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Abstract

The current research project presents a study combining numerical analyses and
experimental campaigns to evaluate the structural performance of cross-laminated timber

(CLT) shearwalls with openings.

The results of an extensive numerical analysis using a validated Finite Element model is
presented with the aim to investigate the influence of the geometrical and mechanical
properties of lintel beams and parapets on the stiffness and strength of multi-storey CLT
shearwalls with symmetric door or window openings. The influence of construction
techniques, where the opening is cut out of the panel or constructed using separate elements
is investigated. The results of the analysis show that in general, monolithic models resulted in
significantly higher strength and stiffness values compared to those obtained from models
assuming segmented shearwalls. The study particularly highlights the importance of the
parapet in the overall behaviour and failure mechanism, even though no structural function is

typically associated with it.

A comprehensive experimental campaign involving 36 beams with vertical outer layers and
two different lay-ups was conducted to evaluate the applicability of analytical models originally
developed for beams with horizontal outer layers. The experimental results reveal significant
differences between 3-ply and 5-ply specimens, indicating an inverse correlation between
bending strength and lamination thickness, and successfully verifying the adapted analytical

models against both newly obtained data and existing literature.



Furthermore, the study addresses an identified gap in the literature regarding panel failure
modes in monolithic CLT shearwalls with cut-out openings. An experimental investigation on
12 full-scale shearwalls designed to reach failure within the CLT panel showed that all tested
specimens initiated cracking in the lintel or parapet, with ultimate failure occurring at the hold-

downs.

The numerical predictions corresponded well with the experimental load-displacement curves
and the observed failure patterns, underscoring the models’ capacity to capture the complex

failure mechanisms of CLT shearwalls.

This study advances the understanding of how construction methodology interacts to
influence the kinematic behaviour and failure modes in CLT shearwalls with openings,

providing valuable insights for both the design and analysis of such structural elements.
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CHAPTER 1- INTRODUCTION

1.1 Timber in Modern Construction

Mass timber, particularly Cross Laminated Timber (CLT), is at the forefront of a construction
revolution, offering innovative solutions for lateral load resisting systems (LLRSs). CLT
panels are manufactured off-site using advanced CNC technology, ensuring large, precise,
and high-quality components that can be used to form shearwalls and diaphragms. These
elements are crucial for transferring wind and seismic forces safely down to the foundation.
Metal connectors such as hold-downs, angle brackets, and fasteners not only join the panels
together but also play a significant role in the strength, stiffness and energy dissipation of

the building.

In addition to its structural benefits, mass timber offers significant environmental and
economic advantages. Timber naturally stores carbon, leading to a lower carbon footprint
compared to materials like steel or concrete, and its renewable nature supports sustainable
building practices. Moreover, the lightweight nature of CLT panels, combined with efficient

off-site production, reduces construction costs, waste, and transportation challenges.

Ongoing advances in experimental testing and numerical modeling continue to refine
understanding of how CLT systems perform under real-world conditions. These
developments are critical for updating design guidelines and ensuring that mass timber
structures can safely meet the demands of tall and complex buildings. Overall, mass timber
is not only redefining modern construction with its strength and versatility but is also paving

the way for a greener, more resilient built environment.

1.2 Emergence of Cross Laminated Timber

Cross Laminated Timber is a modern engineered wood product made by bonding several

layers of lumber boards so that each layer is oriented at a right angle (orthogonal) to the one

1



below it (Figure 1.1), using high-performance structural adhesives. This crosswise
arrangement produces large, robust panels that offer enhanced stiffness, dimensional
stability, and load distribution compared to conventional timber elements. By alternating the
grain direction in each layer, CLT effectively minimizes the effects of natural expansion and
contraction caused by moisture changes, which are common challenges in traditional wood
construction. The result is a material that not only harnesses the aesthetic and
environmental benefits of timber but also meets the rigorous demands of modern structural

applications.

Figure 1.1: CLT layout

CLT panels are produced allowing for the creation of large-format elements that serve as
effective structural components. Their high in-plane stiffness makes them ideal for use as
shear walls, floor diaphragms, and roof systems, while their two-way load distribution
stemming from the cross-laminated arrangement ensures that forces are evenly dispersed.
This structural efficiency, coupled with the material’s natural ability to sequester carbon and
reduce greenhouse gas emissions, has driven the widespread adoption of CLT in multi-
storey and tall timber buildings. Landmark projects, such as the 14-storey “Treet” in Norway
and the 18-storey “Brock Commons” in Canada, underscore CLT’s capacity to compete with
traditional steel and concrete systems (Pei et al., 2016).
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1.3 Lateral Load-Resisting Systems in CLT Constructions

The suitability of using cross-laminated timber shearwalls to resist lateral loading has been
extensively investigated in recent years, mainly due to the high in-plane stiffness of the
panels and the wall's capability to dissipate energy through controlled yielding mechanisms
in the mechanical fasteners joining the CLT panels together and to their base (Pei et al.,
2016; 1zzi et al.,2018). Adequate behaviour and energy dissipative capabilities are generally
achieved through over-designing the CLT panels, while controlling the behaviour and
sequence of yielding of the connections by employing appropriate capacity-based design
rules (Zarnani et al.,2015; Sharnewaz et al.,2017a; Tannert et al.,2018; Casagrande et
al.,2019). For CLT shearwalls without openings, the dissipative connections generally
comprise of mechanical anchors connecting the CLT panels to the foundation or floor below,
when the CLT shearwall consists of a single panel (Figure 1.2a). Significantly higher level
of energy-dissipation can be obtained in the case of multi-panel CLT shearwalls, when the
panel-to-panel vertical joints are engaged (Figure 1.2b), due to the inherent ductility found

in the connections (Gavric et al.,2013; Li et al.,2015; Nolet et al.,2019).

vertical
joints
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Figure 1.2: Single- (a) and multi-panel (b) CLT shearwall



A considerably different behaviour and failure mechanisms are expected when window and
door openings are incorporated into the shearwall. The opening may result in the
deformation contribution of the CLT panel being quite significant and possibly comparable
to that obtained from the mechanical anchors. Also, high stress levels around the corners of
the opening may develop and possibly lead to undesired and premature brittle failure mode
in the CLT panel (Yasumura et al.,2015). This is particularly critical in the case where the
opening is directly cut out of the wooden panel which called monolithic shearwall (MSW) as
may be seen in Figure 1.3a, allowing for structural continuity between the wall segments
and lintel beam element or parapet. In this construction technique, the geometrical
dimensions of the lintel beam and parapet may strongly influence the kinematic behaviour
and failure mode of the CLT shearwall and the interaction between the various shearwall
components may be the governing factor in establishing the mechanical behaviour of the
shearwall (Mestar et al.,2021). The overall behaviour of such system closely resembles that
of a frame rather than a shearwall and the impact of this change in behaviour cannot be
ignored during analysis and design. An alternative way to introduce openings in a CLT
shearwall is by joining separate lintel and parapet elements to the wall segments using
connections which called segmented shearwall (SSW) that usually do not allow for any
moment continuity between those timber elements (Figure 1.3b). Using this construction
method, the wall segments are usually considered as two separate cantilevers and the lintel
beam is assumed to only support gravity loads, while the contribution of the parapet is

assumed to be insignificant and limited to framing the opening.
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Figure 1.3: CLT shearwall with opening cut out of the panel (a); CLT shearwall with assembled elements (b)

1.4 Problem Statement

The maijority of the research studies conducted on CLT shearwalls have been focused on
the role of the mechanical anchors (Shen et al.,2013; Gavric et al.,2015a; Tomasi et
al.,2015; Lium et al.,2018;Yinlan et al.,2019) and CLT shearwalls with no opening (Ceccoti
et al.,2006; Popovski et al.,2010; Gavric et al.,2015b; Flatscheer et al.,2015; D’Arenzo et
al.,2021). The outcomes from these studies have made it clear that the wooden panels
behave mostly like rigid bodies, whereas the main deformation contributions and energy
dissipation of the shearwall are chiefly related to the non-linear behaviour of mechanical

anchors (i.e. hold-down and angle brackets).

Research on the behaviour of CLT shearwalls, where openings are cut out of the panel, has
been quite limited, and mainly focused on determining reduction factors that take into

account the effects of openings on the stiffness of the CLT panels.

Review of the available literature in chapter 2, especially that on CLT shearwalls with
openings, highlights the potential for brittle failure modes in the CLT panels, particularly lintel
beam and parapet sections. There is a need to establish better understanding of the
conditions in which such failure mechanisms can occur and the contribution of lintels and
parapets to the mechanical behaviour of the CLT shearwall assembly. Parametric studies

and sensitivity analyses concerning the influence of the geometrical and mechanical
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properties of lintel beams and parapets as well as of the mechanical anchors on the overall
behaviour of CLT shearwalls with openings have been scarce and limited to the elastic
region and single-storey configurations. Moreover, an in-depth investigation of the
construction process of the openings on the overall non-linear response of multi-storey CLT

shearwalls in terms of lateral stiffness and strength has not yet been undertaken.

The current study presents the results of an extensive experimental study on single-storey
platform-type CLT shearwall with opening and numerical analysis using a validated Finite
Element (FE) model with the aim to investigate the influence of the geometrical and
mechanical properties of lintel beams and parapets on the stiffness and strength of multi-
storey symmetric platform-type CLT shearwalls with either door or window openings. It is
noteworthy to mention that this investigation is strictly limited to platform-type construction
systems and does not address balloon-type CLT shearwalls, is expected to be significantly
different. The influence of construction techniques, where the opening is cut out of the panel
or constructed using separate elements is also investigated. To the author’s knowledge, no
other studies have previously investigated the potential benefit that could be achieved in
design by cutting the openings into the CLT panel during the manufacturing process rather
than using separate elements. Providing structural continuity between wall segments and
parapet or lintel beam, while carefully selecting a sequence of failure mechanisms, is
expected to lead to a building performance that is dominated by ductile behaviour, with the

additional benefit of loads on anchors being significantly reduced.

This approach is typically ignored by designers and replaced by analysis models that
assume the CLT shearwall as cantilevered beams, ignoring the interaction between the wall

segments and lintels beams even in cases where the panels are cut out of the wall panel.



1.5 Research Objectives

To address the research gaps and fulfill the aims of this work, the main objectives of the

study are outlined below:

e To investigate the structural behaviour and failure mechanisms of cross-laminated
timber shearwalls with door and window openings.

e To evaluate the influence of construction methods specifically, Monolithic Shearwalls
versus Segmented Shearwalls on stiffness, strength, peak load, and failure modes.

e Toassess the structural role of lintel beams and parapet sections, and how they affect
overall wall behaviour in the shearwalls with opening.

e To conduct extensive parametric studies using the FE model to analyze the effects
of varying storey numbers, opening sizes, wall segment widths, lintel and parapet
dimensions, hold-down arrangements, and gravity loads on structural performance.

e To evaluate existing analytical models initially developed for beams with horizontal

laminations for their applicability to vertical lay-up configurations.

1.6 Methodological Overview

This thesis combines complementary experimental campaigns and validated numerical
modelling to investigate the influence of openings, lintel beams, and parapets on the
performance of symmetric platform-type CLT shearwalls. The methodological framework
follows a progressive sequence in which experimental results provide the foundation for

model development, calibration, and validation.

The validated model is then used to conduct extensive sensitivity and parametric analyses.
This structure ensures that the numerical outcomes are supported by physical evidence and

that the conclusions of the study are both scientifically reliable and practically relevant.



The experimental programme was designed with two main objectives. The first was to
provide benchmark data on the mechanical behaviour of CLT beams with vertically oriented
laminations, representative of lintel regions in monolithic panels. The second was to
generate full-scale evidence on the global behaviour of CLT shearwalls with openings and

varied anchorage systems.

The first campaign consisted of four-point bending tests on 3-ply and 5-ply CLT beams with
different depths, with the aim of quantifying bending strength, stiffness, and failure modes
such as net shear, torsional shear, and flexural rupture. These results were used to calibrate

the finite element model at the component level, particularly for lintel behaviour.

The second campaign involved full-scale monotonic shearwall tests under displacement-
controlled loading protocols, where variables such as lintel depth, parapet height, wall

segment width, and hold-down configuration were systematically studied.

These wall-level experiments captured system behaviours including rocking mechanisms,
shifts in rotation centres, load redistribution, and anchorage force demands. Together, the
two campaigns produced the experimental dataset required to validate the finite element

model at both the component and the system scales.

Once validated against both beam-level and wall-level experimental results, the finite
element model was used to perform a wide range of sensitivity and parametric studies. The
variables investigated included the number of storeys, opening size and location, wall
segment dimensions, lintel and parapet continuity, different hold-down arrangements
including mid-panel placements, and the influence of gravity loading. By systematically
altering these factors, the model made it possible to evaluate how design choices influence
global performance metrics such as stiffness, ultimate strength, ductility, and anchorage
demands. The numerical findings were interpreted in the context of the experimental results,

which ensured consistency and reinforced confidence in the modelling approach.
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In addition to the experimental and numerical work, the methodology incorporated an
evaluation of existing analytical models that were originally developed for beams with
horizontal laminations. These models were examined for their applicability to vertically
laminated CLT elements, with emphasis on lintel behaviour and structural continuity at the

wall level.

This step provided a link between simplified analytical formulations, detailed experimental
evidence, and the advanced numerical simulations. The overall methodological sequence,
beginning with experimental benchmarking, continuing through model validation, and
concluding with parametric and analytical studies, provides a clear and coherent framework
for addressing the research objectives and generating results that are relevant for both

design practice and future code development.

1.7 Thesis Organization

The thesis is structured into six chapters, each progressing from context and background to

experimental and numerical investigations, followed by synthesis and conclusions.

Chapter 1 introduces the motivation for the study, highlighting the increasing use of cross-
laminated timber (CLT) in modern construction and the challenges associated with
incorporating openings into shearwall systems. The problem statement is defined, the
objectives are established, and the scope of the work is clarified as being restricted to

platform-type CLT shearwalls with openings.

Chapter 2 provides a review of the literature, synthesising prior research on the mechanical
behaviour of CLT components, the performance of connections, and the influence of
openings on shearwall behaviour. Knowledge gaps are identified, particularly the limited
research on platform-type shearwalls with cut-out openings and the lack of understanding

regarding lintel and parapet contributions.



Chapter 3 describes the development of the finite element (FE) model used in this research.
Details are given on the selection of material properties, mesh refinement, and connection
modelling. The model is validated against experimental results, establishing its reliability for

subsequent parametric studies.

Chapter 4 presents the first experimental campaign at the component scale. CLT beams
with vertical outer laminations, representing lintels in monolithic wall panels, are tested under
four-point bending. Their strength, stiffness, and failure modes are analysed and compared
with analytical predictions for horizontally laminated beams, providing essential calibration

data for later modelling.

Chapter 5 focuses on the second experimental campaign at the system scale. Full-scale
shearwalls with cut-out openings are tested under monotonic lateral loading. Variations in
lintel depth, parapet continuity, wall segment width, and anchorage configuration are
examined. Results highlight how these parameters influence global stiffness, strength,

rocking behaviour, and the sequence of failure mechanisms.

Chapter 6 synthesises the findings through an extended programme of parametric and
analytical studies using the validated FE model. The influence of storey number, opening
size and location, wall geometry, anchorage arrangements, and gravity loading are

systematically evaluated.

Analytical models originally developed for horizontal laminations are also assessed for their

applicability to vertical laminations and monolithic assemblies.

This chapter provides the most comprehensive understanding of parameter sensitivities and
identifies areas where current design codes may overestimate or underestimate actual
performance. The thesis concludes within this chapter by summarising the principal findings

from both experimental and numerical investigations, acknowledging limitations, and
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outlining directions for future research. By retaining the conclusions within Chapter 6 rather
than creating a separate chapter, the thesis maintains coherence while ensuring that

synthesis and forward-looking recommendations are clearly outlined.
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CHAPTER 2- LITERATURE REVIEW

2.1 Introduction and Background

This chapter explores the literature on the behaviour of Cross-Laminated Timber shearwalls
subjected to lateral loading, with focus on how openings (i.e., doors and windows) affect
structural performance. Emphasis is placed on the roles of mechanical connectors as well

as on the effects of structural details like lintels, parapets, and the orientation of laminations.

The advent of engineered wood products such as CLT has enabled the creation of structural
panels with excellent dimensional stability, enhanced stiffness, and superior in-plane
strength. These characteristics have paved the way for CLT’s use in walls, floors, and roofs.
At the same time, environmental considerations and a drive toward carbon-neutral
construction have accelerated interest in timber in general and CLT in particular as an

alternative to more energy-intensive materials.

2.2 Background on CLT Shearwalls

Cross-laminated timber has rapidly gained popularity as a viable, sustainable material in
mid-rise and tall building construction. The basic CLT panel comprises multiple layers of
lumber boards, each oriented perpendicular to the one adjacent and bonded with structural
adhesives, thus creating a product with enhanced dimensional and mechanical stability. This
lay-up produces high in-plane stiffness and strength characteristics, enabling CLT to be
used for walls, floors, roofs, and diaphragms. Researchers have established that CLT walls
can dissipate energy through ductile yielding of panel-to-panel fasteners and, to a lesser
degree, mechanical connections (i.e., hold-downs, angle brackets), provided that the timber
panels are designed to remain elastic (Pei et al., 2016; 1zzi M et al.,2018). Such connections
allow localized yielding during seismic or wind events, permitting the structure to sustain

large lateral deformations without significant reduction in the load-bearing capacity.
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Over the past two decades, numerous experimental programs and analytical studies have
demonstrated the ability of CLT elements to contribute significantly to building resiliency,

particularly in seismic regions.

The underlying design philosophy for CLT shearwalls often follows capacity-based
principles, where the connectors are deliberately weaker than the panel itself so that ductile
metal yielding governs the global response (Zarrnani P et al.,2015; Shahnewaz Md et
al.,2017a; Casagrande D et al.,2019). This ensures that any inelastic action localizes in steel
components, which can exhibit relatively predictable hysteretic loops. Single-panel shear
walls (Figure 2.1a) will exhibit rocking or sliding behaviour with limited possibility for energy
dissipation. In multi-panel walls (Figure 2.1b), vertical panel-to-panel joints can also yield,
further enhancing energy dissipation (Gavric | et al.,2013; Li M et al.,2015; Nolet V et

al.,2019).

Experimental work has shown that, in the absence of openings, the wood panels typically
behave as a rigid bodies while the connections provide most of the non-linear response

(Shen Y et al.,2013., Gavrric | et al.,2015a; Tomasi R et al.,2015; Lium J et al.,2018).

2.3 Effects of Openings on the Structural Behaviour of CLT Shearwalls

Doors and windows are essential in buildings for functional and aesthetic reasons, but their
presence in shearwalls can significantly alter how loads are transferred. When openings
interrupt what would otherwise be continuous wall panels, they often introduce stress
concentrations and reduce overall stiffness. To address these challenges, engineers
typically add boundary elements like chord studs and hold-down anchors or segment the
wall so that each portion between openings acts as a separate shear element. Numerous
investigations have addressed how openings reduce the effective stiffness and influence
local stress concentrations in CLT panels (Dujic B et al.,2015; Pai S et al.,2016; Shahneawz

M et alk., 2017b). When an opening is cut into the panel, the deformation contribution of the
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wood may increase, especially if the anchors are strong enough to keep the base relatively
rigid. In such cases, bending and shear deformations in the timber around the opening can
dominate the lateral displacement profile (Yasumura M et al.,2015; Pai S et al.,2016;

Shahnewaz M et al.,2017b).

The introduction of openings may follow one of two primary construction methods. In a
monolithic shearwall, the opening is cut directly from a single CLT panel, preserving
continuity between the lintel, parapet, and wall segments (Figure 1.3a). This continuity can
lead to a frame-like behaviour, with significant bending or shear in the lintel beam and
parapet (Awad V et al.,2017). If the connectors are designed with high strength, stresses
may in the timber element may increase, potentially causing brittle failures around the

opening corners (Yasumura M et al.,2015; Mestar M et al.,2021).

An alternative is the segmented shearwall, where separate lintel and parapet elements are
attached to each vertical wall segment with minimal moment continuity (Figure 1.3b). Each
vertical wall segment typically behaves as a cantilever, and the lintel provides mostly gravity
load support. Segmented designs often simplify analysis by confining major inelastic actions
to the hold-downs, although this can sacrifice any advantage that might be gained by a
continuous lintel beam. Studies confirm that many segmented walls fail in the mechanical
anchors, leaving the panels largely elastic (Ceccotti A et al.,2006; Flatscher G et al., 2015).
However, engineers may choose segmentation for its simplicity, knowing that the risk of
brittle panel failures at opening corners diminishes if the lintel does not carry significant in-

plane moment (Mestarr M et al., 2020).

Monolithic and segmented approaches reflect different philosophies: one tries to exploit
potential continuity in the timber to redistribute forces, while the other isolates wall segments

to ensure that ductile anchors remain the only critical components in the in-plane load path.
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Although several experimental studies have explored single-story configurations, real
buildings can have multiple floors with aligned openings. In such multi-story scenarios,
cumulative lateral forces can impose significant demands on the lintels or parapets at lower
levels (Yasumura M et al.,2015; Izzi M et al.,2018). Even if small cracks in openings do not
immediately reduce capacity, repeated cycles of loading in a major seismic event may
propagate these cracks, eventually weakening the panel. Literature on multi-story CLT
shearwalls with monolithic openings is relatively limited, and researchers note that more
data from full-scale multi-story tests would be beneficial for clarifying how to design lintels
and anchors for complex load-sharing behaviour (Yasumura M et al.,2015; Mestar M et

al.,2021; Casagrande D et al., 2021a).

The established literature shows that panel failure modes have only been observed in a
limited number of studies. At the building level, Yasumura et al. 2015 investigated the
mechanical behaviour of a 2-storey CLT structure with monolithic panels including cut-out
openings subjected to cyclic loads. Uplift of the U-shaped connectors, adopted to limit the
rocking behaviour of the panels, was observed. Some cracks were detected around the
openings, propagating either vertically along the direction of outer lamination or diagonally,

but no global strength reduction of the tested structure was observed.

Similarly, local cracks around some door openings in the 2-storey CLT building tested by
Popovoski M et al.,2010 and Gavric | et al.,2015b did not influence the global response of

structure, since the ultimate failure was primarily related to the mechanical anchors.

Zhang et al. 2021 tested a 3-storey platform-type CLT shearwall comprised of a single panel
and a large door opening. Tension cracks were reported at the corners of the CLT panel

opening.
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2.4 Influence of Lintels and Parapets

When openings are cut out of a single panel, the overall kinematics may resemble that of a
frame (Mestar M et al.,2021; Awad V et al.,2017). The wall can exhibit either one or multiple
centers of rotation, depending on anchor layout and stiffness. High bending moments can
develop in the lintel, with the parapet also contributing to local stress distributions. Some
experimental studies have shown that relatively large openings induce severe stress
concentrations at lintel corners, occasionally causing panel failure (Yasumura M et al.,2015;
Awad V et al.,2017; Casagrande D et al.,2021a). Parametric numerical studies, typically
employing finite element models, further reveal that the geometry of the lintel (depth,
thickness) and the stiffness of hold-down connections dictate whether the wall fails in a
ductile or brittle manner (Mestar M et al.,2021; Dujic B et al.,2015; Pai S et al.,2016;

Shahnewaz M et al.,2017b).

In contrast, segmented shearwalls treat the lintel and parapet as separate pieces connected
to each vertical segment, limiting any flexural continuity. Several experimental studies have
confirmed that in such cases, failure tends to occur in the mechanical anchors, and the panel
itself rarely exhibits high bending demands (Ceccotti A et al.,2006; Popovski M et al.,2010;

Flatscher G et al.,2015).

2.5 Timber Failure Modes Around Openings

Crack initiation and development often materializes at the corners of door or window
openings (Yasumurra et al.,2015; Dujic B et al., 2015; Shahnewaz M et al.,2017b; Awad V
et al.,2017). Depending on the global system stiffness, these cracks may not immediately
reduce capacity, or they may propagate until they compromise the lintel or parapet entirely.
A number of experiments, including full-scale tests, have documented brittle lintel failures in
bending or net shear when large openings and strong anchors are combined (Mestar M et

al.,2021; Casagrande D et al.,2021a).
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Cyclic tests on four single-storey CLT shearwalls with either single or double openings were
conducted by Awad et al. 2017. A brittle failure in the wooden panels, initiated by cracks
around the opening corners, was observed for three specimens. Mestar et al. 2021 tested
five shearwalls with openings under a monotonic load procedure to explore shearwall
rocking kinematic behaviour. Cracks around the openings were observed only in one
configuration with a door opening. Casagrande et al. 2021a performed monotonic tests on
six CLT monolithic shearwalls with openings in order to study the geometrical and
mechanical parameters influencing brittle failure in CLT panels. Two of the six specimens

showed crack development around the corners of openings.

Crack propagation around the opening corners were also observed in three shearwall tests
conducted by Zhang et al.2021. Aljuhmani et al.2022 conducted diagonal compression tests
on 24 CLT panels with various sizes and orientations of openings to determine the panel in-
plane shear strength and stiffness as well as to assess the reduction of stiffness in the panel
due to the presence of openings. Isoda et al.2023 explored crack propagation on L- and T-
shaped CLT specimens, observing bending and rolling shear failures in the lintel beam and

highlighting the limitations of beam theory for analysing such elements

2.6 Experimental Investigations on CLT Components

Experimental research on CLT beams has primarily been focused on members with
horizontal outer laminations (Jobstl et al., 2008; Andreolli et al., 2012; Flaig & Blal.,2014.
Different geometrical dimensions and lamination lay-ups have been investigated with the
aim to study different failure modes and the influence of geometrical and mechanical
parameters (e.g. thickness and orientation of layers, width of boards etc.) on the overall

beam behaviour.

In general, four different failure modes can be identified, one of which involved bending and

three were related to shear failures. The bending failure mode occurs when the axial
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longitudinal stress, a,,, in the horizontal layers reaches the bending strength f,,. Crack
development involves horizontal layers only and is typically initiated at the tensile edge of
the beam, where the maximum bending moment occurs. Shear failure modes are
distinguished as gross-section shear failure, cross-section net-shear failure and torsional
shear failure within the crossing-areas between orthogonally glued laminations (Flaig & Bla3
.,2013). Gross-section shear failure is characterised by longitudinal (i.e. parallel to the grain)
shear stresses, T, gros5, Causing sliding of the wooden fibres. It is typically observed in
beams with glued board edges. Net-shear failure is caused by shear stresses, 7, .., acting
perpendicular to the grain in the net cross section of the beam. Torsional failure is caused
by torsional stresses, 7., and rolling shear stresses, t,,,,,, due to shear force transfer
between the orthogonally glued adjacent laminations (Brandner R et al.,2017). The following
present the experimental campaigns conducted on CLT beams with horizontal outer

laminations.

Jobstl et al.2008 investigated a total of 90 CLT beams, all of which were reported to fail in
bending. Andreolli et al.2012 tested a total of 10 CLT beams, using elements with either
edge-glued or non edge-glued laminations. In eight specimens a torsional shear failure
mode was observed while two specimens failed in bending. Bending failure was also
reached in 59 of the 60 beams tested by Flaig & Blaf3.,2014 while only one beam failed

under torsional shear.

Flaig and Blaf3.,2013 conducted experimental tests on twelve 3-ply 80 mm thick specimens
with two different lay-ups to induce torsional failure in CLT beams. A smaller lamination
width (75 mm) than those used in their previous studies (Flaig & Blaf3.,2014) (150 mm) was
adopted for all specimens to promote torsional failure. Gagnon et al.2014 investigated 27
CLT beams, where span length was selected to promote shear rather than bending failure

mode. Sikora et al.2016 presented the results obtained from experimental testing on six CLT

18



beams, all of which were reported to fail in bending. JaleC et al.2019 investigated the
mechanical behaviour of 12 CLT beams with different widths of laminations. Four of the
twelve specimens, consisting of 3-ply CLT elements, failed due to torsional shear, while
eight specimens with 5-ply elements failed due to bending. Daneshvar et al.2021 tested two
7-ply deep CLT beams and reported that they failed due to bending in both tests. Li et
al.2022 investigated six CLT beams with two different spans, where long span beams were

dominated by bending failure while short span beams failed due to torsional shear.

While CLT beams with horizontal outer laminations are prevalent in research and are
common in floor or roof applications (Jobstl R et al.,2008; Amdreoli M et al.,2012; Flaig &
Blal3.,2014; Gagnon S et al.,2014; Sikora K et al.,2016; Jelec M et al.,2019; Daneshvar H
et al.,2021; Li Z et al.,2022), monolithic shearwalls contain a lintel beam with vertical outer

laminations; an orientation typically unfavorable for bending about the horizontal axis.

When these vertically laminated lintels form part of a monolithic shearwall opening,
boundary conditions become more complex. Rather than acting as a simple beam, the lintel
undergoes partial fixity with the adjacent wall segments and parapet, intensifying local
stresses around opening corners. If the lintel’s design does not account for the vertical grain
orientation as outer layers, brittle failures can arise at relatively low bending moments.
Several authors emphasize that standard design procedures, often calibrated for
horizontally oriented layers, might not fully apply to lintels with vertical outer laminations as

part of monolithic shearwalls (Casagrande D et al.,2021; Yamagata K et al.,2023).

To the authors' knowledge, only two studies have been conducted on CLT beams with
vertical outer laminations. Ten CLT beams were investigated by Casagrande et al.2021 to
obtain the input parameters for the numerical models adopted for tested CLT shear walls
with cut-out openings. The span length was changed while the beam depth was maintained

to promote either bending or shear failure. Six specimens failed in bending, while four failed
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in shear. Yamagata et al.2023 conducted an experimental campaign on 72 CLT beams with

both horizontal and vertical outer laminations. Bending, torsional shear and gross-section

shear failure modes were observed.

A summary of the conducted tests available in the literature for CLT beams with horizontal

and vertical outer lamination is provided in Tables 2.1 and 2.2, respectively. Indicated in the

tables are the name of the test series provided in the original publication, number of tests,

total thickness of the beam, tc., ratio between the total thickness of the horizontal layers 4

to the beam thickness, lamination lay-up, width of laminations b, as well as the failure modes

reported. As mentioned earlier and clearly demonstrated in the table 2.1, great efforts have

been made to investigate the mechanical behaviour of CLT beams with horizontal outer

lamination whereas the information on CLT beams with vertical outer layers is still scarce.

Table 2.1: Tests available in literature for CLT beams with horizontal outer lamination

tcLt
Authors Series n. of tests n. of layer ta/tcLr b [mm] failure mode
[mm]
1 16 125 5 0.60 130
2 14 125 3 0.80 150
3 10 134 5 0.71 146
Jobstl et al. (2008) 4 10 158 5 0.76 146 bending
5 10 99 3 0.81 146
6 15 114 3 0.65 200
7 15 98 3 0.66 200
A-3 4 90 3 0.67 100 torsional shear
A-5 2 130 5 0.67 100 torsional shear
Andreolli et al. (2012)
B-5 2 135 5 0.60 80 torsional shear
C-5 2 144 5 0.71 150 bending
27-27-27 6 84 3 0.67 75
Flaig & Blaf (2013) torsional shear
30-20-30 6 80 3 0,75 75
2-1 1 6 100 3 0.80
Flaig & Bla3 (2014) 150 bending
3-11 6 160 5 0.75
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4-1 1 5 200 0.80
6-1_1 5 300 0.80
2-2 1 5 100 0.80
3-2 1 5 160 0.75
2-1.2 4 100 0.80
3-1.2 4 160 0.75
4-1 1 5 200 0.80
6-1 1 5 300 0.80
2-22 5 100 0.80
3-2.2 5 160 0.75
A 12
Gagnon et al. (2014) 105 0.67 89 torsional shear
B 15
1-3-40 3 120 0.67 146
Sikora et al. (2016) bending
1-5-20 3 100 0.60 96
1 4 160 0.75 172 bending
Jalec¢ et al. (2019) 2 4 160 0.75 172 bending
3 4 100 0.80 198 torsional shear
Daneshvar et al. (2021) CL-C 2 191 0.73 140 bending
CEB 3 bending
Li et al. (2022) 105 0.67 140
CES 3 torsional shear
3-90x240-
6 90 0.66 gross shear
Major
5-150x120-
Yamagata et al. (2023) 15 150 0.60 N.A. bending/shear
Major
5-150x360-
15 150 0.60 bending/shear
Major
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Table 2.2: Tests available in literature for CLT beams with vertical outer lamination

n. of teLr n. of b
Authors Series tu/tcLr failure mode
tests [mm] layer [mm]
B 01 3 100 5 0.40 bending
B 02 3 90 3 0.33 bending
Casagrande et al. (2021) 170
B 03 2 100 5 0.40 net shear
B 04 2 90 3 0.33 net shear
3-90x240-Minor 6 90 3 0.33 torsional shear
Yamagata et al. (2023) 5-150x120-Minor 15 150 5 0.40 N.A. bending/shear
5-150x360-Minor 15 150 5 0.40 bending/shear

2.7 Numerical Modeling Efforts

A large body of research employs finite element analyses to investigate the behaviour of
CLT shearwalls. In many studies, the CLT panel is modeled using two-dimensional shell or
plate elements, while the mechanical connectors such as hold-downs, angle brackets, and
panel-to-panel fasteners are represented by nonlinear springs or links (Dujic B et al.,2015;
Pai S et al.,2016; Shahnewaz M et al.,2017b; Mestar M et al.,2020). These FE models
capture global load-displacement trends effectively and can pinpoint regions of high stress,
particularly near the corners of openings. Researchers often use these models to conduct
parametric studies, varying parameters like opening sizes, lintel depths, or anchor stiffness.
These models generally treat the timber as an orthotropic, elastic material, and the

connectors are assigned bilinear or nonlinear curves.

In contrast, the literature that focuses on crack propagation and failure mechanisms in CLT
panels within shearwalls is comparatively scarce. For example, numerical methods to
examine the stresses around openings in CLT shearwalls were implemented by Pai et
al..2017 Similarly, Ruggeri et al.2023 numerically investigated the interaction between floor-

to-wall connections and lintels in shearwalls with openings, while Sciomenta et al.2024
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proposed two modeling techniques, a concentrated plastic hinge model and a continuous
post-elastic model to address crack propagation around openings. Their analysis,
conducted on a multi-story shear wall with multiple openings, underscored the importance
and benefits of accurately predicting the nonlinear behaviour and failure modes of the CLT

panels.

Despite significant efforts to establish the behaviour of monolithic CLT shearwalls with
openings, a notable gap remains regarding the failure modes of the CLT panel itself. Only a
very limited number of shearwall specimens have exhibited failure originating within the CLT
panel and understanding how such failure mechanisms impact overall behaviour is yet to be

fully established.

Some studies incorporate contact or gap elements at boundaries to simulate rocking, while
others explicitly model each lamination in the panel. Although these basic approaches serve
as cost-effective tools for predicting peak load and drift capacity, they may lack the
sophistication needed to capture crack propagation fully when a timber failure mode

emerges.

2.8 Knowledge Gaps and Future Research Directions

There is broad agreement that more experiments on CLT shearwalls with monolithic opening
would help clarify how lintels and parapets behave under lateral loads. In particular, full-
scale tests designed specifically to promote failure in the panel are valuable, given that many
existing campaigns observe only anchor-driven failures. Additional parametric studies on
hold-down configurations, lintel stiffness, and corner reinforcement strategies could yield

refined design provisions for monolithic shearwalls with openings.

The existing literature emphasizes that geometry, lamination orientation, and connection

detailing are critical when introducing openings into CLT shearwalls. To address the
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remaining knowledge gaps, this study experimentally investigated twelve monolithic CLT
shearwalls with door and window openings, enabling a detailed assessment of their
structural response and providing validation data for the numerical model introduced in the
following chapter. Furthermore, to quantify the influence of vertical outer laminations in lintel
beams, thirty-six CLT beam specimens were tested; the outcomes of these tests are

discussed in Chapter 4.
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CHAPTER 3- NUMERICAL ANALYSIS OF MULTI-STOREY CLT SHEARWALLS WITH

OPENINGS

Following the foundational context established in Chapter 2, which provided an
introduction and a thorough literature review on cross-laminated timber shearwalls
with openings (Popovski et al., 2014; Frangi et al., 2012), this chapter shifts focus
to numerical modeling to deepen the understanding of their structural behaviour.
While experimental investigations, detailed in Chapters 4 and 5, offer critical
empirical insights, physical testing alone cannot encompass the full spectrum of
design scenarios (Casagrande et al., 2020; Gavric et al., 2015). This chapter
addresses this limitation through finite element analysis, employing SAP2000 to
explore the mechanics of multi-storey CLT shearwalls with openings (Tannert et al.,
2013; Serrano, 2016). By developing a model that captures the orthotropic nature
of CLT panels and the non-linear behaviour of mechanical connectors, validated
against existing experimental data (Pei et al., 2016; Boccadoro et al., 2019), this
study conducts extensive parametric analyses. These analyses can then assess
the impact of variables such as the number of storeys, opening sizes, lintel and
parapet dimensions, wall segment widths, hold-down configurations, and gravity
load intensities on structural performance. A key emphasis is placed on comparing
monolithic shearwalls, where openings are cut from continuous panels, with
segmented shearwalls assembled from separate elements as discussed in prior

comparative studies (Popovski and Gavric, 2016; Ceccotti et al., 2013).

3.1 Description of the shearwall configurations
The current study addresses cases of two-, four- and six-storey CLT shearwalls
with symmetric single door or window opening, centrally placed within the panel at

each level. The geometrical dimensions and types of mechanical anchors were
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chosen based on practical sizes that are commercially available and used in CLT
constructions.

The height of the CLT panel, H, is assumed to be the same for all storeys, while
different values were selected for the width of the two wall segments, ws, the
dimensions of the lintel (height h. and length w.) and the height of the parapet, hp, as
reported in Table 3.1. Three values of uniformly distributed gravity load, g, applied at the top

of each storey, were considered in the analysis.

Table 3.1: Values of geometrical dimensions adopted in the analyses

Parameter Symbol Values
Height of CLT panel H [m] 3.2
Number of storeys n[-] 2;4,6

Width of the two wall segments ws [m] 0.6;1.2;2.4
Lintel’s height hy [m] 0.0;0.2;0.4;0.6; 0.8
Lintel's width wy, [m] 1.6;2.4
Parapet’s height hp [m] 0.0;0.2;0.4;0.8;1.2
Vertical load q [kN/m] 0.0; 15.0; 30.0

The angle brackets used in this study are assumed to be of type AE116 and they were
connected to the panel by means of 18 16d x 3 V2 spiral nails. The angle bracket spacing is
equal to 0.6 m and as such a wall segment with width equal to 2.4 m contains three angle
brackets, while only one angle bracket is provided for wall segments with widths equal to
0.6 m and 1.2 m. An additional angle bracket was placed at the bottom centre of the parapet

in shearwalls with window openings.

As outlined in Figure 3.1, two different hold-down configurations are investigated, including
double (cases A, B, D, E) or single (for cases C, F) hold-down, representing cases where
hold-down is placed either at the extremities of each wall segment or the entire wall,

respectively. Double hold-down configurations are used for shearwalls with wall segment
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widths equal to 2.4 m (cases A and D) and 1.2 m (cases B and E), whereas for wall segment

widths equal to 0.6 m (cases C and F), single hold-down configuration is adopted.

In addition to the conventional placement of hold-downs at wall ends, cases with hold-downs
located in the middle of the panel were also included. This was done to investigate their role
in transferring uplift forces between adjacent wall segments and maintaining equilibrium in
panels interrupted by openings, where relying solely on end hold-downs may not accurately

capture the load distribution.

For each configuration, three different types of hold-downs are investigated, including single
hold-down device (HD1), two hold-down devices (HD2) or replacing the hold-down with an
angle bracket (AB) similar to those used in the rest of the shearwall, as shown in Figure 3.2.
Although the latter configuration is not typical when traditional devices are adopted, recent
products have made the replacement of hold-down devices with such type of angle brackets
a possible alternative to traditional configurations. The type of hold-down device used is
assumed to be WHT 620, and it is connected to the CLT panels by means of 55 4.0x60 mm

annular-ringed shank nails.
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Figure 3.1: Hold-down configurations for two-storey shear walls
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Figure 3.2: Single hold-down device (HD1), two hold-dow(rl\ g)evices (HD2) and hold-down replaced by an angle bracket
The orientation of the outer laminates of CLT panels is assumed parallel to the vertical
direction for all configurations. The thickness and layout of the CLT panels varied along the
height of the building to reflect realistic choices in the building design, where lower storey

shearwalls were assigned thicker panels due to the cumulative gravity and lateral shear

force, as presented in Table 3.2. Three different values of thickness and laminate layouts
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were selected for the CLT panels, namely 105 (35-35-35) mm, 143 (35-19-35-19-35) mm

and 175 (35-35-35-35-35) mm.

Table 3.2: CLT panel thickness at different storeys
Thickness of the panel [mm]

Storey Two-Storey Four-Storey Six-Storey
1 105 143 175
2nd 105 143 175
3rd - 105 143
4t - 105 143
5th - - 105
6t - - 105

Laminates layout: 105 (35-35-35) mm, 143 (35-19-35-19-35) mm and 175 (35-35-35-35-35) mm

Values for the modulus of elasticity parallel to the grain, E,, and the in-plane shear modulus
G, of the CLT lamination, equal to 11700 MPa and 730 MPa, respectively, were assumed
according to NS-GT6. The modulus of elasticity perpendicular to the grain, E,, was taken

equal to Ey = 5_8 as indicated in the Canadian timber design Standard. The mean value of

tensile, f;, and compressive, f., strength parallel to grain was assumed equal to 26.6 MPa
and 33.2MPa, respectively, whereas values equal to 11.1 MPa, and 3.5 MPa, were chosen
for the mean in-plane net-shear strength, f,,, and torsional strength, t;,, respectively
(Casagrande et al.,2021b). The mean values of strength from Casagrande et al.2021b were
calculated from the 5 percentile values reported in ETA 12/0362 assuming a log-normal

distribution of the strength properties with a coefficient of variation (CoV) equal to 20%.

In addition to end hold-downs, mid-panel hold-downs were studied to quantify their role in
transferring uplift between adjacent segments and enforcing equilibrium in monolithic panels

interrupted by openings, where relying solely on end anchors can misrepresent load paths.
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3.2 Mesh size refinement analysis

The mesh size refinement analysis was based on considering a two-storey shearwall with
door opening (case #1a with 0.4m lintel height, see Table 3.8) with mesh sizes of 100 mm,
50 mm and 25 mm. The push-over curves and the failure loads of the investigated models
with three different mesh sizes are illustrated and reported in Figure 3.3 and Table 3.3,
respectively. The refinement criterion adopted in this study was that further mesh reduction
should not produce changes greater than 5% in key global response parameters such as

ultimate lateral resistance and overall load-displacement behaviour.

It can be observed that decreasing the mesh size from 50mm to 25mm, resulted in a 1%
error in the failure force, while the difference between 100 mm and 50 mm meshes was
approximately 6%. Since the 50 mm mesh provided results within the defined convergence
threshold while maintaining computational efficiency, it was selected as the standard

element size for all subsequent modelling.
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Figure 3.3: Push-Over curve comparison for different mesh size
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Table 3.3: Failure force comparison for different mesh size

Meshing size (mm) Failure force [KN] (VAR)
100 247 (13%)
50 219
25 216 (-1%)

A comparison in terms of the distribution of internal forces (shear and axial) at the end
section of the lintels at the first storey was also carried out. As shown in Figures 3.4, it was
observed that the discrepancies in the obtained internal forces between 50 mm and 25mm
meshing are relatively small. This further confirmed that the 50 mm mesh size was
sufficiently refined to capture local stress distributions while avoiding unnecessary
computational cost. For this purpose, 50 mm meshing size was considered for modelling of

shearwalls in this study.
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Figure 3.4: comparison of shear (a) and axial forces (b) of end section of lintel beam at the first storey for the models
with having 25mm, 50mm and 100 mm mesh size [KN/m]

3.3 Description of the FE model

Four-node quadrilateral homogenous area elements were used to model the CLT panels.
The 2-D area elements were selected because they represent a reasonable balance
between accuracy and modelling efficiency, as demonstrated in published literature. Other
studies have also successfully used shell elements to represent the CLT panels. A 50 mm

meshing size was adopted based on a mesh analysis, representing a reasonable balance
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between accuracy and computation time. Elastic orthotropic material properties,
characterized by effective values of the modulus of elasticity along the vertical, E.¢,, and
horizontal, E.s,, directions (Equation 1) as well as the in-plane shear modulus, G,
(Equations 2) were adopted, to represent the orientation of the different layers, as outlined

in Bogensperger et al.2010 and Brandner et al.2017.

_ Eog'ty+Eggtp

Eeff‘v N terr
E __ Egtp+Egqty (1)
effh = teLr
G
Geff =——1—— (2)

where t.;r is the total thickness of the CLT panel, t, and t, are the total thickness of the
vertical and horizontal layers, respectively, w is the width of the laminations equal to 150
mm, t,eqn IS the mean value of the thickness of laminations and a is calculated as shown

in Equation 3.

)

t
a:p_(mean

—0.795
)

where values of p are taken equal to 0.535 and 0.425 for a three- and five-layer panel,

respectively (Bogensperger et al.,2010).

For the numerical models representing segmented shearwalls, the two wall segments were
modelled as two separated cantilevered shearwalls, connected by means of a truss element,
which only ensures the transfer of the vertical load to the wall segments, as shown in Figure
3.5b. In order to reproduce the typical modelling strategy that is adopted by designers when
lintels and parapets are made with separate elements and hence are not able to transfer
bending moments to the adjacent wall segments, the lintels and parapets were not modelled

by means of area elements. Either a diaphragm constraint at the floor level or a truss
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element connecting the wall segments is adopted in order to ensure the same lateral

displacements of wall segments at the different storeys.

The mechanical anchors at the ground and upper storeys were modelled by means of one-
joint and two-joint multi-linear link elements, respectively. A uni-directional behaviour along
the vertical-tensile direction was assumed for the hold-downs, while a bi-directional
behaviour along the vertical-tensile and horizontal-shear directions was assumed for the
angle brackets. The mechanical behaviour of hold-downs and angle brackets was
represented by a tri-linear curve, obtained from Casagrande et al.2016 and Yinlan et
al.2019, respectively, based on experimental testing (Figure 3.6). Rigid compression-only
(i.e. gap) elements were adopted to simulate the contact between the CLT panels and the
ground at the first storey and between the CLT panel and the floor below at higher storey

levels.

TRUSS ELEMENT

(a) T )

Figure 3.5: Numerical model for a two-storey CLT shearwall with window opening for MSW (a) and SSW shearwall (b)

In order to mimic the diaphragm behaviour of the floor assemblies, a horizontal constraint

was applied at each level at the top of the wall segments. A push-over analysis was
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conducted by increasing the lateral loads which were applied at each storey, based on

triangular load distribution.
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Figure 3.6: Non-linear behaviour of hold-down and angle bracket

The failure condition related to the CLT panels was determined by means of a step-by-step
verification of the axial, g, and ¢,,, and shear, 1, stresses in all area elements used in the

modelling of the CLT panels.

The representative volume element (RVE) method, presented by Bogensperger et al.2010,
was adopted for the calculation of the in-plane axial and shear strength of the panels through
the definition of Representative Volume Sub Elements (RVSEs). RVE represents the
smallest volume of the CLT shearwall which can be used for the static verification and
determining of mechanical properties. The width and height of the RVE are taken as the
width of the board and the total thickness of the CLT, respectively. The part between two
adjacent planes of symmetry is the smallest possible element and is called RVSE. The ideal

thicknesses tpysp; for each RVSE is reported in Table 3.4 for three- and five-layer CLT

panels, where t; is the thickness of the i-th layer in the panel.

The ideal nominal shear stress t,, acting on each RVSE, was calculated using the

expression presented in Equation 4.

Top = —— (4)

n
Yie1 tRVSE
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where v is the in-plane internal shear force per unit length, determined from the area
elements, tgyse; is the thickness of the i RVSE and n is the number of the RVSE layers

equal to 2 and 4 for a three- and five-layer CLT panel, respectively.

Table 3.4: Ideal thickness of RVSEs for three- and five-layer CLT panel

3-layer panel

RVSE Thickness
#1 trysg,1= Min(2ty, t3)
#2 tRVSE,Z: Min(tz, 2t3)

S-layer panel

RVSE Thickness
#1 trvsg,1= Min(2ty, t3)
#2 trysg,2= Min(ty, ts)
#3 trysg,3= Min(ts, ty)
#4 trvsg4= Min(ty, 2ts)

The verification in terms of effective shear stress, t,,, and maximum torsional stresses, tr,

in the glue interface of RVSEs was undertaken using Equation 5.

{ Ty =27 < fv,r (5)

. max (trvsk,i)

Tr =37 STy

where f, . and 7, are effective shear strength and torsional strength, respectively, and w

is the width of wooden boards.

The verification in terms of horizontal, o,, and vertical, g,, axial stresses is conducted

according to Equation 6.

:n_x ftifO'xZO

tx_f;-ifo-x<0. (6)
o_m_fiifo, =0

2T, T fif 0, <0

Ox

where n, and n, are in-plane axial internal force per unit length along the horizontal-x and
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vertical-z direction, respectively, t, and t, are the total thickness of laminations along the
horizontal and vertical direction, respectively, and f; and f, are the tensile and compressive

axial strength of the laminations, respectively.

Failure in the connections is assumed to occur when the mechanical anchors reach their

ultimate displacement.

As outlined in Figure 3.6, the ultimate displacement for the hold-down was 16 mm, while the
value obtained for tension and shear failure of angle bracket was equal to 30.5 and 50.5

mm, respectively.

It should be emphasized that the present FE formulation does not explicitly incorporate
torsional shear mechanisms within the crossing areas of laminations. Consequently, while
the model is able to capture axial and net shear failures with good accuracy, torsional shear

failures could not be reproduced.

This limitation explains occasional misclassification between net shear and torsional shear

observed when comparing model predictions with experimental outcomes.

The adoption of simplified orthotropic elasticity for the CLT panels was appropriate for global
response but inherently restricts the model’s ability to represent local fracture processes or

lamination separation phenomena.

Future refinement of the model should therefore include constitutive laws capable of

representing torsional shear interaction and nonlinear fracture propagation in CLT panels.
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3.4 Validation of the model

Prior to conducting the parametric analysis, a validation of the proposed numerical model is
carried out, using experimental results by Casagrande et al.2021a and Gavric et al.2015b,
representing monolithic shearwall configurations with and without openings, respectively.
Other full-scale experimental data on monolithic shearwalls with openings are available in
the literature and would provide potential for comparisons with the proposed numerical
model, however, the lack of information on the non-linear behaviour of the connections and
the inclusion of friction parameter at the wall base made it impractical to use these studies

in the validation process.

A total of six full-scale shearwalls were investigated by Casagrande et al.2021a to establish
the effect of openings on the failure mode and mechanical behaviour of CLT shearwalls, as
outlined in Figure 3.7. Two different CLT configurations were used, a three-layer and five-
layer CLT panel with 90mm and 100mm thickness, respectively. The CLT panels were
constructed of Spruce lumber boards with width of 170 mm. The geometrical properties and
layout of the CLT panel are reported in Table 3.5. The height of the shearwall was equal to
2.8 m for all the tested shearwalls. The shearwall specimens were anchored to the steel
base using fully nailed WHT-620 hold-downs, which were connected to the panel using 55
4.0x60 mm ring shank nails. Two different hold-down configurations were used to anchor
the wall to the foundation, namely by installing hold-down at the ends of shearwall (SH) or
at the end of each segment (DH). It should be noted that the sliding behaviour of the tested
shearwalls was blocked using steel plates without restraining the rotation of the shearwall.
The tests were conducted according to EN594, and no vertical load was applied on the

shearwalls.

The comparison in terms of push-over curve, maximum strength, F,,,,, and stiffness, K,

between the current numerical model and the experimental test results are reported in
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Figure 3.8 and Table 3.6. As shown in Table 3.6, the same failure mechanism can be seen
in both numerical modelling and experimental tests, with the exception of Wall 4, where net
shear failure was observed in numerical modelling, while bending failure was found in the
experimental test. This difference was attributed to the proximity between net shear and
bending failure mode for this particular wall. This is also evident when comparing the peak
load obtained by the numerical model with that from the experimental test, where a ratio of
1.04 is obtained, as shown in Table 3.6. In general, comparing the results obtained from the
model prediction and the reported test results for peak load and stiffness, a maximum error
of 20% and 30%, respectively, were found. A corresponding average error of 7.3% (peak
load) and 11.6% (stiffness) were obtained. The discrepancy obtained in the comparison with
the experimental tests of Wall 02 and 03 can be mainly attribute to the variability of strength
and stiffness related to the hold-down. The mechanical behaviour of such shearwalls is
largely dependent on the mechanical properties of the hold-down whose variability may

cause less accuracy in the prediction of the behaviour of the entire shearwall.
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Figure 3.7: Layout of shearwalls tested by Casagrande et.al2021a
Table 3.5: Geometry properties of tested shearwalls by Casagrande et al.2021a
number Lvan  Mintet  Pparapet Liop Opening Hold-down
Test t;or (Mmm)
of layers (mm)  (mm) (mm) (mm) type configuration
Wall 01 3 90 3300 340 - 600 Door SH
Wall 02 5 100 3300 340 - 900 Door DH
Wall 03 5 100 3300 340 340 900 Window SH
Wall 04 3 90 3900 510 - 1500 Door DH
Wall 05 5 100 3900 340 - 1500 Door DH
Wall 06 5 100 3900 340 340 1500  Window DH
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Figure 3.8: Comparison of equivalent curves presented by Casagrande et al.2021a and the push-over curve from the

numerical
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Table 3.6: Comparison between the proposed method in this paper with results obtained from experimental test by

Casagrande et.al2021a
Wall Numerical modelling Casagrande et.al.,2021a experimental tests Ratios
Failure mode  Fjqy [KN] K [KN/mm] | Failure mode  Fq, [KN] K [KN/mm] Fmaxvum.  Kyum,
Fnaxexp.  Kexp.
Wall 01 | CLT (Net shear) 99.8 8.97 CLT (Net shear) 112.8 9.5 0.88 0.94
Wall 02 HD 178.2 9.53 HD 176.5 13.7 1.01 0.70
Wall 03 HD 129 11.31 HD 161 12.8 0.80 0.88
Wall 04 | CLT (Net shear) 185.1 9.6 CLT (Bending) 178.6 10.2 1.04 0.94
Wall 05 HD 177.4 8.12 HD 165.9 8.6 1.07 0.94
Wall 06 HD 227.8 8.7 HD 226.8 9.7 1.00 0.90

The shearwall specimen reported in Gavric et al.2015b had height and length equal to 2950

mm and was constructed of five-ply, 85 mm thick CLT panels. The shearwall was anchored

to the steel base using two HTT22 hold-downs connected to the panel with 12 4.0x60 mm

annular-ringed shank nails and four BMF90x48x3.0x116 angle brackets connected to the

panel with 11 114x60 mm annular-ringed shank nails. A uniformly distributed vertical load

equal to 18.5 kN/m was applied at the top of the panel, as illustrated in Figure 3.9.
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Figure 3.9: Shearwall tested by Gavric et al2015b and used for the validation of the numerical model
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The EN12512 cyclic loading protocol was adopted for the experimental tests. This loading
protocol involves set of three cycles at increasing amplitudes of slip. The yield load was
determined based on the intersection of two straight lines: the first line connects the point of
the experimental backbone curve corresponding to 10% and 40% of the peak load; the
second line is defined as the tangent with slope equal to one-sixth of the slope of the first

line.

The same protocol was adopted to determine the yield and peak load and displacement
from the push-over curve obtained from the numerical model. Figure 3.10 presents the result
of comparison between the equivalent tri-linear backbone curve presented by Gavric et
al.,2015b and that obtained through the push-over analysis from the proposed numerical

model.

The ratios in terms of yield load, yield displacement, peak load and displacement
corresponding to the peak load, obtained from the experimental tests and numerical
simulations, are reported in Table 3.7. It can be seen that an error of less than 10% is

obtained.
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Figure 3.10: Equivalent trilinear backbone curve presented by Gavric et al.,2015 and the push-over curve from the
numerical model
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Table 3.7: Comparison of numerical and experimental results of yield and maximum point of tested CLT shear wall

Experimental test Numerical
Discrepancy
(Gavric et al.,2015) modelling
Yield Force 87.4 91.5 5%
Yield displacement 23 25.1 9%
Maximum Force 104.2 107.1 3%

Based on the comparisons presented in this chapter, it can be concluded that the proposed
model provides an acceptable representation of the failure mode and mechanical behaviour

of the CLT shearwalls, with and without openings.

3.5 Results and discussion

The results from the numerical analyses are presented in terms of lateral stiffness, K, peak
load, FE,.., and failure mode, for each analysed shearwall. The lateral stiffness was
determined as the slope of the line connecting the origin to the point on the push-over curve

related to 40% of the peak load, according to ASTM E2126 procedure.

3.5.1 Monolithic shearwalls

The influence of the geometrical and mechanical parameters related to lintels and parapets,
gravity load and hold-down configuration on the lateral stiffness and peak load of monolithic

shearwalls was investigated.

Six different analysis cases were implemented by changing the values of the target
parameter for each case, while maintaining constant values of the other parameters, as

presented in Table 3.8.
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Table 3.8: Values of the studies parameters

Variable values
Case | Target parameter Fixed value for non-target parameter
(*Reference value)
wiy, Wg h‘P q HD
hy [m]
[m] [m] [m] [kN/m] | conf.
#la Lintel’s height h; [m] 0.0; 0.2; 0.4*; 0.6; 0.8 - 1.6
#1b | Lintel’s height h; [m] 0.0; 0.2; 0.4%; 0.6; 0.8 = 2.4 24
#2 Lintel's width w;, [m] 1.6%;2.4 - 12
L > 4 15.0 1-HD
Width of the wall -
#3 0.6;1.2%;2.4
segments wg [m]
0.4
#4 Parapet’s height hp [m] 0.0;0.2;0.4;0.6; 0.8; 1.2* 1.6
#5 Vertical load g [kN/m] 0.0; 15.0*%; 30.0 2.4
1.2
#6 HD configuration [-] 1-HD*; 2-HD: A-HD 15.0

3.5.1.1 Shearwalls with window openings

For each value of the target parameter, the failure mode, values of lateral stiffness and peak
load, variation in lateral stiffness and peak load compared to the reference parameter, are
reported for two-, four- and six-storey shearwalls, as presented in Table 3.9. Figure 3.11
also shows the push-over curves of a four-storey shearwall obtained from case #1a where
the height of the lintel was changed from 0.0 to 0.8m, and from case #4, where the height
of the parapet was changed from 0.0 to 1.2 m. In Figure 3.12, the distribution of axial and
shear internal forces of the four-storey shearwall for case #4 with 0.2 m parapet height is
shown at the first storey. A concentration of the internal forces at the corners around the end

sections of lintel beams can be observed.

The results of the analysis show that shear failure of angle brackets is the dominant failure
mode for the two-storey models. By increasing the number of storeys, it can be observed
that the behaviour tends to be more governed by hold-down failure. Only for shearwalls with

parapet height equal to or smaller than 0.4 m, was the axial failure mode achieved in the
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end section of lintel, Changing the height of the lintel beam does not seem to have any
significant effect on the failure modes along the storey height. It is interesting to note that
the parapet height seems to have a great influence on the failure mechanism, even though
no structural function is typically associated with the parapet. It can be observed that
shearwalls with parapet heights equal to or smaller than 0.4 m were characterized by failure
in the CLT panel, whereas walls with parapet heights greater than 0.4 m tended to fail in the
mechanical anchors. As anticipated, increasing the vertical load shifted the failure
mechanism from rocking to sliding, due to the countering effect induced by the vertical

gravity load to resist the overturning moment caused by the shear force.
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Table 3.9: Failure mode, values and variation (VAR) of lateral stiffness and peak load for shearwall with window openings

Case Target Variable Two-Storey Four-Storey Six-Storey
parameter value  Fajlure Fmax(VAR) K (VAR) Failure  Fmax (VAR) K (VAR)  Failure  Fumax (VAR) K (VAR)
0.0 AB-S 367 (0%)  8.01 (-9%) HD 273 (9%)  4.09(-10%)  HD 222 (-11%) 2.63 (-10%)
Lintel’s height 0.2 AB-S 367 (0%)  8.47 (-4%) HD 297 (-1%) 4.4 (-3%) HD 248 (0%) 2.87 (2%)
#Wla h; [m] 0.4 AB-S 367 8.81 HD 301 4.54 HD 249 2.93
(w, =1.6m) 0.6 AB-S 367 (0%) 9.22 (5%) HD 301 (0%) 4.73 (4%) HD 244 (2%) 3.07 (5%)
0.8 AB-S 367 (0%) 9.58 (9%) HD 294 (-2%) 4.96 (9%) HD 245 (-2%) 3.18 (9%)
0.0 AB-S 367 (0%)  7.82 (-10%) HD 306 (-12%)  4.05 (-9%) HD 248 (-17%) 2.73 (-10%)
Lintel’s height 0.2 AB-S 367 (0%)  8.32 (-4%) AB-S 349 (0%) 4.29 (-4%) HD 293 (-2%) 2.93 (-3%)
#W1b h; [m] 0.4 AB-S 367 8.69 AB-S 349 4.45 HD 299 3.02
(w, = 2.4m) 0.6 AB-S 367 (0%) 9.18 (6%) AB-S 349 (0%) 4.68 (5%) HD 300 (0%) 3.17 (5%)
0.8 AB-S 367 (0%)  9.73 (12%) AB-S 349 (0%)  4.94 (11%) HD 299 (0%) 3.34 (11%)
sy  Lintel's width 1.6 AB-S 367 8.81 HD 301 4.54 HD 249 2.93
wy, [m] 24 AB-S 367 (0%)  8.69 (-1%) AB-S 349 (16%)  4.45 (22%) HD 299 (20%) 3.02 3%)
Width of the 0.6 HD 91 (-75%)  1.41 (-84%) HD 65(-78%)  0.85(-81%)  HD 53 (-79%) 0.48 (-84%)
#W3  wall segments 12 AB-S 157 (-57%) 3.4 (-61%) AB-S 139 (-54%)  1.63(-64%)  HD 110 (-56%) 0.91 (-69%)
ws [m] 2.4 AB-S 367 8.81 HD 301 4.54 HD 249 2.93
0.0 L-A 211 (43%)  5.66 (-36%) L-A 183 (-39%)  2.58 (43%)  L-A 166 (-33%) 1.6 (-45%)
0.2 L-A  237(35%) 5.89(-33%) L-A 207 (31%)  2.67 (41%)  L-A 187 (-25%) 1.67 (-43%)
i Parapet’s 0.4 L-A  282(-23%) 629(-29%) L-A/P-A 269 (-10%) 2.91(36%)  HD 245 (-2%) 1.86 (-37%)
height hp [m] 0.6 L-A  332(-10%) 7.06 (-20%) HD 293 (-3%)  3.39(-25%)  HD 249 (0%) 2.24 (-24%)
0.8 AB-S  365(-1%)  7.55(-14%) HD 299 (-1%)  3.87(-15%)  HD 250 (0%) 2.55 (-13%)
12 AB-S 367 8.81 HD 301 4.54 HD 249 2.93
_ 0.0 HD 334(-9%)  7.17 (-19%) HD 197 (:35%)  2.57(43%)  HD 140 (-44%) 1.13 (-61%)
#WS Vem&l/load 7 150 AB-S 367 8.81 HD 301 4.54 HD 249 2.93
[IN/m] 30.0 AB-S 369(1%)  9.76 (11%) AB-S 348 (16%)  5.1(12%)  AB-S 328 (32%) 3.28 (12%)
HD A-HD AB-T 367(0%)  9.91 (12%) AB-T 267 (-11%) 581 (28%)  AB-T 227 (-9%) 3.55 (21%)
#W6  configuration  1-HD AB-S 367 8.81 HD 301 4.54 HD 249 2.93
[-] 2-HD  P-A/P-S 668 (82%) 112 (27%) HD 442 (47%)  5.42 (19%) HD 367 (47%) 3.22 (10%)

Fmax : Peak load (KN); K: Lateral stiffness (KN/mm); HD: failure in hold-down; AB-S: Failure in angle brackets due to shear load; AB-T: Failure in angle brackets due to tensile
load; L-A: Axial failure in the lintel beam; P-A: Axial failure in the parapet section; P-S: Shear failure in the parapet section
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In terms of peak load, the lintel height does not seem to have a significant effect, as
demonstrated in Figure 3.13. This could be explained by the fact that the parapet couples
the two wall segments and as such the additional effect due to the lintel beam connecting
the wall segments together becomes less significant. A different behaviour is expected in
the case of door opening, where the lintel beam is the primary connection between the wall

segments, as will discussed later.
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Figure 3.11: Push-over curves of four-storey shearwalls for case #W1a (a) and case #W4 (b)
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Figure 3.13: peak load vs lintel's height for case #W1a (a) and case #W1b (b)

Increasing the lintel width seems to have a much more significant effect on buildings with
increased number of storeys. For example, an increase in peak load of up to 20% is
observed for the six-storey shearwall by increasing the lintel width from 1.6 m to 2.4 m, while
no effect was observed for a two-storey shearwall with similar configurations. The parapet
seems to have a very significant influence on the peak load, where it can be observed that
the peak load is reduced by the 43% and 33% for two- and six-storey shearwalls,
respectively, when the case with parapet height equal to 1.2 m was compared with that with
no parapet (door opening). Figure 3.14 shows that the peak load does not increase beyond

a parapet height of 0.8 m, which corresponds to the point where failure occurs in




A noteworthy observation concerns the discrepancies between the experimental and
numerical results in the case of parapets. In full-scale tests, cracking at parapet corners
triggered sudden drops in capacity, whereas the FE simulations predicted continuous
stiffness increase up to connection failure. This divergence arises from the linear-elastic
material assumption for panels, which does not capture brittle fracture initiation. While the
FE model provided accurate predictions for shearwalls with door openings, its performance
for parapet-dominated cases highlights the need for nonlinear fracture mechanics

formulations. This limitation is acknowledged and further discussed in Chapter 6.

The vertical load has a significant impact on the peak load, especially for shearwalls with
increased number of storeys and where rocking behaviour is predominant. Doubling the
number of hold-down devices (from 1-HD to 2-HD configuration) resulted in a significant
increase in peak load (up to 47% for a six-storey shearwall), although the increase is

significantly lesser than that corresponding to a doubling of the peak load.
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Figure 3.14: Peak load vs the parapet's height (case #W4)

The height of the lintel appears to have a small influence on the overall shearwall stiffness,
as shown in Figure 3.15 for case #W1A. The relatively small effect (a reduction of about
10% for four- and six-storey shearwalls between 0.4 m lintel eight and no lintel) could be

attributed to the contribution of the parapet in coupling the two wall segments. This coupling
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effect from the parapet seems to have a significant effect on the stiffness of the shearwall.
For example, the stiffness is reduced by 36% and 45% for a two- and six-storey shearwall,
respectively, when the parapet height was reduced from 1.2 m to the case of no parapet.
From Figure 3.15, it can be observed that the trend is almost constant up to a height equal
to 0.4 m and then increases linearly. Unexpectedly, only a moderate increase in stiffness is
observed when the double hold-down configuration (HD-2) is considered and compared to
that with single hold-down device (HD-1), e.g. up to 27% for a two-storey shearwall but only

10% for a six-storey. This behaviour may be attributed to the presence of vertical load.
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Figure 3.15: Stiffness vs lintel height (case #W1a) (a); stiffness vs parapet height (case #W4) (b).

51



3.5.1.2 Shearwalls with door openings

The results from the sensitivity analysis are reported in Table 3.10. In general, it can be
observed that a significant shift in failure mode, due to increase in lintel height, is observed
when door openings are investigated. The failure mechanism is mostly related to CLT panel,
especially at the lintel beam member, rather than at the mechanical anchors, as was
observed when window openings were considered. This further emphasizes the important
effect of the parapet section on the failure mode. Contrary to the case with window openings,
for walls with door openings, the lintel height significantly affects the failure mechanism of

the shearwalls.

In general, it is observed that failure occurs in the lintel when intermediate values of lintel
heights are used, while for small values of lintel heights, the wall segments behaved like two
cantilevered walls and the failure occurred in hold-downs. For large values of lintel heights,
the shearwalls behave mostly like a single-panel shearwall with no opening and the failure
occurred in the mechanical anchors. The lintel height was also observed to have a great
influence on the peak load, as shown in Figure 3.16. Figure 3.17 presents the distribution of
axial and shear internal forces of a four-storey shearwall for case #D1b with 0.4 m lintel

height.
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Table 3.10: Failure mode and the variation of lateral stiffness, peak load and ultimate inter-storey drift from the reference for shearwall with door openings

Case Target Variable Two-Storey Four-Storey Six-Storey
parameter value  Failure Fmax(VAR) K (VAR)  Failure  Fmax (VAR) K(VAR)  Failure  Fua(VAR) K (VAR)
0.0 HD  162(-26%) 3.97(-29%) HD 106 (-39%) 149 (44%)  HD 85 (47%)  0.73 (-55%)
Lintel’s height 0.2 HD 194 (-11%) 4.54(-19%) L-A 138 (-20%)  1.97(26%)  L-A 117 (:27%) 1.1 (-32%)
#Dla hy [m] 04 L-A 219 5.58 L-A 172 2.65 L-A 160 1.62
(w, = 1.6m) 0.6 L-A  284(30%) 64(15%)  HD 241 (40%) 3.11(17%)  HD 222 (39%) 2 (23%)
0.8 AB-S  308(40%) 7.21(29%)  HD 255 (48%) 3.67(38%)  HD 224 (40%) 2.41 (49%)
0.0 HD 161 (-18%) 3.94(28%) HD 106 (-30%) 149 (41%)  HD 85 (44%)  0.72 (-50%)
Lintel’s height 0.2 HD 190 (:3%)  4.59 (-17%)  L-A 127 (-16%)  2.07(-19%)  L-A 103 (-32%)  1.12 (-22%)
#D1b hy [m] 04 L-A 196 5.51 L-A 152 2.54 L-A 152 1.43
(w, = 2.4m) 0.6 L-A 231 (18%) 627(14%) LA 218 (43%) 295(16%) LA 211 (39%) 1.85 (29%)
0.8 AB-S  311(58%) 6.81(24%) L-A 257 (69%) 349 (37%)  HD 256 (69%) 2.26 (58%)
upp  Lintel's width 16 L-A 219 5.58 L-A 172 2.65 L-A 160 1.62
wy, [m] 24 L-A  196(-10%) 551(1%) LA 152 (-12%)  2.54(4%) LA 152 (-5%) 1.43 (-12%)
Width of the 0.6 L-A  62(-72%) 0.67(-88%) L-A 55(-68%)  0.35(87%)  HD 50 (69%)  0.23 (-86%)
#D4  wall segments 12 L-A  102(-53%) 1.63(-711%) L-A 82(-53%) 078 (71%)  L-A 83 (-48%)  0.49 (-70%)
ws [m] 2.4 L-A 219 5.58 L-A 172 2.65 L-A 160 1.62
0.0 L-A  185(-16%) 4.07(-27%) LA 142 -18%) 149 (-44%)  HD 120 (-25%)  0.77 (-52%)
#D5 Vert[ilfgl/rlz]ad 15.0 L-A 219 5.58 L-A 172 2.65 L-A 160 1.62
1 30.0 L-A  247(13%) 687(23%) LA 201 (17%) 3.3 (25%) L-A 205 (28%) 1.84 (14%)
HD A-HD L-A  189(-14%) 5.86(5%)  L-A 172 (0%) 2.79 (5%) L-A 163 (2%) 1.74 (7%)
#D6  configuration  1-HD L-A 219 5.58 L-A 172 2.65 L-A 160 1.62
[-] 2-HD L-A  280Q27%) 727(30%)  PA 207 (20%) 3.15 (19%) PA 171 (7%) 1.88 (16%)

Fumax : Peak load (KN); K: Lateral stiffness (KN/mm); HD: failure in hold-down; AB-S: Failure in angle brackets due to shear load; AB-T: Failure in angle brackets due to tensile
load; L-A: Axial failure in the lintel beam
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Figure 3.16: Peak load vs lintel's height for case #D1a and #D1b
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Figure 3.17: Distribution of internal force of 4-storey shearwall obtained from case# D1b with 0.4 m lintel height
(Fbase shear=152 KN)
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It was observed that the effect of vertical gravity load on the peak load for four- and six-
storey shearwalls with door openings is less significant than that observed for walls with
window openings. This can possibly be attributed to the effect of both parapet and lintel
beams resulting in the shearwall acting as a monolithic wall for walls with window openings.

Similarly, the effect of considering double rather than single hold-down configurations is less



significant in the case of walls with door openings compared to that with window openings.
The effect of lintel height on the stiffness is very significant and follows an almost linear
relationship, as shown in Figure 3.18. The change towards double hold-down configuration

moderately increased the stiffness.
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Figure 3.18: Stiffness vs lintel's height (case #D1a)

3.5.2 Monolithic versus Segmented shearwalls with openings

In this section, a comparison between the mechanical behaviour of multi-storey shearwalls,
where openings are assembled with separated elements or cut out of the panel, is

presented.

For all MSW vs SSW comparisons, anchor layouts, spacings, and panel dimensions were
held identical; only the construction assumption (continuous cut-out vs assembled
segments) was changed, ensuring the reported differences isolate monolithic continuity

effects.

For each configuration presented in section 3.5 and summarized in Table 3.8, push-over
curves for both SSW and MSW cases were obtained from the numerical analyses. The ratios
between the values of stiffness (Ry) and peak load (Rz) obtained from MSW and SSW cases

were calculated, as outlined in Equation 7.
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K . F MSW
RK — MSW’ F — max,MS (7)
Kssw Fmax,ssw

where Kysw, Kssw, Fnaxmsw and Foq, ssyw are the values of lateral stiffness and peak load

related to MSW and SSW models, respectively. The push-over curves obtained from the

four different configurations, as presented in Figure 3.19, are reported in Figure 3.20.
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Figure 3.19: Four cases examples. Case #W1a with h;=0.4 m, four-storey, (a); Case #W1b with hp=0.8 m, six-storey,
(b); Case #D1a with h,=0.4 m, four-storey (c); Case #D4 with wg=1.2 m, two-storey (d)

Table 3.11 and Table 3.12 present the ratio of stiffness (Rx) and peak load (Rr) between
the MSW and SSW cases for shearwalls with window and door openings, respectively. The
values of the peak load and lateral stiffness for all MSW cases are reported in Tables 3.9
and 12, whereas the values of peak load F,,, ssw and lateral stiffness Kgsy for the SSW

models are shown in Tables 3.11 and 3.12.
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In general, it can be observed that the MSW models with window openings resulted in

strength and stiffness values that are significantly higher than those obtained in case of

segmented shearwall with identical configurations.

In the vast majority of the investigated cases, a ratio above 2.0 (an increase of more than

100%) could be observed. It can be noted that the observed difference between the MSW

and SSW models is more pronounced when the number of storeys is increased.

The increase in terms of peak load can reach a value of nearly 7 times (case #W4 ws=0.6

m, six-storey) that observed when using the segmented shearwall assumption. The

minimum increase observed for the range of parameters used is 1.46 and 1.50 times for

peak load and stiffness, respectively, which can still be considered very significant on design

decisions.
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The increase in the ratios appears to be more pronounced for parapet than lintel height,
which confirms that the coupling effect of the parapet is much more significant. This is due
to the fact that when the contribution of lintels is investigated (cases #W1a and #W1b) the
height of parapet is kept constant and equal to 1.0 m. Conversely, when the contribution of
parapet is analysed the height of lintel is equal to 0.4 m in all cases #W3. Since the coupling
effect of lintel of parapet is strictly related to their shear and bending stiffness, the greater

height of parapets than lintels causes a higher contribution.

As shown in Figure 3.21, the peak load ratio (Ry) increases from 1.30 to 2.25 for two-storey
shearwalls and from 1.95 to 2.93 for six-storey shearwalls, when the parapet height
increases from zero to 0.8 m. A constant value of the peak ratio is observed for values of
parapet height greater than 0.8 m, which corresponds to the shift to failure occurring in the

connections.
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Table 3.11: Ratio of peak load Ry and stiffness Rg of MSW to SSW for shearwalls with window openings

Case Target Variable Two-Storey Four-Storey Six-Storey
parameter value  FpaxsswlKN]  Rp  Kgsw[KN/m] Rk FpaxsswlKNI Ry KsswIKN/m]  Rg  FpaxsswlKN]  Rp  Kgsw[KN/m] Rk
. , 0.0 162 2.26 3.97 2.02 106 2.58 1.49 2.74 85 2.62 0.73 3.60
hlngtl hSL 0.2 162 2.26 3.97 2.13 106 2.80 1.49 2.95 85 2.93 0.73 3.93
#Wla [m] 0.4 162 2.26 3.97 222 106 2.84 1.49 3.05 85 2.94 0.73 401
w, = 0.6 162 2.26 3.97 232 106 2.84 1.49 3.17 85 2.88 0.73 421
L6m) 0.8 162 2.26 3.97 2.41 106 2.77 1.49 3.33 85 2.88 0.73 4.36
o 0.0 161 2.26 3.94 1.99 106 2.88 1.49 272 85 2.92 0.72 3.79
hlggﬁl hSL 02 161 2.26 3.94 2.12 106 33 1.49 2.88 85 3.44 0.72 4.07
#W1b [m] 0.4 161 226 3.94 2.22 106 3.3 1.49 2.99 85 3.51 0.72 4.19
w, = 0.6 161 226 3.94 234 106 3.29 1.49 3.14 85 3.53 0.72 4.4
24m) 0.8 161 2.26 3.94 2.48 106 3.29 1.49 3.32 85 3.52 0.72 4.64
Lintel's 1.6 162 226 3.97 222 106 2.84 1.49 3.05 85 2.94 0.73 4.01
W2 idth wy, [m] 24 161 2.26 3.94 221 106 3.30 1.49 2.99 85 3.51 0.73 4.19
0.0 162 1.30 3.97 1.44 106 1.73 1.49 1.73 85 1.95 0.73 2.22
Parapet’s 02 162 1.46 3.97 1.50 106 1.95 1.49 1.79 85 2.20 0.73 2.32
#W3 height hp 0.4 162 1.73 3.97 1.60 106 2.54 1.49 1.95 85 2.88 0.73 2.58
[m] 0.8 162 2.25 3.97 1.93 106 2.82 1.49 2.60 85 2.94 0.73 3.54
1.2 162 2.26 3.97 225 106 2.84 1.49 3.05 85 2.93 0.73 4.07
Width of the 0.6 17 538 0.12 11.75 10.3 6.30 0.03 2833 7.8 6.79 0.013 36
#W4 wall 1.2 57 2.78 0.75 453 35.7 3.91 0.23 7.09 27.4 4.03 0.1 9.10
Segnﬁgl]t B 162 226 3.97 222 106 2.84 149 3.05 85 2.94 0.73 401
_ 0.0 132 2.54 2.64 2.72 74 2.66 0.62 4.15 51 2.74 0.22 5.14
#WS Vemlf;l/load 15.0 162 2.26 3.97 222 106 2.84 1.49 3.05 85 2.94 0.73 401
@ [kN/im] 30.0 190 1.94 5.19 1.88 137 2.53 2.18 2.34 117 2.81 1.04 3.15
HD A-HD 128 2.86 3.35 2.96 88 3.02 1.28 4.54 73 3.12 0.66 5.38
#W6  configuration  1-HD 162 2.26 3.97 2.22 106 2.84 1.49 3.05 85 2.94 0.73 4.01
[-] 2-HD 290 231 4.87 2.30 176 2.25 1.49 3.64 133 2.76 0.66 4.88
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Figure 3.21: Values of Ry as a function of parapet’s height (case #W3) in shearwalls with window openings
From Table 3.12, it can be observed that the increases in stiffness and peak load values are
relatively smaller for shearwalls with door openings than those obtained from walls with

window openings (Table 3.11), thereby confirming the important contribution of the parapet.

When considering peak load ratios, Figure 3.22 corroborates previously established
observation that the effect of lintel height is much more pronounced in shearwalls with door
openings than window openings. Although the absolute value of peak ratio is higher for walls
with window opening, a much lower level of increase is observed as a function of lintel height
increase. This is attributed to the contribution of the parapet which, as shown earlier, has a

much more dominant effect on coupling the two wall segments.
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Table 3.12: Ratio of peak load Ry and stiffness Rg of MSW related to SSW with door openings

Case Target Variabl Two-Storey Four-Storey Six-Storey
parameter  evalue Fp,,sswIKN]  Rp  KgswIKN/m]  Rg  FuaxsswlKN]  Rp KsgswlKN/m] Rk FpaxsswlKN]  Rg K ssw[KN/m] Rk
0.0 162 i 3.97 - 106 i 1.49 - 85 i 0.73 -
Lintel’s
up  heighth, 02 162 1.20 3.97 1.14 106 1.30 1.49 1.32 85 1.38 0.73 1.51
. [m] 0.4 162 1.35 3.97 1.41 106 1.63 1.49 1.78 85 1.88 0.73 2.22
w, = 06 162 1.75 3.97 1.61 106 227 1.49 2.09 85 2.62 0.73 2.74
L6m) 0.8 162 1.90 3.97 1.82 106 2.41 1.49 2.46 85 2.64 0.73 3.30
0.0 161 i 3.94 - 106 - 1.49 - 85 - 0.72 -
Lintel’s
height h, 02 161 1.17 3.94 1.17 106 1.20 1.49 1.39 85 1.21 0.72 1.56
#]31 [m] 0.4 161 121 3.94 1.41 106 1.44 1.49 1.70 85 1.78 0.72 1.99
(w, = 06 161 1.42 3.94 1.60 106 2.05 1.49 1.98 85 2.49 0.72 2.57
24m) 0.8 161 1.91 3.94 1.74 106 2.43 1.49 2.34 85 3.01 0.72 3.14
Lintel's 1.6 162 1.35 3.97 1.41 106 1.63 1.49 1.78 85 1.88 0.73 2.22
#D2 Wi([ith]WL 24 161 1.22 3.94 1.40 106 1.44 1.49 1.7 85 1.78 0.73 1.9
m
Width of the 0.6 17 3.64 0.12 5.58 10.3 5.31 0.03 11.67 7.8 6.44 0.013 2300
#D4 wall 1.2 57 1.81 0.75 2.17 35.7 2.29 0.23 3.39 27.4 3.04 0.1 4.90
Segm[fg]t T g4 162 135 3.97 1.41 106 1.63 1.49 1.78 85 1.88 0.73 222
Vertical 0.0 132 1.41 2.64 1.54 74 1.92 0.62 2.40 51 2.35 0.22 3.50
#D5 load g 15.0 162 1.35 3.97 1.41 106 1.63 1.49 1.78 85 1.88 0.73 222
[KN/m] 30.0 190 1.30 5.19 1.32 137 1.46 2.18 1.51 117 1.75 1.04 1.77
HD A-HD 128 1.47 3.35 1.75 88 1.94 1.28 2.18 73 225 0.66 2.64
#D6  configuratio  1-HD 162 1.35 3.97 1.41 106 1.63 1.49 1.80 85 1.88 0.73 2.22
n[-] 2-HD 290 1.04 4.87 1.49 176 1.18 1.49 2.11 133 1.29 0.66 2.85
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Figure 3.22: Values of Ry as a function of lintel’s height (case #D1a) in shearwalls for both window and door
openings

The results for shearwalls with door openings also show that a significant increase in
stiffness and peak load is obtained when openings are cut out of the panels rather than

obtained by assembling separate elements.

Despite the fact that the interaction between the wall segments and lintels beams or
parapets is typically ignored by designers, an alternative analysis method which takes
into account the contributions of these elements is shown here to lead to increased design
efficiency and reduction of tensile loads on hold-downs. This increased efficiency is

particularly evident in the case of shearwalls with window openings.
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CHAPTER 4- EXPERIMENTAL CAMPAIGN (PART I) - CLT BEAMS WITH VERTICAL
OUTER LAMINATION

4.1 Introduction

Research on CLT shearwalls has traditionally focused on the performance of mechanical
connections that transfer shear and overturning loads, leveraging the panel’s high in-
plane stiffness and the energy-absorbing capacity of ductile connectors, especially in
seismic regions. However, when openings are introduced, the behaviour of the shearwall
becomes more complex because the panels themselves contribute significantly to
deformation, and high stress concentrations, particularly at the corners, can lead to

premature, brittle failures.

In monolithic CLT shearwalls with cut-out openings, the structural continuity between the
wall segments and the lintel beams or parapets produces behaviour more akin to a framed
system rather than a set of independent cantilevers. Experimental observations have
shown that cracks can initiate and propagate around the opening corners, especially in
the lintel region. The unique mechanical response of lintel beams with vertical outer layers
is typically less favorable for bending compared to conventional horizontal configurations

and impacts shear stress distribution and failure modes.

This section presents the results of the experimental study conducted on a total of 42 CLT
beams (i.e. 36 with vertical and 6 with horizontal outer laminations) aimed at investigating
their failure modes and mechanical behaviour, particularly those with vertical outer
laminations. The inclusion of beams with horizontal outer laminations, selected from the
same batch as those with vertical outer laminations, was aimed at highlighting potential

differences in the behaviour and failure mechanism between the two layouts.
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Although the beam tests reproduce the lamination layups of lintel elements in monolithic
walls, the boundary conditions differ. In the experimental program, beams were tested
under simple supports with four-point bending, whereas lintels within shearwalls
experience partial fixity at wall-parapet interfaces. These differences imply that absolute
stress states in lintels cannot be directly replicated through beam tests. Nevertheless, the
beams provide essential material parameters and confirm governing failure modes,
making them valuable for calibrating the FE model and interpreting lintel behaviour within

the wall system.

4.2 Materials

All beam specimens consisted of E1 stress grade CLT, manufactured by Nordic
Structures, and using boards of width, b, equal to 89 mm, in accordance with the PRG
320 standard (ANSI/APA 2019). Two different beam thicknesses, t.;, corresponding to
two different layups, were selected, including 105 mm for 3-ply beams with 35-35-35

lamination layup and 143 mm for 5-ply beams with 35-19-35-19-35 lamination layup.

The effect of the number of horizontal laminations along the beam depth, h, was also
investigated by selecting three different depths comprised of a set multiple of the board
width. This resulted in beams of 178 mm, 267 mm and 356 mm, corresponding to the
number of laminations, m, equal to 2, 3 and 4, respectively. Additionally, a constant depth,
equal to 356 mm, was used for the CLT beams with horizontal outer laminations. The

cross sections of the tested beams are illustrated in Figure 4.1.
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Figure 4.1: Cross section of beam specimens
The geometrical dimensions, lamination layup and number of specimens for each
configuration are reported in Tables 4.1 and 4.2, for configurations with vertical and
horizontal outer laminations, respectively, where the notation “v” and “h” refer to the
orientation of the lamination being vertical or horizontal, respectively. Also included in
Tables 4.1 and 4.2 are the expected failure mode for each configuration based on
preliminary analysis and considerations for setup, specimen geometry as well as material
properties obtained from the manufacturer’s literature. The variables in the tables include

the length of the beam, [, and the total thickness of laminations along the horizontal, ty,

and vertical, t,, directions. Three repeats were tested of each configuration.
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4.3 Test Setup

A symmetrical four-point bending test set-up was adopted for this investigation, with
simply-supported boundary conditions simulated by steel rollers at the beam ends, as
shown in Figure 4.2. Three different test set-up geometrical configurations were utilized
in order to promote either bending or shear failure mode. This was done by varying the
span, [, and the distance between the loading point from the support, a, as a function of
the beam depth, h (Figure 4.3). Test configurations / and // were selected to promote
bending failure in beams with depth smaller than and equal to 356 mm, while test

configuration /Il was used to promote shear failure.
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Table 4.1: Configurations of CLT beams with vertical outer laminations

Number of Total
nof n. of horizontal Total Thickness  Test  Expected
Beam ID Depth Length 1 ’ horizontal Lay-up laminations . of set-up/ failure
ayers thickness .
layers along the horizontal Liea mode
depth layers
-] hfmm] Umm] n[-] myfmm] -] m[-]  tgr(mm] tyfmm] Sl g
Vb 3P m2 178 1602 3 1 35‘3/_53‘/511_ 2 105 35 1-420  bending
35v-19h-
Vb _5P_m2 178 1602 5 2 35v-19h- 2 143 38 1-420  bending
35v
Vb 3P _m3 267 2403 3 1 35\,;_53\]5}1_ 3 105 35 1-680 Dbending
35v-19h-
Vb _5P_m3 267 2403 5 2 35v-19h- 3 143 38 1-680 Dbending
35v
Vb 3P m4 356 2670 3 1 352'53‘/511' 4 105 35 11-712  bending
35v-19h-
Vb 5P m4 356 2670 5 2 35v-19h- 4 143 38 1I-712  bending
35v
Vs 3P m2 178 1335 3 1 3 52'53 jh' 2 105 35 11 shear
35v-19h-
Vs 5P m2 178 1335 5 2 35v-19h- 2 143 38 Vi shear
35v
Vs 3P m3 267 2003 3 1 3 5\3/_53‘/5}1_ 3 105 35 i shear
35v-19h-
Vs 5P m3 267 2003 5 2 35v-19h- 3 143 38 i shear
35v
Vs 3P m4 356 2670 3 1 3 5\,;_53\]5}1_ 4 105 35 i shear
35v-19h-
Vs 5P m4 356 2670 5 2 35v-19h- 4 143 38 Vi shear
35v
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Table 4.2: Configurations of CLT beams with horizontal outer laminations

Number of Total
n. of horizontal Thickness Expected
n.of Total Test set-
Beam ID Depth  Length horizonta Lay-up lamination of failure
layers thickness up/ led
I layers s along the horizonta mode
depth I layers
(-] h[mm] l[mm] n[-] ny[mm] (-] m[-]  ter[mm] ty[mm] [-]/[mm] -
Hb 3P _m4 356 2670 3 2 35h-35v-35h 4 105 70 1I-680  bending
35h-19v-35h-
Hb_5P_m4 356 2670 5 3 4 143 105 1I-680  bending
19v-35h

The load was applied monotonically using a 250 kN hydraulic jack, and the loading
procedure followed the EN 408 standard. Two LVDTs were placed at each side of the
beam, as shown in Figure 4.3, to measure the relative displacement, w., between the
centre of the beam and two fixed point located within the null-shear zone, represented by
the ledger of length, leq. Load cells were positioned at each support to measure the

reactions.
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4.4 Results

In this section, the results are reported and discussed in terms of the failure modes
observed as well as the general behaviour of the beam specimens. Due to the large
number of specimens tested in this study, the results are presented in three groups,
namely those with horizontal outer laminations expected to fail in bending as reported in
Table 4.3, and beams with vertical outer laminations tested to promote bending or shear
failure as reported in Table 4.4 and 4.5, respectively. The former consists of a relatively
small number of tests mainly due to the fact that several other studies have already
investigated this configuration, while for the latter groups more specimens and test

configurations are considered.

Overall, the observed failure modes in beams with horizontal outer laminations aligned
closely with findings from previous studies discussed in Chapter 2. For the 3-ply beams,
although the anticipated failure mode was bending for all three specimens, two specimens
failed in torsional shear (Figure 4.4a), while one failed in bending (Figure 4.4b). Despite
that some discrepancy was observed relative to the predicted failure mode, it should be
noted that the predicted failure mode is based on preliminary estimates, while more
details will be provided in the subsequent sections to evaluate and compare the
experimentally observed failure modes. As anticipated, all 5-ply specimens failed in
bending within the null-shear region. Table 4.3 reports the results in terms of maximum
load, Fmax, local displacements corresponding to the 10% and the 40% of the maximum
load, Wi, 10 and W/, 40, respectively, as well as the distance Xr from the support, where
the failure occurred. Labels M and S in Table 4.3 refer to whether the actual failure

occurred in the moment or shear dominant regions, respectively.
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With few exceptions, specimens with vertical outer laminations designed to predominantly
fail in bending achieved that failure mechanism. The failure was characterized by crack
initiation and development in the inner horizontal laminations at the beam tension face
(Figure 4.4), which occurred either in the constant moment zone (14 specimens) or near
the load application points (4 specimens), as shown in Figure 4.5a and 4.5b, respectively.
As anticipated, no visual cracks or damage were observed in outer vertical layers. Table

4.4 reports the results for this group.

From the results, it can be noted that despite having approximately the same total
thickness of horizontal layers between the 3- and 5-ply beams (i.e. 35 mm and 38 mm,
respectively), the two 19 mm thick horizontal laminations in the 5-ply beams exhibited
significantly higher strength than those obtained from the single 35 mm thick laminations
in 3-ply beams. This can potentially be associated with the probability of critical defects
in the larger dimension lumber (i.e., volume effects) and system effect due to the fact that

two laminations rather than one are present in 5-ply beams.

Promoting shear failure in CLT beams is notoriously difficult, and this is reflected in the
range of failure modes obtained for this test series. Both bending and shear failure was
observed even though this group was designed to primarily fail in shear. Both torsional
and net shear failures were achieved. Figure 4.6a shows an example of a typical bending
failure, while representative torsional shear failure is illustrated in Figure 4.6b, where
rotation of the outer vertical laminations and separation from the inner layers was
observed. A net shear failure was identified in specimens where parallel sliding between
the outer laminations was observed, similar to what is depicted in Figure 4.6¢. For some

of the specimens, distinguishing between bending and net shear failure modes was not
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obvious (e.g., specimen Vs_5P_m2, shown in Figure 4.7a), while for others it was not

clear whether the shear failure mode was related primarily to net shear or torsional shear

(e.g., specimen 01 of series Vs_5P_m4, shown in Figure 4.7b). Table 4.5 presents the

results from this test series.

Table 4.3: Result for beams with horizontal outer laminations

Total
Local Local
n.of  Thickness | Failure Maximum
Beam ID  Specimen Depth displacement displacement | Xr - Zone
layers of horizontal | mode load
at 10% Fumax  at 40% Fuax
layers
[-] [-] h[mm] n[-] tyg[mm] Fumax [EN] ~ W10 [mm] Wi,q0 [mm] [mm]/[-]

01 Bending 127.5 0.08 0.42 1223/ M

Torsional
02 103.1 0.00 0.35 435/S

Hb 3P _m4 356 3 70 shear

Torsional

03 122.5 0.00 0.21 10/S
shear
Average 117.7
(CoV) (11%)
01 Bending 186.5 0.05 0.22 1157/M
Hb_5P_m4 02 356 5 105 Bending 175.4 0.00 0.21 1415/M

03 bending 190.5 0.01 0.23 1205/M

Average

(CoV)

184.1 (4%)
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Figure 4.4: Torsional shear failure for specimen 03 of series Hb_3P_m4 (a) and bending failure for specimen 03 of
series Hb_5P_m4 (b)
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Figure 4.5: Bending failure for specimen 02 of series Vb_3P_m2 (a) and specimen 03 of series Vb_5P_m4 (b)
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Table 4.4: Results for beams with vertical outer laminations designed to fail in bending

Total
Thickness Local Local
Depth  n.of Failure  Maximum
Beam ID  specimen of displacement displacement | Xr - Zone
layers mode load
horizontal at 10% Fmax  at 40% Fmax
layers
-] [-]  h[mm] n[-] ty[mm] Fuax[kN] | Wiio[mm] — Wi [mm] [mm]/[-]
01 Bending 36.4 0.09 0.28 667/M
Vb 3P m2 02 178 3 35 Bending 30.9 0.00 0.16 530/M
03 Bending 32.1 0.01 0.18 1054/S
Average
33.1 (9%)
(CoV)
01 Bending 57.6 0.06 0.29 667/M
Vb_5P_m2 02 178 5 38 Bending 70.0 - - 582/M
03 bending 53.5 0.05 0.35 580/M
Average
60.4 (14%)
(CoV)
01 Bending 63.1 0.00 0.40 1860/S
Vb 3P m3 02 267 3 35 Bending 57.5 0.00 0.44 712/M
03 bending 58.9 0.00 0.68 1248/M
Average
52.9 (18%)
(CoV)
01 Bending 86.6 0.06 0.60 998/M
Vb_5P_m3 02 267 5 38 Bending 76.4 0.09 0.60 1128/M
03 bending 67.5 0.04 0.50 1081/M
Average
76.8 (12%)
(CoV)
01 Bending 73.1 0.00 0.35 989/M
Vb_3P_m4 02 356 3 35 Bending 69.7 0.00 0.32 801/M
03 bending 55.7 0.00 0.21 1583/S
Average
66.2 (14%)
(CoV)
01 Bending 111.7 - - 890/M
Vb 5P m4 02 356 5 38 Bending 115.6 - - 1185/M
03 Bending 134.4 0.00 0.42 723/S
Average 120.6
(CoV) (10%)
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Figure 4.6: Bending failure for specimen 03 of series Vs_3P_m?2 (a), torsional shear failure for specimen 02 of series
Vs_3P_ma3 (b), and net shear failure mode for specimen 02 of series Vs_5P_m4 (c).
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Figure 4.7: Specimen 02 of series Vs_5P_m2 (a), specimen 01 of series Vs_5P_m4 (b).
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Table 4.5: Results for beams with vertical outer laminations designed to fail in shear

Total
Beam ID specimen Depth mof Thickness Failure mode Maximum load | Xr- Zone
layers of horizontal
layers
(-] (-] himm]  n[-] ty [mm] Fnax [kN] [mm]/[-]
01 Bending 753 963/M
Vs 3P m2 02 178 3 35 Bending 66.1 749/M
03 Bending 66.3 684/M
Average (CoV) 69.2 (8%)
01 Bending/Net shear 110.8 995/8
Vs 5P_m2 02 178 5 38 Bending/Net shear 99.5 114/S
03 Net shear 86.1 132/S
Average (CoV) 98.8 (13%)
01 Torsional shear 94.3 1598/S
Vs 3P_m3 02 267 3 35 Torsional shear 93.1 182/S
03 Torsional shear 98.2 103/S
Average (CoV) 95.2 3%)
01 Net shear 147.9 1602/S
Vs 5P_m3 02 267 5 38 Net shear 131.8 179/S
03 Net shear 150 1592/S
Average (CoV) 143.2 (7%)
01 Bending 89.7 1833/M
Vs 3P _m4 02 356 3 35 Torsional shear 108.8 223/S
03 Bending 101.7 1950/S
Average (CoV) 95.7 (9%)
o1 Net shear/Torsional 183.9 20875
Vs_5P_m4 356 5 38 shear
T 02 Net shear 189.4 221/8
03 Bending 174.5 1554/M
Average (CoV) 186.6 (2%)

4.5 Determination of strength and stiffness parameters

The analytical models developed for CLT beams with horizontal outer laminations

available in literature are adapted in this section to CLT beams with vertical outer

laminations in order to propose a methodology to determine the strength and stiffness

parameters of CLT beams. The applicability of such methodology is discussed, and the
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determined parameters are compared with those obtained from CLT beams available in

literature and from this study.

4.5.1 Adaptation of existing calculation models to CLT beams with vertical outer

laminations
4.5.1.1 Bending strength, gross shear strength and net shear strength

The existing calculation models developed for the determination of bending strength £,
gross shear strength f,, ;,,ss and net shear strength f,, ... of CLT beams with horizontal
outer laminations can be adopted without any adjustment for CLT beams with vertical
outer laminations. The values of resistance are dependant on either the total thickness of
the horizontal layers t, or the total thickness of the beam t.;r without considering the

orientation of laminations in the beam lay-up.

The bending strength f,, can be calculated as expressed in Equation 8, while only
considering the horizontal layers to be effective and assuming full composite action

between longitudinal laminations (Karacabeyli E etal.,2019; Gagnon S et al.,2014).

frn = 222 (8)

- ty-h?
where My is the bending moment resistance and h is the depth of the beam.

The shear strength related to the gross-section f, ,.ss and the shear strength related to
the net cross section f,, ,.. can be calculated as proposed by Flaig and BlaR 2013 and

expressed in Equations 9 and 10, respectively. According to the beam theory, a parabolic

distribution of shear stresses along both the gross and net section of the beam is assumed
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(Figure 4.8). The total shear force is uniformly distributed over the longitudinal (i.e.

horizontal) laminations, as proposed by Danielsson and Serrano 2018.

3V
fv,gross = Eh-t:LT (9)

_ 3 Vg (10)

vnet — 5 bt

where 1/, is the shear load resistance and t,,.; is the effective beam thickness calculated

as:

tnet = min (ty; tepr —ty) (1)

UMLMM_ULMMM q normal stress  gross shear stress net shear stress
b

A distribution distribution distribution

:
|
:
:
|
|
|
|
|
|
|
;
A

normal stress 8ross shear stress net shear stress

Figure 4.8: Normal, gross shear and net shear stress distributions in CLT beams with horizontal outer laminations
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4.5.1.2 Torsional shear strength

The calculation model for the prediction of the torsional shear failure in CLT beams
subjected to uniformly distributed vertical load g, which was presented by Flaig and Blal
2013 and further developed by Danielsson et al.,2024, cannot be used for all CLT beam
lay-ups in its original form when outer laminations are oriented along the vertical direction.
The determination of the shear stress components acting in the crossing areas between
the j-th horizontal lamination in the k-th horizontal layer and the adjacent vertical

laminations, namely longitudinal z,,;,, transversal 7,,;, and torsional 7.4, shear

stresses, strongly depends on the position of horizontal layers in the beam lay-up.

The analytical framework adopted in this study was first developed for a separate
research project; its key findings are summarised below, and the complete methodology

is presented in Khajehpour et al. (2023).

The original form of the analytical method proposed by Danielsson and Serrano 2018 can
be adopted for 3-ply CLT beams with vertical outer laminations without any other
adjustment (the index k in this case refers only to the inner horizontal layer, namely k=1).
The same analytical model can also be used without any other modification for 5-ply CLT
beams with outer vertical laminations (k=7 and 2) provided that the ratio between the

thickness of the p-th vertical layer t,,, and the number of crossing areas nc,,, (equal to

either 1 or 2) for the vertical layer under consideration is the same for all the three vertical

layers (p =1 to 3), as shown in Figure 4.8.
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For the two cases presented above, the shear stress components 7,4, ; k., Tyx,ix @Nd Tyz ik,

acting on the crossing areas between the i-th horizontal lamination of the k-th horizontal

layer and the adjacent vertical laminations, are the same for all crossing areas.

It is common however that the ratio t,,/ncs, is not constant for 5-ply CLT beams,
resulting in the transversal 7, ; , and torsional 7, ;, shear stress components not being

the same in the two crossing areas. As a results, Equations (Khajehpour et al.,2025)
cannot be used directly for the determination of the shear stress components and an
adaptation of the methodology is needed. In order to take into account the real
distributions of shear stress components on the crossing areas between the i-th
lamination of the k-th horizontal layer and the adjacent vertical laminations, factors f¢, inn

and Bcaoye are introduced and presented in Equations 12 to 15.

Due to the layup symmetry, the calculation needs only to be performed for the two
crossing areas of the first horizontal layer. The shear stress components for the two
adjacent crossing areas (inner and outer) of the j-th lamination in the first (k=1) horizontal

layer can hence be calculated as expressed by Equations 12 to 15 (see also Figure 4.9).

For the inner crossing area, one obtains:

q th,
Tyzikinn =5 % Lk (12)

3V 1 thk 1
Ttor,ik,inn = B2 ' T (ai - ﬁ) (1 3)

with i = 1 fo m and k=1.
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Figure 4.9: Torsional shear stress distributions in a 5-ply CLT beam with vertical outer laminations

For the outer crossing area, one obtains:

q 1 thk
Tu =1.—— .14
yz,i,k,out h Bcaout tH( )

3V 1 thk ( 1)
Teorikout = — =—— =% (@, ——=) (15
tor,i,k,out b2 Bcaout tu i m3 ( )

with i = 1 to m and k=1.

The factors Bcainn and Pcaour are calculated according to Equations 16 and

respectively.

17,



_tyat2ty

ﬁCA,inn - t (16)
v,2
2:ty 1+t

.BCA,out = % (17)
v,1

where t,,; and t,, , are the thickness of the first (i.e. outer) and second (i.e. inner) vertical

layer, respectively. The mathematical derivations of Equations are reported in the

Khajehpour et al.,2025.

The failure criteria reported in Equations 18 and 19 can be adapted for both the inner and
outer crossing area between to the i-th lamination of the first (k=1) horizontal layer and

the adjacent vertical laminations, as expressed in Equations 20 and 23.

max (T“”"'i""R + T"Z'i""R) <1fori=1.. mandfork=13..nn (18)
fv,tor fv,rol

max (T“”"'i""R + Tyz’”"R> <1 fori=1..mand fork=1,3,..nn (19)
fv,tor fv,rol

For the inner crossing area, one obtains:

max <Tt°’"'i""i’”"R + T"Z'i""""”'R) < 1fori=1... mand for k = 1(20)
fv,tor fv,rol

: Tyzi .
max <Tt°r"""°“m + yz""""“t'R) <1 fori=1.. mand for k= 1(21)
fv,tor fv,rol

For the outer crossing area, one obtains:

max <Tt°’"'i"""“f'R + T"Z'i"""“t'R> <1fori=1.. mandfork=1(22)
fv,tor fv,rol

max (’“’”7’"0“* + Tyz"'"""“f'R) <1 fori=1..mand for k = 1(23)

vtor fv,rol
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where Txz,ikinn,Rs Tyx,ikinnRs Ttor,ik,inn,R and Txzikout,R» TyxikoutRs TtorikoutR represent
the shear stress components on the inner and outer crossing areas related to the shear

resistance Vj, respectively.
4.5.1.3 Bending stiffness

The analytical models for the calculation of bending stiffness developed for CLT beams
with horizontal outer laminations can also be adopted for beams with vertical outer

laminations without any modifications to the principles in the procedure.

The effective local modulus of elasticity E, ;¢ .rr from four-point bending tests on CLT

beams is typically calculated according to the procedure reported in EN 408 as expressed
by Equation 24, referring to the effective cross-section (EAD130005; Flaig M and Blass

H 2013).

al? AF
——(24)

Em,loc,eff = 16']eff Aw

where a is the distance between the loading point and the nearest support, [, is the ledger
length for the local deflection measuring, AF and Aw are the increase in load and
deflection in the linear elastic range between 10% and 40% of maximum load applied to

the specimen measured during the test and J. ¢ is the effective modulus of inertia equal

to [en + (5] 55

The experimental observations revealed mid-span torsional shear failures in several
vertical-lamination beams. These failure modes highlight the importance of including
torsional shear resistance in analytical and numerical frameworks. In the current FE

model, torsional shear was not directly incorporated, and therefore torsional-dominated
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failures could not be fully reproduced. Despite this limitation, the beam test results
confirmed the sensitivity of lintel performance to lamination orientation and thickness, and

established baseline parameters for the validation of wall-level models.

4.5.2 Calculated strength and stiffness parameters

4.5.2.1 Summary of calculated values

The analytical models described in Section 4.5.1 were used to determine the strength
and stiffness parameters of the tested CLT beams reported in Table 4.6. In this table only
the value corresponding to the observed failure mode can be considered to be reflective
of the strength of the beam while other values reported for the same test represent the
maximum stress reached when the failure occurs. For example, for test #1 of series
Vb_3P_m2, the failure mode occurred in bending, and hence the corresponding strength
fmis equal to 43.82 MPa, while the reported values for f,,gross, fv,net, fv,ro1, fv.tor represent shear
stresses at the point where bending failure occurs. The values for the modulus of elasticity
were calculated according to Equation 25. It should be noted that the values of, o1, fu,tor

are obtained based on the adopted analytical models described in Khajehpour et al.2025.

al? AF
16'jeff AW

(25)

Em,loc,eff =

The analytical models were also adopted to predict the strength parameters obtained from
tests available in literature for CLT beams with either horizontal or vertical outer
lamination as summarized in Table 4.7. Given the scarcity of data for CLT beams with
vertical outer laminations, the first step was to compare the values obtained in this study
with those in the literature for beams with horizontal outer laminations in order to verify

that the mechanical behaviour is consistent.
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Table 4.6: Strength and stiffness parameters for tested beams.

D n F[l‘:‘;]" fn [MPa] [ﬁq’gl’,":] funet [MPa] [fMll:] [fM‘P:] [ﬁ;;:] failure mode
1 127.5 34.54 2.56 7.67 2.07 4.84 9632 Bending
an—lip— 2 103.1 27.93 2.07 6.21 1.68 391 7638 Torsional shear
3 122.5 33.18 2.46 7.37 1.99 4.65 15160 Torsional shear
1 186.5 33.68 275 10.34 2.02 4.72 19086 Bending
an—lip— 2 1754 31.67 2.58 9.72 1.90 4.44 14680 Bending
31905 34.40 2.81 10.56 2.07 4.82 15064 Bending
D n o TR fMPal S faMPa e et B failure mode
1 36.4 43.82 1.46 438 1.42 3.30 16189 Bending
Vbn—ép— 2 30.9 37.20 1.24 372 1.20 2.80 16165 Bending
3 32.1 32.13 1.29 3.86 1.25 291 15790 Bending
1 57.6 63.87 1.70 6.39 1.27 2.95 19222 Bending
Vbn—ép— 2 70.0 77.62 2.06 7.76 1.54 3.59 - Bending
3 53.5 59.32 1.58 5.93 1.18 2.74 13449 Bending
1 63.1 20.94 1.69 5.06 1.45 3.39 15635 Bending
Vbn—ép— 2 575 46.15 1.54 4.61 1.33 3.09 12911 Bending
3 58.9 4727 1.58 4.73 1.36 3.17 8499 Bending
1 86.6 64.02 1.70 6.40 1.13 2.63 14110 Bending
Vbn—ép— 2 76.4 56.48 1.50 5.65 1.00 2.32 13216 Bending
3 67.5 49.90 133 4.99 0.88 2.05 12933 Bending
1 73.1 39.60 1.47 4.40 1.19 2.78 10363 Bending
Vbn—lip— 2 69.7 37.76 1.40 4.20 1.13 2.65 10460 Bending
3 55.7 26.82 1.12 3.35 0.91 2.12 13209 Bending
1 111.7 55.73 1.65 6.19 1.16 2.70 - Bending
Vbn—lip— 2 1156 57.68 1.70 6.41 1.20 2.79 - Bending
3 1344 60.53 1.98 7.45 1.39 3.25 14150 Bending
ID n IH?;]X fm [MPa] [ﬁ(/.[g;):] fy.net [MPa] [fl(/;;:] [fl(/ﬁ;:] [g'ﬁ':':] failure mode
1 75.3 45.94 3.02 9.07 2.93 6.83 - Bending
Vs—ép—m 2 66.1 40.32 2.65 7.96 2.57 6.00 - Bending
3 66.3 40.45 2.66 7.98 2.58 6.02 - Bending
1 110.8 44.73 3.26 12.29 2.44 5.68 - Bending/Net
shear
VS‘SZP‘m 2 99.5 28.26 2.93 11.03 2.19 5.10 - Ben:l}i‘elagr/Net
3 86.1 47.73 2.54 9.55 1.89 442 - Net Shear
1 94.3 37.84 2.52 7.57 2.17 5.07 - Torsional shear
Vs—ép—m 2 93.1 37.36 2.49 7.47 2.15 5.01 - Torsional shear
3 98.2 3941 2.63 7.88 2.26 5.28 - Torsional shear
1 147.9 54.66 291 10.93 1.93 4.50 - Net shear
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Vs 5P m 2 131.8 4871 2.59 9.74 1.72 4.01 Net shear
3 3 150.0 55.44 2.95 11.09 1.95 4.56 Net shear
1 89.7 27.00 1.80 5.40 1.46 3.41 Bending
Vs 3P m .
—4 - 2 108.8 32.74 2.18 6.55 1.77 4.13 Torsional shear
3 101.7 25.04 2.04 6.12 1.66 3.86 Bending
1 183.9 50.98 2.71 10.20 1.90 4.44 Ne”ggjrwnal
Vs 5P m
4 2 189.4 52.50 2.79 10.50 1.96 4.58 Net Shear
3 174.5 48.37 2.57 9.67 1.81 422 Bending

fvtor * and fv.rol *: The values are derived using the model presented in Khajehpour et al.2025.

Table 4.7: Strength and stiffness parameters for some selected tests available in literature

. fm fv.gross fv.net fv.ra * fv.tor * Em.loc C.o.V [- .
Authors Series [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] | failure mode
1 59.20 3.55 8.88 1.87 436 - 13.0%
2 34.90 233 11.63 1.59 3.72 - 3.6%
3 37.30 222 7.77 1.12 2.60 - 14.3%
ajfl(’zsgo‘?) 4 3430 217 893 128 299 ; 11.4% Bending
5 31.00 2.08 10.76 1.16 2.70 - 11.7%
6 35.50 1.92 5.47 0.90 2.10 - 15.0%
7 39.90 2.20 6.49 0.88 2.06 - 15.7%
A-3 3542 4.58 13.74 2.73 6.38 11211 8.7% Torsional shear
Andreolli A-5 34.26 4.95 15.21 2.82 6.58 15060 - Torsional shear
et al.
(2012) B-5 29.60 3.81 9.51 2.99 6.97 15215 - Torsional shear
C-5 30.31 4.60 15.77 2.02 4.72 11476 - Bending
Flaig & 2727 3583 1.82 5.47 1.62 3.78 - 8.7%
27 )
Bla 30-20 Torsional shear
(2013) 3 0 T 43.60 2.73 10.90 2.39 5.57 - 20.7%
22 1 45.00 1.50 7.50 0.82 1.92 14947 21.4%
Fhaig& 3.2 | 37.50 1.17 4.69 0.68 1.60 12715 7.7%
Blaf3 Bending
(2014) 222 2640 0.88 4.40 0.48 1.12 9894 22.9%
322 27.80 0.87 3.48 0.51 1.18 9548 14.1%
Gagnon et A 35.10 3.90 11.70 3.10 7.24 - - Forsional hear
al. (2014) B 4050 450 1350 358 835 - -
j?k(%alit) 1520 1630  0.41 1.02 024 054 8883 9.8% Bending
1 39.71 2.98 11.91 1.46 3.40 15743 10.1% Bending
Jaé;% f;)al' 2 36.46 3.91 15.63 191 446 - 4.0% Bending
3 25.92 2.96 14.81 1.36 3.17 - 3.4% Torsional shear
Daneshvar
etal. CL-C  20.64 3.02 11.29 1.39 3.25 - - Bending
(2021)
B 01 50.21 1.26 3.14 0.34 0.80 13576 7.8% Bending
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B 02 48.55 1.01 3.03 0.44 1.03 13191 49.5% Bending

Casagrand
eetal. B03 5270 439 10.98 120 2.80 - - Net shear
(2021)
B04  43.59 3.03 9.08 132 3.07 - - Net shear
Lietal  CEB 4234 1.18 3.53 135 316 12793 2.7% Bending
(2022) CES 36.14 2.41 7.23 277 647 - 6.9% Torsional shear

fvtor * and fvrol *: The values are derived using the model presented in Khajehpour et al. [Forthcoming].

4.5.2.2 Bending strength

For beams with vertical outer laminations that were designed to fail in bending in this
study, a significant difference was observed between 3-ply and 5-ply specimens. An
average value of 36.9 MPa (CoV 24%) and 60.6 MPa (CoV 13%) was obtained for the 3-
ply and 5-ply beams, respectively. This observation in terms of bending strength confirms
the argument made in Section 4.4 in terms of maximum load, where the difference was

attributed to the probability of critical defects in the larger-dimension lumber.

Figure 4.10 presents the results from 14 test series based on 116 CLT beams available
in the literature. All beams in Figure 4.10 consisted of spruce laminations and failed in
bending. It seems reasonable to assume that an inverse correlation exists between the
bending strength and lamination thickness. It can also be noted that the values of bending
strength obtained from the experimental campaign described in this study seem to fit

reasonably well within the general trends.
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Figure 4.10. Results of the tested CLT beams made by spruce in literature and failed in bending

4.5.2.3 Shear strength

The average values for rolling fvrol and torsional fvtor shear strengths in this study were
calculated based only on the five specimens with vertical outer laminations which actually
exhibited torsional shear failure mode. These values are equal to 2.05 MPa (CoV 10%)

and 4.79 MPa (CoV 10%), respectively.

For test series Vs_3P_m2 and Vs_5P_m2, all specimens failed in either bending or net
shear but the calculated rolling and torsional shear stresses corresponding to the point at
which failure occurred are greater than the ones obtained from the five specimens where
a torsional shear failure was observed. The latter implies that the overall average of rolling

and torsional shear strength is expected to be greater than those reported here.

The rolling and torsional shear strength values obtained from the current study were
consistent with those obtained from the literature. For example, the average values

obtained from the two series reported by Flaig and Blass 2013 were equal 1.62 MPa and
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3.78 MPa (COV 8.78%) and 2.39 MPa and 5.57 MPa (CoV 20.7%), respectively. A slight
difference is observed with the values of rolling and torsional shear strength obtained from
Jelec et al.2019, equal to 1.36 MPa and 3.17 (CoV 3.4%) MPa, and Andreolli et al. 2012,

equal to 2.73 MPa and 6.38 MPa (CoV) for test series A-3, respectively.

The average value of net shear strength fvnet was calculated based only on the six
specimens with vertical outer laminations which exhibited net shear failure mode. The
value is equal to 9.34 MPa (CoV 6%), which is similar to that obtained by Casagrande et
al.2021. It is noteworthy to mention that to the authors knowledge, no other experimental

study in the literature has reported net shear failure mode in CLT beams.

4.5.2.4 Modulus of elasticity

The results revealed that the thickness of lamination had insignificant influence on the
elastic modulus Em,oc. The average value for beams with vertical outer lamination was
13,753 MPa (CoV 19.8%), while for beams with horizontal outer laminations the value
was 13,543 MPa (CoV 31%). The average value obtained for beams with vertical outer
lamination in this study seems slightly greater than that obtained from literature, which

had an average value of 12,635 MPa (Cov 14%).
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5- Failure Mechanisms in FULL-SCALE CLT Shearwalls with Cut-Out
Openings

5.1. Introduction

The mechanical behaviour of cross-laminated timber shearwalls, where openings are cut-
out of the panel, is strongly influenced by the interaction between lintel elements and wall
segments as well as by the layout of the hold-down, i.e. single or double hold-down
configuration. Differently from CLT shearwalls with no openings, shear and bending
deformation of the wooden panels in monolithic walls with openings may significantly
contribute to the overall lateral displacement of the shearwall. The rocking behaviour of
monolithic CLT shearwalls with a single opening typically involves two distinct kinematic
modes characterised by either one centre of rotation for the entire wall or one centre of
rotation for each wall segment (Pei S et al.,2016). Moreover, stress concentrations in the

corners around the opening may lead premature and unwanted brittle failure modes.

Although it is not desired to design for brittle failure mode in the CLT panel, knowledge
about such failure mechanism helps limit or prevent it. The prediction of such failure,
however, may be difficult due to multiple reasons, including the variability in strength
properties of wood, the possible different failure modes observed in the lintels (e.g. net
shear, bending, etc.), and the stress concentrations observed at the corners of structural
elements around openings. Moreover, the stresses around openings may not always
reflect the actual conditions in the real element due to the reinforcing effects of transverse

laminations in the CLT panels.
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The main motivation for undertaking the current experimental tests is to examine the
failure modes in monolithic CLT shearwalls with cut-out openings by investigating twelve
full-scale shearwalls designed to reach failure in the CLT panel. Given that such failure
modes are inherently brittle and should be avoided, a deeper understanding through
experimental observations is necessary to protect failure modes in the timber panels and
promote ductile failure mechanism in connections. The test results were predicted by
means of numerical models (Section 5.2.1.2) where mechanical properties of the CLT
panels were in-part derived from experimental tests conducted by the authors on CLT

beams with vertical outer layers, as described in Chapter 4 of this thesis.

5.2. Experimental campaign

5.2.1 Shearwall tests

Twelve full-scale shearwalls, with either door or window opening, were tested under a
monotonic load procedure. The panels were manufactured by Nordic Structures and
comprised of E1 stress grade boards with width, b, equal to 89 mm, in accordance with
the PRG 320 standard. A panel thickness, fcLt, equal to 105 mm with 35-35-35 lamination
layup was adopted for all the shearwall specimens. The outer layers were oriented along
the vertical direction. The wall height hwai was equal to 2800 mm while the wall length fwai
was varied between 2200 and 2700 mm. Details about the dimensions and opening
configurations of the shearwall specimens are provided in Table 5.1 and Figure 5.1,
where Iop is the length of the opening (equal to the length of the lintel and the parapet),
hiintel represents the depth of the lintel and hpar is the depth of the parapet. Each shearwall
configuration is labelled to indicate the opening type (either “D” door or “W” window), wall

length, as well as lintel depth and length. For example, a shearwall specimen with a door
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opening, having a total length of 2200 mm and a lintel depth and length equal to 400 and
600 mm, respectively, is represented with the nomenclature "D-2200-400/600". Nine
different configurations of shearwalls were selected. Figure 5.2a shows the test setup
using wall specimen W05 as example. In order to assess how the variability in the strength
properties of the wood material (e.g. axial and bending strength of laminations) may affect
the panel failure modes, two replicates of configurations D-2200_200/600, D-

2700_400/1100 and D-2700-400/600 were investigated.

Although parapets were identified as an important variable in the analytical study, the
experimental campaign was limited to two window-type shearwalls. This decision was
made to maintain a balance between breadth of configurations and the practical
constraints of specimen fabrication and testing. Since window openings require both lintel
and parapet elements, their inclusion substantially increases the number of parameters
that must be controlled in testing. In order to isolate key behaviours while keeping the
campaign manageable, two representative window configurations were selected to
capture the influence of parapet continuity and to provide validation data for the numerical
model. The broader influence of parapet geometry and additional window variations was
subsequently explored in the parametric finite element studies, which allowed for
systematic variation of parapet depth and opening dimensions beyond what could be

achieved experimentally.

Table 5.1: Shearwall test matrix
Lwall Riintel hpar lop

Test ID Label Opening type
[mm] [mm] [mm] [mm]
WOl D-2200-400/600 2200 400 - 600 Door
w02 D-2200-200/600 2200 200 - 600 Door
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W03

w04 D-2400-400/800 2400 400 - 800 Door
Wo05 D-2400-200/800 2400 200 - 800 Door
W06

D-2700-400/1100 2700 400 - 1100 Door
Wwo07
Wwo08

D-2700-400/600 2700 400 - 600 Door
W09
W10 D-2700-200/600 2700 200 - 600 Door
W11 W-2700-200/1100 2500 200 800 1100 Window
W12 W-2700-200/1300 2700 400 800 1300 Window

The horizontal lamination layout along the lintel or parapet is shown in Figure 5.3 for the
different values of hiintet and hpar adopted in the experimental campaign, namely equal to
200, 400 and 800 mm. It is noteworthy to mention that the number of “full-width”

laminations, m, was equal to 1, 4 and 8, respectively.

Proprietary hold-down WHT620 and angle brackets TCN 200 were used to anchor the
shearwalls to a steel base beam as shown in Figure 5.2b. The hold-downs and the angle
brackets were connected to the wall panel with 4x60 mm ring nails, and to the steel base
beam using an M20 bolt and two M16 bolts, respectively. In all specimens, one angle
bracket was located at the bottom centre of each of the two wall segments, while an
additional angle bracket was located at the bottom centre of the parapet in specimens
with window opening, as shown in Figure 5.2c. In shearwalls with door openings, a hold-
down was placed at both ends of each wall segment, while hold-downs were only located

at the wall ends of shearwalls with window openings.
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Figure 5.1: Geometrical dimensions and the opening layout of tested shearwalls

A horizontal hydraulic jack, connected to a rigid steel frame, was used to apply the lateral

load. A 25 mm thick steel plate transferred the load from the jack to the shearwall in order

to avoid crushing in the wood at the load application point, as illustrated in Figure 5.4a.

Additional lateral restraints were used on both sides of the shearwall to limit out-of-plane

displacement and prevent buckling of the lintel beam (Figure 5.4b and c). The testing

followed a displacement-controlled procedure with a loading rate equal to 6 mm/min.
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Figure 5.3: Horizontal lamination layout in lintels (a, b) and parapets (c)

Three Wire Displacement Sensors (WDS), labelled WDS 01, WDS 02, and WDS 03,
measured the horizontal displacements at the top right, top centre, and top left positions
of the shear wall (Figure 5.5). These sensors were positioned 30 mm from the top edge
of the wall. An inclined WDS 04 measured the CLT panel deformation along a top-left

bottom-right direction. Three WDSs (WDS 05, 06 and 07) were adopted to measure the
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uplift displacement at the bottom corner of the wall segments while WDSs 08 and 09
measured the horizontal sliding displacement at the bottom of the wall. The relative top
horizontal displacement § of the wall was calculated by subtracting the average bottom
sliding displacement §g;; (WDSs 08 and 09) from the average top horizontal
displacement 4., (WDS 01, WDS 02, and WDS 03). It should be noted that the
difference between the measurements obtained from those sensors was insignificant. A

load cell was used to measure the applied load.

Figure 5.4: Application of lateral load (a) and lateral support system of the wall (b and c)
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Figure 5.5: Instruments test set-up

The primary goal of this chapter is to demonstrate that the numerical approach outlined
in Chapter 3 can reliably predict the behaviour of cross-laminated-timber shearwalls. To
that end, detailed finite-element models were created for each of the twelve wall
specimens later tested in the laboratory. Every model reproduces the exact geometry,
lay-up, boundary conditions and fastener layout of its corresponding test wall, ensuring
that any differences between the computer results and the lab tests come from the model

itself, not from mismatched wall samples.

For every wall, the FE analysis produced three essential outputs: the global failure mode
(that is, whether failure occurred in the panel itself or the connections); the ultimate panel
capacity, defined as in the chapter 3; and the ultimate connection capacity, namely the

force resisted by fasteners or hold-downs at the onset of failure.

These predicted values are summarised in Table 5.2.
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Section 5.4 then compares the numerical and laboratory results in detail, highlighting
areas of close agreement as well as any discrepancies, thereby clarifying both the
strengths and the current limitations of the proposed finite-element method and pointing

to aspects that may benefit from further refinement.

Table 5.2: Failure mode and failure force of panel and hold-downs obtained from FE method

Hold-down
bwati Diintel hpar lop Panel failure
Test ID Opening type Failure mode failure force
[mm] [mm] [mm] [mm] force [KN]
[KN]

W01 2200 400 - 600 Door Torsional shear 70.3 100.7
W02

2200 200 - 600 Door Torsional shear 50.4 104.6
W03
w04 2400 400 - 800 Door Torsional shear 75.1 117
W05 2400 200 - 800 Door Bending 63.9 102.1
W06

2700 400 - 1100 Door Torsional shear 79.9 119
w07
W08

2700 400 - 600 Door Torsional shear 84 114.2
W09
W10 2700 200 - 600 Door Torsional shear 75.3 114
W11 2500 200 800 1100 Window Hold-down - 113.2
W12 2700 400 800 1300 Window Torsional shear 112.1 120.8

5.2.2 Experimental tests on Beam Samples from the Full-Scale Shearwall Specimens

The main purpose of conducting the beam tests was to establish the strength
characteristics of the lintel beam in flexure. Although the results from the beam tests
described in Chapter 4 could, in principle, be used as input into the developed models,
testing beams from the same batch as the shear wall tested ensures consistency, as the

flexural strength has been known to vary significantly in the transverse lamination. The
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quality and grade of the cross laminations are as much dependent on material availability
as it is on meeting the minimum requirements in the PRG 320 standard. Shear is much
less affected by the grade of the laminations and for that reason material properties
obtained from the manufacturer were deemed sufficient. Four-point bending tests were
conducted on seven CLT beams with vertical outer layers that were cut from the CLT wall
panels used in the shearwall tests. The aim was to ensure consistency between beam
and wall tests in terms of number and arrangement of layers, orientation of lamination
and wood species and grade. It is important to highlight that the portions of panels
selected to obtain the beam specimens were carefully identified to ensure that no damage
or cracks occurred in such zones during the shearwall tests. These include either lintel
beams of the wall that exhibited rigid body rotation and where failure occurred in the hold-
downs or specimens taken from wall segments where lintel failure occurred with no

damage observed in the walls.

The specimen configurations consisted of three different depths, 4., Namely equal to
89, 178, 205 mm for BO1, B02 and BO03, respectively. The total beam length /iean Was
selected to promote bending failure in each configuration. The layout of horizontal
lamination consisted of one and two “full width” laminations for configurations BO1 and
B02 while for configuration BO3 the horizontal layout was composed of two full-width

laminations and one lamination with reduced width equal to 27 mm. The total lamination

thickness in the horizontal ¢, and vertical 7, directions was equal to 35 and 70 mm,

respectively. Table 5.3 And Figure 5.6 summarize geometrical dimensions and number
of specimens for each configuration where [ is the length between the supports and «a is

the distance between the load application point load and the nearest support. Some
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details of the experimental setup and boundary conditions are depicted in Figure 5.7. One
WDS was used to determine the total vertical deflection, wgos, at the mid-span, while
another WDS measured the local relative displacement, wi,., between the centre of the
beam and two fixed point located within the null-shear zone, represented by the ledger of

length, /.. according to EN408.

Table 5.3: Configurations of CLT beams with vertical outer laminations
Specimen number n. of specimen  hbeam [Mm]  lbeam [mm] 1[mm] a[mm] lied [mm]

B 01 3 89 1050 1020 300 400
B 02 3 178 1050 1020 300 400
B 03 1 205 2700 2522 850 400

178

15 a=300 T pa= 400 0 g= 300 15
/1.7 15~ a=300 10 L pq= 400 I a= 300 T15
eam
(B01) Tyeam=1050
. (B02)

S
205

i (Al

& [ J [
= Ladger
89 a=850 211 1,4 400 ZIT 6850 89
Toeam= 2700
(B03)

Figure 5.6: Test set-up configurations
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Figure 5.7: Four-point bending test
The results from the beam tests (Figure 5.8) are summarized in Table 5.4, including
maximum load E,,,, calculated bending strength, f,,, using Equation 1 and the effective

modulus of elasticity along the longitudinal direction E;.

fn = o= (1)

N Wnet,h
where the maximum bending moment, M,,,,, and the elastic section modulus, W,,;, are

obtained from Equation (2) and (3), respectively:

Fmax
Minax = Ta (2)

t-h?
Whet = hT (3)

where a is the distance between the support and the load application point and ¢, is the
total thickness of horizontal layers of the beams equal to 35 mm. The effective local

modulus of elasticity along the longitudinal direction, E; is calculated using a linear

regression between 10% and 40% of the maximum load, following EN408.
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In determining the area moment of inertia, I,,., only the contribution of horizontal layers

was considered.

Figure 5.8: Mid-span failure observed in the beam during Specimen BO1, Test 3

Table 5.4: Maximum load and bending strength of CLT beam tests
Specimen number  Test Fnax [kN]  fin [KN]  E; [kN]

B 01 #1 4.6 14.0 7.2
#11 9.0 27.0 7.5
#I11 7.8 24.0 7.4

B 02 #1 19.0 14.5 5.1
#11 19.6 14.9 5.0
#I11 7.6 - -

B 03 #1 6.5 10.6 4.4

5.3. Behaviour of full-scale shearwalls

All shearwall specimens were loaded until complete failure. The displacement-controlled
loading process continued even after the initiation and full development of cracks in either
the lintel or parapet in order to observe the progression of failure beyond the initial panel
failure and until hold-down failure. All shearwalls exhibited crack initiation in the lintel or
parapet, however, two different scenarios related to the propagations of cracks were
observed. Scenario 1 (Figure 5.9) can be described by a rapid propagation of cracks in
the lintel, which caused a significant drop in the load of more than 15%. The loading
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increased after the drop until the ultimate failure occurred in the hold-down. Scenario 2
represents a relatively slow propagation of cracks in either lintel or parapets that resulted
in a small drop of less than 10% in the load, and/or contributed to a decrease in the lateral
stiffness of the wall in conjunction with yielding of the mechanical anchors (Figure 5.10).
Similar to Scenario 1, the ultimate failure was related to the failure of either one or two

hold-downs.

Typical examples of walls that behaved in a manner consistent with what is described in
Scenario 1 are Wall 01, Wall 08 and 09. To illustrate this, Wall 01 is used as an example,
where the drop in capacity occurred immediately after the crack initiation, which occurred
at the opening corner (Point 1 in Figure 5.9). The observed failure mode was identified
as net shear and the ultimate failure occurred in the hold-down (Point 2 in Figure 5.9).
While Wall 08 exhibited very similar overall performance to that described for Wall 01,
including the initial failure being in net shear, Wall 09 had a more complex failure
mechanism involving crack propagation due to both net shear and torsional shear. This
observation was substantiated in the force-displacement curve, as shown in Figure 5.11,
where failure initiated in net shear at the center of the lintel (Point 1) followed by torsional
shear failure (Point 2). Plastic behaviour was then observed until the ultimate failure in

the outer hold-down (Point 3).
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Figure 5.9: Force-displacement curve and crack propagation of Wall 01
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Figure 5.10: Force-displacement curve and crack propagation of Wall 08
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Figure 5.11: Force-displacement curve and crack propagation of Wall 09

Scenario 2 can be illustrated using Walls 02 and 03 (Figures 5.12 and 5.13). These walls
had similar configurations and exhibited similar behaviour despite different initial failure
modes were observed in the lintels, namely net shear for Wall 02 and bending for Wall
03. Although the initial crack propagation occurred at the corner of the lintel (Figure 5.12)
the initial drop in this scenario was insignificant and the walls experienced gradual
increased in capacity. The failure of the inner hold-down anchor resulting in a sudden
drop in load capacity (Point 2). Failure in the outer hold-down caused the ultimate failure

of the walls (Point 3).
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Figure 5.12: Force-displacement curve and crack propagation of Wall 02
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Figure 5.13: Force-displacement curve and crack propagation of Wall 03

A slight variation from Scenario 2 described above for Wall 02 is demonstrated by Wall
04 and Wall 06, which exhibited a small drop in the capacity (Point 1 in Figures 5.14 and
5.15) due to torsional shear failure. The wall capacity was maintained even after the

separation in the outer laminations caused by the torsional failure, while the stiffness was
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reduced significantly, since only the horizontal layers contribute to the shear stress

propagation.

The general behaviour of Walls 05 to 08 was very similar to those observed in Wall 04.
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Figure 5.14: Force-displacement curve and crack propagation of Wall 04
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Figure 5.15: Force-displacement curve and crack propagation of Wall 06

A particular case was observed in Wall 10, where the failure of the inner hold-down (Point

2 in Figure 5.16) occurred immediately after the crack opening due to net shear failure in
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the lintel, which caused the ultimate failure in the wall. If the hold-down had higher
displacement capacity it would be anticipated that the behaviour of Wall 10 would also be

similar to that of Wall 04.
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Figure 5.16: Force-displacement curve of Wall 10

Crack development in the parapet was only observed in Walls 11 and 12, however this
did not alter the fact that these walls had consistent behaviour to that observed in Walls
02 to 07. The failure mechanism is illustrated in Figure 5.17 and 5.18 for Walls 11 and 12

respectively.
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Figure 5.17: Force-displacement curve of Wall 11
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Figure 5.18: Force-displacement curve and crack propagation of Wall 12

The observation regarding the failure modes in the walls showed multiple and complex
failure mechanisms; however, initial failure mode was always in the CLT panels for all the
configurations investigated. In general, walls which had identical configurations behaved

in a similar and consistent way. Relatively minor differences can be attributed to variability
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in wood especially when dealing with cut openings and potential difference in the
transverse laminations. The fact that net shear failure caused a sudden and significant
drop in capacity in some walls (Walls 01, 08 and 09), could not be generalized since other
walls exhibited net shear failure but the drop was not significant (Wall 02 and 10). This
could be partially attributed to the difficulty the authors encountered in identifying net

shear failure in some cases.

For example, in Wall 05 (Figure 5.19), a clear distinction between net shear and bending
failure was not possible. It was also observed that when the crack initiation was due to
torsional shear failure, the drop in capacity was insignificant and the capacity was
maintained, the stiffness was significantly reduced and the shearwall exhibited a long
plateau (Walls 06, 07 and 12). As mentioned earlier this could be due to the loss of outer
vertical laminations and the reliance on the horizontal laminations to contribute to the
shear stress propagation. It is noteworthy to mention that in shearwalls with door opening,
the failure of hold-down occurred in either the outer or inner hold-down, since the wall
segments were characterized by one centre of rotation each, resulting in a similar tensile

load in hold-downs.
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Figure 5.19: Force-displacement curve and crack propagation of Wall 05
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Figure 5.20: Force-displacement curve and crack propagation of Wall 07

A summary of failure modes and magnitude of load drops for CLT shearwall specimens
is reported in Table 5.5. The experimental results, including the maximum load F,,,, and
its corresponding displacement &5, lateral stiffness of the shear wall k (calculated as
the slope between 10% and 40% of the maximum load), ultimate load FE, and

displacement §,, are reported in Table 5.6.

Standard procedures typically define the ultimate conditions in timber connections and

assemblages as the condition corresponding to a value of load equal to 80% of the
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maximum load. After the maximum load, either a decrease of the load associated with a
ductile behaviour of the assemblage or a significant drop caused by a brittle failure is
observed, and the ultimate condition conventional corresponds to a drop in the load equal
to 20%. Such procedure is certainly appropriate for CLT shearwalls with cut-out openings
where Scenario 2, as described in the current study, is observed. The load drop related
to crack opening is relatively small, and the maximum load corresponds to the ultimate
condition related to the failure of first hold-down. Conversely, when Scenario 1 occurred,
after a significant load drop due to the CLT panel failure, the shearwalls were capable of
increasing the load up to failure in the hold-down. The procedure reported in the testing
standards does not seem appropriate for, for example, Wall 01, where the initial drop after
the maximum load was greater than 20%, but where a significant amount of the strength
was recovered and the load increased to over 90% of the maximum load. As a result, the
second drop can be considered for the definition of the ultimate condition. It is noteworthy
to mention that, for Wall 09, the drop of the maximum load (equal to 20%) was not
followed by any increase of the load. For this reason, differently from Wall 01, it was

assumed that the ultimate condition corresponded to the first drop.

Table 5.5: Summary of Failure Modes and Load Drops for CLT Shearwall Across Multiple Scenarios

Failure Step 1 Failure Step 2 Failure Step 3
Loa Loa Loa
F F Failur F
Scena 9 d Failure ) d ) d
Wall ID Failure Mode  [kN [kN e [kN
rio [mm] drop mode [mm] drop [mm] drop
] ] mode ]
[%] [%] [%]

Wall 01 1 P. Net Shear 76.1 37.7 28.1 HD-out 752 84.6 41
Wall 02 2 P.Net Shear 545 459 1.7 HD-inn 61.1 91 414 352 127  76.7

Wall 03 2 P. Bending 41 31.7 9 HD-inn 634 789 443 374 989 759
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P. Torsional

Wall 04 2 633 349 115 HD-out 71.4 93 45.7 39 1455 482
Shear
Wall 05 2 P. Bending* 61.7 60.5 6.8 HD-out 62 81.7 492 - 35,1 88.8 79.8
P. Torsional
Wall 06 2 66.7 33 3 HD-out 60.1 81 44.6 - 36 106 778
Shear
P. Torsional
Wall 07 2 479 37.8 2.7 HD-inn 60.2 953 51 - 312 1458 57.7
Shear
Wall 08 1 P. Net Shear 80 246  20.2 HD-out 989 819 446 - - - -
P.Torsional HD-
Wall 09 1 P.Net Shear 854 245 162 90.5 48.6 193 76.1 72 62.3
Shear out
Wall 10 2 P. Net Shear 80.2 64.5 5.6 HD-inn 762 67.6 47.6 - - - -
P. Torsional
Wall 11 2 58 329 2.2 HD-inn 48.5 108.2 61 - - - -
Shear
P. Torsional P. Net
Wall 12 2 46.2 58.4 5.7 453 92,6 223 - 29.7 127 6.4
Shear Shear
P.: Panel; HD-out: outer hold-down; HD-inn: inner hold-down
* a clear distinction between bending and net-shear failure was not possible
Table 5.6: Mechanical parameter obtained from the force-displacement curve
Fmax 6Fmax k Fu 6u
Test Label
[kN] [mm] [kKN/mm)] [kN] [mm]
Wall 01 D2200-400/600 81.0 37.1 2.30 60.2 85.7
Wall 02 61.5 89.6 1.34 49.2 92.6
D2200-200/600
Wall 03 63.5 78.1 1.40 50.8 80.4
Wall 04 D2400-400/800 73.1 90.1 2.16 58.5 93.3
Wall 05 D2400-200/800 62.9 80.5 1.36 50.3 82.0
Wall 06 66.8 329 2.17 53.4 80.3
D2700-400/1100
Wall 07 62.2 94.9 1.98 49.8 96.1
Wall 08 101.5 81.7 3.34 81.2 83.8
D2700-400/600
Wall 09 90.5 48.5 3.87 72.4 74.2
Wall 10 D2700-200/600 80.2 64.4 2.17 64.2 67.6
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Wall 11 D2500-200/1100 583 314 2.33 46.6 108.2

Wall 12 D2700-200/1300 47.0 56.2 2.14 37.6 92.6

5.4. Comparison of results obtained from FEM with experimental test

A detailed comparison between the finite-element predictions presented in Chapter 3 and
the laboratory data summarised in Table 5-7 shows that the numerical model reproduces
the global response of the walls with mixed success (Figures 5.21 till 5.32). In terms of
failure type, the FE analysis consistently distinguishes bending-dominated from shear-
dominated behaviour; however, it occasionally misclassifies net-shear failures as
torsional-shear failures (and vice-versa). This discrepancy is chiefly attributed to the
shear- and torsional-strength parameters adopted for the model, which were derived as
mean values from independent beam tests and therefore do not capture specimen-to-

specimen variability.

When peak panel capacity is examined, performance depends on the opening
configuration. For the ten shearwalls containing door openings, the mean ratio of

experimental test strength to FE strength is 0.93, indicating very good agreement.

By contrast, the two shearwalls incorporating window openings and a parapet section are
markedly over-predicted, with a mean ratio of 0.41. The load—displacement curves for
Walls 11 and 12 (Figures 5.31 and 5.32) reveal that the numerical stiffness matches the
experimental curve up to the onset of cracking, after which the real wall exhibits an abrupt

strength drop that the present linear model cannot simulate.

Agreement is poorer for the hold-down failure force comparison. The average strength

obtained from experimental test to FE ratio is 0.38. Because the analysis is linear elastic,
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the computed anchor load continues to rise until ultimate capacity is reached, whereas

the physical anchors experience a sudden post yield drop that the model omits.

In summary, the current FE framework provides reliable stiffness, and strength estimates
for walls with door openings and accurately differentiates bending from shear failures.
Nevertheless, it requires improved material characterisation or, more realistically, a
nonlinear constitutive upgrade before it can predict torsional-shear mechanisms, parapet
effects, and the rapid strength accurately capture how the hold-down anchors start to

weaken so engineers can use the results in design.

An important source of discrepancy is observed in shearwalls with window openings and
parapets. Experimental results consistently showed crack initiation and rapid stiffness
reduction in the parapet, whereas the FE model predicted a more ductile progression
governed by connections. This observation indicates that while the FE framework is
reliable for walls where door lintels dominate the behaviour, its predictive capability for
parapet-sensitive configurations remains limited. Addressing this shortcoming requires
nonlinear panel formulations or fracture mechanics approaches to model crack initiation

and propagation in parapet regions.
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Figure 5.21: Push-over curves obtained from experimental test compared with FE model for wall 1
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Figure 5.22: Push-over curves obtained from experimental test compared with FE model for wall 2
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Figure 5.23: Push-over curves obtained from experimental test compared with FE model for wall 3
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Figure 5.24: Push-over curves obtained from experimental test compared with FE model for wall 4

118



Wall 05
120

Force [KN]
3

Displacement [mm]

——Experimental — Numerical

Figure 5.25: Push-over curves obtained from experimental test compared with FE model for wall 5
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Figure 5.26: Push-over curves obtained from experimental test compared with FE model for wall 6
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Figure 5.27: Push-over curves obtained from experimental test compared with FE model for wall 7
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Figure 5.28: Push-over curves obtained from experimental test compared with FE model for wall 8
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Figure 5.29: Push-over curves obtained from experimental test compared with FE model for wall 9
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Figure 5.30: Push-over curves obtained from experimental test compared with FE model for wall 10
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Figure 5.31: Push-over curves obtained from experimental test compared with FE model for wall 11
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Figure 5.32: Push-over curves obtained from experimental test compared with FE model for wall 12
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Table 5.7: Comparison of failure mode and failure force obtained from FEM compared with experimental tests

FEM Experimental test Divergence
Opening Hold-
Test ID Panel Hold-
type Panel Hold-down down
Failure failure Panel failure down
Failure mode failure force failure failure
mode force force failure
[KN] force [KN] force
[KN] force
[KN]
Wo1 Door Torsional shear 70.3 100.7 Net Shear 76.1 75.2 1.08 0.75
W02 Net Shear 54.5 61.1 1.08 0.58
Door Torsional shear 50.4 104.6
W03 Bending 41 63.4 0.81 0.53
Torsional
W04 Door Torsional shear 75.1 117 63.3 71.4 0.84 0.53
Shear
WO05 Door Bending 63.9 102.1 Bending 61.7 62 0.97 0.53
Torsional
W06 66.7 60.1 0.83 0.51
Shear
Door Torsional shear 79.9 119
Torsional
W07 479 60.2 0.6 0.51
Shear
Wo08 Net Shear 80 98.9 0.95 0.87
Door Torsional shear 84 114.2
W09 Net Shear 85.4 76.1 1.02 0.79
W10 Door Torsional shear 75.3 114 Net Shear 80.2 76.2 1.07 0.67
Torsional
W11 Window Hold-down - 113.2 58 48.5 - 0.43
Shear
Torsional
W12 Window Torsional shear 112.1 120.8 46.2 29.7 0.41 0.38
Shear

To validate the numerical model developed in this study (chapter 3), the initial in-plane

stiffness predicted by the finite-element model was compared with the corresponding

values obtained from the laboratory tests on all twelve wall specimens.
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The ratio of stiffness obtained from experimental tests to ones from numerical model was

calculated for each wall as shown in table 5.8.

The average experimental-to-numerical stiffness ratio is 1.0, confirming that the FE model
predicts the walls initial stiffness with perfect accuracy and without any consistent over-
or underestimation; this is clearly illustrated in Figures 5.21-5.32, where the FE load—
displacement curves almost exactly coincide with the experimental curves throughout the

linear range.

Individually, eight specimens deviate by less than ten percent, and ten by less than fifteen
percent, demonstrating a consistently high level of predictive accuracy. The only notable
discrepancies arise in two door-opening walls W08 and W09 whose measured stiffness
exceeds the numerical estimate by approximately sixteen and thirty-four percent,
respectively; these larger deviations likely stem from local connection behaviour or

material variability that is not fully represented in the current input parameters.

When the results are considered by opening type, the ten door-opening specimens yield
an average ratio of 1.01, while the two window-opening specimens yield 0.96, showing
that the model reproduces door-wall behaviour almost exactly and overestimates window-
wall stiffness only marginally. In summary, these findings confirm that the calibrated FE
model provides a reliable and accurate tool for predicting the initial stiffness of CLT
shearwalls with both door and window openings, requiring only minor, targeted

refinements for a few door-opening specimens.
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Table 5.8: Compatrison of stiffness calculated from FEM compared with experimental tests

FEM Experimental test Divergence
Stiffness Stiffness
Failure mode Failure mode Ratio
[KN/mm] [KN/mm]
WO1 Door Torsional shear 2.10 Net Shear 2.30 1.1
W02 Net Shear 1.34 0.81
Door Torsional shear 1.65
W03 Bending 1.4 0.85
w04 Door Torsional shear 2.10 T. Shear 2.16 1.03
Wo05 Door Bending 1.59 Bending 1.36 0.86
Wo06 T. Shear 2.17 1.04
Door Torsional shear 2.08
w07 T. Shear 1.98 0.95
W08 Net Shear 3.34 1.16
Door Torsional shear 2.88
W09 Net Shear 3.87 1.34
W10 Door Torsional shear 2.39 Net Shear 2.17 091
Wil Window Hold-down 2.33 T. Shear 2.33 1
W12 Window Torsional shear 2.32 T. Shear 2.14 0.92
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Chapter 6: Conclusions

6.1 Purpose and Scope

This chapter consolidates the key findings from three complementary investigations that
together underpin the finite-element modelling strategy adopted in this thesis. The
numerical FE study of multi-storey CLT shearwalls with openings forms the core of the
work; its accuracy is demonstrated through validation against a full-scale experimental
campaign on single-storey monolithic CLT shearwalls, while a series of CLT beam tests
with vertical outer layers supplied representative mean material properties for the

mechanical properties used in the FE model.

6.2 Numerical Analysis of Lintel-Beam and Parapet Effects in Multi-Storey CLT

Shearwalls

The current thesis presents the results of an extensive numerical analysis using a
validated Finite Element model, with the aim to investigate the influence of the
geometrical and mechanical properties of lintel beams and parapets on the stiffness and
strength of multi-storey CLT shearwalls with door or window openings. In general, it can
be observed that monolithic models, which take into account the interaction between the
lintel beam, parapet and the wall segments, resulted in strength and stiffness values that
are significantly higher than those obtained in cases where a segmented shearwall was
assumed. Despite the fact that this interaction is typically ignored by designers, the
analysis clearly shows that when the contributions of these elements are accounted for,
it could potentially lead to increased design efficiency. In the vast majority of the

investigated cases on shearwalls with window openings, an increase of the peak load of
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more than 100 % can be observed between monolithic and segmented shearwalls, which
was more pronounced when the number of storeys is increased; the increase in peak

load reached nearly seven-fold in one of the analysed cases.

The increases in stiffness and peak load values are relatively smaller for shearwalls with
door openings, albeit not insignificant. For CLT shearwalls with window openings,
changing the height of the lintel beam does not seem to have any significant effect on the
failure modes; this is mainly attributed to the role of the parapet, which appears to have
a great influence on the failure mechanism even though no structural function is typically

associated with it.

For shearwalls with door openings, the lintel height significantly affects the failure
mechanism, and a shift in failure mode is observed when the lintel height is changed: at
intermediate lintel heights (400mm) failure occurs in the lintel beam; at small lintel heights
(200mm) the wall segments behave like two cantilevered walls and failure occurs in the
hold-downs; at large lintel heights (800 mm) the shearwalls behave mostly like a single-
panel shearwall with no opening and failure occurs in the mechanical anchors. Ratios of
peak load from 1.20 to 1.90 and from 1.38 to 2.64 were observed when the lintel height
changed from 0.2 m to 0.8 m for two- and six-storey shearwalls respectively, the

maximum ratio being 6.44 for a six-storey wall with a lintel width of 0.6 m.

6.3 Full-Scale Experimental Campaign on Monolithic CLT Shearwalls with Cut-Out

Openings

The results of an experimental campaign conducted on twelve full-scale monolithic CLT

shearwalls with cut-out openings are presented in chapter 5. Differently from previous
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experimental studies available in the literature, where a very limited number of shearwall
specimens involved failure in the CLT panel, all shearwalls tested in this study exhibited
crack initiation in the lintel or parapet as an initial failure while the ultimate failure occurred

in the hold-down.

Two different scenarios for crack propagation were presented with significant impact on
the behaviour of the walls, and multiple and complicated failure mechanisms were
observed, making the identification of net shear failure or the distinction between net

shear and bending failure challenging.

The numerical prediction was reasonable in terms of load-displacement curves and
successfully predicted the location of cracks in the CLT panels prior to hold-down failure.
From a quantitative perspective, the discrepancies between the numerical models and
experimental tests in terms of maximum load and stiffness were reasonable, while those
in terms of displacement at maximum load were significantly less accurate; the influence
of variability in material mechanical properties was found to be crucial to the numerical

prediction.

6.4 CLT Beams with Vertical Outer Layers

Chapter 4 of this thesis aimed to establish a better understanding of the mechanical
behaviour of CLT beams with vertical outer layers, providing valuable information
regarding the failure modes and mechanical parameters that can be adopted, particularly

in the verification of lintel beams in CLT shearwalls with cut openings.

A total of thirty-six beams consisting of two different lay-ups were tested. An analytical

model originally developed for CLT beams with horizontal outer layers was evaluated for
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adoption to beams with vertical outer layers in order to propose a methodology to
determine their resistance and stiffness. Beams with vertical outer laminations designed
to fail predominantly in bending consistently achieved that failure mechanism. Torsional
and net shear failures were also observed in some beams and were characterised,
respectively, by rotation and separation of the outer laminations from the inner layers and

by parallel sliding between the outer laminations.

For beams designed to fail in bending, a significant difference was observed between
three-ply and five-ply specimens, confirming an inverse correlation between bending
strength and lamination thickness that is likely related to the probability of critical defects
in larger-dimension lumber. Existing calculation models for bending strength, gross shear
strength and net shear strength of CLT beams with horizontal outer laminations can be
adopted without adjustment for beams with vertical outer laminations; however, analytical
models for torsional strength required adaptation, and the proposed models were

successfully verified against data from the current study and the literature.

6.5 Future works

Building on the comparisons presented in Chapter 5 for single-storey monolithic CLT
shearwalls with door and window openings, the numerical model has proved highly

effective at predicting failure mode, peak load, and initial stiffness.

In the linear range the finite-element response overlaps the test curves almost perfectly;
however, once a crack forms and the load begins to drop, the model cannot track the
sudden loss of stiffness observed in the experiments. This limitation arises because,

although the fastener and hold-down connections are already represented with non-linear
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spring elements (see Chapter 3), the CLT panels themselves are still treated as linear
elastic. Incorporating material non-linearity into the panel formulation is therefore a key

next step.

The present FE framework has also been validated only against single-storey walls
containing a single opening. Extending the validation to multi-storey configurations and
to walls with multi-openings is essential if the model is to be used confidently in full-
building design. Additional experimental data at those scales would support calibrating
not only the panel non-linearity just noted but also potential interaction effects between

storeys and between closely spaced openings.

This extra work will finish the model, letting it accurately predict how any real-world CLT
shearwall behaves overall and where damage will start and spread.Collectively, these
recommendations aim to inform more robust and reliable design approaches for CLT
shearwalls with openings, bridging the gap between current research findings and

practical engineering guidelines.
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