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Abstract

Traditional wood-wood connections, widely used in the past, have been progressively re-
placed by steel fasteners and bonding processes in modern timber constructions with the
standardization of the industry. However, the emergence of digital fabrication and innovative
engineered timber products have offered new design possibilities for wood-wood connec-
tions, particularly for timber plate structures. The typical design-to-production workflow
has evolved considerably over the last few decades, such that a large number of connections
with various geometries can now be easily produced. These connections have become a
cost-competitive alternative for the edgewise connection of thin timber panels. Numerous
research studies on this topic have led to the realization of prototypes and pavilions, but this
has mainly occurred for complex geometrical shapes. Several challenges remain in order to
broaden the use of this specific joining technique into common timber construction practice:
(i) prove the applicability at the building scale, (ii) propose a standardized construction system,
(iii) develop a convenient calculation model for practice, and (iv) investigate the mechanical
behavior of wood-wood connections.

The first building implementation of digitally produced through-tenon connections for a
folded-plate structure is presented in this work. Specific computational tools for the design and
manufacture of more than 300 different plates were efficiently applied in a multi-stakeholder
project environment. In addition to the laminated lumber veneer panels generally employed
in previous research, cross-laminated timber panels were investigated for the first time, and
the potential of such connections was demonstrated for different engineered timber products.
Moreover, this work demonstrated the feasibility of this construction system at the building
scale.

For a more resilient and locally distributed construction process, a standardized system
using through-tenon connections and commonly available small panels was developed to
reconstitute basic housing components, such as slab and roof elements. Based on a case-study
with industry partners, the fabrication and assembly processes were validated with prototypes
made of oriented strand board. Their structural performance was investigated by means of a
numerical model and a comparison with glued and nailed assemblies. The results showed that
through-tenon connections are a viable alternative to commonly used mechanical fasteners.

So far, the structural analysis of such construction systems has been mainly achieved with
sophisticated, computationally expensive, and time-consuming finite element models, not in
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Abstract

line with the simplicity of basic housing elements. A convenient calculation model for practice,
which can capture the semi-rigid behavior of the connections and predict the effective bending
stiffness, was thus introduced and subjected to large-scale bending as well as vibration tests.
The proposed model was in good agreement with the experimental results, highlighting the
importance of the connection behavior.

The in-plane behavior of through-tenon connections for several timber panel materials was
characterized through an experimental campaign to determine the load-carrying capacity and
slip modulus required for calculation models. Based on the test results, existing guidelines
were evaluated to safely apply these connections in structural elements while a finite element
model was developed to approximate their performance. This work constitutes a firm basis
for the optimization of design guidelines and the creation of an extensive database on digitally
produced wood-wood connections.

Finally, this thesis provides a convenient design framework for the newly developed standard-
ized timber construction system and a solid foundation for research into digitally produced
wood-wood connections.

Keywords: timber construction, wood-wood connections, digital fabrication, design for manu-
facture and assembly, structural design framework, calculation model, semi-rigidity, experi-
mental research, shear strength, compression strength
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Résumé

Les assemblages bois traditionnels couramment utilisés dans le passé ont progressivement
été remplacés par des fixations métalliques et des procédés de collage du fait de la standardi-
sation de l'industrie. Toutefois, I'émergence de la conception et de la fabrication assistées par
ordinateur ainsi que I’évolution des matériaux d’ingénierie bois ont engendré de nouvelles
possibilités pour ces assemblages, en particulier pour les structures principalement compo-
sées de panneaux. Au cours des dernieres décennies, le processus classique de la conception a
la production a considérablement évolué, de sorte que de nombreuses connexions avec un
large éventail de géométries possibles peuvent désormais étre facilement réalisées. Ces as-
semblages sont donc devenus une alternative concurrentielle dans certains domaines comme
dans 'assemblage de panneaux de bois fins. De nombreuses recherches sur ce sujet ont mené
alaréalisation de prototypes et de pavillons, mais principalement pour des structures avec
des formes géométriques complexes. Malgré ces avancées, plusieurs défis restent a relever
pour étendre I'utilisation de cette technique d’assemblage a la pratique courante pour les
construction bois : (i) démontrer son applicabilité a I’échelle d'un batiment, (ii) proposer un
systéeme de construction standardisé, (iii) développer un modele de calcul adéquat pour la
pratique et enfin, (iv) étudier le comportement mécanique des assemblages bois-bois.

Ce travail présente la premiere réalisation d'un batiment utilisant des tenons traversants
produits numériquement pour une structure plissée en panneaux de bois. Des outils infor-
matiques spécifiques pour la conception et la fabrication de plus de 300 plaques différentes
ont été utilisés efficacement dans un environnement de projet regroupant de nombreux ac-
teurs. En plus des panneaux lamibois généralement utilisés dans les recherches précédentes,
des panneaux en bois lamellé croisé ont été introduits pour la premiere fois, permettant
de démontrer le potentiel de ces connexions pour différents produits d’ingénierie bois. De
plus, ce travail a permis de prouver la faisabilité de ce systéme de construction utilisant des
connexions bois-bois a I'échelle d’'un batiment.

Afin d’obtenir un processus de construction plus résilient et applicable facilement a I'échelle
locale, un systeme standardisé utilisant des tenons traversants et des panneaux de petite taille a
été développé afin de reconstituer les éléments basiques de construction tels que les éléments
de dalles et de toits. Selon une étude de cas menée en collaboration avec des partenaires
industriels, des prototypes constitués de panneaux de particules orientées ont permis de
valider le procédé de fabrication et d’assemblage. Leurs performances structurelles ont été
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Résumé

étudiées au moyen d’'un modéle numérique et d'une comparaison avec des assemblages collés
et cloués. Les résultats ont montré que les assemblages par tenon traversant constituent une
alternative viable aux fixations mécaniques couramment utilisées.

Jusqu’a présent, I'analyse structurelle de ce type de systéme constructif a été principalement
réalisée a I'aide de modeéles éléments finis sophistiqués, complexes a modéliser et cotiteux
en temps de calcul. Par conséquent, ils sont peu adaptés pour la modélisation d’éléments
basiques de construction. Un modele de calcul plus adapté pouvant traduire le comportement
semi-rigide des connexions bois-bois a donc été développé. Ce modele a été évalué avec des
tests de flexion et de vibration sur des éléments de grandes tailles. Le modele a finalement
démontré étre en adéquation avec les résultats expérimentaux, soulignant I'importance du
comportement des connexions.

Le comportement des tenons traversants a été caractérisé pour différents types de panneau
bois. Une campagne expérimentale a permis de déterminer la capacité de résistance ad-
missible ainsi que le module de glissement nécessaire aux modeles de calcul. A partir des
résultats obtenus, les normes existantes ont été évaluées pour appliquer en toute sécurité ces
connexions dans les éléments structurels. De plus, un modele éléments finis a été développé
pour estimer leurs performances. Ce travail constitue un point de départ pour 'optimisation
des normes existantes et pour la création d'une base de données sur les propriétés mécaniques
des connexions bois-bois.

Enfin, cette theése fournit un cadre de conception pratique pour le systeme de construction en
bois nouvellement développé ainsi qu'une base solide pour les recherches sur les connexions
bois-bois produites numériquement.

Mots clés : construction bois, assemblage bois-bois, fabrication numérique, conception pour la
fabrication et l'assemblage, cadre de conception, modeéle de calcul, semi-rigidité, tests, cisaille-
ment, compression
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|§ Introduction

1.1 Research context

1.1.1 Construction and sustainability

Since the Paris agreement was signed in 2016 [158], it has been firmly established that global
warming is one of the most important threats to modern society. A report published in 2018
by the Intergovernmental Panel on Climate Change (IPCC) [70] emphasized the importance
of limiting greenhouse gas (GHG) emissions in order to maintain warming within 1.5°C of
pre-industrial levels. Nonetheless, human activities continue to accelerate since 1950, putting
pressure on priceless natural resources [151]. The world population, especially in urban
areas, is also increasing at a high rate, and the construction industry must fulfill demand in a
sustainable manner (see Fig. 1.1). Currently, concrete and metals (iron, aluminum, copper,
zinc, lead, nickel, and manganese) are the most-used construction materials even though
they are responsible for approximately 15% of total GHG emissions and represent one-sixth of
cumulative energy demand [104].

In 1996, the IPCC declared that wood products require less energy than other alternative
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Figure 1.1 — (left) Global urban population data according to the HYDE database / (right) Car-
bon dioxide from firn and ice-core records (Law Dome, Antarctica and Cape Grim, Australia).
Based on [151].
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products. This statement has been confirmed by the construction industry in several examples
of concrete versus timber buildings [12, 55, 62, 87, 96]. Generally, timber is less carbon-
intensive to transform and manufacture, even if each case should be evaluated considering
key parameters such as the end-of-life planning of the structure [61, 63]. In this context,
timber can mitigate the impact of the industry on global GHG emissions, as it is a renewable
resource that can absorb and store carbon dioxide from the atmosphere. In Europe, if the use
of wood products in construction was increased by 100 million cubic meters, approximately
100 million tons of CO? would be saved, which represents 4% of the total expected carbon
budget in accordance with the Paris agreement [156]. In addition, forest policy and strategy
should be enhanced, as average yearly gross deforestation in Europe is about 97,000 ha, mainly
due to urban sprawl and expansion of transport, infrastructures, and natural disasters such as
fires [95].

This work is part of the efforts undertaken to bring more timber products into the architecture,
engineering, and construction (AEC) industry to create a sustainable built environment.

1.1.2 Digital fabrication and timber construction

In addition to the increasing demand for sustainable products in construction such as wood,
new technologies can help optimize the use of this precious renewable resource.

Since humans started to work with wood material, carpenters mostly used handcrafting tech-

niques until the industrial revolution in the 19™

century. At that time, machine tools were
developed thanks to the mechanization and standardization of the industry, which resulted
in faster processing speed, efficient prefabrication for timber housing, and new engineered
timber products. In the middle of the 20" century, automation replaced not only physical
labor like machine tools but also intellectual labor (see Fig. 1.2). This transformation is called
information-tool technology according to Schindler [137]': “Man becomes the creator of the
process while the machine is the creator of the products." As a result, computer numerical
control (CNC) machines, as well as computer-aided design and manufacturing (CAD/CAM),
were developed in various industries. Such tools were widely integrated in the 1980s with
Hundegger machines (Hans Hundegger AG, Hawangen, Germany) for joinery and timber
construction. However, a considerable range of such tools now exists, from large-scale five-axis
CNC machines to six-axis robotic arms from different producers. The universality of program-
ming codes [73], the automated positioning of cutting parts, and a large repertoire of cutting
movements have allowed high flexibility in the production process and a vast range of design
possibilities. The workflow of design-to-production has evolved considerably and numer-
ous research studies have been conducted on this topic [7, 154]. Moreover, new engineered
wood products such as cross-laminated timber (CLT) and laminated-veneer lumber (LVL)
have led to the panelization of the industry alongside the continued use of common timber

1 Approximately during the same period, Eastman started to describe building information modeling (BIM),
which is now well known in the AEC industry and has a similar philosophy [28].
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Figure 1.2 — Development of manufacturing techniques over the history of humankind. Based
on [137].

frame buildings. In parallel, new ways of using round timber have also been explored using
automated processes and new technologies [16], even if it represents a small part of the set of
timber constructions. The last step is the assembly process, which is also investigated through
digital fabrication and, more specifically, with robots. There is ongoing research on timber
frame systems [1, 166], together with panel systems [119], to achieve a fully automated process.
Finally, automation and new technologies are increasingly present in the design, fabrication,
and assembly steps in the timber industry and, more generally, in the AEC industry.

1.1.3 Wood-wood connections for timber plate structures

With the standardization of the construction industry, traditional wood-wood assemblies
have been replaced by steel fasteners and adhesive bonding, which are now generally used
as connections in modern timber structures. Nevertheless, as discussed in Section 1.1.2, the
emergence of digital fabrication and engineered timber materials have opened new design
possibilities for wood-wood connections, especially for timber plate structures.

In this context, improved timber plate connections were proposed by Robeller [117]. He
developed innovative wood-wood connections inspired by traditional joinery which can be
designed and produced using digital manufacturing techniques [118]. Two main connection
types, called multiple-tab-and-slot joint (MTS]) and through-tenon (TT), were established for
the edgewise connection of thin panels, as shown in Fig. 1.3. Such connections are an integral
part of the panels and require a customized automated prefabrication. A large number of
connections with various geometries can be easily designed with CAD and manufactured with
CAM in a single operation using CNC machines [125]. The single degree-of-freedom (DOF)
of MTS]J and TT allows for their fast and precise assembly since only one insertion vector
is possible for their positioning. Various assembly sequences for simple as well as complex
structural shapes can be defined which thus increases the efficiency of the assembly process in
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(b)

Figure 1.3 — Digitally produced wood-wood connections: (a) Multiple-tab-and-slot joint
(MTS]J) / (b) Through-tenon (TT). Based on [173].

construction, either on-site or in workshops. Additional costs linked to temporary formwork
can also be saved. The high levels of automation and prefabrication make digitally produced
wood-wood connections a cost-competitive assembly for timber structures. Moreover, these
connections provide a substantial load-bearing capacity, which could reduce or eliminate the
use of bonding and metal fasteners. As a result, different research has been conducted on
prototypes and pavilions.

Prototypes

Research was first performed on origami-shaped structures made of timber panels [18]. The
particular arrangement of folds that would enable the spanning of long distances with thin
panels was investigated. Mechanical fasteners, such as screws, were first used for the edgewise
connections of different prototypes [17]. The failures were thus located in assembly areas
because of the low thickness of panels. As a result, a single-layered folded-plate prototype
using MTS] was built (see Fig. 1.4a) to enhance the resistance of such origami-shaped struc-
tures [123]. The vault, with a 3 m span, was digitally produced using exclusively 21-mm thick
LVL panels without bonding or metal fasteners. The load-bearing capacity of such structures
can also be enhanced by the addition of another layer, as performed for the prototype pre-
sented at the ACADIA conference in 2014 (see Fig. 1.4b) [121]. The double-layered pattern,
connected by wood-wood connections, increases the inertia of the structure. A particular type
of TT, called through snap-fit joints, was used for this prototype to demonstrate the possible
disassembly and ease of the recycling process using this type of connection. In 2016, a single-
curved and double-layered prototype using TT was fabricated (see Fig. 1.4c) [126]. Beech
LVL panels of 12-mm thickness with a distance between layers of 48 mm were used to span
a distance of 3.25 m. Based on this work, a double-curved and double-layered construction
system using both MTSJ and TT was developed (see Fig. 1.4d) [120]. A span of approximately
7 m was achieved with a height varying from 0.7 to 1.2 m. The construction system consisted
of a series of prefabricated boxes assembled with TT and only one possible insertion vector.

4
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Figure 1.4 — Evolution of IBOIS prototypes: (a) Single-layered origami prototype using
MTSJ [123] / (b) Double-layered prototype using snap-fit joints [121] / (c) Double-layered
Miura-Ori pattern prototype using TT [126] / (d) Double-layered free-form shell prototype
using TT [120].

Birch plywood of 15-mm thickness was used with a spacing between layers of 100 mm. All
these prototypes were produced at the laboratory for timber constructions (IBOIS) of the Ecole
Polytechnique Fédérale de Lausanne (EPFL) with a five-axis CNC machine. The maximum
size of the CNC (2.5 by 1.5 m) limited the fabrication possibilities for the different prototypes.
Nonetheless, larger pavilions have been built based on the same construction technique.

Pavilions

In 2013, a single-layered and double-curved pavilion [122] was presented at the exhibition of
the Academy of Architecture in Mendrisio, Switzerland (see Fig. 1.5a). It comprised curved CLT
panels with a thickness of 77 mm, connected by MTS] at the structure’s corners. Continuity
between the different panels was achieved with small glued LVL joints to span a total length of
13.5 m. The manufacturing process for the different prefabricated parts was performed by a
seven-axis robot arm to allow the cutting of large size panels.

The Institute for Computational Design (ICD) at the University of Stuttgart also performed
research on the applicability of wood-wood connections in timber plate structures. In 2011,
they built a double-layered shell-shaped pavilion inspired by a natural generation scheme [83,
84, 145] in collaboration with the Institute of Building Structures and Structural Design (ITKE,

5



Chapter 1. Introduction

()

3

Figure 1.5 — Pavilions: (a) Curved CLT pavilion, Academy of Architecture in Mendrisio, Switzer-
land, 2013 [122] / (b) ICD/ITKE Research Pavilion, Stuttgart, Germany, 2011 [83, 84, 145] /
(c) Landesgartenschau Exhibition Hall, Schwébisch Gmiind, Germany, 2014 [81, 88].

Stuttgart). The ICD/ITKE research pavilion covered an area of approximately 10 m in diameter
on the ground for a height of 4 m, as shown in Fig. 1.5b. The vault structure was composed
of prefabricated boxes assembled on-site with bolts. Each prefabricated box was made of
6.5-mm thick birch plywood connected on each side by multiple finger joints similar to the
MTS] developed at IBOIS. These joints had several DOFs and they were thus used exclusively as
locators. The rigidity of the prefabricated boxes was achieved by gluing each element together.
The prefabrication of all the elements was also realized using robots. In 2014, the same
collaboration between the ICD and ITKE resulted in the construction of an actual building [81,
88], the Landesgartenschau exhibition hall located in Schwibisch Gmiind, Germany (see
Fig. 1.5c). The single-layered shell structure is composed of 50-mm thick beech LVL panels in
form of a double-domed pavilion. All 243 panels were robotically prefabricated and directly
assembled on-site. Edgewise connections are made of multiple finger joints to resist in-plane
shear and self-tapping screws to resist axial forces as well as out-of-plane shear. The overall
dimensions of the pavilion are 17 m in length, 11 m in width, and 6 m in height.

Mechanical behavior

The structural design of these prototypes and pavilions using digitally produced wood-wood
connections was always performed with finite element (FE) models [88, 122, 173], which
are computationally expensive and time-consuming. In some cases, complex geometries
were automatically transferred from CAD to FE analysis software to accelerate the calculation
process and reduce the engineering time required for the projects [101, 153]. The FE analysis
was preferred mainly due to the singular structural shapes and high number of elements. In
addition, simpler analytical solutions generally do not exist for this type of construction tech-
nology. For all of these structures, experiments were conducted to determine the performance

6
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of the connections.

In fact, the mechanical behavior of connections is an essential parameter for the prediction of
the structural response of timber structures, as it largely influences its displacement, stress
distribution, and failure modes. However, current timber building standards (Eurocode
5 [33] or SIA 265 [146]) only define basic steel fastener assemblies generally used in modern
timber constructions, as shown in Fig. 1.6. Wood-wood connections can be competitive in
terms of performance, but their mechanical behavior has not yet been characterized: few
studies have been conducted on their behavior in terms of stiffness and load-carrying capacity.
Experimental tests were performed on specific case-studies for finger joints used by the ICD
and ITKE research groups for the pavilions presented in Fig. 1.5b and c [81, 83]. The shear
behavior of MTS] was also experimentally studied by Dedijer [22] for specific configurations
made exclusively of spruce LVL panels. With a more general approach, Roche [128, 129, 127]
developed a simplified analytical model to estimate the stiffness and load-carrying capacity in
rotation of MTS]J. The experimental campaign also focused on spruce LVL panels but for a wider
range of geometrical configurations. Finally, further guidelines on the load-carrying capacity
of wood-wood connections have been developed in the field of built heritage restoration
for the assessment and restoration of old timber frame connections, which are considerably
different from the new digitally produced MTS] and TT connections of interest in this work.
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Figure 1.6 — Principle of deformation for the different basic assemblies used in modern timber
structures. Based on [162].
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1.1.4 Standardized building components

Until now, most of the research performed on digitally produced wood-wood connections
has focused on folded-plate or free-form structures, which are very specific geometries. How-
ever, with all the gained knowledge from research, the possibility exists to use this assembly
technique for standardized building elements.

Figure 1.7 — View of a prefabricated roof element made with laminated-veneer lumber by the
company Metsd Wood: Kerto Ripa®.

This type of prefabricated element is highly efficient since constraints and regulations related
to new buildings have evolved considerably in recent decades. Many factors must be con-
sidered, such as thermal, waterproofing, and structural performance. Moreover, economic
constraints and an increasingly competitive environment have pushed manufacturers to find
new constructive solutions to more easily fulfill these requirements. In this context, various
prefabricated timber elements have been developed in the past 15 years by manufacturers
such as Kerto Ripa® (Metsd Wood, Espoo, Finland) as shown in Figure 1.7, Lignotrend® (Lig-
notrend Produktions GmbH, Weilheim-Bannholz, Germany), and Lignature® (Lignatur AG,
Waldstatt, Switzerland). Such timber elements can fulfill different functions (structural, ther-
mal, etc.) in a single element delivered directly to the construction site. All these elements are
factory-produced through industrial processes using engineered timber products and struc-
tural bonding. These production methods involve important materials and investments, while
the timber construction industry is largely composed of small and medium-sized enterprises
(SMEs). Moreover, structural bonding is difficult to achieve and an important quality control
must be passed [33]. The production line is also exclusively dedicated to one standard element
and cannot easily be changed, which removes the required production flexibility of SMEs.

In contrast, multiple-axis CNC machines are commonly found in small and medium-scale
carpentry companies [152]. As aresult, wood-wood connections for structural timber elements
can offer an alternative to structural bonding. The flexibility of the production process remains,
since there is no need for the strict quality control required for the bonding process. Other
timber construction systems can thus be manufactured at the same location. Moreover, timber
products assembled with a reduced amount of fasteners and glue have many advantages with
respect to the recycling process [148].
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1.2 Research motivation

1.2.1 Problem statement

The rise of digital fabrication has made the development of alternative assembly techniques
inspired by traditional carpentry possible for timber plate structures. Digitally produced wood-
wood connections, presented in Subsection 1.1.3, have thus been increasingly investigated
and a large quantity of research has been performed on this topic. Nevertheless, several
challenges remain in order to broaden the use of this specific construction technique in the
timber industry.

Large-scale building implementation

Both multiple-tab-and-slot and through-tenon joints have shown their applicability for small-
scale research prototypes and pavilions. Origami and free-form shaped structures with single
or double layers have been designed and built over the past few decades. However, their
feasibility at the building scale has not yet been proven. Computational tools for the design
and experimental research necessary for the structure’s mechanical characterization must be
confronted on a larger scale.

Development of a standardized construction system

Past research has tended to mostly focus on specific geometrical problems such as free-
form and folded structures. However, wood-wood connections can also be used for more
standardized building elements with basic geometry, such as roof or slab components. Such
connections can offer an alternative to bonding process and steel fasteners for SMEs, which
generally have the required production tools (CAD, CAM, and CNC). Therefore, research
should be conducted on the implementation of digitally produced wood-wood connections
for basic building components.

Simplified calculation model for structural design

The structural performance of timber plate structures using wood-wood connections has
mainly been evaluated for complex geometrical shapes. As a result, their structural analysis has
been conducted with sophisticated FE models. These models are generally time-consuming
and complex to implement in FE analysis software. They are thus not convenient to use in
practice for standardized building components. More practical design methodologies should
be investigated to capture the specifics of the developed standardized construction system.
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Behavior of through-tenon connections

Few systemic studies have been performed on MTS] and TT connections in the past. Rotational
behavior has primarily been the focus of investigation, as it is an important parameter for
folded-plate structures. However, it is essential to characterize their in-plane behavior for
standardized interconnected timber elements. In-depth investigation should therefore be
conducted on this topic.

1.2.2 Approach and objectives

The main objective of this research is to bring digitally produced wood-wood connections
for timber plate structures into common practice through the development of standardized
structural timber elements. This work is decomposed into the following research steps with
different sub-objectives:

Step 1 - Proof of concept at the building scale - Chapter 2

* Prove the feasibility of construction systems using TT connections at the building scale.
¢ Implement TT connections at the building scale.

* Implement computational design methods at the building scale.

* Experimentally determine the most appropriate engineered timber panels.

* Assess the rotational load-carrying capacity of the connection.

Step 2 - Development of a standardized construction system - Chapter 3

¢ Review existing standardized systems using wood-wood connections.

¢ Develop a novel standardized construction system.

¢ Select appropriate TT joint with key parameters according to fabrication constraints.

e Perform a preliminary investigation through a case-study.

» Evaluate the feasibility of the construction system.

* Determine the structural performance of the novel system compared to glued and nailed
connections through the development of a numerical modeling approach.

Step 3 - Calculation methodology and validation - Chapter 4

* Review existing calculation methods for interconnected timber elements.

* Propose a convenient calculation model for the developed construction system.
¢ Describe the modeling of the connection.

* Validate the concept with the fabrication of large-scale specimens.

* Experimentally determine the failure modes and flexural capacity.

* Validate the proposed calculation model and proof of concept.

10
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Step 4 - Mechanical characterization of through-tenon - Chapter 5

* Review existing guidelines and experimental protocols for wood-wood connections.

» Experimentally investigate the failure modes, load-bearing capacity, and semi-rigidity
of TT connections for in-plane loading configurations.

* Develop specific experimental setups for TT connections.

e Compare test results to existing guidelines and a numerical model.

* Expand knowledge of commonly available engineered timber panels.

* Define guidelines for the structural design of TT connections.

1.3 List of publications

This thesis is based on several scientific articles published during the PhD:

* J. Gamerro, J. E Bocquet and Y. Weinand. Experimental investigations on the load-
carrying capacity of digitally produced wood-wood connections. Engineering Structures,
213:110576, 2020. doi:10.1016/j.engstruct.2020.110576.

* J. Gamerro, J. E Bocquet and Y. Weinand. A Calculation Method for Interconnected
Timber Elements Using Wood-Wood Connections. Buildings, 10(3):61, 2020.
doi:10.3390/buildings10030061

* J. Gamerro, M. Nakad, J. E Bocquet and Y. Weinand. Case-study on the creep behavior
of interconnected elements using wood-wood connections. In Proceedings of the World
Conference on Timber Engineering. Santiago, Chile, 2020. Abstract submitted.

* J. Gamerro, I. Lemaitre and Y. Weinand. Mechanical Characterization of Timber Struc-
tural Elements using Integral Mechanical Attachments. In Proceedings of the World
Conference on Timber Engineering. Seoul, South Korea, 2018.

¢ J. Gamerro, C. Robeller, and Y. Weinand. Rotational mechanical behavior of wood-
wood connections with application to double-layered folded timber plate structure.
Construction and Building Materials, 165:434-442, 2018.
do0i:10.1016/j.conbuildmat.2017.12.178

* C. Robeller, J. Gamerro and Y. Weinand. Thééatre Vidy Lausanne - A Double-Layered
Timber Folded Plate Structure. Journal of the International Association for Shell and
Spatial Structures, 58:295-314, 2017. doi:10.20898/j.iass.2017.194.864

11


https://doi.org/10.1016/j.engstruct.2020.110576
https://doi.org/10.3390/buildings10030061
http://doi.org/10.1016/j.conbuildmat.2017.12.178
http://doi.org/10.20898/j.iass.2017.194.864




y4 Large-scale building implementation:
the Vidy theater

This chapter is based on:

J. Gamerro, C. Robeller, and Y. Weinand. Rotational mechanical behavior of wood-wood
connections with application to double-layered folded timber plate structure. Construction
and Building Materials, 165:434-442,2018. doi:10.1016/j.conbuildmat.2017.12.178

&

C. Robeller, J. Gamerro and Y. Weinand. Théatre Vidy Lausanne - A Double-Layered Timber
Folded Plate Structure. Journal of the International Association for Shell and Spatial Structures,
58:295-314, 2017. doi:10.20898/j.iass.2017.194.864

2.1 Introduction

Timber folded-plate structures were the first to implement multiple digitally produced wood-
wood connections at the building scale. One of the first building implementations of a timber
folded-plate structure was the Saint-Loup chapel located in Switzerland (see Fig. 2.1). The
chapel was designed by Hans Buri and Yves Weinand and built as a temporary structure in
2008, but it eventually became permanent. All connections between plates were achieved
with custom steel-plate connectors and self-tapping screws for a span of 9 m, as shown in
Fig. 2.1a. No digitally produced wood-wood connections had been developed at that time.
After many years of consistent development of joining techniques and computational design,
several timber prototypes and pavilions using digitally produced wood-wood connections
have since been made with a strong emphasis on folded and free-form structures, as described
in Section 1.1.3. The first step in the evolution of such a structure was the proposing of a
single-layered folded-plate prototype connected uniquely with MTS]J, as shown in Fig. 1.4a. A
double curvature was then added to increase load-bearing performance by 40% compared
to the equivalent single-curved variant [124]. The second evolution was the double-layered
timber folded-plate prototype displayed in Fig. 1.4c. The double TT joint can connect four
panels at once to achieve a double-layering of the structure [126]. The evolution of digitally
produced joining techniques for folded-plate structures is summarized in Table 2.1.
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(b)

Figure 2.1 — Saint-Loup chapel, Pompaples, Switzerland 2008: (a) Exterior view during con-
struction with metal fasteners / (b) Final exterior view of the building. [Photograph credit:
IBOIS, Fred Hatt]

Table 2.1 - Evolution of digitally produced wood-wood connections for the assembly of folded-
plate structures.

Project Number  Differently  Differently shaped
of plates shaped plates edge joints
Origami Folded Plate, 2006 [17] 144 8 4
St-Loup chapel, 2010, Fig. 2.1 39 39 67
Interlocking Folded Plate, 2014, Fig. 1.4a 107 107 239
Théatre Vidy Lausanne, 2017 304 304 456

Based on this evolution, the Vidy theater is the first building implementation of a large-scale
double-layered and double-curved timber folded-plate structure using TT joints (see Fig. 2.2).
The building is located in Lausanne and was inaugurated in 2017. This project was the
result of a collaboration between the IBOIS laboratory and the Bureau d’Etudes Weinand
(Liege, Belgium), responsible for the architecture and engineering. The main objective was
to implement the knowledge gained from research in a real application. In this project, TT
joints were used for the first time at the building scale, as was the workflow from design-
to-production and the customized prefabrication of these joints. The first challenge was to
develop and apply customized computational tools for the automated design and production
of the building while collaborating with several industry partners. In addition, the structural
design of the theater was complex due to its folded shape and the anisotropic characteristics of
wood material. As a result, experimental tests were performed on TT joints to assist the Bureau
d’Etudes Weinand, who was in charge of global structural design. The mechanical behavior
and potential load-carrying capacity of similar types of connections have been investigated by
Roche since 2015 [130]. In particular, the rotational stiffness has been studied [127], as it is an
important parameter of a folded-plate structure [173]. In previous research, only LVL panels
were considered because of their low thickness, homogeneity, and relatively high resistance.
However, the use of Swiss wood panels was an essential condition for the sustainable policy
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Figure 2.2 - Vidy theater pavilion, Lausanne, Switzerland, 2017: (a) Exterior view / (b) Interior
view during construction. [Photograph credit: llka Kramer Photography]

of the project, and no manufacturers produce LVL in Switzerland. For the first time, CLT
panels were therefore considered for the manufacturing of TT joints. Based on the project
requirements, different CLT panels were tested to select the optimal option and verify the
rotational load-carrying capacity in the most loaded connections.

This chapter is structured as follows:

* Section 2.2 presents the construction system of the Vidy theater.

* Section 2.3 introduces the automated design workflow.

* Sections 2.4 and 2.5 describe and discuss the experimental investigations of single- and
double-layered TT connections in rotation.

* Section 2.6 summarizes the main conclusions on the first building implementation
using TT joints.

2.2 Construction system

The overall dimensions of the building are 30 m in length, 20 m in width, and 11 m in height.
The large span of 20 m is achieved with CLT panels of just 45 mm in thickness thanks to the
double-layered construction system illustrated in Fig. 2.3. The two layers are spaced 210 mm
apart and connected exclusively with single and double TT connections to obtain a total cross-
section of 300 mm in height. The insulation is also placed between the layers directly onsite
using a blowing process , which makes this solution highly competitive with single-layered
options in terms of structural and cost optimizations.

The theater is composed of 11 building segments, as shown in Fig. 2.3. Roof and wall elements
were prefabricated in a workshop and subsequently assembled onsite. The prefabrication
process of a roof element can be decomposed into four steps, as presented in Fig. 2.3 (steps
1 to 4). The plates are connected by TT connections, each with different tenon geometry
depending on the insertion angle and the number of layers to be joined. In addition to their
load-bearing function, these connections allow rapid positioning of the different panels for
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the assembly. The same process was used for the wall prefabrication. Once the prefabrication
of these three parts was completed, they were delivered and assembled directly onsite, as
shown in Fig. 2.3 (steps 5 to 6) and Fig. 2.4. However, the 11 building segments were assembled
onsite using bolts.

Figure 2.3 - Assembly process of a building segment. Steps 1 to 4: prefabrication process of the
roof element. Steps 5 to 6: onsite assembly of the wall and roof elements to obtain a complete
building segment.

Al lh-r
ml!g. \

Figure 2.4 — Photographs of the construction system process: (a) Prefabrication of a roof
element / (b) Transport of a roof element / (c) Onsite assembly of the roof and wall elements.
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2.3 Automatic design-to-production workflow !

Digital fabrication is the key to success in such a project as there are more than 300 differently
shaped plates with a total of 456 different edge-joint geometries, which would be infeasible or
highly time-consuming to draw manually in a CAD software. The generation of plate compo-
nents is performed automatically using a CAD plugin (DLFP) that was custom-built for the Vidy
theater project using the software development kit (SDK) Rhino Commons® (Robert McNeel
& Associates, Seattle, USA) and the programming language C#. The Grasshopper®software
(Robert McNeel & Associates, Seattle, USA) is employed as a user interface, through which the
input parameters of the design can be edited and modified (see Fig. 2.5a) and which includes
a real-time preview of the 3D components. The parameters of the project-generation CAD
plugin are as follows:

1. Asingle-layer polygon mesh with planar triangular surfaces for the roof elements and
planar quadrangular surfaces for the wall elements (see Fig. 2.5b). Using this surface
model, the identification numbers are managed for all components and edge connec-
tions. This identification is made possible through the use of a doubly connected edge
list (DCEL) data structure, which allows for neighborhood requests. These requests are
crucial for automated geometry generation through the algorithmic tool.

2. The plate thickness (Zpjate), Which was set to 45 mm for the final building components.

3. The total thickness of the double-layer elements. This offset (#y¢se¢) Starts at the bottom
side of the lower plate, which lies exactly on the surfaces of the DCEL polygon mesh and
ends at the upper side of the upper plate. The offset therefore includes the two plate
thicknesses and is not influenced by changes of the #pj5¢e value. The fogfse for the final
project was 300 mm.

4. The type of joints, managed through an Excel spreadsheet file containing data for the
parameters, which are assigned automatically by the algorithm.

5. The fold type indicates whether a joint is a positive or negative fold, considering all the
outward-facing normals of the base polygon mesh. Negative folds are treated differently
by the algorithm.

6. Two insert vectors for each regular joint. These 3D vectors are calculated with a separate
algorithmic tool, which ensures that plates can be inserted. This requires that multiple
edges per plate, which must be joined simultaneously, must share the same insertion
vector.

Outputs include a 3D preview of the plate geometry that includes all joints, as well as a
visualization of the insertion directions for each regular joint edge in the polygon mesh. Once
the parameters have been adjusted, the geometry can be output into the CAD program through
three switches for different representations. In addition to the 3D plate contours, boundary
representation solids (BREPS) can be output, which is required for the evaluation of masses
and visualization purposes. Furthermore, all plates can be sorted and arranged on the world
XY plane in preparation for the fabrication (see Fig. 2.7).

I This part was performed by the co-author and author of the publications, C. Robeller.

17



Chapter 2. Large-scale building implementation: the Vidy theater

Base Mesh
t_plate
t_offs B
Jtype
ftype

V1

v2

DLFP Vidy
<

n_jts1

°
2
=l
g
£
T
g
o

njts2
3D_crvs_out
3D_breps_out
2D _fab_out

Figure 2.5 — (a) Grasshopper® interface of the CAD plugin (DLEP) for the 3D plate geometry
and 2D plate matrix for fabrication / (b) Base geometry polygon mesh (DCEL mesh), plate ID
numbers are visualized in blue color, edge ID numbers are shown in black color.

One of the most critical parameters for fabrication is the cutting angle at which the tool must
be inclined to produce the plate components. This angle, §, results from the dihedral fold
angles, ¢, in the basic polygon mesh. If the dihedral angle ¢ = 90°, no alignment of the tool
is required. Furthermore, such orthogonal folds are structurally beneficial. However, it is
not possible or feasible to achieve the overall geometry without a deviation § from these
orthogonal angles (see Fig. 2.6). On the CNC machine used for the cutting of the plates at the
plate manufacturer and wood-processing facilities, the maximum tool alignment angle was
B =60°. This allows for a maximum fold angle of 150°. Considering the tool-holder profile, in
this case a slim thermo-shrink chuck, the required clamping length of the shank-type milling
cutter can be calculated. This protrusion is to be kept as small as possible because it makes
the cutting prone to vibrations, which reduce cutting speed and quality. Larger protrusions
therefore require larger milling cutter diameters; however, this increase in diameter would
have a negative effect on the notches, which are required for the cutting of the concave corners
of the plate contours.

Due to the 456 differently shaped edge joints, various slanting cuts are required for the fab-
rication of the components. The parts were thus manufactured with a five-axis CNC NC-
PMT/190-TUCU/ISO40 machining center (anno 2000) from the manufacturer CMS (SCM
Group, Rimini, Italy), which was available at the facilities of the timber-plate manufacturer
Schilliger Holz AG (Kiissnacht, Switzerland). With an X-axis length of 28.5 m, the machine
allowed the cutting of raw plates of up to 15 m long. The necessary five-axis CNC machin-
ing, which is required at approximately 500 different component edges with thousands of
differently inclined tenon geometries, could not be efficiently generated with standard CAM
software solutions for regular timber construction tasks. Instead, a custom-developed CAD
plugin for the automated ISO G-code [73] generation of integrally inserted wood-based panels
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Figure 2.6 — Double-layered folded-plate assembly principle, and tool alignment angle
results from the fold angles deviation from 90°. Very obtuse or acute fold angles require a large
inclination of the tool during cutting.

was developed. The underlying algorithm has already been used in previous projects and was
further improved and adapted for the Vidy theater [125]. One of the necessary adaptations
was a special postprocessor for the CMS machine of the industry partner company. Using
the CAD plugin, various special details of integral connections can be created automatically.
These include, for example, notch cuts in the concave corners, which are necessary for the
insertion of sharp corners on the inserted tenons. This interface allowed for the automatic
conversion of the plate contour data out of the 2D plate matrix shown in Fig. 2.7 into ISO
G-code, which can be sent to the machining center’s control system simply by hatch selection.

Finally, plates geometries, wood-wood connection geometries, and CNC G-code for the
production were automatically generated as function of inputs parameters defined by the
project designer. The resulting files and information were exchanged with the different
partners as well as the company in charge of the manufacturing part. This is a good example
of a new workflow of design-to-production described in Section 1.1.2 and Fig. 1.2.
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Figure 2.7 — Automatically generated 2D matrix of 308 individually shaped plates.
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2.4 Experimental investigations of single-layered connections

With the construction system of the Vidy theater, single- and double-layered TT connections
were used to join the different building components. In addition, CLT panels were considered
for the first time, since LVL panels were generally preferred for their low thickness and good
structural performance. The connections should also be able to withstand large forces, espe-
cially at the corner of the structure between the roof and wall joints. The rotational behavior
of single-layered TT connections was thus investigated for different CLT panels to select the
optimal option for the project.

2.4.1 Methods

Samples were tested using a setup developed especially for the rotational-mechanical charac-
terization of single-layered TT joints (see Fig. 2.8) [127]. A 20-kN cylinder pressing on a steel
lever arm was used to transmit rotation to the roof panel, which was in contact with the surface
of the wall panel. The lever arm maintained the load perpendicular to the roof panel in any
position. The wall panel was rigidly fixed using four bolts. The rotation and load were recorded
using two inclinometers and four load cells fixed at each connection point of the roof panel.
During these tests, the rotation was limited to 30°. A connection with a greater rotation is not
relevant because the rotation causes large deflections and does not satisfy the serviceability
limit states (SLS) of current European timber building codes, such as Eurocode 5 [33]. All
results were obtained based on the EN 789 standard [38] for the determination of mechanical
properties of wood-based panels.

Figure 2.8 — Rotational setup for single-layered TT connections: (1) inclinometers, (2) lever
arm, (3) four load cells, (4) wall panel, and (5) roof panel.

2.4.2 Samples

All tests were performed with the grain orientation perpendicular to the joint length of 150 mm
and with a dihedral angle equal to 90° (see Fig. 2.9a and b). This configuration is used in the
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connections between the walls and roof of the project building. Four series, each with different
geometries and properties, were tested for a total of 12 specimens per panel type and a total
amount of 36 specimens. The influence of tenon inclination (0° or 15°) and screw usage was
investigated (see Fig. 2.9a). Screws for timber construction with an asymmetrical double-
threaded portion and a length of 90 mm (reference: 0170 655 90, Wiirth Group, Kiinzelsau,
Germany) were used. In this study, the influence of the dihedral angle was not investigated.
However, Roche et al. [128] have already tested different angles with LVL panels in 2016. For
the materials, two types of spruce CLT were investigated and compared to one type of spruce
LVL. The material properties of the different panels are summarized in Table 2.2 and the
lay-up is shown in Fig. 2.9c. The CLT panel (1) was the first proposition for designing the
project. It comprises two external layers of 12.5 mm each and a middle layer of 15 mm. On the
other hand, the CLT panel (2) is composed of five 9-mm thick layers and has a total thickness
of 45 mm. Both of these panels are produced by the Swiss company Schilliger Holtz AG
(Kiissnacht, Switzerland) and possess a European Technical Approval (ETA) [39] to describe
their mechanical properties. The spruce LVL is a Kerto Q® panel produced by Metsd Wood
(Espoo, Finland) and its mechanical properties are described in the VTT certificate [163].

Table 2.2 - Materials investigated in the rotational tests on TT connections.

Designation CLT (1) CLT (2) LVL (3)
Thickness 40 mm 45 mm 39 mm
Lay-up [—1 [=1—1 ===

Lay-up 12.5/15/125mm 5x9mm 13 x 3 mm

V SL 151 (screws)

Figure 2.9 — Sample geometries for single-layered TT connections: (a) Axonometry of the
different samples / (b) Grain orientation of the samples / (c) Lay-up of the different panels.
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2.4.3 Results of the CLT panel (1)
Mechanical behavior of the joint

From the tests, a general mechanical behavior of the joint was observed for all samples made
with CLT panels (1), as shown in Fig. 2.10a. The ultimate moment was observed as a block
failure appearing in the external layer of the panel. This block could not follow the rotation
of the roof because of the wall tenon. The external-layer grain orientation, perpendicular to
the joint length, caused a block shear failure (see Fig. 2.11a). Despite this failure mode, the
rupture was not fragile because the internal and middle layers were still intact at this moment.
However, when the rotation continued, the excessive rolling shear caused the failure of the
middle layer (see Fig. 2.11b, ¢, and d). In addition, the bonding surface between the external
and middle layers broke when the rolling shear increased (see Fig. 2.11c). For the internal layer,
the failure mode was similar to that of a clamped beam in bending, as observed in Fig. 2.11b.
The stress distribution in the panel depends on the grain orientation in each layer, which is
determined before gluing and pressing each wood piece during the manufacturing of CLT in
the factory. The manufacturing process is therefore crucial to the failure mode of the CLT, and
each manufacturing step must thus be meticulously controlled.

) Ultimate oy
Yield Moment !/
Moment 500 /1y —
| 400 B
E| E :
> Z 300t
= s
—o— V SL 0° + Screw
200 + —— VSLO°
100 +
() . | | (b)
. ‘ 0 5 10 15
rot (°) rot(°)
600 r
// / e 250 —V.SL.01
500 , // —V.SL.0
200 V.SL.151
400L —— 7 ¢ —V.SL.15
€ / N ==~ - € 1501
£ 300f _ - z
= — =
100 +
200+
—»—V SL 15° + Screw
——V SL 15°
100} 50 ¢
0 (c) ‘ ‘ ‘ (d)
5 10 15 0 0.5 1 1.5 2
rot(°) rot(°)

Figure 2.10 — (a) Mechanical behavior of the 40-mm CLT single-layered TT joint in rotation /
(b) Results for samples without tenon inclination / (c) Results for samples with tenon inclina-

tion / (d) Elastic stiffness for all samples (10 to 40% of the ultimate moment).
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Figure 2.11 — Failure modes of the 40-mm CLT joint in rotation.

Stiffness and load-carrying capacity

The ultimate moment and rotation were determined alongside the elastic stiffness, which was
defined by a linear regression from 10 to 40% of the ultimate moment. The average results
for each sample are listed in Table 2.3, and the full moment-rotation curves are displayed in
Fig. 2.10b and c. Overall, the joint with no tenon inclination had superior mechanical charac-
teristics. However, the results were highly homogeneous for the elastic stiffness (see Fig. 2.10d).
All screwed samples behaved similarly. Screws can therefore be used to homogenize the joint
behavior and avoid gaps by keeping wood surfaces in contact. However, there were significant
differences between non-screwed samples. With a tenon inclination of 15°, the elastic stiffness
and the ultimate moment decreased by 15% and 35%, respectively. Therefore, particular
attention has to be paid to the double-layered joints with inclined tenons present in the roof
central panel. In addition, tenon inclination is not relevant for preventing the disassembly of
two parts as this phenomenon was not observed during the tests.

Table 2.3 - Results for 40-mm single-layered CLT connections in rotation.

Tenon Elastic Yield Ultimate Ultimate

ID Screw inclination stiffness moment rotation moment
) (N-m/°) (N-m) @) (N-m)
VSLO No 0 126.74 403.46 3.55 448.95
VSLO01 Yes 0 136.46 454.81 3.32 515.78
VSL15 No 15 110.53 298.83 2.68 425.22
VSL 151 Yes 15 131.74 436.45 3.33 559.18
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2.4.4 Results of the CLT panel (2)
Mechanical behavior of the joint

The general behavior of the samples made of CLT panels (2) was also observed (see Fig. 2.12a).
The shape of the curve was more ductile compared to the brittle block shear failure occurring
at the yield moment of CLT panel (1) samples. A significant decrease of the performance was
not observed after the failure of the first layer. However, the failure mode was exactly the same,
except that it was repeated over several layers. A block shear failure occurred in the layers with
the grain orientation perpendicular to the joint length (see Fig. 2.13a and b), while a rolling
shear failure occurred in the other layers (see Fig. 2.13c and d). Overall, the behavior of the
CLT panel (2) connections of 9-mm-thick layers is superior as it prevents weak failures after
the yield point and maximum bending moment.
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/
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- P £
ZE F z400r o
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Figure 2.12 — (a) Mechanical behavior of the 45 mm CLT single-layered TT joint in rotation /
(b) Results for samples without tenon inclination / (c) Results for samples with tenon inclina-
tion / (d) Elastic stiffness for all the samples (10 to 40% of the ultimate moment).

Stiffness and load-carrying capacity

The elastic stiffness, ultimate moment, and ultimate rotation were determined in the same
manner as for the CLT panel (1) connections. The average results of each sample are listed in
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Figure 2.13 — Failure modes of the 45 mm CLT joint in rotation.

Table 2.4 - Results for 45-mm single-layered CLT connections in rotation.

Tenon Elastic Yield Ultimate Ultimate

ID Screw inclination stiffness moment rotation moment
") (N-m/°) (N-m) ) (N-m)
VSLO No 0 123.23 448.21 3.21 644.73
VSLO01 Yes 0 121.55 465.75 3.44 707.60
VSL15 No 15 124.43 445.68 3.30 638.11
VSL151  Yes 15 108.60 460.36 4.14 691.78

Table 2.4 and the full moment-rotation curves are displayed in Fig. 2.12b and c. With this panel,
the behavior was more homogeneous, even with a tenon inclination. The elastic stiffness was
almost the same for every configuration except for the screwed joint with an inclined tenon,
which had a 10% lower elastic stiffness than the others (see Fig. 2.12d). However, the yield and
ultimate moment for the screwed samples were both 10% higher than for the non-screwed
samples. Therefore, screws are a good option to maintain the contact between the panels and
prevent any gap in the structure. Furthermore, the 15° tenon inclination does not depreciate
the mechanical properties of the joint for this CLT panel type.

2.4.5 Comparative analysis of materials

In order to conduct a comparison with the material generally used for IBOIS’s research and
projects, the spruce LVL (3) Kerto Q® was tested with three samples of one geometry (V SL
0, no tenon inclination, and no screws). The comparative graph for the samples without
screws and tenon inclination is shown in Fig. 2.14. The behavior of the LVL (3) joint for this
geometry was quite similar to the 45-mm-thick CLT (2) joint because, unlike the 40-mm-thick
CLT (1) joint, there was no weak point after the yield moment. After the ultimate moment,
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Table 2.5 — Results per material type for one geometry without screws or tenon inclination.

Tenon Elastic Yield Ultimate Ultimate

Material Screw Inclination stiffness moment rotation moment
") (N-m/*) (N-m) ") (N-m)
CLT 40 mm No 0 126.74 403.46 3.55 448.95
CLT 45 mm No 0 123.23 448.21 3.21 644.73
LVL 39 mm No 0 50.98 195.85 4.59 302.22

the decrease in performance was smaller and continued at a larger rotation than with the
45-mm-thick CLT panels (2). The behavior of this material was more ductile but less efficient
from a mechanical performance perspective. Furthermore, the failure mode was different
from that of the CLT samples (see Fig. 2.15). The grain orientation of the LVL panels was
perpendicular to the joint length, except for three layers in which the grain orientation was
parallel to the joint length. A block shear failure occurred in the layers perpendicular to the
joint length (see Fig. 2.15a), while a delamination occurred in the layers parallel to the joint
length (see Fig. 2.15b). In general, CLT panels (1) and (2) were stronger than LVL panels. The
elastic stiffness, yield moment, and ultimate moment of the 40-mm-thick CLT panel were
60%, 51%, and 33% higher than the LVL panel performance, respectively (see Table 2.5). LVL
connections allow for a larger rotation, which is, however, not relevant considering the SLS of
the structure.

Concerning the two CLT panel types, their results are compared in Table 2.6. For the samples
without screws or tenon inclinations (V SL 0), the elastic stiffness was almost the same but
the yield and ultimate moment were 11% and 44% higher for the 45-mm-thick CLT panel
(2), respectively. For the samples without screws and with a tenon inclination of 15°, the
elastic stiffness, yield moment, and ultimate moment were 13%, 49%, and 50% higher for the
45-mm-thick CLT panel (2), respectively. The inclination of the tenon had a limited influence
on the mechanical behavior in rotation for the 45-mm-thick CLT panel (2), while the yield
moment decreased by 35% for the 40-mm-thick CLT panel (1). For the screwed samples (V SL
01 and 151), the yield moment was quite similar and the difference in ultimate moment was
reduced.

Finally, the tests on single-layered joints showed that CLT panels have superior rotational
performance for the considered joint geometries than the LVL panels generally used for IBOIS’s
research. Therefore, the 45-mm-thick CLT panel (2) is the best option for the Vidy theater
project for multiple reasons:

e It has a greater stiffness than the 40-mm CLT panel (1).

e It has a greater yield moment.

e Tt can withstand a larger rotation in elastic part compared to the 40-mm CLT panel (1).
e Its ultimate moment is greater than CLT 40-mm (almost double).

* Tt demonstrates homogeneous behavior even with tenon inclination (between 0°to 15°).
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Figure 2.14 — Average moment-rotation curves per material type for single-layered TT joint in
rotation (no screws or tenon inclination).

Figure 2.15 — Failure mode of the 39-mm spruce LVL joint in rotation.

Table 2.6 — Results for the 45-mm CLT joint using the 40-mm CLT joint as reference.

Tenon Elastic Yield Ultimate Ultimate

ID Screw inclination stiffness moment rotation moment
) (%) (%) (%) (%)
VSLO No -3 11 -10 44
VSLO01 Yes 0 -11 2 4 37
VSL 15 No 15 13 49 2 50
VSL 151 Yes 15 -18 5 24 24
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2.5 Experimental investigations of double-layered connections

In this section, the work was focused on the rotational load-carrying capacity of the double-
layered TT joint connecting wall and roof elements as it is the most critical part of the structure
according to the Bureau d’Etudes Weinand, who was in charge of the design calculations. The
experimental research was performed with 40-mm-thick CLT due to time constraints of the
project as well as manufacturer supply constraints.

2.5.1 Methods

Since the rotational setup designed for the single-layered TT joint was too small, another
experimental setup that considered the geometrical constraints imposed by double-layered
joints was used (see Fig. 2.16a). In this setup, the force from a 50-kN hydraulic jack was applied
directly to the specimens with a wood stiffener screwed between the roof layers to transmit the
load homogeneously to the joint. The wall panels were rigidly fastened with four bolts crossing
the two layers, and the spacing between layers was maintained with two wood stiffeners.
The displacement and loads were recorded using four linear variable differential transformer
(LVDT) sensors and one load cell attached to the hydraulic jack, respectively.

2.5.2 Samples

Two different series of samples were tested as shown in Fig. 2.16b, for a total of 10 specimens.
The joint lengths were of 250 and 150 mm for the double and single tenons, respectively.
Dihedral angles of 90° and 110° were studied to observe the influence of this parameter, with
the latter angle corresponding to the angle between wall and roof elements in the project.
Specific screws (reference: 016536, type: assy, Wiirth Group, Kiinzelsau, Germany) were used
to enhance the joint behavior, especially in traction. As mentioned previously, 40-mm-thick
CLT panels were used for the tests, with a grain orientation perpendicular to the joint length.

Figure 2.16 — (a) Rotational setup for double-layered TT connections: (1) load cell and hydraulic
jack, (2) displacement sensors, (3) roof layers, (4) four bolts @24 mm, and (5) wall layers /
(b) Double-layered samples: (6) location of screws.
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2.5.3 Results and discussions

The failure mode of double-layered joints was found to be different from that of single-layered
joints, as observed in Fig. 2.18. Double-layered joints were highly rigid, as the wall part did
not follow the applied rotation. The roof section was thus blocked and reacted like a clamped
beam. Therefore, only the cantilevered section of the roof exhibited deflections (see Fig. 2.18a).
The cross-section of the roof panel, which was reduced due to the tenon length, failed at the
bottom and top panels during the rotation (see Fig. 2.18b and c). The reduced sections of
the bottom and top panels were 50 and 100 mm, respectively. The average results of each
sample type are listed in Table 2.7 and shown in Fig. 2.19. The elastic stiffness, yield moment,
and ultimate moment were 60%, 20%, and 36% greater, respectively, for the double-layered
joint with a 90° dihedral angle than for a 110° dihedral angle. The dihedral angle is thus an
important parameter that significantly influences the mechanical behavior of this joint.

A FE model was built by the Bureau d’Etudes Weinand, which was in charge of the design
calculations for the Vidy theater. Based on this model, the maximum moment in a TT joint
was located in the corner of a building segment with a value of 4.33 kN-m (see Fig. 2.17). From
the tests, the maximum moment was 7.40 kN-m for the corresponding joint configuration. The
5% fractile characteristic value was 6.28 kN-m, following the calculation protocol of annex D of
Eurocode 0 [31] (design assisted by testing). The characteristic value determined by tests was
45% greater than the FE model value. In addition, 40-mm-thick CLT was tested whereas 45-
mm-thick CLT used for the project has greater rotational mechanical characteristics, as shown
in Section 2.4.5. Moreover, the reduced section of 50 mm used in the tests (see Fig. 2.18a),
due to geometrical and experimental constraints, is equal to 250 mm in the project. The
double-layered TT connection can therefore be considered conservative with respect to the
rotational load-carrying capacity for the Vidy theater project.

=4.33 KN.m

©
joint,max ,\'L-%“\\@
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Figure 2.17 - Finite element model representation with the mostloaded connection in rotation.
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Figure 2.18 — Failure mode of a double-layered joint in rotation.

Table 2.7 - Results for the double-layered TT connections in rotation.

Elastic Yield Ultimate Ultimate

ID stiffness moment rotation moment
(kN-m/*) (kN-m) @) (kN-m)
VDL 00 4.04 6.15 1.71 10.09
VDLO1 2.52 5.14 2.04 7.40
Difference 60% 20% 19% 36%
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Figure 2.19 — Moment-rotation curves per sample type for the double-layered joints.
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2.6 Conclusions

This chapter presents the first building implementation of a double-layered timber folded-
plate structure using digitally produced TT connections: the Vidy theater. Many years of
research have successfully contributed to the design of this structure composed of 308 different
plate shapes, 456 different joint angles, and over 3 000 TT connections.

The complexity of such a project can be managed through new design-to-production work-
flows, linking the fabrication process and its capabilities to the architectural design and
planning processes. Specific CAD plugins were thus developed to automatically generate and
fabricate the different structural parts based on input parameters, such as the folding form,
plate thickness, and offset between the layers. These parameters remained variable, allowing
great flexibility in the design during the project. Algorithms were packaged into custom-made
software tools and were used by a number of collaborators, from the project designers (for the
3D geometry) to the CNC technicians (for the fabrication process). Specific computational
tools for the design of digitally produced TT connections were efficiently used in a project
environment with multiple stakeholders.

Concerning the structural design of the theater, experimental research was conducted on
the rotational behavior of single- and double-layered TT connections. CLT panels were
investigated for the first time and demonstrated superior rotational performance for this
specific TT geometry than LVL panels generally used for such structures. As a result, CLT
with a thickness of 45 mm was selected for the project. This highlights the potential of other
engineered timber products for wood-wood connections.

The global structural verifications were performed by the Bureau d’Etudes Weinand with
an FE model. No automated pipelines between the CAD and FE software packages were
introduced for this project. Nonetheless, load-carrying capacity in rotation was experimentally
verified in the most loaded connection, located in a corner arch, to complement the design
office’s calculations. The moment-rotation capacity of the connection largely satisfied the
requirement of the project. This result confirmed that TT connections are an efficient solution
for the assembly of timber plate structures.

Finally, this preliminary work proved the feasibility of this construction system at the building
scale. With the knowledge gained from this project, building components for standardized
applications can now be developed using TT connections.
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8] Standardized construction system:
development and potential

This chapter is based on: J. Gamerro, I. Lemaitre and Y. Weinand. Mechanical Characterization
of Timber Structural Elements using Integral Mechanical Attachments. In Proceedings of the
World Conference on Timber Engineering. Seoul, South Korea, 2018.

3.1 Introduction

The preliminary work performed on the Vidy theater described in Chapter 2 has shown the
great potential of digitally produced connections for timber plate structures and proven the
feasibility of this construction technique at the building scale. However, most research has
focused on complex geometries, such as the folded and free-from structures described in
Section 1.1.3. With the knowledge gained from research and project implementations, TT
connections could be used for more standardized building elements such as roof or slab
components with basic geometry. This joining technique offers an alternative to bonding
processes and steel fasteners for small and medium-sized timber companies, which generally
have the required production tools (CAD, CAM, and CNC), as mentioned in Section 1.1.4.

Therefore, the main objective of this chapter is to develop a standardized construction system
for basic building components using only TT connections. Bonding processes or steel fasteners
are thus not considered within this work. Based on recent research and new construction
paradigms, the construction concept is presented with different connection possibilities
depending on fabrication capacities, materials, and assembly insertions. The potential of this
new system is then studied through a case-study conducted in collaboration with two industry
partners. An FE model is developed for structural investigations, and experimental tests on
specific TT configurations are performed to run the model. Subsequently, a comparison with
glued and nailed connections, generally used in timber construction, is realized to evaluate
the performance of this new construction system.
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The chapter is structured as follows:

* Section 3.2 proposes a brief state-of-the-art of recent standardized construction systems
using wood-wood connections.

* Section 3.3 presents the development of the new standardized construction system.

* Section 3.4 introduces the case-study.

* Section 3.5 describes the development of the FE model and the experimental study on
specific TT connections.

¢ Section 3.6 discusses the results of the case-study.

¢ Section 3.7 summarizes the main conclusions.

3.2 State-of-the-art

New construction paradigms have emerged with the rise of digital fabrication. A specific
approach called “design for manufacture and assembly” (DfMA) [11, 155] has been increas-
ingly applied to the construction industry. The DfMA approach consists in decomposing a
construction into different subsystems: an example is the product-based approach used in
many other industries (cars, furniture, etc.), as shown in Fig. 3.1. Although buildings cannot
be compared to these products for various reasons (unique form and construction site each
time), the standardization of components can enhance the efficiency of the construction
process to meet ever-increasing normative requirements. The main goal of this approach is to
minimize the costs of different stages of construction throughout the life of the building: from
manufacturing, assembly, and maintenance to dismantling.

S

Assembly Product

SIESES

Material Part

Figure 3.1 —- DfMA product-based approach: comparison of the construction with car and
furniture industries. Based on [155].
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DfMA can be applied to different standardized construction methods, from off-site to flat-pack
systems (see Fig. 3.2). However, off-site and mass-construction methods require large-scale
centralized factories with large investments, high transportation costs, and products that are
not always flexible. Nevertheless, bonding processes generally used in construction require
such factories and heavy industrial processes with continuous production controls. On the
other hand, flat-pack methods can provide a more distributed and resilient manufacturing
process accessible to SMEs, which is beneficial for the local economy and environment.
Production flexibility and transport costs are optimized, while efficiency can decrease due to
on-site assembly. A combination of flat-pack and prefabricated methods can be considered
for SMEs to improve the efficiency of the construction process.

(a

(b)_ ©

Figure 3.2 — Construction methods: (a) Off-site / (b) Prefabricated panel / (c) Mass panel /
(d) Flat-pack. Based on [155].

Based on this idea, the wood grammar frame, presented by Sass [133, 134] in 2006, describes
the use of new digital workflows, from design-to-production, for standard housing compo-
nents using wood-wood connections. It introduces the concept of 2D flat-packs directly
delivered on-site, where the different elements of a 3D component (a slab, for example) are
assembled on-site to minimize the volume transported (see Fig. 3.3). Only small plates are
thus used so as to be manually maneuverable by workers and reconstitute larger spans. Several
projects and research studies have been performed using this construction paradigm, such as
the WikiHouse developed by the Open Systems Lab (Open Systems Lab®, England) [150, 165],
the Sim[PLY] construction system (Clemson University School of Architecture, USA) (3, 149],
the X-Frame system (X-Frame Limited®, New Zealand) [42, 168], and the Facit Homes system

Figure 3.3 — Flat-pack system: (a) 3D structure / (b) Part of the 3D structure / (c) Decomposition
of the 3D element into standard panels / (d) Panels and cuts needed to reconstitute the
structural element. Based on [133].
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(Facit Homes Limited®, London, England) [40]. These construction systems are illustrated in
Fig. 3.4. They were mainly developed in an academic environment (X-Frame system, Sim[PLY],
Wood Frame Grammar) or in non-profit organizations such as the Open Systems Lab (Wiki-
House). Only the company Facit Homes Limited® in the UK is already business-oriented and
available on the construction market. Most of these organizations conduct pilot case-studies
to continue their development and address construction challenges. Regarding mechanical
performance, no clear guidelines exist for the structural design of such construction systems,
as they use different types of wood-wood connections, as well as various types of steel fas-
tener. Nonetheless, recent research on wood-wood connections for timber plate structures,
performed at the University of Queensland (St Lucia, Australia), has highlighted the potential
structural performance of standardized building elements such as walls with flat or curved
geometries (2, 4, 50].

Figure 3.4 — (a) WikiHouse [165] / (b) Wood Frame Grammar system [133] / (c) X-Frame
system [168] / (d) Sim[PLY] system [149] / (e) Facit Homes system [40].

3.3 Proposal of a standardized construction system

According to recent research and the new construction paradigm introduced above, a stan-
dardized construction system made of engineered thin-timber panels using TT connections
was developed. The scope of the study and the construction system are presented in this
section.
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3.3.1 Scope

For the development of a standardized structural system using TT connections, the scope was
defined by the fabrication constraints and materials. This research was mainly conducted with
the available production tools of the IBOIS laboratory: a five-axis CNC machine (model: MM7S,
MAKA System GmbH, Nersingen, Germany) and a six-axis robot (model: 6400R M2000, ABB,
Zurich, Switzerland), as shown in Fig. 3.5. The CNC machine has relatively small dimensions
with a cutting capacity of only 2.5 by 1.5 m, which is at least equivalent to machines operating
in SMEs. The maximum height is not of major importance, as only engineered timber products
in the form of thin panels with a thickness of under 50 mm are considered, such as CLT, LVL,
and oriented strand board (OSB). Glued laminated timber (GLT), generally used for beam
elements, and fiberboard, rarely employed in structural applications, are not within the scope
of this research (see Fig. 3.6). The six-axis robot was installed at IBOIS at the end of 2019 for
research into the automatic assembly of prefabricated timber elements. It was not used for
the present fabrication research due to constraints imposed by the the timeline.

Figure 3.5 — Production tools at IBOIS / (a) five-axis CNC machine / (b) Zoom on the cutting
tool during the machining process / (c) six-axis robot when manipulating a panel.

Glue-Laminated Timber (GLT)

Cross-Laminated Timber (CLT)

Sawing Drying, planlng grading |mber
Plywood

VD) o ) P
W / —» 4 / Laminated-Veneer Lumber (LVL)
Elelc @ L2

Logs Peeling Drying, cutting, sortlng Veneers

F— 7

Stranding Drying, sortlng Strands / / Fiberboard

Oriented Strand Board (OSB)

Figure 3.6 — Engineered timber products. Based on [112].
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3.3.2 The construction system

The main goal of this research was to develop a structural system that can reconstitute ele-
ments with a span of 5 to 10 m exclusively with commonly available supplier-sized panels
and TT connections. Most standard dimensions of timber panels on the timber construction
market range from 2.5 by 1.25 m to 5 by 2.5 m. In addition, the cutting-capacity limitation of
production tools for SMEs may also preclude the use of larger panels.

Therefore, the proposed structural element is composed of two rows of parallel beams (webs)
connected to two top and bottom panel layers (flanges) through TT connections, with panels
arranged in staggered rows to reconstitute the total length of the element with small panels
(see Fig. 3.7). This concept can thus achieve spans greater than the length of the panels used
without the addition of bonding processes or mechanical fasteners. Due to this specificity,
there are discontinuities along the length of elements that can reduce the structural perfor-
mance (see Fig. 3.7, (10) and (11)). This is not common for interconnected timber elements,
which generally show continuity along the element length. Discontinuities along the length of
the element are taken up by different connections, which transfers the force flow from one
panel to another between the different layers in flanges and webs.

Figure 3.7 — Construction system: (1) top flange exterior layer, (2) top flange interior layer,
(3) through-tenon connection, (4) transversal beam, (5) web first layer, (6) web second layer,
(7) longitudinal connection for web, (8) bottom flange interior layer, (9) bottom flange exterior
layer, (10) discontinuities between flanges, and (11) discontinuities between webs.
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Figure 3.8 — Through-tenon joint parameters: (a) Effective tenon length as function of notch
position (front view) / (b) Effective mortise length as function of notch position (top view) /
(c) Possible insertion angles (front view and side view for c¢.3) / (d) Bottom joint for tensile
forces (side view).
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The main connections between webs and flanges are achieved with TT joints (see Fig. 3.7, (3)).
Different TT geometries can be used depending on various parameters, such as the notch
position due to the diameter of the cutting tool during CNC manufacturing, as shown in
Fig. 3.8a and b. The recommended options for the notch position are (a.2) and (b.2), as the
effective tenon and mortise length, I, ¢ and [, o5 respectively, are both maximized. Other
configurations can be used if needed for a specific application. In addition, two insertion
angles a;; and a; can be introduced to facilitate the assembly of the joint (see Fig. 3.8c).
These parameters are crucial, as the feasibility of the system depends on the user’s ability to
assemble several joints in series. The angle a,; is easier to manufacture, as only three-axis
cutting is necessary, compared to five-axis cutting required for the angle a . Thus, the angle
ay is the preferred option to optimize effort in terms of programming and machining time
even if a five-axis operation is still required for the mortise. Nonetheless, both a;; and a;,
may be required depending on material tolerances.

For the bottom layer, another type of TT joint can be applied to avoid the use of mechanical
fasteners to withstand the tensile forces and self-weight of the bottom flange, as shown in
Fig. 3.8d. The assembly sequence of such joint geometry follows different insertion vectors
that lock the element in its final position (see Fig. 3.9). However, this type of joint also requires
additional machining as well as a specific assembly sequence, which can be difficult to follow,
depending on whether the element is assembled on-site or prefabricated. Option (d.2) was
tested on small-scale prototypes and demonstrated highly fragile behavior during assembly of
the different parts. Option (d.3) is preferable if this type of joint is applied in the structure.

Concerning the discontinuities between webs in the same row (see Fig. 3.7, (11)), additional
connections to TT joints can be added to transfer the significant shear forces between these
elements and improve the mechanical behavior of the structural elements. Finger joints are
an appropriate choice since they have a simple and efficient geometry that transfers such
stresses (see Fig. 3.10a). In addition, they are easy to assemble and require only three-axis
cutting. However, it is necessary to respect a particular assembly sequence if finger joints are
used. Webs must be assembled before connecting flanges with TT joints, else the assembly
is not feasible. Other alternatives to the finger joint are possible, such as the dovetail joint,
the butterfly spline, the round joint, and the dumb-bell spline (see Fig. 3.10b, c, d, and e,
respectively). These types of joints demand a longer machining time and are more challenging
to assemble. Nonetheless, they can withstand tensile stress in addition to shear stress [68, 170].
This may be of interest in specific applications.

As shown in Fig. 3.7, (4), transversal beams can be distributed along the length of the elements
to prevent the lateral buckling of webs and reinforce the lateral behavior of a structural
element. These beams are positioned between webs and connected only to flanges with TT
joints. They are discontinuous so as not to weaken the cross-section of the longitudinal beams.
Nevertheless, if a structural element is used as diaphragm in the structure in order to resist
lateral loads, continuous transversal beams can be considered with a special assembly, such
as a half-lap joint with longitudinal beams.
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Figure 3.9 — Assembly sequence for bottom TT joints.
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Figure 3.10 — Longitudinal connections for web: (a) Finger joint / (b) Dovetail joint / (c) Butter-

fly spline / (d) Round joint / (e) Dumb-bell spline.

Finally, this concept of a new structural system using TT connections can be used with different

engineered timber products and various geometrical configurations depending on project

requirements. The fiber orientation of each panel is preferably positioned in the lengthwise

direction of the element.
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3.4 Case-study

The recent achievements of construction systems using digitally produced wood-wood con-
nections have increased the industry’s interest in this low-tech technology. Therefore, a
technology transfer has been established with two companies working in the timber indus-
try: MOBIC SA (Harzé, Belgium), specialized in timber construction, and IMAX PRO (Harzé,
Belgium), specialized in robotic solutions for timber constructions.

Based on the construction system presented in Section 3.3.2, the aim of this collaboration
is to develop prefabricated roof elements for the new industrial hall of the company MO-
BIC SA (see Fig. 3.11) and more generally, a standardized roof component for housing. The
construction of this building of about 7,000 m? is planned for 2021 and its design was per-
formed in collaboration with the Bureau d’Etudes Weinand. The structure consists of several
building segments assembled in series. Inside these building segments, the roof is divided
into elements of approximately 6 m in span, as shown in Fig. 3.11c. This study focuses on
these roof elements, which are exclusively made of spruce OSB panels to reduce costs, as OSB
is a relatively economical material. Mechanical fasteners are rarely used for OSB edgewise
connections compared to bonding joints, which creates the opportunity to use TT joints more
frequently with this material.

The overall dimensions of an element are are 6.15 m in length, 2.5 m in width, and 0.3 m in
height. It is composed of five longitudinal and nine transversal beams, all evenly spaced along
their specific directions. For the connections, TT joints were used with a spacing of 50 mm
and the configurations (a.2) and (b.1), which are illustrated in Fig. 3.8a and b, respectively. The
bottom TT joint with configuration (d.3), displayed in Fig. 3.8d, was chosen to connect the
bottom flanges to the webs and prevent the use of mechanical fasteners. An insertion angle
a1 of 1° was introduced to ease the assembly of the top and bottom TT joints. A detailed plan
of the roof element with joint geometries can be found in Appendix A.1 (see Fig. A.2 and A.1).

In the particular context of this case-study, a prefabricated approach was preferred instead
of a flat-pack system assembled onsite. In fact, the fabrication research was performed at
MOBIC SA with a robotic line equipped with special tools for the machining of OSB panels (see
Fig. 3.12b). The robotic line can cut panels over a large distance if needed. As a result, it was
decided to use continuous panels instead of small size panels (as described in Section 3.3.2)
to increase the structural performance of the element and reduce the construction time of the
project. The transportation costs were not an issue as the construction site was close to the
company factory. Different prototypes with various lengths and geometries were successfully
manufactured, as shown in Fig. 3.12. The fabrication process of this new structural element
therefore demonstrated the feasibility of its implementation in the production process of a
timber company using digital fabrication techniques.

42



3.4. Case-study

(a) Exterior view

|
\\ﬁ

(c) Axonometry of a building segment

Figure 3.11 — MOBIC SA industrial-hall project.
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Figure 3.12 — Prefabrication at MOBIC SA: (a) OSB prefabricated element during fabrica-
tion / (b) Robotic line equipped with special tools for OSB panels. [Photograph credit: Cedric
Moutschen, MOBIC SA]
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3.5 Numerical model

The structural-performance potential of the roof element presented in Section 3.4 was in-
vestigated through the development of an FE model'. The design-to-production workflow
is an essential aspect of this type of construction system, as highlighted in Chapter 2. There-
fore, automated pipelines between CAD and FE software packages were developed for the
roof element based on geometrical input parameters, as shown in Fig. 3.13. The software
Rhinoceros® (Robert McNeel & Associates, Seattle, USA) and its scripting interface were used
for the automatic generation of the geometry, for both the design and calculation model. The
geometry was imported automatically to the FE analysis software Abaqus™, version 6.12
(Dassault Systemes, Vélizy-Villacoublay, France) using custom scripting code. The program-
ming language Python [110] was the coding language common to the different interfaces.
In addition, tests were performed to assess the behavior of the TT connections specific to
the case-study and implement their mechanical properties in the FE model. Only the load-
displacement response of the roof element was of interest in this numerical study as it is
generally the main dimensioning criterion for interconnected elements that use semi-rigid
connections. The load-carrying capacity and the stress distribution in the joints were not
verified by this first approach.

Length

Height

Width
Other parameters

INPUTS

Design process p— Structural design  je————)  Fabrication process

A 4

4 . .
) ) Rhinoceros
Automatic generation | modeling tools for designers

Software : Rhino
Model : 3D CAO /
Code: Python W

N Y, - 3

Software : Abaqus
Code: Python g% ABAQUS

Output: Stresses &
deflections

Simplified geometry

A 4

Software : Rhino &
Grasshopper

'L Plugin: Plate Joints

Output: G-code (CNQ

Figure 3.13 — Automatic pipelines from CAD to FE analysis software packages.

1The model is based on the work of Stitic [173]. More recent research has since been conducted on this
topic [101, 153], and a more detailed review of calculation models is presented in Chapter 4.

44



3.5. Numerical model

3.5.1 Modeling approach

Geometry

Simplified assumptions were made for the calculation of the roof element, since the use
of 3D solid elements is too computationally expensive and complex to model correctly for
large-scale structures [173]. Plate theory was thus applied for the mathematical model and
panels were represented using conventional shell elements as the panel thickness-to-length
ratio was relatively low (z/L < 0.05) [21]. The conventional shell elements represented the
mid-surfaces of the targeted 3D elements with their section properties. Sections were defined
according to the geometry displayed in Appendix A.1 (see Fig. A.1). For mesh properties, S4R
elements [21] were selected with a uniform size of 50 mm per element, based on a mesh
convergence study. S4R elements are defined as four-node, quadrilateral shell elements
with large-strain formulation. In addition, the layers composing the flanges and webs were
considered as single shell elements (see Fig. 3.14c and d). Transversal beams were represented
as small shell elements rigidly connected to longitudinal beams (see Fig. 3.14b), as they had a
minor influence on the longitudinal load-displacement response of the element. As a result, a
possible half-lap joint between transversal and longitudinal beams was neglected in an initial
approach. The inclination of 20° initially planned in the project was not considered in this
preliminary investigation. The final shell geometry of the studied element is represented in
Fig. 3.16a.

Semi-rigid connections

The TT connections were modeled with spring elements to address their semi-rigid behavior.
Plate surfaces were partitioned to define the exact location of each connection (see Fig. 3.14,
red lines). One TT connection was divided into three springs along the length of the assembly,
as shown in Fig. 3.16b. Each spring had three translational and three rotational degrees of
freedom (DOF). Only the in-plane shear stiffness of the connection was investigated, which
represents the translational DOF in the length direction of the element. The other two transla-
tional DOFs were considered to be rigid, while rotational DOFs were considered to be hinged.
The in-plane shear stiffness of TT joints as well as nailed connections was defined according
to the experimental tests performed in Section 3.5.2. For glued connections, rigid ties were
implemented instead of spring elements.

Material

Panels of OSB type 4 were defined as a single-layer orthotropic material as described by Zhu et
al. [171, 172]. The material properties of the OSB shell-model were considered linear-elastic
and were defined by the Lamina type [21]. Only the values of Ej, E», v12, G2, G13, and Gos,
where 1 is the direction parallel to the strand, 2 is the direction perpendicular to the strand,
and 3 is the normal to the plane, are required to model an orthotropic shell material. The
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Chapter 3. Standardized construction system: development and potential

Figure 3.14 — Simplified shell geometry the FE analysis: (a) Exploded view of the studied roof
element / (b) Detail of the rigid connection between transversal and longitudinal beams /
(c) Model representation of the two longitudinal beam layers as one shell element / (d) Model
representation of the two flange layers as one shell element. The red lines represent the shell
partition for the connections.

Table 3.1 - Material properties of OSB type 4 for numerical modeling.

Constant Description Unit  Value
p Density kg/m® 620
E Elastic modulus parallel to strand  MPa 4800
E, Elastic modulus parallel to strand MPa 1900
V12 Poisson coefficient - 0.25
G2 MPa 1090
Gi3 Shear moduli MPa 60
Gos MPa 60
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3.5. Numerical model

shear moduli G;3 and G»3 are indicated to model the transverse shear deformation. The values
of the elastic properties (E; and G;;) were determined according to the supplier technical
document of the industrial partner [102] and the standard EN 12369 [29]. The Poisson ratio
coefficient v, was chosen based on literature results [85]. The values of each engineering
constant are listed in Table 3.1.

Loading configuration

The load applied to the studied element was determined according to Eurocode 1 [32] by the
Bureau d’Etudes Weinand, considering the location of the case-study. As this preliminary
investigation focused on the displacement of the elements, the SLS formulation for the loading
configuration was applied. Dead loads were taken into consideration and the SLS loads were
distributed uniformly on the top flange of the structural element.

Information transfer from CAD to FE

A CAD plugin was developed for the automatic generation of the simplified shell geometry,
which was imported automatically into the FE analysis software via the Abaqus™ scripting
interface (see Fig. 3.13). This procedure was accomplished through the following steps:

1. Simplified geometry generation based on a specific indexation system of coordinates
for the different elements and joint locations (see Fig. 3.15a and 3.15b).

2. Geometry importation from CAD to FE analysis software packages via the ACIS SAT file
format (see Fig. 3.16a).

. Definition of new coordinates for each element in the FE software.

. Assignment of section and material properties.

. Mesh generation.

. Identification of connection locations via vertices (see Fig. 3.16b).

. Assignment of spring properties or rigid ties at vertices locations.

. Implementation of the loading configuration.

© 0 N O e W

. Calculation start.

Steps 1 and 2 were performed using the CAD plugin while the other steps were performed via
the Abaqus™ scripting interface. Recently, a new design framework has been developed by
Nguyen et al.[101] for the automatic generation of shell FE models for timber structures using
a large number of wood-wood connections.
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(a) Indexation system for the flanges, longitu-  (b) Indexation system for the joint coordinates.
dinal beams, and transversal beams.

Figure 3.15 — Generation of the simplified geometry for the FE analysis software.

(a) Shell geometry imported from CAD soft-  (b) Vertices locations for spring elements, lo-
ware. cation of TT connections.

Figure 3.16 — Model representation in the FE analysis software Abaqus™.

3.5.2 Connection parameters

Based on the numerical modeling approach described above, the in-plane shear stiffness of the
specific TT joint related to the case-study was experimentally studied to define the spring value
for the numerical model. Failure modes and load-carrying capacities were not investigated in
this experimental work. A more exhaustive study on the behavior of TT connections can be
found in Chapter 5.

Material and methods

For the case-study, several TT configurations were tested to investigate the influence of the
top and bottom geometry as well as the different possible longitudinal beam thicknesses (18
or 25 mm). Seven series of different geometries consisting of three replicates were tested. The
sample properties are listed in Table 3.2 and illustrated in Fig. 3.17. The top assembly was
designed according to the configurations (a.2) and (b.1) in Fig. 3.8a and b, respectively, while
the bottom assembly was designed according to (d.3) in Fig. 3.8d. The tensile behavior of the
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3.5. Numerical model

bottom assembly was not studied during this investigation. The studied TT joint length was
50 mm for each sample and only the spacing between joints was variable (one configuration
with a spacing of 100 mm). An insertion angle a;; of 1° was introduced for all the samples. The
fiber orientation (FO) of OSB panels was parallel to the element length, except for the inner
layer of flanges (first layer according to Fig. 3.17a). The notch diameter was equal to 13 mm for
all samples. Configurations were defined in collaboration with the industrial partner according
to manufacturing and supply possibilities.

(a) 1st Iayer (b) (C)
Notches 250 mm

2 |
TT joint Top assembly /
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Figure 3.17 — Sample geometry: (a) Axonometry / (b) Side view / (c) Top view.

Table 3.2 — Sample properties.

Thickness (mm) Fiber orientation (*)
2nd 1st 2nd 1st Spacing Assembly

ID Nbr layer layer Web layer layer Web  (mm) type

M1 3 18 18 2x18 90 0 90 50 top

M2 3 18 18 2x18 90 0 90 50 bottom
M3 3 18 18 2x25 90 0 90 50 top

M4 3 18 18  2x25 90 0 90 50 bottom
M5 3 18 18  2x25 90 0 90 100 top

M6 3 18 18  2x25 90 0 90 50 top & bottom
M7 3 18 18 2x18 90 0 90 50 top & bottom

Samples were tested using a push-out test configuration as shown in Fig. 3.18a. A 300 kN
hydraulic jack (model SEV-16071000, Schalcher Engineering GmbH, Wolfertswil, Switzerland)
applied pressure directly to the web, which transmitted the load in the TT joints and the
flanges placed on the ground. A beech LVL panel was used to avoid local indentation on the
web section. Displacement and loads were recorded by the cylinder sensors. A load-control
method was followed with an approximate test duration of 10 minutes per test (partially based
on [35]). A total of 19 specimens were tested.
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Chapter 3. Standardized construction system: development and potential

Figure 3.18 — Experimental Setup: (a) Axonometry view / (b) Front view / (c) Side view.

Results and discussion

From the test results, two values were obtained: first, the maximum force (F,,,y) applied to
the sample and second, the shear stiffness (Ky) defined by a linear regression from 10 to 40%
of Fp,4x. The load distribution in the different joints composing one experimental sample was
assumed to be equal in each joint. The stiffness of each joint (K, ;) was thus defined according
to Equation (3.1), where the total stiffness of the sample (K, sampie) is divided by the total
number of TT joints (72j,ix:). The same principle was applied to Fy, 4, with Equation (3.2).

Ky,i = Ky,sample ~Njoint (3.1)

Fnax,i = Fmax,sample ~ Njoint 3.2)

The results are summarized in Table 3.3 and represented in Fig. 3.19. The local stiffness curves
for all samples are presented in Appendix A.2 (see Fig. A.3).

For the top assembly, the influence of the web thickness was negligible, as the difference
between M1 and M3 samples for Fy,qx and K, sampie was only 1% and 3%, respectively, even
though M3 tenon was 14 mm thicker. Similar results were observed for the bottom assembly
between the M2 and M4 samples, which emphasizes the negligible influence on the TT joint
behavior depending on the use of 18 or 25-mm-thick OSB panels for the web. The particular
OSB composition, with a denser surface toward the surface than in the middle of the panel,
could explain these results. Increasing the panel thickness by a few millimeters would thus
not significantly increase the mechanical properties of the assembly.

For the comparison of the top and bottom assembly, there were differences for the Ky, sqampie
and Fj,4x of 5% and 18%, respectively, between M1 and M2 samples (web of 18 mm) and
of 12% and 22%, respectively, between M3 and M4 samples (web of 25 mm). The bottom
assembly was 20% less resistant and approximately 10% less stiff for both cases. The reduced
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area and the machining of the densest part of the panel in the bottom assembly could be
the cause of these differences. These differences should be taken into consideration for the
numerical model.

In addition, a spacing of 100 mm between joints was tested. For the same assembly length
and web thickness of 25 mm, M5 samples had six joints, while M3 samples had eight joints.
For M5 samples, K;er,; and F,,.,; were 25% and 9% higher than M3 samples, respectively.
The maximum force difference was similar depending on the number of joints. However, the
stiffness was significantly different. The spacing of the joint could influence the mechanical
properties of joints in series by reaching a maximal capacity after an optimum spacing length.
These results are also based on the assumption that loads were equally distributed in the
samples, which is not certain (see Equations (3.1) and (3.2)).

Finally, the two sample types with the top and bottom geometries were tested (M6 and M7).
M6 samples showed a behavior similar to M4 samples with a bottom geometry (web with a
thickness of 25 mm). Moreover, M7 samples demonstrated an average behavior between M1
and M2 samples (web with a thickness of 18 mm). These samples were tested to ensure that
no unexpected negative effects would occur if the two geometries were combined (top and
bottom). Accordingly, the behavior was a least equivalent to bottom geometry performance,
which was the weakest.

110 T T T T T

100 - |:|Fmax (kN) L
I Stiffness (kKN/mm)
90 r N
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M1 M2 M3 M4 M5 M6 M7

Figure 3.19 - Histogram of the average result per sample for the maximum load (Fy;ax,sampie)
and the experimental stiffness (K, sampie)-
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Table 3.3 - Experimental average results per sample.

Ky,sample Ky,i Fmax,exp Fmax,i
ID nge &kN/mm) (kKN/mm) (kN) (kN)
M1 8 18.32 2.29 90.92 11.37
M2 8 17.41 2.18 77.17 9.65
M3 8 19.05 2.38 92.35 11.54
M4 8 17.04 2.13 75.49 9.44
M5 6 17.89 2.98 75.73 12.62
M6 8 17.49 - 73.89 -
M7 8 18.17 - 85.36 -

Parameter values

Based on the experimental tests, different connection stiffness values K, ; were used as input
parameters for the springs of the numerical model presented in Section 3.5.1:

M1 value for a top assembly with a web thickness of 18 mm.

M2 value for a bottom assembly with a web thickness of 18 mm.
M3 value for a top assembly with a web thickness of 25 mm.
M4 value for a bottom assembly with a web thickness of 25 mm.

The Kj,; values are listed in Table 3.3. In addition, the connection stiffness value K;,4;;,; of
a nailed connection tested in a previous study [116] was used for comparison. The connec-
tion was made of 4-mm diameter nails with a spacing of 50 mm. Glued connections were
represented as completely rigid with rigid ties instead of springs.

3.6 Results and discussions

Investigations based on the numerical model presented in Section 3.5 were performed to
assess whether the use of digitally produced TT connections was a viable alternative to glued
and nailed connections for standardized prefabricated elements in the context of a case-study.
The most important dimensioning criterion for such interconnected elements is generally the
maximum vertical displacement (w;4) due to the semi-rigid behavior of the connections.
Therefore, results were evaluated uniquely according to vertical displacement. A general limit
(w;im) was defined according to Eurocode 5 [33] and the requirements of the case-study:

Wmax < Wiim = L/150 (3.3)
where L is the total length of the structure.

A total of six configurations were computed: two different web thicknesses of 18 and 25 mm,
each with the three types of connections described in Section 3.5.2, were considered. Elements
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were simply supported for a span of 6.15 m. The results are summarized in Table 3.3 and the
configuration with 18-mm-thick webs and TT joints is shown in Fig. 3.20.

w (mm)
0
09.18
18.35
27.53

36.70

Figure 3.20 — Vertical displacement of the element configuration with a web thickness of
18 mm and TT connections.

Table 3.4 —- Maximum vertical displacement for the different element configurations.

Web Model Wmax Wiim ratio
thickness type (mm) (%)

Fully rigid 16.96 41.4
2x18mm TTjoints 36.70 89.5
Nailed 60.20 146.8

Fullyrigid 17.32 42.2
2x25mm TTjoints 38.38 93.6
Nailed 61.87 150.9

For all the configurations, the maximum vertical displacement was almost two times higher
with the TT connections compared to the totally rigid connections. On the other hand, the
maximum vertical displacement with TT connections was approximately 39% lower than for
nailed connections. In addition, the displacement limit (Equation 3.3) was respected with the
use of the TT joints, whereas the displacement with nailed connections was unacceptably large.
Overall, TT connections showed a good performance for the load-displacement response
of the case-study elements, even if the full rigidity between layers was not reconstituted as
in a glued connection. Mechanical fasteners such as nails demonstrated their limitations
compared to digitally produced TT joints for thin edgewise connections of OSB panels.

The use of thicker tenons for the configuration with two webs of 25 mm to enhance the
mechanical performance was not effective. The maximum vertical displacement was actually
slightly superior in the configuration with two 18-mm-thick webs. The experimental results
relating to connections showed that the stiffness did not increase with a thicker panel, whereas
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self-weight necessarily increased for the roof element. These two phenomena could explain
the slightly lower performance of the roof element configuration with two webs of 25-mm in
thickness.

In addition, the total computation time for the FE analysis, from the building time to the
calculation time of the different models, was investigated with fully and semi-rigid models.
A further configuration using three supports with a total span of 12 m was added to assess
the impact of larger elements on computation time. The computer used for the numerical
simulation was a Dell Precision T5810 Intel® Xeon® CPU E5-1650v3 @ 3.50 GHz with 64 GB of
RAM (Dell Technologies, Texas, USA). The results are listed in Table 3.5.

Table 3.5 - Computation times for the different configurations of elements.

Model Additional Building time Calculation time
type characteristics (min:s) (min:s)
Fullyrigid 12 m span, 3 supports 00:55 00:11.2
6 m span, 2 supports 00:13 00:06.2
TT joints 12 m span, 3 supports 38:26 02:27
6 m span, 2 supports 07:05 01:08.5

The rigid model was computed in approximately 1 minute for the longest span, with a com-
putation time five times longer than for the shortest span. The computation time of the
rigid models were relatively fast, especially compared to the semi-rigid connection models.
The total computation time for the TT-joint models for spans of 6 and 12 m was 8 and 40
minutes, respectively. The computation time for the longest span was also approximately
five times longer than for the shortest span, such as the rigid model. The building time for
both configurations represented an average of almost almost 90% of the total computation
time. The average building and calculation times of the two semi-rigid models were 36 and 10
times longer, respectively, than those of the rigid models. The building time of a semi-rigid
model thus drastically increases the total computation time, which is already significant in
comparison to rigid models. For a basic roof element and with a relatively computationally
efficient computer, the total calculation time can reach 40 minutes.
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3.7 Conclusions

Based on the knowledge gained from past research and the DfMA approach, this chapter
presents the development of a standardized construction system using only TT connections.
Small panels, commonly available on the construction market, are used to reconstitute larger
spans for basic housing components, such as slab and roof elements. Different connection
types and geometries are introduced to offer a wider range of alternatives for the design,
depending on materials and fabrication capacities. Production flexibility and transportation
costs are optimized with this standardized system, which makes it accessible to SMEs for more
resilient and distributed manufacturing on a local scale.

The feasibility of this system was proven through a case-study conducted in collaboration with
two industry partners involved in timber construction. The newly developed construction
system, normally composed of small panels, was investigated with continuous elements as a
prefabricated approach was selected for the case-study. For economic reasons, the material
chosen was spruce OSB type 4. The fabrication process was successfully implemented on a
robotic production line at the company’s factory. Several prototypes were manufactured with
various dimensions and panel sizes.

An FE model was developed, with an automated workflow from CAD to FE software packages,
to evaluate the structural potential of the case-study roof element. Only the load-displacement
behavior was of interest, as it is the main dimensioning criterion for interconnected elements
using semi-rigid connections. A comparison was performed with glued and nailed assemblies,
which are widely used connection types in modern timber structures. Although a fully rigid
connection was not reconstituted, the roof element with TT connections demonstrated strong
structural performance and satisfied the SLS of the project. Moreover, TT joints showed supe-
rior performance to that of the nailed assembly, which highlighted the viability of preferring
digitally produced wood connections over mechanical fasteners for the edgewise assembly
of thin OSB panels. Nonetheless, other engineered timber panels could be considered to
improve the structural performance of TT connections and the overall performance of the
resulting structure. In addition, the computation time of the FE model was already significant
considering the use of this element for basic building components.

Finally, the feasibility and structural potential of this new type of construction system were
confirmed. From this first investigation, more convenient calculation models can be de-
veloped to reduce engineering costs as well as to give clear guidelines for their structural
design.
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Simplified calculation method: devel-
opment and validation

This chapter is based on: J. Gamerro, J. E Bocquet and Y. Weinand. A Calculation Method for
Interconnected Timber Elements Using Wood-Wood Connections. Buildings, 10(3):61, 2020.
doi:10.3390/buildings10030061.

4.1 Introduction

The work performed in Chapter 3 has demonstrated the potential of a newly developed
standardized construction system using digitally produced TT connections. However, the
structural analysis of construction systems using a large number of wood-wood connections
has primarily been performed in previous research with sophisticated FE models, such as the
one presented in Section 3.5. This type of numerical model is generally complex, computa-
tionally expensive, and time-consuming for the design of basic building components. For a
wider use of this technology in construction, calculation models must be more convenient to
use for engineers in practice compared to the FE models developed so far, as is the case for
simple standardized elements. In addition, only the fabrication process was verified on large-
scale prototypes with continuous elements, while the flexural performance was evaluated
exclusively through numerical investigations.

Therefore, the purpose of this work is to introduce a simplified calculation model that can
capture the specifics of the proposed construction system using TT connections in a sim-
ple manner. Different calculation models, from analytical theories to numerical modeling
approaches, were reviewed to identify the most appropriate method. Based on the manu-
facturing capabilities and case-study presented in Sections 3.3.1 and 3.4, respectively, three
large-scale specimens were assembled with small plates and produced with a CNC machine.
Considering the poor mechanical properties of OSB compared to other engineered timber
products, a layer of spruce LVL was introduced into the flanges to enhance their overall behav-
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ior. Experimental tests on the bending properties of these specimens were conducted to study
their mechanical performance and assess the proposed calculation model.

The chapter is structured as follows:

* Section 4.2 introduces the state-of-the-art of calculation models for interconnected
timber elements using semi-rigid connections.

Section 4.3 describes the experimental methods and the large-scale specimens.
Section 4.4 introduces the simplified calculation method.

Section 4.5 presents and discusses the different results.

Section 4.6 summarizes the main conclusions.

4.2 State-of-the-art

One of the main parameters of interconnected wooden elements is the mechanical per-
formance of connections between different parts, as a certain continuity between layers is
required for structural applications. Glued connections are widely applied to manufactured
engineered wood products, such as GLT or CLT, as they are considered fully rigid. Most of the
time, the bonding process requires an indoor environment and an rigorous quality control
must be executed. As a result, steel fasteners and other types of connections are also exten-
sively used, even if they are not perfectly rigid. The semi-rigidity of the connections between
members, also called slip modulus, is an essential parameter that has a large influence on
deflection and bending stresses, as shown in Fig. 4.1. For interconnected timber elements with
semi-rigid connections, the generally used Euler-Bernoulli beam theory cannot be applied
because of the relative displacement between layers caused by the slip modulus of the con-

A GA \l\ B GB A‘T C GC
! u
h h h,
Jﬁ } e
h, h
N -~
— E———
Y
,\TJB),
|
1
u

Figure 4.1 — Deflection and bending stress distribution of an interconnected timber element
with multiple rectangular cross-sections: (A) using rigid connections, (B) using semi-rigid
connections, and (C) without connections. Reproduced from [10].
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nections. Consequently, different calculation methods have been developed to characterize
the effective bending stiffness (El,r) of interconnected timber elements using semi-rigid
connections, as large displacement and stability are generally the most critical criteria for
such timber construction systems.

4.2.1 Analytical theories

The theoretical bases for analytical calculation methods appeared with the high demand for
large wood cross-sections and the shortage of raw materials during World War I [97]. The first
important work was conducted by Mohler [91, 92] in 1955, followed by Schelling [135, 136] in
1968. Based on these works, Heimeshoff [65] formulated the gamma method using a reduction
coefficient y, which takes the relative displacement between layers into consideration. This
method is applicable for the following cases: reconstituted elements up to three layers, simply
supported beams with a uniform distributed load, and identical spacing and connection types
along the length. Deflection due to shear is not considered. According to the gamma method,
the effective bending stiffness (E, ) for a reconstituted beam with three elements (see Fig. 4.2)
is defined by Equations 4.1 to 4.5:

3
Eles=Y (Eil;+YiEiA;a}) 4.1)
i=1
yi=[1+7°E;A;si/ (K1) fori=1landi=3, y; =1 (4.2)
E1A;(hy + hp) —y3E3As(he + h
agzh 1A1(h + 32) Y3E3Az(h2 + h3) 4.3)
2 YiEi A
h1+h2
a) = > — ay (4.4)
hy+h
as = 2; 3+d2 (4.5)

where E; is the modulus of elasticity, I; is the moment of inertia, A; is the cross-sectional
area, s; is the spacing between connections, K; is the slip modulus of connections, [ is the
length of the element, and h; is the height, according to Fig. 4.2. The gamma method is
still relevant and serves as a basis for Eurocode 5 (EC5) Annex B [33] entitled “Mechanically
jointed beams”. Girhammar [54] also developed a simplified analysis for different types of
support and loading but only for elements of two layers, as a simplified case of the gamma
method. Kreuzinger et al. [79, 143, 144] developed another method, called the shear analogy,
which can calculate composite beams without limitation in numbers of layers but considering
simplified assumptions over two layers. This method considers the composite beam as two
beams, one working in flexion and the other in tension or compression. It is used in German
standards for timber construction [25] and exists in the form of a report published by the
European Organization for Technical Approvals [80]. Although the gamma method presents
some limitations, it remains a higly efficient method for calculation by hand compared to the
shear analogy method, which is more challenging to implement.
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Figure 4.2 — Interconnected beam with three elements according to the gamma method.
Reproduced from [10].

4.2.2 Numerical models

From the second half of the 20" century, computers allowed the development of numerical
calculation methods for reconstituted sections. In 1994, Hoeft [66] developed an FE model
for the calculation of multiple-layer beams, which was expanded by Krawczyk [77, 78] with
the FE code FELINA (EPFL, Lausanne, Switzerland). At the same time, another FE model for
multiple layer beams was developed with SOFiSTiK® software (SOFiSTiK AG, Oberschleifheim,
Germany) by Gollwitzer [56]. In his thesis, Pirazzi [109] compiled and compared different
analytical and numerical approaches, but these mainly applied to steel fastener connections.
Concerning wood-wood connections, the mechanical behavior of welding-through wood
dowels, which is a specific assembly type used in multi-layer spruce beams, was investigated
with 2D FE models [52, 89, 115] as well as a complex 3D FE model [105], with the FE code
Cast3M® (CEA, Paris-Saclay, France). The development of these 2D FE models was expanded
for grooving timber interfaces by Girardon et al. [51, 53]. Roche et al. [130] subsequently
studied the semi-rigidity of the dovetail joint for a beam on two supports with a numerical
model developed with Matlab® (The MathWorks Inc., Natick, USA). For folded free-form
timber plate structures using wood-wood connections, similar approaches were developed
based on FE shell models with spring and strip elements for the connections [101, 153], as
shown in Fig. 4.3.

The recent development of timber-concrete composite structures has also encouraged the
development of new semi-rigid connections modeling methods such as strut-and-tie mod-
els [74]. For this type of model, basic structural-analysis software packages are commonly
used. Composite elements are modeled with 2D beams with adjusted stiffness of for their con-
nections [59, 90]. This method is most likely the preferred option for engineers in practice [23],
even though more complex 3D FE models have been developed, mainly for research, such as
work on notched wood-wood connections [6, 45, 64].

There are many different analytical and numerical methods for the investigation of the ef-
fective bending stiffness of interconnected timber elements due to the semi-rigidity of their
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Figure 4.3 — FE model: (a) Timber plates connected by TT joints / (b) Plate as shell element /
(c) Connection as strip element / (d) Connection as spring element. Reproduced from [153].

connections. The appropriate method is often chosen according to various parameters, such
as the geometry of the element, the type of connection and its mechanical behavior (non-
linear or not), and also its structural application. The level of modeling complexity will not
be the same if engineers are designing a timber-concrete composite bridge or a 6-m-span
slab for housing. It is important to find the right level of complexity for the required structural
application.

4.3 Materials and experimental methods

Tests were performed on large-scale specimens to study the mechanical behavior of this new
type of structural system and to validate the calculation method proposed in Subsection 4.4.1.
Bending properties, especially the effective bending stiffness (EI, 1), were investigated as this
is the main area of interest for interconnected timber elements with semi-rigid connections.
The specimens were produced with the geometry and materials described in Subsection 4.3.1.

4.3.1 Large-scale specimens

Based on the construction system and the case-study presented in Subsection 3.3.2 and
Section 3.4 of the previous chapter, respectively, three large-scale specimens were produced
using spruce LVL and OSB, as shown in Fig. 4.4. Spruce LVL was introduced to enhance the
overall bending performance of the proposed element. The elements were 8.4 m long (L),
0.8 m wide (W), and 0.45 m high (H). The element length was chosen according to the
evolution of the case-study. Only small panels of 1.25 by 2.5 m were used to reconstitute the
span, as described in Subsection 3.3.2. As a result, there were several discontinuities along the
specimen length (see Fig.4.4, (5) red circles).

The webs were made of OSB type 3 panels with a thickness of 25 mm each (Fig. 4.4, (4)), while
the flanges consisted of spruce LVL with a thickness of 21 mm (Fig. 4.4, (2)) and OSB type 3
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panels with a thickness of 18 mm (Fig. 4.4, (1)). The webs and flanges were connected using
TT connections with a constant spacing of 150 mm. The top and bottom assemblies were
similar, both with the configurations (a.2) and (b.1) and an insertion angle a;; of 1° according
to Fig. 3.8. A special bottom TT joint was not implemented to facilitate the assembly process.
However, no additional mechanical fasteners, such as screws, were used, and no disassembly
between bottom flanges and webs was observed. There were nine transversal beams in OSB
25-mm distributed equally along the length and connected to the flanges using TT joints
(Fig. 4.4, (3)). The beams were divided in three parts so as not to weaken the two longitudinal
webs.

The fiber orientation of each panel was along their length, and TT joints were directly ma-
chined in panels to connect the different part, as no bonding process was used. All parts
were cut without gaps with the five-axis CNC machine described in Subsection 3.3.1 and
were subsequently assembled by hand. A detailed plan, with the necessary information to
reproduce the specimens, can be found in Appendix B.1 (see Fig. B.1 and B.2).

Figure 4.4 — Large-scale specimens produced in the laboratory: (1) top flange exterior layer,
(2) top flange interior layer, (3) transversal beam, (4) web double-layered, and (5) discontinu-
ities along the length.

4.3.2 Methods

Concerning the panels used for the tests, the density was tested according to EN 323 [36],
whereas the other characteristics were obtained from EN 12369 [29] for OSB type 3 (Kronospan,
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Jihlava, Czech Republic) and from the VTT certificate [163] provided by the supplier for spruce
LVL Kerto Q® (Metsi Wood, Espoo, Finland). These values are listed in Table 4.1.

Table 4.1 — Material properties.

Designation Symbol  Units LVLQ OSB3
Thickness - mm 21 18 25

Position - - flatwise flatwise edgewise

Density Pmean  kg/m® 481 576 600
Elastic modulus // to grain  Eg mean MPa 10000 4930 3800
Elastic modulus L to grain  Egg mean  MPa 3300 1980 3000
Shear modulus // to grain  Go,mean MPa 60 50 1080

Lay-up - - == 1=- | =~

Four-point bending tests were performed following the standard EN 408 [37]. The experimen-
tal setup is presented in Fig. 4.5. The test length (L) was 18 times the depth of the section with
a total extra length of 300 mm. Specimens were simply supported with a span of 8.1 m (L).
LVL beech plates of 40 mm thickness and 225 mm width were used as bearing plates and
positioned at the supports and loading heads to minimize local indentation. Two hydraulic
jacks symmetrically loaded the structure and no lateral restraints were necessary. Two LVDTs
were placed on the top flange at each quarter of the span to report the deflection resulting
from bending moments. Furthermore, the digital image correlation (DIC) technique was used
to record relative displacement caused by material discontinuities in four areas of the flange
sections, as shown in Fig. 4.5 (DIC 1, 2, 3 and 4) and Fig. 4.4 (red circles). The effective bending
stiffness E I, r was calculated according to Equation 4.6 described in EN 408 [37] Section 10.3:

23FI3 2313 Kexp

Ww=———— = Ely="—"x
648EI, 648 2

(4.6)

where L is the span, F is the load of one hydraulic jack, w is the deflection at mid-span, and
kexp is the result of the load-deformation regression analysis. As the latter is the result of the
total load applied, which is in this case the sum of two hydraulic jacks, k. is divided by two.

In addition, 10 impulsive vibration tests per specimen were performed to estimate the ini-
tial natural frequency. From this frequency value, an alternative effective bending stiffness,
El,f.estim» Was calculated using Equation 4.7 described in EC5 [33]:

2fL%m
n

EIef.estim = (4.7)
where L is the span, f is the measured natural frequency, and m is the mass of the specimen.
The formulation of Equation 4.7 does not take shear into account. The average specimen mass
was 509 kg. Vibrations were triggered using a hammer, and two acceleration transducers (HBM
B12/200) were positioned at mid-span with an acquisition speed rate of 200 Hz. The frequency
spectrum was computed according to the fast Fourier transform algorithm where the first peak
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DIC3 \LvDT3
DIC2 ™-LvDT1 (c)

INCL3

(d)

L/4 L/4 L/4 L/4
L/3 L/3 L/3

Figure 4.5 — Four-point bending test setup for large-scale specimens: (a) Photograph of the
setup during a test / (b) Technical drawing, axonometry / (c) Side view / (d) Front view.
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represents the natural frequency f of the structural element, as shown in Fig. 4.6b. Further-
more, the damping ratio { was determined using the logarithmic decrement 6. This method is
suitable to obtain damping ratios of under-damped systems in the time domain [157], and is
characterized by Equations 4.8 and 4.9:

1 1 x(1)

n—
n x(t+nl)

1
(= 4.9)

where x(t) is the value of the first studied peak value at time ¢, x(t + nT) is the peak value at n
periods away. In this case, the first and third peaks of each vibration test were used to compute

(4.8)

the damping ratio (see Fig. 4.6a).
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Figure 4.6 — Vibration test on one specimen: (a) acceleration at mid-span over time / (b) Fre-
quency spectrum of the acceleration.

4.4 Simplified calculation model

As described in Section 4.2, there are different types of models for interconnected timber
elements, but such models were mainly developed for steel mechanical fasteners such as
screws, nails, or bolts. Indeed, fasteners have been one of the most-used connections in recent
decades and they remain such. Few models have been created for wood-wood connections.
However, those connections that have been produced are markedly different from the TT
assembly studied here (primarily wood dowels and surface treatments). In addition, research
has been performed on continuous elements that are different from the developed structural
elements containing many discontinuities (see Fig. 4.4, red circles). As a result, an analytical
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method is difficult to establish for this type of element because of such particularities, which
are functions of panel geometries and other characteristics. On the other hand, FE models
are often costly and time-consuming as highlighted in Section 4.2, especially for the basic
building components developed in this research. In order to represent the complexity of this
new structural system in the simplest way as possible, a numerical model made uniquely
of beam elements was developed, inspired by modeling approaches described in [23]. The
scope of validity of this model remains within the linear elastic range for basic orthogonal
geometries of the developed construction system described in Subsection 3.3.2.

4.4.1 Modeling approach

The developed construction system as well as the structural element presented in Subsec-
tion 4.3.1 have generally symmetrical cross-sections (see Fig. B.2, cutting DD’) due their basic
orthogonal geometries. They can thus be considered as a series of parallel I-beams when
studying their bending properties, reducing the calculation complexity to a two-dimensional
problem. As a result, only one I-beam was modeled to facilitate the calculation for the large-
scale specimen. The proposed model is presented in Fig. 4.7 with a complete description of the
different parts in Table 4.2. It is composed of elastic beam elements, commonly used in basic
structural-analysis software, located at the centroid of each section (see Fig. 4.7a). The beams
possess the required information such as the section and material properties used to compute
the different results. Beam elements are considered only in the elastic range in view of the
behavior observed so far. In addition, they must take into account shear deformation and rota-
tional bending effects, which corresponds to Timoshenko beam theory. Euler-Bernoulli beam
theory is not appropriate and should not be used for this modeling approach. The different
beam elements are connected together by rigid ties representing the inherent eccentricities
between the beams due to their section properties. Rigid ties couple the displacements of two
nodes with a rigid connection. The characteristics of rigid ties should have no influence on
the global mechanical response (coupling term only).

Connections are usually represented by shear stiffness in models, especially in the cases
of mechanical fasteners and continuous elements. Different connectors, such as nails or
bolts, are modeled with springs alone without the inclusion of section or material properties.
However, a different approach was developed for the TT joints in order to better represent
the connections between the different layers of flanges and webs in staggered rows. The
tenon component of the TT connection is thus modeled and represented by beam elements
with the proper section and material information, such as for webs and flanges. The mortise
part is also modeled with beam elements that possess a reduced cross-section in order to
consider the hole in the flanges at its location. The semi-rigidity of the connection is taken
into consideration with a spring between the contact area of the tenon and the mortise. The
assembly gap can be implemented through a unidirectional displacement constraint on each
spring. Fig. 4.7c shows the different parts for the modeling of a TT connection with the
proposed model: detailed information is listed in Table 4.2 (description and element type).
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The friction, whether between contact surfaces or connections, is not considered with this

method as in practice it is hard to model and predict for such large-scale elements. The most
important parameter to characterize for the proposed model is the spring in the contact area
of the TT connection, as displayed in Fig. 4.7c.

(a)

Figure 4.7 - (a) Representation of the proposed calculation model (black lines) for the I-beam
using TT connections (3D gray solid) / (b) Axonometry of one TT joint / (c) Modeling of this

joint with beam elements and springs.

Table 4.2 - Model properties according to Fig. 4.7.

ID Fig. 4.7 Section Material Description Element type
- (mm) - - -
1) 372/25 OSB3 Web Beam element
@ 18/175 OSB 3 Top flange ext. with reduced Beam element
section due to the connection
(3) 50/25 OSB3 Tenon Beam element
4) - - Stiffness between the tenonand  Spring element
the flange
4y - - Unidirectional displacement Parameter
constraint for assembly gap

5) 18/400 OSB3 Top flange ext. without reduced Beam element
section

(6) 21/400 LVLQ Top flange int. without reduced Beam element
section

@ 21/175 LVLQ Top flange int. with reduced Beam element

(8)

©)

section due to the connection
Eccentricities due to the TT
connection
Eccentricities between tenon
element and web elements

Rigid tie

Rigid tie
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4.4.2 Connection parameters

The mechanical characterization of the TT joint in the contact zone is essential. Such char-
acterization allows to determine the stiffness value of the spring element in the calculation
model presented in Fig. 4.7c. Therefore, tests were conducted on the specific TT connection
of the studied specimens in order to perform the calculation. A more exhaustive study of the
behavior of TT connections is presented in Chapter 5.

Material and methods

This experimental protocol is described more precisely in Subsection 5.4.1. A total of 10
identical samples were produced with the same CNC machine used for the structural element
to obtain a surface condition similar to the real application. The properties and geometry were
chosen according to the structural system presented in Subsection 4.3.1. The panels used for
these tests belonged to the same batch as those used for the fabrication of the three large-scale
specimens. The material and samples were conditioned in a normalized environment at
a temperature of 20°C and relative humidity of 65% [72]. Tests were realized using a static
universal testing machine (model LFV-200, Walter+Bai AG, Lohningen, Switzerland [164]) and
a displacement control method with a speed of 0.01 mm/s for an approximate duration of 3 to
4 minutes per test. Fig. 4.8 shows the configuration of the experimental setup. The hydraulic
jack applied pressure on the contact zone of 50 by 39 mm composed of OSB and LVL, while
two LVDTs measured the deformation d within the range of the distance L; of 75 mm. The
average of the two LVDTs was used to determine the final deformation and extract the contact
stiffness. Finally, the grain orientation of the different panels was perpendicular to the contact
zone as is the case for the structural element configuration.

(a) (b)
OSB 18 mm F
Kerto Q 21 mm _.

Compression
area

d% U | |
OSB 25 mm
2 layers I

Figure 4.8 — (a) Axonometry of the experimental setup for TT joints / (b) Side view / (c) Photo-
graph of the experimental setup with LVDTs.
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Results

The experimental stiffness, Ky ¢xp, was defined by a linear regression analysis of the load-
deformation response between 10 to 40% of the maximum load applied [35]. The experimental
curves are presented in Fig. 4.9. The average value for Ky .x, was 31.09 kN/mm, with a relative
standard deviation of only 6%. Such relative standard deviation represents an acceptable
homogeneity considering these materials. Equation (4.10) defines the stiffness value for one
spring element, K, ;, of the calculation model, as one connection is divided into several spring
elements (Fig. 4.7¢):

Ky,i = Kyexp + Nspring (4.10)

As aresult, the K, ; value of 3.89 kN/mm was used to compute the semi-rigid (SR) calculation
model. The geometry and precision of CNC cutting for the joint were chosen so as to assemble
the different parts of the structural element without gaps. The initial stiffness shown in Fig. 4.9
was higher than the K,,; value. However, this initial stiffness phenomenon was not taken
into consideration as it occurred for very low load values and may be due to several factors,
such as material characteristics, manufacturing parameters, assembly gaps, and moisture
content. Alternatively, the value may have resulted from a unique effect that was confined to
the first loading of the connection and did not persist over time. This phenomenon occurred
for very low displacement, from 0 to 0.1 mm, and is thus complicated to assess considering
the parameters influencing it. Consequently, K, ; was used directly in the calculation model
and no unidirectional displacement constraint was implemented. The failure mode and
maximum resistance capacity were not studied as the local behavior of the connection was
not the primary interest in this chapter.

301

Test Specimens
- Average

N 0.1Fmax

o 1 1 1 1 1 1 1 1 I
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Figure 4.9 — Experimental curves for the specific TT connections made of spruce LVL and OSB.
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Parameter values

The input parameter for the TT connection is based on experimental results (SR model)
described in the previous Subsection 4.4.2. However, two other values were used to assess the
calculation model and study the influence of the semi-rigidity. One was a completely rigid
model, named R, with infinite stiffness in the contact area that imitated a glued connection.
Another one, referred to as Optim., was based on a curve fit from the large-scale bending
test results presented in Subsection 4.5.1. The goal was to obtain the exact same mechanical
response as the bending tests by adjusting the contact stiffness value of the Optim. model
and compare it to the value used in the SR model. This Optim. model was only used for
comparison and not to develop a reliable calculation methodology. To summarize, three
different models were computed:

1. The SR model, using the value from connection tests (proposed calculation method of
this study)

2. The R model, not taking into consideration the semi-rigid behavior of connections (rigid
model)

3. The Optim. model, to determine the influence of different stiffness values

The input parameter, K, ;, of each case is listed in Table 4.3.

In addition, the gamma method, described in Subsection 4.2.1 with Equations 4.1 to 4.5, was
used to compare the model with the most commonly employed analytical method in practice.
All calculations and assumptions can be found in Appendix B.2.

4.5 Results and discussion

The results are presented in three parts: first, the effective bending stiffness El.y, which is the
main interest of this study; second, the effects of panel discontinuities as this is a challenging
part of the construction system; and finally, the failure mode is briefly described to investigate
potential areas of interest for future research.

4.5.1 Effective bending stiffness

Fig. 4.10 shows the deflection at mid-span as a function of the total applied load. The spec-
imens had an elastic linear behavior until failure. An average of the three replicates was
determined by linear regression up to the maximum force before failure to compare the El, ¢
of the tests and the different calculation models presented in Subsection 4.4.2. The results are
listed in Table 4.3.

For the EI, fr the SR model was the closest calculation to the tests with a difference of —11.98%,
whereas the R model was 41.75% more rigid. Considering a simple rigid model is thus not
appropriate according to the large overestimation for the serviceability of this type of struc-
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Table 4.3 - Results of effective bending stiffness (EI, ) and natural frequency (f).

ID Ky,i Ely 378 f 6f
- (kN/mm) (N-mm?) (%) (Hz) (%)
Tests - 7.76 x 1012 0 9.89 0
Model SR 3.89 6.83x 102 -11.98 839 -15.17
Model Optim. 6.16 7.76 x 1012 0 8.95 -9.50
Model R 00 1.10x 10"  41.75 10.65 7.68
Gamma method - 9,80x 102  26.29 - -

¥
Differences compared to the tests.

ture. This difference highlights the importance of considering the stiffness of wood-wood
connections. The gamma method also had an El,¢ that was 26.29% higher than that of the
tests. Even though the analytical method considers the semi-rigidity of connections, the
bending properties were significantly overestimated. The discontinuities along the element
length and the element’s different layers are not captured accurately with the gamma method.
The SR model is thus better adapted for estimating the bending stiffness and, therefore, the
displacement of the element.

Nevertheless, the SR model had a connection stiffness approximately 37% lower than the
Optim. model that perfectly represents the tests. The slip modulus difference in the most
loaded connection for a load of 30 kN (approximate failure load) between the SR and Optim.
models was about 0.027 mm, which demonstrates the high sensitivity of this criteria for the
model. The precision of the experimental characterization of the TT connection is therefore
crucial in obtaining an accurate prediction. Experimental protocols are investigated and
developed to obtain the most accurate behavior of this type of wood-wood connections in
Chapter 5.

For the vibration tests, the detailed results of the 30 replicates for the natural frequency and
the damping ratio can be examined in an open-access data repository [47]. Concerning the
natural frequency f, the average value for the three slabs was 9.89 Hz with a coefficient of
variation of 2.18%. The alternative effective bending stiffness El, . ¢5¢im, obtained from this
result and from Equation 4.7, was equal to 1.07 x 10’3 N-mm? while the E1, £, from the bending
test, was 7.76 x 1012 N-mm?. As a result, the bending stiffness estimated from the vibration tests
was 37.89% higher than the one estimated from the bending tests. The low amplitude of the
vibration tests, triggered only by a hammer, can explain this difference. Loads in connections
were thus markedly low compared to those of the bending tests, and as a consequence, the
initial stiffness described in Subsection 4.4.2 (see Fig. 4.9) was activated. The connections were
thus stiffer with the low intensity loads of the vibration tests. The rigid model was the closest
to the natural frequency tested whereas the SR and Optim. models were respectively -15.17%
and -9.50% lower, respectively. The manufacturing parameters are not only important for the
assembly process but also for the prediction of the structural behavior as they influence the
initial stiffness of the connection.
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Figure 4.10 — Deflection-load curves at mid-span for tests and calculation models.

In addition, the average damping ratio { of the three specimens was 2.05% with a coefficient of
variation of 4.39%. The highly conservative damping ratio value defined in EC5 [33] for timber
floors is 1%. Nevertheless, several European national application documents give values of
around 2% [169], such as the UK document [15]. In Annex B of the ISO standard 10137 [71],
the recommended value for bare timber floor is 2% and the typical range is between 1.5 and
4%. The value { determined during the tests corresponds to typical timber floor damping
ratios. Therefore, there is no more exceptional friction in this type of construction system than
in traditional timber floors, which confirms the choice not to model friction in the calculation
model.

Overall, the difference between the tests and the proposed SR model can be explained pri-
marily by the sensitivity of the contact stiffness criteria, which is influenced by the intensity
of loads in connections, material characteristics, manufacturing parameters, assembly gaps,
and moisture content. However, the SR model remains conservative by being slightly lower
compared to the tests. The model could be enhanced with a more accurate prediction of
TT connection behavior and an exploration of the effect of manufacturing parameters on
structural performance.

4.5.2 Panel discontinuities

Fig. 4.11 illustrates the displacement caused by flange discontinuities for the tests and the
SR model at the specific positions on the specimens as described in Fig. 4.5. Negative dis-
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placement represent flanges in compression as they move closer, while positive displacement
represent flanges in tension as they move apart. The highest displacement reached 2 mm
in the tension flange located under the hydraulic jack (see Fig. 4.11c) where the SR model
had the highest error with a drift of 0.5 mm. For flanges in tension, the calculation model
remained within a maximum error range of 0.2 mm with a good correlation for displace-
ment in the middle of the specimens (see Fig. 4.11b). A contact can occur between flanges
in compression, from 0.5 to 1.5 mm displacement, as observed twice during the tests (see
Fig. 4.11b and c). Assembly tolerances, shrinkage and swelling spacing, material variability,
and other parameters have an influence on this phenomenon and are complicated to estimate
in advance. As a result, no displacement limitation was considered for the SR model. The
absence of displacement limitation can explain these differences when contact occurs. Based
on experience and fabrication knowledge, a limit for this parameter could be considered as
input to improve the SR model. Finally, the SR model provided a reliable approximation of
displacement between panel discontinuities considering the small range of displacement.

35 (a) TestDic4| f(b) Test DIC2
——Model SR —o—Model SR

30F
251

20F

F (kN)

151

10+

0 L L L L L L L 1 L L L L L L L
15 -1 05 O 0.5 1 15 2 25 15 -1 -05 O 0.5 1 15 2
w(mm) w(mm)

351(c) Test DIC1&3
——Model SR

Figure 4.11 — Displacement comparison between the tests and SR model caused by flange
discontinuities: (a) DIC 4 area, near support of the element / (b) DIC 2 area, middle of the
element / b) Average of DIC 1 and 3 areas, under hydraulic jacks.
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4.5.3 Failure mode in tension

Although it was not the main objective of this chapter, several remarks can be made concerning
the failure mode of this type of element. A brittle failure in tension was observed in the middle
of all specimens and was located in the OSB bottom flange. It is well known that a low width-to-
thickness ratio in flanges has a substantial influence on the resistance of long-span elements
and on the failure mode of this type of construction system. Such a ratio causes a non-uniform
stress distribution along flange elements, called shear lag. This phenomenon is influenced by
several factors, such as material shear properties, boundary conditions, type of loading, and
width-to-span ratio of flanges. However, European timber standards [33, 146] deal with shear
lag by changing the physical cross-section dimensions with an effective width defined only by
a constant ratio of the span, regardless of the other factors. Equation 4.11 defines the effective
width for our case, following the EC5 guideline:

befr<0.15L=0.15x 8100 = 1215 mm (4.11)

where b, is the effective width and L is the span.

The estimated failure profiles were not respected in the different cases, which was probably
caused by the higher variability of OSB panels compared to other engineered timber panels.
The exact length of the failure profile (/,,;) was determined to better interpret the results, as
shown in Fig. 4.12.

The average tensile strength parallel to the fiber direction of OSB 3 was calculated using
Equation 4.12, according to Subsection 7.2.7 of the Swiss standard for timber structures [146].
In addition, the maximum tensile strength (0;) and the shear lag coefficient (U) of each
specimen were calculated according to Equations (4.13) and (4.14), respectively:

ftk005s 9.4
=202 = —11.06 MPa 4.12
bmean =485 ~ 0.85 (4.12)
F
o= t,max (4.13)
lrupt X L0SB3,flatwise
U= Jtmean (4.14)

(27

where f; meqn is the average material tensile strength parallel to the fiber direction, f; k.05 is
its characteristic 5™ percentile value, Fy ;4 is the maximum tensile load in the OSB bottom
flange obtained from the calculation model when the failure occurred, I, is the exact failure
length, and tosp3, f1arwise 1S the panel thickness of the OSB bottom flange (constant value of
18 mm).

The results for each specimen, as well as the average results, are listed in Table 4.4. Although
the failure length was lower than the effective width calculated, the tensile strength was
approximately two times less resistant than expected. It is thus difficult to establish that
Equation 4.11 is sufficient to approximate the shear lag coefficient for this type of structural

74



4.5. Results and discussion

(a) Specimen 01 (b) Specimen 02

(c) Specimen 03

Failure profile

-------- Estimated failure profile

Figure 4.12 — Tensile failure profile of OSB bottom flange panels.

Table 4.4 — Results for tensile failure in the OSB bottom flange for each specimen.

ID Ftmax lrupt Oy U
- &N)  (mm) (MPa) @ -

Spec.01 66.44  627.5 5.88 1.88
Spec.02  55.70 585 5.29  2.09
Spec.03  60.10 680 491 2.25

Av. 60.75 630.08 536 2.07

system. In addition to the inherent complexity of this phenomenon, parts of panels cut into
flanges for the TT connections (mortise parts) can change the expected behavior and, as a
consequence, complicate the calculation. As the tensile properties were not characterized by
tests and considering the variability of OSB, the above results should be treated with caution.
These results simply give an initial overview of a possible failure mode due to shear lag and
highlight the importance of further research. Finally, other material types could be used to
avoid a brittle failure in the lower flange and enhance the overall structural performance. OSB
panels were chosen according to the case-study for several specific reasons as mentioned in

Section 3.4.
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Chapter 4. Simplified calculation method: development and validation

4.6 Conclusions

Analytical theories, such as the gamma method, are widely implemented in practice to evaluate
the performance of timber elements interconnected by semi-rigid connections. However,
such theories cannot take into consideration discontinuities along the length of the new
construction system in a simple manner. In this chapter, a convenient numerical calculation
method, compared to complex FE models, is presented to address this issue through the
application of beam elements in the elastic range. The semi-rigidity of TT connections is
defined with spring elements characterized through experimental tests.

Bending tests were performed on large-scale specimens to validate the proposed calcula-
tion model and investigate the effective bending properties as they are generally the most
critical criteria. The specimens were manufactured in a laboratory using spruce LVL and
OSB panels. According to commonly available dimensions from suppliers, small panels were
used to reconstitute a span of 8.1 m. The reproducibility of the CNC manufacturing and
assembly processes, performed by hand, were validated by the small variation between the
three specimens observed during the tests.

The results demonstrated that the proposed methodology is effective to predict the mechanical
behavior of this new type of element. The model captured accurately the different discontinu-
ities along the length of the elements. In addition, input parameters such as displacement
limitations for flanges in compression could improve the model’s response. The effective
bending stiffness predicted by the model was slightly lower compared to the average value
obtained from the tests. The large overestimation of the rigid model and the gamma method,
as well as the displacement difference in the most loaded connection with the Optim. model,
emphasized the importance of taking the semi-rigidity of TT connections into consideration.
This stiffness value can be characterized by elementary tests on the studied connections.

Moreover, the estimated bending stiffness based on the natural frequency value was different
from that obtained from the bending tests. The initial contact stiffness value, which is stiffer
than the slip modulus, can explain this variation because of the low intensity of loads during
the vibration tests. This phenomenon occurred for very low displacement from 0 to 0.1 mm
and is thus difficult to estimate. However, the long-term effect of this phenomenon and its
persistence through time are unknown, categorizing the model as conservative in the context
of the design. The damping ratio was in the range of typical timber floor values and proved
that the effect of friction between the elements could be neglected. As a result, friction was
not considered in the model, as is usually the case in practice for timber structural elements.

Considering the failure modes, tensile failures in the bottom flanges due to the brittle char-
acteristics of OSB were observed. Differences in expected maximum strength were pointed
out and could be due to stress concentrations in the flanges. Furthermore, the shear lag
phenomenon should be investigated in greater depth in future research. However, the tensile
properties were not characterized by these tests and the preliminary results should thus be
treated with caution.
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4.6. Conclusions

Finally, through simple experimental tests on connections, the proposed calculation model
provides a practical methodology for obtaining the stress distribution and the global displace-
ment of interconnected elements using TT joints. Nevertheless, complementary work remains
necessary to properly design these elements for the construction market according to building
codes. The load-carrying capacity, failure modes, and slip modulus of connections should be
established for different engineered timber panels ordinarily used in industry in order to give
clear guidelines for the design of TT joints and stiffness values for calculation models.

In addition, a first investigation on the creep behavior of this newly developed construction
system can be found in Appendix B.3, based on the case-study presented in this chapter. It is
an important preliminary work, as creep greatly influences the SLS of timber structures.
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Mechanical characterization of
through-tenon joints

This chapter is based on:

J. Gamerro, J. E Bocquet and Y. Weinand. Experimental investigations on the load-carrying
capacity of digitally produced wood-wood connections. Engineering Structures, 213:110576,
2020.doi:10.1016/j.engstruct.2020.110576.

&

A. C. Nguyen, J. Gamerro, J. E Bocquet and Y. Weinand, Numerical investigations on the
shear behavior of digitally produced wood-wood connections, manuscript in preparation for
publication.

5.1 Introduction

Since the development of timber structures using a large number of digitally produced wood-
wood connections, numerous calculation models have been developed, from complex FE
to simplified methods, as presented in Chapter 4. All these models rely on the mechanical
behavior of connections, which is an essential parameter in the prediction of the structural
response of timber structures. The stiffness and load-carrying capacity of connections greatly
influence displacement, stress distribution, and failure modes of global structures. However,
few studies have been performed on the local behavior of wood-wood connections, as steel
fasteners and glue have replaced them in timber structures during recent decades. Most
research has focused on experimental investigations for specific case-studies, as mentioned in
Section 1.1.3. The mechanical behavior of TT connections has thus primarily been studied in
rotation because of the particular origami or free-form shapes of these structures, such as the
Vidy theater presented in Chapter 2. However, with the development of standardized timber
elements interconnected by TT joints for basic housing systems, the load-carrying capacity
for in-plane loads is crucial for sound structural design.

Therefore, this chapter investigates the local behavior of TT connections for in-plane loading.
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Chapter 5. Mechanical characterization of through-tenon joints

The construction system for interconnected timber elements using multiple TT joints in series
presented in Chapter 3 is used as reference for this study. The different element members
can be single- or double-layered, as presented in Fig. 5.1a and b, respectively, depending
on design choices and manufacturing possibilities. The grain orientation of the different
panels composing one element is always in the length direction and, as a result, parallel to the
tenon length (Fig. 5.1c). The notches n; and n,,, resulting from the cutting tool diameter, are
positioned so as to maximize the contact surface for in-plane loads (see Fig. 3.8, configura-
tions (a.2) and (b.2)). In addition to notches, TT joints are characterized by several geometrical
parameters in this investigation: the tenon length I;, the tenon thickness ¢;, the tenon height
or mortise thickness ¢, the tenon spacing s;, and a possible angle a; to ease the assembly
process.

Figure 5.1 — Geometry and parameters of a TT connection: (a) Axonometry of a single-layered
connection / (b) Axonometry of a double-layered connection / (c) Side view of a connection.

Concerning the load-carrying capacity of TT connections, different failure modes can be
expected depending on the connection parameters when the connection is loaded in the
length direction as shown in Fig. 5.2: (b) shear failure in the tenon, (c) compression failure in
the tenon, (d) shear failure in the mortise, and (e) compression failure in the mortise. Only
shear and compression failures are of interest, since only tenons with a width-to-length ratio
(tm!1y) less than or equal to 1 are studied here. If the slenderness of the tenon is greater than 1,
the failure modes could differ from those mentioned. This research investigates shear failure
in the tenon component (b) and compression failure in both the tenon (c) and mortise (e)
components. Mortise shear failure (d) is not studied here as it can be easily avoided with the
basic geometrical considerations described in Equation 5.1:

ka,mortise X2 X8 X by > ka,tenon x Iy x b (6.1)
25> 1; (5.2)

where f, is the characteristic shear strength of the material. Equation 5.1 can be simplified to
Equation 5.2 if the mortise and tenon parts have the same thickness and material properties.
In most cases, the spacing between the tenons (s;) is longer than the tenon length (/;) and a
shear failure of the mortise rarely occurs.
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5.1. Introduction

(a) (b) (c) (d) (e)

Figure 5.2 — Possible failure modes of a TT connection: (a) Axonometry of a TT joint loaded
in its length direction / (b) Shear failure area in tenon part / (c) Compression failure area in
tenon part / (d) Shear failure area in mortise part / (e) Compression failure area in mortise
part.

Both the contact stiffness for the proposed calculation model, defined in the previous Sub-
section 4.4.2, and the shear stiffness, more widely used in calculation models such as the
analytical gamma method and other numerical models [101, 153], were studied.

Based on these considerations, there are several objectives in this chapter: (i) determine the
mechanical behavior of TT joints for different commonly available engineered timber panels
and tenon lengths (I;), (i) estimate the stiffness and load-carrying capacity of TT joints for
both compression and shear, (iii) estimate the load-carrying capacity of TT joints according to
existing European building standards (Eurocode 5 [33]) with the characteristic values given by
the panel manufacturer’s product specifications, and (iv) compare these design guidelines
to the tests. For this purpose, an extensive experimental campaign comprising more than
400 tests was conducted, and two different experimental setups were developed to study
both the compression and shear behaviors of TT connections. The results were compared to
existing design criteria for load-carrying capacity. In addition, a numerical model based on
continuum damage mechanics developed by Nguyen[100] and presented in Appendix C.4 was
implemented to investigate the shear behavior of TT connections, in particular the wood-wood
connection stiffness obtained exclusively from tests.

The chapter is structured as follows:

* Section 5.2 introduces the state-of-the-art of design guidelines and experimental setups.
* Section 5.3 shows the engineered timber panels used in the study.

* Section 5.4 describes the experimental setups developed and the loading procedure.

* Sections 5.5 and 5.6 present the results for compression and shear, respectively.
 Section 5.7 gives guidelines on the load-carrying capacity of the connections studied.

* Section 5.8 summarizes the main conclusions.
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Chapter 5. Mechanical characterization of through-tenon joints

5.2 State-of-the-art

5.2.1 Design guidelines for wood-wood connections

Connections have a large influence on the structural performance of timber structures. Their
mechanical behavior is an important parameter, both for the SLS determined by their rigidity
and for the ultimate limit state determined by their load-carrying capacity. The introduction of
the connection stiffness, called slip modulus K., was a major advance in EC5 [33] for solving
problems of stability and large displacement, but it was only defined for steel fasteners such as
nails, dowels, bolts, or screws. For the load-carrying capacity of wood-wood connections, few
guidelines are proposed in the Swiss standard [146] or in the national application document
of German standard [25]. However, such standards apply exclusively to traditional carpentry
joints. Several pieces of research have also been performed on traditional joints, as it is an area
of interest in the field of built heritage restoration for the assessment and restoration of old
timber constructions. Research into both the strengthening of traditional carpentry joints [13,
14] as well as on traditional tenon-mortise connections [41, 75, 107] has been performed.
Unfortunately, these traditional joints are mainly used for beam and post connections, and
they are different from modern ones used for engineered timber panels. Although a multiple
tenon joint produced by CNC machining was studied by Claus et al. [20], it was only applied
to beam and post assemblies. For timber plate products, new timber-to-timber contact joints
have been developed to reconstitute the diaphragm effect of CLT in modern structures [19,
138, 139, 140]. Based on EC5 and these works, the connection failures are generally verified
with design equations, which can serve as a basis for the structural design of TT connections.

Regarding shear failure of the tenon component (presented in more detail in Fig. 5.3a) a
non-uniform stress distribution called the hammock-shape shear-stress distribution (HSSSD)
can be expected according to two studies [147, 159]. The design Equations 5.3 and 5.4 can
then be used:

k
Tg= kv,red X fuk mod (5.3)
Y™
F
Tg= (5.4)
l[ X 1y

where 7 is the design shear stress, k,, ;¢4 is the coefficient for considering the non-uniform
shear-stress distribution HSSSD, f;, ;. is the characteristic shear strength, k4 is the modifica-
tion factor for load duration and moisture content, and y, is the partial factor according to
material properties.

For the compression failure, the different parameters are shown in Fig. 5.3b, ¢, and d. A
spreading of the compression strength can be expected according to EC5 and Verbist et
al. [159]. It is taken into consideration with the coefficient k. . The angle « is equal to 0° for
the studied configuration, as the grain orientation is always parallel to the joint length. The

82



5.2. State-of-the-art

design Equations 5.5, 5.6 and 5.7 can therefore be used as reference:

kmoa
Oea < ke % fo0,k—— (5.5)
i (5.6)
g = .
c,d I X b
keo =1+sina x (k¢go—1) (5.7)

where o 4 is the design compression stress, f ¢ x is the characteristic compression strength
parallel to the grain, k., represents the spreading of compression stress, and kg9 represents
the spreading of compression stress perpendicular to the grain. Compression spreading in the
mortise area is expected to be higher than in the tenon, as stress can propagate on both sides
of the tenon, as shown in Fig. 5.3b. With the same material properties, the compression failure
should therefore occur in the tenon component.

(a) (b) (d)

F—

Figure 5.3 — Failure modes studied: (a) Shear failure in tenon part / (b) Compression failure in
tenon part / (c) Compression failure in mortise part / (d) Expected compression spreading in
tenon part.

5.2.2 Experimental protocols for the shear behavior of timber

Several methods exist in the literature to characterize the shear properties of wood material,
whereas the same method is generally used to evaluate compression properties. Furthermore,
these approaches were mostly developed for the characterization of glued products such as
GLT and CLT. For structural timber and GLT, the standard EN 408 [37] proposes determining
the shear strength parallel to the grain with an inclined setup as shown in Fig. 5.4a. Schmidt et
al. [138, 139] have used this type of test setup for shear-key timber connectors. It is a simple
and efficient method to avoid expensive and time-consuming steel setups but is difficult to
apply with the geometry of TT. For CLT, the standard EN 16351 [30] introduces three methods: a
basic method for determining the shear strength in Annex D (Fig. 5.4c), an alternative method
for determining the rolling shear strength and stiffness in Annex E3.3 (Fig. 5.4b), and a method
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inspired by an inclined setup for determining shear values within a layer (net cross-section) in
Section FE4.2. For wood-based panels, the standard EN 789 [38] gives a method for determining
panel shear properties with a particular loading arrangement as presented in Fig. 5.4d. For
planar shear properties, a similar setup as the one shown in Fig. 5.4d is also presented but
with glued steel plates on the side of panels. Finally, the old French standard NF B51-032 [99],
published in 1981, presents a method for compressive shear tests (Fig. 5.4e). Although these
different methodologies cannot be transposed directly to wood-wood connections, as they
are generally used for material specifications, they can inspire new experimental protocols.
Push-out tests are also commonly used to study the shear behavior of timber joints [19].
Recently, specific research into TT joints related to a case-study was performed with push-out
tests [111], in addition to those presented in Subsection 3.5.2. These tests are convenient to
use because they do not require any additional steel members for the setup. However, this
method cannot be performed on a single joint to obtain a precise value. In 2016, a steel-based
setup was developed by Mira et al. [22] to investigate the shear behavior of digitally produced
wood-wood connections, although the assembly geometry was different. Based on this work
and the standard EN 789 [38], a new experimental setup was developed for investigating the
shear behavior of TT in the present study.

Figure 5.4 — Shear experimental setup for timber: (a) EN 408 [37] / (b) EN 16351 Annex
E3.3[30] / (c) EN 16351 Annex D [30] / (d) EN 789 [38] / (e) NF B51-032 [99].
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5.3 Materials

5.3.1 General

This study was conducted on different types of engineered timber panels. The panels were
chosen because of their wide distribution among wood suppliers on the European market and
their standardized mechanical properties. Spruce oriented strand board type 3 (OSB 3), spruce
and beech laminated veneer lumber (LVL), and spruce multiply solid wood (MSW) panels
were investigated. A thin thickness of less than 40 mm was preferred considering the type of
construction system developed using TT. Ongoing research on specific case-studies [49, 120]
has also influenced the choice of materials. The different panels are shown in Fig. 5.5 and
their characteristics are listed in Table 5.1. Material properties and characteristics were
obtained from the following sources: the standard EN 12369 [29] for OSB type 3 (Kronospan,
Jihlava, Czech Republic), the VTIT certificate [163] for spruce LVL Kerto Q® (Metsda Wood,
Espoo, Finland), and the supplier technical certificates for beech LVL Baubuche Q® (Pollmeier,
Creuzburg, Germany) [9] and spruce MSW (Dold®, Buchenbach, Germany) [26].

Figure 5.5 — Materials used for the experimental investigation on TT connections: (1) OSB
type 3 25 mm / (1’) OSB type 3 18 mm / (2) Spruce LVL 21 mm / (3) Spruce LVL 39 mm /
(4) Beech LVL 40 mm / (5) Spruce MSW 27 mm.

Table 5.1 — Material properties for the experimental investigation of TT connections.

Ply Lay-up Thickness

ID Type Species Thickness number Lay-up thickness tolerance

- - - (mm) - - (mm) (mm)
(1) OSB3 Spruce 25 3 |—] - +-0.8
(I'’) OSB3 Spruce 18 3 =1 - +- 0.8
2) LVL Spruce 21 7 |=11=1 3 each -1.03 +1.43
3) LVL Spruce 39 13 H=11=1-=1 3 each -1.57 +1.97
4) LVL Beech 40 14 =11 =11 3each’ +-1
(5) MSW  Spruce 27 3 [ 6.9/13.2/6.9 +1

"2 mm on the two outer layers because of the finishing process.

85



Chapter 5. Mechanical characterization of through-tenon joints

5.3.2 Moisture content and properties

The characteristic strength and material property values, determined by the manufacturers,
are given for an equilibrium moisture content resulting from a temperature of 20°C and a
relative humidity of 65% for OSB and LVL panels [9, 29, 163]. For the MSW panel, such values
are determined for a moisture content near 12%, where the average density (0meqn) is 480
kg/ m3 [26]. As a result, samples were conditioned in a climate chamber at a relative humidity
of 65 + 5% and a temperature of 20 + 2°C until reaching a constant mass. The mass was
considered constant when the results of two successive weighing operations, conducted 24
hours apart, did not differ from the mass of the test piece by more than 0.1% . Specimens were
stored in the climate chamber for several weeks before testing. The density (0 mean, rest) Was
then determined according to EN 323 [36]: the results are listed in Table 5.2.

Table 5.2 — Tested material densities compared to the manufacturer’s values.

Pmean,test  Pmean 5p
ID (kg/m® (kg/m3) (%)
()  605.29 600 0.88
(1) 59592 600  -0.68
(2)  485.37 510  -4.83
(3)  483.18 510  -5.26
4)  799.35 800  -0.08
(5)  462.03 480  -3.74

The tested material densities were approximately similar to the manufacturer’s values, with
a maximum difference of only 5.26%. It was therefore not necessary to specifically measure
the moisture content, which was considered to have stabilized at 12% for all materials. The
characteristic strength and material property values specified for the different materials were
thus considered in the analysis. In addition, the specimen types in this study were produced
from different panels randomly selected from a batch of 10 panels per material to have a good
statistical representation.

5.3.3 Compression strength characterization

Although the mechanical properties of all materials used in this study were standardized,
the characteristic compression strength was tested for each panel in order to determine a
precise value on the one hand and to assess the discrepancy between manufacturer’s and test
values on the other hand. Compression tests were chosen because they are relatively quick
and straightforward to perform. Therefore, not all properties were re-characterized by tests,
such as for the characteristic shear strength. All experimental data presented in this section
are available in an open-access data repository [48].
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Method

Material compression tests were performed according to the standard EN 789 [38], which is
used for the determination of mechanical properties for wood-based panels. In Appendix C.1.1,
the dimensions of each specimen type are listed in Table C.1, and the test setup is presented
in Fig. C.1. A static universal testing machine (model LFV-200, Walter+Bai AG, Lohningen,
Switzerland [164]), with a maximum loading capacity of 200 kN, was used for the material
specimens (1) (1’) (2) (5) while another static machine (model PL 2.5K, Schenck) with a
maximum capacity of 2500 kN was used for (3) and (4). The load was directly applied to
the axis of the specimens’ upper faces with a constant rate of 0.19 kN/s for (1), 0.24 kN/s for
(1"), 0.27 kN/s for (2), 0.7 kN/s for (3), 0.15 kN/s for (4), and 0.3 kN/s for (5). A total of 10
replicates per material were tested and two linear variable differential transformers (LVDT)
were positioned on each side of the specimens.

Results

The average ultimate load (Fj,4x) was determined from the tests. The 5% fractile value
(Fmax,0.05) was then calculated in order to compare the tested characteristic compression
strength (f¢ 0,k res:) With the characteristic strength given by panel manufacturers (f ). The
methodology for calculating the 5% fractile values (Fj;4x,0.05) is presented in Appendix C.1.2.
All results are listed in Table 5.3. For OSB 25 and 18 mm, f; ¢  res; Was significantly lower than
fe0,k with differences of —34.49% and —37.92%, respectively. In contrast, f; g i, res: fOI spruce
LVL 21 mm and spruce MSW 27 mm was significantly higher than f; ( ; with differences of
41.67% and 74.59%, respectively. Concerning spruce LVL 39 mm and beech LVL 40 mm, the
values of f; o k,resr Were the closest to f; ¢ with differences of only 11.83% and 3.55%, respec-
tively. These significant differences, whether negative or positive, emphasize the discrepancy
between standard and test values depending on the panel type. OSB and MSW panels have a
particular lay-up with a large cross-layer in the middle, which may have increased these differ-
ences although these values should be more accurate. For spruce LVL 21 mm, the difference is
due to the gap in performance as function of the panel thickness [163] but remains relatively
close to the value of spruce LVL 39 mm. LVL panels are thus more reliable than OSB and MSW
panels.

Table 5.3 — Results of compression tests per material according to EN 789 [38].

Finax Cv,Fmax Frnax,0.05 Section fc,O,k,test fc,(),k 0
ID kN) (%) (kN) (mm2 ) (MPa) (MPa) (%)

(1) 41.82 7.02 36.50 3618 10.09 15.40 -34.49
(1) 53.78 7.81 45.94 5000 9.19 14.80 -37.92
(2) 120.10 3.15 113.05 4200 26.92 19.00 41.67
(3) 23724 236 226.80 7800 29.08 26.00 11.83
(4) 460.84 2.28 441.55 8000 55.19 53.30 3.55

(5) 118.75 4.78 108.42 5400 20.08 11.50 74.59
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5.4 Experimental methods

The load-carrying capacity of the connections in compression and the contact stiffness, neces-
sary for the simplified model presented in Chapter 4, were investigated with the experimental
setup described in Subsection 5.4.1. In contrast, their load-carrying capacity in shear and
the stiffness required for commonly used calculation models were studied with the shear
experimental setup presented in Subsection 5.4.2. In addition, the loading procedure for both
setups is introduced in Subsection 5.4.3.

5.4.1 Compression tests
Experimental setup

The experimental setup developed for the shear behavior could also have been used to test
the compression behavior. However, the shear setup, composed of numerous steel elements,
is time-consuming to prepare for a single test. In view of the large number of tests, this
compression setup was therefore designed for an efficient experimental campaign, as it does
not require a long preparation time prior to testing. The compression behavior of the TT
joints was investigated with the experimental setup presented in Fig. 5.6. The static universal
testing machine [164], presented in Subsection 5.3.3, with a maximum loading capacity of
200 kN was used. Loads were applied in the joint axis and two 10-mm-thick steel plates (6)(9)
were used to avoid local indentation at the top and bottom faces of the specimens. Lateral
restraints (3) were positioned to prevent a lateral shift of the sample with respect to the loading
axis. A support plate (4) was bolted to the testing machine. Beech LVL was chosen to compose
the setup for its high mechanical characteristics. Two ILVDTs were placed on each side of the
samples to record the relative displacement at the contact area (d).

(b) F (c)

- (1)

—)

Figure 5.6 — Compression experimental setup for TT connections: (a) Side view: (8) two LVDTs
sensors and (9) steel plate 10 mm / (b) Technical axonometry: (1) tenon part of the specimen,
(2) mortise part of the specimen, (3) lateral restraints, (4) support plate, (5) support plate,
(6) steel plate 10 mm, and (7) bolt @24 mm / (c) Specimen: d is the measured area.
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Specimens

The specimen geometries are described in Fig. 5.7 and their properties are listed in Table 5.4.
According to the possibilities of the construction system, single- and double-layered (SL
and DL, respectively) TT joints were studied. The materials described in Section 5.3 were
assembled as follows: OSB 3 18 and 25 mm (DL), spruce LVL 21 mm (DL), spruce LVL 39 mm
(SL), beech LVL 40 mm (SL) and spruce MSW 27 mm (DL). Only TT joints made of the same
material were studied. However, the influence of different material combinations could be
investigated in future research. The design objective was to reach the compression limit of
the TT assembly for one connection. The geometry was thus carefully designed to prevent
shear failures by considering the tenon length [; as infinite (see Fig. 5.7b). The gray part of the
specimen, illustrated in Fig. 5.7b, represents the TT connection, while the other part was only
manufactured to prevent a lateral displacement of the mortise. The parameter e; was kept as
small as possible to avoid additional friction in the experimental setup, and [;, was reduced to
the minimum distance necessary to ensure the overall stability of the test setup. The mortise
part, shown in Fig. 5.7d, was a basic mortise geometry cut in its cross-sectional plane. With
this configuration, the load was applied directly on the top face of the mortise part to study the
compression behavior. All tests were performed with the grain orientation parallel to the joint
length. For each specimen type, 15 replicates were produced with the five-axis CNC machine,
described in Subsection 3.3.1, for a total of 75 tests. A spiral router cutter Marathon (ID 240502,
Leitz®, Oberkochen, Germany [86]) was used with a diameter of 12 mm, a rotational speed
of 18,000 r/min, and a feed speed of 4.5 m/min. The notch diameters n; and n,, were set at
13 mm as fixed parameters for all specimens due to the cutting tool diameter of 12 mm. Such
a tool diameter was found to be a good compromise between minimizing the loss of material
in the assembly area and having a tool that was sufficiently strong for an efficient production
(and thus optimized for number of machining cycles, tool wear, etc.). It was already a relatively
small tool compared to those used in timber construction. No additional gaps were added
during the contouring of the TT joints.

Table 5.4 - Specimen properties for compression tests on TT as described in Fig. 5.7.

1D Units EM1 EM2 EM3 EM4 EM5
Materials - OSB3 KertoQ KertoQ Baubuche MSW
Layers - 2 2 1 1 2
hy mm 260 260 260 260 260
Wy mm 180 180 180 180 180
I mm 50 42 39 40 54
Iy mm 50 50 50 50 50
I mm 117 117 117 117 117
er mm 10 10 10 10 10
hm mm 260 260 260 260 260
W mm 190 190 190 190 190
tm mm 36 42 39 40 54
I mm 87 87 87 87 87
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Chapter 5. Mechanical characterization of through-tenon joints

(a) (b)

Figure 5.7 — TT compression specimens: (a) Front view: (1) tenon part and (2) mortise part /
(b) Front view with only (1), the gray part represents the TT connection / (c) Side view / (d) Side
view with only (2).

5.4.2 Shear tests
Experimental setup

An experimental setup was developed to perform shear tests on single TT joints, as shown
in Fig. 5.8a. Details are presented in technical and schematic drawings in Fig. 5.8b and c.
Specimens were positioned in a rigid steel frame anchored inside the same static universal
testing machine [164] presented in the previous subsection with a maximum loading capacity
of 200 kN. The hydraulic jack applied pressure on the axis of the mortise specimen (4) through
a steel plate of 40 mm thickness (1) possessing the same dimensions as the mortise specimen
to avoid local indentation. The tenon specimen (5) was rigidly fixed on its top by a steel plate
of 15 mm thickness (3) and four bolts of 24 mm diameter (2): two on each side. A 5-mm-thick
steel plate (6) was welded to the lower part of the bolts to maintain them in their initial position
and avoid lateral displacement. In addition, a 40-mm-thick beech LVL plate (7) was bolted to
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5.4. Experimental methods

the setup to maintain the tenon component in position and prevent the rotation of its lower
part. The mortise component was kept in position thanks to a 20-mm-thick steel plate (8) and
a steel bracket (11). They were fastened with eight bolts of 12 mm diameter. Two other bolts of
12 mm diameter (9) linking the steel plates (8) and (3) were inserted on each side of the mortise
part to stiffen the lateral displacement of the setup. Two Teflon plates (10) were positioned
between the steel plate (8) and the mortise component to remove friction between these parts.
Two LVDTs were mounted on each side of the specimens on the axis of the TT (12). The lateral
displacement of the setup was controlled with four LVDTS positioned on the plates (3) and (8),
which resulted in negligible movement.

®) @

| [+—T
AN AN SN S
e 2
N
|——

- (12)

Figure 5.8 — Side view of the shear experimental setup for TT connections: (a) Photograph /
(b) Technical drawing: (1) steel plate 40 mm, (2) bolt @24 mm, (3) steel plate 15 mm, (4) tenon
part, (5) mortise part, (6) steel plate 5 mm, (7) beech LVL 40 mm, (8) steel plate 20 mm,
(9) bolt @12 mm, (10) two Teflon plates, and (11) steel bracket 20 mm with 8 bolts @12 mm /
(c) Schematic drawing: (12) two LVDTs sensors.

Specimens

The specimen geometry parameters are displayed in Fig. 5.9 and all properties are listed in
Table 5.5. The same material and layer configurations as those described for compression
in Subsection 5.4.1 were used. For all materials, tenon lengths /; of 50, 100, and 150 mm
were considered, except for OSB 3 for which the lengths were equal to 50, 65, and 80 mm due
to the material’s low compression strength. Equation 5.2 was verified for each specimen to
determine the height of the mortise part h,, and avoid shear failure in it. The height of the
tenon part h; was then established by adding 20 mm to h,, to allow for displacement during
the tests. The widths of the mortise w,, and tenon w; were calculated to be at least three
times larger than the tenon thickness #; and mortise thickness ¢, respectively. An insertion
angle a; of 1° was defined to ease the insertion of the tenon in the mortise, as each panel has a
thickness tolerance (see Table 5.1) that can make the assembly process difficult. All tests were
performed with the grain orientation parallel to the joint length. For each specimen type, 20
replicates were produced for a total of 300 tests. The same CNC machine and manufacturing
parameters described in Subsection 5.4.1 were used.
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Table 5.5 - Specimen properties for shear tests on TT as described in Fig. 5.9.

I hy hm Wy Wm Iy Im
ID Materials Layers (mm) (mm) (mm) (mm) (mm) (mm) (mm)

T1-50 OSB3 2 50 250 230 163 156 50 36
T1-65 OSB3 2 65 250 230 163 156 50 36
T1-80 OSB3 2 80 250 230 163 156 50 36
T2-50 Kerto Q 2 50 250 230 169 160 42 42
T2-100 Kerto Q 2 100 300 280 169 160 42 42
T2-150 Kerto Q 2 150 350 330 169 160 42 42
T3-50 Kerto Q 1 50 250 230 169 160 39 39
T3-100 Kerto Q 1 100 300 280 169 160 39 39
T3-150 Kerto Q 1 150 350 330 169 160 39 39
T4-50 Baubuche 1 50 250 230 169 160 40 40
T4-100 Baubuche 1 100 300 280 169 160 40 40
T4-150 Baubuche 1 150 350 330 169 160 40 40
T5-50 MSW 2 50 250 230 169 160 54 54
T5-100 MSW 2 100 300 280 169 160 54 54
T5-150 MSW 2 150 350 330 169 160 54 54

(a)

| (c) (d)
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b Y
(b) D a e
! !
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]:[ o |-y - tm el
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Figure 5.9 — TT shear specimens: (a) Axonometry of single-layered type / (b) Axonometry of
double-layered type / (b) Front view / (c) Side view.
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5.4.3 Loading procedure

An experimental protocol dedicated to wood-wood connections does not exist in the current
standards. However, the standard EN 26891 gives general principles for the determination
of strength and deformation characteristics for joints made with mechanical fasteners [35].
Because of the similarities between these joints and the studied wood-wood connections, this
standard was thus used for this experimental campaign. The protocol was divided into seven
steps of loading as shown in Fig. 5.10. First, a load-control method was applied with different
loading levels in relation to the estimated maximum force Feg;. This force was determined
with a preliminary test on a non-used replicate for each specimen configuration. From 70%
of F,¢, a displacement-control method was applied with a constant slip rate of 0.01 mm/s
to obtain a total testing time between 10 and 15 minutes. The maximum slip limit v; ;,,4x of
1.5 mm described in the standard was not considered so as to explore the entire connection

behavior.
(a) (b)
FIF. ) FIF. )
-
7
'
d
s
07 f oo ’
oal 04 14 o4 oal 04 14/
Load Control
— — . Displacement
ol /) Control 01 l-- /-
01 1 21 0121 11
o ; > i
Time, min Joint slip, v

Figure 5.10 — (a) Loading procedure / (b) Idealized load-deformation curve and measurements
according to EN 26891 [35].

According to the standard EN 26891, several values were defined: the initial slip v; (Equa-
tion 5.8), the modified initial slip v; ;04 (Equation 5.9), the initial slip modulus k; (Equa-
tion 5.10), and the slip modulus k; (Equation 5.11). The slip modulus after first loading ks 04
(Equation 5.12) was also calculated for the numerical study on shear behavior.

Initial slip = v; = vyq (5.8)

Modified initial slip = v; ;00 = 4/3(vo4 — Vo1) (5.9)

Initial slip modulus = k; = 0.4F 4/ Vi (5.10)

Slip modulus = kg = 0.4F50x/ Vi mod (5.11)

Slip modulus after first loading = ks ;04 = (0.4Fmax — 0.1Fnax) ! (V24 — v21) (5.12)

where F,,, is the average ultimate load per specimen type
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5.5 Compression tests

The characteristic and test values (f;,0,x and f; o k,resr), determined in Subsection 5.3.3, were
used to investigate the compression behavior of the TT connections. The results on the com-
pression behavior of TT connections are discussed in this section. In addition, all experimental
data presented in this section are available in an open-access data repository [48].

Results

The results of the compression tests for TT joints are listed in Table 5.6, and the failures per
specimen type are shown in Fig 5.12. The full load-displacement curves per specimen type
are displayed in Fig. 5.11. The statistical distribution of the maximum load (Fy,4x) and slip
modulus (k) can be found in Appendix C.2 (see Fig C.2 and C.3). The average coefficient of
variation for the maximum load (F;,4y) and slip modulus (k) were quite low, with values of
approximately 5% and 15%, respectively. The experimental procedure is thus consistent for
this type of tests.

For the load-carrying capacity, the 5% fractile values of the maximum load (Fj;,4x,0.05) were
used to directly compare the compression strength (o i, 77) with the characteristic compres-
sion strengths (f¢ o,k and f¢ 0,k ress) according to Equations 5.13 and 5.14:

Friax,0.05
Oeh,TT = — o Ac =t X by (5.13)
Ac
Ock, 7T < ke,a % fe0,k (5.14)

with the compression spreading coefficient (k. ,) always equal to 1 as the grain orientation is
parallel to the joint length. Equation 5.14 is derived from Equation 5.5 where the modification
factor (k;;,04) and partial factor (yps) were removed, as only 5% fractile characteristic values
were directly compared.

Due to the discrepancy in the characteristic compression properties and real performance
of materials emphasized in Subsection 5.3.3, significant differences were observed between
the compression strengths o, rr and f;o,x. For OSB TT joints (EM1), o i, 77 was 22.09%
lower than f, o , while it was 47.79% and 82.70% higher for spruce LVL (EM2) and MSW (EM5),
respectively. Therefore, the EC5 guidelines defined in Equation 5.14 were either underestimat-
ing or overestimating the actual load-carrying capacity to a great extent, placing EM1 on the
unsafe side of design. For the single-layered joints EM3 and EM4, the differences were less
pronounced as their compression properties were more precisely determined. The material
characterization announced by panel manufacturers f; ¢ plays a major role in correctly
calculating the compression strength of TT.

In contrast, o i, 77 was an average of 10.84% higher among all materials than the real com-
pression performance f; o i zesr,» With differences ranging from 4.32% to 25.50%. The value
of EM1 was approximately 25% higher while the values of the specimens EM2, EM3, EM4,
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and EM5 were only 7% higher on average. The internal panel lay-up and material variability
influence this phenomenon. Thus, these results highlight compression spreading uniquely
in OSB TT joints (EM1). The spreading coefficient k. o equal to 1 with the grain orientation
parallel to the joint (Equation 5.14) is thus consistent with the results obtained for the other
materials. However, considering the high discrepancy between f; o r and f; o,k res: for several
panels (EM1, EM2 and EM5), it is difficult to establish a general rule for the compression
spreading coefficient for TT connections made of engineered timber panels. A recommended
spreading coefficient k. , could be defined according to the material type and joint geometry
if the specifications of the material are accurate. Otherwise, it is conservative to not consider
the spreading.

Concerning joint stiffness, the initial stiffness highlighted in Subsection 4.4.2 and Fig. 4.9
for very low displacement from 0 to 0.1 mm was also observed for all materials. This could
be a unique effect due to several factors, such as material characteristics, manufacturing
parameters, assembly gaps, and wood swelling. As a result, the initial slip modulus k; was
stiffer than the slip modulus k; for all materials except T1, for which k; was almost equal to k;,
and T4 for which k; was stiffer than k; by 15%. The slip modulus k; can thus be used directly
in the simplified calculation model to be on the safe side of design, as presented in Chapter 4.
It is recommended to use the initial slip modulus k; to remain conservative in the prediction
of displacement for T4 specimens only. Overall, sawn timber products, such as LVL and MSW,
demonstrated superior performance over panels composed of wood strands, such as OSB, in
terms of both their connection stiffness and load-carrying capacity.

Table 5.6 — Experimental results for compression tests on TT connections.

Designation Symbol Units EM1 EM2 EM3 EM4 EM5
Initial slip v mm 0.59 0.64 0.62 0.50 0.67

Modified initial slip Vi mod mm 0.57 0.75 0.71 0.43 0.74

Maximum slip Vi max mm 1.89 2.30 2.09 2.36 3.11

Initial slip modulus ki kKN/mm 15.71 36.62 33.68 87.14 41.13
Slip modulus ks kKN/mm  16.07 31.95 29.30 101.03 37.13
Coefficient of variation of k; Cui % 13.35 33.48 19.80 8.58 14.58
Coefficient of variation of kg Cus % 9.29 32.74 17.59 8.60 10.75
Maximim load Friax kN 22.72 54.84 51.14 106.83 67.70
Coefficient of variation of Fj,,y Cu,Fyax % 6.55 5.47 5.11 3.89 6.75

5% fractile of F,qx Fo05 kN 20.77  49.55 47.48 99.28 61.24
Section A, mm? 1800 1764 1521 1600 2916
Tested strength Ock,TT MPa 11.53 28.08 31.21 62.05 21.01

" Relative error01 ¢ Sourrriifoor % 22097 4779 2004 1636 8270

Relative error 02 % 25.50" 4.32 7.34 12.42 4.64

6Uc,k,TT//fc,U,k,test
"Reference: OSB 18 mm as it has the lowest feok test
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Figure 5.11 — Load-displacement curves of all specimens for compression tests: (a) EM1 /
(b) EM2 / (c) EM3 / (d) EM4 / (e) EM5.

Figure 5.12 — Failure pictures of all TT specimens in compression: (a) EM1 / (b) EM2 / (c) EM3 /
(d) EM4 / (e) EM5.
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5.6 Shear tests

The shear results section is divided into two parts. The first subsection presents the experi-
mental results with a comparison with existing guidelines for the load-carrying capacity. The
numerical model presented in Appendix C.4 is then compared to the experimental results
in terms of both the load-carrying capacity and stiffness of the connections. For the shear
behavior of TT connections, the characteristic shear strength (f, ;) of each material was not
tested, as the discrepancy between product specifications and real performance was already
highlighted by material compression tests (see Subsection 5.3.3). Manufacturer’s values were
used directly for this investigation. All experimental data are available in an open-access data
repository [48].

5.6.1 Results

The experimental results are presented by material type in this section. The statistical distribu-
tion of the different slip modulus (k) and maximum loads (Fy;,4x) per specimen type can be
found in Appendix C.3 (see Fig. C.4 and Fig. C.6). The average coefficients of variation for the
maximum load (Fy,4x) and slip modulus (k;) were approximately 7% and 16%, respectively
for all tests. The experimental procedure is thus consistent for this type of test. The shear
strength of TT (7, ,r7) was defined according to Equation 5.15 with the 5% fractile values
(Fmax,005) extracted from the tests. The EC5 guidelines based on Equation 5.3 and defined by
Equation 5.16 were used for comparison:

F

Tk TT = —max0% Ay =1 xt; (5.15)
Ay

TokTT < Kurea % fuk (5.16)

In an initial approach, the reduction coefficient (k, .4) was considered equal to 1, and the
modification factor (k,,,4) and partial factor (y»;) were removed as only 5% fractile character-
istic values were directly compared.

T1 - Spruce OSB 18/25 mm, double-layered

For the OSB connections (T1), all results are listed in Table 5.7. The load-displacement curves
per tenon length are displayed in Fig. 5.13 and the failures are shown in Fig. 5.14. A compres-
sion failure occurred in the specimens with the maximum tenon length (T1-80) instead of a
shear failure because of the significant difference between f o r and f; o k,res: (see Fig. 5.14c
and d). The T1-80 specimens were thus excluded from this analysis. In contrast, a shear
failure occurred for the specimens T1-50 and T1-65 as expected (see Fig. 5.14a and b). The
shear strength values 7,,; 77 for T1-50 and T1-65 were 27.08% and 21.84% lower than f, ,
respectively. The load-carrying capacity of OSB TT connections was thus overestimated by
approximately 25% for this configuration. This difference could be explained by the discrep-
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ancy between the announced characteristic strength and the real performance of the material.
However, if the reduction coefficient k, .4 is applied with a value of 0.8, as described in
national application documents of EC5 [159], 7, ¢, 7 is only an average of 5.62% lower than

fux for the two tenon lengths.

The initial slip modulus k; was stiffer than the slip modulus kg by an average of 15% for all
specimens. This is due to the initial stiffness of the assembly for very small displacement,
such as those observed for the compression contact stiffness in Subsection 5.5. Therefore, the
slip modulus k; can be used directly in calculation models while remaining conservative in
the design. The slip modulus increased by 15% between T1-50 and T1-65 while remaining
constant between T1-65 and T1-80. It was thus relatively constant with the different tenon

lengths.

Table 5.7 — Results for T1 specimens.
Designation Symbol Units  T1-50 TI1-65 T1-80
Initial slip v; mm 0.24 0.29 0.30
Modified initial slip Vi mod mm 0.28 0.33 0.36
Maximum slip Vi max mm 1.08 1.34 2.68
Initial slip modulus ki kKN/mm 2495 28.28 2831
Slip modulus ks KN/mm 21.12 24.16 24.22
Coefficient of variation of k; Cu,i % 20.60 25.20 15.62
Coefficient of variation of kg Cu,s % 18.77 2350 14.26
Maximum load Frax kN 1430 19.09 21.13
Coefficient of variation of F, 4 Co,Fmax % 7.16 5.52 6.06
5% fractile of Fp,qx Fo o5 kN 12.58 17.53 19.01
Section Ay mm? 2500 3250 4000
Tested strength Tk TT MPa 5.03 5.39 4.75
Characteristic strength fok MPa 6.90 6.90 6.90
Relative error Oty errllfor % -27.08 -21.84 -31.12
[C) Test | [ (b) (c)

98

Load (kN)

Joint slip (mm)

Figure 5.13 — Load-displacement curves: (a) T1-50 / (b) T1-65 / (c) T1-80.
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Figure 5.14 - Failure pictures of T1 specimens: (a) Front view of T1-50 / (b) Side view of T1-50 /
(c) Front view of T1-80 / (d) Side view of T1-80.

T2 - Spruce LVL 21 mm, double-layered

For the double-layered spruce LVL connections (T2), all results are listed in Table 5.8. The
load-displacement curves per tenon length are displayed in Fig. 5.16, and the failures are
shown in Fig. 5.15.

A distinct shear failure occurred in the expected area of the joints for all tenon lengths, as
shown in Fig. 5.15. The shear strength values 7, i, rr for T2-50, T2-100, and T2-150 were
23.68%, 26.06%, and 31.14% higher than f, i, respectively. The load-carrying capacity of T2
was underestimated by approximately 27% by the current guidelines and had a reduction
coefficient k, ;.4 equal to 1. The difference could partially be explained by the variability
of the material, as the compression strength was 40% higher than expected (see Table 5.3).
Nevertheless, the shear strength is generally assumed to be constant with the panel thickness
for spruce LVL, as opposed to the compression strength, and the variability should therefore
be less significant. In addition, the shear strength 7, ;. 71 increased marginally with the tenon
length: by about 6% between 50 and 150 mm.

For the connection stiffness, the same phenomenon found for T1 was observed for T2. The
initial slip modulus k; was also stiffer than the slip modulus ks by an average of 10%, due to
the initial stiffness of the assembly. Furthermore, the slip modulus k; was not constant along
the tenon length and increased linearly by 8% every 50 mm.

Figure 5.15 - Failure pictures of T2 specimens: (a) Axonometry / (b) Front view T2-50 / (c) Front
view T2-100.
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Table 5.8 — Results for T2 specimens.

Designation Symbol Units  T2-50 T2-100 T2-150
Initial slip Vi mm 0.14 0.27 0.34
Modified initial slip Vi mod mm 0.16 0.30 0.38
Maximum slip Vi max mm 0.74 1.11 1.45
Initial slip modulus ki kKN/mm 41.14  44.85 49.09
Slip modulus ks kKN/mm 3739 4031 43.67
Coefficient of variation of k; Cu,i % 24.37 30.14 20.13
Coefficient of variation of kg Cu,s % 24.84 30.75 16.71
Maximum load Friax kN 13.52  27.58 40.77
Coefficient of variation of F,,, Cv,Finax % 8.12 7.17 5.16
5% fractile of Fy;, 4 Fo05 kN 11.69 23.83 37.18
Section Ay mm? 2100 4200 6300
Tested strength Tk TT MPa 5.57 5.67 5.90
Characteristic strength fok MPa 4.50 4.50 4.50
Relative error - % 23.68  26.06 31.14
50 r _
(a) Test (b) (c)
F
40 | max
- - Fmax,0.05
—_—
=30t AL
=3
e]
(0]
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0 1
0 1 2 3 1 2 3 0 1 2 3

Joint slip (mm)

Figure 5.16 — Load-displacement curves: (a) T2-50 / (b) T2-100 / (c) T2-150.

T3 - Spruce LVL 39 mm, single-layered

For the single-layered spruce LVL connections (T3), all results are listed in Table 5.9. The
load-displacement curves per tenon length are displayed in Fig. 5.17, and the failures are
shown in Fig. 5.18.

For all tenon lengths, a clear shear failure was observed, similar to the T2 double-layered
spruce LVL specimens. The shear strength values 7, 3, 7 for T3-50, T3-100, and T3-150 were
14.73%, 13.80%, and 17.34% higher than f,, i, respectively. The difference between 7, r7 and
fuv.x was reduced compared to T2, with more accurate material characteristics. Nonetheless,
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the load-carrying capacity of T3 was still underestimated by approximately 15% by the current
guidelines, even if the reduction coefficient k, .4 was considered equal to 1. Moreover, the
shear strength 7, rr did not increase with tenon length, even marginally, in contrast to T2
specimens.

The initial slip modulus k; was stiffer than the slip modulus k, by an average of 10%, such as
in the case of T2. In addition, the slip modulus k; also increased with the tenon length of the
specimens but in a non-linear manner, as observed for T2. The slip modulus k; increased by
approximately 40% between T3-50 and T3-100 and by only 10% between T3-100 and T3-150.
No clear trend was thus observed between k; and the tenon length for LVL spruce specimens.

Table 5.9 — Results for T3 specimens.

Designation Symbol Units  T3-50 T3-100 T3-150
Initial slip v; mm 0.16 0.22 0.30
Modified initial slip Vi mod mm 0.18 0.24 0.33
Maximum slip Vi max mm 0.66 0.85 1.17
Initial slip modulus ki kKN/mm 30.09 41.60 47.69
Slip modulus ks kKN/mm 26.96  38.09 42.74
Coefficient of variation of k; Cyi % 15.10 12.89 15.12
Coefficient of variation of kg Cus % 15.58 12.36 14.98
Maximum load Frax kN 11.57  22.90 34.43
Coefficient of variation of Fj,,y Cu,Fyax % 8.52 7.18 5.31
5% fractile of Fj;qx Fo,05 kN 10.07  19.97 30.89
Section A, mm? 1950 3900 5850
Tested strength TykTT MPa 5.16 5.12 5.28
Characteristic strength fok MPa 4.50 4.50 4.50
" Relative error . Styerlifue % 1473 1380  17.34
40  (3) Test -(b) -(c)
Fmax
30 - = Fmax,O.OS
'2 - fV,k
=
3 20 — 4
3
et
S /
0 1 L L
0 1 2 3 0 1 2 3 0 1 2 3

Joint slip (mm)

Figure 5.17 — Load-displacement curves: (a) T3-50 / (b) T3-100 / (c) T3-150.
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¢ \‘ N 1\

Figure 5.18 — Failure pictures of T3 specimens: (a) Axonometry side 1 / (b) Axonometry side 2 /
(c) Front view.

T4 - Beech LVL 40 mm, single-layered

For the single-layered beech LVL connections (T4), all results are listed in Table 5.10. The
load-displacement curves per tenon length are displayed in Fig. 5.19, and the failures are
shown in Fig. 5.20, with net shear failures in the expected joint areas.

For the load-carrying capacity, the shear strength values 7, ; 77 of the connection for T4-50,
T4-100, and T4-150 were 42.23%, 33.96%, and 26.81% higher than f,, respectively. The
load-carrying capacity of T4 was underestimated by an average of approximately 35% by the
current guidelines, which corresponds to the trends for T2 and T3. In addition, the material
characteristics for T4 can be considered more accurate, as the difference from the compression
strength was only of 3.55%. The reduction coefficient k,, ;. therefore seems irrelevant for this
configuration. In contrast to T2, the shear strength 7, v decreased by approximately 5%
while the tenon length increased by 50 mm.

For the connection stiffness, the initial slip modulus k; was stiffer than the slip modulus k; by
an average of 7%, as observed for all other test configurations. The slip modulus k; increased
by 71% between T4-50 and T4-100 while it decreased by 9% between T4-100 and T4-150. This
trend is not similar to the trends of either T2 or T3.

80 L(a) Test (b)
F
max
—_ F
60 % : max,0.05
— v,k
<
® 40 { =
S
0 1 1 1 1 L 1 1 I L
0 1 2 3 0 1 2 3 0 1 2 3

Joint slip (mm)

Figure 5.19 — Load-displacement curves: (a) T4-50 / (b) T4-100 / (c) T4-150.
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Table 5.10 — Results for T4 specimens.

Designation Symbol Units T4-50 T4-100 T4-150
Initial slip v; mm 0.24 0.30 0.47
Modified initial slip Vi mod mm 0.27 0.32 0.49
Maximum slip Vi max mm 0.81 1.08 1.44
Initial slip modulus ki kKN/mm 39.82  64.88 58.40
Slip modulus ks kKN/mm 35.71 61.10 55.44
Coefficient of variation of k; Cy,i % 16.49 7.20 8.03
Coefficient of variation of kg Cu,s % 15.60 4.39 7.09
Maximum load Frax kN 23.66 47.99 68.03
Coefficient of variation of Fy,qx Cu, Eyax % 3.67 7.38 6.98
5% fractile of Fp,qx Fo o5 kN 22.19 41.79 59.35
Section Ay mm? 2000 4000 6000
Tested strength Tk TT MPa 11.09 10.45 9.89
Characteristic strength fuk MPa 7.80 7.80 7.80
" Relativeerror ¢ 8r  uf. % 4223 3396 2681

BRI A

Figure 5.20 — Failure pictures of T4 specimens: (a) Side view / (b) Axonometry / (c) Front view.

T5 - Spruce MSW 27 mm, double-layered

For the double-layered spruce MSW connections (T5), all results are listed in Table 5.11. The
load-displacement curves per tenon length are displayed in Fig. 5.21, and the failures are
shown in Fig. 5.22.

A shear failure occurred in the joints in the expected area and can be observed on both
external sides of the panels (see Fig. 5.15). The T5 specimens showed the most significant
differences between the tests and manufacturer’s values. The shear strength values 7, ;. r1 of
the connection for T5-50, T5-100, and T5-150 were 124.42%, 111.52%, and 120.53% higher
than f, , respectively. As a result, the load-carrying capacity of T5 was underestimated by
approximately half. The large difference of 75% between the product specification and tests
highlighted in the material characterization subsection (see Table 5.3) could partially explained
this substantial underestimation by the existing guidelines. Nonetheless, the load-carrying
capacity was relatively constant along the tenon length, as observed for T1 and T3.
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Chapter 5. Mechanical characterization of through-tenon joints

For the connection stiffness, the initial slip modulus k; was on average 7% stiffer than the
slip modulus ks, as observed for T4. The slip modulus also increased non-linearly with the
tenon length, following the same trend observed for T3. It increased by 35% between T5-50

and T5-100 and by 18% between T5-100 and T5-150.
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Table 5.11 — Results for T5 specimens.

Designation Symbol Units  T5-50 T5-100 T5-150
Initial slip Vi mm 0.20 0.27 0.36
Modified initial slip Vi mod mm 0.22 0.29 0.38
Maximum slip Vi max mm 0.78 1.00 1.72
Initial slip modulus ki KN/mm  39.22 53.22 61.04
Slip modulus ks kKN/mm  36.25 48.81 57.44
Coefficient of variation of k; Cu,i % 17.41 17.86 17.07
Coefficient of variation of k; Cus % 16.27 16.91 13.56
Maximum load Frax kN 19.14 35.11 53.61
Coefficient of variation of F;,,y Cu,Fmax % 9.89 6.27 6.49
5% fractile of F, 4 Fo,05 kN 16.36 30.84 48.23
Section Ay mm? 2700 5400 8100
Tested strength Tk TT MPa 6.06 5.71 5.95
Characteristic strength Sk MPa 2.70 2.70 2.70
Relative error Oty krrlifor % 124.42 111.52  120.53
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Figure 5.21 — Load-displacement curves: (a) T5-50 / (b) T5-100 / (c) T5-150.



5.6. Shear tests

M“

Figure 5.22 — Failure pictures of T5 specimens: (a) Axonometry / (b) Side view 1 / (c) Side
view 2.

Summary

With respect to load-carrying capacity, all materials showed a clear shear failure in the expected
connection area of the tenon. The only exception was the OSB assembly with the longest tenon,
which was discarded from the results analysis. The OSB samples were also the only assemblies
that overestimated the current guidelines: by approximately 25%. In contrast, the MSW
assemblies underestimated them by more than 100%. The material characterization showed
large differences between tested and manufacturer-provided values for compression strength,
which could partially explain the differences for OSB and MSW assemblies. Furthermore,
these two materials have a particular lay-up, described in Table 5.1, with a large cross-layer
in the middle, which could also contribute to such differences between announced material
characteristics and their real performance. For the LVL specimens, the connection shear
strength was 25% higher than in the EC5 guidelines defined by Equation 5.16, without taking
the reduction coefficient k,, ;.4 into consideration. Therefore, it seems that for the particular
TT geometry, considering accurate material characteristics, the reduction coefficient k¢ is
not relevant. Moreover, a stress spreading could be inferred, as the assembly strength is higher
than expected. Additional tests on the shear properties of each panel should be performed to
verify this possible phenomenon, since no material characterization of the shear properties
was conducted in this study.

With regard to the slip modulus of the connections, all materials showed an initial slip modulus
k; that was more rigid than the slip modulus k; due to the initial contact stiffness. The slip
modulus ks can thus be used directly in calculation models while remaining conservative
in the design. The stiffer initial stiffness was attributed to high internal friction forces in the
connections, as no assembly gaps were implemented in the connection design. Furthermore,
specimens were conditioned in a standardized environment, and the wood swelling could
have increased this phenomenon. Nonetheless, if gaps are introduced to the assembly, they
should be taken into consideration by implementing unidirectional displacement constraints
in numerical models or by using a secant stiffness [146] for analytical models.

In a first approach, an elastic-brittle behavior of the assembly was investigated with the current
guidelines criteria for shear (see Fig. 5.23a). However, the TT connection can be classified in
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Chapter 5. Mechanical characterization of through-tenon joints

the low-ductility class of assembly according to Eurocode 8 guidelines [34] and the test results
(see Fig. 5.23b). As a result, a numerical model was developed to more accurately capture
the connection behavior and optimize the load-carrying capacity value. In addition, the slip
modulus of the connection was also investigated, as simplified analytical models do not exist.
In fact, the slip modulus is generally obtained from tests for wood-wood connections, as
simplified analytical models are cumbersome to establish. The results of the numerical model
are presented in the next section.

b
F(a) F()

max, 1 p-----p -

\% \%

Figure 5.23 — (a) Elastic-brittle behavior / (b) low-ductility behavior.

5.6.2 Results vs. numerical model

In this section, a numerical model based on continuum damage mechanics, initially developed
by Sandhaas [131] for dowel type connections and subsequently adapted by Roche et al. [129]
for wood-wood connections, is compared to the shear tests. The numerical model developed
by Nguyen [100] is fully described in Appendix C.4.

For the comparison of experimental and numerical investigations, the slip modulus after
the first loading ks, ;04 was considered in addition to the slip modulus k;, as defined by
Equation 5.12 in Subsection 5.4.3. When the samples are loaded for the first time, the contact
between the faces of the connections is accompanied by the crushing of tiny asperities on
their surface, represented in Fig. 5.24b, which influences the slip modulus k;. As a result, the
slip modulus after the first loading k; ;04 was also computed so as to consider the linear range
between 10 and 40% of the load-displacement curves after the first loading (see Fig. 5.24a).
The statistical distribution of the slip modulus ks vs. ks 04 Per specimen type for a tenon
length of 50 mm can be found in Appendix C.3 (see Fig. C.5). For each test configuration, the
lower and upper bounds defined by the 5% fractile factor were computed in addition to the
mean value for direct comparison of the load-carrying capacity with Equation 5.16.

Moreover, the shear stress distribution was analyzed to assess the non-uniform HSSSD shape
generally expected, as described in Subsection 5.2.1. The stress profile of each material was

1The numerical model was developed by A. C. Nguyen.
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04}

0.1}/

Joint slip,rv

(a) (b)

Figure 5.24 — (a) General shape of the load-displacement curves / (b) Tiny asperities at the
surface of the faces in contact that are crushed during the first loading.

plotted from nodal stress values along the longest tenon length on the expected failure path.
The longest tenon length was chosen because it has the higher number of nodal values due
to having the highest number of mesh elements. A concentration factor K; was calculated to
evaluate the concentration of stress, such as performed by Villar-Garcia et al. [161]:

_ Tpeak _ ~ fu,mean
=

- = (5.17)
Tref Frerfy,.1,
where 7 ¢4k represents the time at which the model stress peak is close to the mean shear
strength value of the material f,, ;04 (depending on time and mesh increments of the model),
and 7,y is the considered uniform distribution stress value under the load F,.f obtained
when the model reaches the model stress peak 7 eqp.

T1 - Spruce OSB 18/25 mm, double-layered

The numerical model and experimental curves of double-layered OSB specimens T1 are
compared in Fig. 5.25, and the results are listed in Table 5.12.

For the load-carrying capacity of the joint, the model shear strength 7, x, 0qe1 Was about 35%
higher than the tested strength 7, ; 1 while almost equal to the characteristic strength f;, ,
with a difference of only 1%. The model is coherent with the input material values f,, ; and
the difference between product specifications and real performance explains the differences
with respect to 7, ¢, 77. The model for the OSB is thus similar to the design criteria defined
by Equation 5.16. The shear stress distribution along the tenon length obtained with the
numerical model is illustrated in Fig. 5.26 for the T1-80 specimen. The distribution was
obtained when the mean shear strength f,, ;eqn = 8.0 MPa was reached, which corresponded
to aload of 18.3 kN. The shear stress profile along the tenon was similar to the expected HSSSD
shape with a stress concentration close to the loaded surface of the tenon. A lower stress
increase was also observed in the vicinity of the opposite notch. The stress concentration
factor K; was equal to 1.79. However, the stress concentration did not devalue the ultimate
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Chapter 5. Mechanical characterization of through-tenon joints

strength, as the ultimate strength corresponds to the f, ;. criteria. Stress diffusion around the
notches could partially explain this phenomenon. In addition, the model showed lower ductile
behavior compared to the tests. A more brittle behavior of the connection was expected, which
could be due to the specifics of OSB material with a particular lay-up composed of wood fibers.

Concerning the connection stiffness, the model slip modulus k;;,4.; largely overestimated
the slip modulus k; by an average of 87% for all tenon lengths. On the other hand, the model
slip modulus k4.7 Was similar to the slip modulus after first loading k ;0,4 with an average
difference of only 6%. The model can thus accurately capture the slip modulus after the first
loading but not the global slip modulus of the connection for T1.
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Figure 5.25 — Load-displacement curves vs. model: (a) T1-50 / (b) T1-65 / (c) T1-80.

Table 5.12 — Results for T1 specimens vs. model.

Designation Symbol Units T1-50 T1-65 T1-80
Model slip modulus Kmodel kKN/mm 38.22 44.14 47.85
Slip modulus ks kKN/mm 21.12 24.16 24.22
Slip modulus after first loading ksmoa kKN/mm 41.67 43.22 53.39

" Model erroron ks, Sk, % 8094 8269 97.56
Model error on ks, 04 Ok mod % -8.29 2.13  -10.38
Model maximum load Frax,model kN 19.96 26.10 32.88
5% fractile of Fpnax, model Frnax.model,0.05 kN 1697 22.18 27.95
Model strength Ty, k,model MPa 6.79 6.83 6.99
Characteristic strength fok MPa 6.90 6.90 6.90
Tested strength Tk TT MPa 5.03 5.39 4.75

" Model errorvs. f,, Otimoantllfur % -163  -109 126
Model error vs. T,k 71 07k model! 1T o 1T % 3490 26.55 47.01
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5.6. Shear tests

Figure 5.26 — Shear stress distribution along the tenon for T1 specimens.

T2 - Spruce LVL 21 mm, double-layered

The numerical model and experimental curves of double-layered spruce LVL specimens T2
are compared in Fig. 5.27, and the results are listed in Table 5.13.

The model shear strength 7, x ;n0de1 Was close to the tested strength 7, ;. 71, with differences of
only -4.73%, -7.85%, and -12.92% for T2-50, T2-100, and T2-150, respectively. The model was
more accurate for a smaller tenon length for this joint configuration and slightly conservative.
As aresult, the model shear strength 7, x. ;0407 Was an average of 16% higher than the charac-
teristic shear strength f, ;. for the different tenon lengths. The model is thus more accurate
than the existing design criteria for optimizing the load-carrying capacity of this assembly.
The shear stress distribution along the tenon length is illustrated in Fig. 5.28 for the T2-150
specimen. It was obtained when the mean shear strength f,, ;neqn = 5.4 MPa was reached,
which corresponded to aload of 19.7 kN. As observed for T1 specimens, the same stress profile
(HSSSD) was observed with a concentration factor of K; of 1.86. However, the stress concen-
tration did not devalue the ultimate strength, as 7,k moder Was higher than f;, ;. Nonetheless,
for the load of 19.7 kN, the joint was still in the linear range, as shown in Fig. 5.27c. Further
research should thus be conducted to identify the causes of the modeling shortcomings, which
can be attributed to increment times, mesh refinement at the stress concentration areas, or
failure modes defining the onset of failure. In addition, the low-ductility shape of the assembly
was coherent, even if the model underestimated the displacement for all T2 configurations.

The model slip modulus k;;,,4.; for the specimen T2-50 with a tenon length of 50 mm was
reasonably close to both the slip modulus k; and the slip modulus after first loading ks 04,
with differences of -11.43% and -12.09%, respectively. However for the two other tenon lengths
of 100 and 150 mm, k, remained relatively constant compared to the increases in kj,o4.; and
ks moa- The difference between kg and k4.7 was thus more important, with differences of
17.99% and 30.88% for T2-100 and T2-150, respectively. For the T1 configuration, therefore,
the model can more accurately capture the slip modulus after the first loading than the slip
modulus of the connection.
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Figure 5.27 — Load-displacement curves vs. model: (a) T2-50 / (b) T2-100 / (c) T2-150.

Table 5.13 — Results for T2 specimens vs. model.

Designation Symbol Units T2-50 T2-100 T2-150
Model slip modulus Kimodel kKN/mm  33.11 47.56 57.15
Slip modulus ks kKN/mm  37.39 40.31 43.67
Slip modulus after first loading ks,mod kKN/mm  37.67 52.33 65.66
Model erroronks o, %  -1143 1799  30.88
Model error on kg o4 Ok mod % -12.09  -9.12 -12.96
Model maximum load Frax,model kN 13.49  26.26 38.08
5% fractile of Fpyax.model Frnax.model,0.05 kN 11.13  21.96 3238
Model strength Ty, k,model MPa 5.30 5.23 5.14
Characteristic strength ok MPa 4.50 4.50 4.50
Tested strength Tk TT MPa 5.57 5.67 5.90
Model errorvs. f,r Otvimoaetl for % 1783 1617 1420
Model error vs. T,k 77 01y kmodel! 1T ok % -473  -7.85  -12.92
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Figure 5.28 — Shear stress distribution along the tenon for T2-150 specimens.
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5.6. Shear tests

T3 - Spruce LVL 39 mm, single-layered

The numerical model and experimental curves of singe-layered spruce LVL specimens T3 are
compared in Fig. 5.29, and the results are listed in Table 5.14.

For the double-layered specimens T2, the model shear strength 7, k. moqer Was close to the
tested strength 7, 77, with differences of only 2.32%, -2.28%, and -4.65% for T2-50, T2-100,
and T2-150, respectively. As a result, the model shear strength 7, ;. ;041 Was an average of
13% higher than the characteristic shear strength f,, ;. for the different tenon lengths. The
model is thus more accurate than the existing design criteria for the optimization of the load-
carrying capacity of this assembly. The shear stress distribution along the tenon length is
illustrated in Fig. 5.30 for the T3-150 specimen. It was obtained when the mean shear strength
fv.mean = 5.4 MPa was reached, which corresponded to a load of 15.4 kN. The expected non-
uniform distribution HSSSD was observed, such as for T1 and T2, with a concentration factor
of K; of 2.18. The same conclusions as those reached for T2 can be deduced with the stress
concentration of T3. The stress concentration also did not devalue the ultimate strength, as
Ty,k,model Was higher than f, .. However, the load of 15.4 kN was still in the linear range, as
shown in Fig. 5.29¢, and further research should thus be conducted to identify the modeling
issues. In addition, the low-ductility shape of the assembly was coherent, even if the model
slightly underestimated the displacement, as observed on T2.

Concerning the connection stiffness, the model slip modulus k;;,,4.; Overestimated the slip
modulus ks by an average of 23% for all tenon lengths. In contrast, the model slip modulus
kmoder was very close to the slip modulus after first loading k; ,,,04, with an average difference
of only -4%. The model can thus capture accurately the slip modulus after the first loading but
not the global slip modulus of the connection. As for T2, the same trend for k;;04¢1 and ks, mod
can be observed with an increase corresponding to the tenon length of specimens.
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Figure 5.29 — Load-displacement curves vs. model: (a) T3-50 / (b) T3-100 / (c) T3-150.
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Table 5.14 — Results for T3 specimens vs. model.

Designation Symbol Units  T3-50 T3-100 T3-150
Model slip modulus Kmodel kKN/mm 31.61  45.79 55.52
Slip modulus ks kKN/mm 26.96  38.09 42.74
Slip modulus after first loading ks mod kKN/mm 3250 47.62 58.53

" Model erroron ks, o, % 1738 2024  29.89
Model error on ks, noa Ok mod % -2.74 -3.83 -5.13
Model maximum load Frax,model kN 12.54  24.28 36.43
5% fractile of Fipax. model Frnax.model,0.05 kN 1030 1952  29.45
Model strength Ty,k,model MPa 5.28 5.00 5.03
Characteristic strength fuk MPa 4.50 4.50 4.50
Tested strength Tuk,TT MPa 5.16 5.12 5.28

Modelerrorvs. f,r Otvimoaetllfor % 1739 1121  11.89
Model error vs. 7,k 771 Ok modet! 1T o 7T % 232  -228  -465

Figure 5.30 — Shear stress distribution along the tenon for T3-150 specimens.

T4 - Beech LVL 40 mm, single-layered

The numerical model and experimental curves of singe-layered beech LVL specimens T4 are
compared in Fig. 5.31, and the results are listed in Table 5.15.

With respect to the load-carrying capacity of the joint, the model shear strength 7,k model
underestimated the tested strength 7,,; 77 by 20%, while it overestimated the characteristic
strength f;, 1 by 8%. The model is thus close to the existing design criteria defined by Equa-
tion 5.16 with a slight improvement of 8% for the prediction of the load-carrying capacity.
The shear stress distribution along the tenon length is illustrated in Fig. 5.32 for the T4-150
specimen. It was obtained when the mean shear strength f, eqan = 9.3 MPa was reached,
which corresponded to a load of 26.7 kN. The distribution profile was similar to those observed
for OSB and spruce LVL, with a concentration factor K; of 2.26. As observed for the other mate-
rials, the stress concentration did not devalue the ultimate strength, as the ultimate strength
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5.6. Shear tests

corresponds approximately to the f;, ; criteria. However, the load of 26.7 kN was still in the
linear range, as shown in Fig. 5.31c, and further research should thus be conducted to identify
shortcomings in the modeling. The displacement of the joints were also underestimated by
the model for this configuration.

Concerning the connection stiffness, the model slip modulus k;;,44.; Overestimated the slip
modulus k; by an average of 26% for all tenon lengths while it underestimated the slip modulus
after first loading k ;04 by an average of 12%. Nonetheless, the trend for k4. and ks ;04
can be observed with an increase corresponding to the tenon length of specimens, as was the
case for T2 and T3.
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Figure 5.31 — Load-displacement curves vs. model: (a) T4-50 / (b) T4-100 / (c) T4-150.

Table 5.15 — Results for T4 specimens vs. model.

Designation Symbol Units T4-50 T4-100 T4-150
Model slip modulus Kmodel kKN/mm  45.72 65.35 78.94
Slip modulus ks kKN/mm  35.71 61.10 55.44
Slip modulus after first loading ks moa kKN/mm  53.52 73.54 86.98

" Model erroronk;, o, % 2803 696 4240
Model error on ks ;04 O kg moa % -14.57 -11.13 -9.24
Model maximum load Frax,model kN 21.74 41.16 59.70
5% fractile of Frnax.model Frnax.model,0.05 kN 1755 33.52  48.63
Model strength Ty, k,model MPa 8.78 8.38 8.10
Characteristic strength ok MPa 7.80 7.80 7.80
Tested strength Tk TT MPa 11.09 10.45 9.89

Modelerrorvs. fur  Oreanlifue % 1251 744 391
Model error vs. T,k 771 01 kmodel!1TokTT % -20.89  -19.79  -18.06
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Figure 5.32 — Shear stress distribution along the tenon for T4-150 specimens.

T5 - Spruce MSW 27 mm, double-layered

The numerical model and experimental curves of double-layered spruce MSW specimens T5
are compared in Fig. 5.33, and the results are listed in Table 5.16.

The model shear strength 7, i o401 Was relatively similar to the tested strength 7, 77, with
differences of only -3.46%, -9.51%, and -11.06% for T5-50, T5-100, and T5-150, respectively.
As for T2, the model for this joint configuration was more accurate for a smaller tenon length
and was slightly conservative. Moreover, the model shear strength 7, i ;04,1 Was an average
of 100% higher than the characteristic shear strength f;, i for the different tenon lengths. The
model is thus not consistent compared to the product specifications, in contrast to the T1
model results. On the other hand, the model is more precise than the existing design criteria
at optimizing the load-carrying capacity of this assembly. The shear stress distribution is
illustrated in Fig. 5.34 for the T5-150 specimen. It was obtained when the mean shear strength
fv.mean = 3.2 MPa was reached, which corresponded to a load of 11.6 kN. The distribution
profile was similar to those observed for OSB and LVL with a concentration factor K; of 2.26.
As observed for the other materials, the stress concentration did not devalue the ultimate
strength, as 7,k modes Was higher than f,, . However, the load of 11.6 kN was still in the linear
range, as shown in Fig. 5.33c, and further investigations should thus be conducted to identify
the modeling issues. The displacement of the joints were also underestimated by the model
for this configuration.

Concerning the connection stiffness, the model slip modulus k;;,,4.; Overestimated the slip
modulus k; by an average of 16% for all tenon lengths while it underestimated the slip modulus
after first loading k; ;04 by an average of 9%. Nonetheless, the trend for ko407 and ks o4
can be observed with an increase corresponding to the tenon length of specimens, such as for
all LVL specimens.
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Figure 5.33 — Load-displacement curves vs. model: (a) T5-50 / (b) T5-100 / (c) T5-150.

Table 5.16 — Results for T5 specimens vs. model.

Designation Symbol Units T5-50 T5-100 T5-150
Model lip modulus Kmodel kKN/mm  41.13 56.62 68.75
Slip modulus ks kKN/mm  36.25 48.81 57.44
Slip modulus after first loading ks, moa kKN/mm  44.55 65.18 73.58
Model erroron ks, o, % 1345 1586  19.69
Model error on ks, 04 O ks moa % -7.68 -13.14 -6.57
Model maximum load Frax,model kN 18.77 33.00 50.13
5% fractile of Frnax, model Fnax.model,0.05 kN 1579 2791  42.90
Model strength T, k,model MPa 5.85 5.17 5.30
Characteristic strength fok MPa 2.70 2.70 2.70
Tested strength Tk TT MPa 6.06 5.71 5.95
Modelerrorvs. fyr  Oryppoaaiifee % 11666 9140  96.15
Model error vs. 7,k 71 Oty kmodel! 1T ok TT % -3.46 -9.51 -11.06

Figure 5.34 — Shear stress distribution along the tenon for T5-150 specimens.
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Summary

A comparison of the shear strength between characteristic, tested, and model values is pre-
sented in Fig. 5.35 for all materials. The model shear strength was in relatively good agreement
with the tests for MSW and spruce LVL panels (T2, T3, and T5) and showed less variability
in results compared to the characteristic values for beech LVL (T4). Only the model results
for OSB (T1) were similar to the characteristic values and, as a result, overestimated the load-
carrying capacity of the assembly. The model demonstrated superior accuracy in estimating
the load-carrying capacity of the TT assembly compared to existing guidelines. The model
can thus be used in future research to optimize the load-carrying capacity of TT connections
depending on the materials.

However, inconsistencies were highlighted for the shear stress distribution concerning the
level of loading, and further research should be performed on the mesh and time increments
of the model. In addition, no clear trend was evident from either the model or the tests in the
load-carrying capacity as function of the tenon length.
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Figure 5.35 — Shear strength comparison between characteristic values (f, ), tested values
(Tuk,77), and FE model values (7, moder): (@) T1/ (b) T2/ (c) T3 / (d) T4 / (e) T5.
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A comparison of the connection stiffness between tested slip modulus, tested slip modulus
after first loading, and model slip modulus values is also presented in Fig. 5.36. The model was
in good agreement with the tested slip modulus after first loading with an underestimation
of approximately 8% for all configurations. However, the model significantly overestimated
the tested slip modulus by 32.8% for the different configurations and by 19.25% if the OSB
configuration was excluded from the analysis. There were also large variations depending
on the tenon length and material. As a result, the model slip modulus is not appropriate to
be implemented in calculations models, as the overall displacement of an interconnected
structure would be largely underestimated. The model could be improved for the prediction
of TT joint slip modulus with the introduction of deformable contact elements in comparison
with the surface-to-surface interaction with a hard contact used in this work. Element deletion
could also be introduced to alleviate mesh dependency and element distortion, as performed
by Sandhaas et al. [132]. Nonetheless, the model was consistent regarding the increase of
the slip modulus as function of the tenon length, as observed on the slip modulus after first
loading and for the slip modulus of T2, T3, and T5. This trend could be investigated in future

research.
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Figure 5.36 — Connection stiffness comparison between slip modulus (k;), slip modulus after
first loading (ks ,04), and FE model slip modulus values (k;,oq¢7): (@) T1/ (b) T2 / (c) T3 /
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Chapter 5. Mechanical characterization of through-tenon joints

5.7 Design guidelines

A summary of the results on the load-carrying capacity is presented in this section. The load-
carrying capacity of TT connections is defined by several failure modes, as described in Fig. 5.2.
Shear and compression failures, illustrated in Fig. 5.3, were investigated and are compared
to the EC5 guidelines in Section 5.5 and Subsection 5.6.1. The results are summarized in
Table 5.17. In addition, the results for each specimen type are presented in a graph in which
the characteristic load (F;,4x,0.05) is a function of the tenon length (I;), as shown in Fig. 5.37.
The area of interest is defined as ranging from a tenon length of 50 mm to the optimum tenon
length determined when the resistant shear capacity reaches the compression capacity of
the joint. The optimum tenon length was defined for both the tests (I¢,0p¢im,test) and the EC5
guidelines (I;,0ptim,ecs). The optimum length derived from EC5 can be calculated according
to these equations (if k;, ;o4 and k.  are considered equal to 1):

Joke X L x &> feok X tm % Bt (5.18)
feorxt
lt,optim,ECS > Cf—km (5.19)
v,

The differences between Iy optim,ecs and Iy oprim,res: Were between approximately 2 and 15%.
Although these values were relatively close for the different panels, the load-carrying capacities
for these different tenon lengths were different depending on the panel type. In the analysis,
only the shear load-carrying capacity was considered before the compression load-carrying
capacity was reached. Strength coupling was not investigated in the first approach.

Table 5.17 — Summary of the test results for TT connections.
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Designation Units TI1&EM1 T2&EM2 T3&EM3 T4&EM4 T5&EM5
Materials - spruce spruce spruce beech spruce
Type - OSB3 LVL LVL LVL MSW
TT layers - 2 2 1 1 2
fok (MPa) 6.9 4.5 4.5 7.8 2.7
Tuk,TT (MPa) 5.21 5.71 5.19 10.48 591
Otuprr!l o (%)  -2446  26.96 15.29 34.33 118.82
OckTT (MPa) 11.53 28.08 31.21 62.05 21.01
Sourrniifoe (%) 2209  47.79 20.04 16.36 82.70
Scerrrlifoopren (%) 25.50 4.32 7.34 12.42 4.64
Lioptimpcs ~ (mm)  77.22 177.33 22533 27333  230.00
Lioptim,test (mm) 78.82 201.84 232.20 248.15 192.43
SECS) I Test (%) 2.07 13.82 3.05 -9.21 -16.33
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Figure 5.37 — Load-carrying capacity of TT connections as a function of tenon length.
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Chapter 5. Mechanical characterization of through-tenon joints

To summarize, only the load-carrying capacity of OSB TT joints (T1 and EM1) was overesti-
mated (by 25%) according to EC5 (Fig. 5.37a). On the contrary, the load-carrying capacity of
spruce MSW joints (T5 and EM5) was greatly underestimated by half (Fig. 5.37e). Both of these
materials showed significant differences between the characteristic values announced by the
manufacturer (or the material standard) and those tested. It is thus complicated to structurally
design such connections without experiments because of their large material variability. In
contrast, TT joints made of LVL panels were underestimated by approximately 25% with more
precise material properties (Fig. 5.37b,c and d). The closest to the EC5 guidelines was the
single-layered spruce LVL connection (T3 and EM3) with a difference of approximately 15%.
Moreover, as the characteristic compression strength (f; o k,res) Was tested for all materials,
compression spreading (of 25%) was highlighted only for the OSB TT joints. The same value
was observed for the shear strength of LVL panels, which could also demonstrate a spreading
phenomenon in the context of shear behavior.

Among the developments toward a more comprehensive code on timber structures, Dietsch
et al. [24] stated that the determination of shear properties of wood-based panels used in
structural design could be improved. They also mentioned three methods for developing
standards for structural design: tabulated data or design diagrams, simplified design methods,
and scientifically based design methods. They also highlighted that design diagrams are useful
methods for standard applications — such applications corresponds to the structural elements
developed with TT connections presented in Chapter 3. Based on materials composing a
TT assembly, different approaches could be used. LVL panels could be designed with EC5
equations with research on spreading coefficients to optimize the TT connection, as they
already show a close alignment of product specifications and characteristic values. Otherwise,
design diagrams could be used for materials such as OSB and spruce MSW that show a higher
discrepancy between manufacturer specifications and characteristic values. These diagrams
can be based on experimental tests following the procedures developed in Section 5.4 for
shear and compression. They can be inspired by Fig. 5.37 and use different parameters such
as material, tenon length, panel thickness, material lay-up, and others, as such parameters
were shown to influence the TT behavior.
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5.8 Conclusions

The in-plane behavior of digitally produced TT joints was investigated in this chapter, as such
joints are increasingly applied in standard construction systems. Shear and compression
failure modes were considered and two test setups were developed for this purpose. An
experimental campaign was performed on commonly available timber panels to expand the
knowledge of several materials. The scope of the study was limited to a grain orientation
parallel to the joint and three different tenon lengths. The experimental results were compared
to the EC5 guidelines for traditional carpentry assemblies to assess the existing state-of-the-
art for the structural design of such joints. A numerical model based on continuum damage
mechanics, presented in Appendix C.4, was also compared to the tests.

Significant differences were observed between the announced characteristic strength values
and real performance of the materials, especially for OSB and MSW panels. The material
characteristics are of high importance in accurately determining the load-carrying capacity
through design criteria derived from EC5. This discrepancy is thus problematic for performing
a safe design with, for example, the overestimation of the OSB compression strength (and prob-
ably shear strength). This discrepancy is less critical when the properties are overestimated, as
was the case for all other materials, but it is not relevant for an optimized and coherent design.
As stated by Dietsch et al. [24], the correspondence between product specifications and EC5
could be improved.

Concerning the load-carrying capacity of TT joints, existing EC5 guidelines were mainly
found to be conservative. Only the capacity of OSB TT joints was overestimated while all
others were underestimated. The highest difference was for the spruce MSW with twice the
load-carrying capacity expected. These two materials (OSB and MSW) are characterized by a
particular lay-up with a large cross-layer in the middle of the panels, which may have increased
these differences. The specimen type that led to the conformance to the EC5 guidelines
was the single-layered spruce LVL connection with a difference of only 15%, while the LVL
specimens were underestimated by an average of approximately 25%. The EC5 spreading
coefficient for compression k. 4, equal to 1 when the grain orientation is parallel to the joint,
was found to be consistent, while the reduction factor coefficient due to the non-uniform
stress distribution of shear k,, .4 was not relevant according to the test results. Existing criteria
can therefore be safely used for LVL materials in the first approach, while design diagrams
based on the experimental procedures developed in this work can be implemented if the
product specifications are considered uncertain, such as for OSB and MSW. Moreover, the
numerical model was in good agreement with the load-carrying capacity test results, even
if inconsistencies were highlighted for the shear stress distribution with regards to the level
of loading. The model could be used as a complement to tests in future research with an
optimization of the time increment and mesh near stress concentrations.

For both the contact and the shear connection stiffness, the initial slip modulus k; was stiffer
than the slip modulus k; for almost all materials. In fact, a very high initial stiffness was

121



Chapter 5. Mechanical characterization of through-tenon joints

observed for very low displacement from 0 to 0.1 mm. It is difficult to predict behavior for
such low displacement, as such behavior can be caused by several parameters, including
manufacturing parameters assembly gaps, and wood swelling. Nonetheless, the slip modulus
ks of the different tested configurations can thus be used directly in the different calculation
models while remaining conservative in the displacement predictions. Assembly gaps can be
implemented as function of the chosen manufacturing parameters. However, the numerical
model largely overestimated the slip modulus k; for all materials, and the introduction of
deformable contact elements should be investigated to improve the model response. As a
result, experimental tests remain necessary for defining the slip modulus for TT connections.
With additional tests on both TT connections and shear properties of timber products, an
analytical model could be established based on the experimental protocol developed in this
work.

To conclude, the behavior of TT connections for commonly used timber panels was charac-
terized, and newly developed experimental protocols were found to be consistent. Design
guidelines were evaluated to safely use TT connections in standardized structural elements.
Therefore, this work is a sound basis for optimizing the existing guidelines and developing
analytical models for digitally produced TT connections. Further research could also inves-
tigate the notch-size effect, the effective number of connections, and creep behavior. The
long-term objective is to create an extensive database on digitally produced connections for
timber products in order to propose general guidelines for building codes.
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6.1 Conclusions

The use of wood as a building material can help mitigate the construction industry’s impact
on natural resources and global warming to create a more sustainable built environment. The
increasing demand for sustainable products has led to the development of new engineered
wood-based materials and their wider adoption in modern construction. In the meantime,
traditional hand-crafted assemblies have been progressively replaced by steel fasteners and
bonding processes with the standardization of the timber industry. However, recent advances
in digital fabrication through CAD and CAM have offered new design possibilities for wood-
wood connections, particularly for timber plate structures. With new design-to-production
workflows, digitally produced wood-wood connections have become a cost-competitive
alternative for the edgewise assembly of thin timber panels, as a large number of connections
with different geometries can now be easily manufactured. Therefore, this thesis presents
research aiming to broaden the use of this specific joining technique into common timber
construction practice, with the main conclusions summarized as follows:

Building implementation

The first building implementation of a double-layered timber folded-plate structure using
digitally produced wood-wood connections, the Vidy theater, was presented. Approximately
300 different plate shapes, 450 different joint angles, and over 3,000 TT connections were
applied to the design of this building. The inherent complexity was managed with a design-to-
production workflow, linking the fabrication process and its capabilities to the architectural
design and planning process. Specific computational tools for the design of a large number
of digitally produced TT connections were efficiently used in a project environment with
multiple stakeholders. In addition to LVL panels generally employed in previous research, CLT
panels were investigated for the first time and showed superior rotational performance for this
specific TT geometry. The potential of other engineered timber products for such assembly
was thus demonstrated. The moment-rotation capacity of the connection largely satisfied
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the requirements of the project, showing the efficiency of TT connections for the assembly
of timber plate structures. Furthermore, the applicability of this construction system was
demonstrated at the building scale.

Development of standardized construction systems

Based on past research and DfMA approach, a novel standardized construction system
uniquely using TT connections was introduced. The feasibility of this construction system
was confirmed through a case-study both for continuous elements with an industrial partner’s
robotic line and for small panels with a CNC machine in the laboratory. The prefabricated
approach reduces on-site construction time and increases structural performance using con-
tinuous elements. On the contrary, the flat-pack approach optimizes transportation costs and
production flexibility, thereby making it accessible to SMEs for more resilient and distributed
manufacturing on a local scale. Different connection types and geometries were proposed
depending on materials and fabrication capacities to offer a wider range of alternatives for the
design and to ease the assembly process. For this research, assembly was performed by hand.
The reliability of the fabrication and assembly processes was validated by the low variability
observed among different specimens in the large-scale experiments.

Calculation methodology and structural performance

The SLS is generally the most critical criterion for interconnected elements using semi-rigid
connections. As a result, the load-displacement response of the developed construction
system was first investigated using an FE model to compare TT joints with glued and nailed
assemblies, widely used in timber construction. TT joints demonstrated a superior perfor-
mance to that of the nailed assemblies, which highlighted the viability of digitally produced
wood connections as an alternative to mechanical fasteners for the edgewise assembly of thin
panels. Nonetheless, the structural analysis of such construction systems has been mainly
achieved with sophisticated, computationally expensive, and time-consuming FE models,
which contrasts with the simplicity of basic housing elements. On the other hand, analytical
theories, widely implemented in practice to evaluate the performance of mechanically jointed
beams, cannot accurately capture their specific characteristics.

A practical numerical model was thus introduced using beam elements in the elastic range
and spring elements to represent semi-rigid connections. Large-scale experimental bending
and vibration tests were performed to validate the proposed calculation model. The model
was in good agreement with the experimental results for the effective bending properties,
being slightly conservative compared to rigid model and existing analytical approach. In
addition, the model accurately captured the various discontinuities along the length of the
elements. Friction was not considered in the model, as the damping ratio was similar to typical
timber floor values without any exceptional effects due to the connections. Therefore, the
proposed calculation model, with simple tests on connections, offers a convenient calculation
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methodology to obtain the stress distribution and global displacement of interconnected
elements using multiple TT joints.

Creep behavior

In addition to the semi-rigid behavior of connections, creep also has a significant influence on
the SLS of timber elements. Moreover, the EC5 guidelines require k. ¢, the reduction factor for
the evaluation of creep deformation, to be doubled when applied to timber connections. An
experimental test conducted under outdoor conditions was thus performed on a large-scale
specimen and compared to the proposed calculation model to verify the existing guidelines.
The contribution of connection creep to the final displacement was found to be approxi-
mately 25%. Nonetheless, the EC5 guidelines largely overestimated the final displacement by
30% while the final displacement was underestimated by 14% if creep was not considered.
When the reduction factor kg4.r was not doubled, the most accurate prediction of the final
displacement was observed, with a difference of only 9%. Therefore, the existing guidelines are
conservative and structural design could be optimized by not doubling the reduction factor
kger for timber connections. This first quantitative study presents reassuring results for the
long-term behavior of such construction systems.

Connection behavior

The in-plane behavior of digitally produced TT joints was investigated, as it is an essential
parameter for the prediction of the structural response of such timber structures. The load-
carrying capacity and slip modulus of commonly available engineered timber panels were
determined through an experimental campaign. Existing guidelines for traditional carpentry
assemblies were compared to the test results, and an FE model was developed to approx-
imate their performance. Significant differences were observed between the announced
characteristic strength values and real performance of the materials, especially for materials
characterized by a specific lay-up with a large cross-layer in the middle, such as OSB and MSW.
The correspondence between product specifications and standard values could be improved
for an optimized and coherent design.

Concerning the load-carrying capacity of TT joints, existing guidelines were mainly found to
be conservative, except for OSB panels. Existing criteria can therefore be safely applied to LVL
materials in an initial approach, while design diagrams based on the experimental procedures
developed in this work can be established if the product specifications are considered uncer-
tain, such as for OSB and MSW. The spreading coefficient for compression k. , was found to be
consistent, while the reduction-factor coefficient due to the non-uniform stress distribution of
shear k, r.q was not relevant according to the test results. The numerical model was in good
agreement with the load-carrying capacity test results. The initial connection stiffness was
stiffer than the slip modulus for all materials and for very low displacement, which are difficult
to predict accurately. The tested connection stiffness for the different TT configurations can
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thus be directly applied in calculation models with conservative displacement predictions.
However, the numerical model significantly overestimated connection stiffness for all configu-
rations. As a result, tests remain necessary if other geometries or materials are to be employed
in TT connections. This work constitutes a solid foundation for the optimization of design
guidelines and for the creation of an extensive database on digitally produced wood-wood
connections.

General

To conclude, different investigations were performed at large-scale element and connection
levels. Practical design methodologies, covering both geometrical and structural consider-
ations, were thus established. Based on this research, the novel standardized construction
system using digitally produced TT connections proposed in the present thesis can be applied
reliably in a project environment for basic roof and slab elements with convenient design
methods for practitioners.
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6.2 Outlook

Research and development on digitally fabricated wood-wood connections applied to novel
timber construction systems is a very broad topic and the scope of this thesis therefore had
to be limited. As a result, several challenges remain to be addressed and the following topics
could be explored:

Modeling and optimization of connections

Based on the work performed in Chapter 5, analytical models for the prediction of the slip
modulus and the optimization of existing design guidelines for the load-carrying capacity of
digitally produced TT connections could be investigated. Additional tests, both of the shear
properties of timber panels and of TT connections, would be necessary. Moreover, the FE
model could be improved in terms of its mesh and time increments as well as by introducing
deformable contact elements to reduce the number of experimental tests and study local
effects. Finally, the influence of different grain orientations, notch sizes, and number of
connections could be taken into consideration in future studies.

Creep of connections

Based on the first quantitative study presented in Appendix B.3, a more in-depth analysis of
the creep behavior of wood-wood connections could be conducted. Additional experimental
tests and more advanced calculation models would be necessary. The preliminary assessment
of existing guidelines regarding the evaluation of the creep behavior of timber connections in
EC5 could thus potentially be confirmed.

Enhancement of connections

Connection stiffness is an essential parameter for the load-displacement response and, as
a result, for the SLS. New digital fabrication processes could be developed to harden con-
tact surfaces of the assembly. The slip modulus would thus be larger, enhancing the load-
displacement response of the structural element. In addition, reinforcements could also be
studied to improve their low-ductility behavior and increase their load-carrying capacity.

Diaphragm effect

The diaphragm effect of floor and wall elements is important for transferring lateral loads,
such as wind or earthquake, into timber structures. The study of the diaphragm effect of such
novel construction system would require additional experimental tests on the out-of-plane
behavior of TT connections and in-plane behavior of large-scale elements. Additionally, the
proposed model should be adapted and assessed for this loading configuration.
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Shear lag phenomenon

The low width-to-thickness ratio of flanges causes a non-uniform stress distribution along
the flange width, referred to as shear lag. Shear lag generally reduces the load-carrying
capacity of flanges in compression and tension. The current EC5 standards take shear lag
into consideration by changing the physical cross-sectional dimensions with an effective
width defined only by a constant ratio of the span. However, shear lag is influenced by
other parameters, such as material shear properties, boundary conditions, type of loading,
and width-to-span ratio of flanges. The local shear lag effect could be studied for different
engineered timber products and configurations in order to assess the existing guidelines.
In addition, the local effect of wood-wood connections on this phenomenon could also be
evaluated.

Design automation

Existing CAD plugins already exist for the automatic generation of geometry and fabrication
files for TT connections. The specific geometry of this novel construction system composed
of small panels could be incorporated in a new specific CAD plugin based on different input
parameters, such as panel size, span, width, height, and joint parameters. The automatic
generation of the proposed calculation model could also be added to directly transfer the
geometry into commonly used structural-analysis software packages.

Robotic assembly

Until the present, the assembly of timber plates with multiple wood-wood connections has
been performed exclusively by hand. In a prefabricated approach, automation of the assembly
process using robots could optimize costs and lead to an evolution of connection geometries
and performance. A current doctoral study, entitled “Robotic Assembly of Integrally Attached
Timber Plate Structures”, is currently being conducted on this topic within in the Laboratory
of Timber Construction at EPFL.

Digitally produced connections and sawn timber

In contrast to the engineered timber products used in this research, digitally produced con-
nections applied to sawn lumber products, which are completely adhesive-free, could result in
even more sustainable construction systems. A current doctoral study, entitled “Woodworking
Joints and Assembly Methods for Locally Sawn Solid Timber Elements in Free-form Struc-
tures”, is currently being performed on this topic in the Laboratory of Timber Construction at
EPFL [160].
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Appendix A. Appendix of Chapter 3

A.1 Detailed geometry of roof element for the case-study
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Figure A.1 - Detailed plan of the case-study roof element.




A.2. Experimental curves of the push-out tests performed on OSB TT joints for the
specific case-study
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Figure A.2 — Detailed plan of the top and bottom TT geometry of the case-study roof element.

A.2 Experimental curves of the push-out tests performed on OSB
TT joints for the specific case-study
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Figure A.3 — Experimental curves of the push-out tests performed on OSB TT joints: (a) Stiffness
curves Ky, sampie / (b) Comparison of the stiffness curves Ky, sampie-
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B.1 Detailed plans of large-scale specimens
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Figure B.1 — Detailed plan of large-scale specimens: part 1.
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Figure B.2 — Detailed plan of large-scale specimens: part 2.
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B.2 Gamma method calculations

The gamma method, defined by equations 4.1 to 4.5, was used to calculate the effective
bending stiffness (EI,f) of the large-scale specimens. However, as described in chapter 4, all
discontinuities along the element cannot be addressed with this method. Several assumptions
were thus applied in order to perform the calculation:

¢ All elements of the large-scale specimen were considered continuous.

¢ The different layers of flanges and webs were merged into one element each, as the
method can only calculate jointed beams of up to three elements.

* The elastic modulus of the flanges was defined by a thickness-dependent ratio of the
two materials used (OSB and LVL).

¢ The stiffness value of the connections K; and K3 was taken from the shear-test results of
TT OSB connections performed in chapter 5, section 5.6.1 (specimens T1-50). The LVL
was not considered for the stiffness of the connection as no shear tests were performed
on this specific configuration.

The different parameter values used for the calculation are listed below (refer to Fig. 4.2 for the
geometrical parameters):

Eo,mean,08B3,f1ar = 4930 MPa hi = h3 =36 mm by = by = 400 mm
Eo,mean,05B3,edge = 3800 MPa hy =372 mm b, =50 mm
Eo,mean,LvL, flar = 10000 MPa hoss, f1ar =18 mm 51 =s3 =150 mm
hive flar =21 mm Ky = K3 =21120 N.mm!

The elastic modulus of each member was calculated as follows:

(Eo,mean,08B3, flat * hoss, fiat + Eo,mean,LvL flat X RLVL, flar)

Ey=E3=

= 7660 MPa
hoss,flat + hrvL, fiar

E; = EO,mean,OSB3,edge = 3800 MPa

The moment of inertia and the cross-sectional area were calculated according to formulas for
rectangular cross-sections:

by x h3 by x h3
L =1I= 1 1 271y

=1977300 mm* L= =214495200 mm*
12 12

Ay = A3 = by x h; = 15600 mm? Ay = by x hy = 18600 mm?
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B.2. Gamma method calculations

Finally, the effective bending stiffness (E1, ) was determined according to the gamma method
described below:

y1=01+n°E A5 /(K 1%t =0,89

Y2 =1+ m°E Ass/ (Kp 197! =1

y3 = [1+n?E3Ass3/(K31%)]71 =0,89
4= YiE1 A1 + ho) —y3E3 As(ha + hs) _

3 0 mm
zzi:1YiEiAi
hi+h
ay = ——2 — @, =2055mm
ho+h
a3:%+a2:205,5mm

3
Elp=Y (Eil; +viEiAia?) = 9,80 x 10'? N-mm?
i=1

According to the gamma method and the simplified assumptions listed above, the effective

bending stiffness of the large-scale element was 9,80 x 1012 N-mm?.

139



Appendix B. Appendix of Chapter 4

B.3 Creep behavior

This appendix is based on: J. Gamerro, M. Nakad, J. E Bocquet and Y. Weinand. Case-study on
the creep behavior of interconnected elements using wood-wood connections. In Proceedings
of the World Conference on Timber Engineering. Santiago, Chile, 2020. Abstract submitted.

B.3.1 Introduction

Wood and engineered timber products are considered as viscoelastic materials with a time-
dependent strain-stress behavior [141, 142]. The increasing deformation of these types of
materials over time under permanent loads is commonly referred to as creep. The creep
behavior of timber products depends on several factors. The load direction with respect to
grain orientation is an important parameter, since deformations are higher when loads are
applied perpendicularly than when applied parallel to the grain [46, 93]. The type of stress is
also a parameter influencing creep due to the anisotropic behavior of wood, as shown in several
studies [58, 142]. In addition, environmental conditions, such as temperature and relative
humidity, influence creep behavior. The temperature itself influences creep deformation, but
effects are only notable above 35°C [67, 93]. However, changes in both temperature and relative
humidity impact the moisture content of wood and significantly accelerate the creep effect.
This specific phenomenon is generally called mechano-sorptive creep [5, 106, 113]. Therefore,
creep of wood materials is a very complex phenomenon that has been investigated since the
1960s and remains an ongoing research topic in wood material science. Nonetheless, the
general creep behavior of a timber element can be described as occurring in three stages [43,
114], as shown in Fig. B.3a: (1) the deformation is first characterized by a rapid increase
followed by a decreasing creep velocity, (2) the deformation is then constant over time, and
finally (3) the deformation shows a rapid increase until failure with non-linear viscoelasticity.

A @ Failure Failure g4 (b)
i 3 (e}
E 2
n 0,
(3)
02
2)
(1) L 7 T b LL
o
o, !
ﬁ u
creep
********** L
Time Time

Figure B.3 - (a) Creep strain curve for different stress levels / (b) Different stress levels compared
to the limit of linearity (LL).
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B.3. Creep behavior

The structural design of interconnected timber elements is mainly governed by the SLS, as
discussed in Chapter 4. Therefore, it is important to properly consider creep as it largely
influences the general displacement of timber structures. Within current timber construction
standards, such as EC5 [33], creep is considered with different modification factors depending
on the service class. There are three service classes that describe the environmental conditions
(temperature and relative humidity) to which the construction element may be subjected.
Based on the service class and the type of wood material, different values are assigned to
two modification factors, namely ko4 and kg . The first modification factor k4 for load
duration and moisture content is applied to the load-carrying capacity of members according
to Equation B.1:

R = kmoa 2% (B.1)

M

where Ry is the characteristic load-carrying capacity value and vy, is the partial factor for
material properties. The strength-reduction factor k;,,4 limits the stress level to remain in
the limit of linearity (LL) and avoid a creep failure, as shown with the red curve ¢, in Fig. B.3a
and b. If this first condition is respected, wood can be considered as linear viscoelastic, and
the deformation is thus considered as a ratio of the elastic deformation under permanent
loads. As a result, the second modification factor k4. r reduces the elastic properties of timber
according to the following equations:

Emean Kser
E = —— B.2 Keer fin=—""" B.4
mean,fin 1+ kdef ( ) ser,fin 1+ kdef ( )
G u
Gmean, fin = 1 +m;:nf (B.3) kaer = l;ir::tp (B.5)
e

where Ej;eqn is the mean value of modulus of elasticity, Geqn, is the mean value of shear mod-
ulus, K is the slip modulus of connections, kg, is the reduction factor for the evaluation
of creep deformation, u¢eep is the deformation due to creep and u; s, is the instantaneous
elastic deformation, as shown in Fig. B.3a. The final deformations of timber elements are
calculated with these modified properties. However, the reduction coefficient kg, is calcu-
lated differently for connections constituted of timber elements. It is stated in Subsection
2.3.2.2 of EC5 [33] that the value of kg4 should be doubled for a connection constituted of
timber elements with the same time-dependent behavior. If the connection is constituted
of two wood materials with different time-dependent behavior, the factor kg, is calculated
according to Equation B.6:

kdefzz\/ kdef,l'kdef,z (B.6)

where kg, r,1 and kg, 2 are the reduction factors for the two timber elements composing the
assembly. In both cases, the value of kg for wood-wood connections largely increases the
global displacement.
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Therefore, the goal of this work was to compare the existing guidelines concerning the creep-
reduction factor k¢ for wood-wood connections with the case-study presented in Chapter 4.
As aresult, an experimental test was conducted in outdoor conditions on the newly developed
structural element, as shown in Fig. B.4. The deformation factor k¢ for OSB panels was also
tested, as high variability was observed for this material.

Figure B.4 — Photograph of the experimental setup in outdoor conditions.

B.3.2 Material and methods

The same large-scale specimen (LSS) as the one presented in Section 4.3.1 of Chapter 4 was
experimentally tested in outdoor conditions. The detailed plan can be found in Appendix B.1
(see Fig. B.1 and B.2). The LSS, with a span of 8.1 m, was placed on two supports under a
ventilated shelter and exposed to natural variations of humidity and temperature, which
corresponds to a service class 2 according to EC5. The test setup is presented in Fig. B.5. The
LSS was loaded with eight small OSB control panels (CP) of 18 mm thickness weighted with
lead to create a distributed loading configuration (see Fig. B.5a, b and c). The CPs were used to
estimate the creep factor kg, ¢ of OSB under these specific environmental conditions because
of the high material variability of OSB. These CPs had a length of 900 mm and a width of
290 mm. The panels were loaded with a punctual load of 180 N at their centers (see Fig. B.5d).
All displacement were recorded using a theodolite Leica TCR 705 (Leica Geosystems, Wetzlar,
Germany) with 26 targets positioned along the LSS and 24 targets along the CPs, as shown in
Fig. B.5d, e, f, and g. Displacement measurements were performed every day for the first week,
then every 3 days for 1 month, then every week for 6 months, and finally every 2 weeks. All
measurements were conducted over a total period of approximately 400 days. Humidity and
temperature variations were monitored every hour with three sensors (Data logger EL-USB-2+,
Thermolab SARL, Préverenges, Switzerland) placed under the ventilated shelter.

142



B.3. Creep behavior
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Figure B.5 — Experimental setup details: (a) Front view / (b) Side view / (c) Axonometry /
(d) Punctual load on OSB panel / (e) Displacement targets on top and bottom flanges /
(f) Displacement target on web / (g) Displacement targets on support conditions of OSB
panels.
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B.3.3 Loading procedure

The loading configurations of the LSS and CPs were calculated based on the static test results
in Chapter 4 as follows:

Calculation of the characteristic load-carrying capacity Fy based on

the bending static tests and Annex D of EC5 for the LSS
[

Fean = 31.44 kN
Fr=23.23kN

l

Calculation of the maximum characteristic bending moment M, 4

according to the calculation model SR under the load Fj for the LSS
[

/ Mypas.x = 36.38 KN-m /

i

Determination of the maximum permanent characteristic bending

moment M, 4 according to EC5 to remain in the LL for the LSS
I
Minax,k * kmod

M =———— =6.74kN-
max,d 1.35 x Y1 6.7 m

with k04 =0.3and ypr =1.2

l

Determination of the stress ratio 7,4y in the most loaded panel of the
LSS (bottom flange in OSB, tension stress) according to the

calculation model SR under the bending moment M, 4
I
/ Nmax =15.77%

l

Optimization of dimensions and number of CPs to reach M4 4 for
the LSS with a punctual loading configuration with the same stress
ratio ny, 4y for the bending strength of CPs

Frcp = 18() N
Number of CP =8
Width =290 mm
Length = 900 mm

Figure B.6 — Loading calculation method for the creep test.

The maximum permanent characteristic bending moment M, 4 derived from the static
bending test and the calculation model SR presented in Section 4.4 of Chapter 4 was thus
applied on the LSS in the form of a distributed load with the CPs. The stress ratio 1,4 in the
most loaded panel of the LSS, retrieved with the calculation model SR, was then applied to the
bending strength of the CPs with punctual loads. The number and dimensions of CPs along
the LSS were optimized to reach the M, 4. This specific loading configuration allows the
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B.3. Creep behavior

creep behavior of LSS and OSB type 3 panels to be retrieved from a single test setup. However,
several assumptions were adopted for the calculation of the loading configurations. For the
calculation of My, 4 only the OSB reduction-strength factor k;,,4, equal to 0.3, was used
instead of a ratio between LVL and OSB factors, as OSB panels comprised the major part
of the LSS. The stress level in the most loaded panel of the LSS was located in the bottom
flange in tension while the CPs were tested in bending. There is no differentiation of the
factor k4. according to the type of stress in EC5, but creep deformations due to tension are
generally lower than creep due to bending, as specified in the New Zealand timber structures
standard [57, 103]. This difference was not considered in this calculation. Finally, only the
creep deformation factor k;.r of OSB was tested, as OSB is usually the material with the
highest variability. For LVL, k4. was considered equal to be equal to 0.8 according to a service
class 2 in EC5.

B.3.4 Calculation models

From the SR calculation model, three different configurations were implemented to study the
influence of the connections on creep behavior:

* Model 01: the creep deformation kg . was not applied to the connections.

* Model 02: the creep deformation k4. ¢ was applied to the connections according to the
existing guidelines described by Equation B.6 but without factor 2. The creep factor was
not doubled, as specified in EC5.

* Model 03: the creep deformation k4. ¢ was applied to the connections according to the
existing guidelines described by Equation B.6, as specified in EC5.

All material properties were defined according to Equations B.2, B.3 and B.4. The reduced
material properties used in all the models are listed in Table B.1.

Table B.1 — Material properties with the reduction coefficient k4. applied.

Designation Symbol Units IVLQ OSB3

Elastic modulus // to grain  Eg mean,fin ~ MPa 5556 1467 1131
Elastic modulus 1 to grain  Egg jean,fin MPa 1833 589 893
Shear modulus // to grain  Go jmean,fin ~ MPa 33 15 321

B.3.5 Results

The curves of the maximum displacement w, . over time for the LSS and CPs are shown
in Fig. B.7, and the temperature and humidity over time are displayed in Fig. B.8. All results
are listed in Table B.2, and a comparison between the test and the calculation for the LSS is
presented in Table B.3. The LSS and CPs stabilized after a period of 200 days, as shown in
Fig. B.7. The same stabilization was highlighted in other studies on OSB and LVL materials [94,
167]. As aresult, the 400-day period was considered sufficiently representative to study the
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creep behavior of the LSS and CPs.
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Figure B.7 — Maximum displacement w45 over time for the LSS and CPs.
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Figure B.8 — Humidity and temperature measured under the ventilated shelter.
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Table B.2 - Maximum displacement w,,, over time for the LSS test and CP average.

LSS test CP average
Time | wnmae Ratio | wi,ae Ratio
(days) | (mm) () | (mm) ()

0 6.75 1.00 3.52 1.00

2 8.43 1.25 4.53 1.29
21 10.25  1.52 7.64 217
32 10.35 1.53 8.06  2.29
49 10.47 1.55 8.35 2.37
100 11.94 1.77 9.43 2.68
148 12.43 1.84 9.64 274
198 13.53 2.00 | 10.26 291
249 13.44 199 | 10.41 2.96
304 13.46 1.99 | 10.43 2.96
353 13.9 2.06 | 11.53 3.28
402 14.21 211 | 11.82 3.36

For the CPs, the ratio between the initial and final maximum displacement, at t = 0 and 402
days, respectively, was equal to 3.36 (see Table B.2), which corresponds to a reduction factor
kger equal to 2.36 according to Equation B.5. Based on EC5, the kg, value for OSB material
in environmental conditions corresponding to a service class 2 is equal to 2.25. The difference
between the tested and standard kg ¢ values was only 5%. The tested kg, value of 2.36 was
thus used in the different calculation models for the LSS, both for the material properties
presented in Table B.1 and for the connection stiffness listed in Table B.3. In addition, the
small variation between the tested and standard values showed that the CPs were stabilized
close to the final state, which supports the assumption that the 400-day period was sufficiently
representative to study the creep behavior.

Table B.3 — Comparison between test and calculation models for the maximum displacement
Wmax Of the LSS.

ID kdef Kser,fin Wmnax 06

Wmax,test
) () (kN/mm) (mm) (%)
LSS test - - 14.21 -
LSS Model 01 0 3.89 12.19 -14
LSS Model 02 1.37 1.64 15.49 9

LSS Model 03 2.74 1.04 18.29 29

According to the comparison presented in Table B.3, the maximum displacement obtained
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with the LSS Model 01, which did not account for creep in the connections, was lower than the
maximum displacement measured during the test, with an underestimation of 14%. Creep
effect should thus be taken into consideration to ensure a safe design for the SLS. On the
other hand, the maximum displacement predicted by the LSS Model 02 was found to be the
closest to the test result with an overestimation of the final displacement of only 9%. Finally,
the LSS Model 03 demonstrated the highest difference with respect to the test result with
a 29% overestimation of the final displacement. Therefore, the current guidelines for the
consideration of creep in timber connections, described by Equation B.6 and implemented
in the LSS Model 03, appear to be overly conservative. However, the application of the same
guidelines without factor 2 described in Equation B.7 was more appropriate for the prediction
of the final displacement of the LSS, as shown with the LSS Model 02.

kaer =\/kdef,1 - Kaef,2 (B.7)

As a result, Equation B.7 provided a more accurate assessment of the connection creep-
reduction factor kg, s for this specific case-study. Finally, the contribution of connection creep
to the final displacement of the LSS was approximately 25%.

B.3.6 Conclusions

The creep behavior of timber has a significant influence on the SLS, which generally governs
the design of interconnected elements with semi-rigid connections. The reduction factor
Kade ris used in the current timber construction standard (EC5) to reduce the elastic proper-
ties of timber and calculate the final displacement of structures while accounting for creep.
Nonetheless, this reduction factor kg, is doubled according to Equation B.6 when applied to
timber connections, such as digitally produced TT connections. Therefore, a first quantitative
approach based on the case-study presented in Chapter 4 was conducted to assess these exist-
ing guidelines. An experimental test under outdoor conditions was performed on the same
large-scale specimen as the one presented in Section 4.3.1 to investigate its creep behavior.
The results of this first quantitative study demonstrated that the existing guidelines over-
estimated the final displacement by approximately 30% when the k¢ factor was doubled.
On the contrary, without considering creep in the connections, results showed that the final
displacement was underestimated by 14%, highlighting the importance of taking creep into
account. Finally, the most accurate prediction of the final displacement, with a difference of
only 9% compared to the test, was achieved without doubling the k;, f factor, as described in
Equation B.7. Therefore, this first experimental test is reassuring for the long-term behavior
of the type of construction system using wood-wood connections proposed in this thesis.
The existing guidelines are highly conservative and structural design could be optimized
without doubling the kg, f factor of the connections while remaining on the safe side of de-
sign. Nonetheless, future research should confirm this preliminary work with more advanced
analytical or numerical rheological models [27] and additional tests.
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C.1 Material compression tests

C.1.1 Method and specimens

Figure C.1 — Compression setup: (a) EN789 [38]: (1) spherical seated, (2) transducer, and
(3) test piece / (b) OSB specimen / (c) Spruce LVL specimen / (d) Beech LVL specimen.

Table C.1 — Specimen properties for compression tests according to EN 789 [38].

Material Number of Total
thickness layer thickness Width Length

1D (mm) (mm) (mm) (mm) (mm)
(1) 18 3 54 67 300
(1 25 2 50 100 300
2) 21 2 42 100 240
3) 39 2 78 100 430
4 40 1 40 200 240
(5) 27 2 54 100 290
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C.1.2 Methodology for calculating the 5% fractile values

The 5% fractile value (Fy,4x,0.05) was determined according to the methodology defined in
Annex D of Eurocode 0 [31]. The coefficient of variation (¢, f, ) for each material was under
10%. As a result, a small sample size of 10 replicates is sufficient to determine the characteristic
strength according Hunt et al. [69]. A log-normal distribution was assumed, which is generally
the case for compression strength parallel to the grain for timber properties [82]. Equations C.1
to C.3 from Eurocode 0 were used:

Frnax,0.05 = exp[my - any] (C.1)
1.
my=— Z ln(Fmax,i) (C.2)
niz
1 2
Sy = \/ (ln(Fmax,i) - my)z (C.3)
n-1;3

where F,,, is the maximum load, n is the number of specimens, k; is the characteristic
fractile factor for a sample size of 10 replicates (constant value of 1.92), m,, is the average of
the natural logarithm values, and sy, is the standard deviation of the natural logarithm values.
All results are listed in Table C.2.

Table C.2 — Test results of the maximum load (F, ) for the material compression tests.

Material ID 1) 1) (2) 3) 4) 5)
Units (kN) (kN) (kN) (kN) (kN) (kN)

Specimen 01 44.12 58.28 124.00 234.75 457.42 116.50
Specimen 02 41.72 5542 127.32 233.30 475.03 114.62
Specimen 03 43.78 49.50 121.41 237.35 465.74 126.55
Specimen 04 39.01 51.78 117.13 248.66 444.48 123.90
Specimen 05 44.99 45.28 116.07 232.20 467.95 113.26
Specimen 06 38.57 55.75 120.17 234.17 473.37 116.71
Specimen 07 41.31 58.63 115.40 245.42 457.61 114.79
Specimen 08 39.72 57.17 119.93 232,79 450.49 129.19
Specimen 09 3837 5222 117.32 238.97 451.53 117.72
Specimen 10 46.65 53.81 12223 234.83 467.97 114.29

Average 41.82 53.78 120.10 237.24 461.16 118.75
7.02% 7.81% 3.15% 2.36% 2.25% 4.78%

Cy,Frax
my 3.73 3.98 4.79 5.47 6.13 4.78
Sy 0.07 0.08 0.03 0.02 0.02 0.05

Fiiax,0.05 36.50 4594 113.05 226.80 441.55 108.42
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C.2 Statistical distribution of compression tests of TT connections
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Figure C.2 - Boxplot of F;, 4 values per specimen type for the compression tests of TT con-
nections. The box-plot represents the median with the red central mark and the 25" and 751
percentiles with the bottom and top edges of the box, respectively.
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Figure C.3 - Boxplot of ks values per specimen type for the compression tests of TT connections.
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C.3 Statistical distribution of shear tests of TT connections
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Figure C.4 — Boxplot of k; values per specimen type for the shear tests of TT connections.
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C.4 Numerical model for TT connections’

The numerical model proposed by Sandhaas [131] and based on continuum damage mechan-
ics (CDM) was used to model the non-linear behavior of wood-wood connections, whose
results are presented in Section 5.6. The CDM approach consists in modifying the stiffness
matrix or its inverse, namely the compliance matrix, through specific damage parameters.
The model was built in the finite element analysis software (FEA) Abaqus™, version 6.12
(Dassault Systemes, Vélizy-Villacoublay, France). The model generation was programmed
using the Abaqus Scripting Interface in the Python programming language. However, instead
of generating the wood-wood connection geometry using a plugin built in the FEA software,
the geometry was imported from the Rhinoceros® (Robert McNeel & Associates, Seattle, USA)
CAD software.

C.4.1 Material model

Timber was modeled as a single orthotropic layer, in contrast to the multi-layered model
applied by Roche et al. [129] in which each veneer layer was represented with its orientation
(longitudinal layers at 0° and crosswise layers at 90°) with interfaces considered rigid. Ma-
terial directions used in this study are indicated in Figure C.7. The main direction (1) is the
longitudinal direction of the fibers, parallel to the grain; the second (2) and third (3) directions,
both perpendicular to the grain, are tangential and radial to the rings, respectively.

Longitudinal
L, x 1

Tangential Radial
Ty2 R, z,3

Figure C.7 — Definition of the material directions 1, 2, and 3.

C.4.2 Continuum damage model

Principles of continuum damage mechanics can be explained according to the stiffness matrix
or its inverse, namely the compliance matrix. Before damage occurs and for the remaining
undamaged material, the material behavior is described based on Hooke’s law with strains
€ expressed as a function of the effective stresses o, which are the stresses acting on the

1 This part was performed by A. C. Nguyen.
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non-damaged material, and the elastic compliance matrix cel:

£= Cela,ef

The relationship defined in Equation C.4 can be expressed as follows:

1 vz s 0 0
€11 —_— 0 O11
e | | SR
€3 | _| En  Exn Es 0 O 1 |oss
2¢2| | o 0 € 0 012
2¢€13 Gz 013
2615 | 0 0 0 = 0|0y

0 0 0 G_23

(C.4)

(C.5)

In FEA software packages, the inverse on the compliance matrix has to be implemented,

namely the elastic stiffness matrix D¢ which is defined as:

(I =v23v32)AE  (v21 +Vv31Ve3)AET (V31 +vo1v32)AE;r 0O 0 0
(vizg +v13v32)AE  (1—-vi3v31)AE» (Va2 +v31viz)AE; 0 0 0
Dl (Vi3 +Vvi12ve3)AEss (Vo +v21vig)AEss  (1—viava)AEs3 0 0 0 (C.6)
0 0 0 G2 O 0 ’
0 0 0 0 Gi3 0
0 0 0 0 0 Gos
with
1
(C.7)

(1 =v12V21 —V13V31 — V23V32 — 2V12V23V31)

As orthotropic material properties were considered, both stiffness and compliance matrices
are symmetric and the following equation can therefore be defined:
vy _Yi

= for i=1,2,3andi#j
Ei  Ej

(C.8)

The constitutive orthotropic damage model involves nine independent damage parameters,
namely d; 11, di11, de22, Ai 22, de3s, di3s, di2, di3, and da3, with the indices t and ¢ correspond-
ing to damage occurring in tension and compression, respectively. Since compression and
tension are triggered by the same normal stress components oj;, damage variables in tension
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and compression can be combined using the Macaulay operator defined by Equation C.9:

a+|al
(a) = (C.9)
2
such that the damage parameters d1;, dy» and dss can be defined as follows:
di= iy T g ST o 2123 (C.10)
loil loil

The number of damage parameters introduced in the damage compliance matrix C42™ is then
reduced to six, namely d;1, do», dss, d12, d13, and do3. When the material is damaged, strains

€ are expressed as function of the nominal stresses o and the damaged compliance matrix
Cdam:

e=Clmg (C.11)
with
1 —_ J—
Va1 V31 0 0 0
(1-d)En Efz Esz3
—Vi2 —V32 0 0 0
Eyy (1—dp2)E» Ef:s
—Vi3 —V23 0 0 0
Cdam — En E (1- d33)E33 1
0 0 0 _ 0 0
(1-d12)Gr2
0 0 0 0 _ 0
(1-d13)Gi3 ]
0 0 0 0 _
(1—d23)Go3 |
(C.12)

When the material is undamaged, damage parameters are equal to zero. The parameters start
increasing when damage is initiated such that components of the compliance matrix Cj;q are
reduced. When complete damage occurs, damage parameters are equal to 1. However, to
avoid numerical instabilities, a maximum value of 0.999995 was implemented in the numerical
model.

C.4.3 Failure modes

Sandhaas [131] defined eight failure criteria to determine when material damage occurs, with
eight corresponding failure modes Fy; expressed according to stresses oy and strengths fj;.
Among them, three are ductile (in compression) and five are brittle (in tension and shear). For
all failure modes, damage is initiated when Fy; > 1.
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Ductile failure modes

e Failure criterionI - F¢ ;:
For 01, <0, corresponding to failure in compression parallel-to-grain and associated
with the damage variable d. 11,

Fop=—=<1 (C.13)
“ fen

e Failure mode II - F,:
For 0, < 0, corresponding to failure in compression perpendicular-to-grain in the
tangential direction and associated with the damage variable d_ »»,

Fep = <1 (C.14)

e Failure mode III - F 33:
For 033 < 0, corresponding to failure in compression perpendicular-to-grain in the radial
direction and associated with the damage variable d, 33,

Feg= <1 (C.15)

Brittle failure modes

e Failure mode IV - F ;:
For 011 = 0, corresponding to failure in tension parallel-to-grain and associated with
damage variable d 11,

Fo=——<1 (C.16)

* Failure modeV - F:
For 09y = 0, corresponding to failure in tension perpendicular-to-grain in the tangential
direction and associated with damage variables d; 22, d12, da3,

(022)? (012)* (023)
F o= + + <
T h? | (i)? | (fan)?

(C.17)

e Failure mode VI - F; 33:
For 033 = 0, corresponding to failure in tension perpendicular-to-grain in the radial
direction and associated with damage variables d; 33, d13, d23,

_ (033)*  (013)° (023)2<

= < C.18
(fi33)? " (fi3)? i (f23)? (.18

3

e Failure mode VII: F,
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Shear failure, tangential if 02, < 0 (brittle), associated with damage variables d;, and
dps,

_(012)*  (023)° -

 (fi2)? " (f23)2 ~

* Failure mode VIII: F, 3
Shear failure, radial if o33 < 0 (brittle), associated with damage variables d;3 and d3,

v,2 (C.19)

_(013)*  (023)° -

" (fi3)? " (f23)? ~

v3 (C.20)

C.4.4 Damage evolution

Each of the eight failure modes F\; was associated with one or several damage parameters.
Since different failure modes can trigger shear damage variables, the latter need to be super-
posed according to Equations C.21, C.22, and C.23 for longitudinal and rolling shear:

dip=1-1~-dioy) (- dizvm) (C.21)
di3=1-(1-dizv1)- (1 —dizvm) (C.22)
dyz3 =1—(1~do3v) - (1—dp3v1)-(1—dz3vm)-(1—dozvm) (C.23)

Damage parameters and failure criteria were linked through a history parameter x, tracking
the loading history and defined as follows:

Ky = max{Fy, 1} (C.24)

Two linear damage evolution laws, functions of the history parameter «y;, were used by
Sandhaas [131]: an elastic perfectly plastic behavior was considered for ductile failure modes
(see Figure C.8a) and a fracture-energy-based tension softening was defined for brittle failure
modes (see Figure C.8b). The softening behavior was characterized according to the fracture
energy, which is the energy required to form a crack and is used in fracture mechanics. Damage
parameters, defined according to these laws, were expressed as Equations C.25 and C.26 for
ductile and brittle failure modes, respectively:

1
dy=1- — (C.25)
KM
o 28riEi
M
=1 ——— M (C.26)
fi—28riEi

where g is the characteristic fracture energy used to reduce mesh dependency and defined as
the ratio between the fracture energy G and the characteristic element length &, referred to
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as CELENT in Abaqus™:
Gy
8= (C.27)

In this study, a square root was added to the history parameter associated with brittle failure
modes V to VIII to prevent an overly slow increase of the damage variable, since the correspond-
ing failure functions were defined by the sum of the squares of stresses (see Equations C.17 to
C.20). This modification has already been performed by Roche et al. [129]; however, in their
study, the modification was applied to all damage parameters associated with brittle failure
modes. The damage parameters associated with failure modes V to VIII exclusively were thus:

2 28r,ijEjj

M Vot

dy=1-——YM (C.28)
hi—28riEs

o o

max

(b)

Figure C.8 — Damage evolution laws: (a) Elastic perfectly plastic for damage parameters
associated with ductile failure modes (b) Fracture-energy-based tension softening for damage
parameters associated with brittle failure modes.

C.4.5 Subroutine algorithm

As for the model developed by Roche et al. [129] for the semi-rigid moment-resisting behavior
of MTS]J, the continuum damage model was implemented using a user defined field USDFLD
subroutine. Its algorithm for the continuum damage model is summarized in Fig. C.9.
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Calculation of strains
at the end of the time increment ¢

by linear interpolation

Calculation of effective stresses
at the end of the time increment ¢
using the elastic stiffness matrix e

Evaluation of the failure criterions
for the eight failure modes Fy; (o)

l

FMZI?

KM>1

Calculation of the corresponding
damage parameters dy;

NO

dy=0
KM=1

%

Macaulay operators dj

Superposition of the shear
damage parameters and

]

l

Update of the field and state
variables in the subroutine

[

Field variables djj

State variables dyg, kK, €k //

Fum

Figure C.9 — Flow chart illustrating the algorithm of the USDFLD subroutine for the continuum

damage model.

Orthotropic material properties Ej;, Gjj and v were defined as field-dependent with the six
damage parameters dj; corresponding to the six field variables fi, f2, f3, f1, f5, and fg, such

that:

Eiir = Eij,t-1- (1= f3)

G2, = Giz,r-1- (1 = fa)
G, = Giz,r-1- (1 — f5)
Gas,t = Gaz,r-1+ (1 — fo)
Vig,t =Viz-1- (1= fi)
Viz,r =V13,e-1- (1= f1)

Va3,r = Va3,r-1° (1= f2)

with fi=d;; for i=1,2,3

with fy=di»
with f5=d3
with fg=dos
with fi=dp
with fi =dn
with  f3 = ds3

(C.29)
(C.30)
(C.31)
(C.32)
(C.33)
(C.34)
(C.35)

Non-linear geometric analysis was performed with initial and maximum time increments
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0f 0.001 and 0.1, respectively. The load was applied with displacement-control, imposing a
displacement of 1.5 times the maximum slip vj max for all numerical simulations.

C.4.6 Contact modeling

Contacts between the different parts of the specimen were modeled by defining surface-to-
surface interactions in Abaqus'™. A Coulomb friction model was considered for the tangential
behavior, while the normal behavior was implemented with a "hard" contact relationship,
which implies that no transfer of tensile forces occurs between the two surfaces and the
penetration of the slave surface into the master surface is minimized. Friction coefficient
values of pegge = 0.26 edgewise and pg,e = 0.40 flatwise, provided by the manufacturer of
Kerto® Q panels [163], were considered for all materials: it was found that variations of the
friction coefficient have a minor influence. In fact, variations of geqge between values of
0.1 and 0.4 were found to have an influence below 2% and 1% on the displacement and
stresses, respectively. Contacts implemented in the model are illustrated in Figure C.10 for
the specimen T2-50. Contacts @ between the faces of the tenon and the internal faces of the
mortise in the Y Z plane, @ between the long edge of the tenon part and the closest larger
face of the mortise part, and ® between the bottom face of the tenon in the XY plane and
the corresponding internal face of the mortise (see Figure C.10a) were modeled considering a
friction coefficient peqge = 0.26 and with separation allowed after contact. A surface-to-surface
interaction with a friction coefficient of peqge = 0.26 with no separation allowed after contact
was implemented @ between the loaded surface of the tenon part in the plane XY and the
corresponding internal face of the mortise in contact (see Figure C.10b). For two-layered
specimens, a surface-to-surface interaction was also defined considering a friction coefficient
Uaat = 0.40 and allowing separation after contact between the surfaces of the mortise panels
and the tenon panels in contact: ® and ®, respectively, in Figure C.10c.

Contacts implemented in the model are illustrated in Figure C.10 for the specimen T2-50.
Contacts @ between the faces of the tenon and the internal faces of the mortise in the Y Z
plane, @ between the long edge of the tenon part and the closest larger face of the mortise
part, and @ between the bottom face of the tenon in the XY plane and the corresponding
internal face of the mortise (see Figure C.10a) were modeled considering a friction coefficient
Medge = 0.26 and with separation allowed after contact. A surface-to-surface interaction with a
friction coefficient of peqge = 0.26 with no separation allowed after contact was implemented @
between the loaded surface of the tenon part in the plane XY and the corresponding internal
face of the mortise in contact (see Figure C.10b). For two-layered specimens, a surface-to-
surface interaction was also defined considering a friction coefficient pga: = 0.40 and allowing
separation after contact between the surfaces of the mortise panels and the tenon panels in
contact: ® and ®, respectively, in Figure C.10c.
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(@ (b) (©)

Figure C.10 — Contact modeling using surface-to-surface interactions illustrated for spec-
imen T2-50: (a) Friction coefficient peqge = 0.26 with separation allowed after contact for
the surfaces of the tenon and mortise parts @, @, and ® (b) Friction coefficient egge = 0.26
with no separation allowed after contact between the loaded face of the tenon part and the
corresponding face of the mortise part @ (c) For two-layered specimens, friction coefficient
Ufat = 0.40 with separation allowed between the panels of the mortise part ® and the tenon
part ®.

C.4.7 Mesh

Linear hexahedral elements with reduced integration C3D8R were used. A mesh convergence
study was conducted on the T3-50 specimen with mesh sizes ranging from 10 to 2 mm in steps
of 1 mm, considering the middle of the linear range between 10 and 40% of Fp,a« to be 25%
of Fnax- Results of the mesh convergence study are presented in Figure C.11, in which the
total CPU time indicated corresponds to the time obtained using a Lenovo Intel® CoreTM i7-
4800MQ CPU @ 2.7GHz with 16 GB of RAM 1600 MHz (Lenovo Group Limited, Beijing, China).
Vertical displacement was shown to converge (see Figure C.11a), whereas increasing maximum
shear stress values were obtained for decreasing mesh element sizes (see Figure C.11b).

011 160

—®— Stresses
—A— Time

—@®— Displacement 4.5
—A— Time 50

0.1085

o
-
o
<

0.1055

0.1025

0.101

Vertical displacement [mm]
o
[
o
o

0.0995 1.688

0.098 . . L s L .
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Density of elements [elements/m®] x107 Density of elements [elements/m®] x10”

(@) (b)

Figure C.11 — Mesh convergence study performed for specimen T3-50 under a load of 25%
Fmax: (@) Vertical displacement converge (b) Maximum shear stresses do not converge.
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The non-convergence of stresses is explained by the presence of singularity points with theo-
retically infinite stresses at the notches of the connections. Indeed, both normal and shear
stresses present increasingly high values at the position of the notches when the mesh element
size is reduced. This can be observed in Figure C.12, which represents the stresses over the
height of the sample along a line passing through the notches (dotted line). These areas
were thus avoided for the interpretation of numerical results, and the smallest mesh was thus
chosen in adopting a refined-mesh strategy to reduce the computational time. It was found
that a refined-mesh element size of 2 mm in the vicinity of the tenon and a coarse-mesh
element size of 16 mm away from this region of interest were leading to a difference of vertical
displacement of 1% while reducing total CPU time by 85%. The resulting mesh is illustrated in
Figure C.13 for the T3-50 specimen.

3.5
3| [——2mm
+2 mm
—_ L mm =
g 25 —+—5mm g
S 2f|-—=6mm =3
= ——7 mm <
Z 151 [——8mm s
e ——9mm %
g 1 10 mm = a
§ Opmmmmsng g
% 05 S
1 b
-1.5 . . . . . . . . . .
0 50 100 150 200 250 0 50 100 150 200 250
Position along x [mm] Position along x [mm]
(a) (b)

Figure C.12 - Stresses along a path passing through the notches (dotted line), which represent
singularity points with theoretically infinite stresses, for mesh sizes varying from 10 to 2 mm
in steps of 1 mm: (a) Shear stresses (b) Normal stresses.
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Figure C.13 — Mesh for the sample T3-50 - Refined-mesh element size of 2 mm in the vicinity
of the tenon and coarse-mesh element size of 16 mm away from this region of interest.
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C.4.8 Material properties

Mean values of material properties were implemented in the model, such that a direct com-
parison between experimental tests and numerical simulations could be made. Material
properties with parameters X were considered as following a normal distribution character-
ized by a mean p and a standard deviation o (see Figure C.14). Based on the coefficient of
variation c¢,, defined by Equation C.36, and considering the 5 % characteristic fractile factor
koo = 1.64 for a infinite number of experiments, the mean values were defined from the char-
acteristic values Xy jnt using Equation C.37. Similarly, the upper bounds Xy s, were derived
from the characteristic values Xj i, using Equation C.38.

Probability
f

of occurence 164 1640
| |
| I !
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |

Xk . X X Parameter X
) mean k,sup
=u

Figure C.14 — Normal distribution with mean p and a standard deviation o for material
property parameters X.

c,=2=_Y2 (C.36)
v 1% Xmean .
Xy inf
X, = C.37
mean 1-1.64c, ( )
1+1.64c,
- Xk inf (C.38)

ksup = 777 6ac,

The coefficient of variation was determined to be approximately equal to ¢, = 0.1 for spruce
LVL by comparing characteristic and mean values of elastic modulus from the Kerto® Q panel
certificate [163]. A coefficient of variation ¢, = 0.1 was therefore considered for LVL and MSW
materials. For OSB, the characteristic 5 % fractile factor defined in the standard EN 12369 as
equal to 0.85 times the mean value was considered [29].

In this model, the material was represented by a single layer, in contrast to the multilayer
approach used by Roche et al. [129] for the different veneer layers of spruce LVL. The goal of this
model was to predict the behavior of wood-wood connections with a design approach, using
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the values from the manufacturer instead of calibrating the numerical model with material
parameters. Material properties were therefore retrieved directly from the panels certificates
for LVL and MSW [9, 26, 163], while material properties from the standard EN 12369 [29] were
considered for OSB 3.

Elastic properties

Mean values of elastic material properties for each material studied are presented in Table C.3.
Poisson’s ratio values for OSB, beech LVL, and spruce MSW, not provided by the manufacturers,
were taken from the literature for OSB [49], beech [60], and spruce [44].

Table C.3 — Elastic properties (mean values).

Material
Property Symbols 1), (1) 2) 3) 4) (5) Units
Density Ok 550 480 480 730 480  kg/m3
Elastic modulus // to grain Ey mean, E11 3800 10000 10500 13200 5800 MPa
Elastic modulus L to grain, edgewise  Egq edge,means E22 3000 2400 2400 2200 5500 MPa
Elastic modulus L to grain, flatwise Ego flat,mean- £33 1980 130 130 2200 1600 MPa
Shear modulus edgewise Go,edge, mean> G12 1080 600 600 820 600 MPa
Shear modulus flatwise, // to grain Go flat,mean’ G13 50 60 120 430 60 MPa
Shear modulus flatwise, L to grain Goo flat,mean» G23 50 22 22 430 60 MPa
Poisson’s ratio 12 V12 0.25 0.09 0.09 0.365 0.467 -
Poisson’s ratio 13 V13 0.25 0.85 0.85 0.464 0.372
Poisson’s ratio 23 Vo3 0.25 0.68 0.68 0.726 0.245

The influence of Poisson’s ratio values vi2, v13, and vo3 was investigated for the T3-50 specimen
by comparing simulations using different sets of Poisson’s ratios values found in the literature
on spruce and spruce LVL with the results obtained with values provided by the supplier for
Kerto® Q panels [163]. The values considered, their references, most of which were listed in
Sandhaas’ thesis [131], and their influence on the stiffness of the connection are presented
in Table C.4. They were found to have no significant influence on the results with average
variations on the stiffness of +0.37% + 0.51%.

Table C.4 — Poisson’s ratio values from the literature on spruce and spruce LVL.

V12 V13 Va3 Ak
Reference (] 0] 0] (%]
Kerto® Q [163] 0.09 085 0.68 -
Kerto® S [163], as used by Roche et al. [129]  0.61 0.6 0.5 +0.33
Kollmann and Coté [76] (Picea abies) 0.53 0.43 0.24 +0.24
Neuhaus [98] (Picea abies) 0.554 0.41 0.311 +0.05
Wood Handbook [44] (Picea sitchensis) 0.467 0.372 0.245 +1.25
Blaf and Bejtka [8] 0.511 0.511 0.203 -0.03
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Strength properties

Characteristic values of strength properties are presented in Table C.5 for each material
studied. Since the value for tensile strength perpendicular-to-grain flatwise, corresponding to
the interlaminar resistance, was not provided in most panel certificates, transversal isotropy
was considered for this property such that f; 33 = f; 22. This assumption is frequently made for
timber modeling considering only the directions parallel- and perpendicular-to-grain since
differences between values in both radial and tangential directions are small compared to the
longitudinal direction [161, 108].

Table C.5 — Mechanical properties (characteristic values) in MPa [163].

Material

Property Symbols m @ @2 B @ (5)
Tensile strength // to grain frok finn 9.4 9 19 26 51 8.4
Compressive strength // to grain feow fe11 154 148 19 26 533 115
Tensile strength L to grain fr90,edge ks fi,22 7 6.8 6 6 8 8
Compressive strength L to grain  fc90,edgekr fe2 127 124 9 9 19 11.1
Tensile strength | to grain Jt90 flatko Jt,33 7 6.8 - - - -
Compressive strength L to grain  f¢ 90, flat k> fc,33 10 10 22 22 13 111
Longitudinal shear strength Jv0,edge o f12 6.8 68 45 45 7.8 27
Longitudinal shear strength fvoflatio fi3 1 1 1.3 13 3.8 27
Rolling shear strength .90 flatk f23 1 1 06 06 38 27

Fracture energy values implemented in the model were retrieved from Sandhaas [131] and
are presented in Table C.6. These values influence the softening behavior, as illustrated in
Figure C.8b.

Table C.6 — Fracture energy values in N/mm for spruce and beech [131].

Property Mnemo Spruce Beech
Fracture energy tension // to grain Gy 11 6.0 10.0
Fracture energy tension L to grain Gfoo 0.5 0.71
Fracture energy tension L to grain Gf33 0.5 0.71
Fracture energy longitudinal shear Gy 12 1.2 1.2
Fracture energy longitudinal shear Gy 13 1.2 1.2
Fracture energy rolling shear Gfo3 0.6 0.6

The influence of mechanical properties were assessed similarly to the study performed by
Sandhaas [131] by modifying the strength and fracture energy values perpendicular-to-grain to
the maximum values, parallel-to-grain. Values in compression and tension perpendicular-to-
grain for strength and fracture energy were found to have a minor influence on the results with
the same behavior and maximum load variations of under 1%. The properties in longitudinal
shear lead to an increase of 39.38%.
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