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� Flatwise behavior of Integral Mechanical Attachments is experimentally studied.
� Small differences are observed between the yield and peak strengths.
� A brittle failure is observed in fiber- perpendicular specimens.
� The joints are mainly classified as having low ductility.
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a b s t r a c t

This paper aims to characterize the force–deformation response of through-tenon wood-wood connec-
tions subjected to out-of-plane (flatwise) loads. Six beech LVL timber specimen groups with variations
in the fiber orientation (parallel and perpendicular) and tab insertion angle (45�, 60�, and 90�) are tested.
Minimal replicate-to-replicate variability for each specimen group was observed. Overall, the specimens
reached their maximum capacity soon after yielding. Furthermore, the joints are classified as having low
ductility. For the specimens where the main fibers are oriented perpendicular to the loading direction,
low strength and brittle failure were observed. The yield and maximum strengths and the slip modulus
were not affected by the tab insertion angle and therefore remained almost constant among these spec-
imens. For the specimens where the main fibers are oriented parallel to the loading direction, higher
strength and more ductile behavior was observed. The following mechanisms contributed to the load-
deformation response of these specimens: inter-fiber layer resistance, tension–compression, flexural,
shear and torsional resistance of the fibers, and the embedment compression resistance. Furthermore,
the damage propagation was not concentrated in a specific location/surface. The notch size was found
to have a strong influence on the yield and maximum strengths, as well as the slip modulus of the
45�-angled specimens.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

1.1. Integral mechanical attachment (IMA) technique in spatial timber
plate structures

Wood-Wood connections - also referred to as integral mechan-
ical attachments (IMAs) or carpentry joints - are the oldest known
method of timber joinery [1]. The defining feature of IMAs is that
the connection between timber elements is established solely
through geometric manipulation, without additional connectors
such as nails, screws, dowels, adhesives, and welding [2,3]. The
through-tenon (TT) joint (Fig. 1a) is one common type of IMA [2].
The introduction of engineered timber products such as Laminated
Veneer Lumber (LVL) boards, advancements in digital geometry
processing using Computer Aided Design (CAD), and robotic/digital
fabrication using Computer Numerical Control (CNC) machines,
have revitalized the application of TT joints in structural engineer-
ing practice [3].

The performance of TT joints under different load conditions
has been widely investigated. Using beech LVL (see [4] for more
information) as the construction material, the tensile load-
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Fig. 1. (a) Through-tenon (TT) wood-wood connections, (b) prototype of an integrally-attached timber plate structure (photo credit: the laboratory for timber construction,
IBOIS, at École Polytechnique Fédérale de Lausanne (EPFL) (https://www.epfl.ch/labs/ibois/) (the prototype was constructed by ANNEN SA, http://www.annen.eu/).
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carrying capacity of TT joints was experimentally investigated by
Rezaei Rad et al. [2]. In a separate study, the same authors exam-
ined the in-plane (edgewise) push-out force–deformation behavior
of TT joints [3]. They concluded that (i) the timber fiber orientation
plays an important role in the overall response, (ii) the TT joints are
dominated by brittle failure mechanisms, and (iii) the tab insertion
angle can significantly change the joint stiffness. Physical experi-
ments were used by Roche et al. [5] to investigate the flexural
response of TT joints. It was determined that IMAs can be designed
to meet the requirements put forth in the European timber stan-
dard, Eurocode 5 [6]. Accordingly, Roche [7] concluded that IMAs
can be potentially considered as an alternative to more conven-
tional joinery methods (e.g. screw connections) in timber
construction.

Recently, information-tool technology (see [8] for the defini-
tion) has given rise to the application of IMAs in timber plate struc-
tures through the use of 5-axis CNC robots. Using engineered
planar boards, Robeller et al. [9], Magna et al. [10], Li and Knippers
[11], and Krieg et al. [12] introduced an interlocking assembly for
timber plates with IMAs positioned along their edges. The so-
called edgewise connection was introduced, whereby multiple tabs
are provided along the edge of a plate with the corresponding slots
along its mate (Fig. 1a). This process of assembly enables full inter-
locking between neighboring structural components without addi-
tional connectors [13]. Fig. 1b shows a free-form full-scale
prototype, which is a recent application of TT IMAs in spatial tim-
ber plate structures. Such structures are generally referred to as
integrally-attached timber plate (IATP) structures.

The application of the IMA technique in timber plate structures
has multiple advantages. It facilitates combining multiple simple-
shaped planar timber plates to develop large-scale structures with
complex geometries. The resurgence of elegant architectural
design and construction of free-form structures has also been
attributed to the use of IMAs in timber plates. Furthermore, prefab-
ricated timber plates can be easily transported to the construction
site and assembled without specialized workmanship and high
labor costs. Moreover, during the design process, different struc-
tural typology and joint geometry can be generated, which, in par-
ticular, can optimize the force flow. This unique characteristic of
IMAs can be used to optimize structural performance. Lastly, the
use of IMAs improves the sustainability of timber construction
since metal connectors are not used in the IATP structure.
1.2. Motivations and scope of the current study

Several recent studies have investigated different aspects of
IATP structures, particularly (i) architectural geometry develop-
ment and CAD (Fig. 2a) [14], (ii) digital fabrication, robotic assem-
bly, and construction (Fig. 2b-c) [9,14,15], (iii) numerical modeling
and structural simulation (Fig. 2h) [16–18,36], and (iv) physical
experiments (Fig. 2d-g) [2,3,19,20]. These different modules have
demonstrated the unique ability of IMAs to serve as the connec-
tions in spatial timber plate structures and their governing role
in the overall response.

So far, the tensile, edgewise, and rotational behavior of TT IMAs
have been widely investigated using physical experiments (Fig. 2d
to f). However, to gain insight into the behavior of free-form IATP
structures, it is necessary to also understand the flatwise behavior
of the TT joints (Fig. 2g), which is the primary motivation of this
paper. Because of their geometry, the flatwise behavior of the TT
joints corresponds to the out-of-plane response of the IATP ele-
ment in their joint region (hence the description of this behavior
as out-of-plane response [4,20–22]). The kinematics of the flatwise
behavior of TT joints in free-form IATP structures is detailed in
Section 2.2.

The mechanical behavior of TT joints is characterized using
well-known parameters, including the slip modulus (joint stiff-
ness), ductility, yield and maximum strengths, and the correspond-
ing deformations. The current study will shed light on the
structural performance of IMAs and facilitate the development of
design provisions, which are not present in modern building codes
(e.g. Eurocode 5 [6]). Section 2 provides a brief overview of IATP
structures. The assembly process used to interlock the timber
plates is explained and the out-of-plane (flatwise) load-transfer
mechanism is examined. Section 3 defines the design parameters
of interest, specifies key assumptions, and documents the geomet-
ric characteristics of the test specimen groups. The loading proto-
col and test setup are described in Section 4. The results are
discussed in Section 5, and the conclusions of the study are pre-
sented in Section 6.
2. Timber plate structures with wood-wood connections

2.1. Description of the system

Using TT joints, two timber elements are assembled only along
the direction of the tab insertion angle, which restricts plate move-
ments to a single translational vector. It is within this context that
this method of assembly is described as a ‘‘one degree-of-freedom
(1DOF)” joinery technique [2,3,21], which enables the sequential
interlocking assembly of timber plates. The geometric optimiza-
tion, fabrication and assembly of double-layered thin timber plate
structures using 1DOF joinery is detailed in Robeller et al. [9]. In
brief, the target surface of a free-form structure (Fig. 3a) is estab-
lished by utilizing parametric geometric processing tools within
a CAD platform. This target surface is then discretized into planar
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Fig. 2. Different modules involved in the development of IATP structures: (a) CAD framework, (b) digital fabrication, (c) construction, experiments to study the behavior of TT
joints under (d) edgewise (in-plane), (e) tensile, (f) flexural and, (g) flatwise (out-of-plane) loads, and (h) numerical simulations.

Fig. 3. Description of the IATP system: (a) the target surface associated with a free-form shape, (b) discretization of the target surface, and (c) the assembly process.
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segments or ‘‘design patterns” (the latter term is used in digital
architectural design). A unique vector normal to each planar sur-
face is then established and two offset layers are specified in the
corresponding direction. These two layers are identified as the
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top plate, Ti, and bottom plate, Bi, in Fig. 3b-c, where i = 1, 2,. . .8.
The Ti andBi plates are then connected to the longitudinal and
transverse cross plates, which are identified as CLi and CTi in
Fig. 3c, respectively. Accordingly, the entire structural system is
constructed through the assembly of several 4-sided boxes, where
each box includesTi, Bi, CLi, and CTi plates (each box is denoted as Ci

in Fig. 3c). The Ti/Bi plates are connected to the CLi/CTi plates via
the TT joints and along the insertion vector Vi�int , which is unique
to each box. Furthermore, dovetail joints connect the CLi and CTi

plates along the assembly vector, ui (Fig. 3c). Each box is then con-
nected to the neighboring boxes along the vector Vi�ext . This is
illustrated in Fig. 3c, which shows C8 being simultaneously con-
nected to C5 and C7 along the vector V8; ext . This assembly process
leads to full contact between the edges of neighboring plates,
which, in turn, allows the structural system to benefit from the
form/geometry and optimize the force flow.
2.2. The flatwise (out-of-plane) force-flow mechanism

The kinematic degrees of freedom (DOFs) associated with the
3D continuum geometry of the joint region is idealized using a
two-node link element according to Nguyen et al. [16] and Rezaei
Rad et al. [2,3]. The link element consists of six different springs,
which capture the tensile, in-plane (edgewise) and out-of-plane
(flatwise) force–deformation, and flexural, and torsional
moment-rotation behavior of the joint region. Fig. 4a shows the
joint region and the equivalent spring elements.

The load-carrying mechanism under out-of-plane (flatwise)
loads is described for those TT joints that are used in free-form
IATP structures. Referring to Fig. 4b-c, Veci; int and Veci; ext denote
the insertion vectors associated with the intra- and inter-box
assembly, respectively. Defining x’, y’ and z’ as the local coordinate
system (LCS) for the Ti plate that belongs to Ci, it follows that uz0

and uC i;z0 are the direction of the out-of-plane load imposed on
the intra- and inter-box TT joints, respectively. The direction of
the out-of-plane load is along the local z’ axis, which is perpendic-
ular to the local x0y0 plane. Considering the equivalent spring ele-
ment (Fig. 4a), DOF #3 represents the response of the TT joint
under this loading condition. In other words, DOF #3 aims to rep-
Fig. 4. (a) Discrete spring representation of a TT joint, and identification of the out-of-pla
and (c) inter-box TT joints.
resent the relative (translational) load-deformation of the joint
region along the local z’ axis. It is worth noting that the tensile
[2] and edgewise (in-plane) [3] behavior of the TT joints, which
are represented by DOF #1 and DOF #2 in the equivalent spring
element, are located in the local x’y’ plane. Out-of-plane loads
can potentially give rise to multiple resisting mechanisms (e.g.
embedment, compression perpendicular to fibers, shear, etc.), each
of which is investigated in the current study.
3. Description of test specimens

BauBuche beech LVL timber boards with 40 mm thickness,
which were used in the building-scale prototypes (Fig. 1b), are uti-
lized in the experiments. The mechanical properties of BauBuche
beech LVL, which is a hardwood material manufactured by Pollme-
ier [22], are specified in Table 1.

Two design parameters are varied in the experiments: (i) the
tab insertion angle, and (ii) the fiber orientation. Three tab inser-
tion angles, 45�, 60�, and 90�, are considered. The range of this
parameter is constrained by the fabrication process based on the
permissible degree of rotation in the 5-axis CNC machine. Specifi-
cally, the CNC machine cannot rotate more than 45� in the process
of milling the timber board. Furthermore, 60�-angled tenons were
mainly used in the full-scale prototypes. Therefore, these three tab
angles reasonably capture the range of possible insertion paths.
Two categories of fiber orientation are adopted for the test speci-
mens. The first category includes eleven cross-wise and two longi-
tudinal fiber layers over the tenon cross section (cross-plies
ratio = 11/13). The fibers in the second category are oriented 90�
with respect to those in the first category i.e. eleven longitudinal
and two cross-wise fiber layers (cross-plies ratio = 2/13). Fig. 5
shows the distribution and configuration of the fiber layers for
the two categories. Considering the aforementioned two design
parameters and their ranges/categories, six specimens were
designed and fabricated. Furthermore, six replicates were tested
for each specimen. Table 2 summarizes the properties of each type
of specimen.

The TT joint dimensions, including the height, width, and length
of the tenon and slot components, which are generated using algo-
ne (flatwise) DOF. The direction of the flatwise behavior in the (b) intra-box TT joints



Table 1
Mechanical properties of 40 mm thick BauBuche beech-Q s [4].

Symbol Description Value Symbol Description Value Symbol Description Value
Mean Modulus Mean Strength Mean Strength

E0 Modulus of elasticity, 0� 13200. f m;0 Edgewise Bending, 0� 60. f t;0;k Tension, 0� 51.
E90 Modulus of elasticity, 90� 2200. f m;90 Edgewise Bending, 90� 10. f t;90;k Tension, 90� 8.
G0 Shear modulus, 0� 820. f c;0;k Compression, 0� 53.3 f v ;0;k Edgewise Shear, 0� 7.8
G0 Shear modulus, 90� 430. f c;90;k Compression, 90� 19. f v9;0;k Edgewise Shear, 90� 3.8

Fig. 5. Cross section of tenon with (a) 11 cross-wise and two longitudinal layers of fiber, and (b) 11 longitudinal and two cross layers of fiber.

Table 2
Summary of test specimens.

Timber Material LVL Beech-Q, 40 mm
Fiber Orientation

Insertion Angle (�) 45 60 90 45 60 90
Group ID T1 T2 T3 T4 T5 T6
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rithmic geometric processing, are shown in Fig. 6. Depending on
the design load, a broad range of geometric configurations and
dimensions can potentially exist. Nevertheless, in the current
experiments, the joint geometry was derived from the average
dimension of the joints used in the physical prototype (Fig. 1b).
Moreover, the adopted joint dimensions are consistent with the
values used in previous studies (see [2,3]).
4. Experimental methodology

4.1. Specimen design and test setup

The test setup adopted by the Structural Engineering Laboratory
at École Polytechnique Fédérale de Lausanne (EPFL) was designed
Fig. 6. Dimensions of a single tenon and slot component.
to isolate the flatwise (out-of-plane) force–deformation response
of the TT joint region. To minimize undesirable effects and
unwanted loading and response conditions, a symmetric configu-
ration was adopted. More specifically, each test specimen included
two tenons, and consequently, two slots (Fig. 7). The tenons were
fabricated in one timber plate, and the slots were fabricated in
two separate plates. After assembling the tenon and slot elements,
the vertical plates with the slot components were placed on top of
a rigid concrete base and the force was applied to the horizontal
plate with the tenon component. Using this configuration aligned
the center of rigidity of the specimen with the vector that is ori-
ented along the flatwise load. Fig. 7 shows the geometry of a typ-
ical specimen and steel supports, the associated dimensions, and
the test setup. Four Linear Variable Differential Transducers
(LVDTs), supported at the ground, were attached to the specimen
at the corners of the horizontal plate. The LVDTs were used to mea-
sure the relative displacement between the slots and tenons. The
exact position of the LVDT is shown in Fig. 7d. Using LVDTs at
the four corners enabled an evaluation of any torsional response,
which is discussed in Section 5.1. A 300 kN hydraulic jack with a
maximum stroke of 100 mm was used to apply a surface load to
the horizontal timber plate. The area loaded by the hydraulic jack
is 300 mm � 240 mm and highlighted in orange in Fig. 7d.

Steel supports (Fig. 7f, g) were employed at the top and bottom
of each test specimen to ensure that the two vertical plates remain
plumb during loading and to avoid lateral displacement. In other
words, the steel supports were used to prevent the test specimens
from bending, which is an unwanted loading condition for this
experiment. Additionally, a rectangular-shaped steel plate



Fig. 7. (a-b) The experimental setup used for the flatwise test, (c) components of the test setup, including two through-tenon joints and steel supports, (d) dimensions (in
mm) of the through-tenon joints, (e) dimensions of the steel plate attached to the tenon, (f) dimensions of the steel supports attached to the top of the slots, (g) dimensions of
the steel support attached to the bottom of the slots.
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(Fig. 7e) was attached to the bottom surface of the horizontal plate
to prevent bending and ensure a uniform distribution of the out-of-
plane load. By utilizing these various steel supports, the transla-
tional flatwise behavior of the TT IMAs was isolated, and the focus
was placed on the interaction between the tenon and slot along the
out-of-plane direction of the horizontal plate. Consequently, the TT
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joints were loaded normal to the local x’y’ plane (see Fig. 4 for the
local axes). As a result, the relative translational load–displacement
response between the tenons and slots was measured and assigned
to the discrete spring elements shown in Fig. 4a.
4.2. Experimental loading procedure

The European Committee for Standardization (CEN) loading
protocol for timber joints, EN 26891 [23], was used in the experi-
ments. This testing procedure relies on an estimation of the maxi-
mum strength of the specimen, FMax. Therefore, prior to the start of
the loading, FMax was determined by testing a dummy specimen.
Overall, the loading protocol begins with a force-control phase,
where the specimens are loaded to 40% FMax. After a 30-second
pause, the load is reduced to 10% FMax, which is maintained for
another 30 s. In the last part of the force-control phase, the load
is increased to 70% FMax. It is worth noting that the first and last
step of the force-control phase correspond to the Serviceability
(SLS) and Ultimate (ULS) Limit State, respectively [24]. The loading
procedure is then followed by a displacement-control excursion
with the same loading rate used in the force-control phase. The
overall loading protocol is illustrated in Fig. 8. Utilizing EN 26891
[23], the mechanical properties of the joint, including the stiffness,
ductility, strength, and design deformations are determined and
reported in Section 5. Furthermore, because of the loading–unload-
ing process in the early phase of the protocol, full interlocking con-
tact between the slot and tenon components is achieved during the
test. Consequently, the fabrication variabilities caused by the CNC
robots were considerably reduced.
5. Results and discussions

Qualitative and quantitative evaluations of the observed load-
deformation behavior of the TT joints are provided in this section.
The qualitative assessment (Section 5.1) includes descriptions of
the failure modes and various load resisting mechanisms. Using
the European standards EN 26891 [23] and EN 12512 [25], the
quantitative performance evaluation (Section 5.2) describes the
joint strength and associated deformation at yield, maximum and
ultimate states, stiffness, ductility demand, and the design strength
and deformations associated with the SLS and ULS. The European
standards are chosen over the other alternatives (i.e. EEEP Method
[26], 0.5-FMAX Method [27], and 10-40-50 Method [28]) because:
(i) they have been verified and well integrated into the perfor-
mance evaluation of IMAs as it has been shown in Roche et al.
Fig. 8. The loading protocol sp
[5], Roche [7], and Milch et al. [29], and (ii) they are consistent with
the loading procedure (Section 4.2).

5.1. Qualitative evaluation: force–deformation response

The force–deformation response of specimens T1 to T3, where
most of the fibers are oriented perpendicular to the loading direc-
tion (fiber-perpendicular specimens) (cross-plies ratio = 11/13),
and T4 to T6, where most of the fibers are oriented parallel to
the loading direction (fiber-parallel specimens) (cross-plies
ratio = 2/13), are shown in Figure 9 and 10, respectively. Minimal
replicate-to-replicate variability is observed for each specimen
group during the pre-peak response. Furthermore, using the steel
supports in the test setup, the relative rotation between the verti-
cal and horizontal timber elements is restrained. Therefore, the
load-deformation curves represent the translational flatwise
behavior of the TT joints. Given this consideration, failure mecha-
nisms caused by the flexural interaction between the tenons and
slots are avoided. Instead, the test setup ensures that the observed
failure modes are associated with the relative translational behav-
ior of the TT joints. This, in particular, changes the joint capacity,
however, it has not been studied in the current investigation and
should be examined in the future.

The performance of the joints was deemed to be governed by
(1) the tab (tenon) insertion angle, (2) the fiber orientation, and
(3) the size of notches. The first two parameters were identified
in Section 3, Table 1. The last parameter is a function of the tab
insertion angle and the fabrication process. More specifically, to
fabricate the TT joints, the fabrication contours are first generated
and the G-code is then prepared so that the CNC robot can follow
those contours to cut the timber board. The robot then rotates the
tool used to mill the tenon component, which creates a notch. Fig-
ure 11 shows different notch sizes, which vary depending on the
tab insertion angle and diameter of the fabrication tool. Using
the same fabrication tool, the largest and smallest notch size was
produced in the 45�and 90�-angled specimens, respectively.

The load-transfer mechanism and the failure modes for the
fiber-perpendicular specimens (T1 to T3) were different from the
ones observed in the fiber-parallel specimens (T4 to T6). This
observation is attributed to the arrangement of the fibers over
the cross section of the tenon components. In fact, the main fibers
in the tenons of T1 to T3 are crosswise oriented. As noted earlier, in
this case, the cross section consists of 11 cross layers and two lon-
gitudinal fiber layers (Fig. 5a). In other words, the main fiber direc-
tion is oriented perpendicular to the loading direction. Prior
studies have shown that the timber fibers exhibit superior perfor-
mance (high strength/stiffness/ductility) when they are oriented
ecified in EN 26891 [23].



Fig. 9. Out-of-plane force–deformation curves for fiber-perpendicular specimens (a) T1, (b) T2, (c) T3.
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parallel to the load direction [2,3,7]. This is consistent with the low
strength and brittle failure mode observed in specimens T1 to T3,
where the load is transferred between the tenon and its mate, cre-
ating a shearing mechanism between the fibers. In fact, the cellular
walls between the fibers (hereafter described as the inter-fiber lay-
ers) provide the bulk of the resistance. Referring to Table 1, the
shear capacity is very low in this type of configuration (only
3.8 MPa) and consequently, the fiber-perpendicular joints ruptured
in a brittle manner. Fig. 12 shows the schematic representation and
the actual failure mode in this case. The two longitudinal layers,
which are shown in Fig. 12, resisted most of the load, while the
cross layers provided minimal resistance. The rupture surface
was located at the beginning of the tenon at the interface with
the slot (see Fig. 12).

For the fiber-parallel specimens (T4 to T6), the cross section
consists of 11 longitudinal and two crosswise layers (Fig. 5b). In
other words, the main fiber orientation of the cross section is par-
allel to the loading direction. As such, the out-of-plane load was
transmitted from the tenon to the slot through the following resist-
ing mechanisms: (1) fiber tension–compression and flexural resis-
tance, (2) embedment compression resistance, (3) inter-fiber layer
resistance, (4) fiber torsional resistance, and (5) fiber shear resis-
tance. The extent to which each mechanism contributes to the
overall resistance depends on the tab insertion angle and the notch
size. For all fiber-parallel specimens, the tenon acts like a beam on
elastic foundation element. As such, the fiber tension–compression
and flexural resistance are activated (see A-A-1 and A-A-2 for the
bending resistance, and B-B-1 and CACA1 for the tension–com-
pression resistance in Fig. 13). Furthermore, because of the interac-
tion between the tenon and slot, the embedment compression
resistance is activated in these specimens (see B-B-2 in Fig. 13).
Tenons with an insertion angle of 90� create a symmetric geometry
and thus, the TT joint is subjected to minimal torsional demands.
On the other hand, asymmetric joints such as those with a 45� or
60� insertion angle can potentially activate the inter-fiber layer
(see CACA2 in Fig. 13), torsional (see CACA3 Fig. 13), and shear
resistances of the tenon (see CACA4 in Fig. 13). It was also
observed that the rate of damage was slower in the T4 to T6 spec-
imens compared to T1 to T3. Furthermore, the damage in the for-
mer was not concentrated in a specific location/surface but
distributed in different regions around the tenon.

The steel piece attached to the vertical timber plates (Fig. 7g)
provides a continuous support for the test specimen. During and
after the experiments, no sign of embedment deformation or
crushing was observed at the support area of the vertical plates.
This is mainly attributed to the high compressive strength of beech
LVL, as well as the continuous and uniform contact area estab-
lished between the vertical timber plates and the steel. Further-
more, the contact length between the tenon and mortise (Fig. 6)
is one-sixth the contact length between the vertical timber plate



Fig. 10. Out-of-plane force–deformation curves for fiber-parallel specimens (a) T4, (b) T5, (c) T6.

Fig. 11. The effect of fabrication on the notch size in tenon components.
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and the steel support (Fig. 7g). Accordingly, it is assumed that the
contact area between the vertical timber element and the lower
Fig. 12. Schematic representation and observed shear rupture failure mode in the
fiber-perpendicular TT joints subjected to out-of-plane loading.
steel support did not contribute significantly to the overall load-
deformation response. However, this contribution might be pro-
nounced when softwood material is used.

5.2. Quantitative performance assessment

The behavior of the joints is characterized using the design
parameters specified in the European Standards for timber joints,
EN 12512 [25] and EN 26891 [23], which identify three key points
along the force–deformation curve: the yield and maximum
strength and the ultimate limit state. Accordingly, the yield force
(Fy) and deformation (Dy), the maximum force in the joints (Fmax)
and the corresponding deformation (DF-Max), the joint stiffness (slip
modulus) (Ks), ultimate deformation (Du), and ductility capacity
(l), are computed from the experimental results. Using the CEN-
1/6 method [25], the design parameters are schematically shown



Fig. 13. Schematic representation and observed failure mode of the fiber-parallel specimens subjected to the out-of-plane load.
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in Fig. 14a. The slip modulus and ductility capacity, which are
widely used in the design of timber joints, are provided in Table 3.
Furthermore, a multi-linear backbone curve, which is developed
using the yield, maximum strength, and ultimate state points, is
proposed for each specimen group. A schematic representation of
the backbone curve is shown (in red) in Fig. 14a. This curve can
be viewed as an idealization of the actual load-deformation
response, and encapsulates the key design parameters for TT joints.
Using the idealized curve, nonlinear performance assessment of
IATPs is also possible. Given the four LVDT measurements
(Fig. 7d), the mean force–deformation response and the associated
backbone curve for each specimen group is shown in Fig. 14b-c (in
gray and red, respectively).

The strength of the joints and associated deformation at the SLS
and ULS are summarized in Table 3. The evaluation of the joint per-
formance, especially at the SLS, is affected by age-related and non-



Table 3
Summary of design parameters for the specimens.

Group ID T1 T2 T3 T4 T5 T6

Strength (EN 26891) (KN)
[COV]

SLS ULS SLS ULS SLS ULS SLS ULS SLS ULS SLS ULS
4.98
[0.04]

8.73
[0.04]

4.48
[0.06]

7.84
[0.06]

5.28
[0.02]

9.24
[0.02]

9.23
[0.05]

16.15
[0.05]

10.5
[0.05]

18.38
[0.06]

10.38
[0.02]

18.17
[0.02]

Deformation (EN 26891) (mm)
[COV]

SLS ULS SLS ULS SLS ULS SLS ULS SLS ULS SLS ULS
1.95
[0.07]

2.12
[0.05]

1.43
[0.10]

2.13
[0.09]

1.85
[0.06]

2.61
[0.05]

2.12
[0.09]

3.54
[0.07]

2.18
[0.04]

3.28
[0.04]

2.12
[0.03]

3.07
[0.02]

Ductility (EN 12512) [COV] 2.85
[0.13]

2.64
[0.31]

2.19
[0.27]

4.04
[0.14]

2.94
[0.21]

2.44
[0.28]

Slip Modulus (EN 26891) (KN/mm) [COV] 3.53
[0.05]

4.21
[0.03]

4.16
[0.08]

5.47
[0.01]

7.17
[0.05]

7.43
[0.08]

Fig. 14. (a) Definition of the design parameters (CEN-1/6-method [25] is used for ductility) and mean force–deformation and corresponding backbones curves for (b) fiber-
perpendicular and (c) fiber-parallel specimens.
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age-related parameters. The propensity for creep, cyclic loading
history, moisture content, and the roughness of the contact surface
are examples of age-related parameters. The tool size and associ-
ated notches around the tenons, fabrication imperfection, inter-
locking state, and the surface-to-surface contact pressure that
occurs during the assembly are non-age-related parameters. Using
the EN 26891 loading procedure, the aim is to quantitatively mea-
sure the instantaneous mechanical properties of the joints without
considering age-effects. However, it is noted that the increase in
initial slip over time is not considered in the quantitative perfor-
mance assessment.

5.2.1. Strength and stiffness of the joints
5.2.1.1. Yield strength. The EN 12512 standard [25] is used to deter-
mine the yield point of the TT joints. Accordingly, the pre-peak
force–deformation response is idealized into two linear parts: (a)
the first line crosses 0.1* Fmax and 0.4* Fmax, and (b) the second line
crosses the maximum strength with the slope corresponding to 1/6



Fig. 16. Joint stiffness (slip modulus).
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that of the first line. As shown in Fig. 14a, the yield point is then
identified as the intersection of these two lines. For T1 to T3, the
yield strength is almost independent of the tab insertion angle,
ranging between 9.5 kN and 11.7 kN. The minimal influence of
the tab insertion angle on the yield strength is mainly attributed
to the configuration/arrangement of the fiber layers over the cross
section of the tenon component (see Fig. 5 for the configuration).
As noted earlier, most of the fiber layers of the tenon are crosswise
oriented for T1 to T3 and provide little resistance. Accordingly, the
behavior is controlled by the resistance of the inter-fiber layers,
which is a function of the wood cellular structure (Fig. 12). At
the microscopic scale, the resistance of the inter-fiber layer
depends on the thickness of the cellular walls of the wood material
[30]. For beech LVL, the thickness of these cellular walls is almost
constant over each layer. Therefore, the yield strength of the joints
remains almost unchanged even when the tab insertion angle is
varied (Fig. 15a).

For T4 to T6, where 11 fiber layers are longitudinally oriented
(see Fig. 5b for the configuration), the yield strength is consider-
ably higher than that of the T1 to T3 specimens. It is also observed
that the notch size has a strong influence on the performance of the
T4 to T6 specimens because the effective cross sectional area of the
tenons is reduced. For the specimens with a 45� tab insertion angle
(T4), the notch reduced the cross sectional area by almost 17%.
Whereas, for the 60�- and 90�-insertion angle specimens (T5 and
T6), the notch reduced the cross sectional area by 4% and 2%,
respectively (Fig. 11). As such, the T4 specimens have the lowest
yield strength. The T5 and T6 specimens have approximately the
same yield strength because of their similar notch sizes
(Fig. 15a). It is worth noting that the role of the notch size is only
significant in specimens T4 to T6. In fact, the arrangement of the
fiber orientation in these specimens activates different load-
transfer mechanisms, namely, flexural, tension–compression,
embedment, and torsion, which are primarily controlled by the
cross section size.

5.2.1.2. Maximum strength. The maximum strength of the speci-
mens in the different groups is compared in Fig. 15b where the
Fmax /Fy ratio is also introduced. For all specimens, Fmax /Fy is near
or equal to unity (Fig. 15a), which means that the maximum
strength is reached soon after yielding. In other words, regardless
of the fiber orientation and insertion angle, the damage that is ini-
tiated at the yield point quickly propagates throughout the cross
section resulting in very little pre-peak nonlinear behavior. This
finding is consistent with the nature of wood material, which is
known to be brittle [31,32]. The other implication is that the afore-
Fig. 15. Maximum and yield deform
mentioned observations regarding the yield strength also apply to
the maximum strength, which is almost constant among the T1 to
T3 and T4 to T6 specimens.

5.2.1.3. Joint stiffness (slip modulus). The joint stiffness is computed
using the procedure specified in European Standard EN 26891 [23].
Informed by the experiments, the joint stiffness for each specimen
is computed using Eq. (1) and shown in Fig. 16.

Ks ¼ 0:4 � Fest

ti;mod
ð1Þ

where Fest is the estimated maximum force (Fest ¼ FMax), and ti;mod is
the modified initial slip (Eq. (2)).

ti;mod ¼ 4
3
ðt04 � t01Þ ð2Þ

where t01 and t04 are the amount of slip at the first and fourth load-
ing steps (see Fig. 8a).

For all specimens, ti;mod was found to be approximately
1.25 mm. Therefore, and according to Eq. (1), the joint stiffness is
directly proportional to Fmax. Since Fmax is approximately the same
for T1 to T3, the associated joint stiffness was minimally influenced
by differences in the tab insertion angle. However, among the T4 to
T6 specimens, the joint stiffness of the 45�-angled specimens (T4)
ation and force of the TT joints.



Fig. 18. Joint behavior between 0.1 and 0.4 * Fmax.

A. Rezaei Rad et al. / Construction and Building Materials 262 (2020) 120001 13
was less than that of the 60� (T5) and 90�-angled (T6) specimens.
The lower Fmax in T4 explains this observation. Furthermore,
because T5 and T6 have similar Fmax values, their stiffnesses are
approximately the same. Another key finding is that the joint stiff-
ness for specimens T4 to T6 is greater than that of T1 to T3. This is
explained by the orientation of the fibers over the cross section
(see Fig. 5 for the fiber orientation), which makes T1 to T3 weaker
and more susceptible to rapid damage propagation.

5.2.2. Deformation at yield and maximum strength
For T1 to T3, it was observed in Section 5.2.1 that (i) the inter-

fiber layer resistance, which is provided by the wood cellular walls
at the microscopic scale, governs the pre-peak behavior, and (ii)
the TT joints exhibit almost linear elastic behavior between the
yield and maximum strength. It therefore follows that the pre-
peak force–deformation response is almost linear for T1 to T3.
Therefore, a linear relationship exists between the strength and
deformation properties. As such, the findings related to the yield
strength described in Section 5.2.1, also apply to the associated
deformation. In other words, the yield deformation is independent
of the tab insertion angle and notch size. This is further confirmed
in Fig. 17a, which shows that the specimens have similar yield
deformation values. A similar conclusion can be drawn for DF-Max

(Fig. 17b).
According to Fig. 17a, T4 to T6 have similar yield deformations.

The reason is that the notch size and tab insertion angle have a
counterbalancing effect on the yield deformation of this specimen
group. Recall that the EN 12512 standard [25] was used to deter-
mine the yield point and the pre-peak force–deformation response
was idealized into two linear parts. In the next two paragraphs, it
will be shown that the first (initial) slope is affected by the notch
size, and the second is influenced by the tab insertion angle. To fur-
ther elaborate:

� The notches reduce the cross section area, and consequently,
the joint stiffness decreases. As such, for any force value, the
associated joint deformation would increase. Therefore, within
the range of 10%–40% Fmax, the deformation of the T4 speci-
mens, which had the greatest notch size, was higher than that
of the T5 and T6 specimens (Fig. 18). Since the initial slope
includes the range of 10%–40% Fmax, it is concluded that the
notch size affects the initial slope.

� It is observed that the tab insertion angle affects DF-Max. To fur-
ther elaborate, recall that the cross section of T4 is reduced
more than that of the T5 and T6 specimens (see Section 5.2.1).
Fig. 17. Deformation at (a) yield a
Therefore, these specimens are weaker and experience earlier
yielding at a lower force when compared to the symmetric
specimens. During the experiments, it was observed that this
earlier yielding prevents the T4 specimens from sudden dam-
age. The reason is attributed to the earlier yielding, which
enables the 45� angled specimens to undergo gradual damage
and energy release; whereas, the symmetric specimens yield
at higher forces and therefore release a greater amount of
potential energy. Accordingly, the post-yield energy is gradually
released in the asymmetric specimens. As such, at the maxi-
mum strength, the T4 specimens should undergo higher defor-
mation when compared to the symmetric specimens. This
explains why the T4 specimens have a greater DF-Max than the
T5 and T6 specimens (Fig. 17b).

Thus far, it has been demonstrated that the effect of notch size
counterbalances the effect of tab insertion angle for T4 to T6. In
other words, although T4 has a lower initial stiffness, it has a larger
DF-Max. On the other hand, T5 and T6 have higher initial stiffnesses
and smaller DF-Max. Given that the yield deformation is a function
of the initial stiffness and DF-Max, it remains almost unchanged
among the T4 to T6 (Fig. 17a) specimens. Fig. 19 shows the pair
of idealized slopes for each specimen.
nd (b) peak strength (DF-Max).



Fig. 19. Bilinear curve used to determine the yield point.
Fig. 21. Ductility of the TT joints.
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5.2.3. Ultimate deformation
In Sections 5.1 and 5.2, the out-of-plane response of the joints

was determined to be most influenced by the tab (tenon) insertion
angle, the fiber orientation, and the notch size. The role of these
parameters is even more pronounced in the post-peak behavior.
As noted earlier, because the cross section is more reduced in the
asymmetric joints (i.e. T1 and T4), these specimens experienced
earlier yielding at a lower force than the others. Therefore, the
damage propagates and the associated post-yield energy is
released at a slower rate when compared to the other specimens.
As such, the post-yield load-deformation behavior of these joints
(T1 and T4) was smoother when compared to the other specimens
(compare the load-deformation curves in Fig. 14b-c). Additionally,
T1 and T4 had the highest Du among all specimens, which
decreased when the tab insertion angle changed from 45� to 60�
(T2, and T5) and 90� (T3 and T6) (Fig. 20).
5.2.4. Ductility
The ductility demand, which is defined as the ratio between the

ultimate (Du) and yield deformation (Dy) (Eq. (3)), is used to quan-
tify the ability of the joints to withstand deformations in the plastic
range. Since the yield deformation is approximately the same
across the fiber-parallel and fiber-perpendicular specimens (see
Fig. 20. Deformations at the ultimate strength.
5.2.2 and Fig. 17a), the ultimate deformation governs the ductility
of the specimens (see Eq. (3)). In general, the ductility decreased
when the tab insertion angle increased from 45� to 90� (Fig. 21).
This is primarily because the specimens with a 45� insertion angle
had much higher post-yield deformations (see Fig. 20). Therefore,
among all specimens, T1 and T4 had the highest ductility. More
importantly, according to the Eurocode 8 [33], all of the tested TT
joints are classified as having low ductility since l 6 4:0. Addition-
ally, the tensile, compressive, torsional, shear, and inter-fiber layer
resistance contributes to the behavior of the TT joints, especially in
the post-peak-force response phase. Since timber undergoes brittle
response under direct tension, shear, and flexure (see [31,34] for
more information), the TT joints generally demonstrate a non-
ductile behavior. It is worth noting that the fiber-perpendicular
specimens (T1 to T3) had a rapid propagation of damage beyond
their peak strength, which directly affected the variability in the
post-peak response. By examining the Coefficient of Variation
(COV) for the associated parameters in Table 3, it is clear that the
dispersion in l is fairly significant (COVaverage = 0.22)

l ¼ Du

Dy
ð3Þ
6. Conclusions

An experimental investigation of the out-of-plane (flatwise)
response of through-tenon (TT) joints was conducted. The perfor-
mance of the joints was evaluated considering the effect of tab
insertion angle and fiber orientation. Three tab insertion angles,
45�, 60�, and 90� and two fiber orientations, parallel and perpen-
dicular to the loading direction, were considered.

Based on the low Coefficient of Variation (COV) observed in the
pre-peak design parameters (i.e. stiffness, SLS/ULS strength and
associated deformation), replicate-to-replicate variability was
found to be minimal for each specimen. From the observed post-
peak behavior, it was concluded that all of the tested specimens
can be categorized as having low ductility. However, the strength
degradation in the fiber-perpendicular specimens was faster com-
pared to the fiber-parallel specimens. Additionally, it was deter-
mined that the initial load-deformation response is affected by
the notch size, where joints with higher inclinations have greater
notch sizes; and consequently, softer behavior.

For the fiber-perpendicular specimens, where the cross section
consisted of 11 cross layers, very brittle failure was observed. The
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failure was caused by the loss of the inter-fiber layer resistance.
The yield and maximum strengths and the slip modulus remained
almost unchanged among these specimens. For the fiber-parallel
specimens, where the cross section included 11 longitudinal layers,
the load-deformation behavior was deemed to be governed by the
tab insertion angle, and the notch size. Better performance was
observed compared to the fiber-perpendicular specimens and the
following resisting mechanisms contributed to the load-carrying
capacity: inter-fiber layer resistance, tension–compression, flex-
ure, shear and torsional resistance of the fibers, and the embed-
ment compression resistance. For both fiber-parallel and fiber-
perpendicular specimens, the yield and maximum strength, as well
as the stiffness of the 45�-angled specimens were small compared
to the other specimens. This is because of the notch size of these
specimens were greater than the others. Future studies should
examine the role of notch size on the performance of the TT joints.
This can be achieved by upscaling the dimension of the joints to
decrease the role of the fabrication tools. In general, the ductility
decreased when the tab insertion angle changed from 45� to 90�.
Finally, the joints are classified as having low ductility.
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