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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 y-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.

il



Acknowledgements

I would like to express my deepest gratitude to my supervisor, Prof. Ghasan Doudak, for his
continuous and patient guidance, encouragement, and support throughout my doctoral studies. His
broad vision, academic rigour, and trust have been invaluable to my development as a researcher.
Through his thoughtful guidance and critical insight, he consistently helped me focus on the core
scientific questions and maintain clarity and direction in my research. His long-term support and
trust in my abilities provided both reassurance and motivation, forming a solid foundation for my
academic and professional growth. I am also sincerely grateful to Dr. Daniele Casagrande for his
meticulous supervision, insightful discussions, and constant guidance over the years. His
dedication to research and rigorous way of thinking have profoundly shaped both my work and

my approach to scientific inquiry.

I would like to acknowledge Dr. Muslim Majeed and Dr. Gamal Elnabelsy for their valuable
assistance and constructive suggestions during the experimental programme. I am grateful to Dr.
Mohammad Masroor for his support during the early stages of the project, Antoine Bérubé and
Esmaeil Morshedi for their help in my testing and all other my colleagues in the research group
for their collaboration and generosity. I also thank the experimental assistants, including Tom
Martin, Jiachen Hu, and others, for their contributions, as well as the campus machine shop for the

assistance with the welding work, which greatly facilitated the experimental programme.

Finally, I would like to express my heartfelt gratitude to my family for their constant love and
support throughout this journey. I especially wish to remember my grandfather, who rests in peace,
and whose affection and spirit continue to inspire me along this path. Their love and belief in me

have made this achievement possible.

v



Table of Contents

AADSITACE ...ttt ettt h e bt h bt e a e e h e bttt eh e e bt et e bt e b et natenae et il
ACKNOWIEAZEMENLS .......eiiiieiiieiiecie ettt ettt e st e e bt esaeebeessaeenbeessaeenseenssesnseensnaans v
TaADIE Of CONLENLS .....eeueeiieiieite ettt ettt ettt ettt b et et e sbe e b et e sbeenteenee e v
LISt OF TADIES ...ttt ettt ettt ettt e et esat e e b e e et e eabeenaeeens X
Table of Symbols and NOTALIONS ...........cocuieiiiiiiieiieeie et Xvi
LSt Of A@TINIHIONS ...ttt ettt ettt et et e et e bt e eebe e st e enteesaeeenneenes xxi
Lo INEFOAUCTION ..ttt ettt et a et et st e bt et e e st e bt enbesaeenbeeneeas 2
L1, BacK@roUNd .......ooooviiiiiiiiieieeieeceeeeee ettt ettt ettt et ebaenee e 2
1.2.  Objectives, methodology and CONtrIbDULIONS .........cc.eevuieriieriieeiieiieeieeie e 6
1.3, Scope and HMItations........cceecierieiieriineiierice ettt 8
1.4, Organisation Of theSIS ......ccciiiiiiiiiiiiiiiie e e 10

2. LItETAtUI® TEVICW ....eeuiiiiiieiieeiieeiteette ettt ettt et te st e et ee st e e bt e e st e e seeense e bt e enbeenseesnseenneesnseeenas 12
2.1.  Materials and connections of CLT shearwall systems...........cccceevuveerciieeniiieeniieecneeennne 12
2.2, CLT Shearwall SYSTEIMS .......eeeiuvieriiiieeiieesiieerieeesieeeseteeesereeeseeeesaeeessseeensseeesnseesnsseesnnns 14
2.2.1.  Experimental INVeStIZAtIONS .......ccueeruieriieeiiieriieeieenieeieesiieereeseeeeseesieeeseessaesnseens 14
2.2.2. NUMETICAL ANALYSIS ..eeuiiiiiiiiiiiiieiieeieeste ettt ettt esbeesaeeebeessaeeaneens 17
2.2.3.  Analytical MOAEIS .......coouieiiiiiiiiieeee e 18

2.3.  Current codes and Standards .............cooieeiiiiiiiiieni e 19




SeNSIIVITY ANALYSIS. .cuviiiitiieiitiieeiieecieeeeiee e st e e steeesaeeeteeeetaeeetaeesseeessseeessseeessseeensseesnsseenns 23
3.1.  Validation of the numerical model ............ccccooieriiiiiiiiniiieeeee 23
3.2.  Description of the FE model.........cccooiiiiiiiiiiiiiiiceeeceeeeeee et 26
3.3.  Description of the model configuration and parameters.............ccceeveeereenieerieenveennens 29
3.4. Results and discussions of two-panel models...........ccceveeviiiiiiieiiieenie e, 31

34.1. The impact of the stiffness of connectors and aspect ratios...........ccceeveeeeuveeeennenns 33

34.2. The impact of vertical 10ads..........ccceecviieiiiieiiieeeeeee e e 41
3.5.  Shearwalls consisting of more than two panels ...........cccceevieriieiieniiiiierieeeeee e 42

ANALYICAl MOAEL.......iiiiiiiiiiciicece et et e e staeennaen 47
4.1, MoOdel aSSUMPLIONS ...ccvviiiiiieeiiieeiieeeieeecreeeeieeeste e e eteeesteeeesaaeesseeessseeessseeensseeesseeennns 47
4.2, Bending deformation ..........cooeeiirieiiiniiniiieeteseee e 50
4.3, Shear defOrmation ........cc.iiiiiiiiiiie ettt ettt et e st e st e e beeseeeeneens 57
4.4, Rocking deformation ...........ccoccveeeiiiiriiiiiie et e 58

4.4.1. CP MOttt 59

4.42. SW IMOAE. ...ttt ettt et 61
4.5.  Verification of the proposed Mmodel ............cccueeiiiiiiiiiiiiiieeee e 63

4.5.1.  Bending and shear deformation .............ccccceevirriieriiiiienieeieee e 63

4.5.2. Rocking deformation ............cccceeeiieiiierieiiienie ettt 65

4.5.3. Verification of the total wall deformation .............ccocceiiiiiiiiinii 66

Vi



5. FUll-SCale SRHEATWALL TESES .. .oeeeieieeee e e e e e e e e e e e aaaeeeas 72

5.1, Materials and PrOPEITICS......cccuuiieiuieeiiieeeiieeiieeerteeeseeeetreesreeesreeesreeessseeessseeesseeeseeas 72
5.2.  Test set-up and 10ad ProtoCol.........ccceevuiiriieiiiiiieieeieee e 78
5.3 TESETESULLS ettt ettt et sttt 85
5.3.1.  Deformation sequence and failure mechanism............ccccoeevievieniiienienieeniienee, 85
5.3.2. Kinematic modes and deformation characteristics ..........cocevveeniiiiiienienicennene 98

6. Discussion on the experimental, numerical and analytical model.............cccccooeeeninnennnn. 108
6.1.  Lateral resistance and stiffness of tested shearwalls.............occooniiiiiiniiiiiiniinnn, 108
6.2.  Rocking deformation of tested shearwalls............c.ccoceeeviiiriiiiiiiniieie e, 119
6.3, Numerical MOdel..........ooouiiiiiiiiii e e 122
6.4.  Analytical MOl ........cooiiiiiiiiiiie e 127
6.5.  Comparisons between modelling techniques and experimental results...................... 129

7. Conclusions and future research StUdies ...........cceriiriiriiiiiniiiiineeceeeeeee 144
Tl CONCIUSIONS ...ttt ettt et et ettt e bt e et et esabe e bt e enbeenaees 144
7.2.  Future 1es€arch StUAIES. .......coouiiiiiiiiiiiiieieiee e 146
RETEIEIICES ...ttt ettt st ettt e sbe e st e e e 148
FaN 0] 0153116 U 2 PSSR 162
Construction details of the steel foundation beam and lateral sliding restraint.......................... 162
A1, Steel foundation DEAM.......c..coouiiiiiiiiiiiiiceee s 162
A2, Steel SIIAING TeSIIAINL. ......ccccuiieeiiieeiie ettt eeree e e e ae e e e e eeaeesnaeeeneeas 162

vii



F N 08157 116 G 5 TSP 175

Correction for deformation of the steel foundation beam............c.cccoooiiiiiiiiiiiniiiiieee, 175
B.1.  Definition of corrected displacement...........cceeeuieriiiriiieniieeiierie et 175
B.2. Instrumentation and monitored POINES .........cceeeiieriieriiieniieeieerie e eiee et seee e 175
B.3.  Rocking component induced by foundation-beam rotation............ccccceeuereereriennenne. 176
B.4.  Estimation of foundation-beam movement for early-stage tests .........cccceeevverrveennneen. 177
B.5.  CoOrrection ProCEAUIE ........cceieiiiiieeiieeciie ettt ettt e e e e e e e eereeeaaeeeaaeeeaaeas 179

FaN 0] 0153116 1 PP S USRI 190

Estimation of mechanical properties of the foundation beam .............ccccocvvveiiniieiiiniieeiiene, 190

APPENAIX Dottt st e et e et b e e te e e be e taeenbeenteeenbeenaeeenne 192

Re-evaluation of tensile stiffness of hold-down for specimen W0.6-P2-H2V8a........................ 192

viii



List of Tables

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

HIOV LS et et a ettt s ettt e ab e e h e bt et sat e bt et e eate bt entesnee e 26
Table 3.2: Basic parameters of FE models .........ccoooiiiiiiiiiiiiciiciicccece e 30
Table 3.3: Aspect ratio matrix for modelling analysis..........ccccceerierviieniieniienie e 30
Table 3.4: Percentage of CP mode with varying Kpg ..cooovveeveeviienieeiiieniieeieecie et 39
Table 3.5: Percentage of SW mode with varying kyj /R ... 39
Table 4.1: The values 0f Py And G ...eeeeveerieeeiieieeieeeeee et saeebeens 58
Table 4.2: Values of y in varying aspect ratios and vertical stiffness...........ccceevieiieiiiennnnenn. 63
Table 4.3: Values of (EI).ss in varying aspect ratio and vertical stiffness............oooovviiiininn, 63
Table 4.4: Values of Apenging+shear N varying aspect ratios and vertical stiffness .................. 64
Table 4.5: The total deformation calculated from the analytical model and FE model............... 67
Table 5.1: Details of the metal CONNECTIONS .........coiiiiiiiiiiiiiiieee e 74
Table 5.2: Materials and ProPeTties........cccuvieriieerieeeiiieeiieeeieeeeieeesieeesree et e esbeessaaeesssseesnaeeens 75
Table 5.31 TESt IMAIITX ..eeuveiiiiiiiieiieete ettt ettt b e et e bt e st e e bt e eabeesbeesaneens 76

Table 5.4: Displacement details (along the direction of the height of walls) at the bottom of each
panel at PEAK 10AAS .....eeeviiiiiieiciie e e e eeear e e 106
Table 6.1: Mechanical properties of shearwalls.............cccceeeiiieiiiiiiciiiee e, 110

Table 6.2: Basic parameters used in the analytical model and estimated total lateral deformation

Table 6.3: Comparisons of peak lateral load, corresponding displacement and lateral stiffness of

specimens between FE modelling and testing results...........cccoeevieeiiieiiiieeeiie e 142

1X



List of Figures

Figure 1.1: Example of the configuration of a 5-layer CLT panel ...........cccccoevieniienieniieniieeene, 2
Figure 1.2: Example of balloon-type construction: Photographs from the 13-storey Origine
building in Quebec City, Canada (2018) (photographed by Stéphane Groleau; source:
https://www.nordic.ca/en/projects/structures/OriZINe). ......c.eevveerreerrierieerieenieeieeeieereesreeeeesaee e 3
Figure 1.3: (a) Platform-type and (b) balloon-type CLT structural system.............cccceeveerveennnnne. 4
Figure 1.4: Another example of balloon-type construction: Photographs from the Arbora Condos
project in Griffintown, MONIEAL............cccuiiiiiiiiiiiicieee ettt aaesereens 5
Figure 3.1: (a) Duplicated shearwall configuration and (b) FE model.............cccceoenininnnnenn. 24
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 .................... 25
Figure 3.3: Comparison between the load-displacement curves of monotonic loading test (Chen
and Popovski, 2020) and pushover modelling. ..........cccooeciieeiiieiiiieiniieeeie e 25
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...........cccccvviriiiiiiiieniieieiieceee e 28
Figure 3.5: Examples of deformed numerical FE models following the defined naming
COMVEIIEION ...ttt ettt ettt et e et e bt eat e e bt e e ab e e bt e eat e e bt e es bt eabeesab e e bt e eabeeabeesabeebeeenbeenbaesateens 31
Figure 3.6: Ayocxing and A¢orq; defined in (a) CP mode and (b) SW mode ..o 32

Figure 3.7: Relationship between normalised total lateral stiffness K, and kyq when k,;/h

equals 7.5 kN/mm/m and vertical loads equal zero, with b=1 m (a); b=2 m (b); b=3 m (¢)........ 33

Figure 3.8: Relationship between normalised total lateral stiffness K, and kyq when ky,;/h

equals 7.5 kN/mm/m (V7.5) for the same aspect ratios equal to 3 without vertical loads (VL0) 34

X



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 k,;/h equals 7.5 kKN/mm/m (V7.5) without
VETTICAl 10AAS (VL0) ittt et e et e e tte e et e e e taeessaaeesssaeesaseeenseesnseeaas 35
Figure 3.10: Relationship between the normalised total lateral stiffness K;;; and unit vertical
joints stiffness k,;/h when kp,4 equals 50 kN/mm (H50), and vertical loads equal 20 kN/m
(VL20), with b=1 m (2); b=2 m (b); D=3 M (C).eerveeerieriiieiieiieeiterie ettt 37
Figure 3.11: Relationship between the normalised total lateral stiffness K;;; and unit vertical
joints stiffness k,;/h when kp,4 equals 25 kN/mm (H25), and vertical loads equal 20 kN/m
(VL20), with b=1 m (2); b=2 m (b); D=3 M (C).eevreerierrieeiieiieeieerie ettt e 38
Figure 3.12: Stiffness of vertical joints for which the transition from CP to SW is achieved
versus the height of panels when k4 equals 25 kN/mm (H25) and vertical loads equal 20 kN/m
(VL 20). ettt et h ettt e s a et e et e eb et eat e s bt e bt e st e eb e e bt entesht e be et e eneenes 39
Figure 3.13: Relationship (a) between rocking percentage and kj 4, (b) between rocking
percentage and k,;/h, (c) between bending percentage and kjq, (d) between bending percentage
and k,;/h, (¢) between shear percentage and kjg4, and (f) between shear percentage and k,; /h
when vertical loads equal to 20kIN/m for all Cases. .........cccvveeiiieeiiieeieeceeee e, 41

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

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 KIN/MN ....ooviiiiiiiiiie et 43
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 KIN/M .....ccceevviieiiiiiiieniiiiieieeeeee, 44

X1



Figure 3.18: Kinematic modes of the models with varying panel numbers .............ccccceveeennnne 45
Figure 3.19: Relationship between the number of panels and K when h/b is fixed to be 12:1 and

vertical loads equal t0 20 KIN/M ...c..uiiiiiiiiiiece e e e e e e e enaeeen 45
Figure 4.1: (a) Analytical model and (b) Simplified model for estimating bending deformation48
Figure 4.2: Components of the lateral deformation of the balloon-type CLT panel................... 49
Figure 4.3: Definition of variable a; for a 5-layer CLT shearwall .............ccceeveiiiiiiieiicieinee 51

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

Figure 4.5: Reactions and the stress distribution of the cross-section of the panels.................... 55
Figure 4.6: Sketch of the relationship between A4 and A, for (a) CP mode (b) SW mode...... 59
Figure 4.7: Force analysis based on free-body diagrams for CP mode ..........cccoceeverieniencnnnene. 61
Figure 4.8: Force analysis based on free-body diagrams for SW mode...........cceocvveviiinireneennen. 62
Figure 4.9: Comparisons between the values of 4yepnging+sheqr Obtained from the FE numerical
modelling result and the analytical €XPreSSION .........cccviiiiiiieiiieeiiee e 65
Figure 4.10: Comparisons between the values of 4,.,¢king obtained from the FE numerical
modelling result and the analytical eXpresSion ..........cocevieririiiniiriiiiniceceee e 66
Figure 5.1: Test specimens and COMPArative rOUPS ........ecveevereerierienieneeienieenieeieserenieeeeseeenne 77

Figure 5.2: An overview of test setup with the details of hold-downs and vertical joints system

Figure 5.3: Displacement monitored points by LVDTS ......cccccoiiviiiiiniiniiiinieeeeecee 84

Figure 5.4: Structural deformation development of specimen W0.6-P2-H1V32 under the lateral

Xii



Figure 5.5: Structural deformation of specimens W1.2-P1-H2 and W0.6-P2-H2V8a under the
173 1 B (o2 T (RS RRRRUSRPS 89

Figure 5.6: Rupture and deformation characteristics of connectors in specimen W0.6-P2-H2V8a

....................................................................................................................................................... 92
Figure 5.7: Failure mode and details of specimen W0.6-P2-H2VS8b..........ccccvveecviiviieiciiieiene 93
Figure 5.8: Failure comparison between specimens W0.6-P4-H2V32a, W0.8-P3-H2V32, and

[ B 1 SRS 96
Figure 5.9: Failure details of specimen W0.6-P4-H2V32b ......c.cccooiiiiiiiiiiiiieeeceeeee, 98

Figure 5.10: Monitored points for measuring the tensile displacement of hold-downs (P) and
tracing the kinematic modes of shearwalls (P¢) for specimens W0.6-P2-H1V32, W0.6-P2-H2V32
ANA WO.6-P2-HAV32 Lottt sttt sttt et b et b b eneas 99
Figure 5.11: Monitored points for measuring the tensile displacement of hold-downs (P;) and
tracing the kinematic modes of shearwalls (P¢) for specimens W1.2-P1-H2, W0.6-P2-H2V32,
WO0.6-P2-H2V8a and WO0.6-P2-H2V8D ......cccoooiiiiiiiiiiiiiteeeeeeeeeese e 101
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.........cccccoceiviiiininiinninenns 101
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. ....cccccoiriiiiiiniinieicececceece 104
Figure 5.14: Comparison of the kinematic modes before and after the panel cracking near the
hold-down for specimen WO0.6-P4-H2V32D .......cccooiiiiiiiiiiiicieeetee et 105
Figure 6.1: Comparison of load-displacement curves between specimens W0.6-P2-H1V32,

WO0.6-P2-H2V32 and WO0.6-P2-HAV32 ...t 109

Xiii



Figure 6.2: Comparison of load-displacement curves between specimens (a) W1.2-P1-H2,
WO0.6-P2-H2V32, and W0.6-P2-H2V8a, (b) W0.6-P2-H2V8a and W0.6-P2-H2VS8b............... 113
Figure 6.3: Comparison of load-displacement curves between specimens W0.6-P2-H1V32 and
WO.0-P2-HTVOS ...ttt ettt ettt et e e et esseebeeneesseensesneenseennens 114
Figure 6.4: Comparison of load-displacement curves between specimens (a) W1.2-P2-H2V32,
WO0.8-P3-H2V32, W0.6-P4-H2V32a; (b) W0.6-P4-H2V32a and W0.6-P4-H2V32b................ 116
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 ........ccooiiiiiiiien 118
Figure 6.6: Percentage of rocking deformation with the varying number of (a) hold-downs and
(b) vertical JOINtS at 0.4F pq) ...oveveverereeieieieiiiieieieic e 120
Figure 6.7: Rocking percentage at 0.4F,¢qx and Fppgp «voveveveereeieieiiiiiiieiciicc, 121
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).........ccceceeviieiienieniieenee 124
Figure 6.9: Numerical model for specimen S5/0.6-P2-H2V32 in both conditions (a) with and (b)
WIthOUL fOUNAALION ...coiiiiiiiii ettt ettt et 125
Figure 6.10: Mechanical properties of the foundation beam movement along (a) y-axis direction
and (b) x-axis direction in FE modelling ..............coooiiiiiiiiiiiiee e 126
Figure 6.11: Comparisons between experimental results, FE numerical modelling and analytical
estimation for the tested SPECIMENS ........coviviiiiiiiiiiiiieriere ettt 139

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 ...........cccoceueennnnne. 141
Figure A.1: Drawings of steel foundation beam.............ccoceviiiiiiiiiiiiniiniieeeee 170
Figure A.2: Drawings of steel sliding restraint............ooevveriirienieneinenieneeieeeeseeee e 174

Xiv



Figure B.1: Displacement monitor points on the foundation beam..............cccceeevvveviirenieeennen. 176
Figure B.2: Rotation development of the foundation beam in the loading process of specimen
WO0.8-P3-H2V32 as an eXampPIe .......ccccueiiiiiiiiiieciie ettt e e e eanee e 177
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,
WO0.8-P3-H2V32, and W1.2-P2-H2V32, together with the corresponding averaged polynomial
fitting curves used for estimating movement of the foundation beam...........c.c.cccceeveviieeieennneen. 179
Figure B.4: Calculated results of A cking s and Agiging s for tested specimens...................... 189
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..............cccceeeeeneenee. 191

XV



Table of symbols and notations

A Total cross-section area of the shearwall resisting system
Ay Cross-section area of each panel
Total width of shearwall system
D Distance between the centroid of two panels
Modulus of elasticity or Young’s modulus
E; Modulus of elasticity of longitudinal layers (parallel to grain)
Er Modulus of elasticity of transverse layers (parallel to grain)
E, Modulus of elasticity parallel to grain
Eq Modulus of elasticity perpendicular to grain
E Effective modulus of elasticity along the vertical direction (parallel to the outer-
0¢ff  llayer grain)
E Effective modulus of elasticity along the lateral direction (perpendicular to the
20¢ff  louter-layer grain)
EA Axial stiffness of entire shearwall system
EA; Axial stiffness of the panel i
EA, Axial stiffness of each panel when dimensions of two panels are the same
EI Bending stiffness of the shearwall system without composite behaviour
EIl; Bending stiffness of the panel i
El, Bending stiffness of each panel when dimensions of two panels are the same
El sy Effective bending stiffness of shearwall system
Fra Tensile force of hold-down
Fy; Total shear force vertical joints
Fr Total lateral load applied on shearwalls
F Lateral load applied on each storey
F; Lateral load applied on the i storey

XVvi




Fsl

Total horizontal shear force transferred at the wall-foundation interface

F15F2

Distributed horizontal forces at each storey on the first and second panel

Fmax, Fpeak

Peak lateral load applied on tested specimens

F, Ultimate load applied on tested specimens
G Shear modulus
Gy In-plane shear modulus of laminas
Gqyo Rolling shear modulus
G Effective in-plane shear modulus
1 Effective second moment of inertia
I Effective second moment of inertia of each panel
Lopp Total effective second moment of inertia
K Total lateral stiffness of shearwall system
K* Normalised total lateral stiffness of shearwall system
K4 Ratio between K and specific total lateral stiffness value when kj; is 10kN/mm
K, Ratio between K and specific total lateral stiffness value when £ is 3kN/mm/m
K40 Estimated lateral stiffness of tested shearwall specimens
N(x) Function of the axial force on each panel
P Number of panels in a shearwall system
Ry, Ry, [Vertical reactions of the first and second panel
Rpointa [Reaction force (y-direction) of the equivalent spring placed at Point A
Rpoint B |Reaction force (y-direction) of the equivalent spring placed at Point B
Rpoint ¢ [Reaction force (x-direction) of the equivalent spring placed at Point C
Sy, max  [Maximum shear resistance of vertical joints from connection tests
Sy, u Ultimate shear resistance of vertical joints from connection tests
T Total thickness of wall panel
Ty Total thickness of laminae with grain direction parallel to the wall height
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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.

xXxi
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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 086 (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
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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; 1zzi 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 Groleau'; 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-

! The images are reproduced here with authorisation from the photographer.
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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.
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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, 4/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 Williams®, source: https.//www.nordic.ca/en/projects/structures/arbora)

2 The images are reproduced here with authorisation from the photographer.
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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 086 (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.

2.

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.

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




Chapter one: Introduction

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.

e The assumption of elasticity was also incorporated into the analytical model with the aim
to predict the lateral deformation within the elastic phase.

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

e 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.

e 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.

e 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.

e 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 086 (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 Eq, is
commonly determined as E/30, longitudinal shear modulus G, as E,/16, and the rolling-shear
modulus Goq as G/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 A1J 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 (AlJ, 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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Figure 3.1: (a) Duplicated shearwall configuration and (b) FE model

The moduli of elasticity of the longitudinal layers are assumed to be /7,700 MPa and 390 MPa,
for Ey and Ego, respectively, while values of Ey equal to 9,000 MPa and E9 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 Ey, o and horizontal Evy, i directions are calculated to be equal to
7,140 MPa and 3,834 MPa, respectively (Brandner et al., 2017). The shear modulus Gy 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 1.0x10° 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.

F(kN) . F(kN) o
40 y }
5 50 Afmm)
-263 263 263 -100 10 i )
A{mm) 10 100 A(mm)
-263 40
-1000
(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).

e Test result (Adapted)
50 || === FE modelling result =T
Z
— 40 ¢
=]
S 30 1
- i Both vertical
s i oL
E) 20 Vertical joints ! i Joints and
5 start to yield ! . hold-down
10 firstly ; : yield
0 L 1 ‘ 1 . / )
0 50 100 150 200

Lateral displacement A (mm)

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 4 and b, respectively.
The panels are assumed to be connected to the foundation by hold-downs with axial stiffness k4
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

k,;. 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 x 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-VLO-HI0V15

Mesh size (mm x mm) 100 % 100 50 x50 25 %25 10x 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:

EoTo + E9oToo
Eoerr = — 7 (3.1)

EoToo + EqoTy
Egoerf = — 7 (3.2)

where

Eo ¢5r is the effective modulus of elasticity along the vertical direction (parallel to the grain
of the outer layer),

Eqoe55 18 the effective modulus of elasticity along the lateral direction (perpendicular to
the grain of the outer layer),

E, is the modulus of elasticity parallel to the grain,

Eq, 1s the modulus of elasticity perpendicular to the grain,

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

Ty 1s 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 086 (CSA Group, 2024), it is suggested that
Eq 1s assumed as E/30. Considering that Eq 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
E, at both the longitudinal layers and transverse layers are the same:

Ty
Eoerr = Eo T (3.3)
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Egoerr = Eo " — (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.
b b ;
| Hi Uniform vertical loads ~
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Lateral loads 4 x
+ Vertical links bstween two panels
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+ Vertical joints . ¥
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N d /Y\ \\
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(@)
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 (Ej), is assumed to equal 12,000 MPa (CSA

Group, 2024) and the in-plane shear modulus (Gy) 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; 34
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; 34
Compressive stiffness of the foundation ks (kN/m) 1,000,000*
Total thickness of panel T (mm) 175
Modulus of Elastic and Modulus of Shear Ey; Gy (MPa) 12,000, 690
Tensile stiffness of per hold-down kna (kN/mm) 10; 25; 50, 100
Unit shear stiffness of vertical joints ky;/h (kN/mm/m) 3,75 15

*Note: the value of k¢ 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=Im 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 - - - ]
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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.

) | 1000 | 1000 |
L £ = =
HI0  H25  HSO  HIoo
Z f f 3000 | 3000
V3 V7.5 vis
VL20
| 1000 | 1000 |
9000
2000 | 2000
3000
(a) M3/2-P2-VL20-H50V3 (b) M6/1-P2-VL0O-H25V7.5  (c) M9/3-P2-VL20-HI10V15 (d) M12/1-P2-VL0O-HI00V3

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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where

F; is the lateral load (kN) on the i’ storey,

(3.5)

A¢otar 18 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,

Arocking» to the total deformation Agyrq; (Figure 3.6), and Ayocxing can be calculated according to

Eq. 3.6:

h
Arocking =4, E
where

A, is the vertical uplift of the second (right) panel.

Amtal

’ Arackin_g ;
)

f f
Ai*-ﬂzr.'—'-e-- —4
(a) ﬂ))

Figure 3.6: Ao ciing and A¢orq; defined in (@) CP mode and (b) SW mode

(3.6)
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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
stiffiess per unit length is 3kN/mm/m (ie., Kpq =K/Ku, ,=10kn/mm)y or K=
K/ K(kvj /h=3kN/mm/m))- Figure 3.7 shows the relationship between K, and kjq when b equals

1 m, 2m, and 3 m and when no vertical loads are applied.
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(c)
Figure 3.7: Relationship between normalised total lateral stiffness Kpq and kyq when kj/h equals 7.5 kN/mm/m and
vertical loads equal zero, with b=1 m (a); b=2m (b); b=3 m (c)
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It can be observed from Figure 3.7 that a non-linear relationship exists between Kj; and kg4,
where the variation in Kj; seems much greater for low values of kj4, while reaching an almost
linear relationship for high values of kj4. 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, Kj 4, 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.

3.5
M3/1-
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Figure 3.8: Relationship between normalised total lateral stiffness Kpq and kpq when k,;/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.
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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 kj/h equals 7.5 kN/mm/m (V7.5) without vertical loads (VL0)

The relationship between K;; and the unit vertical joint stiffness k,j/h forh =3m, h=6m
h =9 m, and h = 12 m is presented in Figure 3.10 and 3.11 for values of k;4 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 K;;; seems greater

for low values of k,,;/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 K;;; is greater for high values of panel
aspect ratios only holds true for CP behaviour (e.g., Figure 3.10c for k,;/h < 8 kN/mm/m).
Contrarily, K;;; seems greater for low values of panel aspect ratios when SW is attained (e.g.,
Figure 3.11a for k,;/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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Figure 3.10: Relationship between the normalised total lateral stiffness K,; and unit vertical joints stiffiess ky;/h
when kynq 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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Figure 3.11: Relationship between the normalised total lateral stiffness Ky; and unit vertical joints stiffness Ky, j/h when kpq
equals 25 kN/mm (H25), and vertical loads equal 20 kN/m (VL20), with b=1 m (a); b=2m (b); b=3 m (c).

For hold-down stiffness equal to 25 kN/mm (Figure 3.11), values k,;/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 ky4 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 kj 4

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

Table 3.4: Percentage of CP mode with varying kpq

knqy (kN/mm) 10 25 50 100

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

Not . No.of the models shown as CP mode « 100%
" . Per f CP mode = .
ote: Fercentage o moae No.of the total models (= 72) °

Table 3.5: Percentage of SW mode with varying k,,;/h

k;/h (kN/mm/m) 3 7.5 15

Percentages of SW mode* 22% 47% 70%

No.of the models with SW mode

Note: P t SW mode = x 100%.
* Note: Percentage of moae No.of the total models (= 96) %

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, ¢ 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 kjq4 and vertical joint stiffness k., ;, 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) kyj/h = 7.5kN/mm/m (b) kpg = 50 kKN/mm
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Figure 3.13: Relationship (a) between rocking percentage and kpq, (b) between rocking percentage and k,;/h, (c)
between bending percentage and kyq, (d) between bending percentage and k,;/h, (e) between shear percentage and
kna, and (f) between shear percentage and k. ;/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%).
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Figure 3.14: Impact of the vertical loads on the total lateral stiffness with (A) b=Im (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:

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

i n I t
(a) C1: Varying panel number with fixed h/B (12:4)

(b) C2: Varying.panel numbér with ﬁxec.z’”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 k (defined as a ratio between

knq and k,;) showed a more significant reduction in stiffness than those with lower relative stiffness

values.
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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 k is very low, (HIOV15 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.
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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

k2

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.




Chapter three: Sensitivity analysis

Panel Number=2 (SW mode) Panel Number=3 (SW mode)

G

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.
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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

k,; and to the foundation using hold-downs with stiffness k4 and angle brackets with horizontal

stiffness equal to kg;. The shearwalls span a total of n storeys, each with height of h;;,;. 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 ¢ is assumed to be applied at each storey.
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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:

Atotal: Abending + Ashear + Asliding + Arocking (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).

Fsl
Asliding: k_ (4.2)

sl

where
F; is the total horizontal shear force transferred at the wall-foundation interface,

kg, 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 086 (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 El,f; can be evaluated.

According to Blass and Fellmoser (2004), the effective modulus of elasticity along the vertical
direction (parallel to the outer layer) Eq . can be estimated by:
Eoerr = Eo " k3 (4.3)
where
E, is the modulus of elasticity parallel to the grain,
ks 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:

E Ay — Ay + -+ a
1_( 90)_ m-2 m—4 1 (4.4)

am
where
Ey, 1s the modulus of elasticity perpendicular to the grain,
m is the number of total layers,

a; 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, E .¢f 1s simplified as:

Eq\ 3t—t 3  2Ey

Fuegr = By [1- (1-520) 3 gy 1 2 :

oeff = Lo [ E, t; 0 5+ 5E, (4.5)
where
t is the thickness of each lamina.
CLT wall panel
z

Py v

)X

a a; as

Figure 4.3: Definition of variable a; 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 /¢ 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.

Th3
I = v (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 (k,,; = o) between panels, .5 can be expressed by:

TB3 2Th3

where

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

When no composite behaviour (k,,; = 0) between panels is assumed, the panels move separately,
and thus, I,fr can be expressed by:

Th® Tbh3 Tb3
lesr =351 =75

(4.8)

However, the real state of deformation falls between Eq. 4.7 and Eq. 4.8, and is illustrated in Figure
4.4:

Th? 2Th3
— <5 <

(4.9)

ky,j=20 Real status kyj = oo
Figure 4.4: Impact of the vertical joints on the flexural deformation of the two-panel shearwall system

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

this research is based on the y method (Méhler 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:

d*w(x)

El
dx*

=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 El.sf (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 y method.

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

follows (Cuerrier-Auclair, 2020):
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d*w(x) 'y d’N(x) _

El It T2 =q(x) (4.11)
d (1dN(x) 1 d’*w(x)
E(E dx >_EN(’C)+D' dxz (+12)

where
N (x) is the function of axial force on each panel,
D is the distance between the centroid of two panels,
E1 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 k,;/h.

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

(EA) - D2
w2 (EA)
L ke )?

where

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

panels.

By introducing the y factor to describe the composite behaviour between panels, El, ¢; can be
expressed as follows:

Eloir = (EDy + (ED; + y1(EA)10f + v2(EA)za3 (4.14)
where

y; and a; can be determined according to Kreuzinger (1995) and Cuerrier-Auclair (2020):

v =1 (4.15)
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1
Y2 = m (4.16)
k(hess)?
_ Y2(EA),D
TV ED, + 1, (EA), +17)
v1(EA),D (4.18)

2 T YA, + v, (EAY,
a, is the distance between the centroid and the neutral axis of the first panel, and a, is the
distance between the neutral axis of the first panel and the centroid of the second panel,
EA; is the axial stiffness of panel i,

E1; is the bending stiffness of panel i.

From the Eq. 4.16, it is known that the non-dimensional factor y, = 0 if k,,; = 0 (k = 0), while
Y2 = 1if ky,j = o0 (k = ). Thus, the value of y, between 0 and 1 represents the real condition

of partial composite action (Figure 4.5).

N,
M\ «— +”/’C’e’r’z’t%}5id’s’m”” 1 """""" rag=0-~a4,
I EESSENENZEERESERE tD [ NA(VA) a,
Mz( Noy e L A | (42 Voo N.A,
y2=1 y2=0

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:

El,s; = 2Ely + #EAO - b2 (4.19)

where
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El, equals El,or EI, once the dimensions of the two panels are the same,
EA, equals EA or EA, once the dimensions of the two panels are the same,

y equals y,, which could be rewritten by:

1

y = — (4.20)
4kh?
Since I, = Th3/12 and A, = Tb, substituting in Eq. 4.19, one obtains:
El,.; =E 1, ! Th? (4.21)
eff — Foeff "\ g ﬂZEO,effTb ) :
aknz  t

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

vertical joints are uniformly distributed along the vertical direction:

1 1
— N . 3
Elogy = Foers *| &+ 275755 Th (4.22)
dn ko hz T

where
n, is the number of rows in the vertical joints,
k., 1s 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 Aj¢pging 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):

(4.23)

y _ FR? [(n +1)(Bn + 1)]
bending — S(El)eff 8n
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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
G* = 0 . (4.24)

1+ 6ary (“een)

where
Gy is the in-plane shear modulus of laminas,

tmean 18 the mean thickness of each laminar layer of CLT panels, which can be calculated

by:
tmean = 1 (4.25)
m
Where
m is the number of layers of CLT panels,
w; the width of each lamina strip,
ar can be determined by:
ar = (tmean)% (4.26)
wi
where the values of the parameters p, and q, could refer to Table 4.1 below according to
Droscher (2014):
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Table 4.1: The values of py and q

No. of layers 3 5 7
Po 0.53 0.43 0.39
q0 -0.79 -0.79 -0.79

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

kFh(n+ 1)
Ashear = ——7— (4‘-27)

2G*A
where
A is the total cross-section area of the shearwall resisting system,

K 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:

Fh3 [(n+1)(Bn+1)] kFh(n+1)
Abending+shear = 3E] o ’ an 26 A
e

(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.
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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:
Apg= Dy (4.29)
where
Ay 1s the vertical tensile displacement (uplift) of the hold-down,

A,; is the slip displacement between panels.

(a) (b)
Figure 4.6: Sketch of the relationship between Ayq and A, for (a) CP mode (b) SW mode

The rocking displacement can be estimated by Eq. 4.30, and in-plane rotation angle 8 could be

determined by Eq. 4.31:
Brocking= 6h (4.30)

Ahd _ Arocking,CP

= (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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Fra = knaBna
Fyj = kyjlyj
where
Fy 4 are the vertical tensile force of the hold-down,

F,; are total shear force between panels.

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

th = ley + Rzly - ZCIbn

- n+1
ZFhi +Riyb =Fh-——+Ryyb = Fyq-2b+ 2b%qn

i=1
F=F +F,
1, X n+1
th-b+§qbn=ZF1-hi=F1h- j
i=1
1 . X n+1
ij-b+§qbn=ZFz-hi=F2h- _

=1

where

R, and R;,, are the vertical reactions of the first and second panel, respectively,

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

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

respectively,
h; is the height from the foundation level to the it" 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:

Fra _ kna
ij kvj
) n+1
Substituting the conditions into Eq. 4.30, one obtains:
A (F n+1 h? ) 1
. = (F———— — ghn) -
rocking,CP 2 h2 q khd + kw

4.4.2. SW mode

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

02b =Ahd+Avj
Substitute 6 from Eq. 4.42 into Eq. 4.30, one obtains:

Apg +Ay;
h- hd vj

Arocking= hé = 2p

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

th = Rz’y - qun

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)
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n
Z Fh; = Fh- nTH = Foy - 2b + 2qb%n (4.45)
i=1
F=F +F (4.46)
1 - n+1
Fpqg' b+ Eqbzn = Z F,-h; = F;h- (4.47)
i=1
1 . X n+1
Fv]'b+qu n=ZF2'hi=F2h' ) (448)
i=1
N b Y !
nF< * ’ nk ¢ *

. 1 2 I‘IF1< . 1
Foj

T_X, B2 e WA

E ild¢ R 2,I F hd‘
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:

Fh— —2gb®n
F. . =
hd 2b
th; 1_ 2gqb*n
ij =th+an= b

Substituting the conditions into Eq. 4.43, one obtains:

+ gbn

(4.49)

B Fh(n+1)
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F 1

Arockin =—(
g,SWw 4 “k
hd

4.5. Verification of the proposed model

4.5.1. Bending and shear deformation

(4.51)

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

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

are calculated according to Eq. 4.20:

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

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

ky;/h=3kN/mm/m 0.014 0.055 0.115 0.188

b=Im k,j/h=7.5kN/mm/m 0.035 0.126 0.246 0.367
kyj/h=15kN/mm/m 0.067 0.224 0.394 0.537

Table 4.3 provides the calculated values of (El).fr using Eq. 4.21:
Table 4.3: Values of (EI) 55 in varying aspect ratio and vertical stiffness

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

kyj/h=3kN/mm/m 1.366 1.652 2.041 2457

b=Im ky;j/h=7.5kN/mm/m 1.515 2.109 2.751 3.288
kyj/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 Apenaing+shear in varying aspect ratios and vertical stiffness

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

ky;/h=3kN/mm/m 2.35 17.22 59.19 142.04

b=Im ky;j/h=7.5kN/mm/m 2.24 14.62 46.16 107.12
ky;/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 Apenging+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.
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Figure 4.9: Comparisons between the values of Apenging+shear 0btained 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 4/b from 3:1 to 12:1,
while maintaining a constant panel width b equal to 1 m, hold-down stiffness kj with 10 kN/mm,
25 kN/mm, 50 kN/mm and 100 kN/mm, and unit vertical joint stiffness k,;/h with 3 kN/mm/m,
7.5 kKN/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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Figure 4.10: Comparisons between the values of Aycing obtained from the FE numerical modelling result and the

analytical expression
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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 k 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:

y _ FR® [(n+1)(3n+1)]+Fh(n+1)+ v n+1 h?
ot T 3E 8n 264 TE TR

® For the SW mode:

Fh3 [(n+1)(3n+1)]+Fh(n+1) F 1 1_n+1 h* ghn
8n

Droral = — ) — 4.53
ot T 3E L 2G*A +4(khd+kvj 2 b2 Zkhd( )

The analytical model used in this verification considers varying parameters of 4/b, k4 and k,;.

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

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

Aspect kna k,; k= A¢otarana (Mm) AgotarpE (MM) Error (%) = Kinematic

ratio |(kN/mm)|(kN/mm)| Kna/Kyj |from analytical model | from FE model |Atotat,ana/Atotarre — 1| mode
10 9.0 1.1 18.1 17.8 1.9 cpP
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 cpP

3/1 25 22.5 1.1 8.6 8.3 3.1 cpP
50 45.0 0.6 6.5 6.4 1.6 SW
50 9.0 5.6 7.4 8.5 -12.5 cpP
50 22.5 2.2 6.4 6.5 -1.9 cpP
100 9.0 11 5.3 5.1 3.1 CcpP
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100 22,5 4.4 4.7 5.2 -9.8 cpP
100 45.0 2.2 4.2 4.2 -0.7 cpP
10 18.0 0.6 89.2 84.2 6.0 Sw
10 45.0 0.2 68.6 66.1 3.8 /4
10 90.0 0.1 60.3 60 0.5 /4
25 18.0 1.4 61.9 57.2 8.2 cpP
25 45.0 0.6 43.4 40.2 8.0 /4
25 90.0 0.3 35.1 33.9 3.5 /4
6/1
50 18.0 2.8 45.5 44.0 3.3 cpP
50 45.0 1.1 34.8 31.3 11.3 cpP
50 90.0 0.6 26.7 25 6.8 /4
100 18.0 5.6 335 355 -5.7 cpP
100 45.0 2.2 27.9 25.9 7.6 cpP
100 90.0 1.1 22,4 20.4 9.8 cpP
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
9/1
25 67.5 0.4 124.2 115.4 7.6 /4
25 135.0 0.2 103.6 102.7 0.9 /4
50 27.0 1.9 136.3 120.9 12.8 cpP
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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 /4
100 27.0 3.7 106.0 100.4 5.5 cpP
100 67.5 1.5 81.6 72.3 12.9 cpP
100 135.0 0.7 63.1 59 7.0 /4
10 36.0 0.3 554.0 512.8 8.0 /4
10 90.0 0.1 459.1 451.9 1.6 /4
25 36.0 0.7 366.8 321.2 14.2 /4
25 90.0 0.3 271.9 258.6 5.2 /4
25 180.0 0.1 233.2 237.3 -1.7 /4
12/1 50 36.0 1.4 298.3 255.7 16.7 cpP
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 cpP
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 El 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 x 80 mm, and was fastened to the CLT panel using fifty-five annular-shank
nails (type LBA460, diameter ®4 mm, length 60 mm). A ®20 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 ®8 mm x 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 086
(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
B (mm): 80 H
P (mm): 83
WHT620 Hold-down panel H (mm): 620
Number of holes: 55

d; (mm): 4
LBA460 Anker nail b (mm): -

L (mm): 60

d (mm): M20
MGS12088 Steel rod L (mm): 1000

d (mm): M20
MUT93420 Nut H (mm): 16

SW: SW30

d; (mm): 26

B (mm): 70
WHTW?70L Washer P (mm): 77
s (mm): 20

,g:
re

‘X/

a
5

N . PP 1
I ARITELEETTEETEES |,
d; (mm): 8 ‘ b ‘
HBS880 Countersunk Screw 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
Young’s modulus of 11,700
CLT panel longitudinal layers Er (MPa)
Young’s modulus of 9,000
transverse layers Er (MPa)
Maximum tensile resistance Thq, max (kN) 93.4
Holddown Displacement at the maximum tensile resistance point Ar-hg, max (Mmm) 14.1
Ultimate tensile resistance T4, u (kN) 73.9
Ultimate tensile displacement Ar-pq, « (mm) 17.2
Maximum shear resistance Syj, max (kN) 7.5
N Displacement at the maximum shear resistance point As.,;, max (Mm) 43.2
Vertical Joint Ultimate shear resistance S, . (kN) 6.5
Ultimate shear displacement As.y;, , (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).
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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
W.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 (P;) was placed along the central axis of the outermost hold-down to measure

hold-down uplift. Points 2/2" (P2/P>") 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 (P), 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 (Ps ~ Po),

was installed at panel intersections to monitor panel-to-panel slip and individual panel uplift.
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(a) Testing setup of specimen W0.6-P2-H4V32 as an example
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Figure 5.2: An overview of test setup with the details of hold-downs and vertical joints system
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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
WO0.6-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 Ps. 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 (Ps and Py), 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 (4714, ») compared to the ultimate
shear displacement of the vertical joints (4s.;, «), as summarised in Table 5.2. Consequently, the

hold-downs consistently reached their failure point earlier than the vertical joints.
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The original status before loading
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(b) Deformation development at the bottom of panels of specimen W0.6-P2-HI1V32
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The original status before loading
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(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
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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.
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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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Failure of hold-downs in W0.6-P2-H2V8a

Bending rupture : Tensile rupture

Front view

(a) Comparison of the rupture characteristics of hold-downs caused by tension and by combined tension and bending
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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.
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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,
WO0.8-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.

Undeformed outline

The bottom detailsJ
—

i
“rotation tuplift vcompression

(a) Entire structural deformation and the bottom details of specimen W0.6-P4-H2V32 at the failure moment
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The bottom details J

“rotation tuplift ycompression

(b) Entire structural deformation and the bottom details of specimen W0.8-P3-H2V32 at the failure moment

95



Chapter five: Full-scale shearwall tests

The bottom details

“rotation tuplift vcompression

(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.

96



Chapter five: Full-scale shearwall tests

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 rmation of specien W0.6-P4-H2V32b after failure

(b) Bottom details of specien W0.6-P4-H2V32b at the failure moment
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(¢) Local details of speéimen W0.6-P4-H2V32b after faiﬁt?é
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 Ps 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).
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(¢c) Specimen W0.6-P2-H4V32 with CP mode

Figure 5.10: Monitored points for measuring the tensile displacement of hold-downs (P;) and tracing the kinematic
modes of shearwalls (Pg) for specimens W0.6-P2-HI1V32, W0.6-P2-H2V32 and W0.6-P2-H4V'32

Figure 5.11 presents details on the deformation mechanisms based on specimens W1.2-P1-H2,
WO0.6-P2-H2V32, WO0.6-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 Ps in both
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specimens WO0.6-P2-H2V8a and WO0.6-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 WO0.6-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 Ps5) compared to the bottom (37 mm at Ps) 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-PI-H2
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Panel 1 8 Panel 2

=y — |

(d) Specimen W0.6-P2-H2V8b

Figure 5.11: Monitored points for measuring the tensile displacement of hold-downs (P;) and tracing the kinematic
modes of shearwalls (Pg) for specimens W1.2-P1-H2, W0.6-P2-H2V32, W0.6-P2-H2V8a and W0.6-P2-H2V8b
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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 Ps, Ps, P1o and P+ during the early stages of loading,
However, when the load was further increased, the uplift recorded at Ps and Ps increased
progressively. In contrast, P;o 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.
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(a) Kinematic mode in specimen W1.2-P2-H2V32 (without transition)
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Panel uplift (mm)
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(b) Transitions of kinematic modes in specimen W0.8-P3-H2V32
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(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
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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.

/

Panel 1
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s ]
sk

Panel 3

Centre of rotation

(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
WO0.6-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

At the bottom of At the bottom of
At the bottom of Panel 1 Slip At the bottom of Panel 2 Slip Panel 3 Slip Panel 4
Specimens between between between Kinematic
Left corner|Right corner p( an eﬂs Left corner|Right corner P( an eﬂs cfrenf fer (ﬁlihet" P( an eis c;’:’{ Zr :f)lihetr modes
mm mm mm
(imm) (imm) (mm) (imm) (mm) (mm) (mm) (mm)
W1.2-P1-H2 -2 14 - - - - - - - - - Sw
W0.6-P2-HI1V32 -1 13 7 6 17 - - - - - - Sw
WO0.6-P2-H2V32 -2 15 18 -3 14 - - - - - - CP
WO0.6-P2-H4V32 -2 22 26 -4 15 - - - - - - CcP
W0.6-P2-H2V8a -2 32 37 -5 24 - - - - - - cpP
WO0.6-P2-H2V8b -2 21 27 -6 20 - - - - - - CP
WO0.6-P2-HIV65 -1 8 0 8 20 - - - - - - Sw
W1.2-P2-H2V32 -1 11 6 5 13 - - - - - - Sw
Wo0.8-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
WO0.6-P2-H1V32, WO0.6-P2-H2V32 and WO0.6-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.
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Figure 6.1: Comparison of load-displacement curves between specimens W0.6-P2-HI1V32, W0.6-P2-H2V32 and
W0.6-P2-H4V32
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Table 6.1: Mechanical properties of shearwalls

. Number of Stiffuness Peak load | Displacement at peak load Ultimate load ® Ultimate displacement
Specimen No.
hold-downs Kis0 (X 107 1kN/mm) Fonax (kN) Amax (mm) Fu (kN) Ay (mm)
Wo0.6-P2-H1V32 1 5.6 354 126.6 28.3 136.6
W0.6-P2-H2V'32 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 Stiffness ¥ Peak load | pisplacement at peak load Ultimate load® Ultimate displacement
" | vertical joints Ki 40 (x 107 YkN/mm) Fonax (kN) Amax (mm) Fu (kN) Ay (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 5.6 354 126.6 28.3 136.6
W0.6-P2-H1V65 65 5.2 30.8 95.6 24.7 113.3
, , Stiffuness Peak load | Displacement at peak load Ultimate load @ Ultimate displacement
Specimen No. Aspect ratio
Kis0 (X 10~ kN/mm) Fonax (kN) Amax (mm) Fu (kN) Au (mm)
W1.2-P2-H2V32 4.17 33.2 132.1 511 105.7 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

Note: (1) Total lateral stiffness K 49 is calculated according to ASTM-E 2124 (ASTM International, 2019).

(2) Ultimate lateral load F, is defined as 80% of the peak lateral load Fax after peak.
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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.
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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 WO0.6-
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 WO0.6-P2-H1V65 exhibited 13% lower maximum resistance compared with
WO0.6-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
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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.
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Figure 6.3: Comparison of load-displacement curves between specimens W0.6-P2-H1V32 and W0.6-P2-HI1V65

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
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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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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 (-H2VS) 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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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 Fpeqx, corresponding to a typical elastic response dominated by the initial stiffness of
the connectors,

o the peak load, Fpeqp-

At 0.4F,¢qk, 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 WO0.6-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.

90% r
800 -
o WO0.6-P2-H1V32
()
g W0.6-P2-H2V32
§ 70%
g WO0.6-P2-H4V32
g 60% |
< (1]
Q
[e]
[
50% |
40% ' ' '
1 2 3 4
The number of hold-downs
(a)
90%
0, -
080 %o W0.6-P2-H2V8 WO0.6-P2-H1V32
8
570%
5
o
en
§60% L W06-P2-H2V32
g
mso(y W0.6-P2-H1V65
. L
40% 1 1 1 1 1 1 1
8 16 24 32 40 48 56 64
The number of vertical joints
(b)

Figure 6.6: Percentage of rocking deformation with the varying number of (a) hold-downs and (b) vertical joints at
0.4F,
peak

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-

H2V32a, which share the same total wall width but differ in the number of panels, indicates that
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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 Fj,.q , trends similar to those observed at
0.4 F,oqi 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.

0, -
0% —8—W0.6-P2-H1V32
359 L W0.6-P2-H2V32
WO0.6-P2-H4V32
80% W0.6-P2-H2VS8a
o —8—W0.6-P2-HIV65
F75% | —e—W1.2-P2-H2V32
3 o, || —®—WO0.8-P3-H2V32
5 70% T | —e—W0.6-P4-H2V32a
065% I
3
2 60% r
55% |
50% F
45%
0 0.4F,0qk Fyeak
Loading

Figure 6.7: Rocking percentage at 0.4Fyzq) and Fyeqy

121



Chapter six: Discussion on the experimental, numerical and analytical results

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:

o 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,

o 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,

e 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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(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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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 kj; and vertical joints

k,jwere determined based on the elastic properties obtained following ASTM E2126 (ASTM

International, 2019). The total lateral deformation A;,;,;Was therefore calculated and compared at

a load level of 0.4F,,,, 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,
A¢otar- 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 Wo0.6-P2-HI1V32 WO0.6-P2-H2V32 WO0.6-P2-H4V32 W0.6-P2-H2V8a Wo0.6-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 k; 12.7 25.3 50.8 254 12.7 25.4

(elastic) (kN/mm)
Total stiffness of hold-
downs kpq 25.8 25.8 25.8 6.5 52.5 25.8
(elastic) (kN/mm)
\Lateral load on each storey|
F (0.4F ,,4,) 7.1 12.6 18.0 7.6 54 26.4
(kN)
Effective bending stiffness
Elzf 6.1 6.1 6.1 4.9 7.4 4.3
(10" kN-mm?)

Effective shear stiffness

G'A 8.0 8.0 8.0 8.0 8.0 16.0
(10° kN)

Kinematic modes SwW CP CP CcpP SW SwW
Total lateral deformation 26.2 34.6 38.4 30.9 16.8 16.6

Aioiqr (mm)
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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 WO0.6-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 ¢ 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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Table 6.3: Comparisons of peak lateral load, corresponding displacement and lateral stiffness of specimens between FE modelling and testing results

Peak lateral load Displacement at peak load Amax Stiffness ¥
Funax (kN) Error (mm) Error Kiso (X 10~ kN/mm) Error
(%) & (%) & (%)
Modelling | Testing Modelling Testing Modelling Testing

Wo.6-P2-H1V32 32.2 35.4 -9.0 88.5 126.6 -30.0 5.1 5.6 -8.9

Wo.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
Wo.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 +16.3 254 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
Vfg'o o it'gfk':za 34.1 37.8 9.9 300.7 289.1 3.8 23 1.9 +18.6

Note: (1) Total lateral stiffness K49 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 kj4, was observed for low values of kj4, while reaching an almost
linear relationship for high values of kj,; . 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.

e 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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7.2.

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.

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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ISOMETRIC VIEW

(c) Details of the steel foundation beam: Part 3
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(c) Details of the steel foundation beam. Part 3 (Continued)

167



Appendices

WELDING &
ASSEMBLY

ISOMETRIC VIEW

(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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V-groove welding
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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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PART 2
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ART 3

STEEL SLIDING RESTRAINT (LSR)

(a) Components of the steel sliding restraint
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STEEL SLIDING RESTRAINT: PART 1

(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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STEEL SLIDING RESTRAINT: PART 3

(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, Ay, ¢, is evaluated as
Atotar,c= Deotar,c — Brocking,s — Dstiding,B (B.1)

where

Atotar g 15 the gross total lateral displacement measured at the top of shearwalls (height of
the second diaphragm),

Arocking, 18 the component induced by rotation of the foundation beam,

Agliging,p 1 the component induced by rigid-body translation (sliding) of the foundation
beam in the global x -direction. In this study, Ag;gingp is taken as the measured lateral

displacement at Point C, which equals to Ap,in; -

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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o Point A: located at the shearwall end to capture possible compressive vertical deformation
of the foundation beam (displacement in the global y-direction);

o 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);

o 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).

L 2350 , J’I
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Point A Point B
=0 o O] :
T

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
WO0.8-P3-H2V32 is shown as an example). Assuming small rotations, the rocking-induced lateral

displacement at the top of the shearwall is

APoint B

Arocking,B= ph = d h (B.2)

where
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@ 1s 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),
Apoint B 18 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.

Rotation of the foundation beam applied by different loads
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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,
WO0.8-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 WI1.2-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 4p,;,, g(F) and Ap,;,; c(F).

For a given load Frecorded in a target specimen (e.g., W0.6-P2), evaluate 4p,;,, gand
Ap,in: c from the fitted expressions.

Compute A, ,.kingp using Eq. B.2, take Agigings = Apoine ¢ and obtain the corrected top

displacement 4,,,,, ¢ 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 Arockings and Agiging s for tested

specimens.
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Figure B.4: Calculated results of Arociing s and Dgjiging g 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 4 = Rpoint g = 1.53Fr (C.1)
Rpointc = Fr (C.2)
where

Fr denotes the applied lateral load (total load) by actuator,
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Rpoint 4 18 reaction force (y-direction) of the spring placed at Point A,
Rpoine g 18 reaction force (y-direction) of the spring placed at Point B,

Rpoint ¢ 18 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.

3600

2350

RPoim C
i |

RPofnf A RPoim B

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.
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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 WO0.6-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.
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