (2022) in accurately modeling the impact of firebrand accumulation on exterior
walls. The predicted results from the simulations are compared against the experimental
measurements. Material properties were sourced from the existing literature and design
codes to serve as input parameters. The analysis incorporates both geometric and material
non-linearities, ensuring a comprehensive evaluation of the behavior of the studied wall
specimens under firebrand accumulation.

2. Materials and Methods

This section outlines the methodology used to simulate the thermal effects of fire-
brand accumulation on exterior composite walls. It clearly details the experimental setup,
numerical modeling approach, material properties, boundary conditions, and simulation
parameters employed in ABAQUS (2022) software.

2.1. Experimental Campaign Summary

The firebrand accumulation tests outlined in this study were carried out in the labora-
tory of the CERIS-IST research institute in Portugal. The experimental campaign aimed to
evaluate the response of exterior dwelling walls to firebrand accumulation. Three types of
wall core layers were studied: bricks, designed according to the Exterior Thermal Insula-
tion Composite Systems (ETICS) methodology, cross-laminated timber (CLT), and normal
wood (NW), all utilizing the sandwich methodology, as illustrated in Figure 1. Each wall
specimen featured a combination of thermal insulation materials, including composite
cork, rigid rockwool, polystyrene foam (XPS), and impermeable membranes, paired with
a variety of mortars such as Sika, Weber, and the fire-protective Tria mortar, as detailed
in Table 1. Full details of the experimental setup, including a description of the chosen
materials and layer geometry, are described in [28].

(b)

Figure 1. Composition system details of the composite walls. (a) ETICS; (b) sandwich.
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Table 1. Specifications of the Tested Brick Wall Specimens.
Wall Structural . Protective Thermal Insulation
Designation Material Setting Method Coating Material Mortar
B Brick ETICS None None None
B-W-R Brick ETICS None Rockwool Weber
B-S-R Brick ETICS None Rockwool Sika
B-W-X Brick ETICS None XPS Weber
B-5-X Brick ETICS None XPS Sika
B-T-X Brick ETICS None XPS Tria
B-W-C Brick ETICS None Cork Weber
B-S-C Brick ETICS None Cork Sika
NW-N-TP Normal Wood Normal Tria Paint None None
NW-S5-R-TM Normal Wood Sandwich None Rockwool Tria Mortar
NW-S-R Normal Wood Normal None Rockwool None
NW-S-TP-R Normal Wood Sandwich Tria Paint Rockwool None
NW-S-C Normal Wood Sandwich None Cork None
NW-5-C-TM Normal Wood Sandwich None Cork Tria Mortar
NW-S-TP-C Normal Wood Sandwich Tria Paint Cork None
CLT-N CLT Normal None None None
CLT-S-R CLT Sandwich None Rockwool None
CLT-N-TM CLT Normal None None Tria Mortar
CLT-N-R-TM CLT Normal None Rockwool Tria Mortar
CLT-N-TP CLT Normal Tria Paint None None
CLT-S-TP-R CLT Sandwich Tria Paint Rockwool None
CLT-S-C CLT Sandwich None Cork None

Each wall specimen was constructed in an L-shaped configuration (500 x 600 x 400 mm?),
supported by a concrete base slab. Mortar was applied at a fixed thickness of 9 mm,
covering both the walls and the connection to the slab to prevent heat flux transmission.
The tests followed California Building Code Chapter 7A-4 guidelines [29], exposing each
specimen to 1 kg of firebrands at a wind speed of 1.31 & 0.13 m/s. Thermocouples were
embedded in each wall layer, typically one at the base and two per layer on each side, to
monitor and record temperature data at a frequency of 1 Hz; the durations of each test
ranged from 100 to 200 min, with variations primarily influenced by safety concerns.

2.2. Numerical Simulation

The experimental campaign described in the previous section was simulated using a
3D FEM in ABAQUS (2022) software [30]. The 3D FEM analyses were performed using
several key parameters, as detailed below. Surface convection and radiation according the
value provided in Eurocode 4 part 1-2 [31] were incorporated into all simulations. All the
thermal analyses were performed in Kelvin, with absolute zero as the reference temperature.
Since thermal properties vary with temperature, a non-linear transient thermal analysis
was conducted using the incremental Newton—Raphson iterative method. To ensure the
accuracy of the numerical solution, the maximum allowable temperature change per
increment was limited to 10 K, which may necessitate a reduced time step to achieve a
more reliable solution for non-linear thermal behavior [32].

2.2.1. Material Properties

In this section, the thermal properties of all materials used in the numerical models,
including density, thermal conductivity, and specific heat, are presented. For brick, NW,
and CLT, the thermal properties are based on values at ambient temperature from previous
studies, with adjustments for elevated temperatures according to Eurocodes 5 and 6, part
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1-2 [33,34]. The variation in thermal properties of the mortars was adopted in accordance
with a study on the fire behavior of different mortar types [35]. Regarding rockwool,
both density and specific heat remain constant at ambient and elevated temperatures.
Additionally, temperature-dependent thermal conductivity values were obtained from the
literature [36-38]. The properties of polystyrene foam (XPS) at elevated temperatures were
adopted using ambient temperature values of the previous tests [38], and the temperature
variations were derived from Duarte et al. [37]. Finally, for cork, the density value at
ambient temperature was adopted from previous work [39], and the reduction ratio at
elevated temperatures was taken from the literature [40]. The thermal conductivity and
specific heat at ambient temperature, along with the variation in reduction ratios at elevated
temperatures, were also adopted from prior studies [39]. The thermal properties for all
materials at ambient temperature are presented in Table 2, and the variation ratios with
the temperature of each thermal property for all materials are illustrated in Figure 2. The
values were used as input in ABAQUS (2022) software according to Equation (1).

p(T) = p20 - fo(T)
T) =keoo - fi. (T) 1)
T) = cppo - fe,(T)

where p, k., and c, represent the density, thermal conductivity, and specific heat of the
material, respectively. T indicates the given temperature, while 20 refers to the ambient
temperature. f denotes the correction ratio for each parameter.

Table 2. Thermal properties of all studied materials at ambient temperature.

Material  Density (kg/m?) Therm‘:é;;;f‘%‘““’“” Specific Heat (J/(kg K))
Brick 1050 0.7 564
NW 510 0.12 1530
CLT 354 0.14 1530
Rockwool 140 0.04 840
XPS 55 0.027 1210
Cork 219.8 0.04 899.5
Weber /Sika 1400 0.45 360
Tria 760 0.122 360
20 10
18 Density 9
161 Conductivity s | Density
o Specific Heat 2L Conductivity
ok ~ 6} Specific Heat
gw t ‘é s |
~ost g4
6 3t
4t 2 b
2t 1 b
! 0 2|’;0 4(;0 (,(;0 800 ! 0 1(;0 2;]0 3(;0 4;]0 5(;0 61;0 74;0 800
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Figure 2. Cont.
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Figure 2. Variation in thermal property ratios with temperature for (a) brick, (b) NW/CLT,
(c) rockwool, (d) XPS, (e) cork, and (f) Weber/Sika/Tria Mortar.

2.2.2. Firebrand Input and Boundary Conditions

Based on the studied conducted by Bearinger et al. [41], which demonstrated that
firebrand can transfer heat flux on planar surfaces by convection and radiation, convection
and radiation boundary conditions were applied to simulate the heat flux transfer between
the firebrands and the wall specimen’s surface. This approach aligns with standard fire
safety design practices outlined in structural codes [42] for structures exposed to nominal
or performance-based fire scenarios. The firebrand accumulation on the wall specimens
was simulated by applying the average temperatures recorded during the tests for each
exposed side. These temperatures were used as inputs for convection and radiation within a
triangular area on each exposed side of the modeled wall specimens. Additionally, ambient
temperature was applied to all outer surfaces except the fire-exposed surface. The film co-
efficient was set to hf = 35 W/(m?K) for the firebrand-exposed surface and hf = 9 W /(m?K)
for the unexposed surface. The Boltzmann constant was ¢ = 5.67 x 1078 W/m?K*, and the
emissivity of the fire was ¢ = 1. Figure 3 provides a detailed illustration of the boundary
conditions for the standard wall specimen.

* Firebrand accumulation
* Ambient temperature: 20°C temperature
+ Convection and radiation + Convection and radiation
[hf =35 W/(m?K)] [Af=35 Wi(m’K)]

Figure 3. The applied boundary conditions.
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The interaction between the materials was simulated using gap radiation, ¢ = 1.0, a
feature in ABAQUS designed to model radiation between surfaces separated by a narrow
gap. However, the interaction between the mortar and other materials was treated as full
contact. The view factor, which ranges from 0 to 1, represents the degree of radiative heat
transfer, where 0 indicates that there is no radiative heat transfer and 1 indicates that there
is no gap. For this simulation, a view factor of 0.99 was used, based on the assumption that
the gap between surfaces is less than 1 mm [43].

2.2.3. Chosen Mesh

The mesh employed in this FEMis shown in Figure 4. For all materials, the mesh
size was set to 30 mm along the longitudinal direction and 10 mm along the transverse
direction (specimen depth). For the mortar layer, a finer mesh size of 5 mm in depth
was used to optimize convergence and computational efficiency. The element type used
was DC3D8 (8-node linear heat transfer brick) with full integration, which is part of the
ABAQUS heat transfer family, to accurately capture the temperature field distribution under
a significant flux gradient. Since the maximum allowable nodal temperature change per
increment was set to 10 in the ABAQUS/Standard implicit method, ABAQUS automatically
controlled the time increments to ensure that no node exceeded this value during any
analysis increment [30].

o
7797 7
"Il" 2

22777 s

&Ll
75
o 227
77

.:""'I/Ill
VAL L 22777
775582220777
FHH L LT T ] 7
s
L7 77

NN
3

)
4':,
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(b)

Figure 4. Standard illustration of the wall specimens modelled for (a) bricks walls (ETICS) and
(b) wood walls (sandwich).

3. Results

Thermal analysis was conducted on all studied wall specimens to simulate their
response to firebrand accumulation. The obtained results were then compared with the
measured data from the tests, focusing on the average temperature recorded across each
layer of the wall specimens, as illustrated in Figure 5.
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Figure 5. Illustration of the recording locations for average temperatures across each layer of the
studied wall specimens: (a) single layer, (b) three layers, (c) four layers.

3.1. Brick Wall Specimens

The comparison between the numerically predicted and experimentally measured test

results for the brick wall specimens is shown in Figure 6. It can be noted that the predicted
results for the B, B-W-R, B-S5-R, B-T-X, B-W-X, and B-S-C specimens demonstrate close
agreement with the measured test results. However, for the B-W-X and B-5-X specimens,
which incorporate XPS as the thermal insulation material, a more significant inconsistency
is observed. This is attributed to the melting of XPS and destruction of the thermocouple,

leading to the uncertainty of the test results.
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Figure 6. Comparison between predicted results and measured test results for different brick wall
specimens: (a) B, (b) B-W-R, (c) B-5-R, (d) B-W-X, (e) B-S-X, (f) B-T-X, (g) B-W-C, and (h) B-S5-C.

3.2. NW Wall Specimens

Figure 7 presents a comparison between the numerically predicted and experimentally
measured test results for the NW wall specimens. It can be observed from Figure 7 that the
predicted results for the NW-S-NW-S-R-TM, NW-5-R, NW-5-C, and NW-S5-C-TM specimens
closely align with the measured test results. In contrast, for the NW-N-TP, NW-S-TP-R,
and NW-5-TP-C specimens, which utilize Tria Paint as a protective coating, a significant
inconsistency is observed between the predicted and measured results. This inconsistency
arises because the model does not account for Tria Paint. Based on the interpretation of the
results, it can be concluded that Tria Paint not only mitigates the combustion of materials
but also decreases heat transfer, despite its small thickness. Therefore, its influence cannot

be overlooked in finite element simulations.
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Figure 7. Comparison between predicted results and measured test results for different NW wall
specimens: (a) NW-N-TP, (b) NW-5-R-TM, (c) NW-5-R, (d) NW-5-TP-R, (e) NW-5-C, (f) NW-5-C-TM
and (g) NW-S-TP-C.
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3.3. CLT Wall Specimens

The comparison of the predicted and measured test results for the CLT wall specimens
is displayed in Figure 8. From this figure, for the wall specimens containing Tria Paint as
a protective coating, a similar observation to that of the NW walls is noted, which is an
inconsistency between the predicted and measured test results. Furthermore, the CLT-S-R
specimen exhibits a notable discrepancy with the measured test results due to uncontrolled
combustion of CLT, which caused a significant temperature rise in the deeper layers during
the firebrand accumulation test. This phenomenon was not accounted for in the FEM. In
contrast, for the CLT-N-TM, CLT-N-R-TM, and CLT-5-C specimens, the predicted results
align well with the measured test results.
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Figure 8. Comparison between predicted results and measured test results for different CLT wall
specimens: (a) CLT-N, (b) CLT-S-R, (c) CLT-N-TM, (d) CLT-N-R-TM, (e) CLT-N-TP, (f) CLT-S-TP-R
and (g) CLT-S-C.

4. Discussion

The results indicate that the FEM effectively simulates the thermal response of most
wall specimens. However, certain discrepancies highlight the limitations of the numerical
approach and the need for further refinements.

The inconsistencies observed in XPS-insulated brick walls are due to the degradation
and melting of XPS at lower temperatures. This phenomenon aligns with previous studies.
Prior research by Wessies et al. [44] and Arruda et al. [17] highlights the severe impact
of firebrand accumulation on XPS, which undergoes rapid thermal breakdown in a short
duration and at relatively low temperatures. Therefore, future numerical models should
incorporate phase-change properties to better reflect experimental observations.

For NW and CLT walls, the impact of Tria Paint as a protective coating was not
considered in the numerical model, leading to an underestimation of its fire resistance.
Studies by Suzuki et al. [24] demonstrated that protective coatings can significantly reduce
heat transfer and delay combustion. Uncontrolled combustion in CLT-S-R specimens
is another factor affecting model accuracy. Prior work by Zhu et al. [26] suggests that
smoldering combustion in timber structures can alter heat transfer patterns significantly.
Implementing combustion kinetics into numerical simulations may improve the model’s
ability to capture such effects.

4.1. Limitations of the Study

The simulated firebrand accumulation may be more severe than traditional firebrand
deposition utilizing an ember generator, but it complies with California Building Code
Chapter 7A-4 requirements [29]. Additional wall features like windows, doors, and air
vents are not considered, which could alter the overall results.

This work numerically studied a concave exterior wall, which may experience more
severe effects than a classical plane wall surface when in contact with firebrand accumulation.

4.2. Future Developments

It is anticipated that new double-brick wall geometries will be numerically tested and
showcased to the scientific community. Additionally, tests for firebrand buildup will be
conducted on innovative materials for the primary layer, such as cellular concrete and
concrete blocks. A comparable numerical fire test operation is also planned for traditional
ceramic roofs with various thicknesses of insulation.
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5. Conclusions

The purpose of this study was to simulate the response of exterior dwelling walls
to firebrand accumulation using the finite element software ABAQUS (2022). Numer-
ical simulation results were compared to data from previous experimental campaigns
to evaluate finite element modeling’s accuracy and reliability in simulating the thermal
reaction of various wall specimens during firebrand accumulation. This study led to the
following conclusions:

o  The finite element simulations successfully modeled the thermal response of most brick
wall specimens, with predicted results showing good agreement with the experimental
data. However, discrepancies were observed for wall specimens incorporating XPS
insulation, as the numerical model did not account for the melting of XPS during
the tests.

e  For normal wood wall specimens, the simulations captured the impact of firebrand
accumulation with reasonable accuracy. Nonetheless, wall specimens treated with Tria
Paint exhibited discrepancies due to the exclusion of the protective coating’s effects in
the model.

e  Similarly, the finite element simulations effectively reproduced the thermal response
of most CLT wall specimens. However, the specimen with rockwool and sandwich
settings displayed a marked deviation from experimental results, attributed to uncon-
trolled combustion during firebrand accumulation tests.

It can be summarized from the results of this study that the finite element model
can simulate the response of construction brick, normal wood, and CLT walls with a
combination of the following insulators, cork or rockwool coated with mortar, against the
accumulation of firebrand.
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