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ARTICLE INFO ABSTRACT
Keywords: The use of glues and metallic fasteners is the standard solution in the construction of engineered
Mass timber wood products (EWPs). Nevertheless, the application of glues and metallic fasteners affect the

Dovetail laminated timber

carbon footprint, disposal, reusability, recyclability, and fire performance of the wood product. A
Timber floor slab

substitute approach for the use of adhesives and metal fasteners can be found by applying
traditional carpentry joints in the assembly of modern EWPs. This research paper presents a novel
mass timber floor slab constructed by using dovetail joints only. The primary objective is to
demonstrate the structural performance of the dovetailed timber slab (DTS) with the performed
experimental loading test results. The presented results contain acceleration data from heel-drop
tests, displacements at the serviceability limit state, and overall structural strength at the ultimate
limit state and beyond. Additionally, manufacturing aspects of the slabs are discussed. The main
finding of the study is that the presented dovetailed mass timber slab fulfills the typical design
criteria for structural strength and stiffness and provides a technically feasible solution that is
worth developing into an industrial construction product.

Adhesive-free construction
Out-of-plane bending

1. Introduction

The intermediate floor structures (load-bearing horizontal assembly that separates different levels within a multi-story building)
must fulfill many different criteria in terms of load-bearing capacity, sound insulation and fire resistance. Development of intermediate
floors is one of the most important topics in industrial timber construction [13]. From the load-bearing point of view, the biggest
challenges are related to the floor vibration during use as well as to certain stress components at the ultimate limit state [1]. Sound
insulation and fire resistance are typically taken care of by adding scarifying layers on both sides of the floor [14]. Naturally, the choice
of floor frame structure also influences these characteristics, but when focusing on structural performance only as in this study, they
can be excluded from consideration.

The current construction uses, for example, massive cross-laminated timber (CLT) slabs or structurally more efficient rib plates as
the floor frame structure [12]. Regardless of the solution used, practically all the existing intermediate floor timber frame structures
are manufactured by gluing and/or utilizing various metal fasteners. In the CLT slabs the adjacent lamellae are glued together and in
the rib plate constructions glue is used both in the manufacturing of the [typically Laminated Veneer Lumber (LVL) or Glued Laminated
Timber (Glulam)] beams and plates. Unlike above mentioned products, there is also a so-called Dowel Laminated Timber (DLT)
product on the market with no glue or metal fasteners used in its assembly [5]. In the DLT, edgewise-placed softwood planks are
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attached to each other with horizontal hardwood dowels. Thus, DLT has bending stiffness only in the main direction, and the structural
performance is based solely on the used plank dimensions and material properties, whereas the dowels do not provide any additional
rigidity to the structure [3].

This study presents a novel DTS, that is developed for use as an intermediate floor load carrying structure, see Fig. 1. The DTS is
assembled by adopting dovetail carpentry joints between adjacent lamellae and neither glue nor metallic or any other material fas-
teners are utilized. The considered DTS configuration is an outcome of a prototype development process based on successive fulfill-
ment of the requirements set for the intermediate floors as depicted in Fig. 2.

This study focuses on the structural performance of the final floor construction (Fig. 1), which is achieved after several iterations, as
seen in Fig. 2, whereas the fire performance [8], air permeance, and sound insulation tests are carried out for the initial prototype
version (Fig. 2a). Having said this, it is clear, that the non-structural tests listed above must be repeated for the final configuration slab
when moving from prototype development to actual product development.

The studied DTS concept shown in Fig. 1, relies solely on traditional dovetail carpentry joint resulting in both environmental
advantages and technical challenges. The unique benefits of the structure are the low carbon footprint and easy disassembly as well as
wide potential for the re-use. Correspondingly, the challenges of the structure are the required strict tolerances in manufacturing,
required high stiffness and sufficient strength for long spans. To examine profoundly the details of these challenges, experimental
large-scale loading test series were carried out.

This paper is organized so that, first the theoretical design drivers and the associated prototype development iterations of the DTS
are explained. After that, the large-scale load test set-up is displayed, and the obtained results are reported. The results are thoroughly
analyzed with respect to the expectations based on the theory and with respect to requirements given in European structural timber
design standard Eurocode 5 [2]. Finally, conclusions for the study are drawn, and further research topics are listed.

The objective of this research is to propose the use of traditional carpentry joints for the assembly of contemporary EWPs, thereby
eliminating the need for adhesives and metallic fasteners in the manufacturing process. This is achieved by demonstrating the pro-
totype evolution from the initial configuration to a three-layered DTS through a series of experimental loading tests aimed at eval-
uating its structural performance.

2. Materials and methods
2.1. Main parameters affecting the structural performance

In the research project Dovetailed Massive Wood Board Elements for Multi-Story Buildings / DOMWOoB [ 7] the research target was set to
the development of a floor frame structure, that could be manufactured without glue and without any fasteners. The floor structure was
intended to be used for residential construction, and the slab should be applicable for spans up to five meters with a slab height of
approximately 200 mm.

Because DTS has very similar properties to CLT, experience gained from CLT floors can be utilized in its design. Accordingly, it is a
well-known fact, that the most critical structural design issues for cross laminated timber floors are the natural vibration frequencies,
displacements at the serviceability limit state, and the rolling shear strength at the ultimate limit state. To meet these challenges, it is
vital to recognize the material and structural properties that affect the stiffness and strength of the structure. In what follows, the
standard design practice is adopted, a one-meter strip of the slab is modelled as a beam.

Based on the fundamentals of structural mechanics, the displacement of a beam subjected to bending are inversely proportional to
the bending stiffness EI of the beam. For beam with rectangular cross-section, it can be written as:

bh®
El = Eﬁ (€D)]

in which E is the Young’s modulus representing the material stiffness (N/mmz) and I is the second moment of the cross section (mm4)
with width b (mm) and height h (mm). If the cross section consists of individual layers, the bending stiffness can be written generally as

Fig. 1. The studied DTS: a) DTS element, b) Detail of the layering.
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( - Version 1 - 5-layered slab with dovetailed connections )
(Full prototype with a thickness of 206 mm, a width of 1450 mm and a length of 5075 mm)

. 2> * Fire performance test, OK
= ]l =, | e Air-permeability test, OK
= ! * Sound insulation tests, OK
> peiar A * Mechanical performance test, Not OK
* Vibration test, OK

Version 2 - Same as #1, but vertical wooden dowels added
A (Full prototype with a thickness of 206 mm, a width of 1450 mm and a length of 5075 mm)

7| « Mechanical performance tets, OK
* Other properties worsened, not tested
* Vibration test, not tested

Version 3 - 3-layered slab with dovetailed connections
(Full prototype with a thickness of 206 mm, a width of 700 mm and a length of 5075 mm)

* Mechanical performance tests, OK
* Other properties not tested
* Vibration test, OK

Fig. 2. Prototype development steps.

El=)E (bhis+ bh, d2> @
= i ﬁ yon;q;

in which the subscript i denotes the layer considered, h; is the layer height, d; is distance from the layer center to cross section center
(mm), and E; is the Young’s modulus of the layer in the span direction. Additionally, y denotes the composite action degree between the
layers so that the value 1 corresponds to fully bonded layers and value O totally separate layers. It is worth noting, that the Eq. (2) is
commonly used in the context of CLT-slabs assuming, that only the layers parallel to the span contribute, whereas the perpendicular
adjacent layers are accounted in the y-parameter [4]. It is beyond the scope of the paper to study further Eq. (2) and the details of the
layered beam theory, but interested reader is recommended to look more closely into reference [6]. Instead, we can draw the following
conclusions from Egs. (1) and (2): The structural stiffness of the DTS is affected most by the material Young’s modulus E, cross-section
heights h; of the layers parallel with span, and the composite action degree y between layers. Since the Young’s modulus E cannot be
affected too much if typical softwood is used, the stiffness can be increased only by maximizing the span-wise layer heights and
distances from the cross-section center, and by maximizing the composite action between orthogonal layers.

When considering the vibration of the slab, the slab mass plays a central role. The lowest natural frequency f; of a simply supported
slab can be calculated as

n  |EI
fi= 2\'m 3)
in which EI is the bending stiffness of the slab, m is mass density (kg/rnz) of the slab, and L is the span (mm). Since the mass of the DTS
slab cannot be significantly altered, the bending stiffness is the major parameter for the vibration. Finally, when it comes to the stress
calculations in the DTS, it is important to recognize, that the shear strength in the parallel layers is typically rather low causing the most
severe design criteria.
Based on the above very cursory structural mechanics examination, the most important parameters for developing a stiff and strong
enough DTS can be summarized in the table below.

Fig. 3. Evolution of the prototype versions: 5 layers with dovetail between adjacent lamellae (left), using vertical dowels (middle) and side by side
stacked top and bottom (right).
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2.2. Slab prototype development

The first DTS prototype aimed to identify manufacturing and joining methods for industrial production of an adhesive- and metal-
free timber floor element. As shown in Fig. 3, it underwent fire performance, airborne sound insulation, and air permeance tests
[9-11], confirming its technical feasibility. However, two major drawbacks emerged: sensitivity to components tolerances during
assembly and inadequate structural stiffness due to excessive interlayer slip.

As shown in Fig. 3, the first prototype—with five layers—has a thickness of 206 mm, a width of 1450 mm, and a length of
5075 mm. The second prototype, which incorporates vertical dowels, has the same dimensions: 206 mm in thickness, 1450 mm in
width, and 5075 mm in length. The final prototype, featuring side by side stacked top and bottom layers, has a thickness of 206 mm, a
reduced width of 700 mm, and a length of 5075 mm.

The second version of the prototype was a slight modification in which the slip between the layers was prevented by softwood
vertical dowels (Norway Spruce with a strength class of C24 PS) as depicted in Fig. 3. The only purpose of this prototype was to ensure
the improvement in the bending stiffness, but no other tests were carried out. Based on the obtained experimental test results of the two
first prototypes, the third prototype, shown in Fig. 3, was designed with the following criteria listed in Table 2.

Overall, in Fig. 3, Prototype #1 consisted of five horizontal layers with dovetail joints between adjacent lamellae. However, it
suffered from excessive interlayer slip and high manufacturing sensitivity to tolerance deviations. The horizontal joints were not
sufficient to ensure full composite action between layers. On the other hand, Prototype #2 retained the five-layer configuration but
introduced vertical softwood dowels passing through the thickness of the slab. These dowels were intended to reduce interlayer slip by
creating mechanical resistance to shearing movement between horizontal interfaces. This modification led to improved bending
stiffness, but was not sufficient given its complexity during assembly. Finally, Prototype #3 incorporated an optimized three-layer
geometry, eliminating the need for vertical dowels. The layer interfaces and dovetail geometry were redesigned to enhance contact
tightness and composite action. Additionally, reducing the number of layers from five to three resulted in simpler assembly and
reduced tolerance accumulation. This version demonstrated significantly better performance in terms of stiffness, manufacturability,
and structural integrity.

3. Loading tests and results

To examine how DTS performs under out-of-plane loading, a test specimen was created with dimensions of 206 mm thickness,
700 mm width, and 5075 mm length, as depicted in Fig. 4. The board material was Norway Spruce with a strength class of C24 PS. The
moisture level of the test specimens was determined by weighing cut samples from test specimens before and after oven drying. The
moisture content of test specimens varied between 14 % and 20 % by weight.

Before conducting the full-scale loading test, the vibrational response of slab structures to a person walking on the slab was
evaluated using the so-called heel-drop test. In this test, a person stood at the center of the slab, raised their heels, and then dropped
them onto the slab. The vibrations of the slab were captured using acceleration sensors, with measurements taken at intervals of
0.001 s. The response following the heel-drop impact is evident, allowing for the determination of the floor’s modal frequencies by
analyzing adjacent zero points on the acceleration curve data. According to the measured data depicted in Fig. 5, the time interval
between adjacent zero points immediately after the heel impact is 0.072 s corresponding to value of 13.8 Hz for the lowest natural
frequency. According to European design standards, floors with a natural frequency exceeding 9 Hz can be classified as high-frequency
floors. However, according to Eq. (3), the lowest natural frequency of the DTS will be decreased when typical surface and bottom layers
are added to the floor frame in practical applications. Nevertheless, using Eq. (3), it can be observed, that the DTS mass could be
doubled, and still the natural frequency would exceed the 9 Hz limit. As a reference, the frequency of the CLT with the same test
arrangement was 15.8 Hz.

Another design criterion related to the vibration is formulated in the European timber design rules [2] by limiting vertical
displacement due to a 1 kN point (applied to the most critical location on the slab) below a certain level. The limit value varies slightly
depending on the floor span and the floor boundary conditions, and the most stringent deflection limit 0.5 mm is in Finnish national
annex for spans exceeding six meters [15]. For smaller spans, the deflection limit is slightly increased, and for 4.8-meter span floors the
limit is 0.55 mm. When the examined simply supported DTS test specimen was subjected to the 1 kN point load located in the center of
the slab, the measured vertical displacement was 0.449 mm, thus meeting the above mentioned limit values. As a reference, the
displacement was 0.334 mm.

After ensuring the prototype feasibility according to the vibration design criteria, the full-scale loading test was carried out to assess
the DTS structural feasibility at serviceability limit state (SLS) and at ultimate limit state (ULS). As depicted in Fig. 6, the test specimen

Table 1
Key design parameters in DTS prototype development.
Symbol Definition Note
E (MPa) Young’s modulus in span direction Dependent of strength class and the wood species
(~ 10* MPa)
I (mm?) Second moment of the cross section [~ 10% mm* (per 1 m wide cross-section)] Dependent on layer thicknesses and orientations
y () Composite action (~0.5) Dependent on the slip occurring in orthogonal layers
m (kg/m?) Slab mass density (102 kg/m?) Dependent on wood density
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Table 2
Design modifications in DTS prototype development.
Feature Prototype #1 and #2 outcomes Prototype #3
Assembly five layers complicate the product assembly Number of layers is reduced to three
remarkably
Fire performance and air Small tolerances are needed to prevent air/fire Small tolerances are used. Top and bottom layers must be assembled so that
permeance leakage through the thickness no vertical gaps appear between the boards
Acoustic performance Five-layer configuration is good because it damps In the three-layer prototype more top/bottom layers might be needed for
the stress wave propagation improved airborne sound insulation performance
Bending stiffness Slip between layers must be minimized Three-layer configuration has only two slip-lines and the joining geometry is

design to prevent the slip

5000

206

35 pcs.

DETAIL A
SCALE1:2

Fig. 4. DTS dimensions and details.

——DTS
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[

Acceleration, m/s?

Time, s

Fig. 5. Heel drop test set-up and the measured acceleration.

was simply supported, and the bending load (F) was applied by using two symmetric hydraulic jacks. Vertical displacements were
measured at the midpoint of the test specimen’s top surface using three displacement sensors (81, 82, 83). The jack loads were first
increased up to 10 % of the estimated failure load, after which the loads were removed and then again increased, but now up to failure.
Throughout the test, the loading was displacement controlled, as the load was constantly increased at a displacement rate of 5 mm/
min.

The total force (F) — displacement (8) curve during the loading is depicted in Fig. 7. The displacement (1.6 mm) in the mid span due
the self-weight is included in the curve. Since the test specimen surface area is 3.5 m?, the total load applied by the jacks corresponding
to a uniform load of 1 kN/m? is 3.5 kN. Thus, typical characteristic uniform SLS load 2.0 kN/m? equals to total jack load of 7 kN, for
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Fig. 6. Loading test arrangement.

which the measured deflection is 6.8 mm as depicted in Fig. 7. The guidelines [2] do not give an exact definition of the limit value for
the initial displacement at SLS but leave the decision to be made nationally. For example, in Finland, the limit value for instantaneous
deflection is L/400 that equals to 12.5 mm for five-meter span. Hence, the studied DTS prototype fulfills both the vibration and the
displacement design criteria at the SLS.

When considering the ULS design criteria in CLT and DTS, typically the rolling shear failure in the layers perpendicular to span is
the most critical. As depicted in Fig. 7, the total load — displacement curve is almost linear up to 85 kN, from which it can be concluded
that neither rolling shear nor any other propagating failures were present in this loading range. Because of the unglued joints, the
dovetailed connections in the middle layer begin to loosen, keeping the rolling shear stresses low but at the same time increasing the
deflections of the entire slab. This can be seen in Fig. 8, which illustrates how transverse boards begin to rotate as the load increases.
When the total load exceeds 85 kN, the transverse boards start to rotate significantly so that the structure can no longer be considered
usable. Thus, the total load 85 kN corresponds to uniformly distributed load of 24 kN/m?, can be considered as the failure load. Such a
load would be far beyond any design load (2-4 kN/m?) of typical floor assemblies, and it can be concluded that the tested structure
fulfills typical ULS design criteria. In the test, the total load was increased until the entire test specimen had no load carrying capacity
left. The ultimate failure mode was the rolling shear and as depicted in Fig. 9, the deflections at the associated total load level of 125 kN
were excessive.

4. Conclusions

The objective of this research was to suggest utilizing traditional carpentry joints for the assembly of contemporary EWPs, elim-
inating the need for both adhesives and metallic fasteners in the product manufacturing. The prototype evolution from the first
configuration to the 3-layered DTS using dovetail joints exclusively is shortly explained. The researchers conducted a series of
experimental loading tests to evaluate the structural performance of DTS. The tests encompassed measuring natural vibration prop-
erties, instantaneous displacements at the serviceability limit state, and overall structural strength at the ultimate limit state and
beyond.

The key finding of the study indicated that DTS proved to be a technically feasible and promising solution, warranting further
development into an industrial construction product. The research emphasized its potential as a sustainable alternative to the con-
ventional EWPs using adhesives or metal fasteners. This shift towards sustainable construction methods has the potential to signifi-
cantly impact the industry, offering environmentally friendly alternatives with improved performance and reduced environmental
footprint.

Based on the research findings, the future research should be focus on - overall short-term as well as long-term structural per-
formance as a practical floor element application and the associated manufacturing issues. In addition, the creep performance of DTS
should be investigated under constant load. Conducting fire tests due to the presence of potential gaps in the panel is also among the
important future research.

However, this study also has certain limitations. The experiments were limited to a single slab configuration, one species of
softwood (Norway Spruce, C24), and idealized simply supported boundary conditions under short-term loading. Long-term behavior
under sustained loads (creep), dimensional stability under moisture fluctuations, and in-service performance under real-life loading
combinations remain unexplored.

Therefore, future research should focus on both short-term and long-term structural performance, especially in full-scale building
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Fig. 7. Total load — displacement curve.

Fig. 9. Test specimen deformations at ultimate failure total load 125 kN.

scenarios. Additional efforts are needed to optimize joint geometry for mass production and to define acceptable manufacturing
tolerances. The creep behavior of the structure under constant load, as well as potential reductions in fire resistance due to inter-layer
gaps, must be studied in greater depth.

From an industrial perspective, the glue- and metal-free nature of the DTS offers advantages in terms of modularity, disassembly,
and circularity. This makes the system highly attractive for use in sustainable prefabricated timber construction, particularly in mid-
rise buildings where low-carbon solutions and ease of recyclability are prioritized.
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