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Abstract

This study investigates the reaction of charred wood cladding systems to fire, focusing
on the influence of wood species, charred surface treatment, flame retardant treatment,
surface coating and board orientation. Nine different configurations of larch and spruce
cladding samples with 20 mm thickness were investigated, which were installed into the
system according to standard requirements. The samples differed by wood type, charred
surface treatment, board orientation, covering with flame retardant agents and additional
surface coverings. Two commercial flame retardant treatments and three commercial
surface coatings were included in the experimental matrix. Fire behaviour was evaluated
according to the EN 13823 Single Burning Item (SBI) method, analysing the ignition time,
fire growth rate index, total heat release from the specimen in the first 600 s of exposure
to the main burner flames, smoke growth rate index and total smoke production from the
specimen in the first 600 s of exposure to the main burner flames as indicators. Although
it was determined that the ignition time fluctuated in a relatively narrow range (from
5 min 12 s to 5 min 36 s), analyses of the additional SBI indicators revealed much clearer
differences between the systems. The best results were obtained for the charred notched
spruce system treated with the phosphate-, urea- and biocide-based flame retardant, which
had the longest ignition time and lowest values for the investigated indicators. Meanwhile,
the least favourable behaviour was observed in the notched untreated spruce system and
in the horizontally oriented system, marked by higher fire spreading and smoke formation
values. The obtained results show that the reaction of a wood cladding system to fire is
not determined only by the type or application rate of flame retardant, but also the whole
system’s structure, including the wood type, surface processing, covering combination and
installation configuration.

Keywords: flame retardant agent; spruce cladding; larch cladding; charred wood; single
burning item

1. Introduction

Wood is widely used in building and facade finishing due to its renewable sources,
aesthetic qualities and favourable strength-to-mass ratio. However, its usage is limited by
its natural flammability and thermal degradation [1-3]. The behaviour of wood during a
fire is associated with thermal cleavage, volatile flammable product formation, igniting,
release of heat, carbon layer formation and smoke generation. Due to this, an improvement
in wood resistance to fire generally means an effect on these interconnected processes [1,4].
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Processing with flame retardant agents and protective covering usage in wood products
is considered not only as an additional protective measure, but also as one of the most
important aspects for expanding wood usage in building partition and facade finishing
systems [1,4].

In the literature and in practice, various solutions are applied for wood facade pro-
tection. These solutions include wood modification for surface coverings, flame-retardant
agent products and their combinations [1,4,5]. Nevertheless, the behaviours of such mul-
tilayered systems in real operation conditions can differ from those of their separate
components. Due to this, the whole system’s reaction to fire must be evaluated, taking into
account the cladding type, presence of an air gap, foundation and surface finishing [1,6].
In this context, surface charring is a practically relevant wood surface treatment method
because it forms a carbonised outer layer that may reduce direct heat and mass transfer to
the underlying wood. However, the protective role of such a charred layer should not be
considered automatic, since its effectiveness depends on layer continuity, surface cleaning,
subsequent coating and the way in which the cladding is installed as a system.

Increasing attention to sustainability through the use of building materials produced
from renewable sources has promoted the usage of wood in both constructive and finishing
solutions [7]. Nevertheless, one of the most important aspects limiting the wider application
of wood is its natural flammability and its related reaction to fire [2].

The behaviour of wood during a fire is influenced by a complicated physical and
chemical process, including thermal degradation, ignition, volatile flammable product for-
mation, heat release, smoke formation and carbon layer formation [1,3,4,8]. As all of these
processes are closely related to each other, increasing resistance to heat for wood cannot
be considered only as a surface protection problem. Wood modification and additional
covering can significantly change the thermal degradation rate, burning intensity and the
nature of fire development [6,8,9].

When protecting wood facade systems, it is imperative to take into account not only
the properties of the material itself but also that, in real fire conditions, the behaviour of
the entire system is determined by many factors. The reaction to fire depends on the type
of wood, density, moisture, use of coverings, element configuration, mounting type and
gaps behind the cladding solutions. Due to these reasons, fire safety evaluation should
not be based only on separate component characteristics, as only system-scale experiments
allow for reliable evaluation of realistic behaviours during a fire [1,6,9]. In this context,
the Single Burning Item method is particularly relevant for such cladding systems, which
evaluates the reaction of an installed assembly to fire, rather than the individual behaviours
of isolated material samples.

The effects of flame retardant processing on wood flammability and thermal degra-
dation are often evaluated using thermogravimetric analysis and cone calorimetry, which
allows for comparison of the cleavage process, ignition characteristics and heat release [8].
In the literature, the increase in resistance to fire after treatment of wood with spreadable
coatings has been analysed in several main ways: applying bio-based phosphorus com-
pounds, inorganic silicon basis modifiers, borate systems, water-based flame retardant
agents, various surface coverings and combined thermal and chemical modification solu-
tions [4,10]. Newer reviews have shown that, for wood, flame retardant protection using
phosphorus, boron, silicon and carbon layer-forming components is especially important,
while surface flame retardant and intumescent covers are considered practical directions
due to their comparatively simple application, economy, and ability to form a heat- and
mass transfer-limiting protective barrier [4,5,10,11]. In practical facade-type applications,
flame retardant systems may therefore represent different treatment concepts, including
salt-type phosphate-based systems and polymeric non-salt-based systems. Comparing
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such treatment concepts at a system level is relevant because their effectiveness depends
not only on their chemical composition, but also on the interaction with the charred wood
substrate, coating layer and installation configuration.

In recent years, more and more attention has been dedicated to bio-based materials
as sustainable flame retardant system alternatives [4]. Research on phytic acid-modified
delignified timber has shown that these solutions can significantly lower the general heat
release and improve the reaction to fire. Due to this, bio-based phosphorus compounds
are considered a prospective direction when aiming to create environmentally favourable
flame retardant systems [12]. Relevant research has shown that the reaction to fire can be
improved not only with a surface layer, but also by changing the timber microstructure
itself and its thermal degradation rate [12,13].

Another important direction is represented by inorganic and organic-inorganic flame
retardant systems. Sodium silicate and related silicon-based formulations have been associ-
ated with improved flame retardancy, smoke reduction and additional functional benefits,
such as increased water resistance or enhanced material stability [4,14,15]. Specific studies
on sodium silicate and silica-based wood modification have further indicated that such
treatments may form more stable inorganic networks within the wood structure and modify
the material’s response during heating [16]. In addition, selected studies on combined wood
modification using silica sol, phenolic resin and high-temperature treatment have shown
that such systems can also affect the wood’s physical and mechanical properties [17,18].
When assessing these solutions, it is necessary to consider not only their flame retardant
effect, but also their wider influence on the treated wood substrate [15,17,18].

Flame retardant agent processing often changes not only the wood’s reaction to fire,
but also its operational properties [4,19-21]. Analyses of the effects of flame retardant
processing on the measurement stability and thermal degradation properties of timber have
emphasised that flame retardant agents can affect the timber’s cleavage trajectory, moisture
behaviour and structural stability [8,19-21]. Analogously, in research on water-based flame
retardant agent-based coverings, it has been emphasised that their effectiveness is related
not only to their chemical composition but also their interaction with the foundation,
covering formation and protective layer properties. For these reasons, the nominal product
composition alone does not allow us to reliably predict the final properties [4,10,22].

A separate space is occupied by research on advanced surface technologies and practi-
cal application. Studies on flame retardant agents without halogens and water-resistant
covering deposition using DBD technology [23], as well as plasma-assisted flame retardant
agent impregnation schemes [24], have shown that modern wood protection measures
more often than not coordinate several functions at the same time—for example, lower
flammability, control over surface moisture and improved protective system penetration or
grip. At the same time, research on the fire safety of historical wooden architecture [25-27]
has shown that effective protection against fire remains relevant both to new and historical
constructs; when evaluating heritage objects, it is necessary to take into account not only
the material’s flammability but also realistic fire scenarios, evacuation time and limited
protection measure implementation possibilities. Classical work on Douglas fir processing
using borates and natural extracts has also confirmed the varying effectiveness of different
flame retardant agent systems: borates were associated with an obvious flame retardant
effect, while natural extracts did not provide a noticeable increase in resistance to fire [28].

Therefore, when evaluating the reaction of wooden facades or covering systems to
fire, it is not enough to depend on general knowledge about flame retardant agent groups
or individual material laboratory indicators. Therefore, realistic installed systems are
necessary, enabling comparison of the effects of wood types, surface processing, thermal
modifications, oil coverings and different flame retardant agents. In this context, this work
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analyses EN 13823 (SBI) sample results for different covered and processed timber cladding
systems [1,4,6]. The goal of this work is to compare the reactions of differently processed
charred wood cladding systems to fire under the EN 13823 Single Burning Item test, with an
emphasis on the ignition time, fire growth, heat release and smoke production as indicators.

2. Materials and Methods
2.1. Materials

In this study, nine different wooden cladding system configurations were analysed.
Timber cladding comprising 20 mm-thickness larch or spruce wood was used as samples.
The cladding was divided into notched and charred unnotched categories, according to their
surface preparation. Samples Nr. 1-8 were installed with vertical board orientation and
sample group Nr. 9 with horizontal orientation. The experimental matrix was designed to
compare charred wood cladding systems, rather than to quantify the improvement relative
to raw untreated wood. Therefore, non-charred and fully untreated wood groups were not
included. Within the scope of this study, sample groups 1-4 serve as the internal reference
subset, since they represent charred cladding systems without flame retardant treatment.

In the experiment, two commercial timber flame retardant agents products were used:
UT—"Ultra” (“MultiPro System OU”, Tallinn, Estonia) and AB—"Arlitas B418” (UAB
“Danushis Chemicals”, Kretinga, Lithuania). According to the manufacturer’s description,
the UT flame retardant agent is a water-based impregnating agent, dedicated to protecting
wood and wooden constructs against fire. The manufacturer also specifies that it is a
product without halogens and that it contains about 30% iron hydrogen phosphate. AB
is a flame retardant solution for wood, also dedicated to protecting wooden surfaces and
constructs against fire. It is based on a salt-based system, including potassium potash
and ammonium phosphate. As the specific full compositions are not presented in their
publicly available product pages, the flame retardant agents used in this work are described
according to their functional type and manufacturer-provided information about their
active components. Their technical properties are presented in Table 1.

Table 1. Technical properties of flame retardant agents.

UT Flame Retardant Agent AB Flame Retardant Agent Property, Measurement Unit
Flame retardant agent, opacity,
333 3
mL/m
B-51,d0 Ensured flammability class according

to EN 13501-1:2019

Aqueous polymeric (not salt-based)
impregnating agent, liquid iron

Aqueous phosphate, urea and

L ; hemical iti
biocide solution Chemical composition

phosphate with organic stabilisers

Acidity of 1.5-2.5

Neutral or slightly acidic pH

Works effectively with thermowood

Dedicated to covering finishing

timber Specific purpose

These two products were selected because they represent two practically relevant
flame retardant treatment concepts for timber cladding; namely, a phosphate-based salt-
type system and a polymeric non-salt-based system. The expected mode of action of such
treatments is associated with promoting char formation, modifying thermal degradation
and reducing the release of combustible volatiles during heating. The present study does
not quantify the chemical retention, penetration depth or distribution of the flame retardants
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within the wood substrate; instead, the treatments are evaluated at the level of complete
mounted cladding systems.

Three commercial timber coverings were used for sample surface finishing: Remmers
Induline OW-815 (RM), Renner YS C110 (RN) and Sikkens Cetol Premium Timber Oil (SK).
RM (“Remmers” GmbH Loningen, Germany), according to its technical description, is
a water-based protective wooden covering dedicated to exterior wooden surfaces. In it,
special UV absorbents and lignin stabilisers are used, and the product is recommended
for wooden constructs with limited or minimally changing measurement stability. RN
(“Renner Italia” S.p.A. Minerbio, Italy) is described by the manufacturer as a hydro-oil
dedicated to exterior work. SK (“AkzoNobel”, Amsterdam, The Netherlands), according to
its technical description, is a deeply absorbing wood-conserving oil, dedicated to exterior
wood; it feeds, colours and protects the surface and forms a natural matte surface. The
coverings used in this research encompass both water-based protective systems and oil-type
deeply absorbing covers, allowing for comparison of not only flame retardant agents but
also different surface layers in terms of their effects on the wood’s reaction to fire. The
covering technical characteristics are presented in Table 2.

Table 2. Technical properties of wood covering agents.

RM Covering RN Covering SK Covering Property, Measurement Unit
Water Water Oil Base material
Aqueouzpolymeric and oil acrylicéggle;lisethane Mixture of alkyd'resin Chemical materials
ispersion copolymer and natural oils
1.01 1.03 0.865 Density (20 °C), g/cm3
11-13 15-20 18-22 Viscosity, s
89 89 — pH
60-80 mL/m? 100-150 g/m? 70-100 mL/m? Covering opacity

Spruce and larch wood were used for the samples, properties of which are presented in
Table 3. The values presented in Table 3 are reference values used to characterise the selected
wood species, and should not be interpreted as individually measured density or moisture
values for each treated specimen after surface preparation and coating. The claddings used
in these experiments for samples were produced from this timber. A schematic of the cut
section of the cladding is presented in Figure 1. During specimen selection, boards with
obvious macroscopic irregularities that could strongly bias the SBI response, such as large
knots, severe cracks or visible resin pockets, were avoided where possible. However, no
formal defect grading procedure or quantitative anatomical characterisation was performed,
and this is acknowledged as a limitation of the material characterisation process.

Table 3. Wood technical properties.

Spruce Wood Larch Wood Property, Measurement Unit
0.43-0.47 0.6-0.7 Density (12% humidity), g/cm?
0.38-0.42 0.55-0.62 Density after charring, g/cm?

12 20-25 Hardness (according to Brinell), N/mm?
Low Very high Resin content (resinousness)
3-5 4-6 Humidity absorption after charring, %
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20 mm

Figure 1. Wooden cladding cut section.

Spruce and larch wood cladding was prepared using traditional Japanese Shou Sugi
Ban (also known as Yakisugi) wood burning technology. This technology uses thermal
wood treatment at a temperature of 300-400 °C. When processing the wood, controlled
wood surface pyrolysis takes place, the goal of which is to form a 2-4 mm-thickness
amorphous carbon layer on the cladding surface. After the burning process, sudden
cooling is performed using a water spray. This stops the exothermic process, such that the
wood’s structural integrity is not damaged and wood cleaving processes are avoided. After
cooling, the cladding surface is cleaned with nylon brushes (notching). During the cleaning
process, loose ash and carbon layers are removed. Usually, during such a burning process,
the wood inside soft early wood grooves burns away while later wood remains, as it is
stronger and harder. In later experiments, some of the products were cleaned using brushes
(notching), while others were used without cleaning, as summarized in Table 4. After such
processing or without it, the samples were covered in flame retardant agents followed by
the special covers described in Table 2. The sample surface preparation schema is shown in
Figure 2.

Table 4. Researched sample groups and surface processing schemes.

Board Flame Retardant Covering, Sample
Wood Thickness, mm Treatment . . Agent, Opacity Opacities P
Orientation 2 2 Group Nr.
mL/m mL/m
Larch 20 Charred, Vertical - RM, 60-80 1
unnotched
Larch 20 Charred, Vertical . RM, 60-80 2
notched
Charred, .
Spruce 20 unnotched Vertical - RM, 60-80 3
Charred, .
Spruce 20 notched Vertical - RM, 60-80 4
Charred, .
Spruce 20 notched Vertical AB, 364 - 5
Charred, .
Spruce 20 notched Vertical UT, 335 - 6
Spruce 20 Charred, Vertical UT, 412 RN, 210 7
notched
Spruce 20 Charred, Vertical UT, 700 SK, 300 8
unnotched
Spruce 20 Charred, Horizontal UT, 700 SK, 300 9
unnotched

Nine sample groups were used. Sample groups 1-4 were dedicated to evaluating
the influence of wood type and surface processing, using charred wood with a surface-
protective covering system without a flame retardant agent. Sample groups 5-9 were
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dedicated to comparing the effects of different flame retardant agents, their opacities,
additional aqueous or oil coverings and board orientation on the wood cladding system’s
reaction to fire.
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Termination
of the exothermic
reaction

Temperature, °C
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temperature carbonisation carbon layer

Mechanical cleaning

Notching
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Filling of micropores

Before cleaning

Highlighting
the late wood

Figure 2. Wood cladding thermal treatment and preparation scheme.

2.2. Sample Preparation and System Assembly

Samples were experimented on according to the EN 13823:2020+A1:2022 standard
for the reaction to fire of building products affected by a Single Burning Item (SBI) [29].
Samples were prepared according to the requirements of wood cladding systems. They
were installed on a hard surface with a gap for air. To determine the difference between
samples covered in flame retardant agents, covered with coverings and prepared with
different surface treatment methods, sample groups were designed as described in Table 4.
The sample groups were chosen taking into account the wood type, surface treatment,
board orientation and covering schema. Flame retardant products and surface coatings
were applied by brush according to the application rate defined for each sample group. The
application rates were not selected to provide an equalised chemical dosage between differ-
ent products, but to reflect practical treatment schemes and product-specific recommended
usage ranges. Therefore, the application rate was treated as part of the tested system
configuration, rather than as an independently optimised variable. When the sample group
used both flame retardant agents and an additional oil or protective cover in an aqueous
base, the flame retardant agent was spread on both cladding sides; with an oil or protective
covering only, it was spread on the exterior surface alone.

The SBI (Single Burning Item) samples, according to the EN 13823, were formed using
40 mm x 40 mm spruce battens, enabling cladding installation with an air gap. Sample
systems were constructed from 20 mm-thickness cladding (which are described in Table 4),
40 mm spruce battens and a plasterboard base. The evaluated object was not a singular
cladding element, but the whole constructed system.

The corner sample was composed of two wings (Figure 3), connected at a 90° degree
angle to form an inner room corner. According to the EN 13823 installation description, the
long wing height was 1500 mm, with a width of 1000 mm, while the shorter wing height
was 1500 mm, with a width of 495 mm. If there were vertical connections in the final usage
system, the long wing surface had to form a vertical connection 200 mm from the inner
corner; meanwhile, if the connections were horizontal, a horizontal connection at a 500 mm
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height from the long wing edge was required. The maximum sample thickness, according
to the design, cannot exceed 200 mm. As there must be an air gap between the cladding
and base in a real application, the samples were installed with an air gap.

Basis
10,000
200 §
Finishing layer
wv
N
<
Front view
<€— Vertical connection
o
(=)
wv
Horizontal connection -
()
S
v
495 200 800-d
Shorter wing 4 /! 1000
Long wing

Figure 3. SBI sample system geometry and installation (all dimensions are in mm).

The sample system base used a plasterboard panel. The LST EN 13823 installation
description specifies that an A2-s1,d0 class standard base needs to be a plasterboard panel
according to EN 520, with a density of 700 4 100 kg/m? and thickness of 1.5 & 0.5 mm.
The plasterboard base used in this experiment satisfied these standard base requirements.

After complete sample preparation, mounted systems were conditioned according to
the EN 13238:2010 standard requirements. A conditioning room was used, which had a
constant temperature of 23 & 2 °C and humidity of 50 & 5%. Samples were held under
these conditions for 20 days. The moisture content of each specimen was not measured
immediately before the SBI test. Therefore, the reported conditioning regime describes the
controlled pre-test exposure conditions rather than directly measured moisture values at
the exact time of testing.

2.3. Sample Method

For each sample group, three replicate specimens with the same nominal geometry
and system configuration were tested. The reported values represent the mean values of
the replicate tests, and the variability of the results is reported as the standard deviation
in the relevant result table and figures. The SBI method was applied as a system-level
reaction-to-fire test, which is suitable for comparing differently installed and differently
treated wood cladding assemblies in the early fire development stage. The evaluated
outputs included ignition time, fire growth rate index (FIGRA), total heat release from the
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specimen during the first 600 s of exposure to the main burner flames (THRg(ps), smoke
growth rate index (SMOGRA), total smoke production from the specimen during the first
600 s of exposure to the main burner flames (T'SPgs), lateral flame spread (LFS) and
flaming droplets or particles (FDP). This study does not use the SBI data to assign a formal
EN 13501-1 reaction-to-fire classification but, instead, to compare the relative performance
of the investigated cladding systems.

2.4. The Experimental Comparison Logic

Sample groups were prepared so that they could be evaluated separately and in
combination for the main system variable effects reflecting the reaction to fire. Examples of
specimens prepared for testing are shown in Figure 4. First, wood types (larch and spruce),
surface finishes (notched and unnotched charred surface) and board orientation (vertical
and horizontal) were compared. Second, the flame retardant agent type and its application
rate was evaluated, comparing the AB and UT systems. Third, the combined covering
effect was investigated, where the flame retardant agents were combined with different oil
or protective covers. This scheme allows for investigation of not only the effectiveness of
different products, but also their reaction to fire when changing the entire wood cladding
system’s composition.

(a) (b)

Figure 4. View of the assembled stand with samples: (a) both wings of the specimens before

installation in the wall; (b) installed wall.

The investigated configurations in this work were treated as realistically installed
wooden facade and finishing system configurations, not only as individual laboratory
work samples. This approach corresponds both to the EN 13823:2020+A1:2022 [29] sample
logic and the research goal—that is, to compare how different covering and modification
solutions affect the behaviour of the installed system in the early fire spreading stage.

The experimental matrix was not intended as a full factorial design covering all
possible combinations of wood species, surface preparations, flame retardant treatments,
coatings and board orientations. Instead, it was designed to compare selected practical
cladding configurations. Consequently, the results should be interpreted as comparative
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system-level findings for the tested configurations, rather than as a complete optimisation
study of individual treatment parameters.

3. Results
3.1. General SBI Indicator Comparison

According to the EN 13823 (SBI) experiment, all investigated wood cladding systems
caught on fire within a comparatively small interval—from 5 min 12 s to 5 min 36 s. The
ignition time results are shown in Figure 5. The heat release and smoke development
behaviour was compared using the standardised SBI indicators FIGRA, THR400s, SMOGRA
and TSPgys. The values reported in this section represent the mean values obtained
from three replicate SBI tests for each sample group. Error bars represent the £ standard
deviation (SD) of three specimens (1 = 3).

5:38

o
")

o
[N}
N

o
S
°

Ignition timing, s
(9
)

o
S
e}

4:55
1 2 3 4 5 6 7 8 9

Sample groups

Figure 5. Comparison of mean ignition time by sample group.

When including the heat release and smoke formation indicators in the results, it
becomes obvious that the system behaviour after ignition differs more than the ignition
time results. When the full set of SBI indicators was considered, group 5 (charred notched
spruce treated with AB flame retardant) showed the lowest THRg00s, SMOGRA, T'SPgs
and FIGRA( 4mj values. In contrast, groups 4 and 9 showed the highest values for several
post-ignition indicators, including FIGRA, THR¢p0s and TSPgos.

The appearance of the samples after the test is shown in Figure 6. General sample
results are summarised in Table 5. No systems had the flame reach the sample edge
(LFS = No) (LFS—Ilateral flame spread on the long specimen wing), and no traces of burning
drops or particles were found (FDP = No). This indicates that the main differences between
the systems were not in terms of edge flame spreading or burning particle fall, but instead in
heat release rate, general heat release amount and smoke formation intensity. The reported
SBI results are used for a comparative performance assessment only, and are not used in
this study to assign formal EN 13501-1 reaction-to-fire classes.

Table 5. Mean values of the main SBI indicators for the investigated cladding systems.

TSPeoos, SMOGRA,  THReps, FIGRA4my, FIGRAg2vy,  Ignition Sample
m? m?/s? MJ Wis Wis Time, min:s System Summary Group Nr.
100.9 99 8.1 106.3 151 512 Larch, charregi 1
unnotched, vertical
161.6 13.1 19.1 329.4 329.4 524 Larch, charred ,

notched, vertical
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Table 5. Cont.
Tspﬁo()s, SMOGRA, THR60()S, FIGRA()AMJ, FIGRA()‘ZMJ, Ignition Sample
m? m?/s? M] Wis Wis Time, min:s System Summary Group Nr.
1543 17.6 104 170.1 526.1 5:12 Spruce, charred 3
unnotched, vertical

218 50.3 31.7 692.1 692.1 5:21 Spruce, charred 4
notched, vertical
. Spruce, charred

47.3 3.4 49 82.3 99.1 5:36 notched + AB 5
) Spruce, charred

117.8 19.8 10.2 311.6 327.9 5:24 notched + UT 6
. Spruce, charred

147.2 39.4 12.1 605.7 623 5:15 notched + UT + RN 7
Spruce, charred

104.5 12.2 8.2 117.6 117.6 5:18 unnotched, vertical 8

+ UT + SK
Spruce, charred
unnotched,
243.6 31.8 37.7 439.8 439.8 5:15 horizontal + UT + 9
SK

Figure 6. Image of samples during and after testing using the SBI method.

3.2. Heat Release Indicators: FIGRA and THR 405

Ignition time alone was insufficient to evaluate the differences between systems, as

some of the samples that caught on fire at the same time demonstrated different fire

spreading rates. This is especially well shown by the FIGRA indicators (Figures 7 and 8).
The lowest were the FIGRAq 2vy and FIGRAg 4vy values determined in group 5 (99.1 W/s
and 82.3 W/s, respectively), while the highest were observed for group 4 (both 692.1 W/s).
Therefore, the slowest and fastest developing systems in terms of the fire spreading rate
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differed by more than six times. This means that, despite the fact that the systems had a
similar ignition time, the fire essentially spread in a different manner after ignition.

800
700

[=N)
[
o

(9]
(=]
(=]

F[GRAO.Z)\“, W/S

1 2 3 4 5 6 7 8 9
Sample groups

Figure 7. Comparison of mean FIGRA( o\ by sample group.

800
700

(=)
[
(=]

i
(=]
(=]

W A
S
<

FIGRA ., W/s
[
o

[\
[
(=]

1 2 3 4 5 6 7 8 9
Sample groups
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The THRg0s indicators also showed clear differences between systems (Figure 9). The
lowest general heat release during 600 s was determined in group 5 (4.9 MJ), while the
highest was in group 9 (37.7 M]). High THRgg0s values were observed in group 4 (31.7 MJ)
and group 2 (19.1 MJ). Meanwhile, groups 1, 5 and 8 had relatively low general heat release
(8.1 MJ, 4.9 MJ and 8.2 MJ, respectively). These data show that some systems, while igniting
a few seconds earlier than others, released far greater heat energy during further burning.

The evaluation of different groups can be divided into several important comparisons.
Groups 5 and 6, both of which are composed of charred notched spruce, while differing
in the used flame retardant agent, showed essentially different behaviours: the AB flame
retardant-covered system caught on fire the latest and had the lowest FIGRA and THRg0s
indicators, while the UT flame retardant agent-covered system had three times higher
FIGRA( »vy and more than two times higher THRg0s. An obvious difference can also be
seen between group 8 and 9, where the same material system differed only in the board
orientation: a horizontal orientation was correlated with significantly higher FIGRA and
THRgs indicators, even though the difference in ignition time was only 3 s.

https://doi.org/10.3390/fire9080323


https://doi.org/10.3390/fire9080323

Fire 2026, 9, 323

13 of 19

[\
o

THR s, MJ
O

wn O

1 2 3 4 5 6 7 8 9
Sample groups

Figure 9. Comparison of mean THR4g0s by sample group.

3.3. Smoke Formation Indicators: SMOGRA and TSPgs

Smoke formation indicators differed significantly (Figure 10). The lowest SMOGRA
was observed in group 5 (3.4 m?/s?), while the highest was in group 4 (50.3 m?/s?). High
SMOGRA values were also shown in group 7 (39.4 m?/s?) and group 9 (31.8 m?/s?).
Meanwhile, groups 1, 2, 3 and 8 had a relatively low smoke increase speed. This shows
that these systems not only released low heat, but also generated smoke slower.
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Figure 10. Comparison of mean SMOGRA by sample group.

The TSPgqos indicators differentiated systems even more clearly (Figure 11). The lowest
general smoke amount was determined for group 5 (47.3 m?), while the highest was for
group 9 (243.6 m?). High TSPggqs values were also shown by group 4 (218.0 m?) and group
2 (161.6 m?). Intermediate values were observed in groups 3, 6 and 7, while groups 1 and
8 showed relatively low general smoke amounts (100.9 m? and 104.5 m?, respectively).
Therefore, according to the smoke indicators, the best results were shown by group 5, while
the worst were obtained for groups 4 and 9.

The smoke indicators showed that the differences between systems appeared not
only in the general amount but also the formation dynamic of smoke. Groups 4, 7 and
9 showed a faster increase in smoke amount and higher TSP peaks while, for group 5,
smoke formation was obviously lower and slower. This essentially matches the FIGRA and
THRgs results; thus, these systems stand out as most favourable not only for their heat
release characteristics, but also their smoke-related properties.
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3.4. Influence of Wood Type, Surface Treatment and Orientation on SBI Indicators

When comparing groups 14, it can be noted that the effect of surface treatment was
ambiguous for all indicators. According to ignition time, the notched surface for both the
larch and spruce systems was related to longer ignition; however, according to FIGRA,
THRgpps and TSPgqps, this tendency was not universal. In the case of larch, the notched
system (group 2) was marked with a longer ignition time but also with higher FIGRA
and THRggos indicators when compared to the unnotched system (group 1). In the case of
spruce, the notched system (group 4) showed not only a longer ignition time but also the
worst FIGRA, THRgpps, SMOGRA and TSPgs indicators compared to group 3. Thus, the
increased ignition time in this case did not mean lower fire intensity after ignition.

Comparing groups 57, it can be clearly seen that the largest differences were associ-
ated not with the wood substrate—which was the same in all three cases—but with the
surface treatment scheme. Group 5, treated with AB, showed the most favourable perfor-
mance within this set, exhibiting the longest ignition time and the lowest FIGRA, THRgs,
SMOGRA and TSPgqs values. Group 6, treated with UT, showed intermediate behaviour;
whereas group 7, treated with UT and additionally coated with RN, demonstrated the
fastest fire growth among these three systems and notably higher smoke production. In
this comparison, the UT + RN system showed higher FIGRA, SMOGRA and TSP values
than the UT-only system.

Comparing groups 8 and 9, it was determined that the change from vertical to hori-
zontal board orientation alone was related with significantly worse FIGRA, THR4g0s and
TSPgpos indicators in the latter. Even though the ignition time difference between these
systems was not high (5:18 compared to 5:15), the horizontally oriented system stands out
with more than 4.5 times higher general heat over 600 s (37.7 M] compared to 8.2 M]) and
more than double the amount of smoke (243.6 m? compared to 104.5 m?). This comparison
shows that the difference between the vertical and horizontal orientation was small for
ignition time, but much larger in terms of THR400s and TSPgqs.

3.5. Summary of Observed SBI Trends

The SBI results show that ignition time alone did not fully differentiate the investigated
cladding systems. Although ignition times varied within only a 24 s interval, the post-
ignition indicators showed larger differences between the configurations. Group 5 showed
the lowest overall heat release and smoke production indicators, whereas groups 4, 7
and 9 showed higher values in several post-ignition parameters. Therefore, the following
discussion focuses on the possible reasons for these observed differences, particularly the
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effects of charred surface condition, flame retardant treatment, additional coating and
board orientation.

4. Discussion

The results of the present study show that the reaction of charred wood cladding
systems to fire cannot be interpreted from ignition time alone. Although all investigated
systems ignited within a relatively narrow interval, the post-ignition SBI indicators, such
as FIGRA, THRg0ps, SMOGRA and TSPgs, revealed much larger differences in fire growth
and smoke development. This means that the early ignition event and the subsequent fire
development should not be treated as equivalent manifestations of fire performance. In the
investigated systems, a configuration that ignited slightly later did not necessarily show
lower fire growth or lower smoke production afterwards. This observation is consistent
with previous studies emphasising that the fire behaviours of timber cladding must be
assessed at a system level, rather than from individual material properties [1,6].

The comparison between spruce and larch should be interpreted cautiously, because
the present study did not include direct measurements of density, resin content, chemical
composition or anatomical structure for each individual specimen after treatment. Nev-
ertheless, these material characteristics may influence ignition, heat release and smoke
production. Differences in wood density, extractive and resin content, permeability and
anatomical structure can affect heat transfer, volatile release and char formation during
burning. Therefore, the observed differences between spruce and larch in this study should
be treated as system-level differences under the tested configurations, rather than as a
direct proof of a species-specific combustion mechanism.

The comparison of groups 1-4 suggests that charred surface notching affected fire be-
haviour in a more complex way than a simple improvement or deterioration. In both wood
species, notched surfaces were associated with somewhat longer ignition times. However,
this did not translate into consistently better FIGRA, THRg00s, SMOGRA or TSPgs values.
A plausible explanation is that notching after charring changes not only the roughness
of the exposed surface, but also the integrity, continuity and local thickness distribution
of the residual char layer. In practice, notching removes loose ash and carbonised frag-
ments, and exposes a more structured relief of early wood and late wood. Such a surface
may delay local ignition in some cases, while at the same time creating conditions for
less uniform thermal shielding during continued burning. Because no microstructural or
chemical characterisation of the char layer was carried out in this study, this explanation
should be treated as a reasoned interpretation rather than a directly proven mechanism. In
addition, the mass loss associated with the brushing or removal of loose charred material
was not quantified. Cone calorimeter testing could provide complementary material-scale
information on the ignition, heat release and mass loss of brushed and unbrushed surfaces,
but such testing would address material-scale behaviours rather than the system-level SBI
responses investigated in this work. Still, this observation is in agreement with the broader
literature showing that thermal modification and subsequent flame retardant treatment
alter degradation pathways, mass transfer and char formation in a coupled rather than
isolated manner [3,8,9,19,20].

The clearest treatment-related differences were observed in groups 5-7, where the
wood substrate was kept constant and only the surface treatment scheme changed. This
is important because it reduces the risk of attributing the observed differences to wood
species or gross geometric variation. Within this subset, the AB-treated system showed the
most favourable overall performance, combining the longest ignition time with the lowest
FIGRA, THRgpps, SMOGRA and TSPgggs values. By contrast, the UT-treated system showed
intermediate behaviour, while the UT + RN combination showed faster fire growth and
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higher smoke production. The most likely interpretation is that the additional surface layer
did not simply add a passive protective effect, but modified the way in which heat, volatiles
and degradation products were generated and transported through the surface region. In
other words, the fire response of the combined UT + RN system should not be understood
as the sum of two separate products, but as the behaviour of a new multilayer system.
This interpretation is well aligned with recent studies stressing that the effectiveness of
flame retardant and protective coatings depends not only on their nominal composition,
but also on their interaction with the substrate, penetration depth, film continuity and
barrier formation during heating [4,10,22]. However, because flame retardant retention,
penetration depth and spatial distribution in the charred substrate were not quantified, the
present interpretation should be understood as a plausible system-level explanation rather
than as direct evidence of the treatment mechanism.

The comparison of groups 8 and 9 further reinforces the system-level nature of fire
performance. Here, the material composition was the same, while the board orientation
changed from vertical to horizontal. The ignition time difference remained small, but the
horizontally oriented system showed substantially higher THRg00s and TSPgggs values. This
indicates that geometric arrangement can have a limited influence on the ignition moment
while still strongly affecting the subsequent development of burning and smoke production.
A physically plausible explanation is that board orientation changes the interaction between
the flame, joints and exposed charred surface. In the horizontal configuration, the joints
and surface relief may favour local flame attachment, convective heat accumulation and
longer residence of hot gases along the cladding surface. In addition, wood is an anisotropic
material, and heat transfer, pyrolysis propagation, cracking and volatile release pathways
may differ depending on the orientation of the exposed surface and the direction of the
flame spread relative to the board geometry. As a result, the same material formulation
can generate different post-ignition behaviours when installed in a different orientation.
Thus, even when the material formulation is unchanged, the installed configuration may
significantly alter the overall fire behaviour of the system [1,6].

Another important observation is that a higher nominal flame retardant application
rate did not automatically ensure a more favourable SBI performance. Groups 8 and 9
used a higher UT application rate than group 6, yet their overall fire performance was
not consistently better, particularly in the horizontally oriented system. It should also
be noted that the treatment amounts used in this study were not selected as optimised
threshold concentrations; instead, they were based on practical treatment schemes and
product-specific application ranges. Therefore, the present results should not be interpreted
as defining an optimum dosage for the tested flame retardants. Instead, the application rate
should be considered as one component of the complete tested system, together with the
surface condition, coating interaction, layer distribution and mounting geometry. This sug-
gests that the product amount alone is not a sufficient predictor of reaction to fire. Instead,
the results indicate that the performance depends on a combination of factors, including
charred surface condition, coating interaction, layer distribution and mounting geometry.
This interpretation is consistent with studies emphasising that the behaviour of treated
timber is controlled by coupled substrate-coating interactions, rather than the loading level
alone [4,10,22]. A further practical issue is the long-term durability of the charred surface
layer. The present study evaluated freshly prepared and conditioned specimens, and did
not include weathering, aging, leaching, ultraviolet exposure, wetting—drying cycles or
mechanical abrasion. In real fagade applications, these factors may gradually change the
continuity, adhesion, thickness and moisture behaviour of the carbonised layer, and of
any additional coating or flame retardant treatment. Consequently, the reaction-to-fire
performance measured in these SBI tests should be interpreted as the performance of the
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tested systems under the investigated laboratory preparation and conditioning conditions,
not as a direct prediction of long-term facade performance after service exposure.

At the same time, the results should be interpreted with caution. This study does not
provide direct physico-chemical evidence for the mechanisms responsible for the observed
differences because no microscopic, spectroscopic or residue analyses were carried out.
In addition, because the study was based on three replicate SBI tests per configuration,
and was not designed as a formal EN 13501-1 classification programme or full factorial
optimisation study, the conclusions should be read as comparative findings for the tested
systems rather than as universal classification or design rules. Therefore, the present
discussion should be read as a system-level interpretation of the observed SBI trends, rather
than as a fully investigated proof. Even with these limitations, the results clearly indicate
that wood species, charred surface condition, flame retardant treatment, additional coating
and board orientation interact in non-linear ways. For the practical design and evaluation
of timber cladding, this means that product declarations alone are insufficient and that
experimental testing of full-system behaviours remains essential.

5. Conclusions

In this work, according to the EN 13823 (SBI) method, nine differently processed
charred wood cladding systems were compared in terms of their behaviours in the early
stage of fire development. Although the ignition time of the investigated systems fluctuated
within a relatively narrow range (between 5 min 12 s and 5 min 36 s), analyses of additional
SBI indicators revealed that the differences between the systems became much more
pronounced after ignition, particularly in relation to fire growth and smoke development.
Therefore, ignition time alone is not sufficient to describe the reaction-to-fire performance
of the tested cladding systems.

The main research conclusions are as follows:

1.  Notched charred wood surfaces were related to longer ignition times compared with
unnotched surfaces for both larch and spruce systems. However, this tendency did
not consistently correspond to lower FIGRA, THR¢p0s, SMOGRA and TSPgs values,
which indicates that delayed ignition alone does not necessarily mean more favourable
overall fire performance under the tested system conditions.

2. The longest ignition time was determined for the charred notched spruce system
treated with the flame retardant agent AB. Under the investigated conditions, this
system also showed the most favourable overall performance, combining the longest
ignition time with the lowest FIGRA, THRg00s, SMOGRA and TSPgs values.

3. The system treated with UT and additionally coated with RN did not achieve more
favourable performance than the system treated with UT alone. In particular, the
combined treatment was associated with faster fire growth and higher smoke produc-
tion, indicating that an additional coating layer does not necessarily strengthen the
protective effect of the flame retardant system and should be evaluated as part of the
complete cladding configuration.

4. In the unnotched spruce systems treated with UT and SK, the influence of board
orientation on ignition time was relatively small but measurable. In contrast, the
horizontal orientation had a much stronger effect on the post-ignition behaviour of the
system, leading to higher THR4g0s and TSPgggs values than the corresponding vertical
configuration. This suggests that installation arrangement can substantially affect the
system-level fire behaviour even when the material composition remains unchanged.

5. The obtained results indicate that the reactions of wood facade and finishing systems
to fire are not determined only by the chemical composition or application rate of a
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single product, but by the composition of the whole system, including the wood type,
surface treatment, coating combination and installation configuration.

Taking all of this into account, it can be claimed that the fire behaviour of wood
cladding systems should be evaluated at the system level. The present results show that a
reliable assessment of such systems requires not only ignition time analysis but also the
consideration of additional SBI indicators, such as FIGRA, THRgyps, SMOGRA and TSPgs,
in order to more fully evaluate both ignition behaviours and the subsequent development
of fire and smoke. From a practical application perspective, the results support the use of
system-level SBI testing when selecting charred wood cladding configurations, because
the flame retardant treatment, additional coating and board orientation may interact in
a non-linear manner. The presented results should be interpreted as comparative SBI
performance data for the tested configurations, and not as formal EN 13501-1 reaction-to-
fire classifications or as universal optimisation rules for flame retardant dosage.
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