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Abstract

Wood-steel hybrid (WSH) elements are gaining popularity in the construction
industry due to their reduced environmental impact and high load capacity. How-
ever, fire resistance remains a crucial challenge for advancing wood as a construc-
tion material. The proposed WSH slab consists of a trapezoidal steel profile sand-
wiched between two laminated veneer lumber (LVL) beech panels. This research
aims to numerically predict the fire performance of the proposed WSH slab element
by generating heat transfer models that consider convection, radiation, and con-
duction. The objectives are to predict the temperature profile of the system’s com-
ponents, assess the charring rate of the LVL panels, and validate the results with
experimental fire tests. Computed Tomography (CT) scanning was additionally used
to detect the material density variation in the remaining LVL layers after fire tests.
Simulations reveal that the size and shape of the internal cavity significantly influ-
ence heat flow within the system. Analysis of different thicknesses and heights of
the steel sheet shows a substantial impact on the charring initiation time of the upper
LVL layer. Temperature profiles of the components from numerical analysis exhibit
similar behavior to that observed in the experiments. The experimental charring rate
averages between 0.88—1.00 mm/min, while the numerical rate averages between
0.95—1.06 mm/min, with a 5-8% average deviation attributed to conduction inter-
action between LVL and the steel sheet. This variation may also be caused by the
definition of generic thermal properties of wood according to EN1995-1-2, which
may not accurately represent the behavior of the LVL element under fire.
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Introduction

Wood and steel are widely common materials in modern construction due to their
robustness, durability, and adaptability. Recently, there has been an increasing
trend toward combining wood and steel into a single structural component. This
hybrid approach leverages the strengths of both materials to enhance mechanical
properties such as stiffness, durability, and strain capacity while mitigating dis-
advantages like high weight and high costs associated with traditional steel—con-
crete composites. Additionally, wood-steel hybrid elements contribute to sustain-
ability by reducing the carbon footprint and speeding up construction processes
through pre-fabrication (Ilgin et al. 2022; Balasbaneh et al. 2022). Wood-steel
composites, also known as Wood-steel hybrid elements, are pre-lab clean, fast,
and dry lightweight solutions that can cover long spans without adhesives, using
mechanical fasteners between wood and steel elements, while also allowing cavi-
ties for insulation and different building utilities. The combination of wood in
form of a composite with steel offers several benefits, such as low energy con-
sumption, low carbon emissions, and a high strength-to-weight ratio. Steel pro-
vides high strength and homogeneous properties. However, for thin, cold-formed
steel members, achieving maximum strength can be challenging due to local
buckling and deformation (Tsai and Koshihara 2014; Yadav et al. 2022). Wood-
Steel Hybrid Elements have many applications in the construction market, such
as beam sections, structural slab systems, frames, and truss systems.

However, fire resistance remains a critical challenge for wood-steel hybrid ele-
ments. At high temperatures, the various chemical components of wood undergo
thermal degradation, and the degradation level is dependent on the temperature
and duration of exposure. At temperatures below 100 °C, due to the depolymeri-
zation process, wood suffers a continuous decrease in tensile strength. Between
100 and 200 °C, water evaporates, hydrating wood and producing noncombus-
tible gases such as acetic acid, formic acid, and CO,. Around 200 °C, dehydration
reactions dominate the pyrolysis of lignin, producing a large amount of char for
wood. From 200 to 300 °C, the wood starts to produce high amounts of carbon
monoxide, and the hemicellulose and lignin components are pyrolyzed. Around
300 °C, aliphatic side chains break off from the lignin’s aromatic ring, and the
wood cellulose depolymerizes at temperatures between 300 and 350 °C. The car-
bon—carbon bond between lignin structural units breaks down at temperatures
between 370 and 450 °C. At higher temperatures, the residual wood becomes an
activated char called “afterglow.” (White and Dietenberger 2010). Wood density
is reduced as a result of thermal degradation. Fonseca et al. (2012) and Tabad-
dor et al. (2008) reported in their research that the charring front temperature
of wooden elements begins in the temperature range of 280-300°C. Although
the charred layer reduces the cross-sectional area of the element and weakens its
structural integrity, it is still very important in protecting the entire element dur-
ing fire conditions compared to other building materials. In addition, it is pos-
sible to determine the rate at which the charring progresses through the element
and assess the effectiveness of a suitable insulation system (Fonseca 2024). In

@ Springer



Wood Science and Technology (2025) 59:23 Page30f29 23

engineered wood products such as laminated veneer lumber (LVL), a charring
layer develops after ignition, decreasing the material’s strength and load-carrying
capacity. The char layer protects the remaining wood, resulting in a consistent
charring rate through the element (Harada et al. 2006; Fragiacomo et al. 2013).
Crielaard et al. (2019) reported that using wood products such as cross-laminated
timber (CLT) may not be efficient in directly fire-exposed situations. This is
because CLT may delaminate under such conditions, and the delaminated mate-
rial contributes to the fire by increasing heat release and extending its duration.

On the other hand, Steel sections, particularly cold-formed steel (CFS) members,
undergo different mechanical and thermal behavior under high temperatures. Steel’s
high thermal conductivity and surface-to-volume ratio make it more susceptible to
fire damage. Unprotected, fire-exposed steel sections exhibit a rapid increase in tem-
perature, leading to a significant loss in strength and stiffness. The thermal degrada-
tion of CFS influences the section’s mechanical properties, such as yield strength
and modulus of elasticity, as well as alterations in their thermal properties, such as
thermal conductivity, thermal elongation, and specific heat (Abreu et al. 2014; Hsu
et al. 2016; Hassanieh et al. 2016).

The fire performance of Wood-Steel Hybrid (WSH) elements was investigated in
most of the research on components such as beam elements and wood-steel bolted
connections. Nguyen et al. (2023) demonstrated in their study that wood is highly
effective as a passive fire protection material for steel in hybrid systems. In such
cases, wood significantly delays the time to reach the critical temperature of 550°C
(3540 min compared to 5-10 min for unprotected steel, which can even reach
temperatures as high as 1200°C). Petrycki et al. (2019) conducted an experimental
study on wood-steel connections under fire exposure, investigating the behavior of
Glued-laminated timber (glulam) bolted connections in fire conditions. Their study
revealed that the time to failure of the loaded connections is primarily governed by
the shear resistance of the wooden elements. Le et al. (2019a, 2019b) studied the fire
resistance of 12 WSH structural beams in fire tests with a duration of 60 min. The
findings showed that the temperatures at the steel flanges increased by over 300 °C
in 10 out of 12 WSH beams during the last 5 min of the experiment. In addition,
structural degradation was assessed. The study suggested increasing wood thickness
to enhance fire resistance.

Regarding the cavity influence in the fire resistance of the elements, Fonseca
et al. (2013) investigated the fire performance and thermal analysis of wooden cellu-
lar slabs experimentally and numerically on two timber slabs with rectangular holes
under different fire exposure times of 1500 s and 900 s. The analysis of the charred
layer confirmed that wooden slabs containing internal cavities exert a substantial
influence on the charring rate. This influence is contingent upon both the shape and
size of the cavity. Furthermore, Frangi et al. (2008) studied the influence of a lower
protection layer on the charring rate in timber frame floor assemblies with void cav-
ities. The results of that study revealed that after the failure of the fire-protective
claddings, both elevated fire temperatures as well as the heat energy that is emitted
through radiation within the cavity play substantial roles in the accelerated charring
rate of suddenly exposed timber slab components.
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Various techniques have been developed for assessing the charring rate of
wooden elements by measuring the depth of the charred layer after the fire test
as described in Frangi et al. (2003, 2008) and Fahrni et al. (2018a, 2018b, 2021).
The recent approach used by Fahrni et al. (2021) involves the analysis and visu-
alization of this data as a colorized 3D model generated using Autodesk Recap
Photo 20.0.1.5. This method includes scanning the specimen after removing the
char layer using optical techniques, capturing images from diverse viewpoints
and angles with consistent camera settings and focal length. Just et al. (2010)
used the ATOS (Advanced Topometric Sensor) II scanner to analyze the charred
cross-section of wooden wall studs subjected to fire conditions. Reference targets
were used in this study to establish a consistent coordinate system and ensure
the visibility of the targets during scanning. The collected data were exported to
computer-aided design software for establishing three-dimensional models.

The experimental studies proved to be cost-intensive, complex, and required
stringent safety protocols. Therefore, having a validated numerical model may
help to simulate and predict the thermal behavior of the components under fire.
Key parameters to consider in studying the fire behavior of wooden elements
include the temperature development within the section under fire (time—tem-
perature profile) and the charring rate of the wooden element. When developing
numerical models to simulate the fire performance of timber elements, it is essen-
tial to include all three modes of heat transfer: convection, radiation, and conduc-
tion, in order to simulate the real-case fire behavior and to predict the thermal
response of the material. These mechanisms significantly influence temperature
distribution, charring rates, and overall structural response during fire. Neglecting
any of these modes can lead to inaccuracies in predicting the behavior of timber
elements under fire conditions (Incropera et al. 2013). The study by Thi et al.
(2016) presented a numerical model for heat transfer in timber structures exposed
to fire, integrating conduction, radiation, and convection based on the Fourier
heat equation. The model parameters were calibrated using experimental data on
laminated veneer lumber (LVL), achieving close agreement with measured tem-
peratures from the experiments (within 4.74% at 40 min of exposure). The model
also simulated the formation of the charring layer considering 300°C as char front
temperature, validating the model against the actual behavior observed in experi-
ments. Couto et al. (2016) and Fonseca et al. (2013) evaluated the behavior and
performance of timber slabs with rectangular holes during fire exposure experi-
mentally and numerically using the finite element method. Their evaluation of
the charred layer confirmed that cavities influence the charring rate of the upper
side of the element. épilék et al (2022) provided a numerical model based on the
enthalpy approach to determine the charring layer of wooden elements, address-
ing issues associated with incorrect results at temperatures around 100°C. Their
numerical temperature profiles achieved 91.7% accuracy, and the simulation of
the charring layer area was 93.0% accurate compared to experimental tests. Other
researchers, such as Zhang et al. (2012) and Molina et al. (2012), developed
numerical models to simulate fire and heat transfer for timber beams and vali-
dated these models with experimental tests. Deviations were observed between
the numerical and experimental temperature profiles in those studies. Concluding
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that such deviation might occur due to an increased amount of heat, entering the
pyrolysis zone during the test, thereby increasing the temperature with unpredict-
able behavior.

This paper focuses on analyzing the fire performance of wood-steel hybrid
(WSH) slab elements made of trapezoidal cold-formed steel profile sandwiched
between two layers of laminated veneer lumber (LVL) panels. Using both experi-
mental and numerical methods, the study investigates how cavity size and steel pro-
file thickness influence the behavior of the wooden element under fire conditions.
The research aims to predict the overall fire performance of the system by validating
the numerical temperature profiles of the materials and the charring rate of the LVL
panels. Additionally, the study assesses the charring rate of the LVL layers and uses
computed tomography (CT) scanning to analyze density variations in the wood after
fire exposure.

Material and methods
Laboratory experiments

Four experiments were performed on wood steel hybrid element (WSH). Each spec-
imen consisted of three main components, as illustrated in Fig. 1 and Table 1:

¢ Two laminated veneer lumber (LVL) panels made of beech wood (axbX1,)
500 % 500 x 36 mm? provided by Pollmeier (Pollmeier 2017).

e Corrugated steel plate with two different geometries M (h X b)/t,, where h rep-
resents the height of the steel profile, b represents the width between the flanges,
and 7, represents the thickness of the steel profile (Miinker 2020).

e Connection between the wood and the steel components, which is typically pro-
vided by mechanical fasteners using metal screws.

Material properties and temperature measurement

LVL "Beech Wood-BauBuche" from Pollmeier was used in this study, with mechan-
ical properties sourced from the provider’s datasheet (Pollmeier 2017). The mean

Fig. 1 Wood-Steel Hybrid slab

Upper LVL
components PP

Steel Sheet

Lower LVL
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density was 800 kg/m>, and the characteristic density was 730 kg/m>. The bending
strength was 75 N/mm?, and the mean modulus of elasticity was 16,800 N/mm?. For
the corrugated steel profile, according to the provider’s datasheet (Miinker 2020),
the characteristic density of the steel plates was 7,890 kg/m®, with a modulus of
elasticity of 200 GPa and thermal conductivity (1) of 0.038 W/mK. For the mechan-
ical fasteners between the trapezoidal steel plate and both upper and lower LVL pan-
els, Self-drilling timber-metal screws (SBS) with dimensions M4.2 x30 mm, sup-
plied by Rothoblaas (2010), were used. The screws had galvanized surfaces with
mechanical properties according to DIN EN 14592:2012.

To perform accurate temperature measurements in fire tests, the temperature
measurement device should fulfill two crucial criteria: (a) accurately display tem-
peratures within the specimen and (b) refrain from disrupting its temperature dis-
tribution. Two types of thermocouples were used in this study for registration of the
temperature. The first type was the wire thermocouple (type K) (TCs-1), known as
Chromel-Alumel thermocouple, which was used to record the temperature in three
positions at the middle of LVL panels during the experiment. The second type of
thermocouple was the one with copper disc (TCs-2), which was used to record the
temperature at the inner surfaces of the LVL panels and steel profile. To ensure the
accuracy of the measurements, all the thermocouples were tested, using a digital
thermometer prior to installation.

Thermocouples (TCs-1) were installed at the depth of 18mm in the middle of
both upper and lower LVL panels, and were set at three different positions: One at
the center of the board and the others shifted 150mm up and down to the middle
position. Thermocouples with copper discs (TCs-2) were installed in the middle of
the inside surfaces of both upper and lower LVL panels, and in two positions: 100
mm up and down the center axis of the boards. In total three TCs- 1 and two TCs-2
have been installed per panel, as shown in Fig. 2a. In order to guarantee that the
thermocouples with copper discs (TCs-2) stay fixed on its position on the inside sur-
faces of the boards during the test, each thermocouple was fixed with an inorganic
insulating pad bonded with non-combustible fire resistance adhesive. The insulating
pad material has a density within the range of 900+ 100 kg/m?>. For recording the
temperature change of the trapezoidal section during the test, thermocouples with
copper discs (TCs-2) were used at the middle of the section in three different posi-
tions: Lower stiffener, inclined surface, and upper stiffener. Thermocouples’ discs
were fixed to the surface of the metal sheet using the insulating pads over the copper
discs of (TCs-2), similar to the method described previously, as shown in Fig. 2b.
Thermocouples were numbered and arranged systematically to facilitate the moni-
toring and analysis of recorded temperatures during and after the fire test. A 3D
drawing illustrating the positions of the thermocouples along with their respective
numbers is provided in Fig. 3.

Specimens assembly and experiment procedure

The specimens were prepared and stored in a climate-controlled room for three
weeks before testing to achieve an equilibrium moisture content of 12.5%. After
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Fig. 3 Thermocouples positions and numbers for temperature recording during the fire test

assembly, all four sides of each specimen were covered with a 15 mm calcium-
sulfide insulation board, sealed with non-combustible fire-resistant adhesive to
prevent additional oxygen ingress during testing and to ensure a controlled one-
dimensional heat flow, as shown in Fig. 4. The insulation surrounding the specimen
surfaces parallel to the heat flow direction should ideally create an adiabatic bound-
ary. Insufficient insulation at these surfaces could allow cooling from ambient air
or cause heat loss perpendicular to the intended charring direction, reducing char-
ring near those areas (Fahrni et al. 2021). The experiments were conducted using a
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Fig.4 WSH slab specimen: a WSH specimen after assembly, b WSH specimen after side insulation, ¢
specimen mounting system

vertically fixed furnace equipped with a single oil burner, with temperature regula-
tion managed by a thermometer placed approximately 150 mm behind the speci-
men. The furnace was maintained at a pressure of —5Pa relative to ambient pressure
and controlled according to the time—temperature standard outlined in EN 1363-1
(2012). In order to achieve a one-dimensional charring, the furnace’s installation is
required to guarantee a one-dimensional heat flow during the test. Fiberglass tapes
were employed around the furnace frame to ensure consistent charring of the lower
LVL panel and to block additional air from entering the ignition zone during the
test. A supporting system was installed on the specimen to prevent any movement
that could lead to stability issues during the test, as shown in Fig. 4c.

CT-scan

Computed tomography scanning (CT-scan) was used to scan the four remaining
upper LVL panels of the four specimens before removing the charring layer. After
the fire test, the LVL panels were extinguished with water and left to air-dry natu-
rally for two days to remove residual moisture from the sections. They were then
stored in a climate-controlled chamber at 65% relative humidity and 20°C for three
weeks to stabilize before scanning.

In addition to the four LVL panels, an uncharred LVL panel was scanned as a
reference panel, in order to compare the veneers’ behavior before and after fire expo-
sure (Fig. 5). Philips Ingenuity 128 multi-detector computed tomography scanner
(Philips Healthcare, Best, Netherlands) with 0.3x0.3x0.8 mm’ spatial resolution
using a high-resolution reconstruction kernel (YB), 120kVp and 200m was used for
CT scanning of the samples. MicroDicom 2.7.9 and RadiAnt DICOM Viewer 4.2.1
were used as the visualization software for the CT-scan images. By segmentation
of the CT-scan data, nine different positions were selected on the sample, where
density variations have been studied along the defined paths over the thickness of
the samples. ImageJ was used for analyzing the CT scan data. The measurements
were conducted based on three sectional cuts: sec a, sec b, and sec ¢, which were
made at 150 mm above the centerline, the centerline of the specimen, and 150 mm
below the centerline, respectively. The charring rates (mm/min) for the upper LVL
panels were determined by dividing the charring depths (mm) by the fire duration
(min). To prevent any influence from corner rounding, 50 mm of the outer perimeter
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Fig.5 Applying CT-scan on upper LVL panels: a entering the specimens to the scanner, b specimen’s
layout with their numbers in the scanner

of each panel was excluded from the charring depth analysis. Only the inner area of
400 %400 mm was analyzed.

After scanning the panels, the charred layers on the LVL panels were removed,
in order to determine the charring depth of the upper LVL panels. Manual cleaning
was used to avoid applying any pressure on the specimen, which may happen when
using an automatic angle grinder brush. According to Eurocode 5, the charring line
is the layer of material formed between the charred layer and unburnt wood. This
line forms at a temperature of 300°C. Therefore, the start of the fire duration for the
upper LVL panel was determined when the thermocouples on the inner surface of
the panel reached 300°C. Similarly, for the lower LVL panel, which was completely
burnt, the start of the fire duration was determined when the temperature of the outer
surface of the panel (exposure surface) reached 300°C, and the end of the fire dura-
tion was determined when the temperature of the inner surface of the panel reached
300°C (Konig 2005).

Numerical simulation

The fire performance of the system was simulated through a heat transfer model
developed in ABAQUS. This model was then validated with the experimental results
by comparing the temperature profiles, as well as the charring rates from both meth-
ods. An unsteady-state heat transfer analysis, or transient analysis, is appropriate for
studying the thermal properties of a certain material under fire exposure over time.
The time period of the analysis represents the duration of the fire. Three modes of
heat transfer were considered in the simulations: radiation, convection, and conduc-
tion. Radiation and convection occur at the furnace, where the burner emits heat
towards the first LVL panel, heating the air in the testing zone and transferring heat
to the surface of the specimen. Conduction is considered within the element’s thick-
ness and between the LVL panels and the steel sheet.
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According to Fourier’s law, the heat flux is proportional to the temperature
gradient as shown in Eq. 1 (Incropera et al. 2013):

T 0[0_T

P
cL_ 29 + 2
Porar T ox

oT
ox1 " oy

/!
A ay] +0, M
where T [K] represents the temperature, x [m] and y [m] are the spatial coordinates,
and ¢ [s] is the time. The material properties are characterized by the parameters A
[W/(m-K)] for thermal conductivity, p [kg/m?] for density, and C, [J/(kg-K)] for spe-
cific heat capacity, while Q, [W/m?] denotes internal heat generation.

Initial temperature distribution throughout the domain was defined according
to Eq. (2).

Tiiyz0 = To 2)

Neumann Boundary Condition (Eqgs. 3 and 4) specifies the heat flux normal to
the boundary, which represents the convection and radiation behavior.

oT
9 _
on 4 3)
—A—(;T = Doy (T = T,) + gy, % € % (T* = T ) @
. .

where T, is the initial temperature, q is the prescribed heat flux and n is the normal
vector to the boundary. The convection coefficient & [W/(m?-K)] characterizes the
rate of heat transfer via convection. T, [K] denotes the temperature of the furnace
environment. The Stefan-Boltzmann constant o, [W/(m2%K*] is 5.67 x 1078, rep-
resenting the constant in the Stefan-Boltzmann law. € represents the emissivity coef-
ficient, which describes the material’s ability to emit radiation relative to a perfect
blackbody.

The temperature-dependent material properties for both LVL panels and the
steel sheet were defined according to (EN 1993-1-2 2004; EN1995-1-2 2004),
respectively (Fig. 6). The density of the steel was considered temperature-
independent with a value of 7850 kg/m> according to the supplier’s datasheet.
Thermal conductivity was considered to be isotropic. Isotropic properties pro-
vide sufficient accuracy for modelling of the overall heat transfer and charring
behavior of the wood-steel hybrid system in this study. The density of the LVL
panel was defined as temperature-dependent due to the mass loss of the mate-
rial during the fire. The initial density of LVL was taken as 730 kg/m? based on
the supplier’s datasheet (Pollmeier 2017). Temperature dependent density varia-
tion of timber has been defined based on the graphs in (EN1995-1-2 2004). For
unforced natural air surrounding a flat surface the convection coefficient is con-
sidered to be 25 W/(m?-K), while The emissivity coefficient € is considered (0.8)
for wood and (0.3) for the steel. C3D8 elements was used for the FE-analysis.
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Interaction and boundary conditions

Tied constraint was used to ensure the contact behavior between the steel plate and
the LVL panels within the simulations. This constraint ensures that each node on the
slave surface matches the temperature of the corresponding point on the master sur-
face, thereby maintaining uniform thermal conditions across the contact interface, as
shown in Fig. 7. The initial system temperature was set to ambient room temperature

(25°C).

Upper surface constraint

Lower surface constraint

Fig. 7 Interactions between the steel sheet and the LVL surfaces for both upper and lower panel
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The heat flux, calculated from Eq. 4 and representing convection and radiation
from the heating source (furnace burner), was applied in two stages:

1. First stage: From the start of the test until the lower LVL panel was burned
(50~ 55 min), a surface heat flux was applied on an area of 450X 450 mm on the
lower LVL panel surface, representing the furnace opening using (T ), the tem-
perature of the furnace from the experiment (Fig. 6).

2. Second stage: After the lower LVL panel was burnt, the surface of steel
sheet was directly exposed to the furnace burner until the end of the experiment
(80 min for S1 and S2, 90 min for S3 and S4), when the. A heat flux was applied

Furnace temperature-Loading stages

1200 - x
Stage 1 P Stage 2
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Fig. 8 Furnace’s temperature amplitude with areas of applying heat flux (first and second stage)
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to the steel sheet surface using (T ), the temperature of the furnace for this time
period (Fig. 8).

The start time and exposure rate of the steel sheet to the furnace burner were
determined based on the results from stage one of the simulation. As shown in
Fig. 8, it took approximately 50 to 55 min for the entire upper surface of the lower
LVL panel to reach the 300°C threshold.

Results and discussion
Experimental results
Temperature profiles and visual observations

During the fire tests, small cracks started to appear on the lower LVL panel of all
specimens, and the crack widths increased gradually with rising temperature and
prolonged exposure time. In Fig. 9, the average temperatures at each position meas-
ured on sample S1 by the thermocouples are plotted over time, illustrating the
behavior of the lower LVL panel at each time interval. Figure 10 presents time—tem-
perature mean profiles of samples S2, S3, and S4. It shows that the lower LVL pan-
els in all specimens were completely burnt. The remaining components, including
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Fig.9 Time-Temperature Mean profile, specimen S1, showing the influence of the fire on the lower LVL
panel after 15 min, 30 min, 45 min, 60 min, and 80 min
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Fig. 10 Time- Temperature profiles of specimens S2, S3, and S4

the steel plates and the upper LVL panels, were thermally degraded by fire. Tem-
perature profiles recorded by surface thermocouples TO9 and T10 in specimens S2
and S3, fixed to the inner surface of the upper LVL, exhibited oscillations. These
oscillations occurred especially between temperatures of 200°C and 350°C when the
upper LVL surface began to ignite, and a charring layer started to form beneath the
thermocouples.

Charring behavior

The upper LVL panels were scanned using a CT scanner, and the charring depth of
each sample was determined through three sectional cuts. Three cuts were analyzed:
A, B, and C. Cut B corresponds to the centerline of the layer, while cuts A and C
are located 150 mm to the left and right of the centerline, respectively. These results
are presented alongside the actual sections with the charred layer. The arrangement
is illustrated in Fig. 11. The maximum charring depths for specimens S1, S2, S3,
and S4 were 18 mm, 20 mm, 19 mm, and 22 mm, respectively recorded at the mid-
dle of the panel, where it was connected to the steel profile, highlighting the influ-
ence of heat conduction in this region. The charring line—the line between the burnt
and unburnt wood—is clearly visible in the pictures of the CT-scanned LVL panels
before removing the charring layer.

The average charring rate (mm/min) of the upper and lower LVL panels for speci-
men S1 is analyzed in Fig. 12, indicating the starting and ending points of the fire
exposure for each panel, which is set to a char front temperature of 300°C. Table 2
presents the charring rate of the upper LVL panel for each specimen at different
sectional cuts, along with the average charring rate of the lower LVL for each speci-
men. The charring rate for the lower LVL panel averaged between 0.7 and 0.73 mm/
min, aligning closely with the recommended charring rate of 0.7 mm/min as per
Eurocode 5 (EN1995-1-2 2004).
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Fig. 11 Charring depths of the upper LVL panels after removing the charring layer in three different sec-
tions A, B, and C. with corresponding CT scan sections

The charring rate of beech LVL panels, with an average density of 777 kg/m?
at 12% moisture content is found to range between 0.68 and 0.72 mm/min (Ehr-
lenspiel and van de Kuilen 2012). This is also corresponds to the findings of Moss
et al. (2009) on LVL made from radiata pine, where charring rates fell within the
range of 0.65 to 0.71 mm/min. Additionally, studies on the fire resistance of radiata
pine LVL, with an average density of 610 kg/m> at 13% moisture content (O’Neill
et al. 2013), reported an average charring rate of 0.72 mm/min, further supporting
the consistency of results. Fire experiments on radiata pine LVL, with an average
density of 605 kg/m> at 12% moisture content (Fragiacomo et al. 2013), revealed
charring rates ranging from 0.69 to 0.83 mm/min on LVL panels. Based on this
comparison, the density represents an effective factor in the charring rate of LVL
elements. Moreover, the thickness of the steel sheet proved to be a critical factor
affecting charring depth and rate in this study. Specimens S2 and S4, connected to
an upper LVL panel with a 1.25 mm thick steel sheet, demonstrated more significant
thermal deterioration compared to specimens S1 and S3, which were connected to
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Table 2. Average charring rate Specimen s1 $2 s3 S4
(mm/min) for upper and lower
LVL panels Lower LVL 073 073 070 073

Upper LVL Sec(a-a) 1.00 0.92 0.76 1.04
Sec(b-b) 1.06 0.95 0.88 1.00
Sec(c—c) 0.95 0.90 0.81 0.98

a 0.75 mm thick steel sheet (Fig. 13). This outcome contradicts initial expectations,
revealing that thicker steel sheets led to higher heat energy transfer to the upper
LVL layer, thereby influencing its charring behavior. One potential explanation lies
in the concept of thermal mass, where thicker materials have a greater capacity to
absorb and store heat energy. Yanchun et al. (2021), in their heat transfer experi-
ments involving steel plates of varying thicknesses, observed that thicker steel plates
exhibit higher thermal mass, enabling them to store more heat and cool down more
slowly compared to thinner steel plates. Thicker materials retain heat for extended
periods, requiring more time to dissipate it effectively than thinner materials.

Analyzing CT-scan and density variation

By means of CT analysis (Freyburger et al. 2009; Lindgren 1992), the depth of
charring in LVL and the uniformity of the density distribution were analyzed,
as shown in the graphs in Figs. 14 and 15. Three sectional cuts (labeled V1, V2,
and V3) were defined for each sample, and density variation was analyzed along
these paths across the panel thickness. This procedure was conducted for nine dif-
ferent positions across each sample, revealing the density variations at the center
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18mm

|

24mm

Fig. 13 Maximum charring depth of the upper LVL panel for samples S1:S4, showing the influence of
the steel thickness tg

and corners of the LVL panels. For comparative purposes, a reference sample
(depicted in green) was included in each graph, showing a consistent density vari-
ation along the thickness without thermal exposure.

The results in Fig. 14 indicate that the solid parts of LVL panels, which did
not experience high enough temperatures to burn, retained a density range similar
to that of the reference sample. However, moving through the panel thickness,
the density decreased due to moisture evaporation under elevated temperatures.
While this observation aligns with expectations, the high scatter in material prop-
erties suggests that repeating the experiments under varying temperature condi-
tions would help verify these results.

The charring depth at each position and for each sample was calculated by
considering the total thickness of the LVL samples (36 mm) and identifying the
point on each graph, where the density began to decrease, marking the boundary
of burnt wood. These findings are summarized in Table 3 and Fig. 14. It can be
seen in Table 3 that for most of the cuts, one side of the sample has higher char-
ring depth compared to the other, related to the positioning of the sample at the
CT-scanner. This can be validated from the pictures in Fig. 15. It can be seen in

@ Springer



Wood Science and Technology (2025) 59:23 Page190f29 23

Left Mid Right
v2 x x x
vi x* 3 x
v3 x x x
S1 S2 sS4
900 900
18mm 0 24mm
800 800

v

Density (Kg\m’)
g
Density (Kg\m’)

—Right —Right

—Mid
100 Left
o [L=reenee A

4 8 1

B 2 3% 4 8 n 16 0 A B R H 4 8 1 16 0 % B R 3%

0 u
Thickness (mm) Thickness (mm) Thickness (mm)

S1 S2 sS4

21mm

\

Densiy (Ke\r')
S

—
— g
100 Let

— Refrence

4 8 2 16 20 24 28 32 3% 4 8 m» 16 0 u B B 3K 4 8 12 16 20 2 28 2 3B
Thickness (mm) Thickness (mm) Thickness (mm)

S1 S2 sS4

8 R

6 0 W B 0
Thickness (mm) Thickness (mm)

% 2 4
Thickness (mm)

Fig. 14 Density variation through the thickness of samples S1, S2, and S4

these figures that the material density distribution is not uniform over the sur-
faces. This may be due to the buckling of the steel plate under the high tempera-
tures. Similar behavior can also be seen, when comparing the V-cuts. Samples
S2 and S4 are the ones, which had steel plates with a thickness of 1.25 mm. This
means that the heat transfer from the steel plate to those LVL samples that has
been scanned (S2 and S4) have been higher. Therefore, bigger areas of fire failure
can be observed in the CT images of those samples. Sample 4 was produced with
a higher steel plate (h=150 mm). Therefore, one possible reason for the highly
non-uniform burnt structure of the upper LVL in this sample may be the buckling
of the steel plate and concentration of the heat transfer to a specific corner of the
sample, as discussed before. In contrast, samples S1 and S2 with shorter steel
plate (h=100) had a more uniform pattern of heat transfer. This can be visualized
in Fig. 15, especially in the cut of the upper layer of these samples.
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S1
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S2

Fig. 15 CT-scan images of the samples S1, S2 and S4

S4

Table 3 Charring depths (mm)

calculated from the CT-scan V2 Vi V3
images of the upper panels Sl Right 14.54 11.61 575
Mid 18.45 17.47 10.66
Left 7.91 7.71 6.73
S2 Right 7.71 21.35 17.47
Mid 15.52 23.35 22.38
Left 3.79 7.71 8.71
S4 Right 14.12 11.64 11.64
Mid 17.45 15.54 13.59
Left 23.81 6.75 11.61

@ Springer



Wood Science and Technology (2025) 59:23 Page210f29 23

Numerical validation

The numerical heat transfer models for different configurations of WSH systems
(S1, S2, S3, and S4) are validated experimentally in terms of temperature profiles
and charring behavior for the single components.

Temperature profile of the component

Figure 16 shows the numerical temperature distribution for different configurations
of WSH elements. It is notable that the contacted areas of the upper LVL panel to
the steel profile experience higher temperatures than the uncontacted region. It is
also observed that the samples with thicker steel sections transfer more heat than
those with thinner sections (as represented by the difference between S2 and S1 for
the 100 mm steel section height, and between S4 and S3 for the 150 mm steel sec-
tion height).

Lower and upper LVL panel

The numerical temperature profiles of the lower LVL panels show a slight devia-
tion from the experimental temperature profiles, as shown in Fig. 17. This devia-
tion starts at 2400 s and continues until 3000 s. During this period, heat begins to
penetrate the lower LVL panel in the experiments through the screws connecting
the steel sheet and the cracks formed in the charring layer, which are not presented
in the numerical model. This phenomenon is also observed in the research of Zhang
et al. (2012), who confirmed that the reason behind the deviations in numerical
simulations from experimental results might be the formation of cracks through the
charred layer at higher temperatures, which differs among different samples. Local-
ized cracks in the charred layer increase the amount of heat entering the pyrolysis
zone, thereby increasing the temperature unpredictably. After around 3000 s, both
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Fig. 16 Numerical temperature distribution for samples S1:4
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Fig. 17 Experimental and numerical Time—Temperature profiles for lower panels

the experimental and numerical time—temperature profiles start to rapidly increase.
This occurs due to the exposure of the thermocouples to the air inside the furnace
and the measurement of the temperature of the air, after the lower LVL layer is com-
pletely burnt.

The numerical temperature profiles from the measurement of inside tempera-
ture of the panels (T11-T12-T13) correspond well with the experimental tempera-
ture profiles, as shown in Fig. 18. The surface temperature slightly deviates from
the experiments, likely due to charring of the upper LVL layer and slight movement
of the thermocouples in this region. Oscillations are observed in the temperature
profiles measured by the surface thermocouples of specimen S3, occurring between
temperatures of 200°C and 350°C. These oscillations coincide with the ignition of
the upper LVL surface and the formation of a charring layer, causing the thermocou-
ples to shift from their initial positions. Once the surface is fully ignited, the thermo-
couples continue to record the rising temperature smoothly.

Steel sheet profile

The homogeneous properties of the steel significantly contribute to the accuracy
of the validation, as depicted in Fig. 19. The two stages of loading (radiation and
convection), are clearly distinguishable from the elevated numerical temperatures
observed in all the samples. Temperature profiles show a rapid increase after 50 to
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Fig. 18 Experimental and numerical Time-Temperature profiles for upper panels

55 min, when the steel sheet is directly exposed to the furnace burner following the
combustion of the lower LVL panel.

Charring behavior

Lower and upper LVL panels To compute the charring rate of the lower panel, which
is completely burnt during the test, the charring front temperature is set to 300°C
(EN1995-1-2 2004). The charring duration begins when the thermocouples on the
fire-exposed surface of the layer record 300°C, and it ends when the thermocouples
at the inner surface of the layer record the same temperature. As shown in Fig. 20,
the experimental charring rate of the panels averages between 0.7 and 0.73 mm/
min, closely aligning with the recommended charring rate of 0.70 mm/min accord-
ing to (EN1995-1-2 2004). Meanwhile, the averaged numerical charring rate is 0.74
mm/min. The numerical charring depths of the upper LVL panels show a uniform
distribution across different cross-sections of the panel. Table 4 compares the experi-
mental and numerical charring rates of upper LVL panels at three positions in the
centerline, 150 mm above the centerline, and 150 mm below the centerline. Fig-
ure 20 compares the average experimental charring rates with the numerical results
for different specimens of the WSH system. The upper LVL layers of specimens S1
and S2 ignite—surface thermocouples record 300°C—earlier than those of specimens
S3 and S4. This discrepancy is attributed to the internal cavity influence, where the
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Table 4 Experimental and numerical average charring rate of upper LVL panels

Specimen Experimental charring rate Numerical charring rate
—_— 1.00 mm/min e 1.04 mm/min |
CLAS0MN e ——
. i . i
. 1.06 mm/min 0.97 mm/min
S1 C.L (0.00) L = ittt it
Secic 0.95 mm/min
C.L- 150mm SE - E P
Seca 0.92 mm/min
C.L+150mm —]
S 0.95 mm/min ! ‘min
s2 C.L (0.00) ant
Sec ¢ 0.9 mm/min
CL-150mm s = ==
Seca 0.76 mm/min
C.L+150mm ~—
Sec b 0.88 mm/min
83 C.L(0.00)
: i % I
Secc 0.81 mm/min 0.87 mm/min
CL. 150mm L L RTYSSETTEEIT b
Seca 0.96 mm/min
C.L+150mm
S4 Sec b 1.00 mm/min
C.L(0.00)
Secc 0.98 mm/min
C.L- 150mm

steel section profile M150/280 is higher than M100/280. Additionally, the steel sheet
thickness plays a notable role in transferring the heat energy to the upper LVL panel.
The upper LVL of S2 ignites 4 min earlier than S1. A similar behavior is observed
for S3 and S4.

The experimental charring rate for the upper panel averages between 0.88 mm/
min and 1.00 mm/min, while the numerical charring rate averages between 0.95 mm/
min and 1.06 mm/min, resulting in an average deviation of 5% to 8%. The increase
in numerical results may be attributed to the conduction behavior between the panel
and the steel profile, which is defined as tie contact in the model, allowing direct heat
transfer to the upper layer without considering the gaps or imperfection in the con-
tact surface. Another contributing factor could be the generic thermal properties of
wood defined according to Eurocode (EN1995-1-2 2004), which may not accurately
represent the behavior of the LVL element. The discrepancy observed aligns with
findings from Couto et al. (2016), where deviations between numerical and experi-
mental results in charring rate and temperature profiles were attributed to the effects
of moisture content, which were not adequately considered in the numerical model.
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To enhance numerical simulation results, researchers such as §pi1{1k et al. (2022)
and Molina et al. (2012) emphasize the importance of refining input material prop-
erties such as the thermal conductivity, specific heat capacity, and density of wood
with temperature dependency in software models beyond the generic wood prop-
erties of softwoods and hardwoods specified in Eurocode-5 (EN1995-1-2 2004).
However, one limitation of the current model is the use of generic LVL material
properties derived from Eurocode 5, which may not fully capture the actual material
behavior in more complex scenarios, such as when mechanical loading is applied
during a fire. Additionally, the simplified thermal contact representation between the
steel sheet and the LVL panels may not account for the effects of screws, air gaps, or
other connection details under such complex loading conditions.

Conclusion

In wood-steel hybrid slab systems, the geometrical configurations and thicknesses
of both steel plate and LVL panels may play as a limiting role in the performance
of the system under fire exposure. This study provided a numerical model to simu-
late the fire behavior of the components and predict the thermal performance of the
hybrid system under fire. Additionally, fire experiments were conducted to validate
the numerical models. The observations of this study can be summarized as follows:

e The size and shape of the internal cavity of the composite systems have a signifi-
cant impact on the general fire resistance of the system. Furthermore, the con-
figuration of the steel plate (especially height and thickness) strongly influences
the fire performance of the upper LVL layer.

e Applying CT scanning after fire tests enhances our ability to assess density loss
throughout the element thickness, which is a crucial indicator of material perfor-
mance under fire conditions.

e The temperature profiles of the element components were well predicted numeri-
cally and validated against experimental data.

e The numerical prediction of the charring rate showed deviations of 5-8% from
the experimental charring rate. This discrepancy is attributed to the crack forma-
tion during the fire tests and the generic thermal properties of wood as defined
by Eurocode, which could be improved by refining the material model and rede-
fining the thermal properties of LVL.

e The internal cavity of the element affected heat transfer; the upper LVL layers of
specimens S1 and S2 with a steel profile height of 100 mm ignited earlier than
those of specimens S3 and S4 with a steel profile height of 150 mm.

e The thickness of the steel profile notably influenced the charring rate; upper LVL
layers connected to thicker steel profiles exhibited higher charring rates com-
pared to those connected to thinner steel profiles.

Future work could include simulations using coupled temperature-displacement

analysis to improve the prediction of thermo-mechanical performance in real-world
scenarios. Additionally, exploring more detailed material models, considering the

@ Springer



Wood Science and Technology (2025) 59:23 Page270f29 23

effects of mechanical loading and temperature-dependent properties of LVL, along
with further experimental validation, would enhance the accuracy and robustness of
the numerical predictions.
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