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Abstract

Over the past decades, timber has gained popularity as a sustainable building material because
of the rising environmental awareness. Furthermore, the resurgence of timber has also been
encouraged by the advent of the digital age during the 215 century. The development of
computer-aided design programming and digital fabrication tools has stimulated significant
advances in both architecture and engineering. Within this context, researchers have shown
a growing interest in wood-wood connections, inspired by traditional woodworking joints.
Geometrically complex timber structures assembled with joints integrated in their plates have
been developed using algorithmic geometry processing. However, although their design and
fabrication have been automated, research focused on automated numerical tools for their
structural analysis has been very limited.

This thesis is providing a design methodology for the structural analysis of timber plate struc-
tures composed of a large number of discrete planar elements and wood-wood connections.
A finite element model, in which the semi-rigid behaviour of the connections is implemented
using springs, is proposed. It is applied to a specific case study, namely the Annen Plus SA
head office project in Manternach, Luxembourg, which consists of a series of double-layered
double-curved timber plate shells. A design framework is introduced to automate the gener-
ation of the model and integrate structural analysis into the existing design and fabrication
workflow.

The numerical model was built for both small- and large-scale structures through custom
scripts and subsequently assessed through experimental investigations: first, laboratory tests
were performed on small assemblies with simplified geometry; secondly, a displacement study
was carried out onsite on a 24-metre span structure. Results obtained with the semi-rigid
spring model were found to be in good agreement with experimental tests. The proposed
model was therefore validated for the serviceability limit state. Furthermore, the semi-rigidity
of the connections in translation as well as in rotation was shown to highly influence the
model and is therefore crucial for the accuracy of the model.

Based on experimental tests observations, an alternative structural system was proposed and
compared to the initial one through numerical investigations within the proposed design
framework. A significant influence on the structure’s performance was found, demonstrating
the possibilities for structural optimisation.
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Finally, a three-dimensional finite element model for wood-wood connections was inves-
tigated. It aimed to predict their semi-rigid behaviour, generally characterised through ex-
perimental tests, necessary for their implementation in global models. The material model
was evaluated based on shear load tests performed on different engineered wood products.
Stiffness and load-carrying capacity of the connections were approximated with numerical
simulations. However, experimental tests remain necessary to precisely predict the behaviour
of the joints.

This thesis highlights the importance of adopting an integrated design strategy encompassing
engineering and fabrication aspects for geometrically complex timber structures, as well
as establishing a link between local behaviour of the connections and global behaviour of
the structure. The gained knowledge can facilitate the design and realisation of large-scale
freeform timber structures using wood-wood connections.

Key words: timber plate structures, wood-wood connections, digital fabrication, finite element
method, semi-rigidity, spring model
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Résumé

Au cours des dernieres décennies, le bois a gagné en popularité en tant que matériau de
construction durable en raison de la prise de conscience environnementale croissante. De
plus, la réapparition du bois dans le domaine de la construction a également été encoura-
gée par 'avénement de 1'ére numérique au cours du 21°™¢ siécle. Le développement de la
conception assistée par ordinateur et des outils de fabrication numérique a stimulé des avan-
cées significatives tant en architecture qu’en ingénierie. Dans ce contexte, les chercheurs ont
montré un intérét croissant pour les connexions bois-bois, inspirées des joints traditionnels.
Des structures en bois géométriquement complexes et assemblées avec des joints intégrés
dans leurs plaques ont donc été développées. Cependant, bien que leur conception et leur
fabrication aient été automatisées, peu de recherches ont été réalisées en ce qui concerne le

développement d’outils numériques automatisés pour leur analyse structurelle.

Cette theése propose une méthode de modélisation numérique pour I'analyse structurelle de
structures en bois composées d'un grand nombre de panneaux et de connexions bois-bois.
Un modele d’éléments finis, dans lequel le comportement semi-rigide des connexions est
représenté par des ressorts, est proposé. Il est appliqué a un projet spécifique, a savoir le siege
social de la société Annen Plus SA a Manternach, au Luxembourg, qui consiste en une série
de coques en bois a double couche a double courbure. Un cadre de conception est introduit
pour automatiser la génération du modele et intégrer ’analyse structurelle au processus de
conception et de fabrication existant.

Le modéle numérique a été construit pour des structures de petite et de grande taille al’aide de
scripts personnalisés et a ensuite été évalué par des études expérimentales : tout d’abord, des
tests en laboratoire ont été effectués sur des petites structures avec une géométrie simplifiée;
ensuite, une étude de déplacement a été réalisée sur chantier sur une structure de 24 metres
de portée. Les résultats obtenus avec le modele de ressorts semi-rigides concordent avec les
tests expérimentaux et le modele proposé a donc été validé pour I'état limite de service. En
outre, il a été démontré que la semi-rigidité des connexions en translation ainsi qu’en rotation
influence fortement le modele et est donc cruciale pour la précision du modele.

Sur base d’observations faites lors des tests expérimentaux, un systeme structurel alternatif a
été proposé et comparé au systeme initial, au moyen du modele numérique développé et dans
le cadre de conception proposée. Une influence significative sur la performance structurelle a

ix
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été trouvée, démontrant les possibilités d’optimisation structurelle.

Enfin, un modele tridimensionnel d’éléments finis pour les connexions bois-bois a été étudié.
Il visait a prédire leur comportement semi-rigide, généralement caractérisé par des tests
expérimentaux, nécessaire a leur mise en ceuvre dans des modeles globaux. Le modele de
matériau a été évalué sur base d’essais de cisaillement effectués sur différents types de pan-
neaux en bois. La rigidité et la capacité des assemblages bois-bois ont été approximées par
des simulations numériques. Cependant, des tests expérimentaux restent nécessaires pour
prédire avec précision le comportement des assemblages.

Cette these souligne I'importance d’adopter une stratégie de conception intégrée englobant les
aspects d’'ingénierie et de fabrication pour les structures en bois géométriquement complexes,
ainsi que d’établir un lien entre le comportement local des connexions et le comportement
global de la structure. Les connaissances acquises peuvent permettre de faciliter la conception
et la réalisation de grandes structures en bois de forme complexe utilisant des connexions
bois-bois.

Mots clés : structures en bois, assemblages bois-bois, fabrication digitale, méthode d’éléments
finis, semi-rigidité, modeéle de ressorts



Zusammenfassung

Holz, ein nachhaltiger Baustoff, hat aufgrund des gestiegenen Umweltbewusstseins wéhrend
der vergangenen Jahrzehnte deutlich an Popularitdt gewonnen. Dariiber hinaus hat das Auf-
kommen des digitalen Zeitalters im 21. Jahrhundert seinen Beitrag geleistet. Die Entwicklung
von Programmen zum Computer unterstiitztes Entwerfen und fiir digitale Fertigungswerk-
zeuge, hat sowohl in der Architektur als auch im Ingenieurwesen bedeutende Fortschrit-
te hervorgerufen. In diesem Zusammenhang haben Forscher ein wachsendes Interesse an
Holz-Holz-Verbindungen gezeigt, inspiriert von traditionellen Techniken zur Holzverbindung.
Geometrisch komplexe Holzstrukturen, die mit in ihre Platten integrierten Verbindungen
zusammengefiigt werden, wurden mit Hilfe von algorithmischen Geometrie-Prozessen ent-
wickelt. Obwohl Entwurf und Herstellung automatisiert wurden, war die Forschung nach
automatisierten, numerischen Methoden fiir die Strukturanalyse sehr begrenzt.

In dieser Arbeit wird eine Entwurfsmethodik fiir die Strukturanalyse von Holzplattenstruk-
turen, die sich aus einer grofen Anzahl von diskreten flichigen Elementen und Holz-Holz-
Verbindungen zusammensetzen, prasentiert. Es wird ein Finite-Element-Model vorgeschlagen,
in dem das halbstarre Verhalten der Verbindungen mit Hilfe von Federn implementiert wird.
Dieses wird auf eine spezifische Fallstudie angewendet, ndmlich fiir das Projekt des Haupt-
sitzes von Annen Plus SA in Manternach, Luxemburg. Die vorgeschlagene Struktur besteht
aus einer Reihe von zweischichtigen, doppelt gekriimmten Holzplattenschalen. Dazu wird
ein Design-Framework eingefiihrt, um die Erzeugung des Finite-Element-Model zu auto-
matisieren und die Strukturanalyse in den bestehenden Design- und Fertigungsablauf zu
integrieren.

Das numerische Modell wurde sowohl fiir kleine als auch fiir groBe Strukturen mit Hilfe von
benutzerdefinierten Skripten erstellt und anschlieBend durch experimentelle Untersuchungen
bewertet: Erstens wurden Labortests an kleinen Baugruppen mit vereinfachter Geometrie
durchgefiihrt; zweitens wurde eine Verschiebungsstudie in-situ an einer Struktur mit einer
Spannweite von 24 Metern durchgefiihrt. Die Ergebnisse, die mit dem halbstarren Federmodell
erzielt wurden, stimmten mit den experimentellen Tests gut iiberein. Das vorgeschlagene
Modell wurde daher fiir den Grenzzustand der Gebrauchstauglichkeit validiert. Dariiber
hinaus zeigte sich, dass die Halbstarrheit der Verbindungen sowohl in Translation als auch in
Rotation einen hohen Einfluss auf das Modell hat und daher fiir die Genauigkeit des Modells
entscheidend ist.
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Basierend auf experimentellen Testbeobachtungen wurde ein alternatives Struktursystem vor-
geschlagen und mit Hilfe von numerischen Untersuchungen innerhalb des vorgeschlagenen
Konstruktionsrahmens mit dem urspriinglichen System verglichen. Es wurde ein signifikanter
Einfluss auf die Leistungsfahigkeit der Struktur gefunden, was die Méglichkeiten der Struktur-
optimierung aufzeigte.

Schlielllich wurde ein dreidimensionales Finite-Element-Model fiir Holz-Holz-Verbindungen
untersucht. Es zielte darauf ab, ihr halbsteifes Verhalten vorherzusagen, das im Allgemei-
nen durch experimentelle Tests charakterisiert wird, welche wiederum fiir die Umsetzung
in globale Modelle notwendig sind. Das Materialmodell wurde auf der Grundlage von Scher-
belastungsversuchen bewertet, die an verschiedenen Holzwerkstoffprodukten durchgefiihrt
wurden. Steifigkeit und Tragfahigkeit der Verbindungen wurden mit numerischen Simulatio-
nen approximiert. Um das Verhalten der Verbindungen genau vorherzusagen ist es jedoch
weiterhin notwendig experimentelle Tests durchzufiihren.

Diese Thesis unterstreicht die Bedeutung einer integrierten Entwurfsstrategie, die sowohl
Ingenieur- und Fertigungsaspekte fiir geometrisch komplexe Holzstrukturen umfasst als
auch eine Verbindung zwischen dem lokalen Verhalten der Holz-Holz-Verbindungen und dem
globalen Verhalten des Bauwerks herstellt. Die gewonnenen Erkenntnisse kdnnen den Entwurf
und die Realisierung von groRfldchigen Freiform-Holzstrukturen mit Holz-Holz-Verbindungen
erleichtern.

Schliisselworter: Holzplattenstrukturen, Holz-Holz-Verbindungen, digitale Fertigung, finite
element method, Halbstarrheit, Federmodell
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|§ Introduction

1.1 Background

1.1.1 Resurgence of Timber

The recent increase in timber construction for both small and large structures has been driven
by environmental concerns on the one hand. According to the 2018 Global Status Report
of the United Nations Environment and International Energy Agency [114], buildings and
construction sector are responsible for 36 % of global final energy use and 39 % of global energy-
and process-related carbon dioxide (CO») emissions. Among the latter, 28 % come from the
manufacture of building construction materials (see Figure 1.1). Furthermore, global buildings
energy demand is growing, mainly due to population and floor area growths, both outpacing
advances towards sustainable buildings and construction. By 2060, the buildings sector is
expected to double, which would correspond to an addition of 230 billion square metres of
new buildings. To meet emissions reduction commitments set by the Paris Agreement and
limit global temperatures increase to less than 2°C above pre-industrial levels, the global
average building energy intensity per square metre needs to be decreased by at least 30 %
compared to 2015 [113].

Energy Emissions
Transport Transport o
28% Building 23% B‘éﬂd;ng 7907 | Building
industry Other m mdustry ° | operations
Other 30% e
her i .
Other industry Other ;Ig(éustry Buildings
32% 0 28% | construction
Construction materials

Construction
industry

industry

Figure 1.1 — Global share of buildings and construction final energy and emissions in 2017.
Adapted from [114].
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In light of this, the use of wood-based materials in the construction industry plays an important
role to address climate change, wood being a renewable natural resource that can act as
carbon sink and offset CO, emissions. In particular, a shift from traditional concrete and
steel structures to construction using wood-based materials has the potential to significantly
reduce energy and emissions during production [38, 68].

On the other hand, timber’s resurgence during the 215 century is also linked to the advent of
the digital age. The rise of computational design and digital fabrication tools have changed
the building industry and stimulated innovation in timber construction. Design exploration
of complex structures was made possible through parametric geometry definition scripts,
supported by planarisation algorithms to obtain freeform shapes with planar elements [102].
Moreover, as it is a workable material, timber has been pioneering digital fabrication, allow-
ing customised shapes to be produced without being considerably more costly and time-
consuming than regular shapes [103]. These advances have been encouraged by the develop-
ment of engineered wood panel products, available in large dimensions and with improved
mechanical properties in comparison with sawn timber, such that high strength-to-weight
ratio and flat-packed prefabricated elements facilitating their transport could therefore be
obtained. Altogether, significant developments and advances in timber construction, from
both architecture and engineering fields, have allowed thin plate shell structures and large
spans to be built, widening the range of applications of timber as a construction material.

1.1.2 Wood-Wood Connections

With the rise of digital fabrication and increasing popularity of timber, researchers have
shown a growing interest in wood-wood connections, also referred to as integral mechanical
attachment [63]. Computer-numerical-control (CNC)-fabricated wood-wood connections,
inspired by traditional woodworking joints used in furniture and cabinetmaking, have been
developed and applied to both timber frame and timber plate structures. They were shown
to be a competitive solution to connect thin timber plates for structural applications, in
comparison with standard joining techniques.

Development of Wood-Wood Connections

The development of wood-wood connections can be divided in three periods of time over-
lapping each other and associated to advances in wood processing technology defined by
Schindler [94]: hand-tool, machine-tool and information-tool technologies. The first wave of
processing technology is related to the use of traditional woodworking joints, which goes back
to ancient times, with examples found in Egyptian furniture and coffins [21]. Over time, timber
joinery has been developed in Europe and Asia for furniture and building constructions. Mul-
tiple dovetail joints were used to connect two panels to form corner joints in cabinetmaking
(see Figure 1.3a), whereas in building constructions, handcrafted load-bearing joints were only
used to connect linear elements (see Figure 1.3b). In addition to their mechanical resistance
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to shear forces and their ability to transfer bending moments, dovetail joints were providing a
solution to the poor dimensional stability of timber subject to swelling, shrinking as well as
out-of-plane warping [78]. Throughout the centuries, the geometry of dovetail joints has been
improved to increase their mechanical strength [21].

Relevance A

Information-tool

Machine-tool

Hand-tool

'
Time

Figure 1.2 — The development of wood-wood connections has followed the three successive
waves of wood processing technology. Adapted from [94].

(b)

Figure 1.3 — Examples of dovetail woodworking joints: (a) Cabinetmaking joints dating from
from about 1780. Reproduced with permission from [58]. © 1998-2019 Harp Gallery Antique
Furniture. (b) Joints used for linear beam elements. Photograph by Dumitru Rotari, distributed
under a CC-BY 2.5 license.

Machine-tool technology was brought by the industrial revolution in the 19™

century. Al-
though some joinery machines were developed during this period [77, 41], dovetail and finger
joints were largely replaced by metallic fasteners and adhesive bonding because their au-
tomated crafting could hardly be acquired with the existing technologies. This change was
boosted by the development of dimensionally stable engineered wood products, such as
particle boards, in the 20 century, as the consideration of swelling, shrinking and warping

was not required anymore in the furniture industry [78].
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The last wave of technological development was brought by computer-aided manufacturing
(CAM). If numerical control was already developed in the 1940s and 1950s, 5-axis CNC ma-
chines started to be used for woodworking by the end of the 1970s only and were applied
to carpentry joints in the middle of the 1980s [83]. With the integration of computer-aided
design (CAD) programming, CNC-fabricated wood-wood connections were further developed
in modern prefabricated timber frame structures between linear beams. Digital fabrication
and algorithmic geometry processing brought a higher precision compared to crafted wood
joinery, with rapid and simple assembly of the elements. However, their application in timber
plate elements is much more recent. In fact, although engineered timber panels such as
plywood were already fabricated in the 1920s, their use was principally limited to cladding
and cross bracing of timber frame structures. Load-bearing edgewise connections became
required when primary load-bearing structures made with cross-laminated timber panels
(CLT) or laminated veneer lumber (VL) were designed [78].

Wood-Wood Connections for Timber Plate Structures

Over the past decades, digitally fabricated wood-wood connections have been developed
in the context of timber plate structures.! Single mortise-and-tenon joints were first used,
for instance in the Serpentine Gallery Pavilion 2005 [59, 60], before the number of tab and
slots along the edges of the plates was increased, similarly to multiple dovetail joints used
in cabinetmaking. In particular, finger joints have been used in several examples, such
as the ICD/ITKE Research Pavilion 2011 [97, 43, 50] and the Landesgartenschau Exhibition
Hall [53, 46].

To overcome the need for additional connectors such as mechanical fasteners and adhesives
to transfer loads between plates, Robeller [78] developed single-degree-of-freedom (1-DOF)
integral mechanical attachment for the edgewise connection of thin timber plates. These
joints have the advantage of providing high rotational stiffness in addition to high in-plane
shear resistance with resistance to axial forces and out-of-plane shear forces in comparison
with finger joints, which are 3-degrees-of-freedom (3-DOFs) joints. Moreover, these multiple
tab-and-slot joints (MTS]) have a locator feature in addition to their load bearing function.
In fact, as five DOFs are restrained, the remaining DOF determines the vector of insertion of
the plates and hence their position. This allows their fast and precise assembly, such that a
pertinent assembly sequence of elements can reduce or eliminate the need for expensive or
complex formworks or temporary supports. Closed-slot joints, also referred to as through-
tenon joints (MTSJ-TT), were subsequently developed by Roche [84]. The presence of an
embedment in closed-slot joints was shown to add ductility, strength and stiffness to the joint
in rotation, therefore also improving the structure’s behaviour [106]. Figures 1.4a and 1.4b
illustrate 1-DOF MTS]J with open and closed slots respectively. First applications of these joints
consisted in folded plate structures with open-slot joints [78, 106] and following investigations
have led to the construction of building-scale structures using closed-slot joints [79, 30].

I Timber plate structures using wood-wood connections are reviewed in more detail in Subsection 1.1.3.
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(@) (b)

Figure 1.4 - Single-degree-of-freedom (1-DOF) multiple tab-and-slot joints (MTS]): (a) Open-
slot and (b) Closed-slot (MTS]-TT). Reproduced from [104].

The geometry of 1-DOF MTS]J is defined by three Bryant angles 6y, 6, and 63, which are the xyz
convention of the Euler angles [27]. As illustrated in Figure 1.5, the locking faces of the joints,
which are the faces of the tabs and slots in contact, are defined by three consecutive rotations
01, 0, and 65. These rotations are applied on the planes P, P’ and P”, with the initial plane P
being defined according to the normal vectors ny and r; of the mid-planes of the plates, with
u) = ny x ny, Uy = g and u3 = u; x uy. However, because of fabrication constraints, possible
joint geometries restricted, as the CNC fabrication process allows only limited tool inclination
and dihedral angle.

(© (d)

Figure 1.5 — Consecutive rotations of the Bryant angles 8, 8, and 83 defining the geometry
of 1-DOF MTS]J: (a) Initial plane P defined by the normal vectors of the plates ny and n,
(b) Rotation 6; around u; resulting in plane P’ (c) Rotation 0, around u', resulting in plane
P" (d) Rotation 03 around u3 resulting in planes P;” and P}’. Adapted from [85].
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Mechanical Behaviour of Multiple Tab-and-Slots Joints

Connections substantially influence the global behaviour of timber structures and are there-
fore one of their key components. In particular, the semi-rigidity of the connections has to be
taken into account in the model since simplifications considering the connections as rigid
or hinged lead to under- and overestimated displacements respectively [81, 105]. However,
the mechanical behaviour of wood-wood connections has mostly been investigated in the
context of timber frame structures and models predicting their behaviour have mainly been
developed in the case of old historic buildings rather than for angular connections of plates.

For finger joints, limited characterisation of the connections in terms of stiffness and load-
carrying capacity has been done through experimental tests performed for specific case
studies [43, 53]. More recently, Roche [86, 85, 84, 83] and Dedijer [17] studied the semi-rigid
behaviour of 1-DOF MTSJ under bending and shear loading respectively for folded plate
structures, considering different joint configurations. Through experimental investigations,
they found that combinations of Bryant angles 61, 8, and 63 highly influence the mechanical
behaviour of the joints. Furthermore, MTS] were proven to be an efficient solution for the
assembly of thin plates. The moment-resisting behaviour of 1-DOF MTS]J has been further
investigated through a simplified analytical model as well as a three-dimensional (3D) solid
finite element (FE) model. However, both models showed limitations to predict the behaviour
of 1-DOF MTSJ and generally underestimated their rotational stiffness [85, 83].

Alternative to Standard Joining Techniques

MTS] have been shown to be a good alternative to standard joining techniques, with com-
petitive moment-resisting properties in comparison with screwed connections and with a
faster assembly than glued connections [85, 106]. Additionally, wood-wood connections have
the advantage to overcome some of their drawbacks. In fact, although glued connections are
considered rigid, they remain difficult to be achieved onsite because curing requires controlled
climate conditions regarding moisture and temperature. Moreover, building-scale structures
involve additional mechanical fasteners, such as for the Thannhausen Musikprobensaal, con-
sisting of a folded plate structure in which glue-laminated timber panels were connected
with glued mitre joints and complementary screws [95]. For these reasons, glued wood-wood
connections were suggested as an unfeasible solution for building-scale timber folded struc-
tures [106]. Steel connections are therefore generally used for timber plate structures. However,
the European Standard EN 1995 [23] imposes minimum spacing to the edge of the plates that
is proportional to the diameter of the fasteners, such that, for thin timber plates (below eight
times the diameter of the fastener), the minimum plate thickness is defined according to this
diameter and not with regard to structural requirements.

Wood-wood connections, which are directly integrated in the plates, have the advantage to
be free of these constraints and can therefore lead to an optimisation of the material use.
Furthermore, these joints do not require a minimum panel thickness.
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1.1.3 Timber Plate Structures Using Wood-Wood Connections

Computational design and digital fabrication tools have led to the realisation of integrally-
attached timber plate structures with various shape topologies. Through custom-developed
programs, the design and fabrication of structures with a large number of geometrically
different plates was made possible. For their structural analysis, numerical models based on
the finite element method (FEM) were generally used.

Single Tab-and-Slot Joints

The first shell structures applying similar joining techniques to traditional wood-wood con-
nections were using single tab-and-slot joints to connect a large number of unique elements.
An example built in 2005 is the 17 m span Serpentine Gallery Pavilion 2005 [59, 60], illustrated
in Figure 1.6a. It consisted of 427 unique prefabricated elements made of 69 mm thick spruce
LVL panels and assembled with mortise-and-tenon joints (see Figure 1.6b). Locking bolts were
added onsite to facilitate the assembly of the structure. Plates were positioned vertically to
form a grid rather than a continuous shell. In this reciprocal system, elements were mutually
interlocked, such that the structure could only be erected following a specific and unique
assembly path.

For its design, a digital workflow was applied, from the geometry definition, to the direct
transfer of data for fabrication, to the robotic fabrication of all components. A structural
analysis was performed with the finite element analysis (FEA) software Oasys GSA (Arup,
London, United Kingdom), considering all plate components as two one-dimensional (1D)
beam elements. Rotations were hinged with no implementation of the semi-rigid properties

of the connections [100].

(b)

Figure 1.6 — Serpentine Gallery Pavilion, London, United Kingdom, 2005: (a) Interior view
(b) Mortise-and-tenon joints with bolts. Reproduced with permission from [5], © 2016 Bal-
mond Studio.
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Multiple Tab-and-Slot Joints

Multiple tab-and-slot joints, similar to traditional multiple joints used in cabinetmaking,
have been subsequently developed at the end of the 2000s. After the development of 1-plane
joints, such as the half-lap jigsaw (or puzzle) joints used for the ICD/ITKE Research Pavilion
2010 [40], 2-plane finger joints have been developed. They have been employed in regular
structures like the WikiHouses [69], and in folded timber sandwich structures [1]. Concurrently,
they have been applied to several segmented plate shells, such as the ICD/ITKE Research
Pavilion 2011 [97, 43, 50] and the Landesgarteschau Exhibition Hall [53, 46], illustrated in
Figures 1.7 and 1.8 respectively. These structures were both developed at the University of
Stuttgart by the Institute for Computational Design and Construction (ICD) and the Institute
of Building Structures and Structural Design (ITKE). More recently, finger joints have also been
implemented in the BUGA Wood Pavilion 2019 [61] by these institutes.

(@) (b)

Figure 1.7 — ICD/ITKE Research Pavilion, Stuttgart, Germany, 2011: (a) Exterior view. Repro-
duced from [50]. (b) Glued finger joints. Reproduced from [43].

The three latter structures are all double-curved plate shells composed of a large number of
unique plate elements and finger joints, as presented in Table 1.1. For the ICD/ITKE Research
Pavilion 2011, 6.5 mm thick plywood plates were assembled through glued finger joints
to form 59 prefabricated "cell" modules, themselves connected with bolts onsite. For the
Landesgartenschau Exhibition Hall, 50 mm thick plywood plates were assembled in a single
step, with crossing screws added to the finger joints with high in-plane shear resistance to
resist axial forces and out-of-plane shear forces [46]. For the BUGA Wood Pavilion 2019, hollow
building segments were robotically assembled and connected with removable bolts onsite.

These structures were built following a "co-design" strategy [62, 61] in order to integrate design,
engineering and fabrication to allow computational feedback and, in particular, to transfer
the complex geometry to a FEA software and modify the design according to the results. This
was achieved through the development of custom-scripts generating the machine code for the
digital fabrication of the plates as well as the FE model. For the ICD/ITKE Research Pavilion
2011 and the Landesgartenschau Exhibition Hall, plates were modelled considering plane
shell elements and springs connecting two nodes at the opposite sides of neighbouring panels

8
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(a) (b)

(©

Figure 1.8 — Landesgartenschau Exhibition Hall, Schwébisch Gmiind, Germany, 2014: (a) Exte-
rior view (b) Screwed finger joints (c) Finite element model in which the semi-rigid connections
were modelled with springs connecting two nodes at the opposite sides of neighbouring panels.
Reproduced from [53].

were implemented for the semi-rigid behaviour of the connections, as illustrated in Figure 1.8¢
for the Landesgartenschau Exhibition Hall. Failure criteria were also implemented in the
numerical model. For the research pavilion, spring stiffness values implemented in the FE
model of the global structure were retrieved from experimental shear load tests performed on
the finger joints. For the exhibition hall, the stiffness and failure criteria of the finger joints
and the crossing screws were evaluated through simplified analytical models. The bending
stiffness of screwed finger joints was determined through four-point bending tests [53].

Table 1.1 - Comparison of shell structures using finger joints developed by the ICD/ITKE.

Number of Number of
Structure Material unique elements finger joints
ICD/ITKE Research Pavilion 2011 birch plywood 855 > 100 000
Landesgartenschau Exhibition Hall beech plywood 243 7 356
BUGA Wood Pavilion 2019 spruce LVL 376 17000




Chapter 1. Introduction

Single-Degree-of-Freedom Joints

In his thesis, Robeller [78] developed 1-DOF MTSTJ joints for folded plate structures to avoid
the use of mechanical fasteners and adhesive bonding (see Subsection 1.1.2). Their first
application was for the Mendfrisio Pavilion in 2013, consisting in a 13 m span curved-folded
thin-shell structure made of 77 mm thick CLT panels. They have subsequently been applied
to single-layered folded plate structures [81, 106] made with 21 mm thick spruce LVL panels
and to a double-layered double-curved timber plate shell made with 15 mm birch plywood
plates [80]. Snap-fit joints have also been developed for the design of a double-layered
structure [78]. These prototypes have finally led to the construction of the timber pavilion of
the Vidy theatre in 2017, first realisation of a building-scale double-layered timber folded plate
structure (see Figure 1.9). The 16 to 20 m span structure is composed of 304 unique shaped
CLT plates (45 mm thick) assembled with MTS]-TT.

(@) (b)

Figure 1.9 — Timber Pavilion of the Vidy Theatre, Lausanne, Switzerland, 2017: (a) Exterior
view. Reproduced from [30] (b) Interior view. Photograph by Ilka Kramer.

These structures assembled with 1-DOF MTS] were designed and fabricated using automated
digital tools. Custom CAD plugins were developed for an automated digital modelling and
fabrication of each structure. They were programmed with the Visual C# language and the
RhinoCommon software development kit (SDK) on the CAD software Rhino®, version 5.0
(Robert McNeel & Associates, Seattle, USA). The visual programming software Grasshopper®
(Robert McNeel & Associates, Seattle, USA) was used as a user interface, allowing a real-
time preview of the 3D geometry in function of the chosen input design parameters. In the
same manner, a digital fabrication tool was developed to generate a 5-axis CNC machine
G-code [79, 80, 106].

Regarding the structural analysis of these integrally-attached timber plate structures, the gen-
eration of numerical models was not integrated into the existing digital design-to-fabrication
workflow. For the Vidy theatre, bending tests were executed on single- and double-layered con-
nections to investigate their rotational stiffness and failure modes [30] and design calculations
were performed concurrently using a simplified FE model.

10
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For single-layered timber folded plate structures, however, a more accurate numerical model
was developed. In her thesis, Stitic [104] first investigated the mechanical behaviour of assem-
blies using either open-slot, glued closed-slot or closed-slot joints (MTSJ-TT). A pulley-based
test setup similar to the one suggested by Wong [120] was developed to simulate surfacic
loading, as illustrated in Figure 1.10a. Numerical investigations were subsequently carried
out considering MTSJ-TT since they were found to have the highest load-bearing capacity
compared to the two other studied connection details. A FE model was built considering
conventional plane shell elements to model the plates. For the connections, two simplified
representations were considered to model their semi-rigid behaviour, as illustrated in Fig-
ure 1.10c: (i) using strip elements along the edges of the plates, such as developed for glass

structures by Bagger [3]; (ii) considering a set of springs per connection. The two numerical
models showed satisfying results compared to experimental testing results. Additionally, a
macro-modelling approach considering 1D beam and column elements was investigated and
was shown to decrease computational costs [105].

(i) Strip element (ii) Springs

29

(©

Figure 1.10 — Timber folded plate structure with MTSJ-TT: (a) Pulley-based loading test setup.
Reproduced from [106] (b) Failure of MTS]J-TT. Photograph by Andrea Stitic. (c) Connection
detail representation using (i) strip elements (ii) springs. Adapted from [105].
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Recently, the construction system developed for double-layered double-curved shell structures
using MTSJ and MTSJ-TT [80] has been applied to large-scale timber arches for the Annen
Plus SA Head Office project using 40 mm thick beech LVL panels. Large-scale prototypes of
25 m span have been built (see Figure 1.11), using the same CAD programming tools of the
design-to-fabrication workflow developed for smaller double-layered double-curved timber
shells [80].

(a) (b)

Figure 1.11 — Prototypes of the Annen Plus SA head office, Manternach, Luxembourg, ongoing:
(a) Exterior view (b) Interior view.

Additional Wood Connectors

Concurrently to the development of structures with joints integrated in the panels only, struc-
tures using wood-wood connections with additional wood connectors have also been devel-
oped. For example, the Swissbau Pavilion 2005 [91], consisted in 1200 individually shaped
oriented strand board (OSB) elements with mitre joints and dovetail grooves, connected with
dovetail connectors. Another example is the double-curved Kobra structure, built at the TU
Graz Faculty of Architecture in 2012, made of 51 planar polygons of 95 mm thick spruce CLT
panels and sewing joints [93, 92, 119]. More recently, this assembly method has been applied
to the Timberdome, composed of 59 CLT plates (100 mm thick) with dovetail grooves and
dovetail-shaped wood connectors [82].

12
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1.2 Research Motivation

1.2.1 Problem Statement

As reviewed in the state of the art, presented in Section 1.1, geometrically complex timber
plate structures using wood-wood connections have been increasingly developed over the
past decades. However, further investigations regarding their mechanical characterisation
and numerical modelling are required for their structural design. In particular, the following
aspects still present challenges or knowledge gaps.

Valid Numerical Model for Complex Geometries

Although advanced numerical modelling has become more reliable, especially with the use
of engineered timber products characterised by more homogeneous properties on the one
hand, and the development of computer-aided engineering (CAE) software on the other hand,
modelling uncertainties remain. This is particularly the case for wood-wood connections,
which are a key component of timber plate structures. Different numerical models, taking
into account their semi-rigid behaviour, have been developed. However, they have only been
evaluated through experimental tests for single-layered timber folded plate structures [105].
A numerical model is needed that can both accurately predict the mechanical behaviour of
the structure and be computationally efficient for complex geometries with a large number of
connections.

Automatically Generated Numerical Model

Successful examples of timber plate structures using wood-wood connections have shown that
their design and fabrication can be automated using CAD programming and digital fabrication
tools [79, 105]. For structures composed of a large number of singular shaped panels with
different joint parameters, an automatic generation of their numerical model is also required
since a manual implementation is too cumbersome and expensive [43, 53]. However, research
focusing on the development of automated numerical tools and methods for their structural
analysis has been very limited. Furthermore, design and fabrication workflows are usually
limited to research and are less frequently applied to large building structures [103].

Large-Scale Experiments

Experimental tests remain necessary to fully understand the mechanical behaviour of tim-
ber plate structures and assess the numerical models developed [120]. However, loading
tests performed on structures with wood-wood connections have only been executed in the
laboratory [107, 106].
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Mechanical Behaviour of Wood-Wood Connections

The semi-rigid behaviour of wood-wood connections highly influences the mechanical be-
haviour of the structure and therefore needs to be taken into account in global numerical
models [105]. However, wood-wood connections have not been completely characterised
and their properties are usually retrieved from experimental tests performed on the sin-
gle connections. Previous experimental investigations have been limited to the study of
shear- and moment-resisting behaviour of MTS] made of spruce LVL and a material model
using 3D solid elements has only been investigated for their semi-rigid moment-resisting
behaviour [17, 84, 85].

1.2.2 Research Objectives

This thesis aims to provide a design methodology for the structural analysis of freeform timber
plate structures with wood-wood connections. Considering the problem statement presented
in Subsection 1.2.1, several objectives can be determined to reach this goal:

* Provide a numerical modelling method that is applicable to complex geometries and
both computationally efficient and accurate;

¢ Automate the generation of the numerical model;
* Assess the numerical model for both small- and large-scale assemblies;
¢ Enable feedback loops between design and structural analysis;

¢ Develop a numerical model to predict the behaviour of wood-wood connections, neces-
sary for global numerical models of the structure.

1.2.3 Methodology

In order to reach the research’s objectives stated in Subsection 1.2.2, a numerical model based
on the FEM is proposed, as FE models are generally used when analytical solutions cannot
be found, such as for complex structures [105]. Custom tools are developed to automate the
generation of the numerical model and a design framework is proposed to integrate it into
the existing design and fabrication workflow. The design framework, the description of the
FE model with the representation of its structural elements and methods for their automatic
generation are presented in Chapter 2.

The numerical model is then assessed through experimental tests on both small- and large-
scale structures performed in the laboratory and onsite respectively. Experimental tests and
comparisons with the FE model are presented in Chapters 3 and 4 for small- and large-scale
structures respectively.
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To establish a link between design and structural analysis, the potential optimisation of the
studied structural system is investigated within the proposed design framework. An alterna-
tive structural system is suggested and compared to the initial system based on numerical
investigations using the FE model developed. Results of this work are presented in Chapter 5.

Finally, a 3D FE model for wood-wood connections is developed based on the continuum
damage model of Sandhaas [88] applied by Roche et al. [85] for MTS]J. An experimental shear
loading test campaign is used to assess the model. The material model and results of numerical
simulations are presented in Chapter 6.

1.2.4 Scope

The research is conducted based on a specific case study, namely the Annen Plus SA head
office project, presented in Section 1.3. Therefore, numerical and experimental investigations
are mainly carried out according to the geometry and the construction system of double-
layered double-curved timber plate shell structures of the project. However, the methods are
developed with the prospect of being easily applicable to other types of timber plate structures.

Structural Analysis

Structural analysis is conducted through FE models built within the FEA software Abaqus™,
version 6.12 (Dassault Systemes, Vélizy-Villacoublay, France). Scripts are developed to gen-
erate the model using the Abaqus Scripting Interface, which is an extension of the Python
programming language [16]. Gravity and experimental loading only are considered, discard-
ing other parameters influencing the structural behaviour such as moisture content and
temperature. Furthermore, the long-term behaviour of the structure is not investigated.

Connections

Wood-wood connections studied in this thesis are the 1-DOF MTS] recently developed by
Robeller [78] and Roche et al. [84], presented in Subsection 1.1.2. Their design is generated
using CAD programming and their fabrication is executed with a 5-axis CNC machine. In
this thesis, 1-DOF MTS]J are referred to as wood-wood connections and 1-DOF MTSJ-TT as
through-tenon (TT) wood-wood connections.

Materials

The materials investigated in this thesis are engineered wood products. For the global study,
beech LVL panels, used in the Annen Plus SA head office project, are considered. For numerical
investigations on wood-wood connections, four engineering wood products are studied,
namely OSB, spruce LVL, beech ILVL and spruce CLT.
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1.3 Case Study: Annen Plus SA Head Office

1.3.1 Project Description

The Annen Plus SA head office in Manternach, Luxembourg is the first full-scale realisation of
double-layered double-curved timber plate shells. Its roof structure consists of a series of 23
discontinuous and individually shaped shells with spans ranging from 22.5 m to 53.7 m and
constant height and width of 9 and 6 m respectively [80]. Figure 1.12a illustrates a model of
the project showing the 23 double-curved shells. Their design was inspired by Eladio Dieste’s
Gaussian masonry vaults, such as built at the end of the 1970s for the Port Warehouse in
Montevideo presented in Figure 1.12b [72]. The Annen Plus SA project will accommodate a
5800 m? facility including a timber prefabrication factory space and offices [80].

Figure 1.12 — Design of the Annen Plus SA head office: (a) Model of the project. © 2015 Valentiny
hpv architects / Yves Weinand. (b) Masonry vaults of the Port Warehouse (1977-1979), designed
by Eladio Dieste. Reproduced from [2]. © 2004 Princeton Architectural Press.

1.3.2 Construction System

The construction system of double-layered double-curved timber plate shells, developed by
Robeller et al. [80] and applied to the Annen Plus SA head office, is illustrated in Figure 1.13.
All plates of the structure are assembled using wood-wood connections, referred to as MTS]
and MTSJ-TT [78, 84]. The two layers of each shell are composed of thin timber plates, namely
H; ) and H;, for top and bottom layers respectively, characterised by a dihedral angle between
neighbouring plates close to 180°. Vertical plates Vj; and V;, are introduced to connect
these horizontal plates with TT connections, with tenons integrated in horizontal plates and
mortises in vertical plates. The latter are themselves assembled with dovetail joints. Each
arch can also be seen as an assembly of four-sided hexahedra-shaped boxes B; composed
of two horizontal plates, corresponding to the two layers of the structure, and two vertical
plates allowing their assembly through TT connections. The two remaining open sides of
each box are closed by neighbouring boxes, such that vertical plates are shared between every
neighbouring box.
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1.3. Case Study: Annen Plus SA Head Office

All wood-wood connections used in the structure are 1-DOF joints associated with unique
insertion vectors, such that each arch is formed following a unique assembly path. Vertical
plates Vi, and Vj, are first assembled following the insertion vector w; and horizontal plates
H;, and H;» are subsequently inserted in the vertical plates following v;. Four-sided boxes
thus formed individually are then assembled together along u;. The interlocking of the plates
allows the remaining DOF of the connections to be blocked.

Figure 1.13 — Construction system of double-layered double-curved timber plate shells de-
veloped by Robeller et al. [80]. Each arch is formed by the assembly of four-sided hexahedra-
shaped boxes B; composed of two horizontal plates H;; and H; », corresponding to the two
layers of the structure, and two vertical plates V;; and V.

1.3.3 Construction Material

BauBuche Q panels (Pollmeier Massivholz, Creuzburg, Deutschland) used for the project are
40 mm thick beech LVL panels made of 3 mm thick layers of beech peeled veneers, glued
together longitudinally and cross-wised into a panel, unlike BauBuche S panels presenting
longitudinal layers only [9]. Since the structure presents connections at each plate’s edge,
with membrane efforts induced in different directions, crosswise layers panels were prefer-
ably chosen. They provide better stiffness properties and higher lateral bending and shear
strength. The composition of the 14 veneer layers in BauBuche Q panels is ||| — ||[I|| — ||| (| for
longitudinal, — for crosswise veneer layer).
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1.3.4 Fabrication and Assembly Process

In previous research, CAD plugins have been developed to automate the design and fabrication
of double-layered double-curved timber plate shell structures, starting from a double-curved
surface defining the shape of the shell, referred to as the design target surface [80]. For the
Annen Plus SA head office project, all panels are cut with a 5-axis CNC milling machine with a
20 mm diameter tool for maximum angles of less than 45° and with a 25 mm diameter tool
for larger tilt angles. All plates forming the boxes are prefabricated and manually assembled
onsite following a unique assembly path, as described in Subsection 1.3.2. Structures are
assembled lying on their longitudinal side and lifted up with a crane in one single assembly to
their final vertical position (see Figure 1.14). Two screws per edge of the horizontal plates are
added between horizontal and vertical plates in order to maintain their position during the
assembly of the boxes.

Figure 1.14 — Assembly of the Annen Plus SA head office arches. Structures assembled ly-
ing on their longitudinal side are positioned by lifting them up with a crane in one single
assembly. © 2019 Annen Plus SA.
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This chapter is based on: A. C. Nguyen, P. Vestartas and Y. Weinand, Design Framework for
the Structural Analysis of Free-Form Timber Plate Structures using Wood-Wood Connections,
Automation in Construction, 107:102948, 2019. doi:10.1016/j.autcon.2019.102948.

2.1 Introduction

Recent advances in timber construction have led to the realisation of various geometrically
complex timber plate structures assembled with innovative wood-wood connections inspired
by traditional woodworking joints (see Chapter 1, Subsection 1.1.3). Although the assembly of
these structures is still mainly carried out manually, both design and fabrication have been suc-
cessfully automated using computer-aided design (CAD) programming and computer-aided
manufacturing (CAM) processes. However, limited research has focused on the development
of automated tools for their structural analysis. A numerical model is needed that can both be
automatically generated and accurately predict the mechanical behaviour of large assemblies.

Simplified models based on the finite element method (FEM) are usually adopted as they are
computationally efficient in comparison with exact three-dimensional (3D) finite element (FE)
models involving a large number of 3D solid elements [57]. Furthermore, connections between
plates substantially influence the behaviour of the assembly and often constitute weak points
of timber plate structures. Their semi-rigid behaviour therefore needs to be implemented in
the global model of the assembly since simplifications considering the connections as rigid or
hinged lead to under- and overestimated displacements respectively [81, 105]. In light of this,
while plane shell elements are generally applied to timber plates, two numerical approaches
exist for wood-wood connections. On the one hand, spring elements can be used to model
the semi-rigidity of the connections, as previously utilised for finger joints and through-
tenon (TT) wood-wood connections, referred to as multiple tab-and-slot joints (MTS]J) [50,
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53, 105]. On the other hand, strips of fictitious material along edges of connected plates can
be introduced, such as developed for glass structures by Bagger [3] and applied to timber
folded plate structures by Stitic et al. [105]. Both numerical models have shown satisfying
results compared to experimental tests performed on timber folded plate structures. However,
springs were found to be more efficient than strip elements, which are less convenient to use
for complex geometries [105].

Discrepancies exist among researchers regarding the implementation of springs. For both the
ICD/ITKE Research Pavilion 2011 and the Landesgartenschau Exhibition Hall (presented in
Chapter 1, Section 1.1.3), single springs were used to connect two nodes at the opposite sides of
neighbouring plates. For the research pavilion, axial springs acting in the direction of the edges
of the finger joints were used exclusively to take into account their semi-rigid behaviour [50].
Moreover, custom tools were developed to generate the FE model of this pavilion made of more
than 100 000 finger joints. For the Landesgartenschau Exhibition Hall, four springs modelling
axial, in-plane shear, out-of-plane shear and bending stiffness, acting in the corresponding
directions of the local coordinate system of the joints, were introduced [53, 46]. For the folded
plate structures studied by Stitic et al. [105], up to seven springs were distributed along the
length of the TT connections with axial, in-plane shear and rotational stiffness implemented
and remaining degrees of freedom (DOFs) considered rigid. It was shown that increasing the
number of joints distributed along the length of the connections was converging to results in
better agreement with experimental tests.

In this chapter, a design framework is proposed for the structural analysis of freeform timber
plate structures using wood-wood connections. Within this framework, described in Sec-
tion 2.2, a semi-rigid spring model is developed for the thesis case study, namely the Annen
Plus SA head office composed of double-layered double-curved timber plate shells (see Chap-
ter 1, Section 1.3). The FE model as well as the representation of the structural elements in
an exchange geometry between CAD software and finite element analysis (FEA) software are
defined in Section 2.3. Methods to generate this CAD-FEM geometry using CAD programming
are presented, followed by the steps to generate the FE model using a custom code in Python
programming language. Finally, computational aspects are discussed in Section 2.4, to eval-
uate the automatic generation of the model for both small- and large-scale structures, and
semi-rigid modelling methods are analysed.

2.2 Design Framework

The design framework proposed for the structural analysis of freeform timber plate structures
is presented in Figure 2.1. It was developed from the existing design-to-fabrication workflow
used for double-layered double-curved timber plate structures, starting from a double-curved
surface, referred to as the design target surface. Although the design framework was applied
to the specific case study of this thesis (described in Chapter 1, Section 1.3), the methods
presented can be applied to other types of structures.
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The design framework can be divided into two distinct steps, with the final objective of
obtaining a numerical model that can lead to accurate structural design calculations. The first
step of the design framework consists of the automatic generation of the numerical model. To
achieve this step, an exchange geometry is defined in order to import the complex geometry of
the 3D model from a CAD software to an FEA software, which constitutes a heterogeneous data
exchange [36]. Therefore, the computational tool developed for automated digital modelling
and fabrication has to include the generation of a third output file, in addition to the 3D
model and the fabrication files. This CAD-FEA exchange geometry is defined according to
the numerical model and its assumptions. The model is then built in an FEA software using a
custom scripting code. In the second step of the design framework, the mechanical behaviour
of the structure is investigated through experimental tests. Results are compared to numerical
simulations to assess the model, which is validated if a good agreement with experimental
tests is found.

Design target
surface
Structural 'de51gn YES
! claulcations
Custom

]

CAD plugin Step 1] NO Step 2

CAD-FEM Cl}st(?m FEA Numerical Model Experimental

geometry scripting ™ goftware [|[7 simulations validation? results
code
. Di.gitafl CNC CNC | / Physical / Test
fabrication machine machine specimens / setup

tool G-code
3D
model

Figure 2.1 — Design framework proposed for the structural analysis of freeform timber plate
structures. Step 1 consists of the generation of the finite element model from a design target
surface, defining the general shape of the assembly. The CAD-FEM geometry is defined in
order to import the complex assembly geometry from a CAD software to an FEA software.
Step 2 encompasses investigations on the mechanical behaviour of the structure and the
assessment of the numerical through experimental tests, with the final objective of obtaining
anumerical model that can lead to accurate structural design calculations.

2.3 Finite Element Model Generation

The first step of the design framework, consisting in the FE model generation, was achieved on
geometries associated to the thesis case study. Several assumptions were first taken to define
the model. The CAD-FEM geometry was then generated and a custom Python scripting code
was developed to import this exchange geometry information in the FEA software, in this case
Abaqus™, version 6.12 (Dassault Systémes, Vélizy-Villacoublay, France).
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2.3.1 Geometry of the Specimens

Two geometries were investigated: a 5 x 3 boxes prototype and an entire double-curved arch
made of 200 boxes with a total span of 24 m. The geometry of the 5 x 3 boxes prototype, 6.9 m
long, 2.6 m wide and 0.76 m high (with a static height of 0.6 m), was defined according to the
24 m span arch scale 1:1 (see Figure 2.2). Fifteen boxes were extracted at midspan, as it is the
most critical part of the arch. Their geometry was then simplified by removing the double
curvature and setting identical dimensions of the boxes per row of the prototype. This was
done to facilitate the experimental tests but also to have a better control of the parameters
influencing the behaviour of the assembly and establish a more pertinent comparison with the
numerical model. All TT connections were set to a tab length of 72.5 mm and Bryant angles
(as defined in Chapter 1, Figure 1.5) 8; = 0°, 8, = 25° and 63 = 0°.

48.6° o
(e 14

f

1.4° 48.@>\ 0.85m

\ jL

. S
Figure 2.2 — Geometry of the 5 x 3 boxes prototype: (a) The boxes were extracted from a 24 m
span arch scale 1:1 at midspan, as it is the most critical part of the arch (b) The geometry was
simplified by removing the curvature and setting similar dimensions of the boxes per row
of the prototype. This was done to facilitate the experimental tests but also to have a better

control of the parameters influencing the behaviour of the assembly and establish a more
pertinent comparison with the numerical model.
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2.3.2 Definition of the Finite Element Model
Plates Modelling

The material was modelled as orthotropic, since the implementation of the exact mechanical
properties would otherwise have been exceedingly tedious. The mathematical model was
defined considering plate theory as the structure can be decomposed in discrete planar
continuous elements. From a structural point of view, the behaviour of a planar structure is
dependent on the loading direction: axial forces occur for an acting force parallel to the surface
(plate mechanism) and flexural forces appear when the surface is perpendicularly loaded
(slab mechanism). However, the global shell obtained with segmental plates introduces a
noncoplanarity of the plates giving rise to axial and flexural forces in the structure. External
loading is thus supported by the coupling of these two mechanisms, increasing the strength of
the structure [70].

A numerical model was developed since the proposed mathematical model cannot be calcu-
lated analytically due to form complexity, material properties and boundary conditions [105].
Structural analysis of plate shell structures is usually performed with the FEM due to its ease
of implementation. Since an exact 3D modelling is computationally expensive for large struc-
tures, model simplifications were applied. As the structure can be decomposed in discrete
planar continuous elements, plate theory was considered for the mathematical model and
plates were modelled as shell elements, as opposed to solid elements, since their thickness ¢ is
significantly smaller than the two other dimensions L; (¢/L; < 0.05) [16].

In Abaqus™, panels can be modelled using conventional or continuum shell elements. In the
first case, the body is discretised considering a reference surface (top, bottom or mid-surface),
meaning that the 3D body is reduced to a two-dimensional surface with a thickness defined
by the section property. Conventional shell elements have displacement and rotational DOFs
and use linear or quadratic interpolation. In the case of continuum shell elements, the
discretisation is performed on the entire 3D body and the element’s thickness is defined by
the nodal geometry. Continuum shell elements have solely displacement DOFs and use linear
interpolation. They have similar behaviour (kinematic and constitutive) to conventional shell
elements but appear as 3D continuum solids. Additionally, a more accurate through-thickness
response is provided by using continuum shell elements in comparison with conventional
shells, as they give a better prediction of transverse shear deformation and take thickness
change into account [16]. However, due to the small thickness-length ratio of the plates,
through-thickness strains were neglected and conventional shell elements were used over
continuum shell elements for all plates.

As illustrated in Figure 2.3, midsurfaces of the horizontal plates were extended to form closed
boxes with the vertical plates. They were then reduced by about 0.1 % to introduce a small
gap of 0.5 mm to implement the spring elements, used to model the connections, with their
local coordinate system xyz. The optimal gap size has to be infinitely close to zero to avoid
further eccentricity contributions, which are already accounted for in the spring stiffness
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values implemented. However, the size of the gap was found to have a limited influence on
the results as a gap of 4 mm led to an increase of displacements of 2 %.

Timber plate Conventional shell elements
t AR tI —

4

Midsurface extension

Figure 2.3 — Schematic representation of the numerical modelling of timber plates. Midsur-
faces of timber plates, modelled as conventional shell elements, were extended by ¢/2-0.5 mm
to leave a small gap for the implementation of springs with their local coordinate system xyz.

Connections Modelling

For double-layered double-curved timber plate shells, one issue of the geometry lies in the
large dihedral angle ¢ between horizontal plates (close to 180°, as shown in Figure 2.4), which
is required to obtain the curvature of the shell. As a consequence, each shell is composed of
tilted horizontal plates with a vertical plate in between and shared TT connections. Since strip
elements, which have been applied to model semi-rigid connections in previous research [105],
are difficult to obtain for tilted edges, a spring model was developed in this study. Springs have
the advantages to be easily implemented, computationally efficient and easily applicable to
other numerical software packages [7].

The semi-rigidity of TT joints was introduced in the model by means of springs with stiffness
values corresponding to the mechanical properties of the joints in the three translational and
three rotational DOFs. All six components k; were first considered uncoupled, such that their
stiffness matrix K can be expressed as Equation 2.1 [48]:

kxy 0 0 0o 0 0] [t o 0o 0o o o]
0 ky O 0 0 0 0 k, 0 0 0 O
0 0 ky O 0 0 0 0 ks 0 0 O
Ko _ @.1)
0 0 0 kpx 0 0 0 0 0 k4 0 0
0 0 0 0 kgy O 0 0 0 0 ks O
0 0 0 0 0 Ky 0 0 0 0 0 ke
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In previous research, discrete nodes were connected either by a single spring at the edges
of the tenons [53] or by springs distributed along the length of the connections [105] (see
Figure 2.4i). In the latter case, the stiffness of each spring kspring i was determined as follows:

ki

kspringi = — 2.2
springi = 2.2)

with n the number of springs in parallel and k; the stiffness value of the connection for the
component i.

In the model proposed, a kinematic coupling with all DOFs constrained was applied between
the edge corresponding to the location of the joint and its midpoint (see Figure 2.4ii), as used
by Sejkot et al. [99].

Due to the presence of vertical plates between neighbouring horizontal plates, springs were
placed in a series on both sides of the vertical plates. Therefore, spring stiffness values k; for
each DOF i had to be doubled:

=y L 2.3)
ki1 =kip=2-ki (2.4)

(i) Discrete springs (i) Edge-to-midpoint coupling

Figure 2.4 — Schematic representation of the numerical model for TT wood-wood connections.
A spring model was adopted because of the large dihedral angle ¢ between horizontal plates.
Due to the presence of vertical plates between neighbouring horizontal plates, springs were
placed in a series on both sides of the vertical plates. Springs with 6 DOFs (3 translational
and 3 rotational) were implemented. (i) Model with springs distributed over the length of the
connection. (i) Model with kinematic edge-to-midpoint coupling model.
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In order to identify the edges to be coupled and connected by spring elements, the midsurfaces
of the plates were partitioned in order to identify the position of the joints in the CAD-FEM
exchange geometry.

Dovetail joints connecting vertical plates along their shared edge were considered as rigid
connections since the interlocking of the plates blocks the rotation at this connection. Vertical
plates connected to each other were imported in the FEA software as one individual part.

Mesh Properties

Sources of modelling uncertainties can be linked to the mesh element type and the mesh
density. Finite strain (also defined as large strain) S4R elements, 4-noded with 6 DOFs, were
chosen for the mesh because of their robustness and as they are multi-purpose shell elements
with hourglass control. The uniformly reduced integration helps to prevent shear and mem-
brane locking. These elements take transverse shear effects through the plate thickness into
account for thick shells using the Reissner-Mindlin theory but converges to the classical theory
for thin shells as the thickness decreases, neglecting transverse shear strains [16].

A mesh convergence study was carried out to assess the reliability of the results. It was
performed on the 5 x 3 boxes prototype, simply supported (more details on the modelling of
the boundary conditions can be found in Section 3.3.5), under self-weight and considering
rigid beam connectors. Mesh seed sizes varying from 20 to 50 mm with steps of 10 mm and
from 5 to 20 mm with steps of 2.5 mm were computed. Figure 2.5 presents the error on the
maximum vertical displacements, with respect to the displacement for the lower seed size of
5 mm, according to the density of elements, which corresponds to the number of elements per
square meter. The total CPU time of the numerical simulation, obtained using a Lenovo Intel®
CoreTM i7-4800MQ CPU @ 2.7 GHz with 16 GB of RAM 1600 MHz (Lenovo Group Limited,
Beijing, China) is also indicated. To minimise the computation time for large models while
providing sufficiently accurate results with regard to the displacements, a seed size of 20 mm,
leading to a relative error below 1 %, was chosen.

A refined meshing strategy was adopted to decrease the computation time of the numerical
model for the chosen mesh size of 20 mm. Since strains are concentrated at the location of the
joints, plates were partitioned to have a local mesh refinement at the vicinity of the joints and a
coarser mesh away from these regions. Fine elements of 20 mm were applied around the plate
edges and coarser elements of 50 mm were used for the remaining area (see Figure 2.6). The
computation time was reduced by 50 % without significantly changing the results compared
to a uniform mesh of 20 mm (< 0.4 % difference).
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5 1350
—e— Displacement error /

S 4l | —*—Time 1280 _
e (%2}
S @
& 1210 E
S -]
= o

{140 ©
g =
= o
2 170 ©

- 0

0 1 2 3 4 5
Number of elements x 10
Figure 2.5 — Mesh convergence with regard to the maximum vertical displacements and total
CPU time. A seed size of 20 mm (marked with a circle), leading to a relative error with respect to
the displacement for the lowest seed size of 5 mm below 1 %, was chosen in order to minimise

the computation time for large models while providing sufficiently accurate displacement
results.
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Figure 2.6 — Mesh for displacement studies using S4R elements, resulting from the mesh
convergence study. A refined mesh strategy was adopted to decrease the computation time of
the numerical model for the chosen mesh size of 20 mm. Since strains are concentrated at the
location of the joints, plates were partitioned to have a local mesh refinement with 20 mm
elements at the vicinity of the joints and coarser elements of 50 mm away from these regions.

However, stresses were found to not converge for the study performed on 5 x 3 boxes prototype
for mesh sizes ranging from 5 to 50 mm (see Figure 2.7a). A supplementary mesh sensitivity
analysis was thus carried out with regard to the forces obtained in the connections, in prospect
of experimental and numerical results comparison of these forces. To achieve it, a determined
force F was applied to one connection of a timber plate and the error between the applied force
F and the total force in the tenon Fiy, retrieved from numerical simulations, was calculated
for different mesh element sizes. The total force per tenon Fi; resulting from the model was
calculated as follows:

n hi2

n
Fiot=) SF1;-6;=) o11,i(2)dz-6; (2.5)
i=1 i=1J-hi2
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with SF1; the direct membrane force per unit width in local 1-direction (in this case, axial
direction of the connection), §; the length of the mesh element and # the thickness of the
plate and 011 ,;, the normal stress.

Results of the mesh convergence study for the analysis of forces in the connections are pre-
sented in Figure 2.7b for mesh element sizes varying from 2.5 to 30 mm. The 2.5 mm mesh
size step was chosen because of the tab length of 72.5 mm in the 5 x 3 boxes prototype. To
confirm the convergence shape of the curve, mesh sizes of 3 and 4 mm were also investigated
(grey markers in Figure 2.7). The smallest element size of 2.5 mm, leading to a relative error of
0.5 % between the force applied F and the total force in the tenon obtained, was chosen. A
refined mesh strategy was then also adopted considering coarse elements of 50 mm.
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Figure 2.7 — Mesh convergence with regard to the normal stresses, axial forces and total CPU
time. (a) For the 5 x 3 boxes prototype, normal stress o, did not converge. (b) A supplemen-
tary mesh convergence study, carried out on one single plate, showed that the forces in the
connections converge. A mesh size of 2.5 mm (marked with a circle), leading to a relative error
with respect to the force applied below 1 %, was chosen. Additional mesh sizes of 3 and 4 mm
(grey markers) were investigated to confirm the convergence shape of the curve.

2.3.3 Automatic Generation of the CAD-FEM Exchange Geometry !

The generation of the CAD-FEM exchange geometry, which is defined by the FE model pre-
sented in Subsection 2.3.2, was implemented in the existing CAD plugin developed for double-
layered double-curved timber plate shells [80]. In this existing tool, two main classes called
box and plate are defined and all boxes are composed of four plates: one top, one bottom
and two side plates (see Figure 2.8a). These data structures include indexing, adjacency
properties, base plane and additional information helping the iteration over a collection of
box components, while computing joinery between neighbouring box plates [80]. The same
discretisation method applied for the segmented timber shell system was used for the FEM

1The generation of the CAD-FEM exchange geometry was developed by the publication co-author, P. Vestartas.
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geometry. However, the detailing phase differed depending on fabrication requirements and
structural analysis application. As a consequence, while the first model consisted of two
polylines per plate, the CAD plugin was modified to represent the FEM geometry by four point
outlines connected with line segments (see Figure 2.8b). In order to apply a refined meshing
strategy, each outline was divided in subparts: outer outline and inner curve form an area
for fine mesh, whereas the inner curve is only used for a coarser mesh. Joinery areas were
represented as a series of rectangular elements perpendicular to each edge.

@ S (b)

Figure 2.8 - Comparison between the 3D model geometry and the FEM geometry: (a) The
design geometry (3D model) is represented as a set of 4 plates: two top plates (PT) and two
side plates (PS). Each plate consists of 2 polylines used for CNC cutting. (b) The FEM geometry
is represented as 4 surfaces: two top surfaces (FT) and two side surfaces (FS). The surfaces
contain joinery elements, as well as fine and coarse subdivision areas.

Plane-plane and line-plane intersection methods (see Figure 2.9) were applied in the proposed
geometrical method.

(€))

(©

Figure 2.9 - Plane-line intersection methods used to generate the CAD-FEM geometry:
(a) Plane-plane (b) Plane-plane-plane (c) Line-plane.

The procedure used to compute the FEM contour geometry for each plate is illustrated in
Figure 2.10. All planes P; from box B; were derived from base mesh edge direction and
normal. Top and bottom contours were obtained by retrieving the lines L;j, at the intersection
between the planes P; and Pj;; and subsequently intersecting them with top and bottom
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planes Pt and Pg (see Figure 2.10a). In the same manner, side plate contours were computed
by retrieving the lines Lot, Lot, Log and Lyp at the intersection between the planes Py, P,, Pr
and Pp and subsequently intersecting them with the side plane P3;. The same operation was
repeated for Py (see Figure 2.10b). Finally, outlines for coarse mesh were obtained by offsetting
neighbour planes in the direction of their normal and intersecting them with a base plane (see
Figure 2.10c). This geometrical operation is valid when angles between planes are not close
to 180°; otherwise, a bisector plane must be added for computing the outline. While the side
plates of each box are connected by dovetail joints in the design model, side surfaces were
connected by the same edge in the FE model (FS-FS common edge in Figure 2.8) according to

the defined FE model.
,
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Figure 2.10 - Contour modelling steps of the FEM geometry using plane-plane and line-plane
intersection methods: (a) Top and bottom contours (b) Side contours (c) Offset of outlines for
coarse and fine mesh areas.

In the design model, the geometry of each tenon is characterised by three Bryant angles
defining the insertion vector; however, in the FEM geometry, connections can be simplified to
orthogonal shapes. Joinery areas were therefore represented by a set of interpolated rectangles
perpendicular to an edge and computed using line-plane intersections, as illustrated in
Figure 2.11. The coarse and fine meshing areas of each box, Mcoarse and Mgy respectively,
were first identified since the joinery areas are located in Mg, (see Figure 2.11a). The planes
Pg and Pgopp were used to compute the joinery areas of edge E and opposite edge Eqpp
respectively. They were defined as the planes xz, with the local x-axis determined by the
cross product between the edge vector e/eqpp, of the edge E/Eqpp, and the normal of the
adjacent plate plane n;/n;,, corresponding to the y and z-axis respectively (see Figure 2.11b—
c). The planes Pg and Pg opp were then copied along the edges E and Eypp (see Figure 2.11d).
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Rectilinear elements were then created to identify the joints using plane-line intersection (see
Figure 2.11e—f). The height of the rectangles of the current plate was set slightly higher (1 mm)
than the ones of the adjacent plate in order to identify the direction of the tenons in the FE
model.

Mcoarse M
(a)

a

Figure 2.11 - Joinery modelling steps of the FEM geometry: (a) Joinery zones are located in the
fine mesh area Mgy, (b)-(c) Planes Pg and Pg opp, used to compute the joinery areas of edge E
and opposite edge Eop;, respectively, are the planes xz of the connection (d) Planes Pg and
Pg opp are copied along the edges E and Eopp (e)-(f) Rectilinear elements are obtained from
the intersection of planes Pg and Pg opp with the plate outlines.

Finally, the resulting geometry was returned to the CAD interface and prepared for export to
the FEA software.

2.3.4 Automatic Generation of the Finite Element Model

For structures with a large number of joints and uniquely shaped plates, a manual implemen-
tation of all parts of the structures and their connections in the FEA software would be too
tedious. Consequently, a custom code in Python programming language was developed to
generate the model from the CAD geometry exported to SAT files. The FE model was generated
in the FEA software Abaqus'™, using the Abaqus Scripting Interface. It was chosen as the
geometry can be imported directly from a CAD software. However, the same principles can

®, version

be applied to other platforms. In the CAD software used, in this case Rhinoceros
6.0 (Robert McNeel & Associates, Seattle, WA, USA), all boxes are numbered and organised;
however, their import process into Abaqus™ is not. An algorithm was thus implemented to
connect all plates together. The model was generated using the following steps, illustrated in

Figure 2.12:
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32

. The CAD-FEM exchange geometry was imported from SAT files for horizontal plates

from both layers and for vertical plates. All horizontal plates were imported as individual
parts, while pairs of vertical plates connected by dovetail joints were imported as joined
parts. All lengths were multiplied by a scale factor between the CAD software geometry
(in this case in mm) and the FEA software using the SI units (i.e. Newton, Pascal,
kilogram, second and metre).

. Material properties and section properties were assigned to all parts located within a

defined bounding box. The material orientation of the plates was defined using the
discrete method of orientation of Abaqus™ with the normal axis direction in the z-
direction of each plate face (through-thickness direction) and the primary axis direction
x defined by the vector (1,0,0), in the fibre direction.

. A coarse mesh was generated on each part located within the bounding box with defined

seed size and element properties.

. Potential edges corresponding to the location of the tenons were identified. These edges

have a minimum and maximum possible length and are located on the outline of the
parallelogram for horizontal plates and inside of the polygon for vertical plates. The
identification of these edges, the coordinates of their centre point and the direction of
the tenon were stored in two lists for horizontal and vertical plates respectively.

. The edges were partitioned at their midpoint, suppressing the coarse mesh around the

plates.

. The mesh was re-generated with a refined seed size or with the same coarse seed size,

depending on whether a refined meshing strategy was adopted or not.

. Dependent part instances were created and assembled to form the whole geometry.

As opposed to their independent counterparts, dependent instances refer to the origi-
nal geometry of the parts imported; operations such as meshing and partitioning are
performed on individual parts and not on instances.

. Corresponding centre vertices from the two lists created were found and pairs were

stored in a new list. Reference points were created for each centre point that was found
to have a corresponding centre point and kinematic couplings were applied to the
reference points and their edges.

. Finally, 6-DOFs springs characterised by a stiffness k; were implemented between the

pairs of vertices to connect horizontal and vertical plates.
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Figure 2.12 — Steps for the generation of the FE model in the FEA software: @ Importation
of all horizontal plates as individual parts (pairs of vertical plates connected by dovetail

joints are imported as joined parts) @ Assignment of material and section properties with

their local coordinate system @ Coarse mesh generation @ Identification of the connection
positions ® Partitioning of the edges of the tenons at their midpoint ® Fine mesh re-generation

@ Assembly of the instances ® Edge-to-midpoint coupling @ Generation of the springs with 6

ki.

degrees of freedom (3 translational and 3 rotational), each characterised by a stiffness

33



Chapter 2. Numerical Modelling

2.4 Results and Discussion

In this section, CAD-FEM geometry and semi-rigid spring model, obtained using custom
scripts following the methods presented in Section 2.3, are both evaluated. Computational as-
pects are discussed, as well as questions related to the semi-rigid modelling of the connections,
which is expected to have a significant influence on the results.

2.4.1 Spring Model for the Connections

To evaluate the spring model, a comparison was made between two spring modelling methods
for the connections:

(i) with discrete springs distributed along the length of the connections (see Figure 2.4i);
(ii) with unique springs kinematically coupled to the edges of the tenons as used in the
model proposed (see Figure 2.4ii).

In the first model (i), it was observed that springs only act locally on the nodes that are
connected, as illustrated in Figure 2.13 presenting the vertical displacements of the bottom
layer of the 5 x 3 boxes prototype with simply supported boundary conditions and under
self-weight, using one rigid spring per connection (n = 1 in Equation 2.2).

-4.90 ) ) 1.35
Vertical displacement [mm]

Figure 2.13 - Vertical displacements of the bottom layer of the 5 x 3 boxes prototype with simply
supported boundary conditions and under self-weight, using one rigid spring per connection
(n =1). The springs were shown to act only locally on the nodes that are connected.

By increasing the number of springs in parallel n, the global response of the prototype was
shown converge to stiffer results (see Figure 2.14). The model (ii) with a coupling between
the edge of the tenon and its midpoint would therefore correspond to an infinite number of
springs distributed along the connection and its use is therefore pertinent.
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Figure 2.14 — Vertical displacement of a 5 x 3 boxes prototype with simply supported boundary
conditions and under self-weight according to the number of springs in parallel distributed
along the connections. The model with a coupling between the edge of the tenon and its
midpoint corresponds to an infinite number of springs distributed along the connection.

2.4.2 Automatic Generation of the Numerical Model

The CAD-FEM geometry was successfully generated for both small- and large-scale structures.
The aim of an automated generation was to avoid a manual process of transforming a large
amount of plate elements to the defined exchange geometry. As a result, automation helped
in decreasing the processing time of an initial manual generation of the FEM geometry, both
time-consuming and containing user errors such as floating-point errors. Moreover, it allowed
the application of the same code to a set of arches (see Figure 2.15).
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Figure 2.15 — Application of the same code generating the CAD-FEM exchange geometry to
a set of arches: (a) FEM geometry (b) Design geometry (3D model) (c) Mesh subdivision
(d) Design target surface.
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The numerical model was then obtained from the CAD-FEM exchange geometry. Table 2.1
presents the total number of variables and the minimum memory required (corresponding to
the maximum amount of memory allocated by the analysis required to keep critical scratch
data in memory [16]) for a small-scale prototype made of 5 x 3 boxes (15 boxes) and a full-scale
arch of 24 m span (200 boxes).

Table 2.1 — Size-related parameters of small- and large-scale prototypes composed of 15 and
200 boxes respectively.

Parameter 15 boxes 200 boxes
Total number of variables 377562 4314636
Min. memory required [Mb] 150 1715

Table 2.2 presents the time taken for each step of the generation of the FE model in the FEA
software described in Subsection 2.3.4. For 15 boxes, Abaqus'™ bushing connectors were
used for the spring connections whereas for 200 boxes, Abaqus™ springs were used, as the
implementation of bushing connectors took several hours. Vertical panels were imported as
joined parts since it was shown that the implementation of tie constraints between singular
vertical panels drastically increases the model generation time.

Table 2.2 — Time of each step of the generation of the finite element model for small- and
large-scale structures.

Step Description Time“ for 15 boxes Time? for 200 boxes
1 Importation of the parts 3.3s 42.3s
2 Material and properties assignment 04s 25s
3 Coarse mesh generation 5.7s 55.1s
4 Identification of the connections 34.8s 4.5 min
5 Partitioning of edges 174s 3.8 min
6 Fine mesh re-generation 3.7 min 42.8 min
7  Assembly of the instances 0.1s 7.0s
8 Edge-to-midpoint coupling 4.1s 2.3 min
9 Generation of the springs 45.8s 5.3 min

Total generation of the FE model 5.6 min 64.2 min

“ Time obtained using a Lenovo Intel® CoreTM i7-4800MQ CPU @ 2.7 GHz with 16 GB of RAM
1600 MHz.

Although the model can be built relatively fast compared to a manual implementation of all
elements and properties, the numerical model for a full arch obtained is particularly heavy
because of the large number of variables involved in the model (see Table 2.1). Consequently,
additional manual implementations and modifications of the model can take several minutes,
which makes the verification of the model also unpractical. It is therefore important to include
all modelling aspects, including boundary conditions and loads, in the custom scripting code
for large-scale models.
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Furthermore, it is apparent that the most time-consuming step is step 6, corresponding to the
re-generation of the mesh. However, the times presented in Table 2.2 are linked to the FEA
software used, in this case Abaqus™. The total model generation time could therefore be
reduced by using external meshing libraries in C++ or a faster FE library such as OpenSees
(UC Regents, Berkeley, CA, USA), which does not require a graphical user interface (GUI) and
could thus allow to generate the models faster [56].

2.4.3 Stiffness Components Influence

The influence of each DOF was investigated by comparing a model with fully rigid connec-
tions and models in which each of the 6 DOFs was individually released while keeping the 5
remaining components blocked. Results obtained for simulations performed on a 5 x 3 boxes
prototype with simply supported boundary conditions, under self-weight and using the spring
coupling model are presented in Figure 2.16.
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Figure 2.16 — Influence of each DOF on the vertical displacement of a 5 x 3 boxes prototype
with simply supported boundary conditions and under self-weight. The bars represent the
difference between the displacements obtained when each of the 6 DOFs were individually
released, while keeping the 5 remaining components blocked, and a rigid model in which all 6
DOFs were blocked.

Components 1 and 2 were shown to have a high influence on the vertical displacement of the
structure compared to a rigid model (> 700 %). The maximum displacement obtained when
the DOF 3 was released gave an infinite vertical displacement (> 10’ mm). This is explained by
the fact that it represents the motion in the z-direction; if this component is free, the vertical
displacement is not blocked and very high values are thus obtained. A maximum value of
600 mm, corresponding to the height of the boxes was therefore considered and the maximum
vertical displacement was found to be 55 000 % higher than for a rigid model. Regarding
rotations, the DOF 5 highly influenced the vertical displacements of the structure (> 80 %)
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compared to components 4 and 6, which had a limited influence (7.6 % and 0.2 % respectively).
The semi-rigidity of the connections for the components 1, 2, 3 and 5 had an influence higher
than 10 % on the vertical displacements. Stiffness values in axial and shear loading, as well as
bending were thus considered as important to be implemented in the final model.

The interaction between translational and rotational stiffness components was investigated
to determine the potential coupling terms that might have to be considered in further stud-
ies. The stiffness k3 was not investigated as considering this component free led to infinite
displacements. For pairs of DOFs, results obtained with both components released were
compared to the superposition of the results with the same components individually released.
Results are presented in Table 2.3.

Table 2.3 — Influence of each degree-of-freedom (DOF) on the vertical displacements compared
with a rigid model.

DOF Bothreleased [mm] Superposition [mm] Difference [%]

1,4 10.9 11.0 1.0
1,5 11.7 311.1 2560.8
1,6 10.8 11.0 2.4
2,4 13.1 12.8 -2.6
2,5 14.0 34.0 143.8
2,6 10.8 12.5 16.4
1,2 216 29.4 35.7

When k; and k4 are both free, vertical displacements are approximately equal to the superpo-
sition of the vertical displacements when the two components are separately released (1.0 %
difference). Same observations were made for components k; and kg and k, and k4 (absolute
difference below 3 %). This was expected because of the limited influence of the rotational
components k4 and kg below 10 %. Coupling terms might be necessary between components
ko and kg, as well as k; and k.. However, major differences occurred between components k;
and ks as well as between k» and ks. To take into account coupling terms for these DOFs, the
stiffness matrix K has to be modified to Equation 2.6:

[k, 0 0 0 ks

(2.6)
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2.5 Conclusions

This chapter presents methods to automate the generation of an FE model for the structural
analysis of complex timber plate structures with a large number of wood-wood connections.
In particular, a design framework is proposed to integrate the generation of the model into the
existing design and fabrication workflow.

An FE model using springs with an edge-to-midpoint coupling approach to model the semi-
rigid behaviour of wood-wood connections was developed. Based on the case study of this
thesis (see Chapter 1, Subsection 1.3), the existing CAD plugin, generating the 3D model and
fabrication files of double-layered double-curved timber plate shells, was modified to obtain
a CAD-FEM geometry. The latter was then implemented in an FEA software. Although the
numerical model and the methods to generate it were presented and applied to a specific
type of structure, they are easily applicable to various plate structures using wood-wood
connections.

The first step of the proposed design framework, consisting of the generation of the numerical
model, was achieved in this chapter. The numerical model was successfully generated for both
small- and large-scale structures composed of 15 and 200 boxes respectively, using custom
developed scripts, avoiding a tedious and time-consuming manual implementation. Another
advantage over a manual generation is that it prevents random human errors. The time to
generate the numerical model in the FEA software Abaqus™, from the import of the CAD-FEM
geometry to the generation of the thousands of springs was found to be of about 6 min and
1 hour for 15 and 200 boxes assemblies respectively. However, for large-scale assemblies, the
model was found to be heavy and unpractical for verification and modifications performed
outside of the scripting interface because of the millions of variables defined in the model.

The edge-to-midpoint coupling applied in the proposed spring model was proven pertinent
in comparison with a model using individual springs distributed over the length of the con-
nections. It prevents peak values at discrete nodes and is equivalent to an infinite number of
discrete springs distributed along the edge. Semi-rigidity of the connections in translation
as well as in rotation was shown to be of importance, with translational components (ki, ko,
k3) and rotational component around y (ks) having the highest influence on vertical displace-
ments. Moreover, main potential coupling terms between stiffness components k; and ks as
well as k, and k5 were identified.
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8] Experimental Investigations on
Small-Scale Structures

This chapter is based on: A. C. Nguyen, P. Vestartas and Y. Weinand, Design Framework for
the Structural Analysis of Free-Form Timber Plate Structures using Wood-Wood Connections,
Automation in Construction, 107:102948, 2019. doi:10.1016/j.autcon.2019.102948.

3.1 Introduction

In Chapter 2, a design framework for the structural analysis of freeform timber plate structures
using wood-wood connections was introduced. Its first step, consisting in the generation of
anumerical model, was achieved: a finite element (FE) model was defined and successfully
automated for a series of double-layered double-curved timber plate shells using custom-
developed scripts. The second step of the proposed design framework encompasses structural
investigations on the global mechanical behaviour of the structure through experimental tests.
While different numerical models have been applied to timber plate structures using wood-
wood connections, few experimental tests have been executed on full assemblies. Pertinent
examples can only be found for single-layered timber folded plate structures [81, 106].

Past research has highlighted the importance of including the semi-rigid behaviour of wood-
wood connections in numerical models [81, 105]. In the FE model developed, it was considered
using springs with six degrees of freedom (DOFs). Preliminary investigations carried out in
Chapter 2 showed that specific DOFs highly influence the global behaviour of the structure.
However, spring stiffness values have not yet been determined. In previous research, spring
stiffness values were obtained either from experimental tests or using simplified analytical
models. For instance, all finger joints of the ICD/ITKE Research Pavilion 2011 were modelled
by springs with stiffness values retrieved from experimental shear load tests [50]. For the
Landesgartenschau Exhibition Hall, in-plane shear stiffness of the finger joints and axial and
out-of plane shear stiffness of the crossing screws were approximated with simplified analytical
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models, while the bending stiffness was obtained from four-point bending tests [53]. In the
spring model developed for timber folded plate structures studied by Stitic et al. [105], axial
stiffness was calculated analytically, whereas shear and rotational stiffness were retrieved from
experimental tests. Additionally, the remaining DOFs were considered rigid by assigning them
high spring stiffness values of 10 N/mm and 10'> N-mm/° for translational and rotational
components respectively.

In this chapter, the second step of the proposed design framework is accomplished by per-
forming experimental tests on a series of specimens and comparing the results with numerical
simulations, with the objective of evaluating the FE model developed. The geometry of the
tested specimens and the three-point bending test setup are described in Section 3.2. The
numerical model is subsequently presented in Section 3.3. Finally, results of experimental
tests are discussed and compared to numerical simulations in Section 3.4.

3.2 Experimental Tests

3.2.1 Specimens

Tests were performed on three replicates of a 5 x 3 boxes prototype with a geometry as il-
lustrated in Figure 3.1a. The number of boxes was chosen such that at least one box was
surrounded by other boxes and to reduce the side effects implied by the boundary conditions.
As described in Chapter 2, Subsection 2.3.1 and illustrated in Chapter 2, Figure 2.2, the geome-
try was based on the dimensions of 15 boxes extracted from a full 24 m span double-layered
double-curved shell scale 1:1 at midspan. The size of each box was set to a length of 1.2 m,
a width of 0.85 m, a static height of 0.6 m and an offset length equal to 80 mm between the
boxes. Each replicate was made of 68 plates, forming a 6.88 m long and 2.59 m wide specimen
in total. All through-tenon (TT) wood-wood connections were set to a unique geometry, with
a tab length of 72.5 mm and Bryant angles (as defined in Chapter 1, Figure 1.5) 6, = 0°, 8, = 25°
and 63 = 0°. Additional panels were added such that the prototype was closed at all its edges.

The prototypes were built from BauBuche Q panels (Pollmeier Massivholz, Creuzburg, Deutsch-
land), which are 40 mm thick beech LVL panels made of 3 mm thick layers of beech peeled ve-
neers, glued together longitudinally and cross-wised into a panel in a composition ||| — [||||| — |||

(] for longitudinal, — for crosswise veneer layer) [9]. Panels were cut with a 5-axis CNC milling

machine with a 20 mm diameter tool. They were fabricated by Annen Plus SA and assembled

at the Laboratory for Timber Constructions (IBOIS), EPFL (see Figure 3.2).
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Figure 3.1 - Geometry of the 5 x 3 tested specimens: (a) Structure’s global geometry parameters
(b) Through-tenon wood-wood connections geometry parameters.

Figure 3.2 - One of the three replicates of the 5 x 3 boxes prototype assembled at the Laboratory
for Timber Constructions (IBOIS), EPFL.
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3.2.2 Test Setup

Three-point bending tests were performed using the test setup illustrated in Figure 3.3. Load
was applied through a 200 kN capacity w+b hydraulic jack (walter+bai ag, Léhningen, Switzer-
land) on the three top panels at midspan of the prototypes, using a HEB 240 steel profile to
distribute the loads. As performed by Stitic et al. [106] for tests on folded plate structures, the
loading procedure described in the European Standard EN 26891 [24] was followed.

M::

Inclinometer / . Force transducer F

1

LVDTs U U

Inclinometer ./,
N

Figure 3.3 — Three-point bending test setup for the 5 x 3 boxes prototypes and measurement
instrumentation.

3.2.3 Boundary Conditions

Prototypes were simply supported: rotation was allowed along the two supported edges and
horizontal translation was allowed along one edge, such that the structure was pinned on one
side and rolled on the other side (see Figure 3.4). The supports consisted in four concrete
blocks of 0.75 x 0.75 x 1.04 m, on which the steel rotulas were fixed. Two HEA 160 steel profiles
were attached to the rotulas at the bottom flange and were screwed to the structure through
60 mm thick cross-laminated timber (CLT) plates at the top flange.
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Figure 3.4 — Boundary conditions applied for the tests on 5 x 3 boxes prototypes: (a) Pinned
support (b) Roller support.

3.2.4 Instrumentation

The prototypes were monitored with a pair of linear variable differential transformers (LVDTs)
WA100 (HBM, Darmstadt, Germany) with a measuring range of 100 mm. They were placed at
midspan on each side of the specimens to measure the vertical displacements of the vertical
plates. The hydraulic jack was equipped with a force transducer of 200 kN nominal force. Two
AccuStar® (Measurement Specialties, Inc., Hampton, VA, USA) electronic inclinometers with a
sensing range between -60° and 60° were placed above the supports to control their rotation.

The upper layer of the structure was partially tracked with a three-dimensional (3D) digital
image correlation (DIC) system to obtain displacement fields. As illustrated in Figure 3.5,
a set of two cameras was placed 3.5 m above the area of interest on a very stiff steel profile
to avoid vibrations during the test. Due to the limited height of the columns, the whole top
surface could not be acquired. A DIC measurement area of about 3 x 2 m was captured by
the two cameras. The full width of the prototype and approximately a third of the length was
comprised within the field of view, such that three boxes could be measured.
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Figure 3.5 — Digital image correlation system setup with a measurement area of about 3 x 2 m:
(a) Front view (b) Side View (c) Top view.
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High-resolution cameras were required because of the large dimensions of the prototype. Two
SVCam Cameras model HR 29050 (SVS-Vistek GmbH, Seefeld, Germany) with 29 MegaPixels
and dual GigE vision interface were utilised. They were used with 35 mm Zeiss Distagon ZF-I
lenses (Carl Zeiss, AG, Oberkochen, Germany) with aperture f/8 and BP 525 green bandpass
filters (Midwest Optical Systems, Inc., Palatine, IL, USA). They were mounted with an angle in
between of 17.5°. The top surface of the prototype was illuminated with one pair of green LED
EFFI-FLEX (EFFILUX, Les Ulis, France) light bars with 90 and 60 LEDs each. They were fixed
with a small inclination to illuminate the area of interest on a 3 m long aluminium profile,
itself mounted on the steel beam above the prototype, at midspan, onto which the hydraulic
jack was fixed.

The DIC area of interest of the prototype was covered with two coats of matte white paint and
a speckle pattern with speckle sizes between 1 and 5 mm was obtained using a pneumatic
paint sprayer with black paint. Images were acquired with a speed of 2 Hz and exposure time
of about 35 000 us. Calibration of the DIC system was carried out for each individual test using
a target of 12x9 - 50 mm with equally spaced markers and performed with three positions

combined with multiple inclinations per box. The control of the DIC system as well as data
D™

treatment were performed using the VIC 3 software (Correlated Solutions, Inc., Irmo, SC,

USA).

Figure 3.6 — Speckle pattern used for the DIC data acquisition. Speckle sizes between 1
and 5 mm were obtained by applying black paint on two coats of matte white paint with a
pneumatic paint sprayer.

3.3 Numerical Model

3.3.1 Semi-Rigid Spring Model

The finite element spring model developed in Chapter 2 was used to simulate the experimental
tests. In this model, plates were modelled as conventional shell elements and wood-wood con-
nections were represented by springs with six DOFs (three translational and three rotational)
to take into account their semi-rigid behaviour (see Figure 3.7).
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Figure 3.7 — Semi-rigid spring model: plates were modelled as conventional shell elements
and wood-wood connections as springs with six degrees of freedom (three translational and
three rotational).

The model was automatically generated in the finite element analysis (FEA) software Abaqus™,
version 6.12 (Dassault Systemes, Vélizy-Villacoublay, France) according to the methods pre-
sented in Chapter 2, Section 2.3.4.

3.3.2 Material Model

Orthotropic material properties of each plate were implemented considering a single or-
thotropic layer with a defined local orientation for each plate: parallel to the grain (direction 1),
perpendicular to the grain along the veneer layer and across the plate thickness (directions 2
and 3 respectively). Material properties were considered linear elastic, such that the analysis
was limited to linear kinematics, with mean values of elastic properties presented in Table 3.1.
Poisson ratio values, not provided by the manufacturer, were retrieved from literature for
beech [9, 33]. Material and contact nonlinearities were not considered.

3.3.3 Semi-Rigidity of the Connections

In previous studies, spring stiffness values implemented in global FE models were retrieved
from either experimental or analytical investigations. Simplified analytical models for axial
and shear stiffness used by Stitic et al. [105] and Li et al. [53] respectively were based on
Hooke’s law, which provides analytical expressions of the stiffness according to the elastic
or shear modulus. However, stiffness and capacity of TT connections cannot be accurately
predicted using this method. Likewise, the more advanced analytical model for the rotational
stiffness of TT connections developed by Roche [83] still showed limitations and has only been
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Table 3.1 - Elastic properties of 40 mm thick BauBuche Q panels used for the orthotropic
material model [9, 33].

Property Symbol Value Units
Density Pmean 800 kg/m?
Elastic modulus 11 En 13200 N/mm?
Elastic modulus 22 E> 2200 N/mm?
Elastic modulus 33 Es3 2200 N/mm?
Shear modulus 12 G2 820 N/mm?
Shear modulus 13 Gi3 430 N/mm?
Shear modulus 23 Go3 430 N/mm?
Poisson’s ratio 12 Vi 0.365 -
Poisson’s ratio 13 Vi3 0.464 -
Poisson’s ratio 23 Vo3 0.726 -

evaluated for spruce LVL. In the present study, simplified analytical models were therefore
discarded. Stiffness and capacity of the TT connections investigated were obtained from
experimental tests performed on recently developed test setups for the DOFs that were found
to have a high influence on the model (above 10 %), namely k;, k», k3 and ks, as determined
in Chapter 2, Subsection 2.4.3. These tests were performed on small-samples with TT con-
nections characterised by a tab length of 72.5 mm and Bryant angles 8, = 0°, 8, = 25° and
03 = 0°, corresponding to the connections of the 5 x 3 boxes prototype studied. Experimental
tests are reported in Appendix A and spring stiffness k; used for each DOF are presented in
Table 3.2. The contribution of the screws added for the assembly of the plates (see Chapter 1,
Subsection 1.3.4) was neglected because of their limited number in the structure.

For k;, a spring with the axial stiffness in tension and a high value of 10° N/mm in compression,
to be considered rigid, was implemented. For rotational components around x and z, not
determined experimentally, two sets of spring stiffness values were considered: with both k4
and kg either rigid, by assigning them a high stiffness value of 10!> N-mm/°, or hinged, by
assigning them a low stiffness value of 0.1 N-mm/°. In this manner, lower and upper bounds
of the semi-rigid model were obtained for displacements.

Table 3.2 — Spring stiffness values used in the FE model for each of the six degrees of freedom.

Symbol Component Value Units
k1 translation x 417 N/mm
ko translation y 15009 N/mm
ks translation z 9489 N/mm
ky rotation around x  0.1-10® N-mm/°
ks rotation around y 170190 N-mm/°
ke rotation around z  0.1-10® N-mm/°
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3.3.4 Mesh Properties

Conventional plate shell elements with finite strain S4R elements were applied with coarse and
refined mesh sizes of 50 and 20 mm respectively for the displacement study, as determined in
Chapter 2, Subsection 2.3.2. For the analysis of the forces in the connections, fine elements
were reduced to 2.5 mm, while keeping coarse elements of 50 mm, according to the mesh
convergence study performed in Chapter 2, Subsection 2.3.2.

3.3.5 Loads and Boundary Conditions

Three steps of loading were defined in the model. In the first one, gravity load was imple-
mented on the whole model. In the second one, the initial weight of the 230x230 mm wooden
blocks and the load distributing beam was simulated by pressure load on 230x230 mm areas
on the top plates located at midspan. Finally, the load was applied on the same areas to
simulate the loading of the hydraulic jack.

Regarding the boundary conditions, the same modelling approach as presented in Stitic et
al. [105] was used (see Figure 3.8). In fact, when the structure is loaded, supports rotate around
the Y-axis and the centre of mass is therefore not aligned to the centre of rotation of the
steel rollers, resulting in nonlinear secondary moment effects [105]. Supports were therefore
represented by 2.7 m long and 0.16 m wide steel plates with equivalent weight as the actual
setup. They were defined as rigid bodies associated with reference points RP at a distance
corresponding to the distance between the centre of mass Cy, and the centre of rotation C; of
the actual supports.

m= m1+m2+m3

—m, =4.6 kg/m
mi=30.4 Eg/m t =33.3mm
——m,=6.8 kg/m ] 97.3mm
. | RP
L x !
(a)
m,=4.6 kg/m m=m,+m,tm,
m,=30.4 kg/m t=36.9 mm
104.4 mm@m =11.3 kg/m | 104.4mm
RP

foT H
X v o
(b)
Figure 3.8 — Modelling of the boundary conditions: (a) Pinned support and (b) Roller support.
Supports were represented by steel plates with equivalent length, width, weight and distance

between the centre of rotation C; and the centre of mass Cy, as the actual setup. They were
defined as rigid bodies associated with reference points RP.
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Boundary conditions were applied to the reference points with free rotation along the global
Y -axis for both supports and additional free translation along the global X-axis for the rolled
support. Coupling constraints were assigned to the regions of the structure resting on the
supports with corresponding reference points as control points.

3.4 Results and Discussion

3.4.1 Experimental Tests

Figure 3.9 presents the load-displacement curves obtained at midspan with LVDTs Uy and Us,
on the north and south sides of the prototype respectively (see Figure 3.3), for each of the three
5 x 3 boxes replicates. The average maximum additional load at failure Fiax avg Was found to

be of 107.23 kN with a coefficient of variation c,r,_, of 6.95 %, which was considered to be

max

sufficiently low for timber material, with the coefficient of variation ¢, defined as:

=2 3.1
U

where o is the standard deviation and p the average.
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Figure 3.9 — Load-displacement curves obtained at midspan with LVDTs Uy and Us, on the
north and south sides of the prototype respectively (see Figure 3.3), for each of the three 5 x 3
boxes replicates.

The structure failed because of the failure of TT connections at the bottom layer of the structure
in the areas highlighted in Figure 3.10a, at the junction between boxes and not within boxes
themselves. The herringbone pattern used in the design of the structure was found to enable
the apparition of continuous failure paths at the stretched bottom layer. The joints presumably
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failed due to a combination of shear and traction, as observed in Figure 3.10b. Dovetail joints
connecting the vertical panels appeared to be undamaged. As the rotation of these connections
is blocked by the interlocking of the panels, the hypothesis of modelling rigid dovetail joints
was assumed to be sufficient to predict the behaviour of the structure.
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failure paths
Y
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(b)

Figure 3.10 — Failure of the 5 x 3 boxes prototype: (a) Continuous failure paths appearing at the
stretched bottom layer of the structure and attributed to the herringbone pattern used for the
structure’s design. (b) Failure of the through-tenon wood-wood connections at the junction
between boxes at the bottom layer, presumably due to a combination of shear and traction.

The rotation of the supports, measured by the two inclinometers, is presented in Figure 3.11
with respect to the evolution of the applied load with time. It can be observed that when the
prototype reaches failure, the rotation of the supports, which was approximately symmetric
until then, starts diverging on each side.
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Figure 3.11 - Total load and rotation of the supports, measured by two inclinometers, over time.
When the prototype reaches failure, the rotation of the supports, which was approximately
symmetric until then, starts diverging on each side.

3.4.2 Comparison between Experimental and Numerical Results

Displacement Study

To compare experimental to numerical results in terms of displacements, the maximum load
considered was about 50 kN, which corresponds approximately to the maximum allowable
displacement for serviceability limit state (SLS), to limit the study to linear kinematics. More-
over, initial displacements due to gravity and due to the weight of the distributing steel beam
and the wooden blocks were subtracted from the displacements obtained in the subsequent
loading steps. In fact, experimental measurements were taken after the disposition of the spec-
imen on the supports and of loading elements on the specimen. Propagated effects of gravity
and initial loading could thus be considered in the model. Figures 3.12a and 3.12b present the
results of the proposed spring model compared to the linear regression of experimental tests
for aload of 50 kN for the north and the south side of the prototype respectively.

Alarge dispersion in the results can be observed in the linear range. In fact, the coefficient of
variation of the stiffness ¢, was found to be of 16.63 %. Moreover, at the beginning of the test
for a load under 5 kN, a very stiff behaviour can be observed. This can be attributed to the
initial stiffness of the connections that has a very high values, due to the high friction forces
between the tenon and the mortise of the joints (see also Chapter 6, Subsection 6.4.1).

The vertical displacements obtained with the semi-rigid model with rigid rotational stiffness
k4 and kg were shown to be underestimated by 3.9 and 11.7 % for the north and south sides
respectively compared to the experimental tests. The semi-rigid model with hinged rotational
stiffness k4 and ks was shown to be on the safe side with displacements overestimated by 16.9
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Figure 3.12 — Load vs. midspan deflection. Comparison between the linear regression of exper-
imental tests and the numerical results for a load of 50 kN, which approximately corresponds
to the maximum allowable displacement for SLS: (a) North side (b) South side.

and 12.5 % for the north and south sides respectively compared to the experimental tests.
Therefore, the rotational stiffness around x and z, k4 and kg respectively, were shown to have
a limited influence on the numerical results and it can be observed that the linear regression
of the three experimental tests falls between the lower and upper bounds of the semi-rigid
models. In comparison, a rigid model was found to be 146.5 and 188.0 % more rigid for the
north and south sides respectively. Nonlinear geometric analysis was performed using the
NLgeom step option in Abaqus™, such that the stiffness matrix is updated after each loading
increment. However, very low deviation (< 1 %) from the linear analysis was observed.

Figure 3.13 presents the comparison between the vertical displacements measured on the
first specimen with DIC and displacement fields simulated by the semi-rigid model with
hinged rotational stiffness ks and kg. Although differences can be observed between the
measurements and the numerical simulations, the range of displacements values is similar.
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[ ——— m—
-15.44 Vertical displacement [mm] o8

Figure 3.13 — Comparison of the vertical displacements between DIC for the test on spec-
imen #1 and the semi-rigid model with hinged rotational stiffness k4 and kg for a load of
50 kN.

Forces in the Connections

As observed in Subsection 3.4.1, the failure of the connections presumably occurred mainly
due to tension and shear loads in the tenons. As shown in Figure 3.14, presenting the forces
per unit width in the X-direction at the bottom layer of the prototype, obtained with the
semi-rigid model with rotational stiffness k4 and kg both hinged for a surcharge load of 50 kN,
concentrations of forces appeared around the connections. Results of experimental tests and
numerical simulations were therefore also compared in terms of forces in the connections.

min. -328.8 0.0 200.0 max. 562.7
Force F, per unit width [N/mm]

Figure 3.14 — Forces per unit width in the X-direction for a surcharge load of 50 kN.
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According to the numerical model, the most loaded tenon at the bottom layer of the structure
for both tension and shear appeared to be the one marked with a circle in Figure 3.15a. For the
average maximum additional load on the structure at failure Fiayx avg = 107.23 kN, axial and
lateral forces of 18.29 kN and 10.48 kN respectively were found in the connections, using the
semi-rigid model with both rotational stiffness k4 and kg hinged respectively. For a surcharge
load of 50 kN, approximately corresponding to the maximum allowable displacement for
SLS, these forces were of 7.95 kN and 4.56 kN respectively. The force distributions along the
length of the connection for axial and lateral forces are presented in Figures 3.15b and 3.15c
respectively, for the semi-rigid model with k,; and kg rigid under 50 kN. For a surcharge load of
50 kN, the axial force of 7.95 kN calculated with the numerical model appeared to be above the
average maximum load-carrying capacity of the connection under tension loads, Fiax avg Of
6.47 kN (see Appendix A). However, this result is consistent with the three-point bending tests
due to the presence of lateral forces in the connections and because the average maximum
load-carrying capacity of the joints in shear of about 46.83 kN is much higher (see Appendix A).
However, for design purposes, combined actions should not be considered as they cannot be
accurately quantified.
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Figure 3.15 - Force in the connections: (a) Position of the most loaded tenon, marked with a
circle, for both tension and shear, at the bottom layer of the structure (b) Distribution of axial
forces along the length of the most loaded connection for a load of 50 kN using a semi-rigid
model with k4 and kg hinged (c) Distribution of lateral forces along the length of the most
loaded connection for a load of 50 kN using a semi-rigid model with k4 and kg hinged.
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3.5 Conclusions

In this chapter, three point bending tests performed in the laboratory on small-scale assem-
blies composed of 5 x 3 boxes are presented. They were performed to assess the semi-rigid
spring model developed in Chapter 2 and give more insight on the mechanical behaviour of
double-layered timber plate structures assembled with TT wood-wood connections. In the
numerical simulations, stiffness values for components k;, k2, k3 and ks were retrieved from
experimental tests, while rotational stiffness k4 and kg were considered either rigid or hinged.

The destructive loading tests showed that the structure failed because of the failure of the
connections at the stretched bottom layer of the structure, presumably due to a combination
of shear and tension loads. Furthermore, the presence of continuous failure paths, which can
be attributed to the construction system, and more particularly to the herringbone pattern
applied in the design of the structure, was highlighted. Vertical displacements predicted by the
semi-rigid model were shown to be in good agreement with experimental investigations for
the linear elastic part. A semi-rigid model with rigid rotational components about x and z was
found to be closer to experimental tests, while a model with hinged rotational components
about x and z provided more conservative results. Furthermore, taking the semi-rigidity of the
joints in the model was shown to be essential since the average of the semi-rigid models was
shown to be 3 % less stiff than experimental tests, whereas a rigid model was 190 % stiffer in
average for both sides of the specimen. Forces in the connections obtained with the numerical
model were found to be consistent with the experimental tests. To obtain a conservative
design of the structure, forces in each connection should be verified against the load-carrying
capacity of the connections for each component.

Nonlinear geometric analysis was found to have very little influence on the numerical results.
Furthermore, considering the results obtained, the coupling terms discussed in Chapter 2, Sub-
section 2.4.3 were discarded. Additional limitations of the model can be linked to friction
and contacts, both neglected in the model. Moreover, a stiffer behaviour was observed at the
beginning of the test. This can be attributed to the nonlinear behaviour of the connections,
which would have to be implemented in the model to increase its accuracy in the first loading
steps.
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Experimental Investigations on a
Large-Scale Structure

This chapter is based on: A. C. Nguyen and Y. Weinand, Displacement Study of a Large-Scale
Freeform Timber Plate Structure Using a Total Station and a Terrestrial Laser Scanner, Sensors,
20(2), 413, 2020. doi:10.3390/520020413.

4.1 Introduction

Over the past decades, geometrically complex and large-span timber structures have been
achieved thanks to advances in both engineering and architecture. As reviewed in Chapter 1,
significant research studies have especially focused on the development of timber plate
structures using wood-wood connections inspired by traditional carpentry joints. These
structures consist of a large number of singular planar elements connected at their edges by
joints fully integrated in the plates. Research prototypes as well as building-scale assemblies
have been built using computer-aided design (CAD) programming and digital fabrication
tools [30, 49, 53, 78, 105, 61]. Various numerical models, mostly based on the finite element
method, have been developed for their structural analysis but only limited experimental tests
have been carried out on large-scale structures. However, experimental investigations remain
necessary to better understand their mechanical behaviour and assess the numerical models
developed. Furthermore, full-scale tests are required when physical models cannot be reduced
to a small portion of the structure to analyse its global behaviour or when small-scale models
cannot duplicate the behaviour of the real-size structure [66, 112]. Such limitations can result
from material variability and execution tolerances, which might have a high influence on the
mechanical behaviour of the global structure [66]. This is particularly the case for assemblies
with a large number of complex joints, contributing to significant uncertainties [120, 66].
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Full-scale experimental tests can be carried out either in the laboratory or in the field. Since
timber plate structures using wood-wood connections have been developed relatively recently,
only few building-scale structures have been built and laboratory tests have thus mostly been
carried out for smaller spans. For shell structures in particular, loading tests remain difficult to
execute as they are designed to transmit surfacic loads such as self-weight, snow and wind
loads to the supports. Several methods can be used to simulate distributed loads on them.
Traditional methods consist in pressure loading, vacuum loading or discrete loading systems,
usually closely-spaced [34]. Pressure loading can be achieved through gravity using water or
sand with a possible additional surcharge load. It can also be obtained with a gas pressure
system or with a sealed air bag. Similarly to air pressure loading, vacuum loading is restricted
to structures with continuously supported and sealed edges. Discrete loading can be carried
out using suspended dead weights or with of a whiffle-tree system. More recently, innovative
pulley-based loading systems have also been developed [120, 106]. Their advantages are
their high flexibility, safety of the method and absence of variation of the applied load with
deformation of the structure. Onsite, however, not all laboratory test methods can be applied
and experimental tests on large-scale shells have not been reported in the literature. Examples
of static loading tests achieved through pressure and discrete loading systems can nonetheless
be found for timber frame and gridshell structures respectively. In Doudak et al. [20], tests were
executed on a 8.5 x 17 m single-storey timber frame structure by applying a load of 3.3 kN/m?
on patches of the roof using dead weights consisting of shingle bundles and by measuring the
reaction forces. For the 60 x 60 m span Multihalle timber gridshell in Mannheim, Germany
designed by Frei Otto, a discrete loading system, consisting of garbage bins hanging on the
gridshell and filled with water, has been used. In this study, tests were performed with the
objective of assessing the accuracy of the calculations by comparing the deflections measured
at 13 points on the structure with the corresponding computed deflections [54].

Instrumentation for experimental testing depends on the variables of interest. In particu-
lar, displacements provide key information to better understand the behaviour of loaded
structures as they give an indication on the stiffness of the structural system. Displacements
measurements can be acquired using numerous techniques, such as global positioning system
(GPS), linear variable differential transformers (LVDT), laser Doppler vibrometer (LDV) and to-
tal stations, which are examples of conventional equipment [13]. Each of them is characterised
by different data acquisition methods and accuracy, such that they are not suitable for all appli-
cations. GPS sensors can measure both static and dynamic displacements but do not provide
sufficient accuracy for displacements under 1 cm [123]. LVDTs are both accurate and low cost;
however, as they measure contacting displacements between a limited number of target points
on the structure and fixed reference points, they are unpractical for large-scale structures and
usually require the presence of additional temporary structures [65]. LDVs have the advantage
to measure non-contact displacements with comparable accuracy but are costly devices re-
quiring high incident angles between the laser beams and the vibrating surface [65, 12]. Total
stations have been used to measure displacements in numerous case studies because of their
ease of use and accuracy in the millimetre range [35, 47, 15]. However, they allow measure-
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ments on a limited number of target points. More recently, three-dimensional (3D) terrestrial
laser scanning has also been used for several applications [6, 51, 124, 31]. With this technique,
coordinates of millions of points forming a point cloud are collected. Massive sampling data
in the few millimetres range can be obtained from laser scans but their processing is more
complicated.

Based on the case study presented in Chapter 1, Subsection 1.3, a numerical model has been
developed for the structural analysis of double-layered double-curved timber plate shells.
Although the numerical model has been proposed and automated for both small- and large-
scale structures (see Chapter 2), it has been validated against experimental investigations on
small-scale prototypes only (see Chapter 3). Therefore, the aim of the present study is to assess
the numerical model developed through experimental investigations on a large-scale structure
and evaluate possible methods to acquire displacements of the loaded structure, using a total
station and a terrestrial laser scanner. The design of the structure and loading procedure
are first described in Section 4.2, followed by the displacement measurement methods and
numerical modelling in Sections 4.3 and 4.4 respectively. Both methods are then compared to
each other and to the numerical model in Section 4.5.

4.2 Experimental Tests
4.2.1 Specimens

The structure tested consisted in prototypes built for the Annen Plus SA head office project
in Manternach, Luxembourg (see description of the case study in Chapter 1, Subsection 1.3).
The second to last arch and half of its larger neighbouring arch (arch n°22 and half of arch n°21
respectively, as shown in Figure 4.1) were constructed by Annen Plus SA.
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Figure 4.1 —Illustration of the Annen Plus SA head office project in Manternach, Luxembourg
consisting in 23 double-layered double-curved timber plate shells, represented by their design

target surfaces. Experimental tests were carried out on prototypes of arch n°22 and half of
n°21.
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Their goal was to verify the realisation of the supports of the structure for the project, as well
as the connection between the arches. Therefore, only half of arch n°21 was constructed. For
project purposes, a row of timber caps was added on arch n°22 along its entire open side and
the two arches were connected by ten 100 x 100 x 5 mm steel struts. The geometry of the tested
prototypes, with a span of 25 m in average, is presented in Figure 4.2.
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Figure 4.2 - Geometry of the tested prototypes of arch n°22 and half of n°21. For project
purposes, a row of timber caps was added on arch n°22 along its entire open side and the two
arches were connected by ten 100x100x5 mm steel struts.

4.2.2 Fabrication and Assembly

The prototypes were built from 40 mm thick BauBuche Q panels (Pollmeier Massivholz,
Creuzburg, Deutschland), which are beech laminated veneer lumber (LVL) panels, obtained by
gluing fourteen layers of 3 mm thick beech peeled veneers longitudinally and cross-wised [9].
The composition of the panelis ||| — [||||| — ||| (| for longitudinal, — for crosswise veneer layer).
The tested prototypes were made of 792 singular shaped plates forming 200 boxes for the full
arch and 396 plates forming 100 boxes for the half arch. The arches with all their individual
plates and different joint geometries were designed using custom developed CAD plugins.
All plates of the structure were digitally fabricated by Annen Plus SA with a 5-axis computer
numerical controlled (CNC) machine, using a 20 mm diameter tool for tilt angles inferior to
45° and of 25 mm for larger angles. Annen Plus SA manually assembled the arches lying on
their side (X Z-plane in Figure 4.2), lifted them up individually in one single assembly and
fixed them to the supports using a crane.
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4.2.3 Supports

The supports of the structure are illustrated in Figure 4.3 for arch n°22. On both ends of the
arches, 15 mm thick steel plates were fixed to vertical plates of two first rows of boxes by M16
bolts through BauBuche-Q spacers. These plates were welded to 25 mm thick steel plates,
themselves fixed on concrete blocks with M27 tie rods anchored using grouting mortar.

40 mm thick ‘s===
BauBuche Q

15 mm thick
steel plate S355

M16 bolts class 6.8

25 mm thick
steel plate S355

M27 tie rods class 6.8 4‘F
\

z BauBuche Q spacers 4‘#
y Concrete

.

Figure 4.3 — Supports of arch n°22.

4.2.4 LoadingProcedure

Static loading tests were conducted using pressure loading. Vacuum loading methods would
not have been feasible because of the presence of gaps in the structure and the difficulty to
seal all of its edges. Moreover, limited atmospheric pressure restricts the load magnitude that
can be applied on it. Discrete point loading was discarded to avoid wind effects on the hanging
masses. As illustrated in Figure 4.4a, pressure loading was achieved through gravity only by
applying a surcharge load on top of the structure using 25 kg cement bags distributed over the
top surface. The disadvantage of this method was that a large number of bags was necessary
to obtain a sufficient load magnitude and the loading procedure was thus labour intensive.
The top layer of the structure was only partially loaded as it corresponds to the worst load
case with respect to the vertical displacements at midspan. The loaded area is highlighted in
Figure 4.4b.
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Figure 4.4 — Loading procedure for large-scale tests: (a) Loading of the structure using 25 kg
cement bags (b) A distributing loading of 1.5 kN/m? in average was applied on the zone of the
structure with a lower curvature (grey area). The varying number of cement bags leading to
the average load is indicated.

Additional components were not necessary to retain the bags on the structure thanks to the
low curvature of the structure in the X Z-plane in this area. Since the objective of the test
was to compare onsite measurements with the numerical model, the loading method was
considered acceptable as long as the specific surcharge load was accurately implemented in
the numerical model. Furthermore, loading from the top allowed having a clear sight under
the structure for displacement measurements. A non-destructive elastic test was performed
by applying an average load of 1.5 kN/m? on the area of the structure. The number of bags
placed on each box is indicated in Figure 4.4b. This number was adapted depending on the
loaded surface of each box to correspond to an equivalent load of approximately 1.5 kN/m?.
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Steel struts illustrated in Figure 4.2 and connecting the two arches were not directly mounted.
The two tests were thus performed following the same loading procedure and with the identical
surcharge load applied on arch n°22 only (as shown in Figure 4.4b):

e Test n°l: arch n°22 not connected to half of arch n°21, which was therefore not consid-
ered in the test measurements, on May 22, 2018 and;

» Testn°2: arch n°22 fixed to half of arch n°21 by steel struts, as illustrated in Figure 4.2),
on May 23, 2018.

4.3 Instrumentation

Displacements were measured using a total station and a terrestrial laser scanner. Two sets of
measurements were taken for each test, before and after loading respectively, such that four
different load cases can be defined:

* Load case n°1: test n°1 before loading
* Load case n°2: test n°1 under final loading
* Load case n°3: test n°2 before loading
* Load case n°4: test n°2 under final loading

Considering the low load levels applied, the behaviour of the structure was assumed linear
elastic, such that the effects of the load release after Load case n°2 were discarded and no
influence on the displacements measured during test n°2 was taken into account.

4.3.1 Total Station

Total stations are easy to use and have the advantage to measure distances and angles with
high accuracy. However, they have a low data sampling rate and need an unobstructed line of
sight between the targets and the total station [15]. In this study, measurements were taken
at 16 different positions on the structure using an electronic total station Leica Geosystems
TCR 305 (Leica Camera AG, Wetzlar, Germany). It has an accuracy (standard deviation) of
5 mm + 2 ppm for reflective targets to a range of 1.5 to 80 m (according to ISO 17123-4) and of
5" (1.5 mgon) for angle measurements (according to ISO 17123-3) [52]. The total station was
placed at a distance of about 10 m to the furthest measurement points in the Y -direction, in a
clear line of sight to the 16 targets, as illustrated in Figure 4.5a. Microprismatic self-adhesive
reflective targets of 3x3 cm and 0.5 mm thickness, both UV and weatherproof, were glued to
aluminium plates (see Figure 4.5b), themselves screwed onto vertical panels of the structure
at the 16 different positions indicated in Figure 4.5c.

To ensure that no movement of the device accidentally occurred before and after the mea-
surements of the 16 targets, five reference targets were placed at stable locations. For both
tests, successive measurements of the control points and the 16 targets were taken. It took
about 10 min to acquire data for each sets of 16 points. All data was acquired onsite, taking
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Figure 4.5 - Total station setup: (a) A clear line of sight between the targets and the total station
is required (b) Reflective targets 3 x 3 cm (c) Position of the 16 targets on arch n°22.

about ten minutes per set of 16 points, and subsequently treated by computing the difference
before targets position before and after loading for both tests. Sets of measurements for
which successive control points measurements showed differences higher than 2 mm were
discarded.

4.3.2 Terrestrial Laser Scanner

Terrestrial 3D laser scanners have been increasingly used for various applications. They allow
fast acquisition of point clouds composed of millions of points through laser beam scanning.
High-resolution 3D images can therefore be obtained and complex environments can be
reconstructed. In this study, a laser scanner FARO® Focus® 150 (FARO Technologies Inc., Lake
Mary, FL, USA) was used to obtain point cloud measurements of the bottom surface of the
arches. It scans at a measurement rate of 122 000 to 976 000 points per second with a visual
field of 300° vertically and 360° horizontally, with an average 3D position accuracy of 3.5 mm
at 25 m [25].
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Survey Procedure

Before any measurement was taken, five artificial spherical targets were placed at the bottom
corners and at the centre of arch n°22 (see Figure 4.6a). These survey markers were used
for the registration of the scans. Their spherical shape prevents axis mapping mistakes [51].
Scans were acquired for both tests before and after loading. In order to collect data points
over the entire bottom surface of the arches, they were performed from different stations, as
indicated in Figure 4.6b. For test n°1, for which arch n°22 only was of interest, three scans were
performed; for test n°2, five scans were performed in order to obtain data points for both arch
n°22 and half arch n°21. Spheres n°4 and 5, as well as the laser scanner in one of the station
position are illustrated in Figure 4.7.

= Terrestrial laser scanner stations for test n°1
= Terrestrial laser scanner stations for test n°2

(b)

Figure 4.6 — Terrestrial laser scanner survey procedure: (a) Position of the five references
spheres used for the registrations of the 3D laser scans (b) Position of the stations of laser
scanning for test n°1 (red) and test n°2 (blue).

Before each scan, the alignment level of the scanner was verified. Each scan with a 1/5
resolution took approximately 8 min. This resolution corresponds to an acquisition of 8 192
points per 360° rotation, such that a full scan contains 28 million points (8192 x 3413) [25].
Photos were captured after each scan by the built-in digital camera of the laser scanner to
obtain the exposure values of each point and hence the colours of the scan. Each point cloud
contains millions of points with each point characterised by x, y and z coordinates and RGB
values for their colour.
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Figure 4.7 — Photograph illustrating the 3D laser scanner FARO® Focus® 150 and spheres n°4
and 5.

Registration and Pre-Processing

Compared to total station measurements, processing point clouds is not straightforward
and can be cumbersome, as point clouds first need to be registered before computing dis-
tances [110]. In fact, since each point cloud station for the measurements has its own local
coordinate system xyz, all points clouds have first to be represented in the same global coor-
dinate system XY Z. Overall, the registration and point cloud pre-processing were completed
in four steps. For scans belonging to the same load case, an automatic registration was first
performed in the FARO® SCENE software (FARO Technologies Inc., Lake Mary, FL, USA) using
the spherical survey markers as references.

For both tests, sets of scans before and after loading were then registered by superposing
spheres, in this case spheres n°2 and 5, for each load case by applying translations and rotations
within FARO® SCENE. Point clouds were manually pre-processed in a CAD software, in this
case Rhinoceros®, version 6.0 (Robert McNeel & Associates, Seattle, WA, USA), to remove
unnecessary regions around the scanned object of interest, as illustrated in Figure 4.8 for scan
data of Load case n°1. The resulting point cloud presented in Figure 4.8b contains about 34
million points and is illustrated for an area of 1 x 1 cm in Figure 4.9. According to Lee et al. [51],
mapping errors of the sphere reference points need to be below 1 cm to ensure sufficient total
accuracy of the measurements, in the few millimetres range for the present study. Registration
were thus refined manually using the open source software CloudCompare [32] by aligning
four pairs of points manually picked from the reference cloud and the cloud to be compared.

In order to compare the point clouds measured without loading with the 3D model geometry
of the structure used for fabrication, bottom surfaces of the model were retrieved. A triangular
mesh, which can be processed with CloudCompare, was applied on these surfaces and a
point-pair alignment was then performed for four positions in CloudCompare.
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(b)

Figure 4.8 — Pre-processing of the point clouds for Load case n°1: (a) Raw point cloud (b) Pre-
processed point cloud reduce to 34 million points.

lcm -
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Figure 4.9 — Area of 1 x 1 cm extracted from the pre-processed point cloud of Load case n°1.

Distances Computation

Cloud-to-cloud distances were first computed using the nearest neighbour distance method,
which consists in computing the Euclidean distance between a point of the compared cloud
and the closest point of the reference cloud (see Figure 4.10a) [14]. Other methods consist in
applying a mathematical model on the nearest point calculated with the Euclidian distance
and a defined number of its neighbouring points in order to locally model a surface of the
reference cloud. The distance between the point of the compared cloud and this mathe-
matical model is then computed (see Figure 4.10b). Three mathematical models exist in
CloudCompare: 2D1/2 Delaunay triangulation, least square best fitting plane and quadratic
height function. Since the nearest neighbour method can be inaccurate if the reference point
cloud is insufficiently dense, comparisons with the three distances computation methods
available in CloudCompare were performed. For the comparison with the 3D model geometry,
cloud-to-mesh distances computation was performed in CloudCompare by computing the
distance between a point of the cloud and the nearest triangle of the mesh.
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Figure 4.10 — Cloud-to-cloud distances computation: (a) Nearest neighbour distance method
(b) Methods in which a local model is applied between the nearest point and a definite number
of neighbouring points.

4.4 Numerical Model

4.4.1 Semi-Rigid Spring Model

A finite element (FE) model was built according to the model defined in Chapter 2, in which
plates are modelled as conventional shell elements and wood-wood connections are repre-
sented by springs with six degrees of freedom (three translations and three rotations) to take
into account their semi-rigid behaviour. The model was built using the same mean orthotropic
material properties for BauBuche-Q panels as for the investigations conducted on small-scale
prototypes (see Chapter 3, Table 3.1). Same two sets of stiffness values were used to model the
semi-rigidity of the connections in each degree-of-freedom (see Chapter 3, Table 3.2): axial,
in-plane shear and out-of-plane shear stiffness, k, k> and k3 respectively, as well as rotational
stiffness about y, ks, were retrieved from experimental tests, reporter in Appendix A, while
simulations were performed with both k4 and kg either rigid, by assigning them a high stiffness
value of 10!> N-mm/°, or hinged, by assigning them a low stiffness value of 0.1 N-mm/°, such
that lower and upper bounds were obtained for displacements using a semi-rigid modelling
of the connections. A mesh composed of finite strain S4R elements was applied, using a fine
mesh element size of 20 mm at the vicinity of the joints and a coarse mesh of 50 mm away
from them, according to the mesh convergence study performed for small-scale prototypes
(see subsection 2.3.2).

As a manual generation of the model would have been too cumbersome, time-consuming
and probably containing human errors, the model was generated automatically in the finite
element analysis software AbaqusTM, version 6.12 (Dassault Systemes, Vélizy-Villacoublay,
France) using the Abaqus Scripting Interface [16] according to the methods described in
Chapter 2. Linear kinematics were considered exclusively because of the low load levels
applied on the structure. Geometrical nonlinearity was not considered as it was found to be
essential only to precisely predict strains as well as displacements at higher loads, which was
not the case in the present study [105].
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4.4.2 Boundary Conditions and Loads

At each end of the structure, boundary conditions were applied on the coarse mesh area
of vertical plates, as illustrated in Figure 4.11. Translations in X, Y and Z were blocked on
the first row of boxes and translations in Y and Z were blocked on the second row of boxes.
Steel struts between the arches were modelled as beam elements connected to the arches
using tie constraints between the struts beams and points on the structure, coupled to the
edge of the plates. Gravity was applied in a first step and the cement bags were modelled
in a second step by applying pressure loads corresponding to the exact number of bags on
each box. Although tests occur after the action of gravity, its implementation allowed taking
into account propagated effects of gravity. Weather conditions were characterised by wind
speeds under 11 km/h during test n°1 and under 17 km/h during test n°2. Since these speeds
correspond to light and gentle breeze on the Beaufort scale respectively, effects of wind were
discarded in the model [111].

t.t .t blocked t , t blocked

Figure 4.11 - Numerical modelling of the boundary conditions applied on the coarse mesh
area of vertical plates. Translations in X, Y and Z were blocked on the first row of boxes (in
blue) and translations in Y and Z were blocked on the second row of boxes (in red).

4.5 Results and Discussion

Displacements predicted with the numerical model were compared to the measurements
taken at discrete target positions using the total station and to the displacement fields ob-
tained at the bottom surface of the structure with the terrestrial laser scanner. To be able to
establish a valid comparison, initial displacements due to gravity were subtracted from the
final displacements obtained since experimental tests and measurements were executed after
the disposition of the specimen on the supports. Furthermore, the theoretical geometry of the
structure corresponding to the 3D design model was compared to the built prototype.
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4.5.1 Discrete Target Positions
Total Station Measurements

Three measurements of the 16 target positions were taken for each of the four load cases.
Average differences of 0.05 mm + 0.48 % were observed between repetitive measurements and
average values were therefore considered for each load case. Final displacements measured
for the two tests are presented in Table 4.1. It can be observed that with the presence of
half-arch n°21 connected through steel struts, displacements were increased by 15.1 % + 6.2 %
for targets 9 to 12 but were reduced for all other targets by 22.4 % + 7.3 % in average. This
could be explained by the fact that targets 9 to 12 were located close to the struts and therefore,
the weight of half-arch n°21 increased the displacements locally. However, on the overall arch
n°22, displacements were reduced as the presence of half-arch n°21 stiffens the structure.

Table 4.1 — Displacements of the 16 targets measured with the total station for test n°1 and 2.
Averaged values on three repetitive measurements for each load case.

Displacements [mm]
Targetn® Testn°l Testn°2 Difference [%]

1 20.5 14.0 -31.8
2 22.3 15.0 -32.6
3 18.4 13.3 -27.9
4 19.8 14.3 -27.5
5 19.8 15.4 -22.3
6 15.9 11.9 -24.8
7 16.5 13.9 -15.6
8 17.5 15.2 -13.2
9 12.9 14.4 +11.7
10 12.0 13.2 +10.4
11 11.3 12.9 +14.1
12 11.1 13.7 +24.1
13 10.1 7.4 -27.0
14 11.8 9.5 -19.8
15 7.6 6.6 -13.4
16 5.6 4.9 -13.2
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Validation of the Numerical Model

Figure 4.12 presents the comparison between the displacements measured with the total
station and results predicted by the numerical model with rigid connections and semi-rigid
models with k4 and kg either rigid or hinged.
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Figure 4.12 — Comparison between the displacements measured with the total station and
results predicted by a rigid model and semi-rigid models with k4 and kg either rigid or hinged
for: (a) test n°1 (b) test n°2. Target point numbers correspond to the 16 target points indicated
in Figure 4.5c.
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First, it can be observed that a rigid model led to highly underestimated displacements with
values 72.3 % lower in average over all target points for both tests. Displacements obtained with
the semi-rigid models were found to be of the same order of magnitude as the ones measured
for both tests, with differences of 14.8 % in average. However, for test n°1, displacements of
targets 9 to 12 were overestimated by 33.2 % in average and underestimated by 15.5 % for
targets 1 to 6. These variations correspond to differences of 3.9 mm and 3.1 mm respectively
and could be explained by the presence of caps, which was not considered in the numerical
simulations, leading to an additional load that increases displacements in the area close to
them and reduces displacements away from them. For test n°2, highest variations between the
model and the measurements also appeared for targets located in the vicinity of the caps and
close to steel struts and could be explained by inaccuracies in the modelling of the connections
between the steel struts and the structure.

4.5.2 Displacement Fields
Cloud-Cloud Distances Computation

Registration and distances computation are important steps in the processing of the points
clouds. Point clouds registration using the five spherical targets led to mapping errors of about
1 cm for different load cases. These errors were considered too high to provide a sufficient
accuracy and, as suggested by Lee et al. [51], a manual registration was thus performed in the
software CloudCompare considering four points at the bottom corners of arch n°22.

For test n°1, distances computed by applying local mathematical models on the nearest point
and a defined number of its neighbouring points, as illustrated in Figure 4.10b, were compared
with the ones obtained using the nearest neighbour distance (NND) method presented in
Figure 4.10a. The three mathematical models available in CloudCompare were investigated,
namely (i) 2D1/2 Delaunay triangulation, (ii) least square best fitting plane and (iii) quadratic
height function. The displacement field obtained using (i) by fitting the model on the nearest
point and its 6 neighbouring points was found to give similar results to the one obtained
using the NND method. However, results using (ii) and (iii) on the nearest point and its 6
neighbouring points both led to noisy displacement fields with a large inaccurate area, as
shown in Figure 4.13a for (ii). Analyses performed using (ii) and (iii) on the nearest point
and its 99 neighbouring points increased the computing time and still led to small areas with
errors, as illustrated in Figure 4.13b for (ii). Point clouds were thus found to be sufficiently
dense to compute distances using the NND method and all other methods were therefore
discarded for both tests.
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Figure 4.13 — Distances computation for test n°1 using the least square best fitting plane on:
(a) the nearest point and its 6 neighbouring points (b) the nearest point and its 99 neighbouring
points.

Total Station Measurements vs. Point Clouds

Absolute distances computed with CloudCompare for test n°1 and 2 are presented in Fig-
ure 4.14. Displacement fields obtained by laser scanning were first compared to total station
measurements. It can be observed that point cloud distances computed were comparable for
both tests, whereas higher differences could be observed with and without the presence of half
arch n°1 using a total station. Although precise values at discrete points are difficult to obtain
with point clouds, it was found that overall values using the two measuring methods differed:
at the 16 target positions, results from laser scans were found to be 2.9 mm and 0.7 mm lower
than total station measurements on average for test n°1 and 2 respectively. Furthermore,
distances computed for specific target points gave differences of more than 60 % between
the two methods. For example, for test n°1, points n°15 and 16, corresponding to values of
approximately 3 and 1 mm respectively for the point cloud, had measured displacements of
7.6 and 5.6 mm with the total station. Similarly, values computed at the target points 11 and 12
using the point clouds were found to be 37 % and 4 % in average lower than the total station
measurements at these locations for test n°1 and 2 respectively. Variations can be attributed
to the registration of the point clouds to which results were shown to be very sensitive.
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Figure 4.14 — Distances computed from laser scans for: (a) test n°1 (b) test n°2. Numbered
points indicate the 16 target points where displacements were measured using a total station.

Validation of the Numerical Model

Displacement fields at the bottom layer of the structure predicted by the semi-rigid model
with rotational stiffness of the connections k; and ks hinged are presented in Figures 4.15a
and 4.15b for test n°1 and 2 respectively. Although uncertainties arose from the laser scans
registration process, it can be observed that the same range of values was predicted by the
semi-rigid model. However, the displacement field predicted was found to be closer to the
one measured for test n°2 (see Figures 4.14b and 4.15b) than for test n°1 (see Figures 4.14a
and 4.15a). For the latter, differences can be related to the presence of caps during the
experimental tests (as explained in Subsection 4.5.1) and to point cloud registration errors.

Evaluation of the Built Geometry

Additionally, the reconstructed structure of arch n°22, obtained with laser scanning, was
compared to the 3D design geometry of the CAD model to evaluate the gap between theoretical
and as-built geometries. Absolute displacements between the point cloud of load case n°1
and the bottom surfaces extracted from the 3D design geometry were first computed. Results
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Figure 4.15 — Displacements predicted by the semi-rigid numerical model, with rotational
stiffness k4 and kg hinged for: (a) test n°1 (b) test n°2. Numbered points indicate the 16 target
points where displacements were measured using a total station.

of the cloud-to-mesh distance computation are presented in Figure 4.16a. Since the laser
scans of the structure were executed for arch n°22 under its own weight, displacements were
computed for the self-weight load case to establish a valid comparison using the semi-rigid
model with k4 and kg hinged, leading to the largest displacements (see Figure 4.16b).

Large differences can be observed between the displacements predicted by the numerical
model under self-weight only (see Figure 4.16b) and the cloud-to-mesh distance computation
obtained for arch n°22 unloaded (see Figure 4.16b), with maximum differences between
the two of about 65 mm. Considering the results obtained in Subsection 4.5.1 and sub-
subsection 4.5.2, these variations cannot be attributed only to the presence of caps in the
tested prototypes, inaccuracies of the model and uncertainties linked to the point cloud
registration, especially for the large displacements observed on the right side of the structure
in Figure 4.16a. It was inferred that part of these large differences can be attributed to initial
imperfections of the structure, such as geometrical imperfections, linked to the variance in
structural dimensions of all the elements, and assembly tolerances. Geometric variability can
be due to unavoidable machining errors, alterations from handling and transportation of the
elements as well as moisture content variations. Although machining tolerances are expected
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to be low because of the precision of the 5-axis CNC cutting machine in the sub-millimetre
range, tolerances can add up and lead to large geometric differences [10]. As suggested by
Liew et al. [55], adjusting the boundary conditions according to the as-built geometry could
reduce these variations, in particular regarding the large displacements appearing on the right
side of the structure.
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Figure 4.16 — Evaluation of the built geometry: (a) Displacements between initial point cloud
before loading (load case 1) and bottom surfaces extracted from the 3D design geometry
(b) Displacements obtained with the semi-rigid model with k; and kg hinged under self-
weight only.

Influence of Initial Imperfections

In this chapter, a good correlation was found between the experimental tests performed on
the as-built geometry and the numerical simulations performed on the design geometry.
Nonetheless, initial imperfections might need to be taken into account in design calculations,
as they can have a high influence on the structural stability of large-span structures [118]. To
evaluate their impact on the global behaviour of the structure, the as-built geometry measured
with laser scanning could be used as the initial geometry for numerical simulations. However,
employing measured data as the starting point of calculations can be unpractical and is
generally not possible since the erection process usually follows the design calculations. A
sensitivity study should therefore be performed to assess the contribution of fabrication and
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assembly tolerances, which could lead to a misalignment of the plates, on the mechanical
behaviour of the structure. This analysis could be carried out by varying the initial geometry
used for numerical simulations to determine the worse possible geometry or its equivalent
simplified geometry, as suggested by Stranghoner and Azizi [108]. If their impact is found to
be substantial, the modified geometry should be considered for structural design calculations.

4.6 Conclusions

In this chapter, static loading tests were performed on large-scale freeform timber plate shells,
which were full-scale prototypes of the thesis case study described in Chapter 1, Subsection 1.3.
A surcharge load of 1.5 kN/m? was applied on a defined area at the top of the structure using
25 kg cement bags. A comparison was made between the displacements predicted by the
semi-rigid spring model developed in Chapter 2 and the displacements measured using two
devices: a total station and a terrestrial laser scanner. The total station provided displacements
of the structure at 16 target positions, while displacements fields were obtained by computing
distances between point clouds from laser scanning.

The two measuring methods were first compared to evaluate their relevance. Total station
measurements were found to give results with a higher precision of about 1-3 mm than
laser scans for individual target points. However, point clouds from laser scans allowed the
visualisation of displacement fields at the bottom surface of the structure, such that the two
methods are complementary. Regarding laser scans processing, a precise registration was
found to have a significance importance as it can highly influence the results. Georeferencing
laser scan data could help reducing errors linked to this registration step, as well as increasing
the number of survey markers. Regarding the distances computation of the point clouds,
using the nearest neighbouring distance was found to be sufficiently efficient compared to
other methods using local mathematical models.

The FE model was found to be in good agreement with the experimental tests. As for the
investigations on small-scale structures, it was proven crucial to take into account the semi-
rigidity of the connections to accurately predict the behaviour of the structure. In fact, a
rigid modelling of the connections underestimated the displacements by about 72 % + 4 %
in average, whereas semi-rigid models with k4 and kg either rigid or hinged gave results with
a difference of about 15 % + 12 % in average with respect to the total station displacements
measured at the 16 target positions.

Furthermore, the unloaded structure, obtained with laser scanning, was compared to the 3D
design geometry of the CAD model to evaluate the gap between theoretical and as-built geome-
tries. Cloud-to-mesh distances computed showed large displacements occurring without the
application of surcharge loads. If part of these displacements can be attributed to inaccuracies
of the numerical model and point cloud registration errors, the accumulation of fabrication
and construction tolerances appears to be the main reason of these large differences observed.
To tackle this issue, an assessment of the parameters influencing the variations between
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3D design model and as-built geometry as well as an analysis of the impact of different ini-
tial geometries on the global behaviour of the structure are necessary to determine if initial
imperfections need to be taken into account in design calculations.

In conclusion, the semi-rigid model developed was validated against full-scale experimental
tests for the prediction of the displacements of the global structure in the linear elastic part,
therefore allowing its serviceability limit state design. Furthermore, as concluded in Chapter 3,
a semi-rigid model with hinged rotational components about x and z should be considered as
it provides more conservative results.
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Alternative Structural System

This chapter is based on: A. C. Nguyen, B. Himmer, P. Vestartas and Y. Weinand, Performance
Assessment of Double-Layered Timber Plate Shells using Alternative Structural Systems. In
C. Lazaro, K.-U. Bletzinger, E. Onate, editors, Proceedings of the IASS Annual Symposium
2019 - Structural Membranes 2019 Form and Force, pages 2919-2926. International Centre for
Numerical Methods in Engineering (CIMNE), Barcelona, 2019.

5.1 Introduction

Automated numerical tools necessary for the structural analysis of freeform timber plate struc-
tures using wood-wood connections have been successfully developed in Chapter 2, based
on the double-layered double-curved timber plate shells of the thesis case study presented
in Chapter 1, Section 1.3. The proposed finite element (FE) model has been assessed and
validated through experimental tests performed on both small- and large-scale structures in
Chapters 3 and 4 respectively. However, three-point bending tests carried out on small assem-
blies of fifteen boxes have pointed out challenges in the initial assembly system (see Chapter 3,
Section 3.4.1). Namely, failure paths that can be attributed to the herringbone pattern applied
in the box arrangement were appearing at the stretched bottom layer of the structure. In
light of this, investigations on the use of an alternative pattern for the structural performance
improvement of double-layered timber plate shells are carried out in this chapter.

Previous studies have mostly focused on ways to provide connections with sufficient load-
bearing capacities, in order to be used not only in timber frame structures but also with timber
plates [78]. In this chapter, the influence of the geometry patterns used in the assembly system
on the global structural performance is investigated for the same case study. The goal is to
modify the structure’s geometry to enhance its mechanical behaviour without drastically
changing its general appearance.
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The alternative pattern, in which the continuous failure paths are interrupted, is proposed
and described with its assembly sequence in Section 5.2. The methods to apply it to large-
scale double-layered double-curved timber plate shells are discussed in Section 5.3. The
numerical model, built within the design framework introduced in Chapter 2 and adapted
for the resulting assembly, is described in Section 5.4. The two assemblies are then compared
based on numerical investigations in terms of displacements and stiffness of the structural
system, as well as forces in the connections in Section 5.5.

5.2 Structural Systems

Double-layered double-curved timber plate shells have been achieved through computer-
aided design (CAD) programming. In particular, the first step of their design was to apply a
tiling pattern to a double-curved surface, referred to as the target design surface [80]. In this
study, two structural systems were studied based on the application of two different tiling
patterns to segment the same target surface.

5.2.1 Initial Herringbone Pattern

The reference structural system, which uses the initial herringbone pattern, is illustrated in
Figure 5.1. It was developed by Robeller et al. [80] and applied to the Annen Plus SA head
office project, case study of this thesis described in Chapter 1, Section 1.3. In this system,
each shell is composed of an assembly of hexahedra-shaped boxes B;, each made of two
vertical plates V;; and Vj, and two horizontal plates H;; and H;». The latter form the two
layers of the structure. Neighbouring horizontal plates are connected with single-degree-
of-freedom (1-DOF) through-tenon (TT) wood-wood connections through vertical plates,
which are themselves assembled with dovetail joints. Each box B; share its vertical panels with
neighbouring boxes. Boxes are individually formed and are then inserted along the vector of
insertion, defined by the direction of the remaining DOF of the connections.

Figure 5.1 — Initial assembly system developed by Robeller et al. [80] for double-layered
double-curved timber plate shells using wood-wood connections. Each shell is composed of
an assembly of hexahedra-shaped boxes Bj, each made of two vertical plates V;; and V;, and
two horizontal plates H;; and H;».
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Three-point bending tests performed on a 5 x 3 boxes double-layered prototype have shown
that TT wood-wood connections at the bottom stretched layer of the structure failed due to a
combination of shear and tension loads. In particular, the construction system was weakened
by continuous failure paths appearing due to the herringbone pattern used to segment the
target surface (see Chapter 3, Section 3.4.1). The failure paths are illustrated in Figure 5.2 for a
full arch, namely arch n°22 of the case study.

\_. Continuous failure path

Figure 5.2 — Continuous failure paths appearing in the initial assembly system due to the
herringbone pattern, illustrated for arch n° 22 of the Annen Plus SA head office.

5.2.2 Shifted Herringbone Pattern !

An alternative pattern was investigated in order to tackle the problems encountered with
the initial system, without changing the target surface, constraint of the project, and the
height of the boxes of 600 mm. In order to interrupt the continuous failure paths, boxes were
shifted in every second row to obtain staggered rows. However, as seen in Figure 5.3, this
shift introduces large gaps in the structure. The shape of horizontal plates was therefore
modified: the quadrilaterals (without considering the tenons) used in the herringbone pattern
(see Figure 5.3a), were replaced by non-convex octagons (see Figure 5.3b).

/%

\

Figure 5.3 — The shifted herringbone pattern introduces gaps in the structure, such that the
shape of the horizontal plates was modified: (a) Initial quadrilaterals (b) Non-convex octagons.

IThe development of the structural system using a shifted herringbone pattern was performed in collaboration
with the publication co-author, B. Himmer.
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The application of a shifted herringbone pattern modifies the assembly sequence of the
system. Figure 5.4 illustrates a possible solution to assemble quadrilateral- and non-convex
octagonal-shaped plates. In the proposed assembly system, the first row of box elements B;,
with i being an odd number, are composed of two horizontal plates H;; and Hj» and two
vertical plates V;; and V;,. These four-sided boxes are assembled in the same manner as
in the initial construction system, described in Figure 5.1. After one row of these boxes is
placed, a second row of boxes Bj, with j being an even number, consisting of three-sided boxes,
is positioned. Vertical plates V; 3 are then inserted along the vector u';, before connecting
four-sided boxes B; to them. Subsequent rows are then obtained similarly. The proposed
assembly sequence requires more steps and is therefore more complicated compared to the
initial assembly system illustrated in Figure 5.1.

(b)

Figure 5.4 — Assembly sequence of the alternative structural system: (a) Three-sided box
elements B are inserted along a vector of insertion u; (b) A row of vertical plates Vi3 is first
inserted, before connecting four-sided boxes B; to them, along a vector of insertion u;.
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The introduction of non-convex octagonal-shaped plates with the shifted herringbone pattern
has the advantage to provide zones of abutment of the horizontal plates in the structural
system, at the positions illustrated in Figure 5.5. However, Figure 5.6a shows that the shape
of the plates had to be modified (dashed to solid lines) for abutment angles § less than
tenon angles a, defined by the insertion vector v; and unique for each edge of the plates, to
ensure their insertion. In this case, a small gap was introduced and the abutment zone was
reduced to a contact line (see Figure 5.6b). For abutment angles f larger than tenon angles
a, no modification of the plate shape was required, as seen in Figure 5.7a. The contact zone
therefore remained the full area of the abutment (see Figure 5.7b).
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Figure 5.6 — Contact for abutment angles £ less than tenon angles a, defined by the insertion
vector v;: (a) The octagonal shape of the plates had to be modified (dashed to solid lines)

to ensure their insertion (b) The shape modification introduced a small gap, such that the
abutment zone was reduced to a contact line.
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Figure 5.7 — Contact for abutment angles £ larger than tenon angles «, defined by the insertion
vector vi: (a) The octagonal shape of the plates did not have to be modified. (b) The contact
zone remained the full area of the abutment.
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Furthermore improvements could be made by adding wood-wood connections between
vertical panels, at the positions indicated in Figure 5.8a. According to the assembly sequence
illustrated in Figure 5.4, the insertion vector v; of the vertical plates would be identical to the
insertion vectors of the horizontal plates with which three-sided boxes are formed. Vertical
and horizontal plates would therefore be mutually interlocked. Since these connections would
be more complicated to generate and to implement in the numerical model, this modification
was discarded in the rest of the study.

_A\‘ A\‘ A\‘ A\‘ A\‘
L / v

(@

(b)

Figure 5.8 — Possible additional improvement of the structural system by the addition of
wood-wood connections between vertical plates: (a) Location of the connections (b) Identical
insertion vector v; between the insertion vectors of the horizontal plates into the vertical
plates and of between vertical plates.

5.3 Application to a Large-Scale Structure *

In this section, the methods that have to be followed to apply the proposed alternative struc-
tural system to large-scale double-layered double-curved timber plate shells are presented.
Investigations need to be integrated in the design framework introduced in Chapter 2 and the
custom CAD plugin initially developed by Robeller et al. [80] requires modifications to apply
the alternative structural system to entire arches.

2preliminary investigations on the application of the shifted herringbone pattern to a large-scale structure were
performed by the publication co-author, P. Vestartas.
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5.3. Application to a Large-Scale Structure

5.3.1 Design Framework

In order to establish a link between design and structural analysis, the investigations of this
chapter need to follow the design framework presented in Chapter 2 for the structural analysis
of timber plate shells. In this manner, a feedback loop for structural optimisation can be
implemented, as illustrated in Figure 5.9. To apply the alternative structural system starting
from the target surface, both the custom CAD plugin and the custom scripting code generating
the FE model need to be modified.

Structural optimisation

Y

Target }_ Custom

CAD-FEM
exchange
geometry

Digital
fabrication
tools
Figure 5.9 — A feedback loop for structural optimisations is integrated in the design framework
introduced in Chapter 2.

surface " cAD plugin 7

Custom FEA Numerical /
scripting code software results /

5.3.2 Mesh Segmentation

Similarly to the initial CAD plugin, generating timber plate shells with the initial construction
system, a tiling pattern first needs to be applied to a given target surface. Starting from a
double-curved surface illustrated in Figure 5.10a, the mesh segmentation is obtained by
applying the shifted herringbone pattern to it, as shown in Figure 5.10b.

(@) (b)

Figure 5.10 — Generation of the shifted herringbone pattern: (a) Initial double-curved surface,
referred to as the target surface (b) Mesh segmentation obtained by applying the shifted
herringbone pattern on the target surface.
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5.3.3 Curvature Analysis

The curvature between neighbouring boxes needs to be analysed to determine if the remain-
ing areas for joinery are sufficient to connect the boxes together. In fact, as illustrated in
Figure 5.11a, the shift of the boxes can drastically decrease the area available for wood-wood
connections for large angles between neighbouring boxes. To evaluate the angles between the
alignment of mesh edges, closed boxes made of planar surfaces can be generated from mesh
segments, as presented in Figure 5.11b. In this study, angles were found to be sufficiently low
such that enough joinery areas were left for TT connections. In further work, optimisation of
the planar faces could be performed to reduce these angles, such as done in previous research
for the initial mesh segmentation using the herringbone pattern [80].

- ..
y °© limited area

Y
for joiner
L y L y joinery

(b)

Figure 5.11 — Curvature analysis: (a) Reduction of the areas for joinery with the shifted herring-
bone pattern due to the shell’s curvature (b) Shell composed of closed boxes made of planar
surfaces used for curvature analysis.

5.3.4 Generation of Wood-Wood Connections

Insertion vectors have to be defined for each box, such that plate edges forming an obtuse
angle share a unique insertion vector. This is illustrated in Figure 5.12a for the bottom layer of
the shell structure. Tenons of TT connections can then be generated for horizontal plates in
the same manner as for the initial assembly pattern, as shown in Figure 5.12b for the bottom
layer.
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(@ (b)

Figure 5.12 — Generation of through-tenon wood-wood connections for the bottom layer of the
shell structure: (a) Insertion vectors have to be defined for each edge of the plates (b) Tenons
of through-tenon connections are generated on the horizontal plates.

5.3.5 Full Arch

Vertical and top plates can be subsequently generated, in the same way as in the initial CAD
plugin. Figures 5.13 and 5.14 illustrate the comparison between a structure in which the initial
herringbone pattern was applied (see Figure 5.13a and 5.14a), namely arch n°22 of the Annen
head office project, and the corresponding structure in which the shifted herringbone pattern
was applied (see Figures 5.13b and 5.14b). As observed, the general appearance of the two
structures is comparable.

Figure 5.13 — General appearance of arch n°22 of the Annen head office project using two
difference patterns, axonometry: (a) Application of the herringbone pattern (b) Application of
the shifted herringbone pattern.
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Figure 5.14 — General appearance of arch n°22 of the Annen head office project using two
difference patterns, top view: (a) Application of the herringbone pattern (b) Application of the
shifted herringbone pattern.

5.4 Numerical Modelling

5.4.1 Semi-Rigid Spring Model

The FE model, developed in Chapter 2 and validated against experimental tests performed on
small- and large scale structures in Chapters 3 and 4 respectively, was used to compare the
two structural systems. In this model, plates are modelled by their midsurface considering
conventional shell elements and wood-wood connections are modelled using springs with 6
degrees of freedom (3 translational and 3 rotational), with stiffness values corresponding to
the semi-rigidity of the connections in each component.

Plates were modelled considering a single orthotropic layer of material with properties defined
parallel to the grain (direction 1), perpendicular to the grain along the veneer layer and
across the plate thickness (directions 2 and 3 respectively). BauBuche Q panels (Pollmeier
Massivholz, Creuzburg, Deutschland), used for the Annen head office and the prototypes
tested in Chapters 3 and 4, were considered. They are 40 mm-thick beech laminated veneer
lumber (LVL) panels with a characteristic density pj of 730 kg/m? obtained by gluing 3 mm
thick beech peeled veneer layers. In the BauBuche-Q panels used, two layers are placed
crosswise such that the composition of the 14 beech veneer layers is ||| — |||l — Il (| for
longitudinal, — for crosswise veneer layer) [9]. Same material properties of BauBuche-Q panels
used for the investigations conducted on small- and large-scale structures were considered in
the model (see Chapter 3, Table 3.1).
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5.4. Numerical Modelling

Regarding the semi-rigid behaviour of the connections, axial, in-plane shear and out-of-plane
shear stiffness (k;, k» and k3 respectively), as well as rotational stiffness about y (ks) were
retrieved from experimental tests reported in Appendix A, Subsection 3.3.3. The values can be
found in Chapter 3, Table 3.2. Stiffness k4 and kg, shown to have a lower influence on the global
behaviour, were considered hinged by assigning them a low stiffness value of 0.1 N-mm/°.

A mesh composed of finite strain S4R elements was applied, using a fine mesh element size of
2.5 mm at the vicinity of the joints and a coarse mesh of 50 mm away from them, according to
the mesh convergence study performed in Chapter 2, Subsection 2.3.2.

The model was built in the finite element analysis (FEA) software Abaqus™, version 6.12
(Dassault Systémes, Vélizy-Villacoublay, France) using the Abaqus Scripting Interface [16].
The custom scripting code automating the generation of the FE model was modified to take
into account the non-octagonal shape of the plates.

5.4.2 Contact Modelling

Numerical simulations were performed with and without modelling of the contact zones of
the abutments in order to evaluate their influence. They were modelled considering springs
in series with an asymmetric behaviour, infinitely rigid in compression and free in traction.
Since plates were modelled by their midsurface in the FEM geometry, the contact line through
the thickness of the plate for abutment angles £ less than tenon angles a (see Figure 5.6b)
was modelled by a contact point, as illustrated in Figure 5.15a. This point, coupled to its
neighbouring edges, was connected with springs to the plates in contact in the 3D geometry,

—

contact
point

(@ (b)

as shown in Figure 5.15b.

\

nonllnear aX|aI springs

Figure 5.15 — Contact modelling of the abutment zones for abutment angles £ less than tenon
angles a: (a) The contact line through the thickness of the plate (see Figure 5.6b) was modelled
by a contact point (b) The point, coupled to its neighbouring edges, and the corresponding
plates in contact were connected with springs.

For the contact areas appearing for abutment angles 8 greater than tenon angles a (see
Figure 5.7b), corresponding contact edges, illustrated in Figure 5.16a, were coupled to their
midpoint and connected by springs connecting the corresponding edges in contact, as shown
in Figure 5.16b.
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7 _
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edge nonlinear axial springs

(a) (b)

Figure 5.16 — Contact modelling of the abutment zones for abutment angles  greater than
tenon angles a: (a) The contact areas through the thickness of the plate (see Figure 5.7b) were
modelled by contact edges (b) The corresponding contact edges, coupled to their midpoint,
were connected with springs.

5.4.3 Specimens

The geometries of the structures considered for numerical investigations are presented in
Figures 5.17 and 5.18 for specimens applying the initial pattern and the shifted herringbone
pattern respectively. For the first structural system illustrated in Figure 5.17, same geometric
parameters as in the tested prototype of 5x 3 boxes (see Chapter 3, Figure 3.1a) were considered.
For the alternative structural system illustrated in Figure 5.18, three additional boxes were
added to obtain symmetry. Furthermore, the tilt angle between the rows of boxes was increased
from 1.4° to 2.7° in order to have a larger abutment contact area (see Figure 5.7b).
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Figure 5.17 — Geometry of the 5 x 5 specimen considered for numerical investigations applying
the initial herringbone pattern. Same geometric parameters as in the tested prototype of 5 x 3
boxes (see Chapter 3, Figure 3.1a) were considered.
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Figure 5.18 — Geometry of the 28-boxes specimen considered for numerical investigations
applying the shifted herringbone pattern.

5.4.4 Loads and Boundary Conditions

Boundary conditions equivalent to the ones of the three-point bending tests performed a 5 x 3
boxes prototype were considered; namely pinned support on one side and roller support on
the other one (see Chapter 3, Subsection 3.3.5 for more details on the modelling). A distributed
load was simulated on the top layer of the structure.

5.5 Results and Discussion

The structural systems were compared in terms of vertical displacements and forces in the
connections, similarly to the analysis performed in Chapter 3, Subsection 3.4.2 to compare
experimental and numerical results for 5 x 3 boxes prototypes.

5.5.1 Vertical Displacements

Figure 5.19 presents the vertical displacement fields obtained at the bottom layer of the studied
specimens for a distributed load of 2 kN/m? applied on their top layer. It can be observed
that the use of the alternative structural system highly reduced the overall vertical displace-
ments. Furthermore, displacements were found to be more distributed along the width of the
specimen compared to the assembly in which the initial structural system was applied. For
the latter, displacements were shown to be higher at the side of the specimen where vertical
plates were not connected with dovetail joints (open side closed by additional vertical plates).
Vertical displacements were further decreased by modelling abutment contacts.
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(@)

Vertical displacement [mm]

(b)

Vertical displacement [mm]

(©)

Figure 5.19 — Vertical displacement fields obtained at the bottom layer of the studied speci-
mens for a distributed load of 2 kN/m? applied on the top layer: (a) Initial structural system
(b) Alternative structural system (c) Alternative structural system with contact modelling.
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Figure 5.20 presents the load-displacement curves obtained for the two specimens, modelling
contact of abutment zones or not for the alternative structural system. System n°1 refers to the
5 x 5 boxes assembly using the initial herringbone pattern (see Figure 5.17), while system n°2
refers to the 28-boxes specimen applying the shifted herringbone pattern (see Figure 5.18). It
can be observed that the major part of the stiffness increase was due to the structural system
applied and not the contact modelling. With the alternative system, stiffness was increased by
83 % and 105 % without and with contact modelling respectively.
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Figure 5.20 — Load vs. maximum vertical displacement curves for the two structural systems
with and without modelling of the contact of abutment zones. System n°1 refers to the initial
structural system. System n°2 refers to the proposed alternative system.

5.5.2 Forces in the Connections

Figure 5.21 presents the forces per unit width in the X-direction obtained at the bottom
layer of the studied specimens for a distributed load of 2 kN/m? applied on their top layer.
It can be observed that forces contributing to the tensile stresses, that led to the failure of
the joints and of the system in the three-point bending tests performed in Chapter 3, were
drastically reduced when using an alternative structural system. Moreover, they were further
decreased when modelling the abutment contacts. Instead, shear forces were shown to
appear at the plate edges around the abutments when using the alternative structural system.
This constitutes an improvement of the structural system as the maximum load-carrying
capacity of TT connections is much higher in shear (Fyaxavg = 46.83 kN) than in tension
(Fmax,avg = 6.47 kN), as seen in Appendix A.
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Figure 5.21 — Forces per unit width in the X-direction at the bottom layer of the studied speci-
mens for a distributed load of 2 kN/m? applied on the top layer: (a) Initial structural system
(b) Alternative structural system (c) Alternative structural system with contact modelling.
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To quantify the structural performance improvement, the distributed loads at which the first
tenon reached the maximum load-carrying capacity of TT connections either in tension or
in shear for the two structural systems were compared. In both cases, the maximum tensile
force was reached before the maximum shear force in the connections. The distributed loads
at which it occurred are presented in Table 5.1. It can be observed that the forces in the con-
nections were reduced, such that the maximum applied load at failure was increased by 85 %
and 229 %, without and with contact modelling respectively, using the shifted herringbone
pattern instead of the initial herringbone pattern.

Table 5.1 - Maximum load applied to reach the maximum load-carrying capacity in tension.

Structural system Load [kN/m]?
System n°1 5.82
System n°2 10.76
System n°2 with contact modelling 19.15

5.6 Conclusions

In this chapter, an alternative structural system was investigated, in order to address the
weaknesses of the initial structural system developed for double-layered double-curved timber
plate structures (see Chapter 3). In the proposed design, the continuous failure paths, which
were appearing at the bottom stretched layer of the initial system, were avoided by organising
boxes in staggered rows, according to a shifted herringbone pattern. Methods were provided
to integrate the generation of the suggested pattern in the design framework, introduced in
Chapter 2, and apply it to full arches. The two systems were compared for small assemblies of
25 to 28 boxes, using the semi-rigid spring model developed in Chapter 2.

Based on numerical investigations, the assembly pattern was shown to have a significant
influence on the studied structure’s performance. The proposed design, involving additional
abutment areas of the boxes, was shown to enhance the interlocking assembly of the plates
and, therefore, the stiffness of the structural system by 76 %. Tensile forces in the connections
were also significantly reduced, increasing the distributed load to reach the maximum load-
carrying capacity of the connections in tension to 85 %. Moreover, abutment areas were shown
to have the potential to further enhance the structural performance of the alternative system.
The shifted herringbone pattern would have to be applied on full arches to accurately assess
their structural improvement.

The study highlights the potential for the structural optimisation of double-layered double-
curved timber plate shells and shows the importance of integrating structural analysis in the
design and fabrication workflow to design efficient structural systems, taking into account
fabrication constraints, as well as the ease of cut and assembly.
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3D Finite Element Model for Wood-
Wood Connections

This Chapter is based on: A. C. Nguyen, J. Gamerro, J. E Bocquet and Y. Weinand, Numeri-
cal Investigations on the Shear Behaviour of Digitally Produced Wood-Wood Connections,
manuscript in preparation for publication.

6.1 Introduction

As highlighted in Chapters 3 and 4, the mechanical behaviour of wood-wood connections
highly influences the global behaviour of timber plate structures and therefore needs to imple-
mented in global numerical models. In particular, their stiffness and load-carrying capacity
are important mechanical properties necessary to reliably predict the behaviour of the struc-
ture [90]. They are usually retrieved from experimental tests performed on the connections,
since simplified analytical models are still very limited. However, several numerical models
have also been developed to predict the mechanical behaviour of timber connections but
mostly for standard joining techniques using mechanical fasteners. In fact, numerical mod-
elling is largely used for complex structural analysis problems when analytical solutions are
either cumbersome or non-existent. In addition, numerical models have the potential to
replace expensive and time-consuming experimental tests, for which a limited number of
parameter combinations can be tested. Nonetheless, timber modelling remains particularly
arduous because of its asymmetric mechanical behaviour in tension and compression, charac-
terised by brittle and ductile failure modes respectively, as well as largely different mechanical
properties parallel- and perpendicular-to-grain.

Several research studies have focused on the numerical modelling of wood-wood connections,
usually in the context of traditional timber frame structures. Two-dimensional (2D) finite
element (FE) models have been applied to different types of carpentry joints, with and without
mortise-and-tenon joints, considering Hill and Tsai-Wu criteria for ductile and brittle problems
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respectively [26, 71, 116]. Three-dimensional (3D) models have also been developed for
straight or dovetail traditional mortise-tenon joints. In Koch et al. [44], a fracture criterion
was defined for multimodal failure modes, namely in tension perpendicular-to-grain, shear
and rolling shear, while timber’s ductile behaviour was modelled based on the Hill yield
criterion in Sha et al. [101]. Rounded dovetail joints, more recently applied to timber frame
structures, were also modelled based on the finite element method (FEM) using 3D solid
elements. Reformulated Norris and Hashin failure criteria were applied by Tannert et al. [109],
whereas modified Hill failure criteria were implemented by Xu et al. [121] to take wood damage
evolution into account, in both cases for brittle failure modes. Regarding multiple dovetail
joints, Sebera and Simek [98] investigated the mechanical behaviour of furniture dovetail
joints as used in traditional cabinetmaking through 3D models, with and without contact
modelling. However, their study was limited as they were focusing on the influence of the
Coulomb friction coefficient on the rotational stiffness and stress distribution.

Although investigations have been conducted on wood-wood connections, most numerical
models have been developed for bolted and dowel-type steel-timber joints as they are more
commonly used. For these connections, a large number of 2D and 3D numerical models
have been built over the past decades, considering different modelling approaches for timber,
whose modelling constitutes the main challenge, depending on the problem class of the
post-elastic behaviour. For example, the classical theory of plasticity associated with Hill
and Hoffman criteria have been used in continuum models for ductile problems, such as
parallel-to-grain loading [18, 42, 122]. For brittle problems, such as perpendicular-to-grain
loading, various models generally based on fracture mechanics have been built [4, 11, 96]. A
probabilistic strength criterion based on a Weibull distribution has also been used by Moses
et al. [64] within a continuum framework. Additionally, discrete lattice elements models
have been developed [76]. However, since different failure mechanisms can occur in timber,
combined approaches have also been used in multi-surface plasticity models. In particular,
Sandhaas [88] has developed a model based on continuum damage mechanics to combine
ductile and brittle failure modes for timber joints with slotted-in steel plates. Roche et al. [85]
have applied this model to multiple tab-and-slot joints (MTS]) with open slots made of spruce
laminated veneer lumber (LVL). Their study was limited to the analysis of the semi-rigid
moment-resisting behaviour of MTS]. Compared to experimental test results, the rotational
stiffness was found to be underestimated by the model and the behaviour in closing could not
be predicted.

In this chapter, the model based on continuum damage mechanics initially developed by
Sandhaas [88] and subsequently adapted by Roche et al. [85] for MTS] is investigated with the
objective of predicting the semi-rigid behaviour of digitally fabricated wood-wood connec-
tions. The material model is evaluated based on shear load tests performed through-tenon
wood-wood connections (TT), considering different engineered wood products. Experimental
materials and methods are presented in Section 6.2 and the numerical model is detailed
in Section 6.3. Results of experimental and numerical investigations are then compared in
Section 6.4.
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6.2 Experimental Tests !

6.2.1 Materials

Investigations on TT wood-wood connections were carried out on a series of commonly used
engineering wood products illustrated in Figure 6.1, namely (1) and (1’) Kronolux oriented
strand board (OSB) type 3 panels (Kronospan, Jihlava, Czech Republic), (2) and (3) Kerto®
laminated veneer lumber (LVL) Q-panels (Metsd Wood, Espoo, Finland), (4) BauBuche Q LVL
panels (Pollmeier Massivholz, Creuzburg, Deutschland) and (5) dold®cross-laminated timber
(CLT) panels (Dold Holzwerke, Buchenbach, Germany). Their characteristics, retrieved from
the products certificates and technical sheets [87, 117, 9, 73, 19], are listed in Table 6.1.

Figure 6.1 — Materials used for investigations 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
CLT 27 mm.

Table 6.1 — Characteristics of the materials used for investigations on TT connections.

Plies Lay-up Thickness
ID Type Species Thickness number Lay-up thickness tolerance
[mm] [mm] [mm]
(1) OSB3 Spruce 25 3 [ =1 - +-0.8
(1) OSB3 Spruce 18 3 | =1 - +- 0.8
@) LVL Spruce 21 7 | =1l =1 3 each -1.03 +1.43
3) LVL Spruce 39 13 H=1m-=1-=1 3 each -1.57 +1.97
4) LVL Beech 40 14 R 3 each? +-1
(5) CLT Spruce 27 3 [ —1 6.9/13.2/6.9 +-1

4 2 mm were subtracted on the outer layers as a result from the finishing process

Certain choices of materials and panel thicknesses were made according to specific case
studies using TT connections, such as the prefabricated standard timber elements recently
developed for OSB panels [29] and the Annen Plus SA head office (case study of this the-
sis, described in Chapter 1, Section 1.3) for beech LVL. Additionally, spruce LVL and CLT

1 Experimental investigations were performed by the manuscript co-author, J. Gamerro.
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were studied as they are widely distributed. Thicknesses were also chosen to obtain feasible
joint configurations for the study of both single- and double-layered specimens, detailed in
Subsection 6.2.3.

6.2.2 Experimental Setup

The experimental setup developed for shear loading tests on single TT connections is pre-
sented in Figure 6.2. It consisted in a custom rigid steel frame anchored inside a LFV-200 w+b
universal static testing machine (walter+bai ag, Lohningen, Switzerland) with a maximum
loading capacity of 200 kN. Specimens were positioned into the steel frame and a vertical
load F was applied by the hydraulic jack on the specimen part with the mortise (5), through
a 40 mm thick steel plate (1). The top of the tenon part (4) was rigidly fixed using a 15 mm
thick steel plate (3), tightened with two bolts of 24 mm diameter on each side of the specimen
(2). A5 mm thick steel plate (6) was welded between the bolts, at their lower part, to prevent
their lateral displacement. Additionally, a 40 mm thick beech LVL plate (7) was bolted to the
setup to prevent the rotation of the tenon part. The position of the mortise part was main-
tained vertically with a 20 mm thick steel plate (8) and a steel bracket with 8 bolts of 12 mm
diameter (11). The steel plate (8) was linked to the steel plate at the top of the tenon part (3) by
two 12 mm diameter bolts (9) to stiffen the system laterally. Preliminary tests showed that a
negligible lateral displacement of the experimental setup was measured by four linear variable
differential transformers (LVDTs) mounted on the steel plates (3) and (8). Two oiled Teflon
sheets (10) were placed between the steel plate (8) and the mortise part (5) to avoid friction
between these parts. Two LVDTs were mounted on each side of specimens at the axis of the TT

connection (12).

T— (1) .
— @
— ~~— (3) 2 ¢
Q) ®) Q)
— (5) -
el (12)
(6) |
us
1 ~— 0z 7 ’
N\

(b) (©)

Figure 6.2 — Side view of the experimental shear setup: (a) Photograph (b) Technical draw-
ing (1) Steel plate 40 mm (2) Bolt @24 mm (3) Steel plate 15 mm (4) Specimen with tenon
(5) Specimen with mortise (6) Steel plate 5 mm (7) Beech LVL 40 mm (8) Steel plate 20 mm
(9) Bolt @12 mm (10) Two oiled Teflon sheets (11) Steel bracket 20 mm with 8 bolts @12 mm
(c) Schematic drawing (12) LVDTs at the axis of the connection on each side of the specimen.
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6.2.3 Specimens

Single- and double-layered joint configurations were studied, based on the construction sys-
tem developed for prefabricated standard elements [30]. The characteristics of all specimens
investigated are presented in Table 6.2, with corresponding geometrical parameters illustrated
in Figure 6.3.

Table 6.2 — Characteristics of the 15 specimens studied, with corresponding geometrical
parameters illustrated in Figure 6.3

Number of L h hn wy Wi t tm
ID Material layers [mm] [Mmm] [Mmm] [Mmm] [Mmm] [mm] [mm]
T1-50  Spruce OSB 3 2 50 250 230 163 156 50 36
T1-65  Spruce OSB 3 2 65 250 230 163 156 50 36
T1-80  Spruce OSB 3 2 80 250 230 163 156 50 36
T2-50 Spruce LVL 2 50 250 230 169 160 42 42
T2-100 Spruce LVL 2 100 300 280 169 160 42 42
T2-150 Spruce LVL 2 150 350 330 169 160 42 42
T3-50 Spruce LVL 1 50 250 230 169 160 39 39
T3-100 Spruce LVL 1 100 300 280 169 160 39 39
T3-150 Spruce LVL 1 150 350 330 169 160 39 39
T4-50 Beech LVL 1 50 250 230 169 160 40 40
T4-100 Beech LVL 1 100 300 280 169 160 40 40
T4-150 Beech LVL 1 150 350 330 169 160 40 40
T5-50 Spruce CLT 2 50 250 230 169 160 54 54
T5-100 Spruce CLT 2 100 300 280 169 160 54 54
T5-150 Spruce CLT 2 150 350 330 169 160 54 54
w

Y

I
=

1 layer 2 layers t =t 1
| % i -
| ! EL g 0

(a) (b) (©)

™

Figure 6.3 — Shear test specimens: (a) Axonometries of single- and double-layered TT speci-
mens (b) Front view (c) Side view.
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Three different tenon lengths /; were studied for each material: 50, 100 and 150 mm for all
specimens, except for OSB 3 samples for which lengths of 50, 65 and 80 mm were chosen,
as the material is characterised by a lower compression strength. Bryant angles 6, 6, and
03 defining the insertion vector of the joints, as described by Robeller [78] and illustrated in
Chapter 1, Figure 1.5, were all set to 0°. The height of all specimens h;, was determined in
order to avoid shear failure in the mortise. For the height of the tenon part h;, 20 mm were
added to allow sufficient space for vertical displacements during the tests. Widths wp, and w
of the mortise and the tenon parts respectively were calculated to be at least three times larger
than the tenon thickness #; and the mortise thickness t, respectively. Joints were designed
with an insertion angle a; of 1° to facilitate the assembly of the tenon and mortise parts, which
can be difficult due to the thickness tolerance of each panel (see Table 6.1).

Tests were performed on 20 replicates of each specimen configuration, with the grain orien-
tation parallel to the joint length. All samples were fabricated with a computer numerical
control (CNC) machine using a Leitz® ID 240502 spiral router cutter Marathon (Hé6chsmann,
Klipphausen, Germany) [37] with a diameter of 12 mm, a rotational speed of 18 000 rpm
and a feed rate of 4.5 m/min. Notch diameters n; and n,, of 13 mm were fixed for both
parts. Before the tests, all specimens were conditioned in a normalised environment charac-
terised by a temperature of 20°C and a relative humidity of 65 %, as prescribed in the standard
ISO 554:1976 [39].

6.2.4 LoadingProcedure

As the current ISO and EN standards do not include an experimental protocol for wood-wood
connections in particular, experimental tests were performed following the loading procedure
prescribed in the European Standard EN 26891 [24] for the determination of strength and de-
formation characteristics of timber joints with mechanical fasteners. The loading procedure is
illustrated in Figure 6.4a. The estimated maximum load Fest was determined with preliminary
tests performed for the 15 joint configurations. A load-controlled loading was first applied
until 70 % of Fes. Displacement-controlled loading was then used with a constant slip rate of
0.01 mm/s, such that each test lasted approximately 10-15 minutes.

According to the standard EN 26891 [24], initial slip v; and modified initial slip v; joq can be
defined as follows:

Vi = Voa (6.1)

Vimod = 4/3(Vo4 — vo1) (6.2)

with vg4 and vy; defined as indicated on the idealised load-deformation curve illustrated in
Figure 6.4b.
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Additionally, three slip modulus can be subsequently defined, namely the initial slip modulus
ki, slip modulus ks and slip modulus after first loading kg mod, as follows:

ki = 0.4 Fiax/ vi (6.3)
ks = 0.4 Fax/ Vi mod (6.4)
ks,mod = (0.4Fmax — 0.1 Fmax) / (V24 — v21) (6.5)

with v»4 and v,; defined as indicated on the idealised load-deformation curve illustrated in
Figure 6.4b.

FIF FIF,
, e

0.7 F o ’

041 - 04 14 24 04t - M 147,
—— Load control
- — - Displacement

(18 [ N S control 0.1F- /-

0 01 1 21 012111
0 2 4 8 Time [min] Joint slip, v

(a) (b)

Figure 6.4 — Experimental protocol prescribed in EN 26891 [24]: (a) Loading procedure, de-
termined according to the ratio between the load F and the estimated maximum load Feg
(b) Idealised load-deformation curve.

6.3 Numerical Model

The numerical model proposed by Sandhaas [88] and based on continuum damage mechanics
(CDM) was used to model the nonlinear behaviour of wood-wood connections. The CDM
approach consists on modifying the stiffness matrix or its inverse, namely the compliance ma-
trix, through specific damage parameters. The model was built in the finite element analysis
software (FEA) Abaqus™, version 6.12 (Dassault Systémes, Vélizy-Villacoublay, France). The
model generation was programmed using the Abaqus Scripting Interface in Python program-
ming language. However, instead of generating the wood-wood connection geometry using a
plugin built in the FEA software, the geometry was imported from the computer-aided design
(CAD) software.
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6.3.1 Material Model

Timber was modelled as a single orthotropic layer, as opposed to the multi-layered model
applied by Roche et al. [85] for which each veneer layer was represented with its orientation
(longitudinal layers at 0° and crosswise layers at 90°) with interfaces considered rigid. Material
directions used in this study are indicated in Figure 6.5. The main direction 1 is the longitu-
dinal direction of the fibres, 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

Tangential Radial
Ty 2 R,z,3

Figure 6.5 — Definition of the material directions: the main direction 1 is parallel to the grain;
the second 2 and third 3 directions, both perpendicular to the grain, are tangential and radial
to the rings respectively.

6.3.2 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 behaviour is described based on Hooke’s law with strains
€ expressed as function of the effective stresses ¢!, which are the stresses acting on the
non-damaged material, and the elastic compliance matrix C°':

€= Cela.ef (6.6)

The relationship defined in Equation 6.6 can be expressed as follows:

1 -vie vy 0 0 0
[ ] —E‘}llz Efz _]:"3332
€11 _— —= 0 0 (2801
€3 | _| En  Exn  Ess (1) 0 O o= (6.7)
2€12 0 0 0 — o0 o0 ||
2¢€13 Gr2 1 013
2624 0 0 00 = 0oy
1
0 0 0 0 0 Gos
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In FEA software packages, the inverse on the compliance matrix has to be implemented,
namely the elastic stiffness matrix D!, which is defined as:

[ (1=va3v32)AE1T (Vo1 +v31V23)AET (V31 +Vv21v32)AE;r 0O 0 0]
(vi2 +Vv13Vv32)AE  (1—-vi3v31)AEx  (vaa+v31vi2)AE»n 0 0 0
Dl = (Vig+Vvi12v23)AE33  (Voz+va1viz)AE3s  (I-vigve)AEzz 0 0 O 6.8)
0 0 0 G 0 0 '
0 0 0 0 Gi3 0
0 0 0 0 0 Gy
with
1
(6.9)

(1 =v12Va1 — V13V31 — V23V32 — 2V12V23V31)

As orthotropic material properties were considered, both stiffness and compliance matrices
are symmetric and the following equation can therefore be defined:
Vi Vi . .
—=— for i=1,23andi#j (6.10)
Ei  E;
The constitutive orthotropic damage model involves nine independent damage parameters,
namely dc 11, di,11, de,22, di22, de 33, di 33, di2, di3 and d»3, with the indices t and c 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
and compression can be combined using the Macaulay operator defined by Equation 6.11:

_a+|a|

6.11
(a) 5 (6.11)
such that the damage parameters d1;, dy» and dss can be defined as follows:
dﬁZdt,,‘i@+dcyiiﬂ for i=1,2,3 (6.12)
loil loil

The number of damage parameters introduced in the damage compliance matrix C%™ is then
reduced to six, namely d 1, do», dss, dy2, di13 and dp3. When the material is damaged, strains

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

e=Clmg (6.13)
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with
1 —V21 —V31
(1-d)En Efz E33
—Vi12 —V32
Eyy (1-d22)E Elas
—V13 —Va3
cdam _ En Ezp (1—-ds3)Ess3
0 0 0
0 0 0
0 0 0

(1-d2)Gr2

0

0

0
1

(1-di3)Gi3

0

0
1

(1-d23)Go3 |

(6.14)

When the material is undamaged, damage parameters are equal to zero. They start increasing

when damage is initiated such that components of the compliance matrix Cjjy are reduced.

Complete damage occurs when damage parameters are equal to 1. However, to avoid numeri-

cal instabilities, a maximum value of 0.999995 was implemented in the numerical model.

6.3.3 Failure Modes

Sandhaas [88] defined eight failure criteria to determine when material damage occurs, with

eight corresponding failure modes Fy expressed according to stresses ojj and strengths f;.

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.

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,

* Failure mode II - F:

(6.15)

For 022 < 0, corresponding to failure in compression perpendicular-to-grain in tangen-

tial direction and associated with the damage variable d, 2,

e Failure mode III - F 33:

(6.16)

For 033 <0, corresponding to failure in compression perpendicular-to-grain in radial
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direction and associated with the damage variable d 33,

Feg=—> <1 (6.17)

Brittle Failure Modes

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

Fi1=—=<1 (6.18)
t11
* Failure mode V - F;»:
For 02, = 0, corresponding to failure in tension perpendicular-to-grain in tangential
direction and associated with damage variables d; 22, d12, d23,

2 2 2
Fip= (022)°  (012)° | (023)

= + + <
T (fiz2)? (1i2)? 0 (f23)?

(6.19)

e Failure mode VI - F 33:
For o33 = 0, corresponding to failure in tension perpendicular-to-grain in radial direc-
tion and associated with damage variables d 33, d13, d23,

_ (033)*  (013)° (023)2<

= + + <
(fiz3)? (i3> (f23)?

* Failure mode VII: F),»

1,3 (6.20)

Shear failure, tangential if 022 < 0 (brittle), associated with damage variables d;, and
d23’

_(012)*  (023)°
<

" (fi2)? " (f23)> ~

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

v,2 (6.21)

_(013)* | (023)°

(A2 (fw)? T

v3 (6.22)

6.3.4 Damage Evolution

Each of the eight failure modes Fy; were associated with one or several damage parame-
ters. Since different failure modes can trigger shear damage variables, the latter need to be
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superposed according to Equations 6.23, 6.24 and 6.25 for longitudinal and rolling shear:

di2=1-(1-di2v) (1 —d2v) (6.23)
diz3=1-1~-dizv1)-(1—dizvm) (6.24)
dy3=1—(1—dosyv) (1 —d3v1) - (1—dz3vm)-(1—dozvm) (6.25)

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

kM = max{Fy, 1} (6.26)

Two linear damage evolution laws, functions of the history parameter «y;, were used by
Sandhaas [88]: an elastic perfectly plastic behaviour was considered for ductile failure modes
(see Figure 6.6a) and a fracture energy based tension softening was defined for brittle failure
modes (see Figure 6.6b). The softening behaviour was characterised 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 6.27 and 6.28 for
ductile and brittle failure modes respectively:

1
dy=1-— (6.27)
KM
287,ijEij
L
dy=1-——— M (6.28)
I —28riEs

with g 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
as CELENT in Abaqus™:

Gy
gr=— (6.29)

In this study, a square root was added on the history parameter associated with brittle failure
modes V to VIII to prevent a too slow increase of the damage variable, since the corresponding
failure functions were defined by the sum of the squares of stresses (see Equations 6.19 to
6.22). This modification was already done by Roche et al. [85]; however, in their study, it
was applied to all damage parameters associated with brittle failure modes. The damage
parameters associated with failure modes V to VIII exclusively were thus:

o 28riiEi
e

dv=1-—F———— (6.30)
I —28riEs
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max

max

(a)

d=0

(b)

Figure 6.6 — 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.

6.3.5 Subroutine Algorithm

As for the model developed by Roche et al. [85] for the semi-rigid moment-resisting behaviour
of MTS]J, the continuum damage model was implemented using a user defined field USDFLD
subroutine. Its algorithm for the continuum damage model is summarised in Figure 6.7.

YES

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 D!

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

i

NO

|

Calculation of the corresponding
damage parameters dy
Km > 1

%

I
/ State variables dy, Km, €k, T, Fm /%

Fy=1?

dy=0
Kkm=1

Superposition of the shear
damage parameters and

Macaulay operators dj;

i

Update of the field and state
variables in the subroutine

Field variables dj;

Figure 6.7 — Flowchart illustrating the algorithm of the USDFLD subroutine for the continuum

damage model.
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Orthotropic material properties Ej;, Gy 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 fs, such
that:

Eiir=Ejjr—1-1-f;) with fi=d;; for i=1,2,3 (6.31)
Gi2,: =Gio—1-(1—fa) with fi=d (6.32)
Gz, =Gig-1-(1—f5) with fs=d3 (6.33)
Gos,r = Gog,r-1-(1— fo) with  fs=das (6.34)
Vige =Vigu-1-(1-fi) with fi=dy (6.35)
Vi3, =v13,-1- (1= f1) with fi=dn (6.36)
Voz,r =Va3,-1+ (1= fo) with f3=ds3 (6.37)

(6.38)

Nonlinear geometric analysis was performed with initial and maximum time increments
of 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.

6.3.6 Contact Modelling

Contacts between the different parts of the specimen were modelled by defining surface-to-
surface interactions in Abaqus'™. A Coulomb friction model was considered for the tangential
behaviour, while the normal behaviour 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 minimised. Friction coefficient
values of pegge = 0.26 edgewise and pg,e = 0.40 flatwise, provided by the manufacturer of
Kerto® Q panels [117], were considered for all materials, it was found that variations of the
friction coefficient have a minor influence. In fact, variations of peqge between values of
0.1 and 0.4 were found to have an influence below 2 % and 1 % on the displacements and
stresses respectively. Contacts implemented in the model are illustrated in Figure 6.8 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, as well as @ between the bottom face of the tenon in the XY plane and
the corresponding internal face of the mortise (see Figure 6.8a) were modelled considering
a friction coefficient peqge = 0.26 and with separation allowed after contact. A surface-to-
surface interaction with a friction coefficient of eqge = 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 6.8b). 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 of the tenon panels in contact, ® and ® respectively in Figure 6.8c.
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(a) (b) (0

Figure 6.8 — Contact modelling using surface-to-surface interactions illustrated for specimen
T2-50: (a) Friction coefficient pegge = 0.26 with separation allowed after contact for the sur-
faces of the tenon and mortise parts @, @ and @ (b) Friction coefficient Hedge = 0.26 with no
separation allowed after contact between the loaded face of the tenon part and the correspond-
ing face of the mortise part @ (c) For two-layered specimens, friction coefficient pgae = 0.40
with separation allowed between the panels of the mortise part ® and the tenon part ®.

6.3.7 Mesh

Linear hexahedral elements with reduced integration C3D8R were used. A mesh convergence
study was carried out on the T3-50 specimen with mesh sizes varying from 10 to 2 mm with
steps of 1 mm, considering the middle of the linear range between 10 and 40 % of Fpax,
being 25 % of Fya«. Results of the mesh convergence study are presented in Figure 6.9, 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 displacements were shown to converge (see Figure 6.9a), whereas
increasing maximum shear stress values were obtained for decreasing mesh element sizes
(see Figure 6.9b).
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Figure 6.9 — Mesh convergence study performed for specimen T3-50 under a load of 25 % Fax:
(a) Vertical displacements 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 6.10, representing 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,
adopting a refined mesh strategy to reduce the computational time. It was found that a refined
mesh element size of 2 mm at the vicinity of the tenon and a coarse mesh element size of
16 mm away from this region of interest was leading to a difference of vertical displacement of
1 % while reducing the total CPU time by 85 %. The resulting mesh is illustrated in Figure 6.11
for the T3-50 specimen.
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Figure 6.10 — 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
with steps of 1 mm: (a) Shear stresses (b) Normal stresses.
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Figure 6.11 — Mesh for the sample T3-50 - Refined mesh element size of 2 mm at the vicinity of
the tenon and coarse mesh element size of 16 mm away from this region of interest.

6.3.8 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. Following a
simplified approach, material properties with parameters X were considered as following a
normal distribution characterised by a mean p and a standard deviation o (see Figure 6.12).
Based on the coefficient of variation c,, defined by Equation 6.39, and considering the 5 %
characteristic fractile factor k., = 1.64 for an infinite number of experiments, the mean values
were defined from the characteristic values Xy jnr with Equation 6.40. Similarly, the upper
bounds X up were derived from the characteristic values Xy j,f with Equation 6.41.

Probability

of occurence 1646 1.646

>,
|

xk,inf Xmean xk,sup Parameter X
=1

Figure 6.12 - Normal distribution with mean p and a standard deviation o for material property
parameters X.
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A 6.39)
cy=—= )
Y 4 Xmean
X, inf
X, = 6.40
mean = e r (6.40)
_1+1.64c, X (6.41)
k,sup = 1— 1.64c, k,inf .

The coefficient of variation was determined as approximately equal to ¢, = 0.1 for spruce
LVL, comparing characteristic and mean values of elastic modulus from the Kerto® Q panel
certificate [117]. A coefficient of variation ¢, = 0.1 was therefore considered for LVL and CLT
materials. For OSB, the 5 % characteristic fractile factor defined in the standard EN 12369 as
equal to 0.85 times the mean value was considered [22].

In this model, the material was represented by a single layer, as opposed to the multilayer
approach used by Roche et al. [85] for the different veneer layers of spruce LVL. The goal of this
model was to predict the behaviour of wood-wood connections with a design approach, using
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 CLT [117, 9, 19], while material properties from the standard EN 12369 [22] were
considered for OSB 3.

Elastic Properties

Mean values of elastic material properties for each material studied are presented in Table 6.3.
Poisson’s ratio values for OSB, beech LVL and spruce CLT, not provided by the manufacturers,
were taken from literature for OSB, beech and spruce respectively [29, 33, 28].

Table 6.3 — Elastic properties (mean values) [117, 9, 33, 19].

Material
Property Symbols 1), @) 2) 3) 4) (5) Units
Density Ok 550 480 480 730 480 kg/ m3
Elastic modulus // to grain Eo mean, E11 3800 10000 10500 13200 5800 MPa
Elastic modulus L to grain, edgewise  Egg edge,mean» £22 3000 2400 2400 2200 5500 MPa
Elastic modulus L to grain, flatwise Ego,flat,mean> E33 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,meanr 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 V23 0.25 0.68 0.68 0.726 0.245

The influence of Poisson’s ratio values v12, v13 and v,3 was investigated for the T3-50 specimen
by comparing simulations using different sets of Poisson’s ratios values found in literature
for spruce and spruce LVL with the results obtained with values provided by the supplier for
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Kerto® Q panels [117]. The values considered, their references, most of which were listed in
Sandhaas’ thesis [88], and their influence on the stiffness of the connection are presented
in Table 6.4. They were found to have no significant influence on the results with average
variations on the stiffness of +0.37% + 0.51 %.

Table 6.4 — Poisson’s ratio values from literature for spruce and spruce LVL.

V12 V13 V23 Ak
Reference L Ll 0l (%]
Kerto® Q [117] 0.09 0.85 0.68 -
Kerto® S [117], as used by Roche etal. [85] 0.61 0.6 0.5 +0.33
Kollmann and C6té [45] (Picea abies) 0.53 0.43 0.24 +0.24
Neuhaus [67] (Picea abies) 0.554 0.41 0.311 +0.05
Wood Handbook [28] (Picea sitchensis) 0.467 0372 0.245 +1.25
BlaR and Bejtka [8] 0.511 0.511 0.203 -0.03

Mechanical Properties

Characteristic values of strength properties are presented in Table 6.5 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 fi33 = f;22. This assumption is frequently made
for timber modelling considering directions parallel- and perpendicular-to-grain only since
differences between values in both radial and tangential directions are small compared to the
longitudinal direction [116, 71].

Table 6.5 — Mechanical properties (characteristic values) in MPa [117].

Material

Property Symbols 1) @ @2 @ 4) (5)
Tensile strength // to grain frox fonn 9.4 9 19 26 51 8.4
Compressive strength // to grain Jeo fe11 154 148 19 26 533 115
Tensile strength L to grain Jr90,edge ks ft.22 7 6.8 6 6 8 8
Compressive strength L to grain = fc90edge ko fe22 127 124 9 9 19 111
Tensile strength L to grain fr90 flatk fi,33 7 6.8 - - - -
Compressive strength | to grain = f¢ 90 flat k> fc,33 10 10 22 22 13 111
Longitudinal shear strength Jo0,edgek fi2 6.8 6.8 45 45 7.8 2.7
Longitudinal shear strength fvofatk fiz 1 1 1.3 13 338 2.7
Rolling shear strength fv00,fatk f23 1 1 0.6 06 3.8 2.7

Fracture energy values implemented in the model were retrieved from Sandhaas [88] and
are presented in Table 6.6. These values influence the softening behaviour, as illustrated in
Figure 6.6b.

The influence of mechanical properties were assessed similarly to the study performed by
Sandhaas [88], by modifying the strength and fracture energy values perpendicular to grain
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Table 6.6 — Fracture energy values in N/mm for spruce and beech [88].

Property Mnemo Spruce Beech
Fracture energy tension // to grain Grn 6.0 10.0
Fracture energy tension L to grain Gfao 0.5 0.71
Fracture energy tension L to grain Gf33 0.5 0.71
Fracture energy longitudinal shear G2 1.2 1.2
Fracture energy longitudinal shear Gra3 1.2 1.2
Fracture energy rolling shear Gr,23 0.6 0.6

to the maximum values, parallel to grain. Values in compression and tension perpendicular
for strengths and fracture energy were found to have minor influence on the results with the
same behaviour and maximum load variations of under 1 %. The properties in longitudinal
shear lead to an increase of 39.38 %.

6.4 Results and Discussion

6.4.1 Analysis Procedure

In order to establish a relevant comparison between experimental and numerical investiga-
tions, the behaviour of the connections after the first loading was considered. For low values
of slip, the behaviour can hardly be predicted as it can be influenced by a series of factors,
such as material characteristics, moisture content, panel type, manufacturing parameters
and assembly gaps. As illustrated in Figure 6.13a, a very stiff behaviour was observed at the
beginning of the tests for all specimens. This high stiffness can be attributed to high internal
friction forces in the connections that first need to be overcome. These friction forces are
significant because of the absence of an assembly gap in the design of the connection. Addi-
tionally, as all samples are maintained in normalised conditions before the tests, an eventual
swelling of wood could also further increase these forces. As a consequence, the initial slip
modulus k; (defined by Equation 6.3) increases with regard to the slip modulus ks (defined
by Equation 6.4). Furthermore, 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 at their
surface, represented in Figure 6.13b, which influences the slip modulus ks. The long-term
behaviour of these effects is unknown and might only affect the first loading of the connection.
As a result, they were discarded in the model and the behaviour of the connections after the
first loading was considered. The slip modulus after the first loading ks moq was computed
considering the linear range between 10 and 40 % of the load-displacement curves after the
first loading (as defined by Equation 6.5).
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Joint slip, v

(@) (b)

Figure 6.13 — (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.

For each of the five materials tested, results from experimental and numerical investigations
were compared according to the two main parameters required in global numerical models,
namely stiffness and capacity. In addition to the results obtained using mean material property
values, simulations were performed for material properties Xy j,f and Xy sup, defined by the
5 % characteristic fractile factor of the normal distribution (see Figure 6.12), to obtain lower
and upper bounds of the model respectively.

The shear stress distribution was subsequently analysed and the stress profile was plotted from
nodal stress values along the tenon length on the expected failure path. For each material, the
stress distribution appeared to be similar for all tenon lengths. The shear stress distribution
was therefore illustrated for specimens with the longest tenon length /;, as it corresponds to
the highest number of mesh elements along the tenon length and hence, the highest number
of nodal values from which the stress profile was plotted. The stress concentration factor
K, defined as the ratio between the maximum shear stress obtained with the model 7, and
the reference shear stress, was calculated to evaluate this concentration of stress such as
performed by Villar-Garcia et al. [116]:
Txy Txy

Ki=—=-
Tref le

(6.42)

with the reference stress defined considering a uniform stress distribution along the path.

6.4.2 Spruce OSB 18/25 mm double-layered

The full load-displacement curves of the tests performed on double-layered OSB samples (T1)
are presented in Figure 6.14 and the shear failures observed for specimens T1-50 and T1-65 are
showed in Figure 6.15. For the specimen T1-80, failure in compression was observed before
shear failure, as illustrated in Figure 6.16.
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Figure 6.14 — Load-displacement curves of T1 specimens: (a) T1-50 (b) T1-65 (c) T1-80.

Figure 6.15 — Failure pictures of T1-50 specimens: (a) Side view (b) Front view (c) Back view.

The comparison between both the slip modulus and the maximum load, computed from
the tests and predicted by the numerical model, is summarised in Table 6.7. Significant
differences can be observed between the numerical model and the experimental tests. As seen
in Figure 6.14, the numerical model predicted a brittle failure of the connections, while the
tests highlighted their ductile behaviour. Furthermore, the model largely overestimated the
load-carrying capacity of the joints for all OSB samples, with an error above 35 %. These large
differences can result from compression occurring in the tenon but could also be explained by
the material variability of OSB, as well as the layup of the panel | — | (| for longitudinal, — for
crosswise veneer layer).

The slip modulus computed from the experimental test results and the one obtained from nu-
merical simulations are compared in Figure 6.17, differences are presented in Table 6.7. It can
be observed that the model underestimated the stiffness of the connections by 9.33 % + 1.48 %
in average for samples T1-50 and T1-80 and slightly overestimated it by 2.13 % for T1-65. The
approximation of the stiffness was considered to be coherent with respect to the dispersion of
the experimental tests for all samples, indicated by the coefficient of variation in Table 6.7.
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Figure 6.16 — Compression failure photographs of T1-80 specimens: (a) Front view (b) Ax-
onometry (c) Side view.

Load F [kN]

Table 6.7 — Results of T1 specimens.

Designation Symbol Units T1-50 T1-65 T1-80
Maximum slip Vi max mm 1.08 1.34 2.68
Initial slip modulus ki kKN/mm 2495 28.28 2831
Slip modulus ks kKN/mm 21.12 24.16 24.22
Slip modulus after first loading ks mod kKN/mm 41.67 43.22 53.39
Slip modulus predicted by the model kmodel kKN/mm 3822 44.14 47.85
Model error on kg Ok, % 80.94 82.69 97.56
Model error on ks mod O kg mod % -8.29 2,13  -10.38
Coefficient of variation of ks med Cy,s,mod % 19.75 12.54 15.86
Maximum load Fmax kN 1430 19.09 21.13
Maximum load predicted by the model  Fiax model kN 19.96 26.10 32.88
Coefficient of variation of F,ax Cu,Fanax % 7.16 5.52 6.06
Model error on the maximum load O Fnax % 39.63 36.68 55.59
7
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Figure 6.17 — Slip modulus of T1 specimens: (a) T1-50 (b) T1-65 (c) T1-80.
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The shear stress distribution obtained at the loading step after which the mean shear strength
fvmean = 8.0 MPa was reached is presented in Figure 6.18 for the T1-80 joint configuration.
The step corresponds to a load of 18.3 kN, when damage is initiated in the model. The shear
stress profile along the tenon was shown to be similar to the Hammock Shape Shear stress
distribution (HSSSD), described in literature for shear failure [115], with a peak of stress close
to the loaded surface of the tenon. A lower stress increase was also observed at the vicinity of
the opposite notch. The stress concentration factor was found to be K; = 1.79.
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Figure 6.18 — Shear stress distribution and shear stress profile along the tenon for specimen
T1-80.

6.4.3 Spruce LVL 21 mm double-layered

The full load-displacement curves of the tests performed on double-layered spruce LVL sam-
ples (T2) are presented in Figure 6.19 and the shear failures observed are showed in Figure 6.20
for different tenon lengths, for which a clear failure can be observed on the expected failure
path. The comparison between both the slip modulus and the maximum load, computed
from the tests and predicted by the numerical model, is summarised in Table 6.8.

A good agreement was found between the maximum load applied during the experimental
tests, Fmax, and the load-carrying capacity of the connections predicted by the numerical
model. Loads were underestimated for all three joint configurations by 3.86 % + 3.30 % in
average; such that the model can be considered as conservative. However, it can be observed
in Figure 6.19 that displacements were underestimated.

The slip modulus computed from the experimental test results and the one obtained from
numerical simulations are compared in Figure 6.21, differences are presented in Table 6.8. The
semi-rigidity of the connections was found to be underestimated by 11.4 % + 2.02 % in average
for the three joint configurations. However, this error is below the coefficient of variation of
the experimental tests indicated in Table 6.8.
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Figure 6.19 — Load-displacement curves of T2 specimens: (a) T2-50 (b) T2-100 (c) T2-150

Figure 6.20 — Failure photographs of T2 specimens: (a) Axonometry (b) Front view T2-50
(c) Front view T2-100.

Table 6.8 — Results of T2 specimens.

Designation Symbol Units T2-50 T2-100 T2-150
Maximum slip Vi max mm 0.74 1.11 1.45
Initial slip modulus ki KN/mm 41.14 4485 49.09
Slip modulus ks kKN/mm  37.39 40.31 43.67
Slip modulus after first loading ks mod kN/mm  37.67 52.33 65.66
Slip modulus predicted by the model Kmodel kKN/mm  33.11 47.56 57.15
Model error on kg Ok, % -11.43 17.99 30.88
Model error on ks mod Ok mod % -12.09 -9.12 -12.96
Coefficient of variation of ks mod Cp,s,mod % 15.21 22.96 23.04
Maximum load Fhax kN 13.52 27.58 40.77
Maximum load predicted by the model  Finax model kN 13.49 26.26 38.08
Coefficient of variation of Fyyax C,Finax % 8.12 7.17 5.16
Model error on the maximum load 0 Fnax % -0.20 -4.78 -6.61
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Figure 6.21 — Slip modulus of T2 specimens: (a) T2-50 (b) T2-100 (c) T2-150.

The shear stress distribution obtained at the loading step after which the mean shear strength
fv,mean = 5.4 MPa was reached is presented in Figure 6.22 for the T2-150 joint configuration.
The step corresponds to a load of 19.7 kN, when damage is initiated in the model. An HSSSD
was observed along the tenon with a stress concentration factor K; = 1.86. However, at this
load level of 19.7 kN in the model, the joint is still in its linear behaviour, just after the linear
range of 10 to 40 % (see Figure 6.19c). Further investigations should thus be carried out to
identify the modelling issues, which can be linked to increment times, mesh refinement at the
stress concentration or the failure modes defining the onset of failure.
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Figure 6.22 — Shear stress distribution and shear stress profile along the tenon for specimen
T2-150.
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6.4.4 Spruce LVL 39 mm single-layered

The full load-displacement curves of the tests performed on single-layered spruce LVL samples
(T3) are presented in Figure 6.23 and the shear failures observed are showed in Figure 6.24.
Failure occurred on the expected failure path. The comparison between both the slip modulus
and the maximum load, computed from the tests and predicted by the numerical model, is
summarised in Table 6.9. The model error on the maximum load Fy,, for each of the three
joint configurations was found to be about the same value as the coefficient of variation of the
experimental tests, with loads underestimated by 3.86 % + 3.30 % in average. The model was
shown to be in good agreement with the experimental tests. However, as for double-layered
spruce LVL samples (T2), displacements were found to be underestimated by the model.
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Figure 6.23 — Load-displacement curves of T3 specimens: (a) T3-50 (b) T3-100 (c) T3-150.

Figure 6.24 — Failure photographs of T3 specimens: (a) Axonometry side 1 (b) Axonometry side
2 (c) Front view.

The slip modulus computed from the experimental tests and the one obtained from numerical
simulations are compared in Figure 6.25, differences are presented in Table 6.9. The semi-
rigidity of the connections was found to be in good agreement with the experimental tests,
with stiffness underestimated by 3.9 % + 1.20 % in average for the three configurations.
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Load F [kN]

Table 6.9 — Results of T3 specimens.

Designation Symbol Units T3-50 T3-100 T3-150
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
Slip modulus after first loading ks mod kKN/mm 32.50 47.62 58.53
Slip modulus predicted by the model Kmodel kN/mm  31.61 45.79 55.52
Model error on k; Ok, % 17.38  20.24 29.89
Model error on kg mod Ok mod % -2.74 -3.83 -5.13
Coefficient of variation of ks mod Cy,s,mod % 14.35 11.90 16.49
Maximum load Finax kN 11.57 22.90 34.43
Maximum load predicted by the model  Fraxmodel kN 12.54 24.28 36.43
Coefficient of variation of Fyyax C,Fimax % 8.52 7.18 5.31
Model error on the maximum load O Fpax % 8.31 6.02 5.81
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Figure 6.25 — Slip modulus of T3 specimens: (a) T3-50 (b) T3-100 (c) T3-150.

The shear stress distribution obtained at the loading step after which the mean shear strength
fv,mean = 5.4 MPa was reached is presented in Figure 6.26 for the T3-150 joint configuration.
The step corresponds to a load of 15.4 kN, when damage is initiated in the model. An HSSSD
was observed along the tenon with a stress concentration factor K; = 2.18. However, at this
load level of 15.4 kN in the model, the joint is still in its linear behaviour, just after the linear
range of 10 to 40 % (see Figure 6.23c). Further investigations should thus be carried out to
identify the modelling issues, which can be linked to increment times, mesh refinement at the

stress concentration or the failure modes defining the onset of failure.
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Figure 6.26 — Shear stress distribution and shear stress profile along the tenon for specimen
T3-150.

6.4.5 Beech LVL 40 mm single-layered

The full load-displacement curves of the tests performed on single-layered beech LVL samples
(T4) are presented in Figure 6.27 and the shear failures observed are showed in Figure 6.28 with
a clean shear failure. The comparison between both the slip modulus and the maximum load,
computed from the tests and predicted by the numerical model, is summarised in Table 6.10.
The model error on the maximum load F;,x was found to be of about the same values as the
coefficient of variation of the experimental tests for all three joint configurations, with loads
underestimated by 3.86 % + 3.30 % in average. The model was shown to be in good agreement
with the experimental tests. However, as for T2 and T3 samples, displacements were found to
be underestimated by the model.
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Figure 6.27 — Load-displacement curves of T4 specimens: (a) T4-50 (b) T4-100 (c) T4-150.
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AN\ \\ B

Figure 6.28 — Failure photographs of T4 specimens: (a) Side view (b) Axonometry (c) Front
view.

Table 6.10 — Results of T4 specimens.

Designation Symbol Units T4-50 T4-100 T4-150
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
Slip modulus after first loading ks mod kKN/mm  53.52 73.54 86.98
Slip modulus predicted by the model Kmodel kN/mm  45.72 65.35 78.94
Model error on k; Ok, % 28.03 6.96 42.40
Model error on ks mod Ok moa % -14.57 -11.13 -9.24
Coefficient of variation of ks mod Cy,s,mod % 12.25 5.86 6.96
Maximum load Frax kN 23.66 47.99 68.03
Maximum load predicted by the model  Fiax model kN 21.74 41.16 59.70
Coefficient of variation of F,ax Cu,Fonax % 3.67 7.38 6.98
Model error on the maximum load O Fax % -8.12  -14.24  -12.24

The slip modulus computed from the experimental test results and the one obtained from
numerical simulations are compared in Figure 6.29, differences are presented in Table 6.10.
The semi-rigidity of the connections was found to be underestimated by 11.65 % + 2.70 % in
average for the three joint configurations.

The shear stress distribution obtained at the loading step after which the mean shear strength
fr.mean = 9.3 MPa was reached is presented in Figure 6.30 for the T4-150 joint configuration.
The step corresponds to a load of 26.7 kN, when damage is initiated in the model. An HSSSD
was observed along the tenon with a stress concentration factor K; = 2.26. However, at this
load level of 26.7 kN in the model, the joint is still in its linear behaviour (see Figure 6.27c).
Further investigations should thus be carried out to identify the modelling issues, which can
be linked to increment times, mesh refinement at the stress concentration or the failure modes
defining the onset of failure.
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Figure 6.29 — Slip modulus: (a) T4-50 (b) T4-100 (c) T4-150.
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Figure 6.30 — Shear stress distribution and shear stress profile along the tenon for specimen
T4-150.

6.4.6 CLT 27 mm double-layered

The full load-displacement curves of the tests performed on double-layered spruce CLT sam-
ples (T5) are presented in Figure 6.31 and the shear failures observed are showed in Figure 6.32.
The comparison between both the slip modulus and the maximum load, computed from the
tests and predicted by the numerical model, is summarised in Table 6.11. A good agreement
was found between the maximum load applied during the experimental tests, Fnax, and the
load-carrying capacity of the connections predicted by the numerical model. Loads were
underestimated for all three joint configurations by 4.80 % * 2.50 % in average; such that the
model can be considered as conservative. However, as for LVL samples, it can be observed
that displacements were underestimated.
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Figure 6.31 — Load-displacement curves of T5 specimens: (a) T5-50 (b) T5-100 (c) T5-150.
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Figure 6.32 — Failure photographs of T5 specimens: (a) Axonometry (b) Side view 1 (c) Side
view 2.

The slip modulus computed from the experimental test results and the one obtained from
numerical simulations are compared in Figure 6.33, differences are presented in Table 6.11.
The semi-rigidity of the connections was found to be underestimated by 9.13 % =+ 3.52 % in
average for the three joint configurations.

The shear stress distribution obtained at the loading step after which the mean shear strength
fv,mean = 3.2 MPa was reached is presented in Figure 6.34 for the T5-150 joint configuration.
The step corresponds to a load of 11.6 kN, when damage is initiated in the model. An HSSSD
was observed along the tenon with a stress concentration factor K; = 2.72. However, at this
load level of 11.6 kN in the model, the joint is still in its linear behaviour (see Figure 6.31c).
Further investigations should thus be carried out to identify the modelling issues, which can
be linked to increment times, mesh refinement at the stress concentration or the failure modes
defining the onset of failure.
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Table 6.11 — Results of T5 specimens.

Designation Symbol Units T5-50 T5-100 T5-150
Maximum slip Vi max mm 0.78 1.00 1.72
Initial slip modulus ki kKN/mm  39.22 53.22 61.04
Slip modulus ks kN/mm 36.25  48.81 57.44
Slip modulus after first loading ks,mod kN/mm  44.55 65.18 73.58
Slip modulus predicted by the model Kmodel kN/mm  41.13 56.62 68.75
Model error on ks Ok, % 13.45  15.86 19.69
Model error on kg med O kg mod % -7.68  -13.14 -6.57
Coefficient of variation of ks moa Cp,s,mod % 12.48 12.41 8.06
Maximum load Fax kN 19.14 35.11 53.61
Maximum load predicted by the model  Frax model kN 18.77 33.00 50.13
Coefficient of variation of Fpax Cu,Finax % 9.89 6.27 6.49
Model error on the maximum load O Fnax % -1.93 -6.00 -6.49
18 . 18 18
——Tests ——Tests ——Tests
——Model - mean ——Model - mean ——Model - mean e
- - =Model - min - - —Model - min - = =Model - min Y
————— Model - max --—-—Model - max —-—-—Model - max Vs 4
12 12 12
z z . = 7 e
= =, 4 =, 7 y’
w w L w /AN
3 g g 3
6 . 6 a 6 /AR
;” ’ J ’ /,, I, /’,
0 : : : : | 0 : : ; : ' 0 : : : : '
0 005 01 015 02 0.25 0 005 01 015 02 0.25 0 005 01 015 02 025
Displacement w [mm] Displacement w [mm] Displacement w [mm]
(a) (b) (©

Figure 6.33 — Slip modulus of T5 specimens: (a) T5-50 (b) T5-100 (c) T5-150.

Figure 6.34 — Shear stress distribution and shear stress profile along the tenon for specimen
T5-150.
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6.5 Conclusions

In this chapter, a 3D-FE model, based on the continuum damage model developed by Sand-
haas [88], was applied to digitally fabricated TT wood-wood connections. It was compared to
shear loading tests performed on single wood-wood connections, considering five commonly
used engineered wood products.

In the model, phenomena affecting the first loading were neglected and the behaviour of
the connections after the first loading was considered to assess the model. Stiffness of the
connections were found to be in good agreement with the experimental shear loading tests
for all specimens, with conservative predictions. Their load-carrying capacity was approxi-
mated for LVL and CLT specimens (T2, T3, T4 and T5), with conservative predictions as well.
However, the exact behaviour could not be accurately predicted and slip values were found
to be underestimated by the model. For OSB specimens, the model could not predict the
behaviour of the connections, presumably because of the high material variability of OSB
and due to compression forces, as observed for the T1-80 specimen. For other specimens,
inconsistencies with regard to the shear stresses were found, such that further investigations
should be performed to control the mesh and time increments used in the model.

If promising results were obtained, the numerical model for wood-wood connections is cur-
rently not sufficient to provide reliable results that can be implemented in global numerical
models. Furthermore, additional investigations for different load cases and joint configu-
rations should be performed to obtain an exhaustive assessment of the numerical model.
Therefore, experimental tests on wood-wood connections still remain necessary to fully un-
derstand and characterise the mechanical behaviour of wood-wood connections.

To improve the model, an optimisation of the time increment and of the mesh around the
stress concentration area should be performed. The introduction of deformable contact ele-
ments could lead to more accurate deformations in comparison with the surface-to-surface
interaction with hard contact considered in this study. Element deletion could also be imple-
mented to alleviate mesh dependency and element distortion, such as performed by Sandhaas
etal. [89]. Further investigations should also include the study of different angle combinations
(Bryant angles 0;, 6, and 03 defining the insertion vector of the joints, as illustrated in Chap-
ter 1, Figure 1.5) and different grain orientations, as well as investigations on the influence
of multiple connections placed in a series. Specimens considering different materials for
the tenon and mortise parts could also be analysed. In light of this, the implementation of
different loading cases as well as single- and double-layered specimens configurations should
be included in the Abaqus™ plugin developed by Roche et al. [85], which was automatically
generating the joint geometry within the FEA software, instead of importing the geometry
from a CAD software.
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6.5. Conclusions

A comprehensive mechanical characterisation of digitally fabricated TT wood-wood connec-
tions is thus required to assess their structural performance for different load cases, geometries,
grain orientations and materials, for both single and multiple joint configurations. In this per-

spective, current research is carried out to provide design guidelines for the use of wood-wood
connections.!

1 These investigations are part of the doctoral research performed by the manuscript co-author, J. Gamerro.
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7d Conclusions and Outlook

7.1 Conclusions

The pressing need for the construction sector to address the declared climate emergency
has resulted in a growing demand for structures using wood-based materials. Consequently,
significant developments have been achieved in timber construction over the past decades,
allowing larger spans to be reached and widening the range of application of timber as a
construction material. Additionally, advances in computational design and digital fabrication
have led to the realisation of increasingly complex structures composed of prefabricated
timber elements. For these structures, innovative wood-wood connections integrated in the
plates have been shown to be a competitive solution in comparison with standard joining
techniques. In this perspective, several investigations were carried out in this thesis to facilitate
the design and realisation of large-scale freeform timber plate structures using wood-wood
connections.

7.1.1 Achieved Results

Following the automation of the design and fabrication of freeform timber plate structures
using computer-aided programming (CAD) and computer-aided manufacturing (CAM) tools,
an automated numerical modelling method for their structural analysis was proposed. By
doing so, a tedious and time-consuming manual implementation, prone to random human
errors, was avoided. A model based on the finite element method (FEM) was developed, using
springs with 6 degrees of freedom (3 translations and 3 rotations) to take into account the
semi-rigid behaviour of the connections, as it was shown to be essential to obtain accurate
predictions. A design framework was introduced to integrate the generation of the numerical
model into the existing design and fabrication workflow. Furthermore, methods to build the
FEM geometry concurrently with the CAD geometry used for design and fabrication were
provided. Steps to generate the model in the finite element analysis (FEA) software were
subsequently described.
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The semi-rigidity of the connections in translation as well as in rotation was shown to highly
influence the model. Numerical simulations were performed using axial, in-plane shear,
out-of-plane shear and rotational semi-rigid properties retrieved from experimental tests,
as they were found to be the most influencing components for the studied construction
system. Remaining degrees of freedom were considered hinged for a conservative design.
The proposed numerical model was validated for the serviceability limit state (SLS), which is
generally limiting the design of timber structures, against experimental tests conducted on
both small- and large-scale structures. Three-point bending tests, reported in Chapter 3, were
performed in the laboratory on three small-scale specimens to obtain a first assessment of the
model. The failure modes of the construction system were highlighted through destructive
tests, providing useful insights for the ultimate limit state (ULS) design. In Chapter 4, the
global behaviour of the whole shell was verified by carrying out non-destructive static loading
tests onsite on a large-scale structure. The numerical model was validated by comparing the
predicted to the acquired displacements by using two different devices: a total station and a
terrestrial laser scanner. The results obtained were assessed and compared, providing insights
for their use in future applications, such as structural health monitoring. The two measuring
methods were found to be complementary. Although total station measurements led to more
direct and accurate results, they could only be acquired for a limited number of points on the
structure. Laser scanner however allowed the visualisation of displacement fields over the
whole structure, despite a more cumbersome data processing.

Although the mechanical behaviour of wood-wood connections was shown to play an im-
portant role in the structure’s performance, investigations carried out in Chapter 5 have
demonstrated the significant influence of the assembly system chosen. The study highlighted
the potential for structural optimisation and the need to integrate the structural analysis in
the design strategy, while respecting the fabrication and assembly constraints.

Finally, a three-dimensional (3D) finite element (FE) model based on continuum damage
mechanics was applied to through-tenon (TT) wood-wood connections. It was compared to
shear loading tests performed on single connections, considering different commonly used
engineered wood products. Promising results were obtained with conservative approximations
of the load-carrying capacity and semi-rigidity of the connections. However, it was found
that experimental testing remains necessary to fully understand and characterise the exact
mechanical behaviour of wood-wood connections.

7.1.2 Applications to Other Structures

Although the model and methods to generate it were presented in Chapter 2 based on a specific
case study, namely the Annen Plus SA head office presented in Chapter 1, Subsection 1.3,
they are easily applicable and transferable to various types of timber plate structures with
edgewise wood-wood connections. Based on the 3D design geometry of the studied structure,
plates have to be modelled by their midsurfaces, partitioned at the position of the joints, with
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springs implemented to model the semi-rigid behaviour of the connections, as presented
in Chapter 3, Subsection 2.3.2. The generation of the CAD-FEM geometry defined can be
done using the same tools applied for the design of the structures, usually obtained with
existing design-to-fabrication workflows for complex structures. In order to decrease the
computational time involved for large models, faster FE libraries could be applied instead
of the FEA software Abaqus™ used in the present thesis. For the connection properties, a
sensitivity analysis should be performed to determine the degrees of freedom that influence
the most the global behaviour of the structure. If experimental tests cannot be performed for
these components, assumptions should be taken on the safe side for the design calculations.

7.1.3 Summary

Overall, this thesis provides a design methodology for the structural analysis of large-scale
freeform timber structures using wood-wood connections. The investigations carried out
show that it is essential to establish a link between the local behaviour of the connections
and global behaviour of the structure. Furthermore, in line with the "co-design" strategy
introduced by Achim Menges [61, 62], this thesis highlights the importance of adopting an
integrated design strategy encompassing engineering and fabrication aspects for geometrically
complex timber structures. Additionally, the design framework presented has the potential
to enhance exchanges between geometry generation and structural analysis necessary to
perform structural optimisations.

7.2 Outlook

Further development of the proposed modelling method could be achieved, for example by
considering a nonlinear connection behaviour as well as contacts between plate elements if
they are found to play an important role in the mechanical behaviour. Moreover, as highlighted
in Chapter 4, the accumulation of small fabrication and construction tolerances can lead
to substantial differences between design geometry and built structure. Investigations are
required to control these variations by determining all the factors responsible for them, as
well as their influence on the structural behaviour. Similarly, long-term monitoring of built
structures could also be performed to assess their behaviour over extended periods of time.

Furthermore, the proposed numerical model can be computationally expensive for large
structures involving a large number of elements and therefore an even greater number of
variables. In light of this, a complementary doctoral research! conducted by A. R. Rad focuses
on an alternative numerical model for timber plate structures assembled with wood-wood
connections. Based on the same case study as the present thesis, a "macro-model" consisting
of a series of one-dimensional (1D) beam and column elements is investigated. The proposed
modelling approach has the potential to significantly decrease computational costs for the
SLS design of large-scale structures.

137



Chapter 7. Conclusions and Outlook

Besides work focusing on complex freeform geometries, a current doctoral research! is carried
out by J. Gamerro on the development of standard prefabricated structural elements, such as
roofs, slabs and walls, using TT wood-wood connections to extend their range of application
to common practice. For the developed construction system, a simplified model inspired by
the strut-and-tie design method considering 1D beam elements and springs is investigated.

Regardless of the global numerical model chosen, the implementation of the semi-rigid
behaviour of the connections is essential to precisely predict the behaviour of the structures in
which they are applied. In this perspective, the ongoing doctoral research studies mentioned
also include experimental investigations on TT wood-wood connections. On the one hand,
A. R. Rad is evaluating the structural performance of these connections under different load
cases and for different grain orientations and joint geometries, both related to a specific case
study and according to the development of the "macro-model". On the other hand, J. Gamerro
is focusing on the behaviour of TT connections applied in standardised structural elements for
various commonly used engineered wood panels. The objective of his research is to provide
design guidelines for the use of TT wood-wood connections in timber structures, in relation
with the European Standard Eurocode 5 [23], which currently does not include protocols for
this type of connections.

Finally, as presented in Chapter 6, a 3D FE model for wood-wood connections showed promis-
ing results and would require further improvements of the model to increase its application to
different load cases and geometries.

In conclusion, wood-wood connections have a great potential for the joining of timber plate
structures, which has been demonstrated through several research studies carried out over
the past decades. If challenges still remain with regard to their structural design, additional
investigations to the present study can help implement their use into common practice and
increase their application for large-scale projects.

1The doctoral research studies conducted by A. R. Rad and J. Gamerro are carried out within the Laboratory
for Timber Constructions (IBOIS), EPFL and are supported by the NCCR Digital Fabrication, funded by the Swiss
National Science Foundation (NCCR Digital Fabrication Agreement #51NF40-141853).
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.\ Experimental Tests on Through-
Tenon Wood-Wood Connections

Experimental tests were performed to retrieve the semi-rigid properties of the studied wood-
wood connections, in particular their stiffness and load-carrying capacity, necessary for the
numerical modelling of assemblies in which they are used. These tests were carried out on
recently developed test setups, for the degrees of freedom (DOFs) that were found to have a
high influence (above 10 %) on the semi-rigid spring model developed in Chapter 2, namely ki,
k2, ks and ks (see Chapter 2, Subsection 2.4.3). These tests were performed on small-samples
with through-tenon (TT) connections characterized by a tab length of 72.5 mm and Bryant
angles (as defined in Chapter 1, Figure 1.5) 6; = 0°, 8, = 25° and 03 = 0°, corresponding to
the connections of the studied 5 x 3 boxes prototype (see Figure 3.1b). Tests were executed
following the loading procedure prescribed in the European Standard EN 26891 [24] for timber
joints made with mechanical fasteners. Coefficient of variations c, of the maximum force and
of the stiffness were calculated for each test.

A.1 Tension Tests!

Tension load tests were carried out on three samples with one single TT connection using
the experimental setup developed by Rad et al. [74]. Results are presented in Figure A.la.
The average maximum capacity Fpaxavg wWas found to be of 6.47 kN, with a coefficient of

variation ¢, p__ of 5.32 %. Figure A.1b presents the load-displacement curves in the linear

max

range between 10 and 40 % of Fiaxavg, from which a stiffness value of 416.81 N/mm was
retrieved, with a coefficient of variation c,x 0£6.16 %.

IExperimental tests were performed by the author of the publication [74], A. R. Rad.
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Figure A.1 — Results of tension load tests on one single through-tenon connection: (a) Load-
displacement curves (b) Linear range between 10 and 40 % of Fiax,avg-

A.2 Shear Tests?

Shear load tests were performed on four samples using the experimental setup developed by
Rad et al. [75]. Each specimen was made of two TT connections, such that the test results pre-
sented in Figure A.2 were divided by two to obtain values for one connection. The maximum
load-carrying capacity of one connection Fiay avg Was found to be of 46.83 kN, with a coeffi-
cient of variation ¢, of 4.48 % (see Figure A.2a). A stiffness value k; of 15 009.24 N/mm,
with a coefficient of variation ¢, of 1.79 %, was retrieved from the linear range between 10
and 40 % of Fiax,avg (see Figure A.2b).
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Figure A.2 - Results of shear load tests on two through-tenon connections: (a) Load-
displacement curves (b) Linear range between 10 and 40 % of Fiax,avg-

2Experimental tests were performed by the author of the publication [75], A. R. Rad.
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A.3 Out-of-Plane Shear Tests®

The test setup used to determine the maximum load-carrying capacity and stiffness of the
connection in perpendicular-to-grain compression, also referred to as out-of-plane shear,
is illustrated in Figure A.3. As for the in-plane shear test setup developed by Rad et al. [75],
symmetric specimens with two connections were fabricated and placed on a concrete sup-
port @, considered rigid. Force was applied through a hydraulic jack @ and four linear variable
differential transformers (LVDTs) @ were placed to measure the deformation of the samples.
Maximum load-carrying capacity Fpayavg and stiffness k3, retrieved from the linear range
between 10 and 40 % of Fiax,avg, 0f 36.55 kN and 9489.04 N/mm respectively were found, with
coefficient of variations c,r, . 0of 3.88 % and c,x 0of 2.74 % (see Figure A.4) for three samples.

Figure A.3 — Experimental setup for out-of-plane shear: ® Hydraulic jack @ Four LVDTs
® Concrete support. Photograph by Aryan Rezaei Rad.
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Figure A.4 — Results of out-of plane shear load tests on two through-tenon connections:
(a) Load-displacement curves (b) Linear range between 10 and 40 % of Fax avg.

3The test setup was developed by the author of the publications [74, 75], A. R. Rad, who performed the experi-
mental tests.
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A.4 Bending Tests

Bending tests were carried out on a series of seven samples made of two-panel assemblies
connected with one TT connection. The bending test setup developed by Roche [83] and
illustrated in Figure A.5 was used. Four load cells @ were fixed on each panel: for the panel
with slots, these load cells were mounted on a rigid support, while for the panel with tenon,
they were fixed to a level arm @, itself connected to a 20 kN load cylinder. Two inclinometers @
were fixed to the panel with tenon to measure the rotation of the sample. Specimens were
tested in closing as TT connections have been shown to present a symmetrical behaviour in
opening and closing [84].

Figure A.5 — Bending test setup developed by Roche [83]: @ Four load cells @ Lever arm
connected to a 20 kN load cylinder ® Two inclinometers, fixed to the panel with tenon.

Figure A.6a presents the moment-rotation curves obtained for the seven tested samples.
The maximum average moment applied Mpaxavg Was of 1067.0 kN-mm, with a coefficient of
variation cy,m,,,, 0f 7.08 %. Figure A.6b presents the moment-rotation curves in the linear range
between 10 and 40 % of Mmax avg from which the stiffness was retrieved. A linear regression
led to an average stiffness of 170.19 kN-mm/° with a coefficient of variation ¢,y of 4.84 %.
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Figure A.6 — Results of bending tests on one single through-tenon connection: (a) Moment-
rotation curves (b) Linear range between 10 and 40 % of Mmax,avg-
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A.5 Summary

Tables A.1 and A.2 present a summary of the test results, for each studied DOE namely DOF 1
for tension tests, DOF 2 for in-plane shear tests, DOF 3 for out-of-plane shear tests and DOF 5
for bending tests. Coefficient of variations lower than 10 % were found for the four tests, for
both maximum load-carrying capacity and stiffness. These values were considered acceptable
for this material. For translational DOFs, the connections were shown to have a much lower
resistance and stiffness in the axial direction and the highest resistance and stiffness in shear.

Table A.1 — Summary of experimental test results of wood-wood connections for translational
degrees of freedom.

Degree of Numberof Fnaxavg Cu/F,. Kavg Cuk
freedom samples [kN] [%] [N/mml] [%]

3 6.47 5.32 416.81 6.16
2 4 46.83 448 150009.24 1.79
3 3 36.55 3.88 9489.04 2.74

Table A.2 - Summary of experimental test results of wood-wood connections for the rotational
degree of freedom about y.

Degree of Numberof Mpyaxavg €M, kavg Cuk
freedom samples [KN/mm] [%] [KN-mm/°] [%]

5 7 1067.0 7.08 170.19 4.84
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