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Abstract: This study presents an experimental investigation into the thermomechanical behavior of wood
structures assembled with densified wooden dowels under fire exposure. The research focuses on Adhesive-Free
Engineered Wood Products (AFEWPs), particularly adhesive-free cross-laminated timber (AFCLT) panels, and
timber connections incorporating either thermo-mechanically compressed wooden dowels or conventional steel
dowels. A series of thermal and thermomechanical tests were conducted to evaluate internal temperature
distribution, charring behavior, and structural displacement at elevated temperatures. The fire performance of
dowel-type connections was assessed by comparing the thermal response and deformation of joints using
wooden and steel dowels. The results indicate that timber connections incorporating densified wooden dowels
exhibited better thermal insulation and lower charring rates compared to those with steel dowels, thereby
improving the overall fire resistance of the jointed assemblies. This study highlights the potential of densified
wood dowel as a sustainable and fire-resilient alternative to metallic fasteners in engineered wood. structures.
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KOHCTPYKIIMI, COBPAHHBIX C TIOMOIIBIO
YIIJIOTHEHHBIX JEPEBSIHHBIX HAT'EJIEN, ITPU OT'HEBBIX
BO3JIENCTBUSIX
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AHHoOTauusi: B [aHHOM WCCIeOBaHUM MPEICTABICHBI PE3yNbTaThl AKCHCPUMEHTANBHOTO HU3yUCHHS
TEPMOMEXaHHYECKOTO TOBEJICHUS [EPEBSIHHBIX KOHCTPYKIIMH, COCIMHEHHBIX C IIOMOINBIO YIUTOTHEHHBIX
JIepeBSHHBIX HarejeH, mpyu OTHEBOM BO3ACHCTBHU. B nccnegoBanny paccMaTpUBaIOTCs O€3KIIeeBbIe COSTNHEHNUS
nepeBsHHBIX dneMeHToB (AFEWP), B uacTHocTH, TaHened W3 TepeKpecTHO-TaMUHUPOBAHHON NPEBECUHBI
(AFCLT) u #epeBSHHBIX COCIUHEHHH, B KOTOPBIX HCIOJB3YIOTCS TEPMOMEXaHUYECKH CIPECCOBAHHbBIE
JICpEBSHHBIC HAreJid WIM OOBIYHBIC CTaJbHBIC Hareidd. bbUla TIpOBEIEHA CEpHUs TEPMUYCCKHX W
TEPMOMEXaHMYCCKUX WCIBITAHUHA I OLICHKH BHYTPEHHETO paclpelesiCHUs TEeMIepaTypbl, MMOBEICHHS IPH
0o0yrMBaHuM U JeOopMalii KOHCTPYKIIHMH TPU TOBBIIICHHBIX TeMIepaTypax. [105kapocTOMKOCTh COeTUHECHUI
C UCIIOJNB30BAaHWEM Harejel OIICHWBANACh ITyTEM CpaBHEHHS TEIUIOBOIO CONPOTHUBICHUS W JeOpMaIluu
COCIIMHEHUI C MCIOJIh30BAHUECM JCPECBSIHHBIX W CTANBHBIX Haresei. Pe3ybTaThl MOKa3bIBAIOT, YTO JCPEBIHHBIC
COCIIHECHUS C WCIIOJh30BAHWEM YIUIOTHCHHBIX JICPCBSHHBIX HAarelell JICMOHCTPUPOBAIMA  JIYyUIIYIO
TEIUTOM30JINNI0 U OoJiee HU3KUE IMOKA3aTeNH OOYTIMBAHUS MO CPAaBHEHUIO C COCTUHCHUSMH CO CTaTbHBIMA
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HareqsiMM. DTO YIydlIajgo OOIIyI0 MOXAPOCTOMKOCTh COEIMHEHHBIX KOHCTpyKnuil. [laHHOe ucciemoBaHue
MOYEPKUBACT MOTEHIMAN YIDIOTHEHHBIX JIEPEBSHHBIX HArelel KaKk KOJIOIMYHONW U OTHECTOHKON albTepPHATHBEI
METAITMYECKAM KPETIS)KHBIM JIEMEHTaM B KOHCTPYKIUAX U3 IPEBECHHBI.

KaioueBble ciioBa: TepMOMEXaHUYECKOE TIOBEJICHNE, YIUIOTHEHHBIE JIEPEBsHHbIC HATCIIH,
JIepeBSTHHBIC DJIEMEHTHI ¢ Oe3kieeBbIM coenuaenneM (AFEWP),
MOTepeYHO-IaMUHUPOBaHHast qpeBecuHa 6e3 kiest (AFCLT), coennHeHre 371IEMEHTOB U3 APCBECHHBI,
9KOJIOTUYHBIC KPETICKHBIC 3JIEMEHTHI, KOHCTPYKIIUU U3 JIepeBa

INTRODUCTION

The environmental impact of the construction
industry is  substantial, with  buildings
accounting for approximately 40% of global
energy consumption and up to 33% of
greenhouse gas (GHG) emissions worldwide. In
response, recent initiatives have promoted the
use of renewable and low-carbon materials,
particularly engineered wood products (EWPs)
such as glued laminated timber (glulam) and
cross-laminated timber (CLT). These materials
store carbon and are derived from renewable
resources, making them attractive for
sustainable  construction. However, their
widespread use is constrained by the reliance on
petrochemical-based adhesives, which pose
challenges in terms of recyclability,
environmental compatibility, and long-term
durability.

To address these limitations, the North-West-
European Interreg research initiative “Towards
Free Adhesive Buildings (AFTB)” has
introduced a new class of Adhesive-Free
Engineered Wood Products (AFEWPs), which
utilize thermo-mechanically densified wood
dowels as mechanical connectors in place of
traditional adhesives. These dowels exhibit a
shape-memory effect—commonly referred to as
“strain recovery”’—that allows them to swell in
pre-drilled holes and form tight, durable joints
under varying humidity conditions [1]. This
connection concept not only eliminates
synthetic adhesives but also supports the
development of scalable, fully wooden
structural systems aligned with sustainability
goals.

While the mechanical performance of densified
wood dowel joints has been studied to some

extent [2-14], their behavior under elevated
temperatures remains underexplored. Given the
inherent combustibility of timber, understanding
the thermal and thermomechanical response of
these adhesive-free connections is essential for
assessing their viability in fire-exposed
environments. Recent research has begun
addressing this gap through both experimental
and numerical investigations [15], highlighting
the need to evaluate fire-induced thermal

degradation, heat transfer, and structural
deformation in  dowel-connected  wood
assemblies.

To further this understanding, the present study
conducts an experimental program focusing on
both adhesive-free cross-laminated timber
(AFCLT) panels and dowel-type timber
connections. The AFCLT panels were exposed
to radiant heat fluxes of 49 and 60 kW/m?, with
the primary objective of assessing charring
depth as an indicator of fire-induced
degradation. These panel-scale tests are
designed to complement prior cone calorimeter
experiments conducted on natural and densified
wood [15], providing additional insight into heat
penetration and material loss under realistic fire
exposure.

In parallel, timber connections assembled with
either densified wooden dowels or conventional
steel dowels were subjected to the same heat
flux levels. For these connections, detailed
measurements were performed to capture
temperature profiles, char layer evolution, and
thermally induced displacements.
Instrumentation included embedded
thermocouples and displacement sensors to
monitor the coupled thermal-mechanical
response of each joint configuration, while a 3D
laser scanning technique was employed to
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quantify the charring profile on exposed
surfaces. This two-part experimental approach
enables direct comparison between panel-level
and connection-level behavior, offering a
comprehensive understanding of the influence
of connector type on fire performance. Overall,
the findings aim to validate the use of densified
wood dowels as a viable, fire-resilient, and
sustainable alternative to metallic fasteners in
engineered wood structures.

EXPERIMENTAL SETUP

Fire testing of CLT panels asembled with
densified wooden dowels

Fire resistance tests were conducted on
adhesive-free cross-laminated timber (CLT)
panels to evaluate the thermal performance of
densified wooden dowels used as mechanical
connectors. Each CLT specimen consisted of
three orthogonally laminated layers, with each
layer composed of three oak panels measuring
150 x450 mm and 25 mm in thickness. The
detailed panel dimensions are provided in
Figure I. The layers were connected using
densified spruce dowels with a diameter of
16 mm. Both the oak panels and dowels had a
uniform moisture content of 10%.

48 54 48

108 150 150 42

Figure 1. Adhesive—free CLT panel geometry
and specimen dimensions

The experimental setup for the fire test of

Adhesive-free CLT panels is illustrated in
Figure 1. A dedicated test furnace was
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developed for this purpose, employing four
radiant panels as the heat source. Each panel
delivered a nominal heat flux of 100 kW/m? and
could reach surface temperatures up to
approximately 2000 °C. The CLT specimens
were horizontally exposed to constant external
heat fluxes. Depending on the desired intensity,
the distance between the panels and the

specimen surface was set at either 20 cm for
60 kW/m? or 30 cm for 49 kW/m?. Two replicate
tests were conducted for each heat flux level.

Figure - Testing iagmm of fire tést'of -
Adhesive-free CLT panels

Thermo-mechanical testing of L-shaped
connection assembled with densified wood
dowels

To evaluate the structural performance of
densified wooden dowels, fire tests were
conducted on L-shaped timber connections
composed of a column and a beam. Each
specimen incorporated four dowels with a
diameter of 16 mm, joining three-layer laminates
with 32 mm thickness per layer. The CLT panels
were made from the same material described
previously. The experimental results were used
to compare the performance of densified dowels
with conventional steel dowels. Geometrical
details of the connection and the finite element
model are provided in Figure 3. Oak wood was
used for the laminates in both tests, with an
average measured moisture content of 10%. The
fire tests were conducted for two types of dowel
materials: conventional steel and densified
spruce. This comparison enables an evaluation of
the effectiveness of using compressed wooden
dowels as an alternative to traditional steel
connectors.
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Figure 3. Detailed structure of L-shaped
connection

Figure 4 illustrates the fire testing setup for L-
shaped timber connections. Radiant panels, each
rated at 100 kW/m? and capable of reaching
2000 °C, provided controlled heat exposure. To
limit edge effects, gypsum plasterboards were
used as thermal shields. Specimens were
exposed horizontally to constant heat fluxes of
49 and 60 kW/m?, achieved by adjusting the
heater distance to 30cm and 20cm,
respectively. The heating regime was calibrated
to match the ISO 834 [16] standard, ensuring
consistency with Eurocode 5 [17] assumptions.

Figure 4. Experimental setup for thermo-
mechanical testing of connections

Surface temperatures were monitored using a
multispectral infrared camera, while internal
temperatures were recorded every second via a
USB TC-08 PICO system. Type K
thermocouples (1 mm diameter) were embedded
at multiple depths in both timber layers and
dowels. Deflections were tracked using LVDTs
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at the free end of each specimen. Two repeated
tests were conducted for each dowel type and
heat flux condition.

RESULTS AND DISCUSSION

Time-temperature profiles in reinforced L-
joints

Figures 5-8 present time—temperature profiles
recorded in an L-joint specimen reinforced with
either densified wooden dowels (Figs. 5 and 6)
or steel dowels (Figs. 7 and 8) under radiant
heat fluxes of 49 kW/m? and 60 kW/m?. Each
plot shows temperature traces at the joint
surface (0 mm) and at increasing depths (2 mm,
3 mm, up to 6 mm), thereby capturing the
thermal response of both the wood layer and the
dowel material. By juxtaposing these data, one
can directly assess how heat-flux intensity,
dowel thermal conductivity, and sensor depth
govern the rate of temperature rise, peak
temperatures achieved, and overall thermal
gradient across the connection. The following
discussion elaborates on these interactions and
their implications for fire performance.

Under a 60 kW/m? heat flux, the L-joint heats
up significantly faster than under 49 kW/m?. For
example, the surface sensor (Test-0 mm)
reaches 400 °C in about 350 s at 60 kW/m?,
compared to roughly 500 s at 49 kW/m?.
Likewise, the temperature difference between
shallow and deeper sensors grows larger at the
higher flux, indicating a steeper thermal
gradient through the joint.

M 40 80 M0 100 1
@ Tempe(amrrt;mi: [:]vood layer

Figure 5. Temperature evolution in an L-joint
reinforced with densified wooden dowels under

a 49 kW/m? heat flux

Time [5]
(b) Temperature in densified wooden dowels
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Figure 6. Temperature evolution in an L-joint
reinforced with densified wooden dowels under
a 60 kW/m? heat flux
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Figure 7. Temperature evolution in an L-joint
reinforced with steel dowels under a 49 kW/m?
heat flux
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Figure 8. Temperature evolution in an L-joint
reinforced with steel dowels under a 60 kW/m?
heat flux

When reinforced with densified wooden dowels,
the joint exhibits a much slower heat-up rate
than with steel dowels. After 1 200 s at 49
kW/m?, the wooden dowel surface remains
below 700 °C, whereas with steel dowels it
approaches 900 °C in only ~1 000 s. The low
thermal conductivity of the wooden dowels
provides additional insulation, while the high
conductivity of steel creates a pronounced
thermal bridge that accelerates heat transfer into
the wood substrate.

Sensor  depth  further  highlights these
differences. In wooden-dowel joints, Test—2 mm
and Test-3 mm lag the surface by 100-150 °C
at equivalent times, demonstrating effective heat
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resistance. In contrast, steel-dowel joints show
only a 20-30 s delay between the surface and a
6 mm depth, reflecting rapid conduction through
the metal dowel even at greater depths.

Overall, densified wooden dowels markedly
extend the time to critical temperatures and
improve fire performance of L-joints, making
them preferable where fire resistance is
paramount. Steel dowels, while mechanically
robust, accelerate heat ingress and risk earlier
structural compromise. These effects intensify
at higher heat fluxes. For fire-sensitive
connections, designers should favor wooden
dowels or incorporate thermal insulation when
steel dowels are unavoidable.

Post-fire residual cross-section measurement
Figure 9 illustrates the laser-scanning
arrangement used to capture the post-fire
geometry of the CLT panel and L-joint
specimens.

Figure 9. Laser-scanning setup for post-fire
residual cross-section measurement

After carefully removing the charred surface
layer, a high-resolution terrestrial laser scanner
was mounted on a fixed tripod at a known
distance and orientation relative to each joint.
The scanner emitted a dense grid of laser pulses
across the exposed cross-section, generating a
3D point cloud with sub-millimetre accuracy in
less than two minutes per specimen. Custom
software then interpolated these points to
reconstruct the true residual timber profile,
enabling precise measurement of section loss
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and deformation. Compared with conventional
caliper or ruler methods, this non-contact
approach greatly accelerates data collection,
minimizes human error, and delivers a
comprehensive, high-fidelity record of the
remaining cross-section.

Figure 10. Residual cross-sections after fire
exposure: (a) CLT panel; (b) L-joint reinforced
with densified wooden dowels, (c) L-joint
reinforced with steel dowels

Figure 10 displays the residual char across three
specimens: in the unreinforced CLT panel (a),
the char layer forms uniformly across the cross-
section, indicating surface-controlled heat
transfer; similarly, the L-joint reinforced with
densified wooden dowels (b) maintains a
generally even char depth, with only slight
deepening  adjacent to each  dowel,
demonstrating their insulating effect; by
contrast, the steel-dowel joint (c) exhibits
pronounced, irregular charring along and around

each metal connector, evidencing thermal
bridging that accelerates interior wood
degradation.

Tables 1-3 summarize char depths measured in
CLT panels and L-joints reinforced with
densified wooden or steel dowels after
exposures to 49 kW/m? or 60 kW/m? for 15 min
or 20 min.

Table 1. Charring depth in CLT panels after fire

exposure
Speciment  Heat flux ~ Time a b
(kW/m?)  (min) (mm) (mm)
Panel 1 49 15 13 10,5
Panel 2 49 15 15 11
Panel 3 60 15 15 11,5

Table 2. Charring depth in L-joint reinforced
with densified wooden dowels after fire

exposure
Speciment Heat Time a b
flux (min)  (mm) (mm)
(kW/m?)
Connection 1 49 20 15 12
Connection 2 49 20 14,5 10
Connection 3 60 15 16 11
Connection 4 60 15 16.5 11

Table 3. Charring depth in L-joint reinforced
with steel dowels after fire exposure

Speciment Heat Time a b
flux (min) (mm)  (mm)
(kW/m?)
Connection 1 49 20 17 -
Connection 3 60 15 17 -
Connection 4 60 15 17 -

Quantitatively, CLT panels exhibited a = 13 mm
and b =10.5 mm at 49 kW/m? for 15 min, and a
=15 mm and b = 11.5 mm at 60 kW/m? for 15
min. In comparison, wooden-dowel L-joints
showed slightly greater surface char, a = 14.5
mm (A +1.5 mm) and b = 10 mm (A —0.5 mm)
at 49 kW/m?15 min, and increased further to a
=15 mm and b = 12 mm at 49 kW/m?/20 min,
indicating that longer exposure narrows the a—b
gap from 4.5 mm to 3 mm. Under the higher
flux of 60 kW/m?15 min, wooden-dowel joints
reached a=16.5 mm and b= 11 mm, versus a =
16 mm and b = 11 mm at 60 kW/m?20 min,
demonstrating aggressive surface charring but
relatively stable dowel charring. Steel-dowel
joints, by contrast, consistently reached a = 17
mm under both 49 kW/m?20 min and 60
kW/m?*15 min, exceeding wooden
configurations by approximately 0.5-2.5 mm.
These results confirm that densified wooden
dowels moderate heat penetration, maintaining
20-30% lower char depths in the dowel zone,
while steel dowels create a pronounced thermal

bridge that accelerates surface charring.
Increased heat flux and longer durations
uniformly deepen char layers across all

specimens, but the effect is most pronounced
with steel dowels.
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Deflection at the free end

Progressive perimeter charring under radiant
heating steadily erodes the joint’s effective
cross-section and flexural rigidity, driving a
monotonic increase in free-end deflection. A
potentiometer mounted on the top plate
continuously tracked this displacement while
each L-joint carried a constant vertical load of
51 kg. Figures 11 and 12 document the resulting
time-dependent  deflection  histories  for
specimens exposed to uniform heat fluxes of 49
kW m? and 60 kW m?>2, respectively. By
presenting duplicate tests for both densified-
wood and steel dowel configurations, the plots
provide a clear basis for assessing how
connector material alters the onset, rate, and
ultimate magnitude of thermally induced
deformation.

20

230

Connection with densified dowel(Test1)
Connection with steel dowel (Test 2)

-40

Deflection at the free end [mm]

-50

T T T T T
0 200 400 600 800 1000 1200
Time [s]

Figure 11. Deflection of the specimen under 49
kW/m? heat flux

Figure 11 records the deflection history of two
connections, one assembled with densified-
wood dowels and the other with steel dowels,
while they are exposed to an external heat flux
of 49 kW m-2. Both specimens gradually lose
stiffness as charring progresses, but the rate
differs markedly: the steel-dowel assembly
deflects almost —45 mm after 1,200 s, whereas
the densified-dowel counterpart reaches only
about —25 mm. The near-linear trajectories in
this plot suggest a steady decline in bending
stiffness, yet the steeper slope of the steel-dowel
curve points to earlier thermal weakening or
local slip at the steel-to-wood interface.

Figure 12 reveals that elevating the radiant heat
flux to 60 kW m™ magnifies the performance
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gap between connector types: densified-wood
dowel joints level off at roughly —20 to —30 mm
of free-end deflection after 900 s, whereas steel-
dowel joints plunge far deeper, terminating near
—55 mm in Test 1 and almost —100 mm in Test
2—roughly two- to four-times the residual
displacement of their wooden counterparts. The
divergence emerges within the first 200 s, when
both steel-dowel curves steepen sharply, but it is
this final displacement gap of up to 70 mm that
most clearly underscores the connectors’
contrasting fire behaviour: densified dowels
appear to stabilise once peripheral charring
reaches them, while steel dowels act as thermal
bridges that accelerate internal charring and
trigger runaway stiffness loss, producing both
larger and more scattered ultimate deformations.

0

-204

-40

Connection with densified dowel (Test1)
Connection with densified dowel (Test2)
Connection with steel dowel (Test1)
Connection with steel dowel (Test2)

-60 -

-80

Deflection at the free end [mm]

-100 T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Time [s]

Figure 12. Deflection of the specimen under 60
kW/m? heat flux

Under identical thermal exposures, joints
reinforced with thermo-densified wooden
dowels consistently outperform those assembled
with steel fasteners. At both 49 and 60 kW m™
the wooden-dowel specimens retain flexural
stiffness for longer and limit peak free-end
deflection to substantially lower values. The
contrast is most striking at 60 kW m™=
densified-wood dowels keep the connection in
the elastic , whereas steel-dowel joints have
already entered inelastic deformation and
experience rapid stiffness loss. Replicate tests
with wooden dowels also follow nearly identical
trajectories, while the steel-dowel tests diverge
more noticeably—evidence of the greater
predictability and repeatability achieved when
metallic heat sinks are eliminated.
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From a design perspective, substituting steel
dowels with densified wooden dowels can
meaningfully delay critical deformation, thereby
extending the window for evacuation or active
fire-fighting intervention. By avoiding the
thermal-bridge effect inherent to steel, wooden
dowels reduce peak deflections and enhance the
fire resilience and sustainability of mass-timber
connections.

CONCLUSION

The experimental programme confirms that
replacing conventional steel dowels with thermo-
densified wooden dowels markedly enhances the
fire performance of  engineered-wood
connections and CLT panels. At both 49 kW m™
and 60 kW m™ incident heat fluxes, wooden-
dowel joints (i) delay the attainment of critical
temperatures, (ii) reduce char penetration in the
dowel zone by 20-30 %, and (iii) limit free-end
deflection to roughly 20-30 mm, compared with
55-100 mm for comparable steel-dowel joints.
The advantage is most pronounced at the higher
flux: densified-wood dowel joints stay in the
elastic while their steel-reinforced counterparts
have already entered inelastic deformation and
begun to shed stiffness, while the duplicate
wooden-dowel tests align far more closely—
evidence of tighter repeatability.

Char-pattern analyses reinforce these findings.
Unreinforced CLT panels and wooden-dowel
joints develop relatively uniform char layers,
whereas steel-dowel joints exhibit deep,
irregular charring around each connector,
evidencing a pronounced thermal-bridge effect
that accelerates interior degradation. Measured
residual char depths corroborate this behaviour,
showing only 0.5-2.5 mm additional char
adjacent to densified dowels but substantially
deeper local charring around steel fasteners.
From a design perspective, substituting steel
dowels with densified wooden dowels can
postpone excessive deformation and lengthen
the evacuation or intervention window during a
fire without introducing metallic heat-sink

effects. The results therefore position densified
wooden dowels as a sustainable, fire-resilient
alternative to metallic fasteners in mass-timber
structures. Future work should evaluate long-
term durability under hygro-thermal cycling,
explore hybrid fastening strategies, and translate
these laboratory insights into performance-
based design guidelines for adhesive-free
engineered-wood construction.
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