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Abstract

Analysis and design of Cross-Laminated Timber (CLT) walls under gravity loads have
been outlined in the Canadian timber design standard with an adequate amount of details.
The methods for designing shearwalls to resist lateral loads have not yet been fully
developed, with only concepts being adopted, based on generalized capacity-based design
concepts and definitions of yielding and non-yielding components. Several studies have
focused on developing analytical expressions and design approaches for multi-panel CLT
shearwalls, assuming angle brackets only behave in shear to prevent sliding, while ignoring
compression zone effects in CLT panels. These assumptions may simplify the analysis, but
they are not practical, especially since contemporary angle brackets are available on the

market with uplift capacities comparable to those of hold-down connections.

This study aimed to investigate the lateral behaviour of multi-panel CLT shearwalls and
provided practical and comprehensive analytical expressions and design procedures for this
type of structure. The analysis aimed to integrate the effects of all boundary connections,
including hold-downs, angle brackets, panel-to-panel connections, and compression zones,
into the analysis. On the basis of the developed analytical expressions, a capacity-based
design procedure was proposed, which promoted rocking behaviour and optimized energy
dissipation in the shearwall system. A novel yield hierarchy among various connections
was introduced, and expressions for associated over-strength factors are proposed. For
multi-storey applications, an approach which ensures uniform energy dissipation along the
structure height and limits soft-storey failures was also presented. Experimental tests were
conducted at the connection level to study the performance of conventional connections
used in CLT shearwalls and to obtain their associated mechanical properties. Furthermore,
the performance of multi-panel CLT shearwalls was investigated by conducting wall-level
experimental tests to investigate the kinematic modes and establish levels of resistance and
deflection. Numerical models were developed to verify the mathematical accuracy of the
proposed analytical and design expressions. Also, to validate the proposed analytical
expressions, they were compared against the numerical models, as well as the wall-level
experimental tests. The results showed a reasonable match between the different

approaches in terms of the general shape of the curves and kinematic behaviour.
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ASTM American society for testing and materials
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CLT cross-laminated timber
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Csw,j over-capacity coefficient of the LLRS at storey j
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Dgggp ductility ratio obtained using EEEP simulation
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Eqq transverse CLT layers modulus of elasticity
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Ecfy -, the effective moduli along the vertical direction of CLT panels
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El elastic effective bending stiffness of the CLT panels

F concentrated lateral force applied on the top of the wall

F; lateral horizontal load distributed in the j th panel

Fqx maximum load on load-displacement curves

F, pegp yield load on load-displacemenet curves based on EEEP simulation
Fy tritinear Yi€ld load on load-displacement curves based on trilinear simulation
F, ultimate load on load-dispalcement curves

G equivalent shear deformation of CLT panels

Gmean Shear modulus in-plane of laminations

Ky p_ lateral stiffness of the shearwall at point B for k = [1:n, + 2]

M dimensionless moment ratio

M design bending moment due to the lateral load
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XX1V



+ n, bending moment strength of the shearwall associated with the yielding of the hold-

down, after the vertical joints have yielded while the angle brackets remain elastic

Mﬁ‘ ;j bending moment strength of shearwall i at storey j, oriented parallel to the seismic

shear force direction
M,  yield bending moment in the horizontal direction to define macro elements
M, , yield bending moment in the vertical direction to define macro elements

6, x ultimate rotation in the horizontal direction to define macro elements

6, . ultimate rotation in the vertical direction to define macro elements

R ; the vertical reaction at the rotation point of the first panel

R}, design strength of the dissipative elements

R} s5tn 5" percentile of dissipative elements’ strength distribution

R g5th 95t percentile of dissipative elements’ strength distribution

Ryp design strength of the non-dissipative elements

Rp an strength of dissipative elements obtained from analytical models

R sth 5t" percentile of the strength distribution of a connection in a vertical joint

R 4n strength of a connection in a vertical joint obtained from analytical models

R, g5tn 95t" percentile of the strength distribution of a connection in a vertical joint
R, th xt" percentile of the strength distribution of a connection in a vertical joint

Ry 5tn 95t percentile of hold-down’s strength distribution

R}, an hold-down’s strength obtained from analytical models

Ry, yen y " percentile of hold-down’s strength distribution

Rp, activation force

XXV



Rp, inelastic lateral capacity of the shearwall at point B for k = [1:n, + 2]

T¢ ; internal force in each fastener in the panel-to-panel connections used for joining panel
jtoj+1

T} horizontal force in the hold-down

T}, uplift force in the hold-down

T x,i,j horizontal force in the i" angle bracket from the centre of rotation placed in panel
J

T ,i,j uplift force in the i" angle bracket from the centre of rotation placed in panel j

T uplift force in the i*" angle bracket at point P, for k = [1:n, + 2]

s,z
T,f * uplift force in the hold-down at point P for k = [1, 2]

V¢ design shear load due to the lateral load

V¢ ; total seismic shear load at the bottom of storey j
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Yra over-strength factor

Yan The ratio between R, scn and Rgy

Yr,a Over-strength factor to ensure that angle brackets remain elastic
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Chapter 1 - Introduction

1.1. General

Cross-Laminated Timber (CLT) is an engineered wood product consisting of multiple
layers of lumber which are typically attached together using adhesive, and where
longitudinal and transverse layers are placed perpendicular to one another, as shown in

Figure 1-1.

Transverse

Longitudinal

Figure 1-1: CLT layout

CLT is primarily manufactured and used as panels, allowing for use in floor and wall
applications. Due to their excellent structural performance, including high in-plane and
out-of-plane strength and stiffness, they have become a valuable contender in low- and
medium-rise buildings, resisting both gravity and lateral loads. CLT presents another key
advantage in terms of sustainability, as it emits fewer greenhouse gases during the
production and construction process than other conventional building materials (Himes &
Busby, 2020; Myllyviita et al., 2021). Furthermore, the prefabrication process allows

considerably faster on-site installation and less waste materials.

CLT buildings can be categorized into two general construction types: (1) balloon-frame,
in which wall panels span along multiple storeys and, in some cases, throughout the height
of the building, and (2) platform-type, in which wall panels span only one storey between

floor slab elements. The latter is currently the only construction type permitted in the
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Canadian timber design standard (CSA 086-19, 2019). It includes a requirement to
promote more efficient connection engagement through limiting aspect ratios between 4:1
and 2:1. The benefits of platform-type could be attributed to the engagement of more
connections involved in resisting loads and dissipating energy at each storey and easier
transportation and construction. There is a need for further research to compare the two
systems, particularly with regards to connection engagement and energy dissipation under

seismic loads.

In high wind and seismic regions, CLT shearwalls are typically relied upon to resist both
gravity and lateral loads. Experimental investigations of the behaviour of CLT shearwalls
subjected to lateral in-plane loading have revealed that the wall assembly exhibits rigid-
body deformation in the CLT panels, due to their high in-plane rigidity, while non-linearity
is principally achieved in the connections (e.g., Ceccotti et al., 2013; Hristovski et al.,
2018). This emphasizes the importance of connections behaviour and their contribution to
the strength, stiffness and ductility of the wall assembly and the building as a whole. Such
connections consist of panel-to-panel connections that connect the individual CLT panels
together, hold-downs, which are typically placed at the ends of the shearwall or openings
to resist the uplift force, and angle brackets with the capability to resist the shear force from

the wall to the foundation or floor below (Figure 1-2).

Within platform type construction, two CLT shearwall configurations can be identified, as
shown in Figure 1-2: (a) monolithic, consisting of single CLT panels; (b) multi-panel,
consisting of multiple CLT panels, attached together using panel-to-panel or vertical joint
connections. Multi-panel wall configuration is particularly desired in North America,
particularly in seismic regions, due to the ability to employ lateral resistance and seismic

energy dissipation contributed by panel-to-panel connections.
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Figure 1-2: CLT shearwall configurations: (a) monolithic; (b) multi-panel

1.2. Motivation

The analysis and design procedures for CLT shearwalls under gravity loads have already
been outlined with reasonable details in the Canadian timber design standards (CSA O86-
19, 2019), however, methodologies for lateral load design still lack development. Although
some general provisions, mainly based on a hierarchy of failure among various components
in the shearwall assembly, have been enacted, no clearly defined design method currently

exists for multi-panel CLT shearwalls in the various design standards (CSA O86-19, 2019;
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EN 1995-1-1:2004/A2, 2013; NDS, 2018). Consequently, simplistic analysis assumptions,
based on static methods, or comprehensive modelling techniques involving sophisticated

3-D finite element models, are commonly used by designers.

The majority of the available information on CLT shearwalls focuses on single panel walls
(e.g., Lukacs et al., 2019), while only limited studies have been conducted on developing
analytical expressions and design approaches for multi-panel CLT shearwalls. Casagrande
et al. (2018) and Nolet et al. (2019) developed elastic and plastic models, respectively, for
single-storey multi-panel CLT shearwalls in the rocking mode using the minimum potential
energy method. These studies developed expressions for wall capacity, rotation,
displacement, and stiffness. The authors assumed that only hold-down and panel-to-panel
connections contribute to rocking behaviour, whereas angle brackets only behave in shear
to prevent sliding. Also, the compression zone effect in CLT panels was ignored. Although
these assumptions help simplify the analysis, they may not be practical since modern angle
brackets available on the market, such as angle brackets with relatively thick washer plates
(e.g., Pozza et al., 2018; D’ Arenzo et al., 2019), have uplift capacities comparable to those
achieved in hold-down connections. Also, incorporating the contribution of the
compression zone into the analytical expressions describing the shearwall behaviour is

lacking.

The concept of Capacity-based Design (CD) has been incorporated into structural design
provisions to avoid brittle failure modes, especially in seismic design, where energy
dissipation is paramount to life safety. Using this approach approach, selected components
are predetermined to behave as dissipative zones and the sequence of yielding and failure
in the building elements is established to ensure that non-dissipative zones are capacity
protected (e.g., Paulay & Priestly, 1992). The sequence of yielding and failure is
determined by introducing over-strength factors, to capacity protect non-dissipative
elements when energy dissipative components reach a desired level of inelastic
displacement. Although the CD philosophy has been the agreed upon principle to establish
general design methodologies for seismic design, the applicability of such approach to
timber buildings, especially those consisting of Cross Laminated Timber (CLT) shearwalls,

has lacked analytical expressions that depend on the structural type (i.e., platform- or
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balloon framing) and failure mechanisms. Due to wood's brittle nature, particularly in
flexure, tension, and shear, energy dissipation is required through yielding of mechanical
connectors. Additionally, the selection of the dissipative zones should ensure a global
behaviour and ductility consistent with the behaviour factor used to reduce elastic design

forces.

Although some research efforts have been made to develop analytical procedures to
describe the behaviour of multi-panel CLT shearwalls, there are still some shortcomings in
the current state of knowledge respecting the development of a comprehensive method that
adequately considers the effect of all the connections involved in the assembly. The
proposed research project focuses on investigating the lateral behaviour of multi-panel
CLT shearwalls and provides practical and comprehensive analytical expressions and
design procedures. The aim is to incorporate the effect of all boundary connections into the
analytical procedure. This includes the bi-directional effect of hold-downs and angle
brackets, as well as compression zones. Research objectives, methods, and limitations are

presented in the next sections.
1.3. Research objectives

The main objective of the current research project is to develop a comprehensive design
provision for multi-panel CLT shearwalls subjected to lateral load. The key objectives are

as follows:

1. Evaluate the contribution of angle brackets in the vertical direction (uplift) to the
behaviour of CLT shearwalls through sensitivity analyses.

2. Develop a detailed analytical and design approach, including the bi-directional
behaviour of angle brackets and compression zones.

3. Develop a CD approach following requirements such as yielding hierarchy and
wall kinematic modes to ensure sufficient energy-dissipation and ductility for
design in a seismic region.

4. Define different over-strength factors and their respective strength percentiles to
ensure the yield hierarchy and protect the non-dissipative elements.

5. Evaluate the cyclic behaviour of the connections and investigate the effect of

strength degradation and low-cyclic fatigue on wall behaviour.
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Evaluate the performance of various configurations of single-story multi-panel
CLT shearwalls, including strength, stiffness, ductility, ultimate failure, and
kinematic modes, as well as their mechanical properties.

Verify the mathematical accuracy of the developed expressions and CD proposal.
Validate the developed expressions against experimental tests and numerical

models.

1.4. Methodology and limitations

The following methodology is employed in order to achieve the research objectives:

1.

Conduct a detailed literature review on CLT shearwalls with respect to
experimental investigations, analytical and design developments, and numerical
modeling.

Review the available clauses in CSA 086-19 concerning CLT shearwall seismic
design.

Conduct experimental tests on different conventional connections used in CLT
shearwalls subjected to monotonic and cyclic loads to investigate their behaviour
and obtain their associated mechanical properties.

Conduct experimental tests on different configurations of multi-panel CLT
shearwalls subjected to monotonic lateral loads. Different configurations were
investigated with varying connections’ configuration, panels’ size and number, and
gravity load. This was done to examine various conditions affecting the shearwall
behaviour and proposed expressions.

Conduct numerical modeling by adopting the connections properties obtained from
connection-level tests and compare the results against the developed expressions

and wall-level experimental tests.

The limitations of the current study are as follows:

1.

Analytical expressions were developed for single-storey shearwalls, and as such the
effect of floors, including the connections between floors and walls, was neglected.

To allow for the use of equations for multi-storey applications, elastic design and
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CD expressions were defined with respect to bending and shear loads. These
equations are suitable for platform-type constructions, while more research on

2. The idealized elastic-perfectly-plastic properties of connections were adopted in
models. While this assumption aimed to simplify equation complications, it was
inevitable that there would be some discrepancy.

3. The shearwall-level experimental tests were conducted on single-storey walls,
consistent with the developed equations. Thus, investigations and comparisons
between analytical expressions, numerical models, and wall-level experimental
tests are valid for single-storey applications.

4. The connections used in experimental tests were limited to one type of hold-down
and angle brackets, while using two nailing patterns, fully and partially nailed, as

well as three different dowel-type fasteners used as panel-to-panel connections.
1.5. Structure of thesis
Chapter 1 presents research problem definitions, objectives, and limitations.

Chapter 2 introduces a detailed literature review of studies related to CLT shearwalls. This
includes analytical and design developments, CD developments, experimental tests on

connections, CLT shearwalls and buildings.

Chapter 3 presents the development of analytical approaches in the elastic and inelastic
ranges, in which the bi-directional action of angle brackets and hold-down and impact of
compression zones in CLT panels are included. The results of sensitivity analysis to study
the contribution of angle brackets’ uplift action to CLT shearwall resistance and deflection

are also highlighted.

Chapter 4 introduces the design approach for multi-storey CLT shearwall applications
subjected to lateral load, as well as CD proposal considering the developed expressions in

Chapter 3.

Chapters 5 and 6 present experimental tests on connections and CLT shearwalls,
respectively. They include the procedure and details, results analysis, behaviour

investigations, and mechanical properties.
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Chapter 7 presents the mathematical verification of the developed expressions and CD

proposal, as well as their validation against experimental tests and numerical models.
Chapter 8 summarizes the research findings and proposes the future research topics.
Appendix A presents detailed results and test set-ups for the experimental connection tests.

Appendix B summarizes the details of test set-ups used for CLT shearwall level
experimental tests and the results of mesh sensitivity analysis used for numerical

modelling.

Appendix C presents the results obtained from various analyses to show the applicability

of interpolation between different kinematic modes.
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Chapter 2 - Literature review

2.1. General

In this section, an analysis of the state-of-the-art on the mechanical behaviour of CLT
shearwalls is presented, including a literature review of experimental tests conducted at
building, shearwall and connection levels. An overview is presented of developed
analytical and design approaches for CLT shearwalls subjected to wind and earthquake
loads. Additionally, advancements made to establish CD approaches for CLT shearwalls
are investigated. Finally, an overview is provided of the current Canadian timber structural

design standard (CSA O86-19, 2019) concerning lateral design and CD of CLT shearwalls.
2.2. CLT shearwalls: experimental investigations
2.2.1. Building level tests

SOPHIE project was the first comprehensive testing campaign conducted on CLT
buildings. Experimental tests were carried out on single-storey (M. P. Lauriola & C.
Sandhaas, 2006) and three-storey (A. Ceccotti & M. Follesa, 2006) buildings consisting of
narrow CLT panels anchored to a steel foundation by conventional connections similar to
what was used in light frame timber and connected to one-another by partially threaded
screws. The lateral loads were applied using a pseudo-dynamic actuator and shaking table
for the single- and three-storey buildings, respectively. It was observed that damages were
limited to the connections, and it was concluded that the buildings could withstand several
seismic load applications. The CLT panels behaved mostly as rigid bodies, and connections
provided ductility and energy dissipation in the assembly. It was also concluded that the
yield hierarchy among energy dissipative connections could significantly contribute to
ductility in the assembly. Particularly, panel-to-panel connections used in multi-panel CLT
shearwalls contributed significantly to providing ductility and energy-dissipation in the
system. Shake table experimental tests were also conducted on a seven-storey building
consisting of CLT panels connected using partially threaded screw connections and
anchored to the steel foundation or CLT floor below through angle brackets and innovative
hold-downs with a relatively thick steel plate thickness (10 mm thickness) fastened with 6

mm lag screws (Ceccotti et al., 2013). Those hold-downs were designed to resist higher
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uplift and shear forces and provided more ductility than conventional types, particularly
compared to the previously mentioned campaigns where the hold-downs were suitable for
light frame timber shearwalls. No brittle failure was observed in the CLT panels after load
applications composed of 10 severe earthquakes. After each load application, minor repairs
or replacements of connections were made. Failure of connections was determined to be

ductile, including fastener bending and embedment crushing failure.

Flatscher & Schickhofer (2015) conducted shake table tests on a three-storey CLT building
composed of monolithic single-panel walls, as part of the SERIES testing campaign. Lower
deflections and inter-storey drifts were observed compared to the three-storey building
tested under the SOFIE project (A. Ceccotti & M. Follesa, 2006), while a decrease in
energy dissipation was reported due to the absence of panel-to-panel connections. This
emphasized the better seismic behaviour of multi-panel CLT shearwalls and the significant
role of panel-to-panel connections in providing ductility in CLT shearwalls and the
building as a whole. The hold-down connections were the same as those used by A.
Ceccotti & M. Follesa, (2006) which were designed and mostly used in light frame timber.
The authors reported an average uplift (tension) resistance of the hold-downs around 51
kN, which seems significantly lower than the newer generations available on the market,
those designed more specifically for CLT shearwalls (e.g., European Technical Approval
ETA-11/0086, 2018).

Popovski & Gavric (2016) performed experimental full-scale tests on a two-storey CLT
building composed of narrow panels attached together using half-lap joints with self-
tapping screws. In total, one monotonic and four cyclic loading tests were conducted. No
severe damage to CLT panels was observed after each test, indicating the failure
mechanism in the nails fastening angle brackets to the CLT shearwalls due to the
interaction of sliding and uplift deformations. That showed the interaction between the
angle brackets used under such loads, and its impact on CLT shearwall failure. Consistent
with previous test campaigns, it was observed that building resistance and ductility derived
predominantly from panel-to-panel connections and mechanical brackets used to anchor

CLT shearwalls to the base (e.g., angle brackets and hold-downs).

Chapter 2 - Literature review 10



Yasumura et al. (2016) conducted experimental tests on a two-storey CLT building with
additional dead loads on both storeys. Cyclic lateral loads were applied at the second storey
level. Two configurations were investigated, one with monolithic walls (single panel) and
the other with narrow panels (multi-panel). Smaller hold-downs than previous studies were
used on each side and one angle bracket in the middle of each segment. It was concluded
that the building with a monolithic wall possessed significantly higher lateral stiffness
while lower ductility than those composed of multi-panel walls. No global instability was
observed, while failure in the corners of monolithic walls openings and in the connections

for the multi-panel walls were reported.

Blomgren et al. (2019) tested a two-story building consisting of two-panel CLT shearwalls,
CLT floor, and a glulam gravity frame. An innovative and replaceable connection system
was utilized, including panel-to-panel connections and a center anchor. The results showed
that the CLT shearwall system achieved the expected behaviour and remained stable even
during severe earthquakes. It was shown that damaged components and connections in

CLT shearwall system can be replaced after an earthquake.

The following is a summary of the main outcomes and observations resulting from full-

scale experimental tests of buildings constructed with CLT shearwalls:

e CLT panels behave like rigid bodies. The deformation occurring in panels (bending
and shear) appeared insignificant compared to the total lateral deflection of the
panels.

e In light of the previous point, connections are primarily responsible for resisting
lateral loads and providing ductility and energy dissipation.

e Multi-panel CLT shearwalls appeared to behave more ductile than monolithic walls
due to the engagement of panel-to-panel connections and their flexibility, while
monolithic walls exhibited more stiffness.

e In most experimental tests, the hold-downs used were suitable for light frame
timber shearwalls and were not designed primarily for CLT shearwalls. Thus, they
lacked cases with new generations of hold-downs (e.g., European Technical
Approval ETA-11/0086, 2018) or innovative hold-down connections with

enhanced seismic performance (e,g., Dires & Tannert, 2022).
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e The interaction between shear and uplift in one experimental campaign was

discussed, which affected ultimate failure and wall behaviour.
2.2.2. Shearwall level tests

Popovski et al. (2010) conducted experimental tests on CLT shearwalls using varying wall
configurations, including the number of panels and storeys, construction method (i.e.,
platform- or balloon-type), and connections. Different mechanical anchors were used to
anchor the walls to the base, such as one type of hold-down, two types of angle brackets,
and two proprietary timber rivets. The study showed that deformation in connections
contributed mostly to walls' lateral displacement while CLT panels' deformations (bending
and shear) appeared negligible. Particularly, panel-to-panel connections significantly
impacted walls' ability to deflect as well as dissipate energy under seismic loads. Multi-
panel shearwalls also provided lower stiffness, but better seismic performance than
monolithic walls. The seismic behaviour of the wall was improved when hold-downs were
used on both sides. It was also observed that adding gravity loads resulted in increased

resistance and stiffness.

Gavric et al. (2015) and Flatscher et al. (2015) tested CLT shearwalls with conventional
connections subjected to monotonic and cyclic lateral loads. Different connection
configurations and the number of panels (single- and two-panel) were investigated.
Relatively flexible hold-down and angle brackets were utilized compared to more recent
generations of mechanical anchors. The impact of using more angle brackets to resist both
uplift and shear and adding gravity loads appeared to be significantly high on walls
resistance and stiffness. It was observed that panel-to-panel connections contributed
significantly to the performance and ductility of the shearwalls, where using relatively
fewer joints resulted in lower stiffness and slightly lower resistance while achieving higher
ductility. It also appeared that ultimate failures consistently occurred in hold-downs or
angle brackets due to their relatively lower ultimate displacement than panel-to-panel
connections. The performance of CLT walls, particularly the two-panel configurations,
was heavily affected by the panel-to-panel connections stiffness. It was found that by
increasing their stiffness by incorporating more connections and/or stiffer fasteners, the

wall performed as a single panel and all panels except for the last one left the ground with
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one global center of rotation, while by utilizing relatively flexible panel-to-panel
connections each panel behaved as an individual wall with distinct rotational centers. As
such, two kinematic modes were defined, Single-Wall (SW) associated with relatively stiff
panel-to-panel connections and Coupled-Panel (CP) associated with relatively flexible

panel-to-panel connections.

Hristovski et al. (2013 & 2018) conducted shake table tests on a CLT wall system
composed of two primary walls oriented parallel to the load excitation, and two orthogonal
walls and a CLT floor to provide lateral support. The primary walls were attached to the
reinforced concrete foundation using angle brackets to resist uplift and shear loads. A
gravity load of 9.6 tons was applied to the CLT floor to simulate three-storey mass. Two
wall configurations were tested, namely monolithic and two-panel walls. Consistent with
previous test campaigns, it was reported that the system with two-panel shearwalls
dissipated more seismic energy and provided more ductility than monolithic shearwalls

due to the contribution of panel-to-panel connections.

Several research efforts have been made on testing CLT shearwalls using novel
connections (D’Arenzo et al., 2021; Hashemi et al., 2017; Loo, Kun, et al., 2014; Moroder
et al.,, 2018; Sarti et al., 2016). Compared to conventional connections, the results
highlighted improvements in seismic performance such as greater energy dissipation, load
resistance, and deformability. More details are available in the associated references, which

are outside the scope of this research.

The summary of the main outputs and observations from wall-level experimental tests

consisting of CLT panels is as follows:

e Deformation of connections significantly contributed to the top lateral
displacement of the shearwalls, while deformation of CLT panels appeared to have
a negligible impact.

e Panel-to-panel connections showed significant contributions to ductility and energy
dissipation in the shearwalls.

e The mechanical anchors attaching walls to the base, such as hold-downs and angle

brackets, consistently failed.
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e [t was found that the stiffness and resistance of the walls were improved by using
more angle brackets that resist uplift and shear, hold-downs at the ends of the wall,
as well as by adding gravity loads to the walls.

e CLT shearwall performance was significantly influenced by panel-to-panel
connections' stiffness. Relatively flexible panel-to-panel connections resulted in
more ductility, lower stiffness, and a kinematic mode where each panel behaved as
an individual wall with a separate center of rotation (CP behaviour). Relatively stiff
panel-to-panel connections led to less ductility, increased stiffness, and a kinematic
mode where the wall behaved like a single panel with one global center of rotation
(SW behaviour).

e Experimental tests on CLT shearwalls with conventional connections were limited
to single and two-panel configurations and used relatively flexible hold-down and

angle brackets.
2.2.3. Connection level tests

Extensive experimental tests were carried out under the SERIES and SOFIE projects on
various conventional connections used in CLT shearwalls, including hold-downs and angle
brackets, and different fasteners used as panel-to-panel connections, such as self-tapping
screws (e.g., Gavric et al. 2015a & 2015b, Flatscher et al. 2015). The hold-down and angle
brackets used belonged to a first generation of connections adopted directly from light-
frame shearwall systems to be used in low-rise CLT buildings with little-to-no
technological advancements. Tests on mechanical anchors subjected to uplift tension force
showed that hold-down connections exhibited reasonable energy dissipation and ductile
behaviour, while angle brackets failed in nail withdrawal or bolt pull-through when CLT
floor or steel base were used, respectively. Contrarily, when subjected to horizontal shear
force, angle brackets acted ductile, whereas hold-downs exhibited elastic and undesirable
behaviour due to their rotation. A relatively small number of nails (partially nailed) was
intentionally selected in the hold-downs to prevent failure in the steel bracket while
achieving failure in the nails and enhanced ductility by engaging their flexibility. This
approach, however, resulted in reduced resistance and stiffness. Low cycle fatigue

appeared insignificant on both hold-down and angle brackets under shear and uplift. Panel-
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to-panel connections with a diameter of 8 mm and different lengths were tested and
exhibited more ductile and energy dissipation than mechanical anchors under uplift,
represented by fastener yielding and wood crushing. Low cycle fatigue appeared
insignificant for panel-to-panel connections, which can be attributed to large fastener

diameters.

Tomasi & Smith (2015) conducted experimental tests on different types of conventional
angle brackets and various fasteners to investigate their performance under horizontal shear
forces. Angle brackets with long width parallel to the force and more nails exhibited higher
resistance and stiffness than smaller angle brackets commonly used to anchor light frame
shearwalls. However, the smaller angle brackets exhibited more ductility. It was
highlighted that the geometry of angle brackets and their methods of attachment to the base
could significantly impact their performance and mechanical properties. The authors
investigated these aspects and provided recommendations to improve angle bracket

performance under shear loads.

Casagrande et al., (2016) performed experimental tests on conventional connections used
in timber buildings adopted to seismic regions. Mechanical properties were estimated,
including maximum and yield resistances and displacements, stiffness, and ductility.
Different connections were tested subjected to cyclic load patterns, such as hold-downs
and angle brackets, as well as various fasteners in different diameters, lengths, and
penetration angles (i.e., orthogonal, or inclined) as panel-to-panel connections. Orthogonal
panel-to-panel connections exhibited more ductility than inclined ones. Lower ductility
was observed for hold-downs and angle brackets compared to panel-to-panel connections.
One type of angle bracket with a relatively thick washer subjected to uplift tension loads,
showed increased strength, stiffness, and ductility than conventionally used angle brackets
without washers. This highlighted their ability to resist such loads additional to their initial

load-resisting purpose (shear).

Hossain et al., (2016 & 2019) conducted monotonic and reversed cyclic tests on panel-to-
panel connections consisting of self-taping screws with a diameter of 8 mm under shear in

different joint configurations, such as inclined and orthogonal penetrations. Mechanical
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properties and connection behaviour were assessed. Reasonable ductility was observed in

monotonic tests, whereas it decreased slightly under reversed cyclic tests.

Although hold-downs and angle brackets are primarily designed to resist uplift and shear
loads, respectively, they are inevitably exposed to both loads. Experimental test results on
these mechanical brackets under both uplift and shear have highlighted that the interaction
between the loads significantly affects the behaviour and mechanical properties of
mechanical anchors (Pozza et al., 2017; Pozza, Ferracuti, et al., 2018; Pozza, Saetta, et al.,
2018; Liu & Lam, 2018, 2019; Liu et al., 2020). The studies indicated that different
magnitudes of load in one direction could affect the performance of connections in the
other direction. This can be interpreted as connections acting weaker than they were
designed to carry pure load in one direction only. It is therefore necessary to account for

this effect in order to avoid overestimating the resistance of the connections.

Several experimental investigations were conducted on innovative connections used in
CLT shearwalls to improve seismic energy dissipation and ductility, such as slip friction
connectors (e.g., Loo, Quenneville, et al., 2014), damping hold-down (e.g., Wrzesniak et
al., 2016), X-RAD (e.g., Polastri et al., 2018), hollow steel tubes (e.g., Schneider et al.,
2018), internal perforated steel plates (e.g., Dires & Tannert, 2022). The results highlighted
better seismic performance and improved ductile behaviour and failure compared to

conventional connections used in CLT shearwalls.

The summary of main outputs and observations from connections level experimental tests

used in CLT shearwalls can be highlighted as follows:

e (Conventional fasteners used as panel-to-panel connections exhibited more ductility
than hold-down and angle brackets.

e Experimental tests on hold-down and angle brackets designed for light frame timber
shearwalls showed relatively low resistance.

e The impact of low cycle fatigue appeared insignificant for hold-down and angle

brackets under different load directions (shear and uplift).
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e The impact of low cycle fatigue on conventional fasteners used for panel-to-panel
connections, particularly small diameter dowel type fasteners, was not investigated
in the literature as only one size of relatively large fastener diameter was tested.

e Experimental tests on angle brackets under shear showed that the geometry of
brackets and the type of attachment to the base could significantly affect their
performance and mechanical properties.

e Various studies showed that the interaction between shear and uplift has a
significant impact on the behaviour and mechanical properties of hold-down

brackets and angle brackets.
2.3. CLT shearwalls: Analytical and design development

The studies conducted to develop analytical and design approaches for CLT shearwalls are
reviewed in this section. Seismic design proposals are also discussed, including CD
proposals, which involve different requirements to ensure sufficient energy dissipation in

CLT shearwalls.
2.3.1. Analytical approaches for CLT shearwalls

Casagrande et al.,, (2016) developed an analytical approach for one-storey timber
shearwalls, including light frame timber and CLT, based on static equilibrium, to determine
the wall’s lateral displacement and strength. The developed model considered the
contribution of gravity load and a compression zone equal to 90% of the total wall length.
Validation of the proposed model was done against experimental tests to show the

applicability of the expressions to predicting the mechanical properties of the walls.

A state-of-the-art review was presented on analytical approaches to analyze single-panel
CLT shearwalls, including expressions related to shearwall lateral strength and stiffness
(Lukacs et al., 2019). The presented approaches were developed based on the assumption
of rigid-body behaviour of CLT panels and using static equilibrium. A comparison was
made between the highlighted approaches and experimental test results on CLT shearwalls
to validate their applicability. The results indicated diverse outputs for strength and

stiffness, mostly underestimated results with a few overestimations. Those approaches that

Chapter 2 - Literature review 17



included the vertical (uplift) contribution of angle brackets showed more accurate

predictions than those that excluded it.

Gavric et al. (2015c¢) proposed an analytical approach for analyzing single- and two-panel
CLT shearwalls, using moment equilibrium, where the bi-directional effect of hold-down
and angle brackets was implemented separately without incorporating their interaction
effect. Mechanical properties of connections were implemented by employing tri-linear
simulations. The comparison between the analytical approach and the experimental tests
showed that the proposed analytical method may under- or over-estimate shearwall
behaviour in different practical cases. The reasons indicated neglecting the bi-directional
interaction of angle brackets in the models and their plasticization in uplift during
experimental tests, which led to excessive sliding and a reduction in the wall's maximum

strength.

Flatscher & Schickhofer (2016) established an iterative displacement-based method
limited to single-panel and two-panel CLT shearwalls, by which rotation, displacement and
internal forces in connectors can be determined. The connections were defined as panel-
to-panel connections and hold-downs that operated only in shear and uplift, respectively,
as well as angle brackets with an interaction effect between shear and uplift. The authors
validated the analytical model against experimental tests on various shearwall
configurations by varying the size and number of panels, connection configurations, and
gravity load. The results highlighted a reasonable match in predicting wall mechanical

properties.

Casagrande et al. (2018) developed an elastic analytical approach for single-storey multi-
panel CLT shearwalls using the minimum potential energy method. The energy induced in
the system through connections and lateral and gravity loads was minimized. This was
done to obtain expressions calculating internal forces in the connections, shearwall top
lateral displacement and elastic strength. The authors proposed equations to predict
shearwall kinematic modes, for CP when all the panels remain in contact with the ground,
SW when only the last panel is on the ground, and Intermediate (IN) which is a case
between CP and SW with some panels remaining in contact with the ground. The proposed

analytical expressions were verified against numerical models with high accuracy showing
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their mathematical correctness. The developed expressions were limited to unidirectional
hold-downs, resisting uplift, and angle brackets, resisting shear, and did not include the

compression zone effect.

Nolet et al. (2019) extended the study by Casagrande et al. (2018) to incorporate the elastic-
perfectly plastic properties of connections. Various yield and failure modes were
investigated for different kinematic modes. This comprehensive study revealed the
significant contribution of the connections’ mechanical properties, such as yield and failure
strengths and displacements, to the shearwall’s lateral behaviour and ductility. The authors
developed expressions and force-displacement curves associated with each possible
kinematic mode in both elastic and plastic regions, based on different yield and failure
hierarchies in connections. Consistent with Casagrande et al. (2018), the developed
approach was limited to uni-directional hold-down and angle brackets, and did not include
the compression zone effect. The assumption of elastic-perfectly plastic connections could
also cause discrepancies if the real load-displacement curves of the connections are not

accurately represented by this idealistic model.

D’Arenzo, Schwendner, et al. (2021) developed an analytical procedure for CLT multi-
panel shearwalls including the interaction effect of the floor above. The proposed
expressions were validated against numerical models showing a reasonable match in terms
of lateral stiffness, bending moment and base shear. Results highlighted that the interaction
effect improved the rocking stiffness of the shearwall and often changed the kinematic

mode from CP to SW.

The summary of the main outputs and observations from analytical developments for CLT

shearwalls is as follows:

e Several approaches were developed for single-panel CLT shearwalls using static
equilibrium. The comparisons against experimental tests revealed that including the
uplift contribution of angle brackets led to better predictions. The complexity of
analytical expressions seemed lower than multi-panel CLT shearwalls, in which
panel-to-panel connections should be incorporated, and different kinematic modes

can be achieved.
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e Comparisons between the developed expressions for two-panel CLT shearwalls
and experimental tests showed some discrepancies. These can be attributed to
idealizing the mechanical properties of connections and not considering the
interactive properties of hold-down and angle brackets in resisting uplift and shear.

¢ Elastic and elastoplastic analytical approaches were developed for multi-panel CLT
shearwalls using minimum potential energy method. The expressions were limited
to uni-directional behaviour of hold-down and angle brackets and did not include
the compression zone. Also, the mechanical properties of connections were
modelled using elastic-perfectly plastic simulation.

e Analytical methods including the interaction between CLT walls and the floors
above were developed. It was revealed that this added contribution could improve
the rocking performance of CLT shearwalls and change the kinematic modes, such

as from CP to SW.
2.3.2. Seismic design approaches for CLT shearwalls

Gavric et al. (2013) proposed a CD approach, defining dissipative connections, such as
fasteners, in which a plastic hinge is developed, and non-dissipative elements, such as CLT
panels and mechanical brackets and anchoring bolts attached to the base. It was proposed
that panel-to-panel connections resisting shear and hold-downs resisting uplift force be
defined as dissipative connections, while angle brackets remain elastic to minimize sliding.
Shahnewaz et al. (2017) proposed a CD approach for a one-storey single-panel CLT

shearwall attached to the base using distributed angle brackets.

Research efforts in Europe contributed to the development of a comprehensive CD
approach to be included in the next generation of Eurocode 8 (Follesa et al., 2015, 2018;
Fragiacomo et al., 2019). The authors categorize buildings composed of CLT shearwalls

into two ductility levels as follows:

1. Medium ductility, which refers to buildings made of single panel or multi-panel
shearwalls that behave monolithically (i.e., as a SW), and where hold-downs and

angle brackets provide limited ductility to the shearwalls.
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2. High ductility, which refers to buildings made with CLT shearwalls consisting of
multiple panels in which panel-to-panel connections are designed to yield and
provide ductility and energy dissipation in the shearwall, and where CP behaviour

1s the dominant kinematic mechanism.

Casagrande et al. (2019) developed a CD approach for light frame timber and multi-panel
CLT shearwalls, in which design expressions and requirements were proposed for each
ductility class, including associated over-strength factors to design non-dissipative
elements. The approach limits to angle bracket and hold-down working in shear and uplift

alone, respectively.
2.4. CLT shearwalls: CSA 086 review

Although several research efforts have been made towards developing analytical and
design expressions for CLT shearwalls based on theoretical and experimental
investigations, major wood structural standards worldwide have provided only some
general guidance for lateral design and CD, and they lack analytical and design expressions

and procedures (e.g., Eurocode 5, 2013; Eurocode 8, 2014; CSA 086-19, 2019).

According to CSA 086-19 (2019), the resistance of connections shall govern the strength
behaviour of shearwalls. Seismic considerations were provided for ductility and over
strength factors of R, - Ry = 3, where earthquake energy should be dissipated in rocking
behaviour through the connections, while wall sliding is minimized. In general, energy
dissipation in connections used in timber structural members occurs through yielding in
small diameter fasteners and/or embedment crushing in wood. Dissipative connections

must meet the following requirements:

1. Connections shall be designed so that a yielding mode governs the resistance.

2. Connections shall be at least moderately ductile in the directions associated with
the rocking rigid body motions of CLT panels.

3. Connections shall possess sufficient deformation capacity under the force and
displacement demands that are induced in them to allow for the CLT panels to

develop rocking motion.
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The Standard does not provide more details on how to satisfy the requirements above. It is
vague about how to ensure yielding in connections (requirement 1) and what is the
minimum required ductility ratio value to define a connection as moderately ductile
(requirement 2). However, standard commentary (Wood Design Manual- Commentary
CSA 086-19, 2020) recommends using a minimum ductility ratio of 3.0, based on ASTM

E2126 (2019) standard, to ensure sufficient energy dissipation in connections.

Concerning the third requirement, the standard requires CP behaviour to be predominant
to ensure the engagement of panel-to-panel connections and sufficient energy dissipation.
Although standard does not present any procedure to satisfy that, another requirement is
provided concerning the aspect ratio of each shearwall segment (i,e., the ratio of height to
width) to facilitate the development of rocking motion. The range of aspect ratio shall be
in between 2:1 and 4:1. The lower limit (2:1) is to ensure rocking motion develops, while
the greater limit (4:1) ensures the lateral resistance of the shearwall is optimized since

greater aspect ratio leads to lower resistance when rocking mode governs.

The standard categorizes two types of connections as energy dissipative: (1) panel-to-panel
connections and (2) angle brackets in uplift only. It can be interpreted that the standard
does not allow angle brackets to yield in shear while permitting a ductile behaviour in
uplift. However, it is unclear how yielding in uplift is achievable while neglecting its

interaction with shear.

Despite providing the requirements and categorization mentioned earlier, no clear
explanation or expressions were provided to achieve them. This resulted in confusion

among engineers dealing with designing CLT shearwalls under lateral and seismic loads.
2.5. Summary and observations

This chapter provides an overview of the current research efforts on CLT shearwalls.
Several studies investigated CLT shearwall behaviour through experimental tests at
different construction levels. Analytical and design provisions related to the seismic design

of CLT shearwalls were also presented.

According to the experimental results, CLT panels behave like rigid bodies, while

connections mainly dissipate energy and resist lateral forces. It was shown that the
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behaviour of the connections and their mechanical properties could significantly impact

the shearwall’s performance.

The review of the literature reveals that although several analytical methods were proposed
for multi-panel CLT shearwalls, they adopted certain assumptions that might significantly
affect shearwall behaviour and mechanical properties. These assumptions include
neglecting the bi-directional contribution of angle brackets to shearwall rocking and the
effect of the compression zone. Additionally, a comprehensive approach including such

contributions lacks the analytical expressions to ensure CD requirements are achieved.

The literature lacks experimental tests at connection-level on new generations of
connections available on the market designed more specifically for CLT shearwalls.
Further, the effect of low cyclic fatigue on panel-to-panel connections was not investigated
with different fastener diameters. There is also a gap in experimental tests on CLT
shearwalls pertaining to multi-panel applications, particularly more than two-panel walls,
and the use of new generations of connections. The developed analytical approaches were

also not validated against experimental tests on multi-panel CLT shearwalls.
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Chapter 3 - Analytical model development

3.1. General and definitions

The review of the available literature in Chapter 2 highlighted the need to develop a
comprehensive analytical method for multi-panel CLT shearwalls, in which the bi-
directional behaviour of angle brackets and hold-downs is considered. This approach is
achieved in this study by building on existing models found in the literature (Casagrande
et al., 2018; Nolet et al., 2019) and contributing to specific gaps in knowledge. Examples
of contributions in the proposed model include considering the contribution of multiple
angle brackets along the wall length, bi-directional contribution of both the hold-down and

angle brackets, as well as accounting for the effect of compression zone in the CLT panel.

Figure 3-1 shows the investigated shearwalls and the placement of the connections used
in this study. A hold-down is assumed at the ends of the shearwall, and equally spaced
angle brackets connecting each wall panel to the floor below are placed along the panel
length. The shearwall consists of m panels connected to each other using panel-to-panel
connections. The shearwalls are assumed to be subjected to a vertical uniformly distributed

gravity load, g, and a concentrated lateral load, F, with constant values.

Chapter 3 - Analytical model development 24



nflkf ' Jqf/kf

E :Iz?? q | | ; ‘ ;;5*555 £ Ff'a‘ EEE | ' i ‘E?:‘ ] F:‘;'ﬁ?::‘! | il iR A | ¥ ‘E;?z‘l |
ns(ksypksz) — ns(Kspksz) — ns(Ksoksz) — ns(Kswks;
b . b s b g b

Figure 3-1: Multi-panel CLT shearwalls with typical connection and loading configuration

The hold-down connectors in this model are assumed to resist both vertical (uplift) and
horizontal (shear) loads. n fasteners in each panel-to-panel connection are used to connect
the panels together, and n, equally spaced angle brackets, capable of resisting both uplift
and shear, are considered. The stiffness of the hold-down in the vertical and horizontal
directions and the stiffness of the panel-to-panel connections are denoted ky, ,, kp, , and kp,
respectively. The angle brackets are assigned horizontal and vertical stiffness of kg, and

ks ,, respectively.

Four contributions can be considered in the determination of the lateral displacement of a
CLT shearwall, including bending and shear deformations of the panels and rocking and
sliding of the shearwall (Figure 3-2). Experimental tests highlighted that rocking and
sliding have the highest contribution to the total lateral displacement, and CLT panels
behave almost like rigid bodies (e.g., Ceccotti et al., 2013; Flatscher & Schickhofer, 2015;
Gavric et al., 2015; Popovski & Gavric, 2016). However, shearwalls with large openings
or high aspect ratios of panels could undergo significant bending and shear deformations

(e.g., Casagrande, Fanti, et al., 2021).
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Figure 3-2: Contributions of lateral displacement of CLT shearwalls: bending (a); shear (b); rocking (c);
sliding (d)

Based on the mechanical properties of connectors and the applied loads, three kinematic
behaviours can be defined (Figure 3-3): 1) CP, where one center of rotation for each panel
is attained, 2) SW, where only one global point of contact for the entire wall is attained,

and 3) IN, which represents a special case, where only some panels are in contact with the

ground.

(b) (©

(a)
Figure 3-3: CLT shearwall kinematic modes: (a) CP; (b) IN; (c) SW

The general assumptions used in the development of the proposed approach are:

e CLT panels are assumed to be rigid elements for investigating the kinematic

behaviour.

e The same horizontal displacement is assumed for all points at the top and bottom

of the shearwall due to the in-plane diaphragm behaviour of the floor elements.

The first assumption is attributed to the high in-plane stiffness in the diaphragm as well as
the connection between the CLT floor and the shearwall. With regard to the second
assumption, the contribution from panel deformation has been found to be relatively small.

As such assuming the panels to be perfectly rigid is a reasonable approximation based on
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experimental results (e.g., Ceccotti et al., 2013; Popovski & Gavric, 2016). It should be
noted that the contribution from panel deformation may be significant for certain wall
configurations, such as panels with very high aspect ratios, and walls with openings. In
those cases, the flexure and shear deformation of the panels can be considered
independently of the rocking and sliding deformations. Methods that account for such
contributions are readily available in the literature (e.g., Brandner et al., 2017a).
Furthermore, experimental investigations of CLT shearwalls (e.g., Flatscher et al., 2015;
Gavric et al., 2015) have shown that the centers of rotation of the wall segments may not
be located at the corner of each panel due to the presence of a compressive zone in the
panel. This effect is incorporated in the proposed model by assuming a reduced panel
length equal to b-f in the CP behaviour (Figure 3-4). By setting f to unity, such

contributions may be neglected.

Figure 3-4: The reduced length of panel considering the compression zone

The analytical method is established for CP and SW behaviour using the minimum

potential method applying small angle assumptions in the panels. The total potential
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energy, Weorar» 18 defined as the sum of the internal and external work, W,,; and W,,;, as

shown in Equation (3-1).

Wiotar = Wine — Wexe (3-1)
3.2. Elastic analytical method
3.2.1. Coupled-Panel behaviour

The analytical variables in the CP case include the horizontal displacement due to panel
sliding, denoted as Ag, and the angle of rotation of the panels, defined as ¥, which is equal
for all panels due to the diaphragm constraint (Figure 3-5). The connectors are defined as
elastic springs, where the hold-downs are assumed to resist uplift and shear, panel-to-panel
connections resist the shear force transferred between panels, and the angle brackets are

considered as two springs along the bottom edge of the wall panels.

AQCT T T T T ITTITIITITI LT,

Figure 3-5: CP behaviour of multi-panel CLT shearwalls

The relationship between the vertical stiffness of the hold-down and the angle brackets is
presented in Equation (3-2), where ¢ represents the angle brackets’ vertical stiffness ratio.

This equation expresses a measure of the contribution of angle brackets in the vertical
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direction (uplift) and facilitates the comparison between including and excluding such

contribution.
_ ks
® knr (3-2)

The total contribution of the hold-down and angle brackets to the vertical stiffness, k,,, can
be defined as shown in Equation (3-3), which was obtained using total potential energy.
Equation (3-3) contains the flexibility of including multiple angle brackets by introducing

the coefficient a, as expressed in Equation (3-4).

ky=kp, (B> +a-¢@-m) (3-3)
ng ; 5

a=2[(ns—+1)+(b’—1) (3-4)
i=1

Based on the model proposed in Figure 3-5, the total potential energy in CP behaviour is
expressed, as shown in Equation (3-5). It should be noted that this equation includes the
angle brackets’ vertical stiffness (incorporated in k) and the sliding effect of the angle
brackets and hold-downs, which are independent of the rocking motion. The contribution
of the connectors’ stiffness in rotation is denoted k;, , and obtained using Equation (3-6),
which combines the stiffness effect in the vertical direction of the hold-down and the angle

brackets as well as the effect of the panel-to-panel connections.

w, —l-bz-ﬁz-k’+(lk ‘ng-m+k )-Az
total — 2 v 2 S, X S h,x s

e b2 (D — (3-5)
CFe(hoo4ay+ TP 2(2 E-D
K =ky+ (m—1)n, ks - B2 (3-6)

Based on the minimum potential energy method, the first derivative of the total potential
energy with respect to rotation due to rocking, 9, and lateral displacement due to sliding

alone, Ag, is set to zero, as shown in Equation (3-7) and (3-8), respectively.
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oy =0 bk 0+ > —F-h=0 (3-7)
W,
atAofal =0 (ksx g m+2 kp,) A —F =0 (3-8)
S

By solving Equation (3-7), the rotation angle, 9, can be recovered, as shown in Equation
(3-9). The lateral displacement due to sliding, Ay, can be recovered by solving Equation
(3-8), as shown in Equation (3-10). Equation (3-10) indicates that wall sliding only depends
on the horizontal stiffness of the angle brackets and hold-downs and is independent of the

stiffness of other connectors.

_|F-h g m-@2-B-1] 1
| Tpz 2 k_{, (3-9)
F

ks -m-ng+2-kp,

A= (3-10)

The lateral displacement at the top of the wall, A, g, is defined in Equation (3-11), by

considering both rocking (A,) and sliding (Ay) effects:
Aps=Ar +As=0-h + A (3-11)

The internal forces in the connectors can be obtained by multiplying the displacement by
the stiffness of the associated connectors. The internal forces in the panel-to-panel
connections, Ty ;, can be obtained using Equation (3-12) for panel j. The internal forces in
all fasteners used in panel-to-panel connections are equal due to equal displacements in the
joints when CP behaviour is achieved.

F-h qgm-@Q-B-1] kp-b-B
b2 2 K,

(3-12)
j=[1m-1]

The uplift forces in the hold-down, T}, ,, and the i*" angle bracket away from the center of
rotation of each panel (see Figure 3-5), T ,; ;, can be expressed as presented in Equation

(3-13) and (3-14), respectively. These equations are derived by multiplying the associated

displacement with the stiffness of the connector.

Chapter 3 - Analytical model development 30



Th,Z:b'.B'ﬂ'kh,z:

F-h gm-2--1) khzbﬁ
lbz 2 (3-13)

i
Ts,z,i,j=b'19'[n +1+(,3—1)]'<P'kh,z

[ns +1
i =[1:ng],j =[1:m]

The horizontal forces in the hold-downs and each angle bracket can be calculated using

Equations (3-15) and (3-16), respectively.

Tox = As - kny = £ knr
hx — Bs hx — ks,x ‘m-ng + 2. kh,x (3—15)
F 'ks,x ] ,
Ts,x,i,j =A;- ks,x = ks,x mong+2- kh,x’l = [Ling],j = [1:m] (3-16)

Two criteria are required to be checked to ensure that CP elastic mode is achieved. The
first criterion (which applies to all other kinematic behaviours) is that the panel rotation is
positive. This implies that vertical load does not prevent rocking, as expressed in Equation
(3-17). In this equation, the dimensionless uniform vertical load, § [defined as

q-m?-b?/(2-F-h)]
F-
9>0 > —>—— > g<m (3-17)

The second criterion is that the vertical reactions at the rotation points are positive (i.e., in
compression), as outlined in Equation (3-18) for the first panel. This is considered for the
first panel only since the other panels automatically meet the requirement when the reaction
at the first panel is in compression and in contact with the ground. By establishing the
dimensionless stiffness, k = kn./ (nf : kf), and after simplification, Equation (3-19) is
obtained. In this equation, if the vertical contribution of the angle brackets is desired to be
omitted, it can be done by setting ¢ equal to zero in the inequality. p; is a coefficient that

accounts for the contribution of the multiple angle brackets, as expressed in Equation

(3-20).
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b>0

~ pfi-Tlempmrzp)
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Ps =Z[(nsl—+1)+ B - 1)] (3-20)

3.2.2. Single-Wall behaviour

For the SW behaviour, the vertical displacements of the individual panels are different,
however, the displacements due to rotation and sliding are the same due to the diaphragm
constraint (Figure 3-6). The variables in the SW behaviour include rotation, 9, vertical

displacement of each panel at the point of rotation, v;, and the sliding displacement, Ag.
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Figure 3-6: SW behaviour of multi-panel CLT shearwalls
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Based on the deformed shape shown in Figure 3-6, the total potential energy of the wall

assembly can be expressed, as shown in Equation (3-21).

1
Wiotat = E ) kh,z
(U1+b19)2+(p
m—1 Ns i 2
- a-b2-02+zz<vj+—-b-ﬁ)
L 4 (ns +1)
j=1 1=1
(3-21)
-2
1 5 S 2 1
+§Tlfkf (bﬁﬁ—vm_l) +Z(bl9+'l7]+1—'l7]) +§
j=1

(kgx Mg m A2 kpy) A°
-1
9+ q-b- v

j=1

q-b*-(2-B+m—2)
2

—F-(h-9+A)+

By minimizing the potential energy, the first derivative is set to zero. Equation (3-22) and
(3-23) provide the first derivative of the vertical displacements at the rotation point of the

first panel and the j** panel, respectively, where j = [2:m — 1].

oW, i
atoml=0—>kh_z'[V1'(1+§0'ns)+b'0'(1+(p2S)]_nf'kf
2 (3-22)
(b-9+v,—v))+q-b=0, j=1
aI/Vtotal b9
=0 ety (o4 ) gk (04— vy -
dv; 2@ dong s (vt ke (b9 vy = v) (3-23)

ki (b-9+v—v)+q-b=0, j=[2m—1]
The first derivative of the rotation, 9, is presented in Equation (3-24). It should be noted
that the first derivative of the sliding displacement, A, outlined in Equation (3-25) is the
same as that obtained in the CP case (Equation (3-8)), and is independent of the rotation

and vertical displacement of panels at the point of rotation.
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m-2
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| ]=1
b2 (28 + -2
b @prmo2
2
aw,
az)tal=0—>(ks,x'ns'm+2'kh,x)'AS_F=O (3-25)
S

By solving this system of equations (Equation (3-22)-(3-24)), unknowns, such as the
vertical displacements at the rotation point of each panel, v;, and the panel rotation, 9, can
be determined. The outputs could be considerably complex, especially for a high number
of panels. The system of equations is provided in the square m X m matrix format as shown
in Equation (3-26), by which the rotation and the vertical displacement at the rotation point
of each panel can be calculated. The sliding displacement, Ag, can be obtained by solving

Equation (3-25), resulting in the same equation as that defined for the CP case (Equation

(3-10)).

. _ - J1 j Lo w2 mlo om0

(2] T3 T, 0 0 g 0 75

v, T, T4, T, 0 9 0 75

V3 0 7, 7,2 T, ¢ 0 75

= - X
vj 0 0 0 0 0 .. T, T4 T, g =« - ¢ Ts
Vm-1 0 0 0 0 0 .. . . i w w Ty T4 Ts

Um ] | T3 Tg Tg Tg Tg Ts Tg ] |
Ty =kpnz L+ @ ng) +np-ky (3-26)
Ty = —nf ' kf
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Equations (3-27) expresses the internal forces in each fastener in panel-to-panel
connections when j = [1:m — 2] and j = m — 1, respectively. It should be noted that in
the SW behaviour, fasteners located in the same panel have equal internal force,
consistently with the CP case, however, the internal forces of the panel-to-panel

connections between different panels are not equal.

Trj=ke (b9 +vu—v), j=[lim=2]

. 3-27
Trj=ke (b-B-0=vpq), j=m-—1 G-27)

The uplift force in the hold-down can be developed, as presented in Equation (3-28). The
uplift force in the i" angle bracket from the center of rotation in panel j, can be calculated
using Equation (3-29). For the last panel (j = m), Equation (3-30) can be used given that

Vp, 1s equal to zero.

Th, = knz (b9 +vy) (3-28)
l . 3

Ts,i,j,z:‘P'kh,z'(ns_l_l'b'ﬁ"'vj)' i =[lingl,j=[1:m—1] (3-29)
i . .

Tsijz=¢ knz- [n—-l—l + (B - 1)] b9, i=[ling,j=m (3-30)

S

Similar to the case presented for CP behaviour, the horizontal forces in a angle bracket and

hold-down can be obtained using Equations (3-15) and (3-16), respectively.

To illustrate the concept of the procedure for a simple system, an example is presented in
Equations (3-31)-(3-33) form = 2 and ng; = 3, and f = 1. In this case, v, is equal to zero

since in SW behaviour m — 1 panels are displaced vertically at the rotation point, while
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the last panel m is in contact with the ground. v, is the vertical displacement of the first
panel at the rotation point, and 9 is the rotation of the panels. The sliding displacement, A,
can be obtained using Equation (3-10), by equating m to 2, as shown in Equation (3-33).
The total lateral displacement at the top of the panels due to sliding and rotation, A, , can

be obtained using Equation (3-11).

9 =

2-{F-h-lkn,-(6-9+2)+2-n-ks| —q-b*-(4-ns ks +3-9-kn,)} (3-31)
b2-[p-k2, (12-0+7) +ky, ns-ks- (319 +16)]

v1=
—{F-h-lkn, - (6-0+4) —4-ns-ke|+q-b>-(8-np -k + ¢ kp,)} (3-32)
b-lp-ki, (12-0+7) +ky, ns-ks- (319 +16)]
F
A= -
T2 (3 ko thny) (3-33)

To ensure SW behaviour, the expression presented in Equation (3-34) needs to be satisfied,
where the vertical displacement at the rotation point of panel m — 1 is required to be
positive. This means that all panels except the last one would lift and not maintain contact
with the ground at the rotation point. This equation varies depending on the number of
panels. An example is provided for m = 2 and ng = 3 in Equation (3-35). This is done by
equating the vertical displacement at the rotation point for panel m — 1 (v,) to zero. After

simplification, this equation is rewritten, as shown in Equation (3-36).

Um-1>0 (3-34)

1-q
< 2 for'm=2n =3 (336)
@, q\’ ' o )
1+%-(3+3)

Appendix C Appendix C - presents the results of 10 different cases of multi-panel CLT
shearwalls in IN kinematic mode to show the applicability of interpolation between
proposed expressions for CP and SW against the results obtained from expressions for IN
available in the literature (Casagrande et al., 2018). Acceptable accuracy was observed in

all cases, indicating interpolation effectiveness. However, interpolation when the bi-
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directional contribution of angle brackets and hold-downs is included, as proposed in this

section, is not investigated since IN expressions are not developed.
3.3. Inelastic analytical method

The elastic approach described in Section 3.2 is extended to the inelastic behaviour,
including the effect of bi-direction contribution of the angle brackets and hold-downs.
Similar methodology has been successfully used to describe the behaviour of CLT
shearwalls with multiple panels (Nolet et al., 2019), however these approaches omitted the
vertical contribution of angle brackets and the horizontal effect of hold-downs. The
developed methodology focuses on the CP behaviour, because it promotes rocking
kinematic mode (CSA O86-19,2019; Nolet et al., 2019). CP plastic behaviour occurs when

panel-to-panel connections yield before angle brackets and hold downs.

The methodology outlined in this section assumes that the connectors behave as elastic-
perfectly plastic, as shown in Figure 3-7. Although it is expected that some discrepancy
could occur when the real properties of the connection are employed, this assumption
reduces the complexity of analytical expressions and requirements. The method also allows
for the development of closed-form expressions at different levels of load and
displacement. In Chapter 7, section 7.5, the discrepancy attributed to this assumption is
examined by providing examples of multi-panel CLT shearwalls in which experimental
test results are compared with numerical models based on real load-displacement curves of
connections and analytical expressions developed in the current section. The properties
used are: 15, Ty, Thy, Ts, and Ty, representing the strength of the fasteners in the panel-to-
panel connections, hold-downs in vertical and horizontal direction, and angle brackets in
vertical and horizontal direction, respectively. Parameters d,, and d,, denote the yield and
ultimate displacement of the connectors, respectively, with additional subscripts indicating
the type of connector represented (i.e., f for fasteners in the panel-to-panel connections,
hx and hz for hold-downs in horizontal and vertical directions, respectively, and sx and

sz for angle brackets in the horizontal and vertical directions, respectively).
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Figure 3-7: Elastic-perfectly plastic (bi-linear) curve of connections: (a) for hold-down and angle brackets

in uplift and panel-to-panel connection in shear; (b) for hold-down and angle brackets in shear

The interaction between the vertical and horizontal direction in the angle brackets and hold-
downs can be expressed in the circular domain, demonstrated in Equations (3-37) and
(3-38), respectively (European Technical Assessment ETA-06/0106, 2016; Izzi et al.,
2018). In these equations, T ,; and T , ; are the internal forces in the angle bracket i from

the center of rotation and T}, , and Ty, are the internal forces in the hold-downs.

2 2
Ts,i Tsxi
< S,Z,l) n ( s,x,t) <10, i = [1:n] (3-37)
Vsz Tsx
2 2
Thz) (Thx>
, 4+ [ <1.0 3-38
(rh'z T (3-38)
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Figure 3-8: The circular domain defined for angle brackets and hold-downs as shown in Figure 3-7

The behaviour of the CLT shearwall in the elastic and inelastic regions is described in a
generalized form in Figure 3-9. In this figure, P, represents the activation point at which
the wall starts to rotate, corresponding to lateral force, Rp,, and displacement, Ap . Points
P; and P, represent the yielding of fasteners in panel-to-panel connections and hold-down,
respectively. Points P; to P,_,, represent the yielding order of the angle brackets starting
from the last angle bracket away from the centre of rotation of each panel. The expression
for the ultimate displacement of the shearwall is not established due to the uncertainty

associated with the contribution of sliding and rotation after the yielding of all connections.

In the analytical procedure, a verification is made using Equations (3-37) and (3-38) to
ensure that the angle brackets and hold-down remain elastic at required levels. This
verification is particularly important for the angle brackets because when they start
yielding, the wall is no longer capable of resisting additional horizontal loads, and

consequently, it will proceed to slide until the ultimate failure of them is reached.
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Figure 3-9: The inelastic curve of multi-panel CLT shearwalls in CP-CP behaviour

3.3.1. Expressions for P,

The activation force, Rp,, is defined as the lateral force at which the gravity load is
overcome, and the panels start to rotate. The value of Rp/ can be obtained using Equation

(3-39).

q-m-bz-(Z-ﬁ—l)
Re, = 2-h

(3-39)

At the activation force, the lateral displacement, Ap_, is presented in Equation (3-40), using
Equation (3-10). Upon reaching the activation force, there is no rotation in the panels, so
the lateral displacement is caused only by sliding. Equations (3-41) and (3-42) are used to
verify whether angle brackets and hold-downs remain elastic. These equations are derived
by setting the vertical component of the angle brackets and hold-downs, Ty, and T}, in

Equations (3-37) and (3-38) equal to zero, since there is no rotation or uplift in the panels.
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Rp

0

Ap =
P g memg + 2k (3-40)

<1 (3-41)

2
<&> <1l - l RPO : ks,x
Tsx Tsx* (ks,x "m-ong+2- kh.x)

2
T, Rp 'k
< h,x) <1 > [ Py h,x <1 (3_42)
Thx Thx " (ks,x "m-ng+2- kh,x)

3.3.2. Expressions for P;

The lateral force associated with the yielding of the fasteners in the panel-to-panel
connection, denoted P; in Figure 3-9, is expressed in Equation (3-43). This expression is
obtained by equating the elastic force in panel-to-panel connections, defined in Equation
(3-12), with the yield capacity of the fasteners in the panel-to-panel connections, 75. In this
equation, ky, p = ky, + (m — 1) - ns - ks - B2, where k, can be obtained from Equation

(3-3).

_ 1,7,P1 b
Reo =\t np) T Reo (3-43)

The associated lateral displacement due to the sliding and rocking, Ap, , can be determined
using Equations (3-44), based on the elastic displacement of the wall in the CP behaviour,
obtained from Equation (3-11). In Equation (3-44), Ky p, is the lateral stiffness of the

shearwall at point Py, obtained as ki, p - b*/h?*.

A _Rpl'hz qm(ZB_l)h 1 n RPl
Pl b2 2 Kpp, (ksx-m-ng+2-kpy)
_ RPl - RPO + RPl
Ky p, (ks,x m-ng+2- kh,x) (3-44)
_d h Rp,

- +
b B (kgy meng + 2 kiy)

The internal uplift forces in the angle brackets and hold-down at the point of yielding of

the angle brackets T and T:‘ >, are presented in Equations (3-45) and (3-46), respectively.

> Lsz
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These equations are based on the elastic uplift load in the angle brackets and hold-down

and where F is replaced by the associated lateral load at this point, equal to Rp, .

; Ro-h q-m-2-B—1] @ kn,b
= g o) [ - e

sz ng+ 1 2 kpp, (3-45)
i =[1:n4]
TP = Rp,-h q-m-@2-B-=1| kn,-b-B
he = |72 > i, (3-40)

At this point, the angle brackets and hold-downs remain in the elastic region if the
interaction expressions outlined in Equation (3-47) and (3-48) are satisfied. These
equations are based on the general interaction equation (i.e., Equations (3-37) and (3-38)),

while replacing the associated internal forces using the equations provided in section 3.2.1.

2

2
TP Rp 'k
S,Z,1 + l Py Sx < 1.0, i = [1: ns] (3'47)
rS'Z rs'x . (ks,x . m . nS + 2 . kh,x)
Th Rp -k ’
UARN l P fhx < 1.0 (3-48)
Thz Thx* (ks,x m-ng +2- kh,x)

3.3.3. Expressions for P,

The increase in the internal hold-down force from P; to P,, t,izz, can be obtained by

replacing F in the internal force of hold-down with the associated increase in lateral force,
Rp, — Rp,. The lateral load capacity of the shearwall at point P,, representing the yield
point of the hold-down, is denoted Rp,. In Equation (3-49), k,, p, is equal to k,, since the
panel-to-panel connections have yielded and are no longer contribute to the wall stiffness.
It is noteworthy to mention that the effect of uniform load g is not considered in the

equations developed subsequently, since such effect has already been taken into account in

the equations at points P; and P,,.

tpz — (RPZ B RP1) *h . kh,Z — (sz B RP1) “h- ﬁ
h.z b ki, b-(BZ+a-@-m) (3-49)
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By equating the interaction expression for the hold-down at P, to 1, as shown in Equation
(3-50), the lateral capacity at this level, Rp,, can be obtained. The solution to this equation
is cumbersome and is more suitable for use in the development of software solutions,

especially for higher numbers of panels. The associated uplift force in the hold-down, T,ﬁ 2,

is equal to the sum of T,f > and t,fzz.

TP 2 2
h,Z RPZ ) kh,x _
+ =1.0 (3-50)
Thz Thx " (ks'x m-ng + 2 kh,x)

The increase in lateral displacement from P; to Py, §p,, can be determined using Equation
(3-51). This equation is based on the elastic displacement obtained in the CP behaviour,
Equation (3-11), by replacing the lateral load, F, with the associated increase in lateral load
capacity, Rp, — Rp, . Finally, the lateral displacement at P, due to sliding and rocking is
presented in Equation (3-52), which can be obtained by summing the lateral displacement
at Py, Ap,, and the increase in lateral displacement, §p,. The lateral stiffness of shearwalls

at P,, Ky p,, is defined as k,, p * b*/h?.

(RPZ B RPl) - h? 1 RPz — RPl
(sz = 2 17 +
b Kup, (ksx m-ng+2-kyy) 1)
_ sz _}ep1 + sz _Rpl
Kv,pz (ks,x "m-ng+2- kh,x)
h Rp —Rp R,
Ap,=Ap +6p, =d,r- +—2 L+ 2
P, Py Py v.f b- ﬁ KV,PZ (ks,x ‘MmN +2- kh,x) (3-52)

To ensure that the fasteners in the panel-to-panel connections do not reach their ultimate

displacement at or before P,, Equation (3-53) is required to be satisfied.

b-B RPz — RP1
dys+—— Ko - du,f (3-53)
"2
The increase in internal uplift force in the i*" angle bracket from P; to P, tg °, is presented

in Equation (3-54):
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Rpl) hl @ kpyb
kop, h (3-54)
i =[1:n4]

= [+ 6 - 1) l( -
o] Gl

b-(B2+a-¢-m)’
At this point, the vertical uplift load in the angle brackets is obtained as the sum of Equation

(3-54) and (3-45). Also, the horizontal load in the angle bracket can be obtained using
Equation (3-16). Equation (3-55) is used to check that the angle brackets remain in the
elastic region. It is only required to check the last angle brackets from the centre of rotation

of each panel (i = ny).

2 2

T+t Rp, "k

s,z $,Z,i + l Py Sx <1.0, i= [1:715] (3'55)
Tez Tox " (ks m-ng + 2 kpy)

3.3.4. Expressions for P

Equation (3-56) represents the increase in the uplift forces in the angle brackets after the

yielding of the panel-to-panel connections and the hold-down. The increase in the vertical
uplift force in the angle brackets from P,_; to B, is denoted as t: % » where K is equal to

[3:ng + 2]. Equation (3-57) represents the contribution to stiffness of those angle brackets

that remain elastic in the uplift direction at P, k;p . In this equation, c is equal to

(ng+3) — k.

The increase in angle brackets’ uplift force from P,_; to P, ts‘; ;» can be obtained using

Equation (3-56), where Kk = [3: ng + 2]. Equation (3-57) represents the contribution of not
yielded angle brackets at B, ky, p . In these equations, ¢ stands for the number of angle
brackets remaining elastic in each panel at P, which is equal to (ng+3) — k. It is
noteworthy to mention that the yielding of angle brackets starts from the last angle bracket
away from the center of rotation since the magnitude of the uplift force is higher than other

angle brackets.

h kp, b
l( P~ PK 1) I ¢ k’h ) i =[1:c] (3-56)

v,Pg

Pe _ L
ts,z,i - ng +1 + (ﬁ - 1)]
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! c l ’
kpp =knz @ -m- ; [m +(B-1) (3-57)

In order to determine the yield point of the associated angle brackets, Equation (3-58) is
obtained by equating the interaction equation (i.e., Equation (3-37)) to 1. The associated
lateral capacity, Rp , can be obtained by solving this equation, however similar to Equation
(3-50), the solution to this equation is cumbersome and does not lend itself to reasonable

simple expressions, especially for higher numbers of panels.

2
Py P K Py
<Ts,z,c + ts,z,c + Zx=3 ts,z,c)

T
> ‘ (3-58)

n i ) RPZ ) ks,x n (RPx - RPx_l) ’ ks,x
Tsx (ks,x "m-ng+2- kh,x) poan m: ks,x(ns +3—-x)+ kh,x

2
} “ 10

The increase in the lateral displacement from P,_; to B, 6p_, can be derived based on the

same procedure as described in Equation (3-51), by considering the associated increase in
the lateral load capacity, as expressed in Equation (3-59). The lateral displacement due to
sliding and rocking, Ap , can be calculated using Equation (3-60), which is the sum of the
total lateral displacement at P,_,, and the increase in the displacement from P,_; to P,

obtained using Equation (3-59). Ky p_is defined as k;, p - b*/h?.

Sp

K

= l(RPK B RPK—l) ' hzl 1 RPK B RPK—l

P+
b2 kl',lpK ks -m-c+kpy

3-59
_RPK_RPK—l_I_ RPK_RPK—l ( )
KV,PK ks,x ‘m-*cC + kh'x
RP - RP RP - RP
Ap =ADp_, +6p =0p_ +——— =
Py Py—1 Py Py—1q KV,PK ks,x “m-c+ kh,x (3-60)

At P, it is required to ensure that the fasteners in the panel-to-panel connections have not

reached their respective ultimate displacements by satisfying Equation (3-61).

b-f N Re = Rp
dyr+— 2 Ky p, - <dys (3-61)
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To ensure that the hold-down connections do not reach their ultimate displacement at P,
Equation (3-62) needs to be satisfied. In this equation, A; p_and D, p_are the sliding and

uplift displacements in the hold-down, respectively, as presented in Equations (3-63) and

(3-64).

DZP )2 <ASP >2
—= | +|(—] <1 ]
<du,h,z du,h,x (3 62)
K
A = Rp, +Z R Rp,_,
P (ks,x m-ng+2- kh'x) i ksy m-(s+3—10)+kpy (3-63)
K
b ' ﬁ RPi - RPi_
Dep = dys h z Ky p. 1 (3-64)
i=2 o’

It is required to ensure that the last angle bracket from the centre of rotation of each panel,
which has the highest uplift force, does not reach its ultimate displacement, as presented in
Equation (3-65). This equation is expected to be checked for values of k greater than 3,

since for values equal or less than 3, the angle brackets would not have started to yield.

2 Agp, 2
{[ +1_(1_ﬁ)] dusz ﬁ} +< us,x) <1 (3_65)

3.4. Shear deformation in CLT panels

The CLT panels have so far been assumed as rigid bodies and as such their shear
deformation has been ignored in the development of the proposed model. The shear
deformation contribution of the panels can be independently calculated and then
incorporated into the total lateral deformation equation containing the lateral displacements
due to rocking and sliding (Casagrande, Rossi, Tomasi, et al., 2016). The shear deformation
of panel j, Agy ;, can be calculated using the expression presented in Equation (3-66). In
this equation, F; is the lateral load in the j th panel, G is the equivalent shear modulus, as
outlined in Equation (3-67) (Brandner et al., 2017a), and t is the thickness of CLT panels.
Gmean 18 the shear modulus in-plane of laminations, n; is the number of laminations, w is

the average of the edge distance and spacing between stress relief and the width of the CLT
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laminates. g, and g, are the coefficients that vary depending on the number of laminations,

as summarized in Table 3-1.

A, = F}—h i — [1m]
=y ) - (3-66)
Gmean
G = n >
1460y (tmem) e

t

tmean gz
Where, y, = g1 - (_) & tmean = —

w ny

Table 3-1: The values of g, and g, for different number of laminations (Brandner et al., 2017a)

Number of layers 3-ply 5-ply 7-ply
g1 0.53 0.43 0.39
92 -0.79 -0.79 -0.79

3.5. Bending deformation in CLT panels

The bending deformation of CLT panels can be calculated independently using elastic
theory since the panels act elastically due to the high in-plane stiffness, as can be obtained

using Equation (3-68).

F b

Ap=———
b 3E1€ff

(3-68)

Where, E s represents the elastic effective bending stiffness of the CLT panels. The value

of El,¢s can be calculated using Equations (3-69).

b3 b3
Elesp =m- (EO “lo ‘12 + Eqp * tog E) (3-69)

Where, E, and E,, are longitudinal (vertical layers) and transverse (horizontal layers)
modulus of elasticity, respectively, and t, and ty, refer to the total thicknesses of the

longitudinal and transverse layers, respectively.
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3.6. Investigations on the contribution of bi-directional behaviour of angle brackets
3.6.1. Kinematic consistency regions of lateral behaviour

The kinematic regions, depicting areas where different kinematic modes govern the
behaviour of the wall, are plotted using the consistency (limit) expressions provided in
Equations (3-19) and (3-34) for the CP and SW behaviours, respectively. The IN region
can be obtained as the area between CP and SW behaviours. The graphs are based on
dimensionless vertical load, ¢, and dimensionless stiffness, k, allowing for the
representation of different properties of connectors and applied loads. The angle bracket
stiffness ratio, ¢, is considered for discrete values of 0, 0.5 and 1. An example of such
representation is demonstrated in Figure 3-10, for shearwalls consisting of 4 and 6 panels
with one angle bracket at the middle of each panel (i.e., ny = 1), while also neglecting the

compression zone (i.e., § = 1) for simplicity.

As expected, when the bi-directional effect of the angle brackets is considered in the
analysis, especially for relatively stiff angle brackets in the vertical direction (i.e., large
values of @), more panels are likely to maintain contact with the ground, resulting in less
displacements and rotations. Comparing Figure 3-10(a) (depicting 4 panels) to Figure
3-10(b) (depicting 6 panels), it can be observed that as the number of panels increases, the
SW region becomes smaller for all values of ¢, since more connectors are involved in

resisting the vertical uplift load, resulting in a stronger and stiffer wall assembly.

For the case with no vertical load (§ = 0), it can be observed that when the bi-directional
behaviour of angle brackets is neglected (¢ = 0), either CP or SW behaviour is attained
for k values greater than or lesser than 1, respectively, independent of the number of panels.
However, when the vertical contribution of angle brackets is considered, the SW region is

smaller for larger values of ¢, and all three kinematic modes (CP, SW, and IN) are possible.
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Figure 3-10: Kinematic consistency regions fora)m = 4;b)m =6

By increasing the dimensionless vertical load, \widetilde{q}, the difference between the
border lines for both CP and SW becomes smaller. This implies that the influence of angle
bracket vertical (uplift) on overall wall behaviour is less significant when gravity load

increases. It can be observed that at the SW limit, the border lines coincide at a value of g
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equal to 1, irrespective of the number of panels (Figure 3-10), which means that for § > 1,
the SW behaviour cannot be attained. For CP behaviour, the border lines coincide at a §
value that depends on the number of panels, the number of fasteners in the panel-to-panel

connections and the geometry of the panels.

When k exceeds a limit value, CP behaviour can be achieved regardless of the value of §
and the number of panels. This limit is equal to 1 (k > 1), for the case where the bi-
directional effect of angle brackets is neglected. For the case where angle brackets with
high vertical stiffness are considered (¢ = 1) the limit value is obtained by equating the
vertical uniform load, g, to zero based on the CP limit equation (Equation (3-19)), yielding
a value of 0.67 (k > 0.67).

3.6.2. Sensitivity analysis

Sensitivity analyses are carried out to investigate the contribution of the vertical stiffness
of the angle brackets, considering the developed elastic analytical expressions for values
of k between 0 and 1.5. This is done by varying the vertical stiffness of hold-down and
maintaining the stiffness and number of fasteners in the panel-to-panel connections
unchanged, while assuming only one angle bracket at the middle of each panel. The
analysis is repeated for a range of angle brackets’ stiffness ratios, ¢, between 0.25 and 1.
The results are compared to the reference case where the angle bracket’s stiffness is
neglected (¢ = 0). The analyses are conducted for the number of panels equal to 4 and 8§,
and for a constant height and width of panels equal to 2.7 m and 1.4 m, respectively.
Different g values are considered (0, 1, 2 and 3.5), depending on the number of panels, in
order to evaluate all possible kinematic modes (i.e., CP, SW and IN). The analyses were
conducted by maintaining all parameters constant and varying one parameter. The

parameters used in sensitivity analysis are summarized in Table 3-2.
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Table 3-2: The values of parameters used in sensitivity analyses

Parameter Value(s)/range

k 0tol.5
q 0,1,2,3.5
0.25,0.5,0.75,
¢ 1
Ny 1
ke (KN /m) 700
kpn, (KN/m) variable
h (m) 2.7
b (m) 1.4

The parameters studied include panel rotation () and internal forces in hold-down in the
vertical direction as well as fasteners in panel-to-panel connections (Ty, and Tf j,
respectively). In the CP region, the internal forces in the connectors are related linearly to
the rotations, as concluded by considering Equations (3-12) and (3-14). For this reason, all
the studied parameters are expected to have the same trends and are expressed as the same
variable, x (i.e., 9, T, , and Ty ;). On the contrary, in the SW region all three parameters
are independent and therefore investigated separately. &(x) expresses the ratio of the
parameters studied (x) when the bi-directional effect of the angle brackets is neglected,

Xp=0, and considered, x5, as presented in Equation (3-70).

Xp=0

§(x) = (3-70)

x¢>0

Figure 3-11 presents the sensitivity analysis results for a 4 panel CLT shearwall with no
uniform vertical load (§ = 0), where all three possible behaviours can be achieved. The
ratios of rotation, uplift forces in the hold-down and forces in the panel-to-panel
connections are presented in Figure 3-11(a), Figure 3-11(b) and Figure 3-11(c),

respectively.

The results of rotation and vertical forces in the hold-down show almost the same trend,
where the highest effect is observed in the SW region, while in the CP region, the effect is

relatively less significant. The internal forces in panel-to-panel connections are almost
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unaffected by the vertical stiffness of the angle brackets in all regions, especially the SW

region.
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Figure 3-11: The result of sensitivity analysis for four-panel CLT shearwalls when § = 0: (a) internal

forces in the panel-to-panel connections; (b) uplift forces in the hold-down; (¢) angle of rotation

Figure 3-12 compares the results of the sensitivity analyses on the CP and SW behaviour
for CLT shearwalls consisting of 4 and 8 panels. In order to maintain the CP behaviour,
Figure 3-12(a), a value of g was selected to be 2.0 and 3.5 for walls with 4 and 8 panels,
respectively. For the SW behaviour, Figure 3-12(b), § was set equal to 0 and the results are
shown for the uplift forces in hold-down for which the most differences are observed. It

can be observed that the effect of the number of panels seems insignificant in CP. On the
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contrary, significant differences are observed in the SW when the number of panels is

doubled.
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Figure 3-12: The result of sensitivity analysis for fourth and eight-panel CLT shearwalls: (a) CP; (b) SW

In order to measure the effect of multiple angle brackets in CP, a new variable, @, is
defined, as shown in Equation (3-71). In this equation, @ and ¢ can be obtained using

Equations (3-2) and (3-4), respectively.
D=a-¢ (3-71)

The results of the sensitivity analyses of CP behaviour are summarized in Table 3-3. The
analyses are conducted for values of k equal to 0.5, 1 and 1.5, and values of § equal to 0,
1, 2 and 3.5. To investigate the effect of multiple angle brackets, different values of @
between 0.125 and 1, are adopted. As seen in the table, varying k seems to have a relatively
small impact on the results. Comparing the differences between considering and neglecting
the contribution of the angle brackets for different values of g, it can be observed that
identical values are obtained. Table 3-3 shows that for @ values equal to 0.125 and 0.25,
the greatest ratio observed is 1.17 and 1.33, respectively. This observation has a significant
implication for the analysis and design of CLT shearwalls, and whether the bi-directional
effect of angle brackets needs to be considered. Based on the results of this study, it can be

concluded that the bi-directional contribution of the angle brackets may be neglected if
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relatively flexible angle brackets are used (@ < 0.125) in the CP behaviour. In those cases,
a maximum difference of 17% or less is obtained. However, in the case of relatively stiff
angle brackets or when multiple angle brackets with significant stiffness (@ = 1) are used,
it is observed that the bi-directional effect of the angle brackets is significant, in the range
of 53 to 141%. Also, it should be noted that if SW behaviour is attained, considering the
bi-directional effect of angle brackets is required since neglecting such an effect would

lead to errors of more than 20%.
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Table 3-3 The results of sensitivity analysis for CP behaviour

g=1

q=2

k

0.5

N
— | R ”
(=]

1.5

0.5

— &

1.5

0.5

1

1.5

Num. of
panels

§(x)

§(x)

§(x)

§(x)

0.125

N.A.

1.13

1.17

1.07

1.13

1.17

1.07

1.13

1.17

1.07

1.13

1.17

0.25

N.A.

1.25

1.33

1.14

1.25

1.33

1.14

1.25

1.33

1.14

1.25

1.33

0.375

N.A.

1.38

1.5

1.21

1.38

1.5

1.21

1.38

1.5

1.21

1.38

1.5

0.5

N.A.

1.50

1.67

1.29

1.50

1.67

1.29

1.50

1.67

1.29

1.50

1.67

0.75

N.A.

1.75

2.00

1.43

1.75

2.00

1.43

1.75

2.00

1.43

1.75

2.00

N.A.

2.00

2.33

1.57

2.00

2.33

1.57

2.00

2.33

1.57

2.00

2.33

0.125

N.A.

1.13

1.18

N.A.

1.13

1.18

1.07

1.13

1.18

1.07

1.13

1.18

0.25

N.A.

1.25

1.35

N.A.

1.25

1.35

1.13

1.25

1.35

1.13

1.25

1.35

0.375

N.A.

1.38

1.53

N.A.

1.38

1.53

1.2

1.38

1.53

1.2

1.38

1.53

0.5

N.A.

1.50

1.71

N.A.

1.5

1.71

1.27

1.50

1.71

1.27

1.50

1.71

0.75

N.A.

1.75

2.06

N.A.

1.75

2.06

1.4

1.75

2.06

1.4

1.75

2.06

N.A.

2.00

2.41

N.A.

2.00

2.41

1.53

2.00

2.41

1.53

2.00

2.41
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3.7. Summary

Elastic analytical methods for multi-panel CLT shearwalls, including the bi-directional

contribution of angle brackets and hold-downs, have been developed using minimum

potential energy method. Expressions are developed in the elastic region to establish the

CP and SW kinematic behaviours of the shearwall, and kinematic regions depicting areas

where different kinematic modes govern the behaviour of the wall are also investigated.

The inelastic expressions are provided for CP behaviour as initial elastic and ultimate

inelastic behaviour.

The conclusions that can be drawn from the current section are:

As expected, when the bi-directional effect of the angle brackets is considered in
the analysis, especially for relatively stiff angle brackets in the vertical direction
and a higher number of angle brackets, more panels are likely to maintain contact
with the ground, resulting in less displacements and rotations. It was also observed
that as the number of panels increases, the SW region becomes smaller for all values
of angle bracket stiffness, since more connectors are involved in resisting the
vertical uplift load.

Results from the sensitivity analyses showed that the bi-directional contribution of
the angle brackets may be neglected if relatively flexible angle brackets are used
(@ < 0.125), while ensuring CP behaviour. In those cases, a maximum difference
of 17% or less is obtained. When SW behaviour is attained, considering the bi-
directional effect of angle brackets is required, since neglecting such effect would

lead to errors of at least 20%.
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Chapter 4 - Elastic design and proposed capacity-based design

4.1. General

The concept of CD has been incorporated into structural design provisions to avoid brittle
failure modes, especially seismic design, where energy dissipation is paramount. In this
design approach, selected components are predetermined to behave as dissipative zones
and the sequence of failure in the building elements is established to ensure that non-
dissipative zones are capacity protected (e.g., Paulay & Priestly, 1992). The sequence of
failure is determined by introducing over-strength factors, to provide capacity protection
for non-ductile elements when the energy dissipative components reach a desired level of
inelastic displacement. Although the CD philosophy has been the agreed upon principle to
establish general design methodologies for seismic design, the applicability of such
approach to timber buildings, especially those consisting of Cross Laminated Timber
(CLT) shearwalls, has lacked analytical expressions that depend on the structural type (i.e.,
platform- or balloon framing) and failure mechanisms. Due to the brittle nature of wood,
particularly in flexure, tension, and shear, the energy dissipation needs to occur through
yielding of mechanical connectors. It is also important to select dissipative zones that
ensure a global ductility and conform to the behavioural factor used to reduce elastic design

forces.

As presented in Chapter 1, two types of Lateral Load Resistance Systems (LLRS) are
usually considered in CLT buildings, namely monolithic shearwalls, which refer to single
CLT panels, or multi-panel shearwalls, which consist of several wall segments connected
together using panel-to-panel connections. Figure 4-1 reiterates the concept presented in
Chapter 1 (Figure 1-2) for the purpose of CD discussion. In multi-panel shearwalls, the
panel-to-panel connections can be designed to behave as semi-rigid connections, allowing

slip, and hence potentially energy dissipation, to occur between the segments.
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Figure 4-1: The configurations of CLT shearwalls: (a) Monolithic, (b) Multi-panel

Design provisions for platform-type CLT buildings with multi-panel shearwalls have been
incorporated into established codes and standards, such as the Canadian timber design
standard (CSA 086-19, 2019), where general design guidelines have been introduced.
Multi-panel wall configurations are particularly desired in North America due to ease of
transportation and the ability to optimize energy dissipation in panel-to-panel connections.
Figure 4-1 also shows the layout of the hold-down connectors, which are typically placed
at the ends of the shearwall or openings. In general, hold-downs are designed to resist the
overturning moment, while the angle brackets, connecting the wall panels to the base,

transfer the shear force.
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The lack of analytical and design expressions in timber design standards has meant that
only general guidelines are provided to establish the hierarchy of failure and ensure that
energy dissipation occurs in predetermined components of the structure. To achieve
seismic force reduction factors for CLT shearwalls according to the National Building
Code of Canada (2022) , the panel-to-panel connections and angle brackets, only in the
vertical direction (i.e., uplift), are defined as the dissipative zone and are required to contain
moderately ductile connections. This is meant to ensure the rocking behaviour of CLT

shearwalls as the predominant kinematic behaviour, while minimizing sliding.

The review of the available literature clearly reveals a gap in knowledge. This is
particularly pertaining to the development of analytical expressions to ensure CD
philosophy is achieved. Although an analytical CD approach for both single- and multi-
panel CLT shearwalls has been proposed by Casagrande et al. (2019), the approach limits
the contribution of angle brackets to that of shear, thereby excluding the vertical (uplift)

component.

The methodology proposed in this section represents a generalized solution for multi-panel
CLT shearwalls that covers important knowledge gaps found in previously developed
analytical expressions while maintaining a format suitable for practical design purposes.
As such, the current project aims at developing analytical expressions for the applicability
of the CD philosophy for multi-panel CLT shearwalls used in multi-storey buildings with
emphasis on including the bi-directional contribution of angle brackets. The focus is
initially on developing a comprehensive elastic design approach for multi-panel CLT
shearwalls with CP behaviour, to reduce sliding in the wall, optimize energy dissipation in

the building, and conform to contemporary design standards (e.g., CSA 086-19, 2019).

Another unique contribution of the proposed design method is that it includes a CD
procedure that addresses the hierarchy of yielding among different groups of dissipative
zones. This is necessary since multiple joints (e.g., panel-to-panel connections and hold-

downs) are assumed to contribute to the overall energy dissipation of the wall system.
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4.2. Elastic design of multi-panel CLT shearwalls in CP behaviour

The proposed methodology for multi-panel CLT shearwalls applies to buildings with
multiple levels. This is done by including the load transfer from upper storeys and
considering the design bending moment, My, and shear, Vy, at each storey, obtained from
the lateral loads applied along the height of a multi-storey shearwall. The general
configuration of the multi-panel CLT shearwalls (Figure 4-2) is assumed to comprise of m
panels, each with height and width equal to b and h, respectively. The cumulative uniform
vertical load, at a given storey, includes the loads transferred from the storeys above and

the self-weight of the CLT panels, denoted as q.

o/ . R, . WO

k

k hz

hxt

Kpz ;; | B

ns (ks,.X:ks,z) ns(KgxKsz) ns(kgy,Ksz) ns(KgxKsz)
b 4 b - b - b

Figure 4-2: General configuration of multi-panel CLT shearwall model

The proposed design approach is based on the developed analytical expressions presented
in Chapter 3, where further information on how some of the expressions were developed
can be found, including internal forces in connections and yielding hierarchy development
in CP behaviour. In the current chapter, this is done by developing equations expressed as
a function of moment and base shear, rather than internal forces and displacements, which

makes them particularly suitable for design.
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Figure 4-3 provides the deformed shape in the CP behaviour of the multi-panel wall
presented in Figure 4-2. It is assumed that the length of each panel is reduced by a factor
(B < 1) that accounts for the compression zone. The connections are modelled consistent
with Chapter 3 using elastic springs with their respective stiffness in the associated
directions. The shear stiffness of the joints connecting two adjacent panels is incorporated
into one spring element, equal to ny - k¢, where ny is the number of connections and kg is
the stiffness of an individual connection in a panel-to-panel connection. The hold-down is
assigned a vertical stiffness of kj,, while the vertical and horizontal stiffnesses of each
angle bracket are expressed as kg, and kg, . The strengths of the connections are denoted,

17 for the connections in the panel-to-panel connections, 7y, for the hold-down in the

vertical direction, and 73, and 75, for each angle bracket in the vertical and horizontal
directions, respectively. ng denotes the number of angle brackets in each panel. It is
noteworthy to mention that the horizontal contribution (i.e., shear) of hold-downs is
neglected in this Chapter since such contribution was found to be negligible for
conventional hold-downs, based on published experimental tests’ results (e.g., Gavric et
al., 2015). Also, considering such contribution leads to cumbersome expressions, which is

not practical for design.

QT T I T T I T I IIITIIIL]

[

— e [

o
o
Ty
o

Figure 4-3: The CP lateral behaviour of a multi-panel CLT shearwalls
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The proposed design method assumes that the internal bending moments and shear forces
along the height of the multi-storey shearwall change proportionally to a change in the
applied earthquake force, Ef, as demonstrated in Figure 4-4. Hold-down and panel-to-panel
connections are characterized only by rocking behaviour, so their associated resistance
expressions are based on bending moment alone. However, both bending moment and

shear force need to be considered for angle bracket resistance, due to their bi-directional

behaviour.
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Figure 4-4: The proportional increase or decrease of lateral load, bending moment and shear force from (a)
to (b)

As previously established in Chapter 3, two variables are defined in order to incorporate
the contribution of the bi-directional angle brackets in the design procedure, namely the
vertical stiffness ratio of the mechanical anchors, ¢, which relates the vertical stiffness of

one angle bracket to that of the hold-down, as shown in Equation (4-1), and parameter, a,

Chapter 4 - Elastic design and proposed capacity-based design 62



which accounts for the presence of multiple angle brackets in each panel, as outlined in

Equation (4-2).

Kaz

v= kh,z (4-1)
Nag ; 2

a=;[m—(ﬁ—l) (4'2)

The dimensionless stiffness, k, which represents the ratio between the vertical stiffness of
the hold-down and the shear stiffness of the panel-to-panel connections, is expressed in
Equation (4-3), while the dimensionless moment ratio, M, representing the ratio between

the moment caused by the uniform vertical load and that caused by the lateral loads, My, is

expressed in Equation (4-4).

- kp ,
k_nf'kf (4-3)
L 4-4

A CP behaviour is characterized by all panels remaining in contact with the ground, which
can be ensured by satisfying Equation (4-5) and based on vertical equilibrium for the first
panel, since the conditions for the other panels would automatically be satisfied in this case.
It is noteworthy to mention that Equation (4-5) is expressed here in terms of bending
moment rather than lateral force, as reported in Equation (3-19). The variable pg represents
the sum of the distances between each angle bracket and the center of rotation of each

panel, normalized relative to the length of the panel, as expressed in Equation (4-6).

k> ﬁ'{l_M'M'm.ﬁrr:Z(erz.ﬁ)]} (4-5)
_(ﬁ+<p-ps)—M'[m'(3+<ﬂ'Ps>'<2-/;’n2—1)—2-(ﬁ2+a-<p-m)]
S
Ps :;[(ns+1)_(ﬁ_1)] (4-6)

Based on the proposed methodology for elastic design, the shearwall strength is associated
with either the panel-to-panel connections, hold-down, or the angle brackets reaching their

respective yield strengths. As such, the bending moment strength of the shearwall
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associated with the strength of each connection group is required to be greater than or equal

to the effects of the applied load, represented by the design bending moment and shear.

The contribution of the connections’ stiffness to the rocking behaviour k;,, including the
effect of hold-down, angle brackets, and panel-to-panel connections, can be calculated
using Equation (4-7), obtained from Equation (3-6). The contribution of the stabilizing

moment induced by the uniform vertical load, M, is presented in Equation (4-8).

ky =kn, [B>+a @ -m]+(m—1) % ne kf (4-7)

_qamb’-2-f-1) 4-8)

M, >

As mentioned earlier, due to rocking behaviour, the resistance expressions for hold-down
and panel-to-panel connections are based on bending moment alone. The expressions for
bending moment strengths of the shearwall associated with the point of yielding of the
panel-to-panel connections, Mf,lf, and hold-down, Mf_lh, are obtained by replacing the
internal forces, reported in Equations (3-12) and (3-13), with the associated yield strengths,
and the bending moment caused by the applied lateral load with the shearwall bending

moment strength, as outlined in Equations (4-9) and (4-10), respectively.

ki b
My =172 2 My = My (4-9)
B ks
k.- b
MEh = Thz "Bk, T)kh = My — M, (4-10)
Z

The bending moment and shear strength related to the point of yielding of the angle
brackets when subjected to vertical uplift or shear force, Mﬁlls and Vrfsl, respectively, are
expressed in Equations (4-11) and (4-12). These expressions are obtained by replacing the

internal forces, reported in Equations (3-14) and (3-16), with the associated yield strengths.

MeL = ky - Tsz* b
s =T n 4-11
- B -] 0 s 10
Vr?sl STsx "M N (4-12)
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The bi-directional behaviour of angle brackets needs to be considered, since they are
subjected to both uplift due to bending moment and shear due to the base shear force. This
interaction effect can be represented using the circular domain, and expressed in terms of
shear and moment, as shown in Figure 3-8. The proposed expression for this circular
domain is presented in Equation (4-13), which is consistent with that presented in European
Technical Assessment ETA-06/0106 (2016), except that in the proposed method, they are

expressed as a function of moment and base shear rather than forces and strengths.

2 2
M —M V
<—fMel q) +<—V;) <1 (4-13)
r,S r,Ss

It is noteworthy to mention that the requirement presented in Equation (4-13) is only
derived for the angle brackets farthest away from the center of rotation in each panel, since

they are expected to receive the highest uplift force due to the applied moment.

It should also be noted that the first term in Equation (4-13) can only be considered when
the applied moment due to the lateral load is greater than the stabilizing effect from the
uniform vertical load. As such, the requirement presented in Equation (4-14) needs to be
satisfied. If this requirement is not met, the first term in Equation (4-13) should be set equal

to zero and only the shear component needs to be considered.

My 2 M, (4-14)

4.3. Capacity-based design considerations for multi-panel CLT shearwalls
4.3.1. Background and proposed design concepts

The general philosophy of CD requires that the design strength of non-dissipative elements
(e.g., CLT panels) is greater than or equal to that of dissipative elements through an over-
strength factor, yr4. This ensures that the non-dissipative elements remain elastic and are
prevented from failure when the dissipative elements reach the 95" percentile of their
maximum strength. Expressions for calculating the over-strength factor associated with
non-dissipative elements in timber structures have been proposed in the literature, as
presented in Equation (4-15) (Jorissen & Fragiacomo, 2011). In Equation (4-15), Y.

represents the ratio between the 95" percentile, R, 4cen, and 5™ percentile, R, cen, of the
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dissipative elements’ strengths, y,, is the ratio between the 5™ percentile of dissipative
elements’ strengths and the strength value obtained from analytical formulations, Rp 45,

and y,, is partial material factor.

RDlgsth - RD’Sth

YRra = "YM = Vsc " Van ' YMm (4-15)

RD,th RD,an

Equation (4-16) presents the general concept for CD, where Ryp and R are the design
strengths of the non-dissipative and dissipative elements, respectively. An alternative
method to using the over-strength factor is requiring the non-dissipative elements to remain
elastic when the dissipative elements reach the 95 percentile of their strength distribution,

R} g5th, as expressed in the Canadian timber design standard, CSA O86-19 (2019).

Ryp 2 Yra " Rp = Rp gs5th (4-16)

The design method proposed in this study is developed specifically to attain CP behaviour
of multi-panel CLT shearwalls in both the elastic and plastic regions in order to promote a
predominantly rocking behaviour and optimize the energy dissipation in the shearwall
system. The basic premise of the proposed procedure is to promote a yield hierarchy that
ensures CP behaviour is attained in the plastic region by yielding the panel-to-panel
connections first, followed by yielding in the hold-down while ensuring that the angle
brackets remain elastic. As such, the wall’s strength is defined by the point at which the
hold-down yields. It should be noted that although the angle brackets are not expected to
yield, they still contribute to the strength of the shearwall. The yielding sequence of the
connections is demonstrated in Figure 4-5, where the yielding commences in the panel-to-

panel connections (a) followed by hold-down yielding (b).
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Figure 4-5: Developed yield hierarchy for the capacity-based design procedure: a) yielding in the panel-to-

panel connections; b) yielding in the hold-down

To ensure this sequence of element yielding is achieved, a new category of elements with
limited energy dissipative capabilities is introduced. As such, the structural elements
comprising the shearwall are divided into four categories in terms of their ability to
dissipate energy. These include: (1) primary dissipative elements, which are desired to
yield prior to the yielding of any other element (e.g., panel-to-panel connections); (2) other
dissipative elements (e.g., Hold-down), which are required to yield after the primary
dissipative elements in category (1); (3) elements with limited energy dissipative
capabilities (e.g., angle brackets), which are expected to remain elastic when the dissipative
elements, category (1) and (2), yield; and (4) non-energy dissipative elements, which are
required to remain elastic until the energy dissipative elements reach a desired level of
inelastic displacement, since they are typically characterized by a brittle failure mode (e.g.,
CLT panels). A preferred sequence of yielding is presented for category (2) and (3), where
yielding in the hold-down is ensured before that of the angle brackets. This is partially done
because the proposed strength design procedure is limited by the yielding of the hold-down,
but also to ensure that the sliding mechanism is minimized. Non-energy dissipative
elements, category (4), are required to remain elastic throughout the entire behaviour. This
approach yields three over-strength factors, as presented in Table 4-1, two of which ensure
that the panel-to-panel connections yield prior to the yielding of the hold-down, y, ,, and
that the angle brackets remain elastic when the hold-down yields, y; . The third over-
strength factor, ¥, yp, ensures that the CLT panels are capacity-protected and remain elastic

when the wall reaches its maximum strength.
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Table 4-1: Proposed framework for the over-strength factors

Percentile of

Category Element Behaviour Over-strength  dissipative

factor element’s
strength
Primary Energy Panel-to-panel .
.2 . Yield - -
dissipative connections
Other energy . th
dissipative Hold-down Yield Yrh X
Limited energy . th
dissipative angle brackets Elastic Vr.s y
C e e.g., CLT ) th
Non-energy dissipative panels Elastic Yr.ND 95

Although developing specific values for the over-strength factors is dependent on the
distribution in the behaviour of the connections selected, and is outside the scope of this
study, a general concept is presented next to help evaluate such values. Regarding the over-
strength factor associated with non-dissipative elements, such as CLT panels, a general
expression involving the 95" percentile similar to that presented in Equation (4-15) could
be adopted. Such stringent requirements may not be necessary for the protection of other
dissipative elements, category (2), and limited energy dissipative elements, category (3),
and therefore a generalized expression based on the x* and y*" percentiles (assumed to
be lesser than the 95%"), can be considered, as shown in Table 4-1, and discussed in detail
in section 4.3.2. Examples of over-strength factors can be found in the literature (e.g.,
Fragiacomo et al., 2011; Sustersic et al., 2012; Izzi et al., 2016; Ottenhaus et al., 2018),
however, more research is required in order to establish a complete characterization of the

proposed procedure.
4.3.2. A capacity-based design proposal at the shearwall level

The proposed CD procedure is described in detail at the level of a single shearwall within
a multi-storey building in this section (Section 4.3.2) and for the entire building comprised

of LLRSs in Section 4.3.3. In general, the procedure comprises the following steps:

(1) Ensure CP behaviour, which is expressed as a function of stiffness, geometries, and
forces in the elastic region, and yield levels of the connections in the plastic region. A

prioritization of yielding in the panel-to-panel connections before the hold-down is ensured
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at this point by means of over-strength factor y,., used for the hold-down design of the

hold-down.

(2) Establish the shearwall strength at the point where the hold-down yields. This is thought
to represent a reasonable balance between allowing the panel-to-panel connections to
dissipate energy and preventing the angle brackets from yielding and initiating sliding
behaviour. The latter is also ensured using over-strength factor y, ¢ for the design of the

angle brackets.

(3): Finally, the wall strength is modified by an over-strength factor,
Yrnp» and used as a shear force to design the non-dissipative elements (e.g., CLT panels),

thereby ensuring no brittle failure.

The first condition in the proposed approach is to satisfy Equation (4-5), in order to ensure
that the wall exhibits CP behaviour in the elastic region. This entails that all panels remain
in contact with the ground when the panel-to-panel connections yield. This can be ensured

by replacing My with the associated bending moment strength when the panel-to-panel
connections yield, Mflf The inelastic CP behaviour is attained when the panel-to-panel

connections yield before the hold-down, which can be achieved by requiring that the
bending moment strength related to the point of yielding of the panel-to-panel connections,

Mf}, is less than or equal to that associated with the hold-down, Mfllh, as shown in Equation

(4-17). Simultaneously requiring the panel-to-panel connections to yield before the angle
brackets is not necessary because a separate condition requiring the hold-down to yield

before the angle brackets is presented later in Equation (4-22).

Ml < Mgy, (4-17)

Where Mflf and Mflh can be obtained using Equations (4-9) and (4-10), respectively. The
use of the elastic moment strength expression is justified since the panel-to-panel
connections are on the verge of yielding and the hold-down connection has not yet yielded.

As such, the wall is still in the elastic region.
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The condition outlined in Equation (4-17) can be satisfied by considering the strengths

associated with the hold-down and panel-to-panel connections, the dimensionless stiffness,

k, and the over-strength factor, ¥rn (Casagrande et al., 2019).

Thz > Yrn- nf . Tf -k (4-18)

Where ¥, ;, can be obtained using Equation (4-19), considering the xt" and 5" percentile

of panel-to-panel connections’ strength distribution, R yin and R¢ stn, respectively, as well

as the panel-to-panel connections’ strength obtained from analytical models, Ry 4.

Rf,xth ) Rf,sth )

Vrn = VYm (4-19)

" Rpstn Rpan
This requirement can also be written in conformance with the design approach outlined in
the Canadian design standard (CSA 086-19, 2019), while considering R yin, as presented
in Equation (4-20).

Thz = Mg Rp ook (4-20)

The moment strength of the shearwall associated with the yielding of both hold-down and
panel-to-panel connections, My ,, can be obtained using Equation (4-21). This equation is
derived by summing the bending moment strength associated with the yielding of the
panel-to-panel connections, Mf,lf, and the increase in bending moment required to attain
yielding in the hold-down connection. This increase is obtained using Equation (4-10),
while eliminating the contribution of the panel-to-panel connections to the total rocking
stiffness of the connections, k;,, outlined in Equation (4-7).
<, =b.(ﬁz+a.q).m).(rh’z_nf.rf.];)+Mfll}c+Mq

amb-@2f-1
2

(4-21)

=b-[rh,z-(ﬁ+%)+rf-nf-ﬁ-(m—1)+

In order to ensure that the angle brackets remain elastic when the hold-down reaches its
yielding point, the interaction condition, outlined in Equation (4-13), can be rewritten as

shown in Equation (4-22). The expression, Mflf /MEL, represents the ratio of the applied
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moments, at the point where the panel-to-panel connections start yielding, to the elastic
bending moment resistance of the angle brackets. The expression,
[ h— (Mrelf + Mq)] /ME, represents the ratio of the increase in bending moment
strength of the shearwall between the yielding of the panel-to-panel connections and hold-
down, and that of the shearwall associated with the yielding of the angle brackets, after the
panel-to-panel connections have yielded, while the hold-down remains elastic, My s. The
latter is obtained by considering the contribution to rocking stiffness from the hold-down
and angle brackets only, since the panel-to-panel connections have already yielded at this
point, as shown in Equation (4-23). The second term in Equation (4-22), Cp, - V¢ /V5,
represents the ratio of the shear force to the shear strength of the angle brackets. The shear
force corresponds to the level where the hold-down yields. It can be obtained by
multiplying the design shear force, Vf, by Cp,, representing the ratio of the moment strength
of the wall when hold-down yields, Mﬁlh, to the applied moment due to lateral load, My, as
outlined in Equation (4-24). The shear strength of the angle brackets, V%, is equal to the
elastic shear strength, outlined in Equation (4-12). This is appropriate since no yielding has

occurred in the angle brackets, and they are the only connections resisting horizontal load.

l l 2 2
Mﬁ,f rc,h B (Mre,f + Mq) n Ch - Vy <1 (4-22)
M7 Mg Vs
e — B*+a @ -m) 1,b
=T 1 (4-23)
ng+1 B 1)] ¢
c
C, = —I -
F S (4-24)

Where M, MEL, and My, can be obtained using Equations (4-8), (4-11), and (4-21),

respectively.

The moment and shear expressions in Equation (4-22) were replaced by the expressions
containing strengths related to the panel-to-panel connections, hold-down, and angle
brackets, and simplified to obtain Equation (4-25). The over-strength factor related to the
angle brackets, y; , is also incorporated in this Equation, while the y** percentile of the

hold-down’s strength distribution, Ry, er, is presented in Equation (4-26), based on the

Canadian timber design standard (CSA 086-19, 2019).
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Where ;. ¢ can be calculated using Equation (4-27), considering the y* and 5" percentile

of the hold-down’s strength distribution, R hyth and R h,5ths respectively, as well as the hold-

down’s strength obtained from analytical models, Ry, 45,.

_ Rh,yth . Rh,Sth

Rh,Sth Rh,an

Ym (4-27)

Yrs

The moment strength of the wall, M,.,,, is set to be equal to the bending moment strength
related to the yielding of the hold-down after the yielding of the panel-to-panel
connections, as outlined in Equation (4-21), and is required to be greater than or equal to

the applied moment due to the lateral load, M, as shown in Equation (4-28).

M,,, = My, = Mg (4-28)

The shear force applied to the wall at the point where the hold-down starts yielding, V¢ ,,,
is obtained by the product of the design shear force, V¢, and €}, outlined in Equation (4-24),

as shown in Equation (4-29).

Vf'W:Cth:[Th,Z(ﬁ"‘%)"‘rfnfﬁ(m_l)

Lameb@2p-1)] by
2 M,

(4-29)

The over-strength factor related to the non-dissipative elements, y,. yp, can be obtained
using Equation (4-30), considering the 95" percentile of strength distribution for the
panel-to-panel connections, Ry gsen. The choice of relating the over-strength factor to
panel-to-panel connections is due to the importance of the contribution of the panel-to-

panel connections to energy dissipation and is consistent with that found in the Canadian

timber design standard (CSA 086-19, 2019).
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In order to capacity-protect the CLT panel within the shearwall, the shear force, V; ,,, can
be modified with the appropriate over-strength factor, ¥, yp, and divided by the number of
panels in the shearwall, m, to obtain the shear force acting on each panel, as shown in
Equation (4-31). The shear strength of the CLT panels, V;. ¢, needs to be greater than the
shear force acting on them, Vf ;7.

Yrap " Viw

Vecr = — < Vicir (4-31)

Whereas the requirement in Equation (4-31) is applicable to CLT panels within each
shearwall, a more general and less stringent requirement is presented in section 4.3.3 for
all non-dissipative elements, such as floor-to-floor and floor-to-wall connections and

connections between orthogonal walls, based on considerations for the entire building.
4.3.3. Capacity-based design considerations for multi-storey LLRS

The CD considerations outlined in section 4.3.2 are required to be satisfied for each
shearwall at each level, including requirements for CP behaviour, Equation (4-5) and
(4-18), and maintaining elastic behaviour in the angle brackets, Equation (4-25). Additional
requirements to ensure that the behaviour of the building as a whole is adequate and reduce

the probability of a soft storey mechanism are described next.

The over-capacity coefficient for each storey of the LLRS, Cg,, ;, is defined as the ratio of

the sum of the bending moment strengths of all shearwalls at the j** storey oriented parallel
to the seismic shear force direction, and the corresponding total seismic bending moment
acting at the bottom of that storey, as presented in Equation (4-32). This ratio is required
to be greater than or equal to unity, in order to ensure that the shearwalls at that storey have

adequate capacity to resist the bending moment.

Copy i = ZEWTWIL 5 4-32
" LM | (432)
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Where Mi,w, j 1s the bending moment strength of shearwall i at the j th storey, which can be

obtained using Equation (4-28), and M}" ; 1s the associated bending moment due to the

lateral load. N represents the number of shearwalls parallel to the applied load in storey j.

In order to ensure a uniform energy dissipation throughout the entire height of the building,
the ratio between the over-capacity coefficient at storey j (for j > 2 ) and that at storey
j — 1 should be limited to a range, defined by values of &; and &,, as outlined in Equation
(4-33).

Csw, j

& < <& (4-33)
sw,j—1

This approach is consistent, in principle, with that proposed in (Casagrande et al., 2019),

where the ratio between maximum and minimum values of Cy,,, ; is required to be less than

a given value, suggested to be equal to 1.25. This approach also extends the requirement
found in the Canadian design standard (CSA O86-19, 2019), which is limited to first and
second storeys, to include all stories in the building. The range for ¢ provided in the CSA

086-19 (2019)is 0.9 to 1.2.

The behaviour of multi-storey LLRS comprised of CLT shearwalls can be considered as
springs in series, represented by energy dissipative, Rp j, and non-energy dissipative
elements, Ryp ;, at storey j. The cumulative seismic effect at storey j (e.g., shear load or
bending moment), Ef ;, is transferred through springs with different levels of energy

dissipation, as shown in Figure 4-6(b), for a two-storey CLT shearwall system.
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Figure 4-6: Isostatic behaviour of a two-storey CLT shearwalls: (a) Multi-storey CLT shearwalls; (b)

Simulated format of multi-storey CLT shearwalls

The behaviour of any non-energy dissipative elements is related to the over-capacity

coefficient of the weakest storey, Csy, min = min(C sw, j), as expressed in Equation (4-34).

Efnp = Yonp® Cswmin * Ef + Eg < Ernp (4-34)

Where E; and E; are the actions due to seismic and gravity loads, respectively, and E;. yp

is the strength of the non-dissipative element.

This generalization of the effect of seismic load is meant to be applicable to all non-
dissipative elements, including CLT panels, floor-to-floor connections, floor-to-wall
connections, etc. The logic of relating the design of non-dissipative elements to the smallest
over-capacity coefficient in a structure is to avoid overly conservative designs. The

proposed requirement is sufficient since for the multi-storey case, the overall building

Chapter 4 - Elastic design and proposed capacity-based design 75



capacity is related to failure in any storey. A value of Cgy min equal to 1.1 may be
appropriate from a design perspective, since it is expected that the minimum over-capacity

in a building would be close to unity.
4.4. Summary

This section presents a design approach addressing coupled-panel behaviour for multi-
panel CLT shearwalls used in multi-storey buildings. Equations for shearwall strength
associated with different connections are developed in terms of bending moment and shear.
Analytical expressions, including design equations and requirements, are developed, with
emphasis on including the bi-directional contribution of angle brackets. A capacity-based
design procedure is proposed, promoting predominantly rocking behaviour and optimizing
energy dissipation in the shearwall system. To achieve a desired yield sequence, a new
category with limited energy dissipative capabilities is introduced, and expressions for the
associated over-strength factors are defined. It was found that relating the over-strength
factor associated with non-energy dissipative elements, such as CLT panels, to the 95"
percentile of the energy dissipative elements would be appropriate, whereas an approach

using a lower percentile is proposed for other dissipative and limited energy dissipative

elements.

Capacity-based design procedure at the building level is also proposed to achieve uniform
energy dissipation along the height of the structure and to limit soft storey failure. This is
done by requiring the ratios between over-capacity coefficients at adjacent storeys to be

limited to a defined range.
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Chapter 5 - Experimental tests on connections

5.1. General

As highlighted in previous chapters, connections used in CLT shearwalls are the main
contributors to resisting lateral loads, as well as providing energy dissipation required when
they are part of seismic design considerations. In the current study, a comprehensive
experimental test program was conducted on three conventional connections used in CLT
shearwalls, namely panel-to-panel, hold-down and angle bracket connections. The
behaviour of the connections was examined under monotonic and cyclic loads, to
investigate their performance in shearwall applications under wind and seismic loads,
respectively. The mechanical properties of the connections will also be used as inputs to
validate the proposed analytical expressions, as well as numerical models, presented in

Chapter 7.
5.2. Joint description and test methods

Three types of conventional connections used in CLT shearwalls were tested as part of the
current study, as summarized in Table 5-1. These connections were selected based on the
available results provided in their technical approval documents and the preliminary
numerical analyses conducted to evaluate their performance at shearwall-level, including
seismic behaviour. The hold-down, WHT620 (European Technical Approval ETA-
11/0086, 2018), consisted of a bracket attached to the base with one M20 bolt (EN 14592,
2022) and 20 mm washer, and fastened to the CLT panel with fifty-five or twenty-two
nails, representing full or partial nailing, respectively. Angle brackets, TCN200 (European
Technical Assessment ETA 11/0496,2014), comprised of one bracket attached to the base
with two M12 bolts (EN 14592, 2022) and fastened to the CLT panel with thirty or twenty
nails, representing full or partial nailing, respectively. The purpose of using fully and
partially nailed patterns for both hold-down and angle brackets was to evaluate the
contribution of nails to the connections' performance and mechanical properties, including
strength, stiffness, ductility, and ultimate failure. In only one test, an angle bracket was
tested with a 12 mm thick washer under uplift load to observe the impact of using washers

on the behaviour of the angel brackets. Panel-to-panel connections were used in spline-

Chapter 5 - Experimental tests on connections 77



joint connections, as presented in section 5.5, and consisted of hot galvanized spiral nails
with a diameter of 3.4 mm, 3.4 X 63.5, or partially-threaded self-taping screws with the
diameters of 6 mm, HBS 6 X 70, or 8 mm, HBS 8 X 80 (European Technical Assessment
ETA-11/0030, 2019). Canadian Softwood Plywood (CSP) with thickness of 3/4" and
Douglas-Fir Plywood (DFP) with thickness of 1” were used for panel-to-panel spline,

fastened with nails and screws, respectively.

Table 5-1: The components of tested connections

Connections Fasteners

e 1 bolt| M20 x 100

Hold-down
e 1 washert =20 mm | WHTW70
WHT620
e 55o0r22nails | LBA 4 X 60
e 2bolts | M12 X 60
Angle brackets
e [ washert =12mm | TCW200
TCN200
e 30 or 20 nails | LBA 4 x 60
e Spiral nail 3.4 X 63.5 mm 60
Panel-to-panel e Screw HBS 6 X 70 mm

e Screw HBS 8 X 80 mm

Table 5-2 presents each test information, including load direction (uplift or shear), load
type (monotonic or cyclic), nailing pattern for hold-down and angle brackets and type of
the fasteners for panel-to-panel connections, and number of repeats for each test. Hold-
down and angle brackets were tested separately in the vertical (uplift) and horizontal

(shear) directions, and panel-to-panel connections were tested only in shear.
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Table 5-2: Connection-level tests’ information

Connections Load direction Load type Nailing pattern/fasteners Repeats
Monotonic P:rltlilaljlly ?52; anlell?ls i
Hold-down  Uplift (tension) -

WHT620 Cyclic Fully - 55 nails :
Partially - 22 nails 3
Shear Monotonic Fully - 55 nails 3
Fully - 30 nails 2
Monotonic Partially - 20 nails 2
Uplift (tension) Partially - 20 nails+washer 1
Angle . Fully - 30 nails 3
braciets Cyclic Partially- 20 nails 3
TCN200 . Fully - 30 nails 3

Monotonic . .
Partially - 20 nails 3

Shear :

Cyclic Fu'lly -30 na11§ 3
Partially - 20 nails 3
Nail 3.4 X 63.5 mm 2
Monotonic HBS 6 X 70 mm 3
HBS 8 X 80 mm 3
Panel-to-panel Shear Nail 3.4 X 63.5 mm 3
Cyclic HBS 6 X 70 mm 3
HBS 8 X 80 mm 3

The CLT panels used in the experimental tests consisted of three 35 mm thick layers with
a total thickness of 105 mm (35-35-35) while the boards had widths of 89 mm, as shown
in Figure 5-1. Standard CLT panels, El stress grade, were used, based on ANSI/APA

(2020). All CLT panels were maintained in a controlled climate condition, with

temperature and relative humidity of 20 + 2 °C and 65 + 5%, respectively, resulting in

moisture content of 10 + 2%.

105

~

s 89 ~

(FSEAVS]
RN

Figure 5-1:Three-layer CLT panels used in the experimental tests
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Experimental tests were carried out using the MTS loading machine located in the Civil
Engineering structural laboratory at the University of Ottawa. Four cable transducers with
a maximum range of 150 mm were used to measure displacements. The purpose of using
multiple of them was to improve the results' reliability. The location and measuring

direction of each transducer are presented in the next sections concerning each type of test.
Appendix A.1 presents details related to test set-up attachments.
5.2.1. Load protocols

Monotonic and cyclic load protocols were used to investigate the behaviour of the
connections. The main reason for this is to investigate whether the behaviour is
significantly affected by the loading protocol, and also to develop representative
connection force-displacement curves for wind (monotonic) and seismic (cyclic)
considerations. The monotonic loading had constant loading rates, such as 3 mm/min for
mechanical anchors (i.e., hold-down and angle brackets), and 4.5 mm/min for fasteners
used as panel-to-panel connections, to maintain a consistent test duration. The cyclic
testing protocol followed the ASTM E2126 (2019) cyclic displacement schedule, method
B (see Figure 5-2), with a constant loading rate of 30 mm/min throughout the test in
accordance with ISO 16670 (2003). The loading procedure consists of two primary groups
of cycles: (1) five individual cycles with amplitudes of 1.25%, 2.5%, 5%, 7.5, and 10% of
the ultimate displacement obtained from monotonic tests, A,,, and (2) sets of three cycles

with amplitudes of 20%, 40%, 60%, 80%, 100%, and 120% of A,,.
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Figure 5-2: reversed cyclic load patterns, method B (ASTM E2126, 2019)

5.2.2. Data analysis

The results obtained from each test were processed to obtain the mechanical properties of
the connections using two methods, namely the Energy Equivalent Elastic-Plastic (EEEP)
and the tri-linear methods. The EEEP method refers to an elastic-perfectly plastic curve in
which the enclosed areas by the EEEP curve and that enclosed by envelope curve from the
origin to the ultimate displacement are equal, as defined in ASTM E2126 (2019) and shown
in Figure 5-3. That can be ensured by equaling the area enclosed by the EEEP curve that
are not inside the envelope curve (4; + A3), and remaining area of the envelope curve that
are not enclosed by the EEEP curve (4,). The ultimate displacement of the EEEP curve,
v, 1s defined as the displacement on the envelope curve corresponding to the 20%
reduction in loads after reaching the maximum load, defined as ultimate load, F, (i.e.,
0.8 X Fpax). Fy geep and vy, gpep represent the yield load and displacement, respectively.
Elastic stiffness, Kgggp, 1s determined as the slope of the line connecting the origin and
0.4 X Fpax- V,,, represents the displacement corresponding to the maximum load. The
tri-linear simulation consists of three points; namely yield load (A), maximum load (B),

and ultimate displacement (C), as shown in Figure 5-4. The yield point (A) represents the
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intersection of two lines, that passing 0.1 X E,,, and 0.4 X E,,, C;, and the tangent of
the plastic portion of the envelope curve, C,, as shown in Figure 5-4(a). The angle of the
second line, C,, can be defined as tan(C,) = 1/6 - tan(C;). The maximum load and
corresponding displacement and ultimate displacement represent the same points as
defined in the EEEP simulation, while ultimate load, F,, is defined as the load on the
envelope curve corresponding the ultimate displacement. Fy irjjineqr and vy qritinear
represent yield load and associated displacement respectively, as defined at point A. Elastic
stiffness, Kiritinear> 18 determined as the slope of the line connecting the origin and point
A. Ductility ratios based on EEEP and trilinear methods, Dgggp and Diyijinear» €an be

obtained as the ratio of associated ultimate displacement to yield displacement, v, /vy, grgp

and Veriiinear /v, » r€Spectively.

Load
Envelope Curve - —— EEEP

. L EEEP [ o
” / Fu=0.8 Frax

g A

/ Displacement

V. Eeer Y Emax vy

Figure 5-3: envelope load-displacement curve and its associated EEEP curve, based on ASTM E2126
(2019)
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Figure 5-4: tri-linear simulation of an envelope curve, based on ON EN 12512 (2005): (a) find the yield

point; (b) define the tri-linear curve

5.3. Hold-down

This section presents the experimental tests on hold-down connections, WHT620

(European Technical Approval ETA-11/0086, 2018), consisting of one high-strength M20

bolt and 20 mm thick washer to attach the hold-down to the base and threaded annular ring

nails, LBA 4 X 60, with a nominal diameter of 4 mm and total length of 60 mm to attach
the hold-down to the CLT panels, as depicted in Figure 5-5. Two nailing patterns, partially
and fully nailed using 22 and 55 nails, respectively, were tested under monotonic and cyclic
protocols in the vertical (uplift) direction, as presented in section 5.3.1, while only fully
nailed pattern was used for hold-downs under monotonic protocol in the horizontal (shear)
direction, as presented in section 5.3.2. The purpose of conducting shear tests on only fully
nailed and under monotonic protocol was the inappropriate behaviour of hold-downs under
such load in which nails had negligible effect on the resistance and deformability while
rotation and local buckling in the bracket provided resistance. Section 5.3.3 provides an

observations on the results obtained in sections 5.3.1 and 5.3.2.
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Figure 5-5: Hold-down connection WHT620

5.3.1. Tension load (uplift) tests

The hold-down connections were also tested under vertical tension (uplift) loading, as
shown in Figure 5-11. Two notches were cut in the CLT panels to attach them to the top
beam through threaded rods to facilitate the reversal of loading. Two transducers were
attached to each face of CLT specimens to measure the vertical displacement relative to

the base beam, representing uplift displacement.
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Figure 5-6: Test configuration of hold-down WHT620 subjected to uplift

Figure 5-7 and Figure 5-8 show typical load-displacement curves of fully and partially
nailed hold-downs, respectively, subjected to monotonic and cyclic in the vertical (uplift)
direction. The figures demonstrate very similar results of monotonic and cyclic loading
patterns concerning the resistance, stiffness, and ultimate displacement. The low-cyclic

fatigue effect was negligible.
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Figure 5-7: Typical load-displacement curves of fully nailed WHT620 hold-down connection under

monotonic and cyclic uplift
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Figure 5-8: Typical load-displacement curves of partially nailed WHT620 hold-down connection under

monotonic and cyclic uplift

Figure 5-9 and Figure 5-10 show representative pictures of the test specimens prior to and
after the tests for fully and partially nailed hold-downs, respectively. The observed failure
mechanisms were consistent in monotonic and cyclic tests, consisting of tensile failure in
the vertical steel plate near the first row of nails for the fully nailed, as shown in Figure
5-9(b), while failure in nails due to head breakage combined with nail withdrawal and

bending was observed for the partially nailed specimens, as shown in Figure 5-9(b).
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Figure 5-10: Partially nailed hold-down under uplift: (a) prior to the test (b) after the test
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Table 5-3 and Table 5-4 present the mean and Coefficient of Variants (CoV) of the
mechanical properties for fully and partially nailed hold-downs, respectively, obtained

from three monotonic and three cyclic tests.

Table 5-3: Mean values and the associated CoV of mechanical properties of fully nailed WHS620 hold-

down under monotonic and cyclic uplift

Monotonic Cyclic
Method  Property Unit Mean CoV Mean CoV
(%) (%)
. Fopax [KN] 93.4 4 90.9 3
Max"&m“m Vimer  [mm] 14.1 15 13.4
ultimate F, [KN] 73.9 2 73.0 3
v, [mm] 17.2 7 16.9 2
Fy cpep [KN] 89. 3 85.1 4
EEEP Vy EEEP [mm] 8.0 9 7.3 18
Keppep  [KN/mm] 11.2 12 12.0 16
Dgrep [-] 2.2 4 2.4 22
Fy iritinear  [KN] 84 .4 1 79.7 6
Trilinear Vy trilinear [mm)] 7.6 12 6.8 21
ke tritinear [KN/mm] 11.2 11 12.0 18
Dtrilinear ['] 23 5 2.6 26
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Table 5-4: Mean values and the associated CoV of mechanical properties of partially nailed WHS620 hold-

down under monotonic and cyclic uplift

Monotonic Cyclic
Method  Property Unit Mean CoV Mean CoV
(%) (%)
. Foax [kN] 88.0 5 90.6 2
Max;““m Vimax  [mm] 172 13 19.2 2
ultimate F, [KN] 71.1 5 72.6 2
vy [mm] 20.2 7 214 4
Fy ppep [kN] 81.4 5 83.1 1
EEEP Vy EEEP [mm] 94 3 9.0 4
Keppep  [KN/mm] 8.6 7 9.2 6
Derep [-] 2.1 9 2.4 7
Fy,trilinear [kN] 77.6 2 78.9 2
Trilinear vy,trilinear [mm] 9.0 5 8.6 6
ke,trilinear [kN/mm] 8.6 8 9.2 4
Dtrilinear ['] 22 12 2.5 9

Appendix A.2.1 and A.2.2 present the load-displacement curves and respective mechanical
properties of tests conducted on WHT620 fully and partially nailed hold-downs under
vertical (uplift) loads, respectively.

5.3.2. Shear load tests

Fully nailed hold-down connections, WHT620, were tested under monotonic displacement
in shear, as shown in Figure 5-11. A T-shaped steel section was fastened to the top steel
beam using 1” bolts. Two CLT specimens, each with two hold-downs on opposite faces,
were positioned on each face of the T-shaped section. The hold-downs on the same face of
each specimen were also attached together through the T-shaped section. The shear force
was then transferred to the connections by moving the entire T-shaped assembly vertically.
A 100 mm gap was adopted between the T-shaped section and the bottom steel beam to
ensure sufficient space to move vertically. Two transducers were attached on each side of

the T-shaped steel section to measure its vertical displacement relative to the base beam.
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Figure 5-11: Test set-up of WHT620 hold-down connection subjected to shear

Figure 5-12 shows a typical load-displacement curve of a fully nailed hold-down subjected
to monotonic shear. The curve highlights two linear parts representing high initial stiffness
and a significant drop in stiffness and continuous linear behaviour until failure. The load
resistance and failure were dominated by rotation and local buckling in the steel bracket,

as shown in Figure 5-13(b).
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Figure 5-12: Typical load-displacement curve of fully nailed WHT620 hold-down connection under

monotonic shear load
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Figure 5-13:Fully nailed hold-down under shear: (a) prior to test (b) after the test

Table 5-5 presents the mean and CoV of mechanical properties for fully nailed hold-downs,

obtained from three monotonic tests in shear.
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Table 5-5: Mean values and the associated CoV of mechanical properties of fully nailed WHS620 hold-

down under monotonic shear

Monotonic
Method  Property Unit M CoV
ean %)
. F max [kN] 40.2 11
Maximum
& VFmax [mm] 63.0 5
ultimate Fy [kN] 37.3 18
Uy [mm] 64.2 4
Fy peEp [kN] 33.7 15
EEEP Vy EEEP [mm] 45.5 21
keppep  [KN/mm] 0.7 6
Dggep [-] 1.4 16
Fy,trilinear [kN] 38.8 14
Trilinear vy,trilinear [mm] 53.2 20
ke,trilinear [KN/mm] 0.9 34
Dtrilinear [‘] 0.9 84

Appendix A.2.3 presents the load-displacement curves and respective mechanical
properties of tests conducted on WHT620 fully nailed hold-downs under horizontal (shear)

loads.
5.3.3. Observation

The tested hold-down connections exhibited approximately the same mean values of
resistances in the vertical (uplift) direction of around 90 kN, in both fully- and partially
nailed configurations. The failure in fully nailed hold-down occurred in the bracket due to
the high number of nails, whereas partially nailed hold-down failed in the nails as the
bracket resistance was relatively higher. The similar magnitude of resistance despite
different failure modes indicates that the partially nailed hold-down is close to failing and
represents an optimized number of nails. The ultimate displacements in partially nailed
hold-downs, 22.2 mm, were higher than those obtained for the fully nailed configuration,
17.2 mm. The stiffness for the hold-down with partial nailing was lower, around 9 kN /mm,

than that obtained for the hold-down with fully nailed, 11.5 kN /mm for both monotonic

Chapter 5 - Experimental tests on connections 92



and cyclic protocols. This resulted in almost the same ductility ratio values, of around 2.2

under monotonic and 2.4 under cyclic loads.

Concerning fully nailed hold-downs under shear displacement, although the mean value of
maximum load, F,,,, was around 40 kN, the associated displacement with such load,
Vi ax> Was around 63 mm. This significant sliding displacement is impractical considering

the contribution of angle brackets to resisting the shear load, as presented in section 5.4.2.
The mean value of shear stiffness for fully nailed hold-downs was around 0.75-0.95

kN /mm, representing its negligible contribution to resisting sliding.
5.4. Angle bracket

This section presents experimental tests on angle bracket connections used to connect CLT
panels to the base or floor below. The angle brackets, TCN200 (European Technical
Assessment ETA 11/0496, 2014), included two M12 bolts to attach the bracket to the base
and threaded annular ring nails, LBA 4 X 60, with a nominal diameter of 4 mm and total
length of 60 mm to attach the bracket to the CLT panels, as depicted in Figure 5-14. Two
nailing patterns, partial and fully nailed with 20 and 30 nails, respectively, were tested
under monotonic and cyclic displacement in the vertical (uplift) and horizontal (shear)
directions, as presented in sections 5.4.1 and 5.4.2, respectively. A washer with a thickness
of 12 mm was used for only one test on a partially nailed angle bracket under monotonic
vertical (uplift) displacement, to observe only the differences concerning failure and
performance against those without a washer. Section 5.4.3 presents the observations on the

results obtained in sections 5.4.1 and 5.4.2.
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Additional details related to test set-up attachments are presented in Appendix A.3.

5.4.1. Tension load (uplift) tests

The angle bracket connections were tested under tension (uplift) displacement, based on

the test configuration shown in Figure 5-15. Two notches were cut in the CLT panels to

connect them to the top beam through threaded rods to facilitate the reversal of loading.

Two transducers were attached to each face of the CLT specimen to measure its vertical

displacement relative to the base beam, representing uplift displacement.
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Figure 5-15: Test set-up of TCN200 angle bracket connection subjected to uplift

Figure 5-16 and Figure 5-17 show typical load-displacement curves for fully and partially
nailed angle brackets without washers, respectively, subjected to monotonic and cyclic
uplift displacement. Although the shapes of monotonic and cyclic curves are similar
concerning initial stiffness, maximum force, and ultimate displacement, some
discrepancies were observed in the plateau region, which can be attributed to the loosening

of the bolts when the brackets yielded, and the specimen was under a reversed cycle.
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Figure 5-16: Typical load-displacement curves of fully nailed TCN200 angle bracket connection without

washer under monotonic and cyclic uplift
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Figure 5-17: Typical load-displacement curves of partially nailed TCN200 angle bracket connection

without washer under monotonic and cyclic uplift

Figure 5-18 shows the load-displacement curve of partially nailed angle brackets with

washers subjected to monotonic uplift displacement.
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Figure 5-18: Typical load-displacement curves of partially nailed TCN200 angle bracket connection with

washer under monotonic and cyclic uplift

Figure 5-19 and Figure 5-20 show the test specimens prior to and after the tests on fully
and partially nailed angle brackets without washers, respectively. The observed failure
mechanism was consistent for both nailing patterns consisting of plasticization in the steel
bracket portion attached to the base, especially around the bolts. Figure 5-21 provides a
similar comparison for partially nailed angle brackets with washers. The observed failure
mechanism was nail bending combined with head breakage in the nails attaching the

bracket to the CLT specimen.
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Figure 5-20: Partially nailed angle bracket without wahser under uplift: (a) prior to the test (b) after the test
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Figure 5-21: Partially nailed angle bracket with washer under uplift: (a) prior to the test (b) after the test

Table 5-6 and Table 5-7 present the mean and CoV of the mechanical properties for fully
and partially nailed angle brackets without washers, respectively, obtained from three
monotonic and three cyclic tests. Table 5-8 presents the results from one monotonic test on

a partially nailed angle bracket with washer.

Chapter 5 - Experimental tests on connections 99



Table 5-6: Mean values and the associated CoV of mechanical properties of fully nailed TCN200 angle

bracket without wahser under monotonic and cyclic uplift

Monotonic Cyclic

Method  Property Unit Mean CoV Mean CoV
(%) (%)

. Foax [kN] 31.1 1 33.6 4

Max“&m“m Vimex  [mm]  30.7 11 316 1

ultimate F, [kN] 25.9 1 27.4 4

vy [mm] 37.5 1 37.8 5

Fy ppep [KN] 254 1 27.9 2

EEEP Vy EEEP [mm] 6.8 18 6.5 29
Keppep  [KN/mm] 4.4 18 4.4 38

Dieep [-] 54 23 6.2 31

Fy tritinear  [KN] 20.1 9 19.1 31

Trilinear Vy trilinear ~ [Mm] 53 28 4.6 54
Ke tritinear [KN/mm] 3.9 20 4.8 41

D ritinear [-] 7.4 29 11.2 76

Table 5-7: Mean values and the associated CoV of mechanical properties of partially nailed TCN200 angle

bracket without washer under monotonic and cyclic uplift

Monotonic Cyclic
Method  Property Unit M CoV M CoV
n n

ea %) ea %)
Maxd Fax [kN] 28.6 3 294 2
ax;zmum VFmax [mm] 33.1 2 31.6 1
ultimate Fy [kN] 22.9 3 235 2
vy, [mm] 40.6 3 38.3 1
Fy peep [kN] 27.4 1 26.1 2
EEEP Vy EEEP [mm] 23.9 4 17.5 3
ke,EEEP [kN/mm] 1.4 5 14 3
Dggep [-] 1.7 8 2.2 3
Fy‘trilinear [kN] 276 3 264 2
Tri]inear vy'trilinear [mm] 24.0 3 17. 8 3
ke,trilinear [kN/mm] 1.1 5 1.5 3
Dtrilinear ['] 1.7 6 2.1 3
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Table 5-8: Mechanical properties of partially nailed TCN200 angle bracket with washer under monotonic

uplift

Method  Property Unit Monotonic

. F max [kN] 65.2
Maximum
& VFmax [mm] 20.5
ultimate Fy [kN] 52.2
Uy [mm] 24.3
Fy peep [kN] 59.2
EEEP Vy EEEP [mm] 11.2
Keppep  [KN/mm] 5.5
Dggep [-] 2.2
Fy,trilinear [kN] 56.8
Trilinear Vy trilinear [mm] 10.7
ke,trilinear [kKN/mm] 53
Dtrilinear ['] 2.3

Appendix A.3.1 and A.3.2 present the load-displacement curves and respective mechanical
properties of tests conducted on TCN200 fully and partially nailed angle brackets without

washers under vertical (uplift) loads, respectively.
5.4.2. Shear load tests

The angle bracket connections were tested under shear loading in a test configuration
shown in Figure 5-22. A T-shaped steel section was fastened to the top steel beam using
1” bolts. Two CLT specimens, each with two angle brackets on opposite faces, were
positioned on each face of the T-shaped section. The angle brackets on the same face of
each specimen were also attached together through the T-shaped section. The shear force
was then transferred to the connections by moving the entire T-shaped assembly vertically.
A 100 mm gap was adopted between the T-shaped section and the bottom steel beam to
ensure sufficient space to move vertically. Two transducers were attached on each side of

the T-shaped steel section to measure its vertical displacement relative to the base beam.
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Figure 5-22: Test set-up of TCN200 angle bracket connection subjected to shear

Figure 5-23 and Figure 5-24 show typical load-displacement curves of fully and partially
nailed angle brackets without washers, respectively, subjected to monotonic and reversed
cyclic loading protocols. Figures show that monotonic and cyclic loading patterns produce
similar results of resistance, stiffness, and ultimate displacement, and the low-cyclic fatigue

effect is negligible.
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Figure 5-23: Typical load-displacement curves of fully nailed TCN200 angle bracket connection without

washer under monotonic and cyclic shear
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Figure 5-24: Typical load-displacement curves of partially nailed TCN200 angle bracket connection

without washer under monotonic and cyclic shear

Figure 5-25 and Figure 5-26 show the test specimens before and after testing for fully and
partially nailed angle bracket specimens without washers, respectively, obtained from three
monotonic and three cyclic tests. The observed failure mechanism was consistent for both

nailing patterns and consisted of yielding in the nails combined with crushing in wood.
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Figure 5-26: Partially nailed angle bracket without washer under shear: (a) prior to the test (b) after the test
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Table 5-6 and Table 5-7 present the mean and CoV of the mechanical properties for fully

and partially nailed angle brackets without washer, respectively, obtained from three

monotonic and three cyclic shear tests.

Table 5-9: Mean values and the associated CoV of mechanical properties of fully nailed TCN200 angle

bracket without washer under monotonic and cyclic shear

Monotonic Cyclic
Method  Property Unit Mean CoV Mean CoV
(%) (%)
. Fopax [KN] 69.6 3 66.3 3
Max"&m“m Vimax  [mm] 235 5 20.5 5
ultimate F, [KN] 55.9 2 57.4 6
v, [mm] 353 4 34.8 3
FyEeep [kN] 63.1 2 62.2 4
EEEP Vy EEEP [mm] 11.0 4 13.1 17
Keppep  [KN/mm] 6.2 1 5.2 10
Dgggp [-] 2.5 4 2.7 21
Fy iritinear  [KN] 59.4 4 59.5 7
Trilinear Vy trilinear [mm] 10.4 5 12.6 21
ke tritinear [KN/mm] 5.7 3 4.8 17
Dtrilinear ['] 3.4 9 2.9 26
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Table 5-10: Mean values and the associated CoV of mechanical properties of partially nailed TCN200

angle bracket without washer under monotonic and cyclic shear

Monotonic Cyclic

Method  Property Unit Mean CoV Mean CoV
(%) (%)

. Foax [kN] 50.5 8 50.7 3
Ma";‘m“m Vimax  [mm]  22.0 15 20.5 17
ultimate F, [kN] 40.4 7 41.2 5
v, [mm] 30.9 11 30.2 2

Fy,EEEp [KN] 46.5 8 471

EEEP Vy EEEP [mm] 10.8 13 12.5 35
Keppep  [KN/mm] 4.7 11 4.0 33

Dieep [-] 2.5 5 2.6 35

Fy tritinear  [kN] 44.9 7 45.2 10

Trilinear Vy trilinear ~ [Mm] 104 12 12.1 40
Ke tritinear [KN/mm] 4.3 8 4.7 50

D ritinear [-] 3.0 16 2.8 42

Appendix A.3.3 and A.3.4 present the load-displacement curves and respective mechanical
properties of tests conducted on TCN200 fully and partially nailed angle brackets without

washers under horizontal (shear) loads, respectively.
5.4.3. Observation

Fully- and partially nailed angle brackets without washers behaved similarly under uplift
load, indicating that for the number of nails used in the current study the effect on their
uplift load resistance is insignificant. This could be attributed to the weaker connection at
the bracket attached to the base when a washer is not used (see Figure 5-19 and Figure
5-20). Using a washer helped avoid premature failure of the bracket, and the nails
contributed to resisting the load (see Figure 5-21), resulting in more than double the
resistance in partially nailed specimens. The results indicated a maximum load of around
30 kN in both nailing patterns without washer, while partially nailed angle bracket with
washer showed a significantly higher maximum load of around 65 kN. The mean stiffness
values for fully- and partially nailed angle brackets were around 4.4 and 1.3 kN /mm,

respectively, while a value of around 5.4 kN /mm was obtained for partially nailed angle
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bracket with washer, highlighting the contribution of nails to resisting the uplift load when
using a washer. Ductility ratios was more than 5.5 for fully nailed brackets without washer,
while those for partially nailed were around 1.7-2.2. The reason for significant differences
between fully and partially nailed angle brackets ductility ratios can be attributed to the
greater initial stiffness of fully nailed brackets and its impact on the definition of yield
points. The ductility ratio for partially nailed brackets with washer displacement was

around 2.2.

Concerning the shear load, nails contributed significantly to the resistance, as the maximum
load obtained was around 66 and 50 kN for fully- and partially nailed, respectively,
representing more than 30% difference. The mean stiffnesses for fully nailed brackets were
around 6 and 5 kN /mm under monotonic and cyclic displacement respectively, and those
of partially nailed were around 4.5 kN /mm, respectively. Ductility ratios appeared similar

in both nailing patterns, around 2.5-3.5.
5.5. Panel-to-panel connections under shear

The spline panel-to-panel connections consisted of three CLT panels, plywood boards, and
dowel-type fasteners, as illustrated in Figure 5-27(a). Notches were cut along the height of
the panels on one edge for the side panels, P and P3, and on both edges for the middle
panel, P>. 1" DFP and 3/4" CSP plywood were used along with screw and nail fasteners,
respectively. Figure 5-27(b) shows the edge and middle spacing for each fastener.
Monotonic and reversed cyclic tests under shear were conducted on three types of
fasteners, including partially threaded screws HBS 6 x 70, HBS 8 x 80, and standard
galvanized 3.4 X 63.5 spiral nails (see Figure 5-28).
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Figure 5-27: (a) top view of tested specimens; (b) spaces between fasteners and edge spacing in the

plywood
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Figure 5-28: Fasteners used in panel-to-panel connections

Additional details related to test set-up attachments are presented in Appendix A.4.

Figure 5-29 illustrates the test set-up of panel-to-panel connections subjected to shear
displacement. A gap between the middle panel and the base beam of 100 mm was provided
to allow vertical displacement while the side panels were fixed to the base. Two transducers
were attached to each face of the middle CLT specimen, P», to measure its vertical

displacement relative to the base beam, representing shear displacement.
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Figure 5-29: Test set-up of panel-to-panel connections subjected to shear

Figure 5-30 to Figure 5-33 show typical load-displacement curves for the HBS 8 X 80 mm,
HBS 6 X 70 mm, and galvanized spiral 3.4 X 63.5 mm nail, respectively. Three monotonic
and three cyclic tests were conducted for each fastener type. Low-cycle fatigue appeared
to have a significant effect on panel-to-panel connections behaviour, represented as
premature failure under cyclic load, especially for joints fastened with smaller diameter

fasteners, such as nails and HBS 6 X 70 mm.
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Figure 5-30: Typical load-displacement curves of HBS 8 X 80 mm fasteners used as panel-to-panel

connections under monotonic and cyclic shear
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Figure 5-31: Typical load-displacement curves of HBS 6 X 70 mm fasteners used as panel-to-panel

connections under monotonic and cyclic shear
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Figure 5-32: Typical load-displacement curves of galvanized spiral 3.4 X 63.5 mm nail fasteners used as

panel-to-panel connections under monotonic and cyclic shear

Figure 5-33 to Figure 5-35 demonstrate the ultimate failure type for panel-to-panel
connections. The failure mechanism was represented by a ductile failure mode, in which
embedment crushing failure in the plywood and CLT combined with yielding in the

fasteners and head pull-through in screws was observed.

Figure 5-33: HBS 8 X 80 mm panel-to-panel connections under shear: () prior to the test (b) after the test
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Figure 5-35: Galvanized spiral 3.4 X 63.5 mm nail panel-to-panel connections under shear: (a) prior to the

test (b) after the test
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Table 5-11 to Table 5-13 present the mean and CoV obtained from shear tests on panel-to-
panel connections, obtained from three monotonic and three cyclic tests for each type of

fastener.

Table 5-11: Mean values and the associated CoV of mechanical properties of HBS 8 x 80 panel-to-panel

connections under monotonic and cyclic shear

Monotonic Cyclic

Method Property Unit M CoV M CoV
ean (%) ean %)

Maxd Fax [KN] 7.5 3 7.4 3
a";““m VE max [mm] 432 6 39.9 16
ultimate F, [KN] 6.5 3 5.9 3
vy [mm] 55.7 3 46.5 10

Fy,EEEp [KN] 64 4 6.3 2

EEEP Vy EEEP [mm] 10.2 5 8.0 24
ke,EEEP [kN/l’Ill’Il] 06 9 07 21

Dreep [-] 5.5 7 6.0 21

Fy,trilinear [kN] 4.5 2 4.4 3

Trilinear Vy trilinear ~ [Mm] 6.9 7 5.4 25
Ke tritinear [KN/mm] 0.7 8 0.8 23

Dtrilinear ['] 8.1 9 8.9 22
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Table 5-12: Mean values and the associated CoV of mechanical properties for HBS 6 X 70 panel-to-panel

connections under monotonic and cyclic shear

Monotonic Cyclic
Method  Property Unit CoV CoV
Mean (%) Mean (%)
Maxd Fax [KN] 5.6 5 4.5 2
a";‘m“m Vimer  [mm] 295 5 19.1 23
ultimate F, [KN] 4.5 5 3.6 2
vy, [mm] 42.9 11 25.1 7
Fyprep [KN] 4.8 4 34 15
ke,EEEP [kN/l’Ill’Il] 1.0 25 0.6 5
Dgeep [-] 8.9 27 4.8 21
Fy iritinear  [KN] 3.1 6 3.7 11
Trilinear Vy trilinear ~ [Mm] 3.0 29 5.8 13
ke tritinear [KN/mm] 1.1 27 0.6 4
Dtrilinear ['] 15.1 39 4.4 14.4

Table 5-13: Mean values and the associated CoV of mechanical properties for galvanized spiral 3.4 X 63.5

nail panel-to-panel connections under monotonic and cyclic shear

Monotonic Cyclic
Method  Property Unit CoV M CoV
) )
Maxd Fax [kN] 2.8 1 2.2 5
a";‘m“m Vimax  [mm] 349 8 19.5 1
ultimate Fy [kN] 2.1 1 1.8 7
vy, [mm] 48.3 15 24.4 19
Fyprep [kN] 2.1 1 1.8 13
EEEP Vy EEEP [mm] 4.3 1 7.3 71
ke,EEEP [kN/mm] 05 1 03 59
Dreep [-] 11.3 16 4.2 47
Fy,trilinear [kN] 1.2 1.5 34
Trilinear vy,trilinear [mm] 2.3 6.6 89
ke,trilinear [kN/mm] 0.5 0.3 59
D itinear [-] 21.3 20 59 70
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Appendix A.4.1, A.4.2, and A.4.3 present the load-displacement curves and respective
mechanical properties of tests conducted on panel-to-panel connections consisting of HBS
6 X 70, HBS 8 x 80, and standard galvanized 3.4 X 63.5 spiral nails under horizontal

(shear) loads, respectively.
5.5.1. Observation

Panel-to-panel connections attached through different fasteners behaved relatively ductile
under monotonic shear load. The mean values of ductility ratio using EEEP, Dgggp, under
such load for galvanized spiral 3.4 X 63.5 mm nails, HBS 6 X 70 mm, and HBS 8 x 80
mm were around 11.3, 8.9, and 5.5, respectively. It can be observed that using small
diameter fasteners, such as nails, led to around double the ductility under monotonic load

when compared to fasteners with larger diameter and length, such as HBS 8 x 80.

Contrarily, larger fasteners, such as HBS 8 X 80 mm, behaved relatively ductile under
reversed cyclic shear load, while those with smaller diameters failed prematurely before
reaching the maximum monotonic load and associated displacement. The mean values of
ductility ratio using EEEP, Dgggp, under such load for 3.4 X 63.5 mm nails, HBS 6 X 70
mm, and HBS 8 X 80 mm screws were around 4.2, 4.7, and 6.0, respectively. This implies
that smaller dimension fasteners are more prone to low-cycle fatigue than larger ones, as
further represented by comparing the cyclic with monotonic curves, depicted in Figure
5-30 to Figure 5-32. The ultimate displacement of nail fasteners under reversed cyclic load
represented failure at around 50% displacement of that observed under monotonic loading,

and around 60% and 83% for the HBS 6 X 70 mm and 8 X 80 mm fasteners, respectively.

The results highlighted the mean values of maximum load for HBS 8 X 80 mm, HBS
6 X 70 mm, and galvanized spiral 3.4 X 63.5 mm nail, of around 7.5 kN, 5.6 kN, and 2.5
kN, respectively, under monotonic displacement, and 7.4 kN, 4.5 kN, and 2.2 kN,
respectively, under cyclic displacement. The mean values of stiffness based on EEEP
method for HBS 8 X 80 mm, HBS 6 X 70 mm, and galvanized spiral 3.4 X 63.5 mm nail,
were obtained around 0.6, 1.0, and 0.5 kN/mm, respectively, under monotonic

displacement, and around 0.7, 0.6, and 0.3 kN/mm, respectively, under cyclic
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displacement. That highlights low-cycle fatigue affects more severely the resistance and

stiffness of smaller fasteners, such 3.4 X 63.5 mm nails.

The low-cycle fatigue in small fasteners requires considerable attention when such
fasteners are used as panel-to-panel connections in CLT shearwalls in a seismic region
since the ductility in those systems stems primarily from such fasteners. That is also
emphasized in the CD proposal in Chapter 4, in which panel-to-panel connections are
designed as primary dissipative connections that provide sufficient seismic energy

dissipation in CLT shearwalls.
5.6. Summary

This chapter presents experimental tests conducted on various conventional connections
used in CLT shearwalls, such as hold-down, angle brackets, and panel-to-panel
connections. Fully and partially nailed hold-down and angle brackets were tested to
evaluate the effect of nail number on their performance. Tests were also conducted on three
types of fasteners used in spline panel-to-panel connections to investigate the impact of the

type and size of the fasteners on their behaviour.
This section draws the following conclusions:

e The tested hold-down connections, WHT620, resisted similar uplift loads in both
fully- and partially nailed applications. The failure in the fully nailed configuration
occurred in the bracket due to the higher number of nails leading to their strong
connections, while partially nailed hold-down failed in the nails. Similar values for
ductility ratios, around 2.2, were obtained for both nailing patterns due to the
greater ultimate displacements and lower stiffnesses of partially nailed than fully
nailed.

e Fully nailed hold-down under shear displacement exhibited rotation in the lower
part of the bracket. Although the maximum load was reasonably high, around 40
kN, the stiffness was very low representing its negligible contribution to resisting
sliding on CLT shearwalls.

e Angle brackets tested without washer under uplift failed in the section attached to

the base by bolts. The bracket exhibited bending and bolt withdrawal, which
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rendered the number of nails connecting the bracket to the CLT panel
inconsequential. Using a washer avoided brittle and premature failure of the bracket
and resulted in the nails contributing more significantly to resisting the load. This
resulted in more than double the maximum resistance with the washer than without
it.

e The shear resistance and stiffness of angle brackets were greater for fully nailed
than partially nailed brackets due to the contribution of nails to resisting the load.
However, the ductility ratios appeared similar in both nailing patterns.

e Panel-to-panel connections attached using different fasteners behaved relatively
ductile under monotonic shear load, particularly the smaller fasteners (i.e., nails).
While larger fasteners, such as HBS 8 X 80, behaved relatively ductile under
reversed cyclic shear load, smaller diameter nail fasteners failed prematurely prior
to reaching the maximum monotonic load and associated displacement. This is
attributed to the smaller dimension fasteners being more prone to low-cyclic fatigue
than larger ones. The fatigue in small fasteners requires considerable attention when
such fasteners are used as panel-to-panel connections in CLT shearwalls in a
seismic region since the ductility in those systems stems significantly from such

fasteners.
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Chapter 6 - Experimental tests on CLT shearwalls

6.1. General

This chapter investigates the behaviour of multi-panel CLT shearwalls by conducting
monotonic shearwall-level experimental tests on different configurations while varying the
number of panels, connection type and configuration, and gravity load. The goal of this
part of the experimental campaign is to investigate the performance of multi-panel CLT
shearwalls with regards to their kinematic modes, resistance, and lateral displacement. The
obtained results are then utilized in chapter 7 to validate the developed analytical (in

Chapter 3) and proposed design approaches (in Chapter 4).
6.2. Test Configurations

The same type of CLT panels used in the connection-level tests (Section 5.2), which
consisted of 3-ply 105 mm thick (35-35-35), were utilized in the full scale shearwall tests.
As presented in Table 6-1, a total of twelve shearwalls were investigated. Five walls were
tested without angle brackets (n; = 0), walls #1-#5, in which sliding was prevented, and
seven walls included angle brackets (ng # 0), in which sliding was resisted by angle
brackets. The main purpose of this investigation was to study the contribution of angle
brackets to the rocking and shear resistance of walls. Test ID and configuration represent
the test sequence number (#1-#12) and CLT panels and their connections [(a)-(h)]. In five
test configurations, a gravity load, g, was applied to the top face of each panel, representing
an equivalent uniformly distributed gravity load of 5.22 kN/m. Variables b and h are the
length and height of each panel, while B is the total length of the wall (b - m), n;,, represents
the number of hold-downs on the uplift side of the shearwall, m is the number of panels,
and np is the number of panel-to-panel connections. The tested configurations were
selected based on preliminary numerical models to achieve either CP or SW kinematic

modes.
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Table 6-1: Shearwall-level tests information

Test ID- q bxh B Expected
configuration (KN/m) (m) m)y ™ M N MF ade

#1-(a) 0 1.22x244 366 2 3 0 9 CP
#2-(a) 522 1.22x244 366 2 3 0 9 CP
#3-(b) 0 1.22x244 366 1 3 0 35 SW
#4-(b) 522 1.22x244 366 1 3 0 35 SW
#5-(¢) 5.22 1.22x244 366 1 3 0 26 SW
#6-(d) 0 1.22x244 366 2 3 2 9 CP
#7-(d) 5.22 1.22x244 366 2 3 2 9 CP
#8-(e) 0 1.22x244 366 0 3 2 9 CP
#9-(f) 0 1.22x244 366 1 3 2 35 SW
#10-(f) 5.22 1.22x244 366 1 3 2 35 SW
#11-(g) 0 1.22x2.44 244 2 2 2 9 CP
#12-(h) 0 061x244 244 2 4 1 9 CP

Figure 6-1 presents the test configurations, including the size of the panels and the
connections used. For configurations (a)-(c), a cut was introduced to the bottom wall corner
about which rotation occurs, to prevent sliding since no angle brackets were used (walls
#1-#5). Configurations (d)-(h) consisted of fully nailed angle brackets without washers and
with hold-downs (walls #6-#7 and #9-#12), while Configuration (e) was tested with angle
brackets only and without hold-downs. The specifications of the connections used in each

configuration are depicted in Figure 6-1 with numbers 1-5 and presented in Table 6-2.
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Figure 6-1: Shearwall level experimental test configurations
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Table 6-2: Connections used in shearwall-level tests

Connection ID Specification
Hold-down WHT620
e 1 Dbolt| M20 x 100

@ e 1 washert =20 mm | WHTW70
e 55nails | LBA 4 X 60 mm
@) e Panel-to-panel connection
e Screw HBS 6 X 70 mm
e Hold-down WHT620
e 1 bolt| M20 x 100
) e 1 washert =20mm | WHTW70
e 22 nails| LBA 4 X 60 mm
e Angle bracket | TCN200
“4) e 2bolts | M12 x 60
e 30 nails | LBA 6 X 40 mm
e Angle bracket | TCN200
e 2bolts| M12 X 60
(6))

e [ washert = 12mm | TCW200
e 30 nails | LBA 6 X 40 mm

6.3. Test set-up

Figure 6-2 presents the test set-up for walls without angle brackets (i.e., walls #1-#5),
where sliding was prevented through steel angle supports at the bottom of the wall. Two
cuts were made in the second and third panels, P> and P3, to accommodate the sliding
supports at the center of rotation of the panels. The sliding support was removed and
replaced by angle brackets along the length of the wall for walls #6-#12. In order to transfer
the horizontal load, a steel plate was attached at the top and centre of each panel by means
of twenty-six HBS 6 X 70 mm screws, and an E-shaped steel plate was attached to the
actuator and two steel channels, C5@9, with the length of 4060 mm. A threaded rod was

used to attach the top steel plates on each face of each panel to the two channels.
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Figure 6-2: Set-up of CLT shearwall-level tests without angle brackets

This mechanism was meant to transfer equal displacement to each panel simulating
diaphragm behaviour at the top of the wall and was provided using fitted connections
between steel plates at the top edges of each panel (Figure 6-3) and two channels on each
face of the shearwall (Figure 6-4). The fitted connections were ensured by using steel nuts
the same size as the holes in steel plates and channels and connecting them with threaded

rods.
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Figure 6-4: fitted connection between steel channels and treaded rods

To avoid contact between threaded rods and CLT panels, panel holes were drilled with

larger diameters than steel plates and channels (around 38 mm).

Lateral supports were provided at two points on each face of the test shearwalls, using the
support system shown in Figure 6-5. The support frame consisted of steel I-section
columns and hollow section beams and was placed at each face of the wall to avoid out of
plane lateral displacement or buckling. Figure 6-6 shows a close-up view of the contact

between the steel lateral support and CLT panels.
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Figure 6-7 illustrates the gravity load system in CLT shearwall tests. One hollow steel
section (Hp) with a length of 1016 mm was attached to the top of each panel through eight
HBS 6 x 70 screws. Another hollow steel section (Hz) was attached to Hi using steel
angles and one bolt, and was oriented orthogonally to the wall length. Two concrete blocks

with a total mass of 600 kg were then hung from section Ho.

o @ 0
Sy

¥

o

sis a6 o

1

Figure 6-5: Lateral supports used in CLT shearwall tests
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Figure 6-7: Gravity load system in CLT shearwall tests
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The horizontal displacement at the top of the shearwall was applied through two steel
channels on each face of the shearwall using an MTS hydraulic actuator (201.35A) with a
maximum compression capacity of 365 kN. The displacement rate at the top of the walls
was selected to be 6 mm/min to achieve consistent displacement rates in the shearwall-
level tests as those in the connection tests. All CLT panels were also kept in consistent
temperature and relative humidity conditions of 20 + 2 °C and 65 + 5%, respectively,

achieving an equilibrium moisture content in the specimens at around 10 + 2%.

Nine cable transducers were utilized in all tests to measure the respective displacements,
shown as channel number (Ch.x), as shown in Figure 6-2. Table 6-3 presents the position
and direction of each channel. Ch.1 was used to measure the vertical (uplift) displacement
in the first panel, representing the uplift in the hold-down. Ch.2 and Ch.3 were used to
measure the vertical displacement in the center of rotation of the first and second panel,
respectively, indicating whether these panels maintain contact with the ground. Ch.4 and
Ch.5 were used to measure the vertical displacement at the center of rotation of the first
panel relative to the uplift side of the second panel and the vertical displacement at the
center of rotation of the second panel relative to the uplift side of the third panel,
respectively. Ch.6 and Ch.7 measured horizontal (sliding) displacements at the bottom of
the first and third panels, respectively, and Ch.8 and Ch.9 measured the respective
horizontal displacements of the first and third panels at their top. Channels 6 and F

represent the horizontal displacement of the actuator and associated load, respectively.

Table 6-3: Channels list and their representation

Channel Position Direction/component
1 Uplift side of the first panel Vertical/displacement
2 Center of rotation of the first panel Vertical/displacement
3 Center of rotation of the second panel Vertical/displacement
4 Panel 1 and panel 2 Relative vertical/displacement
5 Panel 2 and panel 3 Relative vertical/displacement
6 Bottom of panel 1 Horizontal/displacement
7 Bottom of panel 3 Horizontal/displacement
8 Top of panel 1 Horizontal/displacement
9 Top of panel 3 Horizontal/displacement
1) Actuator Horizontal/displacement
F Actuator Horizontal/load
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More details on the test set-up can be found in Appendix B.
6.4. Shearwall test results

This section discusses the results obtained from shearwall tests, presented in Table 6-1.
Figure 6-8 illustrates the lateral load versus wall top displacement curves and presents the
curve obtained from the experimental campaign, as well as the idealized bi-linear and tri-
linear curves, as described in section 5.2.2. It can be noted that the general shape of the
curves with and without gravity loads appeared to be similar for the same configurations
(e.g., comparisons between walls #1 and #2 and walls #3 and #4), however, adding gravity
load is observed to have resulted in greater yield and maximum resistances. It can also be
observed that walls with SW behaviour (i.e., walls #3-#5 and #9-#10) had greater stiffness
but lower ultimate displacement and ductility than walls with CP behaviour. This can be
attributed to the number of panel-to-panel connections. For example, wall #5 was relatively
more flexible and ductile than other walls with SW behaviour due to the use of fewer panel-
to-panel connections and fully nailed hold-downs. Wall #8 which consisted of fully nailed
angle brackets with washers used to resist the uplift force instead of hold-downs exhibited
a larger plateau after yielding when compared to shearwall #6. Walls #11 and #12 with the
same total length, but different numbers of panels (i.e., two vs. four) showed that using
more panels led to lower resistance and stiffness but significantly larger ultimate

displacement.
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Figure 6-8: Load-displacement curves of shearwall tests
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6.4.1. Observed kinematic modes

It is very important to note that the kinematic modes observed from the full scale shearwall
tests were consistent with those predicted based on the preliminary numerical models. For
walls #1-#2, #6-#8, and #11-#12 CP mode was achieved, in which individual centers of
rotation for each panel were observed throughout the tests, while SW mode was attained
for walls #3-#5 and #9-#10 in which the first and second panels were lifted, and only one
center of rotation appeared in panel 3 (Figure 6-9). The observed behaviour was also
consistent with the assumption about the activation load, where for example for all walls
with SW behaviour the panels initially remained in contact with the ground until the
stabilizing effect of gravity load was overcome, and the entire wall rotated. Initially, all
walls with SW exhibited CP behaviour, but as the lateral load increased, they exhibited SW
behaviour. It is also noteworthy to mention that wall #5 took longer to detach from the
ground, compared to other walls with SW (e.g., #3 and #4), due to the relatively more

flexible panel-to-panel connections.
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Figure 6-9: Kinematic mode after failure for shearwall tests

6.4.2. Observed ultimate failures

Figure 6-10-Figure 6-21 present representative pictures of the tested walls before and after
failure. The observed ultimate failure mechanisms occurred in hold-down connections,
which can be attributed to the lower ultimate displacement of hold-downs than panel-to-
panel connections. It was observed that walls with fully nailed hold-downs (i.e., walls #1,
#2,#5, #6, #7,#11, and #12) experienced uplift failure, similar to that presented in Section
5.3.1, consisting of tensile failure in the vertical steel plate near the first row of nails. The

walls with partially nailed hold-downs (i.e., walls #3, #4, #9, and #10) also observed uplift
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failures, similar to that described in Section 5.3.1, where in the nail fasteners failed due to
the head breakage combined with nail withdrawal and bending. For wall #8, as fully nailed
angle brackets were replaced with hold-downs, failure occurred in the angle brackets due

to the bolts’ breakage, as shown in Figure 6-17.

(a) (b)

Figure 6-11: Shearwall test #2: (a) before failure (b) after failure
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(2) (b)

Figure 6-13: Shearwall test #4: (a) before failure (b) after failure
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(a) (b)

(2) (b)

Figure 6-15: Shearwall test #6: (a) before failure (b) after failure
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(2) (b)

Figure 6-17: Shearwall test #8: (a) before failure (b) after failure (c) failure in bolts
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(b)

Figure 6-18: Shearwall test #9: (a) before failure (b) after failure

Figure 6-19: Shearwall test #10: (a) before failure (b) after failure
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(2) (b)

Figure 6-21: Shearwall test #12: (a) before failure (b) after failure
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6.4.3. Investigation of uplift and slip in the panels

Figure 6-22 illustrates the curves of the lateral load as a function of the uplift displacement
of the first panel (Uplift), and relative slips between panels one and two (Slip 1), two and
three (Slip 2), as well as three and four for wall #12 (Slip 3). Additionally, two vertical
lines were plotted associated with the average yield displacements of the hold-downs and
panel-to-panel connections, based on the results obtained from connection-level tests
presented in Chapter 5 while the values for the hold-downs were modified based on their
distance from the edge of the first panel. The three curves, representing uplift and slip, for
walls with CP behaviour appear consistent, confirming that equal displacements were
transferred to each panel, leading to them experiencing the same rotation. This result
validates the test-up method, designed to simulate diaphragm behaviour at the top of the
shearwall. As expected, the uplift displacement was higher than the relative slips for walls
with SW behaviour since the centers of rotation in the first and second panels detached
from the ground, resulting in lower relative slips. It can be seen that wall #5 experienced
more relative slips than other walls with SW (i.e., #3, #4, #9, and #10) which can again be

attributed to the more flexible panel-to-panel connections.

It can be observed that the panel-to-panel connections yielded before hold-downs for walls
with CP mode (e.g., walls #1 and #2), while for walls with SW mode (e.g., walls #3 and
#4) the panel-to-panel connections remained elastic throughout the tests and the hold-down
yielded and failed. For wall #5 with SW mode, the hold-down started yielding before the
panel-to-panel connections, followed by panel-to-panel connections yielding prior to the
ultimate failure of the hold-down. In addition, walls #9 and #10 with SW behaviour
experienced yielding in their panel-to-panel connections near walls” maximum resistance,

as well as ultimate failures in the hold-down.
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Figure 6-22: Lateral load vs the vertical displacement in the uplift side of the first panel, slip 1, and slip 2, for shearwall tests
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A different way of representing the kinematic behaviour in the walls is illustrated in where
the uplift displacement of the three panels is shown Figure 6-23. It can be observed that
the uplift displacement at the center of rotation of each panel for walls with CP behaviour
was equal to zero up to failure, while incremental panel uplift, depending on their distance
from the wall centre of rotation is observed in walls with SW behaviour (walls #3-#5, and
#9-#10). These results emphasize once again that the obtained kinematic modes matched

well with those expected based on the preliminary numerical models.
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Figure 6-23: Lateral load vs the vertical displacement in the uplift side of the first panel (Uplift) and center of rotations of first (Uplift 1) and second (Uplift 2),

for shearwall tests
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6.4.4. Investigation of the results

Table 6-4 and Table 6-5 summarize the mechanical properties of shearwall tests without
and with angle brackets, respectively, including maximum force and its respective
displacement, ultimate displacement, and the properties obtained from EEEP and trilinear
simulations, as defined in section 5.2.2. The results show that gravity load increased the
resistance of the shearwall in both CP and SW behaviour, while its impact on other
properties such as stiffness and ductility seemed insignificant. Ductility ratios in CP
behaviour were in the range of 2.0-2.9 while this range was around 1.7-2.3 for SW
behaviour. For wall #8, for which hold-downs were replaced with angle brackets with
washers, a ductility ratio more than 3.3 was achieved. The stiffnesses obtained in walls
with SW behaviour were almost double those with CP behaviour due to the increase in
panel-to-panel connections. Additionally, walls with CP behaviour experienced
significantly greater ultimate displacement around 58-70 mm, compared to walls with SW
behaviour with ultimate displacement around 21-24 mm for walls #3 and #4, around 35 for
walls #9 and #10, and around 41 mm for wall #5. Using four narrow CLT panels (wall #12)
resulted in significantly lower resistance, around 76 kN, compared to the wall with the
same total length with two panels (wall #11) with a resistance of around 120 kN. Also, the
stiffness of wall #11 was more than triple that of wall #12. The results also highlighted that
wall #12 had a slightly higher ductility ratio than wall #11 even though it showed a
significant high value of ultimate displacement, which can be attributed to its very low

stiffness.

For walls with angle brackets, higher resistance was observed. For example, in CP,
resistance was around 164 kN for wall #6, while it was around 130 kN for wall #1 with the
same configuration without angle brackets. That showed around a 26% increase in
resistance. In SW, the difference among walls #3 and #9 was around 37%, showing more

contribution of angle brackets in such kinematic mode.
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Table 6-4: Mechanical properties of shearwall-level tests without angle brackets under monotonic load

Parameter Unit cp SW
#1 #2 #3 #4 #5
Fnax [KN] 130.07 146.36 | 120.25 14531 162.26
VF max [mm] 53.04 49.32 17.71 23.00 40.66
vy [KN] 64.10 58.30 20.84 24.13 41.09
Fyprep [mm] 11546 134.27 | 109.49 12598 140.69
Vy EEEP [mm] 23.36 29.38 11.76 11.65 19.00
KeEEEP [KN/mm] 4.94 4.57 9.31 10.81 7.40
D, kcep [-] 2.74 1.98 1.77 2.07 2.16
Fy tritinear [KN] 109.87 136.10 | 111.29 12746 139.17
Vy trilinear [mm] 22.09 29.82 11.96 11.79 18.77
Ke tritinear  [KN/mm] 497 4.56 9.30 10.81 7.41
D, tritinear [-] 2.90 1.95 1.74 2.05 2.19

Table 6-5: Mechanical properties of group B shearwall-level tests under monotonic load

Parameter Unit cP SW
#6 #7 #8 #9 #10 #11 #12
Fnax [kKN] 163.96 172.34 140.06 | 164.65 189.46 | 120.14 76.53
VF max [mm] 73.08 65.67 70.76 31.54 33.58 55.53 118.02
vy, [kN] 74.40 67.64 84.89 34.47 36.02 60.19 144.93
Fyprep [mm] 146.07 147.44  120.55 | 14545 161.75 | 112.13 71.93
Vy EEEP [mm] 38.57 31.06 25.39 19.57 15.52 37.23 78.58
KeEEEp [KN/mm] 3.79 4.75 4.75 7.43 10.42 3.01 0.92
D, peEP [-] 1.93 2.18 3.34 1.76 2.32 1.62 1.84
Fy iritinear [KN] 146.69 147.68 106.67 | 150.36 161.30 | 111.82 70.55
Vy trilinear [mm] 38.75 31.12 22.12 20.28 15.47 37.12 76.94
Ke tritinear  [KN/mm] 3.79 4.75 4.82 7.41 10.42 3.01 0.92
D, tritinear [-] 1.92 2.17 3.84 1.70 2.33 1.62 1.88

6.5. Observations and summary

This section summarizes the observations from experimental tests conducted on twelve

multi-panel CLT shearwalls presented in sections 6.4.

The key points are:
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e The expected kinematic modes based on preliminary numerical models were
achieved consistently for all walls emphasizing the accuracy of the developed
expressions in predicting kinematic modes. Individual centers of rotation for each
panel were achieved for CP, while only one center of rotation in the last CLT panel
was observed for SW behaviour. The kinematic modes were checked by plotting
the curves of lateral load versus the uplift displacement in the centers of rotation of
each panel, except the last panel which was always in contact with the ground.

e The ultimate failure modes occurred constantly in the hold-downs, which was
consistent with them having lower ultimate displacement than panel-to-panel
connections and angle brackets. Fully nailed hold-downs failed as tensile failure in
the vertical steel plate near the first row of nails, while partially nailed hold-down
failed in nails due to the head breakage combined with nail withdrawal and bending.
Only in shearwall #8, in which hold-downs were replaced with fully nailed angle
brackets with washers, failure occurred in the bolts used to connect those brackets
to the base.

e Walls with CP behaviour exhibited relatively more ductility due to the engagement
of panel-to-panel connections.

e Panel-to-panel connections yielded prior to hold-downs in the walls with CP
behaviour, while they remained elastic throughout the tests with SW behaviour. An
exception to this is wall #5, where the panel-to-panel joints yielded after the hold-
down due to the use of relatively fewer connections. However, the ultimate failure
occurred in the hold-down. In addition, walls #9 and #10 with SW behaviour
experienced yielding in their panel-to-panel connections in close proximity to
walls’ maximum force, as well as ultimate failures in the hold-down.

e Gravity loads improved the lateral resistance of the walls while having no
significant effect on stiffness and ductility.

o Stiffness was greater in walls in SW mode due to the greater number of panel-to-
panel connections.

e As a result of angle brackets resisting uplift forces, walls with angle brackets

experienced higher resistance than those without.
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e Using relatively narrow panels while maintaining wall length resulted in

significantly lower resistance and stiffness while slightly higher ductility.
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Chapter 7 - Mathematical accuracy and validation of the analytical and design

expressions

7.1. General

This chapter presents the verification of analytical expressions and CD procedure to show
their mathematical accuracy using numerical models using SAP2000 software (CSI, 2018).
A case study of a two-storey building consisting of multi-panel CLT shearwalls is
presented to demonstrate the applicability of CD equations to multi-storey applications.
Finally, the experimental tests results presented in Chapter 6 were compared and discussed
against numerical models and analytical equations. This was done to validate the developed

analytical expressions.
7.2. Numerical models: general information

Figure 7-1 illustrates the numerical model configuration used in this chapter. The CLT
panels were modelled by shell elements of 61 X 61 mm. The mesh size was determined
by the mesh sensitivity analysis presented in Appendix B.2. The CLT panels were defined
as rigid to verify the analytical expressions and CD procedures developed, which is
consistent with the assumptions made during the development process and CSA O86
commentary. For validation against experimental results, orthotropic material properties
were used. The required properties were obtained from (ANSI/APA, 2020) for E1 CLT
grade, including E, Eq, and G, and were equal to 11700, 300, and 731 MPa, respectively.
The effective moduli, utilized to define orthotropic material properties, E,fr 1 (along the
horizontal direction), E¢ff, (along the vertical direction), and G.sf, are obtained using

Equations (7-1)-(7-4), based on work by Brandner et al. (2017).

E = =4100 MP -
eff1 terr 105 @ (7-1)
EO 't0+E90't90 11700'70+300'35
Eefra = = = 7900 MPa (7-2)
¢ -0.79 35y 079
a=0.53" ( m;“”) =0.53- (@) =1.11 (7-3)
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G 731
Gopf = 0 —= <52 = 3611 MPa (7-4)
146 a- () 146-111-(3)

Where t; and tq, are the total thicknesses of the longitudinal (vertical) and transverse

(horizontal) layers, equal to 70 and 35 mm, respectively, t.;r is the total thickness of the

panel, equal to 105 mm, and w is the width of the laminations, equal to 89 mm.

The connections were modelled using multi-linear link elements representative of either:
(1) the envelope curves obtained from experimental tests on connections presented in
Chapter 5 to validate the models against experimental tests, or (2) the bi-linear elastic-
perfectly-plastic simulations of the envelope curves to verify the mathematical accuracy of
the developed analytical procedures. The mechanical anchors were modelled assuming that
the hold-down is only active in uplift due to its negligible contribution to shear, as presented
in section 5.3.2, while the angle brackets were considered in both uplift and shear. To
simulate the contact bearing between the CLT panels and the foundation or floor below,
rigid gap elements in compression with zero tension stiffness, were utilized. A vertical
gravity load was considered in the analysis and assumed to be uniformly applied on top of
each panel. A concentrated lateral load was applied to a rigid bar attached to the CLT panel,
as shown in Figure 7-1 to simulate the lateral loads. To investigate different cases with
different moment to shear ratios for CD verification, different heights of the bar (L,-) were
used, as described in section 7.3.2. Diaphragm constraints were applied at the top and
bottom of the panels according to the assumptions made in the analytical developments

and experimental tests.
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Figure 7-1: Numerical model of a three-panel CLT shearwall in SAP2000

The mechanical properties of connections in this chapter were the same as those used in
the experimental tests presented in Chapter 5. Figure 7-2 and Figure 7-3 illustrate the
average load-displacement envelope curves of fully- and partially nailed WHT620 hold-
downs under uplift loading and HBS 6 X 70 mm fasteners used as panel-to-panel
connections under shear loading, respectively. In order to facilitate the incorporation of the
interaction between shear and uplift based on the circular domain for bi-directional angle
brackets, it was necessary to utilize elastic-perfectly-plastic simulations as shown in Figure
7-4 and Figure 7-5. The behaviour was obtained from the average envelope curves of fully
nailed TCN200 angle brackets with and without washers, respectively. Due to the fact that
no connection-level tests were performed on fully nailed angle brackets with washers in
this thesis, their mechanical properties under uplift were obtained from linear interpolation,
using the results from the test conducted on partially nailed angle brackets with washers,
presented in Table 5-8, and experimental tests conducted by Casagrande et al. (2016) of
fully nailed brackets with a number of nails exceeding those used in the full-scale tests of

the current study. The mechanical properties of angle brackets with washers under shear
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were considered equal to those without washers since the behaviour and failure were

dominated by the nails.
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Figure 7-2: The average load-displacement envelope curves of fully- and partially nailed WHT620 hold-

down connections under monotonic uplift
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Figure 7-3: The average load-displacement envelope curve of HBS 6 X 70 mm fasteners used as panel-to-

panel connection under monotonic shear
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Figure 7-4: The average bi-linear load-displacement curves of TCN200 angle bracket connections without

washer under monotonic uplift and shear
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Figure 7-5: The average bi-linear load-displacement curves of TCN200 angle bracket connections with

washers under monotonic uplift and shear
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Table 7-1: Elastic-perfectly-plastic properties of connections used in numerical models

k r d d
Connection  Type  Load type X z Ll
[KN/mm] [KN] [mm] [mm]
Fully - Tension 11.16 8921 7.99 17.19
nailed (uplift)
Hold-down Partially Tension 20.18
nailed (uplift) 8.61 81.37 9.45 .
Tension
Fully (uplift 3.72 25.39 6.83 37.53
Angle ;
s nailed Shear 5.71 63.06 1104 3530
brackets (sliding)
Fully Tension 18.40
nailed (uplift) 8.25 60.00 7.27
(with Shear 3530
washer) (sliding) 5.71 63.06 11.04
Panel-to- Screw
Shear 0.95 4.76 5.01 42.95
panel (6 mm)

The interaction between shear and uplift for angle brackets was simulated through a macro
element representing the circular domain (D’Arenzo, Casagrande, et al., 2021b). An L-
shaped rigid bar was used to simulate the bi-directional properties of each angle bracket,
as shown in Figure 7-6. The horizontal part of the bar with a length of 10 mm (L) was
attached to the wall while moment and torsion releases were applied in order to only
transfer horizontal and vertical shear loads. The vertical part with the length of 10 mm (L,,)
was attached to the elastic springs and was assigned the uplift and shear stiffness of angle
brackets. The M>-M3 plastic hinges were defined at the end of the vertical part (close to the
elastic springs) in order to incorporate the nonlinearity of the links. The properties of the
plastic hinges were defined according to Equations (7-5)-(7-8), and include the yield

bending moments, M,, , and M,, ,, and ultimate rotations, 8, , and 6, ,, in the horizontal

shear (with subscript x) and vertical uplift (with subscript z) directions, respectively.

My = Tsx " Ly (7-5)
M, , =715, Ly (7-6)
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(7-7)
(7-8)

Where, 15, and 7y, are the strengths of the connection in the vertical and horizontal
directions, respectively, considering elastic-perfectly-plastic behaviour, and d, s, dy s,
dy sx> and dy, 5, are the ultimate and yield displacements of angle brackets in the vertical

and horizontal directions, respectively.

Released point J/

L-shape Plastic hinge

bi-linear
Elastic Link

Figure 7-6: Macro element for interaction effect of shear and uplift

It is noteworthy to mention that angle brackets were consistently modelled using bi-linear
elastic-perfectly-plastic behaviour in both the mathematical verification and validation
sections, since implementing envelope curves in macro elements is not feasible. Using
Equations (7-5)-(7-8), the calculated values of yield bending moments and ultimate
rotations are summarized in Table 7-2 to define the plastic hinges in the macro elements

for the bi-directional properties of angle brackets.
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Table 7-2: Yield bending moments and ultimate rotations in the horizontal and vertical directions used in

macro element models for fully nailed TCN200 angle brackets

Property- Unit Without With
Equation washer  washer

My -(7-5)  [KN'mm] 3060  630.60

My ,-(7-6) [KN'-mm] 753909 54539

Oux-(7-1)  [rad] 2.43 2.43
0.,.~(7-8) [rad] 3.07 1.61

7.3. Verification and case study

In this section, examples of single-storey multi-panel CLT shearwalls using the modelling
approach and defined properties presented in section 7.2 are presented to demonstrate the
mathematical correctness of the developed analytical expressions, presented in Chapter 3,
as well as to show the applicability of the proposed CD procedure, presented in Chapter 4.
Furthermore, a case study for a two-storey building composed of three-panel and two-panel
CLT shearwalls is presented to demonstrate the applicability of the CD expressions for the

multi-storey buildings.
7.3.1. Verification of the analytical expressions

To demonstrate the accuracy of the proposed analytical expressions for elastic CP and SW
kinematic modes, four examples are presented. The walls with elastic CP (Examples 1 and
2) were also used to verify the developed inelastic CP procedure, presented in section 0,
by implementing the plasticity of the connections. Table 7-3 provides the model properties
used in verification. Each model was composed of three CLT panels (m = 3), each
measuring 1.22 and 2.44 metres in width and height, respectively. The total length of the
walls, B, is 3.66 m (B = b - m). Fully and partially nailed hold-downs were used for walls
with CP and SW behaviours, respectively, along with fully nailed angle brackets without
washers and HBS 6x70 mm for panel-to-panel connections for all walls. The connections'
mechanical properties were determined according to Table 7-1. The compression zone was
neglected (i.e., § = 1) for simplification. The lateral load was applied at the top left corner
of the wall (L, = 0).

Chapter 7 - Mathematical accuracy and validation of the analytical and design
expressions 159



Table 7-3: Models Properties used in the analytical verification

q F bxh B Kinematic
EX en/m) k) my (m) ™ ™ M TF o gode
1 0 100 1.22x2.44 366 2 3 1 9 CP
2 15 150 1.22x244 366 2 3 1 9 CP
3 0 100 1.22x244 366 1 3 1 40 SW
4 5 150  1.22x244 366 1 3 1 40 SW

The results from the numerical (SAP) and analytical (Ana.) models are summarized and
compared in Table 7-4. Parameters considered in the comparison include: total lateral
displacements (4, ), sliding displacement (4, 5), rotation angles (9), and internal forces
in connectors, Ty 7, Tf,j, and Ty 5 ; ;, representing the vertical uplift force in the hold-down,
shear force in panel-to-panel connections, and vertical uplift force in the angle brackets,

respectively. The error (§) in all cases was less than 0.4%, which is acceptable.

To verify the analytical expressions against the numerical models in the inelastic range, the
two examples with CP behaviour (i.e., examples 1 and 2) were considered while using
double fully nailed angle brackets without washers along the length of each panel (i.e.,
n; = 2 and angle bracket stiffness and strength were doubled) and single fully nailed hold-
down (n, = 1). The results obtained from the inelastic analysis are shown in Figure 7-7.
As can be seen, the analytical solution matches that obtained from the numerical model
almost perfectly. This comparison emphasizes the adequacy of the proposed model in the
inelastic region. The associated lateral forces and displacements also matched the
developed method. In both cases, the numerical models matched different connection yield
points (P;) as defined in Chapter 3, and the failure occurred in the hold-down after the last
angle brackets away from the centers of rotation yielded (P3) and before other angle

brackets yielded (P,). Thus, yield point P, was not reached in either example.
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Table 7-4: verification results for elastic multi-panel CLT shearwalls

Examples 1 2 3 4
Sap/Ana. SAP Ana. E(%) SAP Ana. E(%) SAP Ana. (%) SAP Ana. (%)
A.s (mm)  15.32 15.31 0.1% 21.68 21.67 0.0% 11.96 11.96 0.0% 17.44 17.44 0.0%
Ag (mm) 5.84 5.84 0.0% 8.76 8.76 0.0% 5.84 5.84 0.0% 8.76 8.76 0.0%
Y (mrad) 3.88 3.88 0.0% 5.29 5.29 0.0% 2.51 2.50 0.4% 3.56 3.56 0.0%
Tn,(KN) 105.67 105.75 0.1% 143.99 144.12 0.1% 48.16  48.16 0.0% 65.89 65.87 0.0%
Tsq (KN) 4.51 4.50 0.2% 6.15 6.13 0.3% 1.58 1.58 0.0% 2.31 2.31 0.0%
Ts, (KN) 4.50 4.50 0.0% 6.13 6.13 0.0% 1.83 1.83 0.0% 2.79 2.79 0.0%
Ts,11 (KN) 8.79 8.81 0.2% 11.98 12.01 0.2% 15.11 15.11 0.0% 20.38 20.39 0.0%
Ts,12 (KN) 8.82 8.81 0.1% 12.02 12.01 0.1% 9.91 9.92 0.1% 13.26 13.28 0.2%
T;,13 (KN) 8.80 8.81 0.1% 11.99 12.01 0.2% 5.67 5.69 0.4% 8.04 8.07 0.4%
180 180
160 P; 160 P, /':*""'X
P Fail
140 P, s ~ Failure 140 /'ﬁ 3 arure
= 120 / = 120 Py
2,100 Py o 2,100 /
g 80 / g 80 /
S / Q /
= 60 / 360 |/
0|/ 40 | /
20/ 20 ﬁo
0 / 0 |
0 10 20 30 40 50 0 10 20 30 40 50
Displacement [mm] Displacement [mm]
Example 1 Example 2
Analytical SAP
Figure 7-7: The load-displacement curves of inelastic examples
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7.3.2. Capacity-based design verification

This section provides a numerical verification of the equations developed in the proposed
CD procedure at the shearwall level, presented in section 4.3.2. Numerical verification was
carried out to demonstrate that when the proposed requirements were met, the desired
hierarchy of yielding at shearwall level was achieved. In particular, the design equations

pertaining to the shearwall strength were verified using numerical models.

Numerical models were carried out based on the approach presented in section 7.2 while
different heights of the rigid bar (L, ) were selected to simulate different levels of bending
moment and shear force at the bottom of the shearwalls. The compression zone was
neglected (i.e., f = 1) for simplification, and all over-strength factors were set equal to
unity, due to the deterministic nature of the examples used in these comparisons. The model
properties are presented in Table 7-5. The comparison was done on different models, where
gravity loads, number of panels, and number of connections were varied. It should be noted
that although the connection types were kept constant in the models (e.g., kp, and 77),
different behaviours were achieved by, for example, considering the relative behaviour
between the panel-to-panel connections and hold-down (e.g., changing ny), or by varying
the number of angle brackets (e.g., changing n;). Single fully nailed hold-down and double
angle brackets without washers were used along with HBS 6x70 mm for panel-to-panel
connections in all examples. The connections' mechanical properties were determined

according to Table 7-1.

Table 7-5: Models Properties used in the CD verification

Ex q M Vi bxh B L,

" (KN/m) (kN-m) (kN) (m) (m) (m) "* T
1 10 120 40 1.22x2.44 244 0.56 1 2 1 7
2 10 150 50 1.22x244 366 056 1 3 2 9
3 15 400 100 122x244 366 156 1 3 1 12
4 15 400 100 1.22x244 488 1.56 1 4 2 12

Pushover analyses were conducted on the four models outlined in Table 7-5, and the results
were compared with those obtained from the proposed analytical models, as illustrated in

Figure 7-8.
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Prior to examining the force-displacement curves in Figure 7-8, an important verification
was made regarding the applicability of the proposed conditions to the CD approach in the
numerical and proposed analytical models. This included a check that CP behaviour was
achieved in both elastic and plastic regions in accordance with Equations (4-5) and (4-20),
respectively, and that the angle brackets remained elastic when the ultimate wall strength

was attained (i.e., hold-down yielding), as presented in Equation (4-25).

As can be seen in Figure 7-8, three important points were identified, including P,, which
represents the activation point where the wall started rotating and the stabilizing effect from
the uniform vertical load was overcome, and P; and P, representing the yielding points of
panel-to-panel connections and hold-down, respectively. It should be noted that the
analyses continued past the shearwall strength, Vy ,,, occurring at point P,, since the angle
brackets still contributed to the behaviour of the wall. It was observed in all investigated
cases that the yielding in the panel-to-panel connections (P;) occurred prior to the yielding
in the hold-down (P,), which indicated that when the conditions in the proposed procedure
were met, the desired behaviour was ensured. Also, when the applied shear force at P,,
V¢ w» was calculated based on the proposed methodology, presented in Equation (4-29), it
correctly coincided with the yielding of the hold-down, (P,), obtained from the numerical

models.

The results of the bending moment strength, M,.,,, and the corresponding applied shear
force, V¢, obtained from the numerical and proposed CD approach, are presented in Table
7-6. It can be observed that the difference between the results, &, does not exceed 0.3%.

This further emphasizes the accuracy of the proposed model.

Table 7-6: The results of numerical and design approaches for capacity-based design

. . Ex.
Method  Properties  Unit 1 ) 3 4
Numerical M, ., kN -m 24531 504.93 402.68 722.72
Viw kN 81.77 168.31 100.67 180.68
D M, ., kKN -m 24489 504.09 402.48 720.42
Viw kN 81.63 168.03 100.62 180.1
- ¢ % 02% 02% 0.0% 0.3%
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7.3.3. Case study: two-storey multi-panel CLT shearwall

In order to demonstrate the applicability of the proposed CD procedure, a case study for a
two-storey building composed of three-panel and two-panel CLT shearwalls is presented
(Figure 7-9). The mechanical properties of the connections were selected based on the
values provided in section 7.2 and are summarized in Table 7-7. Fully nailed hold-downs
and angle brackets with washers were used along with HBS 6x70 mm for panel-to-panel
connections in all examples. The connections' mechanical properties were determined
according to Table 7-1. For panel-to-panel connections, fifteen and ten connections were
used for storeys 1 and 2, respectively. Double hold-downs located on each side of the wall
were considered in storey 1, while a single hold-down connection was considered for storey
2 (Figure 7-9). Each panel was assumed to have a single angle bracket. A uniform vertical
load, g, equal to 15 and 10 kN /m was applied to storeys 1 and 2, respectively. The value
of the overstrength factor for the non-dissipative elements (y;. yp) Was assumed equal to
1.6, which was obtained based on the 95" percentile of strength capacity of typical panel-
to-panel connections, as reported in Gavric et al. (2015). As mentioned previously in
Chapter 4, since no values regarding the precentiles of dissipative elements’ strengths had
been reported in the literature for the purpose of designing other dissipative and limited-
dissipative elements’ strengths, approximate values of overstrength factors for hold-down
(¥r,n) and angle brakcets (¥, 4) equal to 1.1 and 1.2, respectively, were assumed. It should
be noted that the values for the overstrength factors may differ depending on design
procedures to obtain factor resistances. It is therefore not the magnitude of the overstrength
factors that is emphasized in this context but rather the general procedure to determine the
forces on non-dissipative and other-dissipative components. The factor incorporating the
compression zone effect, 5, was set equal to 0.95 (10% reduction in length), obtained from

experimental test results on CLT shearwalls carried out by D’Arenzo et al. (2021).
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Figure 7-9: The CLT shearwalls model’s views of the case of study for a multi-storey building

Table 7-7: Models Properties used in the case study

Storey  Shearwall

Parameters  Unit

i i=1 i=2
; 1 20
q; kKN/m > s
m;i - ; 3 2
i i 1 1.4x3.3
bjxh;  mxm ) 1.4x3.0
Bj m ; 42 28
i 1 2
"thj ) 2 1
i ] 1 15
i 2 10
i 1 1
s - 2 1

Table 7-8 presents all the inputs and calculated output variables with references to the

relevant equations. The factored lateral load acting on shearwall i at storey j, Ffi' j» and the

associated factored bending moments and shear forces, M}‘ ; and Vfi' j» respectively, are
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presented in Table 7-9. The bending moment resistance, Mri‘ j» was calculated using
Equation (4-28) and is summarized in Table 7-9. The over-capacity coefficient, C Siw’ j» was

determined for each storey using Equation (4-32). To ensure the soft-storey mechanism is

avoided, it is required to satisfy Equation (4-33), as shown in Equation (7-9).

Cij j=2 1.76
g<—2<g > 09<—=118<12V (7-9)
cl, 1.49
sw,j—1 '

To ensure the applicability of the CD approach, three requirements need to be satisfied.
The first requirement entails ensuring CP elastic behaviour for each shearwall i (refer to
Equation (4-9)), as shown in Equations (7-10) and (7-11), for storeys j = 1 and j = 2,
respectively. The values in Equations (7-10) and (7-11) were obtained from Table 7-8 and

Table 7-9.

1

~

1.17>069(G=1i=1)&

~.

R

; (7-10)
J

117>071(G=1,i=2) v

R

L
j

235>052(j=2i=1)&
(7-11)

1
-

2.35>0.56(j =2,i =2) v

~.

The second requirement ensures the yielding of the panel-to-panel connections prior to
other connections (refer to Equation (4-18)), as outlined in Equation (7-12) and (7-13), for

storeys j = 1 and j = 2, respectively.

1, =17842kN >123.02kN (j=1,i=1) &

. 7-12
Thzj = 17842 kN > 123.02kN (j =1,i=2) v ( )

mi,; =89.21kN>6151kN (j=2,i=1)&

. 7-13
rh,; =89.21kN > 6151 kN (j=2,i=2) v (7-13)

The final requirement is to ensure that the yielding of panel-to-panel connections and hold-
down (dissipative elements) occurs prior to yielding of the angle brackets (limited-
dissipation), as summarized in Table 7-9 (3"% check, Equation (4-25)). It is noted that all

design checks were satisfied.
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Table 7-8: Input parameters and calculated parameters used for CBD for shearwall i (i = 1,2) and storey j

(=12
Parameters  Unit Stojrey iih;arv:allz Eq.
ooy RN/my g -
K kN/m + 5710 -
K, kN/m + 8250 -
K kN /m + 950 -
Thas N a1 '
Thy kN ; 63.06 -
Thj kN ; 60.00 -
I T ]
a; - ; 0.20 (4-2)
6 -1 Ww
T
p; - é 0.45 (4-6)
G km oL SRS
My Nm o 05 e @9
I T F )
My RNm o0 e (10
wwvem 3 ST
Vis;  kN-m ; 189.2 1261 (4-12)
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Table 7-9: Factored lateral load, shear force and bending moment used in the case of study for shearwall i

(i =1,2) and storey j (j = 1,2)

Storey  Shearwall

Parameters  Unit i i=1 i=2 Eq.
T e
TR
My e om0
I e e
Chuy s i 4
e SR T - - e
2 check - aar o (@-18)
R

In order to design the CLT panels, characterized as non-dissipative elements, Equation
(4-34) was used to calculate the factored shear force acting on each panel at shearwall 1
and 2, respectively, as shown in Equation (7-14) and (7-15). The minimum over-capacity

coefficient was calculated as Cj,, min = min(1.49,1.76) = 1.49, and the factored action
applied to each panel, Ef, was obtained as Vfi' j/m , which represents the maximum value

for shearwall 1 (70/3 = 35 kN), and for shearwall 2 (55/2 = 27.5 kN).

Elw =Y, np Cowmin® Ef + Eg =1.6-1.49-35 4+ 0 = 8344 kN < E, p (7-14)

Ef, = Yenp * Cowmin Ef + Eg=1.6-149-27.5+ 0= 6556 kN < E;,np (7-15)

The shear resistance of the CLT panels, E, ,,, must be greater than the factored actions,

Efw = 83.44 kN, to avoid brittle failure.
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7.4. Validation against experimental tests: General

This section presents the validation of the analytical expressions presented in Chapter 3 as
well as in the literature (Nolet et al. 2019) against the results derived from experimental
tests on multi-panel CLT shearwalls presented in Chapter 6. The information for each wall
can be found in Table 6-1. The aim here is to demonstrate that the developed equations are
capable of accurately predicting the kinematic mode and the behaviour of walls. Moreover,
the results obtained from the experimental tests were compared to those obtained from the
numerical models considering the modifications necessary to account for experimental test
conditions, including the positions of the lateral load actuator, hold-down, and angle
brackets in the shearwall. Hence, the connections were positioned according to the
configurations shown in Figure 6-1, and a concentrated lateral load was applied to the wall
at the top, as per the loading actuator position in the experimental tests, 75 mm below the
wall's edge. Uniformly distributed gravity loads, g, of 1.45 and 6.67 kN/m were applied on
top of the wall for walls without and with gravity loads, respectively, to account for the

weight of the panels, test setup attachments, and superimposed gravity loads.

Consistent with the defined groups in Chapter 6, validation was conducted for walls
without (walls #1-#5) and with (walls #6-12) angle brackets, presented in Chapter 6. The
walls without angle brackets were analyzed using the expressions proposed by Nolet et al.
(2019), while preventing sliding at the center of rotation of each panel, and the walls with
angle brackets were analyzed according to the developed expressions presented in Chapter
3. Modifications to the equations were employed in accordance with experimental tests and

numerical models.

The CLT panels were modelled according to the orthotropic properties presented in section
7.2. Since the analytical expressions were developed assuming the rigid behaviour of the
CLT panels, shear and bending deformations of panels, Ay, and A, respectively, were
added to account for the flexibility in the panels. As previously established in Chapter 3,

shear and bending deformations can be determined using Equations (7-16) and (7-17),

respectively.
F-h3
Apy= ——— (7-16)
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(7-17)

Where F is the lateral load and G, is equal to 361.1 M Pa, as previously calculated using
Equation (7-4).

The values for El ¢ for CLT panels composed of three panels (walls #1-#10) and two
panels (wall #11) with an actual width of 1219.2 mm can be calculated using Equations
(7-18) and (7-19), while using Equation (7-20) for wall #12 with four panels with a width
of 609.6 mm.

b3 b3

Elepp =m- (Eo +to 75+ Eoo * too 'E> =3.76 - 10'* N - mm? (7-18)
3 3

Elegp =m - (EO “Lo 2 + Eg9 " too b_> = 2.51-10* N - mm? (7-19)
12 12
b® 3

Elgsp =m:- (Eo "to 75+ Eso " too 'E> = 6.26 - 103 N - mm? (7-20)

Nolet et al. (2019) presented analytical procedures to predict the rocking behaviour of
three-panel CLT shearwalls for CP and SW kinematic modes, as illustrated in Figure 7-10.
Table 7-10 summarizes the expressions required in the analytical procedures for each point
defined in Figure 7-10. The expressions for CP were updated by factors 7, and 7, to
account for the real position of the hold-down and the loading actuator in experimental
tests. These variables represent the ratio of the distance between the center of rotation of
the first panel and the hold-down to the length of each panel (b) and the ratio of the distance
between the bottom of the wall and the position of the lateral load to the height of the wall.
The analytical equations are calculated using elastic-perfectly-plastic mechanical
properties for connections, as summarized in Table 7-1. In the SW expressions provided in
Table 7-10, Fy, ; and Ay, ; are the lateral load and rocking displacements, at point i, for
i = 2:4. Table 7-11 and Table 7-12 summarize the values for each analytical point in CP
and SW examples, respectively, including force and rocking, shear, and bending
displacements. Additionally, the total displacement is tabulated, presenting the sum of all

contributions (i.e., rocking, shear, and bending deformations).
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Figure 7-10: analytical curves developed by Nolet et al. (2019)Nolet et al. (2019): (a) for CP; (b) for SW
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Table 7-10: analytical expressions developed by Nolet et al. (2019) for CP and SW behaiours

Point F A,
q-m'bz
CP,1 —_— 0
2'h'T2
[T12 kp+(m—1)n.-kJ]b q m-b? h
CP’Z kC.TZ +2h7_'2 dy;C.E
dyn h
CP,3 b_ 1. m—1)-n 41D 7
h [rl m+r-(m-1)n.+ > ] T, b
b q-m-b ] dyn\ h
CP4 L y [rl rp+r(m—1)n.+ > ] min (du,c'?) '3
)
SW,1 q:m:b 0
Z'h'Tz
3-m—2 2—m 2 2
q-m? - b? kh-( > )+( 2) g m-b h
SW.2 : - = swe = ) Tyt m— D) -y k]
2-h ne ke —kp n T Am Me " Ke
W3 g-m b (Bh0) + (2 20) <F _q-m-b2> h? - [k + ne - k]
’ h . W3- 2-h Jb2-[(m+2) ky+(m—2) n. k. n. ke
1 m-—1\"
1 -m2 - b?] Fova-h?* |\k, T, K, - m? 1
SW 4 “lnemep+ 2 Lz SRR (kh Be kc) A : —
2 b? kn 2-h , (1 m-—1
] m '(—+f)
kh ne kc
1 q-m?- b2 h
SW,S - rh-m-b+T_ Ar,SW,4+[m'(du,h_dy,h)]
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Table 7-11: Analytical values for walls with CP behaviour: group A

Wall #1 #2
Parameter F A, Agn Ay Avotal F A, Agp Ay Avotar

Unit kN mm mm mm mm kN mm mm mm mm

CP,1 1.4 0.0 0.0 0.0 0.0 6.3 0.0 0.1 0.1 0.2

CP,2 87.7 9.5 1.5 1.1 12.2 92.6 9.5 1.6 1.2 12.3

CP,3 126.3 18.3 2.2 1.6 22.1 131.2 18.3 23 1.7 22.3

CP4 126.3 393 2.2 1.6 43.1 131.2 39.3 23 1.7 433

Table 7-12: Analytical values for walls with SW behaviour: group A
Wall #3 #4 #5
Parameter F Ay Asn Ap Atotar F Ay Asn Ap Atotal F Ay Asn Dy ADiota
Unit kN mm mm  mm mm kN mm mm — mm mm KN mm mm mm mm
SW.,1 1.4 0.0 0.0 0.0 0.0 6.3 0.0 0.1 0.1 0.2 6.3 00 01 0.1 0.2
SW.2 4.0 0.1 0.1 0.0 0.2 182 0.6 0.3 0.2 1.2 234 1.1 04 03 1.8
SW.3 6.6 0.3 0.1 0.0 0.4 30.2 1.4 0.5 0.4 23 458 2.7 08 0.6 4.0
SW.4 126.0 9.5 2.2 0.2 11.9 | 1404 99 2.5 1.8 14.1 | 1569 109 2.8 2.0 157
SW.5 126.0 16.7 2.2 0.2 19.1 | 1404 17.0 2.5 1.8 213 | 1569 29.1 28 20 339
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The analytical procedures presented in Chapter 3 were used for the seven tested walls (i.e.,
walls #6-#12), where angle brackets were used in the length of each panel, and as such the
bi-directional contribution of angle brackets was included. The stiffness and strength of the
hold-down and angle brackets, as well as the height of the wall were updated to account
for the real position of the connections and the loading actuator in experimental tests. The
analytical equations were calculated using elastic-perfectly-plastic mechanical properties
for connections, as summarized in Table 7-1. For walls with SW, only elastic results were
provided as no inelastic expressions were developed for SW behaviour considering the bi-

directional contribution of angle brackets.
7.5. Validation against experimental tests: results and discussion
7.5.1. Experimental vs numerical

The observed kinematic modes were consistent between experimental and numerical
results. Figure 7-11 shows the load-displacement curves obtained from experimental and
numerical results. As can be observed, the numerical models utilizing envelope curves of
connections derived from experimental tests presented in Chapter 5 led to a reasonable
match for all walls. It was found that the numerical models agreed with experimental

envelope curves for different load levels in the elastic and plastic regions.
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Figure 7-11: Experimental and numerical curves of the shearwalls presented in Chapter 6
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Table 7-13 summarizes the key parameters obtained from each method, including the
percentage difference between experimental test and numerical model results denoted as
1 /n- The last three rows indicate the maximum, minimum, and mean values of §7/y. The
results showed that the maximum and yield forces, F;,qx and Fy, gggp, respectively, matched
reasonably well with a difference in the range of 0.4%-15.1%. The associated
displacements with the maximum and yield forces, Vi and V), ggep, respectively, showed
slightly higher discrepancies in the ranges of 0.7%-28.1% and 0.1%-42.8%, with mean
differences of 8.7% and 17.3%, respectively. As for the elastic stiffness, kpggp, the
differences were in the range of 1.0% and 20.3%, except for wall #5 where the difference
was 33.7%, which could be attributed to its unique behaviour, near the interface between
SW and IN kinematic modes. A discrepancy of 4.7%-29.3% was observed in the ultimate

displacement, vy, prgp.
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Table 7-13: results obtained from experimental tests and numerical models

Wall- Content Fiax  VFpee FyEeeep Vyrpeep Kgpep Vuereep Degep

mode [kN] [mm] [mm] [mm] [KN/mm] [mm] [-]

Test 130.1 53.0 115.5 234 4.9 64.1 2.7

#1-CP Numerical 125.0 50.4 110.1 24.0 4.2 50.5 2.1
$t/n 4.0% 51% 4.8% 2.7% 16.2%  23.7% 26.3%

Test 146.4 49.3 134.3 294 4.6 58.3 2.0

#2-CP Numerical 141.4 48.7 126.5 214 5.4 51.2 24
$t/n 3.5% 1.3% 6.0% 31.7% 16.6% 13.0% 19.1%

Test 120.3 17.7 109.5 11.8 93 20.8 1.8

#3-SW T Numerical 1270 172 1142 109 105 191 18
fT/N 5.4% 30% 4.2% 7.5% 11.7% 8.5% 1.1%

H4-SW Test 145.3 23.0 126.0 11.7 10.8 24.1 2.1

Numerical 143.2 19.1 126.6 11.0 10.7 19.8 1.8
fT/N 1.5% 18.5% 0.5% 6.1% 1.0% 19.7% 13.6%

Test 162.3 40.7 140.7 19.0 7.4 41.1 2.2

#5-SW Numerical 160.5 35.8 138.6 12.6 10.4 35.8 2.8
fT/N 1.1% 12.7% 1.5% 40.5% 33.7% 13.8% 27.2%

Test 164.0 73.1 146.1 38.6 3.8 74.4 1.9

#6-CP Numerical 160.8 55.1 142.3 30.8 4.2 554 1.8
fT/N 1.9% 28.1% 2.6% 22.4% 10.3% 29.3% 7.0%

Test 172.3 65.7 147.4 31.1 4.8 67.6 2.2

#7-CP Numerical 165.3 554 146.8 31.1 4.5 55.8 1.8
$t/n 4.2% 17.0% 0.4% 0.1% 5.4% 19.2% 19.4%

Test 140.1 70.8 120.6 254 4.8 84.9 33

#8-CP Numerical 163.0 69.9 139.5 30.0 4.4 69.9 2.3
fT/N 15.1% 1.2% 14.6% 16.6% 7.7% 19.4% 35.6%

Test 164.7 31.5 145.5 19.6 7.4 345 1.8

#9-SW Numerical 173.8 30.8 147.9 18.2 7.8 30.8 1.7
fT/N 5.4% 2.4% 1.7% 7.3% 4.9% 11.2% 3.9%

Test 189.5 33.6 161.8 15.5 10.4 36.0 2.3

#10-SW Numerical 199.9 38.0 166.0 18.3 8.5 38.0 2.1
fT/N 5.4% 12.3% 2.6% 16.4% 20.3% 53% 11.1%

Test 120.1 55.5 112.1 37.2 3.0 60.2 1.6

#11-CP Numerical 119.4 56.9 109.4 32.6 3.1 57.4 1.8
ET/N 0.6% 24% 2.5% 13.3% 2.9% 4.7%  8.3%

Test 76.5 118.0 71.9 78.6 0.9 144.9 1.8

#12-CP Numerical 74.2 117.2 63.2 50.9 1.1 117.7 2.3
ET/N 3.1% 0.7% 12.9% 42.8% 17.8% 20.7% 22.8%
Maximum 15.1% 28.1% 14.6% 42.8% 337%  29.3% 35.6%
ET/N Minimum 0.6% 0.7% 0.4% 0.1% 1.0% 4.7% 1.1%
Mean 4.3% 8.7% 45% 17.3% 12.4% 15.7% 16.3%
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7.5.2. Experimental vs analytical

Figure 7-12 illustrates the load-displacement curves obtained from experimental tests and
their corresponding EEEP simulations, as well as the results derived from analytical
expressions, such as maximum force and initial stiffness. In particular, the match between
the models and test results concerning initial stiffness for walls dominated by SW
behaviour (walls #3-#5 and #9-#10) exhibited a close match due to the fact that the
behaviour was generally dominated by hold-down mechanical properties. For walls with
CP behaviour (i.e., #1-#2, #6-#8, and #11-#12), both the hold-down and panel-to-panel
connections contributed to the wall's performance, and therefore, some discrepancy was
observed between the experimental and analytical results, particularly in the stiffness, for
which the assumption of elastic-perfectly plastic properties is expected to play a significant
role. Moreover, the maximum forces determined by both methods matched reasonably
well, with the analytical values being lower than the experimental ones in most cases,
except for walls #3 and #9, where the analytical values were slightly higher. Concerning
the yield hierarchy achieved in each example, consistency was observed among all models.
For walls with CP, the panel-to-panel connections yielded before the hold-downs, while
for walls with SW, the hold-downs yielded before the panel-to-panel connections. Also, it
was observed that angle brackets yielded after other connections had yielded, following the
proposed CD requirement. Thus, the analytical requirements to generate the yield hierarchy

necessary for CD were correct.
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Figure 7-12: Experimental and analytical results of the shearwalls presented in Chapter 6
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As shown in Table 7-14, the maximum force, F,,,, and initial stiffness, k., obtained from
each method are summarized, along with the percentage difference between experimental

results and numerical results, denoted as {7 /y. In this section, initial stiffness is defined as

the elastic stiffness obtained from EEEP simulation for experimental results, as well as the
elastic stiffness calculated from analytical results before yielding the connections. The
maximum force, F,,,, matched reasonably well, with a difference in the range of 1%-11%.
However, wall #8 showed a difference of 19%, which may be related to the interpolation
made for simulating the mechanical properties of fully nailed angle brackets with washers
discussed in section 7.2. For the elastic stiffness, kyggp, greater differences were observed
especially for walls with CP behaviour, ranging from 8%-46% and 10%-40% for walls
with and without angle brackets, respectively. An exceptionally high discrepancy of 76%
was found in wall #12, which may be due to the use of four panels, resulting in more panel-
to-panel engagements. Stiffness is notoriously difficult to estimate due to the non-linear
nature of the behaviour of wood shearwalls even at low displacement levels. The
discrepancy could also be attributed to using the EEEP idealization curve for panel-to-
panel connections. It can be observed that a significantly better fit was obtained for these
walls in the numerical model owing to using the real connection curves obtained from the

joint-level tests.
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Table 7-14: results obtained from experimental tests and analytical models

e Coment G
MCP —omerical 163 66— 0 %
PP —omerical 312 e 1% 0%
AW el 60104 3% 10%
MY merical 103 on %1%
#5-SW Nulfleesrtical }223 ;2 3% 26%
#6-CP Nulfleesrtical }2‘1‘8 2? 1% 46%
#1-CP NmTleesrtical }222 gg 1% 25%
e TV %
#-SW NmTleesrtical 1651 - Zg . 8%
#10-SW Nulfleesrtical 18-9 5 169;1 i 3%
#11-CP Nulflzsrtical ﬁg; 431(1) 1% 31%
#12-CP Nulflzsrtical ;gg gg 1% 76%

7.6. Summary

This section presents the verification of the developed expressions in Chapter 3 against
numerical models to demonstrate their mathematical accuracy in both elastic and inelastic
ranges. In addition, the CD expressions developed in Chapter 4 were verified, and their
applicability to multi-storey shearwalls was illustrated by introducing a case study.
Validation against the experimental tests presented in Chapter 6 was conducted for the
analytical expressions developed by Nolet et al. (2019), in which the contribution of angle
brackets was neglected, and those developed in Chapter 3, in which the contribution of

angle brackets was included.

This section contains the following observations:
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e The elastic analytical expressions were verified in CP and SW kinematic ranges
against four examples created based on the connections tested in Chapter 5. The
error in all cases was less than 0.4%, which is acceptable, and the behaviour was
deemed accurately predicted.

The results obtained from inelastic analyses show that the analytical solution
matched that obtained from the numerical models almost perfectly, including the
general shape of the results, developed yield points, and stiffnesses.

e CD approach was verified against numerical models, indicating that the yield
hierarchy and the applied shear force matched perfectly when the hold-down
yielded. Additionally, the applicability of the approach to multi-storey buildings
was proved by conducting a case study for a two-storey shearwall and using the
mechanical properties for connections obtained from Chapter 5.

e A reasonable match was found in terms of the general behaviour and the shape of
the curves for all walls when the numerical models were compared with the
experimental results. The discrepancy in terms of the maximum and yield forces
was within an acceptable range while slightly higher differences were observed for
the displacements corresponding to these forces.

e The results from the analytical model showed that the maximum lateral force could
be predicted with acceptable accuracy, while for the initial elastic stiffness, k.,
greater differences were observed, especially for CP models. This discrepancy
could be attributed to using the EEEP idealization curve for panel-to-panel
connections. It could be observed that a significantly better fit was obtained for
these walls in the numerical model owing to using the real connection curve
obtained from the joint-level tests.

e Consistency was observed among all models concerning the yield hierarchy
achieved. For walls with CP behaviour, the panel-to-panel connections yielded
before the hold-downs, and for walls with SW, the hold-downs yielded before the
panel-to-panel connections. The angle brackets yielded after the hold-downs in
both CP and SW models. Predicting the yield hierarchy correctly proved that
meeting the proposed CD requirements was needed to achieve CP behaviour and

adequate energy dissipation.
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Chapter 8 - Conclusions and recommendations

8.1. General

This study examines the behaviour of multi-panel CLT shearwalls subjected to lateral
loads. This study developed an analytical approach to predict general behaviour, including
wall strength and deflection based on the mechanical properties of the connections. This
chapter summarizes the primary findings of the study and propose future research

directions.
8.2. Conclusions
The current study draws the following conclusions:

e An analytical method for CLT shearwalls consisting of multiple panels has been
developed based on the principle of minimum potential energy. Expressions for CP
and SW behaviour were provided in the elastic region, while inelastic for CP
behaviour based on initial CP elastic and ultimate CP plastic behaviour was derived.

e As expected, the walls were more likely to remain in CP behaviour when angle
brackets behaved bi-directionally, particularly with relatively stiff angle brackets
in the vertical direction and/or a greater number of angle brackets. This resulted in
less rocking displacement and more lateral resistance of the wall.

e According to the sensitivity analysis, the bi-directional contribution of angle
brackets may be neglected if relatively flexible angle brackets are used, while
maintaining CP behaviour. For SW behaviour, angle brackets need to include bi-
directional behaviour since ignoring this effect would lead to relatively significant
errors.

e Design expressions for the shearwall strength associated with different connections
were developed in terms of bending moment and shear with emphasis on including
the bi-directional contribution of angle brackets. A capacity-based design
procedure, which promotes predominantly rocking behaviour and optimizes energy
dissipation in the shearwall system, was proposed.

e To ensure adequate energy dissipation in the shearwall, a yield hierarchy was

provided among the various connections. It is necessary to define different
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resistance percentiles for panel-to-panel connections to ensure the intended yield
hierarchy and to prevent failure in the non-dissipative elements. At the building
level, a capacity-based design procedure was also proposed to achieve uniform
energy dissipation along the height of the structure. To accomplish this, it is
necessary to limit the ratios between over-capacity coefficients on adjacent floors
to a defined range.

e Different conventional connections used in CLT shearwalls were tested under
monotonic and cyclic loading, including hold-down, angle brackets, and panel-to-
panel connections. The performance and mechanical properties of each connection
type were evaluated, and comparisons between various configurations were
discussed.

e The eclastic and inelastic analytical expressions were verified in both major
kinematic ranges, CP and SW, against various numerical models, and the behaviour
was deemed accurately predicted. Additionally, a capacity-based approach was
verified against numerical models, indicating that the proposed requirements
matched with high accuracy. A case study of a two-storey building composed of
multi-panel CLT shearwalls was also presented to show the applicability of the
developed CD expressions to multi-storey applications.

e Full-scale experimental tests were conducted on CLT shearwalls with connection
types and configurations similar to those tested at the component level. All walls
exhibited the expected kinematic modes based on preliminary numerical models,
emphasizing the accuracy of the developed expressions. Comparing the results with
analytical and numerical models showed that satisfying the developed expressions
provided high accuracy in predicting the behaviour of multi-panel CLT walls.
Despite a reasonable match for the SW behaviour, some discrepancy was observed
for the CP behaviour since both hold-down and panel-to-panel connections were
engaged in the behaviour. Using the EEEP idealization curve for panel-to-panel
connections was identified as one source of discrepancy.

e Consistency was achieved for all models when the yield hierarchy was evaluated.
For walls with CP behaviour, the panel-to-panel connections yielded before the

hold-downs, and for walls with SW, the hold-downs yielded before the panel-to-
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panel connections. In all cases, the angle brackets yielded after both hold-downs
and panel to panel joints. It was also shown that satisfying the proposed capacity-
based requirements was needed to achieve the desired behaviour involving high

energy dissipation.
8.3. Recommendations for future studies

Following are recommendations for future studies based on the observations and results

obtained from the current study:

e Inlight of the complexity of SW behaviour equations and the difficulty in obtaining
closed form solutions when the bi-directional contribution of angle brackets is
included, it is recommended that sensitivity and parametric studies be conducted to
develop simplified equations with acceptable accuracy.

e It is recommended that experimental tests and numerical modeling be undertaken
of walls subjected to cyclic loads to further investigate the CD requirements. In
these studies, the main aim would be to obtain optimal and realistic values of
overstrength factors by investigating different connections and wall configurations.

e Related to the previous recommendation, an extensive experimental campaign on
conventional panel-to-panel connections is suggested. These tests would include all
possible generic panel-to-panel connection types to establish appropriate values for
overstrength factors at different percentiles. These values could then be
incorporated into the Canadian design standard as an alternative to the more
rigorous capacity-based design approach.

e It is recommended to conduct a study focusing on developing hold-down
connections with high energy-dissipative capabilities and higher ultimate
displacement. Such connection is expected to provide an increase in the general
energy dissipation of the wall assembly and enhanced deformation capacity.

e [tisimportant to study floors' contribution, including the connections between them
and shearwalls. That effect might be developed as analytical expressions and added
to the developed expressions provided in the current study. Experimental
investigations on CLT shearwalls with floors could be used to investigate this

contribution in-depth and validate the newly derived expressions.
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e Experimental and numerical models could be used to investigate analytical
expressions for multi-storey applications. By comparing the results obtained from
these methods with those developed in this study, important discussions could be

initiated.
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Appendix A - Details of Connection results

A.1. Test set-ups

In this section, the details of test-ups for connection level, outlined in Chapter 5, are
presented. Figure A-1 to Figure A-5 illustrate the test set-ups for hold-down under uplift
and shear, angle brackets under uplift and shear, and panel-to-panel connections,

respectively.
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Figure A-1: Test configuration of hold-down WHT620 subjected to uplift
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Figure A-3: Test set-up of TCN200 angle bracket connection subjected to uplift
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Figure A-5: Test set-up of panel-to-panel connections subjected to shear
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In the figures, the components used are named as follows:

e PjtoPs: CLT panel specimens, as shown in Figure A-6.

e Bj and Ba: H steel section top and bottom beams, respectively, as shown in Figure
A-7.

e S to S4: Steel plates and sections, as shown in Figure A-8.

e R; to Ry: Steel threaded rods, as shown in Figure A-9.

Figure A-6: CLT specimens used in connection-level test set-ups
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3"

T

Figure A-9: Steel threaded rods used in connection-level test set-ups

The nomenclature for the test specimens follows the logic outlined in Table A-1, where
“X1” refers to the connection’s type, “X>” indicates the nailing pattern for hold-down and
angle brackets and fastener’s diameter for panel-to-panel connections, “Y1” refers to
loading type, “Y>” indicates load protocol, and “Z” refers to test repeat number. As an
example, a specimen with a title of A-P-S-C-2 indicates the second test on a partially nailed

angle bracket connection under cyclic shear displacement.
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Table A-1: Test information of the hold-down tests under vertical tension force

Letter Description Variable
. Hold-down: H
Connection’s
X1 Angle bracket: A
type

Panel-to-panel connection: P

Partially nailed hold-down or angle bracket: P

Nailing pattern '
Fully nailed hold-down or angle bracket: F
X2 or fastener ' . .
panel-to-panel connection’s diameter in mm
diameter
(3.4, 6 0r38)
v Load Tension: T
1 0a e
op Shear: S

Monotonic: M

Y2 Load protocol _
Cyclic: C

Z Test’s number E.g., test number 3: 3

A.2. Hold-down

A.2.1. Fully nailed under uplift

A.2.1.1 Monotonic

Table A-2: Mechanical properties of fully nailed WHT620 hold-down under monotonic uplift
Parameter Unit H-F-T-M-1 H-F-T-M-2 H-F-T-M-3 Mean CoV

Frar [kN] 96.37 94.49 89.46 93.44  3.82
VE max [mm)] 15.75 14.88 11.82 14.15  14.58
v, [kN] 17.27 15.98 18.32 17.19  6.83
Fyrpep [mm] 91.84 89.82 85.98 8921  3.33
Vy, £EEP [mm] 7.71 743 8.82 799  9.15
Keppgp  [KN/mm] 11.91 12.08 9.75 1125 11.53

[ J— [-] 2.24 2.15 2.08 216 373
Fyiritinear  [KN] 85.34 83.69 84.05 8436  1.03
Vyrilinear  [mm] 7.31 6.92 8.61 761 11.62
Keeritimear  [KN/mm] 11.68 12.09 9.76 1118 11.12
Dy iritinear [-] 2.36 231 2.13 227 542
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Figure A-10: load-displacement curve of test H-F-T-M-1
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Figure A-11: load-displacement curve of test H-F-T-M-2
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Figure A-12: load-displacement curve of test H-F-T-M-3

A2.1.2 Cyclic

Table A-3: Mechanical properties of fully nailed WHT620 hold-down under cyclic uplift

30

Parameter Unit H-F-T-C-1 H-F-T-C-2 H-F-T-C-3 Mean CoV
Fnax [KN] 89.78 89.44 93.47 90.90 2.46

VF max [mm] 13.76 13.32 13.28 13.45 1.99
vy [KN] 17.26 16.67 16.86 16.93 1.76

Fy ppep [mm] 82.36 84.45 88.56 85.12  3.71
Vy EEEP [mm] 5.72 8.02 8.07 7.27  18.47
Kereep [KN/mm] 14.20 10.60 11.17 11.99 16.16
D ggep [-] 3.02 2.08 2.09 2.39 2249
Fy tritinear [kN] 74.12 80.60 84.28 79.67  6.46
Vy trilinear [mm] 5.14 7.66 7.69 6.83 2141
ke tritinear  [KN/mm] 14.42 10.53 10.96 11.97 17.82
D tritinear [-] 3.36 2.18 2.19 2.58  26.27
AF{_3 [%] 4.34 4.68 4.60 4.54 3.89
Veg1 [%] 7.92 7.52 6.55 7.33 9.62
Vegq,3 [%] 3.58 3.52 2.81 330 13.03
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Figure A-13: load-displacement curve of test H-F-T-C-1
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Figure A-14: load-displacement curve of test H-F-T-C-2
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Figure A-15: load-displacement curve of test H-F-T-C-3

A.2.2. Partially nailed under uplift

A.2.2.1 Monotonic

Table A-4: Mechanical properties of partially nailed WHT620 hold-down under monotonic uplift
Parameter Unit H-P-T-M-1 H-P-T-M-2 H-P-T-M-3 Mean CoV

Frax [kN] 92.31 83.92 87.76 83.00 4.77
VF max [mm] 19.29 14.91 17.46 1722 12.77
v, [kN] 21.70 19.61 19.23 20.18  6.59
Fyrpep [mm] 85.82 78.01 80.29 8137 4.94
Vy, £EEp [mm] 9.16 9.45 9.76 945  3.13
Keppgp  [KN/mm] 9.36 8.26 8.23 8.62 750
) [-] 2.37 2.08 1.97 214 9.61
Fyiritinear  [KN] 79.50 76.00 77.25 7759  2.28
Vytrilinear  [mm] 8.43 9.19 9.37 9.00  5.55
Keeritimear  [KN/mm] 9.43 8.27 8.24 8.65 7.84
Dy iritimear [-] 2.57 2.13 2.05 225 1246
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Figure A-16: load-displacement curve of test H-P-T-M-1
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Figure A-17: load-displacement curve of test H-P-T-M-2
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Figure A-18: load-displacement curve of test H-P-T-M-3

A2.22 Cyclic

Table A-5: Mechanical properties of partially nailed WHT620 hold-down under cyclic uplift
Parameter Unit H-P-T-C-1 H-P-T-C-2 H-P-T-C-3 Mean CoV

Fnax [kN] 91.59 88.58 91.51 90.56  1.89
VF max [mm] 18.71 19.41 19.45 19.17  2.11
v, [kN] 21.89 20.41 21.95 2141  4.06

Fy pepp [mm] 83.57 82.23 83.55 83.12  0.92
Vy,EEEP [mm] 8.68 9.31 9.01 9.00 3.52
Kegegp  [KN/mm] 9.77 8.76 9.08 920  5.62
D grp [-] 2.52 2.19 2.44 238  7.17
Fyiritinear  [KN] 77.18 79.71 79.81 7890  1.89
Vyritinear  [mm] 8.02 9.02 8.60 8.55  5.87
Keritinear  [KN/mm] 9.62 8.83 9.28 924 426
D ¢ritinear [-] 2.73 2.26 2.55 251 935
AFq_3 [%] 7.08 19.11 8.99 1173 55.09
Veg1 [%] 6.53 6.81 5.36 624 12.32
Vo3 [%] 3.66 3.32 2.58 3.19  17.30
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Figure A-19: load-displacement curve of test H-P-T-C-1
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Figure A-20: load-displacement curve of test H-P-T-C-2
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Figure A-21: load-displacement curve of test H-P-T-C-3

A.2.3. Fully nailed under shear

A.2.3.1 Monotonic

Table A-6: Mechanical properties of fully nailed WHT620 hold-down under monotonic shear
Parameter Unit H-F-S-M-1 H-F-S-M-2 H-F-S-M-3 Mean CoV

Frax [kN] 39.03 36.32 4531 4022 1148
VE max [mm] 61.83 60.47 66.67 62.99  5.18
v, [kN] 62.21 63.64 66.70 64.19  3.57
Fyrpep [mm] 31.50 30.08 39.40 33.66  14.92
vy EpEP [mm] 40.49 39.32 56.79 4553 21.45
Keggep  [KN/mm] 0.78 0.77 0.69 075  6.09
) [-] 1.54 1.62 1.17 144 1638
Fypritinear  [KN] 37.26 34.22 44.91 38.80 14.19
Vytrilinear  [mm] 48.77 45.38 65.59 5325  20.32
Keeritimear  [KN/mm] 0.76 0.75 1.31 094 33.73
Dy iritimear [-] 1.28 1.40 0.03 090  84.45
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Figure A-22: load-displacement curve of test H-F-S-M-1
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Figure A-23: load-displacement curve of test H-F-S-M-2
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Figure A-24: load-displacement curve of test H-F-S-M-3

A.3. Angle bracket
A.3.1. Fully nailed under uplift
A.3.1.1 Monotonic

Table A-7: Mechanical properties of fully nailed TCN200 angle bracket under monotonic uplift
Parameter Unit A-F-T-M-1 A-F-T-M-2 Mean CoV

Frax [kN] 31.01 31.28 3114 0.62
Vi max [mm] 33.14 28.28 30.71  11.20
v, [kN] 37.31 37.75 3753 0.82

Fy pepp [mm] 25.35 25.43 2539 022
Vy, EEEP [mm] 7.69 5.97 6.83 17.83
Kegegp  [KN/mm] 3.86 4.98 442 17.99
[ [-] 2.39 2.38 238 044
Fyiritinear  [KN] 21.33 18.89 20.11  8.58
V) erilinear  [mm] 6.30 4.22 526  27.99
Ketritinear  [KN/mm] 3.38 4.48 393 19.65
Dy iritinear [-] 5.92 8.94 743 28.78
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Figure A-25: load-displacement curve of test A-F-T-M-1
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Figure A-26: load-displacement curve of test A-F-T-M-2

A3.12 Cyclic
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Table A-8: Mechanical properties of fully nailed TCN200 under cyclic uplift

Parameter Unit A-F-T-C-1 A-F-T-C-2 A-F-T-C-3 Mean CoV
Foax [KN] 32.71 32.97 35.15 33.61  3.99
VF max [mm] 31.87 31.54 31.24 31.55  0.99
vy, [KN] 39.81 37.04 36.57 37.81 4.63
Fyprep [mm] 27.59 27.44 28.59 27.87 225
Vy EEEP [mm] 7.54 7.54 4.32 6.46  28.79
KeEEEP [KN/mm] 3.42 3.38 6.29 437  38.21
D gpep [-] 5.28 491 8.47 6.22 31.46
Fy iritinear [kN] 22.40 22.57 12.37 19.11  30.57
Vy trilinear [mm] 6.02 6.10 1.74 462 54.06
Ke tritinear  [KN/mm] 3.72 3.70 7.12 485 40.65
D tritinear [-] 6.61 6.07 21.06 11.25 75.59
AF{_3 [%] 4.35 4.14 4.83 4.44 8.01
Veg,1 [%] 10.24 10.99 11.20 10.81  4.65
Veq3 [%] 8.75 7.79 7.57 8.04 7.83
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Figure A-27: load-displacement curve of test A-F-T-C-1
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Figure A-28: load-displacement curve of test A-F-T-C-2
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Figure A-29: load-displacement curve of test A-F-T-C-3

A.3.2. Partially nailed under uplift

A.3.2.1 Monotonic
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Table A-9: Mechanical properties of partially nailed TCN200 angle bracket under monotonic uplift

Parameter Unit A-P-T-M-1 A-P-T-M-2 Mean CoV
Foax [KN] 28.05 29.13 28.59 2.66
VF max [mm] 33.55 32.56 33.06 2.13

vy, [kN] 39.71 41.51 40.61 3.13
Vy EEEP [mm] 24.60 23.12 23.86 4.38
KeEEEP [KN/mm] 1.32 1.42 1.37 5.13
D, gep [-] 2.90 2.82 2.86 1.89

Fy‘trilinear [kN] 27.04 28.08 27.56 2.66

Vy trilinear [mm] 24 .45 23.60 24.02 2.50

Ke tritinear  [KN/mm] 1.11 1.19 1.15 5.15

Dy, tritinear [-] 1.62 1.76 1.69 5.63
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Figure A-30: load-displacement curve of test A-P-T-M-1
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Figure A-31: load-displacement curve of test A-P-T-M-2

A322 Cyclic

Table A-10: Mechanical properties of partially nailed TCN200 under cyclic uplift load
Parameter Unit A-P-T-C-1 A-P-T-C-2 A-P-T-C-3 Mean CoV

Frnax [kN] 29.39 28.93 29.91 2941  1.67
VF max [mm] 31.85 31.49 31.55 31.63  0.62
vy [kN] 38.00 38.83 38.11 3831  1.18

Fy pepp [mm] 25.97 25.71 26.49 26.06 1.53
Vy,EEEP [mm] 16.85 17.76 17.93 1751  3.32
Kegegp  [KN/mm] 1.43 1.34 1.37 138 325
D, prep [-] 2.26 2.19 2.13 219 297
Fyiritinear  [KN] 26.43 26.01 26.90 2644  1.68
V) erilinear  [mm] 17.17 17.97 18.23 17.79  3.10
Keritinear  [KN/mm] 1.54 1.45 1.48 149  3.17
D ¢ritinear [-] 2.21 2.16 2.09 215 2.84
AFq_3 [%] 3.92 3.84 3.51 375  5.85
Veg1 [%%] 11.02 10.82 10.85 10.90  0.99
Vo3 [%] 9.20 7.55 9.02 8.59  10.51
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Figure A-33: load-displacement curve of test A-P-T-C-2
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Figure A-34: load-displacement curve of test A-P-T-C-3

A.3.3. Fully nailed under shear

A.3.3.1 Monotonic

Table A-11: Mechanical properties of fully nailed TCN200 angle bracket under monotonic shear

Parameter Unit A-F-S-M-1  A-F-S-M-2 A-F-S-M-3 Mean CoV
Fonax [kN] 67.96 69.13 71.64 69.58  2.71
VF max [mm] 22.86 24.90 22.78 23.51 511
v, [kN] 36.18 36.23 33.50 3530 442
Fypeep [mm] 61.74 63.16 64.28 63.06 2.02
Vy EEEP [mm] 10.49 11.43 11.20 11.04 441
KeEEEP [kN/mm)] 6.20 6.21 6.16 6.19 0.41
D, ggEp [-] 2.39 2.57 2.41 2.46 3.94
Fy tritinear [KN] 57.42 58.72 62.09 59.41  4.05
Vy trilinear [mm] 9.73 10.56 10.79 1036  5.38
Ke tritinear  [KN/mm] 5.90 5.56 5.75 5.74 2.95
D, tritinear [-] 3.72 343 3.10 3.42 8.99
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Figure A-35: load-displacement curve of test A-F-S-M-1
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Figure A-36: load-displacement curve of test A-F-S-M-2
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Figure A-37: load-displacement curve of test A-F-S-M-3

A33.2 Cyclic

Table A-12: Mechanical properties of fully nailed TCN200 angle bracket under cyclic shear
Parameter Unit A-F-S-C-1  A-F-S-C-2  A-F-S-C-3 Mean CoV

Frax [kN] 66.03 64.53 68.35 66.31  2.90
VE max [mm] 21.40 19.34 20.69 2048  5.12
v, [kN] 35.84 33.50 35.11 3482 3.45

Fy pepp [mm] 61.15 60.43 64.91 62.16  3.87
Vy, EEEP [mm] 10.56 13.65 14.93 13.05 17.22
Kegegp  [KN/mm] 5.77 4.98 4.75 517 1035
D grp [-] 3.39 2.45 2.35 273 21.03
Fyiritinear  [KN] 55.42 59.59 63.54 59.52  6.82
V) erilinear  [mm] 9.57 13.48 14.64 1257 21.16
Keritinear  [KN/mm] 5.79 4.42 434 485 16.84
D ritinear [-] 3.75 2.48 2.40 2.88 2624
AF4_s [%%] 18.16 18.73 20.34 19.08  5.93
Ve [%] 12.93 13.94 13.28 1338 3.83
Veq3 [%] 10.37 11.76 11.51 1121 6.61
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Figure A-38: load-displacement curve of test A-F-S-C-1
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Figure A-39: load-displacement curve of test A-F-S-C-2
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Figure A-40: load-displacement curve of test A-F-S-C-3

A.3.4. Partially nailed under shear

A.3.4.1 Monotonic

Table A-13: Mechanical properties of partially nailed TCN200 angle bracket under monotonic shear
Parameter Unit A-P-S-M-1  A-P-S-M-2 A-P-S-M-3 Mean CoV

Frax [kN] 54.78 49.32 47.33 5048  7.65
VF max [mm] 23.00 24.63 18.32 2198  14.89
v, [kN] 27.70 34.25 30.63 30.86  10.63
Fyrpep [mm] 50.37 45.76 43.25 46.46  7.78
Vy, £EEp [mm] 11.68 11.58 9.28 10.85 12.54
Keppgp  [KN/mm] 431 4.42 5.21 465 10.56
) [-] 2.37 2.59 2.55 251 4.70
Fypritinear  [KN] 48.43 44.30 41.95 4489 731
Vytrilinear  [mm] 11.19 11.18 8.97 1045 1221
Keeritimear  [KN/mm] 433 3.96 4.67 432 825
Dy iritimear [-] 2.48 3.06 3.41 298  15.87
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Figure A-41: load-displacement curve of test A-P-S-M-1
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Figure A-42: load-displacement curve of test A-P-S-M-2
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Figure A-43: load-displacement curve of test A-P-S-M-3

A342 Cyclic

Table A-14: Mechanical properties of partially nailed TCN200 angle bracket under cyclic shear

Parameter Unit A-P-S-C-1  A-P-S-C-2 A-P-S-C-3 Mean CoV
Fax [KN] 50.75 49.33 52.03 50.70  2.66
VF max [mm] 18.44 18.50 24.60 20.51 17.26
v, [KN] 29.93 29.78 30.97 30.23 2.16
Fy ppep [mm] 45.44 46.02 49.77 47.08 498
Vy EEEP [mm] 8.18 12.35 16.89 12.47 3492
Kereep [KN/mm] 5.46 3.62 2.89 399 33.08
D ggep [-] 3.66 2.41 1.83 2.63  35.40
Fy tritinear [kN] 40.64 45.33 49.77 4524 10.09
Vy trilinear [mm] 7.30 12.16 16.89 12.11 39.58
ke tritinear  [KN/mm] 7.30 3.73 2.95 466 49.80
D tritinear [-] 4.10 2.45 1.83 2.79 4194
AFq_; [%] 13.33 16.49 19.85 16.56 19.68
Veg,1 [%] 12.45 13.32 13.69 13.15 4.84
Vegq,3 [%] 9.81 10.77 11.15 10.58  6.50
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Figure A-44: load-displacement curve of test A-P-S-C-1
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Figure A-45: load-displacement curve of test A-P-S-C-2
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Figure A-46: load-displacement curve of test A-P-S-C-3

A.4. Panel-to-panel connections
A.4.1. HBS 8 X 80 screws under shear

A.4.1.1 Monotonic

Table A-15: Mechanical properties of HBS 8 x 80 screws panel-to-panel connections under monotonic

shear

Parameter Unit P-8-S-M-1 P-8-S-M-2 P-8-S-M-3 Mean CoV

Frax [kN] 7.75 7.31 7.36 747 324
VE max [mm)] 44.88 40.06 44.70 4321 6.32
v, [kN] 57.06 53.94 56.25 55.75  2.90

Fy pepp [mm] 6.73 6.23 6.33 643  4.05
Vy, EEEP [mm] 9.65 10.24 10.58 10.16  4.63
keppep  [KN/mm] 0.70 0.61 0.60 063 8.2

[ — [-] 5.91 5.27 5.32 550  6.51
Fyiritinear  [KN] 4.58 4.44 4.56 452 1.69
Vyrilinear  [mm] 6.38 6.95 731 6.88  6.78
Ketritinear  [KN/mm] 0.72 0.64 0.62 0.66  7.60
Dy iritinear [-] 8.94 7.76 7.70 8.13  8.61
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Figure A-47: load-displacement curve of test P-8-S-M-1
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Figure A-48: load-displacement curve of test P-8-S-M-2
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Figure A-49: load-displacement curve of test P-8-S-M-3

A4.1.2 Cyclic

Table A-16: Mechanical properties of HBS 8 x 80 screws panel-to-panel connections under cyclic shear

Parameter Unit P-8-S-C-1 P-8-S-C-2 P-8-S-C-3 Mean CoV

Frnax [kN] 7.09 7.57 7.48 738 341
VE max [mm] 42.60 44.39 32.74 3991 15.73
v, [kN] 45.09 51.49 42.99 46.53  9.52
Fyppep [mm] 6.10 6.37 6.33 627 230
v, EpEP [mm] 6.07 9.92 8.03 8.01  24.02
Keggep  [KN/mm] 0.92 0.60 0.74 075 21.33
D, prep [-] 7.42 5.19 5.35 599  20.80
Fyiritinear  [KN] 4.24 4.46 4.41 437 2.62
Vytrilinear  [mm] 4.06 6.76 5.42 541  24.95
Ketritinear  [KN/mm] 1.05 0.66 0.81 0.84 23.11
D tritinear [-] 11.11 7.62 7.93 8.89 21.76
AFy_s [%] 3.03 2.35 1.53 230  32.58
Veq, [%] 11.60 14.84 15.28 13.91 14.44
Veq [%] 8.29 7.90 11.01 9.07  18.65
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Figure A-50: load-displacement curve of test P-8-S-C-1
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Figure A-51: load-displacement curve of test P-8-S-C-2
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Figure A-52: load-displacement curve of test P-8-S-C-3

A.4.2. HBS 6 X 70 screws under shear

A.4.2.1 Monotonic

Table A-17: Mechanical properties of HBS 6 X 70 screws panel-to-panel connections under monotonic

shear
Parameter Unit P-6-S-M-1  P-6-S-M-2  P-6-S-M-3 Mean CoV
Fax [kN] 5.37 5.52 5.95 5.61 5.43
VF max [mm] 27.80 29.86 30.86 29.51  5.29
v, [kN] 45.59 37.73 45.54 4295 10.52
Fyprep [mm] 4.69 4.63 4.97 4.76 3.79
Vy EEEP [mm] 5.82 5.27 3.93 5.01 19.38
KeEEEP [kN/mm)] 0.81 0.88 1.26 0.98  25.03
D, ggEp [-] 7.83 7.16 11.58 8.86  26.90
Fy iritinear [kN] 3.24 3.08 2.89 3.07 5.76
Vy trilinear [mm] 3.79 3.29 2.08 3.05 28.86
Ke tritinear  [KN/mm] 0.86 0.94 1.39 1.06  27.23
D, tritinear [-] 12.03 11.47 21.93 15.14 38.85
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Figure A-53: load-displacement curve of test P-6-S-M-1

0 10 20 30 40 50
Displacement [mm]

Figure A-54: load-displacement curve of test P-6-S-M-2
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Figure A-55: load-displacement curve of test P-6-S-M-3

A4.22 Cyclic

Table A-18: Mechanical properties of HBS 6 X 70 screws panel-to-panel connections under cyclic shear

Parameter Unit P-6-S-C-1 P-6-S-C-2 P-6-S-C-3 Mean CoV

Frax [kN] 4.55 4.43 4.57 452  1.64
VF max [mm] 16.34 16.70 24.14 19.06  23.10
v, [kN] 24.58 23.80 27.07 25.15  6.80

Fy rpep [mm] 4.04 3.19 3.09 344 1517
Vy, £EEP [mm] 6.26 5.30 4.63 540 1520
Keggep  [KN/mm] 0.63 0.60 0.67 063 525
D, prep [-] 3.93 4.49 5.85 476 20.79
Fyiritinear  [KN] 3.21 3.85 3.92 3.66  10.70
Vytrilinear  [mm] 4.95 6.41 5.94 577 12.90
Keritimear  [KN/mm] 0.65 0.60 0.63 063  4.12
D tritinear [-] 4.96 3.71 4.56 441 1441
AFy_s [%%] 0.74 0.66 1.54 0.98  50.00
Ve [%] 23.66 22.43 17.69 2126 14.82
Ve [%] 12.52 12.71 10.14 1179 1215
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Figure A-56: load-displacement curve of test P-6-S-C-1
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Figure A-57: load-displacement curve of test P-6-S-C-2
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Figure A-58: load-displacement curve of test P-6-S-C-3

A.4.3. Galvanized spiral 3.4 X 63.5 nails under shear

A.4.3.1 Monotonic

Table A-19: Mechanical properties of galvanized spiral nail 3.4 X 63.5 nail panel-to-panel connections

under monotonic shear

Parameter Unit P-3.4-S-M-1  P-3.4-S-M-2 Mean CoV
Fax [kN] 2.57 2.58 2.57 0.29
VF max [mm] 32.97 36.91 3494 798
U, [kN] 43.01 53.55 48.28 15.44
Fypeep [mm] 2.15 2.13 2.14 0.74
Vy EEEP [mm] 4.27 4.25 4.26 0.31
Kerrep [kN/mm)] 0.50 0.50 0.50 0.43
D, ggEp [-] 10.07 12.60 11.34 15.74
Fy tritinear [kN] 1.26 1.13 1.20 7.66
Vy trilinear [mm] 2.36 2.20 2.28 4.98
Ke tritinear  [KN/mm] 0.53 0.51 0.52 2.68
Dy, tritinear [-] 18.24 24.37 21.30 20.34

Appendix A - Details of Connection results

240



—Test envelope curve

0 10 20 30 40 50 60
Displacement [mm]

Figure A-59: load-displacement curve of test P-3.4-S-M-1
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Figure A-60: load-displacement curve of test P-3.4-S-M-2

A43.2 Cyclic
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Table A-20: Mechanical properties of galvanized spiral nail 3.4 X 63.5 nail panel-to-panel connections

under cyclic shear

Parameter Unit P-3.4-S-C-1 P-34-S-C-2 P-34-S-C-3 Mean CoV
Fax [kN] 2.27 2.06 2.23 2.19 5.17
VF max [mm] 19.76 19.46 19.36 19.52 1.07
vy [kN] 20.71 22.78 29.73 2441 1937
Fy peep [mm] 1.77 1.58 2.06 1.80  13.30
Vy EEEP [mm] 3.32 5.37 13.11 727  71.04
KeEEEp [kN/mm)] 0.52 0.28 0.15 0.32  58.96
D grep [-] 6.23 4.24 2.27 425 46.66
Fy iritinear [KN] 1.08 1.34 2.07 1.50  34.05
Vy trilinear [mm] 2.00 4.53 13.17 6.57 89.22
Ke tritinear  [KN/mm] 0.54 0.30 0.16 0.33 58.72
D tritinear [-] 10.38 5.02 2.26 5.80  70.13
AF{_3 [9%] 1.51 1.18 0.83 1.17  28.90
Veg1 [%] 34.60 26.50 21.26 2745 2448
Veq,3 [%] 31.48 20.84 18.06 2346 30.20
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Figure A-61: load-displacement curve of test P-3.4-S-C-1
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Figure A-62: load-displacement curve of test P-3.4-S-C-2
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Figure A-63: load-displacement curve of test P-3.4-S-C-3
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Appendix B - Details of shearwall tests set-up and mesh sensitivity analysis

B.1. Test set-ups

In this section, the details of shearwall level test-ups and information, outlined in Chapter

6, are presented. Figure A-1 illustrates the test set-up used for a three-panel wall without

angle brackets to present the attachments and steel sections, denoted as Si-Ss. In the case

of walls with angle brackets (walls #6-#12), the sliding support, S1, was ignored, while for

walls with two panels (#11) and four panels (#12) two and four fitted bolts and top plates,

S2, respectively, were used.
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Figure B-1: Test configuration of shearwalls without angle brackets
Figure A-7-Figure B-5 illustrate the details of S1-Sa.
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Figure B-2: sliding steel support used in shearwall-level test set-ups (S1): (a) assembled support and (b)

steep plates used in the assembly
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Figure B-3: Top plates used in shearwall-level test set-ups (Sz)
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Figure B-4: E-shape steel section used in shearwall-level test set-ups (S3) : (a) assembled section and (b)

steep plates used in the assembly
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Figure B-5: Steel channels used in shearwall-level test set-ups (S4)
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Figure A-6 shows the denoted names of CLT panels (i.e., P1-Ps) used in shearwall-level
tests: (a) walls #1-#5, (b) walls #6-#10, (c) wall #11, and (d) wall #12. The details of

each panel (P1-Pg), including dimensions and cut sizes, are presented in Figure B-7.
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Figure B-6: The names of CLT panels used in shearwall-level tests
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Figure B-7: The details of CLT panels used in shearwall-level tests
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B.2. Mesh sensitivity analysis

The purpose of this section is to present the mesh sensitivity analysis to demonstrate the
applicability of the 61 X 61 mm mesh size used in Chapter 7. Figure B-8-to Figure B-12
illustrate the load-displacement curves of wall #1 with mesh size of 61 X 61 mm versus
49 X 49 mm, 76 X 76 mm, 122 X 122 mm, 203 X 203 mm, and 244 X 244 mm,
respectively. The perfect match between different mesh sizes indicates the accuracy of the
mesh size used. Table B-1 presents the discrepancy between 61 X 61 mm and other mesh
sizes, denoted as ¢. The results indicated a difference of 1.2% for 49 X 49 mm and 0.7%
for 244 x 244 mm mesh sizes. Although the results showed that mesh size 244 X 244
mm could also be utilized with high accuracy, 61 X 61 mm was employed in order to
model multiple panel-to-panel connections and the accurate position of the mechanical

brackets.
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Figure B-8: Load-displacement curves of wall #1 with mesh sizes of 49 X 49 mm and 61 X 61 mm
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Figure B-9: Load-displacement curves of wall #1 with mesh sizes of 61 X 61 mm and 76 X 76 mm
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Figure B-10: Load-displacement curves of wall #1 with mesh sizes of 61 X 61 mm and 122 X 122 mm
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Figure B-11: Load-displacement curves of wall #1 with mesh sizes of 61 X 61 mm and 203 X 203 mm
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Figure B-12: Load-displacement curves of wall #1 with mesh sizes of 61 X 61 mm and 244 X 244 mm

Table B-1: The difference in maximum lateral strength of wall #1 considering various mesh size

Size (mm) 49 x 49 76 X 76 122 x 122 203 x 203 244 X 244
3 1.2% 0.4% 0.4% 0.6% 0.7%
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Appendix C - Applicability of interpolation between CP and SW

This section provides the results from various analyses on different CLT shearwall
configurations in Intermediate (IN) kinematic mode to demonstrate the applicability of
interpolation between proposed expressions for Coupled-panel (CP) and Single-Wall (SW)
against the results obtained from expressions for IN available in the literature (Casagrande
et al., 2018). Ten different shearwalls were studied by varying the number of panels from
three to seven. Each shearwall was analyzed three times by changing the connections
configurations and their properties to achieve IN mode very close to either CP or SW or in
the middle of two, resulting in a total of thirty analyses. The mechanical properties of
connections and configurations are selected based on the experimental tests on connections
summarized in Table C-1. Two variables are evaluated, CLT shearwall factored rocking
resistance, R, ., and the lateral stiffness due to the rocking K. The associated equations

can be found in Casagrande et al. (2018)

Table C-1 presents the difference between the interpolation and IN expressions. Kz shows
lower difference than R, ,., with the highest average of 3.12% difference among the three

behaviours. The highest average of difference of 8.12% was achieved for R, ;..
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Table C-1: The difference in R, ;- and K between interpolation and IN expressions

Cases Close to CP Close to SW Intermediate
Ry Kr Ry, Kr Ry, Kg
1 0.26% 0.43% 12.56% 8.80% 7.42% 0.17%
2 0.02% 0.57% 9.97% 8.37% 3.03% 0.52%
3 0.22% 1.87% 6.83% 5.52% 3.40% 0.78%
4 0.17% 0.43% 3.48% 2.70% 0.35% 1.30%
5 0.73% 1.43% 13.73% 0.33% 6.52% 0.78%
6 0.43% 1.93% 10.51% 0.83% 5.68% 0.32%
7 1.92% 2.76% 12.27% 0.50% 6.91% 0.51%
8 2.88% 3.65% 6.30% 0.58% 0.71% 0.93%
9 0.36% 0.11% 3.75% 2.66% 6.01% 0.49%
10 10.15% 4.88% 1.82% 0.89% 9.17% 0.00%
Average 1.71% 1.81% 8.12% 3.12% 4.92% 0.58%

The results show that interpolation could predict the results reasonably well, even in cases

with a high number of panels (e.g., seven). It is noteworthy to mention that the interpolation

results provide conservative values in most cases, especially the cases with higher

differences, such as 13.73%. The non-conservative results were with less than 3.40%

differences in most cases.
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