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Abstract This paper focuses on multiple tab-and-slot
joints (MTSJ) for load-carrying assembly of structural
wood elements, which are inspired by traditional cabinet-
making joints and adapted for automatic fabrication and
engineered wood panels such as laminated veneer lumber.
First a numerical method is presented for the estimation of
the connections’ semi-rigid properties based on box beam
samples. In a simplified model, the mechanical behavior of
the joint is represented by potential elastic slips at inter-
faces. They are handled by the model with the help of
rigidity modulus, which is determined by matching simu-
lated and experimental deflections. Finally, the influence of
tab length and contact face angle on the semi-rigidity of the
joint is discussed considering a dovetail geometry of the
MTSJ. Glued and screwed samples serve as references in
this study.

1 Introduction

Multiply cross-laminated wood panels such as laminated
veneer lumber (LVL) have received increasing usage in
engineering structures over the last decades. These panels
are particularly suitable for the design and fabrication of
lightweight structural components, such as roof and floor
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box elements, webbed beams or folded-plate structures as
presented by Robeller et al. (2014). The construction of
such components requires several panels to be jointed
along their edges, where the connections between panels
play a significant role in the load-carrying capacity of these
structural elements.

State-of-the-art connections include adhesives, which
provide a high stiffness of the connection, but the jointing
must be done off-site, applying a defined, distributed
pressure for a certain amount of time. Alternatively, metal
fasteners such as screws can be used for the edge-jointing;
however a large amount of screws will be necessary to
achieve a sufficient stiffness of the connection. The direct
application of metal fasteners to the edge of panels is not
possible on thin LVL panels (ETA-11/0190 2013). Fur-
thermore, for both screws and adhesive joints, a precise and
fast alignment of parts may be difficult, especially for non-
orthogonal edge connections.

The multiple tab-and-slot joints (MTSJ) applied in this
paper is re-considering the advantages of traditional con-
nections from cabinetmaking (Graubner 1987) while taking
advantage of the efficiency and precision of computer
numerical control (CNC) fabrication technology. It
demonstrates an alternative technique, especially for the
jointing of thin panels which cannot be connected with
screws (EN 1995 2004), and allows for a fast and precise
assembly of structural components. The final alignment of
parts, the angles in-between parts and the direction of their
assembly can be pre-defined through the geometry of the
joint. A more detailed description of the joint is given by
Robeller et al. (2014) within a folded-plate prototype,
digitally fabricated and experimentally tested.

However, when designing new types of timber struc-
tures, stiffness remains one of the most important structural
parameters that may be affected by the performance of the
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connection. Therefore, it is important to provide quantita-
tive estimation of the joint degree of rigidity through well-
controlled tests and analyses with reasonable generality
and simplicity. While several previous studies (Engstrom
1999; Simek and Sebera 2010) have examined the
mechanical behavior of conventional connections, the
present work presents an analysis of CNC fabricated MTSJ
in a case-study (LVL box beams with uniform cross sec-
tion). For introducing the assumptions of semi-rigidity, the
geometry of the joint is simply defined as a dovetail-joint
(DJ) type similar to furniture connections in woodworking.
Then, the MTSJ is longitudinally loaded during a three-
point bending test.

2 Numerical model

In this section, a one-dimensional simplified method is
applied for the analysis of multi-layered elastic beams
which permits reversible horizontal slip between the layers
without vertical separation. Friction and irreversible gaps
between successive layers are not addressed. This method,
initially referred to as Gamma method, originates from the
pioneer work of Mdhler (1956) for up to three-layered
composite systems subjected to cosine/sine load functions.
Mbohler’s analysis was extended by Schelling (1968) to
laminated composite beams made of an arbitrary number of
layers and more complex loading cases such as piecewise,
uniformly distributed loads of practical interest. Recent
applications and developments of the method are proposed
in the references Kreuzinger (1995), Natterer et al. (2004)
among others. Besides these works, analytical solutions
were also proposed at the beginning of the fifties by
Newmark et al. (1951) for two-layered semi-rigid systems
and extended by Goodman and Popov (1968) to three-
layered (timber) composite beams of rectangular and equal
cross-sections. Recent developments on the subject can be
found by instance in Krawczyk et al. (2007) and Sousa and
Da Silva (2010).

Practical and representative solutions may easily be
derived for simply supported composite beams with arbi-
trary cross-sections and load distributions under the fol-
lowing basic assumptions: (1) the materials and interfaces
behave linearly, (2) plane sections remain plane inside each
connected element and (3) the same rotation 0 and vertical
displacement w of the centroidal axis is considered for
every element assuming that the slope of the deflection
curve is small.

The boxed beam is viewed here as a three-layered beam
that lies in the x, z plane, with two slipping interfaces.
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Fig. 1 Box beam cross section with semi-rigid interfaces

Relevant cross-sectional properties as well as the layer
numbering are defined in Fig. 1, where the transverse
coordinate z is taken positive downward from the upper
face. For each beam element i of cross sectional area A; and
vertical position of the reference (centroidal) axis z;, the
centroidal moment of inertia of the element cross section is
denoted I; = fA[ (z— zi)szi = %bih,ﬁ. The distance
between the reference (centroidal) axis of the first and
second elements and second and third elements is given by
er = (h +h)/2, ex = (hy + h3)/2, respectively. E; and
G, are the elastic and shear modulus of the element i.

The two slipping interfaces are associated with the
rigidity modulus k; and k, (see Fig. 1) that are kept con-
stant along the beam length. Consequently, it is admitted
that every dovetail joint behaves in a similar manner along
the interface.

Denoting 60 the rotation of the beam element sections,
the displacement field for the beam is expressed by

ui(x,2) = ui(x) — (2 — z:)0(x)
wi(x,z) = w(x)

(1)

where w is the transverse displacement. The functions u;(x)
represent the horizontal displacements of the reference axis
of each layer.

The axial strain ¢; and corresponding stress o; for each
layer are given by

o oy — ) Z 2

i dx (z Z’)a'x @)
dl/l,’ do

oi = Eit; = Ei (E ~ (- m) 3)
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At the elements centroids, when z =z, one has
0; = E;du;/dx. For brevity, the dependence on x is not
explicitly indicated here and in what follows.

From the kinematical hypothesis (1), the following set
of differential equations linking the unknown 0, u; and w
can be obtained.

d2u1
E1A1W+k1(u2—u1+el-0)=0
d2u2
EzAzF—kl(uz—ul—‘rel-0)+k2(u3—bt2+€2-0)20
d2
E3A3£—k2(u3—u2+62-0):0
d*w  do
ALY )~
G(dx2 dx> 1

d’o dw
EIE—GA<E—0> —elkl(ug —u +e; 9)

—62k2<u3 —uy+ep- 9) =0
(4)

where El = E\I) + Ex1, + Esl;,GA = G1A| + Go A+
G3Ajz, is the cross-sectional transverse stiffness of the
multilayered beam and g(x) is the distributed lateral load
acting along the beam direction. The second-order
differential system (4) couples the displacements u;, w
and rotation angle 6 in the framework of Timoshenko beam
theory. By definition, the transverse shear force V(x) is
given as

dw
V=GA (0 — a) (5)
dav .

such that ¢ = — ——, as usual. Note that the fourth equation
in (4) comes from the derivative of (5) with respect to x,
coupling thus the beam curvature w” with 0’ and g. The
prime symbol is also used to denote the derivative of a
function with respect to x.

Next, the differential system (4) can be transformed to a
system of ordinary differential equations (ODEs) of the
form

dy
a _f (.X Y )a
where L stands for the beam span. For the Timoshenko

theory, one has to consider the 10 x 1 column vector
T

0<x<L (6)

y= (u uy uy uyy uzs uy ww' 00)
From (4), the components of the 10 x 1 vector function
f are given by
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The solution of the problem requires the specification of
two-point boundary conditions given here in the generic
form

g(0),y(L)) =0 (7)
or explicitly,

w(0)) = w(L) =0,

w”(0) = 0'(0) + V(0)/GA = 0,

w”(L) =0'(L) + V(L)/GA = 0,

;(0) = u3(0) = u5(0) = 0, (8)
ui (0) +u (L) =0,

u2(0) +uz(L) =0,

uz(0) + us(L) =0

The first four boundary conditions in (8) impose that ver-
tical displacements and curvatures are zero at the supports.
Axial deformations and stresses are taken to be zero at
x = 0 using the three subsequent conditions. Finally, the
remaining conditions lead to opposite values for the axial
displacement at the end points, assuming thus that sym-
metrical loads with respect to mid span prevail here.

For a three-point bending configuration, with load F at
L /2, g(x) is evaluated using the Heaviside function

{O if x<0
1 ifx>0

a2 oY) o

H(x) =
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where qo = F/ly and Iy = L/100 is typically considered.
Accordingly, the central load is described as a constant
load ¢gq acting on a small domain of size 2/, centered at the
position x = L/2.

3 Experimental study
3.1 Introduction to the MTS]J geometry

Based on linear connections for furniture such as dovetail
or Japanese nejiri arigata joints, the MTSJ without adhesive
bonding or fasteners allow assembly and direct interlock-
ing of two panel edges at their final in-space location.

As a detailed description of this “integrated mechanical
attachment” is given by Robeller (2015), the next section
briefly introduces the geometrical parameters of the joint.
The connection employed here is a one-degree-of-freedom
connection (for the purpose of assembly) where tabs are
inserted in slots (Fig. 2a). “Multiple” refers to the reiter-
ation of interlocked tab and slot along the common edge of
two connected panels. The geometry of the connection
defines the relative positioning of the panels and allows a
certain degree of load-transfer between them. The assem-
bly of the two panels is directed along a vector of insertion
(see below). The tab contact faces of each part belong to
the same contact plane after insertion. In general, the
insertion vector and the normal to the locking face are
obtained by the following sequence (see Fig. 2a).

If ny and n; are the normal of the two considered panels,
the frame of the joint F = (uj,uz,u3) can be calculated as
u; =ng X ng, uy =ny and uz = u; X uy. Then, the line
segment representing the intersection of the two panel mid-
planes can be uniformly divided into N points (X;);_; ),

the distance between points is the tab length of the joint L,
(Fig. 3). The plane P; is the plane of normal u;, and con-
tains the point X;. Thus by three successive rotations of this
plane and its attached frame as,

{P;,F = (uj,uz,u3)}
R(u;,0:) |
{PF = (u}y =uy,ujy,uj)}
(u2702) l
{P!/,F" = (u},uy = uj,uf)}
R(u3, +03,) |

/1! " n n " __ "
{Pi = ("1.;"”2,,"”3‘; = ”3)}
n

the final joint is obtained defining the planes P}", u}’; and

uy; =uj as the tab contact faces, their normal and the

(10)

insertion vector, respectively. In the present paper, the 0,
0, angles are taken equal to 0° (Fig. 2b) and the 03 angle is

@ Springer

set successively to 0° (finger joint), £15° (DJ), +£25° (DJ).
Then, four panels are connected with the MTSJ to build a
square box beam (Fig. 2c). Note that in this subsection, 6;
and the prime symbol denote the rotation angles and the
successive rotated planes and frames, respectively.

3.2 Description of the samples

Ten series of box beams with different connection types
have been constructed using LVL Kerto-Q panels of 21
mm thickness with spruce ply (0-90-0-0-0-90-0). The
Kerto-Q panels were supplied by the Company Metsa-
wood. Geometrical and mechanical properties of the
experimental specimens are used and gathered for clarity in
Table 1. The same values are taken for elastic modulus Ej,
E; and the shear modulus G, G3, corresponding to the
values (relative to actions perpendicular to the panel plate)
of the VTT certificate provided by Metsdwood. Similarly,
E,, G, are the values relative to actions in the panel plate.
A common beam length of 2432 mm for the specimens is
considered here.

The ten series (a—j) (see Fig. 3) consist of hollow square
beams that are assembled with ten particular sequences of
joint elements. Depicted in Fig. 3 is the cross-sectional area
of the box beams where the mid-thickness profile corre-
sponds to a square of 99.5 mm side. Nevertheless, no glue
has been added during the assembly process of samples (a—
f) and (i—j).

Three replicates of each sample (Fig. 3) were tested
using a three-point bending setup as outlined in Fig. 4.
Samples (a—d) each have a joint geometry with angles
0, =0°, 6, =0°, 63 = +15°, namely dovetail joint (DJ15)
and tabs ranging from 41 to 486 mm in length. The slot
lengths are equal to the tab lengths for each configuration.
The samples i and j differ in joint geometry to the previous
ones, having 0; =0° (DJOO) and 60; = £25° (DIJ25),
respectively, while their tab length is identical to that of
samples b and f (spacing). Recall that lateral panels have
identical joint profiles. The upper and lower panels also
present the same joint profile that starts this time with a tab
element. Samples e and f are screwed using Wiirth ASSY
screws of 4 x 50 mm with spacings identical to tab lengths
of samples a and b, respectively. Samples g and h are
bonded by PUR gluing via a horizontal and a vertical joint,
respectively. These last two samples serve as reference for
rigid behaviour of the tested beams. Finally, a total of 30
beams were loaded until failure (three replicates of each
sample).

3.3 Method

The test beams of length 2432 mm are simply supported on
steel rollers over a span L of 2210.5 mm. The actuator
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Fig. 2 a General sequence of plane and frame rotations for a MTSJ, b result for a dovetail-

Vertical displacements (deflections) are recorded using

allowing the load to be

motion is controlled automatically,

seven linear variable differential transducers (LVDTs)

equally spaced along the beam span (spacing

applied at a constant rate. The load is measured at mid-span

368.4 mm).

using an external load cell placed under the actuator.
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Fig. 3 Sample connection specifications a DJ15 41 mm, b DJ15 116 mm, ¢ DJ15 221 mm, d DJ15 486 mm, e 4 mm-screw 41 mm, f 4 mm-screw
116 mm, g vertical glue joint, h horizontal glue joint, i DJOO 116 mm, j DJ25 116 mm

Table 1 Geometrical and mechanical properties for the 3-layered
boxed beams (LVL Kerto-Q from Metsdwood)

Layer 1 Layer 2 Layer 3
Height A; (mm) 21 78.5 21
Width b; (mm) 120.5 42 120.5
Elastic modulus E; (N/mm?) 10,000 10,000 10,000
Shear modulus G; (N/mmz) 60 600 60

Measurements are performed at the middle of the beam’s
upper panel, so that transducers (d0) and (d6) are posi-
tioned at the support locations and at the actuator (d3),
which is placed at mid-span (Fig. 4). Experimental results
are given in the next section.

3.4 Experimental results

During the experiment, the box beam specimens in each
series have been exposed to a simple quasi static loading
cycle until failure of the beams.

3.4.1 Sensitivity to tab length

In Fig. 5, deflection profiles at a maximal load of 3.0 kN
are compared for the (a—h) series of tests; DJ15 type with
various tab lengths. For each curve, plot symbols represent
data points provided by the transducers equally spaced
along the beam length (see Fig. 4). In fact each
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Fig. 4 Three-point bending tests with LVDT locations

measurement point is obtained by averaging all the mea-
surements taken from the replicates in a series. For com-
parison, the curve representing a rigid beam model is
included in Fig. 5.

Practically, the system (6) subjected to the two-point
boundary value conditions (7) can be integrated numeri-
cally using the so-called bvp4c routine of the Matlab
software (Shampine et al. 2000). This routine implements
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Experimental and simulated deflection (3000 N)
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Fig. 5 Deflection curves of the tested beams for F = 3000 N, average
of three runs per specimens a DJ15-41 mm, b DJ15-116 mm, ¢ DJ15-
221 mm, d DJ15-486 mm, ¢ 4 mm-screw 41 mm, f 4 mm-screw 116
mm, g vertical glue joint, 4 horizontal glue joint

Individual Rigidity Moduli Vs Tab length

250 ¢ X
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200 -
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150 X Screw
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100 +

50
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X
(f) 27 N/mmd

0 i i i i i i i i i i
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Tab length (or screw spacing) in mm

Fig. 6 Individual rigidity modulus vs tab length or screw spacing,
a DJ15-41 mm, b DJ15-116 mm, ¢ DJ15-221 mm, d DJ15-486 mm,
e 4 mm-screw 41 mm, f 4 mm-screw 116 mm

an effective collocation method for the resolution of
practical boundary value problems. The solution y,, is a
continuous function that is computed by discretizing the
domain on K subintervals [x;, x¢41] such as 0 = x; <x, <...
<xg = L. Over each subinterval, y,,, is approximated by a
cubic polynomial function and satisfies the differential
equations (4) at both ends and the midpoint of the subin-
terval. In the present case, accurate results are obtained by
taking K = 1201 and constant step sizes of 1.84 mm. This
value of K guarantees a good execution time without

diverging more than 1.2 % from a K-value ten times
higher. Next, it is worth noting that the rigidity moduli k;
and k, appear as parameters in the model that will be
determined from the experimental deflections given in Fig.
5.

Semi-rigid values for each connection type are obtained
by assuming the same value k for the two interface
rigidities, i.e. k; =k, = k. In each case, this value is
determined iteratively by matching the experimental
deflections to the simulated ones. The final k-value is fixed
when the deviation between the experimental and numer-
ical points at x={0,L/6,L/3,L/2,2L/3,5L/6,L} is
minimum. The amplitude of the deviation is sufficiently
low for attesting of the overall elastic behavior of the
beams. Experimental and simulated deflections are plotted
with dotted and solid lines respectively.

The force varies linearly with the displacement during
the loading step and a maximum value of about 16 mm
[(d), 486 mm tab length] is recorded with LVDT (d3) at
3kN.

The effect of shear was included in the models (about
10 % of additional deformation for this beam geometry).
As expected the deflection curves of the glued beam, the
rigid model and the numerical model with rigidity of 103
N/mm? match rather well (see Fig. 5). In Fig. 6, the rigidity
coefficient is represented as a function of the tab length of
the MTSJ (or spacing for screws). The screw connection is
indicated by a cross and DJ15 is indicated by a circle. The
ratio of the stiffness (kpyis/kscrew) 1is higher when
increasing screw spacing/tab length. It goes from
k(ay/k(e) = 0.44 for 41 mm to k() /k() = 1.96 for 116 mm.
The DJ15-connected beam shows a better rigidity when
reducing the number of tab elements than the screwed
beam when reducing the number of screws (236 elements
to 84 elements). Below 116 mm [samples (c¢) and (d)],
DJ15 does not offer adequate performance as low stiffness
is accommodated by a low ultimate strength (see Table 2)
due to the shear force being distributed on only a few
contact surfaces.

To complete the semi-rigid analysis, the different joint
configurations were compared for a maximum beam
deflection corresponding to 1/200" of the span L. The 486
mm-DJ15 connected beam is out of the considered elastic
range (0.1-0.4 F,,,). The 116 mm-DJ15 connection acts
mechanically better than a 116 mm-spacing screwed joint
with a load of 3.5 kN as against 2.79 kN (25 % more).
Within the elastic range, the 41 mm-spacing screwed beam
and the 41 mm-DJ connected beam show no more than 7 %
of difference between their centre point loads of 4.52 and
4.22 kN, respectively.

@ Springer



674

Eur. J. Wood Prod. (2015) 73:667-675

Table 2 Deflection of beam

Rep Deflection (1/200)  F (1/200) 0.1 Fmax 0.4 Fmax Fmax  Deflection max
samples at 1/200¢h of span mm KN KN kN KN mm
(d) DJ15-486 - 2.19 0.52 2.08 5.19 3524
(f) S4 mm-116 - 2.79 0.77 3.07 7.67  71.06
(i) DJOO-116 - 2.78 1.16 4.65 11.63  50.53
(c) DJ15-221 - 3.19 1.05 4.19 1048  52.55
(b) DJ15-116 11.05 3.50 1.14 4.55 11.37  43.80
(a) DJ15-41 - 4.22 1.22 4.89 12.23  41.65
(e) S4 mm-41 - 4.52 1.20 4.80 12.01  62.11
(h) H-glued - 4.92 1.29 5.17 1292 40.30
(g) V-glued - 6.32 1.83 7.31 18.28  36.42

Experimental and simulated deflection (3000 N)
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Fig. 7 Deflection curves of the tested beams for F = 3000 N, average
of three runs per specimen i DJ00-116 mm, b DJ15-116 mm, j DJ25-
116 mm, f 4 mm-screw 116 mm

3.4.2 Sensitivity to tab contact face angle

Figure 7 shows deflection profiles at a maximal load of 3.0
kN for the samples i-DJOO, b-DJ15, j-DJ25 and f-4 mm
screw. The tab length (or screw spacing) is set to 116 mm
for each sample.

The geometry of the i-DJOO is similar to the one of a
traditional finger joint. Consequently, the upper and lower
panels are only blocked from a vertical displacement by a
possible friction between the contact faces of the tabs and
the slots. As soon as the tab face angle increases to 15° and
25°, the rigidity grows by 26 and 38 %, respectively. A
difference of less than 10 % between b-DJ15 and j-DJ25
cannot be considered as significant. Using larger angles,
like 25° for instance, induces inclination of the contact
normal that increases the transverse components of stres-
ses. The loads, perpendicular to the panel grain, are higher.
So the presence of cross layers in the panel plies takes all

@ Springer

Fig. 8 The MTS]J joints have already been successfully applied to
more complex assemblies, where the joint angles 6, 6, and 65 are not
zero (Robeller et al. 2014).

its importance. Simek and Sebera (2010) mention that
previous studies have shown an optimal angle between 10°
and 14°.

4 Conclusion

This paper focuses not directly on geometrically complex
assemblies, but on the development and improvement of
joints that allow for the design and fabrication of those.
From the architectural point of view, the main priorities are
considered to be geometric variability, efficient design,
fabrication and assembly, as well as a visual appearance
that must not be hidden. However, in order to develop such
connections for structural building components, the
mechanical behavior must be analyzed thoroughly. The
specimens have therefore been chosen with a simple
geometry for these first experiments and models, although
the connections have already been successfully applied to
various other assemblies, as shown in Fig. 8 (Robeller et al.
2014).

The experimental results presented in this paper allow
for a comparison with other state-of-the-art joints. The
MTSIJ provides a highly feasible alternative to the tradi-
tional screwed connection. Compared to a reasonable
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screw spacing (116 mm, 84 screws), a box beam connected
with MTSJ-dovetail type gets 96 % of rigidity with a much
lower assembly time. One should note that a screwed
assembly would not comply with the desired standard (EN
1995) when used in conjunction with the 21 mm Kerto-Q
panels employed for the study. Typically, a minimal
thickness of 40 mm (at least ten times the screw diameter)
is required for connecting edgewise panels with 4 mm-
screw in the absence of dedicated testing. The experimental
results are generally encouraging; they figure out that the
MTSIJ joints behave efficiently as a semi-rigid connection.
Within the field of complex geometry, IBOIS has initiated
teamwork to design different timber folded-plate structures
connected with MTSJ joint. Modeling the semi-rigid
behavior of the connection is of main importance for their
global structural analysis. The behavior of these joints will
be further explored under other loading cases (e.g. moment
about edges of short-plate elements).
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