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Abstract  

Balloon-type Cross-Laminated Timber (CLT) shearwall systems have been increasingly adopted 

as lateral load-resisting systems in mid-rise timber buildings. Compared with platform-type 

configurations, balloon-type shearwalls mitigate bearing failure associated with perpendicular-to-

grain compression at floor levels, while also reducing cumulative vertical shrinkage and the 

number of structural connectors and panels. Despite these advantages, research on balloon-type 

CLT shearwalls remains limited, and their behaviour is not explicitly addressed in many current 

timber design codes. 

This thesis presents a comprehensive investigation of the lateral deformation behaviour and 

kinematic mechanisms of balloon-type CLT shearwall systems through a combined analytical, 

numerical, and experimental approach. A parametric sensitivity analysis was first conducted using 

finite-element (FE) modelling to examine the influence of hold-down stiffness, vertical joint 

stiffness, panel aspect ratio, number of panels and vertical loading on lateral stiffness, kinematic 

modes, and deformation components of multi-panel shearwalls. The results demonstrate that 

bending deformation is a fundamental component of the lateral response of balloon-type 

shearwalls, and that kinematic mode transitions significantly affect the contribution of rocking 

deformation. 

Based on these observations, an analytical model was developed to estimate the total lateral 

displacement of balloon-type CLT shearwalls. The model accounts for bending deformation using 

the γ-method, as well as shear and rocking deformation components, initially formulated for a two-

panel configuration. Validation against FE simulations showed good agreement, with the 

analytical predictions of top lateral displacement exhibiting an average error of less than 5%. 
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A full-scale experimental programme was subsequently carried out on eleven two-storey multi-

panel balloon-type CLT shearwall specimens. The test matrix covered a wide range of parameters, 

including the number of hold-downs (one to four), number of vertical joints (eight to sixty-five), 

panel aspect ratio (4.17 to 8.33), and the number of panels (one to four). The experimental results 

provided detailed insight into deformation sequences, failure mechanisms, kinematic modes and 

deformation compatibility among panels. 

A systematic comparison between experimental results and corresponding analytical and 

numerical predictions was performed, highlighting both consistencies and sources of discrepancy. 

The findings confirm the validity of the proposed analytical framework while also identifying its 

limitations.  

Overall, this research advances the understanding of deformation and kinematic mechanisms in 

balloon-type CLT shearwalls and provides a foundation for further development of analytical 

models and future design provisions. The results demonstrate that bending deformation represents 

a significant component of the lateral response of balloon-type CLT shearwalls and should not be 

neglected in the deformation prediction. The study also shows that the kinematic behaviour of 

multi-panel shearwalls is strongly influenced by panel aspect ratio and connector stiffness, which 

govern the contribution of rocking deformation and the transition of kinematic modes. 

Experimental observations further indicate that hold-down failure is generally the governing 

failure mechanism. Moreover, for a given total wall width, the use of slender panels can 

significantly enhance deformation capacity without reducing lateral resistance, providing 

favourable implications for the seismic design of balloon-type CLT shearwall systems.  
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𝒌𝒉𝒅 Tensile stiffness of hold-down 

𝒌𝒉𝒅* Normalised tensile stiffness of hold-down 

𝒌𝒗𝒋 Total shear stiffness of vertical joints 

𝒌𝒗𝒋* Normalised total shear stiffness of vertical joints 

𝒌𝒔𝒍 Horizontal stiffness of angle brackets  

𝒌̃ Relative stiffness defined as ratio between 𝑘ℎ𝑑 and 𝑘𝑣𝑗 

𝒎 Number of total layers of CLT panel 

𝒏 Number of storeys spanned by the shearwall system  

𝒏𝒓 Number of rows of vertical joints 
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𝒑𝟎, 𝒒𝟎 Parameters in determining value of 𝛼𝑇   

q Uniformly distributed vertical load applied at each floor 

𝒒(𝒙) Function of the lateral loads  

𝒔𝒆𝒇𝒇 Spacing between vertical joints along the vertical direction 

𝒕 Thickness of each lamina 

𝒕𝒎𝒆𝒂𝒏 Mean thickness of each laminar layer of CLT panels 

𝒘𝒍 Width of each lamina strip 

𝒘(𝒙) Function of lateral deflection 

∆𝒉𝒅 Tensile displacement (uplift) of hold-down 

∆𝒗𝒋 Shear displacement (slip) of vertical joints between two panels 

∆𝒕𝒐𝒕𝒂𝒍 Total lateral displacement of shearwalls 

∆𝒃𝒆𝒏𝒅𝒊𝒏𝒈 Lateral deformation of shearwalls caused by bending 

∆𝒔𝒉𝒆𝒂𝒓 Lateral deformation of shearwalls caused by shear 

∆𝒔𝒍𝒊𝒅𝒊𝒏𝒈 Lateral deformation of shearwalls caused by sliding 

∆𝒓𝒐𝒄𝒌𝒊𝒏𝒈 Lateral deformation of shearwalls caused by rocking 

∆𝒓𝒐𝒄𝒌𝒊𝒏𝒈,𝑪𝑷 Rocking deformation under CP mode 

∆𝒓𝒐𝒄𝒌𝒊𝒏𝒈,𝑺𝑾 Rocking deformation under SW mode 

∆𝒎𝒂𝒙 Lateral displacement of tested shearwall specimens at peak load 

∆𝒖 Ultimate displacement of tested shearwall specimens 

∆𝒕𝒐𝒕𝒂𝒍,𝑪 Total lateral displacement at the top of tested shearwall specimens 

∆𝒕𝒐𝒕𝒂𝒍,𝑮 Gross total lateral displacement measured at the top of shearwalls Corrected 

∆𝒓𝒐𝒄𝒌𝒊𝒏𝒈,𝑩 Displacement component induced by rotation of the foundation beam 

∆𝒔𝒍𝒊𝒅𝒊𝒏𝒈,𝑩 
Displacement component induced by rigid-body translation (sliding) of the 

foundation beam 

∆𝑷𝒐𝒊𝒏𝒕 𝑨 Vertical displacement measured at Point A on the foundation beam 

∆𝑷𝒐𝒊𝒏𝒕 𝑩 Vertical displacement measured at Point B on the foundation beam 
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∆𝑷𝒐𝒊𝒏𝒕 𝑪 Lateral displacement measured at Point C on the foundation beam 

∆T-hd, max Tensile displacement at the maximum resistance of hold-down 

∆T-hd, u Ultimate tensile displacement of hold-down 

∆S-vj, max Shear (slip) displacement at the maximum resistance of vertical joint 

∆S-vj, u Ultimate shear displacement of vertical joint 

𝜶𝑻 Correction factor in determining the value of 𝐺∗ 

𝜸, 𝜸𝟏, 𝜸𝟐 Correction parameters in determining the value of  𝐸𝐼𝑒𝑓𝑓 

𝜿 Form factor for cross-section area in determining the value of 𝛥𝑠ℎ𝑒𝑎𝑟 

𝜽 Rotation angle of panels in rocking deformation 

𝝋 Rotation angle of the foundation beam under lateral loads 

Φ Diameter of circular cross-section or openings 

𝜺 Error between FE modelling and testing results 
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List of definitions 

     

Aspect ratio (h/b): the ratio of the height to the width of an individual wall panel. 

Coupled-panel (CP) behaviour: the kinematic mode in which individual panels rotate about their 

respective local rotation points. 

Single-wall (SW) behaviour: the kinematic mode in which the entire shearwall system rotates 

about a single rotation centre located at one end of the wall. 

Intermediate (IN) behaviour: a transitional kinematic mode exhibiting characteristics between 

CP behaviour and SW behaviour.  

Longitudinal layer: a CLT layer in which the grain direction is parallel to the longitudinal (major) 

axis of the panel.  

Transverse layer: a CLT layer in which the grain direction is parallel to the transverse (minor) 

axis of the panel.  

Hold-down: a steel connector installed between the wall panel and the foundation to resist uplift 

forces induced by overturning moments under lateral loading. 

Vertical joint: a steel connector installed between adjacent wall panels to provide shear resistance 

against relative slip induced by lateral loads.  
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1. Introduction 

1.1. Background 

Cross-Laminated Timber (CLT) has been increasingly adopted in mass timber construction since 

the 1990s (Karacabeyli and Gagnon, 2019). These structural elements are plates that typically 

comprise of an odd number of lumber layers arranged orthogonally (i.e., at 90 degrees) to each 

other and bonded along their wide faces using structural adhesives. Some manufacturers would 

also glue the narrow faces of the boards, however due to the natural development of shrinkage 

cracks, this technique is less common. The number of layers typically ranges from three to nine, 

with individual lamina thicknesses varying between 16 mm (5/8 inch) and 51 mm (2 inches), and 

widths ranging from 60 mm (2.4 inches) to 240 mm (9.5 inches). CLT panels can be manufactured 

in lengths of up to 18 m (60 feet) and widths of up to 3 m (10 feet). ANSI/APA PRG 320 

(ANSI/APA, 2021) governs the manufacturing of CLT panels in North America, while design is 

performed in accordance with CSA O86 (CSA Group, 2024) and the National Design 

Specifications (NDS, 2024), in Canada and US, respectively. An example of a typical 5-ply CLT 

panel is shown in Figure 1.1.  

 

Figure 1.1: Example of the configuration of a 5-layer CLT panel  

Longitudinal layers 

Transverse layers 

Fibre orientations 
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Due to its high in-plane strength and stiffness, ease of handling, favourable strength-to-weight 

ratio, and excellent thermal and acoustic insulation properties, CLT has been widely utilised in 

both wall and floor systems. It is particularly prominent in the construction of shearwalls and 

diaphragm systems that comprise a building’s lateral load-resisting system (Blass and Fellmoser, 

2004; Brandner and Flatscher, 2016; Izzi et al., 2018). In addition, CLT demonstrates considerable 

potential in the construction of taller buildings. Notable examples include the 18-storey Brock 

Commons Tallwood House in British Columbia, Canada (2017), where CLT was used for the floor 

system while concrete cores were used to resist the lateral loads, and the 13-storey Origine building 

in Quebec City, Canada (2018) with CLT floors and shearwalls constructed on a concrete podium. 

The Origine building consists of balloon-type CLT shearwalls akin to those investigated in the 

present study (Figure 1.2).  

  

Figure 1.2: Example of balloon-type construction: Photographs from the 13-storey Origine building in Quebec City, 

Canada (2018) (photographed by Stéphane Groleau1; source: https://www.nordic.ca/en/projects/structures/origine). 

Two primary typologies are commonly employed for CLT buildings: platform- and balloon-type 

construction. In platform-type construction, each floor level is completed with supporting walls, 

which then serve as a platform for the subsequent upper storey (Figure 1.3a). In contrast, balloon-

 
1 The images are reproduced here with authorisation from the photographer. 

https://www.nordic.ca/en/projects/structures/origine
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type construction involves continuous shearwalls that extend across multiple storeys, with floor 

panels connected to the interior face of the walls using various types of angle brackets (Figure 

1.3b). Compared to platform-type construction, balloon-type systems offer significant advantages, 

particularly in avoiding bearing failure (i.e., compression perpendicular to the grain) that typically 

occurs at floor levels due to the cumulative vertical load from upper storeys. Moreover, balloon-

type construction effectively reduces issues related to overall building shrinkage (Karacabeyli and 

Gagnon, 2019; Dickof et al., 2020; Shahnewaz, Dickof, and Tannert, 2021; Chen and Popovski, 

2020), which makes it suitable for application in mid- to high-rise timber construction. 

 
(a)                                                                                   (b) 

Figure 1.3: (a) Platform-type and (b) balloon-type CLT structural system 

Recent projects incorporating balloon-type shearwall systems in commercial and public buildings 

offer valuable precedents for both design practice and academic research. For instance, the 

Arboretum Project in New Hampshire, United States (AMC, 2019), features a three-storey 
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structure with a central core wall system composed of balloon-type CLT shearwalls, reaching a 

total height of 14 metres. The aspect ratios (height-to-width, h/b) of the panels in this project 

ranged from 5:1 to 20:1. Similarly, the Edifice 620 Saint-Paul project in Quebec, completed in 

2018 (MB, 2017), utilised a balloon-type shearwall core to resist lateral loads, where shearwall 

height was 13.2 metres, with aspect ratios ranging from 3:1 to 10:1. 

Another notable example is the Arbora Condos Griffin town project in Montreal (MB, 2018), 

which adopted a decentralised layout for the shearwall system. The panels spanned seven storeys, 

reaching a total height of 23.6 metres. Aspect ratios in this project ranged from 3:1 to 11:1, and 

each shearwall zone typically consisted of two or three panels (Figure 1.4). These examples offer 

practical benchmarks, particularly in terms of wall height, panel configuration, and aspect ratio, 

which serve to guide the parameters and model adopted in the present study. 

   

Figure 1.4: Another example of balloon-type construction: Photographs from the Arbora Condos project in 

Griffintown, Montreal.  

(photographed by Adrien Williams2; source: https://www.nordic.ca/en/projects/structures/arbora) 

 
2 The images are reproduced here with authorisation from the photographer. 

https://www.nordic.ca/en/projects/structures/arbora
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Despite the increasing adoption of balloon-type CLT shearwalls in modern timber construction, 

the current body of design standards and research remains insufficient. Existing codes and 

standards, including Eurocode 5 (CEN, 2004) and CSA O86 (CSA Group, 2024), do not provide 

explicit provisions and details tailored to balloon-type CLT shearwalls. Instead, the design 

approaches are primarily developed for platform-type assemblies and thus cannot adequately 

capture the distinctive deformation characters of balloon-type systems. 

At the same time, academic investigations on balloon-type CLT shearwalls remain scarce 

compared with the extensive studies on platform-type configurations. Limited experimental and 

numerical data are available to quantify the influence of key parameters such as stiffness of hold-

down and vertical joints and panel aspect ratio on the lateral response. Consequently, the 

understanding of their lateral resistance and deformation performance, as well as their failure 

mechanisms, remains incomplete. 

Given the increasing practical implementation of balloon-type CLT construction and the absence 

of corresponding design provisions, there is a critical need for systematic research to characterise 

their deformation behaviour and establish reliable design models. The present study therefore 

seeks to address this knowledge gap and to provide foundational data and analytical insights that 

can inform future development of design provisions. 

1.2. Objectives, methodology and contributions 

The overarching goal of this research project is to investigate the lateral deformation contribution 

and kinematic behaviour of balloon-type CLT shearwall systems. More specifically, the objectives 

of the study are as follow: 
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⚫ investigate the critical factors contributing to the lateral deformation of balloon-type CLT 

shearwalls,  

⚫ investigate the individual components’ contributions to the total lateral displacement of the 

shearwalls， 

⚫ develop a simplified theoretical model that that can describe the deformation behaviour of 

two-panel CLT walls, 

⚫ validate the accuracy of the developed theoretical models against experimental results. 

To address these objectives in a systematic and rigorous manner, the research adopts a 

methodology comprising the following steps: 

1. Literature review: 

A comprehensive review of existing research, design standards, and practical projects is 

conducted to establish the knowledge base, identify research gaps, and define the scope of 

the study. This step ensures the proposed work is grounded in existing theory while 

addressing unmet needs in the field. 

2. Numerical modelling and sensitivity analysis: 

A Finite Element (FE) model simulating the behaviour of balloon-type CLT shearwalls is 

developed to initially explore the influence of key parameters, such as hold-down stiffness, 

vertical joints (wall-to-wall connectors) stiffness, number of panels and geometrical 

dimensions (e.g. aspect ratio of a single panel), on lateral deformation. Sensitivity analyses 

are performed to isolate and evaluate the contribution of each parameter to overall wall 

performance. The model would later be assessed and validated using the results from the 

experimental study. 
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3. Development of a simplified analytical model: 

Based on insights from the numerical study, a simplified analytical model is formulated for 

predicting the lateral displacement in two-panel balloon-type shearwall configurations. The 

model integrates the deformation components such as panel rocking, shear, and bending. 

Its results are compared with those obtained from the numerical simulations. 

4. Full-scale experimental testing: 

An experimental program involving full-scale balloon-type CLT shearwall assemblies is 

undertaken. The testing captures failure mechanisms, load-deformation behaviours and 

kinematic modes under controlled monotonic lateral loading. The data collected serve both 

as a validation for the proposed model and as a reference for future design guidelines. 

This integrated approach ensures that both theoretical and practical aspects of balloon-type CLT 

shearwall behaviours are comprehensively addressed, as well as contributes new knowledge to 

support the development of relevant design provisions. 

The main contributions and novelty of this research lie in the identification of the critical 

parameters influencing lateral deformation through sensitivity analysis, and in the quantification 

of their respective contributions to the overall deformation response of balloon-type CLT 

shearwalls. Based on these findings, an analytical framework was developed in which the gamma 

method was employed to estimate the bending deformation component, while rocking models were 

formulated to represent different kinematic modes of the wall system. Furthermore, a series of full-

scale two-storey multi-panel tests were conducted to investigate the structural performance, 

deformation characteristics, and failure mechanisms of balloon-type CLT shearwall systems. 

1.3. Scope and limitations 
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This section defines the boundaries of the current investigation into the lateral response of balloon-

type CLT shearwalls. While the research integrates analytical modelling, numerical simulation, 

and full-scale testing to fulfill its objectives, some limitations due to practical constraints and 

simplifications need to be acknowledged: 

• In the sensitivity analysis, the stiffness of hold-downs and vertical joints was assumed to 

be linear. This assumption was adopted because the primary objective was to understand 

the role of key parameters governing the behaviour of balloon-type CLT shearwall systems 

rather than to investigate detailed failure mechanisms. 

• The assumption of elasticity was also incorporated into the analytical model with the aim 

to predict the lateral deformation within the elastic phase.  

• The analytical formulation focuses only on two-panel configurations.  

• Although the sensitivity analysis includes models up to four storeys, the experimental 

campaign is limited to two-storey specimens due to laboratory constraints and the practical 

challenges associated with constructing taller test assemblies. The floor diaphragms were 

also omitted from the experimental setup. 

• A uniform lateral load distribution is adopted, and only monotonic loading is applied in the 

experiments. They were implemented since the current emphasis is more on establishing 

the deformed and kinematic behaviour especially for multi-panel walls, which remain 

insufficiently explored in the literature. It is however recognised that future research and 

tests that include the dynamic or cyclic loading effects are required.  

• In order to isolate and evaluate the effects of hold-down and vertical joint stiffness on the 

lateral deformation and kinematic behaviour, no lateral sliding of the panels was allowed 

in the experimental campaign. This simplification helps to clarify the contributions of the 
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studied parameters. 

• Due to equipment limitations and construction complexity, vertical loads are not applied 

during experimental testing. However, their effects are examined and discussed in the 

analytical and numerical models to provide a more complete understanding of their 

influence on the lateral deformation behaviour. 

1.4. Organisation of thesis 

This thesis is organised into seven chapters as follows: 

⚫ Chapter 1 introduces the research background and foundational concepts, outlines the 

research objectives and methodology, and defines the scope and limitations of the study. 

⚫ Chapter 2 presents a comprehensive literature review relevant to balloon-type CLT 

shearwalls and related research. 

⚫ Chapter 3 details a sensitivity analysis conducted through FE modelling to evaluate key 

parameters influencing the behaviour of balloon-type CLT shearwalls. 

⚫ Chapter 4 proposes a simplified analytical model and provides verification of the derived 

expressions through comparison with numerical results. 

⚫ Chapter 5 describes the experimental investigation, including specimen preparation, test 

setup, loading procedures and test results. 

⚫ Chapter 6 compares the experimental findings with the outcomes from both analytical and 

numerical models, discussing consistencies and discrepancies. 

⚫ Chapter 7 summarises the key findings of the study and provides recommendations for 

future research. 
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2. Literature review 

This chapter begins with a review of fundamental studies on CLT material properties and 

connection systems (Section 2.1). Subsequently, research efforts focusing on CLT shearwall 

systems are examined (Section 2.2). Relevant codes and current design standards are discussed 

(Section 2.3), followed by a summary of the reviewed literature (Section 2.4).  

2.1. Materials and connections of CLT shearwall systems  

CLT, as an engineered wood product, has been defined by CSA O86 (CSA Group, 2024) to consist 

of five layup and grade classes: E1, E2, E3 (machine stress-rated (MSR) layups), and V1, V2 

(visually stress-graded (V-grades) layups). The manufacturing of CLT panels is governed by the 

ANSI/APA PRG 320 (ANSI/APA, 2021) standard, which specifies seven standardised layups 

based on species combinations and performance criteria. Several analytical and experimental 

studies have suggested a relationship between the wood properties in the parallel- and 

perpendicular-to grain directions, including the modulus of elasticity (MOE), where 𝐸90  is 

commonly determined as 𝐸0/30, longitudinal shear modulus 𝐺0 as 𝐸0/16, and the rolling-shear 

modulus 𝐺90 as 𝐺0/10 (e.g., Blass and Fellmoser, 2004; Bejtka and Lam, 2008; Mestek et al., 

2008; CSA Group, 2019; Karacabeyli and Gagnon, 2019). Using composite-beam theory, Blass 

and Fellmoser (2004) provided mechanics-based procedures to evaluate effective 

stiffness/strength of CLT products for in- and out-of-plane bending and axial actions. Subsequent 

work refined the global shear evaluation and proposed methods for estimating effective in-plane 

shear modulus G of CLT panels considering laminar properties and dimensions (Bogensperger et 

al., 2010; Brandner et al., 2017). 
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The stiffness, strength and ductility in CLT assemblies is typically governed by the mechanical 

connectors (Karacabeyli and Gagnon, 2019). Experimental programs have characterised hold-

downs, angle brackets, and panel-to-panel joints under monotonic and cyclic actions, including 

wall-to-wall, wall-to-floor, and floor-to-floor interfaces (Gavric et al., 2015a, b; Tomasi and Smith, 

2015; Hossain et al., 2015). Recent tests further quantified the contributions of hold-downs, angle 

brackets, and vertical joints in order to introduce capacity-based design provisions for platform 

type CLT shearwalls (Masroor et al., 2024). Studies on damping, ductility, and energy dissipation 

of connections have contributed to understanding the seismic behaviour of shearwall systems (e.g., 

Pulgar et al., 2018; Amini, 2018; Hayes et al., 2023). Numerical frameworks have also been 

developed to capture connection nonlinearity and failure mechanisms, including axial-shear 

interaction, stiffness degradation, and low-cycle fatigue under seismic loading in order to support 

reliable hysteretic representations used in analysis (Izzi et al., 2018; Pozza et al., 2018; Casagrande 

et al., 2020). Innovation in connector technology has included slip-friction and resilient slip-

friction devices for energy dissipation and re-centering, as well as high-capacity hold-downs and 

ductile X-brackets for improved hysteretic performance (Loo et al., 2014a, b; Hashemi et al., 2017, 

2018; Zhang et al., 2018; Trutalli et al., 2019). 

Schneider et al. (2012) documented damage mechanisms at wall-foundation interfaces under 

seismic actions. Stiff shear-key vertical joints were investigated as alternatives to dense screw 

patterns in order to tailor joint stiffness and energy dissipation (Polastri and Casagrande, 2022) 

and perforated steel plates with self-drilling dowels that promote coupled-panel action were also 

explored (Dires and Tannert, 2022).  

Overall, the combined understanding of CLT material orthotropy, effective property evaluation, 
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and connection mechanics provides the foundation for subsequent discussion of CLT shearwall 

resisting systems and code/standard provisions in the following sections. 

2.2. CLT Shearwall systems  

2.2.1.    Experimental investigations 

2.2.1.1.     Platform-type CLT shearwalls and related research 

Extensive testing on platform-type CLT shearwalls from component to full-building scales have 

established a baseline understanding that has largely shaped current modelling and design practice 

for CLT lateral load resisting systems. It includes the research on panels (Ceccotti et al., 2006; 

Hummel et al., 2013; Popovski et al., 2010; Yasumura and Ito, 2014), single-storey structures 

(Dujic et al., 2006; Hristovski et al., 2013), two-storey buildings (Matos et al., 2019; Pei et al., 

2018; Popovski and Gavric, 2015; Van de Lindt et al., 2018, 2019; Yasumura et al., 2016; Masroor 

et al., 2024), and three- to seven-storey full-scale tests (Ceccotti et al., 2006, 2008, 2010, 2013; 

Costa et al., 2013). 

Other research includes an assessment of hysteretic behaviour in both single-panel and coupled 

CLT shearwalls (Shahnewaz et al., 2023), investigations on seismic force modification factors (Pei 

et al., 2012, 2013a, 2013b; Van de Lindt et al., 2018), CLT structure with openings (Khajehpour 

et al., 2022, 2023) and post-tensioned or self-centering systems (Chen et al., 2018; Dunbar et al., 

2014; Moroder et al., 2018; Pei et al., 2019; Hajimirza et al., 2019), offering design solutions for 

enhancing the seismic resilience of CLT structures.  

Although the findings from the aforementioned studies do not directly relate to balloon-type 

shearwalls, they offer base knowledge and strategies to develop feasible methodologies for 
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balloon-type research. It also highlights the differences in theoretical development for taller and 

high aspect-ratio wall systems and motivates full-scale studies. 

2.2.1.2.     Balloon-type CLT shearwalls 

Research on the in-plane behaviour of CLT shearwalls commonly treats panels as rigid elements, 

where wall rocking controls the global lateral response (Brandner et al., 2016; Izzi et al., 2018; 

Breneman, 2015; Casagrande et al., 2020; Ceccotti et al., 2006a; Ceccotti et al., 2013; Popovski 

and Gavric, 2016; Pei et al., 2018). It is very important to note that these studies were all based on 

platform-type CLT shearwall systems and that due to the relatively higher aspect ratio in the 

balloon-type shearwalls, the behaviour is expected to be significantly different. Because of the in-

elevation continuity of the panels (hold-downs and angle brackets are used on the ground floor 

only) and higher values of panel aspect ratios, balloon-frame walls are expected to involve a higher 

deformation contribution related to bending and shear deformations of the panels compared to 

platform-type shearwall systems (Karacabeyli and Gagnon, 2019; Chen and Popovski, 2020; Li, 

Wang, and He, 2020; Krauss et al., 2024).  

Chen and Popovski (2020) examined four balloon-type shearwalls with aspect ratios of 4.9:1 

(single-panel) and 9.8:1 (double-panel), revealing that although the peak lateral capacities were 

comparable, double-panel walls exhibited greater plastic and ultimate deformations due to 

improved energy dissipation, with hold-downs identified as the critical failure component.  

Li et al. (2020) performed quasi-static cyclic tests on four one-third scale shear wall specimens, 

representing both platform-type and balloon-type configurations in single-panel and double-panel 

arrangements. Their results demonstrated that balloon-type walls exhibited higher initial stiffness 
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and greater energy dissipation, though lateral capacity was largely unaffected by the construction 

method. Subsequent testing by Wang et al. (2023) incorporated supplemental energy dissipators, 

demonstrating that balloon-type walls can achieve superior energy dissipation under rocking 

motion relative to platform-type, however, the panels used in this study had relatively low aspect 

ratios compared to typical balloon-type designs. 

Zhang et al. (2021) tested four full-scale, three-story buildings constructed with both platform and 

balloon-type shearwalls using narrow and wide panels. While providing valuable insights, the 

discussion was not focused on balloon-type performance, and all walls were primarily designed to 

behave as single-panel system. 

Dickof et al. (2020) and Shahnewaz et al. (2021) investigated the impact of ledger beams used to 

support floor systems from various materials and connection types. They concluded that ledger 

elements did not hinder wall rocking nor compromise their vertical load-carrying capacity. Krauss 

et al. (2024) conducted a study on coupled balloon-type CLT shearwalls with high-capacity 

screwed connections. Their findings indicated significantly higher strength and stiffness relative 

to traditional platform systems. However, their tests were limited to relatively low aspect ratios (< 

4) and did not consider multiple loading points along each diaphragm level, which are more 

representative of real multi-story balloon-type buildings. 

In summary, while platform-type behaviour is connection-dominated and rocking-controlled, 

balloon-type systems shift a significant share of deformation into panel bending and shear due to 

the high aspect ratios and vertical continuity. Existing tests, often at lower aspect ratio, with smaller 

scale or less focuses on investigating impacts of connectors’ stiffness, aspect ratios or the panel 

numbers, highlight the need for further full-scale investigations on tall, multi-panel balloon-type 
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shearwalls. 

2.2.2. Numerical analysis 

Izzi et al. (2018) summarised prevalent numerical modelling approaches employed for platform-

type CLT shearwall systems, in which CLT wall panels are represented using truss elements, two-

dimensional shell elements, or three-dimensional solid elements (e.g., Casagrande et al., 2016; 

Rinaldin and Fragiacomo, 2016; Izzi, Polastri and Fragiacomo, 2018). Connections in these 

models were commonly idealized as nonlinear link or spring elements with either uniaxial 

(Yasumura et al., 2016; Pozza et al., 2016) or biaxial (Fragiacomo, Dujic and Sustersic, 2011; 

Shen et al., 2013) stiffness properties. Broader building-scale modelling efforts are also 

represented in studies by Polastri et al. (2019), Pozza and Trutalli (2017), Rinaldin and Fragiacomo 

(2016), Sustersic et al. (2016), and Yasumura et al. (2016), providing insights into overall seismic 

behaviour and system-level interactions. In addition, Shahnewaz et al. (2017) investigated the 

effect of panel openings on in-plane stiffness through numerical parametric studies. 

Zhang et al. (2021) applied such modelling techniques to investigate the global seismic 

performance of 12-storey and 18-storey balloon-framed CLT structures, incorporating nonlinear 

connection modelling. Jafari et al. (2022) developed a nonlinear dynamic model to investigate the 

influence of ground motion duration on a two-storey balloon-type CLT building. Yang et al. (2022) 

conducted nonlinear time-history analyses of four 12-storey balloon-type rocking shearwall 

systems, validating their compliance with seismic performance objectives and supporting the 

design of high-rise resilient mass timber structures. Pan et al. (2023a) numerically evaluated the 

collapse fragility of a balloon-framed CLT school building under a suite of 21 ground motions. 

Their findings confirmed the structure met drift and collapse safety requirements at design-level 
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intensity. In a follow-up study, Pan et al. (2023b) analysed the seismic performance of a four-

storey balloon-framed CLT building incorporating self-centring, friction-based hold-downs.  

2.2.3. Analytical models 

Analytical modelling of CLT shearwall systems has predominantly focused on platform-type 

configurations. Casagrande et al. (2018) developed a multiple-panel analytical model 

incorporating three kinematic modes: coupled-panel (CP), single-wall (SW), and intermediate (IN). 

Based on the principle of minimum total potential energy, their model highlighted the importance 

of panel geometry and the stiffness of both hold-downs and vertical joints in governing kinematic 

modes and lateral deformation characteristics. Gavric, Fragiacomo and Ceccotti (2013) presented 

a two-dimensional analytical model for a platform-type two-panel wall system, emphasising the 

critical role of rocking behaviour in enhancing energy dissipation and ductility compared to sliding 

mechanisms. Tamagnone and Fragiacomo (2018) further contributed by formulating closed-form 

expressions for predicting rocking-induced deformation in CLT assemblies, assuming monolithic 

action and rigid vertical joints. Nolet et al. (2019) developed an analytical model to predict the 

nonlinear behaviour of multi-panel CLT shearwalls under lateral loads, distinguishing CP and SW 

responses. The validated model enables accurate force-displacement predictions and supports 

simplified design development. Masroor et al. (2020, 2021) introduced analytical expressions for 

the capacity-based design of multi-panel CLT shearwalls, considering bidirectional mechanical 

anchor behaviour. Their models offered improved predictive accuracy for lateral force-

deformation response and panel contact behaviour. 

In the context of balloon-type systems, Chen and Popovski (2020) proposed a mechanics-based 

analytical model to predict the lateral deformation of a two-panel CLT shearwall. The model 
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incorporated deformation contributions from panel bending and shear, as well as from sliding and 

rocking, both under rigid-base and elastic-base assumptions. Particular attention was given to the 

role of hold-down and vertical joint flexibility in controlling rocking behaviour. Li et al. (2020) 

identified bending, shear, rocking, and sliding as the primary deformation contributors in the 

proposed model. They recommended incorporating the effect of local crushing at the panel-to-

foundation interface to improve model accuracy. 

Based on the review of the analytical literature, it is evident that current analytical models for 

estimating the lateral deformation of balloon-type CLT shearwalls lack considerations of coupled 

behaviours between panels and kinematic modes, which requires further investigation.     

2.3. Current codes and standards 

In the current Canadian national standard (CSA Group, 2024), provisions related to CLT shearwall 

design apply exclusively to platform-type systems. The 2024 version introduces calculation 

methods for the resistance of shearwalls exhibiting different kinematic behaviours, including CP 

and SW responses. It also provides procedures for evaluating lateral stiffness resulting from shear, 

bending, rocking, and sliding mechanisms. In accordance with capacity-based design principles, 

the standard classifies energy-dissipative and non-dissipative connections and further specifies that 

the aspect ratio (height-to-length) of wall segments in platform-type systems should fall between 

2:1 and 4:1. 

The current Eurocode (CEN, 2004) includes no specific provisions for CLT structures. However, 

the draft second generation edition, prEN 1995-1-1:2025 and prEN 1998-1-2:2025 (CEN, 2025), 

is expected to introduce explicit references to CLT products and associated structural design 
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approaches. In particular, the new timber chapter of Eurocode 8 (prEN 1998-1-2:2025) includes 

guidance for multi-storey monolithic shearwalls and single-storey segmented shearwalls 

constructed with CLT.  

In comparison, CLT shearwall design has received limited attention in other national or regional 

standards. In the United States, SDPWS-2021 (AWC, 2021) lists requirements for CLT shearwalls, 

but the method of construction is limited to platform-type systems. In Japan, the AIJ Standard for 

Structural Design of Timber Structures provides general principles for timber structural design, 

however, it does not address the design of balloon-type CLT shearwalls or their associated 

detailing (AIJ, 2018). In Australia, AS 1720.1 (Standards Australia, 2010) primarily focuses on 

member-level design of timber structures and does not provide explicit system-level design 

procedures for CLT shearwalls or alternative construction configurations, including balloon-type 

systems. Finally, in China, the national timber design standard GB 50005-2017 (MHURD, 2017) 

and the technical code GB/T 50708-2012 (MHURD, 2012) do not currently include CLT shearwall 

systems. Although research initiatives and working drafts are underway, comprehensive design 

guidance for CLT shearwalls, particularly balloon-type configurations, has yet to be incorporated 

into formal standards.  

2.4. Summary 

The extensive body of literature on CLT material properties, connection behaviour, shearwall 

systems, and related code provisions shows that while platform-type shearwalls have been widely 

studied, comprehensive investigations involving full-scale experiments on balloon-type CLT 

shearwall systems remain scarce, albeit necessary and essential. 
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Some key observations based on the literature review include: 

⚫ Balloon-type CLT shearwall systems exhibit fundamental differences from platform-type 

systems due to continuous panel layouts in elevation and higher aspect ratios. These 

features may result in non-negligible panel bending deformation and different structural 

stiffness and strength performance. 

⚫ Compared to the well-studied platform-type systems, experimental investigations of 

balloon-type configurations are still relatively limited. Key studies have explored single- 

and double-panel walls, ledger beam effects, and connection behaviour, but full 

understanding under multi-storey and multi-panel remains lacking. 

⚫ Despite some analytical models have been developed to describe deformation 

characteristics, accounting for shear, bending, rocking, and sliding of balloon-type 

shearwalls, the impact of composite behaviour between panels due to the vertical joints 

and kinematic modes still needs to be considered in evaluating lateral displacement of 

balloon-type CLT shearwall systems.  

⚫ Current design codes do not explicitly address balloon-type systems. The absence of code 

guidance highlights the importance of continued research to support eventual codification 

and safe design practice. 

⚫ This thesis builds upon prior work by investigating the lateral deformation and kinematic 

modes of multi-panel balloon-type shearwalls experimentally, numerically and 

analytically, providing critical data to fill the gap in current literature and standards. 
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3. Sensitivity analysis 

A preliminary sensitivity analysis is conducted with the aim of understanding the role of key 

parameters governing the behaviour of balloon-type CLT shearwall systems. A secondary goal of 

conducting the sensitivity analysis is to inform the test matrix and specimen dimensions in 

following experimental programme. In general, the impact of the aspect ratios, stiffness of the 

hold-downs and vertical joints, and vertical loads are considered. In conducting the analysis, the 

commercial FE software package SAP2000 was employed (CSI, 2021). In total, 548 models were 

analysed. 

3.1. Validation of the numerical model 

To verify the methodology used in sensitivity analysis, the results obtained from the numerical 

model were compared with the backbone curve of the cyclically tested shearwall performed by 

Chen and Popovski (2020). The investigated shearwall consisted of two panels, each with 

dimensions 4,125 mm in height and 420 mm in length, as illustrated in Figure 3.1. The panels 

consisted of 5-ply CLT of Grade E1, and they were connected to the base using two pairs of hold-

downs (on the both sides of the panels), and panel-to-panel joints were arranged with an equal 

distance of 825 mm. A uniformly distributed gravity (vertical) load with a magnitude of 2.1 kN/m 

was applied at the top of two panels. A horizontal concentrated load was applied at the diaphragm 

level on top of the wall through a steel beam, which allowed rotation. 
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                                                     (a)                                                                              (b)                 

Figure 3.1: (a) Duplicated shearwall configuration and (b) FE model  

The moduli of elasticity of the longitudinal layers are assumed to be 11,700 MPa and 390 MPa, 

for E0 and E90 , respectively, while values of E0 equal to 9,000 MPa and E90 equal to 300 MPa are 

used in the transverse layers (Blass and Fellmoser, 2004; CSA Group, 2024). As a result, the 

effective moduli in the vertical E0, eff and horizontal E90, eff directions are calculated to be equal to 

7,140 MPa and 3,834 MPa, respectively (Brandner et al., 2017). The shear modulus G0 is taken 

equal to 731 MPa (CSA Group, 2024), hence, the effective shear modulus G* is equal to 380 MPa 

(Bogensperger et al., 2010). It was assumed that the vertical gap links, which simulate the 

foundation reaction, provided an axial compression stiffness equal to 1.0×106 kN/m (Casagrande 
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et al., 2018). The connection behaviour of the hold-downs, vertical joints and lateral restraints 

reported by Chen and Popovski (2020) are illustrated in Figure 3.2.  

 

                           (a)                                                           (b)                                           (c) 

Figure 3.2: The mechanical properties of (a) lateral restraints (b) vertical joints along the horizontal and vertical 

axes (c) hold-downs along the horizontal and vertical axes 

A comparison between the monotonically loaded shearwall obtained from the experimental results 

and the pushover modelling result is shown in Figure 3.3. In general, it can be observed that the 

fit between the model and the test results is reasonable, and deviations observed between the two 

curves could be attributed to the assumption related to the mechanical properties of connectors 

being idealized in the FE modelling analysis. As shown in Figure 3.3, the vertical joints yielded 

first, while the failure of the shearwalls is related to hold-down failure, which is consistent with 

that described by Chen and Popovski (2020). 

 

Figure 3.3: Comparison between the load-displacement curves of monotonic loading test (Chen and Popovski, 2020) 

and pushover modelling. 
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3.2. Description of the FE model 

The proposed FE model consists of a multi-panel multi-storey shearwall system, subjected to 

lateral point forces simulating wind or seismic loads, assumed to be applied at the heights of each 

diaphragm level. The total height and the width of each panel are taken as h and b, respectively. 

The panels are assumed to be connected to the foundation by hold-downs with axial stiffness 𝑘ℎ𝑑 

along the vertical direction, while the panel sliding along the horizontal direction is limited. As 

such, the angle brackets were replaced by lateral restraints since the current standard for CLT 

shearwalls in the CSA O86 (CSA Group, 2024) restricts sliding behaviour. Adjacent panels are 

connected to each other by means of uniformly placed vertical joints with the total shear stiffness 

𝑘𝑣𝑗. Vertical uniformly distributed gravity loads are assumed to be applied at each diaphragm level 

(Figure 3.4a).  

The FE model adopted thick-shell elements to simulate the behaviour of shearwall panels. Each 

meshing unit was defined as a four-node quadrilateral element because the model is simplified into 

a 2D plane, and the wall panels are all rectangular. The influence of mesh size for FE analysis was 

investigated. Table 3.1 presents the maximum lateral deformations obtained from a representative 

FE model under different mesh sizes. The model identifier (M9/1-P2-VL0-H10V15) follows the 

notation system defined later in this chapter. When the mesh size decreases from 100 mm × 100 

mm to 10 mm × 10 mm, the maximum lateral deformation varies less than 3%. Considering both 

accuracy and the time of analysis, the mesh size was suggested to be 100 mm × 100 mm.  

Table 3.1: Comparison of maximum lateral deformations from the model M9/1-P2-VL0-H10V15 

Mesh size (mm × mm) 100 × 100 50 × 50 25 × 25 10 × 10 

Maximum lateral deformation (mm) 212.7 215.03 216.75 218.72 
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The material properties of the CLT panels were considered using the equivalent method proposed 

by Brandner et al. (2017). In this approach, CLT is idealised as an orthotropic material, and its 

effective elastic properties are obtained based on layer orientation and thickness: 

𝐸0,𝑒𝑓𝑓 =
𝐸0𝑇0 + 𝐸90𝑇90

𝑇
(3.1) 

𝐸90,𝑒𝑓𝑓 =
𝐸0𝑇90 + 𝐸90𝑇0

𝑇
(3.2) 

where  

            𝐸0,𝑒𝑓𝑓 is the effective modulus of elasticity along the vertical direction (parallel to the grain 

of the outer layer), 

            𝐸90,𝑒𝑓𝑓 is the effective modulus of elasticity along the lateral direction (perpendicular to 

the grain of the outer layer), 

            𝐸0 is the modulus of elasticity parallel to the grain, 

            𝐸90 is the modulus of elasticity perpendicular to the grain, 

            𝑇0 is the total thickness of the layers with the vertical grain direction, 

            𝑇90 is the total thickness of the layers with the lateral grain direction, 

            𝑇 is the total thickness of the panel. 

According to Blass and Fellmoser (2004) and CSA O86 (CSA Group, 2024), it is suggested that 

𝐸90 is assumed as 𝐸0/30. Considering that 𝐸90 is often ignored due to a minor contribution to the 

strength of CLT panels in practice, Eq. 3.1 and Eq. 3.2 can be simplified if assuming the values of 

𝐸0 at both the longitudinal layers and transverse layers are the same: 

𝐸0,𝑒𝑓𝑓 = 𝐸0 ∙
𝑇0
𝑇

(3.3) 
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𝐸90,𝑒𝑓𝑓 = 𝐸0 ∙
𝑇90
𝑇

(3.4) 

The behaviours of hold-downs, vertical joints and the foundation reaction are simulated by 

link/spring elements. Hold-downs are defined as “one-joint link” which connect to the ground, and 

only linear tensile behaviour is considered. Vertical joints are defined as “two-joint links” that 

connect adjacent panels together and provide only shear resistance. The foundation support is 

modelled by means of a series of “gap links” that behave only in compression. 

Additionally, restraints are applied at the bottom of each panel to restrain the lateral sliding of 

structures. Diaphragm constraints are applied to ensure that the same lateral displacement is 

attained in the two panels at each storey level. Figure 3.4b illustrates relevant details of modelling 

assumptions. 

 

                              (a)                                                                                 (b) 

Figure 3.4: (a) Three-storey two-panel balloon-type CLT shearwall model and (b) the details of connections of FE 

modelling as an example 
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3.3. Description of the model configuration and parameters 

The parameters used in the sensitivity analysis are summarised in Table 3.2, and they include 

elastic input parameters for the CLT panels and the mechanical connections. The aim of this 

investigation is to establish an understanding of the kinematic modes for balloon-frame CLT 

shearwalls, and as such, the model does not include capabilities for detecting failure mechanisms 

in the CLT panels or the mechanical connections. The shearwalls were simulated with varying 

heights along 1～4 storeys, while the storey height was kept at 3 m. Uniformly distributed vertical 

loads were applied at each floor with values of 0 or 20 kN/m. The lateral loads were applied at the 

edges of the diaphragm levels.  

With regards to the material parameters, it is assumed that all CLT panels consist of 5 layers, where 

the orientations of the first, third and fifth layers are parallel to the vertical direction, and those of 

the second and fourth layers are parallel to the horizontal direction (i.e., 0°/90°/0°/90°/0°). The 

total thickness of CLT panels is taken as 175 mm with 35 mm thickness in the individual laminae. 

Young’s modulus in the direction parallel to the grain (𝐸0), is assumed to equal 12,000 MPa (CSA 

Group, 2024) and the in-plane shear modulus (𝐺0) is taken as 690 MPa (ETA, 2020).  

In addition to considering different aspect ratios of panels in the analysis, the impact of the stiffness 

of the hold-downs and vertical joints is investigated. It is assumed that hold-downs and vertical 

joints are characterised by a linear elastic behaviour along the tensile and shear direction, 

respectively. As such, the stiffness of vertical joints is calculated per unit height (per meter) on the 

panel, while ignoring the friction between panels. It should be noted that the assumption of limiting 

the behaviour of hold-down to the vertical-uplift direction is generally acceptable for commercially 

available hold-down devices. While special hold-down devices, manufactured specifically to resist 
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loads in the vertical and horizontal directions, may be available, they are outside the scope of the 

parametric analyses undertaken in this chapter. 

Table 3.2: Basic parameters of FE models 

Parameters Symbols Values 

No. of storey 𝑛 (-) 1; 2; 3; 4 

Unit lateral load applied at each storey 𝐹 (kN/m) 20 

Uniform vertical load applied at each storey q (kN/m) 0; 20 

Number of panels P (-) 1; 2; 3; 4 

Compressive stiffness of the foundation 𝑘𝑓 (kN/m) 1,000,000* 

Total thickness of panel T (mm) 175 

Modulus of Elastic and Modulus of Shear 𝐸0; 𝐺0 (MPa) 12,000; 690 

Tensile stiffness of per hold-down 𝑘ℎ𝑑 (kN/mm) 10; 25; 50; 100 

Unit shear stiffness of vertical joints 𝑘𝑣𝑗/ℎ (kN/mm/m) 3; 7.5; 15 

*Note: the value of 𝑘𝑓 refers to that used by Casagrande et al. (2018). 

Table 3.3 presents the matrix for the numerical models according to aspect ratio. 

Table 3.3: Aspect ratio matrix for modelling analysis 

Aspect ratios (h/b) h=3m h=6m h=9m h=12m 

b=0.25m 12 - - - 

b=0.5m 6 12 - - 

b=0.75m 4 8 12 - 

b=1m 3 6 9 12 

b=2m 1.5 3 4.5 6 

b=3m 1 2 3 4 

b=6m - 1 1.5 2 

b=9m - - 1 1.3 

b=12m - - - 1 
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A consistent format is followed in naming convention of the models, where, for example, for model 

“M9/1-P2-VL20-H10V3”, the “M9/1” refers to panel aspect ratio of 9 to 1; “P2” refers to the 

number of panels; “VL20” indicates that the value of the vertical load is 20 kN/m/storey; and 

“H50V15” shows that the values of the stiffness of hold-downs and the unit stiffness of vertical 

joint are 50 and 15 kN/mm/m, respectively. Figure 3.5 provides some examples following this 

naming convention.    

                                           

(a) M3/2-P2-VL20-H50V3  (b) M6/1-P2-VL0-H25V7.5      (c) M9/3-P2-VL20-H10V15           (d) M12/1-P2-VL0-H100V3 

Figure 3.5: Examples of deformed numerical FE models following the defined naming convention 

3.4. Results and discussions of two-panel models  

The focus of the sensitivity analysis was on the effects related to the total lateral stiffness, 

percentage of rocking deformation and kinematic behaviours. Total lateral stiffness K of the 

structure is defined by: 
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𝐾 =
∑𝐹𝑖
∆𝑡𝑜𝑡𝑎𝑙

(3.5) 

where  

          𝐹𝑖 is the lateral load (kN) on the ith storey, 

          ∆𝑡𝑜𝑡𝑎𝑙 is the total lateral displacement (mm) at the top of the shearwall. 

The percentage of rocking deformation is defined as a percent ratio of rocking deformation, 

∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔, to the total deformation ∆𝑡𝑜𝑡𝑎𝑙 (Figure 3.6), and ∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔 can be calculated according to 

Eq. 3.6: 

∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔 = ∆2 ∙
ℎ

𝑏
(3.6) 

where 

         ∆2 is the vertical uplift of the second (right) panel. 

 

(a)                                                         (b) 

Figure 3.6: ∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔 and ∆𝑡𝑜𝑡𝑎𝑙 defined in (a) CP mode and (b) SW mode 
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3.4.1. The impact of the stiffness of connectors and aspect ratios 

In order to present the impact of the connection stiffness, a normalised total lateral stiffness K* 

was adopted. This parameter is defined as the ratio between the total lateral stiffness K and the 

specific total lateral stiffness value when hold-down stiffness is 10kN/mm or the vertical joints 

stiffness per unit length is 3kN/mm/m (i.e., 𝐾ℎ𝑑
∗ = 𝐾 𝐾(𝑘ℎ𝑑=10𝑘𝑁 𝑚𝑚⁄ )⁄  or 𝐾𝑣𝑗

∗ =

𝐾 𝐾(𝑘𝑣𝑗/h=3kN/mm/m)⁄ ). Figure 3.7 shows the relationship between 𝐾ℎ𝑑
∗  and 𝑘ℎ𝑑  when 𝑏 equals 

1 𝑚,  2 𝑚, and 3 𝑚 and when no vertical loads are applied.  

 
Figure 3.7: Relationship between normalised total lateral stiffness 𝐾ℎ𝑑

∗  and 𝑘ℎ𝑑 when 𝑘𝑣𝑗/ℎ equals 7.5 kN/mm/m and 

vertical loads equal zero, with b=1 m (a); b=2 m (b); b=3 m (c) 
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It can be observed from Figure 3.7 that a non-linear relationship exists between 𝐾ℎ𝑑
∗  and 𝑘ℎ𝑑 ,  

where the variation in 𝐾ℎ𝑑
∗  seems much greater for low values of 𝑘ℎ𝑑, while reaching an almost 

linear relationship for high values of 𝑘ℎ𝑑. This is reasonable since the deformation contributions 

in a CLT balloon-type shearwall can be simulated as in-series springs. As a result, the rocking 

deformation contribution dominates the behaviour for low values of hold-down stiffness (i.e., 

flexible hold-downs). It can also be observed that the normalised total lateral stiffness,  𝐾ℎ𝑑
∗ , is 

greater for high values of panel aspect ratios, where significant rocking deformation contribution 

is observed for walls with slender panels. The influence of the height of the panel seems less 

significant for narrow panels in Figure 3.7a, where the curves are much closer to each other than 

those shown in Figure 3.7c. 

Figure 3.8 illustrates the behaviour for the same aspect ratio (i.e. M3/1, M6/2 and M9/3), obtained 

from Figure 3.7, where it can be observed that the wall stiffness increases with the height and 

width of the panels, however, the difference is relatively small as the three curves are in close 

proximity to each other. 

 

Figure 3.8: Relationship between normalised total lateral stiffness 𝐾ℎ𝑑
∗  and 𝑘ℎ𝑑  when 𝑘𝑣𝑗/ℎ equals 7.5 kN/mm/m 

(V7.5) for the same aspect ratios equal to 3 without vertical loads (VL0) 
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The figures (Figure 3.7 and Figure 3.8) also show that when a transition occurs between two 

kinematic modes, SW to CP, the slope of the curves associated with the CP mode is generally 

smaller than those related to the SW mode. This is deemed reasonable since the influence of hold-

down is greater for SW kinematic mode, and for CP mode, the vertical joints significantly impact 

on deformation contribution. 

The transition between SW and CP is strongly influenced by the aspect ratio of the panels, as 

shown in Figure 3.9a, where a nearly linear relationship is observed between the value of hold-

down stiffness at the transition points as a function of panel aspect ratios. However, even when the 

panel aspect ratio is varied, walls with varied widths but the same height seem to exhibit similar 

behaviour, as shown in Figure 3.9b. 

 
(a)                                                                                            (b) 

Figure 3.9: Stiffness of the hold-downs for which the transition from SW to CP is achieved versus aspect ratio (a) and 

height (b) of panels when 𝑘𝑣𝑗/ℎ equals 7.5 kN/mm/m (V7.5) without vertical loads (VL0) 

The relationship between 𝐾𝑣𝑗
∗  and the unit vertical joint stiffness 𝑘𝑣𝑗/ℎ for ℎ = 3 𝑚,  ℎ = 6 𝑚 

ℎ = 9 𝑚, and ℎ = 12 𝑚 is presented in Figure 3.10 and 3.11 for values of 𝑘ℎ𝑑 equals 50 kN/mm 

and 25 kN/mm, respectively, in order to investigate whether the behaviour differs for high and low 

hold-down stiffness values. The general trends appear similar to those observed for variation in 
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the hold-down stiffness (see Figure 3.7), where a non-linear relationship exists between normalised 

total lateral stiffness and unit vertical joint stiffness, and where the variation in 𝐾𝑣𝑗
∗  seems greater 

for low values of 𝑘𝑣𝑗/ℎ, with the slight difference that the relationship seems almost bi-linear.  

A significant change in slope is observed when the kinematic mode changes from CP to SW, which 

can be attributed to the fact that in SW the contribution of vertical joints is less significant than it 

is in CP mode. It can be observed that the trend where 𝐾𝑣𝑗
∗   is greater for high values of panel 

aspect ratios only holds true for CP behaviour (e.g., Figure 3.10c for 𝑘𝑣𝑗/ℎ < 8 kN/mm/m). 

Contrarily, 𝐾𝑣𝑗
∗  seems greater for low values of panel aspect ratios when SW is attained (e.g., 

Figure 3.11a for 𝑘𝑣𝑗/ℎ  > 10 kN/mm/m). The influence of the hold-down stiffness seems 

significant when the graphs in Figure 3.10 and Figure 3.11 are compared. It can be observed that 

CP behaviour is attained in the case of high hold-down stiffness equal to 50 kN/mm (Figure 3.10), 

while for hold-down stiffness equal to 25 kN/mm (Figure 3.11), transitions between CP and SW 

are much more evident. 

When the behaviour for the same aspect ratio (i.e. M3/1, M6/2 and M9/3) was compared, it was 

observed, consistent with the observation made in Figure 3.8 for varying hold-down stiffness, that 

the wall stiffness increases with the width and the height of the panels, but the difference is 

relatively small. 
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(c) 

Figure 3.10: Relationship between the normalised total lateral stiffness 𝐾𝑣𝑗
∗  and unit vertical joints stiffness 𝑘𝑣𝑗/ℎ 

when 𝑘ℎ𝑑 equals 50 kN/mm (H50), and vertical loads equal 20 kN/m (VL20), with b=1 m (a); b=2 m (b); b=3 m (c). 
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(c) 

Figure 3.11: Relationship between the normalised total lateral stiffness 𝐾𝑣𝑗
∗  and unit vertical joints stiffness 𝑘𝑣𝑗/ℎ when 𝑘ℎ𝑑 

equals 25 kN/mm (H25), and vertical loads equal 20 kN/m (VL20), with b=1 m (a); b=2 m (b); b=3 m (c). 

For hold-down stiffness equal to 25 kN/mm (Figure 3.11), values 𝑘𝑣𝑗 ℎ⁄  representing the 

transitions between CP and SW decreases with increasing height of the panels as shown in Figure 

3.12.  
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Figure 3.12: Stiffness of vertical joints for which the transition from CP to SW is achieved versus the height of panels 

when 𝑘ℎ𝑑 equals 25 kN/mm (H25) and vertical loads equal 20 kN/m (VL20) 

Table 3.4 shows the percentages of models with CP mode when the stiffness of hold-downs 

increases from 10 to 100 kN/mm with vertical loads (each stiffness value contains 72 models), 

while Table 3.5 presents the percentages of models with SW mode when the unit stiffness of 

vertical joints increases from 3 to 15 kN/mm/m with vertical loads (each stiffness value contains 

96 models). It can be observed that the behaviour seems dominated by CP mode when 𝑘ℎ𝑑 

increases, while the SW mode is prevalent when the unit vertical joint stiffness increases.  

Table 3.4: Percentage of CP mode with varying 𝑘ℎ𝑑 

𝒌𝒉𝒅 (kN/mm) 10 25 50 100 

Percentages of CP mode* 17% 42% 68% 89% 

 

∗ 𝑁𝑜𝑡𝑒: 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝐶𝑃 𝑚𝑜𝑑𝑒 =
𝑁𝑜. 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑑𝑒𝑙𝑠 𝑠ℎ𝑜𝑤𝑛 𝑎𝑠 𝐶𝑃 𝑚𝑜𝑑𝑒

𝑁𝑜. 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑑𝑒𝑙𝑠 (= 72)
× 100%. 

Table 3.5: Percentage of SW mode with varying 𝑘𝑣𝑗/ℎ 

𝒌𝒗𝒋/𝒉 (kN/mm/m) 3 7.5 15 

Percentages of SW mode* 22% 47% 70% 

 

∗ 𝑁𝑜𝑡𝑒: 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑆𝑊 𝑚𝑜𝑑𝑒 =
𝑁𝑜. 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑑𝑒𝑙𝑠 𝑤𝑖𝑡ℎ 𝑆𝑊 𝑚𝑜𝑑𝑒

𝑁𝑜. 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑑𝑒𝑙𝑠 (= 96)
× 100%. 

 

The aspect ratio of the panels played a significant role in the deformation behaviour of the wall. 
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As expected, when the aspect ratio increased, the total lateral stiffness decreased. It is interesting 

to note, however, that the rocking dominates the behaviour for panel aspect ratios less than 6, 

whereas bending deformation becomes significant for higher aspect ratios. It should also be noted 

that shear deformation also contributes to aspect ratios less than 2. Figure 3.13a, c and 3.13b, d 

present the percentage of the rocking and bending deformation of the total deformation as a 

function of the hold-down stiffness 𝑘ℎ𝑑  and vertical joint stiffness 𝑘𝑣𝑗, respectively. The figures 

clearly show the significant contribution of the rocking deformation at low values of hold-down 

and vertical joints stiffness. The percentage of rocking deformation seems to drop significantly 

when the stiffness of hold-downs or vertical joints increases, particularly in the case of hold-down 

stiffness increase and slender panels (i.e. panels with aspect ratios of 12:1 in Figure 3.13a). 

Conversely, the contribution of bending deformation increases with increasing stiffness of hold-

downs and vertical joints. Although the contribution of shear deformation is independent of the 

hold-down and vertical joint stiffness, shear percentage shows a slight increase due to the use of 

different configurations leading to differences in the total lateral deformation for each analysed 

case (Figure 3.13e, f). As a result, the contribution of bending deformation (Figure 3.13c, d) 

appears to be complementary to that of rocking deformation (Figure 3.13a, b). 
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                                  (a) kvj/h = 7.5kN/mm/m                                                               (b) khd = 50 kN/mm 

(c) kvj/h = 7.5kN/mm/m                                                               (d) khd = 50 kN/mm 

 

Figure 3.13: Relationship (a) between rocking percentage and 𝑘ℎ𝑑, (b) between rocking percentage and 𝑘𝑣𝑗/ℎ, (c) 

between bending percentage and 𝑘ℎ𝑑, (d) between bending percentage and 𝑘𝑣𝑗/ℎ, (e) between shear percentage and 

𝑘ℎ𝑑, and (f) between shear percentage and 𝑘𝑣𝑗/ℎ when vertical loads equal to 20kN/m for all cases.   

3.4.2. The impact of vertical loads 

Figure 3.14 compares the values of the average lateral stiffness between the cases with and without 

vertical loads when the width of panels 𝑏 is 1 m, 2 m and 3 m. As expected, the total lateral stiffness 
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K is positively affected by the increase in vertical loads, however, it can be noted that the effect is 

much less pronounced when aspect ratio increases. It was also found that the presence of the 

vertical loads yields more cases with CP mode. The data indicates that when a vertical load of 20 

kN/m/storey is applied, the number of the cases with the CP mode increases from 130 out of 288 

(45.1%) to 180 out of 288 (62.5%).  

 

Figure 3.14: Impact of the vertical loads on the total lateral stiffness with (A) b=1m (B) b=2m (C) b=3m 

3.5. Shearwalls consisting of more than two panels 

An investigation is expanded further to multi-panel (>2) balloon-type CLT shearwall systems 

considering the impact of the number of panels. The expanded model consists of shearwalls up to 

4 panels and considers two conditions as shown in Figure 3.15: 

• C1: a fixed ratio of height of panels h (h=12m) to total width of shearwalls B (B=4m),  
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• C2: a fixed ratio of height of panels h (h=12m) to width of single panel b (b=1m). 

     
(a) C1: Varying panel number with fixed h/B (12:4)                 (b) C2: Varying panel number with fixed h/b (12:1) 

Figure 3.15: FE models of multi-panel CLT shearwalls 

The analysis for the fixed h/B ratio found that increasing the number of panels within a fixed total 

width resulted in a decrease in the total lateral stiffness of shearwall system (Figure 3.16). In 

comparison, it is found that the models with higher relative stiffness 𝑘̃ (defined as a ratio between 

𝑘ℎ𝑑  and 𝑘𝑣𝑗) showed a more significant reduction in stiffness than those with lower relative stiffness 

values.  

 

Figure 3.16: Relationship between the number of panels and K when h/B is fixed to be 12:4 and vertical loads equal 

to 20 kN/m 
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With an increasing number of panels, the partitioning of deformation between bending and rocking 

becomes increasingly complex. When the unit stiffness of vertical joints is fixed at 7.5 kN/mm/m, 

a higher percentage of rocking behaviour is shown when more panels are used with fixed h/B, as 

illustrated in Figure 3.17a. However, when 𝑘̃  is very low, (H10V15 in Figure 3.17b), the 

percentage of rocking deformation shows a slight reduction with increasing panel number. This 

behaviour may be attributed to the influence of kinematic mode transitions, which tend to be more 

complex in multi-panel shearwall systems.  

 
(a)                                                                                    (b) 

Figure 3.17: Relationship between the number of panels and rocking percentage for the models when h/B is fixed to 

be 12:4 and vertical loads equal to 20 kN/m   

With respect to the kinematic modes, the models with CP mode tend to maintain that behaviour 

following an increase in the number of panels. However, models with SW mode could shift to IN 

behaviour when more panels are added. Figure 3.18 shows an example from model M h/b-P#- 

VL20-H25V15, where when the number of panels increases from 2 to 4, the kinematic mode 

changes from SW to IN.  
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Panel Number=2 (SW mode)                                        Panel Number=3 (SW mode) 

 

Panel Number=4 (IN mode) 

Figure 3.18: Kinematic modes of the models with varying panel numbers  

When a constant ratio of h/b (C2) is maintained, the total lateral stiffness tends to increase when 

the number of panels is increased as shown in Figure 3.19. With respect to the percentage of 

rocking deformation, it is found that the result is similar to that obtained in the case fixed h/B ratio. 

 

Figure 3.19: Relationship between the number of panels and K when h/b is fixed to be 12:1 and vertical loads equal 

to 20 kN/m 
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4. Analytical model 

The development of the analytical model takes into account the key parameters affecting the lateral 

deformation of balloon-type CLT shearwall system, which were identified in the sensitivity 

analysis, including the stiffness of connectors, panel aspect ratios and vertical loads. The bending 

deformation becomes particularly critical in shearwalls with high aspect ratios (e.g., ≥ 6), and as 

such the panels can no longer be assumed rigid. This chapter describes the model assumptions and 

development for rocking, in-plane panel bending and shear, as well as sliding deformations.  

4.1. Model assumptions  

The geometrical dimensions of the panels comprising the wall are assumed to be equal, as shown 

in Figure 4.1 (a). Panels are connected to each other through vertical joints with a total stiffness 

𝑘𝑣𝑗 and to the foundation using hold-downs with stiffness 𝑘ℎ𝑑 and angle brackets with horizontal 

stiffness equal to 𝑘𝑠𝑙. The shearwalls span a total of n storeys, each with height of ℎ𝑖𝑛𝑡. A constant 

lateral load F is applied at each diaphragm level. Vertical joints are distributed uniformly along 

the height of the panels, and hold-downs are placed at both base corners of the wall. A vertical 

uniformly distributed gravity load q is assumed to be applied at each storey. 
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  (a)                                             (b) 

Figure 4.1: (a) Analytical model and (b) Simplified model for estimating bending deformation                          

The contributions to the total horizontal deformation are assumed to include bending, shear, 

rocking, and sliding (Figure 4.2), as expressed in Eq. 4.1:  

∆𝑡𝑜𝑡𝑎𝑙= ∆𝑏𝑒𝑛𝑑𝑖𝑛𝑔 + ∆𝑠ℎ𝑒𝑎𝑟 + ∆𝑠𝑙𝑖𝑑𝑖𝑛𝑔 + ∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔 (4.1) 
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Figure 4.2: Components of the lateral deformation of the balloon-type CLT panel 

Although it is desired to limit sliding deformation, due to the consequence of such failure mode, 

the deformation contribution from sliding can be limited but should not be ignored. Considering 

the sliding deformation can be included in the overall deformation estimate by adding the 

contribution obtained using Eq. 4.2, which was developed for platform-type CLT shearwalls 

(Casagrande et al., 2018).  

∆𝑠𝑙𝑖𝑑𝑖𝑛𝑔=
𝐹𝑠𝑙
𝑘𝑠𝑙

(4.2) 

where  

          𝐹𝑠𝑙 is the total horizontal shear force transferred at the wall-foundation interface, 

          𝑘𝑠𝑙 is the total lateral shear stiffness of the base shear connections resisting relative sliding 

between the wall and the foundation. 
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In accordance with the provisions of CSA O86 (CSA Group, 2024), explicit consideration of 

sliding deformation is generally limited, and hence the model developed and analysed in this thesis 

addresses bending, shear and rocking deformation, as presented in the following sections. 

4.2. Bending deformation  

In order to estimate the flexural deformation in isolation, the rocking deformation is restricted by 

adding a fixed connection between the panels and foundation, allowing the shearwall system to be 

considered as a cantilever (Figure 4.1b). This permits the classical beam theory to be employed, 

where the effective stiffness 𝐸𝐼𝑒𝑓𝑓 can be evaluated. 

According to Blass and Fellmoser (2004), the effective modulus of elasticity along the vertical 

direction (parallel to the outer layer) 𝐸0,𝑒𝑓𝑓 can be estimated by: 

𝐸0,𝑒𝑓𝑓 = 𝐸0 ∙ 𝑘3 (4.3) 

where  

          𝐸0 is the modulus of elasticity parallel to the grain, 

          𝑘3 is the composition factor for cross-layer defined by Blass and Fellmoser (2004) when 

external in-plane loads are applied perpendicular to the outermost-layer fibres and can be 

determined by: 

𝑘3 = 1 − (1 −
𝐸90
𝐸0
) ∙
𝑎𝑚−2 − 𝑎𝑚−4 +⋯± 𝑎1

𝑎𝑚
(4.4) 

where 

            𝐸90 is the modulus of elasticity perpendicular to the grain,  

            𝑚 is the number of total layers, 

            𝑎𝑖 is the sum of the specific layers shown in Figure 4.3, and 𝑖 = 1, 3, 5, … ,𝑚 − 4,𝑚 − 2. 
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For five-layer CLT panels with laminates consisting of the same thickness and grain directions 

shown in Figure 4.3, 𝐸0,𝑒𝑓𝑓 is simplified as: 

𝐸0,𝑒𝑓𝑓 = 𝐸0 ∙ [1 − (1 −
𝐸90
𝐸0
) ∙
3𝑡 − 𝑡

5𝑡
] = 𝐸0 ∙ [

3

5
+
2𝐸90
5𝐸0

] (4.5) 

where   

            𝑡 is the thickness of each lamina. 

 

Figure 4.3: Definition of variable 𝑎𝑖 for a 5-layer CLT shearwall 

Although the second moment of inertia 𝐼 can simply be calculated using Eq. 4.6 for the single 

panel with the rectangular cross-section, the total effective second moment of inertia 𝐼𝑒𝑓𝑓 for a 

two-panel system is more complicated to be estimated since the shear stiffness of vertical joints 

between panels should be taken into account. 

 𝐼 =
𝑇𝑏3

12
(4.6) 

where  

            𝑇 is the total thickness of a panel, 

            𝑏 is the width of a panel. 
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When fully composite behaviour is assumed (𝑘𝑣𝑗 = ∞) between panels,  𝐼𝑒𝑓𝑓 can be expressed by: 

𝐼𝑒𝑓𝑓 =
𝑇𝐵3

12
=
2𝑇𝑏3

3
(4.7) 

where 

            𝐵 is the total width and is equal to 2b for a two-panel system.  

When no composite behaviour (𝑘𝑣𝑗 = 0) between panels is assumed, the panels move separately, 

and thus,  𝐼𝑒𝑓𝑓 can be expressed by: 

𝐼𝑒𝑓𝑓 =
𝑇𝑏3

12
+
𝑇𝑏3

12
=
𝑇𝑏3

6
(4.8) 

However, the real state of deformation falls between Eq. 4.7 and Eq. 4.8, and is illustrated in Figure 

4.4: 

𝑇𝑏3

6
< 𝐼𝑒𝑓𝑓 <

2𝑇𝑏3

3
(4.9) 

 

Figure 4.4: Impact of the vertical joints on the flexural deformation of the two-panel shearwall system  

In order to better estimate 𝐸𝐼𝑒𝑓𝑓 for balloon-type CLT shearwalls, the methodology proposed in 

this research is based on the 𝛾 method (Möhler et al., 1962), which is an approach typically used 

to analyse mechanically jointed beams in Eurocode 5 (CEN, 2004). The assumptions associated 
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with this approach include: 

⚫ The shearwall is equivalent to a simply supported beam with an effective length equal to 

twice the height of the shearwall, 

⚫ The spacing s between each vertical joint is constant, and as such the stiffness of vertical 

joints is assumed to be uniformly distributed along the vertical direction.   

⚫ All panels have the same deflection, rotation, and curvature and can be analysed based on 

the Bernoulli beam theory. 

⚫ Vertical joints only provide the shear resistance. 

⚫ No friction is assumed between panels. 

According to the Euler-Bernoulli equation: 

𝐸𝐼
𝑑4𝑤(𝑥)

𝑑𝑥4
= 𝑞(𝑥) (4.10) 

where  

            𝑤(𝑥) is the function of deflection, 

            𝑞(𝑥) is the function of load.  

It is noted that a sinusoidal load distribution is assumed to acquire the closed-form solution of the 

differential equation, however, previous studies have demonstrated that the choice of load pattern 

has a negligible influence on 𝐸𝐼𝑒𝑓𝑓 (Girhammar, 2009; Cuerrier-Auclair, 2020). Therefore, the 

analytical model presented in Figure 4.1, which assumes a uniform load distribution at each storey, 

is also applicable for the implementation of the 𝛾 method. 

When the vertical joints provide shear resistance, the differential equations can be established as 

follows (Cuerrier-Auclair, 2020): 
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𝐸𝐼
𝑑4𝑤(𝑥)

𝑑𝑥4
+ 𝐷 ∙

𝑑2𝑁(𝑥)

𝑑𝑥2
= 𝑞(𝑥) (4.11) 

𝑑

𝑑𝑥
(
1

𝑘

𝑑𝑁(𝑥)

𝑑𝑥
) −

1

𝐸𝐴
𝑁(𝑥) + 𝐷 ∙

𝑑2𝑤(𝑥)

𝑑𝑥2
= 0 (4.12) 

where 

            𝑁(𝑥) is the function of axial force on each panel, 

            𝐷 is the distance between the centroid of two panels, 

            𝐸𝐼 is the bending stiffness of the shearwall system without composite behaviour, 

            𝐸𝐴 is the axial stiffness of the shearwall system, 

            𝑘 is the vertical joints stiffness per unit length, equal to 𝑘𝑣𝑗/ℎ. 

Solving the differential equation presented in Eq. 4.11 and Eq.4.12, 𝐸𝐼𝑒𝑓𝑓 can be expressed by: 

𝐸𝐼𝑒𝑓𝑓 = 𝐸𝐼 +
(𝐸𝐴) ∙ 𝐷2

1 +
𝜋2(𝐸𝐴)
𝑘(ℎ𝑒𝑓𝑓)2

(4.13)
 

where 

           ℎ𝑒𝑓𝑓 is the effective length of the shearwalls assumed equal to twice the total height of the 

panels. 

By introducing the 𝛾 factor to describe the composite behaviour between panels, 𝐸𝐼𝑒𝑓𝑓  can be 

expressed as follows: 

𝐸𝐼𝑒𝑓𝑓 = (𝐸𝐼)1 + (𝐸𝐼)2 + 𝛾1(𝐸𝐴)1𝑎1
2 + 𝛾2(𝐸𝐴)2𝑎2

2 (4.14) 

where  

            𝛾𝑖 and 𝑎𝑖 can be determined according to Kreuzinger (1995) and Cuerrier-Auclair (2020): 

𝛾1 = 1 (4.15) 
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𝛾2 =
1

1 +
𝜋2(𝐸𝐴)2
𝑘(ℎ𝑒𝑓𝑓)2

(4.16)
 

𝑎1 =
𝛾2(𝐸𝐴)2𝐷

𝛾1(𝐸𝐴)1 + 𝛾2(𝐸𝐴)2
(4.17) 

𝑎2 =
𝛾1(𝐸𝐴)1𝐷

𝛾1(𝐸𝐴)1 + 𝛾2(𝐸𝐴)2
(4.18) 

            𝑎1 is the distance between the centroid and the neutral axis of the first panel, and 𝑎2 is the 

distance between the neutral axis of the first panel and the centroid of the second panel, 

            𝐸𝐴𝑖 is the axial stiffness of panel i, 

            𝐸𝐼𝑖 is the bending stiffness of panel i. 

From the Eq. 4.16, it is known that the non-dimensional factor 𝛾2 = 0 if 𝑘𝑣𝑗 = 0 (𝑘 = 0), while  

𝛾2 = 1 if 𝑘𝑣𝑗 = ∞ (𝑘 = ∞). Thus, the value of 𝛾2 between 0 and 1 represents the real condition 

of partial composite action (Figure 4.5). 

 

Figure 4.5: Reactions and the stress distribution of the cross-section of the panels 

When two panels with identical dimensions are used in the shearwall system, the equation can be 

further simplified to: 

𝐸𝐼𝑒𝑓𝑓 = 2𝐸𝐼0 +
𝛾

𝛾 + 1
𝐸𝐴0 ∙ 𝑏

2 (4.19) 

where  
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            𝐸𝐼0 equals 𝐸𝐼1or 𝐸𝐼2 once the dimensions of the two panels are the same, 

            𝐸𝐴0 equals 𝐸𝐴1or 𝐸𝐴2 once the dimensions of the two panels are the same, 

            𝛾 equals 𝛾2, which could be rewritten by: 

𝛾 =
1

1 +
𝜋2𝐸𝐴0
4𝑘ℎ2

(4.20)
 

Since 𝐼0 = 𝑇𝑏
3/12 and 𝐴0 = 𝑇𝑏, substituting in Eq. 4.19, one obtains: 

𝐸𝐼𝑒𝑓𝑓 = 𝐸0,𝑒𝑓𝑓 ∙ (
1

6
+

1

𝜋2𝐸0,𝑒𝑓𝑓𝑇𝑏

4𝑘ℎ2
+ 2

) ∙ 𝑇𝑏3 (4.21) 

This expression can also be written as shown in Eq. 4.22 by replacing 𝑘 by 𝑛𝑟𝑘𝑒𝑎/𝑠, when the 

vertical joints are uniformly distributed along the vertical direction: 

𝐸𝐼𝑒𝑓𝑓 = 𝐸0,𝑒𝑓𝑓 ∙

(

 
1

6
+

1

𝜋2𝐸0,𝑒𝑓𝑓𝑇𝑏𝑠

4𝑛𝑟𝑘𝑒𝑎ℎ2
+ 2

)

 ∙ 𝑇𝑏3 (4.22) 

where  

            𝑛𝑟 is the number of rows in the vertical joints, 

            𝑘𝑒𝑎 is the stiffness of each vertical joint, 

            𝑠 is the spacing between the vertical joints along the vertical direction, 

            ℎ is the height of panels. 

The lateral bending displacement 𝛥𝑏𝑒𝑛𝑑𝑖𝑛𝑔  of a balloon-type CLT shearwall system can be 

estimated by Eq. 4.23 for a cantilever subjected to equal concentrated loads at each storey 

(Hibbeler, 2015): 

𝛥𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝐹ℎ3

3(𝐸𝐼)𝑒𝑓𝑓
∙ [
(𝑛 + 1)(3𝑛 + 1)

8𝑛
] (4.23) 
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where  

            𝐹 is the horizontal load applied at each storey, 

            𝑛 is the number of storeys. 

4.3. Shear deformation  

The effective in-plane shear modulus 𝐺∗ can be estimated (Bogensperger, Moosbrugger and Silly, 

2010; Brandner et al., 2017) by: 

𝐺∗ =
𝐺0

1 + 6𝛼𝑇 (
𝑡𝑚𝑒𝑎𝑛
𝑤𝑙

)
2

(4.24)
 

where  

            𝐺0 is the in-plane shear modulus of laminas, 

            𝑡𝑚𝑒𝑎𝑛 is the mean thickness of each laminar layer of CLT panels, which can be calculated 

by: 

𝑡𝑚𝑒𝑎𝑛 =
𝑇

𝑚
(4.25) 

Where 

            𝑚 is the number of layers of CLT panels, 

            𝑤𝑙 the width of each lamina strip, 

            𝛼𝑇 can be determined by: 

𝛼𝑇 = 𝑝0 (
𝑡𝑚𝑒𝑎𝑛
𝑤𝑙

)
𝑞0

(4.26) 

            where the values of the parameters 𝑝0 and 𝑞0 could refer to Table 4.1 below according to 

Droscher (2014): 
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Table 4.1: The values of 𝑝0 and 𝑞0 

No. of layers  3 5 7 

𝒑𝟎 0.53 0.43 0.39 

𝒒𝟎 -0.79 -0.79 -0.79 

As a result, the shear deformation can be written as: 

𝛥𝑠ℎ𝑒𝑎𝑟 =
𝜅𝐹ℎ(𝑛 + 1)

2𝐺∗𝐴
(4.27) 

where  

           𝐴 is the total cross-section area of the shearwall resisting system, 

           𝜅 is the form factor for the cross-section area. It is noted that the modelling analysis defaults 

to an assumed value of 1.0 for shell elements and 1.2 for frame elements. 

In total, the bending and shear deformation of a balloon-type shearwall system can be calculated 

by: 

𝛥𝑏𝑒𝑛𝑑𝑖𝑛𝑔+𝑠ℎ𝑒𝑎𝑟 =
𝐹ℎ3

3𝐸𝐼𝑒𝑓𝑓
∙ [
(𝑛 + 1)(3𝑛 + 1))

8𝑛
] +

𝜅𝐹ℎ(𝑛 + 1)

2𝐺∗𝐴
(4.28) 

4.4. Rocking deformation 

The assumptions used in the derivation of the rocking deformation equations include: 

⚫ The centres of rotation in rocking deformation are located at the corners of the panels, 

⚫ The in-plane rotation angle of each panel in the rocking deformation is the same in both 

CP mode and SW mode,  

⚫ The vertical joints possess only shear stiffness along the vertical direction between two 

panels, 

⚫ There is no friction between panels. 



Chapter four: Analytical model 

59 

 

It is found that different kinematic modes influence the rocking deformation, and as a result the 

CP and SW modes are discussed separately. 

4.4.1. CP mode 

In the CP mode, it is assumed that the deformation in the hold-down and vertical joints is equal, 

as shown in Figure 4.6: 

∆ℎ𝑑= ∆𝑣𝑗 (4.29) 

where  

            ∆ℎ𝑑 is the vertical tensile displacement (uplift) of the hold-down, 

            ∆𝑣𝑗 is the slip displacement between panels. 

  

                                       (a)                                                                                              (b) 

Figure 4.6: Sketch of the relationship between ∆ℎ𝑑  and ∆𝑣𝑗 for (a) CP mode (b) SW mode 

The rocking displacement can be estimated by Eq. 4.30, and in-plane rotation angle 𝜃 could be 

determined by Eq. 4.31: 

∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔= 𝜃ℎ (4.30) 

𝜃 =
∆ℎ𝑑
𝑏
=
∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔,𝐶𝑃

ℎ
(4.31) 

Due to the assumption of linear behaviour, the tensile force in the hold-down and the total shear 

force in the vertical joints can be calculated by: 
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𝐹ℎ𝑑 = 𝑘ℎ𝑑∆ℎ𝑑 (4.32) 

𝐹𝑣𝑗 = 𝑘𝑣𝑗∆𝑣𝑗 (4.33) 

where  

            𝐹ℎ𝑑 are the vertical tensile force of the hold-down, 

            𝐹𝑣𝑗 are total shear force between panels. 

According to the force diagram (Figure 4.7), the equilibrium could be written by: 

 𝐹ℎ𝑑 = 𝑅1,𝑦 + 𝑅2,𝑦 − 2𝑞𝑏𝑛 (4.34) 

∑𝐹ℎ𝑖

𝑛

𝑖=1

+ 𝑅1,𝑦𝑏 = 𝐹ℎ ∙
𝑛 + 1

2
+ 𝑅1,𝑦𝑏 = 𝐹ℎ𝑑 ∙ 2𝑏 + 2𝑏

2𝑞𝑛 (4.35) 

𝐹 = 𝐹1 + 𝐹2 (4.36) 

 𝐹ℎ𝑑 ∙ 𝑏 +
1

2
𝑞𝑏2𝑛 =∑𝐹1 ∙ ℎ𝑖

𝑛

𝑖=1

= 𝐹1ℎ ∙
𝑛 + 1

2
(4.37) 

𝐹𝑣𝑗 ∙ 𝑏 +
1

2
𝑞𝑏2𝑛 =∑𝐹2 ∙ ℎ𝑖 =

𝑛

𝑖=1

𝐹2ℎ ∙
𝑛 + 1

2
(4.38) 

where  

            𝑅1,𝑦 and 𝑅2,𝑦 are the vertical reactions of the first and second panel, respectively,  

            𝐹1 and 𝐹2 are the distributed horizontal forces at each storey on the first and second panel, 

respectively, 

            ℎ𝑖 is the height from the foundation level to the 𝑖𝑡ℎ storey, 

            𝑞 is the vertical uniformly distributed loads on each storey. 
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Figure 4.7: Force analysis based on free-body diagrams for CP mode 

From the above equations, it is deduced that the distribution of the horizontal forces on each panel 

in the CP mode satisfies: 

𝐹ℎ𝑑
𝐹𝑣𝑗

=
𝑘ℎ𝑑
𝑘𝑣𝑗

(4.39) 

(𝐹ℎ𝑑 + 𝐹𝑣𝑗)𝑏 + 𝑞𝑏
2𝑛 = 𝐹ℎ

𝑛 + 1

2
(4.40) 

Substituting the conditions into Eq. 4.30, one obtains: 

∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔,𝐶𝑃= (𝐹 ∙
𝑛 + 1

2
∙
ℎ2

𝑏2
− 𝑞ℎ𝑛) ∙

1

𝑘ℎ𝑑 + 𝑘𝑣𝑗
(4.41) 

4.4.2. SW mode 

In the SW mode, the wall deformation is assumed to conform to the following condition: 

𝜃 ∙ 2𝑏 = ∆ℎ𝑑 + ∆𝑣𝑗 (4.42) 

Substitute 𝜃 from Eq. 4.42 into Eq. 4.30, one obtains: 

∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔= ℎ𝜃 = ℎ ∙
∆ℎ𝑑 + ∆𝑣𝑗

2𝑏
(4.43) 

According to the force diagram (Figure 4.8), the equilibrium could be written by: 

𝐹ℎ𝑑 = 𝑅2,𝑦 − 2𝑞𝑏𝑛 (4.44) 

x 

y 

A B A B 
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 ∑𝐹ℎ𝑖

𝑛

𝑖=1

= 𝐹ℎ ∙
𝑛 + 1

2
= 𝐹ℎ𝑑 ∙ 2𝑏 + 2𝑞𝑏

2𝑛 (4.45) 

𝐹 = 𝐹1 + 𝐹2 (4.46) 

𝐹ℎ𝑑 ∙ 𝑏 +
1

2
𝑞𝑏2𝑛 =∑𝐹1 ∙ ℎ𝑖

𝑛

𝑖=1

= 𝐹1ℎ ∙
𝑛 + 1

2
(4.47) 

𝐹𝑣𝑗 ∙ 𝑏 +
1

2
𝑞𝑏2𝑛 =∑𝐹2 ∙ ℎ𝑖 =

𝑛

𝑖=1

𝐹2ℎ ∙
𝑛 + 1

2
(4.48) 

 

                
Figure 4.8: Force analysis based on free-body diagrams for SW mode 

From the above equations, it is deduced that the distribution of the horizontal force on each panel 

in the SW mode satisfies: 

𝐹ℎ𝑑 =
𝐹ℎ
𝑛 + 1
2 − 2𝑞𝑏2𝑛

2𝑏
(4.49) 

𝐹𝑣𝑗 = 𝐹ℎ𝑑 + 𝑞𝑏𝑛 =
𝐹ℎ
𝑛 + 1
2 − 2𝑞𝑏2𝑛

2𝑏
+ 𝑞𝑏𝑛 =

𝐹ℎ(𝑛 + 1)

4𝑏
(4.50) 

Substituting the conditions into Eq. 4.43, one obtains: 

x 

y 

B A B A 
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∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔,𝑆𝑊=
𝐹

4
(
1

𝑘ℎ𝑑
+
1

𝑘𝑣𝑗
) ∙
𝑛 + 1

2
∙
ℎ2

𝑏2
−
𝑞ℎ𝑛

2𝑘ℎ𝑑
(4.51) 

4.5. Verification of the proposed model  

4.5.1. Bending and shear deformation 

The parameters chosen in the verification include varying aspect ratio h/b (from 3:1 to 12:1) and 

𝑘𝑣𝑗/ℎ (3kN/mm/m, 7.5kN/mm/m and 15kN/mm/m), as summarised in Table 4.2. The values of γ 

are calculated according to Eq. 4.20: 

Table 4.2: Values of γ in varying aspect ratios and vertical stiffness 

 h=3m h=6m h=9m h=12m 

b=1m 

𝒌𝒗𝒋/𝒉=3kN/mm/m 0.014 0.055 0.115 0.188 

𝒌𝒗𝒋/𝒉=7.5kN/mm/m 0.035 0.126 0.246 0.367 

𝒌𝒗𝒋/𝒉=15kN/mm/m 0.067 0.224 0.394 0.537 

Table 4.3 provides the calculated values of (𝐸𝐼)𝑒𝑓𝑓 using Eq. 4.21: 

Table 4.3: Values of (𝐸𝐼)𝑒𝑓𝑓 in varying aspect ratio and vertical stiffness 

 h=3m h=6m h=9m h=12m 

b=1m 

𝒌𝒗𝒋/𝒉=3kN/mm/m 1.366 1.652 2.041 2.457 

𝒌𝒗𝒋/𝒉=7.5kN/mm/m 1.515 2.109 2.751 3.288 

𝒌𝒗𝒋/𝒉=15kN/mm/m 1.738 2.646 3.398 3.900 

Finally, the values of bending and shear deformation could be calculated by Eq. 4.28, as shown in 

Table 4.4. 
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Table 4.4: Values of 𝛥𝑏𝑒𝑛𝑑𝑖𝑛𝑔+𝑠ℎ𝑒𝑎𝑟  in varying aspect ratios and vertical stiffness 

 

h=3m h=6m h=9m h=12m 

b=1m 

𝒌𝒗𝒋/𝒉=3kN/mm/m 2.35 17.22 59.19 142.04 

𝒌𝒗𝒋/𝒉=7.5kN/mm/m 2.24 14.62 46.16 107.12 

𝒌𝒗𝒋/𝒉=15kN/mm/m 2.10 12.30 37.61 88.37 

A numerical FE modelling analysis is conducted with identical parameters to those used in the 

analytical model. The results show that the deviations in the values of 𝛥𝑏𝑒𝑛𝑑𝑖𝑛𝑔+𝑠ℎ𝑒𝑎𝑟 between 

numerical modelling and analytical expression are less than 4%, as illustrated in Figure 4.9. This 

comparison shows that the proposed analytical solution for the bending and shear deformation can 

provide reasonable estimates. 

 
                          (a) 𝑘𝑣𝑗/ℎ = 3𝑘𝑁/𝑚𝑚/𝑚                                                    (b) 𝑘𝑣𝑗/ℎ = 7.5𝑘𝑁/𝑚𝑚/𝑚 
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(c) 𝑘𝑣𝑗/ℎ = 15𝑘𝑁/𝑚𝑚/𝑚 

Figure 4.9: Comparisons between the values of 𝛥𝑏𝑒𝑛𝑑𝑖𝑛𝑔+𝑠ℎ𝑒𝑎𝑟  obtained from the FE numerical modelling result and 

the analytical expression 

4.5.2. Rocking deformation 

The parameters selected for this verification include varying wall aspect ratio h/b from 3:1 to 12:1, 

while maintaining a constant panel width b equal to 1 m, hold-down stiffness 𝑘ℎ𝑑with 10 kN/mm, 

25 kN/mm, 50 kN/mm and 100 kN/mm, and unit vertical joint stiffness 𝑘𝑣𝑗/ℎ with 3 kN/mm/m, 

7.5 kN/mm/m and 15 kN/mm/m. A vertical load equal to 20 kN/m is applied on each floor. The 

values are calculated according to Eq. 4.41 and 4.51. 

In order to isolate the rocking behaviour in the numerical FE model, the panels are assumed to be 

rigid. The results are illustrated in Figure 4.10 and it can be seen that the proposed model matches 

the rocking deformation behaviour obtained numerical of the modelled walls with maximum errors 

below 10%. 
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(a) 𝑘𝑣𝑗/ℎ = 3𝑘𝑁/𝑚𝑚/𝑚                                               (b) 𝑘𝑣𝑗/ℎ = 7.5𝑘𝑁/𝑚𝑚/𝑚 

 

(c) 𝑘𝑣𝑗/ℎ = 15𝑘𝑁/𝑚𝑚/𝑚 

Figure 4.10: Comparisons between the values of 𝛥𝑟𝑜𝑐𝑘𝑖𝑛𝑔 obtained from the FE numerical modelling result and the 

analytical expression 

4.5.3. Verification of the total wall deformation 

In this verification, the contribution to deformation considers bending, shear and rocking. The total 

deformation of the proposed analytical model can be calculated using Eq. 4.52 and 4.53 for the CP 

and SW modes, respectively. The relative stiffness 𝑘̃ delineates between CP and SW when it is 
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equal to unity without gravity load. However, it should be noted that the transition point will be 

impacted when gravity load is included. 

⚫ For the CP mode: 

𝛥𝑡𝑜𝑡𝑎𝑙 =
𝐹ℎ3

3𝐸𝐼𝑒𝑓𝑓
∙ [
(𝑛 + 1)(3𝑛 + 1)

8𝑛
] +

𝐹ℎ(𝑛 + 1)

2𝐺∗𝐴
+ (𝐹 ∙

𝑛 + 1

2
∙
ℎ2

𝑏2
− 𝑞ℎ𝑛) ∙

1

𝑘ℎ𝑑 + 𝑘𝑣𝑗
(4.52) 

⚫ For the SW mode: 

𝛥𝑡𝑜𝑡𝑎𝑙 =
𝐹ℎ3

3𝐸𝐼𝑒𝑓𝑓
∙ [
(𝑛 + 1)(3𝑛 + 1)

8𝑛
] +

𝐹ℎ(𝑛 + 1)

2𝐺∗𝐴
+
𝐹

4
(
1

𝑘ℎ𝑑
+
1

𝑘𝑣𝑗
) ∙
𝑛 + 1

2
∙
ℎ2

𝑏2
−
𝑞ℎ𝑛

2𝑘ℎ𝑑
(4.53) 

The analytical model used in this verification considers varying parameters of h/b,  𝑘ℎ𝑑 and 𝑘𝑣𝑗. 

The result of the verification is shown in Table 4.5 for a range of 𝑘̃ between 0.1 and 10. 

Table 4.5:  The total deformation calculated from the analytical model and FE model 

Aspect 

ratio 

𝒌𝒉𝒅 

(kN/mm) 

𝒌𝒗𝒋 

(kN/mm) 

𝒌̃ = 

𝒌𝒉𝒅/𝒌𝒗𝒋 
𝜟𝒕𝒐𝒕𝒂𝒍,𝒂𝒏𝒂 (mm)  

from analytical model 

𝜟𝒕𝒐𝒕𝒂𝒍,𝑭𝑬 (mm)  

from FE model 

Error (%) = 

𝜟𝒕𝒐𝒕𝒂𝒍,𝒂𝒏𝒂/𝜟𝒕𝒐𝒕𝒂𝒍,𝑭𝑬 − 𝟏 
Kinematic 

mode 

3/1 

10 9.0 1.1 18.1 17.8 1.9 CP 

10 22.5 0.4 12.2 12.1 1.2 SW 

25 45.0 0.2 10.1 10.1 0.0 SW 

25 9.0 2.8 11.2 11.5 -2.8 CP 

25 22.5 1.1 8.6 8.3 3.1 CP 

50 45.0 0.6 6.5 6.4 1.6 SW 

50 9.0 5.6 7.4 8.5 -12.5 CP 

50 22.5 2.2 6.4 6.5 -1.9 CP 

100 9.0 11 5.3 5.1 3.1 CP 
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100 22.5 4.4 4.7 5.2 -9.8 CP 

100 45.0 2.2 4.2 4.2 -0.7 CP 

6/1 

10 18.0 0.6 89.2 84.2 6.0 SW 

10 45.0 0.2 68.6 66.1 3.8 SW 

10 90.0 0.1 60.3 60 0.5 SW 

25 18.0 1.4 61.9 57.2 8.2 CP 

25 45.0 0.6 43.4 40.2 8.0 SW 

25 90.0 0.3 35.1 33.9 3.5 SW 

50 18.0 2.8 45.5 44.0 3.3 CP 

50 45.0 1.1 34.8 31.3 11.3 CP 

50 90.0 0.6 26.7 25 6.8 SW 

100 18.0 5.6 33.5 35.5 -5.7 CP 

100 45.0 2.2 27.9 25.9 7.6 CP 

100 90.0 1.1 22.4 20.4 9.8 CP 

9/1 

10 27.0 0.4 254.2 235.4 8.0 SW 

10 67.5 0.1 205.2 199 3.1 SW 

25 27.0 0.9 173.4 153.3 13.1 SW 

25 67.5 0.4 124.2 115.4 7.6 SW 

25 135.0 0.2 103.6 102.7 0.9 SW 

50 27.0 1.9 136.3 120.9 12.8 CP 
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50 67.5 0.7 97.2 86.9 11.8 SW 

50 135.0 0.4 76.6 73.9 3.7 SW 

100 27.0 3.7 106.0 100.4 5.5 CP 

100 67.5 1.5 81.6 72.3 12.9 CP 

100 135.0 0.7 63.1 59 7.0 SW 

12/1 

10 36.0 0.3 554.0 512.8 8.0 SW 

10 90.0 0.1 459.1 451.9 1.6 SW 

25 36.0 0.7 366.8 321.2 14.2 SW 

25 90.0 0.3 271.9 258.6 5.2 SW 

25 180.0 0.1 233.2 237.3 -1.7 SW 

50 36.0 1.4 298.3 255.7 16.7 CP 

50 90.0 0.6 209.5 192.4 8.9 SW 

50 180.0 0.3 170.8 170.5 0.2 SW 

100 36.0 2.8 240.9 216.1 11.5 CP 

100 90.0 1.1 177.9 158.8 12.0 SW 

100 180.0 0.6 139.6 136 2.6 SW 

Note: all the models are applied a vertical load of 20kN/m/storey. 

The results show that an average error of +4.70% is obtained based on 45 cases. In all cases, the 

maximum error is less than 16.7%, which seems reasonable for practical engineering design cases. 

The increase in error when considering the total deformation may be an indication of some 

dependency and coupled behaviour between the bending and rocking deformation mechanisms. 
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Furthermore, the prediction error tends to increase with increasing panel aspect ratio, which may 

indicate stronger coupling effects between slender panels.   
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5. Full-scale shearwall tests 

This chapter documents the full-scale experimental programme undertaken to examine the lateral 

deformation behaviour of multi-panel balloon-type CLT shearwall systems. It introduces the 

testing materials and their properties, details the experimental setup and loading protocol, and 

presents the test results. Emphasis is placed on the deformation sequence, failure mechanisms, 

kinematic modes, and deformation characteristics observed during testing. 

5.1. Materials and properties 

The experimental campaign employed five-layer CLT wall panels with a total thickness of 175 

mm (35/35/35/35/35), featuring a 0°/90°/0°/90°/0° layup, consistent with the material 

configuration adopted in Chapter 3. All panels were manufactured to grade E1 requirements in 

accordance with the Canadian standard CSA O86 (CSA Group, 2024) and were supplied by Nordic 

Structures. Each individual panel measured 5,000 mm in height with widths varying between 600 

mm and 1,200 mm, allowing systematic evaluation of different panel aspect ratios. 

The mechanical connections were provided by Rothoblaas and included both hold-down and 

vertical (spline) joint systems (Table 5.1). The hold-down, designated as WHT620, has nominal 

dimensions of 620 mm × 80 mm, and was fastened to the CLT panel using fifty-five annular-shank 

nails (type LBA460, diameter Φ4 mm, length 60 mm). A Φ20 mm 475mm steel threaded rod was 

adopted to anchor the hold-down to the steel foundation beam, and a steel washer was used to limit 

bending deformation of the bottom steel plate of the hold-down. The vertical connection between 

adjacent panels consisted of screwed spline joints, fabricated using 25.4 mm (1 inch) thick 

structural plywood and secured with Φ8 mm × 80 mm countersunk partially threaded screws. 
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The moduli of elasticity of the CLT panels, can be taken from the reference values in CSA O86 

(CSA Group, 2024), since the panels have standard layup and were manufactured according to the 

PRG320 (ANSI/APA, 2021) standard. The hold-downs and vertical joints used in this study are 

the same as those investigated by Masroor et al. (2024), and as such the mechanical properties of 

these mechanical anchors, including their maximum and ultimate tensile and shear capacities and 

corresponding displacements, can be obtained from the study by Masroor et al. (2024). More 

details on the material properties of the test specimens are provided in Table 5.1 and Table 5.2. 

The test matrix is summarised in Table 5.3 and illustrated in Figure 5.1. The experimental 

campaign investigated a range of specimen configurations with the number of shearwall panels 

varying from one to four, and panel aspect ratios (height-to-width) ranging from 4.2 to 8.3. The 

number of hold-downs connected to each bottom edge of the panel varied from one to four, while 

the number of vertical joints ranged from eight to sixty-five. Similar with the naming convention 

adopted in the FE sensitivity analysis, a specimen-naming scheme was employed to clearly 

identify each test configuration. For instance, in specimen “W0.6-P4-H2V32b”, the letter “W” 

refers to the width of each CLT panel with the value “0.6” indicating that each panel has a width 

of 0.6 m, “P4” indicates that the specimen comprises four panels, while “H2V32” denotes a 

connector arrangement with two hold-downs, positioned at the bottom right edge of shearwalls, 

and thirty-two vertical joints, provided at each interface between adjacent panels, and the suffix 

“b” denotes the second specimen of an identical configuration. 
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Table 5.1: Details of the metal connections 

Code Description Detail* Figure 

WHT620 Hold-down panel 

B (mm): 80 

P (mm): 83 

H (mm): 620 

Number of holes: 55 

                              

LBA460 Anker nail 

d1 (mm): 4 

b (mm): - 

L (mm): 60 

 

MGS12088 Steel rod 
d (mm): M20 

L (mm): 1000 

 

MUT93420 Nut 

d (mm): M20 

H (mm): 16 

SW: SW30 
 

WHTW70L Washer 

d1 (mm): 26 

B (mm): 70 

P (mm): 77 

s (mm): 20 
 

HBS880 Countersunk Screw 

d1 (mm): 8 

b (mm): 52 

L (mm): 80 

 

*Note: The symbols listed in this column are defined solely for use within this table. 
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Table 5.2: Materials and properties 

Name Properties 

CLT panel (1) 

Young’s modulus of 

longitudinal layers EL (MPa) 
11,700 

Young’s modulus of 

transverse layers ET (MPa) 

9,000 

Hold-down (2) 

Maximum tensile resistance Thd, max (kN) 93.4 

Displacement at the maximum tensile resistance point ΔT-hd, max (mm) 14.1 

Ultimate tensile resistance Thd, u (kN) 73.9 

Ultimate tensile displacement ΔT-hd, u (mm) 17.2 

Vertical joint (2) 

Maximum shear resistance Svj, max (kN) 7.5 

Displacement at the maximum shear resistance point ΔS-vj, max (mm) 43.2 

Ultimate shear resistance Svj, u (kN) 6.5 

Ultimate shear displacement ΔS-vj, u (mm) 55.7 

Note: (1) The values of CLT properties are from CSA O86 (CSA group, 2024). 

          (2) The values of connectors’ properties are obtained from the test reports by Masroor et al. (2024). 

 

 

 

 

 

 



Chapter five: Full-scale shearwall tests 

76 

 

Table 5.3: Test matrix 

Specimen No. Panel aspect ratio (h/b) Number of panels Number of hold-downs Number of vertical joints 

W0.6-P2-H1V32 8.3 2 1 32 

W0.6-P2-H2V32 8.3 2 2 32 

W0.6-P2-H4V32 8.3 2 4 32 

W1.2-P1-H2 4.2 1 2 - 

W1.2-P2-H2V32 4.2 2 2 32 

W0.8-P3-H2V32 6.3 3 2 32 

W0.6-P4-H2V32a 8.3 4 2 32 

W0.6-P4-H2V32b 8.3 4 2 32 

W0.6-P2-H2V8a 8.3 2 2 8 

W0.6-P2-H2V8b 8.3 2 2 8 

W0.6-P2-H1V65 8.3 2 1 65 
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Figure 5.1: Test specimens and comparative groups 
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5.2. Test set-up and load protocol 

Figure 5.2 illustrates the overall test setup, including key details on the systems of hold-down and 

vertical joints. Instead of erecting the shearwalls in an upright position on the laboratory floor, the 

CLT panels were laid horizontally and braced out of plane using timber supports placed on the 

ground. This configuration facilitated safe installation and avoided out-of-plane movement of a 

wall under in-plane lateral loads. It should be noted that no uplift of the walls from the support 

was observed in any of the tests.  

The setup simulated a full-scale, two-storey balloon-type CLT shearwall subjected to two equal 

horizontal loads, each applied at the diaphragm level of its respective storey. To ensure equal force 

transfer to the two loading points, a single hydraulic actuator was positioned at the midspan of a 

rigid I-shaped steel spreader beam, thereby maintaining symmetrical load distribution across the 

wall. 

A steel foundation beam with a length of 3,505 mm was anchored to the laboratory floor to 

simulate the foundation of the wall system. To prevent unintended lateral sliding during testing, a 

steel shear key was installed at the end of the shearwall (the left bottom corner). Additional details 

of the construction of the steel foundation beam and lateral-sliding restraint are provided in 

Appendix A. 

A monotonic displacement-controlled loading protocol was employed, utilising a hydraulic 

actuator operating at a constant loading rate of 25 mm/min, in accordance with ASTM E2126 

(ASTM International, 2019) and ISO 21581:2010 (International Organisation for Standardisation, 

2010). In the process of testing, the laboratory environment was maintained at a temperature of 
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18～22°C and a relative humidity of 60～70%, while the equilibrium moisture content of the CLT 

specimens was measured with an average value of 12.1% and a coefficient of variation (COV) of 

11.8% to ensure consistent conditioning of the material. 

The lateral displacement of the shearwall was monitored at the diaphragm levels of 2.4 m and 4.8 

m using linear variable differential transducers (LVDTs) positioned (Figure 5.3). In addition to the 

global lateral drift, other significant deformation parameters, including hold-down uplift, relative 

slip between adjacent panels, and local compressive deformation at the rotation centres of the CLT 

panels, were also recorded by means of LVDTs.  

The monitoring points were systematically numbered according to their locations, as depicted in 

Figure 5.3, where both the position as well as the direction of the displacement measurement is 

provided. Point 1 (P1) was placed along the central axis of the outermost hold-down to measure 

hold-down uplift. Points 2/2′ (P2/P2′) and 3/3′ (P3/P3′), positioned at the wall edges at 2.4 m and 

4.8 m heights, respectively, recorded the lateral drifts at the first and second diaphragm levels. At 

Point 4 (P4), located at the bottom left corner of each specimen, two LVDTs were installed along 

orthogonal directions to record end-panel compression and lateral sliding. For specimens 

comprising two, three, or four panels, additional instrumentation, Points 5 through 10 (P5～P10), 

was installed at panel intersections to monitor panel-to-panel slip and individual panel uplift. 
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Plan view                                                                                                                                              Side view 

(a) Testing setup of specimen W0.6-P2-H4V32 as an example 

 

T 
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Plan view                                                                                                                                          Side view 

(b) Testing setup of specimen W0.6-P4-H2V32 as an example 
 

 

T 
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Plan View 

 
Side View 

(c) Details of hold-down system for specimen W0.6-P2-H4V32 as an example 



Chapter five: Full-scale shearwall tests 

83 

 

 
                  Side view                                                                                                                                         Plan view 

(d) Details of vertical joints system for specimen W0.6-P4-H2V32 as an example 

Figure 5.2: An overview of test setup with the details of hold-downs and vertical joints system   
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(a) W1.2-P1                             (b) W0.6-P2                                          (c) W1.2-P2 

 
(d) W0.8-P3                                                                  (e) W0.6-P4 

Figure 5.3: Displacement monitored points by LVDTs  
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5.3. Test results 

5.3.1. Deformation sequence and failure mechanism 

Figure 5.4 compares typical deformation sequences observed in specimens W0.6-P2-H1V32 and 

W0.6-P2-H4V32, which have similar overall layout and configurations but with the only exception 

of having different hold-down number, and hence different relative stiffness and strength ratios 

between the hold-down and the vertical joints. For specimen W0.6-P2-H1V32, the shearwall 

primarily exhibited a rocking motion about its rotation centre at P4, accompanied by a slight uplift 

at point P6. Increase in deformation in the vertical joints was also evident as the applied load 

increased. The ultimate failure mode was governed by rupture of the hold-down, which resulted 

in a complete loss of lateral resistance, with evident residual deformations at the panel-to-panel 

interface. 

When the number of hold-downs was increased to four (W0.6-P2-H4V32), the specimens 

exhibited rocking about the rotation centres of each panel (P6 and P4), with larger slips developing 

between adjacent panels. Ultimately, the final failure was still caused by rupture of all hold-downs. 

This behaviour can be attributed to the mechanical properties of the connectors: the hold-downs 

exhibited a significantly lower ultimate tensile displacement (ΔT-hd, u) compared to the ultimate 

shear displacement of the vertical joints (ΔS-vj, u), as summarised in Table 5.2. Consequently, the 

hold-downs consistently reached their failure point earlier than the vertical joints. 
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(a) Entire structural deformation of specimen W0.6-P2-H1V32 

 

 

(b) Deformation development at the bottom of panels of specimen W0.6-P2-H1V32 
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(c) Entire structural deformation of specimen W0.6-P2-H4V32 

 

 
(d) Deformation development at the bottom of panels of specimen W0.6-P2-H4V32 

Figure 5.4: Structural deformation development of specimen W0.6-P2-H1V32 under the lateral loads 

Specimen W1.2-P1-H2, which consisted of only one panel, exhibited a relatively logical 

deformation sequence in comparison with specimen W0.6-P2-H2V32. These are two walls with 

the same width (1.2 m), same overall wall aspect ratio, and same number of hold-downs, and with 

the only difference being that in W1.2-P1-H2 the entire wall comprises of a monolithic panel, 

while for W0.6-P2-H2V32 the 1.2 m panel is divided into two 0.6 m panels connected together 

The original status before loading 

The entire deformation after failure 

FT 

F F 
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using vertical joints. It was observed that both specimens eventually failed governed by rupture of 

the hold-downs. In comparison, specimen W0.6-P2-H2V8a exhibited more complex deformation 

behaviour during the loading process (Figure 5.5). Unlike the typical failure mode governed by 

hold-down tensile rupture, a combined tensile-bending failure was observed at the hold-downs. 

This behaviour may be attributed to a high relative stiffness within the system, which resulted in 

an uneven distribution of resistance and deformation between the two panels. Owing to the 

relatively low stiffness of the vertical joints, the left panel (Panel 1) experienced more pronounced 

rocking deformation accompanied by larger uplift, whereas the uplift of the right panel (Panel 2) 

was restrained by comparatively stiffer hold-downs. This deformation incompatibility induced 

additional rotation at the hold-downs, leading to increased bending effects in combination with 

axial tensile forces. Consequently, the hold-downs failed under a combined bending-tension 

loading condition. 

 

 

 

 



Chapter five: Full-scale shearwall tests 

89 

 

 

 
(a) Entire structural deformation and bottom details of specimen W1.2-P1-H2 at the failure moment 

 

 
(b) Entire structural deformation and bottom details of specimen W0.6-P2-H2V8a at the failure moment 

Figure 5.5: Structural deformation of specimens W1.2-P1-H2 and W0.6-P2-H2V8a under the lateral loads 
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Figure 5.6a provides a comparison between the hold-downs that failed in tension (i.e. W0.6-P2-

H2V32) and that in combined tension and bending (i.e. W0.6-P2-H2V8a). It was found that the 

rupture lines in the hold-down that failed in tension were consistently located at the lowest nail 

holes due to stress concentration, whereas the bending rupture lines occurred lower, close to the 

flanges of the hold-down plates, and were accompanied by a pronounced out-of-plane deformation, 

caused by the combination of bending and tension . At the same time, partial failure of the vertical 

joints was observed, which included a bending deformation of some screws traced by clear 

deformed drilling holes, as shown in Figure 5.6b. 
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(a) Comparison of the rupture characteristics of hold-downs caused by tension and by combined tension and bending 

Bending rupture  

 

Tensile rupture  

 
Front view 

Bending rupture  

 

Tensile rupture  

 

Side view 

Failure of hold-downs in W0.6-P2-H2V8a Failure of hold-downs in W0.6-P2-H2V32 

Failure lines 
Failure lines 
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(b) Deformation details of the vertical joints (from specimen W0.6-P2-H2V8a) 

Figure 5.6: Rupture and deformation characteristics of connectors in specimen W0.6-P2-H2V8a 

Another repeated test of specimen W0.6-P2-H2V8b exhibited a different failure mechanism. In 

this case, the CLT panel developed a crack along the top edge of the outermost hold-down plate at 

an early stage of loading. Subsequently, the tensile stresses were redistributed to the underlying 

lamination. Due to the orthogonal orientation of its fibres relative to the applied tensile force, the 

deformation and crack development were governed by rolling shear mechanisms, resulting in rapid 

crack propagation along the interlaminar shear plane until the wood fibres were completely 

ruptured. Since the depth of the fasteners extended into the second lamination layer of the CLT 

panel, wood splitting was also observed as a result of nail deformation along a direction 

perpendicular to the grain. The ultimate wall failure did not occur until the inner hold-down plate 

eventually ruptured. Details on this failure mode are provided in Figure 5.7. This specimen 

illustrated the possibility of an alternative failure mode in which the wood panel experienced local 

rupture prior to the hold-downs reaching their maximum tensile resistance. This suggests that 
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inherent material imperfections within the CLT panel contributed to the premature failure. To 

mitigate such behaviour, the use of longer fasteners with greater embedment depth may be required 

in order to allow additional lamination layers to be involved in and contribute to the tensile 

resistance of joint.  

 

 

 

Figure 5.7: Failure mode and details of specimen W0.6-P2-H2V8b 

Figure 5.8 presents typical deformation progressions observed in specimens W0.6-P4-H2V32a, 

W0.8-P3-H2V32, and W1.2-P2-H2V32. These specimens are in principle similar in terms of 

overall wall length and mechanical anchors but differ only in the number of panels to achieve the 
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wall length of 2.4 m. As expected, and consistently with most other specimens, all three ultimately 

failed at the hold-downs due to tensile rupture. However, they exhibited different value of lateral 

stiffness and maximum lateral displacements. In addition, more complex kinematic behaviour was 

observed in the multi-panel shearwall system, as discussed in detail in Section 5.3.2.  

 

 

(a) Entire structural deformation and the bottom details of specimen W0.6-P4-H2V32 at the failure moment 
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(b) Entire structural deformation and the bottom details of specimen W0.8-P3-H2V32 at the failure moment 
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The bottom details 
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(c) Entire structural deformation and the bottom details of specimen W1.2-P2-H2V32 at the failure moment 

Figure 5.8: Failure comparison between specimens W0.6-P4-H2V32a, W0.8-P3-H2V32, and W1.2-P2-H2V32 

In the repeated test of specimen W0.6-P4-H2V32b, similar to specimen W0.6-P2-H2V8b, the 

initial failure occurred in the CLT panel itself rather than in the hold-downs, although with notable 

differences between the two cases. It was found that the failure of W0.6-P4-H2V32b was initiated 

along a finger joint located at the top edge of the outermost hold-down panel. The CLT strip 

experienced a brittle tensile failure and rolling shear failure was observed at the transverse layer 

(underneath the first layer of CLT). Compared with specimen W0.6-P2-H2V8b, where crack 

development occurred slowly until the ultimate failure happened, the failure in this case occurred 

more abruptly. Figure 5.9 showed more failure details. 
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While the location of the finger-joint may be coincidental, the observed failure highlights how 

such common fabrication detail has the potential to trigger unexpected structural failures, that is 

not likely to be considered in the design. Furthermore, the lumber strips used in the CLT panel had 

a width of 82 mm, nearly identical to the width of the hold-down panel (80 mm). This alignment 

meant that once all fasteners were concentrated within a single strip, only one strip can resist the 

applied force. As a result, the likelihood of panel failure increased significantly. These 

observations suggest that adjustments to the strip width in commercial CLT panel fabrication may 

help reduce the risk of such premature and sudden panel failures. 

 
(a) Entire structural deformation of specimen W0.6-P4-H2V32b after failure 

 
(b) Bottom details of specimen W0.6-P4-H2V32b at the failure moment 

P1  P4  P6  P8  P10  

FT 

F F 



Chapter five: Full-scale shearwall tests 

98 

 

 

 
(c) Local details of specimen W0.6-P4-H2V32b after failure 

Figure 5.9: Failure details of specimen W0.6-P4-H2V32b 

5.3.2. Kinematic modes and deformation characteristics 

In terms of kinematic response, different kinematic modes were observed based on rotational 

behaviour of the panels. Figure 5.10 provides a closer look at the panel uplift and deformation 

details for specimens W0.6-P2-H1V32, W0.6-P2-H2V32 and W0.6-P2-H4V32. These specimens 

differ only in the number of hold-downs. It was observed that SW mode was dominant when only 

one hold-down was used. However, as the number, and hence stiffness, of hold-downs increased, 

the system transitioned from SW mode to CP mode. For example, when four hold-downs were 

utilised, the CLT panel at P6 was consistently in contact with the base support, as shown in Figure 

5.10c.  

More details about the displacement at the bottom of each panel are listed in Table 5.4. Although 

the uplift displacement of hold-downs at the peak load remained consistent across different 
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specimens (W0.6-P2-H1V32, W0.6-P2-H2V32 and W0.6-P2-H4V32), generally ranging from 13 

mm to 16 mm, the slip between two panels became significantly larger up to 26 mm, when using 

a greater number of hold-downs (from 1 to 4). 

 
(a) Specimen W0.6-P2-H1V32 with SW mode 

 
(b) Specimen W0.6-P2-H2V32 with CP mode 

 
(c) Specimen W0.6-P2-H4V32 with CP mode 

Figure 5.10: Monitored points for measuring the tensile displacement of hold-downs (P1) and tracing the kinematic 

modes of shearwalls (P6) for specimens W0.6-P2-H1V32, W0.6-P2-H2V32 and W0.6-P2-H4V32 

Figure 5.11 presents details on the deformation mechanisms based on specimens W1.2-P1-H2, 

W0.6-P2-H2V32, W0.6-P2-H2V8a, and W0.6-P2-H2V8b. These walls differ in the number of 

vertical joints and as such the relative stiffness between the vertical joints and the hold-downs, 

with W1.2-P1-H2 included as the extreme case where the relative stiffness is infinite since this 

wall has no vertical joints but same total width as the other wall specimens considered. Except for 

the monolithic shearwall (W1.2-P1-H2), the other three specimens exhibited clear CP modes. 

Moreover, it was observed that the pronounced compressive regions were developed at P6 in both 
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specimens W0.6-P2-H2V8a and W0.6-P2-H2V8b, as illustrated in Figure 5.11c and 5.11d, 

respectively. In addition, a significant difference in panel uplift was found in specimen W0.6-P2-

H2V8a. As shown in Table 5.4, the left panel (Panel 1) experienced a 33% greater uplift (32 mm) 

than the right panel (Panel 2, 24 mm) at peak load, whereas both panels in specimen W0.6-P2-

H2V32 exhibited nearly identical uplifts. Similar phenomenon was observed for other shearwalls 

with high relative stiffness, such as specimen W0.6-P2-H4V32. As a results, the theoretical 

assumption in which panels with CP mode are considered to possess the same rotation seems not 

to be applicable when the shearwalls possess high relative stiffness. In such case, non-uniform 

force distribution between individual panels due to differential stiffnesses of hold-down and 

vertical joints, would lead to unequal uplifts and asymmetric panel rotations rather than a uniform 

coupled response. 

In addition to the significant difference in panel uplift, it was observed that two CLT panels in 

specimen W0.6-P2-H2V8a exhibited differential deformation mechanisms. In the loading 

sequence, Panel 2 exhibited more bending than Panel 1, as illustrated by twice the slip value 

measured at the top (77 mm at P5) compared to the bottom (37 mm at P5’) of the interface between 

adjacent panels (Figure 5.12). This behaviour is attributed to a combination of high relative 

stiffness and high aspect ratio of shearwalls.  

 
(a) Specimen W1.2-P1-H2 
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(b) Specimen W0.6-P2-H2V32 

 
(c) Specimen W0.6-P2-H2V8a 

 
(d) Specimen W0.6-P2-H2V8b 

Figure 5.11: Monitored points for measuring the tensile displacement of hold-downs (P1) and tracing the kinematic 

modes of shearwalls (P6) for specimens W1.2-P1-H2, W0.6-P2-H2V32, W0.6-P2-H2V8a and W0.6-P2-H2V8b 

 

Figure 5.12: Comparison of slip displacements measured at the top and the bottom of the interface between two panels 

from specimen W0.6-P2-H2V8a 
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When investigating shearwalls consisting of more than two panels, more complex kinematic 

modes were observed than those with only two panels. Specimen W0.6-P4-H2V32a exhibited CP 

mode with multiple rotation centres observed at P6, P8, P10 and P4 during the early stages of loading, 

However, when the load was further increased, the uplift recorded at P6 and P8 increased 

progressively. In contrast, P10 was characterised by very low values of uplift (i. e. ≤1 mm) until 

the shearwall failed. This observation indicates that the kinematic mode experienced a transition 

from CP to SW in the loading process. Similar phenomenon was observed for specimen W0.8-P3-

H2V32. Figure 5.13 showed the details of the shift of kinematic modes varying with time in 

specimens W1.2-P2-H2V32, W0.8-P3-H2V32 and W0.6-P4-H2V32a.  

 

 

(a) Kinematic mode in specimen W1.2-P2-H2V32 (without transition) 

Centre of rotation 

SW mode 

SW 
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(b) Transitions of kinematic modes in specimen W0.8-P3-H2V32 

 

W0.8-P3-H2V32 

SW IN CP 

Transition points 

Panel 1 

Panel 2 

Panel 3 



Chapter five: Full-scale shearwall tests 

104 

 

 

 

(c) Transitions of kinematic modes in specimen W0.6-P4-H2V32a 

Figure 5.13: Details of the kinematic modes varying with time in specimens (a) W1.2-P2-H2V32, (b) W0.8-P3-H2V32 

and (c) W0.6-P4-H2V32a. 

Another transition in kinematic mode was observed in specimen W0.6-P4-H2V8b. Prior to the 

initiation of wood failure near the outermost hold-down, the response was dominated by CP mode. 

After the wood failure, the kinematic mode shifted to SW mode (Figure 5.14). It can be noted that 

SW IN CP 

Transition points 
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the structure did not fail immediately after wood failure. Instead, it continued to hold the SW mode 

until the crack gradually expanded to result in entire rupture. This behaviour is attributed to the 

change in relative stiffness, where wood failure near the hold-down reduced the tensile stiffness 

of hold-downs, while the stiffness of vertical joints remained unaffected. 

 
(a) CP mode: before the panel cracking 

 
(b) SW mode: after the panel cracking 

Figure 5.14: Comparison of the kinematic modes before and after the panel cracking near the hold-down for specimen 

W0.6-P4-H2V32b 
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Table 5.4: Displacement details (along the direction of the height of walls) at the bottom of each panel at peak loads 

Specimens 

At the bottom of Panel 1 Slip 

between 

panels 

(mm) 

At the bottom of Panel 2 Slip 

between 

panels 

(mm) 

At the bottom of 

Panel 3 Slip 

between 

panels 

(mm) 

At the bottom of 

Panel 4 
Kinematic 

modes Left corner 

(mm) 

Right corner 

(mm) 

Left corner 

(mm) 

Right corner 

(mm) 

Left 

corner 

(mm) 

Right 

corner 

(mm) 

Left 

corner 

(mm) 

Right 

corner 

(mm) 

W1.2-P1-H2 -2 14 - - - - - - - - - SW 

W0.6-P2-H1V32 -1 13 7 6 17 - - - - - - SW 

W0.6-P2-H2V32 -2 15 18 -3 14 - - - - - - CP 

W0.6-P2-H4V32 -2 22 26 -4 15 - - - - - - CP 

W0.6-P2-H2V8a -2 32 37 -5 24 - - - - - - CP 

W0.6-P2-H2V8b -2 21 27 -6 20 - - - - - - CP 

W0.6-P2-H1V65 -1 8 0 8 20 - - - - - - SW 

W1.2-P2-H2V32 -1 11 6 5 13 - - - - - - SW 

W0.8-P3-H2V32 -1 9 7 2 14 8 6 11 - - - SW 

W0.6-P4-H2V32a -1 9 8 1 13 8 5 16 9 7 12 SW 

W0.6-P4-H2V32b -1 6 6 0 8 6 2 9 6 3 6 SW 

Note: The negative values mean compressive displacement.
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6. Discussion on the experimental, numerical and analytical model 

This chapter discusses the lateral resistance, stiffness and rocking deformation of tested shearwalls, 

and presents a comparison between the experimental findings and corresponding predictions 

obtained from the analytical and numerical models, highlighting consistencies as well as 

identifying potential sources of discrepancy. The discussion provides insight into the accuracy and 

limitations of each modelling approach. 

6.1. Lateral resistance and stiffness of tested shearwalls  

When the foundation beam was installed, it was recognised that one limitation could be that the 

stiffness would not be sufficiently high that there would be no anticipated deformation in the beam. 

Several analyses were made prior to designing and selecting the foundation beam and eliminating 

any deformation was very challenging. Therefore, it was decided that the movement of the 

foundation beam would be monitored and then subtracted from total displacement of the wall tests. 

This is not ideal as it may introduce some uncertainty in the results, but it was deemed acceptable 

given that the alternative is testing the walls vertically, which presented another set of challenges. 

As such, the curves presented in this section have been corrected for the movement of the steel 

foundation beam in the manner explained in Appendix B.  

Figure 6.1 illustrates the relationship between the total lateral loads applied and the corresponding 

lateral displacements measured at the edge of the second diaphragm level (4.8 m) for specimens 

W0.6-P2-H1V32, W0.6-P2-H2V32 and W0.6-P2-H4V32, with progressively increasing 

(doubling) of the hold-downs. As summarised in Table 6.1, the specimen with a single hold-down 

(W0.6-P2-H1V32) attained a maximum lateral resistance of 35.4 kN, corresponding to a 
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displacement of 126.6 mm. When the number of hold-downs was doubled (W0.6-P2-H2V32), the 

maximum lateral resistance increased by roughly 73%, accompanied by a 33% increase in 

displacement. Another doubling of the number of hold-downs (W0.6-P2-H4V32) resulted in an 

additional increase of only 47% the maximum lateral resistance and a 28% greater displacement. 

The observation of the  horizontal resistance not increasing linearly with the number or stiffness 

of hold-downs is likely caused by the shift in kinematic mode from SW to CP. Additionally, it was 

observed that when multiple hold-downs were employed in the system, they failed at different 

points, where in general, the outermost hold-downs was observed to fail prior to the inner ones 

due to greater uplift experienced at the outer panel edges. 

 

 

Figure 6.1: Comparison of load-displacement curves between specimens W0.6-P2-H1V32, W0.6-P2-H2V32 and 

W0.6-P2-H4V32 
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Table 6.1: Mechanical properties of shearwalls 

Note: (1) Total lateral stiffness Kl,40 is calculated according to ASTM-E 2124 (ASTM International, 2019). 

          (2) Ultimate lateral load Fu is defined as 80% of the peak lateral load Fmax after peak.

Specimen No. 
Number of 

hold-downs 

Stiffness (1) 

Kl,40 (× 𝟏𝟎−𝟏kN/mm) 

Peak load 

Fmax (kN) 

Displacement at peak load 

Δmax (mm) 

Ultimate load (2) 

Fu (kN) 

Ultimate displacement 

Δu (mm) 

W0.6-P2-H1V32 1 5.6 35.4 126.6 28.3 136.6 

W0.6-P2-H2V32 2 7.4 61.3 168.7 49.1 191.9 

W0.6-P2-H4V32 4 9.5 89.9 216.3 71.9 244.5 

Specimen No. 
Number of 

vertical joints 

Stiffness (1) 

Kl,40 (× 𝟏𝟎−𝟏kN/mm) 

Peak load  

Fmax (kN) 

Displacement at peak load 

Δmax (mm) 

Ultimate load(2)  

Fu (kN) 

Ultimate displacement 

Δu (mm) 

W1.2-P1-H2 - 11.2 64.4 99.6 51.5 116.4 

W0.6-P2-H2V32 32 7.4 61.3 168.7 49.1 191.9 

W0.6-P2-H2V8a 8 1.9 37.8 289.1 30.3 318.6 

W0.6-P2-H2V8b 8 2.0 31.2 278.5 24.9 299.2 

W0.6-P2-H1V32 32 5.6 35.4 126.6 28.3 136.6 

W0.6-P2-H1V65 65 5.2 30.8 95.6 24.7 113.3 

Specimen No. Aspect ratio 
Stiffness (1) 

Kl,40 (× 𝟏𝟎−𝟏kN/mm) 

Peak load  

Fmax (kN) 

Displacement at peak load 

Δmax (mm) 

Ultimate load (2)  

Fu (kN) 

Ultimate displacement 

Δu (mm) 

W1.2-P2-H2V32 4.17 33.2 132.1 51.1 105.7 75.2 

W0.8-P3-H2V32 6.25 23.3 124.1 77.8 99.3 84.0 

W0.6-P4-H2V32a 8.33 20.5 128.3 103.2 102.6 119.8 

W0.6-P4-H2V32b 8.33 22.6 112.0 72.7 89.6 91.6 
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Figure 6.2 compares the load-displacement curves of specimens W1.2-P1-H2, W0.6-P2-H2V32, 

and W0.6-P2-H2V8a and W0.6-P2-H2V8b, in which the number of vertical joints ranges from 

eight to a continuous connection, behaving as a monolithic panel. It can be observed in Figure 6.2a 

that the specimen with a single panel (W1.2-P1-H2) reached a maximum lateral resistance of 64.4 

kN at a corresponding displacement of 99.6 mm. When the monolithic wall was replaced with two 

panels connected by thirty-two vertical joints (W0.6-P2-H2V32), the maximum lateral resistance 

decreased slightly, but the corresponding displacement increased by 69%. When the number of 

vertical joints was further reduced to eight (W0.6-P2-H2V8a), the peak lateral resistance dropped 

to nearly half of the single-panel value, while the corresponding displacement nearly tripled. 

As expected, improvement in lateral stiffness was observed when the number of vertical joints 

increases from eight (0.19 kN/mm) to thirty-two (0.74 kN/mm), since the stiffness was heavily 

influenced by the vertical joints. The additional stiffness gained when transitioning from thirty-

two (0.74 kN/mm) to a continuous connection (monolithic wall) (1.12 kN/mm) did not follow the 

same trend since the flexibility is primarily dominated by that of the hold-down, with the vertical 

joints initially contributing to this flexibility while in the monolithic case the flexibility only stems 

from the hold-down. This observation is consistent with the sensitivity analysis in Chapter 3, which 

demonstrated dependency of kinematic modes and failure mechanisms associated with changes in 

vertical joint stiffness.  

In observing the behaviour of specimen W0.6-P2-H2V8b, it could be seen that a sudden drop in 

the resistance curve occur where the panel failure near the hold-down happened at a displacement 

of 186 mm (Figure 6.2b). Following a 16.1% drop in resistance the curve gradually recovered but 

with a lower stiffness. Compared with the peak resistance prior to cracking (33.7 kN), the 
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recovered peak increased by only 4.5% (35.2 kN), which may be attributed to the stress 

redistribution near the hold-downs after cracking. By contrast, specimen W0.6-P2-H2V8a, which 

did not experience panel cracking, achieved a 21.2% higher peak lateral resistance and a 3.8% 

greater corresponding displacement. Despite these differences in peak response and failure 

behaviour, two specimens exhibited comparable lateral stiffness, indicating that panel cracking 

primarily affected the post-peak response rather than the global stiffness of the shearwall. 

 
(a) 

(CP) 

(CP) 
(SW) 
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(b) 

Figure 6.2: Comparison of load-displacement curves between specimens (a) W1.2-P1-H2, W0.6-P2-H2V32, and 

W0.6-P2-H2V8a, (b) W0.6-P2-H2V8a and W0.6-P2-H2V8b 

Figure 6.3 compares the load-displacement responses of specimens W0.6-P2-H1V32 and W0.6-

P2-H1V65, in which a single hold-down was employed while the number of vertical joints was 

increased from thirty-two to sixty-five. The results show that the specimen with a larger number 

of vertical joints (W0.6-P2-H1V65) exhibited a reduced lateral displacement at peak load, 

demonstrating that increasing vertical joint stiffness can effectively limit lateral drift even when 

the ultimate resistance remains unchanged. 

In addition, specimen W0.6-P2-H1V65 exhibited 13% lower maximum resistance compared with 

W0.6-P2-H1V32, which is attributed to the modified hold-down position. In this specimen, the 

hold-down was installed 100 mm farther from the wall edge (Figure 6.3), resulting in a reduced 

lever arm for resisting overturning moments and, consequently, a lower contribution to overturning 

Panel cracking point 

(CP) 

(CP) 
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resistance. These observations further highlight the sensitivity of shearwall performance to hold-

down placement, significantly influencing resistance capacity, particularly in balloon-type 

shearwall systems with relatively slender panels.  

 

Figure 6.3: Comparison of load-displacement curves between specimens W0.6-P2-H1V32 and W0.6-P2-H1V65 

Specimens W1.2-P2-H2V32, W0.8-P3-H2V32, W0.6-P4-H2V32a, and W0.6-P4-H2V32b had the 

same total width of 2.4 m but differed in panel aspect ratios and the number of panels. As observed 

in Figure 6.4a, specimens W1.2-P2-H2V32, W0.8-P3-H2V32, and W0.6-P4-H2V32a, exhibited 

similar maximum lateral resistances, with an average value of 128.18 ± 3.28 kN, while the 

corresponding lateral displacements varied considerably. For the shearwall consisting of two equal 

panels (panel aspect ratio = 4.17), the displacement at peak load was 51.1 mm. When replaced 

with three equal panels (panel aspect ratio = 6.25) and four equal panels (panel aspect ratio = 8.33), 

the displacements at the peak load increased by 52% and 102%, respectively. Although all three 

(SW) 

(SW) 
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shearwalls exhibited SW modes at failure, more complex kinematic behaviour was observed 

during the loading process, as discussed in Section 5.3.2. 

Although the estimated total lateral stiffness showed only a slight reduction from the two-panel to 

the four-panel configuration, the results indicate an important design implication. When the total 

wall width is fixed, shear walls composed of more slender panels are able to maintain comparable 

lateral resistance while developing larger lateral drift capacity. This behaviour suggests an increase 

in structural ductility under lateral loading, which is favourable for seismic design, as it allows the 

system to dissipate more energy without a significant loss in strength. Therefore, the use of more 

slender panels can be considered a viable design strategy for enhancing ductile performance, 

provided that drift demands remain within acceptable limits. 

As mentioned in Section 5.3.1, specimen W0.6-P4-H2V32b experienced a sudden premature 

failure at finger joints, reaching 87% of the maximum resistance observed in specimen W0.6-P4-

H2V32a (Figure 6.4b). A slight recovery of strength was observed after crack development in the 

CLT panel, whereby the tensile load was entirely carried by the inner hold-down. However, the 

recovery was very limited and transient with the second peak after cracking being 12% (from 112.0 

kN to 98.8 kN) less compared with the recovery observed in specimen W0.6-P2-H2V8b.  
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(a) 

 
(b) 

Figure 6.4: Comparison of load-displacement curves between specimens (a) W1.2-P2-H2V32, W0.8-P3-H2V32, 

W0.6-P4-H2V32a; (b) W0.6-P4-H2V32a and W0.6-P4-H2V32b 

Specimens W0.6-P2-H2V32 versus W0.6-P4-H2V32a, and W1.2-P1-H2 versus W1.2-P2-H2V32, 

128.18 ± 3.28 kN 
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were compared for the purpose of evaluating the scaling effect of total wall width on the lateral 

resistance and stiffness of CLT shearwalls. It can be observed that doubling the total width of the 

shearwalls from 2.4 m to 4.8 m, while maintaining the same panel aspect ratios, resulted in 

approximately twice the maximum lateral resistance (from 61.3 kN to 128.3 kN and from 64.4 kN 

to 132.1 kN, respectively). Similarly, the total lateral stiffness roughly tripled (from 0.74 kN/mm 

to 2.05 kN/mm and from 1.12 kN/mm to 3.32 kN/mm, respectively). Although these results 

indicate that simply increasing the total width of the shearwall can indeed enhance structural 

resistance and stiffness, enhancing the stiffness of the connectors has been demonstrated to be an 

effective alternative strategy. For example, when the combination of hold-downs and vertical 

joints was increased from two hold-downs and eight pairs of vertical joints (-H2V8) to four hold-

downs and thirty-two pairs of vertical joints (-H4V32) in shearwalls consisting of two panels with 

an aspect ratio of 8.33 (W0.6-P2-), the total lateral stiffness increased by four times (from 0.19 

kN/mm to 0.95 kN/mm). 
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(a) 

 
(b) 

Figure 6.5: Comparisons of the load-displacement curves of specimens (a) W0.6-P2-H2V32 versus W0.6-P4-H2V32a, 

and (b) W1.2-P1-H2 versus W1.2-P2-H2V32 
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6.2. Rocking deformation of tested shearwalls  

According to the definition of rocking deformation given in Equation 3.6 (Chapter 3), the rocking 

deformation of the tested shear walls was calculated. However, it was mentioned in Chapter 5 that 

several specimens exhibited significant differences in uplift among individual panels within the 

same shearwall, such as specimen W0.6-P2-H4V32 and W0.6-P2-H2V8a. These uneven uplift 

responses resulted in substantial variation in estimating overall rocking deformation. To address 

this issue, the definition of rocking deformation for specimens exhibiting CP behaviour was 

calculated by considering the average uplift of all panels. 

In the investigation of rocking deformation, two representative loading states were considered:  

• 0.4 𝐹𝑝𝑒𝑎𝑘, corresponding to a typical elastic response dominated by the initial stiffness of 

the connectors, 

• the peak load, 𝐹𝑝𝑒𝑎𝑘. 

At 0.4𝐹𝑝𝑒𝑎𝑘, a clear influence of connector stiffness on rocking deformation was observed. For 

specimens W0.6-P2-H1V32, W0.6-P2-H2V32, and W0.6-P2-H4V32, in which the number of 

hold-downs was progressively doubled, the percentage of rocking deformation decreased from 75% 

to 57% (Figure 6.6a). Similarly, when comparing specimens W0.6-P2-H2V8a and W0.6-P2-

H2V32, an increase in vertical joint stiffness led to a reduction in rocking deformation from 75% 

to 69%. A comparable trend was also observed between specimen W0.6-P2-H1V32 and W0.6-P2-

H1V65, where the rocking deformation percentage decreased from 75% to 60% with increased 

vertical joint stiffness (Figure 6.6b). 

These results are consistent with the findings of the sensitivity analysis presented in Chapter 3 and 

verify the analytical theory in Chapter 4, which clearly highlight the critical role of connector 
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stiffness in controlling rocking deformation. More importantly, the results further confirm that 

bending and shear deformation of panels cannot be neglected in balloon-type CLT shearwalls. 

 
(a) 

 
(b) 

Figure 6.6: Percentage of rocking deformation with the varying number of (a) hold-downs and (b) vertical joints at 

0.4𝐹𝑝𝑒𝑎𝑘 

For specimens consisting of more than two panels, a more complex rocking behaviour was 

observed. A comparison among specimens W1.2-P2-H2V32, W0.8-P3-H2V32, and W0.6-P4-
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the rocking deformation percentage decreased from 72% for the two-panel configuration (-P2-) to 

48% for the three-panel configuration (-P3-), before increasing again to 62% for the four-panel 

configuration (-P4-). This trend is possible and consistent with the sensitivity analysis in Chapter 

3, which demonstrates a varying number of panels under fixed total width can significantly 

influence the rocking percentage, but it is more complex in a muti-panel system, since the tendency 

is also relevant with the choice of stiffness of the connectors that may bring a transition of 

kinematic modes. 

When examining the rocking deformation at 𝐹𝑝𝑒𝑎𝑘 , trends similar to those observed at 

0.4𝐹𝑝𝑒𝑎𝑘 were identified. However, the rocking deformation percentages at peak load were 

consistently higher for all specimens (Figure 6.7). This behaviour indicates that, as loading 

increases, the hold-downs and vertical joints progressively enter the plastic phase, leading to 

stiffness degradation and, consequently, a systematic increase in rocking contribution to the overall 

deformation response of the shearwalls. 

 

Figure 6.7: Rocking percentage at 0.4𝐹𝑝𝑒𝑎𝑘 and 𝐹𝑝𝑒𝑎𝑘 
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6.3. Numerical model 

Consistent with the simulation approach adopted in the sensitivity analysis, the FE model 

employed two-dimensional shell elements with the same CLT material property assumptions 

described in Chapter 3. However, to achieve higher accuracy in comparison with the experimental 

results, a smaller mesh size of 10 mm × 10 mm was adopted in the present analyses.  

The behaviours of hold-downs and vertical joints were modelled using link (spring) elements. 

Hold-downs were represented by two-node link elements connected to the steel foundation beam, 

accounting for both tensile and shear responses. Similarly, vertical joints were modelled as two-

node links that connected adjacent panels, providing shear resistance along two orthogonal in-

plane directions. The mechanical properties of the hold-downs and vertical joints were based on 

the test results reported by Masroor et al. (2024), as illustrated in Figure 6.8. 

One of the contentious issues in the numerical model when attempting to simulate the experimental 

test setup was accounting for the potential movement of the foundation beam. Two models, one 

including and one excluding the foundation beam were developed and compared with the 

experimental results, as illustrated in Figure 6.9. 

In the numerical simulation of the foundation beam, two-dimensional shell elements were adopted 

with steel material properties, assuming an effective Young’s modulus of 200GPa. Based on the 

measured foundation beam movement presented in Appendix B, the foundation beam was 

observed to undergo predominantly rigid-body rotation on the ground floor. 

As a result, the reactions provided by the steel rods (anchored to the ground) were idealised as 

equivalent non-linear springs. Specifically, two identical springs acting in the vertical direction (y-
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axis) were assigned along the height of shearwalls, and one spring acting in the horizontal direction 

(x-axis) was assigned along the width of shearwalls. These springs were located as follows: 

• Point A: at the left end of the foundation beam model, where an LVDT was installed to 

measure the foundation beam displacement in the y-axis direction, 

• Point B: at the right end of the foundation beam model, where a second LVDT was installed 

to measure the foundation beam displacement in the y-axis direction, 

• Point C: at the lateral restraint fixed on the foundation beam, where another LVDT was 

installed to measure the foundation beam displacement in the x-axis direction. 

This modelling approach avoids the need to explicitly account for the presence of opening holes 

and local discontinuities in the foundation beam, while effectively capturing its global movement 

behaviour through a simplified three-spring model. Figure 6.10 presents the estimated stiffness 

values of these equivalent springs, which were derived following the procedure described in 

Appendix C. 
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(b) Hold-down shear 

 

(c) Vertical joint shear 

Figure 6.8: Mechanical properties of hold-down and vertical joint (a) hold-down tension, (b) hold-down shear and 

(c) vertical joint shear (Masroor et al., 2024) 
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(a) Numerical model with foundation 

 

(b) Numerical model without foundation 

Figure 6.9: Numerical model for specimen S5/0.6-P2-H2V32 in both conditions (a) with and (b) without foundation 
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(a) At Point A and B 

 
(b) At Point C 

Figure 6.10: Mechanical properties of the foundation beam movement along (a) y-axis direction and (b) x-axis 

direction in FE modelling 
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6.4. Analytical model 

As the analytical model presented in Chapter 4 is limited to predicting the lateral displacement of 

shearwalls within the elastic range (i.e., initial stiffness), only the elastic stiffness of the connectors 

was considered. Accordingly, the stiffness values of the hold-downs 𝑘ℎ𝑑 and vertical joints 

𝑘𝑣𝑗were determined based on the elastic properties obtained following ASTM E2126 (ASTM 

International, 2019). The total lateral deformation Δ𝑡𝑜𝑡𝑎𝑙was therefore calculated and compared at 

a load level of 0.4𝐹𝑚𝑎𝑥 for each specimen, where the elastic assumption remains valid.  

Since the number of storeys in the experimental campaign was fixed at two and there was no 

vertical (gravity) load applied, the total deformation obtained from the analytical model described 

in Chapter 4 for the walls consisting of two panels can be simplified. Table 6.2 summarised the 

main parameters of the analytical model and provides calculation results of the total deflection, 

𝛥𝑡𝑜𝑡𝑎𝑙. Considering the limitation of analytical model, those specimens more than two panels are 

not included in the table. 
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Table 6.2: Basic parameters used in the analytical model and estimated total lateral deformation 

Specimens W0.6-P2-H1V32 W0.6-P2-H2V32 W0.6-P2-H4V32 W0.6-P2-H2V8a W0.6-P2-H1V65 W1.2-P2-H2V32 

Panel height h (mm) 4800 4800 4800 4800 4800 4800 

Panel width b (mm) 600 600 600 600 600 1200 

Total stiffness of vertical 

joints 𝒌𝒗𝒋 

(elastic) (kN/mm) 

12.7 25.3 50.8 25.4 12.7 25.4 

Total stiffness of hold-

downs  𝒌𝒉𝒅 

(elastic) (kN/mm) 

25.8 25.8 25.8 6.5 52.5 25.8 

Lateral load on each storey 

F (0.4𝑭𝒎𝒂𝒙) 

(kN) 

7.1 12.6 18.0 7.6 5.4 26.4 

Effective bending stiffness 

𝑬𝑰𝒆𝒇𝒇 

(1010 kN∙mm2) 

6.1 6.1 6.1 4.9 7.4 4.3 

Effective shear stiffness 

𝑮∗𝑨 

(104 kN) 

8.0 8.0 8.0 8.0 8.0 16.0 

Kinematic modes SW CP CP CP SW SW 

Total lateral deformation 

𝜟𝒕𝒐𝒕𝒂𝒍 (mm) 
26.2 34.6 38.4 30.9 16.8 16.6 
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6.5. Comparisons between modelling techniques and experimental results 

Figure 6.11 compares the pushover curves obtained from the experimental results with those 

predicted by the FE models, both with and without consideration of foundation beam movement. 

The figure also includes the results from the analytical model based on the (initial) elastic stiffness. 

Overall, the numerical curves show good agreement with the experimental responses in terms of 

global behaviour. The FE models successfully reproduce the general trends, exhibiting comparable 

peak lateral resistances, and for most specimens, reasonably consistent displacements at peak load. 

The analytical estimation also aligns reasonably well with most of the test curves, further 

supporting its suitability for approximating the initial stiffness. 

A notable difference was observed between the FE results and those obtained experimentally from 

specimen W0.6-P2-H2V8a, where substantially larger uplift was recorded by the LVDTs due to 

the hold-down failure. As a result, the original hold-down constitutive properties used in the FE 

model no longer reflected the actual behaviour. A re-evaluation of the hold-down properties was 

therefore carried out based on the recorded uplift response during loading (Figure 6.12a), and the 

corrected properties were employed into related FE simulations. More details about the re-

evaluation method of the hold-down properties can be found in Appendix D. The updated model, 

shown in Figure 6.12b and c, exhibits a markedly improved agreement with the experimental 

response.  

In addition to the specimen-specific issues described above, discrepancies ε between the numerical 

and experimental results may also stem from inherent variability in material properties and the 

idealised multi-linear constitutive models adopted to represent the nonlinear behaviour of 

mechanical connectors. Despite these limitations, the overall correlation between the FE 
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predictions and the experimental results demonstrates that the numerical approach provides a 

reasonably accurate representation of the structural performance of the tested CLT shearwalls. 

A quantitative summary of the comparison is provided in Table 6.3. The peak lateral resistance 

shows good agreement, with all errors within 10%. Larger deviations are observed for the lateral 

displacement at peak load and the initial stiffness, however, for the majority of specimens, the 

discrepancies remain within 20%. 
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Figure 6.11: Comparisons between experimental results, FE numerical modelling and analytical estimation for the 

tested specimens 
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(c) 

Figure 6.12: (a) Corrected hold-down uplift property, and (b) corrected FE modelling curves with foundation and (c) 

without foundation for specimen W0.6-P2-H2V8a 
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Table 6.3: Comparisons of peak lateral load, corresponding displacement and lateral stiffness of specimens between FE modelling and testing results  

 

Peak lateral load 

Fmax (kN) 
Error 

𝜺 (%) 

Displacement at peak load Δmax 

(mm) Error 

𝜺 (%) 

Stiffness (1) 

kl,40
 (× 𝟏𝟎−𝟏kN/mm) 

Error 

𝜺 (%) 
Modelling Testing Modelling Testing Modelling Testing 

W0.6-P2-H1V32 32.2 35.4 -9.0 88.5 126.6 -30.0 5.1 5.6 -8.9 

W0.6-P2-H2V32 59.1 61.3 -3.6 150.5 168.7 -10.8 7.4 7.4 0.0 

W0.6-P2-H4V32 89.2 89.9 -0.7 209.2 216.3 -3.3 8.7 9.5 -8.0 

W1.2-P1-H2 60.6 64.4 -5.8 81.5 99.6 -18.2 10.0 11.2 -18.0 

W0.6-P2-H1V65 29.5 30.8 -4.3 85.2 95.6 -10.9 6.1 5.2 +16.9 

W1.2-P2-H2V32 127.9 132.1 -3.2 54.8 51.1 +7.2 41.9 33.2 +26.1 

W0.8-P3-H2V32 117.0 124.1 -5.8 90.5 77.8 +16.3 25.4 23.3 +9.0 

W0.6-P4-H2V32a 116.5 128.3 -9.2 120.1 103.2 +16.4 19.7 20.5 -4.2 

W0.6-P2-H2V8a 

(Corrected khd) 
34.1 37.8 -9.9 

 
300.7 289.1 +3.8 2.3 1.9 +18.6 

Note: (1) Total lateral stiffness Kl,40 is calculated according to ASTM-E 2124 (ASTM International, 2019). 
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7. Conclusions and future research studies 

This chapter presents the main conclusions drawn from the research described in the preceding 

chapters and outlines recommendations for future research. 

7.1. Conclusions 

This research provides a systematic investigation of the lateral deformation behaviour and 

kinematic mechanisms of balloon-type CLT shearwall systems, based on FE numerical, analytical, 

and experimental approaches. The following conclusions presents key findings related to 

deformation components, kinematic modes, and their implications for structural performance and 

design: 

• In the sensitivity analysis it was found that a nonlinear relationship between the relative 

wall stiffness, normalised relative to the stiffness of hold-down or vertical joints, and the 

hold-down stiffness 𝑘ℎ𝑑, was observed for low values of 𝑘ℎ𝑑, while reaching an almost 

linear relationship for high values of 𝑘ℎ𝑑 . The results indicated that the rocking 

deformation contribution dominates the behaviour for low values of hold-down stiffness 

(i.e., flexible hold-down). The transition between SW and CP kinematic mode was strongly 

influenced by the aspect ratio of the panels.  

• The sensitivity analysis further indicated that the influence of hold-down stiffness on the 

relative wall stiffness follows a trend comparable to that observed for variations in vertical 

joint stiffness. A significant change in slope is observed when the kinematic mode changes 

from CP to SW, which can be attributed to the fact that in SW, the contribution of vertical 

joints is less significant than it is in CP mode. 
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• Furthermore, the rocking deformation dominates the behaviour for low panel aspect ratios 

and low values of hold-down and vertical joint stiffness. The percentage of rocking 

deformation seems to drop significantly when the stiffness of hold-downs or vertical joints 

increases, particularly in the case of hold-down stiffness increase and slender panels (i.e., 

panels with high aspect ratios). 

• The proposed analytical model was verified against 45 cases implemented in numerical 

models yielding an average error in the prediction of top lateral displacement of less than 

5%. 

• The experimental results generally confirmed the observations from the sensitivity 

analysis, highlighting the significant contribution of bending and shear deformation 

components to the overall lateral response of balloon-type CLT shearwalls. 

• Although rupture of hold-down connections was identified as the dominant failure 

mechanism in most tested shearwalls, panel cracking governed the failure of two 

specimens. These observations indicate that the characteristics of CLT, such as the 

presence of finger joints and the width of individual lumber strips, can play a critical role 

in determining the overall structural resistance. 

• For shearwalls with high panel aspect ratios and high relative stiffness, the uplift demand 

was unevenly distributed among individual panels. This uneven uplift induced additional 

bending in the hold-downs, increasing their susceptibility to bending-related failure. 

• As lateral loading increased, degradation of connector stiffness promoted a progressive 

shift in kinematic behaviour from CP mode towards SW mode, accompanied by an 

increasing contribution of rocking deformation across all tested shearwalls. 
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• For a fixed total wall width, the use of slenderer CLT panels enhances lateral deformation 

capacity without compromising lateral strength, thereby improving the ductility of balloon-

type shearwalls and offering a favourable design strategy for seismic applications. 

7.2. Future research studies 

Based on the findings of the present research, several directions for future study are identified and 

suggested as follows: 

• Extension of analytical models to multi-panel configurations: although balloon-type CLT 

shearwalls comprising more than two panels were investigated through full-scale testing 

and FE modelling in this study, the corresponding analytical formulations have not yet 

been fully established. Future research is therefore recommended to extend the proposed 

analytical framework to multi-panel shearwall configurations, enabling a more 

comprehensive analysis about bending deformation and deformation compatibility among 

panels. In addition, the analytical model could be further developed to explicitly account 

for vertical anchorage systems that lengthen shearwall panels and transfer forces along the 

height of the structure, which are commonly adopted in practical applications but were not 

explicitly addressed in the current analytical formulation. Furthermore, the impact of 

uneven uplifts of panels and different load patterns also needs to be considered in future 

models. 

• Consideration of system-level and three-dimensional structural effects: in the present 

study, shearwalls were analysed as isolated structural systems in order to focus on their 

fundamental lateral deformation and kinematic behaviour. However, in real buildings, the 

response of CLT shearwalls is influenced by interactions with surrounding structural 
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components, such as floor diaphragms and transverse walls. Future studies should therefore 

investigate balloon-type CLT shearwalls within a three-dimensional structural context, for 

example by analysing box-type configurations that account for wall-to-wall and wall-to-

floor interactions, to better capture global resistance mechanisms and deformation 

characteristics. 

• Investigation under cyclic loading conditions: the loading protocol adopted in this research 

was monotonic, consistent with pushover analysis objectives to evaluate lateral resistance 

and deformation mechanisms. Nevertheless, it is well recognised that the seismic 

performance of shearwall systems needs to be better evaluated by their cyclic response, 

including strength degradation, ductility, and energy dissipation capacity. Future 

experimental and numerical investigations should therefore focus on cyclic loading 

protocols to evaluate the hysteretic behaviour of balloon-type CLT shearwalls and to 

support the development of performance-based seismic design provisions. 
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Appendix A.  

Construction details of the steel foundation beam and lateral sliding restraint 

A.1. Steel foundation beam 

The steel foundation beam is a built-up welded member composed of three main components, as 

illustrated in Figure A.1. The top assembly (Part 1) consists of two steel plates, while the bottom 

assembly (Part 2) is formed by four steel plates. These plates are connected by an I-shaped steel 

section placed at the centre of the beam (Part 3) with all components welded together to form an 

integral assembly. Full-penetration V-groove welds are provided along the four outer seams of the 

assembled plates, while fillet welds are applied along the four inner seams, as indicated in the 

drawings. This welding configuration was adopted to achieve sufficient bending and shear capacity 

of the foundation beam, while maintaining fabrication feasibility.  

A.2. Steel sliding restraint 

The steel sliding restraint assembly comprises a welded shear key (Part 1), a grooved steel plate 

(Part 2), and a steel rod (Part 3), as illustrated in Figure A.2. The shear key is formed by welding 

two rectangular steel plates with two transverse triangular stiffeners to enhance stiffness. This 

restraint system effectively restrains lateral sliding of the specimens while permitting in-plane 

rotation. 

It is noted that all dimensions in the drawings are given in millimetres. Dimensions highlighted in 

red denote key dimensions critical to fabrication and assembly, while weld details are indicated in 

green. 
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(a) Components of the steel foundation beam 
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(b) Details of the steel foundation beam: Part 1 
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(c) Details of the steel foundation beam: Part 2 
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(c) Details of the steel foundation beam: Part 3 
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(c) Details of the steel foundation beam: Part 3 (Continued) 
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(d) Details of the steel foundation beam: Welding and assembly 
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(d) Details of the steel foundation beam: Welding and assembly (Continued) 
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(d) Details of the steel foundation beam: Welding and assembly (Continued) 

Figure A.1: Drawings of steel foundation beam 
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(a) Components of the steel sliding restraint 
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(b) Details of the steel sliding restraint: Part 1 
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(c) Details of the steel sliding restraint: Part 2 
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(d) Details of the steel sliding restraint: Part 3 

Figure A.2: Drawings of steel sliding restraint  
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Appendix B.  

Correction for deformation of the steel foundation beam 

As discussed in Section 6.1, the steel foundation beam in the test setup exhibits finite stiffness, 

therefore, a portion of the measured global displacement includes deformation of the foundation 

beam itself. To obtain the lateral deformation response of the shearwall specimens, the contribution 

from translation and rotation of foundation beam is removed from the recorded top displacement. 

B.1. Definition of corrected displacement 

The corrected total lateral displacement at the top of the shearwall, Δtotal,𝐶, is evaluated as 

∆𝑡𝑜𝑡𝑎𝑙,𝐶= ∆𝑡𝑜𝑡𝑎𝑙,𝐺 − ∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔,𝐵 − ∆𝑠𝑙𝑖𝑑𝑖𝑛𝑔,𝐵 (B. 1) 

where 

          ∆𝑡𝑜𝑡𝑎𝑙,𝐺 is the gross total lateral displacement measured at the top of shearwalls (height of 

the second diaphragm), 

          ∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔,𝐵 is the component induced by rotation of the foundation beam, 

          ∆𝑠𝑙𝑖𝑑𝑖𝑛𝑔,𝐵 is the component induced by rigid-body translation (sliding) of the foundation 

beam in the global 𝑥 -direction. In this study, ∆𝑠𝑙𝑖𝑑𝑖𝑛𝑔,𝐵 is taken as the measured lateral 

displacement at Point C, which equals to ∆𝑃𝑜𝑖𝑛𝑡 𝐶. 

B.2. Instrumentation and monitored points 

Figure B.1 illustrates the locations of the displacement monitoring points on the foundation beam: 
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• Point A: located at the shearwall end to capture possible compressive vertical deformation 

of the foundation beam (displacement in the global 𝑦-direction); 

• Point B: aligned with the centreline of the outermost hold-down to record possible uplift 

of the foundation beam (displacement in the global 𝑦-direction); 

• Point C: aligned with the roller centre of the sliding restraint to monitor the global lateral 

translation of the foundation beam (displacement in the global 𝑥-direction). 

These points are also used to define the equivalent spring locations employed in the FE model to 

represent foundation-beam flexibility (shown in Chapter 6).  

 

Figure B.1: Displacement monitor points on the foundation beam 

B.3. Rocking component induced by foundation-beam rotation 

Figure B.2 shows a typical development of foundation-beam rotation during loading (specimen 

W0.8-P3-H2V32 is shown as an example). Assuming small rotations, the rocking-induced lateral 

displacement at the top of the shearwall is 

∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔,𝐵= 𝜑ℎ =
∆𝑃𝑜𝑖𝑛𝑡 𝐵
𝑑

∙ ℎ (B. 2) 

where 

y 

x 

Point A Point B 

Point C 
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          𝜑 is the rotation angle of the foundation beam, 

          ℎ is the height of shearwalls (taken as 4,800 mm for the height of the second diaphragm), 

          ∆𝑃𝑜𝑖𝑛𝑡 𝐵 is the vertical displacement measured at Point B, 

          𝑑 is the distance between point B and rotation centre. Across the test series, the rotation 

centre remained approximately stationary and 𝑑 was consistently close to 1,200 mm. 

 

Figure B.2: Rotation development of the foundation beam in the loading process of specimen W0.8-P3-H2V32 as an 

example 

B.4. Estimation of foundation-beam movement for early-stage tests 

Due to the limited number of LVDTs during the early stage of testing, the foundation-beam 

displacements at Points A~C were not fully recorded for the specimens with a total wall width of 

1.2 m (i.e., W0.6-P2). For these specimens, the foundation-beam movement was estimated using 

complete displacement records obtained from subsequent tests on wider specimens (i.e., W0.6-P4, 

W0.8-P3, and W1.2-P2). These wider specimens generally developed higher lateral resistance and 

more pronounced deformation of the foundation beam, providing sufficiently reliable data to 
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characterise the foundation-beam stiffness and deformation trend for the overall experimental 

campaign. 

Figure B.3 presents the measured relationships between load and the displacements at Points B 

and C for the selected wider specimens, together with representative fitted curves used for 

interpolation. 
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Figure B.3: Load-displacement relationships measured at Point B (uplift displacement in the vertical direction) and 

Point C (lateral sliding displacement) for specimens W0.6-P4-H2V32, W0.8-P3-H2V32, and W1.2-P2-H2V32, 

together with the corresponding averaged polynomial fitting curves used for estimating movement of the foundation 

beam 

B.5. Correction procedure 

The correction procedure is summarised as follows: 

1. Compile the load-displacement curves at Point B and Point C from specimens with 

complete records (W0.6-P4, W0.8-P3, and W1.2-P2), and obtain representative fitted 

expressions (e.g., polynomial fitting) for 𝛥Point B(𝐹) and 𝛥Point C(𝐹). 

2. For a given load 𝐹 recorded in a target specimen (e.g., W0.6-P2), evaluate 𝛥Point Band 

𝛥Point C from the fitted expressions. 

3. Compute 𝛥rocking,𝐵 using Eq. B.2, take 𝛥sliding,𝐵 = 𝛥Point C  and obtain the corrected top 

displacement 𝛥total,𝐶 using Eq. B.1. 
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This procedure aims to remove the contribution of experimental fixture compliance from the 

measured deformation of the shearwall specimens, thereby enabling a more accurate comparison 

of lateral stiffness, deformation capacity, and load-displacement response among different 

configurations. Figure B.4 presents calculation results of ∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔,𝐵  and ∆𝑠𝑙𝑖𝑑𝑖𝑛𝑔,𝐵  for tested 

specimens. 
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Figure B.4: Calculated results of ∆𝑟𝑜𝑐𝑘𝑖𝑛𝑔,𝐵 and ∆𝑠𝑙𝑖𝑑𝑖𝑛𝑔,𝐵 for tested specimens 
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Appendix C.  

Estimation of mechanical properties of the foundation beam 

In the finite-element (FE) modelling presented in Chapter 6, the deformation of the steel 

foundation beam was idealised by three non-linear spring elements located at the same positions 

as those defined in Chapter 6 and Appendix B. These springs were introduced to represent the 

translational and rotational compliance of the foundation beam observed during the experimental 

programme. 

To derive the constitutive relationships of the individual springs, a simplified static force analysis 

of the shearwall system was conducted, as illustrated in Figure C.1. The analysis was performed 

based on the following assumptions: 

• Frictional effects between the foundation beam and the supporting system are neglected. 

• The shearwall system is treated as a quasi-static system throughout the loading process. 

• All springs are idealised as single-direction springs acting independently. 

• The vertical springs located at Points A and B are assumed to possess identical stiffness. 

Under these assumptions, static equilibrium of the system yields the following reaction forces at 

the spring locations: 

𝑅𝑃𝑜𝑖𝑛𝑡 𝐴 = 𝑅𝑃𝑜𝑖𝑛𝑡 𝐵 = 1.53𝐹𝑇 (C. 1) 

𝑅𝑃𝑜𝑖𝑛𝑡 𝐶 = 𝐹𝑇 (C. 2) 

where  

          𝐹𝑇 denotes the applied lateral load (total load) by actuator, 
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          𝑅𝑃𝑜𝑖𝑛𝑡 𝐴 is reaction force (y-direction) of the spring placed at Point A, 

          𝑅𝑃𝑜𝑖𝑛𝑡 𝐵 is reaction force (y-direction) of the spring placed at Point B, 

          𝑅𝑃𝑜𝑖𝑛𝑡 𝐶 is reaction force (x-direction) of the spring placed at Point C. 

Since the deformation behaviour of the steel foundation beam has been quantified in Appendix B, 

the corresponding force-displacement relationships of the equivalent springs can be determined. 

Consequently, the mechanical properties of the foundation beam, including its translational and 

rotational stiffness components, can be established. These properties are subsequently 

implemented in the FE model and are summarised in Figure 6.10. 

 
Figure C.1: Simplified static force model of the shearwall-foundation beam system used for estimating the equivalent 

spring properties of the steel foundation beam. 

 

T 
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Appendix D.  

Re-evaluation of tensile stiffness of hold-down for specimen W0.6-P2-H2V8a 

A notable discrepancy was observed between the tensile displacement recorded for the hold-downs 

in specimen W0.6-P2-H2V8a and the corresponding experimental results reported by Masroor et 

al. (2024). In addition, a significant mismatch was identified between the FE-predicted total lateral 

displacement and the experimentally measured response for this specimen. These inconsistencies 

motivated a re-evaluation of the tensile stiffness assigned to the hold-downs in specimen W0.6-

P2-H2V8a. 

It is acknowledged that the tensile deformation of hold-downs in this specimen may have been 

influenced by additional deformation components, such as bending effects, which were observed 

during testing. Nevertheless, the ultimate tensile resistance of the hold-downs is expected to remain 

comparable to previously reported values by Masroor et al. (2024). Accordingly, the average 

maximum tensile resistance of a single hold-down based on Masroor et al.’s study, was adopted 

as a reference value for re-evaluating the tensile behaviour of the hold-down system. 

The re-evaluation procedure was conducted as follows. First, the loading stage corresponding to 

the peak actuator force of 37.8 kN was identified from the experimental results. At this loading 

level, the hold-downs were assumed to have reached their maximum tensile resistance of 93.4 kN 

according to Masroor et al. (2024). A scaling ratio between the actuator load and the corresponding 

hold-down tensile force was then established. This ratio was subsequently applied to all other 

loading stages to rebuild the tensile force-displacement relationship of the hold-downs. 
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Through this procedure, the original tensile properties of hold-down derived by Masroor et al. were 

adjusted to better reflect the measured global response of specimen W0.6-P2-H2V8a. The 

corrected tensile stiffness of hold-down was then used in the FE modelling to improve consistency 

between numerical predictions and experimental observations, which is shown in Figure 6.12. 

 


