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Abstract: In this study, thermally modified Scots pine (Pinus
sylvestris L.) was impregnated with DMDHEU (1,3-dimethylol-
4,5-dihydroxyethyleneurea) monomers combined with a
flame retardant (FR) based on monoguanidine phosphate salt.
Fire performance was assessed using ignitability tests (ISO
11925-2, 2020), mass loss calorimetry test (ISO 13927, 2015),
and single burning item (SBI) tests (EN 13823, 2020). Results
showed enhanced flame retardancy, reaching Class B in the
SBI test. Small-scale ignitability tests revealed minor differ-
ences in flame spread across samples, unlike the SBI results.
Fire growth rate and ignition time from mass loss calorimetry
strongly correlated with burning suppression in the SBI test.

Keywords: flame spread; heat release; single burning item
test; thermowood; wood modification

1 Introduction

Thermal treatment is among the most widely employed
methods to enhance the fungal resistance, reduce hygro-
scopicity, and improve the dimensional stability of wood
(Gérardin 2016). Recently, the impregnation of wood with
thermosetting monomers, which polymerize within the
wood structure, has gained significant attention as an
effective means to enhance both its dimensional stability
and durability (Jones et al. 2020). Combining thermal modi-
fication with impregnation of thermosetting monomers has
been shown to provide superior improvements in these
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properties compared to individual treatments (Acosta et al.
2024; Mubarok et al. 2019).

Despite these advantages, neither thermal treatment
(Rabe et al. 2020) nor thermosetting monomer treatment
(Xie et al. 2014, 2016) can effectively enhance the flame
retardancy of wood. A promising approach to address this
limitation is to combine flame retardants and thermosetting
monomers for wood impregnation (Hao et al. 2022; Kurko-
wiak et al. 2023; Lin et al. 2021; Wu et al. 2023; Zhang et al. 2022).
Previous studies have shown that the combination of 1,3-
dimethylol-4,5-dihydroxyethyleneurea (DMDHEU) and flame
retardants can enhance flame retardancy in small-scale tests
(Wu et al. 2024, 2025). However, there is a lack of research
investigating fire performance of such treatments in larger-
scale fire tests, which are critical for meeting fire safety reg-
ulations in building applications. Moreover, the correlation
between small-scale and medium-scale fire performance for
wood treated with this combined approach remains unclear.

In this study, phosphorus-nitrogen flame retardants
were combined with DMDHEU to treat thermally modified
Scots pine (thermopine) via aqueous impregnation. The fire
performance of the treated wood was assessed using ignit-
ability tests, mass loss calorimetry, and the single burning
item (SBI) test. Additionally, this work aims to establish a
relationship between small-scale test results and burning
behaviors observed in the SBI test, providing insights into
the scalability and effectiveness of the combined treatment.

2 Materials and methods
2.1 Materials

Commercially available thermally modified Scots pine
(Pinus sylvestris L.) tongue and groove hoards with the
dimension of 18 x 100 x 2,000 mm (rad x tang x long) were
impregnated with a combination of DMDHEU (Fixapret CP
lig) and a flame retardant (FR) based on monoguanidine
phosphate salt (Pekoflame OP liq); both supplied by Arch-
roma (Switzerland). Both DMDHEU and the flame retardant
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exhibit low viscosity, making them suitable for wood
impregnation.

2.2 Treatment process

To determine the initial dry density, all specimens were
dried in an oven at 103 °C until a constant mass was ach-
ieved. Aqueous solutions of DMDHEU and FR were prepared
with the following concentrations: 9.0 % DMDHEU com-
bined with 7.7% FR (Treatment A), 13.0 % DMDHEU com-
bined with 11.2 % FR (Treatment B), and 18.0 % DMDHEU
combined with 15.5 % FR (Treatment C). Sample preparation
involved impregnation under vacuum conditions for 2h,
followed by a pressure phase at 10 bar for 4 h. After treat-
ment, the specimens were first air-dried and then further
dried in a pilot dryer at a maximum temperature of 120 °C.

The weight percent gain (WPG) was calculated based on
the oven-dry weight before and after treatment (Myntreated
and Myeateq, respectively), as defined by Equation (1).

WPG = (mtreated - muntreated) / muntreated) (1)

2.3 Ignitability test

A burner box (KBK 917, Netzsch, Germany) was used to
evaluate the flame spread according to ISO 11925-2 (British
Standards Institution 2020b). The test time was extended to
90 s to better compare the differences between different
wood specimens. Four replicates (18 x 100 x 200 mm, rad x
tang x long) were tested for each group.

2.4 Mass loss calorimeter test

Mass loss calorimeter (Fire Testing Technology Ltd, UK) was
used to evaluate the heat release of wood specimens. The
test was performed according to ISO 13927 (European
Committee for Standardization 2015) under an external heat
flux of 50 KW/m?. Eight replicates (18 x 100 x 100 mm, rad x
tang x long) were tested for each group. The fire growth rate
(FIGRA) was calculated based on the heat release rate peak
(HRRp) and time to HRR peak (t1), as defined by Equation (2)
(Schartel and Hull 2007).

FIGRA = HRRp / t1 @

2.5 Single burning item test

SBI test (Fire Testing Technology Ltd, UK) was used to
evaluate the heat release of wood specimens. The test was
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performed according to EN 13823 (British Standards Insti-
tution 2020a), with the specimens assembled in the standard
horizontal configuration and then fixed to a support. The
test was conducted in MEKA (Latvia) and the fire classifi-
cation was carried out in accordance with EN 13501-1 (British
Standards Institution 2002).

3 Results and discussion
3.1 Ignitability test

Treatment A resulted in a WPG of 10.5 % (+4.2 %), Treatment
B achieved a WPG of 16.2 % (+4.0 %), and Treatment C pro-
duced a WPG of 23.4 % (+7.5 %). The variation in WPG values
is attributed to the mix of sapwood and heartwood in
thermopine, as heartwood is more difficult to impregnate
compared to sapwood. Ignitability tests with single flame
source were carried out to assess the flame spread on the
wood surface. As illustrated in Figure 1, the reference
thermopine exhibited a flame height exceeding 150 mm af-
ter 30s of burning, highlighting its high flammability. In
contrast, specimens impregnated with DMDHEU and the FR
insubstantially reduced both flame height and flame spread
area, even when the burning duration was extended to 90 s.

Higher concentrations of treatment chemicals could
further suppress the flame spread. However, due to the high
efficacy of the combined treatment, even low chemical
concentrations were sufficient to effectively inhibit flame
propagation. Consequently, no significant differences in
flame spread behavior were observed among specimens
treated with varying retention levels of DMDHEU and FR.

In summary, the combined treatment demonstrated
outstanding performance in mitigating flame spread under
exposure to a small single-flame source, even at low chem-
ical uptake levels.

3.2 Mass loss calorimeter test

The key parameters used to assess fire performance are the
HRR and the total heat release (THR). Figure 2a and b present
the average HRR and THR curves for each group. Addition-
ally, Figure 2c and d display the MARHE and the THR within
300 and 600 s, respectively. Thermopine exhibited a similar
combustion pattern to untreated wood, characterized by
two distinct HRR peaks (Wu et al. 2023). Compared to un-
treated thermopine, the combined DMDHEU and FR treat-
ment significantly reduced the THR within 600 s, achieving
reductions of up to 76 %.

Moreover, increasing the concentration of the treat-
ment chemicals further decreased the HRR. As shown in
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Figure 1: Flame height (left) and flame spread images (right) of the reference thermopine (R) after 30 s of flame exposure, and thermopine treated with

A, B, and C after 90 s of flame exposure, respectively.

Figure 2e, the ignition time was delayed by the combined
treatment. At higher concentrations, some specimens in
treatment group C did not ignite within 600 s, demonstrating
superior flame retardancy.

The FIGRA indicates the rate of fire development, with
higher values corresponding to more rapid burning.
Compared to the reference samples, the combined treat-
ment significantly reduced the FIGRA. Notably, treatment
group B performed significantly better than group A, as
some specimens in group A exhibited FIGRA values com-
parable to those of reference thermopine. Group C showed
variability in FIGRA values: while some specimens ach-
ieved very low FIGRA due to their prolonged ignition time,
others ignited more quickly, resulting in higher FIGRA
values. This variability may be attributed to the natural
heterogeneity of wood, where specimens containing pre-
dominantly heartwood may have limited FR penetration,
resulting in inconsistent performance.

3.3 Single burning item test

The SBI test is used to evaluate the fire reaction behavior of
wood building products (Laranjeira et al. 2015). Group A
demonstrated a higher FIGRA (0.2M]) of 134.9W/s and
FIGRA (0.4 MJ) of 129.2 W/s, which do not meet the Class B
criteria specified in EN 13501, where FIGRA (0.2 M]) must not
exceed 120 W/s. However, the THR (600 s) of Group A was
only 4.7 MJ, well below the Class B threshold of 7.5 MJ. These
results conform the mass loss calorimeter results that some
specimens showed higher FIGRA values similar to the
reference but generally exhibited significantly lower HRR
peaks and THR. This suggests that inadequate impregnation
at a low concentration of chemicals may reduce the fire
classification in SBI test, preventing them from achieving
Class B.

In contrast, both treatment B (FIGRA (0.2 M]) of 37.8 W/s
and THR (600 s) of 2.8 M]) and treatment C (FIGRA (0.2 M]) of
43.0 W/s and THR (600 s) of 2.7 M]) successfully met the Class
B criteria. No significant differences were observed between
treatments B and C in the SBI test. Although treatment C
exhibited variability in FIGRA results during the mass loss
calorimeter test, this did not impact its SBI performance.

All specimens achieved an S1 rating in smoke produc-
tion, indicating limited smoke release. The rapid smoke
release observed after 800 s in treatment A was due to the
progression of flame spread, as shown in the bottom of
Figure 3. By comparison, both treatments B and C signifi-
cantly reduced flame spread. Interestingly, these results are
in contrast with those from the ignitability test, where no
significant differences in flame spread were observed
among treatments A, B, and C. This discrepancy could be
attributed to the longer flame exposure (1,200s) and the
high-intensity flame of the auxiliary burner in the SBI test,
which likely promoted combustion more rapidly than the
small single-flame source.

4 Conclusions

This study aimed to investigate the fire performance of

thermopine treated with DMDHEU and flame retardants.

The key findings are summarized as follows:

(1) Low chemical uptake could significantly suppress
flame spread in the small single-flame ignition test.

(2) As chemical concentration increased, specimens
exhibited improved flame retardancy in the mass loss
calorimeter test, though some variations were
observed due to inadequate impregnation of wood.

(3) The SBI test results demonstrated that even at low
chemical concentrations, the THR could meet the
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Figure 2: Mass loss calorimeter data of (a) heat release rate (HRR), (b) total heat release (THR), (c) maximum average rate of heat emission (MAHRE)
within a 30-s time window, (d) THR within 300 s and 600 s, (e) time to ignition and (f) fire growth rate index (FIGRA) based on THR at 0.2 M)/m? and 0.4 M)/
m? of the reference thermopine (R) and thermopine treatment with A, B and C, respectively.

requirements for Class B. However, the FIGRA excee- In conclusion, the combined treatment of DMDHEU and
ded the threshold, consistent with findings from the flame retardants significantly enhanced the flame retard-
mass loss calorimeter test. Medium- and high- ancy of thermally modified wood. A relationship between
concentration treatments successfully achieved Class small-scale and medium-scale fire tests was identified,
B ratings. where a lower FIGRA and longer ignition times in mass loss
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Figure 3: Single burning item data of (a) heat release rate (HRR), (b) total heat release (THR), (c) smoke production rate (SPR), (d) total smoke production
(TSP) of the reference thermopine (R) and thermopine treatment with A, B and C, respectively. The image at the bottom shows the specimens at the end of

the SBI test.
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calorimeter test played a crucial role in achieving favorable
SBI test performance.
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