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Despite the rapid commercial success of cross-laminated timber (CLT) in the past decade, largely thanks to its
excellent thermal and structural performance, the use of synthetic adhesives still raises sustainability concerns,
in particular with respect to fire behavior of the bond lines, potential VOC emissions during service, and the
challenges of separating bonded layers at end-of-life for recycling or energy recovery. While wooden-doweled
CLT has never been considered a viable large-scale alternative to traditional CLT, it is important to better
understand the properties of adhesive-free CLT panels as potential surrogates. In the case of wooden-doweled
CLT, the mechanical integrity of the panel depends on the assembly conditions, where the moisture content of
the dowels at insertion is lower than that of the timber boards. The swelling of the dowels, as they equilibrate
with the moisture content of the surrounding timber, ensures the structural performance of the panel. However,
what happens if there is a general decrease in moisture content over the building’s lifespan and the differential
shrinkage between the boards and dowels compromises the structural integrity? In this study, the authors tested
adhesive-free wooden-doweled CLT panels, assessing the sensitivity of the bending stiffness to three moisture
content scenarios: 8, 12 and 15%. Using classical methods for predicting the stiffness of layered beams, such as
the y and the shear analogy methods, the authors indirectly estimated the slip modulus based on three-point
bending tests and modal parameters as a function of wood moisture content. Thus, the paper, examining
the mechanical behavior of wooden-doweled CLT panels under varying moisture content conditions, provides
practical recommendations for their use.
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1. Introduction of CLT [8,9]. Alternatives such as lignin-based binders show promise

but require blending with phenol for comparable performance [10],

Cross-laminated timber (CLT) has gained widespread attention as
a high-performance engineered wood product with promising appli-
cations in structural systems [1,2]. CLT construction has been shown
to result in lower greenhouse gas emissions compared to conventional
systems, as demonstrated by life-cycle analysis (LCA) studies [3]. The
panels are effectively used in buildings located in seismic regions,
serving both as walls and floors [4,5].

State-of-the-art CLT manufacturing typically involves the use of
synthetic adhesives such as phenol-formaldehyde (PF) or polyurethane
(PUR) [6], which provide high structural performance but present chal-
lenges under fire conditions [7], during end-of-life recycling [8], and in
terms of emissions of volatile organic compounds (VOCs) and formalde-
hyde [9]. Despite representing only a small fraction of the panel’s mass,
adhesives contribute substantially to the overall environmental impact
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and solvent-based formulations must be handled with caution [11].

As a result, there is growing interest in adhesive-free CLT systems,
particularly those relying on mechanical connectors such as wooden
dowels, which offer a different set of structural and design challenges.
This study investigates the mechanical performance of dowel-laminated
CLT panels under varying Moisture Content levels.

2. Literature background and research question

Adhesive-free CLT panels offer enhanced recyclability, improved
reusability, and reduced environmental impact. Metal fasteners like
screws or metal dowels are commonly used for their high load-bearing
capacity and structural stability. While metal connectors have proven
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performance and wide adoption, the industry is exploring wood-based
connectors, such as dowels, timber pegs and nails, as an eco-friendly
alternative [12,13]. Wood-based connectors demonstrate full compati-
bility with the wood material, facilitating disassembly and improving
recyclability. Research is ongoing to evaluate the feasibility and per-
formance of wood-based connectors in CLT construction. Versions of
CLT using hardwood dowels, such as dowel-laminated timber (DLT) or
doweled cross-laminated timber (DCLT), have already been introduced
in the market and used in construction.

However, opportunities for innovation, like using CLT assembled
with hardwood nails, are yet to be fully explored. Preliminary studies
have demonstrated the efficiency of doweled cross-laminated panels
(DCLP) for structural use [14]. However, design codes for DCLP are
not yet available in current European standards [8]. Investigating the
earthquake behavior of buildings made from dowel-laminated timber
(DLT) elements, researchers have highlighted that the remaining load-
carrying capacity of DLT compared to solid wood may be only 25%
depending on the fastener diameter [15]. Salvaged plywood tenons
have also been effectively used as connectors in DLT, resulting in a 40%
increase in bending stiffness compared to unconnected members [16].

Parametric studies on numerical models have examined the influ-
ence of dowel diameter and spacing on the stiffness and maximum load
capacity of dowel-laminated timber members [17]. Experimental in-
vestigations have confirmed that compressed wood dowels with larger
diameters and a higher number of dowels lead to an increase in the
flexural modulus of adhesive-free laminated timber (AFLT) beams and
adhesive-free cross-laminated timber (AFCLT) panels [18]. However,
dowel insertion angles and dowel species do not seem to affect the
structural properties [18] substantially. Research on optimizing dowel
patterns, shapes, and numbers is yet to be conducted. Normally, the
dowel is hydraulically hammered into pre-drilled holes with slightly
smaller diameters. Still, recently, dowel welding by high-speed rotation
has been explored as a method to join wood dowels with layers. The
friction triggered by the rotation of the dowel generates heat at the
contact interfaces, leading to lignin softening in the contact region
and forming a weld-line after the material cools down [9]. The weld-
ing process gives the fastener a non-negligible withdrawal strength,
allowing for simultaneous exploitation of both axial and transversal
resisting mechanisms of the fasteners, leading to better mechanical
performance [19,20]. Still, the durability of welded joints is doubtful,
and resins are often combined with welding to obtain acceptable perfor-
mances [21]. It has been demonstrated that two-layer doweled beams
with welded timber dowels can outperform nailed beams of the same
length, even when twice as many nails are used as dowels. An original
manufacturing process, where dowels are submerged in sunflower oil
before being used as part of a rotational welding technique, has shown
efficiency in composite action, measured using stiffness relative to a
fully composite system, between 49% and 74% [22].

Most studies show that the failure of the composite elements is
due to dowel fracture, and hardwood fasteners in softwood layers
may further increase performance. Some studies highlighted how the
connection performance may be reduced by the dowel shrinkage caused
by decreasing ambient humidity [8]. This effect can be avoided using
densified wood dowels prone to swelling. Thus allowing for insertion
in holes even larger than the dowel itself and consequently easing
the manufacturing process [23]. Currently, most research focuses on
manufacturing and mechanical performance, while aspects like long-
term reliability under variable environmental conditions, fatigue, and
fire resistance are not fully addressed. Despite wood-based connec-
tors not being widely adopted in the industry, ongoing investigations
strive to establish the reliability of adhesive-free CLT. This alternative
addresses concerns about adhesive toxicity while acknowledging that
metal connector alternatives may pose recycling challenges [8].

Most studies on pre-wood dowel-type connections focus either on
the mechanical behavior of the dowel within the connection or on
moment-resisting joints. However, research on their application in CLT
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panels remains limited. Wooden dowels mainly bear four types of
loads: bending, embedment, shear, and axial forces (the latter may arise
from friction between the dowel and the timber members [24]). Many
studies have examined dowel-type timber joints [25-35], focusing on
failure modes [36,37], shear capacity under various failure condi-
tions [38], and factors influencing shear capacity [39,40]. Research
indicates that shear capacity is affected by the type and diameter of
the dowel and the processing methods used.

Despite the growing scientific interest in adhesive-free solutions,
their application remains primarily confined to research [41], with few
industrial entities dedicated to their production and commercialization.
One of the main challenges of adhesive-free wooden-doweled CLT
(WDCLT) is its complete reliance on friction to ensure mechanical
interlayer bonding. However, friction is strongly influenced by dowel
swelling, which, in turn, depends on hygrothermal conditions, affecting
both dimensional stability and structural performance.

To the best of the authors’ knowledge, no systematic experimental
study has investigated the sensitivity of adhesive-free WDCLT panels to
moisture content (MC) variations. Therefore, the main objectives and
novel contributions of this study are:

1. Evaluate the sensitivity of WDCLT bending stiffness to MC vari-
ations, considering three scenarios (8%, 12%, and 15% MC).

2. Analyze the influence of loading type by estimating bending
stiffness through both dynamic identification tests and static
three-point bending tests.

3. Assess the accuracy of the y-method and the shear analogy
method in predicting bending stiffness, using slip modulus val-
ues obtained from push-out tests.

4. Compare the bending stiffness of WDCLT with traditional glued
CLT panels having an analogous layup.

3. Wooden doweled cross-laminated timber panels

The wooden dowel CLT (WDCLT) adhesive-free panel, produced by
Biohabitat srl [42], is a solid mass timber panel composed of layers of
Picea abies boards, each 150 mm wide and 30 mm thick. These layers
are arranged in vertical, horizontal, and diagonal orientations. They are
mechanically bonded by pressing beech dowels, 16 mm in diameter,
into place. The jack applies a hydraulic pressure of 3.04 MPa (30 atm)
to insert the dowel into the timber layers. It should be noted that the 30
atm value refers to the internal pressure within the hydraulic system,
not to the mechanical stress on the dowel.

The production process for these panels follows a sequence similar
to that used by manufacturers like Thoma GmbH in Austria. It begins
with the fabrication of the dowels. The 16 mm dowels are shaped using
a lathe, cut to the required length, and oven-dried for at least 48 h. The
oven-drying process refers to conditioning the specimens at 103 +2°C,
following standard procedures for moisture content determination [43,
44].

This drying process reduces their MC and causes a slight shrinkage
in diameter. The boards are air-dried naturally for 8 months and
then kiln-dried until their internal MC is no higher than 10%. Once
the dowels are ready, the panel layers are assembled. The edges of
the panels are compressed using hydraulic jacks to tightly press the
lamellae together, minimizing any gaps between them. A uniform load
is applied to the top surface to prevent the boards from lifting during
assembly. Holes are pre-drilled with a 10 mm bit, followed by final
drilling. After inserting the beech dowels under pressure of up to 30
atm, they are sprayed with water to swell and ensure a tight fit. They
are then stabilized along with the boards at a moisture level of around
12%. Finally, the completed panels are left to air dry for about a month,
allowing the MC of the lamellae and dowels to equalize (see Fig. 1).

The wall can be produced in various thicknesses, ranging from
150 mm to 270 mm, as shown in Fig. 2. The most commonly used
thicknesses are 180 mm and 210 mm, with 150 mm typically used
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(e)

Fig. 1. Views of the wooden dowel CLT panels and details of the structural element. (a) front view, (b) lateral view, (c) cross-section with dowel, (d) cross-section without dowel,

(e) Dowel in position before insertion.

for internal load-bearing walls. The panels’ layup is shown in Fig. 2,
with the outer layers always oriented vertically. The beech dowels
connecting the layers are positioned around the perimeter of the wall
at each board intersection (with a spacing of 150 mm) and alternately
in the central part at every second intersection (with a spacing of
300 mm).

In this study, panels with 150 mm and 210 mm thicknesses were
used, each measuring 0.5 m wide and 2 m high, with four samples for
each panel size.

4. Methodology
4.1. Problem formulation

This study aims to estimate the sensitivity of the bending stiffness of
adhesive-free WDCLT panels to variations in the wood MC. Hereafter,
these panels will be referred to as WDCLT for brevity. As explained
in the previous section, the mechanical integrity of WDCLT panels
is closely linked to the MC of the dowels. The wooden dowels are
oven-dried before being used to assemble the boards. Their swelling,
caused by reabsorbing moisture from the environment, ensures the
mechanical tightness of the assembly. However, what happens if the
MC of both the boards and the wooden dowels decreases? Beech wood
and Norwegian spruce have different moisture absorption coefficients,
meaning that changes in overall MC can alter the panel’s mechanical
stability. Furthermore, heating systems are often active for much of
the year in wooden buildings, especially in colder regions like North
America and Central Europe. These systems can significantly reduce
the MC so that the MC can drop below 7% in internal panels, while
external ones generally range from 7% to 9% [45].

Thus, understanding the effect of MC is crucial, as it can com-
promise the panel’s mechanical and thermal performance. To isolate
this phenomenon, the authors conducted controlled experiments rather

than reproducing the typical conditions of a building, where daily
and seasonal fluctuations in temperature and humidity occur, along
with additional layers in the building envelope. For this purpose, a
climate chamber was used to condition the panels to specific MC levels.
Bending stiffness was then measured before and after the moisture
variation. The bending stiffness was measured using the classic three-
point bending test and, indirectly, by measuring the frequency of the
first three vibration modes. This approach allowed the authors to
estimate stiffness under various levels of deformation, whether due
to environmental factors or human-induced excitations (e.g., walking
or running), as well as from bending tests. The procedure followed
three main phases: (i) Dynamic identification tests under ambient
excitation and walking in a pinned-pinned configuration. (ii) Three-
point bending tests, (iii) Panel conditioning in a climate chamber.
These tests were repeated for different MC levels. The slip modulus was
estimated using the y and Shear Analogy methods (SAM) by inverting
the predictive relationships for bending stiffness, as briefly summarized
in the following subsections. The authors estimated the prediction error
of the bending stiffness using the slip modulus from push-out tests.
Subsequently, an optimization problem was solved to find the optimal
multiplier of the slip modulus for each test configuration. This allowed
for understanding the effect of excitation level (static vs dynamic) and
MC on the slip modulus relative to the reference value obtained from
push-out tests.

4.2. Literature background on bending stiffness prediction

4.2.1. y-Method

The y-method, outlined in Appendix B of Eurocode 5, offers a sim-
plified approach for calculating the flexural properties of mechanically
connected beams. It is based on the concepts of effective bending
stiffness and a connection efficiency factor, and it allows evaluation of
the mechanical behavior of beams composed of up to three individual
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Fig. 2. Layups of the Wooden Dowel CLT panels produced by BIOHABITAT.

members connected by semi-rigid fasteners [46]. This formulation,
as discussed by Kreuzinger [47], is most accurate when applied to
three-layer beams under simple support conditions, with continuous
fasteners of constant stiffness and sufficiently large spans so that shear
deformations are negligible. The effective bending stiffness is given by:

n
(El)ef=Z(Ei'1i+7i'Ei'Ai'ai2) 1)
i=1
Here, E; is the modulus of elasticity of the ith layer, I; its moment of
inertia, A; its cross-sectional area, a; the distance from its centroid to
the neutral axis of the assembly, and » the total number of layers. In
this study, the authors extend the method to include all plies of 5- and
7-layer WDCLT panels, treating each layer explicitly in the model rather
than grouping them. The connection efficiency factor y; is calculated as:

-1

e 72 E; - A;-s; )
Vi = +T 2

i
where s; is the spacing between connectors, K; is the slip modulus of
the connection, and / is the span length.

4.2.2. Shear Analogy Method (SAM)

Introduced by Kreuzinger in 1999 [48], the Shear Analogy Method
(SAM) offers a more refined approach to calculating the flexural prop-
erties of mechanically connected beams. While both SAM and the
y-method consider factors such as the number of layers and the pres-
ence of mechanical fasteners, a key advantage of SAM is its ability to
explicitly incorporate the shear deformations of individual layers [47].
This makes it particularly suitable for cases where shear flexibility
significantly affects the global response.

In the SAM, the composite beam is modeled as two virtual beams,
labeled A and B, coupled through vertical deflections via infinitely
rigid web elements. Beam A is assumed to be infinitely stiff in shear,
while beam B accounts for the shear flexibility of each layer and the
connections.

The bending stiffness of beam A, B4 = (ET) 4, includes the inherent
bending stiffness of the individual layers:

BA—zn:(E-I)—zn: P 3
- i i) = i 12

i=1 i=1

SA:oo (4)

The bending stiffness of beam B, BE = (ET)p, reflects the so-called
Steiner terms, based on the distance from the centroid of each layer to
the neutral axis:

n n
2 2
BB=Z(E,.-A,.~ZSI.)=Z(E,~b,--hi~zﬂ.) (5)
i=1 i=1

Note: z,; is equivalent to @; in the y-method, representing the
distance from the centroid of each layer to the global neutral axis.

The shear stiffness of beam B, S8 = (GA)y, is defined as:

1 n—1 1 h] n—1 h h
S8 = <—> + + — + L (6)
a? ,;ki,m 2-Gy-b ,;Gi'bi 2:G,-b,

Here, k;; .1 = ];—A is the slip modulus per unit length for the joint
between layers i and i + 1, G, is the shear modulus, and a is the panel
depth.

4.3. Indirect estimation from dynamic tests

As shown in the following section, the first three natural frequencies
of the tested specimens correspond to the bending modes of a pinned—
pinned beam. The natural frequency f, of such a beam with constant
mechanical properties along its span is given by Eq. (7):

w2r ( Elggn\'"? .
“ﬁ( oA ) @

To linearize this relationship, both sides of Eq. (7) are squared,
resulting in Eq. (8):

f2 ~ 7!2_71' 2 <E1dyn> ®
" 212 pA
By rearranging Eq. (8), the dynamic bending stiffness El4y,, can be

isolated, as shown in Eq. (9):

4L*pA f2
EIdyrl = W (9)

To improve accuracy, a least squares approach is adopted using the
first three measured frequencies f|, f,, and f3, corresponding to mode
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Fig. 3. View of the experimental setup for dynamic identification tests. The dimensions
are in meters.

numbers n = 1,2, 3. The corresponding system of equations is presented
in matrix form in Eq. (10):

i 4\ Elgyn |}
d
f5 9
The least squares estimate of X = L‘:y" is calculated according to
Eq. (11):
CTf2
= 11
TC an

where C is the coefficient matrix.
5. Description of the experimental tests

The following subsections provide details of the experimental steps
conducted and repeated for various levels of MC: (i) dynamic identifica-
tion, (ii) three-point bending test, (iii) push-out tests and (iv) specimen
conditioning in the climate chamber.

5.1. Dynamic identification

The authors conducted dynamic identification of the WDCLT panels
using the Stochastic Subspace Identification method [49], implemented
in the open-source software pyOMA [50,51]. The panel was instru-
mented with four equidistant accelerometers (PCB 393B12) [52], as
shown in Fig. 3. Two tests were performed for each sample: one under
ambient excitation and another with a person walking at a natural pace
of approximately 2 Hz, weighing 70 kg. Both data acquisitions lasted
20 min and were recorded at a sampling frequency of 200 Hz. The data
acquisition system used was CATman by HBK [53]. The tests have been
conducted in the Norwegian Institute of Wood Technology laboratory
in Oslo, Norway.

The analyses’ output is the model parameters regarding natural
frequency, mode shapes, and damping ratios.

5.2. Three-point bending tests

To evaluate the stiffness of the WDCLT panels, three-point bending
tests were conducted (Fig. 4) over a span of 2 m. A steel beam was
used to distribute the applied load evenly across the width of the
panel. Vertical displacements were recorded using two displacement
transducers, which were connected to an HBK data acquisition system.
The applied load was monitored using the embedded load cell with a
500 kN capacity.

The tests were carried out at the Norwegian Institute of Wood
Technology laboratory in Oslo, Norway. The load was applied at a
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displacement rate of 1 mm/min until reaching a mid-span deflection
equal to //300 following [54]. The stiffness (EI) was calculated using
Eq. (12).
4P 3
" Ad - 48
Where AP is the load variation, Ad is the displacement variation, and
Iy is the span. It is worth noting that interlayer slip was not directly
measured during the panel bending or dynamic tests. However, based
on the load levels applied in these tests, limited to achieving mid-
span deflections of //300 in static bending and very low amplitudes in
dynamic excitation, it is reasonable to assume that the slip experienced
was significantly lower than the displacements observed in the push-out
tests at 0.1 - F,,,. This supports the use of linear-elastic assumptions
in estimating bending stiffness under these conditions.

The panel was supported on wooden bases, as shown in Fig. 4.
Although wood is less stiff than steel, the small dimensions of the
supports and low load level ensure that their deformation under the
applied loads is negligible compared to the panel deflection. Therefore,
any contribution of the wooden supports to the measured bending
response is considered minimal and does not affect the validity of the
results.

EI 12)

5.3. Slip modulus estimation

As outlined in Section 4, the bending stiffness prediction requires
the connection’s slip modulus (K). To determine this value, a dedicated
push-out test has been carried out by the company BIOHABITAT, see
Fig. 5. When the panel is bent, compression and tension forces act in
opposite directions, resulting in a slip between the layers since the
doweled connection is not perfectly rigid. To simulate the sliding of
the top and bottom layers of the WDCLT panel, BIOHABITAT tested a
750 x 180 model consisting of a 6-layer WDCLT panel (layup 180 mm
in Fig. 2). The test procedure began with the failure of a pilot specimen
to estimate the failure load (F,,,) for the remaining ten specimens. A
cyclic loading procedure was followed, starting with the application of
a load equal to 0.4 F,,, holding for 30 s, and then unloading to 0.1-F,,,
holding again for 30 s. The load was then reapplied until either the
ultimate load was reached or a 15 mm slip occurred, whichever came
first. Displacement measurements were recorded throughout the entire
test. The testing machine applied the load at a constant rate, ensuring
that either the ultimate force or the 15 mm slip was reached within 5
to 7 min.

The slip modulus of the connection was calculated using the follow-
ing equation, adapted from EN 26891 [46] and supported by scientific
literature [55]:

K = 0'4Fmax_0'1Fmax 13)

Up.4 — U1
This formulation defines the initial slip modulus K as the slope of the
force—displacement curve between 10% and 40% of the maximum load
per dowel F ... Here, F .., is the experimentally measured maximum
force acting on a single dowel, obtained by dividing the total applied
force by the total number of dowels in the specimen [kN] equal to 14,
ug, is the average relative displacement between consecutive lamellae
at 10% of Fy,,, [mm], u,, is the average relative displacement between
consecutive lamellae at 40% of F,,, [mm], and K is the slip modulus
of the signle dowel per interface [kN/mm]. The total number of dowels
in the specimen is 14, 180 mm long, distributed across three staggered
rows containing 5, 4, and 5 dowels, respectively, with a spacing of
150 mm along each row. It is important to note that the displacement
measured during the push-out tests corresponds to the total relative
slip between the two external lamellae of the six-layer panel. This
includes the cumulative slip across five shear interfaces. To obtain
a representative slip modulus per single shear plane, consistent with
analytical models such as the y-method and the SAM, the total mea-
sured slip was divided by the number of shear planes (i.e., five). This
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Fig. 4. Views of the experimental setup of the three-point bending test.

750

Fig. 5. (a) Experimental setup of the push-out tests (b) View of the push-out specimens after the tests.

approach yields an average slip per interface and ensures compatibility
with the modeling assumptions. As such, the calculated slip modulus
K represents the stiffness of a single dowel acting across one interface.
Visual inspection of the test specimens (see Fig. 5(b)) confirms that the
slip is distributed uniformly across the lamella interfaces. The displace-
ment increases approximately linearly from the fixed side to the loaded
side, indicating that the shear slip between adjacent lamellas is nearly
equal. This justifies the assumption of uniform shear deformation and
supports the use of average slip (total displacement divided by the
number of shear planes) in calculating the slip modulus per interface.
It should also be noted that in standard push-out tests, when the
connector is loaded in double shear (i.e., between two members sym-
metrically), a factor of % is typically applied to account for slip on both
sides.

5.4. Hygrothermal conditioning phase

To achieve the target MC values of the WDCLT panels, a controlled
conditioning process was conducted in two separate environmental
chambers: a drying chamber and a humidification chamber, shown in
Fig. 6.

The MC of each panel was measured using a Brookhuis FMD6 hand-
held moisture meter (also known as the Absolute Moisture Meter FMD
6), manufactured by Brookhuis Applied Technologies B.V. The probe
used features 60 mm long electrode pins with an effective penetration
depth of approximately 43 mm. Three measurements were taken on
each surface of the panel (both faces), and the results were averaged
to estimate the representative surface MC. It is noted that this method
primarily captures surface moisture and may not fully reflect internal
moisture gradients. This is particularly relevant for the 210 mm panels,
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Fig. 6. (a) View of the WDCLT panels in the drying room at RH=20% and T=20 °C; (b) View of the humid chamber at RH=80% and T=20 °C.

where higher MC may persist in the inner layers compared to the
surface.

The process involved two distinct phases: a drying phase to reduce
MC from 12% to 8%, followed by a humidification phase to increase
MC to 15%.

It should be remarked that, although MC in internal wall panels can
fall below 7% under in-service conditions [45], prolonged conditioning
would be required to replicate this in the lab. Due to limited access to
the climate chamber, 8% was selected as the lowest MC level achievable
within the available timeframe.

During the drying phase, the panels were placed in the chamber at a
RH of 20% and a constant temperature of 20 °C. These conditions were
maintained to facilitate gradual moisture reduction while minimizing
internal stresses and preventing cracks or distortions in the panels.
The MC of the panels was monitored using a resistance-based moisture
meter every two weeks.

Following the drying phase and the consequent bending tests, the
panels were transferred to the humidification chamber to achieve the
target MC of 15%. This chamber was maintained at RH = 80% and
T = 20 °C to promote moisture absorption. MC was also monitored
every two weeks, and the conditioning process continued until the MC
stabilized at 15%.

6. Experimental results

The experimental results are organized into four subsections, each
addressing a specific aspect of the analysis: (i) Estimation of the slip
modulus: This part presents the results of the push-out tests, which are
used to predict the bending stiffness using the y-method or the SAM. (ii)
Dynamic identification and three-point bending tests: This subsection
analyzes the results from both glued and adhesive-free panels to assess
the effects of bonding and excitation levels on the bending stiffness.
(iii) Effect of MC on bending stiffness: The EI values are estimated and
discussed on for three different MC levels: 12%, 8%, and 15%. (iv)
Finally, a discussion part explores how MC influences bending stiffness
(EI) and, subsequently, the slip modulus.

6.1. Push-out tests for assessing slip modulus

To estimate the bending stiffness using both the y-method and the
SAM, it is essential to know the mechanical properties of the WDCLT.
The mechanical properties are provided in Table 1 and correspond to
the C24 strength class.

In particular, the transverse modulus is obtained from the following
empirical formula, as reported in [56]:

_h

153 14)

Table 1

Average mechanical properties of timber used in assembling the WDCLT panels.
p [kg/m’] E, [MPa] E, [MPa] E,s [MPa] E;s [MPa]
450 11,000 367 1,900 1,900

Meanwhile, Hankinson’s formula [57] is used to estimate Young’s
modulus corresponding to a given angle of the fibres relative to the
grain direction:

E -E,

(15)
Ej - sin’(0) + E, - cos2(0)

Ey=

where E is the modulus of elasticity parallel to the grain, E, is the
modulus of elasticity perpendicular to the grain, and 0 is the angle of
the fibres relative to the grain direction. The following analyses were
conducted: (i) Prediction of the bending stiffness using the mechanical
properties in Table 1 and the slip modulus from the push-out tests.
(ii) Optimization of the slip modulus and estimation of a multiplicative
factor @, to minimize the error between the predicted bending stiffness
and the one obtained from dynamic tests and three-point bending tests:

R =oK (16)
where K is the optimal slip modulus and «, is the optimal multiplier
that minimizes the error:

a, = argkmin (Elexp — Eloqe)? 17

where E[,,; is the experimental bending stiffness and EIpoqe that from
the models, either the y-method or the SAM.

Table 2 shows the results of the push-out tests, where the force
values and slip modulus refer to a single connector per single shear
plane.

The connection stiffness, estimated using Eq. (13), is 1.62 kN/mm.
This value is consistent with slip modulus values reported in the liter-
ature for wooden dowel connections. For example, Pereira et al. [14]
report a slip modulus of 1.48 kN/mm for 19 mm Pau-roxo dowels in
double-shear configuration, embedded in glued laminated softwood (Pi-
nus taeda and P. elliottii). Although their material and test setup differ
from those used in this study, the results are comparable. Their custom
test setup was specifically developed to replicate the interlayer slip
due to tension-compression and shear during panel bending, diverging
from the ISO 6891 standard. In contrast, the current tests involved
16 mm European beech dowels embedded in softwood lamellas under
single-shear conditions that reflect actual wall assembly performance.

6.2. Dynamic and static bending stiffness estimation

Table 3 presents the results of dynamic identification using the
SSI-method [49] implemented through PyOMA [51].
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Results of the push-out tests and slip modulus estimation. F,,,, is the maximum force from push-out tests per
single dowel and u,, and y,, the average relative displacements between consecutive lamellae corresponding

to 0.1 F,,, and 0.4 F,,..
Sample No. 0.1-F,,, [kN] 04 - F,,. [kN] uy, [mm] uy4 [mm] Slip Modulus [kN/mm]
1 0.98 3.93 0.3 2 1.74
2 1.05 4.19 0.33 1.71 2.29
3 1.01 4.02 0.25 1.99 1.73
4 0.88 3.52 0.34 2.12 1.49
5 0.94 3.75 0.31 2.18 1.50
6 0.8 3.2 0.29 2.13 1.30
7 0.8 3.18 0.4 1.93 1.54
8 1.04 4.16 0.24 2.01 1.76
9 0.83 3.33 0.29 2.17 1.33
10 0.89 3.57 0.24 2.06 1.48
Mean - - - - 1.62
CoV - - - - 0.18

Table 3

Natural frequencies and damping ratios of the tested specimens and MAC between the mode shapes between
forced and operational states.

Sample Mode No. Forced Operational MAC Relative Error f, [%]
S, [Hz] & [%] f, [Hz] & [%]
1 24.646 1.35 24.747 1.13 89 -0.41
BIO15-1 2 55.930 1.28 56.827 0.80 98 -1.58
3 89.908 1.79 91.228 1.10 94 -1.45
1 26.605 1.75 26.024 1.49 95 2.24
BIO15-2 2 64.513 2.42 62.744 1.65 95 2.82
3 103.816 2.13 100.344 2.48 97 3.46
1 23.388 2.04 23.865 2.16 89 -2.00
BIO15-3 2 51.230 1.50 51.888 1.11 91 -1.27
3 85.436 1.61 86.237 1.80 90 -0.93
1 25.073 2.58 25.600 1.35 91 -2.06
BIO15-4 2 57.764 2.29 58.742 1.57 94 -1.67
3 101.480 2.11 100.147 3.11 95 1.33
1 33.215 1.82 32.501 1.44 92 2.19
BIO21-1 2 69.908 2.49 70.989 1.36 89 -1.52
3 117.851 2.60 118.021 1.81 96 -0.14
1 34.521 1.34 34.892 1.35 94 -1.06
BIO21-2 2 70.291 2.38 69.225 2.12 94 1.54
3 113.563 2.21 114.179 1.35 89 —-0.54
1 31.673 2.15 32.117 1.82 94 -1.38
BIO21-3 2 61.591 1.71 62.720 1.21 91 -1.80
3 109.417 1.77 110.833 1.13 96 -1.28
1 32.200 1.39 32.576 0.79 89 -1.15
BIO21-4 2 66.966 2.17 67.792 1.72 94 -1.22
3 109.409 1.98 110.593 2.01 98 -1.07

Two excitation conditions were considered: (i) a low-amplitude
operational condition, and (ii) vertical excitation induced by a person
performing a sequence of short walking bursts across the 2 m panel
at a step frequency of approximately 2 Hz. To investigate potential
nonlinear effects in the slip modulus, a 70 kg individual periodically
stepped on and off the 2 m panel over a 20 min period, performing
short bursts of walking at a step frequency of approximately 2 Hz.
This vertical excitation was used to amplify the structural response
and assess whether higher excitation levels could mobilize nonlinear
interlayer slip, thereby affecting the bending stiffness and the natu-
ral frequencies. Notably, the individual was not continuously on the
structure. This explains the negligible difference in natural frequencies
observed between the two test conditions.

The three modes (see Fig. 7) clearly correspond to the first three
flexural modes of a simply supported beam and can therefore be
reliably used to estimate the bending stiffness EI using Eq. (11). It is
observed that there is no significant difference between the frequencies
obtained from the walking tests and those under operational conditions,
proving that a walking person does not induce nonlinear effects in
the dynamic slip modulus. The relative errors between the measured
frequencies are always below 4% in all cases.

Table 4 summarizes the bending stiffness values [Nm?] obtained
from three-point static tests, along with those estimated from dynamic
tests using Eq. (11). The table also includes the predicted bending
stiffness of the WDCLT panels, calculated using both the y-method
and the SAM. For each case, the percentage difference compared to
the static test results is provided. Additionally, Table 5 presents a
comparison between the bending stiffness of WDCLT and glued CLT
panels with a similar layup. These results are also illustrated in the bar
plot in Fig. 8.

The dynamic bending stiffness is significantly higher than that
obtained from static bending tests, averaging 2.6 times greater, nearly
three times. This difference may seem substantial, particularly for
serviceability assessments, as it highlights the inherent flexibility of the
panels.

Nevertheless, these panels are not directly comparable in stiffness to
their glued counterparts, which are used as benchmarks for assessing
the limitations and potential of this structural solution. The bending
stiffness of glued CLT with an analogous layup is consistently 13
to 15 times higher, with relative differences exceeding 1000%. This
discrepancy could be a limiting factor for the widespread adoption of
WDCLT.
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Fig. 7. Normalized mode shapes of the tested specimens identified through Operational Modal Analysis (OMA). The x-axis indicates sensor position along the panel length, while

Sample No. 1
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Sample No. 2
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the y-axis represents unitless relative amplitude. All tests were conducted at a moisture content of approximately 12%.

Table 4

Synopsis table presenting the bending stiffness [Nm?] estimated from three-point bending tests on WDCLT (Static test), as well as from natural
frequencies using Eq. (11) (Dynamic test), along with the corresponding relative difference (Rel. Diff.). The table also shows the predicted
bending stiffness of WDCLT obtained using the y-method and the SAM. These predictions assume the mechanical properties listed in Table 1
and a slip modulus of 1.62 kN/mm, as determined from push-out tests. All panels had an MC equal to 12%.

Sample Experimental Bending Stiffness Gamma-method SAM method
Static [N-m?] Dynamic [N-m?] Rel. diff. [%] Value [N-m?] Rel. err. [%)] Value [N-m?] Rel. err. [%]
BIO15-1 52124 133069 155 84533 62 55427 6
BIO15-2 43472 155070 257 84533 94 55427 28
BIO15-3 52298 119830 129 84533 62 55427 6
BIO15-4 54760 137720 151 84533 54 55427 1
BIO21-1 128655 338361 163 164127 28 83234 -35
BIO21-2 126101 365504 190 164127 30 83234 -34
BIO21-3 136529 307671 125 164127 20 83234 -39
BIO21-4 122992 318011 159 164127 33 83234 -32
Mean 166 48 -12
Table 5
Results of static tests on CLT panels with a layup analogous to WDCLT, their relative difference. All panels had an MC equal
to 12%.
Panel thickness [mm] No. of plies Static Test WDCLT [N-m?] Static Test Glued CLT [N-m?] Rel. diff. [%]
150 5 52124 699531 1242
150 5 43472 679869 1464
150 5 52298 700199 1239
150 5 54760 670301 1124
210 7 128655 1846867 1336
210 7 126101 1794804 1323
210 7 136529 1772498 1198
210 7 122992 1801207 1364
1286

Regarding the accuracy of existing methods in predicting bending
stiffness, both the y-method, the most commonly used, and the SAM
were evaluated. Using a slip modulus estimated from push-out tests,

both methods provided reasonable predictions, though with notable
differences depending on panel thickness (150 mm vs. 210 mm). The
y-method tends to overestimate stiffness by approximately 70% and
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Fig. 8. (a) Bar plot of the bending stiffness obtained from static and dynamic tests on WDCLT, along with the bending stiffness of glued CLT with a layup analogous to WDCLT
from three-point bending tests. (b) Bar plot comparing the bending stiffness from three-point bending tests on WDCLT with the predictions obtained using the y-method and the

SAM. The bar plot visually represents the data from Table 4.

Table 6
Average and Coefficient of Variation (CoV) of the moisture content in
WDCLT panels for the three reference cases.

Time Moisture Content Time [days]
Mean [%] CoV

28/10/2024 11.91 5.57 -

20/12/2024 8.10 7.50 53

28/02/2025 15.20 4.55 70

30%, respectively, for the two cases. In contrast, the SAM is more
conservative, with significantly lower errors, averaging 12% globally.
Specifically, it overestimates bending stiffness by 10% for the 150 mm
panel and underestimates it by 35% for the 210 mm panel.

The SAM predicts lower bending stiffness than the y-method be-
cause it more rigorously accounts for shear deformations, especially in
multi-layered timber elements where rolling shear effects in transverse
layers play a significant role. Therefore, the SAM gives a more realistic
estimate, making it the preferred approach for predicting the bending
stiffness of WDCLT panels.

6.3. Bending tests before and after climatization

The three-point bending tests were conducted on WDCLT panels
under three different MC: 12% (initial condition), approximately 8%
after hygrothermal conditioning in a drying chamber, and around 15%
after conditioning in a humid chamber. Table 6 presents the average
MC and the CoV for the three reference cases. The test dates and
the duration required for dry and wet conditioning are also reported,
amounting to 53 days for drying and 70 days for humidification.

Table 7 presents the bending stiffness for the three considered MC
conditions, as reported in Table 6. Additionally, the relative difference
compared to the reference case with an MC of 12% is provided. The
same results are graphically represented in Fig. 9 using bar plots.

The effect of MC variation on the bending stiffness of WDCLT is not
negligible, unlike in glued CLT panels.

For 150 mm thick panels, the drying process led to a slightly greater
reduction in bending stiffness compared to 210 mm thick panels, with
decreases of 38% and 30%, respectively. This difference is likely due
to the greater thickness of the 210 mm panels, where the core lamel-
lae may have retained higher moisture levels, mitigating the overall
reduction in stiffness.

In general, drying had a detrimental effect on the structural integrity
of the panels, increasing the risk of slight delamination in the upper
layers. As shown in Fig. 10, the drying process caused deformation
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Table 7
Sensitivity of the static bending stiffness to moisture content and relative difference
compared to the 12% MC case.

Sample MC 12% MC 8% MC 15%
EI [Nm?] EI [Nm?] Rel. Diff. [%] EI [Nm?] Rel. Diff. [%]

BIO15-1 52124 33123 —36.45 58150 75.56
BIO15-2 43472 25871 —40.49 53157 105.47
BIO15-3 52298 35625 —31.88 53565 50.36
BIO15-4 54760 29905 —45.39 55214 84.63
BIO21-1 128 655 102905 -20.01 134654 30.85
BIO21-2 126101 77 044 —38.90 110827 43.85
BIO21-3 136529 98264 —28.03 129662 31.95
BIO21-4 122992 83758 -31.90 128016 52.84
Mean -34.13 59.44

of the outer lamellae and an increase in the spacing between layers,
leading to a reduction in friction and a consequent loss of stiffness.

Regarding the high MC condition (MC = 15%), a complete recovery
of bending stiffness was observed, along with an improvement likely
associated with the increased friction between layers due to dowel
swelling. This recovery was unexpected, as it was initially assumed that
the severe environmental conditions and the slight delamination of the
outer layer would have irreversibly compromised the panel’s integrity.
However, this was not the case. Despite the persistent deformation of
the outer lamellae caused by drying, their effect on bending stiffness
was minimal. Instead, the stiffness recovery was primarily driven by
dowel swelling. On average, an increase of 80% and 40% in bending
stiffness was observed compared to the 12% MC condition.

Therefore, although the deformations caused by drying are difficult
to reverse, they primarily affect non-structural and aesthetic aspects.
The swelling of the dowels leads to a full recovery of mechanical
performance, restoring the bending stiffness to pre-drying levels.

6.4. Discussion

The bending stiffness results obtained so far are difficult to gener-
alize, as a reliable estimation requires the slip modulus, which plays a
crucial role in predicting bending capacity and assessing serviceability.

Moreover, in the present case, the effect of MC on the slip mod-
ulus, estimated from push-out tests with an average value of 1.62
kN/mm, cannot be neglected. To address this, the authors formulated
an optimization problem, as shown in Eq. (16), to determine the slip
modulus under both static and dynamic conditions across different
MC levels. Table 8 presents the optimal multiplicative factor of the
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Fig. 9. (a) Bar plot of the bending stiffness of each panel corresponding to the three target moisture content values. (b) Variation of the relative difference compared to the

reference case at 12% MC.

(b)

Fig. 10. (a) Cross-sections and (b) lateral/front views of the WDCLT at 15% MC
showing the gaps between lamellae due to previous drying at MC 8%.

slip modulus required to predict the experimental bending stiffness
accurately. Expressing the results in terms of the slip modulus provides
a more generalized insight, making the findings applicable to a broader
range of cases, unlike bending stiffness, which is highly case-dependent.

The optimization was conducted using the y-method, as it is the
most commonly employed approach in practical design.

Even under the 12% MC condition, the slip modulus must be
reduced to 74% of its initial estimate to achieve accurate predictions.
Specifically, for the 5-layer configuration, only 45% of the slip modulus
is required, whereas for the 7-layer configuration, the slip modulus
estimated from push-out tests is nearly accurate, with a multiplicative
factor close to 1.
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For 8% MC, the slip modulus multipliers drop further to 0.2 for the
5-layer and 0.4 for the 7-layer configuration, meaning they are slightly
less than half of their values at 12% MC. When increasing the MC to
15% MC, the multipliers return to 0.54 and 1, respectively.

Regarding the effect of MC, a high-fidelity mechanical model would
be needed to fully understand how moisture influences dimensional ex-
pansion, friction between layers, and, consequently, shear interaction.
Nonetheless, a general trend can be observed: A 35% average reduction
in bending stiffness (from 12% to 8% MC) corresponds to a greater
decrease in slip modulus, averaging 60%. Conversely, an increase of
nearly 60% in bending stiffness (from 12% to 15% MC) results in only
a minor increase in slip modulus by less than 10%.

This discrepancy arises because bending stiffness does not scale
linearly with the slip modulus. The more bending stiffness decreases,
the more significantly the slip modulus is reduced. However, when
bending stiffness increases, the resulting increase in slip modulus is
much smaller.

7. Conclusions

This experimental study aimed to investigate the sensitivity of in-
plane bending stiffness of wooden-doweled CLT (WDCLT) panels, a
fully adhesive-free solution, to moisture content (MC) variations, static
and dynamic loading conditions, and to compare their performance
with conventionally glued CLT panels of similar layups. It has been
found that WDCLT panels exhibit a significant reduction in bending
stiffness compared to their glued counterparts.

The study considered two layup configurations (5-layer and 7-
layer), with four specimens per group, leading to the following key
findings: (i) Glued CLT panels demonstrated 12 to 15 times higher
bending stiffness compared to WDCLT. (ii) The bending stiffness of
WDCLT estimated from dynamic identification tests under walking and
operational conditions was approximately 2.6 times higher than that
obtained from static three-point bending tests. (iii) Predictions using
the y-method were found not to be conservative, while the shear anal-
ogy method provided accurate estimates with relative errors slightly
above 12%. (iv) Moisture content variations significantly influenced
bending stiffness: A decrease from 12% to 8% MC led to an average
stiffness reduction of 34%. An increase from 12% to 15% MC resulted
in a stiffness improvement of 60%.

These findings reveal the critical role of dowel dimensional stability,
which is directly influenced by moisture content. Since friction between
layers and assembly integrity rely on dowel expansion, a reduction
in MC leads to dowel shrinkage, weakening the interlayer interaction
and reducing structural performance. However, these stiffness losses
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Optimal multiplier of the slip («) modulus for all tests (static and dynamic, at 12, 8, and 15% MC) to best predict the experimental bending
stiffness using the y-method. The first column shows the slip modulus, then following are the multipliers corresponding to the slip modulus

under dynamic tests, static tests at 12, 8 and 15% MC.

Sample MC 12% MC 12% MC 8% MC 15%
K [N/mm] (Push-out tests) a MC=12% Dynamic a MC=12% Static a MC=8% Static a MC=15% Static
BIO15-1 1690 2.85 0.41 0.22 0.68
BIO15-2 1690 3.75 0.43 0.20 0.46
BIO15-3 1690 2.35 0.42 0.31 0.48
BIO15-4 1690 3.05 0.53 0.25 0.55
BIO21-1 1690 3.6 0.96 0.60 1.15
BIO21-2 1690 4.05 0.97 0.59 1.02
BIO21-3 1690 3.1 0.98 0.53 1.06
BIO21-4 1690 3.25 0.89 0.49 1.03
Mean 3.25 0.70 0.40 0.80
CoV 0.17 0.39 0.43 0.36

are fully reversible, as evidenced by the substantial stiffness recovery
when MC increased from 12% to 15%, despite manifest deformations in
the outer lamellae. Additionally, the study demonstrated that the slip
modulus does not scale linearly with bending stiffness. The more sig-
nificant the reduction in stiffness, the more pronounced the decrease in
slip modulus, whereas increasing stiffness results in diminishing gains
in slip modulus as the structure approaches a condition of maximum
interlayer collaboration.

While WDCLT panels offer environmental benefits, they do not
provide the same versatility as glued CLT, particularly in applications
requiring high bending stiffness. Even a slight reduction in MC below
12% can cause a substantial loss of interlayer collaboration, which is
especially problematic for flooring applications, where layer separation
may occur. WDCLT should be used for applications where the interac-
tion with outdoor environmental conditions helps maintain an MC level
that preserves panel integrity and performance.
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