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Abstract

The increasing demand for more sustainable construction has led to the development of new
structural systems that include wood as building material. Cross laminated timber (CLT) has
been identified as a potential system to address this need and to provide alternative options in
the range of low- to medium-rise construction. The appeal in using CLT as a shearwall is
driven by the combination of the rigid panels and small dimension fasteners, which allows
for significant energy dissipation in the structure. However, there is currently no reliable

analytical model to accurately predict the behaviour of multi-segment CLT shearwalls.

The current study aims to develop an analytical model capable of predicting the elastic and
plastic phases associated with the behaviour of multi-panel CLT shearwalls. The model
describes the wall behaviour as a function of the connectors’ properties in terms of stiffness,
strength and ductility. This dependency means that the only input required in the model is the
behavioural parameters of the connections. The proposed model contains six cases with a
total of 36 different failure mechanisms. Two final wall behaviours were developed, and it
was found that behaviour (i.e. single wall) could be achieved if the yielding in the hold-down
occurred prior to yielding in the panel joints. Inversely, the other behaviour (i.e. coupled
panels) was achieved if the yielding in the vertical joint occur prior to yielding in the hold-
down. The analytical model was validated using a numerical model, and the results of the

comparison showed very close match between the two models.

The study proposed simplified design provisions with the aim to optimize the walls ductility

(CP behaviour) or strength and stiffness (SW behaviour).
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CHAPTER 1 - Introduction

1.1 General

The increasing demand for more sustainable construction has led to the development of new
structural systems that include wood as building material. One of the most recent engineered
wood products (EWP) in North America nowadays is cross-laminated timber (CLT), which
is a simple yet innovative product that possesses high levels of strength and stiffness and
allows for two-way bending action due to the layout of its laminates. The product is
manufactured by gluing together lumber pieces orthogonally to one another (Figure 1-1),
thereby creating slabs consisting of dimensions that are between 0.5m to 3m in width, and
72mm to 400mm in thickness (CLT Handbook). The massiveness of the slabs makes them
suitable for structural floor and wall systems. In particular, the high in-plan stiffness makes
CLT suitable to be used as shearwalls and diaphragms, where the panels can be considered to
act as rigid bodies under lateral load while allowing energy dissipation through deformation

in the connectors.

Figure 1-1: CLT Configuration (FPInnovation, 2011)



The size of the CLT panels is limited primarily by transportation restrictions. Another
motivation to limiting the size of the wall segments is the need to develop some ductility in
the system by introducing more joints between the wall panels. The panel-to-panel
connections (also referred to in this thesis as vertical joints and panel joints) typically consist
of small dimension fasteners such as nails or self-tapping screws. The combination of the
rigid panels and small dimension fasteners means that the wall becomes more flexible (when
compared to the stiffness of a wall of same size but consisting of a single panel) but it also
provides significant amount of ductility to the structure. The wall panels are typically
connected to the floor diaphragm using angle brackets that would help resist the shear and
hold-down that are typically placed at the ends of each wall to resist the uplift force due to
the overturning. Figure 1-2 illustrates typical multi-panel shearwall configuration, and

indicates typical placement and detailing of panel joints, angle brackets and hold-downs.
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Figure 1-2: Typical CLT Shearwall Configuration
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There is currently no reliable analytical model to accurately predict the behaviour of multi-

segment CLT shearwalls. The capacity is typically determined by designers by means of



static equilibrium considerations using simplifying assumptions or by sophisticated models,
where the CLT panels are assumed as shell elements and the connections as linear or non-
linear links. Current design standards in Canada (CSA 086) provides guidelines regarding
the design of CLT shearwalls that require the connections to be moderately ductile.
However, the standard does not yet contain any ductility classification of connections in
order to clearly identify an appropriate connection system to dissipate the energy required.
One way designers have addressed this issue is by under-designing the vertical joints in order
to increase the wall ductility, however this may lead to design configurations that does not
allow the shearwall to attain its full capacity potential. In the current version of Eurocode 8
(2013), which deals with the design of structures for earthquake resistance, there are
currently no provisions for the design of CLT structures. However, the values for ductility

factors and specific capacity design rules are currently being developed by the committee.
1.2 Scope of Research

The current study aims to develop an analytical model capable of predicting the elastic and
plastic phases associated with the behaviour of multi-panel CLT shearwalls. The proposed
model is derived based on the stiffness, strength and ductility behaviour of the connectors.
The model aims to provide a full description of the wall behaviour, which could also lead to
a more efficient design of CLT shearwalls. The approach will propose the solution according
to possible wall behaviours and establishes expressions that can associate the ultimate
displacement of the wall with the properties of connectors used. The analytical model is

validated using numerical modelling for the entire force-displacement behaviour of the wall.

1.3 Research Objectives



The overarching goal of this research study is to develop an analytical procedure that can
reliably describe the behaviour of CLT shearwalls in elastic and plastic regions. The aim is to
derive expressions that will enable the development of the complete force-displacement
curve for multi-panel wall systems. The model requires inputs such as strength, yielding
displacement and ultimate displacement of both hold-down and fasteners in vertical joints.
The proposed model can also help identify test matrices for experimental programs dealing
with CLT shearwalls, since certain failure modes can be difficult to predict. It also provides
an accurate method to determine the overall ductility of the wall according to the properties
of connectors. Another objective of this study is to provide simplified design methodologies
and expressions that can help the designer determine the kinematic modes and allow accurate

predictions of the capacity, displacement and ductility for simple design cases.
The objectives outlined herein are achieved by following the methodology described below:

1. Conduct a detailed review of the available literature on the subject of behaviour of
CLT shearwalls subjected to lateral loads. This includes a summary presentation of
an analytical approach developed for elastic behaviour of multi-panel CLT wall by
Casagrande et al. (2017). This study lays the foundation to the current study, where
analytical expressions developed in the elastic range are extended to include the
behaviour in the plastic range.

2. Develop general cases that are dominated by either the hold-downs or panel vertical
joints to predict the final kinematic mode of failure for multi-panel CLT shearwalls.

3. From the developed general cases outlined in point 2 above, numerous modes of
failure are established and related to behaviour the vertical joint and hold-down

connections.



4. A validation of the predicted behaviour of the multi-panel shearwall is carried out by
means of a numerical model developed using a commercially available finite element
(FE) software.

5. Finally, implication of the proposed approach on design is discussed and design
guidelines are provided to help optimize of the CLT shearwalls design according to

the analytical model developed.
1.4 Thesis Organization

Chapter 1 provides a general introduction to CLT as an engineered wood product and
describes the research needs, goals and how the current study aims to contribute to the state

of knowledge.

Chapter 2 reviews the available literature on experimental and analytical studies dealing with

the behaviour of multi-panel CLT shearwalls subjected to lateral loading.

Chapter 3 defines the variables used in the proposed model and presents general concepts

required to define the behaviour of CLT shearwalls.

Chapter 4 and Chapter 5 present the proposed analytical model based on the expected

kinematic mode of the wall.

Chapter 6 compares the analytical model with a numerical analysis based on a commercially

available FE software.

Chapter 7 discusses the current design provisions and proposed simplified analytical

provision based on the current research.

Chapter 8 presents the conclusions and future work arising from the current study.



CHAPTER 2 - Literature Review

2.1 Introduction

This chapter presents the state of the art knowledge on the behaviour of CLT shearwalls
subjected to lateral loading. The majority of the existing research involves experimental
studies at the building, wall or joint levels. These studies are presented in Sections 2.2.
Comparison between experimental results and numerical models is presented in Section 2.3.

Finally, studies suggesting analytical models are presented in Section 2.4.
2.2 Experimental Studies

2.2.1 Ceccotti et al. (2006)
The SOFIE project was a comprehensive study covering CLT building behaviour, including
building physics, fire, durability and earthquake. The research was undertaken in
collaboration with the Italian National Research Council - Trees and Timber Institute (CNR-
IVALSA), the Karlsruhe Institute of Technology and the National Institute for Earth Science
and Disaster Prevention (NIED) of Japan to design. The aim of the project was to conduct
experimental testing on full-scale CLT buildings subjected to earthquake loading simulated
using a shaking table. The researchers performed reverse cyclic and monotonic loading on a
one-storey CLT structure with the aim to investigate the joint behaviour and to ensure ductile
behaviour. Three- and seven-storey buildings were also tested using a shaking table facility.
The authors concluded that no residual displacement was observed after 10 simulated

earthquake events and that the fasteners behaved in a ductile manner. Also, no permanent



deformation was observed after the testing. However, high accelerations were measured at

upper storey of the seven-storey building and required further investigation.

2.2.2 Popovski and Karakabeyli (2012)
The main objective of this study was to determine the structural properties of typical CLT
shearwalls. The focus was on developing ductility factors that can be appropriately used in
design. Different variables such as panel’s aspect ratios, types of connectors and opening
configurations were investigated. The study found that the stiffness of the walls increased
with the increase of vertical loads. Based on the test results, the authors proposed Ry and R,
factors equal to 2.0 and 1.5, respectively. It was also concluded that using nails in discrete

hold-downs would increase seismic performance by providing more ductility to the system.

2.2.3 Gavric et al. (2013)
Gavric et. al. (2013) performed cyclic loading tests on CLT walls to establish their behaviour
and ability to dissipate energy. The study established that coupled wall behaviour provides
lower elastic stiffness and strength capacity than single wall behaviour. However, this
behaviour exhibited more displacement capacity and ductility. When the panels deflected
together as a single wall it exhibited high strength and performed better in term of total
dissipated energy until a certain inter-storey drift. It was found that the sliding and rocking
motions are the main sources of wall displacement. It was also noted that rocking (as
opposed to sliding) behavior was desirable since the walls tend to return to their initial
position. The displacement related to rocking motion was reduced by including hold-downs
at the wall ends and by applying a vertical load on the wall. The authors recommend that the
hold-down be used as part of the energy dissipative joints while the angle bracket remains in

the elastic range.



2.2.4 Sadeghi and Smith (2014)
This study focussed on experimentally investigating half-lapped and single spline CLT
connections. Both type of connections used self-tapping screws and were subjected to in-
plane shear forces. The failure modes of the fasteners were evaluated with and without
washers. The inclusion of washer was reported to influence the failure mechanisms. For the
cases with no washer, the failure mode was governed by the pull-through resistance of the
head-side of the screw. By including the washer, the mode of failure was governed by the
withdrawal resistance of the screw’s threaded portion. The washer also caused a significant

increase in the capacity of the joints.

2.2.5 Gauvric et al. (2015b)
This study evaluated the strength, stiffness, and energy dissipation of CLT connections using
screws and investigated configurations that mimic wall-to-wall, floor-to-floor and wall-to-
floor joints. The study experimentally investigated screw connections in 5-ply CLT panels
for in-plane monotonic, cyclic shear and withdrawal loading. It was concluded that the step-
joints exhibited 50% higher initial stiffness compared to the spline joints. However, the
spline joints had 40% higher resistance and ultimate displacement. For connections tested in
tension, the half-lap joints failed in splitting or in the inner layers due to the failure of glued.
Spline connection failed with pull-through of screw head forming a plastic hinge. The
authors also observed that sufficient spacing, end distances and edge distances were required
to avoid brittle failure mode. Finally, an over-strength factor of 1.6 was proposed for CLT

connection using screws.

2.2.6 Popovski and Gavric (2016)



Popovski and Gavric (2016) performed full-scale testing of a two-storey CLT structure with
the main objective to investigate its behaviour under quasi-static and cyclic loading. The
study investigated different connection configuration and details. It was found that the
reduction in the number of screws in perpendicular wall-to-wall connections did not have a
significant effect on the overall resistance however it led to an increase in lateral
displacement. Also, it was found that the number and type of fasteners and the aspect ratio of
panels contribute to the behaviour and mode of deformation of CLT walls. The authors
observed that the relative slip between floor panels in the test configurations was negligible
according to their experiments. It is noteworthy to mention that the study found that placing
the angle brackets in the middle of a wall segment meant that they were loaded mostly in
shear since the rocking movement had a small effect in this area. This finding has
implications on some of the assumptions made in the current study when developing the

analytical model.

2.2.7 Hossain et al. (2016)
Hossain et. al. (2016) investigated the capacity of the panel-to-panel connection under pure
shear loads for a 3-ply CLT panels using self-tapping screws (STS). Three connection types
were tested including half-lap, surface spline and butt joints. The butt joint was considered
because it does not require machining, thereby providing a cheap alternative. Vertical joints
of CLT walls with butt joints connected using STS installed at an angle of 45° to the joint
line and 32.5° to the face of the panel were investigated under pure shear loading. The STS
fasteners were installed with different orientations at each shear plane so that half of the STS
were in tension and the other half in compression. The connection was characterized as stiff

and with little energy dissipation capability. The study concluded that the connection



capacity can be conservatively estimated using the withdrawal resistance of the individual
self-tapping screws. In terms of ductility, STS installed in double inclination exhibited high
and moderate ductility classification for quasi-static monotonic and reversed cyclic test,

respectively.
2.3 Comparison between Experimental Tests and Numerical Analysis

2.3.1 Shen et al. (2013)
Shen et. al. investigated the behaviour of CLT walls and connectors with the aim of
comparing test results to existing commercially available numerical hysteretic models,
namely SAWS (Folz, and Filiatrault, 2001) and Pinching 4 (Lowes and Mitra, 2004). Both
these models consider strength and stiffness degradation of the connectors. To calibrate the
numerical model, connection specimens were tested under CUREE loading protocols
(ASTM E2126-11) to quantify the monotonic and cyclic envelope curves. The study
concluded that under monotonic and cyclic loading, Pinching 4 developed better fit in
comparison with experimental tests because it considered more degrees of freedom. Also, it
was observed that increasing in the connection strength longitudinal to the grain can improve

the capacity of CLT shearwalls for the boundary condition tested.

2.3.2 Yasumura et al. (2016)
This study aimed at investigating the performance of a three-storeys building under lateral
loading. and compared the experimental test results with finite element model (FEM). The
experimentally investigation included reverse cyclic loading of multi-panel walls and single-
panel wall. 3-D nonlinear analysis was performed using a numerical software, in which

elastic properties of the connectors were determined from experimental test and included in

10



the model. The study found that the stiffness of the single-panel wall was more than twice
the value of that found in the multi-panel wall. The ductility ratio of both wall configurations
was found to be more than 3.0. The viscous damping of the multi-panel wall was found to be
higher than that of single-panel wall. The FEM analysis was deemed capable of predicting
the behaviour of the CLT structure. The displacement found for the multi-panel walls was
mainly due to rocking behaviour. The q value, which accounts for ductility of the system in

seismic design was found to be 2.0 regardless of the size of the CLT wall panel.

2.3.3 Pozza and Trutalli (2016)
Pozza and Trutalli (2016) developed a correlation between the capacity of the energy-
dissipative connectors, the wall slenderness and the g-factor. This was done by conducting 2-
D analysis of 24 walls using a numerical software. The model assumed that the angle
brackets resist shear forces, and the hold-downs resist the overturning force. The CLT panels
were assumed to have high in-plane stiffness and the connectors were assumed to have non-
linear behaviour following Pinching 4 (Lowes and Mitra, 2004) hysteresis model. Nonlinear
dynamic analysis was performed and the results were compared with experimental or
numerical analysis available in literature. It was found that the energy dissipation and
seismic response were dependant on the slenderness and the characteristics of the vertical
joint between panels. It is also found that a q factor of 2.0 was too conservative for multi-

panel CLT walls.
2.4 Existing Analytical Model

2.4.1 Gavric et al. (2015a)
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This study investigated single and coupled CLT shearwall behaviours with different panel-
to-panel and anchorage connection types. This analytical solution was compared with 16
cyclic tests with different connection layout. The study found that the in-plane deformation
in CLT panel were almost negligible. The vertical load improved the lateral resistance,
stiffness and ductility of the wall. The importance of the vertical joint was also highlighted.
The number of self-tapping screws affected the wall stiffness, lateral capacity and kinematic
mode. For wall design, the authors propose to design angle brackets to stay elastic in shear

after a seismic event to prevent any residual slip.

An analytical model was also developed for rocking displacement for the different possible
behaviours the wall. An equation was also proposed for sliding deformation regarding the
angle brackets deformation with the assumption that the hold-down only resist the rocking

movement and have no contribution to the horizontal slip.

2.4.2 Casagrande et al. (2017)
Casagrande et. al. (2017) proposed a mathematical model to determine the mechanical
behaviour of multi-panel CLT shearwalls based on the minimum potential energy approach.
The model considers the hold-down to resist rocking movement only, while the panel-to-
panel joint resisted the shear force. For the different wall behaviours, an analytical model
was proposed that was capable of determining the lateral displacement, forces in the hold-
down, vertical joint and CLT panel, as a function of the relative connectors’ stiffness. From
the analytical model, the authors established that each panel of multi-segmental wall is
characterized by an absolute centre of rotation when the hold-down stiffness is larger than
vertical joint stiffness. The proposed analytical model was validated by the mean of a

numerical modelling and the results showed a near perfect match between the two models.
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CHAPTER 3 - Methodology and Definitions

3.1 Notation

A multi-panel wall is assumed to be composed of m panels with individual panel length b for
a total length B (b - m), and of a height h as illustrated in Figure 3-1. The wall is assumed to
be subjected to an external horizontal force F and to a uniformly distributed vertical load, q.
A vertical joint between the CLT panels is assumed to be composed of n fasteners with a
vertical spacing s. In the model, the fasteners in the vertical joint are represented by two
orthogonal elastic springs, acting only in the plane of the panels. The external bottom corner
of the first panel is anchored to the ground by means of a hold-down. The mechanical
behaviours of the hold-down and panel-to-panel joint are represented by elastic-perfectly
plastic curves (Figure 3-2). The curves are characterized by the elastic stiffnesses of k; and

ke, strengths 1, and r, yield displacement d, , and d,, ., and the ultimate displacement

y.c

d, » and d,, . for the hold-down and panel joint, respectively.
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Figure 3-2: Elastic-Perfectly Plastic Curves for Hold-Down and Panel-to-Panel Joint

Theoretically, there are three types of possible rocking behaviours (Figure 3-3) providing
different kinematic modes for the wall. Coupled Panel behaviour, CP, is characterized by the

rotation of all panels about a point of rotation located at their lower right or left corner

15



(Figure 3-3a). Single Wall behaviour, SW, is achieved when there is only one global centre
of rotation at the lower corner of the 15¢ or m*" panel (lower right or left corner of the wall)
(Figure 3-3b). Intermediate behaviour, IN, which occurs when a segment of the multi-panel

wall deforms in SW behaviour and the rest in CP behaviour (Figure 3-3c).

Figure 3-3: Physical Meaning to Rocking Behaviours (a) Coupled-Panel, (b) Single-Wall and
(c) Intermediate

3.2 Elastic Behaviour

Casagrande et. al. (2017) developed an analytical model to establish the elastic behaviour of

multi-panel CLT shearwalls. The kinematic behaviour was defined using two variables, the

kn

n-k¢

dimensionless stiffness ratio of the wall, & = , and the dimensionless loads ratio, § =

.R2
q—B_h. Figure 3-4 demonstrates the relationship between the dimensionless stiffness ratio as a

function of the dimensionless load ratio. It can be seen from the figure that the wall can
transition from one kinematic mode to another depending on the magnitude of the lateral and

vertical loads.
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Figure 3-4: Kinematic Path of the Wall Through Different Behaviour Under Increasing
Lateral Force

The behaviour of the wall is associated with a kinematic mode in relationship to the first
panel that disconnects from the floor slab. The SW behaviour is associated with kinematic
mode m since the m*" panel is the one in direct contact with the ground or floor slab.
Similarly, the CP behaviour is identified as kinematic mode 1 and the IN behaviour is

expressed in term of a kinematic mode attained j*, where 2 < j* < m — 1 (see Figure 3-5).

Figure 3-5: Definition of the Relation between Kinematic Mode and Behaviours
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The definition of transitional force in elastic state was introduced by Casagrande et al. (2017)
and the general form was presented for any kinematic mode j* = [1, m — 1] as the transition
between kinematic mode j* and j* + 1. It was developed relative to small angle assumption
and represents the value of lateral force applied on top of the wall. The transitional lines are
shown in Figure 3-4 and they depend on the number of panels as well as the dimensionless
stiffness and load ratios. They help identify the kinematic modes and allow the prediction of

the wall’s elastic strength, as expressed in Equation (1).

ok p2 Lapjit+1 41
N )
2'h 1-k
Where
ji* m[2:(j*+1)-1]-("+1)-j"
o/ = — (2)
Wit = m[(j*+1)2=3-(j*+1)+1]+(* +1)-j* 3)

m2
The formulation of elastic strength in this study has been developed in term of the properties
of the connectors as well as the wall geometry. The elastic strength related to the vertical
joint, Rfvf'cl, and to the hold-down, R¢"}, for a multi-panel wall in CP behaviour are presented

w,h?!

in Equations (4) and (5), respectively.

11 k! el,1.b
el __ .h
Ry =T1¢ s + F, 4)
rel,1l
el1 _ . kp b
RW,h =Th kph + Fq (5)

Where 7, and r;, are the strength of the fasteners in the vertical joint and hold-down

respectively. F, is the activation force, defined as the lateral force required to overcome the

18



effect of the vertical load applied on the wall. The activation force is derived from static

equilibrium while assuming the wall as a rigid body, as expressed in Equation (6).

__qmb?

fo=7n ©

An equivalent hold-down tensile stiffness is derived based on the stiffness of the hold-down,
the vertical joint, and wall geometry. Based on the assumption that for kinematic mode 1 (CP
behaviour), the hold-down and vertical joint represent a system of springs in parallel. One

can obtain:
ki =k, +(m—1)-n k. (7)

An equivalent lateral stiffness of the wall is derived from the equivalent hold-down tensile

stiffness, as presented in Equation (8).

rel,1 ,2
ky b

kgt == (8)

Always according to Casagrande et al. (2017, for the IN behaviour associated kinematic
mode j* = [2,m — 1], the strength related to the hold-down and vertical joint capacity takes

the following forms:

Lj* _ Thbag -bZm- j*
Re J (™) + q ] (9)

w,h hj* & 2h

Tenbagy Qb

L with j* = [1:m — 1]

j* h-Bix 2:h-B*
R = Buy By ) (10)
’ Tenbamyy | 4b°pm) ; .
— " with j* =m

where,
agy=0G"+m-j —=m)-k+m—j* (11)

19



voy =m+i G =D+ (G =1 -(m—-j)-k (13)

2Q () (Mm—1)
Pimy = m? — ——— ,il;k (14)

The equivalent hold-down tensile stiffness for a system in kinematic mode m (SW
behaviour) can be written assuming a system of springs that are in series. In Equation (15),

m — 1 represents the number of joint in a wall consisting of m panels.

ko™ = (= + ’"‘1)_1 (15)

kh nke

The associated equivalent lateral stiffness in the SW behaviour can be written in the

following form:

relm ,2 2
el,m _ kh ‘b“m
kg = (16)

Finally, the equivalent hold-down tensile stiffness for IN behaviour, where the j*”‘

panel is
the first to rotate about its lower corner, can be expressed as a system with springs in both

parallel and series, as expressed in Equation (17):

rel,j* _ nkel(j*+mj* -m)-kp+(m—j")nkc
fp = nket+(i*—1)kp, (17)

The equivalent lateral stiffness of the wall in elastic state for model j* is written as:

" relj* .o
ke — kp "~ b
H - h2

(18)

3.3 Plastic Behaviour
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The current study extends the methodology described in Section 3.2 in order to establish the
behaviour of CLT shearwalls past the point of elastic strength. The derivation of the
proposed approach is explained in more details in Chapters 4 and 5. To help explain the
methodology a general evaluation of possible kinematic paths is explained here. Figure 3-6 is

also used to illustrate the approach.

At the point of yielding of the vertical joints (k. = 0), the dimensionless stiffness ratio
would tend toward infinity (% ~ o). Similarly, at the point of hold-down yielding (k;, = 0),
the dimensionless stiffness ratio & will reach the value of zero. The focus of the
methodology is on the final behaviour of the wall represented by the SW or CP behaviour, as
shown in Figure 3-6. Although the wall can transition from one behaviour to another in the
elastic state, the final wall behaviour can be mathematically described through the behaviour
of the hold-down and vertical joints. In particular, the order of yielding of the connectors
plays a major role in dictating what the final failure mode of the wall will be. As will be
shown in Chapter 4, irrespective of the kinematic mode of the wall in the elastic state, the
SW behaviour can always be achieved as a final mode of failure if the hold-down connector
yields before the panel joint connector. Contrarily, if the panel joints yield before the hold-
down connection, CP behaviour can be achieved as a final mode of failure as presented in
Chapter 5. For both these cases however, it is required that the system has sufficient
displacement capacity in order to achieve the final kinematic mode. If the system does not
possess sufficient displacement capacity, other intermediate state of behaviours may be

achieved depending on when the ultimate failure of one or both connectors is attained.

The dimensionless stiffness ratio plays a major role in the behaviour the wall may attain in
the elastic region. For example, it was established by Casagrande et al. (2017) that for k > 1,
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the elastic strength of the wall is in the region where CP behaviour governs, regardless of the
lateral load value. However, as presented in Figure 3-4, the wall may achieve all behaviours
in elastic state for any wall configuration with a dimensionless stiffness ratio, k, smaller than
1. Therefore, the kinematic mode attained by the wall might change in the elastic state to a
different final mode in the plastic state. Figure 3-6 presents the combinations of behaviour
resulting in all possible kinematic paths. The case where the dimensionless stiffness ratio is
larger than 1 is covered by the case where the elastic state in achieved in CP behaviour. The
elastic state is characterized by the horizontal line in Figure 3-6 and each dot represents the
start point of connector yielding. The line then tends towards the final behaviour depending
on which connector yields. What is of interest to the development of the proposed model is
the behaviour type in the elastic and plastic states. Therefore, a notation is used to describe
the failure path. For example, the failure path where the connectors yield in the CP behaviour
but has SW as final behaviour is denoted CPE--SWF". Similarly, if the wall achieves yielding

in the SW behaviour and failure in the CP behaviour would be denoted SWE--CP™L.
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Figure 3-6: Definition of Elasto-Plastic Kinematic Path

The proposed analytical model includes cases where neither SW or CP behaviour can be
acheived. This may occur due to limitation in the connectors’ ductility, where the wall may

fail prematurly and remain in the IN behaviour prior to acheiveing the intented final

behaviour.

To better facilitate the understanding of the methodology, kinematic mode 1 (CP behaviour)
and kinematic mode m (SW behaviour) will be presented first, followed by the intermediate
behaviour where the elastic strength is achieved in mode j* = [2, m — 1]. The intermediate

cases represent general cases where kinematic mode 1 and m can be obtained as special

cases.

3.4 Nomenclature
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The general characteristics of the force-displacement curve are defined following a specific
nomenclature to facilitate identifying the various segments in the curve. This section
identifies the key parameters found in the force-displacement curve (Figure 3-7) and explains

the physical meaning of each variable.

A p!. pl
F F 5‘1.-3A pl3 R\\‘ ,\éh
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Figure 3-7: Force-Displacement Curve Nomenclature

F; is defined as the activation force which represents the lateral force level that initiates the
rocking displacement. This force depends on the relative magnitude of the horizontal and the
vertical loads. R“j,f}” is the strength of the wall (w) that can be achieved in the elastic (el)

state. Z represents whether the wall strength is governed by a hold-down (k) or a panel joint

(c) and Y relates to the kinematic model in which the strength is achieved. For example,

Rﬁ,lcz represents the elastic strength of the wall governed by the vertical joint in kinematic

mode 2. RP! is the plastic strength of the wall, which is attained when both connectors yield.
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A¥ represents the displacement due to rocking motion of the wall when a specific strength is
reached in state X (elastic, el , or plastic pl). Ay represents the ultimate displacement of the
wall when the ultimate failure of a connectors occurs. F," denotes the transition force
between different kinematic behaviours. Y indicates the first panel to rotate about its own
centre of rotation when this transitional force is achieved in state X. For the IN behaviour,

the first panel to rotate about its own center of rotation is associated with kinematic mode j*.

Aﬁty represents the transitory displacement in rocking motion, where the change in kinematic

behaviour occurs, whereas 6,5_2” represents the increase of horizontal displacement leading to

a change in kinematic mode in rocking without any increase in the force (resulting in a

plateau).

Additionally, T*¥ represents the hold-down tension force. The magnitude of this variable is
obtained incrementally, and at each step, the symbol used is t*¥Y, which represent the
increase of force in the hold-down due to the increase of lateral force on the wall for a certain
state X in kinematic mode Y. Similarly, the lateral force applied on the wall is assigned a
symbol F, where the transitional force is denoted FtX'Y and the symbol f*Y relates to the

incremental rise of lateral force in state X during kinematic mode Y.

Finally, the equations that requires more development outside the general procedures will be

denoted as (Eq.)” referring that more details are provided in the Appendix.
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CHAPTER 4 - Development of the Analytical Model to Achieve SW as

Final Behaviour

4.1 General

Figure 4-1 shows the three possible failure paths that can lead to the final SW behaviour.
These include the wall achieving elastic yield in a) CP behaviour, b) SW behaviour and c) IN
behaviour, after which the final SW behaviour is achieved due to yielding in the hold-down
prior to yielding in the panel joints. The failure paths for cases a), b) and c) are denoted
CPE-SWPL SWELSWPE and INFRSWPE, respectively, as shown in Figure 4-1. It is important
to reiterate that the behaviour shown in Figure 4-1 can only be achieved if the connectors
have sufficient displacement capacity post yielding. Wall failures where limited ductility is
attained in the connectors are presented through the development of the model as special

failure mechanisms.

Elastic State

Plastic State
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Figure 4-1: Kinematic Paths to Achieve SW Behaviour

In order to relate the point of transition between the elastic and plastic state to the point of
final behaviour, variables j and j are introduced. j is associated with the kinematic mode in
the elastic state, whereas j is associated with the final kinematic mode in the plastic state. As
such, j and j can take on values of 1 (CP behaviour), m (SW behaviour)or2 <j<m -1

(IN behaviour).

As mentioned earlier, achieving SW as the final wall behaviour can be attained when the
wall strength related to the hold-down yielding is smaller than that related to the panel joint
yielding. This condition is ensured by the inequality shown in Equation (19) for any

kinematic mode j.
R <Ry (19)
To achieve the CP kinematic behaviour in the elastic state, the dimensionless stiffness ratio
should be larger than 1 or the elastic strength of the wall related to hold-down yielding in the
CP behaviour (j = 1) is required to be less than the transition force between kinematic mode

1 and 2 in the elastic state (see Section 3.2). This requirement is ensured through the

following condition.

REM < Ff or k> 1 (20)

w,h

Similarly, the SW kinematic behaviour in the elastic state is achieved when the elastic
strength of the wall related to hold-down yielding in the SW behaviour (j = m) is larger than

the final transitional force prior to attaining kinematic mode m in the elastic state.

Rel,m > Ftel,m—l (21)

w,h

27



Finally, the IN behaviour in the elastic state is achieved when the elastic strength of the wall
related to hold-down yielding in the IN behaviour j = [2,m — 1] is between the transitional
forces defining the intermediate kinematic modes immediately before and after the mode

under considerationj = j*.

Ftel,j*—1<Rel,j*<Ftel,j* (22)

w,h
4.2 Model Development for the CPF--SWF" Case

This case is achieved through the CP behaviour in the elastic state and the SW behaviour in
the final plastic state and is ensured by the inequalities presented in Equations (19) and (20).
When failure mechanisms VII (Figure 4-2) cannot be achieved, the behaviour of the wall
depends on the limitation in the ductility of the individual connectors. Therefore, from the
elastic state (represented by the line up to point CPF1), the wall may possess limited ductility
and therefore would remain in plastic CP region or only reach the plastic state in the IN
region. The different behaviour regions for which the wall may reach its ultimate capacity
are presented in the general force-displacement curve shown in Figure 4-2 and associated

kinematic path in Figure 4-3.
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Different failure mechanisms (i.e. FM I — VII) can be defined depending on the kinematic
mode reached in the plastic state and the sequence of failure of the connectors, including
those with limited ductility. All failure mechanisms along the CPE--SWF" path are illustrated
in Figure 4-4. The dot at the bottom right corner of the panels represent a point of contact
and rotation between the panel and ground. The spiral and the cross defines the behaviour of

the individual connectors and represents yielding or complete failure, respectively.

CPEL

7=1

Vi
Hold-down
Yielding

v

CPeC IN™ Swee

j=1 2< < m-1 j=m

‘ Vertical Joint ‘ Vertical Joint ‘ Vertical Joint ‘ Vertical Joint Vertical Joint
Elastic Yielding Elastic Yielding Elastic

. e g I

Figure 4-4: Definition of Failure Mechanism for CP*-sw**
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It can be observed that when the panel joint remains elastic, the wall failure governed by
failure in the hold-down. However, yielding of the vertical joint in the CP"- and IN" regions

would lead to ultimate failure in ether hold-down or vertical joint.

The subsequent sections will follow the structure presented in Figure 4-4, starting by
describing the elastic state in CP behaviour (Section 4.2.1), followed by a description of the

plastic states in the CP, IN and SW behaviour in Sections 4.2.2, 4.2.3 and 4.2.4, respectively.

421 CP Behaviour in Elastic State
The first point in the force-displacement relationship of the wall for all cases is the activation

force, as defined by Equation (6) and discussed in Section 3.2.

The elastic strength of the wall associated with the hold-down yield strength in kinematic

mode 1, R€"}, can be described as (same as Equation 5 in Section 3.2):

w,h’

k;ld'l'b
kph

RS =1, +F, (23)

The top horizontal displacement of the wall associated with the elastic strength, A¢!, can be

written as a function of the vertical elongation in the hold-down, d,, ,, and the aspect ratio of
the wall panels, %. This displacement can initially be expressed in terms of increase in force

over the equivalent lateral stiffness of the wall, k5"

el,1 Iel1
Ael_ Rw,h_Fq _ rp'ky b h? rph d . E
h — - — Y%yh b

KEL T kph K ®Mhp2 T kpeb

(24)

42.2 Plastic CP Behaviour Region, Failure Mechanism I — I11
As can be seen in Figure 4-5, CP"" is defined by the limits represented with the yielding of

the hold-down (transition from elastic to plastic state, Eq. 23), and the transitional force to
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achieve IN behaviour, FP"*. This transition force defines the state where the first panel is no

longer in contact with the ground, i.e. the reaction of the first panel is equal to zero (Figure 4-

6).
o0
\\
Yielding
Point
1 Location of
Transitional
k Elastic State
CPEL
0.5 .
2 cp
FM I-1I-111 —Plastic State
0 i : 4
0.00 0.50 1.00 1.50 (¢'s}
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Figure 4-6: Transition from CP™ to IN"* Behaviour Region

32



ell

The increase in lateral force, F*"" — Ryh

that leads to kinematic mode 2 (i.e. R.; = 0), is

expressed using static equilibrium, as shown in Equation (25):

Ftpl‘l B R‘j}; _ RC}:.b (m—1) = b-(n:l—l) [ (1 _ nl;c) q- b] (25)

where R, ; is calculated considering static equilibrium of the first panel:

Rea =7 (1-22%) +q-b (26)

The total transitional force between the CP to IN behaviours is expressed in Equation (27) as

el,1

wh» and the increase in force

the sum of the elastic strength achieved in kinematic mode 1, R

defined in Equation (25).

FPVY = REML 4 (FPV - ell) — rhll;m (3m 2) @n°

The total lateral displacement of the wall related to the transitional force defined in Equation
(27), can be written as the sum of the elastic displacement and the displacement associated

with the increase in force causing a shift to kinematic mode 2 from elastic strength:

Ftpll—Rell

h
Bt = A+ttt = e (i + qb) (28)°
H c

The equivalent hold-down tensile stiffness in the plastic state for kinematic mode 1 is written
in a similar fashion to that in the elastic state (Equation 7 in Section 3.2) but without the

rpl,1 kiell

contribution of the hold-down, k, (kp = 0). Therefore, the equivalent lateral

stiffness of the wall can be expressed as:

Pt = kP b (m-1D)mekeb?
T hz h2

(29)
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The transitional force, F’*' and its associated displacement cannot be attained in failure
mechanisms I, II and 11 due to limited elongation capability in the connectors (see Fig. 4-
4). These failure mechanisms are achieved when the wall remains in the CP behaviour
following the yielding of the hold-down. Attaining failure mechanism I is ensured by the
following two conditions: a) failure of the hold-down is reached while the wall remains in
CP behaviour (Eg. 30), and b) the failure of the hold-down is reached prior to the yielding of

the panel joints (Eq. 31):
Ay < V"' =b+9 = —-(m+qb) (30"
dy.>dyn (31)

Where VP"" is the total displacement of the hold-down in kinematic mode 1 for the CP

behaviour in the plastic state. It is expressed as the panel width, b, and the angle of rotation

of all panels, 9, due to lateral force FP"".

The plastic strength of the wall under these conditions can be written as an interpolation

between the elastic strength and the transitional force between kinematic modes 1 and 2.

pLI _ pel plL1 el,1\ . duh—dyn
R =Ry + (F'" = Ryy) o= (32)
Vo “—dyn

The total lateral displacement for failure mechanism I (Eq. 33) occurs in kinematic mode 1

in the plastic state and is controlled only by the ultimate displacement of the hold-down.

A= pPL ety BOURGA _hy g
=8 =0t —n o =5 dun (33)
H
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The ductility of the wall for failure mechanism I is defined only by the ductility in the hold-

down, and can be expressed as:

u,l h
I _ A, b duh

HUw _F:E = Up (34)
h b

dy,n

Failure mechanism II and III also occur in the CP plastic behaviour, but where the wall’s
plastic strength is governed by yielding in the vertical joints. It is ensured by the following

two conditions: a) yielding of the panel joints in kinematic mode 1 prior to achieving the
displacement in the connectors associated with the transitional force Ft’“l’1 (Eq. 35), and b)

yielding displacement of the vertical joints is reached prior to the ultimate displacement of

the hold-down (Eq.36):
dye <VE' = == +qb)  (35)"

dy.<dyn (36)

The plastic strength of the wall for failure mechanisms II and 111 occurs when the panel
joints yield. Therefore, the wall resistance can be expressed as the sum of the elastic strength

and the increase of force that is governed by the yielding displacement of the panel joints:

pLII _ pplLII _ pell pll _ pel1ly . Yycdyn
Ry =Ry =Roy + (B —RGy) - = - (@)
[ Y,

The total displacement at the plastic strength for both failure mechanisms II and IIIis

governed by the yield displacement of the vertical joint.

pLILIII el,1
RW _Rw,h _Teh d

L L
AR = AP = AR+

Sy

y.c' (38)

S|

kfll'l ke
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The ultimate displacements for failure mechanism I1 and III are characterized by failure in
the vertical joints and in the hold-down, respectively. They can be expressed as the ultimate

displacement for each connector and the wall panel aspect ratio.

h
A= 2 dye (39)
AWI=2 g (40

h _E u,h ( )

The ductility for failure mechanism II and 111 can be expressed as:

h
Al —du,c d
II _~h _ b % _ . Juc
Hw™ = el =& = Hn" 7 (41)
h 3 dyh uh
h
AwH —dyn
I _ =h _ p %W __
Hw'" = el =& =pun (42)
h 3 yh

4.2.3 IN Behaviour Region in Plastic State, Failure Mechanisms IV — VI
Figure 4-7 illustrates the region for failure mechanisms IV — VI, which starts when the
transitional force to achieve the first kinematic mode in IN behaviour, FP"*, is reached. This
particular behaviour is attained when the ductility of the connectors is sufficient to extend the

wall beyond CP behaviour.
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Figure 4-7: Behaviour Region IN®* for Kinematic Path of Case CP™-SW™

The development of the force-displacement curve follows the procedure outlined in Figure 4-

8. As indicated in Figure 4-8, the value of j* is increased between 2 and m — 1 (for m > 2).
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Section 4.2.4

—> For j*=[2,m-1]

Calculate FP'FP
Equations (43) & (44)

:

Equations (49) & (50) | Yes F= Failure mechanism I'V
Respected Equations (51) & (53)
=i*41 Sic
No Bt 55 56 . Failure mechanisms V
R;‘;‘;;ft‘;( V&GO Nes o} j=j & VI Equations (57)
(60) & (61)

Figure 4-8: Steps to solve IN Behaviour Region of Case CP'-SW"™, Failure Mechanisms IV-
VI

The transitional forces and associated displacements for kinematic mode j* and j* + 1 are

calculated to define the limits surrounding kinematic mode j*. The transitional forces to

attain modes j* and j* + 1 are denoted 1*}’”’1'*_1 and Ftpl'j*, respectively. Through static
equilibrium, the increase in lateral force between two adjacent kinematic modes can be

expressed as:
Lj* 1j*— R b i -2 "
Ftp]_Ftp] 1=%(m—])=q7(m—]) (43)

Where the reaction force of the j*t* panel only considers the vertical load applied on the
panel because the uplifted panels (from 1 to j*) stiffness is equal to zero in this segment of
the wall since the hold-down has yielded and the wall stiffness is assumed as springs in

series representing the hold-down and vertical joint. Therefore, the lateral forces are
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transferred to the next panels in contact with the ground and the reaction force takes the

following expression using static equilibrium:
Rcj+=q-b (44)

The total transitional force at the point where the wall changes from kinematic mode j* to
kinematic mode j* + 1 is the sum of the first transitional force to the incremental increase of

lateral force resulting a change in behaviour.

Lj* 11 I, Lji—1 _r-b-m q-b
P = Rl +Z] J(FPY — pPY )_hT _h[3m+2m(] -1 -G+ 1]

(45)"

The total lateral displacement for kinematic mode j* associated with transitional force

expressed in Equation (45) takes the following form:

Ff“ Y7 n

L Th +M (46)A

Lj* pl1
AP =A —
h,t h,t Z kpl] b nke nkeg

The equivalent lateral stiffness of the wall in kinematic mode j* is expressed as:

1 plj* -
L e
H - h2 - h2 ( )

Where the equivalent hold-down stiffness is:
kP = (m—j)n-k, (48)

Failure mechanism IV is characterized by the failure of the hold-down in kinematic mode j*
attained before the yielding of the vertical joints, as expressed in Equation (49). Equation

(50) shows that the ultimate displacement of the hold-down in failure mechanism IV is
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bounded by the deformation achieving kinematic mode j* and j* + 1. This is expressed

through the following two conditions:

Tuh  (49)A

j*

dyc > 2 (1_;)+ﬂ[0'*2_—1>+1;]+

nkc Jj* nkc *

1 =G =Daqb 1 j*(*+Dab A
ke (rh + —2 ) < du,h < Tl_kc (T'h + —2 ) (50)

If both conditions 49 and 50 are met, then j* and j are equal and becomes associated with

the final kinematic mode in the plastic state.

The plastic strength for failure mechanism [V is calculated by adding the first transitional

force, Ftpl'l, to the increase of force required fully develop kinematic mode j* = [2,] — 1].
The plastic strength associated with kinematic mode j resulting in the failure of the hold-
down is presented in Equation (51).
RPLIV _ ppll + Zj —1pplj _ pplj-1 + du,h—Vg’l‘j . (sz,j _ sz,j—1) — RPLIV _

w It j=2"t t (]_Zb) t t = Ry =

h2m ik ob(m—3
[m_l_l_TT]_I_qbz.}:n]_l_du,hnk;:(m 7 (51"

Th'b
h

Where VO”” is the total hold-down elongation attained in mode j.

plLj _ 1 j-1 jab _ ra |, JO-Dqb A
%o = e Gt ab) + X5, e = et = (52)

The ultimate displacement of the wall in failure mechanism [V is the sum of the lateral
displacement of the wall in CP behaviour, the incremental displacement to achieve all
intermediate kinematic modes (2 to j — 1) and the displacement in the final kinematic mode

J governed by failure in the hold-down. The expression is shown in Equation (53).
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plj_pplj-1
t

, A ~1F, h Ly h -y
= T ) = S

pl] nke

g n] e

The ductility of the wall can be developed as:

u,lv
w _ AW

Au'W Azl (54)

Failure mechanisms V' and VI occurs when the vertical joints yield in kinematic mode j*
prior the failure of the hold-down, as expressed in Equation (55). Equation (56) shows that
the yielding displacement of the vertical joints in failure mechanism V and VI is bounded by

the deformation to fully develop kinematic mode j* — 1 and j*.

- (*=1)j*qb T
dun > e (1= J) =24 v dy e (65)°

—(Th+(1 —1)gb) <dyc <— (T‘h+J qgb) (56)"

The plastic strength of failure mechanism V and V1 is the sum of the first transitional force,

Ft”l’l, the increase of force required fully develop kinematic mode j* = [2,j — 1] and the
interpolation of the increase of force to achieve kinematic mode j that is governed by the

yielding displacement of panel joints.

plj
plLV _ pplVI _ pll j-1qb dy,c—V¢
RPY = RPM! = F] ijh(m—1)+ 5

nreb
h

[m — J]+—(m j+5 Gt

Where chl’j is the total elongation of fasteners in the last vertical joint (m — 1t") attained in
mode j and is shown Equation (58). The elongation in this joint is the studied as it is the
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vertical joint resisting the maximum force according to the analytical model developed by

Casagrande et al. (2017).
VP = ——[r+q-bG-1D] (58)"

The plastic displacement of the wall in failure mechanism V' and VI is the sum of the lateral
displacement of the wall in CP behaviour, the incremental displacement to develop all
intermediate kinematic modes (2 to j — 1) and the displacement in the final kinematic mode

7 governed by yielding of the vertical joints. The expression is shown in Equation (59).
LV Lvi_ h
AP = AP = > dyc (59)

The ultimate displacements for failure mechanism V and VI are characterized by failure in
the vertical joints and the hold-down, respectively. It can be expressed as the ultimate
displacement of the vertical joint and the wall panel aspect ratio for Equation (60). Equation
(61) is developed as the sum of wall displacement in CP behaviour, the incremental
displacement through kinematic modes 2 up to j— 1 and the displacement in the final

kinematic mode, j, governed by failure in the hold-down.
h
A= dy, (60)

plj_pplj-1
t

wVIi__ apl1 j-1F
Ah - Ah,t +Zj=2 Pl
H

h Ljiy _ h =
+ o (dun = V) == |dun + kG = Dy +

qh
2nke

G- 1] 61"

The ductility for kinematic modes ¥V and VI are expressed in Equations (62) and (63),

respectively.
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h'd d
V _ pouwc __ . Quc
Uy = 3 = Up d (62)
b %y.h h.c

u,VI
vi _ A

Au'W - Azl (63)

If failure mechanisms IV to VI are not attained, all steps in section 4.2.3 are repeated with an
increase value of j*, as shown in Figure 4-8, until j* = m. The connectors are considered

with sufficient ductility if kinematic mode m can be achieve.

4.2.4 SW Behaviour in Plastic State, Failure Mechanisms VII
SW behaviour is achieved when kinematic mode m is reached. To do so, the last transitional

force must be resisted by the wall as shown in Figure 4-9.
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Figure 4-9: Behaviour Region SW’" for Kinematic Path of Case CP®'-SW**

Once SW behaviour is achieved, no additional lateral load is resisted by the wall since the

hold-down has yielded and the wall stiffness is assumed as springs in series representing the
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hold-down and vertical joint. The plastic strength of the wall is equal to the transitional force,

FPY™ and can be obtained by static equilibrium:

pLVII _ pplm-1 _ rp'B |, q'B?
R " =R =nm+ oy (64

The wall displacement associated with the plastic strength is the summation of the plastic

deformation attained in kinematic mode 1 and the incremental displacement for each

subsequent kinematic mode up to m — 1:

APV A1911 oy 1 FPY P _h. T gh(mo1) (65)°

kp“ b nke nke

For the wall to achieve the SW behaviour in the plastic state in failure mechanism V11, the

panel joint between the m — 1™ and m™ panels must remain elastic.
1
dyc 2 n__kc[rh +q-b-(m—-1] (66)"

The ultimate lateral displacement of the wall is only dependant on the hold-down elongation
since no additional load is applied to the elastic vertical joint. It should be noted that
considering the incremental elongation of the hold-down for each kinematic mode is

necessary, since they are not equal for different kinematic modes. Therefore, the elongation

in hold-down for the SW behaviour, V"™, is calculated as:

/i =—(rh+qb)+2m R

nke nk h+qu(m 1)] (67)

Ensuring the hold-down’s ultimate displacement is larger than the required elongation to

reach SW behaviour can be expressed as:

dyp = VP'™ (68)
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The ultimate displacement of the wall in failure mechanism VII is the sum of the lateral
displacement of the wall in CP behaviour, the incremental displacement to achieve all
intermediate kinematic modes (2 to m — 1) and the displacement in the final kinematic mode

m governed by failure in the hold-down. The expression is shown in Equation (69).

pl,j_Fpl,j—l
t

wVII_ AplL1 m—1F h _pyplmy _ h __h(m-1)
Ay = e T2 T T o (dun —Vy )—m.b Ay
H

+

mb nkg

q-h-(m—-1)
2nke

(69)"

The ductility of the wall can be expressed since the yielding and ultimate displacements are

known:

4.3 Model Development for the SWE--SWP- Case

This case is achieved through the SW behaviour in the elastic state and the SW behaviour in
the final plastic state and is ensured by the inequalities presented in Equations (19) and (21).
It is assumed that the wall has transitioned through all three behaviours (CP, IN and SW) in
the elastic state. This case only allows one failure mechanism because for kinematic mode m
to be reached, the lateral stiffness is dominated by the yielding of the hold-down thereby
disallowing the wall to take additional lateral load. This ensures that the vertical joints
remain elastic. The force-displacement curve in Figure 4-10 presents the different behaviour

region.
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Figure 4-10: General Elasto-Plastic Force-Displacement Curve for Kinematic Path SW*'-
SWPL

The only behaviour region where the failure occur is SW due to the fact that all other
behaviour regions occurs in the elastic state. The kinematic path is presented in Figure 4-11
where it can be seen that the elastic state is represented by a line extending to point SW&-
where the wall attains its yielding strength. Afterward, the wall behaves without stiffness
since the hold-down has yielded and the wall stiffness is assumed as springs in series
representing the hold-down and vertical joint. To illustrate the lack of ability to resist
additional load during the plastic state, the kinematic path between point SWE- and SW™" in

Figure 4-11 is illustrated as a vertical line.
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Figure 4-11: Behaviour Region of failure Mechanism for SW™-sw™

The failure mechanism is presented in Figure 4-11, while highlighting the yielding

requirements and sequence to attain this failure mechanism.
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Figure 4-12: Definition of Failure Mechanism for SW-sw*™

The values for transitional force associated with kinematic mode j* where 1 <j* <m —1

are presented in Equation (1). The transitional displacement achieved at the kinematic mode

J* A,elf’tj*, is developed as the sum of displacements associated with the increase of force

resulting a change of kinematic modes prior to achieving j*.

i el,1_ i el,j relj-1
Ael.] — F Fq +Z] Fy Fy (71)
ht e j=2 el
H H

Where equivalent lateral stiffness of the wall in the elastic state for mode j* is written as:

1el,j*
elj* _ k"' b?
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The equivalent hold-down tensile stiffness for the elastic state of kinematic mode j* is

expressed as:

rel,j* _ nke[(j*+mj*—m)-kp+(m—j")nkc|
n - nket (G —1)kp (73)

The plastic strength and displacement of the wall in failure mechanism I are equal to those

elm

attained at the elastic state where the hold-down yields in kinematic mode m, R’

(as
presented in EQ.8). As previously mentioned, no additional lateral forces are resisted in the

plastic state which provide the following plastic characteristics for failure mechanism I:
l’ )
Ry =Ron (74)

A= a5 (75)

Where the expression for elastic displacement has been defined in Casagrande et al. (2017)

as:

elm .2 relm
pgi= (B _amtn G 1 (7)
h b2 2 kn mz_k;lel,m

Also, where the equivalent hold-down tensile stiffness is expressed as a system of springs in

series as:

kﬂm=G4””f10n

kn nke

The ultimate displacement of the wall can be written as the sum of the elastic and plastic
displacement related only to the hold-down properties. Therefore, the ultimate displacement

of the wall takes the following form:

h
Ay = AF 4= (dyp — dyp)  (78)

49



The ductility is shown in Equation (79).

Au,I
wy' = (79)

Agt
4.4 Model Development for the INF--SWP- Case

This case is achieved through the IN behaviour in the elastic state and the SW behaviour in
the final plastic state and is ensured by the inequalities presented in Equations (19) and (22).
The kinematic mode where the elastic strength is achieved, j, is found by increment of j*
until Equation (22) is validated for values of j in the range of [1, m — 1]. As shown in Figure
4-13, the behaviour regions are presented as CP behaviour (CPF-) and IN behaviour (INFY)
both in the elastic state until kinematic mode j is achieved. From the elastic state, the wall
may possess limited ductility and therefore remain in the IN behaviour for kinematic mode
J =7 or achieve a superior value of kinematic mode, j, while still in the IN behaviour, in the
range of j+ 1 <j<m—1. SW behaviour and the associated failure mechanism VII is
achieved if the ductility of hold-down and the yield displacement of vertical joints are
sufficient. The different behaviour regions for which the wall may reach its ultimate capacity
are presented in the general force-displacement curve shown in Figure 4-13 and associated

kinematic path in Figure 4-14.
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All failure mechanisms along the IN--SW"" path are illustrated in Figure 4-15. The failure
mechanisms can be established based on 3 possible cases of kinematic modes, j, achieved in
plastic state due to limited connectors elongation capacity. Failure mechanisms I, I1 and I1]

are define for j = j, IV, V and VI are defined for j + 1 < j < m — 1 and VII is defined for

j:

NEL

2<7< m-1

Hold down
Yielding

TN JINPL SW L

=T TH1< j < m-1 j=m

—

Vertical Joint Vertical Joint Vertical Joint Vertical Joint Vertical Joint
Elastic Yielding Elastic Yieldin Elastic
=3 5 S g SO

Figure 4-15: Definition of Failure Mechanism for IN®-SW™

The subsequent sections will follow the structure presented in Figure 4-15, starting by
describing the elastic state in CP and IN behaviour (Section 4.4.1), followed by a description
of the plastic states in the IN"" (j =7j), IN"" (1 <j<m—1) and SW™ behaviour in

Sections 4.4.2, 4.4.3 and 4.4.4, respectively.
44.1 CP and IN behaviour in Elastic State
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As mentioned before, the first point in the force-displacement relationship of the wall for all
cases is the activation force, which was previously defined by Equation (6) and discussed in

Section 3.2.

The first segment of the force-displacement relationship in limited by the change between

kinematic mode 1 and 2 and is denoted, Ftel'l, presented in Equation (1). The first transitional

force is associated with the following displacement:

el,1
Fy Fq

A=t (80)

The intermediate displacements of the wall for any kinematic mode j* in the range of [2,7],

associated with intermediate transitional forces Ftel'j ", are the sum of the lateral displacement

of the wall in kinematic mode 1 and the incremental displacement to achieve all intermediate

kinematic modes (2 to j). The expression is shown in Equation (81).

el,j* __elj*—1

el,1
el,j*_ F " —Fg j F F
H

The last elastic segment (Figure 4-13) is limited by the transitional force to achieve

el
w,h?

kinematic mode j and the elastic strength in kinematic mode j, R , as expressed in Equation

(8). Therefore, the associated elastic displacement of case INF--SW" and is expressed in

Equation (82):

eLy p2 . S (5—1)) e 1Yo ( —7)-
wih qh  (m+5G-10)nke+(G=1)(m=)kp (82)

rely ~ _ Tely - 1.
h 2k, nkct+(G-1)kp

el _ R

™ 2k

Where k;lel’j is the equivalent hold-down tensile stiffness for IN behaviour with j = j*.
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relj _ nke[G+mj-m)-kp+(m-j)n-kcl
fn " = nke+(—1)kp, (83)
4.4.2  IN Behaviour Region for Kinematic Mode j=7j in Plastic State, Failure

Mechanisms I — I11
As can be seen in Figure 4-16, IN"" is defined by the limits represented with the yielding of
the hold-down, and the transitional force to achieve kinematic mode j+1 , Ftpl'i. This

transition force defines the state where the 7** panel is no longer in contact with the ground,

i.e. the reaction of panel j is equal to zero (Figure 4-17).

Yielding

/—Elastic State

05 4

0.00 0.50 1.00 150 co

Figure 4-16: Behaviour Region IN"* with j for Kinematic Path of Case INE-swWPt
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kn= O‘

Figure 4-17: Transition from kinematic modejtoj + 1

elj
w,h’

The increase in lateral force, Ft’f’l’j —R that leads to kinematic mode j (i.e. R.; = 0), is

expressed using static equilibrium, as shown in Equation (84):

Where R_; is calculated considering static equilibrium of the it panel as:

Rej=m+q-b-j—n-F

Y.Ly (85)

Additionally, the forces in the panel joint between panel jand j + 1, F. , ;;5, are required to be

VAN
elj
w,h

calculated when the wall is under a lateral force equivalent to the elastic strength, R

(Casagrande et al. 2017).

elj . ~ ~ .
_Rurh nketG-Dky _ @b [mAj (=Dl nke+G=1)-(m=])-kn

F. ..=
oyt nb  (+mj-m)ykp+(m-jnk; 2n G+mij-m)-kp+(m-j)nk

(86)
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The total transitional force between kinematic mode j and j + 1 is expressed in Equation (87)

elj
w,h?

as the sum of the elastic strength achieved in kinematic mode j, R and the increase in

force defined in Equation (84).

R¢jb-(m-J)

PV =Ry + (87)

The total lateral displacement of the wall related to the transitional force defined in Equation
(87), can be written as the sum of the elastic displacement and the displacement associated

with the increase in force causing a shift to kinematic mode j+ 1 from the elastic strength:

plj_pelj
“Ryn Rejh

pli_ ael , [t h _ el
Ape= By +—kflz,j =Ay + o, (89)

The equivalent hold-down stiffness in the plastic state for kinematic mode j is written in a

similar fashion to that in the elastic state (Eq. 83) but without the contribution of the hold-

!

down, kP = k;®"(ky, = 0). Therefore, the equivalent lateral stiffness of the wall is

expressed as:

Iply .
A S e .2
h2 h?

kP =% (89)

The transitional force, Fg"l"~ and its associated displacement cannot be attained in failure
mechanisms I, II and I11 due to limited elongation capability in the connectors (see Figure 4-
15). These failure mechanisms are achieved when the wall remains in kinematic mode j
following the yielding of the hold-down. Attaining failure mechanism I is ensured by the
following two conditions: a) failure of the hold-down is reached while the wall remains in
kinematic mode j (Eq. 90), and b) the failure of the hold-down is reached prior to the
yielding of the panel joints (Eg. 91):
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Lj J'Rcj A
dypn < Vop ) = dy,h + nkccl (90)

dy,c > chl] Vel] + (duh]—dyh) (91)

Where VO’”‘j is the total displacement of the hold-down in kinematic mode j for the IN
behaviour in the plastic state. It is expressed as the sum of the yielding displacement of the

hold-down and the displacement of the hold-down to achieve kinematic mode j.

Ve” is the total elongation of vertical joints related to achievement of the elastic strength in
kinematic mode j. Therefore, Equation (92) presents the summation of elongation of the
vertical joints for kinematic mode 1, the incremental displacement for each subsequent
kinematic mode up to j— 1 and the elongation related to the achievement of the elastic

strength in kinematic mode j.

elj _
VC =
elj _elj—1 elj _relj-1),
b <Ffll B2 th> 5 (FEH-EE ™) n (R H=F ™) h (©2)
h- kllzell b2 j= 2 b [(j+m:j-m)kp+(m—j)nkc] = b [G+mj-m)kp+(m—j)nk]

The plastic strength of the wall under these conditions can be written as the sum of the elastic
strength and the interpolation between the elastic strength and the transitional force between

kinematic modes j and j + 1 governed by the ultimate displacement of the hold-down.

pLI _ el] plLj eljy\  Qun—dyn
Ry o+ (B —Ruy) 2= (99)
' Vo “~dyn

The lateral displacement in kinematic mode j in the plastic state is controlled by the ultimate
displacement of the hold-down for failure mechanism 1.

: L h
A= AY = AF 4 = (dup — dyp)  (99)
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The associated ductility for this failure mechanism is expressed as:

Au,I
pw' =56 (95)

el
Ay

Failure mechanism II and III also occur in kinematic mode j, but where the wall’s plastic
strength is governed by yielding in the vertical joints. Attaining failure mechanism I and 111
is ensured by the following two conditions: a) the yielding displacement of the vertical joints

occurs prior to achieving the displacement in the connectors associated with the transitional

force Ft”l'j (Eqg. 96), and b) yielding displacement of the vertical joints is reached prior to the

ultimate displacement of the hold-down as expressed in equation (Eq. 97):

elj , Rcj A
dy,c <V ) +n-_;clc (96)

dyp > dyp +7+ (dye — V) (O

The plastic strength of the wall for failure mechanisms II and 111 occurs when the panel
joints yield. Therefore, the wall resistance can be expressed as the sum of the elastic strength
and interpolation of the increase of force to achieve kinematic mode j+ 1 that is governed

by the yielding displacement of the panel joints:

el
eljy . nke (dy,c_Vc

R‘;/)Vl,II _ R‘;;l,m _ R;l;l n (Ftpl,j ~ R ) (98)A

cj

The total displacement at the plastic strength for both failure mechanisms II and III is

governed by the yield displacement of the vertical joint.

. . pLILIII
A1 A1 B
AP = AP = AL

el
RW‘

kU T keb T YE

P~
o
>

= (99)
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The ultimate displacements for failure mechanism II and 11 are characterized by failure in
the vertical joints and in the hold-down, respectively. Failure mechanism 11 is expressed as
the ultimate displacement for vertical joint and the panel aspect ratio whereas failure
mechanism I11 is the sum of elastic displacement and the allowable elongation from yielding
to ultimate displacement of the hold-down in relation with the segment of the wall with

uplifted panels.
A"=2-dy,  (100)
AZ’IU: AZ! +j-£b(du'h - dy,h) (101)

The ductility for failure mechanism II and 111 can be expressed as:

w1 = (103)
h

4.4.3 IN Behaviour Region for kinematic mode j+ 1 <j < m in Plastic State,
Failure Mechanisms IV — VI

Figure 4-18 illustrates the region for failure mechanisms IV — VI, which starts with

kinematic mode j+ 1 and ends with the achievement of SW behaviour or a kinematic mode

in between. This particular behaviour is attained when the ductility of the connectors is

sufficient to extend the wall beyond kinematic mode j.
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Figure 4-18: Behaviour Region INP with j = [2, m — 1] for Kinematic Path of Case INEL
SWPL

The development of the force-displacement curve follows the procedure outlined in Figure 4-

19. As indicated in Figure 4-19, the value of j* is increased between j+ 1 and m — 1.
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Figure 4-19: Steps to solve IN Behaviour Region of Case IN®-SWP", Failure Mechanisms IV-
Vi

The transitional forces and associated displacements for kinematic mode j* and j* + 1 are

calculated to define the limits surrounding kinematic mode j*. The transitional forces to

attain modes j* and j* + 1 are denoted Fg"”*"1 and Ftpl'j*, respectively. Through static
equilibrium, the increase in lateral force between two adjacent kinematic modes can be

expressed as:
L% ok RC, b . -b? - %
F;:pl,] _ P;:Pl,] 1 — #(m _] ) = qT(m —] ) (104)

Where the reaction force of the j*** panel only considers the vertical load applied on the
panel because the stiffness of the panels not in contact with ground (from 1 to j*) is equal to
zero in this segment of the wall since the hold-down has yielded and the wall stiffness is

assumed as springs in series representing the hold-down and vertical joint. Therefore, the
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lateral forces are transferred to the next panels in contact with the ground and the reaction

force takes the following expression using static equilibrium:
R.j+=q-b (105)

The total transitional force at the point where the wall changes from kinematic mode j* to

kinematic mode j* + 1 is:
Ftpl.J Fpll +Z] ]+1 . (m_ ]) (106)

The total lateral displacement for kinematic mode j* associated with transitional force
consist of the elastic displacement, the displacement to develop kinematic mode j and the
incremental displacement to fully develop kinematic mode j between j+ 1 and j* . It is

expressed in Equation (107).

Lj* Rc
ALY = A7+ — +zj J+1 (107)

Failure mechanism IV is characterized by the failure of the hold-down in kinematic mode j*
attained before the yielding of the vertical joints, as expressed in Equation (108). Equation
(109) shows that the ultimate displacement of the hold-down in failure mechanism IV is
bounded by the deformation to fully develop kinematic mode j*—1 and j*. This is

expressed through the following two conditions:

d

elj RC] -1 qb 1 [ _ _T'Rc,j oyt J"Q'b] A
y.c > VC +—= nke + Z} =j+1p. ke + du,h dY:h nke Zj=j+1 nke (108)

'.q.b
] ]+1

J'Rcj

Rc jq'b
dyh+] ’+2 =< dyp < dyp + o +z] a2 (109)°

62



If both conditions (i.e. Eq.108 and 109) are met, then j* and j are equal and become

associated with the final kinematic mode in the plastic state.

The plastic strength for failure mechanism IV is calculated by adding the j** transitional

force, F;p”, the increase of force required to fully develop kinematic mode j* = [2,] — 1]
and an interpolation of the increase of force to achieve kinematic mode j+ 1 that is
governed by the ultimate displacement of the hold-down. The plastic strength associated with
kinematic mode j resulting in the failure of the hold-down is presented in Equation (110)

from interpolation.

LIV Lj 1 dun-vP7\ qb? .
R‘I:, =Ftp]+Zj ]+1 N (m ])+<(h#%b°)>-7(m—]) (110)

Where VO”” is the total hold-down elongation attained in mode j.

1,j R, .'(I'b A
yP = dyh+ 1+zj S o (111)

The ultimate displacement of the wall in failure mechanism IV is the sum of the lateral
displacement of the wall in elastic state (kinematic mode 1 to j), the incremental
displacement in kinematic mode j in the plastic state, the incremental displacement to
achieve all intermediate kinematic modes (j + 1 to j — 1) and the displacement in the final
kinematic mode j governed by failure in the hold-down. The expression is shown in

Equation (112).

Au AV Apl IV_ Ael

]+1nk Jb(duh Vpl]) (112*

The ductility of the wall can be developed as:
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Failure mechanisms V' and VI occurs when the vertical joints yield in kinematic mode j*
prior the failure of the hold-down, as expressed in Equation (114). Equation (115) shows that
the yielding displacement of the vertical joints in failure mechanism V and VI is bounded by

the deformation to fully develop kinematic mode j* — 1 and j*.

JRcj j*=1 jqb | . [ elj  Rej  @j*-1 gqb A
du,h > dy,h + nke + Zj=j+1 nke +J dy,c Vc nke Zf:j"'ln-kc (114)

elj , Rcj j*=1 qb elj , Rcj j* qb
—_— . —_—< —_— . —_—
VC + nke + 2]=]+1 nke dy,c < VC + nke + 2]=]+1 n-kg

(115)*

The plastic strength of failure mechanism V and V1 is the sum of the first transitional force,

Ft”l’l, the increase of force required fully develop kinematic mode j* =[2,j — 1] and the
interpolation of the increase of force in kinematic mode j that is governed by the yielding

displacement of the panel joints.

. A .p2 . d C—chl’j ‘b? A
R = R = B2 4 5)20, S =+ (55 ) - am = ) (1)
nkc

Where chl'j is the total elongation of fasteners in vertical joints j to m — 1 attained in mode

and is shown Equation (117).

pLj _ yreli | Rej | xnj-1.ab A
R A ) e CEE)

The plastic displacement of the wall in failure mechanism V' and VI is the sum of the lateral
displacement of the wall in kinematic mode j, the incremental displacement to develop all

intermediate kinematic modes (j+ 1 to j — 1) and the displacement in the final kinematic
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mode j governed by yielding of the vertical joints. The expression is shown in Equation

(118).

pLV,VI plj
Azer:VIz Ael RC] Z] 1 R —F

n-keb j= J+1nk klglﬁ

h
= ; b dy,c (118)

The ultimate displacements for failure mechanism V and VI are characterized by failure in
the vertical joints and the hold-down, respectively. It can be expressed as the ultimate
displacement of the vertical joint and the wall panel aspect ratio for Equation (119). Equation
(120) is developed as the sum the elastic displacement (up to kinematic mode j ), the
incremental displacement to fully develop kinematic mode j, the incremental displacement
associated with all kinematic mode j+1 to j—1 and the displacement in the final

kinematic mode j governed by failure in the hold-down.

h
A= dye (119)

Reyh
AZ'VI= AR+ ] » T+ Zj ]+1nk (duh - Vpl]) (120)"

The ductility for kinematic modes V' and VI are expressed in Equations (121) and (122),

respectively.

444 SW Behaviour State in Plastic State, Failure Mechanisms VII

As shown in Figure 4-17, SW behaviour is achieved when kinematic mode m is reached.
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Figure 4-20: Behaviour Region SW"" for Kinematic Path of Case IN*-sw**

The plastic strength of the wall is equal to the transitional force, Ftpl'm_l, and can be

obtained by static equilibrium:

R¢jb-(m—j)

pLVII _ mplm-1 _ pelj
R = F] =R, +——

-1 qb? . ‘B -B?
+ X (m =) = 2= 4 2o (123)

The wall displacement associated with the plastic strength is the summation of the plastic

deformation attained in kinematic mode j and the incremental displacement for each

subsequent kinematic mode up to m — 1:

- pl,j plj-1
pLVII _ ADLj m-1 B "-F _ pel | Rejh m—-1 aqh A
Ah - Ah,t + Zj=j+1 kzl,j - Ah + —n-kc'b + Zj:j"'ln'k_c (124)

For the wall to achieve the SW behaviour in the plastic state in failure mechanism VII, the

panel joint between the m — 1™ and m™ panels must remain elastic.
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el Rey - q-b A
dy,c >V + n_klc + Z;n:j-ll-ln_kc (125)

The ultimate lateral displacement of the wall is only dependant on the hold-down elongation

since no additional load is applied to the elastic vertical joint. The elongation in hold-down

for the SW behaviour, V"™, is calculated as:

TIRCJ+Zm—1 jab (126)A

plrm —
4 - dy,h + n-ke J=I+1 e,

Ensuring the hold-down’s ultimate displacement is larger than the required elongation to

reach SW behaviour can be expressed as:
dyn = VP"™ (127)

The ultimate displacement of the wall in failure mechanism VII is the sum of the lateral
displacement of the wall in kinematic mode j, the incremental displacement to develop all
intermediate kinematic modes (j + 1 to m — 1) and the displacement in the final kinematic

mode m governed by failure in the hold-down. The expression is shown in Equation (128).

VII_ Aplj -1 qgh R L A
= A0 SR+l — W) (129

The ductility associated with the ultimate potential displacement in SW behaviour results the

following for failure mechanism VII:

A
:uWV” = Zel (129)
h
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CHAPTER 5 - Development of the Analytical Model to Achieve CP as

Final Behaviour

5.1 General

Three possible failure paths can lead to the final CP behaviour after attaining elastic yield in
CP, SW or IN behaviour, as seen in Figure 5-1. The final CP behaviour is achieved due to
yielding of vertical joints prior to yielding in the hold-down. The wall may not develop full
CP behaviour in the plastic phase due to insufficient displacement capacity in the connectors,

which will also be covered in this chapter.

NS CPFL

>Plastic State

Elastic State

Figure 5-1: Kinematic Paths to Achieve CP Behaviour

Achieving CP behaviour is ensured by the condition shown in Equation (130) for any

kinematic mode j.
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RS > Ry (130)

In order to achieve CP behaviour in the elastic state, the elastic strength of the wall related to
vertical joint yielding in the CP behaviour (j = 1) is required to be less than the transition
force between kinematic mode 1 and 2 in the elastic state, as expressed in the following

condition.
REF <FfM or k>1 (131)

The SW kinematic behaviour in the elastic state is achieved when the elastic strength of the
wall related to vertical joint yielding in the SW behaviour (j = m) is larger than the final

transitional force prior to attaining kinematic mode m in the elastic state.
RS > EEV™1(132)

Finally, the IN behaviour in the elastic state is achieved when the elastic strength of the wall
related to hold-down yielding in the IN behaviour ( j=[2,m —1]) is between the
transitional forces defining the intermediate kinematic modes immediately before and after

the mode under consideration, i.e. forj = j*.
FEY N < RE < FFYT (133)
5.2 Model development for the CP=--CP"- Case

This case is ensured by the inequalities presented in Equations (130) and (131), and the
behaviour regions are presented in the general force-displacement curve shown in Figure 5-2

and associated kinematic path in Figure 5-3.
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Figure 5-2: General Elasto-Plastic Force-Displacement Curve for Kinematic Path CP®-cp™
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Figure 5-3:Behaviour Region of failure Mechanism for CP-sw"™



Different failure mechanisms (i.e. I — I1I) can be defined depending only on the sequence of

failure of the connectors. All failure mechanisms along the CPE--CPP" path are illustrated in

Figure 5-4.

CPEL
7=1
ip

Holdb-dcwn Hold-down
Elastic Yielding

I e

-

Figure 5-4: Definition of Failure Mechanism for cPt-cp™

The subsequent sections will follow the structure presented in Figure 5-4, starting with
describing the elastic state in CP behaviour (Section 5.2.1), followed by a description of the

plastic states in the CP behaviour in Sections 5.2.2.

521 CP Behaviour in Elastic State
The first point in the force-displacement relationship of the wall for all failure mechanisms is
the activation force, as defined by Equation (6) and discussed in Section 3.2.
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The elastic strength of the wall associated with the vertical joints yield strength in kinematic

mode 1, Rvevl,'cl, can be described as (same as Equation (4) in Section 3.2):

! el,1.b

Ryyp = 7o ——+F (134)

The top horizontal displacement of the wall associated with the elastic strength, A, can be

written as a function of the vertical elongation in the vertical joint, d,, .

Ael Ryye=Fq _ rekp®' b n? reh
el—

kle_ll,l kc'h k;Lel'l'bz kc'b y,C

2 (135)

522 Plastic CP Behaviour Region, Failure Mechanism I — 111
As can be seen in Figure 5-3, CP"" region starts at the point where the panel joints yield. The
tension force in the hold-down at the point where the panel joints yield can be calculated

according to the equation presented in Casagrande et al. 2017:

RELRZ gmen\ kb
el,1 _ w,c qm . h
Teit = (BRI e (136)

The increase in the hold-down force between the point where the panel joint connection
yields and the point where the hold-down yields, tP%, takes the following form according to

Casagrande et al. (2017):

l el,1 2 pl el,1
(Rb —Ryy¢) -h mh\  kpb  (REI-RE' D)
tpl’l — ( w " fw,c _a . h _ WBw " Rw,c (137)

b2 2 k;lpl'l-h - b

Where, the equivalent hold-down stiffness in the plastic state, prior to the yielding of the

hold-down, is equal to the hold-down stiffness.

k;lpl,l — k;lel’l(kc — O) = kh (138)
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The total force in the hold-down at the point of the yielding (r3,) is the sum of the lateral
force achieving panel joint yielding (Eqg. 136) and the additional lateral force to achieve hold-
down vyielding (Eqg.137). It is noteworthy to mention that the expressions dealing with the
increase in force are independent of the activation force. As such, if g is considered in the
elastic expression of the hold-down force, T¢41, it should not be included in the force

increase expressions.

l el,1
(R\f/ _Rw,c )'h

elll1 ,2
_ mell 1,1 _ [Rwech® qmh kn'b
1, = TeW1 + tP _( - )'k'ebl-h+ (139)
h

The increase in lateral force in the plastic state to attain hold-down yield can be written as:

RY — R =2+ (1, — =) (140)

c

The plastic strength, R,’ff (at the yielding of the hold-down) might not be attained in failure
mechanisms I due to the limited deformation capacity in the vertical joints (see Fig. 5-4).
This failure mechanism is achieved when the wall remains in the CP behaviour following the
failure of the panel joints. Attaining failure mechanism I is ensured by the following
condition, where the ultimate elongation in vertical joints is reached prior to the yielding of

the hold-down.
dyc <dyn (141)

The plastic strength of the wall under this condition can be written as the sum of the elastic
strength and the increase of force governed by the ultimate displacement of the vertical
joints, using interpolation between the points of yield and ultimate displacement for the panel

joints:
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plL,I _ pell b . Te'kp . dy,c—dyc
RO = RipE 42 (1, - E22) - Sm2e (1)
[ y,h~C%y,c

The total lateral displacement for failure mechanism I (Eq. 143) occurs in CP behaviour in

the plastic state and is controlled only by the ultimate displacement of the vertical joints.

plLI _el1

Rw _RW,C _ d .
plL1 — Wu,c
k

H

u,l LI
Ay'= AR = AFt +

S s

(143)

The ductility of the wall for failure mechanism I is defined only by the ductility in the

vertical joints, and can be expressed as:

I Al}:" dy,c
By === ke (144)
h y.c

The condition required to ensure yielding of the hold-down and to attain failure mechanism
11 and II1I is that the yielding displacement of the hold-down occurs prior to achieving the

ultimate displacement in the vertical joints. Therefore:
dyc >dy,, (145)

The total plastic strength of the wall for these failure mechanisms can be expressed as the
sum of the elastic strength and the increase of force needed to achieve yielding of the hold-

down:

RO = RO = R + (R — Ry =2 (m+7-(m—1) -n+122)  (146)"

The total displacement at the plastic strength for both failure mechanisms II and III is

governed by the yield displacement of the hold-down.

RPUILII_ pel h

w w,e __ .
=dyn-y,

L L
AR = AP = AR+ e (147)
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Where the equivalent lateral stiffness of wall developed as:

'pl1 |

L k b?  kp-b?
k't =t =2 (148)

The ultimate displacements for failure mechanism II and 11 are characterized by failure in
the vertical joints and in the hold-down, respectively. They can be expressed as the ultimate

displacement for each connector and the wall panel aspect ratio.
A=2dy, (149)
A= dyp (150)

The ductility for failure mechanism I1 and 11 can be expressed as:

n_ — Juce _
' = per =g 0T He (151)

L - LT

5.3 Model Development for the SWE--CPP- Case

This case is achieved through the SW behaviour in the elastic state and the CP behaviour in
the final plastic state and is ensured by the inequalities presented in Equations (130) and
(132). When failure mechanisms VII and VIII (Figure 5-5) cannot be achieved, the
behaviour of the wall depends on the limitation in the ductility of the individual connectors.
Therefore, from the elastic state, the wall may only attain the plastic SW region or only reach
the plastic state in the IN region. The different behaviour regions for which the wall may
reach its ultimate capacity are presented in the general force-displacement curve shown in
Figure 5-5 and associated kinematic path in Figure 5-6.
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Figure 5-5: General Elasto-Plastic Force-Displacement Curve for Kinematic Path swE-cp™
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Figure 5-6:Behaviour Region of failure Mechanism for SW-cp™

The mechanism to attain the plastic SW or IN regions is illustrated in Figure 5-7. From this

figure, it can be observed that the wall changes kinematic mode from higher to lower mode

number. This is achieved through yielding in the panel joints (i.e. sliding in the panels
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relative to one another). This is done progressively starting with the highest panel joint
number joining the first panel in contact with ground (j*+ 1) with the lifted panel
immediately adjacent (j*). This constitutes a condition for which the wall would be in mode
j* when the lifted panel reattaches. All panels to the right of the reattached panel are not
included in the wall stiffness. In other words, the wall is reduced to only the panels to the left

of the first panel in contact with ground (i.e. 1 to j*).

AAAARAAARRAAARAARRA AR AR AR

Ftpl,J“+1

Figure 5-7: Transition between kinematic mode (a) m and (b) m — 1 and general
transition between kinematic mode (c) j* + 1 and (d) j*

All failure mechanisms along the SWE--CP"" path are illustrated in Figure 5-8.

77



SWL"L

T=m

vV
Vertical Joint
Yielding

Vi

SW kL C P PL
j=m j=1
Hold-down Hold-down Hold-down ‘ Hold-down
Elastic Yieldin Elastic Yielding

Figure 5-8: Definition of Failure Mechanism for SW*-cp™

It can be observed that when the hold-down remains elastic, the wall failure is governed by
failure in the vertical joint(s). However, yielding of the hold-down in the IN"- and CP"-

regions would lead to ultimate failure in ether hold-down or vertical joint.

The subsequent sections will follow the structure presented in Figure 5-8, starting by
describing the elastic state (Section 5.3.1) until achieving SW behaviour, followed by a
description of the plastic states in the SWF" in Section 5.3.2. Section 5.3.3 presents the
equations governing the upper limit of the IN behaviour as seen in Figure 5-7b to help

describe the transition between the SW and IN behaviours. The failure mechanisms that
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could occur in kinematic mode m — 1 are presented in Section 5.3.4 and expressed as a
function of j*. Finally, Section 5.3.5 presents the solutions for CP™- behaviour and the

associates failure mechanisms.

531 SW Behaviour in Elastic State
The wall transitions from CPE- to SWE" and remains SWE" region by progressive lifting of
the CLT panels between panel 1 and m — 1. The value of the transitional force associated
with kinematic mode j* where 1 < j* < m — 1 was presented in Equation (1) in Section
3.2. The associated transitional displacement achieved at kinematic mode j*, Aflf’tj*, is
developed as the sum of the displacements associated with the increase of force resulting in a

change of kinematic modes prior to achieving j*.

el,j_Fel,j—l

+ 3, ——  (159)

el,j
kH

L el,1
ACh = Fy " —Fq
ht — kel,1

H

Where the equivalent lateral stiffness of the wall in the elastic state for mode j is written as:

, relj 2
Lj _kyp b
ke = 2

“ —— (154)

The equivalent hold-down tensile stiffness for the elastic state of kinematic mode j* is
expressed as:

rel,j _ nwkel(j+m j—-m)kp+(m—j)nkc]
p = n-ket+(—1)kp (155)

The elastic strength of the wall associated with the vertical joint yield strength in kinematic

mode m, R;{g’l, (same as Equation 10 in section 3.2) can be described as:

Rel’m _ Tenbh Q) | b p(m) _ Tembm n q-b? -(2m-m?) (156)

w,c hmk 2:h h 2'h
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Where the expression for the elastic displacement is taken from Casagrande et al. (2017):

RERZ  gm2Zn k)P 1
Ael=< e ) — (157)

b2 2 kp k;lel'm

The equivalent hold-down tensile stiffness is expressed as a system of springs in series as:

retm _ (1 m-1\7!
fen o (kh + n-kc) (158)

532 Plastic SW Behaviour Region, Failure Mechanism I
As can be seen in Figure 5-9, SW'" is enclosed by the yielding of vertical joint m — 1
(transition from elastic to plastic state, Eq.156), and the transition between kinematic mode

m and m — 1 (between SW and IN behaviours), as illustrated in Figure 5-7a and 5-7b.

Panel m-1 »=Plastic State

touches the
ground

0.5

k s
SWEL ~ Elastic State

Figure 5-9: SW’" behaviour region of Case SW-CP™

The vertical displacement of the lower right joint of panel j for [1,m — 1] is calculated for

the SW behaviour at the elastic strength as seen in Equation (159) with m panels (i.e. prior to
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the sliding and reattachment of panel m — 1). The vertical displacements calculated in
Equation (159) are required to obtain the lateral displacement of the wall (Casagrande et al.

2017).

elm

v?l’m _ RW'C -h (n . kC _ kh) _ qmb (k_h(] _ 1) + 1)] . E (159)

J m-b-kpnkc 2'kp \nk m

Kinematic mode m — 1 is only reached when the (m — 1)%" panel reattaches with ground.

The last panel not in contact with ground, m — 1, will drop from the initial elevation

elm

calculated in the elastic state in kinematic mode m, v,,”";

(see Figure 5-7a). A variation of
the angle of rotation would be attained, 9’ ™!, since hold-down elongation remains the

same, as presented in the Figure 5-7b.

Uel,m

§'mol = Tasi (160)

The reattachment of panel m — 1 with ground, cause by the sliding between panel m and

m — 1, leads to a change in elevation for the point of rotations of the remaining panels,

Im-—1
vP

; for j = [1,m — 2]. The elevation of the point of rotation for panel m — 1 is assumed

to be 0 as it reattaches with ground.

Ujpl,m—l _ vjel,m —9'm-1 jb (161)

The reattachment of panel m — 1 has the effect of increasing the horizontal displacement of
the wall without any increase in force. The increase in displacement between kinematic

mode m and m — 1 can be expressed as:

sP™=9'"m"1-h (162)
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The total displacement, Aﬁf;m’k , Is transitional displacement between kinematic model m and

m — 1, expressed as the elastic displacement and the increase in horizontal displacement due

to the mode change (Eq. 162). k relates to the changes of kinematic mode.
APE™R = pel g 5P (163)
h,t h h,t

The transitional displacement, Aﬁf;m’k may not be attained in failure mechanisms I due to

limited displacement capacity in the vertical joint (see Fig. 5-8). This failure mechanism is
achieved when the wall remains in the SW behaviour following the yielding of the vertical
joint. Attaining failure mechanism I is ensured by the following two conditions: a) failure of
the vertical joint is reached while the wall remains in SW behaviour, (Eg. 164), and b) the

failure of vertical joint m — 1 is reached prior to the yielding of the hold-down (Eq. 165):

RS

A< dye <7 AP (164)

L
d.. >yem_ L Ruwc h  qbm
yh — %o kn \ bm 2

) (165)
The plastic strength is equal to the elastic strength defined in Equation (156).
Rb: =Ry (166)

The total lateral displacement for failure mechanism I (Eq. 167) occurs in kinematic mode m

in the plastic state and is controlled only by the ultimate displacement of vertical joint.
) l! h
A= AR= 2o dy, e (167)

The ductility resulting this failure mechanism can be defined as:
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u,l

I _ Bn
— el
Ay

w (168)

533 Solution for Plastic IN Behaviour Region in kinematic mode m — 1
This section presents kinematic mode m — 1 to facilitate the understsand of the solutions in
the IN behaviour presented in Section 5.3.4. Kinematic mode m — 1 is attained when the

trasitional displacement associated with a change in kinematic mode, Aﬁf;’""‘, is achieved.

Figure 5-10 illustrates the regions for all kinematic modes in the IN behaviour associated
with failure mechanisms I — V. The increase of force and displacement for mode m — 1

only is covered in this section, whereas the solution for failure mechanisms I — V is covered

in section 5.3.4.

1,2
£

plj*
F
pli*+1
F;
Im—1
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Panel m-1
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ground
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0.00 0.50 1.00 1.50 oo

Figure 5-10: IN Behaviour Region with Kinematic Mode m — 1 for Case SW-CP™

At the point of reattachment of panel m — 1 with ground, the wall is considered to only
consist of m — 1 panels. The force required to attain the yielding of vertical joint m — 2 (Eq.
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169) consists of the elastic strength contribution for a system with m panels, R;{'g" (obtained

from Eq. 156) and the lateral force increase required to yield the m — 2 joint, fP*™1 (Fig.
5-11). FPL™~1 relates to increase of force in kinematic mode m — 1 to attain the yielding of

jointm — 2.

Figure 5-11: Effect of increase of force on vertical joint m — 2

e = Fc,y,i,m—Z(F = R\i/l,’cm:m =m) + Fc,y,i,m—z(fpl'm_l:m =m-—1,q=0) (169)

Where
1 [Fh -b-(m=2-j)
Fayij =5 [ =52 @70)
F.,;; applies for single wall (SW) behaviour only, and its use here is appropriate since the

m — 1 vertical joint has yielded and does not contribute to the wall stiffness.

The strength of the vertical joint is expressed as the force in the joint at the elastic strength

and the increase of lateral force to attain yielding of m — 2 t* joint.

elm _
Ryc h _ Q'b'(m—Z-(m—z)) 1 fplm-1.p
2Dl LI (a7

1
r.=—-
¢ n bm n b (m-1)

The increase of force to attain yielding in the m — 2 t* joint is:
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frim-1 = b(m-1)nr,  Rye-(m=-1) n q-b?-(m-1)-(-m+4)
- h m 2-h

(172)*

The total lateral load resisted at the yielding of the m — 2 vertical joint can be expressed as:
F;:pl,m—l — R\i/l,'cm + fpl,m—l (173)

The total plastic displacement of the wall for kinematic mode m — 1 is the sum of the elastic
lateral displacement, the displacement associated with the drop of panel m — 1 and the

increase of force to achieve the yielding of vertical joint m — 2:

L

(174)

plm-1

plm—1_ ,el plm | f
H

Where the equivalent lateral stiffness of the wall is calculated using m — 1 panels:

I'plm-1

kpl,m—l _ ky -b2-(m-1)?
H

h2

(175)

The equivalent hold-down tensile stiffness for SW behaviour with m — 1 panels prior to the
yielding of the m — 2t panel joint can be expressed as springs in series for the hold-down

and vertical joint connections:

it = (2 +w)‘1 ayE +m‘2)_1 (176)

kn n-ke kn | nke

The increase of lateral force, fP“™~1 leads to an increase in vertical displacement of the

panels not in contact with ground. The total vertical displacement in vertical joint j, for
1<j<m-2, vjf”l'm"l can be expressed as the sum of the displacement achieved at
elastic strength, the adjustment (reduction) due to the panel drop to achieve kinematic mode

m — 1, and the increase due to the lateral force fPY™~1. Equation (177) is the same than

Equation (159) and since the input is an incremental force, the vertical load is neglected.
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rplm—-1 _ __plm-1 frtm=t.p . _ . ((m-1)-j)
Y =Y + {(m—l)-b-kh-n-kc (n-ke kh)} (m-1) )

534 Plastic IN Behaviour Region, Failure Mechanism II, I11, IV and V
Figure 5-12 illustrates the region for failure mechanisms II —V, which starts with the
transitional force Ftpl'j +1 achieved and the drop of panel j* + 1 and ends with transitional
force Ftpl'j " achieved and when panel j* reattached to the ground. The IN regions ends with

the achievement of CP behaviour and Figure 5-12 illustrates the regions for all kinematic

modes in the IN behaviour associated with failure mechanisms I — V.
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15k
pi,;o Panel]
1 touches the
EPhI ground
- plj"+z
k F;
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0 T r T —
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q

Figure 5-12: Kinematic Path of Case SW®"-CP™ for Plastic State in IN behaviour
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The development of the force-displacement curve follows the procedure outlined in Figure 5-
13. As indicated in Figure 5-13, the value of j* is decreased between m — 1 (also covered in

the previous section) and 2.

> Section 5.3.5

B

For j*=[m-1,2]

Calculate /&'
Equations (180) &

(181)

Failure mechanism L1
Equations (182) & Yes a_ ik :
(183) Respected )=l Flc%usaitlons (189 &
=i+l No
No ; Failure mechanism 111
Equations (194) & | Yes =t i 3
=1~ | =] ——1> Equations (196) &
(195) Respected (198)
No
. . . Failure mechanism IV
:Ez%ulat}c{)ns (Z?Oc)l & *4& S =i —fand Vv, Equations
JiRespeete (202) & (204)

Figure 5-13: Steps to Solve IN Behaviour Region of Case SW™'-CP®", Failure Mechanisms II-
\Y

Kinematic mode j* is only reached when the j*th panel reattaches with ground. The last
panel not in contact with ground, j*, will drop from the adjusted value under the increase of

lateral force resulting the yielding of joint j* in the plastic state in kinematic mode j* + 1 ,

v]f,}’l'j*“ (see Figure 5-7c). A variation in the angle of rotation would be attained, 9’7", since

hold-down elongation remains the same, as presented in the Figure 5-7d.

rplj*+1

97" =_”f*j — (179)

*,
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The reattachment of panel j* with ground, cause by the sliding between panel j* + 1 and j*

(see Figure 5-7c and 5-7d), leads to a change in elevation for the point of rotations of the
remaining panels, vjpl'j* for j = [1,j* — 1]. The elevation of the point of rotation for panel j*

is assumed to be 0 as it reattaches with ground.

. " Li
pLi* _ _rpLi*+1 _ qrj* . _ o elm _ xm—1gi . ;. m—1 { fPoh L
v T =Y v j b=y LT 0 b+ X E—— (n- k.

k)2 (179)

Where vj' PLI*1 s the elevation of panel corrected with the increase of lateral load in

kinematic model j*+ 1 expressed in the general form in Equation (201) and firstly
calculated for kinematic mode m — 1 in Equation (177). The reattachment of panel j* has the
effect of increasing the horizontal displacement of the wall without any increase in force.

The increase in displacement between kinematic mode j* + 1 and j*can be expressed as:
SPUH = 90 b (180)

The total displacement of the wall when panel j* reattaches with the ground is the sum of the
elastic displacement, the incremental displacement related to previous panel drop associated
with kinematic modes m to j* + 1 and the incremental displacement to fully developed the

previous kinematic modes (m — 1 to j* + 1). This displacement is still under the previous

transitional force, Ftpl'j 1 and the expression is shown in Equation (181).

- . Lj
pLi*+1k _ pel m pLj m-1 fP
Ah,t — Ah +Zj=j*+1 Sh,t +Z

_ ADLj*+1 plLj*+1
J=jt+1 e pli T Ap,¢ + 6 (181)
H
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pl] +1,k

The transitional displacement, A, may not be attained in failure mechanisms 11 due to

limited displacement capacity in the vertical joint (see Fig. 5-8). This failure mechanism is
achieved when the wall remains in the SW behaviour following the yielding of the vertical
joint. Attaining failure mechanism 11 is ensured by the following two conditions: a) failure
of the vertical joint is reached while the wall remains in kinematic mode j* + 1, (Eq. 182),
and b) the failure of vertical joints j* to m — 1 is reached prior to the yielding of the hold-

down (Eqg. 183):

RSy

plLj*+1 b plLj*+1k
A < dye <5y (182)

b'm

REW™.p
dyp > kih[(— )+ syt ](183)

If both conditions (182) and (183) are met, then j* becomes associated with the final

kinematic mode in the plastic state, j, as presented in Figure 5-13.
The plastic strength is defined as the transitional force Ft’”'j*+1 previously established.
Riyi = EPY (184)

The total lateral displacement for failure mechanism I1 (Eq. 185) occurs in kinematic mode
j*+ 1 in the plastic state and is controlled only by the ultimate displacement of vertical

joints j*tom — 1.

The ductility resulting this failure mechanism can be defined as:

u,ll
i _ A

w el
Ay

(186)
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At the point of reattachment of panel j* with ground, the wall is considered to only consist of
j* panels. Therefore, the increase of force that would lead to the next transitional force,
Fp” , Is dependant on the force in the j* — 1 joint. The force required to attain the yielding
of vertical joint j* — 1 (Eqg. 169) consists of the elastic strength contribution for a system
with m panels, Re”” (obtained from Equation 156), the increase of lateral force to yield the
previous vertical joint j for m — 2 < j < j* in a system with j panels, fP%/, and the lateral
force increase required to yield the j* — 1 joint, fP%/" (Fig. 5-11). fP%/ relates to increase of

force in kinematic mode j* to attain the yielding of joint j* — 1.

l’~ i .
Te =Feyijoa(F =Rydm=m)+ X750 Foyijeoa(F = fP,m=j,q=0) +
Foyiji-1(F = fP%",m=j*,q =0) (187)

Where the force in vertical joint uses the equation for SW behaviour stated in Equation
(170). Therefore, the equation for increase of lateral force fP*/" to lead to the yielding of the

j* — 1% vertical joint is written:
s« bt gb(m-2(j*-1)) . [rEET _4 fPL A
prott = [ 2O e[S 4wt ] ass)

Where, fPY is defined as the force causing yielding in vertical joints between kinematic
mode m — 1to j* + 1. The increase of force leading to the first joint yielding in the plastic
state (m — 2), fP"™=1 was calculated in Equation (173). Therefore, the lateral load applied

on top of the wall is calculated following as shown in this expression:

Lj* Lji*+1 j* L
Ftp " Ftp J 4 frU” = REMT +Z] gt +1fplj _|_fle (189)
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The transitional plastic displacement of the wall for the development of kinematic mode j* is
the sum of the elastic displacement, the incremental displacement related to previous panel
drop associated with kinematic modes m to j* + 1 and the incremental displacement related
to the full development of the previous kinematic modes (m —1 to j* 4 1) and, now,

including kinematic mode j*.

L, Lji*+1,k | fPY L, i
Az,f Ap S +o = A+ YTy O ’+Z’” 1 pl_j (190)
H

Where the equivalent lateral stiffness of the wall is calculated using j* panels:

pLi* 2 2
kP = % (191)

The equivalent hold-down tensile stiffness is written for SW behaviour with j* panels in the

wall before the j* — 1" connection yield:

-1

oLyt (L i
o = (kh + n-kc) (192)

Additionally, with the increase of lateral force fP%/", that led to the yielding of vertical joint
Jj* — 1, new values of panel joint elevation are calculated in term of the lateral force for joint

j in the domain of [1,j* — 2].

1pLj* Lj* Ll p G =5
/P = P T g — e
J J j*bkpnke i

N R L RN it {m(n ke—kn)} -2 (193)

Failure mechanism 111 is characterized by the failure in vertical joints in kinematic mode j*
attained prior the yielding of the hold-down as expressed in Equation (194). f'P%J is defined

as the increase in force attained from the point where panel j* reattaches with ground and is
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expressed in Equation (197). Equation (195) shows that the ultimate displacement of the
vertical joint in failure mechanism 11 is bounded by the transitional deformation in the
vertical joints to achieve kinematic mode j* and the displacement resulting in the failure of

the vertical joints up to j* — 1. This is expressed through the following two conditions:

1 [(Rasd“h  qb] m-1 fPY-h | f'PY-n A
dyp > kp [( b-j 2 +Zj=j+1 b-j + b-j (194)

b plj*+1,k b plj*
= Ap T < dy e <o ALY (195)

If both conditions (194) and (195) are met, j* becomes associated with the final kinematic

mode in the plastic state, j, as presented in Figure 5-13.

The plastic strength for failure mechanism I11 is calculated by adding the elastic strength, the
increase of force required to fully develop kinematic mode j* =[m — 1,7+ 1] and the

increase of force in kinematic mode j governed by the failure in vertical joints.

L Lj*+1 7 L - j j
Ry = FPY T 4 f1PL = R+ YL fPY 4 f1PR (196)

w

Where £’ P4 is the increase of force in kinematic mode j governed by the rupture of vertical

joint j in the range of [j,m — 1].

Frou = K (2 dye — AR 197)

The lateral displacement of the wall is associated with the failure of the vertical joint and

developed as:
) li h
ayt= =3 due (198)

The ductility is defined as:
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w11
m _ A

Ael

w (199)

Failure mechanisms IV and V' occurs when the hold-down yield in kinematic mode j* prior
the failure of the vertical joints, as expressed in Equation (200). The wall displacement
related to the yielding of hold-down, AP*""" can be found in Equation (204). Equation (201)
ensures that the yielding displacement of the hold-down for failure mechanism IV and V is

bounded by the deformation to fully develop kinematic mode j* + 1 and j*.

dye > AP (200)

1 [(RE™h  gbm m—1 fPYn 1 [(RE™Rh  gbm m—1fPYh
— (=R 3 | <dyy < | (RS- TR+ I
kp, b'm 2 J7=J b-j ’ kp, b'm 2 J=1" bj

(201)"

If both conditions (200) and (201) are met, j* becomes associated with the final kinematic

mode in the plastic state, j as presented in Figure 5-13

The plastic strength for failure mechanism IV and V is calculated by adding the elastic
strength, the increase of force required to fully develop kinematic mode j* = [m — 1,] + 1]

and the increase of force in kinematic mode j governed by the yielding of the hold-down.

Liv,y Lj*+1 1pl,j L
RV = P 10 = R 4 SR B 7 (202)

Where f'P4 s the increase of force in kinematic mode j governed by the yielding of the

hold-down and has been developed from interpolation as:

l

! ‘b R pLi
fro =g [2 (n o+ 22) - BE _wmot 2 aog)
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The plastic displacement of the wall in failure mechanism [V and V is the sum of the lateral
displacement of the wall in elastic state, the incremental displacement related to previous
panel drop associated with kinematic modes m to j + 1, the incremental displacement related
to the full development of the previous kinematic modes m — 1 to j + 1 and the incremental
displacement related to kinematic mode j governed by the hold-down yield. The expression

is shown in Equation (204):

~ j l”]‘
pLIV,V _ aplLj+ik | f'PY el m pl} m-1 fPY P
Ah - Ah,t + 1P A +Z j+1 +Z =j+1 kpl] + P (204)
H H

The ultimate displacements for failure mechanism IV and V are characterized by failure in
the vertical joints and the hold-down, respectively. It can be expressed as the ultimate
displacement of the vertical joint and the wall panel aspect ratio as expressed in Equation
(205). Equation (206) is developed the sum of the lateral displacement of the wall in elastic
state, the incremental displacement related to previous panel drop associated with kinematic
modes m to j+ 1, the incremental displacement related to the full development of the
previous kinematic modes m — 1 to j + 1, the incremental displacement related to kinematic
mode j governed by the hold-down yield and the incremental displacement to achieve the

ultimate displacement capacity of the hold-down.
A=2-dy,  (205)

; 1

wV_ aplv | B el pLi | D S 3 _
Ah _Ah +j-b (du,h yh) - A +Z} ]+15 ht Z] =j+1 pl1+ kpl,j +j-b (du,h
H

dyn) (206)

Therefore, the ductility for failure mechanism IV and V are:
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:uW - AfeLl (207)
uVv

¥ =i (208)
Ay

535 Plastic CP Behaviour Region, Failure Mechanism VI, VII, VIII
As can be seen in Figure 5-14, CP"" is defined by the limits represented by the reattachment

of panel 1 with the ground and the yielding of the hold-down until failure is achieved.

CPFE
k FM VI-VII-VIII

taken by hold-down only

t
I,I Increase of lateral force
l‘ »=Plastic State

Panel 1 touches
the ground

0.5

|
|
|
|
)

— —_—

SWEL Elastic State

Figure 5-14: CP** behaviour region of Case SW®-cpP™

Kinematic mode 1 is only reached when the first panel reattaches with ground. The last panel
not in contact with ground, 1, will drop from the adjusted value under the increase of lateral

force resulting the yielding of joint 1 in the plastic state in kinematic mode 2, vj’fll"'*zz. A

variation in the angle of rotation would be attained, 9'/=1, since hold-down elongation

remains the same.
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1 plj*=2

9'7'=1 = 2 (209)

Where
1plj*= : 190 . : - plip (i-j)
v 2T = ot Bt b 4 BT e (ke — k) 2 (210)

The reattachment of panel 1 has the effect of increasing the horizontal displacement of the
wall without any increase in force. The increase in displacement between kinematic mode 2

and 1can be expressed as:
St =9"7""1-h (211)

The total displacement of the wall when panel 1 reattaches with the ground is the sum of the
elastic displacement, the incremental displacement related to previous panel drop associated
with kinematic modes m to 2 and the incremental displacement to fully developed the

previous kinematic modes m —1 to 2. This displacement is still under the previous

transitional force, Ftpl'2 , and the expression is shown in Equation (212).

- Lj
plL2k_ Apl2 plL2 _ el 2 plLj m-1fP
At =00 6, =8 + Xj=m 6y + X752 Py (212)
H

The failure mechanism for which the first vertical joint would fail during this panel’s drop is

follows the same steps covered in 5.3.5 for Equations (182) to (186).

At the point of reattachment of panel 1 with ground, the wall is considered to only consist of
1 panel with only the hold-down for elastic connector. At this point, the total force in the
elm

hold-down consists of the elastic strength contribution for a system with m panels, R,

(obtained from Equation 156), and the increase of lateral force to yield the previous vertical
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joint j for m— 2 < j <2 in a system with j panels, fP%/. Equation (213) determine the

allowable increase of lateral force to achieve the yield of the hold-down

elm 2
plLl — 2 . _ Ryc _ q-b“m m 1f
f Pl e v + (213)

The plastic strength of the wall is calculated as the sum of the elastic strength, the increase of
force required fully develop kinematic mode j* = [m — 1,2] and the increase of force in
kinematic mode 1 governed by the yielding of the hold-down. It can be simplified according

to static equilibrium as:

pLVILVIII _ -pl2 11 _ pelm m-1 ¢pl,j 11 _b ) ) gmb
Ry, =K+ P =R, + X5 P+ fP =t (m—-1)n+—

(214)

The total displacement of the wall when achieving its plastic strength is the sum of the elastic
displacement, the incremental displacement related to previous panel drop associated with
kinematic modes m to 2 and the incremental displacement to fully developed the previous
kinematic modes (m — 1 to 2) and now including the increase of force that resulted in the

hold-down yield.

pl pl1
APl= A”’Z"+£ = A+ I, 8P + 3T 1fpl +% (215)
H

pl, J
H
Where, the equivalent lateral stiffness of the wall is calculated using 1 panel:

K = (216)

And where the equivalent hold-down tensile stiffness is defined assigning k. = 0 as all joints

have yield.

97



kPP =k +(m—1) n k. =k, (217)

Failure mechanism V1 is characterized by the failure in vertical joints in kinematic mode 1
attained prior the yielding of the hold-down as expressed in equation (218). f'P4J is defined
as the increase in force attained from the point where panel 1 reattaches with ground and is
expressed in Equation (221). Equation (219) shows that the ultimate displacement of the
vertical joint in failure mechanism VI is bounded by the transitional deformation in the
vertical joints to achieve kinematic mode land the displacement resulting the yield in the

hold-down. This is expressed through the following two conditions:

elm
dyh> 1|:<M )_l_zm 1fpjh ] (218)

kh b'm
b pl2k b ,pl
AP dy o < 2o AP (219)

If both conditions (218) and (219) are met, j* becomes associated with the final kinematic

mode in the plastic state, j, as presented in Figure 5-13.

The plastic strength for failure mechanism V1 is calculated by adding the elastic strength, the
increase of force required fully develop kinematic mode j* = [m — 1, 2] and the increase of

force in kinematic mode 1 governed by the failure in vertical joints.
Rpl,VI _ Ftpl,Z +f’pl’1 — Rel,m Zm 1fp +f,pll (220)
w w,C

Where f'P4J s the increase of force in kinematic mode 1 governed by the failure in vertical

joints.

frove =k (B dy - APPR) (221
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The lateral displacement of the wall is associated with the failure of the vertical joint and

developed as:
h
A= 00=20dye (222)

Therefore, the ductility is, per definition, expressed as:

Failure mechanism VII and VIII are characterized by the yielding of the hold-down occurs
prior the failure in vertical joint as expressed in Equation (224). Equation (225) shows that
the yielding displacement of the hold-down in VII and VIII occurs in kinematic mode 1.

This is expressed through the following two conditions:

dyc>7- AP (224)

If both conditions (224) and (225) are met, then, kinematic mode 1 becomes associated with

the final kinematic mode in the plastic state, j, (Fig.5-13) and the wall achieve the plastic

strength, RE?V!"V "and displacement, AP!, stated in Equation (214) and (215) respectively.

The ultimate displacements for failure mechanism VII and VIII are characterized by failure
in the vertical joints and in the hold-down, respectively. They are both expressed as the

connectors ultimate displacement and the panel aspect ratio.

A= 5 dye (226)
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A= dyn (227)

Therefore, the ductility is presented for both failure mechanism as:

1 =S (228)
h
vir _ A
P == (229)
h

5.4 Model Development for Case IN--CPP-

This case is achieved through the IN behaviour in the elastic state and the CP behaviour in
the final plastic state and is ensured by the inequalities presented in Equations (130) and
(133). As shown in Figure 5-16, the behaviour regions are presented as CP behaviour (CPEH)
and IN behaviour (INF%) both in the elastic state until kinematic mode j is achieved. The wall
starts at CP behaviour in the elastic phase, and the panels progressively lift starting with

panel 1 toj, thereby achieving IN behaviour.

The procedure to develop the IN-CP™*" follows in principle that of the SWE-CPP" with the
exception that for the SWE-CP®- case, the wall rotates about one global rotation point and at
the yield strength, the stiffness of the wall is equal to zero (represented by a plateau in the
force-displacement graph) until the next panel reattaches with ground. For the INF-CP™
case, yielding occurs in all panel joints higher than panel j at the elastic strength, leading to a
rotation of panels 1 to j in SW behaviour about the point of rotation in panel j. This means

that the wall segment consisting of panels 1 to j would maintain some level of stiffness.

When failure mechanisms IX and X (Figure 5-16) cannot be achieved, the behaviour of the

wall depends on the limitation in the ductility of the individual connectors. Therefore, from
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the elastic state, the wall may possess limited ductility and therefore remain in the IN
behaviour for kinematic mode j = j or achieve an inferior value of kinematic mode, j, in the
range of j — 1 < j < 2. CP behaviour and the associated failure mechanisms /X and X are
achieved if the ductility of each individual connectors is sufficient. The different behaviour
regions for which the wall may reach its ultimate capacity are presented in the general force-

displacement curve shown in Figure 5-15 and associated kinematic path in Figure 5-16.

A oif ADL pl2 ADIZ L2 hp],Z,/{ 1X PL
i 4 ty Lt £, 4nt
F | Ft,A[I,t %CP
B Tfl, h,t,fﬂ; VIII =
iy aor oo x—X INPLA ~
Fia @ 3 VI VI J<]
| v
i A x—x A i NP
| Ruod i/ 7 B =
EL
X IN
A
Fia CpE-
F.,0
>
4

Figure 5-15: General Elasto-Plastic Force-Displacement Curve for Kinematic Path IN*-CP™
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Figure 5-16: Behaviour Region of Case INf-cP™

All failure mechanism along the IN--CP" path are illustrated in Figure 5-17. The failure
mechanisms can be established based on three possible cases of kinematic modes, j,
achieved in plastic state due to limited connectors elongation capacity. Failure mechanisms I,
11 and I11 are define for j = j, IV through VII are defined forof j—1 <j <2 and VIII, IX

and X are defined for j = 1.
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Figure 5-17: Definition of Failure Mechanism for IN®-CP™

The subsequent sections will follow the structure presented in Figure 5-17, starting by
describing the elastic state in CP and IN behaviour (Section 5.4.1), followed by a description
of the plastic states in the IN"" (j = ), IN (1 <j < m — 1) and SW behaviour in Sections

5.4.2,5.4.3 and 5.4.4, respectively.

54.1 CP and IN behaviour in Elastic State
The first point in the force-displacement relationship of the wall for all cases is the activation

force, as defined by Equation (6) and discussed in Section 3.2.
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The first segment of the force-displacement relationship in limited by the change between

kinematic mode 1 and 2 and is denoted, Ftel’1 presented in Equation (1). The first transitional

force is associated with the following displacement:

el1_ FU'-F,
A1_ Fe a
A= (230)

H

The intermediate displacements of the wall for any kinematic mode j* in the range of [2,7],

associated with intermediate transitional forces Ftel‘j ", are the sum of the lateral displacement
of the wall in CP behaviour and the incremental displacement to achieve all intermediate

kinematic modes 2 to j. The expression is shown in Equation (231).

elj* _elj*-1

el,1
elj*_ F " —Fg j F F
Ah,t — kle:Il'l + Z]*=2 kelnj* (231)
H

The last elastic segment (Figure 5-16) is limited by the transitional force to achieve

elj

kinematic mode j and the elastic strength in kinematic mode J, R %,

as expressed in Equation

(8) of section 3.2. Therefore, the associated elastic displacement of case INF--CP"" has been

developed in Casagrande et al. (2017) as:

o h? ah  (m+jG-1)nke+(G=1)-(n=)kp (232)

b2k, 2k, n-ke+(G—1)kp

el _ R

h

Where k;f” is the equivalent hold-down tensile stiffness for IN behaviour with j = j*.

relj _ nkelG+mj-m)-kp+(m-7)nkcl
e = nke+(G-1)kp (233)

54.2 IN Behaviour Region for Kinematic Mode j =7j in Plastic State, Failure

Mechanisms I — II1

104



As can be seen in Figure 5-18, IN"" is defined by the limits represented with the yielding of
the vertical joint in kinematic mode j, and the transitional force to achieve kinematic mode
j— 1, FPY. The transitional force, FP*? defines the state at which panel J — 1 reattaches with

ground as shown in Figure 5-19.

R

CPPL

Panel j - 1 drop

» Plastic State

Yielding of
Vertical Joint
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T 7
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Figure 5-18:Behaviour Region IN?' of Case IN®-cP™*
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Figure 5-19: Transition from Elastic Kinematic Mode j to Plastic Kinematic Mode j and
j — 1in Case IN*-CP™*

The vertical displacement of the lower right joint of panel j for [ 1,j — 1] is calculated to
determine the drop of panel in the domain of 1 to j — 1. The elevation of uplifted panel j are

calculated using IN behaviour equations provided in Casagrande et al. (2017).

ool _RuEh _ Gojyvkeky) _ab | PGk tnke = (m-D1G- Dk k]
J 7 nkeb GAmij-m)ykp+(m-mkc 2k G+mij-m)kp+(Mm-)nk,
(234)

The wall, in kinematic mode j, can resist additional lateral force, fP%/, to achieve the

yielding of the j — 1" joint. The force required to attain the yielding of vertical joint j — 1

elj
w,c?

(Eq. 235) consists of the elastic strength contribution for a system with j panels, R, and

the increase of lateral force required to yield the j — 1 joint, fP% (Fig. 5-20).

Ly 7 ~
e = Fc,y.i.]—l(F = Rfv‘g,m =J) + Fc,y,i,]—l(fpl'] ,m=J,q=0) (235)
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Where the force vertical joints resulting the achievement of elastic strength in IN behaviour

is written per Casagrande et al. (2017) as:

elj . ~ ~ ~ ~ -
o _ Rarn, Jkn _ @b JPmkp—2-(-1[+mj-m)kp+(m—])-nkc|
g nb  (tmj-m)ykp+(m-Hmnk. 2n G+m-j—m)-kp+(m-7)nk¢

F, (236)

The force in vertical joints in the plastic state (i.e. increase of force, fP%7) is calculated using
the equation of SW behaviour (Eq.170) with j panels as the other panel from j + 1 to m have
yielded and do not influence the stiffness of the elastic wall segment. The increase of lateral

force in kinematic mode can be expressed the following way:

elj -2

frLl = ﬂ[n.r +@.iz-m-kh—z-(j—l)-[(j+m-i—m)-kh+(m—j)-n-kc]] _ Ry.z' 7> kn
h ¢ 2 (G+m-j—m)-kp+(m—j)nk (G+m-j—m)-kp+(m—j)nk,

(237)"

Therefore, the total lateral load applied on top of the wall is calculated following the

following expression:
FPY = Ryl +fP (239)

The transitional plastic displacement of the wall for the development of kinematic mode j is
the sum of the elastic lateral displacement and the increase of displacement related to the

yielding of vertical joint j — 1:

fle
plj
ky

Ay = af (239)

Where the equivalent lateral stiffness of the wall is calculated using j panels:

plj ~
khp ],bZ,JZ

plj _
kH - h2

(240)
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The equivalent hold-down tensile stiffness is written for a single wall behaviour with

j panels:

rpLy _ (1, J-1\7
k) _(kh+n_kc) (241)

Additionally, with the increase of lateral force P4/, that led to the yielding of vertical joint
7 — 1, new values of panel joint elevation are calculated in term of the lateral force for joint j

in the domain of [1,j — 1]

oLy _ ety 4 [ SPTh o =)
vio T =Y +{,~.b.kh.n.kc(n ke kh)} == ()

Failure mechanism [ is characterized by the failure in vertical joints [ j,m — 1] in kinematic
mode j attained prior the yielding of the hold-down as expressed in Equation (243). f' P4 is
defined as the increase in force attained from the point where the vertical joints [ j,m — 1]
yields and is expressed in Equation (246). Equation (244) shows that the ultimate
displacement of the vertical joint in failure mechanism I is bounded by the deformation in
the vertical joints at the elastic strength and the displacement resulting in the failure of the

vertical joints up to j — 1. This is expressed through the following two conditions:

Ly . . 3
1 R\i/,c'h _gbmj\ Jkn f'PLip A
dy,h > kn [( b 2 ) (G+m-j-m)-kp+(m-jn-k. + b-j (243)

2 AfI< dy <7 AP (244)

If both conditions (243) and (244) are met, j becomes associated with the final kinematic

mode in the plastic state, j.
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The plastic strength for failure mechanism I is calculated by adding the elastic strength to the
increase of force in kinematic mode j governed by the failure in vertical joints j—1 to

m— 1.
ROV = RT+ f1oH (245)

Where f'P4 is the increase of force in kinematic mode j governed by the rupture of vertical

joints j—1tom — 1.

h

Fron =it
b

“dye — A1) (246)

The lateral displacement of the wall associated with the rupture of the vertical joint is

developed according to the ultimate displacement of the connector.
g l: h

AY'= Ap= 2o dy (247)

The ductility is expressed in term of its definition as:

u,l
)

b = (249)

Failure mechanisms II and I1I occurs when the hold-down yield in kinematic mode j prior

the failure of the vertical joints as expressed in Equation (249). AP*'"'" s the plastic
displacement resulting in the yielding of the hold-down as presented in Equation (253).
Equation (250) ensures that the yielding displacement of the hold-down for failure
mechanisms II and 111 is smaller than the elongation required to achieve kinematic model
j—1. f'PY s expressed in Equation (252). This is expressed through the following two

conditions:
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dyc>7- AP (249)

Ly . N <
1 [(Ruth  qbmj\ jknp FPLLR A
dyn < kn [( b 2 ) G+m-j—-m)-kp+(m—jnkc + b-j (250)

If both conditions (249) and (250) are met, j becomes associated with the final kinematic

mode in the plastic state, j.

The plastic strength for failure mechanism I1 and 111 is calculated by adding the elastic
strength and the increase of force in kinematic mode j governed by the yielding of the hold-

down.

RPLILIT _ Rfvl,’z + f'rbi - (251)

w

Where P is the increase of force in model j governed by the yielding of the hold-down

from interpolation and can be expressed as:

Lj - b7 72. T b2m-
f’ plj] — (—rh_Te ! ) fpl;] —Tn bj ]2 kn el q b2 ”l]] (252)A
pLj Ptm-i—m)- —7)en- w,c .
t h (G+m-j—m)-kp+(m—-j)n-kc 2-h

The plastic displacement of the wall in failure mechanism II and II1I is the sum of the lateral
displacement of the wall in elastic state and the lateral displacement associated with the

increase of force resulting the yielding of the hold-down is written as:

'ply
APV pel _|_fka7 (253)
H

The ultimate displacements for failure mechanism 11 and 111 are characterized by failure in
the vertical joints and the hold-down, respectively. It can be expressed as the ultimate

displacement of the vertical joint and the wall panel aspect ratio for Equation (254). Equation
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(255) is developed as the sum of the plastic lateral displacement and the allowable increase

of lateral displacement governed by the failure of the hold-down.
Byl'= 5 dye  (254)

h
apt= AP 4 e (dyp = dyp)  (255)

Therefore, the ductility for those two failure mechanisms is expressed as:

A
' =L (256)
h

po 1 = e (257)
h

5.4.3 IN Behaviour Region for Kinematic Mode j—1 < j < 2 in Plastic State,
Failure Mechanisms IV — VII

Figure 5-20 illustrates the region for failure mechanisms IV — VII, which starts with the
transitional force Ftpl'j +1 achieved and the drop of panel j* + 1 and ends with transitional

force Ftpl’j* achieved and when panel j* reattached to the ground for j* <j— 1. The IN

regions ends with the achievement of CP behaviour.
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Figure 5-20: IN Behaviour Regionforj —1 <j < 2

The development of the force-displacement curve follows the procedure outlined in Figure 5-
21. As indicated in Figure 5-21, the value of j* is decreased between j— 1 and 2 until a
failure mechanism prevail the wall behaviour in a final kinematic mode j or the kinematic

mode m is achieved.
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Vil

Kinematic mode j* is only reached when the j*th panel reattaches with ground. The last
panel not in contact with ground, j*, will drop from the adjusted value under the increase of

lateral force resulting the yielding of joint j* in the plastic state in kinematic mode j* + 1 ,
v]f,}’l’j*“ (calculated in Eq.242). A new angle of rotation would be attained, 9’7", since hold-

down elongation remains the same.
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The following equation allows to get the variation of angle of rotation due to rigid motion
around the hold-down according to the elevation achieved by the j*** panel in kinematic

mode j* + 1 (previous kinematic mode).

1 %
v'pl,] +1

9" =L
j*b

(258)

The reattachment of panel j* with ground, caused by the sliding between panel j* + 1 and j*
leads to a change in elevation for the point of rotations of the remaining panels, vf’l'j* for

j =1[1,j° — 1]. The elevation of the point of rotation for panel j* is assumed to be 0 as it

reattaches with ground.

fpl,i.h

pLj” rpljT+1 rjt . elm -1 qi - b
v =, -9 - jb=v."" =3 _n9 )b T
J J Zl=1 job+X i-b-kp ke

J J i=j"+1

(n- ke —kn)}

ED - (259)

Where vj'pl" ™1 is the elevation of panel corrected with the increase of lateral load in

kinematic model j* 4+ 1 expressed in Equation (274) in the general form but was previously
expressed in Equation (242) for kinematic mode j. The reattachment of panel j* has the
effect of increasing the horizontal displacement of the wall without any increase in force.

The increase in displacement between kinematic mode j* + 1 and j*can be expressed as:
P =910 b (260)

The total displacement of the wall when panel j* reattaches with the ground is the sum the
elastic displacement, the incremental displacement related to previous panel drop associated

with kinematic modes j — 1 to j* 4+ 1 and the incremental displacement to fully developed
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the previous kinematic modes j to j* + 1. This displacement is still under the previous

transitional force, Ft”l'j“r1 , and the expression is shown in Equation (261).

PLI*+ 1Lk _ apLj*+1 | opLj*+1 _ rel , vi-1 plj | v fPhi
Ah,t - Ah,t + 6h,t - Ah + Zj=j*+1 6h,t + Zj=j*+1 kIz_?Il’j (261)
The transitional displacement, A?%/ *"* might not be attained in failure mechanisms V.

Attaining failure mechanism IV is ensured by the following two conditions: a) failure of the
vertical joint is reached while in transitional displacement between kinematic mode j* + 1
and j* due to the drop of panel j* (Eq. 262), and b) the failure of vertical joints j* to m is

reached prior to the yielding of the hold-down (Eqg. 263):

RS

plj*+1 b plj*+1,k
AP dye < 2 AR (262)

fpl.j.h

A
S| (263)

i
1 [(Rf;,l-h q-b-m-]) jkn

dyn, >—-
yh~ b 2 G+m-j—m)-kp+(m—j)nke

J
i +Z]=]*

If both conditions (262) and (263) are met, j* becomes associated with the final kinematic

mode in the plastic state, j as presented in Figure 5-22.

In that case, the plastic strength would be defined as the transitional force between kinematic

behaviour as no increase of force had occurred during the displacement:

Rpl,IV — thpl,j (264)

w

The total lateral displacement for failure mechanism IV (Eq. 265) occurs in kinematic mode
j*+ 1 in the plastic state and is controlled only by the ultimate displacement of vertical
joints j*tom — 1.

g l! h
Ay = A =T dye (265)
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Therefore, the ductility is expressed in the next equation:

The force required to attain the yielding of vertical joint j* — 1 (Eq. 267) consists of the
elastic strength contribution for a system with j panels, Rfvlcj (obtained from Equation 156),
the increase of lateral force to yield the previous vertical joint j for j—1<j<j" in a
system with j panels, fP%/, and the lateral force increase required to yield the j* — 1 joint,
fPL”, fPLi'relates to increase of force in kinematic mode j* to attain the yielding of joint

jr—1.

Lj ~ j—1 i .
e = c,y,i,j*—l(F = Rfv,g'm = ]) + Zj‘:j*+1 Fc,y,i,j*—l(F =fPtm=j,q= 0) +

Fc,y,i,j*_l(F = fPli'  m=j*q= 0) (267)

Where, for the force distribution in vertical joint j* — 1, the effect of elastic strength has to
consider the wall in IN behaviour as shown in Equation (268) according to Casagrande et al.
(2017). However, the effect of all other increase of lateral forces on vertical joint j* — 1 can
be calculated according to an SW behaviour (Eg.170) with j number of panels for j —1 <
J<j"

. —Fh J*kn @b mekp=2:j (G +mj —m)kp+(m—j ) nok]
cyij — b

(268)

(*+m-j*—m)-kp+(m—j*)nk. T 2m (*+m-j*—m)-kp+(m—j*)n-k,

Therefore, the equation of increase of lateral force fP%/" to lead to the yielding of the

j* — 1% vertical joint is written as:
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fpl.j* —

b-j*
h

b, 4+ 22 PTG DG e o oy
€2 [ +mj*=m)-kp+(m—j*)nk]

elj

I et J il A
[[(7+m']—m)-kh+(m_]~).n.kc] + Zj:j*+1 ; (269)

Where, fP4 is the force that yielded the previous vertical joint j for kinematic mode j— 1
to j* 4+ 1. The increase of force leading to the first joint yielding in the plastic state j — 1,
fPUI | was calculated in Equation (237). Therefore, the lateral load applied on top of the wall
is calculated following as the sum of the elastic strength, the increase of force to fully

develop kinematic mode j for j < j < j* + 1 and to fully develop kinematic mode j*.
P = BRI  frT = REL BT PV PN (270)

The transitional plastic displacement of the wall for the development of kinematic mode j* is
of the elastic displacement, the incremental displacement related to previous panel drop
associated with kinematic modes j — 1 to j* + 1 and the incremental displacement related to

the full development of the previous kinematic modes (j to j* + 1) and, now, kinematic

mode j*.
o x Li* . ; . pLj pLj*
pLj*_ aplLj*+1k | fPY el j-1 pLj j f I
Ah,t - Ah,t + kpl:j* - Ah + Z]=]*+1 6h,t + Z]=]*+1 k}_’ll‘j kpl.j* (271)
H H

Where the equivalent lateral stiffness of the wall is calculated using j* panels:

1plj* .
k pl;] _bZ. *2

k) =2 (272)

The equivalent hold-down tensile stiffness is written for a single wall behaviour with

j* panels in the wall before the j* — 1t* connection yield:
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ipLjt _ (1 -1\
k) _(kh+n.kc) (273)

Additionally, with the increase of lateral force fP%/", that led to the yielding of connection
j* — 1, new values of joints elevation are calculated in term of the lateral force for joint j in

the domain of [1,;* — 2]

x x l,j*, s :
roLj*t _ o plj P -h =) _
v; = v; —  (n‘k.—k . —
j (A {j*-b-kh-n-kc (n- ke n) Iz

elm -1 qi. ;. j fPhn

LG
o, (ke kh)} — (274)

Failure mechanism V is characterized by the failure in vertical joints in kinematic mode j*
attained prior the yielding of the hold-down as expressed in Equation (275). f' P/ is defined
as the increase in force attained from the point where panel j* reattaches with ground and is
expressed in Equation (278). Equation (276) shows that the ultimate displacement of the
vertical joint in failure mechanism V is bounded by the deformation in vertical joint
achieving kinematic mode j* and the displacement resulting the yield in the next vertical

joint, j* — 1, This is expressed through the following two conditions:

ol ) ] ] . .
do > 2. |(Rwch _ abmi) Jkn o PR P 275)>
YT ke b 2 G+mj-m)ykp+(m-nke = “i=j+1 p.j b-j

b plj*+1k b plj*
— Ay <dyc <Ay (276)

If both conditions (275) and (276) are met, j* becomes associated with the final kinematic

mode in the plastic state, j as presented in Figure 5-22.

The plastic strength for failure mechanism V is calculated by adding the elastic strength, the

increase of force required fully develop kinematic mode j* = [j,j + 1] and the increase of
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force in kinematic mode j governed by the failure in vertical joint. The plastic strength
associated with kinematic mode j resulting in the failure of the vertical joint is presented in

Equation (277).
ROV = FPY 4 o = RO B fP 4 P (277)
Where f'P4 is the increase of force in kinematic mode j governed by the rupture of vertical

joints j to m — 1 and can be expressed from interpolation as:

f/ pLj — kfll’j . (% : du,c - Az,léﬂ—l'k) (278)

The lateral displacement of the wall is associated with the failure of the vertical joint and

developed as:
AZ'V= Azl,v= % dy,c  (279)

Therefore, the ductility is:

Wil
v _ Ap
- el
Ay

Hw (280)

Failure mechanisms VI and VII occurs when the hold-down yield in kinematic mode j*

prior the failure of the vertical joints as expressed in Equation (281). The wall displacement
related to the yielding of hold-down, A?*"**" can be found in Equation (204). Equation

(282) ensures that the yielding displacement of the hold-down in failure mechanism VI and

VII is bounded by the deformation to fully develop kinematic mode j* + 1 and j*.

dyc > A0 (281)
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1 R\i;l,'é'h _gbmij\ Jkn + j f” J-h <d < e” h
kn b 2 G+m-j—m)-kp+(m—j)n-ke J=i*+1" p.j y.h

qgbmjy Jkn + 2} f
2 (G+m-j—-m)-kp+(m—j)nk¢ j=j*

If both conditions (281) and (282) are met, j* becomes associated with the final kinematic

mode in the plastic state, j as presented in Figure 5-22.

The plastic strength for failure mechanism VI and VII is calculated by adding the elastic
strength, the increase of force required fully develop kinematic mode j* = [m —1,] + 1]

and the increase of force in kinematic mode j governed by the yielding of the hold-down.
R‘I:/l,VI,VII — Ftpl,j+1 +f/ plj — Rfvl.z + Z;_j_i_lfpl,] +fl plj (283)

Where f'PL is the increase of force in kinematic mode j governed by the yielding of the

hold-down and has been developed from interpolation as:

~ elj B .
rpl,j — 7. 2 _ J'kn ] Rw,c'h _ q-bm-j j fp . A
/ J [h <rh (+m-j—m)kep+(m—Jn-ke ( b 2 j=i+1 g (284)

The plastic displacement of the wall in failure mechanism VI and VII is the sum of the
lateral displacement of the wall in elastic state, the incremental displacement related to
previous panel drop associated with kinematic modes j— 1 to j+ 1, the incremental
displacement related to the full development of the previous kinematic modes j to j + 1 and,
the incremental displacement related to kinematic mode j* governed by the hold-down yield.

The expression is shown in Equation (285).

5
5P + 3] Do (285)

pLVLVII pl}+1k r'P el
A = A} + = A} +2 =41 T

h pLj
Ky’

]]+1
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The ultimate displacements for failure mechanism VI and VII are characterized by failure in
the vertical joints and the hold-down, respectively. It can be expressed as the ultimate
displacement of the vertical joint and the wall panel aspect ratio for Equation (286). Equation
(287) is developed as the sum of the plastic lateral displacement and the allowable increase

of lateral displacement governed by the failure of the hold-down.
Ay"=1dy (286)

AMV= APY 4 jib (dup —dyp)  (287)

Therefore, the ductility for mode of failure VI and VII are:

w1V

w,V = Ap
w Afll

(288)

v _ Ay
iy’ = (289)
h

5.4.4 Plastic CP Behaviour Region, Failure Mechanism VII, IX, X
As can be seen in Figure 5-22, CP™" is defined by the limits represented by the reattachment

of panel 1 with the ground and the yielding of the hold-down until failure is achieved.
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Kinematic mode 1 is only reached when the first panel reattaches with ground. The last panel
not in contact with ground, 1, will drop from the adjusted value under the increase of lateral

force resulting the yielding of joint 1 in the plastic state in kinematic mode 2, vj'fll'j*zz. A

variation of the angle of rotation would be attained, 9'/"=1, since hold-down elongation

remains the same.

1plj*=2

9= = 2 (290)

Where

ok ~ - Li
rpl,j =2 _ _elm _ Jj-1 qi e j { fp Lh
Uj=1 vj Zi:z v J b + Zi:Z i-b-kpn-ke

(n-ke—kp)}- 2 (201)
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The reattachment of panel 1 has the effect of increasing the horizontal displacement of the
wall without any increase in force. The increase in displacement between kinematic mode 2

and 1 can be expressed as:
St =9"7""1-h (292)

The total displacement of the wall when panel 1 enters in contact with the ground is the sum
of the elastic displacement, the incremental displacement related to previous panel drop
associated with kinematic modes j—1 to 2 and the incremental displacement to fully

developed the previous kinematic modes j to 2. This displacement is still under the previous

transitional force, Ftpl'2 , and the expression is shown in Equation (293).

pl2k_ Apl2 pL2 _ el j-1 ¢ plj joorry
H

The failure mechanism for which the first vertical joint would yield during the panel’s drop

is covered in 5.4.3 for Equations (262) through (266).

At the point of reattachment of panel 1 with ground, the wall is considered to only consist of

1 panel with only the hold-down to resist additional lateral force. At this point, the total force

el,j
w,c

in the hold-down consists of the elastic strength contribution for a system with j panels, R
(obtained from Eq.156), and the increase of lateral force to yield the previous vertical joint j
for m — 2 < j < 2 in a system with j panels, fP%J. Equation (294) determine the allowable
increase of tension force in the hold-down before achieving the hold-down strength, 1y,

according to the equations established in Casagrande et al. (2017).

Ly - . .

e REY.n -bm- k 5 plLj.p

tpl,] =1 _ rh w,C q ] P— : J'Knh : I ]._Zf : (294)A
b 2 (*+mj*—m)-kp+(m—j*)n-k, J=2 p-j
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Where, for the calculation of forces in the hold-down, the effect of elastic strength must
consider the wall in IN behaviour as shown in Equation (295) according to Casagrande et al.
(2017). However, the effect of all other increase of lateral forces on the hold-down can be

calculated according to an SW behaviour with j number of panelsfor j — 1 < j < 2.

el,j . -
TeLj — (Rw,é'h . q-b-m-}) . Jkn (295)

b 2 (G+m-j—-m)-kp+(m-j)n-kc

Therefore, the increase of lateral force leading to the yielding of the hold-down is expressed

as:

pl1 _ b, _[(peli _ ab mj\ Jkn j Py A
oo =2 — (R ) +3],| (29)

2:h G*+mj*—m)-kp+(m—j*)n-k

The plastic strength of the wall, leading to failure mechanism IX and X is calculated as the
sum of the elastic strength, the increase of force required fully develop kinematic mode
j* =1j,2] and the increase of force in kinematic mode 1 governed by the yielding of the

hold-down.

ROMNX = FPU2 4 ol = RN 4 ST fPLI +fp”—%<rh+rc (m—1)- n+"mb)

(297)

The total displacement of the wall when achieve its plastic strength is the sum of the elastic
displacement, the incremental displacement related to previous panel drop associated with
kinematic modes j—1 to 2 and the incremental displacement to fully developed the
previous kinematic modes j to 2 and now including the increase of force that resulted in the

hold-down yield.

Apl Ap12k+£ = A% + Z] 15PU+Z i (298)

pl, ]11011
H
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Where the equivalent lateral stiffness of the wall is calculated using 1 panel:

KM =22 (299)

Failure mechanism V111 is characterized by the failure in vertical joints previously yielded in
kinematic mode 1 attained prior the yielding of the hold-down as expressed in Equation
(300). f'P4 is defined as the increase in force attained from the point where panel 1
reattaches with ground and is expressed in Equation (303). Equation (301) shows that the
ultimate displacement of the vertical joint in failure mechanism VIII is bounded by the
transitional deformation in the vertical joints to achieve kinematic mode land the
displacement resulting the yield in the hold-down. This is expressed through the following

two conditions:

el - - - Lj 1pl1
1 |(Rweh _abmj\ Jkn j fPh  fTPMR A
dyn > kn [( b 2 ) J+mj-m)kp+(m-jnkc T2j= b5 T b ] (300)

2o A< dy o <2 AR (301)

If both conditions (300) and (301) are met, then, kinematic mode 1 becomes associated with

the final kinematic mode in the plastic state, j.

The plastic strength for failure mechanism VIII is calculated by adding the elastic strength,
the increase of force required fully develop kinematic mode j* = [j, 2] and the increase of
force in kinematic mode 1 governed by the failure in vertical joint. The plastic strength
associated with kinematic mode 1 with a failure of the vertical joint is presented in Equation

(302).
RYY = EP 4 1P = ROV R P £ (302)
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f'Pb1 s the increase of force in kinematic mode 1 governed by the rupture of vertical joint

and can be expressed from interpolation as:

! ) h 14y
Frer =it (3 due — A0) (303)

The lateral displacement of the wall is associated with the failure of the vertical joint and

developed as:
A= dye (304)
The ductility takes the following form:

VI _

T yra (305)

Failure mechanism IX and X are characterized by the yielding of the hold-down prior the
failure in vertical joint as expressed in Equation (306). Equation (307) shows that the
yielding displacement of the hold-down in IX and X should commence kinematic mode 1.

This is expressed through the following two conditions:

dyc > 7 AP (306)

Ly . . .
1 [(Rueh _ abmi) Jkn 5 fPlin A
dy’h > kn [( b 2 > (G+m-j-m)-kp+(m-j)nk + j=2 p.j (307)

If both conditions (306) and (307) are met, then, kinematic mode 1 becomes associated with
the final kinematic mode in the plastic state, j and the wall achieve the plastic strength, Rfvl,

and the plastic displacement, AP', stated in Equation (297) and (298) respectively
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The ultimate displacements for failure mechanism /X and X are characterized by failure in
the vertical joints and in the hold-down, respectively. They are both expressed as the

connectors ultimate displacement and the panel aspect ratio.
Ap*=2-dy. (308)
A¥=2-dy,  (309)

Therefore, the ductility is presented for both failure mechanism as:

ulX

A
:uWIX = Xel (310)
h

u,X
x _ A

b = (311)
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CHAPTER 6 - Validation of the Analytical Procedure by means of

Numerical Modelling

A numerical model was developed using the commercially available software SAP2000
(Computers and Structures Inc., 2014) to validate the proposed analytical procedure reported
in Chapter 4 and 5. The rocking behaviour of 3- and 4-panel CLT shearwalls was analysed
for different properties of connectors such as stiffness, strength, and ultimate displacements
and the results were compared with those obtained using the proposed model for different
failure mechanisms. The force-displacement curves obtained from the numerical model were
developed using displacement controlled non-linear static analysis, by first applying the

vertical load followed by subjecting the wall to a horizontal displacement.

The CLT panels were modelled using perfectly rigid shell elements (i.e. the stiffness of the
shell element has been increased with modifier to neglect the deformation in panels) with
restricted degree of freedom making it behave as a membrane element. The panels were
connected to each other with 2-dimensional spring element representing the fasteners in the
vertical joints. The pattern of shell elements showed in Figure 6-1 has been developed to
allow the 2-dimensional spring element to be located with the appropriate spacing (i.e

spacing between fasteners) and assign gap-element throughout the panel width.

The effect of sliding was accounted for by modelling horizontal joint restraint at bottom right
corner of the wall and thereby simulating the effect of angle brackets. A joint constraint was
applied on the top points of the panels to simulate the diaphragm effect. The bottom face of
the CLT panels was restrained by means of vertical gap-elements with a high axial

compression stiffness (set to 100 kN/m) that allows uplift motion. The hold-down connection
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was modelled with a non-linear spring element with a specified stiffness for tensile and a
high axial stiffness on the compressive side (i.e. to behave like gap element with 100 KN/m).

All model components are presented in Figure 6-1.

/— Joint constraint 2-dimensional spring

Hold-down

Vertical gap-elements

5556545 G55555985950555555 555 Hornizontal
joint restraint

Figure 6-1: Modelling of a 3-panel wall

The general behaviour assigned on hold-down and fasteners for the numerical analysis is

presented in Figure 6-2.
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Figure 6-2: Behaviour of Connectors Modelled

The height h and the panel length b of the wall were assumed to be 2.7 m and 1.4 m,
respectively. The fastener spacing in the panel-to-panel vertical joint, s, was selected as 150
mm (n=18). Different values of vertical load q are applied on the walls depending on the

case under consideration.

Table 6-1 presents the different cases used in the comparison for the validation of the SW
behaviour. This includes kinematic paths where the wall transition from SW, IN and CP
behaviours in the elastic phase to SW in the plastic phase and include all the failure
mechanisms within each path. Table 6-1 also presents the mechanical properties of hold-
down and vertical-joint fasteners as well as the value of the vertical load g used in the

comparison.
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Table 6-1: Properties of connectors and variable for the modelling of cases achieving SW

behaviour
Case Hold-down Vertical joint q
e [kNK/hm] [krlt{l] [r?thhw] [r?quhhw] [ka/m] fe [kN] [r?\yrﬁ] [riuf;] [kN/m]
/| 3| 10000 | 100 | 1.00 | 200 | 700 | 50 | 7.14 | 2000 | 15.0
I | 3 | 10000 | 400 | 400 | 2000 | 700 | 40 | 571 | 15.00 | 40.0
e | | 3| 10000 | 400 | 400 | 1500 | 700 | 4.0 | 571 | 20.00 | 40.0
CS:\IijE v | 3| 10000 | 100 | 1.00 | 400 | 700 | 50 | 714 | 800 | 15.0
v | 3 | 10000 | 100 | 1.00 | 1500 | 700 | 50 | 7.14 | 850 | 350
Vi | 3 | 10000 | 100 | 1.00 | 1500 | 700 | 5.0 | 7.14 | 12.00 | 35.0
Vil | 3 | 10000 | 100 | 1.00 | 9.00 | 700 | 50 | 7.14 | 2000 | 150
SWEL'
el | 1| 3] 6000 | 400 | 667 | 2333 | 700 | 140 |2000| 3000 | 50
1 | 3| 6000 | 250 | 417 | 600 | 700 | 14.0 |20.00]| 30.00 | 15.0
| 3| 2000 | 140 | 7.00 | 3000 | 800 | 60 | 7.50 | 16.00 | 53.0
iNEw. | |3 | 2000 | 140 | 700 | 2000 | 800 | 60 | 7.50 | 1600 | 53.0
SWwPt |V | 4 | 2000 | 250 | 1250 | 1650 | 700 | 85 |12.14| 1600 | 400
vV | 4| 2000 | 250 | 1250 | 3500 | 700 | 85 |12.14| 1350 | 400
Vi | 4 | 2000 | 250 | 12.50 | 2000 | 700 | 85 |12.14| 1350 | 40.0
Vil | 4 | 6000 | 250 | 417 | 12.00 | 700 | 14.0 | 20.00 | 30.00 | 15.0

Table 6-2 presents the comparison between the analytical procedure and the numerical model

for all cases outlined in Table 6-1, for elastic and plastic strengths, elastic and plastic

displacements as well as ultimate displacement.

Table 6-2: Comparative Results Between Analytical and Numerical Model for the

Achievement of SW Behaviour

Case FM Ratio between proposed Analytical Model and Numerical Analysis

el u

Rw ﬂ}ezi RS\J}E ﬂgl ‘&h
/ 0.996 1.000 0.998 1.000 1.001
1l 0.997 1.001 0.995 0.995 0.992
CPE-- 1 1.000 1.003 0.997 0.999 0.998
Swh % 1.000 0.965 0.995 0.998 0.998
4 0.993 0.990 0.996 0.999 0.997
Vi 0.996 1.000 0.997 0.995 0.998
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Vil 0.991 0.995 0.992 0.989 0.996
ELC
- /

gpr 0.989 0.991 0.989 0.991 0.997
/ 1.004 1.003 0.995 0.992 0.992

i 0.995 1.003 0.997 0.992 0.995

INE- ] 1.003 0.996 0.997 0.982 0.992
SWPL v 0.997 0.996 0.994 0.997 0.997
% 0.987 1.008 0.986 1.001 0.998

Vi 0.986 0.996 0.986 1.003 0.995

vii 1.001 1.000 0.990 0.977 1.011
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It can be seen from Table 6-2 that the maximum difference between the proposed model and
the numerical analysis is 0.0305, which indicate the proposed model’s suitability to express
the wall behaviour for all possible failure mechanisms. Graphical examples of the model fit
are also illustrated in Figure 6-3 for failure mechanism VII, VII and I for Case CPE--SWF-,
INE--SWP- and SWER-SWPE respectively. Again, it can be seen that the behaviour obtained

from the proposed analytical model matches almost perfectly with that obtained from the

numerical analysis.

100.0
INFL.SWPL VI
SWE-SWT [
800 F T e e e e -
|
|
|
— 60.0 |
Z |
o
= G |
S |
0 |
Y- 40.0
|
|
|
20.0 —— Analytical Model \.
— — Numerical Model
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.00 5.00 10.00 15.00 20.00

Displacement (mm)

Figure 6-3: Comparison Between Numerical and Analytical Model in the Achievement of
SW behaviour

Table 6-3 presents the different cases used in the comparison for the validation of the CP
behaviour, and includes kinematic paths where the wall was in CP, IN and SW behaviours in

the elastic phase. Table 6-4 presents the comparison between the analytical procedure and

the numerical model for all cases outlined in Table 6-3.
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Table 6-3: Properties of connectors and variable for the modelling of cases achieving CP
behaviour

Hold-down Vertical joint q
Case M K I dy,h du,h k e dy,c du,c [kN/m]
[kN/m] = [kN] = [mm]  [mm] [KN/m] @ [KN] [mm] [mm]

3

/3 15000 100.0 6.67 12.00 700 20 286 5.00 8.0

CPE-CPP- ;1 '3 15000 100.0 6.67 15.00 700 20 286 7.78 8.0
i3 15000 100.0 6.67 11.93 700 20 | 2.86 15.00 8.0

/'3 6000 100.0 16.67 20.00 700 50 7.14 8.0 8.0

/I3 6000 100.0 16.67 20.00 700 50 7.14 12.00 8.0

i3 6000 100.0 16.67 20.00 700 50 714 9.30 8.0

SWELCPPL Iv 3 6000 70.0 11.67 20.00 700 50 | 7.14 12.00 8.0
vV /3 6000 70.0 11.67 20.00 700 50 7.14 13.50 8.0

vi 3 6000 100.0 16.67 20.00 700 50 | 7.14 14.00 8.0

viil 3 6000 100.0 16.67 20.00 700 50 | 7.14 18.00 8.0

viil '3 6000 100.0 16.67 18.00 700 5.0 | 7.14 20.00 8.0

I 4 6000 150.0 25.00 30.00 700 8.0 1 11.43 1220 15.0

I 4 6000 95.0 15.83 20.00 700 8.0 1143 1250 15.0

i 4 6000 95.0 15.83 20.00 700 8.0 11.43 14.00 15.0

Iv 4 6000 150.0 25.00 30.00 700 8.0 ' 11.43 13.00 15.0

INELCPPL vV 4 5500 150.0 27.27 30.00 700 8.0 ' 11.43 1450 15.0
vi 4 6000 110.0 18.33 30.00 700 8.0 1143 15.00 15.0

vil 4 6000 110.0 18.33 20.00 700 8.0 1143 16.00 15.0

vill 4 6000 @ 150.0 25.00 30.00 700 8.0 1143 24.00 15.0

IX 4 6000 150.0 25.00 30.00 700 8.0 ' 11.43 26.00 15.0

X 4 6000 150.0 25.00 28.00 700 8.0 | 11.43 30.00 15.0

Table 6-4: Comparative Results Between Analytical and Numerical Model for the
Achievement of CP Behaviour

Cases FM Ratio between the proposed Analytical Model and Numerical Analysis
Ry, Ae! RY! A Ay
/ 0.997 1.000 0.995 0.997 0.997
CPELCPPE | i 0.987 0.980 0.995 0.992 0.996
I 1.003 1.009 0.994 0.992 1.000
/ 1.000 0.999 1.000 1.011 1.011
SWELCPPE | 1 1.000 1.000 1.000 0.995 0.993
I 1.001 1.001 0.999 0.998 0.998
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v 0.998 1.002 0.999 0.982 0.991
v 1.001 1.004 0.999 0.991 0.992
Vi 1.001 0.998 1.007 0.997 0.997
Vil 1.001 0.997 0.998 0.996 0.997
Vil 1.001 0.998 0.998 1.000 0.997
I 1.002 1.002 1.003 0.999 0.999
I 1.001 0.997 0.995 0.997 0.994
I 0.992 0.991 0.995 0.994 1.000
INELCPPL | IV 1.002 1.005 1.000 0.997 0.996
v 0.998 1.000 1.007 0.999 0.999
Vi 0.998 1.000 1.002 0.992 0.998
Vil 0.998 1.000 0.997 0.995 0.987
Vil 0.996 0.999 1.002 0.998 0.998
Xi 0.992 0.993 1.000 1.001 0.998
Xi 1.001 1.005 1.002 1.000 0.998

135




Again, it can be observed from Table 6-4 the match between the proposed analytical model
and the numerical analysis is reasonable, with maximum difference of 0.020. Graphical
examples of the model fit are also illustrated in Figure 6-4 failure mechanism I11, X and VIII

of Case CPE--CPP", INF--CPP- and SWE--CPP* respectively.

350.0 INEL.C PPL X
.
300.0 *\
250.0
Z 200.0
X
8 SWE-CPP gy
S 150.0 -
\\
A
100.0 ‘\
50.0 —— Analytical Model
—— Numerical Model
0.0 1 1 1 1 1 1 1 1 1 1 ]
0.00 10.00 20.00 30.00 40.00 50.00 60.00

Displacement (mm)

Figure 6-4: Comparison Between Numerical and Analytical Model in the Achievement of
CP behaviour

It can be concluded that the analytical model is capable of predicting the behaviour of multi-
panel shearwalls with reasonable accuracy. The slight difference between the analytical and
numerical models can be attributed to the fact that the numerical model is an approximation
and to obtain exact solution, an infinite number of increments during the non-linear static

analysis would have been required. Increasing analysis steps were not deemed necessary
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when balancing the time to perform the analysis with the accuracy required from an
engineering perspective, especially for a material with significant variability in properties

like wood. The assumption of small angle may also contribute as a source of error under

larger lateral displacement.
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CHAPTER 7 - Code Implications

7.1 Current design provisions

7.11 General design concepts
The current edition of the Canadian timber design standard (CSA 2014) has recently adopted
design provisions for CLT shearwalls and diaphragms. The provisions for CLT shearwalls
apply to platform-type constructions not exceeding 30 m in height (i.e. balloon framing is
excluded from the design standard) and wall segments with aspect ratios (height-to-length)
between 1:1 and 4:1. The standard also contains height limitation for seismic design. A

height limit of 20 m is imposed for buildings in high seismic zones, where 1gF;S;(0.2) > 0.75.

The provisions in CSA 086 require that the shear resistance of CLT shearwalls and
diaphragms be governed by their boundary connections, where each panel is assumed to act
as a rigid body. The capacity is required to be analysed using suitable methods of mechanics.
There is currently no established analytical procedures in the design standard that provides
detailing for multi-panel CLT shearwalls. There is also no mention of the effect of gravity
load on the shearwall behaviour. Based on the analytical model developed in the current
study, a simplified analytical procedure for the purpose of design that incorporates well-
defined kinematic modes and includes the effect of gravity loads is proposed. The design

requirements are presented and illustrated through a numerical example in Section 7.3.

7.1.2 Seismic design considerations for CLT structures
The ductility (Rq) and over-strength (R,) factors for CLT shearwalls are provided in the
standard and take on the values of 2.0 and 1.5, respectively. The values are applicable if the

energy is dissipated through moderately ductile connections, following the capacity design
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principles, and assuming that the wall panels act in rocking or in combination of rocking and
sliding. CLT panels with aspect ratios (height-to-length) less than 1:1 or acting in sliding
only can be designed with Ry R, = 1.3, which is the minimum specified in the NBCC for a
non-energy dissipative systems. Also, type 4 or 5 irregularities, as defined in the 2015 NBCC
(in-plane discontinuity or out-of-plane offset), are not allowed in buildings with CLT as the
seismic force resisting system (SFRS).
Following the principle of capacity based design, dissipative and non-dissipative connectors
are identified. The design standard CSA 086 requires that inelastic deformations and energy
dissipation occur in vertical joints, shear connections between the shearwalls and the
foundations or floors underneath, and hold-down connections, except for continuous steel
rods. For a connection to be considered as energy dissipative the following requirements
need to be satisfied according to the CSA 086 standard (2014):
a) connections shall be designed so that a yielding mode governs the resistance;
b) connections shall be at least moderately ductile in the directions of the assumed rigid
body motions of CLT panels; and
c) connections shall possess sufficient deformation capacity to allow for the CLT panels
to develop their assumed deformation behaviour, such as rocking, sliding, or
combination thereof.
Non-dissipative connections are designed to remain elastic under the force and displacement
demands that are induced in them when the energy-dissipative connections reach the 95™
percentile of their ultimate resistance or target displacement, in accordance with engineering
principles of equilibrium and displacement compatibility.
Finally, deflections are determined using established methods of mechanics that are required

to include panel sliding, rocking, and deformation of supports.
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7.2 Design examples based on current design approaches

7.2.1 Determining the kinematic mode based on the analytical model
The examples outlined in this section deal with a two-panel wall due to the feasibility of
implementing static equilibrium considerations using hand-calculations. As discussed in
Chapters 4 and 5, only coupled-panel (CP) and single wall (SW) behaviours can be attained
for a two-panel wall. The wall’s final kinematic mode depends on the stiffness ratio of panel

joints and hold-down as well as the ratio of vertical to lateral loads. Plotting the

2

k : . . I B
h_as a function of the dimensionless load ratio § = —
nke 2:Fh

dimensionless stiffness ratio k =

for a two-panel wall, the diagram in Figure 6-1 can be obtained. Depending on the relative
stiffness between the hold-down and the panel joint, the value for the dimensionless stiffness
ratio may be greater or smaller than unity. The implication of that will be discussed in the

examples in Section 7.2.3.
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Figure 7-1: Kinematic Behaviour for m=2

7.2.2 Static equilibrium considerations

Due to the lack of analytical procedures, designers would resort to either complex models,
where the CLT panel is assumed to be a rigid solid and the connections are considered as
linear or non-linear springs, or simplified analysis methods such as static equilibrium.

The examples in this section investigate the validity of using static equilibrium to analyze
and design a two-panel CLT shearwall and highlight the need for the analytical procedure.
One limitation in this procedure is that the connections are assumed as rigid-plastic (the
connection has infinite stiffness and infinite ductility) and as such several of the design
requirements outlined in Section 7.1 cannot be checked or met. Another limitation is that the
hold-down is assumed to resist the uplift force and the angle brackets contribute only to

horizontal shear resistance. This is consistent with assumptions made in light frame wood
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shearwalls and also with observations made in experimental research studies (e.g. Popovski

and Gavric 2016).

The two panels are assumed to have panel width b and height h. The panels are loaded with
uniformly distributed gravity load g and a concentrated lateral load, F. The tensile resistance
of the hold-down bracket and the vertical joints take on the values of r;, and 7., respectively.

n fasteners are assumed in the panel-to-panel connection.

For the SW behaviour the static equilibrium can be written for the case shown in Figure 7-2:

B
ZMo=q-B-E+T-B—F-h=0

Figure 7-2: Static Equilibrium for 2-Panel Wall in SW Behaviour
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The tension force in the hold-down can be expressed as:

F-h q-'B
T=—-——
2

Assuming that the hold-down attains its strength, r;,, the maximum lateral force acting on the

wall is developed as:

T, "B - B?
h +q
h 2h

F =

Performing the static equilibrium at the level of a single panel, the force acting in the vertical

joint F, ,, can be calculated as:

ZFy=Fc_y—q-b—T=0—>FC_y=q-b+T

F-h q-B F-h

fey =ab+—p 2 B

Rewriting the equation as function of the strength of a single vertical joint, 7. and the number
of fasteners n in the vertical joint to determine the maximum lateral force F that can be

applied on the wall results the following:

F-h .-n-B
Fy=tom=——F=t0—

The lateral force acting on the wall is taken as the minimum between the wall strength

related to panel joint or hold-down:

(r.*n*B m,+B q-B?
R, =M ,
w ”‘( R T

For the CP behaviour, the equilibrium equation can be written as:
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ZMO=T-2-b+2-q-b2—F-h—Cl-b=0

lo (2

Figure 7-3:Static Equilibrium for 2-Panel Wall in CP Behaviour

The lateral force can be obtained as follows:
b

Where C; is written from the equilibrium in the gravity direction to form the following

equation.

ZFy=O—>C1=q-b+T—FCy
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The maximum lateral force applied on top of the wall can be written as a function of both the

panel joint and hold-down strengths:
b
R, =F=H(rh+q-b+n-r6)

7.2.3 Nummerical examples
Three examples are presented in this section. For all examples, a 2-panel CLT wall is
assumed. The height of the wall is h =2.4m and the width of each panel is b =1.2m for a total
wall width of B =2.4m. The vertical load applied on top of the wall is g =15 kKN/m. A total of
n=16 fasteners in each joint is assumed with a spacing of 150mm. Different values for the
elastic stiffness and strength of the panel joint and hold-down are assumed. A summary of

the values is presented in Table 7-1.

Table 7-1:Values for the elastic stiffness and strength

Ke Kn le Ih k
kKN/m kN/m kN kN
Example 1 600 12,000 2.5 80.0 1.25
Example 2 600 5,000 10 50 0.52
Example 3 600 15,000 45 35 1.56

7.2.3.1 Example 1
In this example, the strength of the vertical joint fasteners, ., is 2.5 kN and the strength of

the hold-down connection, r;,, is 80kN.

From the analytical model developed in Chapter 5, it was determined that kinematic model 1
(k>1) governs the behaviour of this wall. In this example, the panel joints will yield before

the hold-down, after which the stiffness of the panel joints will be equal to zero and the
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dimensionless stiffness ratio will tend towards infinity, as shown in Figure 7-4. It can be

determined through the analytical model that the walls strength is equal to 69.0 kN.

co
Ny CP
N
\
\
\-
1 4
T Yielding of
Vertical joint
0.5 -
SW
O 1 1 T I/
0.0 05 10 4 1.5 @

Figure 7-4: Kinematic Path of Example 1

Not being privy to this information a designer would evaluate both methods of static

equilibrium described in Section 7.2.1 and obtain the following results:

b 1.2
CP behaviour:R,, = E(rh +q-b+n-'r)= ﬁ(SO +16-1.2+15-2.5) = 69.0 kN

r.n-B 1B q-BZ>

SWbehavlour:RW=MLn< T + oh

_ i (25716724 80-2.4+15-2.42
- 24 ' 24 224

) = Min(40.0 kN,98.0 kN)

= 40.0 kN
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The designer would likely select the smaller of the two strength values because it provides

conservative design. However, the selected design strength is close to half of the actual one,

and that will lead to an uneconomical design. Had the designer known which kinematic

mode the wall would behave in (here CP behaviour), static equilibrium would have yielded

exact match with the analytical solution, as shown in Figure 7-5.

80,0

60,0

Force (kN)
S
o
o

20,0

0,0

- 13,33; 69,0 32,00: 69,0

.-_ e — e — e- -0

I 833; 54,0
----------------- =y

—&— Analytical Model
—eo~ Single-Wall Behaviour
—® - Coupled-Panel Behaviour

0,00; 9,0

0,00

5,00
Displacement (mm)

10,00 15,00 20,00 25,00 30,00 35,00

Figure 7-5: Comparison of Results Between Static Equilibrium and Analytical Procedures

7.2.3.2

for Example 1

Example 2

In this example, the strength of the vertical joint, .., is 10 KN and the strength of the hold-

down, 7, is 50KN. For this example, the dimensionless stiffness ratio is calculated as

k=0.52. From the analytical model, it can be determined that the kinematic path the wall
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will undergo is as shown in Figure 7-6, where the wall will start in the CP behaviour in the
elastic phase and will transition to the SW behaviour in the plastic phase, which means the
wall will behave in final kinematic mode 2. Using the analytical model from Chapter 5, the

walls strength can be calculated to 68.0 kN.

CP

Yielding of
Hold-down

Figure 7-6: Kinematic Path for Example 2

From static equilibrium, one obtains:

b 1.2
CP behaviour:R,, = E(rh +qb+nr,) = ﬁ(SO +15-1.2+16-10) = 114.0 kN

, _(r.'n*B 1B q-B?
SW behaviour: R,, = Min

h'h+2h

_(10-16-24 50-2.4+15-2.42
- 24 24 224

) = Min(160.0 kN, 68.0 kN)

= 68.0 kN
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Simply assuming CP behaviour would in this case have led to a non-conservative solution
that would overestimate the wall strength. Once again, static equilibrium would have
provided exact match with the analytical solution if the kinematic mode was known, as
shown in Figure 7-7. Selecting the smaller of the two values obtained from static equilibrium

would again be conservative and (unintentionally) correct.

80,0
' 17,08; 68,0 47,10; 68,0

60,0 +

7,83,;37,6
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o
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—&— Analytical Model
0,00; 9,0 SW Behaviour
0,0 e
0,00 10,00 20,00 30,00 40,00 50,00

Displacement (mm)

Figure 7-7:Comparison of Results Between Static Equilibrium and Analytical Procedures
for Example 2

7.2.3.3 Example 3
In this example, the strength of the vertical joint, ., is 4.5 kN and the strength of the hold-
down, 7, is 35kN. The dimensionless stiffness ratio is larger than 1 (k=1.56), however the

kinematic path the wall is different than that in example 1, as shown in Figure 7-8. The
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hold-down connection yields before the panel joint connection and the wall transitions to

the SW behaviour in the plastic phase. The walls strength can be calculated to 58.1 kN.

Yielding of
Hold-down

Figure 7-8: Kinematic Path for Example 3

Based on the erroneous rationale (assumed by some designers) that because the
dimensionless stiffness ratio is larger than 1(i.e. stiff hold-down) then the behaviour will

always be in CP mode, calculating the wall strength based on static equilibrium one obtains:
b 1.2

In this case the designer would have over-estimated the wall strength, leading to a non-

conservative design.
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Figure 7-9: Force Displacement curve for kinematic model 1 with hold-down yielding

It can be observed that taking the minimum of the two wall strengths related to the CP and
SW behaviour is sufficient and conservative for strength requirements. However, when
considering the capacity based design concept to protect the dissipative connections and over
design the non-dissipative connections as outlined in Section 7.1.2, chosing the minimum of
the two strengths may lead to non-conservative design of the non-dissipative connectors.
Knowledge about the failure mechanism is essential to perform adequate design. For this
reason the following proposed requirements are presented as possible methodology for

design of CLT shearwalls where well-defined and desired kinematic behaviours are attained.
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7.3 Proposed simplified design methodology

7.3.1 General
Section 7.2 highlighted the limitation in the ability of the static equilibrium method in
estimating the wall’s lateral strength. The lack of knowledge about the wall behaviour led to
possible over or under estimation of the strength. Furthermore, the static equilibrium also
lacks the ability to estimate the initial stiffness, yield strength and diplacement, as well as the
ultimate displacement and hence ductility. Therefore, based on the research presented in this
thesis, two behaviours are proposed with emphasis on the CP or SW as final wall behaviour.
The motivation for chosing the CP behaviour is the potential level of ductility attained since
both panel joints and hold-down connections can yield, whereas higher initial stiffness and

ultimate capacity can be attained in the SW behaviour.

More specifically, case SWE--SW"" was selected from Chapter 4 due to its simplicity, (since

only one failure mechanism is attained) and potential for higher wall stiffness and capacity.
Case CPE--CPP! is also selected due to its simplicity and consistency in solution.

7.3.2 The SW model
The force-displacement curve for this case consist of a multi-linear segments with a
decreasing stiffness until the achievement of the SW behaviour. Figure 7-10 shows the
component of the force-displacement graph needed for the purpose of design, including the
activation force, elastic and plastic strength with their associated displacement, initial

stiffness and the ultimate displacement.
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Figure 7-10: Variables of Force-Displacement Curve for SW Behaviour

The steps to be taken by the designer to determin all variables required are as follows:
1. Obtain connection data from manufacturer

The following information are needed from the fastener manufacturer obtained from test
results: (a) fastners stiffness, (b) yield/ultimate strengths, (c) yield displacements, and (d)
ultimate displacements. A force diplacement curve as that shown in Figure 7-11 contain the

required information.
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Figure 7-11: Connectors properties

2. Calculate activation force

The first point on the wall’s force-displcacement curve is the activation force and it can

be determined as:

‘m-b?
F, =1
2:h

Where q is the uniformly distributed vertical load applied on the wall, b is the panel width,

m is the number of panel constituting the wall and h is the panel height.
3. Ensure SW behaviour
The requirements to acheive SW baheviour are:

k<1

rh+§'q'b-(2m—2)<n-rc
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Wh

q-bm-[k-(m—2)+1]
2:(1-k)

rh+%-q-b-m>

ere r, and r,. are the strength of the hold-down and panel joint fasteners, respectively (see

Fig. 7-11), n is the number of fasteners in each vertical joint. k is the dimensionless stiffness

ratio and shall be taken as:

Wh

kn
nkc

k=

ere k;, and k. are the stiffness of the hold-down and panel joint fasteners, respectively

(Fig. 7-11).
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4. Determine the wall strength

The wall strength shall be calculated as follows:

1_1 1
RE = RY =Z-[rh-b-m+z-q-b2-m2]
5. Determine the wall elastic displacement

The wall elastic displacement shall be calculated as follows:

Where kj, is defined as:

, (1, m-1\"1
kh - (E T n-kC)
6. Determine the wall’s initial stiffness

The initial lateral stiffness of the wall shall be taken as:



b?-[kp+(m—1)n-k.]

kH = h2

7. Determine the wall’s ultimate displacement due to rocking motion

The ultimate displacement for rocking motion shall be taken as:
1 h
1}'{': AZ + m - (du,h - dy,h)
8. Determine the wall’s displacement due to shear deformation

pl
Ag=
a g
A

Where K, is the equivalent shear stiffness of the wall provided by the angle brackets

designed to stay elastic and it is expressed as:

__mbkg

— m
KA,l - 21':1 Ka,i -

Sa

Where s, is the spacing between each angle brackets and K, ; the shear stiffness of each

individual bracket.
9. Determine the total ultimate wall’s displacement due to shear and rocking
A,= A+ A,

7.3.3 Design example for SW behaviour
This example (same as example 2 in Section 7.2) presents a 2-panel wall for an expected SW
behaviour. Each panel is of dimensions b X h respectively of 1.2m x 2.4m. The vertical
joint is composed of 16 fasteners spaced at 150mm with the following properties provided by
the manufacturer: 7, = 10kN, k.= 600kN/m (d, . = 16.67mm) and the ultimate

displacement capacity of the individual fasteners is d, . = 60.00mm. The hold-down has
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the following properties: v, = 50kN, k, = 5000kN /m (d,,, = 10.00 mm)and the ultimate
displacement capacity of the hold-down is d,, = 40.00mm. Two angle brackets are
installed to resist shear force in the middle of each panel. It is a non-dissipative connector
(i.e. stay elastic until failure of the wall) with a shear stiffness of 9000kN /m. The wall is
also subjected to a uniformly distributed gravity load g = 15 kN/m. The figure below

illustrates the connection behaviour.

Hold-down

I=40kN  — X
I
I
|
|
|
|

Vertical joint fasteners
I=10kN

N/
N\

|

|

|

|

J | -
dy»=1000 dy=16.67  dun=4000  duc=60.00 ~

Figure 7-12: Properties of Connectors for Example Achieving SW Behaviour

The design requirements outlined in Section 7.3.2 are used to design the CLT wall in this
example. Step 1 in the methodology is outlined in the problem statement and through Figure

7-12.
2. Calculate activation force

‘m-b?  15-2:1.22
F =4 =

A = 9kN
2h 2:2.4

157



3. Ensure SW behaviour

Calculate the dimensionless stiffness ratio:

kn __ 5000
nke 16600

k= =052<1

rh+%-q-b-(2m—2)<n-rc

50 +2-15-1.2-(2-2—2) < 1610
68 < 160

The calculation of the second condition is:

q-bm-[k-(m—2)+1]

rh+%-q-b-m>

2:(1-k)
50+41.15.12-2 > 15-1.22:[0.56+(2—2)+1]
2 2:(1-0.56)

68 > 40.9

Therefore, the requirement for SW behaviour have been confirmed.
4. Determine the wall strength
pt _ 1 [ .p. 1oa-p2.m2| = L. .12 1.16-122.22| =
R ==-|m-b-m+3-q-b2-m?|=—-[50-1.2-2+3-16-1.22-2%| =
68.0kN

5. Determine the wall elastic displacement

ki = (= + ’"‘1)_1 = (o= + == )_1 = 3288 kN /m

kp  nke 5000 16600

=17.1mm

1.22 2 5000

pl ’
Ael— Ry h* gm*h kp\ 1 (68.0-2.42 152224 3288) 1
b2 2 kp 22.3288

2., T

6. Determine the wall’s initial stiffness

b2-[kp+(m-1)n-k;] _ 1.2%2:[5000+(2—1)-16:600]
h2 - 2.42

ky = = 3650kN /m

7. Determine the wall’s ultimate displacement
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M= Ay + 2 (dyn — dyn) = 170 mm + = - (40 — 10) = 47.1 mm
The wall rocking behaviour can be illustrated as shown in Figure 7-7 in section 7.2.3
with a comparison with the values of static equilibrium.

8. Determine the wall’s displacement due to shear deformation

Determine the equivalent shear stiffness of the wall:

_om __ mbkg
KA - Zi:lKa,i -

= Ko, + Ko, = 18,000 kN/m

The displacement contribution from shear can be calculated.

_RPL 680

A, =—
K4 18,000

= 3.77mm

9. Determine the total ultimate wall’s displacement due to shear and rocking
A,=47.1+3.77 = 50.87mm

7.3.4 CP behaviour behaviour
The force-displacement curve for the CP behaviour consists of two linear segments. Figure
7-13 shows includes the required variable to fully described the wall behaviour including: the
activation force, elastic and plastic strength with their associated displacement, the initial

stiffness and the ultimate displacement.
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Figure 7-13:Variables of Force-Displacement Curve for CP Behaviour

The steps to be taken by the designer to determin all variables to achieve CP behaviour are

as follows:

1. Obtain connection data from manufacturer (Figure 7-11)

2. Calculate activation force

-m-b2
F, =1
2:h

Where q is the uniformly distributed vertical load applied on the wall, b is the panel width,

m is the number of panel constituting the wall and h is the panel height.
3. Ensure CP behaviour
The requirements to acheive CP baheviour are:
dy.<dyp

dyc>dyp
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Where d,, . and d,, , are the yield displacement of fasteners and hold-down respectively and
d, . and d, , are the ultimate displacement of fasteners and hold-down respectively (Figure

7-11). In addition of the two previous condition, only one of the next two conditions shall

be respected:

!

~ ki-b -p2 - -k -
k>1m-nfﬁ+&<iwgllﬁﬂ£
Cc

2h (1-k)
Where 1. and k. are the strength and the stiffness of fasteners (Figure 7-11). k is the
dimensionless stiffness ratio and shall be taken as:

kn
nke

k=

kj, is the equivalent hold-down stiffness and express as:

kp=kp+(m—-1)-n-k.

4. Determine the wall elastic strength

The elastic strength shall be calculated as follows:

kp-b
kch

RG =1 L=+,

5. Determine the wall’s initial stiffness
The initial lateral stiffness of the wall shall be taken as:

e

ky =

6. Determine the wall elastic displacement
The wall yield displacement shall be calculated as follows:
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el _ b
A= dy o

7. Determine the wall plastic strength

The plastic strength shall be calculated as follows:

R =Z(rh+n-rc-(m—1)+qr: )

8. Determine the wall plastic displacement

The wall displacement when the yield of the both connector is achieves shall be

calculated as follows:

pl_ b
Ah - dy,h b

9. Determine the wall’s ultimate displacement due to rocking motion

The ultimate displacement for rocking motion shall be taken as:

h h
U_ i . n,
Ap=min [E du,c,b du,h]

10. Determine the wall’s displacement due to shear deformation

pl

A =Rl
a” g
A

Where K, is the equivalent shear stiffness of the wall expressed as:

m-b-kg

— m —
KA,l - i=1Ka,i — 5
a

Where s, is the spacing between each angle brackets and K, ; the shear stiffness of each

individual bracket.
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11. Determine the total ultimate wall’s displacement due to shear and rocking
A,=AF+ A,

7.3.5 Design example
This example (same as example 1 in Section 7.2) presents a 2-panel wall for an expected CP
behaviour. Each panel is of dimensions b X h respectively of 1.2m x 2.4m. The vertical
joint is composed of 15 fasteners with the following properties provided by the
manufacturer: . = 2.5kN, k., = 600kN /m (d,, . = 4.17mm) and the ultimate displacement
capacity of the individual fasteners is d,, . = 16.00mm. The hold-down has the following
properties: r, = 80kN, kj, = 12,000kN /m (d, ,, = 6.67 mm)and the ultimate displacement
capacity of the hold-down is d, , = 20.00mm. Two angle brackets are to be installed to
resist shear force in the middle of each panel. It is a non-dissipative connector (i.e. stay
elastic until failure of the wall) with a shear stiffness of 9000kN /m. The wall to design is

under a uniformly distributed load g = 15kN /m.
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Hold-down

=80kN — — — — — X

|

|

|

|

|

|

I

. Vertical joint fasteners
I=25kN | X

|

I

|

dye=417 dyn=667 du=1600  du»=2000
Figure 7-14: Properties of Connectors for Example Achieving CP Behaviour

The design requirements outlined in Section 7.3.4 are used to design the CLT wall in this
example. Step 1 in the methodology is outlined in the problem statement and through Figure

7-14.
2. Calculate activation force

‘m-b?  15-2:1.22
F =4 =

A = 9kN
2h 2:2.4

3. Ensure CP behaviour

dyc<dyp
4.17 < 6.67

dyc>dyp
12.00 > 6.67
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k=—t>1
c kpb qb? (2 k+3m-2
kn_ _ 12000 _ 4 o5 OF 7Bl 4Fy <— (m)%
nk:. 16600 ) ch 1=k

ok

Since k > 1, it is not needed to check the other condition. The requirements for CP

behaviour are confirmed.
4. Determine the wall elastic strength
ky, = 12,000+ (2—-1)-16-600 = 21,600kN/m

kp b 21,600-1.2

600-2.4

+9 = 54.0 kN

RY = +F,=25-

5. Determine the wall’s initial stiffness

2.1,! 2.
kyy = bh;ch _ 12 22412,600 — 5400kN /m

6. Determine the wall elastic displacement
Afl=d, . %= 4172 = 834mm

’ b 1.2
7. Determine the wall plastic strength

RY =2(ry+n-r- (- 1)+‘”’”’) (80+16 2.5 (2—1)+15“2)_

69.0kN

8. Determine the wall plastic displacement
1 h 2.4
Ay =dyp-5 =667 - =1334mm

9. Determine the wall’s ultimate displacement due to rocking motion
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The ultimate displacement for rocking motion shall be taken as:

. h h . 2.4 2.4
b= min [2- dye s dyn| = min |2 16.00,22 - 20.00| = 32.00mm

Therefore, the ultimate displacement is governed by the ultimate displacement in the
vertical joint. The values of strengths and rocking displacements are also found in Figure
7-5 in Section 7.2.

10. Determine the wall’s displacement due to shear deformation

m-b-kg

Kp1 = X1 Ko = =—* = Kaq + Ko = 18,000 kN /m

The displacement contribution from shear can be calculated.

_RP 690

Ag=—-"*=——=3.83mm
Ka 18,000

A,,= 32.00 + 3.83 = 35.83mm



CHAPTER 8 - Conclusion

This thesis presents an analytical methodology to predict the behaviour of multi-panel CLT
shearwalls. The research established that the behaviour of the wall is dependent on the panel
aspect ratio, connectors’ configuration and properties as well as gravity load. Six cases with
a total of 36 different failure mechanisms were developed depending on the connectors’
stiffness and strength properties. Two final wall behaviours were explored, namely single
wall (SW) and couple panel (CP) behaviours. In general, it was found that the SW behaviour
could be achieved if the yielding in the hold-down occurred prior to yielding in the panel
joints and, inversely, CP behaviour was achieved if the yielding in the vertical joint occur

prior to yielding in the hold-down.

The analytical model was compared with a numerical model, and the results showed that the

proposed model was capable of describing the assumed behaviour with reasonable accuracy.

The current design provisions for CLT shearwalls were presented and the shortcomings
related to identifying the failure mechanism highlighted. An investigation of the suitability of
only using static equilibrium was undertaken, and it was shown that relying on the
considerations of static equilibrium cannot always ensure reasonable prediction of the
behaviour. It was further demonstrated that it was not feasible to check some of the design
requirements by relying solely on static equilibrium. Simplified design provisions based on
the current research were proposed with the aim to optimize the walls ductility (CP

behaviour) or strength and stiffness (SW behaviour).

Future work is recommended to supplement the current study with a comprehensive

experimental program in order to validate the model assumptions and demonstrate the
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physical meaning for some of the proposed kinematic modes and failure mechanisms. The
proposed analytical model could be used to guide the development of such experimental

program, especially in the selection of the test matrix.
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Appendix

Equation (27)

pl,l1 _ pell plLl _ pell
F;r - Rw,h + (F;E Rw,h

r, kit p b-(m—1 n-k
R = P e T [ (1) )

kb q-m-b* b-(m—1)7 n-k b?-(m—1
h"Kp +q N ( ) h_(l_ c)_l_q ( )

Fpl,l —
t ky, - h 2h h ky, h

. — PPN — . n - 2
goit T blkh+(m Don-ke (m—1-n kc+(m—1)l+ﬂ[m+2(m—1)]

t " h kp, ky, 2h
pii_Tnb[kp (m=—1)-n-k. (m-1-n-k B qb* B
c =g kh+ kn k. + (m 1)+2h[3m 2]
2
pli_Th'b-m q-b . B
B =" on Bm=2)
Equation (28)
Fpl,l _Rel,l
Afl,lilz Aff + = pL1 -
H
- h h? R.1"b
apti_n =9l T m =1
M=k b m-Dnk b2 h (U

m*h R.{"h
Apl,lz h + c1
Rt kb n-k.-b

- h h n-k
Apl'lz h [ (1— C> b]
b nko b L ke )T
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rmh 1,°h h-r ‘h
Azlélz O L h _I_Cl
’ kpn-b kyb n-k.-b n-k.

m-h m-h h-r “h
Azlf: 't Th h +q
' kn-b kp-b n-k.-b n-k,

AP = — — . (1, + gqb)
=k, nT A

Equation (30)
Vopl,l — Voel,l + véal,l

Where vP"! in the incremental elongation of hold-down in the plastic state of kinematic

mode 1. According to Casagrande et al. (2017), the following is derived:

1 (R h* qg-m-h
Voel'1=b'19=b' <W'h _4 )

k;lel,l_h bz 2
peld _ b h_z_r_k;fl'l-bJrq-m-bz_q.m.h
N AVEE Y 2h 2
et __ b h-rh-k;fl'1+q-m-h_q-m-h
0 ki ®t-m\ bk 2 2
el,1 r_h
=

The increase of elongation in plastic state is expressed with the same equation without the

contribution of the vertical load.

1,1 L
pii_ b (P —REy)-h? g m-h
o = k;z ell p b2 )
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Upl'l_
0 S rpll
kPP p

b (h® R.y-b
b2 h

—-—-(m—l)—O)

. Req- (m-1)
0 (m—1)-n-k,

1 k
Pt = — [rh-(l—n C)+q-b]

n kC kh
pii_ "™ Th q'Db
Yo Sk Tk Tnok
1 T
pl1 _ ) AL

Therefore, the total elongation of the hold-down is:

plL1 _ ysell plL1
W=V +v

pti_Th, 1 oy
4 kh+n'kc (r+q-b) kn
Vopl'1 = “(r,+q-b)

Equation (35)

plL1 _ ysel1 plL1
Vc - Vc + vc

Because in kinematic mode 1, V2 = v+ and vP"' = vP"" because the elongation of the

hold-down and fasteners are the same in CP behaviour as they have the same ratio of

elongation. Therefore, the following is developed:

chz,1=n.k - (r,+q-b)
c
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Equation (45)

%

]
plj* _ ppll plj _ pplj-1
Y= EPY ) (R R
j=2

From Equation (27):

mb-m q-b?
h on Bm=2)

plL1 _
]J; =

Therefore, continuing the derivation, the following is developed:

i
« Th*bm q-b? q - b? ,
FPY =2 Tt '(Sm—2)+2< - (m—j)
j=2

]

sz,j*=7‘h'b'm q-b?

t h 2h

- h? j*
Bm-2+T= Y -
j=2

]-*
s« Th b m - b?
PV = +q2h (3m—2)+2-2(m—j)
=2

*_rh'b'm q'bz

P T 2n [Bm—=2)+2-[m(G*—1) =05 (" + 1) +1]]
% 1] 'b'm 'bz

sz,j*:rh'b'm q-b?

t h 2h

[3m +2m(* —1) —j*(* + 1]

Equation (46)
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PlJ PlJ 1

pLj* _ pl 1
Ah' = Ay Z kp”

h2
pLj* _
Bne = (rh tab)+ Z [ (m D n-k, bzl

h-r q-h q-h
le h
An " b-n- k. n + [ ]

Equation (49)

pebt =;—’; and vP' = et aq- b)—— are established in Equation (35) of this
Appendix.
yeHt =;—’; and vP"! =— -+ g b)—— are established in Equation (30) of this
Appendix.

The incremental of elongation through kinematic mode j* can be develop as:

pLj

D, = - —
c 1 plj* 2
khp J" . h b

i b h2 q . b2
pLj — — — * —

. b (F;:pl'j* _ F;:pl,j*—l) . h2 q-m- h
2
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The incremental elongation of the hold-down through kinematic mode j* can be develop as:

7%

l’-* l,-*—
i _ b (B R gmen
B 2

Therefore, Equation (49) represents the sum of the elongation in kinematic mode 1 (for both
plastic and elastic) and the incremental elongation due all kinematic mode up j* — 1 and the

incremental elongation in kinematic mode j* governed by the hold-down develop by

interpolation:

-1 I -1_7pl,
pl1 pLi | ..plLj* d”'h_(Veu-i_vp 1+Z§ =2 Yo J)
dyc >V +Zvc +v. 7 N
: vy
jr-1 ([ Th j*-1j-q-b
d,.> "h +q'b+ q'b+q-b up (n'kc+212 n- )
" nk, n-k, n-k. n-k. j*ra-b
=2 n-k,

7 b b 1 7 *—=1)-j" q-b b
dy. > h +q e q +-_*[duh_ h _(J )J" a q l
f n-kc j y

n-k., n-k. n-k. 2 n-kc+n-kc
b d 7 i*—1)-q-b b
d,. o dD  dun  Th (' =D-q L4
’ n-k. j* jrn-k, 2-n-k, j* n-k.
h G" —1) wh
1__
Y

Equation (50)
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yeLt :;_Z and bt :n_LkC-(rh+q-b)—£—Z are established in Equation (30) of this

Appendix.

WP = j—;"i:’ is established in Equation (49) of this Appendix.

j*-1 J
ell , . pli plj ell . plLl pLj
Vo =ty +Zv0 <dyn <Vg 7 Hvy T+ ) v
j:z ]=2

j'-1 S
1 jra-b 1 jrq-b
" (r, +q b)+Zn'kc<du'h<n'kC (rm+q b)+z;n.kc
J=

j=2

j*-1 S

Ty zj""b v, 1:g'b j-qb

n'kc+ n.kc + 2 n'kc <du'h<n.k(}+ n.kC + n.kc
J=

j=2

Equation (51)

Ve =1 and P =n-+<c'(rh+q'b)_;_’; are established in Equation (30) of this

kn
Appendix.
vg’l'f* = j;—:b is established in Equation (49) of this Appendix.
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pLIV _ pl1 plj _ pplj-1 wh — VYo (Pl _ ppLj-1
R = EP 4 Y R~ F +<—m,j (P = FPY7)

]_1q-b2 dupn =V \ q-b?
R‘;;l,lv — Ftpl,l + z (m—j)+ i 0 : (m—7)

, h (]-q-b> h
Jj=2 n-k,
sz,w_rh'b-erq-bz 3 2)+q-b2-m-(f—2) q-bz'f(f—1)+q-b2
~ T h 2n o h 2h h
d .t _J-G=1-q-b ,
N wh = -k, 2-n-k, q-b m— )
(f-q-b) A ]
n-k.
pLiv _Th b-m q b? 2-m-(f—Z)_q-bz-j(i—l) q - b?
Ry, A oh -(3m — 2)+ 7 °h + A
_I_du,h'n'kc'b'(m—f)_Th'b'(m—f)_(f—l)(m—f)CI'bz
7R 7 h 2-h
b2-m-j dyp-n-ke.-b-(m—j))
Rpl,IV [ 1__ q- u,h c
4 ml—| T
Equation (52)
A =;—" and vP"! —Lk-(rh+q-b)—;—h are established in Equation (30) of this
h c h
Appendix.
v(’,’” 19 js established in Equation (49) of this Appendix.

Vpl,j _ ell pll_i_Z pl,j
A =
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J .
j q-b

Vopl:jz
b J
Lj .
L sz
Cj=1
~ r A- A_1 . -b
prw: h +] (] ) q
n-k. 2'n-k,

Equation (53)

pLj_pplj-1
i
plj
ky

Equation (53) can be developed.

Au,IV pl 1

pl] .
j=2 J
j-1
A“'IV=E<T—"+ RC'1)+ ah, R (dyp = VF)
" b\kn n-k Lin-ke j-b 0
J:
h(r, R G —-2)q-h h !
Au,1V=_(_h C.1> _ bl
WS\l Tk T ke b (dun=15"")

mh *h j —2)q-h
AZ'W: h +q +(] )q +

b-n-k. n-k. n-k.

gv_ _Th G =gk dyph

™ h G—1-q-h

h T ben-k, n-k, b j-bn-k, 2m
AuIV ™" h +U—1)Qh+d?'hh_/\ T'h'h
b-n-k. 2-n-k, j b j-b-n-k,
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Equation (55)

Vet =2 and pPHt =#-(rh+q-b)—£—” are established in Equation (35) of this
h e h

Appendix.

pPH” — k 129 js established in Equation (49) of this Appendix.

C

Vet =2 and vgt! —Lk-(rh+q-b)—;—h are established in Equation (30) of this
h c h
Appendix.

vg” — 129 js established in Equation (49) of this Appendix.

jr-1

. . d v+ ul + B o
duh>Vell pll+ Z lj+v(§)l,j . y.c ( = )
vC
j*-1 j*-149°b
d >_rh-+q'b+ jrq-b J qb dy,c = ( Zfln k)
Wk, n-k, Za n-k, n-kc b
Jj=2 n'kc
n  qb (G'—-1-jqb q [ o (G'—1)-q b]
dyn > d -
wh et Y T 2k Kk e T n k. ——
m G -D-jqb Jomn (G"—1-q-b-j
un > et Tk bye =TTk, nk
T —1)-j"-q-b
dyn > _h (1 *)_(/ ) ] +Jj dyc

Equation (56)
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el,l Th p 1 1 l Th h f h
LC - and [ l' - " q

Appendix.

vcpl'j* = jn*'.—:b is established i
- in Equation (49) of this Append
pendix.

l <
j=2 Ve Ve +val'j*
Jj=2

Lo =
n-k'Th+CI'b+ E a5 — -*
c ) n-k <dyc< - ' :
e Sk, (Th+Q'b)+§ ab
an-k
=2

—(m + (" — —
— w+ ( Dgb) <d,. < ! (r, +j
e <ng j*qb)

Equation (57)
I/Cel,l — r_h
and vPll=—1
k v -
n c n_kc'(rh+Q'b)_r_h
o are established in Equati
ion (35) of thi
is

Appendix.

vfl’j* = ]';—Zb is established i
- in Equation (49) of this Append
pendix.

I <
Rﬁ, v o_ R‘;;l,w _ ppit q - b*
P4 —m— )+ dye — V" i
j=2 pl AC . L ’
7 —(m = ))

q_bz d plLj
(m—j)+ ye =V 4

h (q-b
n-kc)

plLV <
RPY = R‘;;LVI _ ppit
t +
j=2
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pLV _ pplVI _ Th b-m q b? b*m-(G—-2) q-b*jG-1)
RW _RW -

2
h on Bm- )+ h 2h
q-b* q-b*- (m—7) n-k ( 1 . )
+ A + A 7 b \k n_kc[rh+q b(G—1)]
T b-m q-b? q-brm-(G—2) q-b*jG-1)
Rpr_RprI h _
A + h -(3m — 2)+ A oh
Q'bz b'(m_j)'n'kc (rc 1 A
t—— A k_c_n-kc[rh+q b(]—l)])
T b-m q-b? b2-m-(G—-2) q-b*-jG-1)
Rpr_RprI h _
A + h -(3m — 2)+ A oh
+q-b2+b-(m—j)-n-rc_rh-b-(m—j)_bz-q-(i—l)(m—j)
2 h h h
b n-1,+b q - b?

pLV _ pplLVI __
RP™ = REX =

S 5 _ s a2
U+ ——m—jI+ S m—j+j°)
Equation (58)

pebt =;—’; and vP4! =#-(rh+q-b)—;—’; are established in Equation (35) of this

Appendix.

pPH = ’n i ® s established in Equation (49) of this Appendix.

C

j-1
Lj L1 L1 Lj
A A e D

j=2

j-1
Vpl:j —
c
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Lj
VP =
c n.kc n-kc

5 1
L 7
‘/Cp]:n.kc[rh‘l'q'b(]_l)]

Equation (61)

plj_pplj-1

Kbt
. 11 plj pl} 1 h 1
vl ,
A=A z kle ]A'b'(du’h_%p )
h < ho,
q- Lj
AWV — ( ) vy
b n k + n- kc uh — Yo )
j=2
h/r, R G—2)q-h h o _JG=1D-qb
Au,IV:_(_h Cfl) (d - - )
h b kh+n-kc * n-k. +Ab wh n-ke 2:m-ke
hor, qh (G-2)-q-h h m__JG-D-q-b
AV = h (d - - )
n + +“b wh = 0k, 2-n-k,

b-n-k, n-k, n-ke

h-rm, (i_l)'q'h+h'du,h h-1y, h-q-G-1)

bonk ' nk jbo Jobonke 2omcke

Au IV

h-1, Q'h'(i—l)_l_h'du,h h-m,

AuIV
bk 2mk | b jbonk

VI_ 2 9-bJ
ALV wh —1)dy_h+2_n_kc(]—1)]

Equation (65)
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pLj_pplj-1
F " -F

% is established in Equation (46) of this Appendix

pLj
kn

Fplj Fle 1

pLVII _ pll to ot
Ap" =Dy Z pl}

j=2

h
APLVI .
n Tk, (etab)E ) o

- h q-h q-h
apbvii_ _Th + +
h b-n-k., n-k, Lin-k,

pLVII _ )
Ah - . . +

Apl,VII

h b-n-k, n-k,
APLVIT Th q-h-(m-1)
h b n-k, n-k,

Equation (66)

AL :;—’; and vp” —Lk-(rh+q-b)—;—h are established in Equation (35) of this
c h
Appendix.
vPH = - 129 js established in Equation (49) of this Appendix.

The panel joint between the m — 1™ and m™ panels must remain elastic until achieving SW

behaviour.
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j=2

dy’czn-kc[rh-l_q.b.(m_l)]

Equation (67)

/A =;—’; and vP"! —Lk-(rh+q-b)—;—h are established in Equation (30) of this
c h

Appendix.

P =L ib is established in Equation (49) of this Appendix.

Vopl,m — ell pll 17 pl,j
j=2
1 m-1 b
] q
AR +qb) +
0 . kc (rh q ) . n- kC
Jj=2
1 q-b-m-(m-1)
Vpl,m — [
0 n- k. Tt 2
Equation (69)
Ftpl,j_Ftpl,j—l
Kbt
m-1
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“h h
Au,VII . b q d plm
h b-n-k, (rn + gqb) .Zn'kc+_m 5 (dun=Vg™™)
]=
o Tt Gk NTah Ry
h b-n-k ke Lin-ke m-b wh
]=
h = q-h h
u,VII _ Th* q- plm
An _bnkC+,1n-kC+mb (dun =%"")
j:
T, h (m—1)-q-h h 1 q-b-m-(m-1)
AWV — h -(d _ [ )
R T honk, nk,  Tmop \Gwn T [t 2
h m-h (m—=1)-h mh m—1)-q-h
AZ'V”= - .h. . 9 (. .) n .h. +( .) q
m-b m-b-n-k, 2-n-k. b-n-k. n-k,

h mh ™ h (m—1)-q-h
e k. bnk ' Znk

h m-h m-1m,-h (m—1)-q-h
AWV od. . — h h
h m-b " m-b-n-kc+m-b-n-kc+ 2-n-k,
h m—1)rm-h (m—1)-q-h
Au,VII___d
n Bt T bk, T Zonk,
AUV h . _h(m—l) T +q-h-(m—1)
h m-b " m-b n-k, 2-n-k,

Equation (90)

Achieving the yielding of the hold-down in kinematic mode j ensures the Ve” dy . The
increase of hold-down elongation to fully develop kinematic mode j in plastic state is

developed according to the equation in Casagrande et al. (2017):
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pli_ i ch'b'(m—i)>_ﬁ_Q'm'h
T GAm —m) k4 (m—1)-n-k] n b2

Ly _ ] <ch-b-(m—i)>_ﬁ_0
Yo _[G"’m'i_m)'kh_i_(m_D'n.kC] h b

1 _ J Rey-b-Gm -1\ h _
”5]‘[(m—n-n-kc]<< R )b 0)

Therefore, Equation (90) is written as:

pLj _ yrelj pLj
W =W "+

VP =d,, +
0 y.h n-k,

Equation (96)

plj 1 Rej-b-(m—79) h g -m:
A h b 2

TG m T m) ke (m

Ly 1 Rc,j'b'(m_D _ﬁ_
”f]‘[(m—n-n-kc](( R )b 0)

Equation (96) can be develop as:
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R.;

elj
dye <V + o0

Equation (97)

VY and vPY = :% are established in Equation (96) of this Appendix.

Vi =d,, and vPY = i ” * are established in Equation (90) of this Appendix

The elongation in kinematic mode j until the yielding of vertical joints is written as an

interpolation:

< d .-
elj pLy  y.C c
duh > V + 170 —’

du,h > dy,h +7- (dy,c - Vcel'j)
Equation (98)

Vv and v = ‘;{’ are established in Equation (96) of this Appendix.

yPH" = % is established in Equation (49) of this Appendix.

Ly
LII LIII el] plj _ el] (dyc_Ve )
RYM = REYM = REY + (F ") o
C

REMI — LT _ el] - (Fpl] el]) (dy. _~Vel])
cj
n-k.
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. el

RPUIT _ ppblll _ pel] | (Fpl,j _ pel n ke (dy,c -V )
w - tw - ‘w,h t w,h R.-
C,))

Equation (107)

It can be established that the change in generic kinematic mode j* will increase the lateral

displacement of the wall by the following:

Lj Lj-

il S L SIS § he
pLJ h (m—j*) n-k.-b?
kP j

F;:le] _ F;:pld_l q . h

pLj T n-k
k? c

Therefore, Equation (107) takes the following form:

]
" Res-h q-h
APYT— pet e Z
ne =TT -k
Equation (108)

Vv and v = :% are established in Equation (96) of this Appendix.

plj _ JRcj

Voel,i =d,,; and v, — are established in Equation (90) of this Appendix

To develop this equation, it is required to know the incremental displacement of hold-down

required for the development of kinematic mode larger than j.

ko b (F‘tle* _ F‘tpl:j*_l) . h2 q ‘m- h
Yoo T K PYT b2 2
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The incremental of elongation through kinematic mode j* can be develop as

’-* l,-*—
Ve o = k;lpl,j* ‘h b2 2
* b h? q-bz
pLj" _ —_
Ve (m—j") n-k, h<b2< R ”) O)
it _ 4°b
Ve n-k,

The yielding displacement, in this equation, has to be larger than the elongation required to

achieve the ultimate displacement of hold-down in kinematic mode j

j*-1 elj pl] j*-1 pl]
o R —y
dy,c > Vcel,] +vcpl,] + z vcpl,] +vcpl,j LU 0 p” Jj= ]+1
TR s 1 7-g-b
j*-1 d —d ) ) Rey Z] -1 ] q
el'j' pl] q b uh y'h n- k ]=]+1 n- k
dy,c >V 7+ "+ Z R qC - c
j=1+1 n- k.
R &b 1 Ry = jeq-b
] J q- ) Key ]°q
d >ve”+i+z +—=|dyn—d ———Z
e ¢ n ke Zan-ke j* wh Yo ke -
j=j+1 j+1

Equation (109)

Vel = d,,, and vPY = 5 —L are established in Equation (90) of this Appendix

—— is established in Equation (108) of this Appendix.



jr-1 J*
Vel'j' + vplj + vpl'] < d < Velj + vplj + vpl:]
0 0 0o = "uh 0 0 0

= 5
TRy = jq-b j-R L i-q-b
‘Re; iq- ‘Re; jq-

dyp + ”+Z <dyp <d,,+ +Z

YR nk, ' Ly n-k, wh =5y T n ok, La n-k,

j=j+1 J=j+1

Equation (111)

Vi =d,, and vPY = i ” Lare established in Equation (90) of this Appendix
plLj* _ jTab . . . . . .
vy =S established in Equation (108) of this Appendix.

c

Vle ell_l_vpll_l_ pl]’
0 §
j ]+1

j-1

2 j* Rej jq- b

0 YRk, Z n-k.
Jj=j+1

Equation (112)

plLj_pplj-1
[l

pLj
kH

Rcs+h “h h 5
Au V= Apl IV Ael n .C’] . + q. + . b u,h - I/Opl,])

Equation (114)
v and v = R.‘;j are established in Equation (96) of this Appendix.
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PLIT = % is established in Equation (108) of this Appendix.

Vi =d,, and vPY = i ”  are established in Equation (90) of this Appendix
P = 129 js established in Equation (108) of this Appendix.
-1 elj _ . pl] J*=1  plj
L dy.—V V, Yo,
elj pl] pl] plj*  ~¥cC c C Jj=j+1
dun >Vl + P + Z + v} N
j=it1 ¢
R e b
i -1 ely _ f¢j _gi-1 4
4 ey +1'Rc+21 a:b jab bye = Ve~ 37l ~ Limmink
u,h y,h n- kc . kc q- b
j=i+1 n-k.
Ry O Ry = q-b
] ety fej z q-
dh>dyh+n k., Z e Ve n-k. o n-k,
j=i+1
Equation (115)
Vv and v = :% are established in Equation (96) of this Appendix.
vfl'j* = % is established in Equation (108) of this Appendix.
jo-1
el L ,Pu Z P <, <V P + Z pLj
c c
j=j+1 j=j+1
Ry = q-b R -
Ve 4+ C”+Zq <d, <V + ”+Zq
k. — n-k, ’ n-k, n-k,
J=]+1 j=j+1

Equation (117)
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VY and vPY = ;’ are established in Equation (96) of this Appendix.

PLIT % is established in Equation (108) of this Appendix.

j-1

Lj Lj Lj Lj
YPU = el Pl 2 pPY
j=j+1
j-
pLj _ yseld
yP = +
j+1
Equation (120)
Ftpl,j_Ftpl,j—l
4
kb
j-1 b
q- l
ke b Luan-k. ] wh )
Jj=j+1
Equation (124)
Ftpl,j_Ftpl,j—l
L
kp
Therefore, Equation (124) is expressed as:
pLVII_ AplS | ym-1 F-REYT o Rcl m-1 ah
Ay = Ah,t +Z] =j+1 ZLJ = A} Z} =1+1 0k,

Equation (125)

VY = d,,, and vPY = ’nk”’ are established in Equation (90) of this Appendix
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P = 197 js established in Equation (108) of this Appendix.

m-—1

el | .,plj plj
dyc>Vy " +vy, " + z
j= ]+1

m-—

dyC>Ve“+ Z
C

Equation (126)

VoY = d,,, and P = ]n” are established in Equation (90) of this Appendix

P =L ib is established in Equation (108) of this Appendix.
m—1
J*Rej j'q-b
VPt =d,, +—2
0 Tk T L ok,
j=i+1
m-—1
J*Rej j'q-b
Vplm_d ))
0 yht kc-l-,~ n-k.
J=r+1

Equation (128)

It can be established that the change in generic kinematic mode j* will increase the lateral

displacement of the wall by the following:

P;_.pl’] _ F;:pl!]_l B [q . b2 hz

kzl,j A (m—j )l.(m—j*)'n'kc'bz

pl'] pl;j_l .

FPY — F; q-h
pLj n-k
kP c
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Therefore, Equation (128) is expressed as:

m-—1
- q- h
Au,V11= Apl,l + E
h h,t n- kc

j=j+1

h
t3 (dun —VE"™)

Equation (146)

pLIl _ pplLIll _ peld pl el,1
Rw - Rw - Rw,c + (Rw - Rw,c

k¢-b q-m-b® b r.k
plLIl _ pplLIll — . h = _c h
Bt =R = Tt T Yy (m ke )
pLII _ opLII _ _[kh+(m—1)'n'kc]'b q-m-b? B( _Tc'kh>
Ry =R =T ko h T TR\ T,

v, lkn+(m—1)-n-k.] b q-m-b2+rh-b r.+b-kpy

pLIl _ pplLIll —
Ry =Ry k. h 2-h h h-k,

w

rc-kh-b+rc-(m—1)-n-kc-b+q-m-b2+rh-b_rc-b-kh

pLIl _ pplLIl —
Rw™ =Ry, k. h k. h 2-h h h-k,

w

rc-(m—l)-n-b+q-m-b2 b

pl,II: pLIII __
R Ry n 2 h T h

w =

b m-b
Rfvl’”=Rﬁ,l’”1=E<rh+rc-(m—1)-n+q > >

Equation (165)

The elongation of hold-down through kinematic 1 to m is expressed according to Casagrande

etal. (2017):

Vel,m_ 1 R\fvl,lgn'h_Q'b'm
b-m 2

196



Therefore, Equation (165) is expressed as:

L
d >Vel,m:l R\fv,gn'h_Q'b'm
YRTT0 Tk \ bem 2

Equation (172)

From Equation (171):

C_L[RUMh_qb-(m-2:(m-2)] 1 fPmh

Rfvl,’cm-h q-b-(m—z-(m_z))+fpl,m—l_h

e Ty m 2 b-(m—1)
fmth o RO h g (m—2-(m—2))
b-(m-1) ° b'm 2

b-(m—1)-n-1, RM'-(m—1) q-b*> (m—1)-(-m+4)
- — +
h m 2+h

fpl,m—l —

Equation (183)

elm, b
pem =L [(RW—Ch — qum)] is established in Equation (165) of this Appendix.

" kp [\ bm

The incremental elongation of hold-down in other kinematic mode j* is

- Kf"”* h_q-b- m)l

R | 2

P :i frur .h—O
0 kh b]*

Pl _ 1 FRL"
0 kh b ]*
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Therefore, condition state inequation (183) can be develop as:

|
[uN

elm plj*
dyh > V + 2 UO
j=7 -1

L|/RE™ . h g b-m\ < fP-h
- 5
7t kh<bm 2 >+. b-j

Equation (188)
From Equation (187):

l’~ - i .
T =Feyijr-1(F = Ry m=m) + X1 Foyijoa(F = fPY,m = j,q =0) +

w,c’

Feyij-1(F = fPY",m = j*,q = 0)

1 Rs,l;n h g b - (m 2-(m-— 2)) Z 1 fle h 1 fPLi™.p
TEnThom t b
1+1
fpl,j*_h elm ‘h q b- (m 2. (m 2)) fpl] h
b T 2
] ] ]+1 ]
fpl,]*:nrcb_]*_R\fvl,'Z‘n_]*_l_ (m 2 (m 2)) z fle
h m 2-h
=j"+1
” b-i* b(m =2 -1 elm m-1 pLj
FPL" = hj .ln.rc qb( (1 ))l Ry 4 z f.
It

Equation (194)

elm
Vgt = — [(RW—Ch 1 I;m)] is established in Equation (165) of this Appendix.

kn b'm

198



plj* _ 1 fPY . , , : : :
VW S g is established in Equation (183) of this Appendix.

m
el,;m pLj pLj
dypn>Vy " + z v, "~ + 1,
j=j+1

YT Ry b-j 2 b-j b-j

j=j+1

Equation (201)

elm,
yem =1 [(RW—Ch z I;m)] is established in Equation (165) of this Appendix.

kn bm

plj* _ 1 fPU . , , , : :
v, = o s established in Equation (183) of this Appendix.

m-—1

p_n

m-—

L Lj
Ve + P < dyy < VEm+ Y wPY

7%

=]

1 elmh qu+mz_1fpl,j.h -4
kp|\ b-m 2 b-j v

=T

~.

j=it+1

m—1

fle h

+ b

<1 Rfvlcmh qu
kh b-m

~.

j=j*

Equation (203)

elm
yem =L [(RW'C kT l;m)] is established in Equation (165) of this Appendix.

bm

Li*.
j* " is established in Equation (183) of this Appendix.
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- (Voel'm + 711111701])

pLj
vO

g (L[(ReE R _qbom\], gma L fPY R
wh ky, b-m 2 J=itlk,  b-j
1 /P h
kh b]

d
FoL) = foig. wh

fWMi:fmu.

_kp-b-jrdyn ky-b-j 1[<Re“” h q-b- m>l Z 1 fp” h

f'pLJ —
h h kh bm iS5 kh

oy T b RUT fPY q-b*-m
f h m — ] 2-h
j=j+1
-1
voli _  |D q-b-m Rﬁiﬁ” X fry
o =g+ - ) =
h 2 m — ]
j=j+1

Equation (213)
From Casagrande et al. (2017):

Ryeh q-b'm

Tel,m — _
b-m 2

fpl,j ‘h
b-j

tPlj =

Therefore, the following equality can be written to achieve the hold-down strength:
m-1

= Telm 4 Z tPLJ 4 ¢pL1
j=2
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RE™-h q-b-m <o fPY-h

— plL1
j=2
ot RyZ-h q-b-m fP4 - h
b-m 2 _ b-j
j=2

. Lj.
Pl = % is established in Equation (212) of this Appendix.

From Equation (212),

Rfvl;;”-h q-b-m+m_1fpl’j-h

tplvl — —
T T m 2 b
j=2
Therefore:
fpl’l'h_ R“;l:;".h q.b.m+m_1fpl.j h
b L 2 L b
j=2
m-—1
o=y R‘fvlfcm_q bz-m_l_z}l”
m 2-h , j
j=2

Equation (218)

el’m. -h-
pebm = L [(RW—Ch - qum)] is established in Equation (165) of this Appendix.

b'm

- Lj*.
v = ki . f’; j ! is established in Equation (183) of this Appendix.
b

m—1
el,m pLj rpll
dyp>Vy " + Z v, + 1,
j=2
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4 1 1 Relm h CI b-m +m 1fplj h frpll h
A L) b-j b

j=2
Equation (225)

elm

pem =1 [(R“;—th = I;m)] is established in Equation (165) of this Appendix.

L% Lj*.
PLI = ki - % is established in Equation (183) of this Appendix.
A

m-—1
yh>Velm+ Ul]
j=2
-1 )
L1 (R q-b-m+m fPU -k
" ky | bem 2 Li b
]:

Equation (237)

From Equation (235):

Ly 7 ~
e = c,y,i,j—l(F = Rfv'g,m =j) + Fc.y,i.]—l(fpl'] ,m=]J,q=0)

=

Rieh ] kn q-b
n'b (G+m-j—-m)-ky+(m-—-j)-n-k, 2'n

Fmokn=2-G= D [G+m=m) knt (m=])n-kd fP -k
G+m-j—m)-kp+(m—j) n-k. n-b

fpl,] ‘h Rfvl,'i ‘h i kp

nb ¢ n-b (]”+m-j—m)-kh+(m—j)-n-kc+

q-b
2'n

Pmkn=2-G=D [G+m-j—m) ky+m=]) nk]
G+mj—m) kn+m—p-n ke
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 _bJ gb ?-m - kp—2-(G-=D-[+m-J-—m) kn+(n—J) n-k]l
[P =—[n-r+—- = > ~
h 2 G+m-j—m)-ky+(m-—j) -n-k,

Rel'j ']~2 ' kh

w,c

CGAmoj-m)kp+m—j) n-k.

Equation (243)

From Casagrande et al. (2017), the elongation of hold-down through the elastic state is:

- b 2 .(i+m-j—m)-kh+(m—j)-n-kc

Ly o ~
et 1<Rfv,é-h_q-b-m-1> ik
0 k

h

The elongation through kinematic mode j*for [ j,m — 1] is given with the same equation

than for SW behaviour:

1 frli.p
kn b-j°

plj* _
Vg =

Therefore, Equation 243 is written as:

elj plLj
dy,h > VO + 170

oo [(Ruih _qbomeg J -k Wiy
™ b 2 G+m-j—m)-ky+(m—-7-n-k, b-j
Equation (250)
: Uy -
AR L<RW’Ch— qu])- R . — is established in Equation (243) of this
kp b 2 (G+m-j—-m)-kp+(m-j)n-kc
Appendix.
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o

plLj* _ 1 fP4n

is established in Equation (243) of this Appendix.

0 kh. b-j*
dyp < Vi + vPY
ely X i .
g <L |(Bwech _q-b-m-J Jkn LR
YRk b 2 G+m-j—m)-kn+(m—j) -n-k, b-j

Equation (252)

7 el bm-i 7.
AR i<RW'C — qu’)- S ./ S— is established in Equation (243) of this
kpn b 2 (G+m-j—-m)-kp+(m—-j)n-kc

Appendix.

% l, '*,
vgl'f = ki y % is established in Equation (243) of this Appendix.
w b

1oLl = foL d“h——(voel])

pLy
Yo

g (L(Rueh_qbomeg). Ik
pLj St \kn\ B 2 J+m-j—m)-kp+(m-—7j) n-kc

rplj —
kn b-]
f,pl_j=kh'b'j'du,h_kh'b'j
h h
1(RyIh qb-mj ]k
ky, b 2 G+m-j—m)-kp+(m-—-j) -n-k,
oy Db 72 ke ooty _ b2 m:]
h G+m-j—m)-kn+(m-=J)-n-k.| ™ 2-h

Equation (263)
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. elj, e 5.
Voel'l = i(RW’Ch — qb"”) X Thn is established in Equation (243) of this

kp b 2 j+m-j-m)-kp+(m-j)n-kc

Appendix.

plj
P = é fb is established in Equation (243) of this Appendix.

J
el] pLj
o> 15+ D,

Lo L |(Reh _abomeg J -k
YR Ry, b 2 G+m-j—m)-kp+(m—j) n-k.
J fpl’j'h
+y
L b-j
J=]

Equation (269)
From Equation (267)

e =Fcylj —l(F R\fvlg' _j)
j-1

+ Fc,y,i,j*—l(F = fpl'j'm =j,q9= 0)
j=ir+1

+Feyijo-1(F = fPY°,m=j*q=0)

Ripd - h j* - kn q-b
2'n

A G +m-j —m) kp+(m—j°) n-k,

Jemeky =2 [T Ame T =m) ky + (m—j7) no k]
G +m-j —m) kyp+(m—j") n-k

L Li* . p
+pr1hfp1

n-b
j]+1
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n-b ¢ neb .(j*+m-j*—m)-kh+(m—j*)-n-kc+

fPl.j* ‘h Rfvl,'cj “h itk q-b
2'n

j-1 ,
jmeky =205 (G me T —m) ki (m— ) k] Ef”""h

G*+m-j*—m)-ky+(m—j*) -n-k, L n-b
j=jr+1
fpl,j*zb'j* . r+@] meky—2-(G" = DG +m-j —m) kp+(m—j") n-k]
h €2 [G*+m-j*—m)-kp+m—j*) n-k.
o ReL K N
LN _ _ w, _ + R
PG+m-T=m) ket m= nkd £s
j=Jt+1
Equation (275)
. eLy, B3 7.
vl = ki(’?wl;ch— qbzm’) S rem m)]kk}-:-(m PE is established in Equation (243) of this
. o) kn+m—J)mk,
Appendix.
Lj*.
(’f” = ki y fl; j*h is established in Equation (243) of this Appendix.
dyp > Vi + Z vt gy P
j=T+1
Lo L |(Rih _gbemef) ] kn
™ b 2 G+m-j—m)-ky+(m—J)-n-k,

J fle h f'le h
Z b-j

Equation (282)
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Ly . ~
elj _ 1 <R§z,2'h _ q-b-m-J) . jkn

Vy " = is established in Equation (243) of this

kn\ b 2 (G+m-j—m)-kp+(m—j)nke
Appendix.
x pLi*p . . . . . .
vPt = ki - be is established in Equation (243) of this Appendix.
S
j j
Vet + Z v <d,, <V + z vPt
j=i"+1 J=i"
1 Rffﬂ-h qg-b-m-j 7k N 4 fPLi - h oy
kn b 2 G+m-j—m) ky+@m-—J)-n-ke  Ls b-j h
J=]
<1 R‘i,l‘g'h q-b-m-j Jkn N ]fpl.]'.h
ky, b 2 Gtm-j—-m)-kn+(m-—-j))n-k, 4L b-j
J=]
Equation (284)
elj 1 RSJ'Z'h qg-bm-j Jkn . . . . .
Vy "= —( < — ) f— - is established in Equation (243) of this
kp b 2 (G+m-j—-m)-kp+(m—-j)nkc
Appendix.

-k l, .*.
vPt = ki - ﬂ;# is established in Equation (243) of this Appendix.
S

ely j pLj
dyn — (Vo + Zj=j+1 Yo )

f'pl,J” = fpl.j. =
pLJ
Yo
Ly " - x
i LR;,é'h_Q'b'm']_ j-kp +27A i_fpl’]_'h
freLl = frLi. Y AR\ b 2 G+m-j—m)-ky+(m—J) n-ke “j=j+1kp b-J"
B 1 frli-h
kn b-J
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o1 _knb-jrdyn _kn'b-j
h h

llel]hqu] Jky
ky, b 2 G+m-j—m)-ky+(m-—j)-n-k,

J 1 pl}
L ETET

. elj . - j
froL =74, bl — jkn (Rweh _abmy) ) _ i FPLi
h\ P Grmg-m)kp+(m=D ke b 2 j=j+1

Equation (294)

From Casagrande et al. (2017):

Tel,j=( €l] “h q b-m: ]) jkh
b . .

2 ) GrAmej —m)kyt (m=j) n ke

fpl,j ‘h

b-j

Therefore, the following equality can be written to achieve the hold-down strength:

J
=T + Z tPLT 4 ¢pll
j=2

Lj .

B Rﬁ,,é-h q-b-m-j Jkp fpl] i1

™ = - tp
b 2 (] +m-j*—m)-kp+(m—j*)-n-k.

J . . j .
Pl — Rfvl.'c]'h_CI'b'm'] ] J kn +prl,1.h
h b 2 (1'*+m.j*_m).kh+(m_j*)_n_kc 4 b]

Equation (296)
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. Lj.
tPh = % is established in Equation (212) of this Appendix.

From Equation (293),

tpl,l - — (R‘il"z-h _ q-b-m-j) . Jkp j~ FPLIR
h b 2 (].*+m']'*—m)'kh"'(m—j*)'n'kc j=2 b'j
Therefore:
fpl,l.h:r— Rvevl,'cj'h_q-b-m-j | ik,
b h b 2 (]*‘I‘m]*_m)kh"'(m_]*)nkc

J )
pli. p

)

Jj=2 J

fpl,lzé_rh_ Rel,j_CI'bZ'm'] _ Jkp
h w,c 2-h (]'*_I_m.j*_m).kh_l_(m_j*)_n_kc

i

plj

+ E i
=

Equation (300)

; ey o .

AR i<RW'Ch — qu’)- S .1 — is established in Equation (243) of this
kp b 2 (G+mj—m)-kp+(m—j)nkc

Appendix.

px L '*.
P == % is established in Equation (243) of this Appendix.
e

J
ely pLj rpl1
dyn >V, +Zv0 + v,
j=2

209



1 R;l,'g'h_q-b-m-j _ i ky N 4 FPLip
Grm-j—m) kn+(m—J)n ke Ly b
]:

dy,h > k_h - b 2
rpll.p
Lk
b
Equation (307)
elj R 5
elj _ 1 Ry'ch _gbmj\ Jkn . i . . .

W' = kh( b > ) T sy e el established in Equation (243) of this
Appendix.

P Lj*.
vPt = é : ﬂ;_;*h is established in Equation (243) of this Appendix.

J
elj plj
dy,h > VO + Z UO

j=2
oo L |(Rueh _abeomeg) 7k
S b 2 G+m-J—m) kn+m—) -n-k,
i
plj.p
DR
= 7Y
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