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Abstract

Cross Laminated Timber Modular Construction (CLTMC) represents a cutting-edge
advancement in the construction industry, merging the ecological benefits of timber with the
streamlined processes of modular construction. This innovative approach offers a sustainable
alternative to conventional construction methods, promising significant reductions in
environmental impact and improvements in building efficiency. Despite these advantages,
recent research has identified critical inefficiencies within existing CLTMC connection
systems, particularly concerning their mechanical performance, installation complexity, and
overall sustainability. These inefficiencies pose significant challenges to the broader adoption

and development of CLTMC technology.

This thesis addresses these challenges by introducing an innovative sliding and stacking
installation method for CLT modules. Central to this method is a novel, damage-controlled,
continuous interlocking connection system designed to enhance the efficiency of module
assembly while reducing onsite labour demands. The proposed connection system was
rigorously evaluated through a combination of experimental and numerical analyses. This
comprehensive evaluation included local-scale testing to assess immediate translational
mechanical properties, parametric studies with validated numerical models to explore the
influence of various design parameters, and macro-scale shear wall simulations to evaluate

performance under realistic loading conditions.

The results of these analyses demonstrate that the proposed connections offer satisfactory
stiffness, strength, and deformation control effect. These connections effectively mitigate
damage to both timber and fasteners, thereby enhancing the overall durability of the
construction. Additionally, the research presents a robust design framework for CLTMC
connections, providing detailed guidelines for implementation in real-world projects. This
framework emphasises not only the technical performance but also the practical aspects of

construction, such as ease of assembly and potential for material reuse.

The innovative connection design introduced in this thesis represents a significant
advancement in the field of modular construction. By facilitating more efficient and flexible
assembly processes, the design has the potential to transform how CLT modules are utilised
in construction projects. Furthermore, the damage-controlled nature of the connections

suggests a substantial reduction in the permanent damage to structural materials throughout



the service life of a building, thereby extending the usable lifespan of these materials. Along
with the incorporated design strategies for deconstruction and reuse, this system is expected

to contribute to greater overall sustainability.

In summary, this research provides a comprehensive review to existing challenges in
CLTMC, offering a novel approach to the identified challenges, which improves construction
efficiency, enhances flexibility, and promotes the sustainable use of materials. The findings
underscore the potential of the proposed connection system to revolutionise modular

construction practices and contribute to the sustainable development of the built environment.

Keywords: CLT modular construction, Connection design framework, Interlocking
connection, Damaged controlled connection, 3D printing, Quasi static testing, Numerical

analysis, Parametric study, Circularity
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Chapter 1 Introduction

In recent years, the architectural, engineering, and construction (AEC) industry has
increasingly recognized the need to prioritise sustainability. The construction industry must
balance the imperative to protect natural resources with the demand for development and
urbanization to accommodate a growing population. Therefore, a profound rethinking of
traditional housing construction practices is necessary. This necessitates the consideration of
carbon-neutral or carbon-negative construction materials while mitigating the extensive use
of highly energy-intensive and high carbon-emitting materials like steel and concrete. In this
context, sustainable practices are increasingly adopted, with a growing interest in mass timber
construction, which offers significant benefits in terms of efficiency and environmental
impact. Among these innovations, Cross-Laminated Timber (CLT) modular construction has
gained attention for its potential to revolutionise low to mid-rise building designs. This
chapter begins with an overview of mass timber construction and the advantages of using
engineered wood products (EWPs). It then delves into modern mass timber modular
construction techniques, highlighting the unique aspects of CLT modular construction.
Following this, the research questions that drive this study are presented, alongside the aim
and objectives. The chapter also outlines the research methodology and discusses the

anticipated contributions to knowledge.
1.1 Mass Timber Construction with Sustainable Engineered Wood Products (EWPs)

Timber is one of the oldest construction materials, now resurges as an environmentally
friendly alternative in the modern construction market. With the fast-developing
manufacturing methods such as veneering, fastening, gluing and lamination being applied in
timber material production, the limitations of natural timber (size and natural defects) can be
overcome. This leads to significantly enhanced material properties and better size flexibility,

and the resulting timber products are known as Engineered Wood Products (EWPs).
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) Glulam
LVL

Figure 1.1. Configurations of different Engineered Wood Products (EWPs) [1.1]

Modern mass timber construction adopts EWPs that can be used as structural material, such
as Glulam, Laminated Veneer Lumber (LVL) and Cross-Laminated Timber (CLT) [1.2]
(Figure 1.1). When being used as structural material, timber is easily machinable with good
accuracy, light in weight, and comparable in strength to concrete and steel, enabling greater
design flexibility and easier handling with reduced workforce. In terms of structural
performance, engineered timber has a strength-to-weight ratio more than 5 times higher than
concrete and around 20% higher than steel [1.3 and 1.4], making it possible to build a timber
structure with comparable stiffness and as little as one-fifth the self-weight of their
counterparts, thus reducing the requirements on foundation and soil conditions. As timber is
the only renewable load-bearing construction material currently available [1.5], another major
benefit of using EWPs comes to the direct sustainability. Timber can be sourced from
managed sustainable forests with planned cultivation and consumption; the carbon absorbed
by timber during its growth can contribute to significantly reduced embodied energy.
Moreover, timber can help improve the operational energy performance of buildings with its

inherent relatively low thermal conductivity [1.6 and 1.7].

1.2 Modern Mass Timber Modular Construction
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Figure 1.2. Different structural systems in timber modular construction
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Modular construction is a modern method of construction (MMC) that involves high degree
of prefabrication. Its application with concrete and steel is now rapidly growing in densely
populated regions due to their great efficiency and reduced disruption to construction site,
while the potential of EWPs in modular construction is also being explored for its additional
material sustainability [1.8]. Timber modular construction (TMC) (Figure 1.2) is benefited
from both the efficiency of modularity and the sustainability of timber materials. In this
construction method, timber structural elements, such as post, beams, panels and room
modules are manufactured and sized in the factories and then transported to the construction
sites for being assembled into the complete buildings. During off-site manufacturing,
enhanced quality control and project efficiency are ensured, leading to a reduction in waste
and noise production on-site. This approach also minimises deviations in the construction

sequence, while offering significant potential for dismantlement and reuse. [1.9].

Most of the published Life Cycle Assessment (LCA) case studies show that timber structures
demonstrate better environmental performance than reinforced concrete structures [1.10]. In a
comparative study by Aye et al [1.11], the greenhouse gas emission of timber modular
construction is similar to the conventional concrete construction but is around 9% less than
the steel modular construction, even when excluding the carbon sequestration of timber in the
plantation phase. Further reduction in embodied energy can be achieved by considering the
carbon sequestration of timber material (component, member and systems) reusability of

modular buildings.

After realising the efficiency and sustainability of timber construction, increasing government
policies are in place to promote the adoption of timber structural material, to be used solely or
in combination with steel, also known as hybrid steel-timber. For instance, Singapore’s
Building and Construction Authority (BCA) has published rules requiring at least 30%
certified timber from sustainably managed forests in all new public buildings. In addition,
countries like Finland are providing incentives for developers who commit to using certified

timber products by offering discounts on taxes related to development projects [1.12].

1.3 CLT Modular Construction

Cross Laminated Timber (CLT) is one of the most used EWPs and is experiencing rapid
development. Being made from layers of timber planks that are glued perpendicularly [1.13],

CLT breaks the size limitation of original timber material and achieves better strength
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uniformity and dimensional stability [1.14, 1.15]. Due to its superior sustainability, higher
degree of prefabrication and strength-to-weight ratio than conventional construction materials
[1.7, 1.16], CLT is increasingly popular in the application of prefabricated low-rise (3-4
stories) and mid-rise panelised and volumetric structures (5-8 stories) [1.8]. According to a
comprehensive comparative study by Jensen, et al. [1.17], although multi-storey CLT shear
wall systems deploy more material than other timber structural systems, it is benefited
significantly from being self-sustainable without concrete core, which is the primary source
of Global Warming Potential (GWP) reductions. CLT shear wall and floor system has the
lowest GWP among all studied structural systems, and is 52% less than the conventional
concrete and steel structures (Figure 1.3). Therefore, CLT modular construction is potentially

a powerful tool for the construction industry to combat climate changes.
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(@) (b)
Figure 1.4. CLT volumetric project Woodie student accommodation, a 6-storey timber modular structure. (a) Lifting of

timber module [1.18]; (b) Construction diagram [1.19]

To further develop the timber construction market, many studies are focusing on the
development and sustainability of high-rise timber buildings for high-density urban areas,
where almost all new buildings are high-rise towers built to accommodate the large
population over the competitive use of limited land space. Emerging architectural designs for
high-rise CLT buildings, even skyscrapers (Tree Tower Toronto [1.9], 191-199 College
Street [1.10]), bring great emphasis on the engineering challenges that need to be overcome
[1.11], such as the performance of CLT structural systems under environmental forces. The
light-weight nature of timber contributes to lower seismic forces, while it also reduces
buildings’ overturning resistance to lateral load [1.12], which necessitates the development of
high-performing connectors for the CLT shear wall panels or volumetrics. Due to the discrete
nature of connectivity in modular structures [1.20], connections are the critical components
for structural performance, robustness, and integrity. Due to the relatively recent development

of this construction technology, research on its connection systems is still in its early stages

[1.3].

Current timber modular structures are relatively vulnerable under environmental forces such
as wind loads and seismic actions due to the absence of high-performing and specially
designed timber connections [1.21]. The existing timber connections products (angle brackets
and hold-downs) have their own limitations and limited applicability to timber modular
structures. Insufficient capacities, unpredictable behaviours and the risks of brittle failure in
metal connectors are apparent. These limitations hinder the realisation of large timber

modular structures.
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Figure 1.5. Illustrations of hold-downs and brackets in typical CLT modular structures (a) and the joint between modules

with no inter-module connection (b) [22]

In addition to the structural performance, the construction/installation process of timber
modular structures is also problematic. Due to the brittleness of timber material, large number
of fasteners such as nails and screws are used in timber connections to achieve desired
ductility, which however, introduces difficulty in the manual installation of connections on-
site. In multi-storey timber modular structures, particularly those utilising large areas of
timber panels like CLT modular structures, the available space for accessing connections can
be constrained (Figure 1.5). On-site operations with inherent risks, such as working at height
for connection installation, are sometimes necessary. Therefore, the installation of
connections may require experienced technicians and involve risky external access using a
mobile platform (Figure 1.6.a). In the case of CLT volumetric structures, drilling on panels is
essential to access points for connection installation due to the enclosed space between room
modules (Figure 1.6.b), which limits the time and cost efficiency of timber modular

construction and as well as damage the structural integrity.
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Figure 1.6. Problematic construction process in TMC: (a) Manual connections installation at height; (b) Access inter-module

connections via a hole on the gable wall

With a shared objective of reducing environmental impact and its tremendous potential in
transitioning to construction 5.0, CLT modular construction is a powerful tool to pave the
way for a zero-carbon future, which has received increasing interest in the market. Therefore,
CLT construction is expecting to experience continuous growth. However, CLT modular
construction still faces challenges as a relatively new technology, with issues encompassing
unclear structural performance, limited understanding of financial and environmental benefits,
lack of suitable connection devices, and excessive material usage due to insufficient
investigation. Therefore, CLT modular construction has not reach its full sustainable and
construction potential. New connection devices designed specifically for CLT modular
construction to achieve enhanced structural performance with better efficiency is urgent

needed to meet the challenges associated with fast-developing CLT construction.

1.4 Research Questions

In this section, the below central questions are presented to guide the investigations in CLT

modular connection development in this research:
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1. What are the immediate challenges in constructing CLT modular buildings that are related
to conventional connection systems, considering factors such as construction time, ductility

requirements, and damage mitigation?

2. What factors were considered in the design of previous novel CLT modular connections
and what kind of novel design strategies were adopted in these connection designs to address

the identified challenges?

3. What is the construction strategy of the proposed connection system and how is the

construction efficiency of it compared to conventional connections?

4. What are the mechanical properties and behaviours of the proposed interlocking
connection under working conditions, and how do these properties compare to traditional

connection methods used in CLT construction?

5. How can advanced simulation techniques, such as finite element analysis and
computational modelling, be employed to predict the response of medium-rise CLT modular

buildings equipped with the novel interlocking connection?
1.5 Aim

The aim of this project is to explore novel connection solutions for medium rise CLT
modular buildings, with particular focus on the ease of assembly and the enhanced lateral
resistance under environmental forces, meanwhile to bridge the research gaps in CLT
modular connections by contributing on the design, performance evaluation and optimisation

practice of innovative timber connections.
1.6 Objectives
The project has a number of objectives:

1. Gain a general understanding of the design, construction and performance of CLT
modular structures and conventional timber connections via literature review, then
identify the existing challenges in realising medium-rise CLT modular structures that are

related to existing connection systems.

2. Talk with the industry to understand the latest demands in CLT modular construction and

determine the design directions of the new connection system as well as the assembly and
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disassembly requirements.

Propose an innovative connection system for medium rise CLT modular structures to
address challenges identified in the literature review and through the industrial meetings;
liaise with engineers about the connection design to ensure the innovation and

practicability.

Employ FE (Finite Element) analysis to study the behaviours of the preliminary
connection design, then improve the design details and plan experimental works

accordingly based on Eurocode 5.

Test the proposed connection system in the steel-to-timber connection assembly with
testing apparatuses that simulate realistic working conditions to understand the
mechanical performance and deformations, as well as the load transfer mechanism

between CLT, the proposed steel connectors and fasteners.

Validate the numerical models using experimental outputs and conduct parametric studies
to assess the influence and sensitivity of different geometrical parameters to the stress and

strain distribution, initial stiffness, ductility and failure modes of connection.

Construct a FE macro-model of the CLT structure with the proposed connections to study
load transfer between structural elements under lateral force; make a comparative study
between conventional connections and the new connections in the same numerical

structure to evaluate the impact of the proposed connections subject to lateral behaviours.

Develop a design process implementing analytical models that couple geometrical
parameters with mechanical properties of the proposed connections for future

standardisation, design and application.

1.7 Research Methodology

1.7.1 Concept development of the new connection system

A comprehensive review of existing connection methods and their limitations within the

context of timber and CLT modular construction was first conducted. This review serves as

the theoretical foundation for identifying key challenges and opportunities for improvement.

Based on the outcomes of literature review, connection design was conducted to realise the
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novel functionalities (damage control, interlocking technique, continuous reinforcement) that
address the identified challenges. These developed connection concepts were evaluated
against the criteria such as structural performance, ease of installation, manufacturability, and
compatibility with modular construction principles. The evaluation allowed for the
refinement and optimisation of the proposed concepts, ensuring they align with the desired

objectives and overcome the identified challenges.

1.7.2 Experimental works

Quasi-static monotonic and cyclic testing prescribed in Eurocode 5 were carried out on the
connection prototypes in the format of steel-to-timber assembly to evaluate their stiffness,
strength, ductility and failure modes. Conventional steel-to-timber composite connections
using the same plate thickness and screw diameter as the new connections, were also tested
under the same boundary condictiones to compare the behaviour differences between the

conventional connections and the novel connections.

1.7.3 Numerical simulations

Numerical analysis using commercial FE software ABAQUS was adopted to examine the
mechanical behaviours of the proposed connection. Prior to the experiments, three-
dimensional FE models were first developed for the preliminary connection design, adopting
validated modelling methods in published studies of steel-timber composite connection to
explore the load-slip behaviours, the load transfer and interaction between connection
components, and the failure modes in several loading cases. Following the FE validation with
the experiments conducted as part of this thesis, parametric studies were carried out using the
numerical connection models by varying geometric parameters in a given range. After
calibrating the spring elements using connection and fastener properties, FE marco-models
for full-scale panellised modular structures with both conventional plate connections and new
connections were developed to assess the impact of the new system on the lateral behaviours

timber modular structures.

1.7.4 Analytical methods

Theoretical analysis based on code provisions or the literature were carried out to verify the
numerical and experimental analyses and to derive formulae for calculating the load-bearing

capacity of the proposed connection for application and standardisation.
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Figure 1.7. Methodology flow chart of the connection design program

1.8 Contribution to Knowledge

This research summarised and discussed the state-of-art timber connections, and proposed a
new evaluating framework to holistically consider the mechanical, manufacturing and
constructing performance of connection, which can serve as a valuable reference to guide the
development of future timber connection. An innovative connection system was proposed for
under this framework for medium-rise CLT modular buildings in this research for simplifying
the assembly process and improving the structural integrity. It showcases a new strategy of
connecting structural elements to the timber construction industry, which allows effortless
assembly as well as potential disassembly and reusability. The numerical analysis conducted
at a macro-scale during the latter stages of the research enhanced the limited understanding of
the lateral performance of timber modular structures with continuous interlocking

connections.
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Chapter 2 Literature Review

To identify knowledge gaps in the field of CLT modular construction (CLTMC) and to
understand the appropriate connection design strategies, this chapter presents a literature
review covering the materials, structural, and connection systems currently utilized in this
modern method of construction. The chapter thoroughly reviews current research practices,
including experimental and numerical studies, to gain insights into the structural behaviours
of CLT buildings. Following this, the discussion focuses on the challenges encountered in the
construction of medium-rise CLT modular structures, particularly regarding existing timber

connections, as revealed in published findings.
2.1 Overview of CLT and CLT Modular Structures

2.1.1 Cross Laminated Timber (CLT)

CLT is one kind of EWPs that typically composed of 3, 5 and 7 layers of timber boards that
are stacked and glued perpendicularly (Figure 2.1), to form panels with a thickness between
60 mm and 500mm. The common width of CLT panels is about 3.5m, and the length can
reach up to 16m, while it is theoretically unlimited. The cross-lamination process in the
manufacture of CLT reduces the impact of the orthotropy of each timber layer, and limits the
affected areas of the inherent defects (knots, shakes, checks, splits, etc) in natural timber [2.1]
(Figure 2.2). This manufacturing process results in enhanced and more uniform properties,
and allowing for the use of smaller, lower quality and under-utilised timber. It also exhibits
better stiffness on the orthogonal direction than other EWPs, in which the lumbers and
veneers are stacked in the same direction (parallel to grain) [2.2]. In structural design, the
axial compressive resistance of structural CLT panels is determined by the thickness of the
timber boards considering only the layers orienting parallel to the loading direction. The
enhanced stiffness of CLT panels ensures increased in-plane stability of CLT structural
components, such as walls and floors. Therefore, CLT panelised and volumetric structures
can be applied in mid-rise or even high-rise structures, while timber framed structures are

normally used in low-rise structures [2.3].
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Figure 2.2. Natural defects within timber

2.1.2 CLT modular structures

CLT panels in modular structures can be used as both vertical shear walls and horizontal
floors. Depending on the panel arrangements, CLT modular structures can be divided into

CLT panelised structures (CLTPS) and CLT volumetric structures (CLTVYS).
CLT panelised structures (CLTPS)

Two construction techniques can be found in CLTPS: platform-type construction and
balloon-type construction (Figure 2.3). In platform-type construction, each floor serves as a
platform for the structure above, where the walls on each floor function as an independent
rocking system that is connected to the floor below. The wall assembly is composed of
individual panels that are connected vertically through joints. The drawback of platform-type
construction is that it entails a large number of panels to be handled on-site, as well as
numerous connections between panels and floors. This results in the accumulation of
connection deformations at each level and perpendicular-to-grain compressive stresses on the

floor panels. In contrast, the balloon-type system utilises continuous panels on both sides,
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spanning multiple floors, so it is exceptionally effective in terms of resisting lateral load [2.5].
The intermediate floors are framed into the face of the wall panels, eliminating the
perpendicular to grain bearing between floors. This approach allows for the construction of
walls with slender panel aspect ratios and reduces the number of connections compared to

platform-type structures.

Platform-type construction is currently the most widely adopted technique in CLT
construction, with all design provisions tailored specifically to this approach [2.5]. In contrast,
the concept of balloon-type construction has been relatively recently proposed, so currently
there is limited research and a few practical applications for it, such as the two-story Begbie
Elementary School in Vancouver, Canada [2.5-6]. Increasing research [2.5-10] are performed
recently to better study the performance of this construction method to support design code

proposal.

Platform-type Balloon-type

Figure 2.3. Platform-type and balloon-type CLT panelised buildings
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In CLTVS, CLT flat modules are prefabricated with preassembled building accessories such
as cladding, internal finishes and MEP services (Figure 2.4). This increases its efficiency
compared to volumetric construction methods using other materials, as the modules in which
have to be left unfinished (without drywalls, plaster joint and paint) upon delivery for the
required space for accessing connections. The structure of most CLT modules is similar to
the platform type of CLT panelised structure, where the wall panels are placed between floor
and ceiling panels to form the typically rectangular flat modules. Thus, the gravity load is
transferred via the bearing between vertical and horizontal timber panels [2.12]. The high
level of prefabrication of this construction method can help reduce waste production,

workspace requirements and reliance for on-site manual work.

Once placed onsite, CLT modules are horizontally and vertically linked to each other by
inter-module connections in a multi-step process, forming a continuous load path from the
roof to the foundation. However, the installation of inter-module connections is a time-
consuming operation; workers need to access various connection locations to fix screws and
bolts to build the connectivity between modules after the placement of the upper modules on
top of the lower modules. Additionally, due to the closure feature of CLT modules, inter-
module connections can only be discretely installed on the outer surface of modules, when
the internal surface is normally left disconnected, relying only on joint connections and
friction between modules for lateral resistance [2.13-14], compromising the overall

reinforcing impact (Figure 2.5). When necessary, gable wall may need to be drilled to access
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inter-module connections (Figure 1.6 (b)), which could potentially damage the structure of
modules and cause delay in the construction schedule. Therefore, the inter-module
connections in CLTVS strongly impact not only the overall structural performance, but also

the construction efficiency.

horizontal connection, tension
horizontal connection, and compression
shear transfer /

plastic deformation shear diaphragm

[~ vertical connection, shear transfer

= shear wall
"~ shear connection to concrete

uplift connection
uplift connection to concrete

(a) (b)
Figure 2.5. Illustration of conventional inter-module connections: (a) the conventional hold-down (top) and bracket (bottom)

and (b) their locations in CLT volumetric structures [2.11]

2.1.3 Challenges in the realisation of multi-storey CLT modular buildings

When the tallest steel volumetric building to date, 101 George Street in London, reached a
height of 135m [2.15], timber modular structures were limited to 14 storeys (Figure 2.6). The
tallest timber modular building to date is ‘Treet’ in Norway, completed in 2015, standing at a
height of 52.8m. It utilises stacked modules as the secondary structural system to support
gravity loads and a thick Glulam frame as the primary lateral system [2.14]. Due to the
discrete nature of modular construction, the brittleness of timber and the sensitivity of timber
structures to the lateral load, design guidebooks [2.11, 2.16] require timber modular structure
that exceeds 5 stories to be reinforced by additional Lateral load Resisting System (LLRS)
such as moment-resisting frames, timber cores, concrete cores, or interior demising walls.
These reinforcements lead to increased material usage and higher costs [2.17], thereby
limiting the overall sustainability of timber buildings. To achieve medium-rise CLT modular
buildings without or with reduced use of additional reinforcing systems, it is important to
further investigate the structural behaviours of CLT modular structures under lateral loads

and all the dominant design factors to their lateral performance.
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(b)
Figure 2.6. The tallest volumetric buildings to date: (a)101 George Street [2.18] (b) and ‘Treet’ [2.14]

2.2 Lateral Performance of CLT Modular Structures

2.2.1 Full-scale CLTPS

One of the most comprehensive research projects of CLTPS to date is the project ‘Sistema
Costruttivo Fiemme (SOFIE)’, which dynamically tested 3-storey and 7-storey full-scale
CLT buildings using shake table experiments [2.19-21] (Figure 2.7), and both of which were

built with platform-type construction.
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(a) (b)
Figure 2.7. Shake table test in SOFIE project: (a) the 3-storey [2.20] and (b) the 7-storey CLT buildings [2.19]

The full-scale tests applied three different earthquakes: El Centro, Japan Meteorological
Agency (JMA) Kobe and the Italian earthquake of Nocera Umbra. These tests demonstrated
the feasibility of multi-storey CLT construction in seismic regions, as both tested buildings
exhibited structural integrity and minimal permanent deformation despite being subjected to
the complete range of seismic activity, including near-collapse conditions. In the tests with
low peak ground acceleration (PGA), the buildings only experienced minimal damage,
evidenced by the reduced natural frequencies measured after each test. When higher PGA
was applied, localised damage started to be recorded in the wall-to-floor connections as
shown in Figure 2.8. The damage led to reduced structural stiffness, which cannot be fully
restored despite implementing repair interventions such as connector replacements and

fastener tightening after each test [2.19].

The damage in dynamic testing was consistently observed in the one and two storeys CLT
buildings being tested under quasi-static monotonic and cyclic loading [2.22-24].
Additionally, damages also developed in the CLT panels when the building being tested
statically in the lateral directions (Figure 2.9) at the later loading stage under large
displacements. These damages include the embedment of wall panels due to the panel

rocking and cracking in the corners of large door and windows openings due to the in-plane
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panel deformation [2.22-24]. It can therefore be concluded that, the potential deformation
modes of CLT buildings under lateral load include in-plane deformations (shear, bending,

axial) in wall panels, rigid rotation of wall panels, and deformations in wall-to-wall and wall-

to-foundation connections [2.25].

(@) (b) (c)
Figure 2.8. Failure modes observed in SOFIE project: (a) out-of-plane bending (b) pulling-out of nails (c¢) connector

embedment [2.19]

(2) (b)
Figure 2.9. Timber panels damage observed in the quasi-static test of CLT buildings: (a) embedment of wall panels into floor

panels (b) cracking in the corner of large opening [2.22]

The actual impact of wind on tall timber structures remains unclear due to insufficient data.
Recent research [2.17, 2.26-29] and numerical analysis [2.30, 2.31] indicate that, although
high-rise timber structures can withstand strong wind and earthquake vibrations without
collapsing, the inter-storey drifts are much higher than the conventional concrete structures
with half of the mass, which exceeds the service limits given in building codes and is the
controlling criteria in timber structural design. Bezabeh et al. [2.27, 2.32] numerically
analysed the dynamic response of buildings using a combination of CLT core shear walls and
RC spandrel beams at the edges as LLRS under wind-induced vibration. The results showed

that the 20-story hybrid mass-timber building generally met the requirements of The National
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Building Code of Canada [2.33] in most cases, while the taller options (40 and 30 stories)
only satisfied the requirements under specific exposure conditions and with certain damping
levels. Reynolds et al. [2.28] analysed a hypothetical tall timber building using the Eurocode
1 method, highlighting the potential unacceptable dynamic response due to the lightweight
nature of timber structures. These findings indicated the acceleration impact on timber
buildings due to the light-weight nature and the insufficient structural stiffness. Most of the
existing full-scale testing were performed on platform-type CLT panelised buildings, while
limited research has been done on full-scale balloon panelised CLT buildings due to its
novelty. In 9th May 2023, a 10-story mass timber tower with balloon-type structure was
tested on an earthquake shaking table in UC San Diego Englekirk Structural Engineering
Centre, aiming to explore the possibility of building high-rise timber building with this new

structure system.

2.2.2 Full-scale CLTVS

Different from CLT panelised structures, limited research has been conducted on CLT
volumetric structures, hence there is still lack of understanding regarding their performance.
A timber-framed module was tested under static displacement-controlled load by Ormarsson,
Vessby [2.34] to study its lateral behaviour. As shown in Figure 2.10, the module
experienced a combination of horizontal and vertical movement in the experiment. The
loading point, located at the top left corner of module, experienced the largest lateral
displacement, while the corner below the loading point observed the biggest vertical
movement. The majority of deformation occurred in the hold-downs and angle brackets
between the tested module and the steel foundation, while the module itself exhibited a
relatively high level of stiffness. This experiment highlighted the significant influence of both
the horizontal and vertical inter-module connections on the overall performance of timber
volumetric structures, aligning with previous research conducted on high-rise steel modular

buildings [2.35-36].
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Figure 2.10. Global load-displacement curve of a single timber framed module under horizontal loading (left) and the

detected displacement vectors [2.34]

2.2.3 CLT shear walls

To gain further insights into the components interactions within CLT modular structures, and
how different shear wall configurations can impact the structural performance, a series of
experimental and numerical studies has been conducted on macro-scale CLT shear wall
systems. In addition to the impact on overall structural deformability, connectors have also
been proven to have significant influence in the kinematic behaviours of CLT shear walls.
Based on the vertical and horizontal movements of panels measured in quasi-static tests, four
essential deformation components can be identified: rocking, sliding, shear and bending
(Figure 2.11). The proportions of these components vary depending on the arrangement and
properties of the connectors [2.22, 2.37]. It was reported that, when panel rocking dominates
the kinematic behaviour, the panels have the capability to revert to their original position
upon unloading, facilitated by gravitational forces, thus achieving better ductility, energy
dissipation and ultimate displacement. This behaviour is considered to be superior to sliding,

which results in significant residual lateral displacement [2.38-39].

Deng et al. [2.40] conducted parametric studies on a single CLT shear wall system to
investigate how different parameters (connector boundary conditions, aspect ratio and gravity
load) can affect the deformation behaviours of the system. The studies demonstrated that the
strength of the vertical and shear connectors has the most significant impact, whereas the
contribution from friction and gravity load are minimal. Therefore, when aiming to achieve
energy-dissipative kinematic behaviour in CLT shear wall systems, the design must carefully

consider the connections as essential factors.
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Figure 2.11. Deformability modes of a single-panel system (top) and a multi-panel system under lateral load (bottom)

For multi-panel structures, the coupling effect of CLT panels can be classified into three
categories (Figure 2.11): coupled, combined single-coupled, and single wall behaviours,
depending on the relative displacement between panels. The coupling effect can be quantified

using the coupled wall behaviour parameter «:

uz

Equation 2.1
ustugz

where U ;, U,, and U 3 respectively represent the uplift of first wall panel, the relative vertical
displacement between two wall panels, and the vertical displacement of the rotation centre in

the second panels (Figure 2.11). When the panels behave as a single wall, indicating

insignificant relative movement, both u, and x approach 0. Conversely, when the wall

behaves as a coupled wall, k approaches 1.

The dominant deformation mode of a multi-panel shear wall system is determined by the
stiffness of panel-to-panel connections. Panel-to-panel connections with high stiffness restrict
the relative displacement between panels, enabling panels to act as a whole to resist lateral
load (single-wall behaviour). Yasumura et al. [2.23] conducted an experiment comparing the
behaviours of a CLT structure using large panels and discrete small CLT panels (Figure 2.12).
The structure using large panels exhibited twice the stiffness compared to its counterpart,
resulting in significantly smaller inter-story drift. These finding highlight that the attainment

of single wall behaviours can enhance structural integrity and lateral stability of panelised
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structures. However, despite the higher stiffness, the deformation mode in structure using
large panel is normally the combinations of panel slips and connection deformation, while the
deformation modes of the small panel structure are mainly connection deformation along

with panel rotations, demonstrating better energy dissipating capacity via higher average

equivalent viscous damping.
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Figure 2.12. Lateral deformation pattern detected in CLT structures with large panels (left) and coupled small panels (right)

under the same loading condition [2.23]

However, a different trend was observed in a comparative study between scale-down
platform-type and balloon-type structures, which have different panel integrity in vertical
direction [2.7]. Although similar ultimate load-resisting capacities were achieved in both
construction methods, the balloon-type shear wall, which used continuous vertical panels,
exhibited greater energy dissipation compared to the platform-type shear wall, primarily due
to the reduced slip between panels but larger deformations occurring in connections. This is
attributed to the larger height-to-length ratio and in-plane stiffness of the larger vertical
panels, where connection deformations at the bottom of panels contribute significantly to the
dissipation of energy. Whereas, in addition to global rocking, in-plane deformation is also a
major source of deformation in structure using discrete panels [2.7, 2.8]. Although the current
recommended practice for achieving a ductile structure is to use small panels and increase the
number of connections [2.23, 2.25], it remains challenging to determine the most suitable
panel and connection configurations and arrangements for ductile CLT structures due to the
limited studies at present. Therefore, the design of coupling wall behaviours should depend

on structural requirements of different projects and further development of analytical tools

and standardisations are needed.
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2.3 The Design of Multi-Storey Ductile CLT Structures

Previous numerical and experimental studies have consistently emphasised the significance
of attaining moderate ductility in CLT modular structures, given the inherent brittleness of
this natural material. A ductile structure should be capable of dissipating energy during a
seismic event through plastic deformation in specific regions, facilitating load redistribution,
sustaining substantial deformation without collapsing (serving as a warning to occupants),
being resilience to unforeseen events, and recovering of functionalities rapidly [2.41], while

retaining its load-bearing capacity to a significant extent [2.42].

Despite the importance of ductility and robustness in CLT structures, specific design codes or
guidance for CLT have not yet been developed in most regions [2.43]. In North America,
mass timber structures have been incorporated into the 2020 National Building Code of
Canada (NBCC)) [2.33] as well as the 2021 International Building Code [2.33], for gravity-
load systems in buildings up to 12 stories and 18 stories, respectively. In addition, the NBCC
2022 was the first structural code adopted CLT shear walls as seismic LFRS in the CLT
building’ seismic design, referring to Canadian Standard for Engineering Design in Wood
(CSA 086) [2.44]. It detailed provisions to ensure rocking to be the energy dissipative
kinematic mechanism. In Europe, the design of CLT structures currently follows the general
rules for timber buildings in EC5 and EC8, as well as information from relevant literature,
though they are not fully applicable. Ongoing research is focused on developing specific
design rules for CLT buildings in the future versions of EC5 and EC8 [2.44]. The new
generation of Eurocode 8 - timber part - will introduce an updated list of timber-based
structural systems with clear definitions of dissipative and non-dissipative zones in structures,
which are needed for the newly introduced capacity design rules and overstrength factors for
each type of structural system. CLT shear wall systems that are not present in the current
version, will be included as an independent timber structural system in the Standards [2.44].
Further, a new procedure for application of non-linear static (pushover) analysis will be
provided [2.11]. In this context, rapid development of CLT panelised construction is

foreseeable in the near future.

One essential issue in the ductile structure design is the identification of appropriate and
ductile failure mechanism. In accordance with EC8 guidelines, the structural elements
(timber) in timber buildings should remain elastic, with the dissipative zones positioned in the

connections to resist seismic actions. The current version of ECS8 classifies the ductility

47



behaviour of structures based on the achieved ductility ratio (the ratio between ultimate
displacement and yielding displacement) in the dissipative zones, categorising them into Low
Dissipative Capacity (DCL), Medium Dissipative Capacity (DCM), and High Dissipative
Capacity (DCH). As prescribed in EC8 8.8.(3)P, the dissipative zones in CLT buildings
should achieve a static ductility ratio of 4 for ductility class M and 6 for ductility class H.
Alternatively, compliance with the provisions of 8.8.(3)P can be accomplished by limiting the
fastener diameters to a maximum of 12mm, and ensuring a minimum timber thickness of 10
times the fastener diameter [2.45]. Therefore, the wall-to-floor and the wall-to-foundation
connections are normally designed as energy dissipating devices in CLT structures. The wall-
to-wall and floor-to-floor connections are normally over-designed as non-ductile connections
to prevent plasticisation, which can result in torsional rotation of the building and impact the

higher modes of vibration.

The SOFIE (Sistema Costruttivo Fiemme) project mentioned earlier, along with seismic
testing on CLT modular structures, revealed that CLT panels behaved as rigid bodies under
dynamic excitation, with the connections playing a significant role in the system's ductility
[2.46, 47]. These experiments proved that timber modular structures dissipate energy via the
elastic and plastic deformation in connections and the rocking of panels, which are
recognised as the desirable kinematic mode to avoid brittle damage in timber during vibration.
In addition, the discrete nature of modular buildings often results in larger inter-storey drift
under lateral load, highlighting the crucial role of timber connections in achieving required

serviceability performance [2.48, 2.49].

Furthermore, although the current low-rise CLT structures have demonstrated sufficient
lateral resistance, the realisation of multi-storey CLT structures that are more lateral load-
sensitive is still challenging. This limitation is primarily due to the inherent low density of
timber and the current connection systems' lack of sufficient stiffness, which are critical
factors in structures that are more sensitive to lateral loads. Therefore, the governing role of
connections in defining the overall structural performance necessitates the development of
high-performing connections. These connections should aim to minimise high accelerations
in CLT buildings, enhance ductility, and enable rocking and recentring behaviours in shear

wall systems, thereby achieving safe mid- to high-rise CLT modular structures [2.19].
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2.4 Conventional CLT Connections and Existing Challenges

In an existing CLT structure, several kinds of connections are commonly used: spliced, nailed
and screwed connections in wall-to-wall and floor-to-floor connections [2.50], and metal
plate connectors (hold-downs and angle brackets) with dowel type fasteners in wall-to-floor
and wall-to-foundation connections [2.51]. Screwed connections (Figure 2.13. (a)) are
versatile for varied locations, including wall-to-wall, wall-to-floor and floor-to-floor
connections. Brackets (Figure 2.13. (b)) and hold downs (Figure 2.13. (c¢)) are mainly used in
joints that subjects to a combination of shear and tension, such as wall-to-floor and wall-to-
foundation connections. Plate connections (Figure 2.13. (d)) are used to establish a
continuous load path between external vertical wall panels to resist uplifting [2.52, 2.53].
Conventional connection systems are highly versatile and can be integrated into a wide
arrange of timber structural systems due to their availability in a multitude of sizes and
shapes, coupled with standardised mechanical properties. Their design allows for easy
application at various positions within a timber structure, eliminating the necessity for any
modifications or cuts to the timber components, thereby facilitating a smoother and more

efficient construction process.

Figure 2.13. Commonly used connections in CLT structures: (a) screws (b) angle bracket (c) hold down (d) plate [2.52]
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2.4.1 Experimental studies

The behaviours of the aforementioned connection systems have been comprehensively
studied via experimental, numerical and analytical analysis. In common practice, yielding of
metal fasteners in the wall-to-floor connections is viewed as a favourable ductile failure mode
[2.54] in timber connections and the main sources of ductility in CLT structures [2.42, 2.55].
This typical behaviour of metal plate connectors is the “strong plate-weak fastener”
behaviour [2.56], and one of their unique characteristics is the permanent damage fasteners
introduced in timber. All other failure mechanisms, such as splitting in timber and buckling in
steel plate, are considered as brittle, since timber is not a ductile material and prone to brittle
tension, bending and shear failures [2.42]. The deformed fasteners crush timber and create
permanent cavities around them, which can lead to degraded stiffness and strength at load
reversals (known as the pinching effect), reduced resistance and delayed attainment of
maximum strength during the cyclic process (Figure 2.14. (b)&(c)). These features make the
conventional connectors unpredictable and unrepairable, reduce the structure’s capacity and
energy dissipation during the seismic event, meanwhile leave great residual displacements
that reduce the structure’s resistance to aftershocks [2.19, 2.50, 2.57, 2.58]. In addition,
similar features can also be observed in the hysteresis loops of full-scale buildings and the
used connectors (Figure 2.14. (a)), further illustrating the dominant influence of connection

properties on the overall performance of buildings.
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Figure 2.14. Hysteresis loops and monotonic curve for (a) a 2-storey full-scale CLT building [2.22] and the (b) angle
brackets and (c) hold-downs that used in the building [2.39]

In addition to timber damage, both angle brackets and hold-downs are characterised by high

stiffness but insufficient ductility in their primary directions [2.39, 2.59], falling into the L-
low ductility class (2<p1<4) or M-medium ductility class (4<[1<6) as prescribed in EC8

[2.45]. To achieve the required ductility class (M-medium or H-high (6< 1)), the
recommended design methods for ductile timber structures with conventional connections
involve increasing the number of connectors and utilising small-diameter fasteners [2.35,
2.36]. However, the significant quantity of connectors and fasteners can lead to time-
consuming on-site fastening work with hard-to-verify assembly quality [2.60]. Moreover, it
hinders the full potential of reusing timber components due to labour-intensive removal of
nails and screws, which may cause additional damage to the structural material [2.61].
Additionally, small-diameter fasteners can induce high stress in timber and penetrate the
fibres before the capacity of timber is fully developed, causing brittle failure with sudden
reduction in connection strength and large residual displacement even after the removal of the
external loading. This kind of brittle failure is highly unfavourable in structural design as it
causes irreversible damage on the structural elements which results difficulties in structural

maintenance.
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2.4.2 Analytical models and design rules
Strength calculations

Based on the components on connection shear planes, connections are classified as timber-to-

timber connection and steel-to-timber composite connection with varied kinds of fasteners
(bolts, nails, screws) in EC5. The lateral capacity ( F; at.rx ) Of these connections can be
predicted associating with the European Yield Models (EYMs) proposed by Johansen and
prescribed in EC5 [2.62] based on different failure modes (Figure 2.15) of laterally loaded

screw fasteners. As shown in Figure 2.15, only the deformation of screws and the crushing of

timber are considered in EYMs.

Key:
(1) Single shear
(2) Double shear

(a)
Jale
AAdAd R T HAR
a b c d e f g h i k m
(b)

Figure 2.15. The failure modes of (a) timber-to-timber connections, and (b) steel-to-timber connections that are considered in

European Yield Models (EYMs) [2.62]

However, previous comparative studies between EYMs and experiment results [2.39, 2.59,
2.63] revealed a conservative strength prediction (lower than 80% of the tested results) and a

significant stiffness overestimation (up to 9 times higher) of this analytical model of timber
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connections [2.39, 2.64]. The prediction errors can be attributed to several factors of timber
connections. The bearing capacity of timber in conventional connections is defined by the

combinations of the embedment strength f,, , the sensitivity to splitting, the connection

configurations and variation of fastener types in connections [2.65]. Due to its heterogeneity,
timber behaves differently in different directions and may have inherent defects such as large
knots, resin pockets, bark inclusions [2.66], leading to the greater scattering of timber
material properties than the steel material [2.67]. Therefore, relying the connection capacity
on the timber with dispersive properties as a natural material [2.68] may lead to unpredictable
connection behaviours and considerable variations between specimens, as well as accurate
modelling methods [2.63], especially when the complex deformation and damage progression
mechanism at the contact area between fasteners and timber connections are still unclear
[2.69]. Numerous modelling methods were proposed to simulate this mechanism, such as the
one proposed by Hong [2.70] that include all the dimensional details of the threaded part,
which however can lead to overcomplicated numerical models with great computational

efforts, making it unsuitable for practical application.

Previous experiment [2.71, 2.72] also identified the contribution of withdrawal capacity of
screws when they are loaded in lateral direction (as known as ‘rope effect’). It was found that
although the withdrawal capacity does not impact much screw behaviours at the quasi-elastic
region, it shows pronounced influence on load-carrying capacity and the shape of the slip
curve at larger displacements. The EYMs consider this factor by adding an approximate

frictional force with a frictional coefficient 0.25 in to the calculation of shear resistance

(F,rx = Flarg 7025 F ), for the failure modes that are governed by screws

withdrawl
deformation (e.g. Figure 2.16(a) d, e, f, j, k & Figure 2.17(b) b, e, g, h, I, k, m), which

however, was proved to be inaccurate and insufficient [2.72].

In addition, EC5 does not include any specific design provisions for CLT-screwed
connections and conventional metallic connectors such as angle brackets and hold-downs.
Therefore, the design of these connections should be assisted by research work conducted by

BlaB3 and Uibel [2.73] on CLT connections, or ETAs for specific metal connections.
Capacity design

In timber structural design, the overstrength method developed by Jorissen and Fragiacomo

(Equation 2.2) [2.42] is widely employed on both building and connection levels to ensure
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the full activation of all ductile elements and prevent plasticisation in non-ductile zones
[2.74], as required in EC8 [2.45]. To avoid premature brittle failure, timber panels need to be
over-strengthened [2.42, 2.43] (Figure 2.18), allowing them to remain in the elastic phase
when plastic deformation is only processed in connectors. At building level, all timber
elements and connections in non-dissipative zones (e.g., wall-to-wall and floor-to-floor
connections) are strengthened to avoid plasticisation. At connection level, timber elements

are strengthened to ensure the development of localised yielding in fasteners [2.44]. In this

method, the introduction of the overstrength factor y,; in the design strength of brittle
elements (R p.i1410) 1S to mitigate the influence of factors that could result in higher-than-

expected capacity in ductile elements ( R ;,.ti7e )- Initially, conventional connection

tile
overstrength was determined through cyclic tests [2.43], but Trutalli et al. [2.67] suggested
using parameters from monotonic tests for a more conservative design due to lower

connection strength in cyclic tests caused by the accumulated pinching effect.

YraRaductite = Raprittie Equation 2.2
3
% connection
e resistance
2

member
(beam)
resistance

Ry Ry R g R ,osRy s R resistance R

¢.095 b d bk
R_, =analytical prediction of the connection design strength capacity
R., =analytical prediction of the connection characteristic strength capacity
R_, .. =5" percentile of the connection strength capacity distribution
R, ., =95" percentileof the connection strength capacity distribution
R, , = design strength capacity of the beam (brittle member)

R,, = characteristic strength capacity of the beam (brittle member)

Figure 2.18. Concept of over-strength method: the resistance of connection should be smaller than the resistance of brittle

members with sufficient ratio [2.42]

However, specific overstrength factors for different connections are not currently
standardised [2.43]. The estimated overstrength factor could be insufficient and limit the

attainment of the overstrength effect. Therefore, apart from employing the overstrength
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method, common strategies recommended by EC5 to prevent brittle failure in timber
connections involve implementing prescriptive safeguards in connection configuration design.
These include minimum spacings, minimum number, slenderness ratios, edge distances and
the effective number of fasteners [2.63]. Nevertheless, as documented in an experimental
study [2.75], conventional steel connectors may still experience brittle failure despite the
proper implementation of these safeguarding measures, due to the anisotropy and inherent

defects of timber material.

Furthermore, the capacity of brittle elements (timber) and ductile elements (fasteners) are
considered independently when applying overstrength method, which however is unrealistic
due to the simultaneous deformation in timber, steel plate and fasteners in conventional plate
connections in working conditions. Desirable fastener yielding (ductile behaviour) is
typically accompanied by other failure modes, including timber crushing or splitting (brittle
behaviour), steel plate fracture (brittle behaviour) or bending (ductile behaviour), as well as
nail breakage and pulling-out (brittle behaviour) [2.51, 2.76-79] (Figure 2.19). The primary
failure modes varied according to different connection factors, such as fastener types,
arrangements and geometry, timber properties, loading directions, connection locations, as
well as connector configurations. The interaction between these factors is still unknown,
making it difficult to predict the primary failure mode of connections using existing
analytical models, in which only timber crushing and fastener yielding are considered along

with the assumption of rigid steel plates.

The ignorance of the composite effect and the rigid plate assumption could lead to significant
estimation errors, especially for connections with small steel plate thicknesses, as they
overlook the deformation contribution of steel elements [2.39, 2.59]. For example, it is
suggested in ECS that, the stiffness calculated for steel-to-timber connections should be
doubled up to account for the strengthening of steel plate, which was proved to lead to greatly
higher connections stiffness [2.64, 2.80]. The inaccurate representation of connection
stiffness, which is especially crucial to the global stiffness of CLT shear wall system as
discussed above, can lead to significant errors in the estimation of the principal elastic
vibration period in seismic design, as proved in a numerical parametric study [2.81]. When
having all brittle failure modes considered, some newly proposed analytical models with

more complicated formulas [2.82-84] showed better agreement with the test results and
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provided clearer identifications of the related failure modes [2.63, 2.85], indicating the need

of further improving the design guideline of the conventional metal plate connections.

(@) (b)

Figure 2.19. Different kinds of failure modes in timber plate connections: (a) cutting-through of fasteners in timber (b)

breakage in metal connector (c) pulling-out of fasteners [2.59, 2.80]

2.5 Novel Connection Systems for CLT Modular Buildings

Although CLT structures are widely applied and proven feasible for low-rise structures, the
local- and macro-scale testing has revealed the insufficient mechanical performance, the risk
of brittle failure and the performance instability of conventional timber connections to be
applied in large CLT construction. The performance of timber connections is complex and
not yet fully understood and standardised, which can lead to risks of unforeseeable
connection behaviours and difficulties in structural design. Furthermore, the absence of
design guidance, in particular for the identification of suitable, ductile failure mechanisms,
further increases the difficulties of designing ductile timber connections for seismic resilient
timber structures. This represents the primary barrier to the slow adoption of timber structures
in the construction sector and the prevalent hesitation, despite the architects' and engineers'
desire for wider utilisation of this sustainable material. In addition, due to the lack of
standardisation among the existing connections, manufacturers must modify the production
line according to connections used in different projects (metal plate, hole drillings), leading to

additional cost and waste, and often hinder people’s choices on this construction methods.

In addition to mechanical considerations, growing attention has been directed towards the
feasibility of conventional screw-based connection systems, particularly within the context of
large CLT structural systems. In CLT panelised and volumetric structures that utilise large
areas of structural panels, the accessibility of connection becomes limited, posing a major

challenge in connection installation for achieving necessary rigidity for CLT modular
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structures. Additionally, issues like imprecise pre-drilling, potential timber damage around
screw holes, and variations resulting from manual labour can introduce varying degrees of
initial slippage in connections, thereby causing nonlinear contact effects between steel
fasteners and timber even in the initial stages [2.14]. Such nonlinearity is highly undesirable
in structural design, as it may culminate in inadvertent failure or undesired dynamic
behaviours. To enhance both the structural performance and construction processes of CLT
modular structures, various alternative connection systems have been proposed to address

specific challenges inherent in timber construction (Table 2.1)
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Table 2.1 List of novel connections and reinforcing systems for CLT modular construction

Index

Name

Connection Figure

Descriptions

Ref

Connectors for CLT panels (CLT-C)

CLT-C1

CLT-C2

CLT-C3

CLT-C4

X-bracket

The X-
RAD,
Rothoblaas
Ltd.

SHERPA
CLT
Connector

Pinch-free
Connector
(PFC)

The X-bracket is a novel steel bracket
designed for providing CLT buildings
with improved ductility and energy
dissipative capacity in both shear and
tensile direction, as well as for
reducing permanent damage in
timber, strength degradation and
pinching effect.

The X-RAD is a multi-directional
point-to-point connection that links
wall and floor CLT panels, which is
easy to assemble and disassemble but
requires precise profiling and fitting.
With the inclined screws and the
linking metal panels, this connector is
characterised by high strength and
stiffness with adequate ductility.

The SHERPA-CLT-connector is a
coupling element that can be used in
the angle joint, t-joint and
longitudinal joint of CLT panels. It is
designed for safe and high-precision
assembly without the need of any
scaffolding, as the connectors are
placed in the interior of buildings.

The PFC is a novel tensile connector,
which is designed to overcome the
pinched effect in conventional timber
connections with improved reload
stiffness and  better  hysteresis
performance. The equipped preloaded
spring ensure the permanent contact
between timber and connector,
therefore eliminating the crushing-
induced slack through a ratcheting
mechanism.

[2.46,
2.50,
2.58]

[2.37,
2.59,
2.60]

[2.61,
2.62]

[2.32]



Top steel bracke
connecting the RSF
joint to the wall The Tectonus is a friction tensile
connector, which allows rocking and

fully self-centring behaviours in CLT

shear walls. It can dissipate energy

via friction and effectively eliminate [2.63-
the slip between the connected 66]
clements. This system is recently
commercialised and applied in the

newly built ‘Fast+Epp’ building in
Vancouver [2.15].

20 mm diameter
pin
Slip-friction
CLT-C5 connector
(Tectonus)

20 mm diameter
pin

Bottom steel bracket
connecting the RSF '
joint to the foundation

This is a novel type of shear
transferring device that designed
| along with CLT-C5 for the rocking
- shear wall behaviour. It behaves
| similarly to angle bracket connections
when working in shear, while the
slots with special shape allow for
uplifting during the rocking of CLT
panels.

Shear key
with slots

[2.63-

CLT-C6 66]

At Inclined self-tapping
screws (STS)

T Thig slip-friction connector (SFC) is a

hatched surface vertical connector that is made with

€ Lateral bearing cog with steel plates clamping together with

hatched bearing surface slotted bolt holes and fixed to timber

D: Reaction bolt with inclined self-tapping screws.

E: SFC clamping bolts with Certain degree of linear movement is (2.67,

Belleville wactiers allowed in this connector to achieve  2-68]

F: 45-degree washer satisfying energy dissipative
performance with limited strength
degradation.

Slip-friction
connector
CLT-C7 (Slotted-
bolted
connection)

The XL-stubs are modified hold
downs with hourglass steel plates to
replace the original rectangular steel
plates. The reduced area at the middle
of the hourglass steel plate can help
trigger  deformation  localisation
during loading and reduce plastic
deformation in timber, thus achieving
improved energy dissipation capacity.

[2.31,

CLT-C8 XL-stubs 2.69]
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CLT-C9

CLT-
C10

CLT-
Cl1

CLT-
C12

Holz-Stahl-
Komposit
(HSK)
System

Novel tube
connector

High-Force-
to-Volume
(HF2V)
damping
devices

Internal-
perforated-
steel-plate
(IPSP)
connections
with  self-
drilling
dowels
(SDD)

Mountingbody ~ Endcap  Cyfinder Endcap
Retaining bolts

Bulged Shaft
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Holz-Stahl-Komposit (HSK) System
is a shear connector formed by steel
plates that are inserted into timber and
bonded with chemical adhesive.
Duct-tape is used with this connector
to prevent the formation of adhesive
bond in specific areas, creating
a ’weak zone’ that can act as a
yielding fuse.

This tube connector is a hollow steel
tube placed within the hole drilled on
CLT panels, connecting panels to the
foundation by a threaded rod that
goes through the panels. Apart from
the improved mechanical
performance, this connector is also
designed for limited timber damage,
and easy installation and replacement.

The HF2V damping device is a
substitute to the conventional tensile
connections with loading resistance
and energy dissipation being provided
by the reversible plastic extrusion of
lead. It also enables self-centring of
shear walls with insignificant damage
in both device and timber, and can
therefore be fully reused.

This is a modified IPSP connector
that joints timber panels using SDD
instead of adhesive. It can be
transformed into hold-downs and
panel-to-panel ~ connectors.  The
reduced area of steel plate (steel
bridge) is the designated weak area to
deform first to prevent the bending of
SDD and the crushing of timber.

[2.12,
2.70]

[2.71,
72]

[2.73-
75]

[2.76]



CLT-
CI13

CLT-
Cl4

CLT-
CI15

CLT-
Cl6

Energy
dissipators
with  steel
buckling
restrained
steel braces
(BRB)
concept

Gap
Reinforced
Fastened
Connector
(GRFC)

Prefabricate
d Metal
Dovetail
Connector

LOCK
Connector
from
Rothoblaas
Ltd.

round bar with
flat ends

e

1 support at wall panel
threaded rod

/
5
threaded rod

&

4
support at foundation

s = =

;o

f— 06m — *Dam ~

Internal steel plate
Epoxy adhesive

\H kg m(gap)

.\Av -

10d common

Nail holes nails (14 nails)

Division clements
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This connector is an energy dissipater
for CLT panels that has a milled
portion enclosed in a grouted steel
pipe that is designed to yield first in
connector. An end-pinned system is
included in the connector to allow
rotation at the ends of the energy
dissipators and reduce internal
moments.

The GRFC is a modified hold-down
incorporates a gap between two steel
plates that are bonded by adhesive.
The gap creates space for the yielding
of fasteners, thus reducing the
crushing on timber during
deformation. The adhesive layer
creates rigid interface between
fasteners, reducing the connections
space requirements in EC5.

The prefabricated metal dovetail
connector consists of a mortise part
and a tenon part, which is designed
for screw-free onsite installation of
CLT panels.

The LOCK connector system is a
concealed connector for the easy and
accurate joining of CLT panels to
concrete foundation by sliding, which
also provide convenient disassembly
after the end-of-life of structures. By
varying the length of connector, this
system can be used on both CLT
panels and beams.

[2.77]

[2.78]

[2.79]

[2.80]



The KNAPP® The Knapp connector is an [2.86]
Knapp® ‘ interlocking panel-to-panel
connector E——— e B connections. It provides both the out-
CLT- = B of-plane and in-plane resistance as
C17 e AT Sl J;;' well as the uplifting resistance. It is
casy to assemble but difficult to
install as it requires complex plan on
the wall segments.
The The Dovetail metal brackets are [2.87]
Dovetail arwa interlocking panel-to-panel
metal connection that designed to simplify
CLT- brackets | the on-site wall erection process. It
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v sl profen ., gy reinforcement along the edge of
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= "
2 fal
Heidelberg
Student . L
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conventional CLT shear walls. The
steel frame ensures structural integrity
when the load-bearing CLT panels
are damaged, thus allowing low-cost
rehabilitation.



Post This hybrid shear wall system is

ten519ned reinforced by prestressed tendons and
hybr1d.shear Veall ] energy dissipating devices (UFPs).
wall with U- prion = Recentring and sufficient energy
CLT-R2 shaped \ dissipation can be achieved in this [228832 ’
flexural system through metal yielding with 83]
plates litter timber damage, which allows
(UFPs) low-cost repair by replacing the
sacrificial UFPs after seismic events.
Connector For CLT volumetrics (CLT-V)
A steel T-shaped angle plate with pins
Jakarta for the accurate alignment and
CLT-V1 Hotel translational constraints of modules, [2.90]
which was designed specifically for
the Jakarta Hotel project.
A specially designed notched CLT
Moxy panel used as the sit_ie wall of
Modular modules and the inter-module
CLT-V2 Hotels connection for the easy on-site [2.91]
(Marriott) modules’ assembly, what was
designed specifically for the Moxy
Modular Hotels project.
A novel
inter-
module —_—
horizontal Urostvel A replaceable inter-module
connection 7 connection to achieve good energy
CLT-V3 proposed by = e dissipation ~ and  limit  plastic (2.92]
the Lower vl =y, deformation in timber.
University s
of British
Columbia

Complementary to the introduction of the innovative connectors, the experimental studies
carried out to prove the mechanical performance of these CLT connectors are summarised in

Table 2.2.
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Table 2.2 Comparison of the experimental results for the novel connections

Fasteners Scale of Loading Ductility
Index Connection Type Deformation and Failure Modes
Type Testing Protocol Factor
Angle bracket .
(Shear) Local/Macro Cyclic 23.43
«  Out-of-plane buckling in the vertical web, which may cause embedment damage in
timber.
4* M16
CLT-C1 bolts

Hold-down Local/Macro Cyclic 23.57

(Tension)

. Out-of-plane flexural buckling under compression and extension under tension in the
vertical web.

. Minor steel embedment and slight plastic deformations can be observed in M16 bolts
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with no visible damage in timber after testing.

Angle bracket

Monotoni 2
(Shear) ¢/Cyclic
. Block-tearing of the inclined metal fasteners along with the deformation at steel
6*011 x envelope.
300 mm
CLT-C2 Inclined Local/Macro
screws
and M12
bolts
Hold-down Monotoni 6.3
(Tension) ¢/Cyclic )
4*M10/
CLT-C4 Hold-down 2*M16 Local/Macro Cyclic 10
(Tension) bolts

. Embedment in wood and yielding in fasteners, depending on the diameters of

fasteners used with the connector.
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2*M20

Movement of the centre plate within the grooved outer cap plates along with the

compression of the Belleville springs.

In the lateral direction, CLT-C6 has similar behaviours to conventional angle

In the vertical directions, bolts can slide within the slots along with the movement of

bolts and
Hold-down 8*P11 x .
CLT-C5 (Tension) 550 mm Local/Macro Cyclic N/A
screws
Angle bracket 8*M20 .
CLT-C6 (Shear) bolts Macro Cyclic N/A
brackets.
panels.
27%*
Hold-down ®10 x .
CLT-C7 (Tension) 140 mm Local/Macro Cyclic N/A
SCrews
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. Slipping between cap plate and brass shim

. No damage to the self-tapping screws in connection was observed and no washers fell

out of their slots.

8*M12
Hold-down bolts and Monotoni
CLT-C8 (Tension) 2*¥M18 Local ¢/Cyclic 522
bolts
Hold-down
CLT-C9 (Tension) & p ane - Adhesive Local/Macro Monotqnl 31.8
to-panel connection ¢/Cyclic
(Shear)

Deformation of steel around the holes that are covered by duct tape and not

adhesively bond with timber.
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CLT 1*p12.7
- mm .
C10 }%"(l)'le(il_ji(())ﬁ/)n threaded Local I\f /(gloctﬁ rcu 4-8.7
rod and 2* Y
nuts rods
16%07 x .
Paneljto-panel 133 mm Local/Macro Monotqnl 14.5
connection (Shear) sorews ¢/Cyclic
CLT-
Cl12
1* M28
bolt and .
Hold-down 16¥Q7 x Local/Macro Monotoni 22.1
(Tension) 133 mm ¢/Cyclic
SCrews

Bending or rupture at the steel bridge of the perforated steel plate.
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9*
06.35 x

76.2 mm
CLT- Hold-down screws, 1*
Cl13

(Tension) threaded
rod and 1*
?25.4 mm

bolt

Local

Monotoni
¢/Cyclic

N/A

lateral buckling at the milled section near the shoulder, which is caused by the

rotation of steel pipe during the compression of cyclic loading

Adhesive

CLT- Hold-down % gng?X

Cl4 (Tension) 76.2 mm
nails

Local

Monotoni
¢/Cyclic

0.44-2.55

Yielding of nails (b) inside the gap area and the shear-off of nails (a)&(c).
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Hold-down
(Compression)
CLT-
Cl15
Angle bracket
(Shear)

Monotoni
¢/Cyclic
24*(P5 x
100 mm Local
SCrews
Monotoni
¢/Cyclic

Shear crack in
rolling

4.67
. Pull-out of screws along with cracking in the middle layer of CLT panel.
7 Pu]]out of
self-tapping screws
1.67

(b)

. Screw yielding (a) accompanied by wood crushing (b) and screw fracture (c).
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128 *
(7 x 233
mm
screws Local/Macro Cyclic 4.83
and
6*(38
mm bolts

CLT-R1 Shear wall system

)

The loss of attachment between the CLT panels and the steel frame (a) due to the

pulling-out of screws (b) and embedment failure in timber (d).

4*%@12.7
mm

tenons
and self- Local/Macro Cyclic

CLT-R2  Shear wall system
drilling
screws

N/A

Bending of UFPs during shear wall rocking

Note: Detailed experimental records of CLT-C3, CLT-C11 and CLT-C16 are missing in the literature
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2.6 Connection Performance Evaluations: Connectivity, Manufacturability,

Constructability

2.6.1 Performance evaluation for novel CLT connectors

According to Figure 2.1, most new CLT connector designs incorporate additional two- or
three-dimensional steel connectors as alternatives to conventional steel plates. In addition to
enhanced mechanical performance, novel connectors possess unique features that specifically
address the limitations of conventional connectors. It is therefore difficult to directly evaluate
or compare the connectors’ performance when their design philosophies are somewhat, and

in certain cases completely, different.

In addition to fulfilling the structural requirements, the manufacturing and constructional
performance of connectors define the efficiency and the overall cost of CLT construction, and
therefore should also be well considered in the design of CLT connectors to promote practical
applications. Previous studies by Srisangeerthanan et al. [2.93], Corfar & Tsavdaridis [2.94]
and Li & Tsavdaridis [2.95] introduced multi-attribute performance evaluation systems for
steel modular connectors, encompassing comprehensive considerations and explanations of
structural performance, manufacturability, and constructability. Some evaluating criteria are
herein adopted and tailored to reflect the unique characteristics of CLT construction, thereby
providing clearer insights and enhancing the discussions on the performance of such

connections.

2.6.2 Structural performance

Translational properties

From the structural performance perspective, panelised structures like CLT shear wall
systems require connectors to have adequate planar forces capacity, such as shear and tension.
Although all new connectors as summarised in Table 2.2 can provide sufficient resistance in
their primary working direction, certain connectors (CLT-C4-8, 11, 13, 16) are designed for
unidirectional use and possess limited capacities in the secondary direction. By eliminating
any coupling effects between shear and tension, this characteristic can contribute to a clearer
understanding of the relationship between connection properties and shear wall performance.

However, limited capacity and the occurrence of unfavourable failure modes in the secondary
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working direction can result in unforeseen failures (e.g., buckling failure observed in CLT-
C13 under compression), preventing the attainment of full capacity. Consequently, it would
be preferable to have sufficient capacity in both working directions, with the strength in the

secondary working direction serving as additional reinforcement for the structures.

Strong fasteners-weak metal connector behaviours

Contrary to the “strong plate-weak fasteners” concept for conventional connections, the
majority of the new connectors (CLT-C1, 4-14) achieve ‘strong fasteners-weak metal
connector’ behaviours along with the much-improved ductility (Class H). This is achieved by
employing large-diameter fasteners that offer greater yielding strength in timber-fastener
connections compared to metal connectors. As a result, the inelastic deformation mechanism
shifts from fastener yielding and timber crushing, as observed in conventional connections, to
the more ductile bending (CLT-C1, 8-10 and 12) or sliding (CLT-C4-7) of the steel
connectors. Owning to the well-standardised homogeneous properties of steel material, the
controlled deformation of metal elements can provide improved ductility and predictable
mechanical performance, while mitigating the influence of inherent defects in the connected
timber elements. Moreover, the minimised deformation in fasteners can prevent timber
damage, avoid stiffness degradation in the load reversal, and mitigate the risk of brittle failure
in structural elements. By comparing the hysteretic curves of conventional connection and a
novel timber connection equipped with ‘strong fasteners-weak metal connector’ behaviours,
it is showed that much plumper curve can be achieved in the new connector, indicating better
energy dissipating capacity (Figure 2.20). The common application of the so-called ‘damage
avoidance philosophy’ in the novel connector design reflects the widely recognised concerns

toward timber damage with regards to conventional connections.

Also, the better ductility in those connectors (CLT-C4-8, 10, 11and 13) that designed as the
alternatives to conventional hold-downs connections, can facilitate rocking behaviour for
enhanced energy dissipation in CLT shear wall systems. This feature also meets the growing
requirements for uplift resistance and energy dissipation in large-scale timber construction.
Furthermore, certain new connectors (CLT-C4, 5, 7, 11) incorporate special elements like
springs and reversible plastic extrusion to enhance recentring capabilities during panel
rocking. This design approach enables higher stiffness in the unloading process, resulting in a

significantly larger hysteresis curve.
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Figure 2.20. Pinching behaviour in conventional hold-downs (top) and innovative connections (bottom) with ‘strong

fasteners-weak metal connector’ behaviours [2.57]

2.6.3 Constructability

In addition to the mechanical performance, construction requirements should also be
carefully considered in the connector design stage, as they determine the ease, speed and
quality of CLT construction. The ideal CLT connections for efficient construction should be
compact, easy to install with reduced manual efforts, capable of accommodating tolerance

requirements, and demountable to facilitate disassembly and future reuse.
Onsite assembly

When designing connectors for optimal constructional performance, certain specific factors
should be taken into account. Firstly, connectors should offer straightforward on-site
assembly methods for structural elements to enhance construction efficiency and lower
construction costs, particularly considering the context of rapidly rising labour costs.

Although most of the new connections still use on-site screw fastenings similar to
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conventional steel plate connectors, CLT-C15 and 16 employ an interlocking technique that
eliminates the need for on-site fastening. Interlocking is a connecting method used in ancient
timber structures and is readopted in modern connection design to promote more efficient

assembly in construction.

Secondly, the choice of fasteners that connect the connectors and structural elements should
be carefully considered, as the process of fastening screws in conventional connectors
accounts for the majority of the workload. In contrast to the labour-intensive installation of
small-diameter fasteners used in conventional plate connections, novel connectors (CLT-C1,
4-7, and 13) more commonly employ big-diameter screws or bolts. Employing larger
fasteners can enhance the load-bearing capacity of the timber-to-fastener connection while
reducing the total number of fasteners, thereby improving construction efficiency and
realising the “strong fasteners-weak metal connector” and ‘damage avoidance’ philosophy.
Connectors designed with such philosophy, especially those use big-diameter bolts and
dowels (CLT-C1, 4, 5, 7-11 and 13) can be repaired or replaced with minimal damage in
timber, making them well-suited for supporting structure maintenance and enabling the
recycling or reuse of structural materials. This is especially advantageous for connectors
located on the exterior surface of CLT panels and require no panel modification for the fitting
of connectors (CLT-C1, 4, 8 and 13). Some connectors (CLT-C2, 5, 7, 9, 10 and 12) require
profiling (cutting, drilling) on timber for connector placement. This process can result in a
reduction in the cross-sectional integrity of the structural elements, leading to elevated

workload and costs, and reduced potential reusability.

In addition, in some new connectors (CLT-C9 and 14), chemical adhesive is employed
alongside the conventional mechanical fastening method. Though very high stiffness can be
achieved in these connectors, the adhesive formation process could be problematic for onsite
installation, as it may be affected by numerous factors such as weather and site conditions.
Thirdly, connectors should be able to accommodate considerable levels of construction
tolerances for unexpected onsite adjustments. Connectors (CLT-C2, 10 and 15-16) that have
complex profile and require accurate onsite operation may be difficult to assemble onsite
when unexpected construction errors happen, while those (CLT-C1, 4, 6, 8, 13 and 14)
attached at the exterior surface of CLT panels can be easily adaptable to project and

construction changes.

Onsite Lifting
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To enhance installation quality and efficiency while minimising onsite workload, connectors
CLT-C2, 15, and 16 are specifically designed as prefabricated connectors. These connectors
can be accurately pre-assembled and installed onto the timber in controlled environment,
which is especially beneficial for those that require special tooling. For prefabricated
connectors, it is crucial to have suitable design for transport vehicles and be able to use as
temporary support system during panel lifting, such as the X-RAD connector (CLT-C2)
(Figure 2.21.b). This can be regarded as an additional constructional benefit, since traditional

panel lifting involves hole drilling and filling on panels for placing lift devices (Figure 2.21.a).

(b
Figure 2.21. Panel lifting: (a) with conventional method [2.86] and (b) with novel connectors (CLT-C2) [2.60]

Interlocking connection

For CLT-C15-19 that adopting interlocking technique, structural elements can be self-locked
onsite with the slot (groove) and ridge (tongue) connector designs that have matched shape
that can fit together without additional joining operations, such as adhesive or fasteners. By
adopting this approach, the requirement for accessing specific points to install fasteners is
removed, effectively solving issues related to the accessibility of connections and the
efficiency of installation. This method also enables disassembly without resorting to
demolition, ensuring that the structures can be readily adapted to accommodate potential

environmental shifts or changes in their intended function.

Interlocking systems are considered as simple and reversible mechanical connections to help

simplify the assembly process in construction, as it connects elements by the interaction
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instead of mechanical fasteners. This kind of connecting technique transmits load by the
bearing of components which can prevent the brittle failure in materials that are sensitive to
load concentration. As opposed to chemical and screwed connections, interlocking
connections can also enable components to be separated more easily [2.96]. The listed recent
developments enrich the importance of interlocking technique in CLT connection systems for
efficient construction and upgraded structural performance. However, the listed interlocking
connections for CLTVC are all bespoke connection solutions proposed for specific projects,
while a universal interlocking connection solution for CLTVC has not yet been proposed.
And these bespoke connections all require special modifications on CLT panels for the fitting

of connections, which limit their applications in general CLT modular construction.

2.6.4 Manufacturability

The manufacturability of connectors governs the speed and quality of mass production, which
can be assessed from the connector complexity (geometry, component number, material,
processing procedures). Connection parts that can be easily fabricated using conventional
manufacturing methods can expedite the commercialisation process and lead to substantial
cost savings in construction. For those have being more geometrically complex, special
manufacturing methods such as 3D printing, is required, which can significantly increase the
manufacturing cost — on a positive note, the supply chain issue can be solved, especially
when quick replacement is required after the damage of a connection component. All novel
connections listed in Figure 2.1 can be fabricated using conventional manufacturing methods.
The planar connectors such as CLT-C1, 8, 9, 12 and 14 are the most mass-producible, they
can be simply cut from steel sheets. For those 3D connectors, multi-process manufacturing
may be required with significantly higher cost. For example, the cap and centre plates of
CLT-CS can be sawn from merchant flat bar and then milled to achieve the toothing shape on
surface. Alternatively, they can be produced from a custom rolled special section in 6m
lengths, and then be sawn, drilled and slotted, which however would require minimum
ordering of 100 tonnes, according to the British steel manufacturer SC4. In the case of CLT-
C13, different components necessitate distinct manufacturing methods. The wall support of it
can be produced from either a stock PFC or a press braked channel, while the foundation
support should be produced from either a tee section or fabricated from profiled/drilled plate.
The steel sleeve in the middle also requires separate manufacturing from a profiled and

formed plate before being integrated with other components.
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As some of the new connectors have more than two components (CLT-C4, 5, 7, 10, 11 and
13), careful assembly (installation) processes in factories or onsite is required, which also
governs the cost and efficiency of production. Furthermore, certain assembly processes (e.g.,
welding in CLT-C10 and 13) necessitate special operations that can further diminish the
production efficiency and increase cost. In addition, tolerances in the assembly processes
should also be carefully considered during the connection design phase. Considering the
accuracy of conventional manufacturing methods, 1-2 mm tolerance between components

should be achievable to avoid fitting difficulties caused by dimensional errors.

2.7 Demolition of Timber Structure and The Reuse of Wasted Timber
2.7.1 Material reuse in timber construction

Despite the fact that UK generates over 60 million tonnes of construction and demolition
waste annually, insufficient emphasis is placed on the end-of-life of buildings material among
all the new advancements in the construction industry in the recent years, even though it
offers significant environmental benefits [2.97]. The EU Waste Framework Directive
proposed a waste hierarchy (Figure 2.22), which highlighted the importance of reuse than
recycle and disposal for optimal sustainability and was adopted in the Waste (England and

Wales) Regulations 2011.

Prevention

;:’/ Minimise initial waste
~ Reuse
\.) Maximise material reusability

/
/

= Disposal
1 Send waste to landfill

Figure 2.22. Waste hierarchy proposed by the EU Waste Framework Directive

Environmental charity Green Alliance estimated that, increasing the reuse of construction
products could save 22.3 MtCO2e of greenhouse gas emissions over 9 years [2.98],
especially for timber as a biodegradable material, which is easy to modify and has greater

potential of reuse over other mainstream construction such as concrete and steel. The Wood



Recycler Association (WRA) [2.99] classified the recyclability of wasted wood into 4 grades
according to the source, the material type, and the included non-wood content (fixing,
coatings, binders, etc.). Based on the report, the unprocessed waste wood that is free from
contaminants, can serve as a viable material for animal bedding, panel board feedstock,
landscaping or equestrian surfaces, as well as for biomass applications. Waste wood that has
undergone treatment but poses no hazardous risk is well-suited for utilisation as feedstock in
the panel board manufacturing process or for energy recovery. Conversely, hazardous waste
wood must be exclusively disposed of in a licensed facility designated for the handling of
such materials. However, detailed Standards that regulate the processing and properties
determinations of the wasted material have not yet been published, which hinder the adoption

of recycled construction material.

At present, a significant portion of wood sourced from the construction and demolition (C&D)
sector can only subject to disposal methods such as incineration for energy retrieval or
placement in landfills, contingent upon the specific legal, regional, and technological contexts
in each country [2.98], which is the least priority in the waste hierarchy (Figure 2.22). In
recent years, Europe recycles just approximately one-third of its construction and demolition
(C&D) wood waste into materials suitable for board product manufacturing [2.100, 2.101],
indicating the urgent need to improve systematic circularity in construction. The majority of
wasted timber (~65%) was chopped into small pieces and used in producing biomass energy.
Small proportion of them (~9%) that in good condition with minor amount of paint and
surface coating can be used to manufacture by-products, such as landscape surface and

animal bedding [2.101].
2.7.2 Reusable connection system for timber construction

Several factors currently impede the full reusability of timber in construction, with
demolition methods being a primary concern. The prevalent practice involves using
excavators to dismantle timber structures, a process that compromises the integrity of the
materials and results in wastage. Additionally, the excessive use of nails and metal fixtures in
contemporary timber construction complicates the disassembly process, often causing
damage to the timber when these elements are removed. Furthermore, the concept of reusing
structural materials is relatively novel and lacks comprehensive regulatory support. While
there are some regulations providing general guidance on waste management, specific

provisions to encourage the reuse of timber and other structural materials are limited.
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As discussed above, obtaining reusable components during deconstruction is the most
essential part in achieving reuse, necessaries the design of deconstruction (DfD) during the
design stage. Therefore, numerous studies have been working on developing general
principles to guide DfD with the growing interest in structural deconstruction. As
summarised by Akinade et al., [2.102], Kanters [2.103], Tzourmakliotou [2.104], and Kim
[2.105], most of the proposed DfD principles can be classified as: Building material related
(e.g. avoid toxic and composite material, simplify building components and adopt lightweight,
durable and separable material and joint), System Design related (e.g. employ modular,
offsite and standardised construction, and accessible joint, building components, and service),
Human related (e.g. provide adequate tools, training and communication, document material
to ensure traceability and identifiability, and quantified information of cost and
environmental impact) and Policy related factors (e.g. incorporate in building codes, set
compulsory targets for deconstruction and material recycle and reuse). In addition to the
general DfD principles, there are hundreds of indicators/criteria proposed for measuring the

DfD performance of products/structures.

It should be noted that, the incorporation of DfD principles in building design does not
directly contribute to the reusability of components. In addition to enabling deconstruction by
employing DfD principles, the detached components should also pose limited damage and
adequate capacity to ensure reusability [2.102, 2.106]. Therefore, two main objectives can be
concluded for the design for reuse (DfR): one is the ease of separating structural components,
and the other one is recovery of structural members. Since the process of deconstruction
involves breaking the connection between components, the connection related factor appears

one of the crucial parts among all the DfD and DfR indicators.
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Table 2.3. DfR connection design Criteria and Weightings

Connection DfR Key Performance - sy
Principles Indicators (KPIs) Criteria Weightings
Dry connections (e.g., click, magnetic, Velcro,
self-locking connections etc.), which can be 1.00
directly dismantled without damage and tools
Connection with added elements (e.g., ferry,
screw, bolt, and nut etc.), which can be 075
dismantled by removing fasteners using hand ’
Implementing design for tools
deconstruction and . . . . .
. . Direct integral connection (e.g., pin, nail etc.),
reversible connections that . . . .
Connection Type which can be dismantled by minor 0.50
allow for case of modifications with power tools
deconstruction [2.102, P
2.107-110] Soft chemical connection (e.g., kit, foam etc.),
which can be dismantled with moderate damage 0.25
using Power or Gas/pneumatic tools
Hard chemical connection (e.g., glue, pitch,
weld, cement bond, chemical anchors etc.), 010
which can be dismantled with significant ’
damage using hydraulic tools
Only one type of connection is used throughout 1.00
the buildings ’
The types of_structural_ . . . Different connection types are adopted for
connections in one project Connection Uniformity . . 0.50
L shear and tensile connections, separately
are minimised.
More than three types of connections are 010
adopted due to the complex structural design ’
Cutting on structural elements are not required
. . 1.00
for connection fitting
The cgttmg/modlﬁcatlon on Only simple cutting on material is required for
materials /components are fittine connections 0.50
minimised for connection Connection Complexit &
fitting to avoid additional plextty Complex modification on material for
workload and waste connections fitting (e.g. Drilling through the
generation [2.110] longitudinal direction of structural elements, 0.10
multiple cutting process due to the complex
connection geometry)
The connection is well standardised and widely 1.00
The level of standardisation Connection adopted
and availability of S The connection is standardised and available on
. Standardisation 0.50
connection [2.111] the market
The connection is project-dependent 0.10
The level of off-site Connections can be accurately pre-attached to
integration of connection Connection the structural element in factories and then 1.00
with buildings system Prefabrication arrive on-site already for simply assembly
(2.110] Connections need to be installed onsite 0.10
Deformation of connection during buildings’
service life would not cause damage in 1.00
structural elements
. Connection and structural elements work
Connection-induced . .
. Connection together to process deformation, and the
damage in structural Deformation damaged part can be removed by cutting for 0.50
elements [2.102, 106, 111] geap y &
reuse
Structural elements are the primary ductility
source and can experience significant 0.10
deformation
Access to structural Connection Freely accessible from all sides without 1.00
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connections for Accessibility damaging finishing layers

maintainability and Accessibility with additional actions that do not

longevity for structural . . 0.67
components [2.102, 2.107, cause damage (e.g. removing wall finish)
2.108,2.111] Accessibility with additional actions with
reparable damage (e.g. demolishing part of wall 0.33
finish)
Not accessible irreparable damage to objects 0.10
One person: <20kg 1
The tools and labour
required to move Two people: <42kg 0.75
components after Ease of Transportation ~ Hand trolley: <50 kg 0.5
deconstruction [2.105, i
2.109,2.111] Forklift: <2,000kg 0.25
Crane: >2,000kg 0.1

As summarised in Table 2.3, the connection design can impact the deconstructability of
buildings from different aspects. The type of connection has the most direct impact to
deconstruction, as their complexity (number of components and connecting structural
elements, assembly and disassembling methods), uniformity, standardisation and
prefabrication decide the ways that the structural components are separated, which impact the
time, cost and labour requirements of deconstruction. All other factors in the list relate mostly
to the reuse process. Connections that require no cutting and introduces no damage on
structural elements ensure the integrity and the potential of being used in the next project.
However, components that are dismantled integrally means that they will require heavy
machine to lift and transport, which can directly increase the cost of reusing them in the next

project.

According to Table 2.3, the conventional timber connections (angle bracket and hold downs)
have poor DfR performance. Although they can technically be disassembled, it involves
laborious de-nailing/unscrewing process or cutting timber members due to the usage of
substantial amount of fasteners, leading to increased cost and unstandardised timber
dimension that limits the reuse of timber. The complexity and strength of conventional
permanent connections make it challenging to separate components without causing
substantial damage to the connected components, leading to significant material waste during
demolition. The removal of conventional permanent connections often leads to the complete
destruction of interconnected elements, rendering them unsuitable for reuse, but only suitable
for energy recovery or making by-products. The disassembly performance of other currently
available timber connection products has been comprehensively reviewed in the literatures

[2.106,2.110,2.111]
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2.8 Novel Timber Connection Design Framework

Based on the factors should be considered in the development of a novel timber connection
system, as summarised in the Section 2.6 and 2.7, a methodology scheme was proposed in
this study and presented in Figure 2.23. The design framework covers the considerations of
different aspects of CLT modular construction, aiming to assist the achievement of efficient,

high-performing and reusable CLT structures.

To develop a comprehensive connection product, an extensive review of existing literature
and on-site evaluations are essential to grasp the industry's immediate requirements
thoroughly. Insights regarding structural performance, production cost and obstacles, and
construction equipment and labour requirements should be gathered through current research
initiatives and by visiting manufacturing plants and construction sites. This approach can
facilitate the establishment of well-rounded design objectives. Subsequently, the preliminary
connection design must undergo rigorous assessment through both numerical simulations and

empirical testing to validate its effectiveness in meeting the established design objectives.

83



Knowledge Acquisition of CLT Modular Construction
r l l 4 l
- {Glo::‘l. o lysis on full-] (Loca!- :rr\ld Macro-scalaw [ ndactoey viaik ] { ot siavieit ] [ Interviews with Tu]or ]
x B Q J|

v A r Y

methods

process connections

( Insufficiency in mechanical parfonmncelormum-] [ Manufacturing ] {Tvpical uumbly] [Po!antlll Improvemantin]

stroey CLT modular construction

Strucutral challenges

Manufacturing
challlenges

Design Objectives of the New
Connections

v v v v v v
) (M) () e e Al

Initial Design

A

Manufacturability

Prototyping
testing

Are all objectives
_

Yes

Final design

Figure 2.23. Design flowchart of novel CLT modular connections

2.9 Literature Review Findings

A comprehensive review of the CLTMC and existing connection systems was conducted,
with a primary focus on the structural behaviours and the impact of connection systems. The

investigations reveal several key findings:

CLT as a Sustainable Structural Material
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Cross-Laminated Timber (CLT) is increasingly recognized as a sustainable structural material,
notable for its advanced level of prefabrication. However, its application in multi-storey

buildings remains challenging due to various structural and connection complexities.
Structural Behaviours of CLT Modular Buildings

The investigations show that CLT modular structures exhibit a significant degree of
discreteness, a characteristic inherent to modular construction and compounded by the use of
large-area CLT panels. This observation underscores the importance of connections between
structural components and highlights the current absence of robust connection systems that

are well-suited for CLTMC.
Deficiencies in Current Connection Systems

There is a notable absence of robust connection systems well-suited for CLT construction,
emphasising the need for more extensive research. Current connection solutions, such as
angle brackets and hold-downs, fall short in delivering the required stiffness, ductility, and
construction efficiency. This gap necessitates further investigation and innovation in

connection design to meet the demands of modern CLTMC.
Novel CLT Modular Connections

Various novel CLT modular connections have been reviewed, each offering unique
functionalities such as limited-damage capacity, recentering capacity, interlocking,
demountability, and reusability. These novel connections are designed to address the
challenges and limitations associated with conventional connection techniques, providing
more adaptable, efficient, and sustainable solutions for CLT construction. Their development
and implementation could significantly enhance the performance and applicability of CLT in

multi-storey modular buildings.
2.10 Conclusion

Despite the marked improvements in CLT structures and construction offered by the
discussed innovative connections, a common limitation lies in their project-specific nature.
They often lack a holistic consideration of all aspects of CLT modular construction, making

standardisation a challenging prospect. Thus, a strategic design framework that
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comprehensively addresses the structural, constructional, and manufacturing aspects is

established in this study, to guide the development of standardised CLT connection system.

Furthermore, the growing demands for enhancing material circulation in construction
necessitate a connection system that integrates the design for reuse (DfR) strategies, which is
crucial in enhancing the environmental performance of CLT modular construction. Therefore,
connection design criteria that emphasise the reuse potential are discussed herein, including
the introduction of a weighting system to evaluate and prioritise these criteria. By adopting
strategic design principles, the development, realisation, and commercialisation of innovative
connection concepts can be significantly accelerated. Implementing these strategies not only
responds to current environmental concerns but also aligns with future construction trends,

where sustainability and efficiency are increasingly paramount.
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Chapter 3 Conceptual Design of the Interlocking Connection
System for CL'T Modular Structures

Despite the emergence of new technologies and materials in the timber construction industry,
standard connections continue to prevail. As the decisive elements influencing structural
performance and construction efficiency, connection design poses an imminent challenge in
the forefront of flexible and adaptable timber modular designs. The industry now requires
intelligent connection solutions that prioritise efficiency, adaptability, and reusability in
structures, departing from the conventional emphasis solely on structural performance in
connection design. Therefore, driven by the motivation to optimise construction procedures
and performance of medium-rise CLT modular structures, this chapter presents the
development of a novel connection system for CLT modular construction, incorporating
considerations from structural, manufacturing, and construction perspectives. Its purpose is to
tackle the existing challenges in CLT modular construction related to current connection

devices.
3.1 Overview of Interlocking Techniques in Construction

Interlocking, a versatile joining method applied in engineering, architecture, and
manufacturing, offers stability and load-bearing capacity by complementary shapes such as
tabs, slots, or notches. The core principle of interlocking connections is to lock structural
elements through component interaction, instead of other onsite connecting methods such as
fasteners, welding and glue. This approach, characterised by minimal operational
requirements and immediate activation, eliminates the need for on-site manual operations
involved in locating, adjusting, and fastening structural elements, thereby significantly

expediting the erection process.

Common interlocking connection designs in construction include dovetail, tongue and groove,
and puzzle-like connections (Figure 3.1). Historically, interlocking techniques have been
integral to ancient asian architectural practices for joining structural elements. In
contemporary construction, modern interlocking connections have gained popularity for their
capacity to meet the demands of rapid, accurate but tool-less onsite assembly, facilitated by a

wider range of modern engineered materials, including steel and advanced polymers. These
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advancements are crucial in addressing the growing housing crisis and the scarcity of skilled

labour.

(b)

Figure 3.1. Interlocking connection system used in (a) yingxian wooden tower in 1056 AD [3.1] and (b) modern

construction (LOCK Connector from Rothoblaas Ltd.)

Some previous conceptual studies [3.2-6] have recognised the potential of the interlocking
technique in promoting onsite constructability, adaptability, sustainability and dismantlability
in modular structures. Similarly, utilising interlocking connections in timber modular
construction can facilitate the streamline of the construction process and minimising labour
requirements. In addition to enhanced efficiency, these connections also promote disassembly
and reassembly of modules, allowing for easy retrofitting, relocation, or repurposing of

structures.

3.2 Novel Interlocking Connection System for CLT Modular Construction

The utilisation of interlocking connections in construction, particularly in CLT modular
construction, presents significant advancements. These connection s are designed to interlock
structural elements without the necessity for manual fixing, which liberates on-site assembly
from the limitations imposed by the accessibility of connection points within structures. This
is especially advantageous in the context of CLT modular construction, where large panels
are a common feature. Accordingly, a new metallic connection system with interlocking

features was proposed herein for CLT modular construction.
3.2.1 Overview of the interlocking joining mechanism for CLT modular structures

Unlike traditional permanent connections such as welds or cast-in-place concrete, which are
fully rigid post-assembly, interlocking connections retain a degree of freedom along the
installation axis. This flexibility could be beneficial during the assembly phase, allowing for

minor adjustments as modules are positioned and secured, while it should be carefully
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considered in the connection design when employing interlocking. Therefore, to cater to the
multidirectional forces experienced by modular structures, the novel interlocking system
comprises separate shear and tensile connections. The shear connections are implemented by
a straightforward vertical stacking process, while the tensile connections are engaged through

a horizontal sliding action.

The interlocking system integrates a two-component design featuring male and female
connectors (Figure 3.2). The act of joining these components effectively locks the modules in
place through a self-locking mechanism inherent to the connection design. This eliminates
the need for additional tools or fastening methods, significantly expediting the assembly
process and enhancing construction efficiency. In addition, this system presents a strip-like

design positioned along the module edges (Figure 3.2).

Different from the conventional discrete reinforcing methods provided by the steel plate
connections, the strip-like connection design provides continuous reinforcement can
minimise load concentration on CLT panels as well as provide adequate planar force
resistance. This feature is particularly advantageous in CLT building design, where the focus
is on countering in-plane forces rather than managing bending moments, due to the inherent

high in-plane stiffness of CLT panels.

(b)

Figure 3.2. 3D renders of continuous connectors attached on the CLT panels using fasteners: (a) shear connectors, (b)

tensile connectors.

Furthermore, as proved by the previous numerical analysis on similar interlocking connection
[3.7], this kind of edge-supporting connection system can also help achieve enhanced
integrity in volumetric structures. When damage happens in part of the connection of one of
the modules, the overall structure is designed to maintain stability with minimal movement,
negating the immediate need for repair or replacement. This is achieved through the

formation of alternative load paths along the edges of the remaining modules, ensuring that
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the structure's performance criteria continue to be met. This inherent redundancy within the
connection design not only improves the resilience of the structure but also contributes to the

safety and longevity of the building.

The new interlocking connection system offers versatile applicability across various types of
CLT modular structures. For CLT Volumetric Construction (CLTVC), as depicted in Figure
3.3.a, the construction process begins by constructing the core structure, which serves as a lift
shaft or staircase, incorporating pre-installed interlocking connections. Subsequently, the
construction process involves the vertical stacking of middle modules and the horizontal

sliding of edge room modules, adhering to the connection arrangement on the core structure.

In CLT Panelised Construction (CLTPC), the interlocking connections are applicable in both
platform-type and balloon-type construction methods. In platform-type CLT structures
(Figure 3.3.b), the assembly is carried out in a layer-by-layer manner. Wall panels are slide or
stacked on top of the initially laid floor panels. The specific wall assembly sequence is
determined based on the structural requirements at different locations within the building.
Once vertical wall panels are properly positioned, the upper floor panels can be directly
attached to the top of the wall panels, completing the construction of the entire floor. In
balloon-type CLT structures (Figure 3.3.c), the construction process begins with the erection
of the flooring system. Subsequently, the continuous vertical shear walls are slide along the
edges of the floor panels, utilising the sliding connections. Once the lateral load resisting
system is completed, the building envelope is finalised by attaching the side wall panels and

the roof onto the structure, employing stacking connections for secure and reliable integration.

(2)
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(b)

©

Figure 3.3. Application overviews of the novel interlocking connection system for different CLT modular structures
and the close-up of construction details: (a) CLT volumetric structures (b) CLT panelised platform-type structures (c) CLT

panelised balloon-type structures.

Upon completing the connection assembly, the movement of connectors can be locked using
straightforward end-locking systems. These systems involve extended plates with holes
welded on the ends of the connectors, through which fasteners can secure two connectors

together (Figure 3.4).
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(b)

Figure 3.4. End-locking devices for (a) shear connection and (b) tensile connection.

3.2.2 Reinforcing mechanism of the connection system

Since the tensile and shear reinforcement are provided by different connectors in the system,
the integration of shear and tensile constraints into the structures should be achieved by
strategically placing the modules. Figure 3.5 demonstrates how the interlocking connection
system reinforces individual structural elements, and the continuous vertical and horizontal

reinforcement on the overall CLT modular systems.

In CLT volumetric structures (Figure 3.5.a), although the edge modules feature sliding
connections at the bottom that offer no shear reinforcement, their horizontal movement can
be constrained by the adjacent modules, and the friction within the sliding rails, which is a
result of the compression from the structure above. In the context of vertical loading, such as
uplift forces, the movement of edge modules in the system is effectively constrained by a

combination of factors: the modules’ self-weight, the downward pressure exerted by
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structures positioned above, and the sliding tensile connections located at the bottom of these
modules. For a middle module which is primarily subjected to lateral movement, it is laterally
restricted by the shear interlocking connections at the bottom. Meanwhile, vertical movement
in these middle modules is considered minimal and can be sufficiently constrained by the

weight of the structure above.

Similar reinforcing methods can be observed in CLT platform structures (Figure 3.5.b) with
the proposed connection system. Here, the panels at the edges are restricted in the vertical
direction primarily by the sliding (tensile) connections, and the middle panels are restricted
laterally by the stacking (shear) connections. Additionally, shear connectors are strategically
used between edge and middle panels to minimise panel-to-panel movement. Meanwhile,
sliding connections are applied between middle panels to accommodate assembly
requirements. In balloon-type CLT panelised structures (Figure 3.5.c), sliding connectors
serve the dual purpose of connecting the flooring system to the shear walls and ensuring the

integrity of shear walls by providing continuous vertical connections between panels.
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The use of interlocking connections in building construction not only improves assembly
efficiency but also offers significant advantages during deconstruction and in the realms of
material reuse and circulation, compared to the demolition of conventional permanent

connections. Conventional permanent connections, owing to their complexity and strength,




often present challenges in component separation without causing extensive damage to the
connected elements. This leads to considerable material waste during demolition processes.
Furthermore, the demolition of these permanent connections typically results in the total
destruction of interconnected elements, rendering them unsuitable for reuse. They are often

relegated to energy recovery or the production of by-products (Figure 3.6).

In contrast, interlocking connections can facilitate easy disassembly, allowing for controlled
removal of building components while preserving their integrity. This design feature
encourages the transition from a linear "take-make-dispose" model to a circular economy
model [3.8] (Figure 3.6), where materials are kept in use for as long as possible by enabling
careful dismantling and repurposing of individual parts for new construction projects, thereby
reducing waste generation and supporting sustainable resource utilisation (design for
deconstruction and reuse - DfDR). Furthermore, by enabling the reuse and recycling of
building components, the interlocking connections minimise the reliance on new resources.
This not only decreases the demand for raw materials but also minimises the environmental
impact associated with their extraction and production. Such practices are in harmony with
the principles of circularity in construction, representing a sustainable and environmentally

conscious approach to building design and construction.

-:ss[ss

]
[EE>

Full reusability of timber buildings with damage-controlled interlocking connections

Figure 3.6. Comparison in potential building life cycles between CLT buildings using conventional connections (top)

and interlocking connections (bottom).
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3.3 Components Design of The Interlocking Connection System

As concluded in Chapter 2, the performance of the new connection system should be
evaluated and optimised based on four standards: structural performance, novelty,
constructability and manufacturability (Figure 3.7), ensuring its feasibility in construction.
Regarding structural performance, the proposed connectors were anticipated to exhibit
comparable or superior mechanical properties (stiffness, strength, ductility) compared to
conventional connections found in today’s market. The proposed interlocking connections
should also provide sufficient tolerance for onsite operation and allow for deconstruction.
These connections should also possess novel functionality that offers additional advantages to

timber modular construction.

Lastly, the design of these connectors has to be carefully considered to avoid unnecessary
complexity in geometry, ensuring the compatibility with existing manufacturing methods and
facilitating their easy adoption and enabling mass production. This approach strikes a balance
between innovation and practicality, ensuring that the connectors are not only technically

advanced but also feasible for widespread use in the construction industry.

Figure 3.7. Evaluations of connection design.

3.2.1 Capacity design for damage-controlled effect

As detailed in Chapter 2, conventional connection design often relies on screw deformation to
achieve ductility, a method that presents challenges due to the variable properties of timber
and the complex interactions between components. These variables complicate the precise

estimation of connection properties and the determination of an appropriate overstrength
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factor when using existing analytical models. In response to these challenges, the proposed
connection design in this research aims to redirect the source of ductility to the specially
designed three-dimensional (3D) interlocking connectors. This approach ensures more

reliable behaviour compared to the less predictable screw-timber interaction.

In this new design, the male connectors in both connections were regarded as the ductile
elements, intended to deform and fail initially. In contrast, the female connectors, fasteners,
and timber/CLT components are considered non-ductile, designed to resist significant
deformation during loading. Therefore, capacity design principles were employed,

incorporating appropriate overstrength factors, to enhance the capacity of timber-fastener

connection (R ), fastener-to-steel plate connection (R ) and female connector

fasteners plate

(R ) in the system, using the capacity of male connector (R ). Consequently, the

female male
primary deformation in this connection system is the deformation of the male connectors,
with the secondary deformation being the ductile deformation of the fasteners, such as one-
or two-hinge yielding of screws. This aspect of the design can be aligned with the guidelines

of EC5 [3.9].

By adopting this design approach, the interlocking connection system minimises the
occurrence of brittle failure and damage in timber, while the male connectors bearing the
majority of the deformation, achieving what can be referred to as a ‘damage-controlled
capacity.” Due to the less scattering properties of steel (in comparison to timber), timber
connections with damage-controlled capacity can also contribute to more predictable
behaviours. This predictability can contribute to more reliable finite element simulations,
even with basic material properties like the compressive and tensile strength of timber and

steel.
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Figure 3.8. Capacity design strategies of conventional connection (left) and interlocking connection with damage-

controlled capacity (right)

3.2.2 Capacity design process of interlocking connections with damage-controlled capacity

Conventional plate connections can be designed using the established analytical models in
ECS, allowing for customisation of the connection configurations to meet the specific
strength and ductility requirements of different projects. In these connections, screws are
often employed as ductile elements and their design is guided by either experimental
characterisation or calculations in accordance with EC5 guidelines. Subsequently, the
dimensions of steel plate connectors and timber elements are determined based on these
specifications, incorporating the use of overstrength factors (Figure 3.9.a). However, a
notable challenge arises due to the absence of specific overstrength factors for timber
connections within existing standards. As a result, the current practice for determining
overstrength in timber connections often relies on a combination of sources: published
experimental results, manufacturer recommendations, and realistic construction requirements.
This approach, while practical, can lead to variations in the application of overstrength
factors. Such variability underscores the need for more standardised guidelines in the design
of timber connections, particularly in the context of overstrength application, to ensure

consistency and reliability across different construction projects.

Contrary to the approach used in conventional systems, the connectors in the new system are
designed as standardised and project-independent products. This design philosophy ensures
broad applicability and consistency across various projects. The first step in the design
process involves characterising the capacity of each male connector, which is conducted in
accordance with EN12512. Following this characterisation, the design resistance of the male

connectors becomes the basis for further design decisions. Subsequently, based on these
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established design resistances and experimentally determined overstrength factors, the
corresponding female connectors, screws, and timber panels are designed. This methodical
approach ensures that all components are harmoniously integrated to facilitate the realisation

of damage-controlled capacity (Figure 3.9.b).

Screw capacity
characterisation (EN12512,
ETA, EC5)

5% percentile resistance

Rscrew, k

Conservation of analytical model y,,
Connection properties scatering yg.

Design resistance of ductile plate connector
Reconnector=KmodRscrew, KYm Vi Kmogfrom EC5
Overstrength factor yp=yp¥anVsc

Design resistance of brittle elements (timber) European Yield Models (EYMs)
Riimber=YRo- Beonnector from EC5

Timber material, connenctor specifications

(a)
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Figure 3.9. Capacity design flow chart of (a) conventional plate connections and (b) novel interlocking connection

3.2.3 Geometric design of interlocking unit connectors

During the geometric design of the new connection system, the primary feature to be
incorporated is the interlocking mechanism. Both tensile and shear connections in the new
connection system are designed as two-components interlocking connections. These
connections comprise female and male connectors, matched in shape as 3D components. The
male connectors, serving as the ductile elements in both shear and tensile connections, are
engineered to undergo controllable deformation, such as bending under tension. The female
connectors, designed as groove-like devices, are primarily purposed to tightly accommodate
the male connectors. To simplify the design process, the system is based on the concept of
continuous connection achieved through the repetitive placement of unit connectors. So the

connection design considerations were focused at the level of these unit connectors.

The dimensions for each unit were standardised at 100mm x 200mm, aligning with the
dimensions of most currently available hold-downs and angle brackets and ensuring

compatibility with existing construction practices. Additionally, the thickness of the bottom
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plate in all connectors was determined based on common practices in double shear timber
joints, where the steel plate thickness is typically set at half the diameter of the screws. This
strategic choice not only provides sufficient strength but also aids in preventing localised

steel plate deformation near the screw areas [3.36].
Version 1 — Metallic Mortise Tenon Connection

The first version of the interlocking connection design was inspired by the conventional
mortise-tenon connections used in ancient timber buildings (Figure 3.10). Conventional
mortise-tenon connections typically feature solid groove (Mortise) and teeth (Tenon)
elements with matching shapes, enabling them to fit together seamlessly during assembly.
Their design effectively transmits forces through the bearing surfaces of the connection

elements, capitalising on the compressive strength of timber.

Mortise

Figure 3.10. conventional mortise-tenon connections [3.10]

However, when considering the adaptation of this concept to metallic materials (Figure 3.11),
certain limitations become evident. Mortise-tenon connections in metal may lead to excessive
material usage due to the mode of load transmission, which occurs through the bearing of
metal blocks. Consequently, 3D metal connectors demonstrate considerable strength, but this
strength can impose the need for larger dimensions in CLT panels and screws. Such
adjustments are necessary to achieve the intended ductile deformation and the desired

damage-controlled capacity through the principles of capacity design.
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Furthermore, the extensive use of metal in these connections can lead to increased overall
weight and cost. These factors highlight the challenges in directly translating a design
principle rooted in timber construction to metallic materials, thereby underscoring the need
for careful consideration of material properties and design objectives in the development of

new connection systems.
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Figure 3.11. Schematisation the basic units of interlocking connection (in mm)-Version 1: (a) sliding tensile connection

(b) stacking shear connection.

Version 2 — Novel Interlocking Metallic Connection

To optimise structural behaviours and material utilisation while preserving the interlocking
effect, Version 1 of the interlocking shear and tensile connections underwent significant
refinements. Adhering to the design strategy centred around a damage-controlled effect, the
male connectors in both connection types were designated as the primary damage-controlling
devices. These elements are intended to yield first, while the female connectors, timber, and

fasteners are designed to remain mostly intact and perform elastically.
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Therefore, a series of complex structural modifications were introduced in Version 2
connectors to shift the metal bearing in Version 1 to the more ductile metal bending. Then the
female connectors were designed accordingly to accommodate the male connectors. By
applying shape optimisation, significant volume reduction by 54.5% and 52% was achieved
in the Version 2 of shear and tensile connections, respectively. Furthermore, in this iteration,
the load transmission between connection components occurs via the bending of thin-walled

steel elements, rather than compression on solid metal elements.

In the Version 2 shear connection (Figure 3.12.a), the male connector is constructed from a
cantilevering, thin-walled curved steel band. This band is attached to a bottom steel plate via
a cubic support located at the centre, which is specifically engineered to deform under
movement. In the tensile male connector (Figure 3.12.b), two symmetrical L-shaped steel
components are connected to the steel plate, separated by a 12 mm gap. This arrangement
allows for their unrestricted (free to move) inward movement when sliding along the sloping
walls of the female connector. The gap’s width corresponds to the maximum potential
horizontal movement of the L-shaped components within the female connector, ensuring
effective functionality and deformation control. The design of the female connectors in both
shear and tensile connections complements the shape of the male connectors, with the goal of
minimising deformation. To achieve this, the female connectors are reinforced with larger

thickness and rounded corners, enhancing their structural integrity.

In this way, the male connectors become the critical components that determine the strength
and ductility in the interlocking connection. Moreover, as the ductility in this interlocking
connection is designed to be achieved in the steel connectors instead of the fasteners, large
diameter screws (@ 7mm-@ 14mm) can be used in this connection system, in contrast to the
common practice of using small diameter screws to ensure ductility. Previous literatures [3.8,
14] have suggested that this choice improves load distribution and helps mitigate the risk of

in-service damage or brittle failure in timber.
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Figure 3.12. Schematisation the basic units of interlocking connection (in mm)-Version 2: (a) shear connection (b)

tensile connection.

3.2.4 Prefabrication of the connection system

Being designed as a prefabricated connection system, the proposed system can be pre-
attached to CLT panels or modules off-site, in a factory setting. This design choice prevents
the need for modifications to the CLT, rendering the system compatible with a wide range of
structural element specifications. This compatibility is achieved by simply adjusting the
connector length, without necessitating geometrical modifications. Such a feature greatly
simplifies and standardises the structural design process, transforming the system into a
project-independent product with broad market applicability. Furthermore, once the project is
completed, the interlocking connections are not visible from the interior of the flats and are

protected from external environmental factors by the facade.
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When using the interlocking connection, the reduced accessibility requirements in volumetric
structure reduce the need for the gap between modules. In the case of CLTVC, the assembly
of steel connection strips creates an approximate 40 mm gap between room modules. This
gap can be filled by additional thermal and acoustic insulation, enhancing the living comfort
within each compartment (Figure 3.13a). By filling this gap with insulation material that also
possesses load-bearing capacity, a direct contact can be established between the wall and
floor CLT panels and the structure beneath. This arrangement facilitates a larger area for load
transmission to the underlying structure, potentially reducing the necessity for thicker floor
panels. In contrast, conventional CLT volumetric structures typically require the extension of
wall panels on the sides to create space for manually accessing connectors and services
located in the ceiling (Figure 3.14 a), which is normally around 160 mm in current CLT
volumetric structures for connection assembly. This design approach confines the floor panel
to function in an edge-supported manner. Consequently, a greater thickness of the floor panel

is required to provide adequate bending resistance.

For Cross-Laminated Timber Platform Construction (CLTPC), it is essential that the
connections are either sealed with insulation layers or concealed within grooves on the panel.

This approach is critical to ensure fire resistance and air tightness of the structure (Figure

3.13.b and ¢).
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Figure 3.13. Sectional views of connection within (a) CLT volumetric structure; (b) CLT panelised platform-type

structure; (c) CLT panelised balloon-type structure.
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(@ (b)
Figure 3.14. The joining details of (a) conventional CLT volumetric structures and (b) CLT volumetric structures with

interlocking connections

The novel interlocking connection system and assembly technique were assessed through a
scaled model, illustrated in Figure 3.15. This model utilised 3D-printed resin interlocking
connectors, which were affixed to the edges of rectangular timber modules. Due to the
precision of 3D printing at the employed dimensions, the scale for the connectors and
modules was adjusted for clarity and precision rather than maintaining direct proportionality.
The assembly initiated by precisely positioning the edge modules on either side, followed by
placing the central module on top, which then interlocked with the sliding connections. The
completed assembly exhibited significant stability, capable of withstanding vertical and
lateral forces as a cohesive unit (Figure 3.16), with minimal movement between connections.
These models demonstrated the successful integration of the interlocking connections,

proving their primary feasibility for structural uses.
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Figure 3.15. Illustrations of model installation and details of interlocking connections on timber modules.

(b)

Figure 3.16. Interlocking connection-reinforced timber modules under (a) lateral and (b) vertical load.

3.4 Conclusions

The novel connection system designed herein for CLT modular construction integrate
traditional interlocking techniques, featuring stacking shear and sliding tensile connections,
representing a straightforward assembly approach that effectively eliminates the need for

onsite fixing operations, meanwhile incorporates holistic design considerations as
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summarised in Chapter 2. Therefore, this interlocking system offers multiple benefits for

medium-rise CLT modular construction, as summarised in Table 3.1.

Table 3.1. Summary of design specifications of the interlocking connections

Characteristics Corresponding solutions in the interlocking connection system

Structural Performance

Continuous shear and tensile reinforcement at structural edges for even

Planar capacity load distribution.

3D metal connectors designed for damage control, sparing screws and

Damage-controlled capacity timber

Constructability

Direct connectivity achieved post-assembly without additional

Locking mechanism .
operations.

Module alignment Self-aligning interlocking connections.

Interlocking technique eliminates the need for special access for

Access for connection installations . .
installation.

Connectors concealed under walls or the exteriors of modules,

Invisibilit PR
v Y preserving interior space.

Pre-installation of connections on modules in the factory enhances

Off-site installation .
accuracy and quality.

Connections are less exposed to fire, protected by surrounding panels

Fire resistance . .
and insulation.

This impermanent connection provides easy dismantlement of modules
Maintenance, dismantlement and reuse | at the end-of-service life without demolition, enabling direct reusability
or recyclability.

Manufacturability

Geometric complexity Rather complex design that may bring difficulties in mass production

Standardised specifications for broad applicability without major

Standardisation .
geometry alterations on connectors.

Designed as a universal and project-independent connection system, the proposed
connections offer immediate continuous reinforcement for a wide range of CLT structural
element configurations in the market. At the end-of-life of buildings, structural elements can
be dismantled without damaging the connections or structural materials, which reduces the

waste and enables the further reuse of CLT.

In addition to the structural and construction benefits, this system can potentially contribute
to better fire resistance (tests remain to prove it). The underlying principle for this potential
benefit lies in the behaviours of timber when exposed to fire. As the timber surface chars, it
forms a barrier that inhibits further combustion. This charring effect could play a crucial role

in protecting the integrity of the steel connections, which are otherwise highly susceptible to
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fire damage. Such a feature, if proven effective, would add a significant safety dimension to

the system, further elevating its applicability and appeal in the construction industry.

Based on the connection DfR criteria as listed in Chapter 2, the DfR performance of the
proposed connection can be summarised as in Table 3.2. It can be concluded that, the
implementation of interlocking connections in building construction not only improves
assembly efficiency but also offers significant benefits in terms of deconstruction, material
reuse, and circulation compared to traditional demolition methods with conventional
connections. Meanwhile, it fulfils some crucial criteria for developing adaptable connections,
such as demountability, standardisation, individual removability and direct usability [3.7].

These characteristics facilitate individual removability and direct usability of the connections.

Table 3.2. DfR performance assessment of the interlocking connections

KPIs Criteria Connection performance Weighing
. . . Building deconstruction can be
Dry connections (e.g., click, magnetic, . .
. . . executed through the direct separation 1.00
Connection Velcro, self-locking connections etc.), . L :
. . . of connection components, eliminating
Type which can be directly dismantled . ; .
. the need for working at height or onsite
without damage . o
unscrewing/denailing
. Different connection types are adopted ~ The system comprises shear and tensile
Connection . . . . .
Uniformity for shear and tensile connections, connections, each designed to provide 0.50
separately reinforcement in a single direction
. The connections can be directly
Connection . . .
. No modifications are needed attached to the surface of timber panels 1.00
Complexity . .
without cutting
Connections are compatible with a wide
Connection The connection is well standardised and  range of structural element
S : . . s 1.00
Standardisation ~ widely adopted specifications, facilitating easy
standardisation and commercialisation.
. Connections are precisely pre-attached ~ Connections can be pre-screwed onto
Connection . .. . .
S to structural elements off-site, arriving panels in the factories and be ready for 1.00
Prefabrication . . .
on-site ready for assembly direct assembly on-site
. . , In-service deformation is processed in
. Deformation during the structure's . .
Connection .o the connection systems while
. service life does not damage the . . . 1.00
Deformation preserving the integrity of structural
structural elements
components
. Accessibility with additional actions . . .
Connection The connections are easily accessible
oy s that do not cause damage (e.g., . . 0.67
Accessibility . . by removing finishing
removing wall finish)
Complete structural components can be
Ease of detached from buildings using
. Crane required: >2,000kg interlocking connections, although 0.10
Disassembly

heavy machinery may be required for
their transportation
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However, it is crucial to acknowledge that, the detachment of integrated components, while
advantageous for deconstruction and reuse, necessitates the use of heavy machinery for
lifting and transporting. This requirement can introduce additional logistical considerations
and potential costs in the construction process. While promising features are presented in this
conceptual connection design, it is also important to recognise that this system requires
further work to validate its comprehensive applicability and efficiency in various contexts.
While it offers features conducive to adaptable structures, its ability to accommodate
unforeseen project changes during construction or potential functional modifications during a
building's service life is subject to ongoing evaluation. Such modifications could include
partial disposal or extension of buildings in response to the evolving needs of a rapidly

developing society.
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Chapter 4 Laboratory Tests

To understand the structural behaviours of the proposed connection design and verify its
feasibility, this chapter presents a comprehensive series of laboratory tests. The conducted
experiments included both monotonic and cyclic tests, targeting the primary working
direction of the interlocking shear and tensile connections. Additionally, this chapter
introduces the supplemental testing conducted on crucial components of the connection
system, aiming to assess their individual contributions to the overall connection performance.
Notably, it discusses the detailed examination of screws employed in conjunction with the
interlocking connections. Furthermore, the chapter addresses the evaluation of connection
materials, with a specific focus on those fabricated through 3D printing technology, providing

critical insights for the development of numerical connection model.
4.1 Testing Configurations and Loading Process

The experimental setups adopted in this study to test the interlocking shear and tensile
connections are illustrated in Figure 4.1. Given the constraints of budget and time, the tests
focused on unit connections that exhibit representative behaviours to the continuous version
of the newly developed connections. The experimental campaign involved applying different
loading cases to these tensile and shear connections, reflecting their operational conditions
within a timber modular structure. For the shear (stacking) connection located on the bottom
of middle modules in a volumetric building, typically situated at the bottom of middle
modules in volumetric buildings and primarily subjected to pure shear forces, a push-out test
was employed. Conversely, for the tensile (sliding) connections, which are designed to
counter uplifting forces at the edges of modules, a pull-out test was conducted. This method
effectively simulates the loading conditions these connections would encounter in practical

applications.

A key aspect of the shear connection testing was the adoption of a symmetrical testing
arrangement (Figure 4.1. a&c) that are crucial for preventing the application of a moment to
the testing apparatus, which could lead to instability. This setup requires the simultaneous
testing of two shear connections using three panels. The outer panels, each featuring female
connectors on their surfaces, were seated on steel plates and directly connected to the
machine base by threaded steel bars and steel plates. The middle panel, equipped with male

connectors on both sides, was firmly attached to the hydraulic jack through a steel plate to
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evenly apply loads onto the CLT panels. As the displacement-controlled loading was applied
on this panel, it was strategically positioned 150 mm away from the machine’s working
platform, ensuring sufficient space on loading direction to accommodate any unforeseen
movement of the connections post-failure (Figure 4.6). The loading direction for the shear
connectors was aligned parallel to the outer grain of the CLT panels. Each shear connector
was strategically placed 25 mm from the edge of the panels, a measure taken to avoid
potential failure in the unloaded side, ensuring the reliability and accuracy of the shear

connection testing.

Different from the shear connections, each tensile connection was centrally positioned within
the panels and tested individually, with the load direction oriented perpendicular to the outer
grain direction of the panels (Figure 4.1 b&d). This configuration required only two panels
for each tensile test. In this configuration, the lower panel, positioned on the machine, was
equipped with the female connector and fixed to the machine via steel bars and plates. The
load was then applied to the upper panel, which housed the corresponding male connector.
This force was uniformly transmitted through a steel plate that was firmly attached to the

hydraulic jack, ensuring a clear assessment of connection’s performance under tensile stress.
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Figure 4.1. Experimental set-ups for (a)&(c) interlocking shear connection and (b)&(d) tensile connection
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The measurement system employed in the testing of the connections comprised Linear
Variable Differential Transformers (LVDTs) and Strain gauges. LVDTs were employed to
accurately gauge the relative slip between the panels and the securely affixed steel plate.
Strain gauges were utilised to record the surface strain on the connections, which was
important for assessing the stress distribution and deformation characteristics of the
connections under various loading conditions. The strain measurements were synchronised
with the analogic signals (load and displacement) from the INSTRON® load cell and LVDT.
The strain responses were captured using CR3000 data logger connected to a laptop utilising
a pre-installed Signal Express software. Due to the limited channel number of data logger,
four strain gauges were affixed to the specimens in each test. The positioning of these gauges
was strategically determined based on stress concentration points identified through
preliminary numerical simulations, along with the considerations in accessibility of the

measuring points on the assembled connections (Figure 4.1).

In the interlocking connection testing, a total of three monotonic tests (using three specimens)
were performed on the tensile connection, while only one (using two specimens) was
conducted on the shear connection, all at a rate of 0.05 mm/s. Additionally, two cyclic tests
(using two specimens) were carried out on the tensile connection, and one (using two
specimens) was performed on the shear connection, with a loading rate of 0.02 mm/s. The
loading procedure used for both the push-out and pull-out monotonic tests is illustrated in

Figure 4.2.a. Initially, the load was gradually increased from 0 to 40% of the estimated
ultimate load f, for the specimen in 120 seconds. It was then maintained at a consistent level
for 30 seconds. Following this, an unloading phase was applied to reduce the load from 40%
to 10% of f,. This lower level was sustained for an additional 30 seconds, after which the
secondary loading phase was initiated. The test was then conducted under a load-controlled

regime, reaching up to 70% of f, before switching to displacement control until the

specimen failure. The limit of 0.4 f, during the first unloading/reloading cycle and the 0.7,

limit for transitioning from load control to displacement control align with the serviceability
limit state (SLS) and ultimate limit state (ULS) loading conditions, respectively, as specified

in European standards (EN) for timber structures.

The quasi-static (cyclic) test for both connections was carried out in accordance with the

EN12512 [4.1] (Figure 4.2.b). The testing involved multiple cycles, each defined by specific
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loading magnitudes based on the estimated yield points V These yield points were set at

est:
4 mm for tensile connections and 2 mm for shear connections, based on initial findings from

FE simulations. In the initial cycle for shear connection testing, each specimen was subjected
to a tension displacement of 0.5 mm (25% V', ), unloaded, and then reloaded to 0 mm slip.

This process involved loading the connection to this displacement, followed by unloading to
0 mm slip and then loading in the opposite direction up to 0.5 mm before returning to zero

slip. The subsequent second cycle involved the similar loading process but with an increased
displacement of 1 mm (50% V). The third to seventeenth cycles comprised sets of three
cycles each, with gradually increased displacement: 1.5 mm (75% V., ), 2 mm (100%
Vst), 4 mm (200% V), 8 mm (400% V. ), and 12 mm (600% V . ), followed by

unloading and reloading to 0 mm slip, repeated three times per set. The tensile connections
underwent a similar cyclic testing regime, while the displacement during testing was applied

in only one direction.
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Figure 4.2. Loading profiles employed in (a) monotonic test and (b) cyclic test

4.2 Testing Material Preparation

The CLT panels adopted in the testing were 5-ply or 3-ply GL24h 350mmx350mmx120 mm
CLT panels supplied by Stora Enso without any modifications (Figure 4.1). These CLT
panels consist of layers with thicknesses of 20 mm, 20 mm - 40 mm - 20 mm - 20 mm for 5-
ply panels and 40 mm - 40 mm - 40 mm for 3-ply panels. Therefore, 5-ply and 3-ply panels
have the same cumulative thickness in the direction parallel to and perpendicular to the
surface grain, which can be considered to have very similar load-carrying capacity. To

comply with EN 1380, all the timber panels were conditioned in a controlled environment
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using a cyclic corrosion chamber (CC ip 1000L) (Figure 4.3) at a temperature of 20C and
65% humidity for a duration of two weeks before testing. After being conditioned, the
moisture content of all panels measured as prescribed in EN 322 or EN 13183 using pin-type
electronic moisture meter, which all achieved within the range of 10% to 10.8%, falling
within the specified requirements of the standard (10% to 14%). According to EN 323, the
density and geometric information of each connection specimen were also be recorded before
testing. The tested CLT panels had density ranged from 435 to 470kg/m? and an average
density of 448.8 kg/m>.

Table 4.1. Material properties for CLT panels (spruce) [2]

Elastic modulus (MPa) Poisson’s ratio Shear modulus (MPa)
En E,; E 33 D, D D,s G2 Gis Gos
11000 370 370 0.48 0.48 0.22 690 690 50
Parallel-to-grain (MPa) Perpendicular-to-grain (MPa) Shear strength (MPa)
fc]l ft77 chZ ft22 fv fu,roll
36 24 43 0.7 6.9 0.5

Figure 4.3. Conditioning of CLT panels before testing
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Figure 4.4. Marked position for connection and predrilling on panels

Prior to the testing, all connection specimens were affixed to the surface of panels without
modifications. The initial positions of the specimens on the timber panels were clearly
marked (Figure 4.4) for measurement of the relative movement between the timber and the
steel connectors. The fastening screws selected were LBS7100 for tensile connections and
HBSP12120 for shear connections (Figure 4.5). The quantity and types of screws were
determined through capacity design, as explained in Chapter 2, to ensure deformation

localisation in metal connectors during the experiment.

Both the location of connections and the spacing of screws within the connection were
designed adhering to the specifications in Table 8.5 in EC5 [4.3] (Figure 4.6). The specific
properties of screws detailed in the manufacturer’s product brochure (Table 4.2) [4.4].
Considering the dimensions of screws used in the test, timber panels were predrilled with a
diameter of 7 mm and a length of 75 mm for HBSP12120, and with a diameter of 4 mm and a
length of 50 mm for LBS7100 at the locations of screws, to guide the screws into timber
panels without splitting and cracking. Following the screwing process onto the CLT panels,
the connection specimens were assembled by either stacking (shear connection) or sliding
(tensile connection) to form the experimental set-up. No supplementary reinforcement was
utilised during testing, apart from the self-locking of connectors. The mechanical and
geometric characteristics of the panels and screws can be found in Figure 4.1 and Figure 4.2

respectively.
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Figure 4.6. Locations of shear connectors (left) and tensile connector (right) on CLT panels.
Table 4.2. Dimensions of screws used in experiment (in mm)
Characteristic shear Characteristic
L d ds di dik  Gtrength R, , (kN) :
g v,k tensile strength R ; (kN)
HBSP12120 120 12 8 20.75 14 8.19 13.64
LBS7100 100 7 44 11 7 4.87 8.40

The fabrication of the proposed 3D connector using conventional manufacturing methods is
potentially achievable but with diverse processes. According to the British steel manufacturer
SC4 1td., the cantilevering curved steel band and the central support in the shear male
connector can be produced separately from 3D formed strips, and subsequently weld together

to the drilled base plate. For the tensile connectors, a more streamlined approach could be
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employed, involving the use of specially hot-rolled sections cut to the desired length,
ensuring continuous sections along their length. Consequently, the conventional
manufacturing process is somewhat complicated and requires a substantial order quantity.
Such requirements were not compatible with the limited time and budget constraints of the

planned experiment.

Considering the high manufacturing accuracy required for connector fitting and the limited
number of connection specimens required for the experimental programme, additive
manufacturing (AM) was chosen to produce prototypes of the new connectors due to its
versatile fabrication capabilities. AM as one of the most advanced manufacturing methods,
allows new ideas to develop in terms of material and geometry while designing high-
performance connections [4.5]. This technology is particularly advantageous in fabricating
unique geometric features integral to the proposed connections, such as inclined and curved
surfaces, and cantilevered thin-walled structures. Unlike traditional methods that often
require moulding or multiple stages of assembly, AM can produce these complex forms in a
single, seamless process. This capability not only ensures adherence to the required
dimensional accuracy but also considerably reduces the production time for the testing

specimens.

Among the available 3D printing options for the size of the specimens, Binder Jetting and
Wire and Arc Additive Manufacturing (WAAM) were considered. Binder Jetting is a
powder-based procedure, in which metal powder is selectively deposited layer by layer and
bonded by a liquid agent to form the 3D projects. After sintering and infiltration with a
secondary material such as bronze and copper, the Binder Jetted material can be considered
as homogenous material [4.6]. This printing technique offers several advantages over other
systems, including a larger build volume and reduced dimensional distortion related to
thermal effects. WAAM, on the other hand, is the melting process involves feeding a wire
electrode into a molten pool, which is used to fuse the wire onto the substrate. While WAAM
has better capacity In producing large metal elements with high deposition rates, it has
relatively poorer surface finish and dimensional accuracy than Binder Jetting [4.7], which
might create difficulty in the fitting of connectors. Although the surface roughness could be
improved by coupled processes integrating WAAM and laser polishing or high-pressure
rolling [4.6, 4.8], such methods also result in increased production time and cost. In addition,

the interlocking shear connector can only be printed in a hybrid manner with WAAM, as the
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cantilevered elements should be printed separately and weld to the bottom plate. Therefore,
Binder Jetting technology was eventually adopted for the specimen production. Considering
the required strength and resistance for testing, a metallic alloy composed of 60% 420
Stainless Steel as base material and 40% Bronze for enhanced strength and resistance was

selected, using Binder Jetting with layer thickness of 100um provided by Sculpteo (France).

To minimise potential deformations and ensure the stability in the cantilevered parts in both
connections during printing, the orientation of the printing was aligned parallel to the length
of the unit connectors. However, a notable challenge with Binder Jetting, the chosen printing
method, is its inherent shrinkage phenomenon during the sintering process. This shrinkage
tends to be less predictable and measurable compared to other printing techniques, such as
Direct Metal Laser Sintering (DMLS). Such unpredictability in dimensional changes can lead
to fitting issues caused by dimensional distortions of the printed objects, then eventually
cause assembly difficulty of interlocking connections studied in this project. Typically, this
issue is addressed by applying pre-determined scale factors to the object dimensions before

printing, thereby compensating for the anticipated shrinkage.

In this study, the potential fitting issue arising from dimensional distortion during 3D printing
was mitigated by introducing a clearance gap between the male and female connectors. The
specifications of male connectors remained the same as in (Figure 3.12) for both connections,
while the dimensions of female connectors were adjusted before printing to allow for Omm,
0.5 mm and 1 mm clearance between the male connectors and the female connectors. Despite
the high manufacturing accuracy of 3D printing, it was found that | mm tolerance was the
most suitable for the connection fitting in this study. Male connectors were found to be
challenging to fit into female connectors designed with 0 or 0.5 mm tolerances, often
necessitating milling of the female connectors, indicating the dimensional distortion occurred
during printing. To minimise the impact of manufacturing tolerances on experimental results,
specific measures were taken during the testing phase. In the testing of tensile connections,
the remaining gap between components after assembly was eliminated using the built-in
function in the loading machine, ensuring contact between the two connectors before the
testing started. However, in the cyclic testing of shear connections, due to the reserve loading,
complete elimination of gaps was not achievable. As a result, a small amount of initial sliding
without corresponding reaction force was observed at the beginning of each loading step

during the cyclic testing of shear connections.
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As surface polishing was not available for the size of specimens from the manufacturer, the
printed connections were left with a granular finish (Figure 4.7). To eliminate unpredictable
behaviour caused by friction variations during the movement of male connections within
female connections, the contact surfaces and strain gauge locations were carefully polished to
achieve smooth surfaces before testing (Figure 4.8). The size of polished specimens in
different areas was regularly recorded during the polishing to control size reduction, ensure

dimensional consistency, and avoid creating unexpected weak spots or introducing potential

asymmetrical behaviours in the connectors.

(@ (b)

(d)

Figure 4.7. 3D printed connection specimens: (a) shear female connector; (b) shear male connector; (¢) tensile female

connector; (d) tensile male connector
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(a) (b)

Figure 4.8. Unpolished and polished (a) shear connector and (b) tensile connector

4.3 3D Printed Steel Material Property Characterisation - Coupon Test

To determine the tensile engineering stress-strain properties of the 3D printed SS420/BR
material and support numerical validation, additional tensile coupon tests were conducted
following the guidelines of EN ISO 6892-1 [4.9] (Figure 4.9). Four coupons were machined
from the bottom plates of the previously tested tensile female connectors (Figure 4.10 (b)),
which exhibited minimal deformation during testing. The specimens were tested in the
direction parallel to the printing direction with a constant speed of 3 mm/min using an Instron
testing machine. Prior to testing, the extensometer was attached to the surface of the coupons

for accurately measuring the strain.

Loading direction

Parallel length:

Grip length: Le=Lo+1.5VSe=50mm Grip length:
50mm 50mm
Original gauge length:
Lo=5.65VS,=40mm ‘
& —
3 — -
/g 3 Printing direction ?
.
(<)
)
2
Total length: Li=165mm

Figure 4.9. Coupon dimensions determined by EN ISO 6892-1 [9]
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(a) (©)
Figure 4.10.Coupon test of SS420/BR (a) testing set-up for coupon test (b) coupons specimens machined from the

bottom plate of the tested connectors (c) tested specimens

The initial strain and stress data obtained from the coupon tests were converted into true
stress and strain, followed by the calculation of the yield strength using the 0.2% offset
method. The data exhibited relatively consistent values with an acceptable variation between
specimens (Figure 4.11), so the averaged properties from the four coupon tests were selected
for use in the subsequent numerical study. To ensure the feasibility of the test results,
comparative analysis was performed between the material properties provided by the
manufacturer [4.6] and the published coupon test data of SS420 [4.10] that conducted under
the same printing layer thickness and printing direction. The mean values adopted for
simulation showed similarities in terms of Young's modulus and ultimate strain. However,
there were variations observed in the yield strength and ultimate strength. These differences
can be attributed to the sensitivity of the 3D printing material to various printing parameters,
such as travel speed and sintering temperature, which may vary among different

manufacturers and printing machines.
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Table 4.3. Material properties of SS420 3D printed coupons

Specimen No. Elastic Yield Strength Ultimate Strength Elongation
Modulus (GPa) (MPa) (MPa)

1 96.3 283 606.5 7.50%

2 138.6 285 640 5.40%

3 183.6 315 680 5.54%

4 101 332 627 5.23%

Sculpteo Datasheet 147 427 496 7.00%

Published 1342 249.9 7373 2.70%
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Figure 4.11. Experimental data of coupon test and the mean material properties used as input data in simulation

It is noteworthy that 3D printed materials exhibit different mechanical behaviours in the
directions perpendicular to and parallel to the printing direction. However, the observed
variations in these two directions are relatively small, ranging from approximately 2% to 4%.
Based on the published experimental data [4.10], which corresponds to the same 3D printed
material used in this research with an identical printing layer thickness, the most substantial
difference in properties between the directions parallel and perpendicular to the printing
direction is 2.1% in terms of ultimate strength. Therefore, it can be concluded that this
disparity would have negligible impact on the results, and the material properties obtained
from the coupon specimens printed in the designated direction can effectively represent the

material's performance in different orientations.
4.4 Outline of Screw Testing

To gain deeper insights into the connection behaviours and contribute to capacity design,
monotonic push-out and pull-out tests were also conducted on screws in the form of steel-
timber composite (STC) connections for strength verification. A total of twelve tests were

performed on both shear and tensile screws, with eight being new screws and four being
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extracted from previously tested interlocking connector specimens. This supplementary
experiment had the following objectives: (1) to determine the realistic characteristics of the
screws employed with the interlocking connections and to validate the accuracy of the
adopted modelling methods; (2) to compare the strength and deformation in the conventional
STC connections with those in the proposed interlocking connections to illustrate the
damage-controlled capacity; (3) to compare the load-caring capacity of the used/unused
screws for evaluating the potential impact of previous interlocking connector failure on the
screws’ mechanical performance. However, due to limitations in the availability of screws
during the testing period, achieving a like-to-like configuration in STC connections matching
the screw layout of unit connectors was unfeasible. Therefore, the STC connections were
designed to have similar shear plane conditions to the screws in interlocking connections to

ensure the feasibility of comparison.
4.4.1 Test set-up

For the push-out testing of shear screws (HBSP12120), a symmetric timber-steel-timber
arrangement, as depicted in Figure 4.12, was utilised to achieve a uniform load distribution
and predictable friction effects on the force-displacement results. Two LVDTs were
employed on both sides of the set-up to measure the relative displacement between the steel
profile and timber panels. The LVDTs were positioned on the CLT panels, with their bases
attached to the steel profile. The steel profile used as the loading device in the push-out test
was a hot-rolled Grade-S355JO steel universal beam with dimensions of 254x102x22, with
no coating or painting. To align with the shear plane conditions of screws within the shear
interlocking connectors, the flange thickness of the beam was adjusted to match the thickness
of the connector's bottom plate (bmm). Four holes with diameter of 15 mm were drilled into
the universal beam to provide adequate tolerance for screw installations. On each flange side,
two screws were affixed, spaced at 78 mm from one another, aligning with the screw
arrangement in the shear interlocking connections. So, four HBSP12120 screws were tested

simultaneously in each push-out test.

134



GeL

1o

250 o WOt - Universal steel beam

00€
|

| LBsT100 LBSTi00 | |

252

8L

I
|
!
L
0]
9]
T
G
|
!

Figure 4.12. Geometry, cross-section, and details of in push-out test on HBSP12120

In the pull-out testing of tensile screws (LBS7100) (Figure 4.13), only one screw was tested
in each test. The screws were connected to the middle of CLT using a steel holding device
with a thickness of 6mm, corresponding to the thickness of interlocking tensile connector.

The displacement of screws was recorded directly by the INSTRON® load cell.
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Figure 4.13. Geometry, cross-section, and details of pull-out test on LBS7100

The screw testing employed identical predrilling diameter and length as the previous tests on

metal interlocking connectors. The loading scheme from EN12512 (Figure 4.2) was also
applied in the screw testing. The adjustments to the estimated ultimate strength f, of the
tested screws was first made based on the calculation following ECS5 [4.3]. Subsequently, the
value of f for the subsequent test was modified in accordance with the first test result,

leading to a redefinition of the loading procedure.
4.4.2 Screw testing results
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The characterisation of the monotonic load-displacement responses of screws in this study

was in accordance with EN 26891 [4.11] and EN 12512 [4.1] (Figure 4.14). The

instantaneous elastic stiffness of the connection (K __ ), is defined as the slope of the line

ser

drawn though 10%-40% f As outlined in EN 12512 [4.1] (Figure 4.14), the plastic

max -

stiffness (K D ;) can be defined in two ways: (1) when the load displacement curve exhibits
two distinct linear segments, K pl is defined as the slope of the plastic displacement; (2) in

the case similar to those investigated in this study, where no clearly defined linear segment

exists, K pl May be defined as a tangent line to the curve with a slope calculated by K _,./6.

The intersection between lines with K. and K pl Tepresents the yield load (F y) and yield
displacement (V v ). The ultimate displacement (V') and the corresponding ultimate load

(F ) are determined based on earliest occurring condition: either the displacement at failure,

the displacement corresponding to 80% of the maximum load, or the limiting ultimate failure

displacement of 30 mm. The connection ductility factor D is defined as the ratio between the

ultimate displacement and the yield displacement: D=V’ /V v

100 Kser e i Kpl
s ,.r-""‘{_.xx
80 ) »
R : Experimental curve
10% Fax

§ 60 4 40% Fax
g 4 X Fmax
8 X F,

40 4 F

y

20

0 ¥ T T T . T T T T T T | |
0 2 4 6 8 10 12 14 16 18 20 22 2
Displacement/mm

Figure 4.14. Typical connection behaviours when applying EN 26891 [4.11]

As illustrated in Figure 4.15, the force-displacement response of shear STC connections can
be classified into four stages. The force-displacement curves started with a zone with non-slip

when force increased, which is due to the friction between steel beam and timber. As the

applied load exceeded the friction (normally at 0.1 f ) and the steel beam commenced

max
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sliding relative to the timber, causing the screws to start bearing the load, the curve
transitioned into the consolidation stage. At this stage, the stiffness of connection was lower
than the elastic stiffness. This can be attributed to the damaged timber around the screw
threads resulting from the predrilling and screwing process. The displacement involves with
consolidation stage was measured as 3.5mm, aligns with the length of the screw threaded part
(2.6mm), validating the stiffness reduction attributed to the thread insertion into the timber.
While this phenomenon is particularly pronounced in dowel-type fasteners with smooth
surfaces, its impact can be evaluated by various optimal surface measurement methods [4.12,
4.13]. It is commonly disregarded when evaluating the mechanical properties of screwed
connection, by taking the elastic modules from the 10%-40% load range [4.13]. When the
screws continued to deform and reached the undamaged timber, the resistance of STC
increased notably and reached the elastic stage. After a certain level of plasticisation, the
majority of the test was terminated by the shear-offs of the screw head (Figure 4.15).
Additional deformation modes such as bending in screws and ductile crushing in timber with
the width equals to screw diameter and the length equals to displacement applied in test, were
also identified. These deformation modes did not result in any cutting-through in timber fibre,

attributed to the usage of large screws.
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Figure 4.15. Force-displacement (left) and deformation response (right) of the new and the used HBSP12120

As seen in Figure 4.16, the load-displacement behaviour of tensile screws in pulling-out test
was rather straightforward, which was mostly linear elastic until the yield load was reached.
After achieving the maximum load, sudden decrease was observed in load until ultimate

failure, which was due to the debonding between screws and timber.
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Figure 4.16. Force-displacement (left) and deformation response (right) of the new and the used LBS7100

Table 4.4. Key test results (mean values) obtained for both shear and tensile testing (EN26891)

S-HBSP12120 new,  S-HBSP12120 used, T-LBS7100 -new, T-LBS710 used, n=4

n=8 n=4 n=§
fmax(kN) 96.39 (8.2%) 97.31 (0.8%) 15.50 (16.1%) 17.58 (25.1%)
fu(kN) 81.09 (15.6%) 81.01 (8.0%) 12.40 (16.1%) 14.50 (29.3%)
Vu(mm) 19.62 (15.5%) 24.84 (2.8%) 5.69 (15.0%) 6.10 (20.6%)
fy(kN) 88.47 (8.7%) 90.79 (1.6%) 15.35 (15.9%) 17.25 (24.9%)
fy ECS/EAT(kN) 43.32(51.0%) 43.32 (52.3%) 14.59 (5.0%) 14.59 (15.4%)
V (mm 11.20 (19.0%) 13.04 (13.8%) 4.81 (18.0%) 4.98 (30.5%)
,(mm)
Kser(kN/mm) 7.47 (17.9%) 6.82 (8.6%) 3.34 (14.0%) 3.70 (6.9%)
Kser,ECS/ETA(kN 9.80(31.2%) 9.80 (43.7%) 16.45 (392.5%) 16.45 (344.6%)
/mm)
Kpl(kN/mm) 1.25 (17.9%) 1.14 (8.6%) 0.56 (14.0%) 0.62 (6.9%)
D 1.93 (11.1%) 1.93 (11.1%) 1.18 (7.5%) 1.25 (10.5%)

Note: The experimental results for HBSP12120 are for 4 screws that were tested simultaneously in shear, while the result of
LBS7100 is for single screw tested in tension; All presented results denote the mean value of all specimens; Whitin
parentheses, the values denote the coefficient of variation, in those of analytical data denote the errors between experimental
results and analytical results

The calculation of analytical values was conducted in accordance with both EC5 [4.3] and

ETA-11/0030 [4.14] for Rothoblaas screws. o, =448.8kg/m? and Py = 385kg/m? were

taken based on the CLT measurement in experiment and the product brochure of Rothoblaas
screws. As prescribed in ETA-11/0030, the outer thread diameters of screws were used in the

calculation in this study, although EC5 requires effective diameter (shank diameter) to be

used in determining the M V.Rd and f nx to account for the threaded part. The axial slip

modulus K ser 1t not defined in ECS5, therefore the formulas were taken from ETA-11/0030
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as K, =25¢d « 1, for soft wood, where [, is the penetration length of screws in timber

members.

As summarised in Table 4.4, tensile screws have higher stiffness over shear screws but with
less ductility, which contributes to a larger variation in test outputs of tensile screws. Based
on the observed behaviours, the ductility classification for all connections falls within the
low-ductility range. The analytical model overestimated the stiffness of shear connections by
31.2% and 43.7%, but significantly underestimated the strength by around 50%. The
observed deformation modes, significant disparities in testing outcomes, and the
overestimated stiffness and underestimated strength of screws in analytical calculations, are
consistent with findings reported in the published research [4.15-18] and can be considered
reliable. By comparing the mean experimental curves for the new and used screws in both
Figure 4.15 and Figure 4.16, along with the statistical data derived from test results in Table
4.4, it can be concluded that there is negligible differences in the average mechanical
properties of used screws compared to new ones in both shear and tensile tests. This finding
indicates that the performance of the screws remained largely unaffected by the failure of

interlocking connectors in tests.
4.5 Test Results of Interlocking Connections
4.5.1 Interlocking shear connection

In the cyclic testing of shear connections (Figure 4.17.a), buckling was the primary
deformation that associated with the sudden force reduction in the force-displacement curve.
The first buckling occurred when the displacement reached 4 mm (marked as point 1 in
Figure 4.18.a), followed by another buckling at a displacement of 6.5 mm (point 2 in Figure
4.18.a), both occurring under a similar force of approximately 16kN. This pattern suggested
simultaneous buckling in the shear connections on both sides of the panels, thereby inducing
instability in the experimental setup. In the reverse loading direction, buckling was also noted
on the opposite side of the male connector (point 3 in Figure 4.18.a), occurring at a force
level similar to the initial buckling events, around 16kN. However, the connection stiffness at
the revered loading direction was lower than the stiffness at the previous direction, indicating
that both parts of male connection contribute simultaneous to the connection behaviours, so

the buckled part leads to reduced stiffness when the loading reverse.

139



After the buckling, the connection strength continued to develop in the deformed steel band
and the end sunken (Figure 4.17.b), contributing to the plumper hysteresis loop at large
displacement. When reaching 10 mm at the reversed loading direction, breakage happened at
one of the buckled male connectors (point 4 in Figure 4.18.a) due to the excessive

deformation and terminated the test.

Therefore, in the testing of shear connections, different types of deformations (buckling,
bending and breakage) can be identified in two primary areas (Figure 4.17.b); the middle of
deformable band and the end sunken of deformable band. The buckling locations were
relatively consistent among all the specimens. The buckling and cumulative deformation in
the shear connection specimens caused unsymmetric behaviours in two loading directions
(Figure 4.17.a), which are unfavourable considering the stability of structures and limit the
connection’s capacity in dissipating energy. It is worth noting that, according to Figure 4.17.a,
the maximum strength and stiffness of the proposal shear connection is much lower than the
yield strength of STC connections formed by the bottom plate of interlocking connectors and
timber. Therefore, the STC connections were still in their elastic stage even after the failure

of interlocking connectors, ensuring the attainment of damage-controlled design.
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Figure 4.17. The hysteresis loops (a) and (b) the primary deformation modes in shear connection specimens
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Figure 4.18. Deformation of shear connection specimens: (a) cyclic testing and (b) monotonic testing

4.5.2 Interlocking tensile connection

Figure 4.19.a depicts the hysteresis loops for the proposed tensile connections. Different from
the cyclic behaviours of conventional timber connections, the connection performance in the
first cycle of each loading step in cyclic test showed good consistency with the monotonic
test, as stiffness and maximum strength in monotonic loading at each step can be reached in
cyclic loading with no strength degradation, indicating the plastic deformation in the male
connector does not affect the maximum capacity in the subsequent loading. However, the
plastic deformation caused gaps between the two connectors, leading to the sliding of the
male connector within the female connector with no reaction force. With the increase of the
applied displacement, the bearing walls of the female connector started to open-up and close
elastically, along with the upward and downward movement of the male connector, due to the
moment at the wall base applied by the reaction force of male connectors. This indicated that

the bearing walls also contributed to the connection stiffness under large displacement, which
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led to the degraded stiffness degradation of each repeated circle, alike the pinching effect in

the conventional timber connections.
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Figure 4.19. The hysteresis loops (a) and (b) the primary deformation modes in tensile connection specimens
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Figure 4.20. De(fo)rmation of shear connection specimens in (a) cyclic testing an(d zb) monotonic testing
The deformation mode in all tensile connection specimens was relatively consistent (Figure
4.19.b). The primary deformation mode in the tensile connection was the bending of the L-
shaped elements in the male connector as designed (Figure 4.20). Bending of the L-shape
elements started at the marked locations for strain gauge installation, corresponding to the
estimated areas where largest strain appears. The female connector and screws remained
mostly undeformed at the end of testing (Figure 4.20), and only very slight open-up in the
bearing walls and slight bending in the bottom plate (Figure 4.19.b) were visible, indicating

that most of the deformation was successfully controlled within the male connector.
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Therefore, the deformed male connector can be easily slided out and detached from the
female connector after the end of testing. In the case of interlocking tensile connections, the
STC connections were still in their elastic stage even after the failure of interlocking

connectors, ensuring the attainment of damage-controlled design.

Table 4.5. Key test results (mean values) obtained for both interlocking shear and tensile connection testing (EN26891)

Interlocking Shear Connection Interlocking Tensile Connection
F max&N) 17.3 27.22
[, &N) 13.84 27.22
V , (mm) 11.96 24.0
fy(kN) 15.7 20.55
Vy(mm) 3.73 8.34
K, (kN/mm) 6.9 2.56
Kpl(kN/mm) 0.27 0.43
D 32 2.88

Note: The results were taken from the cyclic test of both connections; The K ;, F, F__ and V , were determined from

>
the post-buckling behaviours of interlocking shear connections. !

Although the characteristic properties of the proposed connections was not available due to
the insufficient statistical data, both connection systems demonstrated adequate mechanical
properties, and the results from the monotonic and cyclic tests (Table 4.5) on both shear and
tensile connections revealed distinct differences in their deformation performance. The
tensile connection exhibited lower stiffness, higher maximum strength, and enhanced
ductility, showcasing a ductile failure mode due to bending. In the contrary, the shear
connection displayed higher stiffness, but lower maximum strength and ductility,
characterised by a brittle failure mode resulting from buckling in the cantilevered elements of
the male connector. The male connectors in both connections yielded before reaching the full
capacity of the surrounding fasteners when working in the primary direction, corresponding

to the capacity design strategy.

4.6 Verification of Damage-Controlled Effect of the Innovative Interlocking Timber

Connection

To verify the effectiveness of the damage-controlled effect in the proposed interlocking
connections, timber panels were separated at the screw locations after the screws were

removed from the tested specimens. According to the cross-sections illustrated in Figure 4.21,
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little deformation can be identified on either the CLT panel, nor the tensile or shear screws,
after the failure of interlocking tensile and shear connection specimens. In contrast, the
conventional STC shear connection (Figure 4.21.b), deformation with two plastic hinges can
be seen on HBSP12120 screws. This deformation resulted in crushing of the first layer of the
CLT panels along the grain direction. Observing the STC tensile connection (Figure 4.21.b),
the LBS7200 remained mostly intact. A combined shear/tension failure perpendicular to grain
can be seen around the threaded part of screw, which was produced during the pulling out of
the screws and is similar to the observations in published tensile testing on screws [4.19]. The
difference in damage patterns between the conventional STC connections and the proposed
interlocking connections underscore the latter's capacity to control damage effectively. The
proposed interlocking shear and tensile connections, as opposed to the conventional STC
connections, demonstrate superior performance in preserving the integrity of both the timber

panels and the connecting screws.

LBS7100 in

LBS7100 in _ STC connection
Interlocking connection = =

@

HBSP12120 in

HBSP12120 in STC connection

interlocking connection

(®)
Figure 4.21. Comparison of screw deformation in interlocking connection and STC connection: (a) tensile screws; (b) shear

screws (Note: the curvy mark on the cross section of timber was created by table saw that used to slide panels)
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4.7 Conclusions

This chapter outlines laboratory tests conducted on innovative interlocking unit connections,
focusing on their mechanical properties and deformation behaviours. Monotonic and cyclic
testing were carried out on both shear and tensile connections, with experimental setups
reflecting their real-world working conditions. A cutting-edge manufacturing technology, 3D
printing, was adopted in this study to manufacturing this novel and rather complex specimens,
taking advantage of its flexibility and high-level accuracy. The quality/strength of the 3D
printed material were validated through coupon testing, ensuring a thorough assessment of

this technique's impact on the experimental results.

The testing reveals the adequate mechanical properties of the interlocking of both
connections in working conditions, even without additional reinforcement. Notably, no
evidence of screw pull-out or significant movement between connectors and timber was
observed post-testing, and the female connectors exhibited only minimal deformation upon
reaching peak strength. This meant that most of the connection components, apart from the
male connectors, remained intact following connection failure, indicating successful plastic
deformation localisation within the designated areas (male connectors). This outcome
highlights the effectiveness of strategically localising plastic deformation within the male
connectors, confirming the success of the controlled damage strategy in managing

deformations.
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Chapter 5 Numerical Simulations and Analytical Studies

Based on experimental findings, this chapter further advances the understanding of the
proposed connection system by presenting a series of numerical and analytical studies at the
local scale. To construct accurate numerical models that effectively capture the behaviours of
the connections, comprehensive 3D fully discretised continuum models were first created
using the finite element analysis (FEA) software ABAQUS/Standard and validated against
experimental results. Furthermore, a series of parametric study was undertaken using these
connection models to thoroughly examine the influence of geometric design on connection
behaviours. Complementing these numerical studies, an analytical investigation was also
conducted, drawing on the insights gained from the parametric analysis. This combined
approach aims to enhance the practical design and understanding of interlocking connections,

providing a robust foundation for their application and optimisation.

5.1 Validation of Numerical Connection Model
5.1.1 Materials

To ensure the accuracy of FEA, models for shear and tensile connections were constructed
with full geometric details in the unit steel connectors, fasteners, fixing structures and timber.
In the models of both connections, the 5-ply CLT panels were modelled using an orthotropic
elastoplastic material model with the properties as listed in Table 4.1. This model considered
each layer separately, accounting for loading parallel and perpendicular to the grain for
respective layers. Specifically, the first (20mm), third (40mm), and fifth (20mm) layers were
modelled under loading parallel to the grain, while the second (20mm) and fourth (20mm)

layers were under loading perpendicular to the grain, corresponding to experiment.

For all steel fixtures and screws, a modulus of elasticity 200GPa and a Poisson’s ratio of 0.3
were assumed. Grade-300PLUS steel with a yield strength of 320MPa and an ultimate
strength of 440MPa was used in all steel fixture devices. The Grade 10.9 carbon steel with a
yield strength of 940.3MPa and an ultimate strength of 940.3MPa at 0.5% ultimate strain,
was adopted for HBSP12120 and LBS7100, which were validated by Tomasi et al. [5.1]. For
the modelling of the 3D printed connectors, a modulus of elasticity of 130GPa, a yield
strength of 304MPa, an ultimate strength of 638MPa and an ultimate strain of 5.9 % that

extracted from the coupon test as explained in Section 4.3, were taken. Throughout the model,
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8-node linear brick elements with reduced integration (C3D8R) were used for the mesh,

ensuring detailed and accurate representation of all components.
5.1.2 Modelling of shear connection

To achieve a more precise replication of the experimental conditions, the FE shear connection
model was built closely adhered to the experimental setup, with full dimensional details of
steel fixtures and connections on both sides as explained in Section 4.1 (Figure 5.1).
Incorporating a detailed model of the fixing device within the simulation is crucial for
identifying potential discrepancies in experimental results. These discrepancies often stem
from minimal deformation and relative movement of components within the fixing system.
For the boundary conditions of the model, three directional movement constraints were
imposed on the steel foundations and the grip bar, representing the support and fixture of
loading machine. The loading exerted by the testing machine was applied directly onto the
top surface of the CLT panel. This application was executed in a displacement-controlled
manner, ensuring a precise replication of the loading conditions observed in the actual testing

setup.

M16 Nut MG

Steel plate Steel plate

Steel bar
Steel bar

\ CLT panels

Figure 5.1. The outline and boundary conditions of FE model of the shear connection

Given the working mechanism of conventional steel-to-timber composite connections (STCs)
as introduced in Chapter 2, the modelling of interaction between timber and steel fasteners is
imperative to the model accuracy. In shear loading scenarios, the screws within STCs
predominantly endure compressive forces from the surrounding timber and the steel plate,

which is primarily transmitted through the screw's shank. Accordingly, screws in the
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interlocking shear connection were modelled as cylindrical elements with a diameter

corresponding to dsof HBSP12120, as listed in Table 4.2.

For contact modelling at all interfaces within the simulation, the surface-to-surface
discretisation method was employed. The interaction properties were defined with the “Hard
Contact” option in the normal direction and the “penalty friction formulation” in the
tangential direction. The coefficient of friction was set at 0.4 for all steel-steel contacts [5.2],
and 0.25 for all steel-CLT contacts [5.3]. To simulate the tightening effect between the nuts
and threaded bars in the fixing system, which was rigid and stable with no relative movement
during the experimental tests, tie constraints were incorporated at all interfaces between these

components.

In modelling the interactions between screws and timber along the tangential direction, a non-
linear relationship between contact pressure and displacement, as detailed in Equation 5.1,
was adopted. This non-linear relationship was implemented in the normal direction using the
"Tabular" option available in ABAQUS. This approach was specifically selected to account
for the lower timber strength in the vicinity of the screw surfaces, which is particularly
crucial given the use of big-diameter screws in the shear connections, where the pre-drilling

effect is more pronounced. In the curve fitting process for the test results of HBSP12120, the
LAME function was carefully implemented with the contact deformation u, being set at
0.35mm, and, O ,, representing the maximum compressive strength of timber, being assumed

to be 30 MPa [5.2]. Therefore, the control factors n, and n, of LAME function were

u
determined to be 1.23 and 1.09, respectively. These specific values contrast with those

previously determined values of n,,=3.9 and n, = 1.7, derived from Dorn's testing on P12

dowels [5.4]. The higher values of n,, and n, obtained in the dowel testing can be attributed

to the smoother surface of dowel connections, which does not exacerbate timber damage
during insertions, thereby facilitating a more rapid recovery in connection strength at the

onset of screws’ bending.

O'O—CTL

(uinter )nu + (

Ug 0o

)lo =1

Equation 5.1
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Figure 5.2. Non-linear contact relationship employed in shear screws-timber contact modelling: (a) the LAME function [2]

and (b) the curve fitting resukts

The occurrence of buckling in the shear connection necessitated the use of geometrically and
materially nonlinear analysis with imperfections (GMNIA) in the validation model, a method
that incorporates imperfections. Due to the inherently perfect nature of the initial FE model, it
tended to exhibit bending behaviours rather than buckling. To address this, the linear Eigen-
buckling analysis, which is a common method for predicting the buckling strength and
generating ‘imperfection’ on the model to trigger nonlinear buckling analysis, was first
conducted. In the Eigen buckling analysis, a unit pressure was applied at the top of the middle
panel in the original shear connection model to predict the critical load of buckling and the
buckling mode shapes of the ideal structure based on the ‘Block Lanczos’ method. As shown
in Figure 5.3, the generated four buckling modes in the male connectors on both sides agreed
qualitatively with the test results, so they were extracted and imported into the nonlinear
analysis as ‘imperfection’ with a factor of 0.2. Furthermore, to accurately simulate the
observed sliding during the initial loading stage in the connection model, a crucial adjustment
was made by including a 1 mm gap between the male and female connectors. This
modification enhances the model's capacity to realistically portray the early-stage interaction

dynamics of the connection under loading.
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Figure 5.3. Four Buckling Modes Extracted by ‘Block Lanczos’ Method

5.1.3 Modelling of tensile connection

Similar to the shear connection model, the boundary conditions in the tensile connection
model were set according to the experiment set-up. A simplified steel fixture, as illustrated in
Figure 5.4, was modelled to apply the necessary movement restrictions. Displacement-
controlled loading in the Y-direction was implemented on the steel fixture attached to the

panel with the male connector.

Displacement in
Y direction
Steel fixtures
Fix X,Y,Z
k% Fixed steel

I A k A A i . foundation
X

Figure 5.4.The outline of boundary conditions of FE tensile connection model

When simulating timber screwed connections loaded in tension, two modelling methods are
commonly adopted. The first approach involves constructing a comprehensive model of the
screws, inclusive of detailed threading [5.5]. In this method, the performance of the screws is
entirely determined by their geometric characteristics, preventing the need for assumptions
about screw properties. The second one is a simplified method proposed and validated by

Avez et al. [5.6] and Bedon et al. [5.7], which introduces a fictitious ‘soft material’ (Figure

152



5.5) to represent the threaded part with the diameter equals to d ; of LBS7100 in Table 4.1.
The ‘soft material’ is assumed to be perfectly elastic and has the same capacity as the wood,
except for the radial modules that is reduced to SOMPa to eliminate its contribution in the
compressive direction, representing the weakening effect of threads on the timber. Wrapped

by ‘soft material’ is the ‘core’ that simulates the shank of screws, the dimensional value of
which is taken as d ; of LBS7100 (Table 4.1). Compared to the complete modelling approach,

this simplified method offers enhanced computational efficiency by eliminating the details of
the screw threads and reducing the extensive contact area between the threads and timber,

thus it has been adopted in this study.

Wood

Radial

tongitudinal *______.

= " ;__l,; < —
Cohesive —_—

Screw =
surface -

Figure 5.5. Simplified FE model for screws in tension [5.6]

The withdrawal capacity of screws in the timber panel was simulated by defining a cohesive
surface. This surface was modelled between the internal surface of the pre-drilled holes in the
timber panel and the external surface of the 'soft material'. An assumed rigidity of 40N/mm?
was set in the longitudinal direction, while a rigidity of ON/mm?® was maintained in both the
tangential and radial directions (Figure 5.5) [5.6]. To simulate the initiation of interaction
failure, the 'damage initiation criterion' option within the model utilised the maximum

nominal stress (MAXS) approach at this cohesive surface:
tn S tt .
max{ﬁ, 0 77} =1 Equation 5.2
n S t

where the tg, tg and tf are the peak allowable stresses in the normal (n), first (s) and second

(t) shear direction of the bonding interface, the values of which were taken as 36MPa,
6.9MPa and 6.9MPa, equalling to the compressive and shear strength of timber as listed in
Table 4.1.
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Once the cohesive resistance limit is reached in the model, the simulation transitions to
represent the strength degradation of the bond. This is achieved through the implementation
of a 'linear damage evolution' law. This law assumes that the cohesive surface attains its full
residual stiffness upon reaching a deformation of 4mm. Consequently, the contact behaviours
of the connection become elastic-brittle, effectively simulating the brittle failure typical of
dowel-type timber connections under tension. To further enhance the realism of the model,
the cohesive interaction approach was strategically paired with specific contact settings. In
the normal direction, the 'Hard Contact' setting was employed to effectively prevent the
penetration of screws into the timber during the post-failure stage. Additionally, in the
tangential direction, the 'Penalty Friction Formulation' was utilised, accompanied by a

coefficient of friction set at 0.4.
5.1.4 Mesh sensitivity

To evaluate the influence of mesh size on the accuracy of the proposed FE connection models,
a comprehensive mesh sensitivity analysis was conducted. This analysis aimed to ensure the
optimal selection of mesh size for the simulation. It was assumed that certain components are
mesh size-independent in the analysis, such as the timber panels, fasteners, metal fixtures,
and the female connectors, since these elements exhibited minimal deformation in the
experimental tests. Therefore, increasingly smaller mesh size was only applied in the
interested areas of both connection models (Figure 5.6), while the mesh size in other parts of
the testing set-up remained consistent. The male connectors of both connections, which are
designed to govern connection properties, were first studied with 3 mm mesh size. Then the
mesh size was refined to 1.5 mm and Imm. It can be observed in Figure 5.7.a that, the
changes in mesh size have little impacts on the numerical predictions of shear connector
model. In the model of tensile male connector (Figure 5.7.b), the initial stiffness is
independent to the mesh size, while yielding strength is slightly sensitive. Ultimately, a mesh
size of 1.5 mm was identified as an effective balance between result accuracy and
computational efficiency for both models. Therefore, this mesh size was selected for use in

subsequent studies.
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Figure 5.6. Mesh size considered in the mesh sensitivity study of (a) shear male connector (b) tensile male connector
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Figure 5.7. Force-displacement response obtained from different mesh size in (a) shear male connector model and (b) tensile

male connector model

5.1.5 Numerical validation of shear connection

Figure 5.8 presents the validation of the proposed shear connection model against testing
results. By comparing the experimentally and numerically generated connection properties
and deformation, it can be concluded that the FE shear connection model closely matches the
experimental test outcomes, accurately capturing asymmetric behaviours observed in the two
loading directions. This alignment underscores the model's efficacy in replicating real-world

connection behaviours.

A critical aspect of the model is the incorporation of a 1 mm gap, which is instrumental in

simulating the initial sliding observed at the onset of each loading step. In the pre-buckling
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phase during positive loading, the FE model displays a similar critical load to the
experimental data, but with marginally higher stiffness. These discrepancies are likely to
occur due to errors arising from the implementation of the imported buckling modes into the
model. After the buckling, the numerical model successfully replicated the unloading
stiffness and the reduced energy dissipations, evidenced by narrower hysteresis loops.
Furthermore, with the incorporated initial imperfections, the numerical model successfully
replicated the negative stiffness associated with buckling in the negative loading direction. In
terms of connection deformation, the simulation accurately captured the buckling shapes on
both sides and the bending at the sunken ends. This precision, in terms of both location and
size, is clearly illustrated at points 1 and 2 in Figure 5.8.b. This level of detail confirms the

validation model's accuracy.

20 4

o0 J Displcament (mm)

(a)

S, Mises

523 _ 524

44— Loading direction

.760e-02

(®)
Figure 5.8. Comparisons between experimental results and FEA output in (a) hysteresis loops and (b) the deformation modes

in shear connection specimens (in mm)
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5.1.6 Numerical validation of tensile connection
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Figure 5.9. Comparisons between experimental result and FEA in (a) hysteresis loops and (b) the deformation modes in

tensile connection specimens (in mm)

The FE model of the tensile connection demonstrated a high level of agreement with the
experimental output. This alignment was evident in the accurate replication of key aspects
such as the maximum strength of each loading cycle, as well as the initial and reduced
stiffness values (Figure 5.9.a). Additionally, the four deformation modes identified in the
tensile connection were successfully reproduced in the model, both in terms of their shapes
and dimensions (Figure 5.9.b). This achievement highlights the effectiveness of the proposed
modelling method for interlocking tensile connections. Despite the slight pulling out of
screws observed in the male connector within the model, the continuous force-displacement
curve suggested that the interfaces between the screws and timber remained elastic. This

observation was corroborated by the fact that the 'linear damage evolution' feature in the FE

157



model was not triggered. Therefore, the model effectively captured the elastic behaviours at

the screws-timber interfaces, further validating the accuracy of the simulation.

5.2 Translational Behaviours of the Interlocking Connections with S235
5.2.1 Shear connection

After being successfully validated for predicting the structural performance of connections,
the validated methods were applied to subsequent analyses. Given that the original testing
utilised specimens made from a special grade of 3D printed steel, a monotonic analysis was
carried out on the validated models using the material properties of a more common and
ductile steel grade (S235), characterised by a modulus of elasticity of 210 GPa, a yield
strength of 235 MPa, and an ultimate strength of 360 MPa. This analysis was conducted
along the primary and secondary working directions of both connections, to further
understand the translational behaviours of the proposed shear and tensile connections and to
explore their performance potential using S235 steel material. The numerical model provided
additional insights into the deformation trends within the shear connections, offering an
understanding of connection behaviours that was not accessible during physical testing due to

the concealed nature of the shear connection design.

The force-displacement responses of the interlocking shear connection FE model in the
primary and secondary directions are reported in Figure 5.10. Similar to the tested specimens,
the shear connection with S235 first buckled at the cantilevered steel band, resulting in
negative stiffness in the FE model. With the continuous loading, the buckled steel band
continued to bend, and the deformation started to develop in the end sucken on the other side.
Corresponding to the experiments, most of the plasticity was observed in the designated
deformable band (Figure 5.12.a) in the male connector after a 30 mm displacement in the
primary direction, while little plastic strain was developed in the female connector and

fasteners, which also resulted in very small damage on timber panels.
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Figure 5.10. Force and displacement curve of interlocking shear connection

According to the connection deformation observed in the FE models, the interlocking shear
connection’s behaviours in the primary direction can characterised as in Figure 5.11. The
initial portion of the curve, which is known as primary path, is often steeper and represents
the elastic behaviour of the connection before reaching the bifurcation point. The first
bifurcation point marks the end of the primary path where the material or connection
experiences buckling, a form of instability leading to sudden changes in deformation patterns
and reduced force in connection. Beyond this point, the behaviour is no longer purely elastic,
and the structure or material may not recover back to the original shapes if the load is
removed, which normally happens in the thin-walled structures with low width to thickness
ratio. The path it follows post-buckling is less steep, indicating a change in stiffness and
energy absorption characteristics of the connection. At this stage, the buckled steel bands at
both sides begin to bend inward. This inward bending continues until the bands make contact,
closing the gap between them. Upon this contact, stability within the connection is re-
established, resulting in an increase in resistance. These buckled steel bands collectively
assume a new form of cantilevered structure, which is continuous to be compressed by the
female connector, then buckled again when reaching the second bifurcation point. The second
buckling led to unsymmetric shape in the steel band, which then starts to bend under
compression with low resistance. As the load progresses, the connection reaches a second
bifurcation point, leading to another buckling event. This second buckling event imparts an

asymmetric shape to the steel bands, which subsequently begin to bend under the
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compressive force but with markedly reduced resistance. This dynamic sequence of buckling,

contact, and re-buckling summarises the complex mechanical behaviours of this connection.
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Figure 5.11. Shear connection buckling behaviours analysis on primary working direction

S, Mises 5, Mises

5

(Avg: 75%) H i [AwD: 75%)
+1.252e+03 +1.25784+03 401478402
. +1.148e+03 . +1.151e+03 - . 1B I81m400
+1.044e+03 +1.048e+03 +7.519e+02
+9.393e+02 +9.431e+02 +6.857e+02
- +8.350e+02 +8. 38 a+02 +b.085e+02
+7.306e+02 B +7.125e+02 +5.33de+02
| +6.262e8+02 | e E 45726402
+5.219e+02 +5 2408402 438108402
B +41175e+02 [ +a1g2es02 BN 43048402
+3.132e+02 +3.1340+07 +3. 2860 +00
3 0880102 V2 DG +1.524e402
110446403 ey Bk THALY
+7.880e-02 +1 i SE1e-02

S, Mises
{Avg: 75%) 5, Mises 5, Mises
+1.252e403 Gl 75%) Thva: 73%6)
+1.148e+ +1257me01 ;!
. +1.0446+03 | | Tiigieraa kT
+9.393e+02 | jgigerny
— +8.350e+02 ERT e
+7. 336002
+6. 285+ 02
+5.240e+02
+4.192e+02
| S¥1dfernd
trgniesn2
I +1.049€+02
+2.024e-02 +1.119e-01
(a) (b)

Figure 5.12. Stress distribution on shear connections and screws under the displacement of 30 mm in (a) the primary

direction and (b) the secondary direction

Under loading in the secondary direction (Figure 5.12.b), the interlocking shear connection
demonstrated considerably higher strength and ductility compared to its performance in the
primary direction. The plastic deformation process involved a composite action: bending of
the middle cubic support in the male connector, bending of the wall in the female connector
on the load-bearing side, and bending of the screws. In this orientation, the shear connectors
function similarly to conventional steel-to-timber composite connections, characterised by

substantial timber deformation and increased plastic strain in the screws. This behaviour
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confirms that the fasteners play a significant role in contributing to the strength of the

connection when it is loaded in the secondary direction.
5.2.2 Tensile connection

Figure 5.13 illustrates the mechanical response of the interlocking tensile connection with
S235 steel, which can be delineated into three distinct stages: the elastic stage, the yield
plateau stage, and the densification stage. Initially, under loading, the male connector begins
to slide within the female connector, causing the sloping walls to exert compressive forces on
the L-shaped elements, prompting them to bend inward. As the male connector continues its
vertical displacement, the L-shaped elements reach their yield point, and the walls of the
female connector gradually start to open-up due to the increasing moment at their bases. This
action results in a slight reduction in the connection's reaction force, characterising the yield

plateau stage.

The transition to the densification stage occurs when the male connector makes contact with
the top of the female connector, constraining its upward movement. This leads to significant
increase in the connection stiffness. In this final stage, the connection becomes exceedingly
rigid, effectively inhibiting any further displacement or opening. Consequently, the force-
displacement (F-9) curve for the tensile connection in the primary working direction can be
conceptualised using three key parameters: initial stiffness, yielding strength, and the

displacement at the onset of densification.

Figure 5.14 shows that, at the displacement of 15 mm in the primary working direction, the
L-shaped elements in the male connection processed most of the plastic deformation, while
the other components of the connection show minimal deformation. Though the stress of the
screws under tension cannot be reflected directly from the stress contour due to the
employment of fictitious elastic ‘soft material’, the force-displacement curve does not exhibit
any reduction in strength. This suggests that, even at a slip of 20mm, brittle failure has not

occurred in the screws, and they remain within the elastic phase of deformation.

161



Tensile capacity of 50.4kN

screws (EC5) 501
EFasiic Yield Plateau stage Densification stage
tage
Shear capacity of | 42.6kN
screws (EC5) ot
404 S
1 i &
’ /
= 304 L JII
o 7 |I
X ; |
8 ; |
5 ’ [
w R /
20 ‘ .'
’ /
;
/ /

I - - - - Secondary direction
| J'/ —— Primary direction

17 AV SO S SR SR ) P
0 2z 4 6 8 10 12 14 16 18 20

Displacement (mm)

Figure 5.13. Force and displacement curve of interlocking tensile connection
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Figure 5.14. Von Mises Stress contour in the interlocking tensile connections under the displacement of 15 mm in (a) the

primary direction and (b) the secondary direction

Under loads in the secondary working direction, the plastic strain contour plot reveals that the
interlocking tensile connection exhibits a working mechanism similar to that of conventional
steel plate connections. In this mode, screw bending and timber crushing emerge as the
primary deformation modes. Consequently, the embedment strength of the timber and the
bending strength of the screws become the principal contributors to the connection's overall

strength, while the interlocking steel connectors maintain their rigidity.

5.2.3 Conclusion

The FE models of both interlocking shear and tensile connections made of S235 steel have
shown that the proposed designs are capable of providing sufficient strength and ductility
under translational loadings. The primary working mechanisms of these connections

demonstrate a strong correlation with the behaviours observed during testing, indicating a
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highly effective damage-controlled capacity. This is exemplified by the notably reduced
deformation in screws under primary directional loading compared to the secondary direction,
reflecting the effectiveness of the proposed connector design in timber damage control. When
considering the secondary working direction, the connection's deformation is characterised by
reduced ductility, predominantly influenced by the composite action between the fasteners
and the steel connector. This pattern of deformation is similar to the well-established
conventional steel plate connections, known for their high stiffness but relatively lower

ductility.

5.3 Parametric Study

To enhance the design and detailing of the proposed interlocking connections, and to validate
the accuracy of the proposed analytical models, a thorough parametric study is essential. The
parametric study detailed in this section examines the impact of varying key design factors,
on the fundamental mechanical properties of connection, such as stiffness, strength, and
failure modes. Utilising the validated FE models of the interlocking connections, the study
focuses on key geometric parameters of the interlocking connectors in addition to stainless
steel grade, both were selected for their significant influence on performance. To ensure
uniformity and comparability in the assessment, the standard configurations for the
connections as examined in Chapter 4 was established as the benchmark, with a consistent

unit connector size of 200mmx100 mm being adopting across all models.

The parametric study was performed in a two-stage manner, with five and six parameters
being chosen in the study for tensile and shear connections, separately. The initial phase of
the study involved the analysis of five distinct models for each parameter. In each case, a
single parameter was varied while maintaining constant values for the others to isolate the
effects on connection properties. The parameters that have pronoun impact on properties
were then selected for more in-depth investigation in the detailed phase of the study. This
two-stage approach ensures a balance between simplicity in analysis and the
comprehensiveness of results. Consequently, a total of 60 models for shear connections and
55 for tensile connections were executed, providing a robust dataset for evaluating the

efficacy and behaviours of the interlocking connections under varied design conditions.

5.3.1 Parametric model information
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Based on previous numerical and experimental investigations on the proposed shear
connections, the deformation modes of tensile connections present a higher level of
complexity, including three primary modes: 1) the bending of the L-shaped element in the
male connector, 2) the opening-up of the female connector, and 3) the bending of the bottom
plate of the male connector. Therefore, in addition to connection material, the related form
factors to these specific deformation areas are considered in the parametric study. These
factors encompass the angle of the sloping wall, the thickness and separation of the L-shaped

elements, and the overall height of the connection (Table 5.1).

Table 5.1. Geometries and material parameters of tensile connection models in the parametric study

3 Gap
1 Angle of sloping 2 Thickness of the between L- 4 Height of
wall L-shaped elements shaped connection
elements

Label 5 Connection material

Tensile connection

Benchmark 70 4 14 25 SS235
T1-60 60 - - - -
T1-65 65 - - - -
T1-75 75 - - - -
T1-80 80 - - - -

T2-3 - 3 - - -
T2-3.5 - 3.5 - - -
T2-4.5 - 4.5 - - -

T2-5 - 5 - - -
T3-10 - - 10 - -
T3-12 - - 12 - -
T3-16 - - 16 - -
T3-18 - - 18 - -
T4-15 - - - 15 -
T4-20 - - - 20 -
T4-30 - - - 30 -
T4-35 - - - 35 -

T5-
Aluminium

T5-S275 - - - - S275
T5-S375 - - - - S375
T5-S420 S420

- - - - Aluminum

In contrast to tensile connections, notable phenomena such as buckling and slight bending at
the ends of the male connectors were constantly identified. These observations guided the

focus of the parametric study on shear connections, which concentrated on form factors
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linked to these critical areas. Variables studied included the curvature and thickness of the
deformable steel plate, the depth of the end sunken, the height of the connection, and the
width of the middle support in the male connector. Comprehensive details of each model are

summarised in Table 5.2.

Table 5.2. Geometries and material parameters of shear connection models in the parametric study

1 Curvature of the 2 Thickness of the 5 6 Width

Label cantilevered steel cantilevered steel 3 Helgh? of 4 Depth of Connectio  of middle
connection the end suck .
band band n material support

Shear Connection

Benchmark 550 2 25 10 SS235 20
S1-450 450 - - - - -
S1-500 500 - - - - -
S1-650 650 - - - - -
S1-700 700 - - - - -

S2-1 - 1 - - - -
S2-1.5 - 1.5 - - - -
S2-2.5 - 2.5 - - - -

S2-3 - 3 - - - -
S3-15 - - 15 - - -
S3-20 - - 20 - - -
S3-30 - - 30 - - -
S3-35 - - 35 - - -

S4-8 - - - 8 - -

S4-9 - - - 9 - -
S4-11 - - - 11 - -
S4-12 - - - 12 - -

S 5 B . -
Aluminum B - - - Aluminum

S5-S275 - - - - S275 -
S5-S375 - - - - S375 -
S5-S420 - - - - S420
S6-10 - - - - - 10
S6-15 - - - - - 15
S6-25 - - - - - 25
S6-30 - - - - - 30

5.3.2 Parametric study outcome
5.3.2.1 Tensile connection — Initial study

To facilitate the quantification of the three-stage performance of tensile connections, the

force-displacement curves derived from these connection models were linearised for
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simplicity. As depicted in Figure 5.15, the tensile connection's response can be characterised

by four key parameters as follows: elastic stiffness (K,;), yield strength ( F v ), plateau

stiffness (kpl), and densification stiffness (K ;). In some specimens, a slight increase in

resistance was observed during the plateau stages, attributed to the locking effect caused by
friction at the contact point between the end of the L-shaped element and the surface of the
female sloping wall. This locking effect, while beneficial to mechanical performance, is
dependent on the length of the L-shaped element's bottom part and was not factored into the
parametric study's analysis. Consequently, a linearised and simplified model of these
responses was employed in the subsequent study to enable a more straightforward

demonstration and comparison ( Figure 5.15).
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Figure 5.15. Linearisation of tensile connection response.

The outputs of the initial parametric study of tensile connection are shown in Figure 5.16.

The investigation revealed that the various parameters examined exert differing degrees of

influence on the elastic stiffness (k ;) and strength of connections ( f y), while the stiffness in

both the plateau stage (k pl) and the densification stage (kK ;) remained relatively uniform

across most models. An exception was observed in parameter TS5, which employed
aluminium with a different modulus of elasticity and leaded to significantly different
connection behaviours. This uniformity can be attributed to the fact that, in the plateau and

densification stages, the deformation behaviours of the connections are consistent among all
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models. This involves the yielded male connectors with progressive plastic deformation and
sliding within the female connector during the plateau stage, followed by bottom plate
bending in the densification stage of the male connectors. These two deformation modes are
primarily influenced by geometric and material factors in the female connectors and bottom

plates, which were not the central focus of this parametric study.

Among the parameters analysed, T1 (Angle of sloping wall) predominantly influences the

k,; and the f of connectors. These properties were observed to increase as the wall slope

y

decreased. The angle of the wall modifies the geometric interaction between the L-shaped
element and the wall, thereby affecting load distribution and transfer to the L-shaped element.
This slope decides both the direction of force exerted on the L-shaped element by the female
connector and the sliding extent of the male connector within the female connector,
influencing the overall connection properties. A steeper slope enhances the reaction force's
perpendicular component against the L-shaped element, increasing the structure's capacity to
withstand vertical loads and increasing frictional resistance. However, it is crucial to note that
with a wall slope exceeding 80 degrees (Figure 5.17.a), approximating vertical alignment,
there is a reduction in moment resistance at the base of the wall. Consequently, the load-
bearing component shifts from the L-shaped element in the male connector to the wall in the
female connector (Figure 5.17.a). Thus, a steeper wall slope creates a more supportive and
restrictive environment for the L-shaped element, significantly affecting the connector's

performance.

The thickness of the L-shaped element (T2) in the male connector is notably the most
influential factor in determining connection performance (Figure 5.17.b), as it directly
determines the element’s cross-sectional area responsible for undergoing deformation.
Conversely, the gap between L-shaped elements (T3) demonstrates a negligible impact on
connection properties, suggesting that this gap primarily serves to accommodate the
horizontal displacement of the L-shaped element (Figure 5.17.c). The height of connection
(T4) is proved to have considerable impacts on not only the elastic stage, but also the plateau
stage. Connectors with an increased T4 value, featuring taller L-shaped elements, have a
higher tendency to bend under compression from the female connector, resulting in reduced
yield strength. In addition, taller female connectors provide greater vertical space for male
connector movement, thus delaying the densification stage (Figure 5.17.d). However, an

excessively reduced connector height results in a shorter L-shaped element in the male
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connector, potentially becoming too rigid and limiting the achievement of a damage-
controlled effect. In the cases of minimum height (T4-15) (Figure 5.17.d), most deformation
occurred at the steel plate, and the model was halted due to excessive deformation. While
different materials were also identified to have significant impact on the overall connection
properties, the deformation modes remained largely consistent, as indicated in Figure 5.17.e.

This suggests that deformation modes are predominantly governed by the geometric design of

the connection.

Given these observations, parameters T1 and T4 were chosen for in-depth analysis in the
detailed parametric study. Despite the evident impact of T2, its influence is relatively linear

and minor adjustments, such as around 0.1lmm, are unrealistic to practical manufacturing,

leading to its exclusion from further study.

50 50
——T1_60 —a—T3_10
404 ——T1_65 s04 —*—T3_12
—e— T_Benchmark —e— T_Benchmark
=, T1_75 = T3_16
£%97 —=—T180 £301 —=—T3 18
[ ] Q
2 2
S 20 S 20
w w
104 — — 4 10 7;-7—————_?_‘?—&’.
0 T T T 0 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Displacement (mm) Displacement (mm)
50 50

4—T5_8420
40 —*— T5_8355
—e— T_Benchmark

404 —*—T4_20
—e— T_Benchmark

= T5_8275 = T4_30
< 309 —=—T5_Aluminum £ —=—T4_35
[ V] (]
<] B2 »
S 20 a _— ? S 20+ P & j

10 /_—————— Y Iy A—————— Vs

E——
-— m— P
.
0+4= T T T T T 0 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Displacement (mm) Displacement (mm)
50
4—T2_3 o
404 ——T2_35
—e—T_Benchmark /

Fi T2_45
=125 /
- 7
o /
S 20 /
w

104

Displacement (mm)

Figure 5.16. Initial parametric study on tensile connections for parameter T1-T5
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Figure 5.17. Deformed shapes of tensile connection at 25 mm vertical displacement with the minimum and maximum values

in parameter (a) T1, (b) T2, (c) T3, (d) T4, (e) TS
5.3.2.2 Tensile connection — Detailed study

Figure 5.18 demonstrates the relationship between parameters T1 and T4 and their impact on
connection strength. The data clearly indicate a negative correlation for both parameters. A
comparison of the results from T1 and T4 models reveals that an increase in connection
height (T4) significantly diminishes the numerical yield strength of the connection. In
contrast, the influence of T1, while still impactful, is comparatively less pronounced. This
differential impact highlights the more substantial role that connection height plays in

determining the mechanical behaviours of the connection.
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Figure 5.18. Output of detailed parametric on tensile connection

Figure 5.19 provides a comprehensive summary of how connection stiffness varies in
response to changes in parameter T1 and T4. A key observation from the analysis is that the
stiffness values during the plateau and densification stages remain constant across all models,
indicating that these stiffness stages are not influenced by the geometric factors of the
examined parts of the connections. In all model, the stiffness during the densification stage,
which corresponds to the bending stiffness of the bottom plate, consistently registers as the

highest. Conversely, the plateau stage, characterised by the sliding of the yielded male
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connector within the female connector, exhibits the lowest stiffness, approaching an
approximate value of zero. Furthermore, it is observed that only the elastic stiffness of the
connections is affected by changes in parameters T1 and T4. Increases in the values of both
T1 and T4 are correlated with a more pronounced reduction in the connection's elastic
stiffness. This relationship highlights the sensitivity of the connection's initial load-bearing

capacity to these specific geometric parameters.
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Figure 5.19. The changes in connection stiffness at different stages with the changes in parameters T1 and T4

5.3.2.3 Shear connection - Initial study

As buckling is often associated with brittle failure, only the strength at the initial bifurcation
point was considered in this parametric study for shear connection (Figure 5.20). The initial
analysis of shear connections revealed failure modes that aligned consistently with
experimental findings: buckling of the cantilevered steel band occurred without any

deformation in the female connectors, screws, or timber.

Figure 5.20 illustrates that, the curvature of the cantilevered steel band (S1) exhibited
minimal influence on the mechanical properties of the shear connections. Its influence is
more pronounced in determining the spacing between the symmetric steel bands (Figure
5.21.a). The connector with bigger curvature has larger gap between steel bands, which can
extend the second path at post-buckling stage and therefore delay the attainment of the

second bifurcation point.
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The thickness of the steel band (S2) was found to have a substantial impact onto both the
buckling and post-buckling behaviours of the connections (Figure 5.21.b). Notably, the
critical load demonstrated a linear relationship between the thickness of the steel band. The
model with the thinnest steel band, labelled as S2-1, exhibited the lowest critical load and
stiffness among the models of S2 series. Additionally, this model also records the lowest
second critical load, exhibiting only minimal buckling effects with reduced level of strength

reduction after both bifurcation points.

Initial modifications to parameter S3 (connection height) were positively associated with an
increased yield strength; however, this positive correlation diminished and became negative
with the modification development. This inverse relationship became apparent when
exceeding a connection height of 30mm, as seen in models S3-30 and S3-35, where a
subsequent decline in yield strength was observed. This is because that, an increased
connection height contributes to the slenderness of the central cubic support, precipitating

bending in this structure along with steel band buckling (Figure 5.21.c).

In contrast, parameter S4 demonstrated a negligible impact on the mechanical performance of
the connectors with similar stress distribution across all models (Figure 5.21.d), suggesting
that the end of the connector does not significantly contribute to its deformation. Regarding
the material composition (S5), a positive correlation was observed between the connector's
yield strength and its material properties. Connectors fabricated from different steel grades
maintained similar stiffness levels, attributable to consistent Young's modulus values,
whereas aluminium connectors exhibited a marked reduction in stiffness, which can be
attributed to a lower Young's modulus (Figure 5.21.e). The parameter S6 represents the
overall changes in cantilevered steel band length by changing the size of cubic middle
support. Figure 5.21.f indicates that, this parameter significantly affected the critical load,
stiffness and displacement at the second loading path, as well as the second bifurcation point,
in a non-linear manner. Owing to these insights, parameters S3 and S6 were specifically
chosen for the detailed parametric study, while other parameters were neglected given the
focus on practical applications, such as the use of common metal materials and avoidance of

extremely fine thicknesses.
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Figure 5.20. Initial parametric study on shear connections for parameter S1-S6

It was also noted that variations in the geometric parameters within the buckling zone
influenced the system's damage-control capabilities (Figure 5.21). Specifically, models
equipped with a stronger cantilevered steel band, such as S2-3, S5-SS420, and S6-30,
exhibited higher stress in the bottom plate around the screw holes during buckling events.
Conversely, models with a less robust cantilevered steel band, including S2-1, S3-15, and S5-
Aluminum, revealed a superior damage-control capacity, maintaining a stress-free state in the

bottom plate.
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5.3.3.4 Shear connection - Detailed study
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Figure 5.22. Output of detailed parametric on shear connection

Figure 5.22 plots the relationship between the buckling force in shear connections and the
variations in parameters S3 (ranging from S3-15 to S3-35) and S6 (from S6-10 to S6-30)
generated in the detailed parametric study. The results indicate that models with changes in
S6 consistently registered higher buckling force values compared to those with variations in
S3. However, the sensitivity of the connection strength to changes in S6 was less pronounced
than that in S3. An increase in S6 demonstrated a positive but relatively modest correlation
with the critical load. Conversely, parameter S3 initially showed a positive correlation with
the critical load, which plateaued at models S3-26, S3-27, and S3-28, and subsequently

inverted to a negative correlation once the connection height exceeded 29 mm (S3-29).
5.3.4 Conclusion

The extensive initial and detailed parametric studies conducted on the proposed interlocking
shear and tensile connections have significantly enhanced the understanding of how various
geometric and material parameters interact to determine the mechanical performance of these
interlocking systems. The initial studies accurately evaluated the impacts of different
parameters, offering valuable insights into the critical aspects influencing connection
behaviours. The detailed parametric study provided further insights into the selected
parameters for both tensile and shear connections. By constructing a more detailed dataset of
how these parameter influences connection performance, the detailed parametric studies

allow for the development of more sophisticated analytical models.
5.4 Analytical Work

To facilitate the capacity design of connections for achieving a damage-controlled effect, an

analytical study was conducted with the objective of developing equations to predict
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connection properties accurately. This study strategically incorporated critical parameters
identified from the parametric study into the analytical models, while factors assessed as
having minimal influence on the connection properties were considered to have a minor
impact on the accuracy of analytical models and were excluded for the sake of simplification

in the analytical modelling process.
5.4.1 Tensile connection

In the development of analytical models for the interlocking tensile connection,
three deformation modes were considered (Figure 5.23): (i) the inward bending of the L-
shape element in the male connector (deformation 1), (ii) the outward bending of bearing
walls in the female connectors (deformation 2), and (iii) the bending of bottom plate
(deformation 3). These deformation modes are associated with the cross-sectional properties
of different parts in the interlocking tensile connection (Figure 5.23). For the purpose of
simplification in the analytical modelling, these three deformation modes were treated as

independent phenomena.
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Figure 5.23. Different deformation modes considered in the interlocking tensile connector

Deformation mode 1:

In the deformation mode 1 (Figure 5.24), which is considered as the favourable deformation

mode of tensile connection, only in-plane bending of cantilevered L-shaped elements

around the bottom of connector ( M ) was considered. The L-shaped element,

male
inclusive of its extended foot, was assumed to remain undeformed, given that
torsional and axial deformations are considered negligible. Therefore, the connection

capacity is governed by the bending capacity of the straight section of the L-shape element in
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male connector (Figure 5.24.b). Taking into account the interaction with the female
connector and the fillet between the L-shaped element and the bottom plate, the L-
shaped element was simplified as a fixed-end beam at one end, while being

subjected to loading at the opposite end in the analytical model (Figure 5.24.c).
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Figure 5.24. Force analysis of tensile connection under tension for deformation 1: (a) force analysis; (b) illustration of

yielding plane; (c) simplified analytical model

According to the force analysis illustrated in Figure 5.24, the reaction force on the tensile

male connector can be calculated as:

fesind +F OCOSGZéF Equation 5.3

reaction

where F is the applied load on the tensile connection, F is the reaction force

reaction

between the male and female connector, the term 6 represents the angle of female connector.
f is the frictional force that can be determined as:
f: Freaction *H

where p is the coefficient of friction, taken as 0.4 in this study, corresponding to the FE

models.

Therefore F can be calculated as:

reaction

F _ F

reaction 2(j.sinf+cos6)

177



The moment on ‘L-shaped’ element (M ) introduced by the applied external load can be

male

calculated as:

M =F
cosO«H

ecosO+ L+ F esinfeH_+ fesinfeL —fe

male reaction reaction

_ FecosOeL F-sinO-Hm F']l'SiTl@'L _ F']l'COSG’Hm
- 2(uesinf+cos0) 2(uesinf+cos0) 2(uesin@+cosf)  2(uesinf+cosb)

Fe(cosO«L+sinf+H +pesinfeL—pecosb+H, )

- 2(ussin0+cos0) Equation 5.4

L and H,, are the length and the height of L-shaped element in the male connector, as

illustrated in Figure 5.24.

bt
Myield,] =Sy1'eld * Uy = 6 0

y

where M yield, 1 is the yielding moment of the cross section when the yielding strength of

2

connection F is the elastic section modulus of a rectangular

. bh
; is reached; Syield_ 5

yield,
section; b, and t  are the breadth and thickness of the L-shaped element; and o v is the

yield stress of the connector material.

At the connection yielding point, M =M yield, 1 » therefore the yield strength of

male

deformation mode 1 (F yield, ;) can be calculated as:

2 .
_ bmtm-oy-(p-sm6+cose)
yield,1 ™ 3.(cos@+L+sin@«H, +nesinfsL—pecosf+H )

F Equation 5.5

Deformation mode 2:

The deformation mode 2, as illustrated in Figure 5.25.a, is featured by the opening-up of the
female connector. This movement is initiated by the reaction load from the male connector,

causing the sloping wall of the female connector to rotate outward around its connection

point with the bottom plate (M ). In modelling this deformation, the inclined wall was

female

represented as a fixed, L-shaped structure (Figure 5.25.c), with the load applied
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perpendicullary to its vertical section. Similar to the analytical model of deformation mode 1,
inherent deformation of the inclined wall itself was considered negligible and thus excluded

from the analytical model.

K reaction

______________

£ RE -
| ' 1 I Freut_'tinn
' Mfemale
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Figure 5.25. Force analysis of vertical connection under tension for deformation 2: (a) force analysis; (b) illustration of

yielding plane; (c) simplified analytical model

According to Figure 5.25, Where the reaction force F from male connector can be

reaction

calculated as:

F
reaction  zmesinf+cos0)

F

As the point of load application shifts along with the vertical displacement of the male

connector, the moment exerted at the base of the sloping wall becomes a function of the male

connector's vertical movement, denoted as y. So M can be calculated as:

female

F y

. * —
reaction = ging

M

female:

_ Fey
" 25in6(uesin6+coso)

2
bftf. o
6 y

M jiclg2=S*0 =

Where M , is the yielding moment of the cross section when the yielding strength of

yield,

deformation mode 2 (F yield ) is reached. S is the elastic section modulus of a rectangular
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section; b f and t f are the breadth and thickness of the sloping wall. Therefore, the yielding

strength F yield, 2 ¢an be calculated as:
bft?-cry-sine .
Field 2 ==, (1 +sin6 +cosb)

As the deformation 2 is considered as an unfavourable mode in the connection design, in
capacity design, consideration is given to both the maximum and minimum yield strengths of
the female connector, with particular emphasis on the minimum yield strength:

b tzooy-sineo(p-sin9+cose)

F e

yield,2,max/min

Equation 5.6

3.ymax/min

Where y, ;. is the minimum distance between the load application point and the bottom of

the female connectors (at connection bottom); y, ..~ denotes the maximum distance,

occurring at the top of sloping wall when the male connector reaches the top of female

connector.
Deformation mode 3:

The deformation mode 3, as illustrated in Figure 5.26.a, considers the bending of the bottom
plate of the tensile male connector. This particular mode of deformation typically occurs in
two scenarios: first, when the connector becomes excessively rigid during the elastic stage,
and second, during the densification stage, where the male connector reaches the top of the
female connector stop sliding. To simplify the analytical model, this deformation is
represented as a cantilevered beam with a fixed end, experiencing a centrally applied moment

(Figure 5.26.c).
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Figure 5.26. Force analysis of vertical connection under tension for deformation 3: (a) force analysis; (b) illustration of

yielding plane; (c) simplified analytical model.

_r
plate = >

M o L

fastener

Where F is the applied load, Liygener 1S the distance from the fixed end to the fastener’s
location, where the load is applied. Therefore, yielding strength of bottom plate (F yield, 3)

can be calculated as:

bmt;
Myield,3=S°U= 6 *0y
b _tZe.o
___mp_y .
Fyield,3 - EY Equation 5.7
astener

5.4.3 Analytical model validation

Figure 5.27 presents a comprehensive overview of the validation process for the analytical
models of the interlocking tensile connection, employing FEA data, which focused on the

models related to parameter T1 and T4. In these models, the analytically estimated strength

for the mode 3 (bottom plate bending, F ), was consistently the highest. This was

yield,3

followed by the estimated strength for mode 2 (sloping wall opening, F 3)- Notably, the

yield,
strengths for these two modes exceeded those calculated for deformation mode 1 (F yield, s
both in analytical and numerical assessments. This trend aligns with the damage localisation
phenomena observed in the FE models, proving the effective application of capacity design
principles in the connectors. Figure 5.27 further reveals that the analytical models, though

tending to provide conservative estimates of strength for interlocking tensile connections,
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successfully capture the negative correlations associated with both parameters T1 and T4.
Furthermore, these analytical models exhibit higher sensitivity to variations in parameter T4

as opposed to T1, which is in alignment with the behavioural patterns in the FE models.
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Figure 5.27. Comparison between analytical and FEM results of parameters T1 (top) and T4 (bottom)

Figure 5.28 shows an evaluation of the accuracy of the analytical model in calculating the
yield strength of tensile connections. The data presented in the Figure 5.29 indicate that the
simplified techniques employed in the model tend to result in the underestimation of the
connection properties, with an average error in the detailed parametric study of around 48%.
The extent of this error varied, with the maximum deviation not exceeding 56% and a
minimum error around 34%. Such underestimation is largely attributable to the complexities

of interactions and the nonlinear material response inherent in the studied connection type.

Furthermore, it is observed that the analytical models demonstrate increased accuracy in their
predictions when corresponding to numerical models exhibiting more pronounced damage
localisation, as seen in examples like T4- 29-35. This enhanced accuracy highlights the
effectiveness of the analytical models in scenarios where deformation localisation is clearly
defined, and interactions within other connection componetns are avoided. However, this
trend tends to diminish when the strength of components in deformation mode 1 is
comparable to that of modes 2 and 3. In such instances, as observed in models T4- 15-20,
other elements of the connection, notably the female connectors and the bottom plates, also
experience significant deformation. This results in a notable disparity between the predicted
and actual behaviours. The primary cause for these discrepancies can be traced back to the

underlying assumption in the analytical models that treats the three deformation modes as
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independent entities. This assumption, while simplifying the analytical process, can lead to a
misrepresentation of the interaction between different connection components under various

loading conditions, thus contributing to the noted discrepancies in yield strength estimation.
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Figure 5.28. Comparison of FE and analytical connection detailed key parameter for the tensile connection
5.4.4 Shear connection

The parametric study of the shear connection identified key parameters - S2 (thickness of the
cantilevered steel band), S3 (height of connection), S5 (steel material), and S6 (length of
middle support) — as having a significant impact on connection behaviours. These
parameters were thus selected for inclusion in the analytical model of the shear connection.
Given the symmetric configuration of the cantilevered steel beam, the model simplifies one
quarter of the curved steel band in the shear connection as a loaded cantilevered thin-walled
plate. This plate is modelled with one end pinned and the other fixed, as depicted in Figure
5.29. The boundary conditions for this simplification incorporate the fillet at the joint
between the cantilevered thin-walled plate and the middle support. Additionally,
consideration is given to the compressive loading applied on top of the plate and the pinned

support at the side, exerted by the female connector.

As illustrated in Figure 5.29, the specific curvature of the shear connection creates a distance
between the direction of the applied load and the centroid of the cross-section in the male
connector. This spatial arrangement guides the direction of buckling, fostering predictable
buckling behaviours. The analytical model thus aims to accurately capture the buckling of the

shear connection system, considering the critical parameters identified in the study.
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Figure 5.29. Force analysis of shear connection under lateral load

In the analytical models developed, the critical load F is calculated using established

cr, S°
buckling formulas, which take into account the specific boundary conditions outlined in these

models. The formula for determining the critical load at the first bifurcation point is given by:

2
F. o= HLIZEI Equation 5.8
Le =0.8¢ L

Where EI represents the product of the modulus of elasticity and the moment of inertia of

the cross-section, and L, the effective length factor, is defined as 0.8 ¢ L for the influence

of the simplified boundary conditions on the effective length; L represents the original length
of the proposed buckling model.

184



= FEA

e Apalytical

40 i — °
~35 e -
b . ° "
= 30 T o 8§ ® 5 s §» = 4

u

g 25 i . ] " . o
LE 20 " [ a

15 :

§3-15 83-16 S3-17 S$3-18 S3-19 S§3-20 S3-21 $3-22 $3-23 S$3-24 S$3-25 83-26 S3-27 S$3-28 S$3-29 S3-30 S3-31 §3-32 S3-33 S3-34 83-35

Label
(a)
40
—~ 35
=z
Fosi T EEEETE TR A
R 254 e 8 8 ®
S 204
15 4
10

T T T T T T T T T T T T T T T T T T T 1
$6-10 S6-11 §6-12 S6-13 S6-14 S6-15 S6-16 S6-17 S6-18 S6-19 S6-20 S6-21 S6-22 S6-23 56-24 S6-25 S6-26 S6-27 S6-28 S$6-29 S6-30
Label

b
Figure 5.30. Comparison between analytical resu(ltz and FEM in (a) parameter S3 and (b) parameter S6
Figure 5.29 presents the results of a comparative analysis conducted between numerical
models and the proposed analytical models for shear connections. This analysis reveals that
the analytical model is capable of accurately predicting the critical load for these connections.
Moreover, the model successfully captures the relationship between the critical load and the
changes in design parameters, along with a degree of conservatism. Specifically, in the S6
series of models, there was a noticeable increase in the estimated strength corresponding to
increments in the parameter. This trend is consistent with observations from the numerical
models, suggesting a reliable alignment between the two approaches. The enhancement in
critical load can be attributed to the increase in the length of the middle support (S6), which
results in a shorter span for the cantilevered thin-walled element. Consequently, this
structural change leads to an increase in the critical load, as effectively demonstrated by the

analytical equation.

For connections involving parameter S3 (height of connections), the strength initially exhibits
an upward trend with increasing height. However, upon reaching a connection height of
26mm, equivalent to a slenderness ratio of 1.33, the estimated resistance of the connection
begins to decrease as the height continues to increase. This decline in resistance is attributed

to the increased slenderness ratio of the middle cubic elements, which leads to their bending
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in conjunction with the buckling of the thin-walled structures. Consequently, this results in a

reduction in both the stiffness and strength of the connection.
= 83
< 86
2806-10 $6-11 S6-12 S$6-13 S6-14 S6-15 S6-16 S6-17 S6-18 S$6-19 S6-20 S6-21 S$6-22 S6-23 S6-24 S6-25 S6-26 S6-27 S6-28 S6-29  S6-30
1.5J
1.0
|
0.5 |
o) |

FEA/Analytical

0 T T T T T T T T T T T
$3-15 $3-16 $3-17 S3-18 $3-19 S3-20 S$3-21 $3-22 $3-23 $3-24 $3-25 $3-26 $3-27 $3-28 $3-29 S3-30 $3-31 $3-32 $3-33 $3-34 $335
Parameter

Figure 5.31. Performance of the analytical methods in predicting the yield strength of shear connection

Figure 5.31 shows an evaluation of the analytical model’s ability to calculate the critical
strength for the shear connections. The data from the Figure 5.32 reveals that the simplified
buckling model employed tends to result in underestimations when determining the
connection properties. On average, the error in estimating the critical load was found to be
approximately 6%, with the maximum deviation not exceeding 10%. This relatively low
margin of error indicates a reasonable level of accuracy in the model's predictions, proving
the model’s effectiveness in approximating critical load values despite the simplifications,

highlighting its utility in practical applications.
5.5 Capacity design for damage-controlled in interlocking connection

As previously discussed in Section 3.2.1, capacity design employed in the proposed
interlocking connection focuses on redirecting the source of ductility to the additional 3D
interlocking connectors, particularly the male connectors, to facilitate a damage-controlled
effect. This objective is achievable by calibrating the yield strength of the male connectors to
be lower than that of their corresponding female connectors and self-tapping screws, using

appropriate overstrength factor.

In the tensile connections, capacity design is applied at two levels: first, between the
connection bottom plate and the surrounding screws (Steel-to-timber composite connections,
STCs), and between the female and male connectors. The primary level of capacity design is

crucial to ensure failure is confined to the interlocking connection rather than occurring in the

screws or timber. This is guided by the overstrength factor R, ,, and is expressed as:

F Equation 5.9

inter,t ¢ Rt,l < FSTCS,EC5
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The secondary level of capacity design aims to localise deformation within the male

connector, adhering to a preferred deformation mode. This is achieved by leveraging another

overstrength factor, R ensuring the yield strength of the preferred deformation mode

t,2>

(F yield, ;) is lower than that of the female connector (F yield, ,) the strength associated with

the bending of the bottom plate (F yield, 2):

F F

inter,t” yield, 1

F R <Fyield,2/3 Equation 5.10

yield,1°® 14,2

In the context of shear connections, similar capacity design principles are employed to ensure that

buckling is initiated in the male connector:

Finter,s = Fcr,s
Finter,s ¢ Rs < FSTCS, EC5 Equation 5.11
Where F . . represents the estimated critical load of the shear connections, and R is the

overstrength factor for shear connection.

5.5 Conclusion

In depth understanding of connection behaviours is vital for safe and economic design, thus
this study presented a comprehensive numerical and analytical study on the proposed
interlocking connections. Numerical modelling protocols were first constructed for both shear
and tensile connections and validated against experimental results, proving the efficiency of
the proposed models in accurately predicting connections’ strength and deformation. These
models were specifically tailored for the proposed interlocking shear and tensile connections,
incorporating modelling methods from published literature and using either nominal or
experimentally tested material properties. Thus, they emerge as vital tools that are applicable

in the design of the proposed connections with reliable estimations.

Utilising the validated models, an extensive parametric analysis was performed for both shear
and tensile interlocking connections with overall 115 models. This analysis revealed that

parameters such as thickness, height, and material composition play a pivotal role in dictating
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the connections' properties. It was also concluded that the failure modes were consistent
throughout the study, yet the predominance of specific deformation modes was influenced by

the connectors' geometric designs.

Exploiting the numerically generated results in the parametric analysis, simplified analytical
methods for predicting the yield strength of connections across diverse failure modes were
proposed. These methods included a series of analytical equations, rooted in the basic
geometric and material properties of the connections. By validating the analytical results
against the FE models, it is evident that the analytical model is capable of providing accurate
estimations, particularly for the connection yield strength. The accuracy of shear connection
analytical model was satisfactory with minimum errors, suggesting the uniform and
independent nature of the shear connection’s deformation mode, which can strongly promote
its utilisation in future research as well as in practical structural applications. However, the
analytical model for tensile connections, while accurately reflecting the trends in connection
properties in relation to geometric factors, presented conservative predictions with notable
discrepancies of approximately 50%. While such conservative estimates are beneficial for
structural design from a safety standpoint, they could potentially lead to material
overutilisation and increased construction costs, necessitating further refinement for practical

implementation.

The conducted parametric and analytical study was pivotal in shaping the capacity design in
the interlocking connections. It highlights the importance of applying sufficient overstrength
in designing connection geometries related to different deformation modes, to achieve an
optimal damage-controlled effect. Nonetheless, the identification of suitable overstrength
factors for the proposed system requires extensive experimental validation; an aspect limited

by the project's constrained timeframe.

The parametric study conducted in this research, while enhancing the understanding of this
connection’s behaviours, remained limited to the initial unit plate size proposed. The overall
length and width of the connection can significantly affect the moment of inertia; a key
geometric property influencing a beam's resistance to bending. Future study will extend the
parametric to include a variety of connection sizes that meet diverse structural demands.
Expanding the scope of the models to predict connection behaviour under varied conditions
promises to advance construction practices towards enhanced safety, efficiency, and cost-

effectiveness.
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Chapter 6 Push Over Analysis — CLT Shear Wall Behaviours
Comparative Study

As discussed in Chapter 2 - Literature Review, the lateral behaviours of CLT shear walls
have significant impact on structural performance under seismic and wind load. The optimal
lateral mode for timber shear wall systems is often characterised by rocking with a self-
centring capability, for optimal energy-dissipating performance, which is highly dependent
on the connection configurations and properties. With CLT shear wall systems that employ
conventional connectors, lateral behaviour is typically a mix of sliding and rocking motions,
where the degree of each is contingent upon the design and properties of the plate connectors.
However, for shear walls with the proposed interlocking connections, despite the proven
mechanical properties, interlocking effect and damage-controlled capacity of connectors
through experimental studies, the interaction between shear and tension connections on the
shear wall setting has not been thoroughly understood. The comparative mechanical benefits
of these novel interlocking connections over traditional ones also remain ambiguous, largely
due to the complexities of comparing connections that operate on different principles at a
local scale. Therefore, this chapter presents a macro-scale numerical analysis on full-scale
shear wall assemblies with varying kinds and arrangements in connections, aiming to
determine suitable modelling approaches and investigate the mechanical behaviour and

deformation characteristics of these shear wall structures.
6.1 CLT Shear Wall Modelling and Validation
6.1.1 Modelling methods of CLT shear wall

To construct an accurate CLT shear wall model capable of capturing its precise behaviour,
initial validation was conducted referencing the experimental work of Pozza et al. [6.1]. The
referenced experiment involved a shear wall system consisted of two CLT panels (each 2.95
mX1.50 m and 85 mm thick), which are connected by a half-lap joint fastened with 10 @8 x
100 mm self-tapping screws. The panels were anchored to the floor with two HTT22 hold-
downs (12 @4 x 60) and four BMFs105 angle brackets (11 ¥4 x 60), arranged as depicted in
Figure 6.1.a. This arrangement mirrors the standard design employed in a full-scale CLT

building examined within the SOFIE project [6.2].
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The shear wall specimens underwent quasi-static cyclic loading as prescribed in EN 12512
[6.3], with a reference yielding displacement (Vy) of 20 mm based on previous tests at
IVALSA during the SOFIE project. The maximum horizontal displacement in the test was 80
mm, equating to 4 Vy and an inter-storey drift of 2.5%. The load was applied onto the top
corner of one panel using a steel bracket linked to the hydraulic jack, with a constant vertical
load of 18.5 kN/m on the top of the walls to simulate the load from upper structures in real-
world scenarios, like floors and walls. The boundary conditions in model simulating
experiment are illustrated in Figure 6.1.b. In the model, the CLT panels and connectors were
situated on the fixed foundation. The vertical loading was simulated by compression applied
to the top surfaces of the panels. Displacement was introduced through an area measuring
125 mm by 85 mm at the top corner of one panel, representing the action from the metal

bracket.
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Conneclhn

(b)
Figure 6.1. Validation model (a) experimental set-up [6.1] (b) FE model

The model’s validity was confirmed through the comparison with published experimental
results. The modelling techniques employed were derived from the validated methodologies

of Izzi et al. [6.4]. 3D solid bodies using 8-node linear brick elements with reduced
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integration (C3D8R) were utilised to represent both the CLT panels and the metal plate
connectors as well as the steel foundation. The foundation was modelled with an elastic
isotropic material with Young’s modulus equal to 210 GPa and Poisson’s ratio set to 0.3.
Angle brackets and hold-downs were simulated using steel grades S250 and S355,
respectively, both with a modulus of elasticity of 210 GPa. The respective yield strengths
were set at 250 MPa and 355 MPa, with ultimate strengths of 330 MPa and 430 MPa. The
CLT panels were modelled as orthotropic elastic materials as outlined in Table 6.1, without
considering the layered properties. This simplified approach was selected because the

experiments indicated that deformation in the panels was not significant.

Table 6.1. Material parameters for CLT panels [6.5]

ER [MPa] ET[MPa] EL[MPa]  RT[] TL [] RL GRT GRL GTL
[MPa] [MPa] [MPa]
600 600 12,000 0.558 0.038 0.015 40 700 700

To manage the complexity due to the multitude of screws in the shear walls, a simplified
modelling technique was employed. The screws were represented as bilinear elasto-plastic
springs with three degrees of freedom (DoF) (Figure 6.1.b) to simulate behaviours in the
transverse direction (Figure 6.2.a). For axial behaviours, linear springs (Figure 6.2.b) were
implemented due to the brittle behaviours of screws in tension. The connector properties were
calculated in accordance with EC5, as detailed in Chapter 5 (Table 6.2). To account for the
interaction effect among screws in connectors such as angle brackets and hold-downs, where
multiple screws are closely spaced within one connector, EC5 introduces the concept of the

‘effective number of nails in a row’ in calculating the overall connection capacity. This

concept involves an effective factor kK £f>as defined in Equation 6.1.

_ no.9

keff =—=n"9%7 Equation 6.1

n

In the model, the number of nails in each metal plate connection was kept unchanged. The

adjustment on connection capacity involved reducing F';, and F , of connector element by

the effective factor k , - For HSB (P8x 100 nails that used in panel-to-panel connections, the

coupling effect was not considered due to the large distance in between, therefore the
effective factor was not applied. Regarding the interaction among all components, the ‘Hard

Contact’ in ABAQUS was set for normal direction interactions and the ‘penalty friction
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formulation” was for tangential responses. The friction coefficients were designated as
follows: 0.4 for all Steel-Steel interfaces [6.6], 0.25 for Steel-CLT interfaces [6.7] and 0.4 for
CLT-CLT interfaces.

A F Kser R F
E
0 Fax
0.6xE, 2/3Ker
0.4XF,
K.
) V Ser V
Vo Vmax A >
(a) (b)

Figure 6.2. Load-displacement relationship for fasteners in (a) Transverse direction and (b) Axial direction

Table 6.2. The screw properties calculated from EC5 and adopted in the models

Ringed Anker nails HSB (08x100 nails LBS7100 HBSP12120
4x60 mm'

Transverse direction

f, 3.04 10.37 9.00 17.23
v 0.47 1.12 1.19 3.70

V max 2.2 6.72 5.09 7.05
\ %4 20 20 20 20

Axial direction

fax 2.28 7.54 6.07 9.08

K 5000 18000 16625 27000

ser,ax

Note 1: k,, Ff 0f 0.79 and 0.78 were applied to the connector properties of the hold-down and angle bracket in the model
Note 2: Axial stiffnesses were calculated from ETA-11/0030 of Rotho Blaas

6.1.2 Validation results

Figure 6.3 and Figure 6.4 depict the comparison between the test and the FE model. The
connection deformation, and wall movements observed in the original test, are also presented

in the FE model. The load-displacement behaviour of the FEM closely aligns with the
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experimental hysteresis loop's skeleton curve during the elastic stage, reflected by similar
stiffness and yield strength. However, during the plastic stage, the FE model slightly
overestimated the resistance of the shear walls. This discrepancy is likely to have happened
due to the elastic connector model adopted for panel-to-panel screws, inherent analytical
model errors, and the omission of shear wall deformation at larger displacements.
Observations from both the test and FEM indicate that plastic deformation is predominantly
localised in the angle brackets with only marginal bending in the hold-downs, and the CLT
panels remain largely undeformed. Furthermore, the model exhibited rocking of the panel as
the dominant behaviour with minor relative in-plane and out-of-plane sliding, similar to the
tested system. These findings suggest that the simplifications made in the FE shear wall
model do not markedly detract from its predictive accuracy, thus supporting its application in

further studies.
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Figure 6.3. CLT shear wall modelling validation (a) Overview of FE model of CLT shear wall (b) FEM results (c)

experimental results [6.1]
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Figure 6.4. Force-displacemt curves of experiment and FEM of coventionally reinforced CLT shear walls.

6.2 Set-Up of Shear Wall Comparative Study
6.2.1 Shear wall configurations

To evaluate the lateral behaviours of shear walls reinforced by conventional and interlocking
systems, and to understand the reinforcing effects and interaction mechanisms of interlocking
shear and tensile connections, a numerical comparative study was conducted on full-scale
CLT shear walls with different connection arrangement. As detailed in Figure 6.5, the study
encompasses two series. The first series labelled ‘Wall-P,” consists of walls with
conventional plate connections. In 'Wall-P-1,' the layout mirrors that of the validation model,
while 'Wall-P-2' reduces the connector count to two hold-downs and two angle brackets. The
second series, 'Wall-I,' consists of panels anchored with the proposed interlocking
connections. Within this series, "Wall-I-1' and "Wall-I-2' incorporate full-length continuous
tensile and shear connections, with 'Wall-I-1' preserving a half-lap joint and "Wall-I-2'
implementing a 2m connection strip acting as a sliding rail to guide panel movement.
Systems 'Wall-1-3' and 'Wall-I-4' employ 200 mm unit connectors, as detailed in Chapter 3,

maintaining the inter-panel connections seen in 'Wall-I-1' and "Wall-I-2', correspondingly.

In this study, a like-to-like comparison between the two systems was not the primary
objective, hence the number and distance of connections were not consistent between the two
series of shear walls. The number and locations of interlocking connectors were determined
based on prior experimental studies and potential arrangement solutions. Since the primary

interest lies in the shear-tension interaction at this stage, only monotonic testing was
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conducted. This method is particularly effective for examining the deformation modes of

these configurations under consistent load application.
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Figure 6.5. Geometries and connection arrangements of the investigated walls: (a) walls with conventional plate

connectors, (b) walls with the proposed interlocking connectors
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6.2.2 Modelling of interlocking connection in shear wall system

The validated modelling methods and boundary conditions were employed in all shear wall
models in this comparative study. The interlocking connectors were simulated using S235
material and 3D models including all the geometric details, as introduced and validated in the
Chapter 5. For Wall-I-1 and Wall-I-2, which feature continuous connections, the tensile
connection was modelled as a continuous element, acknowledging its potential to be extruded
as part of the connection design. Conversely, for practicality in manufacturing and modelling
efficiency, the continuous shear connection was represented by a series of repeated unit
connectors. In the models of Wall-I-3 and 4, the size of unit connector was chosen to be
consistent with the benchmark unit connector as adopted in the parametric study.
Corresponding to the validation model, the screws were also modelled as non-linear
connector elements. This approach was based on the assumption that screws would
minimally impact the performance of the interlocking connections. However, the concept of
the 'effective number of screws', typically applied in conventional connections, was not used
for the interlocking connections. Due to considerably larger diameter and increased spacing
of screws in the interlocking connections, the screws on the same connectors were assumed

to have negligible interactions.

Figure 6.6. Model of continous tensile connection with simplified screws elements

As introduced in Chapter 5, tests have revealed excessive redundant strength in steel-to-
timber connections even after the failure of interlocking connectors. Capacity design was
therefore applied to obtain the appropriate number of screws for use with the interlocking
connections. Previous studies have demonstrated that connections designed with damage-
controlled capacity can potentially require lower overstrength factors compared to

conventional metal connections [6.8]. As summarised in Table 6.3, conventional metal
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connectors and fastened connections, which largely depend on the deformation of fasteners
and timber, tend to exhibit higher material variability and larger errors in analytical models.
On the other hand, those new connection designs that rely more on metal components
deformation can contribute to less scattering and more predictable behaviours, which means
smaller values of y. . and p .. Therefore, the proposed connection system theoretically has
reduced requirements on overstrength factors, leading to reduced usage of screws, which

however should be verified by additional experimental data.
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Table 6.3. Comparison of overstrength factors for different connection systems

Connector/Fastener Ysc Yan YRrd

Novel metal connectors

X-bracket in tension [6.8] 1.04 1.68 1.76

X-bracket in shear [6.8] 1.04 1.11 1.15
Pinching-Free Connector in tension [6.9] 1.37 1.01 1.45
Metal dovetail connection in shear [6.10] 1.20 1.28 1.54
Metal dovetail connection in pushing-down [6.10] 1.13 1.65 1.86

Conventional metal connectors

Hold-down in tension [6.11] 1.30 2.60 3.38
Hold-down in shear [6.11] 1.38 - -
Angle bracket in tension [6.11] 1.23 2.80 3.44
Angle bracket in shear [6.11] 1.16 1.70 1.97

Conventional fasteners

Nails loaded parallel to face lamination [6.12] 1.27 1.11 1.41

Nails loaded perpendicular to face lamination [6.12] 1.53 1.69 2.59
Self-tapping screws in tension 1.61 1.64 2.65

Self-tapping screws loaded perpendicular to face lamination [6.13] 1.60 1.67 2.67
Self-tapping screws loaded parallel to face lamination [6.13] 1.39 1.80 2.50
Dowel [6.14] 1.59 1.06 1.68

However, the limited availability of experimental data posed a challenge in accurately
establishing the overstrength factor for these interlocking connections. Consequently, in this
study, the overstrength factors for both tensile and shear connectors were estimated based on
the secondary deformation mode in the interlocking connection (specifically, screw bending
in steel-to-timber composite connections). Therefore, the overstrength factors taken in this
study were 2.65 (equivalent to Self-tapping screws in tension) for the tensile connection and

1.68 for the shear connection (equivalent to Doweled connections). In the model. the number
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of LBS7100 (n,) for interlocking tensile connections and HBSP12120 (n.) for shear

connections were redesigned using Equation 6.2:

_ VRd'Finterlocking, continous

s/t T F

v

n Equation 6.2
As a result, for the 1.4m continuous shear and tensile connections in Wall-I-1 and Wall-I1-2, it
was determined that 12 and 18 screws, respectively, should be used in each connector with
the adopted overstrength factors. This is a significant reduction from the original design,
which specified 28 and 42 screws, respectively. The model with continuous version tensile
connection and simplified connectors were validated with the connection model with full
details in screws as introduced in Chapter 5. Figure 6.7 illustrates that the screw
simplifications and optimisations do not markedly impact the connection behaviours, even
when using the analytical screw capacity values from ECS5 rather than experimental data. This
outcome can be attributed to the damage-controlled capacity featured in the proposed
connections, which effectively reduces the reliance on screws for overall connection strength.
The applied overstrength factor proved adequate for achieving the desired damage-controlled
effect, despite the decrease in the number of screws. Consequently, this reduction in screws
led to a lowered ultimate strength (168.3kN) of the continuous connection at the densification

stage, corresponding to the combined capacity of 18 LBS7100 screws employed in the tensile

connection.
——7* Unit connectors (200mm) with detailed screws
2504 ——1.4m Continous connectors with spring element
200 -
Z
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Figure 6.7. The strength comparison between the detailed and the simplified tensile model
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6.3 Results of CLT Shear Wall Comparative Study
6.3.1 Connection deformation

The Figure 6.8-13 demonstrate the deformation modes in different shear wall models.
According to Figure 6.8Figure 6.9, the overall deformation patterns in shear walls reinforced
by conventional connections were consistent. Deformation was predominantly localised in
the plate connectors, while the panels themselves exhibited minimal deformation. Although
the models, due to their simplifications, did not directly depict the deformation in screws, the
significant deformation in the metal plate implies the deformation in screws and the timber
around the connectors, aligning with the working mechanism of plate connectors as discussed
in the previous chapter. In the conventionally reinforced shear walls, the angle brackets and
hold-downs nearest to the point of load application experienced the most considerable
deformation. Notably, Wall-P-2, which utilised a reduced number of connectors, displayed a
slightly higher maximum stress value compared to Wall-P-1, indicating more pronounced
deformation in its connectors. Additionally, Wall-P-2 exhibited more noticeable separation

between panels, indicating a weaker single-wall effect between panels compared to Wall-P-1.
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Figure 6.8. Deformation in Wall-P-1 at 80 mm displacment
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Figure 6.9. Deformation in Wall-P-2 at 80 mm displacment

Figures 6.10-12 demonstrate the deformation behaviours of shear walls reinforced with
proposed interlocking connections in the "Wall-I' series, observed at a displacement of 65 mm.
Notably, rocking is the dominant lateral behaviours in all shear wall models. In addition,
plastic deformation was consistently localised in the male connectors across all types of
connections, indicating the successful implementation of a damage-controlled effect achieved
through capacity design, applicable to both continuous and discontinuous connections.
Specifically, in Wall-I-1, even at the applied displacement of 65 mm, the shear connections
did not reach critical load levels, resulting in only minimal sliding movement and effectively

preventing buckling.
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The presence of screwed inter-panel connections enabled the two CLT panels to exhibit a
strong single wall effect, leading them to rotate as a single unit around the bottom left corner,
without any noticeable relative movement between them. Accompanying the panel rotation, a
slight separation was noticeable in the shear connections at the farthest side from the rotation
centre. The rocking behaviours can also be proved by the minimal horizontal movement in
the tensile connection near the rotation centre of the right panel, as the male connector
remained within the female connector without significant sliding. In response to the shear
wall system's sliding tendency, the shear female connector at the rotation centre experienced
considerable compression by the male connector, yet the deformation remained within the

elastic range.

In the section of the tensile connection nearest to the applied load, which experienced the
most substantial vertical displacement, the material transitioned into the plastic stage. In
contrast, the end closer to the shear connection showed little to no change, remaining largely
unaffected. This behaviour suggests that the tensile connector underwent bending not just in
the Y-Z plane but also in the Y-X plane, highlighting the complex interactions within these
systems. Notably, during the later stages of loading, minimal stress concentration was
observed in the bottom plate of both shear and tensile connections, which are fastened to the
timber. This observation indicates that the shear wall system, utilising a continuous version of
the connection, is capable of enduring significant deformation without inflicting damage on

the timber components.
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(Fi)gure 6.10. Deformation in Wall-I-1 at 65 mm displacment
In Wall-I-2, where a sliding rail was used instead of screwed inter-panel connections,
increasing coupling effect can be observed between panels. Similar to Wall-I-1, bending in
tensile male connector was the primary deformation in Wall-I-2, while buckling of shear
connection was not evident. The sliding rail, running along the height of the panels, allowed
for more freedom of movement, facilitating the independent rocking of each panel. It should
be noted that the separation at the midpoint of the inter-panel sliding rail led to compression

between the connectors.
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(Fi)gure 6.11. Deformation in Wall-I-2 at 65 mm displacment
For Wall-I-3 and 4 that employed the discontinuous version of connection at the bottom of
panels, a higher level of stress concentration can be observed compared to the walls with
continuous connections. At a displacement of 65 mm, the tensile male connector near the
loading side underwent considerable vertical displacement. This was accompanied by
bending in the bottom plate of the female connector, indicative of potential tension
experienced by the screws. The walls in both systems exhibited more pronounced sliding due

to their reduced shear resistance, leading to buckling in two of the shear connections (Figure
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6.12&13). In Wall-I-3 and Wall-I-4, the effects of varying inter-panel connections were
observed to be akin to those discussed for Wall-I-1 and Wall-I-2.
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+5.217e+02
+2.350e+02
+2.154e+02
+1.958e+02
+1.763e+02
+1.567e+02
+1.371e+02
+1.175e+02
+9.794e+01
+7.836e+01
+5.878e+01
+3.920e+01
+1.962e+01
+4.168e-02

Y

. x

(b)
Figure 6.12. Deformation in Wall-I-3 at 65 mm displacment
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Figure 6.13. Deformation in Wall-I-4 at 65 mmdisplacment

6.3.2 Structural performance

The structural performance of each shear wall is summarised in Table 6.4 and Figure 6.14.
The data presented suggest that the walls with conventional plate connections (Wall-P)
exhibit higher stiffness, ultimate strength, and ductility ratios compared to those with
interlocking connections (Wall-I). On the other hand, the Wall-I series provided lower initial

resistance due to the increased degree of freedom inherent in the interlocking connections.
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Among all models, Wall-P-1 has the highest stiffness and ultimate resistance. With reduced
number of angle brackets, Wall-P-2 demonstrates a similar structural performance but with
slightly lower stiffness and strength, which is consistent with the published testing results
[6.15]. In terms of shear walls with continuous interlocking connections (Wall-I-1 and 2),
their force-displacement curves exhibit gradual increase in resistance under loading, lacking a
distinct yield plateau typically indicative of a plastic stage. Such behaviour suggests a
complex interaction within the shear wall system, possibly indicating that the connections are
yielding progressively (in tensile connection) rather than simultaneously entering a clear
plastic stage. This gradual yielding also suggests a distribution of forces along the connection
strip, leading to a progressive engagement of various connections within the system.
Additionally, these findings indicate that the majority of connections in the shear wall have
not yet reached the plastic stage, as corroborated by observations in Figure 6.10 and 11. On
the contrary, the curves of Wall-I-3 and 4 both have two slight fluctuations, corresponding to
the buckling in two shear connections respectively (Figure 6.12 and 13). The smooth strength
reduction due to buckling, compared to the more abrupt changes seen in local-scale testing of
individual connectors, indicates the support from other connections in the system that

contributes to the subsequent resistance increment.

Table 6.4. Interpretation of FEA results according to EN 12512 [6.3]

Identification of Parameters Wall-P-1 Wall-P-2 Wall-I-1 Wall-I-2 Wall-I-3 Wall-I-4
Elastic stiffness [KN/mm] 4.09 3.99 1.74 2.14 1.64 1.86
Hardening stiffness [KN/mm] 1.02 0.87 1.21 1.12 0.95 1.08
Yielding displacement Vy [mm] 16.62 14.42 30.84 23.87 15.94 10.62
Yielding force fy [kN] 68.42 62.64 53.69 51.31 26.35 19.95
Ultimate force f, [kN] 125.66 131.15 112.43 112.60 78.29 84.17
Ductility ratio g = Vu/Vy 4.82 5.55 2.59 3.35 4.08 6.59
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Figure 6.14. Push-over results summary

6.3.3 Lateral behaviours

Based on previous experimental studies [6.16, 6.17] on CLT shear walls, the overall lateral
movement of CLT shear wall consists of four components, which are rocking, sliding, shear,
and in-plane panel bending. The dominant deformation mode of CLT shear wall is defined by
the contribution of these components. Observing the FE results of the current study, the shear
and in-plane panel bending in panels were found to be negligible. Consequently, the focus
was placed on rocking and sliding, which were quantified using methods outlined in a
previous study [6.18]. The incremental applied displacement at the top of panel is denoted as
0, with the sliding component being defined as ds, and both of which can be measured
directly from the model. The portion of rocking motion §; can then be calculated as 6, = 6 — s
(Figure 6.15). In addition, the coupling effect in shear wall system can be quantified using the

uy

coupled wall behaviour parameter k= , where U, U, and U 3 respectively represent the

uj;+uz

uplift of first wall panel, the relative vertical displacement between two wall panels, and the
vertical displacement of the rotation centre in the second panels (Figure 6.15). When the wall
behaves as a single wall, both u, and « approach 0. Conversely, when the wall behaves as a

coupled wall, x approaches 1.
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Figure 6.15. Calculation of sliding and rocking contribution

The results, as summarised in Figure 6.16, delineate the contributions of rocking and sliding
to the overall drift in different shear wall systems. Under the applied condition boundary,
both sliding and rocking contributed to the wall drift, with rocking emerging as the dominant
deformation mode in all systems. Notably, Wall-P-2 exhibits the highest sliding contribution
among all models. However, this contribution diminishes in Wall-P-1 due to the increased

lateral resistance afforded by a greater number of angle brackets.

In the shear wall reinforced by the proposed interlocking connections, the contribution of
sliding is significantly reduced. This is attributed to the higher stiffness of the interlocking
shear connections compared to the tensile connections, prompting the panels to move more
vertically and thus increasing the contribution from rocking. The shear walls employing a
sling rail between panels (Wall-I-2 and Wall-I-4) exhibit increased rocking behaviours
relative to their counterparts (Wall-I-1 and Wall-1-3). This is due to the decreased coupling
effect between panels, allowing for more independent rotation. Conversely, in Wall-I-3 and
Wall-1-4, which feature separated connection units, a higher proportion of sliding behaviors is
observed, likely resulting from the reduced shear resistance. At larger wall drifts (beyond
1.5%), when the tensile connections in these two shear walls reaches the consolidation stage,
a sudden increase in stiffness restricts the vertical movement of the panels, leading to the

increased horizontal movement (sliding).
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Figure 6.16. Sliding and rocking drift in shear walls with different connection configurations

6.4 Conclusions

The FE shear wall analysis reveals the different deformation mechanisms between
conventional connections and interlocking connections (Figure 6.17), showcasing the
effective interaction between interlocking shear and tensile connections, and their damage-
controlled capacity. The inherent degree of freedom provided by interlocking techniques
leads to a reduction in stiffness compared to conventionally reinforced shear walls. However,
the damage-controlled capacity allows the shear wall to sustain significant deformation
without timber damages, ultimately achieving an ultimate strength comparable to

conventional shear walls. In addition, the unique combination of weak shear and strong
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tensile connections in the interlocking system, coupled with the innovative use of an inter-
panel sliding rail, effectively fosters rocking behaviours in the shear wall system. This design
allows each timber panel to rotate around its own axis. Nonetheless, the precise behaviours

and energy dissipation of this panel system merit further experimental investigation.

(b)

Figure 6.17. Deformation mechanisms of CLT shear wall with (a) conventional connections and (b) interlocking connections

The study also demonstrates that the continuous design of connection can effectively improve
the overall mechanical properties, while the distance between screws should be carefully
designed to avoid excessive bending in the bottom plate. In configurations using unit
connectors to form the connection strip, the bottom plate bending is neglectable due to the
limited distance between screws, while the resultant compression between connectors should
be considered. The sliding rail, when functioning as inter-panel connections, allows the
relative movement to occur in a controlled, predefined manner, meanwhile effectively
mitigates out-of-plane and in-plane panel separation. Such rocking behaviours is
advantageous in seismic design, facilitating energy dissipation through controlled movement
and allowing for natural recovery under gravitational loads, whereas sliding movements
typically necessitate external forces for correction. The incorporation of a damage-controlled
philosophy in the design further enhances the structural performance. Moreover, the creation

of a cavity between panels and foundations by the connections serves an additional purpose.
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It prevents compression transfer from the wall panel to the floor panel during rocking, thus

further safeguarding against damage in structural components.
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Chapter 7 Conclusion

Intending to explore more efficient CLT modular construction method and to bridge the
theoretical gaps in connection design of it, this study demonstrates the design practice of

novel connection with thorough considerations of CLT modular construction.
7.1 Limitations in Existing CLT Connections

Through comprehensive review of existing research on CLT modular structures, conventional
connections, and recent innovative connections, the limitations of current conventional
connection systems, such as complex assembly processes, inconsistent mechanical
behaviours, and inadequate sustainability performance, were highlighted. These limitations
hinder the advancement of CLT construction methods with insufficient assembly process and
inadequate structural performance. Some recent connection systems have introduced novel
properties and functionalities that benefit CLT construction in three fundamental aspects:
structural performance, construction efficiency, and manufacturing efficiency. However, the
market still lacks standardised products with comprehensive capabilities, primarily due to
insufficient holistic considerations and standardised guidelines for connection development.
To address this, the study establishes a strategic design framework that encompasses
structural, constructional, and manufacturing dimensions, with a particular focus on
connections for CLT modular construction. The literature review also discusses the
significant reuse potential of CLT structures, summarising the design indicator that can

contribute to detachable and reusable connection designs.
7.2 Novel Interlocking Connection Development

Guided by the developed design framework, the study introduced a novel, universal, and
project-independent connection system for CLT panelised (platform- and balloon-type) and
volumetric structures. Drawing inspiration from traditional interlocking methods, this system
is different from most of the existing products on the market, offering efficient assembly
method with direct onsite usability, eliminate the needs of onsite adjustment and connection
installations. Revolutionising the conventional point-to-point reinforcing method to
continuous reinforcing method, this system is more suitable for panelised structure where

comprise large, flat panels.
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7.3 Feasibility Evaluation of The Novel Connection

To assess the proposed connection system's feasibility, a series of experimental investigations
were conducted, comparing the 3D printed new connections prototypes with conventional
screwed steel-to-timber composite connections. These investigations extended beyond basic
mechanical properties to examine the unique features of the new connection, such as
interlocking and damage-controlled capacity. Subsequent to the development and validation
of numerical connection models against experimental findings, an in-depth investigation into
the behaviours of connections was undertaken, focusing on various planar forces using
common steel grades. Parametric studies were then conducted using the validated models to
evaluate the impact of various geometric factors, which also confirmed that damage
localisation leads to more accurate analytical models by isolating deformation. The numerical
study further expanded to macro scale, examining the proposed connections in a shear wall
environment, which proved that continuous connection could ensure better structural integrity,

enhanced deformation resistance, and more adequately distribute loads.

In conclusion, this research contributes to the development of design strategies for CLT
modular connections, aiming for comprehensive performance in structure, construction,
manufacturing, and sustainability, thus proposing a product with significant novelty and
practical potential. The proposed novel connection employs a 'fuse system,” where the
energy-dissipating elements are part of the steel connection itself, rather than the steel
fasteners. This design allows for predictable energy absorption, minimising plastic
deformation of fasteners and preventing timber damage, thereby reducing the risk of brittle
failure and enhancing structural resilience under extraordinary loads, such as seismic events.
Importantly, the timber panels can be fully reused post-structure lifecycle, as the novel
connection system prevents fastener failure, promoting a more flexible, demountable, and

fully reusable modular construction approach.
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Chapter 8 Limitations and Recommendations

Despite the promising results, further studies are needed to standardise and commercialise the
proposed connection system. The initial test scope was limited to the connector scale due to
budget constraints, and broader testing on macro and global scales is necessary to establish a
comprehensive understanding of the system's performance. Additionally, the current research
did not fully explore various sizes of unit connectors, the practicality of the interlocking
assembly process in real-world settings, or the long-term sustainability and reusability of the
connections. The following areas need additional work to enhance the understanding and

implementation of this system:

. Additional Experimental Tests: Conduct more experimental tests to thoroughly
characterise the connection behaviours and determine the overstrength factor. This
broader testing is essential to establish a comprehensive understanding of the system's

performance beyond the initial limited scope.

. Expanded Parametric Study: Expand the parametric study to include various sizes of
unit connectors. This will help confirm the broader applicability of the proposed design

and ensure it can be effectively used in different contexts and configurations.

. Practical Evaluation of Interlocking Assembly: Evaluate the practicality of the
interlocking assembly process with full-scale structural components. This includes
assessing the labour, space, and machinery requirements to determine the feasibility

and efficiency of the assembly process in real-world construction settings.

. Full-Scale Numerical Modelling: Develop a full-scale CLT modular building
numerical model that incorporates the validated connection model. This will allow for
the assessment of the connection system's impact on the overall structural performance
of modular buildings and confirm its feasibility for use in medium-rise CLT modular

construction.

. Sustainability and Reusability: Investigate the detachment of connections and the
reuse of structural elements. This will further study the sustainability benefits of
integrated CLT panels, emphasising the potential for reducing waste and promoting

circular economy practices in construction.
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. Cost-Benefit Analysis: Perform a comprehensive cost-benefit analysis comparing the
novel interlocking connection system with conventional methods. This will provide
insights into the economic feasibility and potential cost savings associated with the new

system.

By addressing these limitations and pursuing the recommended areas of study, the proposed
connection system can be further developed and optimised for widespread use in CLT
modular construction, ultimately contributing to more efficient, sustainable, and resilient

building practices.

221



Appendix A Numerical and Analytical Results of Parametric Study

Parameter Ko FEA Fyeitarea | Kplateaue rEa | FplateaumFE] KsolidationFEA FEA/Analytical F, yeitdanalytid F2 yeitaanalytil ¥3 yeildanalyti
’ (kN) (KN/mm) (kN) (KN/mm) (kN) (kN) (kN)
Tensile connection

T1-60 3.60 12.18 0.08 13.67 3.75 1.49 8.17 15.90 20.10
T1-61 3.54 12.06 0.06 13.13 3.75 1.51 7.99 15.81 20.10
T1-62 3.51 11.85 0.07 13.10 3.78 1.52 7.82 15.75 20.10
T1-63 3.43 11.42 0.06 12.52 3.77 1.49 7.65 15.68 20.10
T1-64 3.31 11.27 0.07 12.56 3.78 1.51 7.49 15.59 20.10
T1-65 3.27 11.08 0.07 12.30 3.76 1.51 7.33 15.49 20.10
T1-66 3.25 10.95 0.08 12.32 3.75 1.53 7.18 15.37 20.10
T1-67 3.22 10.41 0.07 11.56 3.75 1.48 7.03 15.24 20.10
T1-68 3.19 10.07 0.07 11.26 3.76 1.46 6.88 15.10 20.10
T1-69 3.16 9.79 0.07 10.97 3.70 1.45 6.74 14.94 20.10
T1-70 3.13 9.62 0.07 10.86 3.72 1.46 6.59 14.77 20.10
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T1-71 3.10 9.45 0.06 10.56 3.79 1.47 6.45 14.58 20.10
T1-72 2.98 9.38 0.06 10.32 3.76 1.49 6.30 14.37 20.10
T1-73 291 9.28 0.08 10.62 3.78 1.51 6.15 14.15 20.10
T1-74 2.87 9.12 0.08 10.46 3.75 1.52 6.00 13.91 20.10
T1-75 2.84 8.89 0.06 9.86 3.74 1.52 5.84 13.65 20.10
T1-76 2.76 8.75 0.07 9.98 3.76 1.54 5.68 13.38 20.10
T1-77 2.72 8.44 0.07 9.61 3.64 1.53 5.51 13.09 20.10
T1-78 2.69 8.01 0.08 9.24 3.75 1.50 5.34 12.78 20.10
T1-79 2.61 7.65 0.05 8.48 3.73 1.48 5.16 12.45 20.10
T1-80 2.55 7.42 0.07 8.48 3.76 1.49 4.97 12.11 20.10
T4-15 3.87 18.74 -0.01 - - - 12.43 23.62 20.10
T4-16 3.81 17.15 -0.01 - - - 11.59 21.48 20.10
T4-17 3.74 15.82 -0.01 - - - 10.63 19.69 20.10
T4-18 3.67 15.16 0.08 15.93 3.74 1.51 9.72 18.17 20.10
T4-19 3.60 13.75 0.08 14.60 3.74 1.48 9.06 16.87 20.10
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T4-20 3.52 12.83 0.06 13.48 3.76 1.49 8.61 15.75 20.10
T4-21 3.49 12.13 0.04 12.61 3.73 1.56 8.21 14.77 20.10
T4-22 3.43 11.86 0.06 12.76 3.72 1.52 7.74 13.90 20.10
T4-23 3.41 10.93 0.07 12.05 3.72 1.49 7.24 13.12 20.10
T4-24 3.27 10.42 0.06 11.33 3.72 1.48 6.86 12.43 20.10
T4-25 3.13 9.62 0.07 10.86 3.72 1.53 6.59 11.81 20.10
T4-26 3.12 9.20 0.08 10.60 3.73 1.51 6.36 11.25 20.10
T4-27 3.00 8.81 0.07 10.16 3.73 1.52 6.08 10.74 20.10
T4-28 2.94 8.24 0.08 9.76 3.74 1.46 5.77 10.27 20.10
T4-29 2.79 7.43 0.08 9.02 3.74 1.45 5.52 9.84 20.10
T4-30 2.70 7.37 0.08 9.15 3.74 1.45 5.34 9.45 20.10
T4-31 2.66 7.17 0.08 9.02 3.72 1.43 5.19 9.09 20.10
T4-32 2.59 7.05 0.08 8.93 3.75 1.35 5.01 8.75 20.10
T4-33 2.54 6.80 0.07 8.52 3.74 1.38 4.80 8.44 20.10
T4-34 2.47 6.50 0.07 8.24 3.74 1.38 4.62 8.15 20.10
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Parameter F cranalytical (kN) F . rea (KN) FEA/Analytical
S3-15 13.50 16.03 1.19
S3-16 15.50 17.18 1.11
S3-17 17.04 18.32 1.08
S3-18 18.40 19.47 1.06
S3-19 20.38 20.61 1.01
S3-20 20.60 21.76 1.06
S3-21 23.66 22.90 0.97
S3-22 25.08 24.05 0.96
S3-23 26.43 25.19 0.95
S3-24 30.36 26.34 0.87
S3-25 30.28 27.48 0.91
S3-26 31.36 28.63 0.91
S3-27 31.06 29.77 0.96
S3-28 30.60 30.92 1.01
S3-29 29.60 32.06 1.08
S3-30 29.70 33.21 1.12
S3-31 29.40 34.35 1.17
S3-32 29.60 35.50 1.20
S3-33 28.90 36.64 1.27
S3-34 26.96 37.79 1.40
S3-35 24.60 38.93 1.58
S6-10 24.57 25.50 1.04
S6-11 24.84 25.50 1.03
S6-12 25.11 26.04 1.04
S6-13 25.39 26.89 1.06

225




S6-14 25.68 27.50 1.07
S6-15 25.96 28.70 1.11
S6-16 26.26 28.33 1.08
S6-17 26.56 28.70 1.08
S6-18 26.86 28.26 1.05
S6-19 27.17 29.39 1.08
S6-20 27.48 30.20 1.10
S6-21 27.80 30.13 1.08
S6-22 28.13 30.30 1.08
S6-23 28.46 30.50 1.07
S6-24 28.79 31.13 1.08
S6-25 29.14 31.02 1.06
S6-26 29.48 30.50 1.03
S6-27 29.84 31.17 1.04
S6-28 30.20 31.28 1.04
S6-29 30.57 31.30 1.02
S6-30 30.94 31.5 1.02
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Appendix B Planned Publications

Li, Z., Tsavdaridis, K. D., Katenbayeva, A. (2024). Timber Modular Buildings and Material Circularity and Automation: The Role of Inter-

Locking Connections. Journal of Building Engineering. (Under review)
Parametric and Analytical Studies of A Novel Self-locking Connection System for Modular Cross Laminated Timber (CLT) Structures. (Planned)

Comparative Study Of The Conventional Connections And The Novel Interlocking Connections For CLT Modular Structures. (Planned)
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	0.47
	1.12
	1.19
	3.70
	�푽�풎풂풙�
	2.2
	6.72
	5.09
	7.05
	�푽�풖�
	20
	20
	20
	20
	Axial direction
	�풇�풂풙�
	2.28
	7.54
	6.07
	9.08
	�푲�풔풆풓,풂풙� 
	5000
	18000
	16625
	27000
	(a)
	(b)
	(c)
	6.2 Set-Up of Shear Wall Comparative Study
	(a)
	(b)
	Table 6.3. Comparison of o

	Connector/Fastener
	�휸�풔풄�
	�휸�풂풏�
	�휸�푹풅�
	Novel metal connectors
	X-bracket in tension [6.8]
	1.04
	1.68
	1.76
	X-bracket in shear [6.8]
	1.04
	1.11
	1.15
	Pinching-Free Connector in tension [6.9]
	1.37
	1.01
	1.45
	Metal dovetail connection in shear [6.10]
	1.20
	1.28
	1.54
	Metal dovetail connection in pushing-down [6.10]
	1.13
	1.65
	1.86
	Conventional metal connectors
	Hold-down in tension [6.11]
	1.30
	2.60
	3.38
	Hold-down in shear [6.11]
	1.38
	-
	-
	Angle bracket in tension [6.11]
	1.23
	2.80
	3.44
	Angle bracket in shear [6.11]
	1.16
	1.70
	1.97
	Conventional fasteners
	Nails loaded parallel to face lamination [6.12]
	1.27
	1.11
	1.41
	Nails loaded perpendicular to face lamination [6.1
	1.53
	1.69
	2.59
	Self-tapping screws in tension
	1.61
	1.64
	2.65
	Self-tapping screws loaded perpendicular to face l
	1.60
	1.67
	2.67
	Self-tapping screws loaded parallel to face lamina
	1.39
	1.80
	2.50
	Dowel [6.14]
	1.59
	1.06
	1.68
	6.3 Results of CLT Shear Wall Comparative Study
	(a)
	(b)
	(c)
	(a)
	(b)
	(c)
	(a)
	(b)
	(c)
	(a)
	(b)
	(c)
	Table 6.4. Interpretation 

	Identification of Parameters
	Wall-P-1
	Wall-P-2
	Wall-I-1
	Wall-I-2
	Wall-I-3
	Wall-I-4
	Elastic stiffness [kN/mm]
	4.09
	3.99
	1.74
	2.14
	1.64
	1.86
	Hardening stiffness [kN/mm]
	1.02
	0.87
	1.21
	1.12
	0.95
	1.08
	Yielding displacement Vy [mm]
	16.62
	14.42
	30.84
	23.87
	15.94
	10.62
	Yielding force fy [kN]
	68.42
	62.64
	53.69
	51.31
	26.35
	19.95
	Ultimate force fu [kN]
	125.66
	131.15
	112.43
	112.60
	78.29
	84.17
	Ductility ratio μ = Vu/Vy
	4.82
	5.55
	2.59
	3.35
	4.08
	6.59
	6.4 Conclusions
	(a)
	(b)
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	Parameter
	�풌�풆풍, 푭푬푨�
	�푭�풚풆풊풍풅,푭푬푨� (kN)
	�풌�풑풍풂풕풆풂풖풆,푭푬푨� (kN/mm)
	�푭�풑풍풂풕풆풂풖풎,푭푬푨� (kN)
	�풌�풔풐풍풊풅풂풕풊풐풏,푭푬푨� (kN/mm)
	FEA/Analytical
	�푭�ퟏ, 풚풆풊풍풅,풂풏풂풍풚풕풊풄풂풍� (kN)
	�푭�ퟐ,  풚풆풊풍풅,풂풏풂풍풚풕풊풄풂풍� (kN)
	�푭�ퟑ,  풚풆풊풍풅,풂풏풂풍풚풕풊풄풂풍� (kN)
	Tensile connection
	T1-60
	3.60
	12.18
	0.08
	13.67
	3.75
	1.49
	8.17
	15.90
	20.10
	T1-61
	3.54
	12.06
	0.06
	13.13
	3.75
	1.51
	7.99
	15.81
	20.10
	T1-62
	3.51
	11.85
	0.07
	13.10
	3.78
	1.52
	7.82
	15.75
	20.10
	T1-63
	3.43
	11.42
	0.06
	12.52
	3.77
	1.49
	7.65
	15.68
	20.10
	T1-64
	3.31
	11.27
	0.07
	12.56
	3.78
	1.51
	7.49
	15.59
	20.10
	T1-65
	3.27
	11.08
	0.07
	12.30
	3.76
	1.51
	7.33
	15.49
	20.10
	T1-66
	3.25
	10.95
	0.08
	12.32
	3.75
	1.53
	7.18
	15.37
	20.10
	T1-67
	3.22
	10.41
	0.07
	11.56
	3.75
	1.48
	7.03
	15.24
	20.10
	T1-68
	3.19
	10.07
	0.07
	11.26
	3.76
	1.46
	6.88
	15.10
	20.10
	T1-69
	3.16
	9.79
	0.07
	10.97
	3.70
	1.45
	6.74
	14.94
	20.10
	T1-70
	3.13
	9.62
	0.07
	10.86
	3.72
	1.46
	6.59
	14.77
	20.10
	T1-71
	3.10
	9.45
	0.06
	10.56
	3.79
	1.47
	6.45
	14.58
	20.10
	T1-72
	2.98
	9.38
	0.06
	10.32
	3.76
	1.49
	6.30
	14.37
	20.10
	T1-73
	2.91
	9.28
	0.08
	10.62
	3.78
	1.51
	6.15
	14.15
	20.10
	T1-74
	2.87
	9.12
	0.08
	10.46
	3.75
	1.52
	6.00
	13.91
	20.10
	T1-75
	2.84
	8.89
	0.06
	9.86
	3.74
	1.52
	5.84
	13.65
	20.10
	T1-76
	2.76
	8.75
	0.07
	9.98
	3.76
	1.54
	5.68
	13.38
	20.10
	T1-77
	2.72
	8.44
	0.07
	9.61
	3.64
	1.53
	5.51
	13.09
	20.10
	T1-78
	2.69
	8.01
	0.08
	9.24
	3.75
	1.50
	5.34
	12.78
	20.10
	T1-79
	2.61
	7.65
	0.05
	8.48
	3.73
	1.48
	5.16
	12.45
	20.10
	T1-80
	2.55
	7.42
	0.07
	8.48
	3.76
	1.49
	4.97
	12.11
	20.10
	T4-15
	3.87
	18.74
	-0.01
	-
	-
	-
	12.43
	23.62
	20.10
	T4-16
	3.81
	17.15
	-0.01
	-
	-
	-
	11.59
	21.48
	20.10
	T4-17
	3.74
	15.82
	-0.01
	-
	-
	-
	10.63
	19.69
	20.10
	T4-18
	3.67
	15.16
	0.08
	15.93
	3.74
	1.51
	9.72
	18.17
	20.10
	T4-19
	3.60
	13.75
	0.08
	14.60
	3.74
	1.48
	9.06
	16.87
	20.10
	T4-20
	3.52
	12.83
	0.06
	13.48
	3.76
	1.49
	8.61
	15.75
	20.10
	T4-21
	3.49
	12.13
	0.04
	12.61
	3.73
	1.56
	8.21
	14.77
	20.10
	T4-22
	3.43
	11.86
	0.06
	12.76
	3.72
	1.52
	7.74
	13.90
	20.10
	T4-23
	3.41
	10.93
	0.07
	12.05
	3.72
	1.49
	7.24
	13.12
	20.10
	T4-24
	3.27
	10.42
	0.06
	11.33
	3.72
	1.48
	6.86
	12.43
	20.10
	T4-25
	3.13
	9.62
	0.07
	10.86
	3.72
	1.53
	6.59
	11.81
	20.10
	T4-26
	3.12
	9.20
	0.08
	10.60
	3.73
	1.51
	6.36
	11.25
	20.10
	T4-27
	3.00
	8.81
	0.07
	10.16
	3.73
	1.52
	6.08
	10.74
	20.10
	T4-28
	2.94
	8.24
	0.08
	9.76
	3.74
	1.46
	5.77
	10.27
	20.10
	T4-29
	2.79
	7.43
	0.08
	9.02
	3.74
	1.45
	5.52
	9.84
	20.10
	T4-30
	2.70
	7.37
	0.08
	9.15
	3.74
	1.45
	5.34
	9.45
	20.10
	T4-31
	2.66
	7.17
	0.08
	9.02
	3.72
	1.43
	5.19
	9.09
	20.10
	T4-32
	2.59
	7.05
	0.08
	8.93
	3.75
	1.35
	5.01
	8.75
	20.10
	T4-33
	2.54
	6.80
	0.07
	8.52
	3.74
	1.38
	4.80
	8.44
	20.10
	T4-34
	2.47
	6.50
	0.07
	8.24
	3.74
	1.38
	4.62
	8.15
	20.10
	Parameter
	�푭�풄풓,풂풏풂풍풚풕풊풄풂풍� (kN)
	�푭�풄풓,푭푬푨� (kN)
	FEA/Analytical
	S3-15
	13.50
	16.03
	1.19
	S3-16
	15.50
	17.18
	1.11
	S3-17
	17.04
	18.32
	1.08
	S3-18
	18.40
	19.47
	1.06
	S3-19
	20.38
	20.61
	1.01
	S3-20
	20.60
	21.76
	1.06
	S3-21
	23.66
	22.90
	0.97
	S3-22
	25.08
	24.05
	0.96
	S3-23
	26.43
	25.19
	0.95
	S3-24
	30.36
	26.34
	0.87
	S3-25
	30.28
	27.48
	0.91
	S3-26
	31.36
	28.63
	0.91
	S3-27
	31.06
	29.77
	0.96
	S3-28
	30.60
	30.92
	1.01
	S3-29
	29.60
	32.06
	1.08
	S3-30
	29.70
	33.21
	1.12
	S3-31
	29.40
	34.35
	1.17
	S3-32
	29.60
	35.50
	1.20
	S3-33
	28.90
	36.64
	1.27
	S3-34
	26.96
	37.79
	1.40
	S3-35
	24.60
	38.93
	1.58
	S6-10
	24.57
	25.50
	1.04
	S6-11
	24.84
	25.50
	1.03
	S6-12
	25.11
	26.04
	1.04
	S6-13
	25.39
	26.89
	1.06
	S6-14
	25.68
	27.50
	1.07
	S6-15
	25.96
	28.70
	1.11
	S6-16
	26.26
	28.33
	1.08
	S6-17
	26.56
	28.70
	1.08
	S6-18
	26.86
	28.26
	1.05
	S6-19
	27.17
	29.39
	1.08
	S6-20
	27.48
	30.20
	1.10
	S6-21
	27.80
	30.13
	1.08
	S6-22
	28.13
	30.30
	1.08
	S6-23
	28.46
	30.50
	1.07
	S6-24
	28.79
	31.13
	1.08
	S6-25
	29.14
	31.02
	1.06
	S6-26
	29.48
	30.50
	1.03
	S6-27
	29.84
	31.17
	1.04
	S6-28
	30.20
	31.28
	1.04
	S6-29
	30.57
	31.30
	1.02
	S6-30
	30.94
	31.5
	1.02
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