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Fire behaviour of thermo-mechanically
densified wood
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This study investigates the effect of thermo-mechanical densification on the fire behaviour of wood
using cone calorimetry. Scots pine wood was thermo-mechanically densified from an initial thickness
of 20 mm to target thicknesses of 14 and 10 mm and compared with non-densified specimens of the
same thickness as well as non-densified 20 mm samples. For non-densified specimens, the time to
ignition (TTI) remained nearly constant (18-20 s) across the investigated thicknesses, indicating
thermally thick behaviour. In contrast, delayed ignition was observed for the specimens densified to
10 mm (the higher densification ratio), with TTl increasing to 28 s. While the first peak heat release rate
(PHRR) remained comparable across samples, densification increased the time to the second peak
heat release rate by up to 85% and its magnitude by approximately 9% relative to non-densified
specimens of the same thickness (10 mm). Densification was found to alter the combustion behaviour
of wood by modifying the thermal inertia of the material and the characteristics of the resulting char
layer, thereby affecting the transport and release of pyrolysis gases and producing distinct effects at

different stages of combustion rather than an overall enhancement of fire performance.

Wood is a renewable and environmentally sustainable material with diverse
engineering applications; however, many low- to medium-density wood
species, particularly fast-growing softwoods, exhibit inherently low
mechanical strength and significant fire risk, limiting their use in structural
components. Densified wood has shown considerable potential in structural
and engineering applications, including flooring materials, load-bearing
components, and as non-metallic fasteners such as dowels, plates, and nails
in timber connections, offering a more sustainable alternative to conven-
tional structural materials and steel connectors'. Given the positive corre-
lation between density and strength, densification techniques have been
developed to enhance the mechanical properties of low- to medium-
strength wood, enabling their use as substitutes for high-performance
materials’. Wood densification can be achieved through mechanical com-
pression, chemical impregnation, or combined chemical-mechanical
treatments’. Common mechanical densification approaches include
thermo-mechanical (TM) densification, which typically involves hot com-
pression under open-system conditions, and thermo-hydro-mechanical
(THM) densification, in which temperature, moisture or steam, and com-
pression are simultaneously controlled during processing’. More recent
studies have employed partial delignification followed by hot pressing to
achieve substantially higher densification and mechanical performance”.
For instance, the flexural strength and modulus of elasticity of poplar wood

were increased by approximately 510% and 240%, respectively, to 337 MPa
and 27 GPa, following a three-stage modification process involving alkali
pretreatment, sodium silicate impregnation, and hot pressing (192 °C)’.
Densification through hot compression enhanced the Brinell hardness of
Scots pine (Pinus sylvestris L.), particularly when performed at higher
temperatures (210 °C)°. In addition, the fire performance of wood is strongly
influenced by its density, and its inherent flammability” implies that com-
bustion behaviour can be significantly altered by densification processes’.
Changes in wood density are accompanied by modifications in porosity,
thermal conductivity, and oxygen diffusion pathways, which govern heat
and mass transfer during combustion”". Consequently, understanding the
influence of densification on the fire behaviour of wood is essential, parti-
cularly when such materials are considered for structural applications.

A number of studies have investigated the effects of densification on the
fire behaviour of various wood species using cone calorimetry, a widely used
method for evaluating material response under external radiant heat flux.
Yi et al."" investigated the effect of densification on the combustion beha-
viour of Chinese fir. The densified samples were produced through a two-
step process involving delignification followed by hot compression, result-
ing in specimens with nearly three times the density of natural wood. Cone
calorimeter tests were conducted on 4 mm thick samples, which may have
introduced significant differences in mass between densified and natural
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wood. Furthermore, due to changes in biopolymer composition caused by
delignification, the study did not reveal the effect of density alone on the
combustion behaviour. Wang et al. reported that Chinese fir delignified by a
similar method exhibited a higher and earlier peak heat release rate (pHRR)
than natural wood in cone calorimeter tests'”. Another study employed the
two-step densification technique on fir, pine, and oak wood, and reported
cone calorimeter results for 6 mm thick samples’. The densified specimens
exhibited higher pHRRs and effective heat of combustion values. However,
the differences in sample mass and chemical modification may complicate
the interpretation of these results solely in terms of density. Moreover, the
sample thicknesses used in the aforementioned studies*'' may not fully
satisfy the criterion for thermally thick behaviour (Eq. 1), where [ is the
minimum thickness (mm) required for thermally thick behaviour, p is the
material density (kg/m’), and g” is the external heat flux (kW/m?), sug-
gesting that heat transfer through the specimen thickness could influence
the results”’. Consequently, potential effects of the substrate or backing
material on fire response parameters, such as time to ignition (TTT), cannot
be entirely disregarded.

1=0.6p/q" 1)

During hot compression, not only is the density increased, but also the
sample thickness is reduced, adding complexity to the assessment of the
effect of densification on the fire behaviour of wood, as both density and
thickness influence combustion characteristics. It was reported that
increasing thickness (8-15mm) in white pine, maple, walnut, and oak
specimens led to a delayed second pHRR'“. However, no distinct trends were
observed for TTT or pHRR across the tested range of thicknesses. In a study
involving various softwood and hardwood species, it was reported that
specimen thickness (10-20 mm, tested in a cone calorimeter) did not
influence TTI whereas the reciprocal logarithm of thickness was correlated
with the mass loss rate".

More recently, the combination of TM densification with chemical
flame-retardant treatments has been proposed to improve both the fire
performance and mechanical properties of wood’. However, densification
simultaneously increases density while reducing specimen thickness,
making the interpretation of combustion behaviour challenging, as density,
thickness, and porosity all influence the combustion process. In most pre-
vious studies, densification has been achieved through processes that alter
the chemical composition of wood, thereby confounding the interpretation
of density-related effects. Moreover, the use of relatively thin specimens
complicates the interpretation of results, as they may allow heat transfer
through the thickness and influence the measured fire response in the cone
calorimeter. The present study, hence, investigates the fire response of
thermo-mechanically densified wood to provide further insight into the
influence of densification on wood combustion behaviour. To address this, a
comparative approach involving densified and non-densified reference
specimens with varying thicknesses and densification ratios was employed.

Results
Effect of thickness on the fire behaviour of wood
The fire response of the specimens, determined by cone calorimeter, is
presented in Fig. 1 by representative heat release rate (HRR), total heat
release (THR), rate of smoke release (RSR), and mass loss, while the average
values of TTT, pHRR, total heat release (THR), and total smoke release (TSR)
are presented in Table 1. A summary of the statistical analysis, including
one-way ANOVA and Tukey’s HSD post-hoc test, is provided in Table 2.
For non-densified specimens (ND-20, ND-14, and ND-10), no statistically
significant differences in TTI were observed within the studied thickness
range (10-20 mm) (Table 2) consistent with thermally thick behaviour,
where the specimen thickness exceeds the heat penetration depth'’ and TTI
is proportional to the thermal inertia (kpc), ie. the product of thermal
conductivity, density, and specific heat capacity'>'®

As can be seen in Fig. la, two HRR peaks were observed, typical of
wood, where the first corresponds to ignition-driven volatile release and

char formation, and the second to char cracking and burn-through
enhancing volatile release’ The first pHRR, occurred at approximately
the same time (23-26s) for ND-20, ND-14, and ND-10, shortly after
ignition, and the pHRR, values for ND-14 (192 + 10 kW/m?), ND-10
(201 + 18 kW/m?), and ND-20 (201 + 19 kW/m?) were comparable which
was confirmed by the statistical analysis (Table 2), with the observed stan-
dard deviations attributed to inherent variations in wood density. The dip
after the first peak of HRR in wood, is attributed to the formation of an
insulating char layer, which slows down pyrolysis’. This is followed by a
plateau during which the HRR remains nearly constant. The duration of this
plateau strongly depends on the sample thickness. It has been reported that
char progresses to approximately the centre of the sample, regardless of the
sample thickness, before the second pHRR occurs'’. As more time is needed
for heat to reach the inner layers of a thicker sample, ND-20 exhibited a
longer plateau. Following this plateau, a second HRR peak (pHRR;) was
observed, becoming less intense but broader with increasing sample
thickness, likely due to slower heat transfer and pyrolysis progression
through the sample thickness, resulting in a less pronounced increase in
HRR even after char cracking”"’. This peak also occurred later for ND-20
(908 + 88 s) compared to ND-14 (574 + 29 s) and ND-10 (343 £ 4s). THR
observed for ND-20 can be attributed to its greater mass and consequently
higher fuel load, arising from the increased sample thickness.

Effect of thermo-mechanical densification on fire response

As can be seen in Fig. 2, densification leads to a more compact wood
structure with reduced porosity and air permeability, as the collapse of cell
lumina eliminates internal voids and limits oxygen transport within the
material'®, The increase in TTIL, particularly in D-10 is consistent with
previously reported findings in the literature'”. This behaviour may be
attributed to the greater degree of densification, which is expected to
increase the thermal inertia of the material and may further restrict oxygen
transport within the wood as porosity decreases”.

D-14 and D-10 exhibited pHRR; values comparable to untreated
samples of the same thickness (192-201 kW/m?), as confirmed by the sta-
tistical analysis (Table 2), consistent with the similar critical ignition mass
fluxes reported for both densified and natural wood''. However, the time to
pHRR; (t_ pHRR,;) was significantly longer for D-10 than for both
untreated both the untreated 10 mm specimen (ND-10) and the thicker
untreated 20 mm specimen (ND-20) (Table 2). This behaviour is consistent
with earlier reports of slower temperature increase at the exposed surface
and delayed onset of pyrolysis in denser wood"”. Although D-14 exhibited a
similar trend, the increase in t_pHRRI was less pronounced than that
observed for D-10. Moreover, when compared at the same thickness,
densification resulted in a delay in time to pHRR, (t_ pHRR,), increasing
from 343 =4 s (ND-10) to 635 + 18 s (D-10) and from 574 + 29 s (ND-14)
to 830 +10s (D-14). Statistical analysis revealed a progressive shift in
t,HRR, with increasing densification, indicating that the response of the
densified specimens approached that of thicker untreated specimens
(Table 2). This may be attributed to the formation of a more cohesive char
layer that better resists cracking, as supported by the higher residual mass
observed for the densified samples (Fig. 1c). This behaviour is further
supported by the post-test residues shown in Fig. 3, where densified samples
exhibit a more compact and cohesive char structure, indicating an enhanced
barrier effect that delays heat and mass transfer'®. In addition, earlier studies
have reported slower pyrolysis and char progression in denser wood, which
may also contribute to the delayed occurrence of pHRR,". Despite this
delay, the magnitude of the second peak was higher in the densified samples;
for instance, D-10 reached 309 + 33 kW/m® compared to 283 + 4 kW/m>
for ND-10. This behaviour can be ascribed to delayed char cracking, which
facilitates the accumulation of pyrolysis gases within the material and their
rapid release upon cracking, thereby intensifying the HRR'". Compared with
untreated specimens of the same thickness, the densified specimens
exhibited higher THR values, which can be partly attributed to their greater
fuel load per unit area resulting from the increased density (Table 3). The
slightly higher THR values of the densified specimens (D-10 and D-14)
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Fig. 1 | Cone calorimeter results. a Representative heat release rate (HRR), b total
heat release (THR), c mass, and d rate of smoke release (RSR) as a function of time for
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calorimeter. Colour codes: dark purple= D-10; teal= ND-20; light orange= ND-14;
light purple= ND-10; and dark orange= D-14.

Table 1 | Summary of cone calorimeter results (mean = standard deviation)

ND-10 ND-14 ND-20 D-10 D-14

TTI (s) 18+ 1 19+1 2042 28+4 21+2
PHRR; (KW/m?) 19449 19212 201+ 19 201+ 18 19210
t_pHRR; (s) 2546 2610 2344 5111 34+3
PHRR, (KW/m?) 283 +4 237+3 1826 309 +33 246 +2
t_pHRR, () 3434 574 +29 908 + 88 635+ 18 83010
THR (MJ/m?) 100+ 10 1214 147+ 4 160+ 4 152+ 1
FIGRA (kW/m?-s) 0.82 +0.05 0.41£0.02 9.16£2.34 0.49 +0.06 0.30 +0.00
FPI (m2-s/kW) 0.06 +0.01 0.08 +0.00 0.10+0.00 0.09 +0.00 0.09 +0.01
TSR (m?/m?) 494 + 32 654 + 46 694 + 84 956 + 96 709 + 52
Residual mass (%) 2.0+0.9 11.5+8.0 16.0+0.2 13.7+05 14.6+0.6

compared with ND-20, despite their similar fuel load per unit area, may be
attributed to the more prolonged combustion of the densified specimens.
Fire Growth Rate (FIGRA) and Fire Performance Index (FPI) were
calculated as fire performance indicators from cone calorimeter data.
FIGRA (kW/m?s) is defined as the ratio of maximum pHRR to the

t_pHRR, while FPI (m%s/kW) is defined as the ratio of TTI to maximum
pHRR™. A higher FPI indicates slower ignition and/or a lower pHRR,
with the sample order as follows: ND-20 > D-10 = D-14 > ND-14 > ND-
10. A lower FIGRA reflects slower fire growth, following the order D-
14 < ND-14 < D-10 < ND-10 < ND-20. The densified samples exhibited
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Table 2 | Summary of the one-way ANOVA and Tukey’s HSD post-hoc analyses for the cone calorimeter parameters

F-value p-value Significant Tukey groupings

TTI(s) 8.3210 0.0032 Yes ND-10 (B), ND-14 (B), ND-20 (B), D-10 (A), D-14 (B)
pHRR1 (kW/m?) 0.3167 0.8604 No ND-10 (A), ND-14 (A), ND-20 (A), D-10 (A), D-14 (A)
t_pHRR; (s) 6.6991 0.0069 Yes ND-10 (B), ND-14 (B), ND-20 (B) D-10 (A), D-14 (AB),
pHRR2 (kW/m?) 24.4125 <0.0001 Yes ND-10 (AB), ND-14 (C), ND-20 (D), D-10 (A), D-14 (BC)
t_pHRR: (s) 83.2779 <0.0001 Yes ND-10 (C), ND-14 (B), ND-20 (A), D-10 (B), D-14 (A)
THR (MJ/m?) 79.1133 <0.0001 Yes ND-10 (C), ND-14 (B), ND-20 (A), D-10 (A), D-14 (A)
FIGRA (KW/m?-s) 41.0280 <0.0001 Yes ND-10 (B), ND-14 (B), ND-20 (A), D-10 (B), D-14 (B)
FPI (m?-s/kW) 21.8110 <0.0001 Yes ND-10 (C), ND-14 (B), ND-20 (A), D-10 (AB), D-14 (B)
TSR (m?/m?) 16.3888 0.0002 Yes ND-10 (C), ND-14 (BC), ND-20 (B), D-10 (A), D-14 (B)
Residual mass (%) 3.7634 <0.0001 Yes ND-10 (B), ND-14 (A), ND-20 (A), D-10 (A), D-14 (A)

Fig. 2 | Surface views of the wood samples. Mac-
roscopic (left) and magnified (right) images of the
non-densified wood sample (ND-20) and the den-
sified wood samples (D-14 and D-10).

lower FIGRA and higher FPI values compared to untreated samples of
the same thickness, which can be attributed to slower fire growth and
delayed ignition associated with the formation of a denser and more
cohesive char layer. However, it should be noted that these indices have
certain limitations in the present study. For ND-20, the first HRR peak
represented the maximum, whereas for the remaining specimens the
second HRR peak was dominant. Consequently, the calculated indices
reflect different stages of combustion, which should be considered when
comparing the fire performance of the investigated specimens. The
shape of the rate of smoke release (RSR) curves (Fig. 1d) closely followed
that of the HRR, suggesting a direct relation between smoke production
and energy release, as also reported in previous studies’'. TSR increased
with increasing sample thickness (and consequently, mass per unit area).
Interestingly, D-10 exhibited substantially higher TSR than ND-20
despite the two specimens having comparable mass per unit area. This
indicates that the higher TSR of D-10 cannot be explained solely by the
available fuel load.

Discussion

The findings of the current study reveal that TM densification does not
holistically improve wood’s fire performance, but it alters the combustion
behaviour of wood. These alterations arise from changes in both heat
transfer characteristics and the evolution of the char layer during burning,
leading to distinct behaviours at different stages of fire exposure In the early
stages of fire exposure, delayed ignition was observed primarily for the
specimens densified to 10 mm (=50% compression ratio). This behaviour
can be attributed to the increased thermal inertia due to higher density,
which slows the rate of temperature rise at the fire exposed surface. Addi-
tionally, the reduced porosity and consequently, the permeability of the
densified structure limits oxygen availability and volatile transport near or
through the surface, further suppressing early-stage combustion. As a result,
TTI and the development of the initial heat release rate peak are delayed,
particularly at higher degrees of densification. It should be noted that the
TTI of non-densified specimens was largely independent of thickness within
the investigated range, consistent with thermally thick behaviour".
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Fig. 3 | Residues after cone calorimeter testing. Top view of the samples: a ND-20, b D-14, ¢ ND-14, d D-10, e ND-10. f Cross-sectional images of residues for D-10 and

g ND-10, respectively, obtained by digital microscopy.

Table 3 | Specimen properties (mean = standard deviation)

Non-densified Densified
Sample code ND-10 ND-14 ND-20 D-10 D-14
Compression ratio (%) - - - 50 30
Thickness (mm) 9.6+0.7 14+0.1 20.2+0.3 10.1+0.4 13.8+0.0
Density (kg/m?®) 563.0+12.4 587.4 +25.1 570.8+4.6 1047.2 +35.6 776.9+13.6
Initial mass (g) 56.5+3.8 85.0+3.3 112.2+10.5 113.5+2.3 117.5+0.9
Mass per unit area (kg/m?) 5.6+0.5 84+04 11.2+1.0 11.0+0.1 11.5+£0.1
Moisture content (%) 73+04 7.9+04 7.7+04 7.0+0.2 7.7+£04

However, in the later stages of combustion, the behaviour changes sig-
nificantly. The formation of a more cohesive char layer in densified wood
enhances its structural integrity and resistance to cracking, effectively
delaying char failure and the occurrence of the second t_pHRR, relative to
non-densified wood of the same thickness. Notably, for the 10 and 14 mm
samples, this second HRR peak represents the maximum HRR and there-
fore governs the calculated FIGRA values, whereas for the 20 mm sample
the first HRR peak corresponds to the maximum HRR. Delayed char failure
in densified samples promotes the accumulation of pyrolysis gases beneath
the char layer due to restricted permeability'". When cracking of this char
layer eventually occurs, these accumulated gases are released rapidly,
resulting in intensified heat release and higher second peak HRRs. This
delayed but more severe energy release represents a shift in combustion
dynamics rather than a holistic improvement in fire performance. While the
observed behaviour is consistent with changes in the characteristics of the
resulting char layer, further investigation of char development and pro-
gression would provide additional insight into the underlying mechanisms.
In addition, the substantially higher TSR observed for the highest densifi-
cation ratio (D-10), despite a fuel load comparable to ND-20, indicates that
smoke production should also be considered when assessing the fire per-
formance of thermo-mechanically densified wood. The findings of this
study indicate that, densification alone does not result in a significant
improvement in overall fire performance and additional flame-retardant
treatments may be required to meet fire safety requirements.

From a performance-based fire safety design perspective (consider-
ing enclosure fires), this ‘varied” behaviour is a critical consideration.
Delayed ignition and reduced early fire growth may be beneficial for

evacuation and for slowing the development of the fire during the pre-
flashover stage. On the other hand, the increased peak heat release at later
stages may result in higher heat fluxes, sharper rises in enclosure gas
temperatures, and increased heat exposure of building materials (potential
for structural collapse) due to the rapid release of accumulated pyrolysis
gases following char cracking. Furthermore, the substantially higher TSR
observed at the highest densification ratio may have further implications
for visibility and occupant tenability during evacuation. Hence, the use of
densified wood in timber structures necessitates careful consideration
within a ‘universal” fire engineering solution, particularly in relation to
design fire and char layer stability.

The fire response of densified wood is dependent on the inherent
variability of wood as well as on densification conditions such as pressing
temperature, pressing duration, and compression ratio. These para-
meters influence the resulting microstructure, density distribution, sur-
face integrity, and crack formation, all of which may affect all of which
may affect heat transfer, pyrolysis, and combustion behaviour. In addi-
tion, combining TM densification with chemical treatments (e.g. flame-
retardant treatments) may require further optimisation of processing
conditions, as such treatments can alter the thermal degradation beha-
viour of wood and thereby increase the risk of premature degradation
and processing-induced defects. Further research should therefore focus
on densified wood systems, including the interaction with protective
layers (e.g., intumescent coatings), hybrid assemblies (e.g., composite
layers), and potential flame-retardant treatments, to ensure that the
benefits observed in early-stage fire performance are not offset by adverse
effects during later stages of combustion.
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Methods
Materials and sample preparation
Scots pine (Pinus sylvestris L.) sapwood with an initial moisture content of ca.
8% was obtained from a local supplier (XL-BYGG Stenvalls AB, Skelleftea,
Sweden). All specimens were cut from the same plank using a band saw to
prepare knot- and defect-free samples with dimensions of
100 x 20 x 100 mm® (Tangential (T) x Radial (R) x Longitudinal (L)). The
specimens were subsequently densified in the radial direction to target
thicknesses of 10 and 14 mm using a laboratory hot press (HLOP15, Hofer
Presstechnick GmbH, Taiskirchen, Germany) at 180 °C for 30 min. The final
thickness was controlled using metal stops, resulting in approximate com-
pression ratios of 50% and 30% for the 10 and 14 mm specimens, respectively.
In addition to densified samples, non-densified specimens (10, 14, and
20 mm thickness) were subjected to thermal treatment in a laboratory oven at
180°C for 30 min to isolate the effect of thermal exposure. The sample
properties are summarised in Table 3. After processing, all specimens were
stored under laboratory conditions for several weeks and subsequently con-
ditioned (21 °C, 55% relative humidity) for at least 7 days prior to testing to
ensure equilibrium conditions. Due to partial recovery during conditioning,
slight deviations from the target thickness occurred. Therefore, nominal
thickness values are used to define the sample groups, and the thickness values
reported in Table 3 represent the samples prior to conditioning. Density,
initial mass, and mass per unit area and moisture content are reported for the
conditioned samples immediately before cone calorimeter testing.

Cone calorimeter tests

Fire performance was evaluated using a cone calorimeter (TCC 918 Cone,
Netzsch Taurus GmbH, Weimar, Germany) in accordance with ISO 5660-
1. Specimens with dimensions of 100 x 100 mm? and thicknesses of 10, 14,
and 20 mm were tested in a horizontal orientation under an external heat
flux of 50 KW/m?. The specimens were wrapped in aluminium foil, and an
edge frame was used during testing. Each test was terminated after 1260 s,
and the integrated parameters were calculated over this duration. All tests
were conducted in triplicate and average values were reported. Statistical
analyses were performed using one-way analysis of variance (ANOVA)
followed by Tukey’s honestly significant difference (HSD) post-hoc test in
JMP software (JMP Statistical Discovery LLC, Student Edition 18). Differ-
ences were considered statistically significant at p < 0.05. Cross-sections of
selected specimens were examined using a digital microscope (Jiusion 40-
1000X Endoscope) and Image] (1.54 g) was used for image processing™.

Data availability

The datasets generated and/or analysed during the current study are not
publicly available because no public data repository was used for this study
but are available from the corresponding author on reasonable request.
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