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ABSTRACT

The use of light steel gauge framed walls in the residential and commercial sector is
increasing in popularity. However, our knowledge of the performance and the behaviour
of structures using such walls when subjected to lateral wind and seismic loads is limited.
At present, no design method for light gauge steel shear walls is contained in Canadian
codes or standards. For this reason a research project on steel frame / wood panel shear

walls was undertaken.

A comprehensive database of monotonic and reversed cyclic tests on steel frame / wood
panel shear walls is needed to obtain different wall parameters for use in design. For this
particular project 1220 x 2440 mm walls (3 wall configurations for a total of 18
specimens) composed of 1.09 mm thick 230 MPa grade steel and 9.0 mm thick OSB were
tested; where the screw spacing along the perimeter of the wall was varied (75, 100 &
152 mm). The equivalent energy elastic-plastic (EEEP) analysis approach was employed
to derive design values from the test results; such as stiffness, strength and a resistance
factor for use with the 2005 NBCC, as well as ductility and overstrength modification
factors. The resistance factor, ¢ = 0.7, determined by Branston was confirmed. Ductility
related, R; = 2.5, and overstrength related, R, = 1.8, seismic force modification factors are
recommended for use with shear wall design values that are based on the EEEP analysis

approach.

Furthermore, the test data were used to create and calibrate hysteretic models, with the
- Stewart element, which later were used in non-linear time history dynamic analyses. The
Ruaumoko software was made use of for the modeling of two representative buildings
with ten earthquake records for the Vancouver BC region. The shear wall system of a
typical two-storey house and a three-storey commercial building was first designed for
lateral loads and then modeled. The resulting shear deformations (rotations) obtained
from the analyses were compared with the limiting parameters measured during the
physical shear wall tests. It was found that the scaled ground motions caused a shear

demand that did not exceed the test based deformation limits.



RESUME

L’utilisation de murs de refend aux montants en acier formés a froid avec panneaux de
revétements en bois augmente en popularité dans le secteur résidentiel et commercial.
Toutefois, nos connaissances sur les performances et le comportement de ces structures
qui sont sujettes a des charges latérales dues au vent et aux secousses sismiques sont
plutdt limitées. Pour le moment, il n’y a pas de méthode de conception concernant les
murs de refends aux montants en acier formés a froid dans les normes et codes canadiens.
C’est pour cette raison qu’un projet de recherche sur les murs aux montants en acier

formés a froid avec panneaux de revétements en bois a été entrepris.

Une importante base de données provenant d’essais monotoniques et cycliques fait sur
des murs de refends bois-métal est nécessaire afin d’acquérir les différents parametres qui
seront utilisés lors de la conception de tels murs. Pour ce projet, des murs de 1220 mm x
2440 mm (3 configurations de murs pour un total de 18 spécimens) composés d’acier
formés a froid de 1.09 mm en épaisseur avec une nuance de 230 MPa et des panneaux de
OSB (oriented strand board) de 9.0 mm d’épaisseur ont été testés avec un espacement des
vis au périmeétre des murs variant de 75, 100 et 152 mm. La méthode de I’énergie
équivalente élastique-plastique (EEEP) a été utilisée pour déterminer les parametres de
conception tels que la rigidité, la force, le facteur de résistance pour utilisation en
conjonction avec le CNBC 2005, de plus que les facteurs de ductilité et d’écrouissage. Le
facteur de résistance, ¢ = 0.7, déterminé par Branston a été confirmé. Les facteurs de
ductilité, R; = 2.5, et de d’écrouissage, R, = 1.8, ont été recommandés pour utilisation

avec les valeurs de conception des murs de refends basés sur la méthode d’analyse EEEP.

De plus, les résultats des essais ont été utilisés pour créer et calibrer les modeles
hystérétiques avec 1’élément Stewart, qui par la suite ont été utilisés pour I’analyse
dynamique non linéaire dans le temps. Le programme informatique Ruaumoko a été
utilisé pour modeler deux édifices soumis a dix tremblements de terre pour la région de
Vancouver, CB. Les murs de refends pour des édifices de deux et trois étages ont été

congus pour résister les charges latérales et ont, par la suite, été modélisés. Les

i



déformations en cisaillement (rotations) obtenues lors des analyses ont été comparées
avec les parametres mesurés pendant les tests réels des murs. 11 a été découvert que les
déformations en cisaillement causées par les secousses sismiques prédéfinies n’ont pas

dépassées les limites de déformation basées sur les tests physiques des murs.

il
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CHAPTER 1 INTRODUCTION

1.1 GENERAL OVERVIEW

It is anticipated that in Canada and across North America the use of light gauge steel
products will increase in the years to come. In residential and small commercial
structures light gauge steel can be used for wall, floor and roof framing. Figure 1.1

shows a typical light gauge steel frame house sheathed with plywood panels.

Figure 1.1: Light gauge steel stud wall using platform framing technique (left: exterior
view; right: interior view of side wall) (Branston, 2004)

Light gauge steel walls are often used as gravity load bearing walls, but they can also be
designed and used as shear walls. Shear walls transmit in-plane lateral forces due to wind
or earthquake loads from the upper storey(s) to the foundation. In order to develop a
resistance to these lateral forces, the walls are covered with a structural member such as
plywood or oriented strand board (OSB) panels. The wood panels are fixed to the light
gauge steel frame by means of screws, the size and number of which will dictate the
stiffness and the shear resistance of the wall. For example, a close screw pattern (75 mm)
results in an increase to both the shear strength and the stiffness of the wall compared
with a wall whose sheathing is attached at 152 mm intervals. It is also necessary to attach
the wall, by means of shear anchors and hold downs, to the supporting foundation or to
the lower wall segments in a multi-storey building. By anchoring the walls at their ends,

a structure that acts as a cantilever beam is created.



As previously stated, this type of construction is becoming more popular; presently
however, in Canada there are no standards or codes to design such walls. It is for this
reason that light gauge steel frame / wood panel shear walls are under intensive study at
McGill University. The overall goal of the research project is to develop a design method
for light gauge shear walls to be used in conjunction with the National Building Code of
Canada (NBCC) (NRCC, 2005). The research undertaken in the previous years at McGill
University consisted mainly of physical tests of one-storey shear walls under monotonic
and reversed cyclic loadings (Boudreault, 2005, Branston, 2004; Chen, 2004). Different
wall configurations were used for testing, for which the following were varied; fastener
schedule, wall length, as well as sheathing type and thicknesses. Design parameters for

wind and earthquake loadings were then developed based on the test results.

1.2 STATEMENT OF PROBLEM

In the 2005 National Building Code of Canada a procedure for the calculation of
equivalent static seismic design loads is prescribed. However, the code does not list
specific force modification factors (R; and R,) greater than 1.0 for light gauge steel frame
/ wood panel shear walls. In addition, the North American Specification for the Design of
Cold-Formed Steel Structural Members (CSA S136, 2002) does not contain design
information concerning shear walls. Furthermore, at this time the literature does not
provide sufficient guidance, in terms of Canadian seismic design requirements, on the
performance of buildings constructed with light gauge steel frame / wood panel shear
walls. In contrast, the American Iron and Steel Institute (AISI) has developed a shear
wall design guide (4ISI, 1998), a standard for the lateral design of cold-formed steel
framing (AISI, 2004) and has been able to include shear wall design information in the
IBC (ICC, 2000, 2003) and UBC (ICBO, 1997) model buildings codes. It is therefore of
importance that studies be carried out in Canada to develop a method for the design of
light gauge steel frame / wood panel shear walls. This method would need to incorporate
Canadian limit states design philosophy, as documented in the 2005 NBCC, and account

for the use of Canadian construction products. The shear wall research project, underway



at McGill University since 2001, has focused on walls constructed of 11 mm OSB and
12.5 mm plywood panels. In construction it is not uncommon to use thinner sheathing,
i.e. 9 mm OSB and 9.5 mm plywood panels, for which shear wall design information is

not available.

1.3 OBJECTIVES

The objectives of this thesis include: i) To review the construction and testing
requirements for shear walls as prescribed by Branston (2004) and Boudreault (20035). i1)
To test three configurations of light gauge steel frame / wood panel shear wall sheathed
with 9 mm oriented strand board (OSB) panels. iii) To determine design values for the
tested walls using the equivalent energy elastic-plastic analysis approach. iv) To calibrate
hysteretic models for each of the wall configurations used in testing. v) To carry out a
pushover analysis on a single-storey shear wall model to validate its applicability. vi) To
create a two and three-storey building shear wall model and to carry out non-linear time
history dynamic analyses using simulated and real earthquake records. vii) To evaluate
the demand on the shear walls for both building models. And viii) to provide
recommendations for future studies for the modeling and computer analysis of shear walls
in order to expand our knowledge of light gauge steel frame / wood panel shear wall

behaviour under cyclic loading conditions.

1.4 SCOPE OF STUDY

Monotonic and reversed cyclic tests were carried out on eighteen single-storey light
gauge steel frame / wood panel shear walls during June and July of 2004. The wall
specimens were constructed with Canadian cold-formed light gauge steel frames and
9 mm (3/8”) oriented strand board sheathing (OSB) (CS4 0325, 1992), which was
attached with screws at a spacing of 75, 100 and 152 mm (3”, 4” and 6) over the panel

perimeter. The resulting test data was then used to establish design parameters, seismic



force modification factors and hysteretic models. The results presented and values
proposed in this thesis are limited to individual 1220 x 2440 mm (4’ x 8’) light gauge
steel frame / wood panel shear walls designed to resist lateral in-plane loading only. This
research did not include the physical testing of multiple-storey shear walls nor combined

vertical and lateral loading design values.

In addition, non-linear time history dynamic analyses of two representative multi-storey
buildings, located in Vancouver, BC, was completed. A suite of ten earthquake ground
motions from the west coast of North America was relied on to evaluate the inelastic
performance of and the proposed design method for the shear wall system found in these

buildings.

1.5 THESIS OUTLINE

This thesis, which consists of four main parts, is a preliminary study to evaluate shear
wall performance using the design shear strength and stiffness parameters, as well as
force modification factors (R; and R,) derived from this study. A brief review of existing
cyclic tests of light framed wood and steel shear walls, followed by a more explicit
review of shear wall modeling and testing using non-linear time history dynamic analysis
software is found in Chapter 2. In Chapter 3, the shear wall experimental program is
presented. The content of Chapter 4 focuses on the recommended design values derived
from the shear wall test data. Chapter 5 consists of the calibration of hysteretic models of
the tested shear walls, the design of a shear wall system for a two and a three-storey
building and the modeling and analyses of shear walls in both buildings. Finally, Chapter
6 provides conclusions and recommendations for future studies on modeling and analysis

of light gauge steel frame / wood panel shear walls.



CHAPTER 2 LITERATURE REVIEW

2.1 SUMMARY OF SHEAR WALL TESTING

The testing of light gauge steel frame / wood panel shear walls was started as early as in
the 1970s by Tarpy at Vanderbilt University (McCreless & Tarpy, 1978; Tarpy &
Hauenstein, 1978). From this initial research program and subsequent studies by
researchers such as Tissell (1993), Serrette et al. (1996a, 1996b, 1997a, 1997b), Serrette
(1997), Serrette and Ogunfunmi (7996), NAHB (1997), Selenikovich and Dolan (71999),
Selenikovich et al. (2000a) and the City of Los Angeles (CoLA) — University of
California at Irvine (UCI) (2001) design standards were developed in the US. At present
design guides and standards such as the 1997 UBC (ICBO, 1997), the 1998 Shear Wall
Design Guide (4151, 1998), the 2003 International Building Code (ICC, 2003) and the
Standard for Cold-Formed Steel Framing - Lateral Design (4151, 2004) are available for
engineers to use in the US. No equivalent codified design standard developed for use in

conjunction with the 2005 NBCC exists in Canada.

Research and testing of wood frame / wood panel shear walls has been carried out since
1929, during which year Report R896 was published by the Forest Products Laboratory
(Trayer, 1929). Detailed descriptions of past test programs can be found in the summary
documents by van de Lindt (2004) and Filiatrault (2001). A listing of wood shear wall
test programs was also provided by Branston (2004). Due to the performance of wood
framed buildings in the Northridge CA earthquake in 1994 an extensive research
program, under the heading “The CUREE-Caltech Woodframe Project” was undertaken.
Results of this shear wall test program can be found in the work by Gatto & Uang (2002).

The light gauge steel frame / wood panel shear wall research program at McGill
University has been underway since 2001. To date, Zhao (2002), Branston (2004), Chen
(2004) and Boudreault (2005) have each written a thesis on the subject. All of these
researchers have presented a detailed literature review on various topics related to shear

walls. For this reason only a summary of the reviews and work carried out by Zhao,



Branston, Chen and Boudreault is presented herein. In addition, a comprehensive review

of past research on the dynamic analyses of shear walls is provided.

Zhao (2002) first completed a literature review of existing shear wall test programs. The
following researchers were included: McCreless and Tarpy (1978), Tarpy and Hauenstein
(1978), Tarpy (1980), Tarpy & Girard (1982), Tissell (1993), Serrette et al. (1996a,
1996b) and Serrette (1997), Serrette & Ogunfunmi (1996), National Association of Home
Builders (NAHB) (1997), Serrette et al. (1997a, 1997b), Gad & Duffield (1997, 2000),
Gad et al. (1998, 1999a, 1999b, 1999¢), Selenikovich and Dolan (7999) and Selenikovich
et al. (2000a) and the City of Los Angeles (CoLLA) — University of California at Irvine
(UCI) (2001). Based on these existing shear wall tests Zhao was able to derive a ductility
related R value of 2.0 for seismic design according to the 1995 NBCC (NRCC, 1995).
Zhao was also responsible for the design of the shear wall testing frame, which is

described in Chapter 3.

Branston (2004) presented the existing test programs of Serrette et al. (2002), as well as
Fiilop and Dubina (2002, 2003). Branston’s work also included a literature review of
existing North American, Australian and European shear wall test programs, and a
comparison of standards for structural wood panels used in Canada and in the United
States. He then carried out tests on 43 light gauge steel frame / wood panel shear walls,
and proposed design parameters based on the combined data of 109 wall specimens tested
by Boudreault (2005), Branston et al. (2004) and Chen (2004). The shear wall test
specimens were sheathed with 12.5 mm CSP and DFP, as well as 11 mm OSB panels.
The design parameters for in-plane strength and stiffness were determined using the
equivalent energy elastic-plastic (EEEP) method, which was originally developed by Park
(1989) and then presented in a modified form by Foliente (/996). Based on the data of
the 109 tests, Branston recommended a resistance factor of 0.7 for walls with a maximum
aspect ratio of 2:1, and found that the specimens exhibited an approximate overstrength of

1.2



Chen (2004) examined the performance of tested shear walls and developed an analytic
model to theoretically calculate the resistance and lateral deflection of light / gauge steel
frame wood panel shear walls of various configurations under monotonic and reversed
cyclic lateral loading. He completed 46 tests, which included shear walls of different

lengths and with various sheathing materials, including 12.5 mm CSP and 11 mm OSB.

Boudreault (2005) provided an extensive summary of reversed cyclic loading protocols
available for use with shear walls. Protocols such as the sequential phased displacement
(SPD) (Porter, 1987), Applied Technology Council ATC-24 (1992), International
Organization for Standardization ISO 16670 (2002) and the CUREE ordinary ground
motions (Krawinkler et al., 2000; ASTM E2126, 2005) were discussed. Also included in
his literature review were summaries of the reversed cyclic protocols used by the
following researchers: Karacabeyli & Ceccotti (1998), Karacabeyli et al. (1999), Dinehart
& Shenton III (1998), Heine (2001), Gatto & Uang (2002) and Landolfo et al. (2004).
Boudreault then carried out a suite of 20 shear wall tests composed of specimens sheathed
with 12.5 mm CSP and DFP panels. Using the combined data of the 109 tests presented
in Branston et al. (2004) a pfocedure to determine force modification factors for seismic
design was presented. A value of R; = 2.5 was recommended for the ductility-related
force modification factor for walls with a maximum aspect ratio of 2:1; as well an
overstrength-related force modification factor value of R, = 1.8 was recommended.
These R values are for use when designing light gauge steel frame / wood panel shear
walls using the loading provisions from the 2005 NBCC and the resistance provisions as

obtained through the EEEP method developed by Branston (2004).

As a final chapter of his work, Boudreault reviewed the existing hysteresis models for use
in dynamic analyses and commented on their applicability to shear walls. Boudreault
recommended that the Stewart hysteretic element (1987) be used to model the shear wall
experimental data. A calibration of the Stewart model was then completed for all of the

shear walls tested by Boudreault, Branston and Chen.



Various wall configurations were included in the data of the 109 tests used by Boudreault,
Branston and Chen. However, no test specimens constructed with an OSB sheathing
thickness of 9 mm (3/8”) were performed. Since OSB of this thickness is commonly used
for sheathing, design parameters for walls constructed with 9 mm OSB would prove
useful for structural engineers. Therefore, this thesis provides design parameters,
ductility-related force modification factors, and an overstrength-related force
modification factor for laterally loaded light gauge steel frame / wood panel shear walls
constructed with 9 mm (3/8”) OSB sheathing. All of these parameters were determined

following the relevant approaches recommended by Branston and Boudreault.

2.2 DYNAMIC ANALYSES OF SHEAR WALLS
2.2.1. Della Corte, Fiorino & Landolfo (2005)

The purpose of this experimental research program was to develop reliable mathematical
models of the hysteresis behaviour of cold-formed steel stud shear walls and to assess
their deformation demands under earthquake ground motions. The deformation demand
results were obtained using an ad-hoc mathematical model of the hysteresis response of

the wall that takes into account both the non-linearity and pinching behaviour.

The authors used a numerical model, which was adapted from a steel beam-to-column
connection model, to develop a hysteresis response for the walls. The hysteretic model
was calibrated with the results of physical monotonic tests carried out by the authors and
reversed cyclic tests by Serrette et al. (1996a, 1997a) as well as COLA-UCI (2001). The
cyclic tests were selected according to the geometry and materials of the wall specimens
so that they were as close as possible to those of the monotonic tests. Neither the stiffness
degradation nor the strength degradation were taken into account because of two
experimental observations made by Landolfo ez al. (2004): 1) it is only after the peak load
that the degradation starts to be noticeable; 2) the load-displacement relationship happens

to be unreliable because of its instability.



The prototype structure chosen for analysis was a typical one-storey family house, the
details of which are given in Landolfo et al. (2004). A short summary of the main
characteristics is as follows:

e Stick-built construction;

e Horizontal and vertical diaphragms are made of cold-formed steel covered with

structural panels;

o Single degree of freedom prototype structure with the mass at the first storey;

e Mass is assumed to be 1250 kg/m;

o Second order effects are considered;

o Relative damping ratio of 5% is used;

¢ The Incremental Dynamic Analysis (IDA) technique (FEMA, 2001) is used for the

seismic analysis of the structure.

The structure was located in Italy, therefore a total of 26 earthquake records from Central
Italy were chosen. The stations that recorded the earthquakes were identified as being
located in a medium-high seismic region having a peak ground acceleration (PGA) of
0.25g for a 10% probability of exceedance in 50 years. Only in one case was a different
PGA used: Taranta Peligna accelerogram with a PGA of 0.35g. The earthquake records
were chosen to cover as much as possible the soil classifications found in Eurocode 8

(prEN 1998-1, 2003).

The damage-limiting value, which was defined as “the attainment of a limiting value of
the inter-storey drift angle beyond which plastic deformations are so large to produce
appreciable damage to the structure” (Della Corte et al., 2005) was set equal to 0.0035
(lateral displacement over the inter-storey height). This value corresponds to a lateral
displacement of 10 mm for a 2500 mm high wall. On the other hand, the collapse-
limiting value, which was defined as “the attainment of a limiting value of the inter-storey
drift angle beyond which the residual safety of the structure against collapse is assumed
negligible” (Della Corte et al., 2005), was obtained by computation. This value was
given as the minimum of d, siaiic / b and dy, ayn / h, Where d, siaric 1s the lateral displacement

achieved at the maximum lateral strength during the monotonic tests, d, 4 is the lateral



displacement achieved to the point on the IDA curve having a tangent with a slope equal
to 10% of the initial one, and 4 is the inter-storey height. For the majority of the cases,
dy, staric Was the controlling parameter as its values were smaller than the d,, 4, values. The
numerical results from the IDA concluded that the damage of the structure was negligible
under the design intensity earthquakes and that the safety of the structure against collapse

was considered acceptable.

The authors defined a loading history for the reversed cyclic tests that was based on the
maximum level of deformation of the structure, the cumulative plastic deformation of the
structure and the number of repetitions of several discrete values of ductility demands.
The new loading history was then applied to the model to obtain the capacity demand of
the shear walls. In that particular case, the natural ground motion records chosen were
scaled to values corresponding to the chosen ductility demand of 6. The results obtained

using this loading history showed lower strength in the model.

In comparison, the up-dated numerical model overestimated the strength at the second
and third cycle for each displacement value because it did not take into consideration the
strength degradation of the walls. Also the model underestimated the dissipated energy
for small lateral displacement and overestimated it for larger displacement. Once again,
this was explained by their initial statement, saying that the model was not going to

consider degradation.

The summary of their study drew the following conclusions:
o The shear walls meant to remain elastic and designed according to Eurocode 8
performed adequately during the incremental dynamic analysis.
e The safety of the structure under investigation against collapse was considered
acceptable.
Therefore light gauge steel stud shear walls with structural panels can be designed in low-

to-medium seismic intensity zones.
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2.2.2. Fiilop & Dubina (2004a, 2004b)

Fiilop and Dubina wrote two papers (Parts 1 (2004a) & 2 (2004b)) related to the
performance of light gauge steel stud walls under monotonic and cyclic performance.
The first paper (Part 1) described the experimental segment of the research which mainly
consisted of a test program on one-storey shear walls loaded monotonically and cyclically
(2004a). Two types of wall sheathing were used in the research; corrugated sheathing
and OSB panels. The walls were 3.66 m (12°) in length and 2.44 m (8’) in height. The
variation between walls with the same sheathing included the addition of gypsum board

or a door opening.

In the second paper (Part 2), alternative design methods and hysteretic modeling
techniques based on the results of the physical tests presented in Part 1 were introduced
(2004b). As a preliminary check, three different types of hysteretic models were chosen;
a bilinear, a tri-linear and a non-linear model. The bilinear and the tri-linear models did
not take strength degradation into account, however to overcome this limiting factor, both
models were based on the stabilized envelope curve of the cyclic tests. On the other
hand, the non-linear model was based on the Richard-Abbott type curve (Richard &
Abbott, 1975), which needed to be calibrated with relevant experimental results. To
evaluate the accuracy of all three models, the Kobe-JMA earthquake records were used in
non-linear dynamic analyses. The results of the three analyses were similar, that is the
difference in the curves for the accelerogram multiplier vs. displacement were negligible.
However, by overlapping the hysteresis of the cyclic tests and the hysteresis of the
models, it was clearly shown that the non-linear model was better able to mimic the
physical test results. The main characteristics of the shear walls to take into account for
all hysteretic models were as follows: pinching, overstrength, and plastic deformation
capacity. Therefore, the researchers suggested using both the tri-linear and non-linear

hysteretic models for further studies.

A single degree of freedom system (SDOF) pin connected model was constructed with
DRAIN-3DX (Prakash et al., 1994) and calibrated with the experimental results of Part 1.
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The SDOF system was modeled with a fibre-hinge to accommodate for the hysteretic
behaviour of the walls. The two columns and the beam that formed the wall frame did
not contribute to the load bearing capacity of the walls. The sheathing of the walls was
modeled with two pinned diagonal braces, which incorporated a fibre-hinge. The braces

were of “TYPE 8” fibre-hinge beam-column elements.

Five earthquake records were chosen and scaled from 0.05 to 2 g. The normalized elastic
spectra were compared to the Eurocode 8 elastic spectra for soil conditions A, B and C.
Time history analyses were then carried out with the SDOF system, all the tri-linear
hysteretic models, for each ground motion record and for masses varying between 2000
and 4000 kg. Damping was not considered, but to account for the second order effects, a
vertical force equal to 30% of the weight applied was added to the model. The procedure
used was the incremental dynamic analysis (IDA) which is also known as the dynamic
pushover (DPO). The output of the IDA was in the form of curves relating a performance
parameter of the structure to an intensity measure of the record. The intensity measure
was a spectral acceleration (S,) corresponding to the first mode of vibration of the
structure while the performance parameter was the inter-storey drift. For all the wall
configurations and ground motion records, ground motion intensity measure levels were
identified based on the displacement values. Three displacement limit states
corresponding to the state of the wall were considered: the displacement at elastic, yield

and ultimate capacity of the walls.

The q value used in seismic design in the Eurocode 8 is the equivalent of the R, force
modification factor (NRCC, 2005) used in Canada for seismic design. These values are
incorporated in design to reduce the forces obtained during a linear elastic analysis, in an
attempt to account for the non-linear response of structures. In their research, Fiilop &
Dubina have computed the g-values for all the wall configurations. In the cases involving
walls with openings, the ratio of S, at ultimate capacity and S, at yield capacity (qz) was
taken as the g-value such that the dissipative capacity caused by the ductility could be
incorporated. The q;-value was set equal to the ratio of S, at the elastic capacity to S, at

the yield capacity.
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The analyses have shown that the overstrength effect was important in the post-elastic
behaviour of the walls, and therefore an earthquake-force reduction factor could be
substantiated. The results obtained for q; varied between 2.2 and 2.6 depending on the
wall configuration. However, the g;-values based on design force reduction caused by

the ductility and the energy dissipation were of less importance (1.4 - 1.6).

2.2.3. Ceccotti & Karacabeyli (2000, 2002)

In 2000, Ceccotti and Karacabeyli wrote a report on the appropriateness of the factor R,
the seismic force modification of the 1995 National Building Code of Canada, for nailed
wood-framed shear walls (Cecotti & Karacabeyli, 2000). Using the database, from
Forintek Canada Corp., of wood-frame shear walls tested monotonically and cyclically,
the performance parameters of the shear walls were obtained. The walls were 2.44 m (8’)
in height and 4.88 m (16’) in length. The types of sheathing used were plywood, oriented
strand board (OSB) and/or gypsum wall board (GWB).

A building was designed for the Vancouver BC region in accordance with the 1995
NBCC (NRCC, 1995). The building was selected by the Wood Frame Committee of the
Structural Engineering Consultants of BC. However, only one shear wall (parallel to the
short dimension of the building) of the building was modeled. The shear wall was four
storeys in height and was not subjected to torsional effects. The R-values considered in
the design and analyses were as follows: Case 1: R = 3; Designed and analysed
considering plywood only. Case 2: R = 3; Designed using plywood only. Analysed using
plywood and gypsum wall board. Case 3: R = 2; Designed and analysed considering both
plywood and gypsum wall board.

In order to evaluate the performance of the modeled shear wall Ceccotti and Karacabeyli
(2002) established a near collapse criterion based on the inter-storey drift for each wall
configuration. The near collapse criterion was chosen to be equal to the displacement
when the post-ultimate load reached 80% of the ultimate load value. The pinching

hysteresis model developed at the University of Florence (Ceccotti & Vignoli, 1989) was
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used to fit the cyclic test data. However, to ensure the reliability of the model, shake table
tests were first completed on one- and two-storey shear walls. Once the hysteresis model
was proven to be adequate for use, the model was implemented into DRAIN 2DX
(Powell, 1993), the time-history dynamic analysis program that was chosen for the
research. It was found that the period of vibration calculated using the 1995 NBCC (T =
0.2 sec) was much less than that obtained in the dynamic analyses (0.65, 0.47, and 0.47s
for Cases 1, 2 and 3 respectively). Nonetheless, a period of 0.2s was used for seismic

design purposes.

A finite element model of the shear wall was developed, which consisted of four rigid
elements per wall. At every comer of the shear wall frames, rotational spring elements
were added to simulate the shear deformation of the walls. Therefore, the horizontal
displacement of the frame was entirely dependent on the deformation of the spring
elements. The stiffness and strength characteristics of the spring elements were obtained
from the force-displacement test results. Masses were linked to each floor of the model

by rigid elements because the floors were assumed to be rigid.

Twenty-eight ground motion records compatible with the Vancouver region were used for
the analyses. The peak ground acceleration (PGA) of each earthquake was set to 0.05g
and stepwise scaled upwards until the ultimate displacement, i.e. near collapse criterion,
was reached. The acceleration corresponding to the attainment of the ultimate
displacement was then identified as A,. For the R-values assumed in design to be

adequate, the PGA values given in the NBCC needed to be R times smaller than A,.

The median values for A, were found to be equal to 3 times and to 2 times greater than
the PGA of the 1995 NBCC for Case 1 and 3, respectively, which confirmed the R-values
for both design scenarios. For Case 2, most values of A, were not greater than those

found for Case 1, therefore an R value greater than 3 was not warranted.
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2.2.4. Foliente (1994)

Foliente (1994) recommended a listing of general resistance vs. deflection hysteretic
characteristics that should be taken into account for timber structures. The observed
characteristics were as follows: 1) the inelastic load-displacement relationship, 2) the loss
of lateral stiffness in each loading cycle, 3) the strength degradation, and 4) the pinching
of loops. It was said that to accurately model the hysteretic behaviour of such walls, the
strength and stiffness degradation and the pinching of the resistance vs. deflection model
should resemble the behaviour of the physical tests as much as possible. Otherwise,

progressive weakening or the general failure of the wall could be reached prematurely.

Short descriptions of nine hysteresis models for wood shear walls were presented. Those
created by Stewart (1987), Dolan (1989) and Ceccotti and Vignoli (1990) were suggested
for timber joints and structural systems. However, these models were said to be limited
because they relied on a complex set of force-history rules or very limited empirical
relations. Hence, a general constitutive model should be preferred over models derived
from specific configurations. To overcome the problem, Foliente proposed a more
general non-linear model, which should comprise of a dynamic mechanical model with
combinations of linear or non-linear springs, non-linear damping, linear viscous damping,
and non-linear hysteretic elements. Furthermore, to avoid analytical difficulty, the system
should separate the non-linear and the linear components. All the governing equations of

such model were presented with the hysteretic shape properties.

Two methods of discretization of structural models are commonly used; these are the
concentrated mass method and the finite element method. In the case of the concentrated
mass method, single degree of freedom (SDOF) systems are often used for preliminary
dynamic analyses as to understand the dynamic behaviour of the system. However, in the
case of a multi-storey building, more DOF are needed and therefore a multi degree of
freedom (MDOF) system is used. These models are based on the assumptions that the
masses are concentrated at the floors, the floor elements are considered rigid, and the

lateral deformations are independent of the axial forces in the columns. Therefore, the
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MDOF system will have as many DOF as it has floor levels (lumped masses). On the
other hand, a combination of plate, framing and connector elements as used by Dolan

(1989) is a perfect example of a finite element structural model.

There are two different approaches in the evaluation of structural response to dynamic
loading that are described in the document. The deterministic approach is the first and
most commonly used approach, while the second one is the non-deterministic approach.
The type of loading used in a dynamic analysis determines the approach. Therefore if a
loading based on time is considered the analysis is said to be deterministic while an
unknown (a priori) type of loading will describe the analysis as non-deterministic, which
is often referred to as random vibration analysis. Recorded ground motions of past
earthquakes used in dynamic analysis is considered as a deterministic approach because a
structure designed based on the records of a few earthquakes may behave in a much
different way under a real earthquake with varying characteristics. Therefore a large
number of ground motion records is needed to estimate the structural response of a
design. To represent adequately the random characteristics of natural hazards and the
behaviour of a structural system, stochastic mathematical models should be used. With
such a model, one can design a structure based on the level of safety desired measured in
terms of probability of failure. However, all dynamic analyses done on timber structures,

up to now, were based only on deterministic approaches.

It was shown that the stochastic linearization of the modified Bouc-Wen-Baber-Noori
(BWBN) hysteretic model (Baber & Noori, 1986) was suited for both the deterministic
dynamic analysis and the random vibration analysis. In summary, the random vibration
analysis was shown to be adequate for use in response analyses of timber structures under
natural hazard loadings. The stochastic equivalent linearization technique was sufficient
to derive design response values. This method of analysis can be used for MDOF

systems as long as the parameters of the hysteretic model are known.
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2.2.5. Summary of Past Dynamic Analysis Research Programs

All the information gathered from the four research programs presented in the above
literature review helped to develop the approach used for the dynamic analyses carried
out for this thesis (Chap. 5). First of all, the same collapse criterion as used by Ceccotti
and Karacabeyli (2000, 2002), that is walls are considered to fail when the 80% post
ultimate shear force is reached, was applied to the shear wall test results. Secondly, the
use of a hysteretic model that takes both pinching and degradation into account was to be
chosen in order to mimic the hysteresis behaviour of the walls as discussed by Foliente
(1994). Since the Stewart element was recommended by Boudreault (2004) and
corresponded to the specifications listed above, it was also used in this body of research.
Thirdly, concerning the modeling of the shear walls; this could be done as previously
described by Fiilop and Dubina (2004b), where a stick model with a bracing system that
takes all lateral loads and deformation was utilized. The columns and beams of the shear
walls would not contribute to the load bearing capacity of the walls (Fiilop & Dubina,
2004b) and the floor system in-between storeys should be designed as a rigid diaphragm
(Ceccotti and Karacabeyli, 2002). Finally, a deterministic approach could be used since
it involves less mathematical computation and because this study represents the
preliminary stage in the analyses of light gauge steel frame / wood panel shear walls
under lateral loading. Therefore, the use of many earthquake ground motions scaled for
one specific region of interest in Canada should be used for the non-linear time history

dynamic analyses.
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CHAPTER 3 SHEAR WALL TESTING

3.1. DESCRIPTIONS OF TESTS

During the summer of 2004 43 light gauge steel frame / wood panel shear walls were
tested under lateral in-plane loading in the Jamieson Structures Laboratory of the
Department of Civil Engineering and Applied Mechanics at McGill University. Of these
tests, the author was responsible for the 18 oriented strand board (OSB) sheathed walls
(three configurations). The scope of study was selected such that it added to the database
of test results for existing light gauge steel frame / wood panel shear walls subject to
lateral earthquake and wind loading. Research by Branston (2004) and Chen (2004)
included walls with 11 mm (7/16”) OSB panels, whereas the tests described in this thesis
were constructed of 9 mm (3/8””) OSB sheathing.

Figure 3.1: Typical OSB sheathed shear wall placed in test frame

The wall specimens were 2440 mm (8”) in height and 1220 mm (4°) in length. The light
gauge steel frame was composed of 1.09 mm (0.043”") ASTM A653 (2002) Grade 230 (33
ksi) steel. The OSB sheathing was attached to the steel frame with No. 8 sheathing
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screws at 75 mm (3”’), 100 mm (4”) and 152 mm (6”") spacing around the panel perimeter.
Figure 3.1 illustrates a typical shear wall ready for testing. Each of the three wall
configurations consisted of six specimens, three of which were tested monotonically and
three cyclically using the CUREE protocol for ordinary ground motions (Krawinkler et
al., 2000; ASTM E2126, 2005).

All wall specimens were built and tested in a similar fashion to the shear walls included in
previous studies by Branston (2004), Chen (2004) and Boudreault (2005). Therefore in
this Chapter, only an overview of the wall fabrication, the materials and components, the
test set-up and the instrumentation used is provided. A comprehensive description of the
wall components, construction sequence, instrumentation, testing protocols and data
reduction procedure is provided by Branston and Boudreault, and hence is not repeated in

this document.

The test data were utilized to determine design capacity, stiffness, energy absorption and
ductility parameters, as well as failure modes for the three wall configurations. The
design parameters were determined based on measured strengths and displacements of the

walls.

3.1.1. Shear Wall Configuration, Materials and Components

The 18 shear wall specimens described herein were constructed of the following

components:

e 9 mm CSA 0325 (1992) Oriented Strand Brand (OSB) rated 2R24/W24 (face
strands parallel to framing) (Figure 3.2).

e Light gauge steel ASTM A653 (2002) studs: nominal grade of 230 MPa (33 ksi)
and thickness of 1.09 mm (0.043”). Nominal dimensions: 92.1 mm (3-5/8”) web,
41.3 mm (1-5/8”) flange and 12.7 mm (1/2”) lip.
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Light gauge steel ASTM A653 (2002) tracks: nominal grade of 230 MPa (33 ksi)
and thickness of 1.09 mm (0.043”). Nominal dimensions: 92.1 mm (3-5/8”) web
and 31.8 mm (1-1/4”) flange.

No. 10-16 x 3/4” (19.1 mm) Hex washer head self-drilling screws connecting the
back-to-back chord studs. Two screws were used every 305 mm (12”) along the
studs. Back-to-back chord members were used to avoid compression failure of a
single stud. The interior studs were spaced at 610 mm (24”) o/c.

Hold-down connectors: Industry standard Simpson Strong-Tie S/HD10 (Simpson,
2001). Screws connecting the hold-down to the chord studs: 33 No. 10-16 x 3/4”
(19.1 mm) long Hex washer head self-drilling screws. Anchor rod connecting the
hold-down to the test frame: ASTM A307 (2003) 7/8” (22.2 mm) threaded rod
Steel framing screws: No. 8 x 1/2” (12.7 mm) long wafer head self-drilling
SCrews.

Sheathing screws: No. 8 x 1-1/2” (38.1 mm) long Grabber SuperDrive
(SuperDrive, 2003) bugle head self-piercing screws. The screws were placed at
12.7 mm (1/2”) from the edge of the sheathing. The spacing between individual
screws along the perimeter of the panel was either 75mm (3”), 100 mm (4”) or
152 mm (6”). A screw spacing of 305 mm (12”) was used to connect the

sheathing to the inner stud.

Figure 3.2: Mill and grade stamp of OSB sheathing panels
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For each of the three wall configurations six tests were performed (3 monotonic and 3
cyclic) to provide a minimum level of reliability within the test data (Table 3.1). The
monotonic loading protocol from Serrette et al. (1996b) was used, while the CUREE
protocol for ordinary ground motions (Krawinkler et al., 2000) was used for the reversed
cyclic tests. These same protocols were recommended for use by Boudreault and
incorporated in the previous shear tests done at McGill University (Boudreault, 2005;
Branston, 2004, Branston et al., 2004, Chen, 2004). It was felt that the CUREE reversed

cyclic protocol best represents the demand placed on a light framed shear wall during a

design level earthquake with a probability of exceedance of 10% in 50 years.

Table 3.1: Light gauge steel frame / wood panel shear wall test program matrix

Specimen | Loadin Length of | Height of Panel Thickness | Fastener
P D Pro tocogl Wall Wall Type of Panel Schedule
(mm) | (mm) P (mm) (mm)
41- A,B,C | Monotonic 1220 2440 OSB 9 152/305
42— AB,C CUREE 1220 2440 OSB 9 152/305
43— A,B,C | Monotonic 1220 2440 OSB 9 100/305
44— AB,C CUREE 1220 2440 OSB 9 100/305
45— A,B,C | Monotonic 1220 2440 OSB 9 75/305
46— AB,C CUREE 1220 2440 OSB 9 75/305

3.1.2. Shear Wall Fabrication

Prior to the wall fabrication, all the 1220 mm (4°) long bottom and top tracks were drilled
to accommodate the shear anchors and the hold-downs. Six 3/4” ASTM A325 (2002)
bolts were used to transfer the load from the loading beam to the top track. For the
bottom track two 7/8” ASTM A307 (2003) threaded rods were used for the holddowns, as
well as two 3/4” ASTM A325 (2002) for the shear anchors (Figure 3.3).
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Figure 3.3: Location of shear bolts and hold-downs (Branston, 2004)

The back-to-back chord stud members were connected using two No. 10-16 Hex washer
head self-drilling screws at 305 mm (12”) on center. Hold-downs were installed at one
end of the built-up members using 33 No. 10-16 x 3/4” Hex washer head screws. After
fabrication of the back-to-back chord studs, the frame was assembled on the ground using
the top and bottom tracks, chord studs and the intermediate stud. Figure 3.4 shows the

installation of the track to stud screw fastener.

Figure 3.4: Chord studs and bottom track connection (Branston, 2004)
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Upon completion and alignment of the frame, the wood panel was installed according to
the screw schedule desired. A schematic drawing of a typical wall with a screw spacing
of 75 mm (3”) along the perimeter and 305 mm (12”) along the intermediate stud is

shown in Figure 3.5.
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Figure 3.5: Screw spacing for 75 mm / 305 mm (37/12”) schedule (Branston, 2004)

Prior to installation of the wood sheathing, the moisture content was taken at five
different locations using an electronic moisture meter (Delmhorst Instrument Co. RDM-2
(Delmhorst, 2003)) to ensure that the average moisture content was below 10%. After
testing, two specimens of wood of 75 mm (3”) in diameter, were taken from the wood
panel. APA Test Method P-6 (APA PRP-108, 2001) was followed to obtain the actual
moisture content at the time of testing. The moisture content (MC) was calculated

according to the following equation:

MC=(K”—W:&Jx100 (3-1)

d
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where,
MC = moisture content (%)
W,, = initial weight (g)
W4 = oven-dry weight (g)

The moisture content recorded for the 18 wood panels used in the construction of the test

walls varied from 4.4 to 5.6 %, well below the 10% level.

3.1.3. Test Set-Up

The walls were tested using the specially constructed test frame illustrated in Figures 3.6
& 3.7. The frame was equipped with a 250mm (£ 125mm) stroke dynamic actuator and a
250 kN load cell. Lateral movement of a test wall was restrained by the vertically
positioned HSS braces. Each test wall was moved into the frame, aligned vertically and
in-line with respect to the load cell and loading beam, and then bolted in place. Also, two
load cells were installed on the hold-down rods to measure the uplift forces. For all shear

anchors a steel plate washer of 4.8 mm x 63.5 x 63.5 mm (3/16” x 2.5” x 2.5”) was used.
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Figure 3.6: Test frame with 1220 x 2440 mm (4’x8’) wall specimen
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Figure 3.7: Wall specimen in test frame

All shear bolts were tightened using an electric impact wrench with a capacity of 0.4 kN-
m (300 ft-1bs). The hold-downs were installed following the instructions contained in the
manufacturer’s literature (Simpson, 2001), that is they were first secured to finger tight

and then turned an additional half-turn with a wrench.

3.1.4. Instrumentation and Data Acquisition

The behaviour of each shear wall was monitored throughout testing by means of
measured loads, displacements and accelerations. In all, eleven transducers (LVDTs)
were directly connected to the wall specimen measuring the uplift (2 LVDTs) and slip (2
LVDTs) at bottom corners, the in-plane lateral wall displacement (1 LVDT) and the
displacement of the wood panel relative to the wall frame (4 LVDTs) (Figure 3.8). Two
other LVDTs were used to record any out-of-plane movement of the shear wall. In
addition two LVDTs were installed to measure the shear deformation of the wood

sheathing (Section 3.5).
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Figure 3.8: Positioning of LVDTs on wall specimen (Branston, 2004)

In addition to the transducers, an accelerometer and three load cells were also used to
monitor the wall. Two of the load cells were installed at the hold-down rods while the
other was attached to the loading beam. The accelerometer, which was attached to of the
main load cell, was relied on to measure the acceleration at the top of the wall during

reversed cyclic tests.

All of the measuring devices were connected to Vishay Model 5100B scanners to record
data. Vishay System 5000 StrainSmart software was used to control the data acquisition
system. Data for the monotonic tests were recorded at 2 scans per second and for the

reversed cyclic tests at 50 scans per second.

3.1.5. Monotonic Tests

As previously stated, all monotonic tests were carried out following the Serrette et al.
(1996b) protocol. The wall top was subjected to a constant unidirectional in-plane
displacement of 7.5 mm per minute to simulate a static loading similar to a constant wind
on a structure. It was also necessary to carry out the monotonic tests in order to establish

the displacement amplitudes used in the reversed cyclic protocol. Twice during the

26



testing of a wall, the permanent offset was evaluated. To do so, the wall was unloaded to
zero load at 12.5 mm and at 38.0 mm, which represent a storey drift of h/200 (0.5%) and
h/64 (1.5%), respectively. The test was stopped when there was a significant drop in
resistance of the wall. Figure 3.9 shows a typical wall resistance vs. deflection curve for

a monotonic test.
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Figure 3.9: Typical wall resistance curve for a monotonic test

3.1.6. Reversed Cyclic Tests

The CUREE protocol for ordinary ground motions (Krawinkler et al., 2000; ASTM
E2126, 2005) was chosen for the reversed cyclic tests. A study by Boudreault (2005)
concluded that this protocol, which is based on the results of non-linear dynamic time
history analyses of structures constructed of wood frame shear walls, is representative of
the expected demand to be imposed on steel frame / wood panel shear walls during an
earthquake. The protocol was developed to represent ordinary ground motions (not near-
fault) whose probability of exceedance in 50 years is 10 %. It should be noted that the
equivalent energy elastic-plastic (EEEP) analysis method (presented in Chapter 4) is not

dependant upon the loading protocol imposed on the specimen, however, the loading
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protocol can have a significant effect on the design values obtained from the test results.
The loading protocol should reflect the expected demand from a design level earthquake

that may occur during the lifetime of a structure.

The CUREE reversed cyclic protocol is based on a reference displacement, which is a
function of the deformation recorded during a monotonic test. The monotonic
deformation capacity (An) is defined as the wall top displacement observed when the
post-peak wall resistance is reduced to 80% of the ultimate shear resistance (0.8S,). This
0.8S, resistance level is considered to be the failure point of the test wall; that is the end
of its useful load carrying capacity. The reference deformation, A, is then obtained by
multiplying Ay, by y, where v is equal to 0.6.

The protocol contains three types of cycles, the first of which is called the initiation
cycles. These cycles fall within the assumed linear range of behaviour of the walls
because they are of small amplitude. The second type of cycle is called the primary
cycles. These are of higher amplitude than any other cycles preceding them, and hence,
they enter into the non-linear range of behaviour of the wall. The last type of cycle is
called trailing cycles. They are equal to 75% of the amplitude of the preceding primary
cycle. As an example the complete loading history for walls with the 152/305 mm
(6/12”) connection configuration, including the initiation, primary and trailing cycles, is
shown in Table 3.2 and Figure 3.10. All reversed cyclic tests were carried out in
displacement control at a frequency of 0.5 Hz to avoid excessive inertial effects induced
by the mass of the wall and the surrounding components such as the loading beam and

load cell.
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Table 3.2: CUREE Reversed Cyclic Testing Protocol (Displacement Controlled)

| Screw Pattern: 152"/305" |  Sheathing: OSB |
=0.6*Am 33.34
Target (corr.) | Actuator Input
Displ. (mm) (mm) No. Of cycles
0.050 A 1.667 1.988 6
0.075 A 2.500 2.982 1
0.056 A 1.875 2.236 6
0.100 A 3.334 3.976 1
0.075 A 2.500 2.982 6
0.200 A 6.668 7.951 1
0.150 A 5.001 5.964 3
0.300 A 10.001 11.927 1
0225 A 7.501 8.945 3
0.400 A 13.335 15.903 1
0.300 A 10.001 11.927 2
0.700 A 23.336 27.830 1
0.525 A 17.502 20.873 2
1.000 A 33.338 39.757 1
0.750 A 25.003 29.818 2
1.500 A 50.006 59.636 1
1.125 A 37.505 44.727 2
2.000 A 66.675 79.515 1
1.500 A 50.006 59.636 2
20 =
i E
e g
—_ ~ = 2 >
e = 1
fo ETVEE,-
M
o A AAAS VAVAV/\VAVAVAV/\ Ty =, B
8 VVVVVVVVVWVV”I = 4
%-30 ' ' E— -1 é
g | = 2
-60 E
: -
-90 IIlIlllllllIIIIIIITIIFI'IITTI]TTTTl[IliIITIII_
0 10 20 30 40 50 80 70 80 20
Time (sec.)

Figure 3.10: CUREE ordinary ground motions protocol for shear wall
tests 42-A,B,C 1220 x 2440 mm (4°x8’) OSB 152/305 mm (6°/12”)

For each monotonic test of a particular configuration the average deformation capacity

(Am) was calculated. It is important to note that the displacements were corrected for the
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uplift and slip of the wall to obtain the Ay, values. The reference deformation, A, was then

obtained by multiplying the average An, by 0.6. Once the A was known, the target

displacements were calculated to obtain the sequence of initiation, primary and trailing

cycles. Note that in Table 3.2, the displacement values in the “actuator input” column

differ from the “target” column because corrections are made to account for the uplift and

slip of the wall, as well as the vertical movement of the actuator. A linear relationship

between the “actuator input” and “target” displacement was obtained from the monotonic

test data. Figure 3.11 shows a typical wall resistance vs. deflection hysteresis obtained by

using the CUREE protocol. The three reversed cyclic CUREE protocols can be found in
Appendix ‘A’.
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Figure 3.11: Typical wall resistance vs. deflection curve for a reversed cyclic test

3.2

TEST RESULTS / ANALYSIS OF TEST DATA

Prior to calculating the properties of each individual wall corrections needed to be made

to the measured data to compensate for slip (rigid body translation) and uplift of both
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ends of the wall (rigid body rotation), as well as inertial effects. These modifications
affected the top of the wall in-plane displacement of both cyclic and monotonic tests and

the wall resistance for cyclic tests only.

3.2.1. Data Correction

The wall top displacement as measured by the LVDT did not represent the net lateral in-
plane displacement because the wall also slipped and rotated (Figure 3.12). Since a
gravity load was not applied to the test wall it was felt necessary to correct for the uplift
and slip of the wall. With the use of the four LVDTs placed to measure the slip and the
uplift at both ends of each wall specimen, it was possible to determine the net lateral in-

plane displacement, as shown in Equation 3-2.

Abasesli 1 + Abasesli 2 H
Anet = Awalltop - l:( . 2 . + (Auphftl - AupliﬁZ )X T (3_2)

where,
Aner = Net lateral in-plane displacement at the top of the wall, [mm)]
Avail 1op = Measured wall-top displacement, [mm]
Apase siip 1, 2 = Measured slip at both ends of the wall specimen, [mm]
Aupii 1, 2 = Measured uplift at both ends of the wall specimen, [mm)]
H = Height of the wall, [2440 mm (8°)]
L = Length of the wall, [1220 mm (4’)]

31



Figure 3.12: Deformed configuration of shear wall (Branston, 2004)

The rotation of the wall was obtained using Equation 3-3:
= et (3-3)

where,
6.t = Net rotation of the wall, [radians]

Ay = Net lateral in-place displacement (Eq.3-2)

Since the shear flow through the wall is of interest Equation 3-4 was used to convert the

force (kN) into shear (kN/m).

S =

F
= (3-4)
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where,
S = Shear resistance of the wall, [kN/m]
F = In-plane lateral resistance measured by load cell, [kN]
L = Length of the wall, [1220 mm (4°)]

However, in the case of the reversed cyclic tests the shear resistance of the wall needed to
be modified because of the inertial effects. Using the measurements provided by the
accelerometer and the mass of the loading beam assembly, which was equal to 200 kg,

the reduced shear resistance of the wall could be obtained using Equation 3-5:

S =g i[m) (3-5)
1000x L

where,
§' = Corrected wall resistance, [kKN/m]
S = Measured wall resistance (Eq.3-4)
a = Measured acceleration, [g]

m = mass, [200 kg]
3.2.2. Energy Dissipation

In terms of their ability to resist the repeated lateral loading associated with an
earthquake, shear wall performance can be evaluated in part by the amount of energy that
is dissipated during testing. A sufficient amount of energy should be absorbed by a shear
wall to indicate that it would be able to sustain its load carrying resistance under repeated
displacement cycles. In the case of the tested shear walls, the total dissipated energy can
be determined from the resistance versus net deflection graphs. Numerically speaking,
the energy is equal to the area within the resistance vs. deflection curve or hysteresis

(Figures 3.13 and 3.14).
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For both types of loading the corrected data points were used to obtain the total dissipated

energy, as follows:

(3-6)

E = ZAE, (3-7)

where,
AE; = Change in energy between data points (1) and (i-1)
F; i.; = Corrected wall resistance at data points (i) and (i-1), [kN]
Aner, i i1 = Net lateral displacement at data points (1) and (i-1) [mm)]

E = Total energy dissipated, [J]

It is important to specify that for the monotonic tests, failure was considered to have
occurred when the load, in the post-peak range, decreased to 80% of the ultimate value.
Hence, the energy calculation was carried out up to Apet, 0.3, displacement (Figure 3.13).
For the reversed cyclic tests, the dissipated energy is equal to the sum of the area enclosed
by every hysteretic loop for the complete loading protocol (Figure 3.14), therefore
Equations 3-6 and 3-7 can be applied directly.
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Figure 3.13: Energy dissipation for a monotonic shear wall specimen (Branston, 2004)
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Figure 3.14: Energy dissipation for a reversed cyclic test is represented by the area
enclosed by the hysteretic loops (single example loop shown in bold) (Branston, 2004)

3.2.3. General Test Results

Tables 3.3 and 3.4 list the test results including: maximum wall resistance (S,),
displacement at 0.4S, (Anet, 0.4u), displacement at S, (Apet, u), displacement at 0.8S, (Anet,
0.8u), rotation at Sy (Ope, ), rotation at 0.8S, (B, 0.8u), €nergy dissipation (E) for the
monotonic tests; maximum wall resistance for both positive and negative cycles (S +and
Su’_), displacement at S,+and S, (Anet, v+ and Ay, ), rotation at S,+and S, . (Onet, u+ and
Onet, v-), and energy dissipation (E) for the reversed cyclic tests. All displacement
measurements and wall resistance values (cyclic tests only) have been modified following
the correction method described in Section 3.2.1. A detailed description of all shear wall
test results, including graphs, test data sheets and test observations can be found in

Appendix ‘B’.

One can observe from the general test results that the ultimate shear wall resistance
measured for the cyclic tests is lower than that obtained for the monotonic tests. This
decrease in strength is due to the repetitive motion of the reversed cyclic protocols. In
fact, the stiffer a wall is the more apparent the decrease in strength due to cyclic loading.
Hence walls with a screw schedule of 75/305 mm (3/12”) tested cyclically exhibited an
ultimate strength that was approximately 11.6 % lower than measured for walls tested

monotonically. Walls with a screws spaced at a greater distance, i.e. 152/305 mm
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(6”/12”), have only a 4.2 % decrease in ultimate strength. A decrease of 8% in the
measured ultimate load, based on data from a combination of all three screw spacings,
was recorded by Chen (2004). The decrease in S, that was observed for these 18 tests is
in the same range as that obtained in previous testing of shear walls using the CUREE

reversed cyclic protocol.

As the walls are loaded cyclically some damage occurs at the connections (wood being
crushed), which decreases the wall resistance of the successive cycle. The same
phenomenon explains the lower shear resistance of the walls during the negative cycles
(S..) since the positive cycles were executed first in the protocol. Both the shear
resistance and energy values increased as the screw spacing distance decreased, which
was expected given the information provided by Chen (2004). Another important
observation is that the energy dissipation values obtained for the two testing protocols are
very different. In terms of the monotonic tests the energy is equal to the area underneath
the resistance vs. displacement curve, while for the cyclic tests the energy is determined
based on the area enclosed by every loop in the protocol as explained in Section 3.2.2.
Therefore the energy computed for a cyclic test is cumulative, and hence is much larger
than a monotonic test since the loops are partially superimposed. The energy dissipation
could only be directly compared if the backbone curve (Chapter 4) were used for the
evaluation of cyclic test data. The values presented in Tables 3.3 & 3.4 will be further
discussed in Chapter 4, which deals with the development of the recommended design

values.
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Table 3.3: Test results for monotonic tests

Displacement

Energy

Panel Fastener | Maximum Wall | Displacement at | Displacement Rotation at Rotation at L Y
Test Type | Schedule | Resistance(S,) 0.4psu (Anet, 0.40) at gu (Anet, u) (Zt.,.,ojf:) Su (Onet, u) 0.8S, (Onet, 0.8u) Dnss(lg;mon
{mm) (kN/m) {(mm) (mm) (mm) (rad x 10'3) (rad x 10'3) (Joules)
41A osB 152/305 12.1 3.0 39.2 514 16.1 211 633
41B osB 152/305 11.9 29 451 62.0 18.5 25.4 784
41C 0SB 152/305 12.0 2.2 40.6 53.5 16.7 21.9 687
AVERAGE 12.0 2.7 41.6 55.6 171 22.8 701
43A 0SB 100/305 17.7 3.6 394 477 16.2 19.6 847
43B 0SB 100/305 18.0 3.9 44 .4 59.3 18.2 24.3 1066
43C 0SB 100/305 19.6 4.5 39.5 44.0 16.2 18.1 818
AVERAGE 18.4 4.0 41.1 50.4 16.9 20.6 910
45A OsB 75/305 23.7 4.8 40.2 45.2 16.5 18.6 1037
45B 0SB 75/305 243 5.4 447 53.6 18.3 22.0 1266
45C 0SB 75/305 244 4.9 39.6 46.4 16.2 19.0 1087
AVERAGE 24.2 5.0 41.5 48.4 17.0 19.8 1130




8¢

Table 3.4: Test results for reversed cyclic tests

Maximum Wall

Maximum Wall

Energy

Panel Fastener . . Displacement | Rotation at Resistance Displacement Rotation at -
Test | Type | schedule | RESSane® () | at S, (Antue) | Su's (Guetue) (S.') at S (Bnruw) | Sut-(Boee) | DISSERUON
(negative cycle)
(mm) (kN/m) (mm) (rad x 10%%) (kN/m) (mm) (rad x 10°) (Joules)
42A osB 152/305 11.5 33.0 13.5 -10.9 -21.6 -8.9 3372
42B osB 152/305 11.1 33.6 13.8 -10.9 -22.2 -9.1 3256
42C 0osB 152/305 11.9 325 13.3 -11.7 -22.2 -9.1 3334
AVERAGE 11.5 33.0 13.5 -11.2 -22.0 -9.0 3321
44A 0SB 100/305 18.2 48.2 19.8 -16.6 -315 -12.9 4595
44B 0SB 100/305 16.2 427 17.5 -15.3 -30.3 -12.4 4168
44C 0SB 100/305 17.3 46.6 19.1 -16.4 -29.8 -12.2 4705
AVERAGE 17.2 45.8 18.8 -16.1 -30.5 -12.5 4489
46A osB 75/305 224 40.0 16.4 -20.5 -28.3 -11.6 5060
46B 0osB 75/305 215 31.1 12.8 -20.3 -324 -13.3 4816
46C 0SB 75/305 20.5 30.9 12.7 -20.0 -31.1 -12.7 4187
AVERAGE 214 34.0 14.0 -20.3 -30.6 -12.5 4687




33. FAILURE MODES

Overall failure of each of the 18 shear walls was attributed to localized failure of the
sheathing to steel frame screwed connections. In no test did the chord studs fail by
buckling, nor did the shear anchors or holddowns become damaged. The sheathing

connection failures can be described as follows:

1. Pull-through sheathing (PT)

During testing the screws tilted sideways under shear loads, which caused the
holes in the wood sheathing to enlarge. If the damage to the wood was
extensive enough then the head of the screw would pull through the sheathing
(Figure 3.15). This phenomenon was even more predominant in the cyclic
tests, since the tilting action was repeated back and forth, which caused

greater damage to the wood panel at the connection locations.

Figure 3.15: Screw pulling through the sheathing
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Partially pull-through sheathing (PPT)

The tilting or rocking action of the screws, as described above, was not
extensive enough to result in the complete pull-through of the sheathing
screws (Figure 3.16). If additional loading cycles had been applied it is likely

that the pull-through failure mode would have occurred.

Figure 3.16: Screw head within the OSB panel

Fatigue shear failure (FF)

In a limited number of cases the sheathing screws failed in shear, typically at
the wall comners or at the ends of the central stud member (Figure 3.17). At
these particular locations the sheathing screws penetrated through two layers
of steel, which limited the rocking action. Because these screws did not tilt
they were required to resist a shear force instead of a tension force, which

resulted in their fatlure.
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Figure 3.17: Bottom corner screw failed in shear (Head still visible in the
wood panel)

4. Wood Bearing Failure (WB)

In walls sheathed with OSB panels the wood bearing and tear-out failure
modes were essentially the same. The high bearing stresses at the screw
locations resulted in a tearing-out of the strands as is pictured in Figure 3.18.

This failure mode was especially common at the panel corners.

Figure 3.18: Wood bearing failure mode
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The overall failure of a test wall was reached when a group of adjacent screws on at least
one edge of the wall failed in one or a combination of the fastener failure modes
presented in this section. Figure 3.19 shows an example where all of the sheathing
screws along the bottom track and a portion of the screws along the chord stud became
detached from the OSB panel. This “unzipping” group of the sheathing fasteners is
typical for steel frame / wood panel shear walls. The field fasteners (interior of panel)
rarely exhibited any type of damage. Also, contrary to the shear walls sheathed with 9.5
mm (3/8”) CSP panels (Rokas, 2005) the OSB sheathed walls did not exhibit any elastic
shear buckling of the wood panel. Rather the OSB walls described in this thesis behaved,
in terms of failure modes, in a similar fashion to those tested by Branston (2004), Chen
(2004) and Boudreault (2005).

Figure 3.19: Overall wall failure due to failure of multiple sheathing connections

3.4. ANCILLARY TESTING OF MATERIALS

Material properties of the OSB panels as well as the steel studs and tracks were measured

and are summarized in this section. Information regarding the ultimate shear strength and
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the shear modulus for the wood panels is provided, in addition to the yield stress, the
ultimate tensile stress, the modulus of elasticity (E) and the percentage of elongation of

the steel members.

3.4.1. OSB Wood Panel Properties

These ancillary tests were carried out following the edgewise shear test prescribed in
ASTM Standard D1037 (1999) Sections 130 to 136. Six OSB specimens of 254 x 90 mm
(10” x 3.5”) in size, three of which were aligned parallel to the grain of the outermost
strands and three of which were perpendicular to the strands, were used for the tests. The
specimens were clamped using a two rail loading setup as seen in Figure 3.20. Loads
were applied at 0.5 mm/min using an MTS® Sintech 30/G universal testing machine to
which a 150 kN load cell was attached. The shear displacement of the wood was
recorded with an LVDT positioned in line with the loading rails. A Vishay Model 5100B

scanner and Vishay System 5000 StrainSmart software were used for data acquisition.

3%" (88.9mm)

L=10" (254mm)

1%" (31.75mm)

Figure 3.20 Edgewise shear setup (Boudreault, 2005)
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The following two equations from ASTM Standard D1037 were used to obtain the
ultimate shear resistance (V,) (Eq.3-8) and the modulus of rigidity (G) (Eq.3-9) of each

wood specimen.

_ P 3-8

P Lxt (3-8)

G=1.19xLxb (3-9)
Lxtxr

B, =Gxt (3-10)

where,
vp = Edgewise shear strength, [kPa]
Pax = Maximum compressive load, [kN]
L = Length of the coupon test, [mm]
t = Thickness of the coupon test, [mm]
G = Modulus of rigidity, [MPa]
b = Width of member in shear, [25.4 mm]
P = Compressive load taken up to 40% of Py, [N]
r = Displacement at load P, [mm]

B, = Shear through thickness rigidity [N/mm)]

It is important to note that the modulus of rigidity (G) obtained with the ASTM Standard
D1037 doesn’t account for the non-uniform stress distribution associated with this small-
scale test unless a 1.19 factor is included (Eq3-9). According to ASTM D2719 (1994),
this factor provides values comparable to those that would be obtained if larger specimens

had been used for the shear tests.

In Table 3.5, both the experimental and the CSA 086 (2001) shear values are shown.
The CSA 086 is the referenced wood design standard in Canada and therefore all wood

products available in the country are listed in the design code with their respective
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specified strength. Hence the experimental values obtained from the coupon tests should

be representative of what it is listed in the CSA O86 as proven with the following Table.

Table 3.5: Experimental and CSA O86 shear properties of OSB panels

OSB 9 mm CSA 086 E"P‘g::‘:“tal Exp. Corr.' | Difference (%)
7 (MPa) 442 9.04 4.52 22
G (MPa) 1052 1096 42
B, (N/mm) 10000 10148 15

T Load modification factor of 2 applied to experimental shear strength values to account for short duration of the test
and safety;

The values shown in Table 3.5 are based on the average of the results for the parallel and
perpendicular experimental data. This approach was taken because the results were very
similar for the OSB specimens in the two directions, which is consistent with the
behaviour observed by Boudreault (2005). The edgewise shear strength (vp) calculated
from the experimental data was divided by a factor of two to account for the difference in
the rate of loading of the wood specimens in the lab compared to the real life scenario,

and for other safety factors as well (Boudreault, 2005, Parasin & Stieda, 1985)

3.4.2. Light Gauge Steel Properties

In addition to the wood panels, the light gauge steel studs and tracks were also tested to
determine their material properties. Following the ASTM A370 Standard (2002), five
coupons were tested. The studs and tracks were rolled from the same coil of steel, hence
only one set of material properties is presented. The coupons were tested at a cross-head
speed of 0.5 mm/min until plastic behaviour was observed, after which the rate of loading
was increased to 4 mm/min. The elongation of the coupons was measured with a 50 mm
gauge length extensometer. The strain and the stress measurements were obtained by
dividing the measured elongation and the applied load, respectively, by the base metal
cross-section area of the coupons. Table 3.6 lists the average material properties, that is
the base metal thickness, the yield stress (Fy), the ultimate stress (F,) and the modulus of
elasticity (E), as well as the percent elongation over a 50 mm gauge length and the ratio

of Fy to Fy. The values shown in Table 3.6 are the static values obtained from testing.
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The cross-head of the test machine was stopped for 60 seconds after yielding had been
reached in the coupon, which resulted in a decrease in load due to strain rate effects.
With the use of this test approach it was possible to measure the static yield and ultimate

stress of the steel specimens.

Table 3.6: Experimental properties of light gauge steel studs and tracks

Specified Base Yield Ultimate Modulus

Sli)z e and Metal Stress Stress F./F of % Elon

Strength | 1nickness (Fy) (Fu) “TY | Elasticity | ° g
s (mm) (MPa) (MPa) (E) (MPa)

1.09 mm )

230 MPa 1.12 264 345 1.30 198700 31.5%

The material property requirements of the North American Specification for the Design of
Cold-Formed Steel Structural Members (415, 2001) were met. This includes the ratio

F./Fy =1.08 and the minimum 10 % elongation over the 50 mm gauge length.

3.5. 'Wo0OD PANEL SHEAR DEFORMATION & HOLDDOWN FORCES

In addition to the data measured following the setup of instruments described in Section
3.1.4 and by Branston, new data were obtained from the two other LVDTs and two load
cells that were added to the shear wall test setup. Firstly, diagonal wires attached to
LVDTs were installed on all wood panels to measure the shear distortion of the sheathing
(Figure 3.21). Secondly, to measure the uplift forces, a load cell was installed on both of
the threaded rods used to connect the holddowns to the test frame. Only the tension
forces (uplift) could be determined because of the way the load cells were attached to the

holddowns.
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Figure 3.21: Positioning of additional LVDTs and load cells

The shear deformation of the wood sheathing alone was calculated and plotted with
respect to the shear resistance of the complete wall assembly, as presented in Figure 3.22.
This example graph is of wall 43C, which was tested monotonically (Section 3.1.5). The
measured shear deformation of the wood panel returns through the zero position because
during testing the wall was unloaded twice (Figure 3.9). Due to bearing and tilting
damage to the sheathing connections during the loading phase of testing, it was necessary
to pull the sheathing back through the zero position before all loads could be removed
from the test wall. The third return through the zero position represents the final failure
of the wall and the loss of load carrying capacity. The measured panel shear
deformations are essentially linear and elastic in nature; a finding that supports the
comments by Chen (2004) that attribute the behaviour, in terms of non-linear resistance
vs. deformation and ductility, of this type of shear wall to the performance of the

sheathing connections.
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Figure 3.22: Shear deformations of OSB panel

Figure 3.23 illustrates the holddown force vs. wall rotation diagram of reversed cyclic test
44B for both the north and the south load cells. This graph shows that during some cycles
both holddowns are in tension, which means that the entire wall lifts up instead of
pivoting at one end (Figure 3.24). Typically, designers assume that a shear wall will
pivot at one end in order to calculate uplift forces for holddown design. Figure 3.23 also
includes two diagrams that show the equivalent applied force calculated from the load
cell data (Eq.3-11) in comparison with the actual applied force on the wall over the
duration of a reversed cyclic test. The equivalent force reaches the applied force, which
was measured at the wall top, only during the last few larger cycles of the loading
protocol. It is surmised that the equivalent force is not equal to the applied force during
the smaller cycles in the loading protocol because the two shear anchors at the bottom of
the wall (Figure 3.3) are able to resist a portion of the uplift force. Nonetheless, the
holddowns should be designed for the full anticipated uplift force because during the
larger cycles of a seismic event the shear anchors will not provide a significant

contribution to the uplift capacity.
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F, =0.467x R, (-11)

where,
Feq = Equivalent applied force, [kN]
0.467 = ratio of the distance between the holddowns to the height of the wall
R;c=Force at load cell, [kN]
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Figure 3.23: North and south holddown forces
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CHAPTER 4 RECOMMENDED DESIGN PARAMETERS

4.1. INTRODUCTION

The shear wall test program described in this thesis is a continuation of the research
carried out by Boudreault (2005), Branston (2004) and Chen (2004). With this in mind,
the same equivalent energy elastic-plastic (EEEP) analysis approach was therefore used
to determine the recommended design parameters for the 18 wall specimens constructed
with 9 mm thick OSB sheathing. As is illustrated in Figure 4.1, the measured resistance
vs. deflection behaviour of a steel frame / wood panel shear wall is quite nonlinear,
somewhat different from the EEEP curve. Nonetheless, the EEEP curve is assumed to
represent the behaviour observed during testing based on the energy dissipation capability
of a test wall. This data interpretation method was selected because it provides basic
strength and stiffness information that can be used for design, it gives a measure of the
ductility inherent in the shear wall, which is needed to define a test based force
modification factor for seismic design, it can be applied irrespective of the loading
protocol implemented, and because it has historically been used for the analysis of other
structural systems that have exhibited a non-linear resistance vs. deflection behaviour

(Branston, 2004).

An evaluation of the correlation between the shear wall test data obtained in the previous
studies at McGill University noted above and the new set of test data was carried out.
Also, the 18 tests were compiled with the previous shear wall tests to obtain a larger set of
data, which provides for a more comprehensive listing of recommended design
parameters. Since a complete description of the EEEP analysis approach can be found in

Branston (2004), only a summary is provided in this Section.
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4.2. YIELD STRENGTH AND STIFFNESS

In order to complement the existing database of shear wall design parameters, which were
summarized by Branston (2004), it was decided that the equivalent energy elastic-plastic
(EEEP) approach be used to treat the new set of data. This analysis approach is based on
the energy dissipated during testing, which is equal to the area under the backbone curve
for the reversed cyclic tests or the area under the resistance vs. deflection curve for the
monotonic tests. As is illustrated in Figure 4.1, a bi-linear curve is determined based on
the area under the backbone / monotonic curve (energy) of each shear wall test. The
initial linear part of the curve represents a purely elastic behaviour that continues up to
the yield point. It is from this portion of the curve that the equivalent elastic stiffness (k)
of the wall, is determined. Using 40% of the ultimate resistance (0.4S,), which is
considered to be a reasonable estimate of the maximum service load, and its respective
displacement (Anet0.44) the elastic stiffness can be calculated (Eq.4-5). The second linear
part of the curve assumes a perfectly plastic behaviour until failure of the wall. This
portion of the curve is obtained by equating the area between the EEEP curve and the
experimental curve (Fig.4.1). A step by step integration is used until 4;, the area under
the EEEP curve (Eq.4-1), is equal to 4;, the area above the EEEP curve (Eq.4-2). Other
parameters such as the ultimate wall resistance (S,), the 80% post-peak wall resistance
(0.8S,), the wall resistance at 40% of the ultimate resistance (0.4S,) and their respective
displacements (Anet, u; Anet, 0.8u5 Anet, y) are found from the experimental curves. Only the
yield strength (S,) is left to compute using Equation 4-4, which is a reformulation of the

area equations (Eq.4-2 and Eq.4-3).

52



Equivalent Energy Elastic-Plastic Bilinear Model
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Figure 4.1: EEEP model (Park, 1989; Salenikovich et al., 2000b; Branston, 2004)

The mathematical derivation of the wall resistance at yield is as follows:

The area under the EEEP curve,

SyxA

Tnet,y + [Sy X (Anet,O.Su - Anet,y )] 4-1)

A EEEP—

which is set equal to the area of the backbone / monotonic curve from each test:

Ane ,
A =AEEEP = Sy[ = + (Anet,O.Su - Anet,y )il (4_2)

2

Using the definition of initial elastic stiffness (Anet, y = S, / k) and by substituting it into

Equation 4-2, the following quadratic equation is obtained:

S2
- (2 x’k J +(Arose xS, )= 4=0 (4-3)
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Solving for S,,

where,

2 24

_Anet,O.Su > net,0.8u4 k

S, = e (4-4)

k, = (;'4" 5, 4-5)
net,0.4u

S, = Wall resistance at yield, [force per unit of length]

S, = Ultimate wall resistance, [force per unit of length]

A = Calculated area under the backbone / monotonic curve up to failure at A, 0 8u.

k. = Unit elastic stiffness, [force per unit length per wall length]

Aner, 0.5 = Displacement at post peak wall resistance 0.8S,,.

Ane, y = Displacement at yield wall resistance S,.

In addition to the yield resistance and the elastic stiffness of the wall, the ductility () can

be obtained from the EEEP model curve (Eq.4-7). This parameter is essential in defining

the characteristics of the wall and in the latter calculation of the ductility related force

modification factor.

where,

S, xL
K, == (4-6)
net,y
A
/J — Anet,O.Su (4_7)

K. = Elastic stiffness, [force per unit length]
L = Length of the wall, [1220 mm (4°)]
4= Ductility
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Figures 4.2 and 4.3 illustrate the typical monotonic and cyclic EEEP bi-linear curves in
comparison with the measured monotonic and backbone curves, respectively. Figure 4.2
shows the monotonic test 41A with the two loops used to evaluate the permanent offset.
These additional unloading segments were not used in the calculation of design
parameters. The resistance vs. deflection hysteresis graph of reversed cyclic test 42A is

shown in Figure 4.3, along with the backbone and EEEP curves.
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Figure 4.2: EEEP curve for monotonic test 41 A
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Figure 4.3: EEEP curve for cyclic test 42A

A limitation on the maximum inelastic lateral displacement of a shear wall may change
the general EEEP analysis procedure described above. According to the 2005 NBCC
(NRCC, 2005), for seismic design the maximum acceptable inelastic inter-storey drift is
equal to 2.5% of the storey height. For a 2440 mm (8’) high wall this permits a maximum
drift of 61 mm. In the general EEEP analysis method the equivalent energy calculation is
carried out up to the post-peak displacement at 0.8 S, (Anetosy). This results in two
different cases in which the inelastic inter-storey drift limit may influence the calculation
of design parameters for light gauge steel frame / wood panel shear walls; Case I: 61 mm
< Apety (Fig.4.4) and Case II: Apery < 61 mm < Apegsy (Fig.4.5). The general case is
utilized when the seismic drift limitation prescribed by the 2005 National Building Code

of Canada is above the failure displacement of the wall, Apeto.su-

Case I: 61mm < Apery

In Case I, the seismic drift limit is incorporated into the analysis approach in an attempt to
preserve the structural integrity of a building during a design level earthquake. In this

situation the inelastic drift limit is assumed to represent the upper bound on the useable
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portion of a wall’s resistance vs. deflection behaviour. Hence, it is necessary to modify
the general calculation procedure for the EEEP curve. The elastic part of the curve is not
affected by this drift limit; only the plastic portion of the curve needs to be adjusted for
the 61 mm deflection limit. As found for the general method, the areas, A; and A,, are set

equal to establish the value of S, (Fig.4.4).

EEEP with 2.5% Drift Limit. Case |

52.5%

14

sﬁ.!u

I
ﬁsi;i\&\\ ~

Wall Resistance (kN/m)

Observed monotonic/backbone curve
» EEEP bilinear representation

/ | |

Aneioau Ay 61mm Aners Aretosu

Net Deflection (mm)

Figure 4.4: EEEP design curve with imposed 2.5 % drift limit (Case I) (Branston, 2004)

Case II: Apety <61mm < Anetosu

In contrast to Case I, for Case II the test wall is able to attain its ultimate shear capacity
prior to reaching the 2.5% inter-storey drift limit. However, Apet0.8, Occurs at a deflection
that exceeds the 61 mm associated with a 2440 mm (8’) high wall. In this instance, the
seismic drift limit is considered not to affect the design yield resistance of a shear wall
since the test results show that the wall is able to develop its ultimate shear capacity. The
resulting EEEP curve is shown in Figure 4.5, for which all values are derived as per the

general approach; Equations 4-1 to 4-6.
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Figure 4.5: EEEP design curve with imposed 2.5 % drift limit (Case II) (Branston, 2004)

Based on the data recorded for the 18 tests described in this research, the average lateral
displacement Aqet .5y for all monotonic and cyclic tests was found to be below the 2.5%
drift limit (61mm) (Table 4.1). Therefore, Case I and Case II did not apply to these
particular tests, and hence, the EEEP general procedure was implemented to obtain the

final design parameters (Tables 4.2 - 4.4).
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Table 4.1: Lateral wall displacements at 80% of the ultimate shear force

Displacement Displacement | Displacement

Panel Fastener | Mono at 0.8S, Cyclic at 0.8S,'. at 0.8S,".

Type Schedule Test (mono) Test (cyclic+) (cyclic-)

(Anet, 0.80) (Anet, 0.8u+) (Anet, 0.8
(mm) (mm) (mm) (mm)
osB 152/305 41A 51.4 42A 59.8 54.1
0SB 152/305 41B 62.0 42B 59.4 49.8
0SB 152/305 41C 53.5 42C 54.0 43.3
AVERAGE 55.6 57.7 49.1
osB 100/305 43A 477 44A 53.2 51.8
osB 100/305 43B 59.3 44B 52.9 52.7
0SB 100/305 43C 44.0 44C 58.1 51.2
AVERAGE 50.4 54.7 51.9
0osB 75/305 45A 452 46A 56.2 474
0SB 75/305 45B 53.6 46B 48.6 39.8
0SB 75/305 45C 46.4 46C 39.4 39.0
AVERAGE 48.4 48.1 42.1
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Table 4.2: Design values for monotonic tests

Displacement

Energy

Panel | Fastener Yield Load Displacement Elastic Rotation at Ductilit i
Test Type | Schedule (Sy) (T:‘:‘:f“) at g, (Arety) | Stiffness (Ko) | Sy (Bnety) ) Y D'ss('g?tw“
{(mm) (kN/m) (mm')u {(mm) (kN/mm) (rad x 10%) (Joules)
41A 0osB 152/305 10.8 3.0 6.8 1.95 28 7.60 633
41B 0SB 152/305 11.0 29 6.7 1.98 28 9.19 784
41C 0SB 152/305 11.1 2.2 5.2 2.62 2.1 10.37 687
AVERAGE 11.0 2.7 6.2 2.18 2.6 9.05 701
43A 0sB 100/305 15.9 3.6 8.1 241 3.3 5.92 847
43B 0osB 100/305 15.9 3.9 8.7 2.24 3.5 6.86 1066
43C osB 100/305 17.2 4.5 9.9 212 4.0 4.46 818
AVERAGE 16.3 4.0 8.9 2.26 3.6 5.75 910
45A 0osB 75/305 214 4.8 10.8 241 44 4.20 1037
45B 0osB 75/305 219 54 12.1 221 4.9 4.44 1266
45C 0osB 75/305 21.8 4.9 10.9 2.43 4.5 4.25 1087
AVERAGE 21.7 5.0 11.3 2.35 4.6 4.30 1130
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Table 4.3: Design values for reversed cyclic tests (positive cycles)

Test Panel Fastener Yield Load Displacement ) Elastic Rotation at Ductility DiE:i:'g)i’on
Type | Schedule (Sy+) at Sys (Anet, y+) Stiffness (Ko+) | Sy+ (Onet, y+) (N (E")
(mm) (kN/m) (mm) {kN/mm) (rad x 10%) (Joules)
42A 0SB 152/305 10.7 7.2 1.81 29 8.34 730
42B 0SB 152/305 10.2 7.4 1.70 3.0 8.07 695
42C 0SB 152/305 11.0 6.7 2.01 27 8.07 681
AVERAGE 10.6 7.1 1.84 29 8.16 702
44A osB 100/305 17.1 11.9 1.75 49 4.46 984
44B 0SB 100/305 15.0 8.4 2.20 34 6.33 893
44C 0SB 100/305 16.0 9.0 2.16 3.7 6.45 1043
AVERAGE 16.0 9.8 2.04 4.0 5.75 973
46A osB 75/305 20.8 10.0 2.54 4.1 5.64 1299
46B osB 75/305 19.7 8.9 2.69 3.7 5.43 1060
46C 0SB 75/305 - 18.4 8.5 2.63 3.5 4.62 797
AVERAGE 19.6 9.1 2.62 3.8 5.23 1052

" Energy calculation based on area below backbone curve.
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Table 4.4: Design values for reversed cyclic tests (negative cycles)

Test Panel Fastener Yield Load Displacement ] Elastic Rotation at Ductility DiIsE:i:ragt{on

Type | Schedule (Sy) at Sy. (Anet, y.) Stiffness (Ko.) | Sy. (Onety.) () (EY)
(mm) (kN/m) (mm) (kN/mm) (rad x 10'3) (Joules)

42A osB 152/305 10.3 6.8 1.84 2.8 7.92 638
42B osB 152/305 10.0 6.7 1.83 27 7.46 569
42C 0SB 152/305 10.9 7.9 1.67 3.3 5.45 523
AVERAGE 10.4 7.2 1.78 2.9 6.94 576
44A 0SB 100/305 15.4 8.3 2.25 34 6.21 893
44B osB 100/305 14.4 7.7 2.27 3.2 6.83 855
44C OSB 100/305 15.5 75 2.51 3.1 6.81 894
AVERAGE 15.1 7.9 2.34 3.2 6.62 881
46A osB 75/305 19.1 77 3.03 3.2 6.17 1013
46B osSB 75/305 18.4 8.1 2.76 3.3 4.89 802
46C 0SB 75/305 18.2 7.9 2.79 3.3 4.91 776
AVERAGE 18.6 7.9 2.86 3.2 5.32 864

" Energy calculation based on area below backbone curve.




4.3. CALIBRATION OF RESISTANCE FACTOR, ¢

The CSA S136 Standard (2002) for the design of cold-formed steel structures does not
include an approach for the design of light gauge steel frame / wood panel shear walls
subjected to in-plane lateral loading. This includes values for a nominal shear capacity,
S,, as well as a resistance factor, @, calibrated according to the limit state design
procedures prescribed in the 2005 edition of the National Building Code of Canada
(NRCC, 2005). Hence, given the design S, values listed in Tables 4.2 to 4.4, it was
necessary to calibrate a resistance factor with respect to the one in fifty years, gi/s0,
NBCC factored wind load. The derivation of the calibration procedure and an
explanation of why particular values were assigned to the statistical parameters needed in
the calibration model were documented by Branston (2004). A summary of the approach

that was followed is presented in this Section.

The resistance factor for the ultimate limit state can be obtained from the following

equation:

¢ — C¢ (MmFum )e-/za,ly,,fw}a,c,,vgwsz (4-8)

where,
C4 = Calibration coefficient
M,, = Mean value of material factor for type of component involved
F,, = Mean value of fabrication factor for type of component involved
P,, = Mean value of professional factor for tested component
B, = Reliability/safety index
V.. = Coefficient of variation of material factor
Vr = Coefficient of variation of fabrication factor
Vp = Coefficient of variation of professional factor
Cp = Correction factor for sample size = (1+1/n)m/(m-2) for n>4, and 5.7 for n=3.

Vs = Coefficient of variation of the load effect
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m = Degree of freedom =n-1
n = Number of tests

e = Natural logarithmic base =2.718...

The values for M,,, F,, V. and Vg were chosen based on the recommendations of
Branston (2004). That is M,, = 1.05 to account for a possible 5% overstrength in the
sheathing material and F,, = 1.00, assuming that the nominal thickness of the sheathing is
the same as the average thickness of a large number of sheathing panels. The two other
variables, V,,, and Vi, were taken has 0.11 and 0.10, respectively, to account for the

coefficient of variation of 15% found for the strength distribution of the sheathing.

To obtain the professional factor, P,, and the coefficient of variation of the professional
factor, Vp, it was necessary to calculate the average wall resistance at yield, Sy 4. The
average was calculated in two different ways in order to compare the resulting resistance
factor, ¢. In the first calculation, the negative and the positive nominal shear capacities,
Sy-.avg and S, 4, rEspectively, of a cyclic test were averaged before being added to the
nominal shear capacity, Sy mono.ave, Of the monotonic shear test (Eq.4-9). In the second
calculation, only the positive nominal shear value of the cyclic test was averaged with the

nominal shear value of the monotonic test (Eq.4-10).

S +S
+,av, y-.avg
Sy,mono,avg + — )
s - . “9)
S +§
S — = ymono.avg y+.avg (4_ 1 0)

y,avg 2

Once these values were obtained, P, and Vp were calculated using the following

equations:

P ==~ 7 (4-11)
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V, = (4-12)

<z
Pm

where S, is the nominal shear value of each individual test, and:

.1 &[S, T )
S R @19

The value for the calibration coefficient, Cy, was obtained using the following equation:

(4-14)

q;%

where,

a = Load factor for wind loads and is equal to 1.4 according to the 2005 NBCC.

% = Mean-to-nominal ratio of the wind load

Using the approach described by Branston (2004), the mean-to-nominal ratio of the wind
load and the corresponding coefficient of variation, Vg, are equal to 0.76 and 0.37,
respectively. Concerning the reliability/safety factor, f,; in the Commentary of the 2001
North American Cold-Formed Steel Specification (4151, 2002), the value varies from 2.5
to 4.0 where a value of 4.0 is used when failure at a connection is not acceptable.
Therefore a value of 2.5 was proposed assuming that the walls have a built-in
overstrength; that is the ultimate shear strength is 10% greater on average for the 9 mm
OSB walls tested than the yield shear strength derived from the EEEP method (See
Section 4.6). Given the calibration approach and the statistical values described above,
the resistance factor, ¢, was calculated for the different sheathing fastener patterns and for
all 18 tests combined (Table 4.5). The values obtained are similar to those recommended
by Branston (2004), which shows that a ¢ value of 0.7 is appropriate for shear walls
sheathed with 9 mm thick OSB panels.
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Table 4.5: Resistance factor calibration for 2005 NBCC wind loads

Mono/Cyclic +/-

Fastener
Schedule a S/S C‘ Mn Fm Pm Bo Vm Ve Vs n Ce Vp ¢
{mm)

152/305 | 1.4 | 0.76 | 1.842 | 1.05 | 1.00 { 1.00 | 250 | 0.11 | 0.10 | 0.37 | 6 | 1.944 | 0.0336 | 0.709
100/305 | 14 | 0.76 | 1.842 | 1.05 | 1.00 | 1.00 | 250 | 0.11 | 0.10 | 0.37 | 6 | 1.944 | 0.0498 | 0.703
75/305 14 | 0.76 | 1.842 | 1.05 { 1.00 | 1.00 | 250 { 0.11 | 010 | 0.37 | 6 | 1.944 | 0.0743 | 0.691

Alitests | 1.4 | 0.76 | 1.842 | 1.05 | 1.00 | 1.00 | 2.50 | 0.11 | 0.10 | 0.37 | 18 | 1.196 | 0.0519 | 0.707

Mono/Cyclic positive

152/305 | 1.4 | 0.76 | 1.842 | 1.05 | 1.00 | 1.00 | 2.50 | 0.11 | 0.10 | 0.37 | 6 | 1.944 | 0.0295 | 0.710
100/305 | 1.4 | 0.76 | 1.842 | 1.05 | 1.00 | 1.00 | 250 | 0.11 | 0.10 | 0.37 | 6 | 1.944 | 0.0498 | 0.703
75/305 14 { 0.76 | 1.842 | 1.05 [ 1.00 } 1.00 | 2.50 [ 0.11 | 0.10 [ 0.37 | 6 | 1.944 | 0.0661 | 0.695

Alitests | 1.4 | 0.76 | 1.842 | 1.05 | 1.00 | 1.00 [ 2.50 | 0.11 | 0.10 | 0.37 | 18 | 1.196 | 0.0477 | 0.708

It is recommended that the resistance factor, ¢, calculated for the 2005 NBCC wind loads,
be also used in seismic design. This approach is warranted because the resistance factor
is found in both the equivalent static earthquake base shear (V) (Eq.4-15) and in the

factored wall resistance.

ZVZM (4-15)
RdRo

és,
where, R,, the overstrength-related force modification factor is a function of Ry, which is
equal to 1/¢. The resistance factor, ¢, is found on both sides of Equation 4-15, and
hence, it cannot be calibrated based on seismic load factors. Ry is included in the
definition of R, because seismic resistant design is based on a return period of 2500 years
for the design level earthquake (probability of exceedance of 2% in 50 years) (Mitchell et
al., 2003). This represents a rare loading event for which a nominal resistance, in place of
a factored resistance, is considered to be adequate for design. A resistance factor of ¢ =
0.7 is therefore recommended for seismic design; first of all to be consistent with the
factor calibrated for wind loads, and secondly because this value was used in the

calculation of R,, as discussed in Section 4.7.2.
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4.4. RECOMMENDED SHEAR STRENGTH AND STIFFNESS VALUES FOR LIGHT GAUGE

STEEL FRAME / WOOD PANEL SHEAR WALLS

Based on the results documented in Section 4.2, an average nominal shear resistance,
Sy, avg, and an average unit elastic stiffness, k, a4y, were computed for each wall
configuration. To obtain these recommended design parameters, the monotonic strength
and stiffness values were averaged with the average value of the positive and negative

cycles (Eq.4-18 and 4.19).

S +S . +S )2
Sy g - y,mono ( y,+eyelic y,—cyclic ) (4_1 8)
' 2
k + 1k . +k /2
ke,avg — e,mono ( e,+cyc;c e,—cyclic ) (4_ 1 9)

Table 4.6 lists the average nominal shear resistance and unit elastic stiffness values for
the three different light gauge steel frame / 9 mm OSB wood panel shear wall
configurations. The nominal shear strength is given in kilo-Newton per metre, while the
elastic stiffness is given in kilo-Newton per millimetre per metre of wall length. For
comparison purposes the design values determined by Branston (2004) for the walls

composed of 11 mm thick OSB panels are also listed.

From Table 4.6, it can be noted that the walls sheathed with the 11 mm OSB panels are
able to carry slightly larger shear loads for all three connection configurations. This
result was expected because the shear capacity of a wall is directly related to the bearing
resistance of the sheathing connections. A thinner panel provides a smaller bearing area
for the screw fasteners, which causes a decrease in the overall shear capacity of the wall.
In contrast, the shear stiffness of the walls constructed with 9 mm OSB panels was higher
than that measured for the walls with 11 mm OSB sheathing. A similar relationship
between 9.5 mm and 12.5 mm thick Canadian Softwood Plywood sheathed walls was
observed by Rokas (2005). At this stage it is not possible to provide a definitive reason
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why the walls with thinner sheathing behave in this fashion. Some possible explanations
are as follows:

The type of OSB panels used for this research and for Branston’s research was not
the same. The 9 mm thick panels were classified under CSA 0325 (1992) as 2R24/W24
while the 11 mm thick panels were 1R24/2F16/W24. For the W24 wall rating no specific
requirement concerning in-plane shear stiffness exists. With respect to fastener
performance, only a minimum strength level needs to be met. It is possible that the
stiffness variation exists because connection and shear stiffness parameters are not
considered in the CSA 0325 Standard (71992). Furthermore, the CSA 086 Standard
(2001) places no requirement on the in-plane shear stiffness for the W24 wall rating. This
Standard, however, does require a slightly higher in-plane shear stiffness for the 2R24
(9 mm) versus the /R24/2F16 (11 mm) rating. That is, the in-plane shear must be at least
vy = 0.38 MPa for the thinner sheathing compared with 0.33 MPa for the thicker.

The panels were not fabricated in the same mill or by the same company. The 11
mm sheathing was from Tembec, whereas the 9 mm panels were from Grant Forest
Products. Assuming that the panels meet the requirements prescribed in CSA 0325 and
CSA 086 it is possible that the source / type of wood and manufacturing process are
different enough to cause a variation of initial stiffness properties.

The deflections at ultimate load (S,) and failure (0.8S,) of the OSB panel shear
walls included in Branston (2004) and those of this research were also compared. For the
monotonic tests it was found that the walls with 9 mm OSB sheathing had larger
deflections at ultimate and failure than the walls constructed of 11 mm panels. Also, the
deflections recorded during the reversed cyclic tests at failure for the walls with 9 mm
thick panels were larger than for the walls with 11 mm OSB tested by Branston.
However, a comparison of the deflections measured for the cyclic tests at the ultimate
load was inconclusive because smaller deflections were observed for the 9 mm OSB
walls with a screw schedule of 152/305 and 75/305. Nonetheless, it appears that the
relative size of the screw head to the sheathing thickness affects the initial stiffness of the
shear walls, that is the k. values listed herein. Once the walls have extended into the
inelastic range the walls with thicker sheathing typically experience less shear

displacement, as would be expected.
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Table 4.6: Nominal shear strength, S, (kN/m), and unit elastic stiffness, k. (kN/mm/m),
for light gauge steel frame / wood panel shear walls dependent of the sheathing material

Screw spacing at panel edges
Minimum (mm)
nominal Panel
thickness 75 100 152
{mm) & Grade S, ke S, ke Sy ke
(kN/m) | (kN/mm/m) | (kN/m) | (kKN/mm/m) | (kN/m) | (kN/mm/m)
9 mm OSB
CSA 0325 20.4 2.09 15.9 1.82 10.7 1.64
2R24/W24
11 mm OSB
CSA 0325 20.6 1.88 16.2 1.75 11.0 1.38
1R24/2F16/W24
Notes:
(1) ¢ =0.7 to obtain factored resistance for design.
(2) Full-height shear wall segments of maximum aspect ratio 2:1 shall be included in resistance calculations.

(&)

@

®)
(6)
™)
@®
®

Increases of nominal strength for sheathing installed on both sides of the wall shall not be permitted.
Tabulated values are applicable for dry service conditions (sheathing panels) and short-term load duration
(Kp = 1.0) such as wind or earthquake loading. For shear walls under permanent loading, tabulated values
must be multiplied by 0.565; and under standard term loads, tabulated values must be multiplied by 0.870.
Back-to-back chord studs connected by two No. 10-16 x 3/4” (19.1 mm) screws at 12” (305 mm) o.c.
equipped with industry standard hold-downs must be used for all shear wall segments with intermediate
studs spaced at a maximum of 24” (610 mm) o.c. For 8’ (2440 mm) long shear walls, back-to-back studs are
also used at the centre of the wall to facilitate the use of a 1/2” (12.7 mm) edge spacing.

All panel edges shall be fully blocked with edge fasteners installed at not less than 1/2” (12 mm) from the
panel edge and fasteners along intermediate supports shall be spaced at 305 mm o.c. Sheathing panels must
be installed vertically with strength axis parallel to framing members.

Minimum No.8 x 1/2” (12.7 mm) framing and No. 8 x 1-1/2” (38.1 mm) sheathing screws shall be used.
ASTM AG653 Grade 33 ksi (230 MPa) of minimum uncoated base metal thickness 0.043” (1.09 mm) steel
shall be used throughout.

Studs: 3-5.8” (92.1 mm) web, 1-5/8” (41.3 mm) flange, 1/2” (12.7 mm) return lip.

Tracks: 3-5/8” (92.1 mm) web, 1-1/4” (31.8 mm) flange.

The above values are for lateral loading only. It must be noted that the compression chord failure mode must
be accounted for in design, including the effects of gravity loads.

The shear resistance of a given structure made of light gauge steel frame / wood panel

shear walls is obtained by the summation of the shear resistances of each shear wall

segment of a storey (Eq.4-20), assuming that the aspect ratio of each segment is less that

2:1 (height : length). The shear resistance of a wall is computed using the resistance

factor, ¢, the nominal shear resistance, S, (Table 4.6), the load duration factor, K’p, and

the wall length (Eq.4-21).

S, =25,

(4-20)
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where,
S, =¢S5 KL (4-21)
S, = Factored shear resistance, [kN]
S;s = Factored shear resistance of shear wall segment, [kN]
$=0.7
Sy = Nominal shear strength (Table 4.6)
K’p = Load duration factor
= 1.0 for short term loading
= (.565 for permanent loading
= 0.870 for standard loading
L = Length of shear wall segment [m]

4.5. FACTOR OF SAFETY

The resistance factor and the nominal shear strength values recommended for design were
used to calculate the factor of safety associated with light gauge steel frame / wood panel
shear walls. Two different calculation methods were implemented; the first is associated
with the limit states design (LSD) approach, whereby a simple comparison of the
measured ultimate shear resistance with the nominal shear capacity was carried out (Eq.
4-22) (Figure 4.6). The second approach is in terms of an allowable stress design (ASD)
format where the factor for wind load is taken into account (Eq.4-23). Thus the 1.4 wind
load factor defined by the 2005 National Building Code of Canada (NRCC, 2005) was

utilized.

F.S(LSD) =% (4-22)

F.S.(ASD) = 1.4:2—“ (4-23)

r
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where,
F.§. = Factor of safety for design
Sy = Ultimate wall resistance observed during test

S, = Factored wall resistance (¢ = 0.7)
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Figure 4.6: Factor of safety inherent in limit states design

According to Branston (2004), the factor of safety for allowable stress design (ASD) of
light gauge steel frame / wood panel shear walls should fall between 2.0 and 2.5. These
values are suggested by the 2000 IBC (ICC, 2000) for light gauge steel frame shear walls
and by the IBC 2000 Handbook (Ghosh and Chittenden, 2001) for wood shear walls,
respectively. Tables 4.7 and 4.8 show the values computed for both the limit states
design (LSD) and the allowable stress design (ASD) factor of safety. When monotonic
test values are considered, the ASD factor of safety ranges from 2.22 — 2.40 with an
average of 2.31, a standard deviation of 0.09 and of coefficient of variation of 3.9%
(Table 4.7). For reversed cyclic tests, the ASD values range from 2.01 — 2.29 with an
average of 2.14, a standard deviation of 0.09 and a coefficient of variation of 4.1% (Table
4.8). Although these results are somewhat lower than those described by Branston

(2004), where an ASD value of approximately 2.4 was calculated, the values fall within
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the suggested range of 2.0 — 2.5. Furthermore, wind loads according to the draft 2005
NBCC (NRCC, 2005) are now based on a return period of 50 years, which provides an

added factor of safety when compared to wind loads based on the previous version of the

NBCC (NRCC, 1995) (1 in 30 year return period).

Table 4.7: Factor of safety inherent in design for monotonic test values

R . Factored
Tost | Panel | Fastoner || poguC, | iy | Resistnce | IGUTSh) | sarey (ASD)
(Su) (Table 4.6) %=07) (S/S)) (SJ/S: * 1.4)
(mm) (kN/m) (kN/m) (kN/m)
41A 0SB 152/305 121 10.7 7.5 1.61 2.25
41B 0SB 152/305 119 10.7 7.5 1.58 2.22
41C 0SB 152/305 12.0 10.7 7.5 1.59 2.23
AVERAGE 12.0 10.7 7.5 1.60 2.23
43A osB 100/305 17.7 15.9 11.2 1.59 2.22
43B 0SB 100/305 18.0 15.9 11.2 1.61 225
43C 0SB 100/305 19.6 15.9 11.2 1.76 2.46
AVERAGE 18.4 15.9 11.2 1.65 2.31
45A 0SB 75/305 237 20.4 14.3 1.66 2.33
45B 0SB 75/305 243 204 143 1.70 2.39
45C 0SB 75/305 244 20.4 14.3 1.71 2.40
AVERAGE 24.2 20.4 14.3 1.69 2.37
Average 1.65 2.3
Std.Dev. 0.06 0.09
CoV 0.039 0.039
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Table 4.8: Factor of safety inherent in design for cyclic test values

Ultimate . Factored
Tost | Panel | Fastoner || Resistanco | Y1%(g#4¢ | Resistance | oIGh % Sh) | satery (ASD)
' cy?:le) (Table 4.6) =07 (SJS)) (SJS: * 1.4)
(mm) (KN/m) (kN/m) (kN/m)

42A 0SB 152/305 11.5 10.7 7.5 1.53 2.14
428 0SB 152/305 1.1 10.7 7.5 1.48 2.07
42C 0SB 152/305 11.9 10.7 7.5 1.59 2.22
AVERAGE 11.5 10.7 7.5 1.53 2.15
44A 0SB 100/305 18.2 16.9 11.2 1.64 2.29
44B 0SB 100/305 16.2 15.9 11.2 1.45 2.03
44C 0SB 100/305 17.3 15.9 11.2 1.55 2.17
AVERAGE 17.2 15.9 11.2 1.55 2.16
46A 0SB 75/305 224 204 143 1.57 2.20
46B 0SB 75/305 21.5 20.4 14.3 1.50 211
46C 0SB 75/305 20.5 20.4 14.3 1.43 2.01
AVERAGE 21.4 20.4 14.3 1.50 2.10
Average 1.53 2.14
Std.Dev. 0.06 0.09
CoV 0.041 0.041

The ultimate shear resistance (S,) from the positive cycles was used in the calculation of
the factor of safety for the cyclic tests (Table 4.8). The shear resistance of the negative
cycles is indeed lower since the positive cycles were executed first. However, it was
decided not to use the average of both negative and positive cycle values because a wall

pushed to failure will reach the larger value.

The overall results, which include the data from Tables 4.7 and 4.8 and those of Branston
(2004) for the factor of safety of light gauge steel frame / wood panel shear walls is as
follows: 1) the average LSD factor of safety for the monotonic tests is 1.75 (SD of 0.15
and CoV of 8.56%) and for the cyclic tests is 1.68 (SD of 0.16 and CoV of 9.51%); 2) the
average ASD factor of safety for the monotonic tests is 2.45 (SD of 0.21 and CoV of
8.54%) and for the cyclic tests is 2.35 (SD of 0.22 and CoV of 9.47%). The overall

values also fall within the suggested range of 2.0 - 2.5.
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4,6, CAPACITY BASED DESIGN AND OVERSTRENGTH

Shear walls are designed to withstand lateral loads caused by wind and earthquakes. As
is discussed in Section 4.7, force modification factors greater than unity, for both ductility
and overstrength, are recommended for use in the calculation of seismic loads. Hence, in
terms of capacity based seismic design requirements, if these walls were selected to form
the fuse element in the seismic force resisting system (SFRS), they would be expected to
dissipate energy by failing in a ductile manner. Within the wall itself, it is anticipated that
the sheathing to framing connections alone fail, to ensure that the steel frame is available
to carry gravity loads after a design level earthquake. This presents the engineer with the
problem of selecting the other components in the SFRS such that they remain essentially
elastic; that is they have a capacity that exceeds the probable resistance of the shear wall.
Components such as the chord studs, tracks, hold-downs, anchors rods, shear anchors,

foundation, etc, are included in the SFRS.

To design the other components of the SFRS it is necessary to know the probable shear
capacity of the wall. In order to estimate this capacity, the nominal shear resistance (S,)
(Table 4.6) of the wall must be multiplied by the overstrength factor (Fig.4.7). This
factor can be obtained by dividing the ultimate shear wall resistance (S,) by the nominal

shear wall resistance (S,) (Eq.4-24).

S
overstrength = S" (4-24)

y
where,

S. = Ultimate shear wall resistance

S, = Nominal shear wall resistance, Table 4.6
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Figure 4.7: Overstrength inherent in design

The overstrength value for each test wall is listed in Table 4.9 (monotonic tests) and in
Table 4.10 (cyclic tests). The overstrength factors for the monotonic tests fall between
1.11 — 1.23, with an average of 1.15 (SD of 0.043 & CoV of 3.74%). The same factors
for the reversed cyclic tests fall between 1.00 — 1.11, with an average of 1.07 (SD of
0.046 & CoV of 4.26%). Both averages are within the range of overstrength factors
obtained from the previous shear wall tests completed at McGill University; which were
1.08 — 1.57 and 1.04 — 1.44 for monotonic and cyclic tests, respectively (Branston, 2004).
To validate the overstrength value of 1.2 suggested by Branston, the data of this present
research were integrated with those of the previous studies. Average values of 1.22 (SD
0f 0.104 and CoV of 8.53%) and 1.17 (SD of 0.111 and CoV of 9.46%) were obtained for
the monotonic and cyclic tests, respectively (based on 96 tests), which show that the

previously suggested value of 1.2 for overstrength is appropriate.
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Table 4.9: Overstrength inherent in design for monotonic test values

Test Panel Fastener Ma)fimum Wall Yield Load (S,) Overstrength
Type Schedule | Resistance (S,) (Table 4.6) (SJ/Sy)
(mm) (kN/m) (kN/m)
41A osB 152/305 121 10.7 1.13
41B osB 152/305 11.9 10.7 1.1
41C 0SB 152/305 12.0 10.7 1.12
AVERAGE 12.0 10.7 1.12
43A 0osB 100/305 17.7 15.9 1.1
438 0SB 100/305 18.0 15.9 1.13
43C OSB 100/305 19.6 15.9 1.23
AVERAGE 18.4 15.9 1.16
45A 0SB 75/305 237 204 1.16
458 0sB 75/305 243 204 1.19
45C 0SB 75/305 24.4 20.4 1.20
AVERAGE 24.2 20.4 1.19
Average 1.15
Std. Dev. 0.043
CoV 0.0374
Table 4.10: Overstrength inherent in design for cyclic test values
st | Fanel | Fasonr | meistancs (5 | L) | Ovestenat
(positive cycle) . v
(mm) (kN/m) (kN/m)
42A osB 152/305 11.5 10.7 1.07
42B 0osB 1562/305 111 10.7 1.04
42C 0SB 152/305 11.9 10.7 1.11
AVERAGE 11.5 10.7 1.07
44A 0SB 100/305 18.2 15.9 1.14
44B 0SB 100/305 16.2 15.9 1.02
44C 0SB 100/305 17.3 15.9 1.09
AVERAGE 17.2 15.9 1.08
46A 0SB 75/305 224 20.4 1.10
468 0osB 75/305 21.5 20.4 1.05
46C 0SB 75/305 20.5 20.4 1.00
AVERAGE 21.4 20.4 1.05
Average 1.07
Std. Dev. 0.046
CoV 0.0426
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4.7. 2005 NBCC AND EVALUATION OF FORCE MODIFICATION FACTORS

In the 2005 edition of the National Building Code of Canada (NBCC), a modified base
shear equation for equivalent static seismic loading was introduced (Eq.4-25). What was
known as the force modification factor, R, in the previous edition of the Building Code, is
now referred to as the ductility-related force modification factor, R;. The R; factor
accounts for the ability of a structure to dissipate energy in the inelastic range of
deformation under seismic loading. A second force modification factor, R,, which

represents the reserve of strength within the structure, has also been included.

V= —S(T;]:/[I;'OIE v (4-25)
where,

S(T) = Design spectral response acceleration

My = Factor for higher mode effect

Iz = Importance factor of the structure

W = Seismic weight

R; = Ductility-related force modification factor

R, = Overstrength-related force modification factor

Values for R; and R, were recommended by Boudreault (2005) based on the previous
shear wall tests carried out at McGill University. In this Section the basis for calculation
of the force modification factors is first presented, along with a comparison of the values
obtained from the 18 shear wall tests described in this thesis with those recommended by

Boudreault.
4.7.1. Ductility-Related Force Modification Factor, R,

To evaluate the ductility-related force modification factor the same approach used by

Boudreault (2005) was followed. This approach is described by Equations 4-26 to 4-28,
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which were originally derived by Newmark and Hall (1982) according to the ductility and

the period of the structure. Assuming that the natural period of vibration is between 0.1

and 0.5 seconds for light-framed residential housing where shear walls are used (Table

4.11), one can determine R, using Equation 4-27.

R, =u for T> 0.5 sec
R, =y2u-1 for 0.1 <T <0.5 sec
R, =1 for T <0.03 sec

where,

4= ductility ratio (Tables 4.2, 4.3 & 4.4)

Table 4.11: Natural period for light-framed buildings

Building Type Natural Period, T» (sec.) Reference
Shear wal (sngl store) 010 NRCC 2005
Shear wal (wo-storoy) 0417 NRCC 2005
Shar wal (oo strey) 024 NRCC 2005
fﬁa:iivd.eg;iaBlg c:;gf;; estimate) 0.18 Folz & Filiatrault {2007)
Residential house 0.25 Gad et al. (1999a)

(4-26)
(4-27)
(4-28)
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Table 4.12: Ductility and R; values for monotonic tests

Test | fomel | Daener | P | R
(mm)
41A 0sB 152/305 7.60 3.77
41B 0SB 152/305 9.19 417
41C 0SB 152/305 10.37 4.44
AVERAGE 9.05 413
43A 0sB 100/305 5.92 3.29
438 0SB 100/305 6.86 3.57
43C 0SB 100/305 4.46 2.81
AVERAGE 5.75 3.22
45A 0sB 75/305 4.20 2.72
45B 0sB 75/305 4.44 2.81
45C 0SB 75/305 4.25 2.74
AVERAGE 4.30 2.76
Average 3.37
Std 0.66
CoV 0.195

Table 4.13: Ductility and R, values for reversed cyclic tests (avg. of both cycles)

Test | Bonel | Fomeme | P |
{mm)

42A 0SB 152/305 8.13 3.91
428 0sB 152/305 7.77 3.81
42C 0SB 152/305 6.76 3.54
AVERAGE 7.55 3.75
44A 0SB 100/305 5.34 3.11
44B 0SB 100/305 6.58 349
44C 0SB 100/305 6.63 3.50
AVERAGE 6.18 3.37
46A 0SB 75/305 5.91 3.29
46B 0osB 75/305 5.16 3.05
46C 0SB 75/305 4.77 2.92
AVERAGE 5.28 3.09
Average 3.40

Std 0.34
CoV 0.099

The average ductility-related force modification factor calculated for the monotonic tests
1s 3.37 (SD of 0.66 & CoV of 19.5%) (Table 4.12), while a value of 3.40 (SD of 0.34 &
CoV 0f 9.9%) (Table 4.13) was obtained for the cyclic tests. Both values are higher than
2.5, the R, value suggested by Boudreault (2005), which was based on an evaluation of 78
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shear wall tests, including both OSB and plywood sheathed walls. At this stage in the
development of a design approach for light gauge steel frame / wood panel shear walls a
conservative approach was considered to be appropriate, and hence a value of R; = 2.5 for
the ductility-related force modification factor is recommended. A single value of R, is
given, even though the test results of the OSB sheathed walls indicate that a higher value

could be used.

4.7.2. Overstrength-Related Force Modification Factor, R,

The reserve of strength within a structure depends on many factors, which is why the
2005 NBCC equation for the overstrength-related force modification factor, R,, takes the
following form (Mitchell et al., 2003):

R,=R

XRyXR g X R xR (4-29)

size mech
where,
Rsize = Overstrength coming from the restricted choices of member sizes and
dimension rounding.
R4 = Factor accounting for the difference between nominal and factored
resistances
Ryie1a = Ratio of real yield strength to specified yield strength
R, = Overstrength coming from the development of strain hardening

Ronech = Overstrength arising from the development of a collapse mechanism

The overstrength factor related to member size, R, was chosen by Boudreault (2005) to
be equal to 1.05 because the fastener spacing used in construction is often closer than that
required by the design load calculation. Ry is equal to the inverse of the resistance factor,
¢. Given the resistance factor proposed in Section 4.3 an Ry factor of 1/ 0.7 = 1.43 was
obtained. The Ry;.is factor is the ratio of real yield strength to the specified yield strength.
In this case the comparison is made between the nominal shear strength, S, and the

ultimate shear resistance, S, of the wall as measured during testing (Tables 4.9 & 4.10).
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By adding these 18 shear wall results into the database created by Boudreault (2005), an
overall average Ryicia = Su / Sy is obtained and shown in Table 4.14 (R)5). The average
Ryieiq of all 58 monotonic walls is 1.22 (SD of 0.104 and CoV of 8.53%) and the average
for the 56 cyclic walls is 1.17 (SD of 0.111 and CoV of 9.46%). Therefore, the average
of both monotonic and cyclic test values (Boudreault / Blais) gives an Ry of 1.20 (SD of
0.110 & CoV of 9.17%), which is slightly lower than the value suggested by Boudreault;
Ryiels of 1.22 (SD of 0.109 & CoV of 8.96%). The Ry, factor was chosen to be equal to
1.0 since no strain hardening occurs during lateral loading of the light gauge steel frame /
wood panel shear walls. Also, for Ry, @ value of 1.0 was suggested because no design

procedures have yet been codified for use in Canada.

Table 4.14: Overstrength-related force modification factor

Reference Calculation of R, - Proposed
Rsize R, Ryietd Rsn Rumech Ro R, (NBCC)
Boudreault (2005) 1.05 1.43 1.22 1.00 1.00 1.83
Blais (2005) 1.05 1.43 1.11 1.00 1.00 1.67 1.80
Boudreault / Blais 1.05 1.43 1.20 1.00 1.00 1.80

Table 4.15 summarizes all of the R-factors necessary to determine the overstrength
related force modification factor. Results are provided for the data documented by
Boudreault; that corresponding to the 18 shear walls tested for this thesis; and for the
overall -database of shear wall tests at McGill University. To simplify design only one
value of R, was specified, regardless of whether plywood or OSB is to be used in
construction. Consequently, an R, value based on all of the previous data from
Boudreault and this research were used to recommend an overstrength-related force
modification factor of R, = 1.8, which is in agreement with the value determined by

Boudreaulit (2005).
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CHAPTER 5 DYNAMIC ANALYSES

5.1. INTRODUCTION

It is difficult, time consuming and costly to carry out physical tests on a vast range of
buildings and their components in order to evaluate the inelastic demand on shear walls;
that is buildings with different shapes, number of storeys, wall configurations, etc. For
this reason it was decided to use an analytical approach to evaluate shear wall
performance, with the intent of improving the base of knowledge for light gauge steel
frame / wood panel shear walls. The non-linear time history dynamic analysis program
Ruaumoko (Carr, 2000) was chosen to model and analyse two different example
structures. This Chapter contains a presentation on the hysteretic element calibration, the

shear wall design and the dynamic analyses that were carried out.

5.2. HYSTERETIC BEHAVIOUR OF WALLS

It was first necessary to select and calibrate an element that simulates the load vs.
deflection behaviour of a light gauge steel frame / wood panel shear wall. Boudreault
(2005) reviewed five hysteretic models that could be relied on to represent the inelastic
behaviour of these shear walls: The Bouc-Wen-Baber-Noori (BWBN) (Baber & Noori,
1986), the Stewart (Stewart, 1987), the Florence (Ceccotti & Vignoli, 1989), the Dolan
(Dolan, 1989) and the Folz & Filiatrault [CASHEW] (Folz & Filiatrault, 2001) models

were all evaluated in terms of their applicability to this study.

Boudreault’s choice of the Stewart model is based on the fact that it was originally
developed for the analysis of timber framed shear walls with nailed plywood sheathing,
which behave similarly, on an overall scale, to light gauge steel frame / wood panel shear
walls. The model can easily be calibrated to the shear wall test results and it accounts for
the pinching and stiffness degradation that were observed during testing. Furthermore,

since the Stewart model is integrated into Ruaumoko, the dynamic analysis program that
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was selected for use in this study, the model was considered to be the most appropriate
for a light gauge steel frame / wood panel shear wall element. However, the model does
not allow for strength degradation, which is the reason that the true post-ultimate
behaviour cannot be modeled, rather a shear deformation limit based on test results was
relied on to identify the extent of inelastic demand that can be placed on a particular shear

wall.

Boudreault was also responsible for carrying out the calibration of the Stewart hysteretic
model for the tests completed by Branston (2004), Chen (2004) and himself. Hence, this
Section will only describe the calibration for the new series of OSB tests, which will be

added to the database created by Boudreault.

Light gauge steel frame / wood panel shear walls behave in a very complex manner, as
shown by the load versus displacement hysteresis in Figure 3.11. The hysteretic
behaviour cannot be modeled by a single parameter, however by using the Stewart
degrading hysteresis model one can mimic the behaviour, except for the strength
degradation, quite easily. The Stewart hysteresis model uses parameters that allow one to
fit it to the experimental data curve. The following Sections describe the main parameters
that affect light gauge steel frame / wood panel shear walls under cyclic loading: strength

and stiffness degradation, as well as pinching.
5.2.1. Stiffness Degradation

The reduction in shear capacity of a wall for two successive cycles at the same
displacement is referred to as the stiffness degradation of the wall. The stiffness is

obtained by calculating the slope of one loop (Equation 5.1, Figure 5.1).

K = Fi' - FF

=— . 5-1
i (5-1)
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where,

F), : Peak force for negative or positive i-cycle, [unit of force]

A, : Corresponding displacement, [unit of length]

As the stiffness decreases with additional loading cycles being applied to the wall, the
area enclosed by the hysteresis loops also decreases. This area represents the capacity of
the wall to dissipate energy. A degradation of the stiffness will, hence, cause the wall to
dissipate less energy as compared to the previous cycle. Once most of the connections
between the wood panel and the steel frame have been subjected to bearing distortion in
the wood, or have failed completely, the stiffness of the wall approaches zero. This
phenomenon can be observed in the partial hysteresis of Test 46A (Figure 5.2), where the
two final cycles (1.5 A & 2.0 A) are shown. The energy dissipation represented by the
first loop (Area 1) is much larger than that found for the following loop (Area 2). Also a
significant decrease can be observed in stiffness, K.; and K .,, for the two consecutive

loops.
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Figure 5.1: Stiffness of one loop
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Figure 5.2: Energy dissipation & stiffness degradation (Test 46A — 1.5 & 2.0 A Cycles)

5.2.2. Pinching

Pinching is caused by the permanent deformation of the wood sheathing around the screw
connections. During loading, the screws are placed in shear, first tilting and then bearing
against the wood around them. Once permanent bearing distortion has occurred a slot is
created in the wood (Figure 3.18). At this stage the connection is only able to develop a
shear resistance when the screw fastener comes into contact with the edge of the slot.
The inability of the connection to resist load at low displacements due to the bearing
distortion caused by previous loading cycles is known as pinching. Figure 5.3 shows
three hysteresis loops with different degrees of pinching during loading. At low
displacement, little damage is done to the wall and therefore almost no pinching can be
observed (Figure 5.3[a]). As the displacement increases, the pinching effect becomes
more and more evident (Figure 5.3[b] & [c]). The effect of pinching is twofold; first of
all the ability of the shear wall to dissipate energy decreases significantly, and secondly,

the wall possesses no in-plane lateral stiffness near the zero displacement region.
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Figure 5.3: Evolution of pinched hysteresis loops with increased displacement level
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5.2.3. Strength Degradation

Strength degradation can be identified when a wall, which is pushed to the same
displacement level in two consecutive cycles, is not able to maintain its shear resistance.
Once again, for the walls tested for this research, the damage to the wood surrounding the
screw connections is responsible for this behaviour. The wood is not able to reach the
same level of resistance due to the permanent bearing distortion. Figure 5.4 shows an

example of strength degradation of a shear wall after two consecutive cycles at the same

displacement.
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Figure 5.4: Strength degradation representation between two successive loops
(Boudreault, 2005)

5.3. STEWART DEGRADING HYSTERESIS

The Stewart degrading hysteresis model (Figure 5.5) was initially developed for wood
shear walls with nailed connections (Stewart, 1987). It since has been used for other
types of shear walls, such as reinforced concrete and steel shear walls (Carr, 2000). 1t
has also been used to model steel diaphragm systems whose resistance vs. displacement
behaviour is highly dependent on the performance of the individual connections (Martin,
2002; Yang, 2003). Hence, it is not unexpected that Boudreault (2005) recommended that
the Stewart hysteresis element be used to model the light gauge steel frame / wood panel
shear walls that are the subject of this research. The model has been formulated with
parameters that account for both stiffness degradation and pinching, as well as ultimate
and yield force, slackness, softening, reloading, etc. However, the model does not
incorporate the effect of strength degradation on shear wall behaviour. This phenomenon
is said to be less significant than the stiffness degradation and the pinching effect
(Boudreault 2005, Stewart 1987, Ceccotti & Vignoli 1989, Dolan 1989), and hence its
exclusion from the model is not considered to be critical. All the parameters necessary
for definition of the Stewart hysteresis model such that it mimics the shear wall behaviour

were derived from the experimental data, as is described in Section 5.3.1.
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Figure 5.5: Stewart degrading hysteresis (Carr, 2000)
5.3.1. Experimental Data Matching

Over 30 parameters are required to accurately replicate the experimental hysteresis of a
shear wall using the Stewart model. Of these parameters, seven were found by trial and
error, one was calculated as described in Section 5.3.2 (F,), and the remaining, which
concerned the frame type properties, were obtained by following the Ruaumoko manual.
The selection of values for the different variables was made by visual inspection and
comparison of the experimental data curves and the Stewart hysteresis, as well as by an
energy balance between the two curves. Table 5.1 shows the recommended parameters
for the three wall configurations used in this body of research. Values for the stiffness,
K, and the yield force, Fy, were obtained by visual inspection and not by using the wall
stiffness and yield force values found with the EEEP method, as discussed in Section 4.2.
The values of most parameters increase as the screw spacing decreases, with the
exception of the pinch factor alpha, a, which is larger for the 152/305 mm (6”/12”) screw
pattern (0.52) compared with a value of 0.45 for the two other screw patterns. Also, one
can note that the unloading stiffness factor, Pyny, is lower for the smallest screw spacing

(75 mm, (3”)).
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Table 5.1: Stewart hysteresis parameters for light gauge steel frame / OSB panel (9 mm
(3/8”))

Wood Size Screw K, F F F,

Panel (mm) P(z;ntt;;n (kN/mm) r (k]zl) (k;{) (kN) Puve | @ B

Tests

41&42 | OSB | 1220%x2440 | 152/305 1.88 0.15] 9.50 [ 1425 | 1.15 { 1.75 |} 0.52 | 1.09

43&44 | OSB | 1220x2440 | 100/305 2.22 0.17 11423 12141 | 1,70 | 1.75 | 0.45 | 1.09

45&46 | OSB | 1220x2440 | 75/305 2.61 0.19 | 1850 | 2745 | 2.50 | 1.45 | 0.45 | 1.09

The first step in matching the test results with the Stewart hysteresis model consisted of
superimposing the three monotonic test curves for a particular wall configuration. Then
Hysteres, a program within the non-linear time history dynamic analysis program
Ruaumoko, was run using the values listed in Table 5.1 to obtain the best fit curve, based
on visual inspection (Figure 5.6a). Note, in this figure only the monotonic curve for test
43A is plotted. Since a single set of parameters representing all the walls with the same
configuration was needed, only one hysteresis per type of wall was created. Therefore,
this hysteresis needed to fit all three monotonic curves. A perfect match was impossible
to obtain because of the non-linear properties of the shear wall behaviour and because
more than one test curve was considered. To assist in the selection of the parameter
values, the energy dissipation was also relied on. The cumulative energy, calculated from
the area under the modeled monotonic curve, was kept within 10% of that obtained from

the experimental resistance vs. displacement curves (Figure 5.6b).
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Figure 5.6: Superposition of Stewart model and experimental monotonic curve (Test 43A)

The same process was applied to the cyclic test data. That is, the experimental set of data
for the three shear walls built with the same screw schedule were superimposed to find
the best combination of parameters. In addition, the parameter values needed to be
adequate for the monotonic tests. Therefore, the parameters obtained from the modeling
of the monotonic curves were used and then modified as necessary to calibrate the cyclic
test models. As a final recommendation, only one set of parameters per wall
configuration, which independently represent the monotonic and cyclic behaviour, were
provided (Table 5.1). This matching process for the cyclic tests also relied on visual
inspection and a cummulative energy dissipation check, as described for the monotonic
tests. Figure 5.7 [a] shows the hysteresis behaviour of a typical 1220 x 2440 m (4’ x 8’)
OSB shear wall with the Stewart hysteresis model, while Figure 5.7 [b] illustrates the
cumulative dissipated energy of both the test and model hystereses. Figures that show the

superposition of test and modeled hystereses can be found in Appendix ‘C’.
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Figure 5.7: Superposition of Stewart model and experimental cyclic hysteresis (Test 44C)

5.3.2. Limitations

Even with good representation of all the experimental hystereses as provided by the .
parameter values listed in Table 5.1, the Stewart model has some limitations. First of all,
the movement of the wall from positive to negative displacements is defined as
symmetric according to the model. In contrast, the experimental hystereses show that a
shear wall first pushed in the positive direction to a certain displacement will not reach
the same resistance level in the following negative displacement excursion because some
damage has occurred during the initial segment of the displacement cycle. This
phenomenon cannot be accounted for in the model. However, as shown in Section 4.4,
the ultimate shear resistance, §,, was calculated based on both the negative and positive
segments of the reversed cyclic test hysteresis. This average value, which is lower than
the one expected in the positive loading segment alone, was used to define the maximum
wall resistance of the model. In this fashion, and by incorporating the cumulative energy
balance, it was possible to account for the discrepancy between the resistance level

reached during the positive and negative cycles of the physical shear wall test.
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A second limitation of the model is due to the fact that it does not include a parameter that
indicates whether or not the wall has reached failure. That is, the model will deform
indefinitely with the maximum shear resistance maintaining its ultimate value. This is in
contrast to the tested walls, which exhibited a decrease in capacity once the lateral
displacement became large. In Section 3.1.6, it is explained that the test wall was
considered to have reached failure when the post ultimate load decreased to 80% of the

ultimate (peak) load.

To account for this shortcoming in the subsequent analyses of building models using
Ruaumoko (Section 5.4) the maximum rotation that a shear wall can undergo based on
the 80% post ultimate load was defined (Eq. 5-1). This equation is similar to those used
for average shear stiffness and resistance of the wall in Section 4.4. The results of the
dynamic analyses were then compared with this limit (Table 5.2) to establish whether the

wall remained within its useable performance range.

_— Oosus g ;HO.SM-,avg
Oosuavg = > (5-1)
where,
Oosur.avs = Z[g"e";g” b , [rad] (5-3)
O su-g = 2ol , [rad] (5-4)

n
Brer0.3. = Rotation at 80% of ultimate shear force (after peak load), [rad]

n =number of walls with same configuration and protocol
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Table 5.2: Maximum rotation of shear walls

OSB 9mm (3/8”) .

Screw Pattern Maximum
(mm) Rotation (10° rad)
75/305 19.1

100/305 21.2
152/305 22.3

One other important limitation is due to the values that were recommended for the
stiffness and the yield force parameters of the model (Table 5.1). These values were
chosen to fit the monotonic test curve and the cyclic hystereses loops as precisely as
possible. The stiffness and strength values recommended for modeling are not those
calculated in Chapter 4 using the equivalent energy elastic-plastic (EEEP) approach, and
hence should not be used for design. Rather, these values should only be incorporated in
the non-linear time history dynamic analysis of buildings. It is important to make this
point clear such that no errors are made while interpreting the output results from the

analyses presented in Section 5.4.

Finally, the modeling parameters derived in this Chapter are appropriate for the three wall
configurations of 9 mm OSB included in this research. If another wall configuration is to
be analyzed, one would need to consult the recommendations by Boudreault (2005),
which cover shear walls with 12.5 mm plywood and 11 mm OSB sheathing. If the wall
configuration is different from what is found herein and in the work by Boudreault, then

additional testing would be required to establish the correct model parameters.

5.4. DESIGN AND BASE SHEAR CALCULATION

Typically light gauge steel frame / wood panel shear walls are used in buildings of
relatively small proportions. That is residential structures, condominiums and small
commercial buildings. Hence, to evaluate these shear walls under earthquake loading, it
was decided to design the seismic force resisting system (SFRS) of two representative

buildings located in Vancouver, BC. Their design was carried out following the 2005
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National Building Code of Canada (NRCC, 2005) and the shear wall design values
tabulated in Chapter 4 of this thesis. The first structure is a traditional two-storey
Canadian house of approximately 167.2 m* (1800 ft*) and the second structure is a small
three-storey commercial building of about 174.2 m* (1875 fi*). The design of both
structures, as well as the respective base shear calculation, is presented in the following
Sections. Note that the design of the shear wall system was done without consideration of
the lateral wind loads applied to the building, which in some cases could control the

selection of framing, sheathing and connection components.

5.4.1. House Design

According to the Canadian Home Builder’s Association (CHBA), the average Canadian
house has an area of 167 m® (1800 ft*), which is equivalent to a 7.2 m x 11.6 m two-
storey house (83.5 m® / storey) (CHBA, 2003). To keep the SFRS design as simple as
possible, it was decided to specify a symmetric rectangular shape house with a flat roof.
The entire wall and floor structure is to be made of light gauge steel framing with OSB
panels used for sheathing and flooring. It was also assumed that two 1220 mm (4’) long

shear walls would be symmetrically placed along each face of the building (Figure 5.8).

The approximate specified dead loads for the roof, wall and floor were found in the load
tables included in the Handbook of Steel Construction, 8™ Edition (CISC, 2004). Table
5.3 summarizes the respective weights of the structural and non-structural components of
the house. Table 5.4 lists the live loads for both the roof and the floor. To obtain the live
load due to the snow accumulation on the roof, Equation 5-5 was used. As noted
previously the snow (S;) and rain (S,) loads were those for Vancouver, BC. The basic
roof snow load factor (Cp) was taken as equal to 0.8 as suggested by the NBCC since the
amount of snow on the roof is usually lower than on the ground. The wind exposure
factor (C,) was chosen to be 1.0 because in suburbs, houses are about the same height and
are a few metres apart, which leaves their roofs well exposed to wind. As the roof chosen
for this specific design had no slope, a value of 1.0 for the slope factor (C;) and for the

accumulation factor (C,) was used.
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Table 5.3: House dead loads

Roof Description Load (kPa)
Sheathing 3/4” (19.1 mm) plywood 0.10
Insulation Glass fibre blown (100 mm) 0.04
Ceiling Gypsum (12.5mm) 0.10
Joists Light gauge steel: 600 mm apart 0.12
Roofing 3-ply + gravel 0.27
Other fixtures 0.03

Total load for roof 0.66

Floor
Interior partitions 1.00
Flooring Hard wood (25 mm) 0.20
Sheathing 3/4” (19.1 mm) OSB 0.09
Joists Light gauge steel: 400 mm apart 0.15
Ceiling Gypsum (12.5 mm) 0.10
Other fixtures 0.03

Total load for floor 1.57

Table 5.4: House live and snow loads (NBCC)

Roof Description Load (kPa)
Snow Vancouver region 1.64
Total load for roof 1.64
Floor
House — live 1.90
Total load for floor 1.90

The snow load equation as prescribed by the 2005 NBCC accounts for the geographical

location, exposure, roof shape and slope:
S=1,x[s,x(C,xC,xC,xC,)+S,] (5-5)

where,
S = Snow load, [kPa]
I; = 1.0, importance factor for snow load (2005 NBCC)
Ss = 1.8 kPa, snow load for Vancouver (1/50yr) (2005 NBCC)
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Cp = 0.8, basic roof snow load factor (2005 NBCC)

C, = 1.0, wind exposure factor (2005 NBCC)

C; = 1.0, roof slope factor (flat roof) (2005 NBCC)

C, = 1.0, accumulation factor (2005 NBCC)

S; = 0.2 kPa, rain load for Vancouver (1/50yr) (2005 NBCC)

Also according to the 2005 NBCC, the structural components of a building must be
designed with the most unfavourable effect of the seven load combinations shown in
Table 4.1.3.2 and requirements of Article 4.1.3.2 of the Code. Since it is the shear wall
element subjected to earthquake loading that is the main subject of this study, load case 6

of the NBCC was considered to be applicable (Eq.5-6).

1.0D+1.0E +0.5L+0.25§ (5-6)

where,
D = Specified dead load, [kN]
E = Specified earthquake load, [kN]
L = Specified live load, [kN]
S = Specified snow load, [kN]

In order to obtain the factored loads used in design, the specified loads given in Tables
5.3 and 5.4 would need to be multiplied by their respective tributary areas (T.A.) and the
appropriate factors, which are shown in Equation (Eq.5-6). However, for the modeling
that was carried out it was assumed that only the dead load and 25% of the specified snow
load contributed to the seismic force in the building (Eq. 5-7). In some situations it is
considered appropriate to include a proportion of the specified live load to account for the
permanent components of the live load in the seismic weight, such as partition walls.
Nonetheless, for these analyses the forces on the shear walls did not include any
contribution from the live load on the buildings. Furthermore, it was assumed that the
floor and roof diaphragm structures acted in a rigid fashion, and hence only the shear

walls of the building were modeled. For this reason the seismic weight at each storey was
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based on the area tributary to an individual shear wall, i.e. one quarter of the floor or roof
area, even though the full gravity effects of these loads could have been supported by
other parts of the structure. The total loads at each storey, which are necessary for the
calculation of equivalent static seismic base shear forces and for the dynamic analyses,

are shown in Table 5.5.

1.0D +0.258 5-7
7.2m
[d— 116 m -]
Figure 5.8: House plan view with shear wall tributary area in grey
Table 5.5: Specified load calculation per shear wall — house design
Specified load
Storey | TYPE of (kPa) En‘:wf;’l’l Specified | 1.0D+0.258 loaT(;’g‘('N)
Y1 load | (Table53& | l0ad (KN) (kN) (Eq.5.7)
5.4) 9
st
! Dead 1.57 209 32.8 32.8 32.8
storey
Dead 0.66 20.9 13.8 13.8
Roof 'Snow 1.64 20.9 34.2 8.56 223

5.4.2. Small Commercial Building Design

A small commercial building was included in the scope of study in order to examine the
seismic performance of a structure with more than two floors and with higher lateral loads
than a residential building. The floors of this building consisted of a concrete slab, which
added to the seismic weight of the building, and hence the base shear. A three-storey
structure of 7.62 m x 7.62 m (25’ x 25”) with light gauge steel framev/ wood panel walls

97




and a Hambro® floor system (Canam Group, 2004) was chosen (Figure 5.9). The rest of
the structure was kept as simple as possible by using a symmetrical square shape with a

flat roof.

Condinuoue siatb
over wak of beam forms

Figure 5.9: Hambro® D500 floor system (Canam Group, 2004)

Both the Handbook of Steel Construction, 8" Edition (CISC, 2004), and the Hambro
D500 document (Canam Group, 2004) were used to approximate the specified dead loads
for the roof and floors. Table 5.6 summarizes the respective weights of the structural and
non-structural components of the commercial building. Table 5.7 lists the live loads for
both the roof and the floors. To approximate the snow accumulation on the roof of the
building Equation 5-5 was used. The results for the snow load as well as those for the

occupancy live load are shown in Table 5.7.
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Table 5.6: Small commercial building dead loads

Roof Description Load (kPa)
Sheathing 3/4” (19.1 mm) plywood 0.10
Insulation Glass fibre blown (100 mm) 0.04
Ceiling Gypsum (12.5mm) 0.10
Joists Light gauge steel: 600 mm apart 0.12
Sprinklers 0.03
Roofing 3-ply + gravel 0.27
Other fixtures 0.03

Total load for roof 0.69

Floor
Interior partitions 0.72
Flooring Hard wood (25 mm) 0.19
Concrete slab 3” thick (75 mm) 1.77
Acoustic tile 12 mm 0.04
Joists 1251 mm apart 0.12
Other fixtures 0.03

Total load for floor 2.87

Table 5.7: Small commercial building live loads (NBCC)

Roof Description Load (kPa)
Snow Vancouver region 1.64
Total load for roof 1.64
Floor
Commercial
structure On ground 4.80
Above ground 2.40
Total load for floor 2.40

Using Equation 5-7, the loads for each floor were computed. Table 5.8 summarizes the
specified loads (dead and live), the tributary area for a given shear wall and the total loads
per floor per shear wall. The calculation of these loads was based on the same philosophy
as outlined for the house in Section 5.4.1. These values will later be used in the dynamic

analyses and for the calculation of NBCC equivalent static loads.

99



Table 5.8: Factored load calculation per shear wall — commercial building design

Specified load
T.A. for . Total
Storey Type of (kPa) one wall Specified | 1.0D+0.25S load (kN)
load (Tables 5.6 & (mz) load (kN) (kN) (Eq.5-7)
5.7) 9.
st
;torey Dead 2.87 14.5 41.7 41.7 41.7
nd
gtorey Dead 2.87 14.5 41.7 41.7 41.7
Dead 0.69 14.5 10.0 10.0
Roof e ow 1.64 14.5 23381 5.95 160
762m
4—— 762 m L]

—

Figure 5.10: Commercial building plan view with shear wall tributary area in grey

3.5.

NBCC 2005 BASE SHEAR CALCULATION

The 2005 NBCC seismic provisions are based on a uniform hazard spectrum with a 2% in

50 year probability of exceedance. This is one of the major changes from the 1995 to the

2005 version of the code, where previously a 10% in 50 year probability of exceedance

was used for the determination of seismic hazard. The other major changes to the seismic

provisions are as follows: “updated hazard in spectral format, period-dependent site

factors, delineation of effects of overstrength and ductility, modified period calculation

formulae, explicit recognition of higher mode effects, rational treatment of irregularities,

triggers for special provisions incorporated directly in classification of structural systems,

and placing dynamic analysis as the normal “default” method of analysis for use in

seismic design” (Heidebrecht, 2003).
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The overstrength and the ability of a structure to perform in the inelastic range of
behaviour are two aspects on which engineers base their design for seismic actions in
Canada. Equation 4-25 shows the 2005 NBCC design base shear (¥) in which the factors
R; and R, are used to reduce the elastic shear force. These two force reduction factors
must be known prior to the shear force calculation in order to design the structure. In the
case of light gauge steel frame / wood panel shear walls, the ductility-related (R; = 2.5)
and overstrength-related (R, = 1.8) force modification factors were derived from full scale

tests as described in Chapter 4.

_S(THM,IW
RdRo

4 (4-25)

However, the result of the base shear equation is bounded by the following two equations:

SQ.OM,IW

V> 5-8
R.R (5-8)
y < 28501 W (5-9)
3 R,R,
where,
S(T) = Design spectral response acceleration
T=0.05x h,** (for shear walls) (5-10)

T = Period of the structure, [s]

h, = Height of the structure, [m]

My = Factor for higher mode effects

Iz = Importance factor of the structure

W = Seismic weight, [kN]

R; = Ductility-related force modification factor

R, = Overstrength-related force modification factor
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From the period the spectral response acceleration is interpolated between Tables
4.1.8.4.B & 4.1.8.4.C of the 2005 NBCC. A site class E was chosen for both designs
because Vancouver is mainly considered as a soft soil region. The factor for higher mode
effects, M,, depends on the S,(0.2) / S,(2.0) ratio, the type of lateral resisting system and
the period of the structure. From Table 4.1.8.11 of the 2005 NBCC, M, was chosen to be
1.0 since the period of both structures is below 1.0 s regardless of the S;(0.2) / S4(2.0).
The importance factor, I, is equal to 1.0 as both structures fall in the normal importance
category. The seismic weight is equal to the dead load of the structure plus 25% of the
snow load, which is equal to 220.8 kN and 397.3 kN for the house and the commercial
structure respectively. All the variables described with their corresponding values are

summarized in Table 5.9.

Table 5.9: Variables for shear base calculations for both structures

Variables of | Residential Commercial

Eq.4-25 Building Building

Ry 2.5 2.5

R, 1.8 1.8

Ie 1.0 1.0

M, 1.0 1.0

W 220.8 kN, 397.3 kN,
W;=131.3kN Wi, W>=166.7T kN
W, =89.5 kN W;=63.9 kN

T 0.17 sec. 0.25 sec

h, 5.19m 8.52m

S(T) 0.891 (F,S5,(0.2)) | 0.891 (F,S,(0.25))

S4(0.2) 0.94

Sq(0.5) 0.64

Sa(1.0) 0.33

Sq(2.0) 0.17

The design base shear is computed with equations 4-25, 5-8 and 5-9. In both cases the
base shear given by Equation 5-9 is smaller than that of Equation 4-25. Therefore a value
of 29.2 kN and of 52.4 kN are used as the total base shear for the house and the small
commercial structure respectively (Table 5.10). Note that the minimum base shear (Eq.
5-8) requirement is met for both buildings. The base shear force acts at the centre of mass

of the structures which happen to match the centre of gravity due to the symmetry of the
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structures. However, torsional effects should be considered as prescribed by the 2005
NBCC. To account for torsional effects, the base shear force was applied at a distance
0.1D, from the centre of mass of the storey. Therefore, using statics, the largest lateral

force induced on one shear wall was found, as follows:

tor —
D

n

. 5D
% —Vx(-(—)—lg”——-i-—(—)ii]+2=0.3xV (5-11)

where,

V:or = Base shear induces to one shear wall with torsional effects, [kN]

V = Base shear, [kN] (Table 5.10)
D, = Plan dimension of the building perpendicular to earthquake load, [m]

The results of Equation 5-11 are shown in Table 5.10. The V,, values found (one per
building) represent the total base shear acting on a single shear wall. Figure 5.11 shows

both structures with their respective shear walls in grey.

Table 5.10: Base shear value for design

Base shear Residential Commercial
calculation Building Building
V (kN) V (kN)
Equation 4-25 43.7 78.6
Equation 5-8 15.2 26.7
Equation 5-9 29.2 52.4
Design Base Shear, V 29.2 524
Vior 8.76 15.7
I || |
| y Ly

Figure 5.11: Plan view of both structures with location of all four shear walls:
[a] house, and; [b] commercial building
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The base shear force, V;,,, values were then distributed over the height of the buildings (at

every storey) according to Equation 5-12.

where,

F

i=1

— (I/tor —Ft)thx

x n=2

W.h

it

F,= Expected force on one shear wall at storey x, [kN]

(5-12)

Vo= Base shear induces to one shear wall with torsion effects, [kIN] (Table 5.10)
F;=0 since T <0.7s, [kN]
W, = Seismic weight at storey x, [kN] (Table 5.9)

h, = height of storey x, [m]
Wh; = Seismic weight times storey height for storey 7, [kNm]

In Table 5.11, F; values, which represent the applied seismic load at the floor and roof

levels, and the S, values, which are the cumulative shear transferred down through the

SFRS, are provided. To view the complete calculation of these values as well as the

calculation of base shear design values refer to Appendix ‘D’.

Table 5.11: Maximum shear force developed per shear wall

Residential Building Commercial Building
F, Sy F, Sy
Storey (Eq.5-12) per wall (Eq.5-12) per wall
(kN) (kN/m) (kN) (kN/m)
1* Floor 5.46 7.18 6.55 12.8
2" Floor 3.30 2.70 6.65 7.46
3" Floor 245 2.01

3.5.1.

Shear Wall Configuration Based on Resistance

The maximum seismic shear forces obtained for the house using the 2005 NBCC

approach (Sy; = 7.18 kN/m and Sp = 2.70 kN/m) (Table 5.11) are smaller than the lowest

factored resistance value obtained for the shear walls tested in this body of research (S, =
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7.5 kKN/m) (Table 4.6). Therefore, all the shear walls to be used in the construction of the
two-storey residential structure were specified to consist of 9 mm thick OSB sheathing
with a screw spacing of 152 mm (6”) along the perimeter of the panels. Walls with a
greater shear resistance were needed for the commercial building due to the elevated
seismic shear forces. In this case a shear wall with 9 mm thick OSB panels connected to
the framing using a screw spacing of 75/305 mm (3”/12”) was necessary to ensure that

Sy, Sp, and Sz were below the shear resistance (S, = 14.3 kN/m) (Table 4.6).

Other wall configurations, as detailed by Branston (2004), could have been specified for
these buildings. It was decided, however, to use the wall configurations tested for this
research project since they possessed adequate capacity. Hence, 9 mm thick OSB panels
were used for the shear walls of both structures. In addition, other wall configurations
could have been chosen for the upper storey of the three storey building, i.e. walls with a
screw spacing of 152 or 100 mm (6” or 4”), because of the lower applied shear forces.
Owing to the preliminary nature of the dynamic analyses documented in this thesis, in
terms of simplicity it was decided to use only one wall configuration per model. By
taking this approach the lower storey of the SFRS will always control the design. As
well, it is reasonable to assume that the greatest inelastic demand, as obtained from the
dynamic analyses (Section 5.7), will also be placed on the lower storey. In the future it is
recommended that additional non-linear time history analyses be carried out on buildings

in which the screw spacing is increased for the upper storeys.

5.5.2. Shear Wall Configuration Based on Stiffness

Once the shear wall configuration had been selected based on resistance, it was necessary
to evaluate the deflection of the SFRS and to compare it with the drift limit as defined by
Section 4.1.8.13 of the 2005 NBCC. Note that only the inelastic seismic drift limit of
2.5% of the storey height was considered for these calculations. Elastic deflections based

on service wind loads were not evaluated.
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The elastic displacement (A.) is the maximum lateral displacement of a storey when a
static force is applied at a distance 0.1D, from the centre of mass of the storey, i.e.
accidental torsion effects are accounted for. Therefore, the shear force presented in Table
5.11 can be used directly to calculate the elastic displacement because it already includes

the torsion effects. The elastic displacement can be obtained with Equation 5-13.

A, = Sf% (5-13)

where,
A, » = Elastic displacement at storey #, [mm]
S;»= Factor shear resistance at storey n, Table 5.11, [kN/m]
k. = Stiffness of wall, [kKN/mm/m] (Table 4.6)

To obtain more realistic values of the anticipated inelastic storey deflection (Amax) under
seismic loads, the elastic displacement (A.) is multiplied by RsR,/Ig (Eq.5-14). The
largest interstorey drift must be kept under 0.025 times the storey height (Eq.5-15)
(NRCC, 2005). The results are shown in Table 5.12 for both types of building and for all

storeys.

Aparn = =22 x A, (5-14)

where,
Amax, » = Anticipated inelastic deflection of storey n, [mm]
R;=2.5, Ductility-related force modification factor, Chapter 4.7.1
R, = 1.8, Overstrength-related force modification factor, Chapter 4.7.2 (Table 4.14)
Ig = 1.0, Importance factor of the structure, Table 4.1.8.5 of the 2005 NBCC
A, » = Elastic displacement at storey n, [mm] (Eq.5-13)

A =0.025x A, (5-15)

drift lim,n

106



where,
Agripim,» = Drift limit, section 4.1.8.13. 3 of the 2005 NBCC, [mm]
hs = height of storey s, [m]

Table 5.12: Calculation for drift limitation

Drift Limitation | Residential Building | Commercial Building
Ao 4.4 mm 6.1 mm
A,z 1.6 mm 3.6 mm
Ae 3 1.0 mm
Aoz 1 19.8 mm 27.5 mm
Amax,2 7.2 mm 16.2 mm
Amwc,3 4.5 mm
Adriftim, 1 68.8 mm 71.0 mm
Adrifitim,2 61.0 mm 72.3 mm
Adriftim,3 69.8 mm

As can be seen in Table 5.12, Agnmim, is always larger than Ay, Which indicates that
the wall configurations chosen for the two buildings are adequate based on the inelastic
seismic drift limit. In summary, a design that includes four shear walls per storey parallel
to the earthquake load made with 9 mm OSB panels and with a screw spacing of 152/305
mm (6”/12”) is adequate for the residential building. In the case of the small commercial
building, the same number of walls is needed, except that the shear loads are greater.
Therefore 9 mm OSB wood panel shear walls with a screw spacing of 75/305 mm

(3°/12”) was chosen and proven to be adequate for this structure.

5.6. DYNAMIC ANALYSES

This Section describes the non-linear time history dynamic analyses that were carried out
for the two representative buildings. A two-storey shear wall model with Stewart
hysteretic elements (Stewart, 1987) was used for the house design in addition to a three-
storey shear wall model for the small commercial building design. As noted previously,

the floor and roof diaphragms were considered rigid, and hence, were not included in the
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model. Ruaumoko (Carr, 2000) was used for the dynamic analyses with ten earthquake
ground motion records from the west coast of North America. The earthquake records
were scaled to the spectral acceleration curve from the 2005 NBCC for the Vancouver,

BC, Canada region.

5.6.1. Earthquake Records

The earthquake ground motion records of interest were those that would represent
possible seismic events on the west coast of Canada. A total of ten records, four
simulated and six real earthquake records from California and Washington States, were
obtained for the study (Table 5.13). Each earthquake record was scaled such that its
acceleration spectrum matched the 5% damped 2% in 50 year probability of exceedance
spectrum from the 2005 NBCC for the Vancouver region (Table 5.14 & Figure 5.12).
The scaling was made by visual inspection (Figure 5.12) for each earthquake listed. The
peak ground acceleration as provided by the 2005 NBCC is 0.46 g for Vancouver. The
scaled ground motion records resulted in peak ground accelerations in the range of 0.26-

0.53 g. All the scaled earthquake spectra are shown in Appendix ‘E’.

Table 5.13: Ground motion records used in Ruaumoko analysis

Time

No. Event Magn. Station deg PGA SF | Step
(2) (sec)

S01 Simulated (Trial #1) M, 6.5 - 0.53 | 1.0 [ 0.01
S02 Simulated (Trial #4) M, 6.5 - 043 | 1.1 0.01
S03 Simulated (Trial #1) M, 7.2 - 028 | 1.1 | 0.01
S04 Simulated (Trial #2) M, 7.2 - 0.31 1.2 | 0.01

S05 | Apr. 24,1984 Morgan Hill | M, 6.1 San Ysidro, Gilroy#6 | 90 | 0.26 [ 0.9 | 0.005

S06 Jan. 17, 1994 Northridge M,, 6.7 | Castaic, Old RidgeRt. | 90 | 034 | 0.6 | 0.02

S07 Jan. 17, 1994 Northridge M, 6.7 | Castaic, Old Ridge Rt. 0 026 | 0.5 | 0.02

S08 [ Oct. 18, 1989 Loma Prieta M, 7.0 Stanford Univ. 0 0.29 | 1.0 | 0.005

S09 Oct. 18, 1989 Loma Pricta M, 7.0 Presidio 90 0.26 1.3 0.02

S10 | Apr. 13, 1949 West.Wash. M, 7.1 Olympia, Test Lab 86 0.42 1.5 0.02
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Table 5.14: 5% damped spectral response acceleration values (Vancouver, BC)

T(sec) S.(T)
0.2 0.94
0.5 0.64
1.0 0.33
2.0 0.17
4.0 0.085
1.4
. 1.2 1
z
s 08 —S801
g 0.6 —e— CODE
g 0.4
2
@ 0.2
o T T T 1
0 1 2 3 4 5
Time (sec)

Figure 5.12: Vancouver 5% damped spectral response acceleration vs. scaled
ground motion SO1

5.6.2. House Model

A diagonally braced structural model was created to replace the OSB sheathed shear wall
(Figure 5.13). The single-storey model was first used in a pushover analysis with which
the definition of model parameters and the use of a brace frame for analysis were verified
(Section 5.6.2.1). The two sets of diagonal braces (elements 4, 5, 12 & 13) were defined
as Stewart elements, while simple linear elastic beam (elements 2, 7 & 10), column
(elements 1, 3, 9 & 11) and floor connector elements (elements 6 & 8) were used
elsewhere (Figure 5.14). Lumped weights were applied to the model at nodes 5 & 8 (1%
storey) and at nodes 6 & 7 (roof). The weights considered were equal to 100% of the
dead load on the 1% floor and equal to 100% of the dead load plus 25% of the snow load

on the roof over the tributary area to the shear wall, i.e. one quarter of the floor or roof
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area (Tables 5.5 & 5.8). It is important to note that although the term “weight” is used

herein, Ruaumoko converts the applied weights into masses automatically.

An inelastic Newmark constant average acceleration (non-linear dynamic time-history)

analysis was chosen to test the model with a time step interval of 0.005 sec or 0.01 sec

depending on the ground motion data file (Table 5.13). A Rayleigh damping of 5% was

assumed for the 1% and 2™ mode of vibration of the structure.

1.22m

244 m

fal

{b]

Figure 5.13: Ruaumoko models: [a] One-storey shear wall
[b] Two-storey shear wall with floor

10 6
12
9 11
13
7 5
6 8
2 2

[a) 1

4

7

[b]

Figure 5.14: Ruaumoko models: Two-storey shear wall:
[a] Element numbers, and [b] Node numbers
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Each element was defined as a spring with appropriate values of stiffness and strength.
Since the braces were responsible for providing the hysteretic behaviour of the entire wall
as it was tested, they were given the values of the hysteresis models derived in Section 5.2
(Table 5.1). All the hysteretic parameters of the wall were adjusted to account for the
oblique position of the braces, since these parameters represented the horizontal
resistance of the wall. In addition, the hysteretic parameters were divided by two because
the braces worked equally as well in tension as in compression (Table 5.15). The beam
and column elements were given a stiffness of 1x10° kN/m to ensure that the forces and

the deformations of the wall passed through the fuse elements; i.e. the brace elements.

Table 5.15: Summary of model properties

Braces
Spring member — Stewart hysteresis
Unit House Commercial buildin
Length ~ (m) 2.728 2.999
FU (kN) 15.92 33.80
FX (kN) 10.61 22.78
FI (kN) 1.29 3.08
KX (kN/m) 4700 7915
RF 0.15 0.19
PTRI 0 0
PUNL 1.75 1.45
GAP+ (m) 0 0
GAP- (m) 0 0
BETA 1.09 1.09
ALPHA 0.52 0.45
Columns
Spring member — Elastic
Unit House Commercial building
Length ~ (m) 244 2.74
KX (kKN/m) 1x10° 1x10°
Beams
Spring member — Elastic
Unit House Commercial building
Length (m) 1.22 1.22
KX (kN/m) 1x10° 1x10°
Floor connectors
Spring member — Elastic
Unit House Commercial building
Length (m) 0.31 0.15
KX (kN/m) 254559 254559
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In the case of the two-storey model, a gap of 0.31 m between the upper and lower walls
was left to represent a floor (Figure 5.13[b]). The two vertical linear elastic elements
(elements 6 & 8) joining the walls together through the floor gap were given the axial
stiffness of the holddown threaded rods used in testing. These two elements were free to
deform in the vertical axis only because the floor, in this case through its thickness, was
considered to be a rigid diaphragm. The nodes at the end of these elements (nodes 2 & 5,
and 3 & 8) were constrained such that their horizontal movement was equal, i.e. the floor
gap of the model did not distort in shear but could move horizontally or vertically as a
rigid body. All connections between the elements were pins allowing for rotation as well
as horizontal and vertical displacements, except at the lower ends (nodes 1 & 4) where the

pins were only allowed to rotate.

The lumped weights used in the models were taken from the previous calculations
described in Section 5.4 (Table 5.5). For practical reasons, since dynamic tests of two-
storey shear walls will hopefully be carried out on a shake table in future studies, the
weights given in Table 5.5 were rounded to the nearest kilo Newton, thus keeping the
total weight of the structure as close as possible to the one calculated. The floor weight in
the model was taken as 33 kN, which was placed at the bottom comers of the second
storey wall segment (nodes 5 & 8) (16.5 kN / node), while the roof weight was taken as
22 kN, which was located at the extremities of the wall top (nodes 6 & 7) (11 kN / node).
The total weight applied on the model is therefore 55 kN, which is approximately equal to
the total of 55.1 kN listed in Table 5.4.

In all, four column, three beam, two link and four brace elements were used to model the
two-storey shear wall. All node and element coordinates / parameters were included in a
text file (Appendix ‘F’) created for later use in Ruaumoko. All the data in the input text
files were expressed in kilo-Newtons (kN), meters (m), seconds (sec.) or a combination of
the three. The other information that varied for each input file were parameters specific
to the ground motion record, such as the length (time) and the scale (increment of time) of

the earthquake record, as well as the name of the record to be used for the analysis.
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5.6.2.1. Pushover analysis of single-storey model

It was decided to first build a one-storey version of a typical 152/305 mm (6”/12”) screw
schedule wall (Figure 5.13[a]) to evaluate the model in terms of its ability to replicate the
monotonic behaviour of the tested shear walls. A push-over evaluation was carried out
which resulted in a shear resistance vs. deflection diagram identical to the calibrated
Stewart hysteresis (Figure 5.15). This indicates that the cross-braced model was able to
replicate the resistance vs. deflection behaviour of the calibrated Stewart hysteretic

elements (Section 5.3), and hence, represent the actual performance of the shear walls that

were tested.
1StoreyShear wall: Pushover
{4x8 OSB 6"/12")
Net Deflection (in.)
[ 05 1 15 2
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Figure 5.15: Pushover hysteresis vs. Stewart hysteresis
5.6.3. Commercial Building Model

The three-storey shear wall model of the commercial building was essentially the same as
that used for the house. However, it was not possible to simply add one more floor and
storey (shear wall) to the two-storey model because of the type of floor that was chosen in
the preliminary design in Section 5.4.2. The Hambro® system is typically composed of a
300 mm (12”) deep truss which is placed underneath a 75 mm (3”’) thick concrete slab. It

was assumed that a W150 x 22 beam is placed above each shear wall to support the
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concrete slab. Furthermore, the slab was positioned on top of the bottom flange of the W-
section, which caused the truss members to hang 300 mm (12”) below the top of the shear
wall. This will decrease the clear height of the storey to 2.14 m (7’), which is not
considered sufficient. Hence, the wall height was increased by 300 mm (12”) resulting in
a 2.74 m (9°) high storey (Figure 2). The floor depth was taken as the depth of the W-
beam that is 150 mm (6).

1.22m
8 10 1"
20
17 19
21
€ 15 9 12
e " L
S 10 6 7
12
9 11
13
7 5 8
. 6 8
T 2 2 3
4
15
= 1 3
o
5
4 fal b] 1 4\[q]

Figure 5.16: Ruaumoko models: Three-storey shear wall:
[a] Dimensions, [b] Element numbers, and [c¢] Node numbers

The various properties of the shear walls obtained from the 1.22 m x 2.44 m (4’ x 8’) test
results were assumed to apply for the 2.74 m (9°) tall walls as well. It was also assumed
that for this type of construction the same threaded rods were used to connect one storey
to the next as described in the previous two-storey model. Therefore, the stiffness used

for the beams, columns and link elements were the same as previously discussed in
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Section 5.6.2. The properties of the braces were modified since the screw schedule was
75/305 mm (3/12”) and their slope was changed. All the other elements were given the

same properties as those of the previous model (Table 5.15).

Based on the calculations presented in Section 5.4.2, the weights on the walls were as
follows: 42 kN (21 kN / node) on the first storey and second storey, and 16 kN (8 kN /
node) on the roof. Once again the weights on all storeys were distributed to the two
corners of the modeled walls. However, contrary to the two-storey model, the weights
were set directly on top of the wall (nodes 2 & 3, and 6 & 7) instead of at the bottom of
the upper storey wall (nodes 5 & 8, and 9 & 12). These nodes were chosen because the
weight originating from the slab was applied at the bottom of the W-section beam, which
is located close to the top of the wall. The weight on the roof was positioned at nodes 10
& 11. The total weight applied to the model was 100 kN, which is approximately equal
to the total of 99.4 kN listed in Table 5.8. The weights considered were equal to 100% of
the dead load on the 1% and 2™ floors and equal to 100% of the dead load plus 25% of the
snow load on the roof over the area tributary to the shear wall, i.e. one quarter of the floor

or roof area (Table 5.8).

In all, six column (elements 1, 3,9, 11, 17 & 19), five beam (elements 2, 7, 10, 15 & 18),
four link (elements 6, 8, 14 & 16) and six brace elements (elements 4, 5, 12, 13, 20 & 21)
for a total of twenty-one elements were used to model the three-storey shear wall for the
commercial building (Figure 5.16[b]). All twelve nodes were defined as pins, with only
the two lower nodes (nodes 1 & 4) not able to move laterally or vertically (Figure
5.16[c]). The properties of the link elements were defined as in the house model. The

three-storey shear wall input text files can be found in Appendix ‘F’.

5.7. ANALYSIS RESULTS

The Dynaplot program (Carr, 2000) was used with the output files from the non-linear

time history dynamic analyses to obtain the displacement and force time histories for all
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storeys and for at least one brace per storey. It was not necessary to create a file for each
brace in a particular storey since the two braces provided the same contribution to the
SFRS, albeit with opposite signs, resulting in the same axial load vs. displacement
behaviour. From the geometry of the model, the axial forces in the brace were converted
to the shear forces in the direction of loading. Similarly, the nodal displacements were
converted to rotations to compare with the results obtained from the experimental tests

described in Chapter 3.

5.7.1. House Model Analysis Results

Using the wall resistance obtained from the axial forces in the braces and the nodal
displacements, wall resistance vs. rotation curves, as well as time history plots, were
created for each storey in the model and for each of the ten ground motion records.
Figure 5.17 shows a typical hysteresis for both the upper and lower storeys of the shear
wall model. The results for the ground motion S09 represented the worst case scenario,
based on maximum wall deflection, obtained for the house model given the suite of
ground motions that were used. As can be seen, the wall segments did not experience a
rotation that exceeded the limit suggested by the full-scale shear wall tests (Table 5.2).
Figure 5.18 shows the wall resistance and the rotation with respect to time. The wall
rotation remained within the deformation limit for the entire time history, however a
permanent post earthquake deformation resulted. Resistance vs. rotation and time history

plots for the remaining ground motion records can be found in Appendix ‘G’.
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2 Storey Shear wall: EQ S09
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Figure 5.17: Resistance vs. displacement hystereses of the two-storey shear wall under
ground motion S09
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2 Storey Shear Wall: EQ S09
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Figure 5.18: Time history plots of the two-storey shear wall under ground motion S09

For each of the analyses that were run the maximum rotation of the shear wall model was
recorded and tabulated (Table 5.16). In all cases the 1% storey exhibited the largest

deformations, with the majority of results being less than 15 x 102 rad. The shear
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rotation measured during the simulated ground motion S09 was noticeably larger, but

remained below the test based limit, as indicated earlier.

Table 5.16: Maximum rotations of shear wall model for two-storey building

Max rotation

Ground (102 rad)
Motion 1% 2

storey | storey

SO1 11.3 242
S02 15.3 2.50
S03 11.9 2.79
S04 11.3 2.09
S05 12.4 2.22
S06 11.2 2.56
S07 12.7 2.65
S08 12.9 2.56
S09 17.0 1.95
S10 12.3 2.33

The values presented in Table 5.17 summarize the largest shear resistance and rotation for
both the 1% and 2™ storeys, independent of the ground motion record. The limiting
parameters are also shown for the wall configuration chosen in design, that is; 9 mm OSB

sheathing with a screw spacing of 152/305 mm (6”/12”).

Table 5.17: Summary of dynamic analysis results for the two-storey model

9T$;'%t§§ezh2:f}g§l Maximum Shear Maximum Rotation
Screw Schedule: 8 Resistance (Ruaumoko)
152/305 mm (Ruaumoko) (kN/m) (10 rad)
1* storey 11.7 17.0
2" storey 8.08 2.79
Allowable Values
(experimental data) 11.7 223
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5.7.2. Commercial Building Model Analysis Results

As for the two-storey model, wall resistance vs. rotation curves and time history plots,
were created for each storey of the commercial building model and for each earthquake
ground motion record. Typical hystereses are shown in Figure 5.19 for all three storeys
of the model when subjected to ground motion S07, which represented the worst case
scenario in terms of the storey shear rotation. Nevertheless, none of the shear wall
segments experienced a rotation that exceeded the limit suggested by the full-scale shear
wall tests (Table 5.2). The wall resistance and the rotation time history plots for ground
motion SO7 are shown in Figure 5.20. As can be seen, the wall rotation remained within
the deformation limit for the entire time history, however a permanent post earthquake
deformation resulted in the ground storey, as found for the house model. Resistance vs.
rotation and time history plots for the remaining ground motion records can be found in

Appendix ‘G’.

The values presented in Table 5.19 summarize the largest shear resistance and rotation for
the 1%, 2" and 3" storeys, inclusive of all earthquake records used. The limiting strength
and stiffness parameters are also shown for the wall configuration chosen in design, that
1s; 9 mm OSB sheathing with a screw spacing of 75/305 mm (3”/12”). However, the
most dominant effect was on the first storey as expected and as cited previously. If a
different wall configuration had been chosen for the upper two storeys, i.e. with less

strength and stiffness, the findings may have been different.
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Figure 5.20: Time history plots of the three-storey shear wall under ground motion S07
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Table 5.18: Maximum rotations shear wall model for three-storey building

Ground Max rotation (10 rad)
Motion 1% 2nd 3rd

storey | storey | storey

S01 12.6 4.92 2.29
S02 10.5 4.99 2.26
S03 12.6 431 1.99
S04 6.92 3.65 2.10
S05 12.5 3.43 1.99
S06 10.6 3.88 2.22
S07 16.6 5.05 2.35
S08 11.9 4.81 2.24
S09 16.4 3.34 1.87
S10 9.48 4.62 2.20

Table 5.19: Summary of results for the three-storey model

Three-Storey Model
9 mm OSB sheathing

Maximum Shear

Maximum Rotation

. Resistance (Ruaumoko)
chesv;’:)’?)gh;?;ﬂe' (Ruaumoko) (kN/m) (1 03 rad)
1* storey 22.5 16.6
2" storey 17.3 5.05
3" storey 9.02 2.35
Allowable Values 22.5 19.2

(experimental data)
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CHAPTER 6 CONCLUSIONS & RECOMMENDATIONS

6.1 CONCLUSIONS

In the summer of 2004 the testing of an additional eighteen light gauge steel frame / wood
panel shear walls (three configurations) sheathed with 9 mm OSB panels was completed
under the scope of the shear wall research program at McGill University. These tests are an
addition to the database of sixteen wall configurations created by Boudreault (2005),
Branston (2004) and Chen (2004) in the previous year, and the three configurations
developed by Rokas (2005) in the summer of 2004. The construction method and testing
procedures used herein matched those of the tests carried out in 2003 (Branston et al.,
2004). The data obtained from the tests were used in combination with the equivalent
energy elastic-plastic (EEEP) analysis approach to derive the design values for the walls,
including: shear stiffness, shear strength, resistance factor, maximum allowable rotation,
ductility and force modification factors. A resistance factor, ¢= 0.7, and force modification

factors, R;=2.5 and R, = 1.8, are recommended for design based on the test results.

Following Boudreault’s work, the parameters for the Stewart degrading hysteretic
element (Stewart, 1987) were obtained for the three new wall configurations. A total of
nineteen calibrated steel frame / wood panel shear wall hysteresis models have now been
developed, whose parameters can be used to model any type of structure, residential or

commercial, for dynamic analyses.

Using Ruaumoko (Carr, 2000) a single-storey shear wall / braced frame model, which
incorporated the Stewart hysteretic elements as lateral braces, was first developed. This
model was relied on to validate the applicability of the model with respect to its ability to
replicate the load vs. resistance behaviour of the tested shear walls. A pushover analysis
was carried out using the single-storey shear wall model, which showed that the model

was accurate, and hence, could be used for the dynamic analyses.
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Following this, a preliminary analytical study involving non-linear time history dynamic
analyses of representative wall models was completed. Shear wall models for a two-storey
house and a three-storey commercial building were created. The design of the SFRS of these
buildings, located in Vancouver BC, was first carried out following the 2005 NBCC seismic
loading provisions and the recommended design parameters; R; and R, as well as design
strengths and stiffnesses, obtained from this study. This limited study showed that the two
and three-storey shear walls were adequate under the ten scaled ground motion records
chosen in terms of not exceeding the deformation limits obtained from the physical test
results. This finding confirms that the recommended design method for light gauge steel
frame / wood panel shear walls, including force modification factors, is valid on a preliminary

basis.

6.2 RECOMMENDATIONS

This research forms an introductory analytical study of light gauge steel frame /wood
panel shear walls. Only two simple, symmetric buildings were modeled under ground
motion records scaled for one region of the country. The need for more complex models
situated at various high risk earthquake regions across Canada is necessary. There is also
an important need for background knowledge on the behaviour of the inter-storey
connection and how it should be modeled. Moreover, the scope of modeling should
include different wall lengths and configurations, as well as the non-structural
components of buildings, such as gypsum board, veneer, insulation layer, brick, etc. As
for the loads used in the models, partial live load should be accounted for because some
live loads can be considered permanent, e.g. partition walls. This will increase the
seismic weight acting on the shear walls, and therefore, may increase the displacement
demand. It is important to take all these considerations into account in future studies to
increase the level of understanding concerning the behaviour of light gauge steel / wood

panel shear walls.
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Further study is also warranted with respect to the dynamic testing of shear walls. It is
recommended that multi-storey shear wall systems be subjected to ground motion records
using a shake table setup. The results of the present study, namely expected lateral loads

and deformations, can be used in the design of the testing apparatus.
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APPENDIX ‘A’
REVERSED CYCLIC TEST PROTOCOLS
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Actuator Displacement Input (mm)
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Table A.1: CUREE cyclic protocol for tests 42-A,B,C

A=0.6*A,, [ 33.34 Screw Pattern: 6"/12"
Sheathing: 0SB
Target (corr.) | Actuator Input
Displ. mm mm No. Of cycles
0.050 D 1.667 1.988 6
0.075D 2.500 2.982 1
0.056 D 1.875 2.236 6
0.100D 3.334 3.976 1
0.075D 2.500 2.982 6
0.200D 6.668 7.951 1
0.150D 5.001 5.964 3
0.300D 10.001 11.927 1
0.225D 7.501 8.945 3
0.400D 13.335 15.903 1
0.300D 10.001 11.927 2
0.700 D 23.336 27.830 1
0.525D 17.502 20.873 2
1.000 D 33.338 39.757 1
0.750D 25.003 29.818 2
1.500 D 50.006 59.636 1
1.125D 37.505 44.727 2
2.000D 66.675 79.515 1
1.500 D 50.006 59.636 2
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Figure A.1: CUREE cyclic protocol for tests 42-A,B,C
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Table A.2: CUREE cyclic protocol for tests 44-A,B,C

A=0.6*A,, | 30.19 Screw Pattern: 4"/12"
Sheathing: OSB
Target (corr.) | Actuator Input
Displ. mm mm No. Of cycles
0.050D 1.510 1.961 6
0.075D 2.264 2.941 1
0.056 D 1.698 2.206 6
0.100D 3.019 3.921 1
0.075D 2.264 2.941 6
0.200D 6.038 7.843 1
0.150D 4.529 5.882 3
0.300D 9.058 11.764 1
0.225D 6.793 8.823 3
0.400 D 12.077 15.686 1
0.300D 9.058 11.764 2
0.700D 21.135 27.450 1
0.525D 15.851 20.588 2
1.000 D 30.192 39.215 1
0.750D 22.644 29.411 2
1.500 D 45.288 58.822 1
1.125D 33.966 44.116 2
2.000D 60.384 78.429 1
1.500 D 45.288 58.822 2
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Figure A.2: CUREE cyclic protocol for tests 44-A,B,C
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Table A.3: CUREE cyclic protocol for tests 46-A,B,C

A=0.6*A, | 29.03 Screw Pattern: 3"/12"
Sheathing: 0SB
Target (corr.) | Actuator Input

Displ. mm mm No. Of cycles

0.050D 1.451 2.022 6

0.075D 2.177 3.033 1

0.056 D 1.633 2.275 6

0.100D 2.903 4.044 1

0.075D 2.177 3.033 6

0.200 D 5.806 8.088 1

0.150D 4.354 6.066 3

0.300 D 8.709 12.132 1

0.225D 6.531 9.099 3

0.400 D 11.611 16.176 1

0.300D 8.709 12.132 2

0.700 D 20.320 28.307 1

0.525D 15.240 21.230 2

1.000 D 29.029 40.439 1

0.750 D 21.771 30.329 2

1.500 D 43.543 60.658 1

1.125D 32.657 45.494 2

2.000D 58.057 80.878 1

1.500 D 43.543 60.658 2
3 1 E—
: b
DO T I Y TV L A
: TV
; A
E ;
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Time (sec.)

Figure A.3: CUREE cyclic protocol for tests 46-A,B,C
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APPENDIX ‘B’
SHEAR WALL TEST DATA
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Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 41A
RESEARCHER; Carolin;e Blais ASSISTANTS: A, Frattini

'DATE: 15:Jun-04 TIME: 133
DIMENSIONS OF WALL: 4 FT X 8 FT 'PANEL ORIENTATION: Ventical )

SHEATHING:

Plywood 15/32" APA Rated Exposure 1 (USA)

Sheathing one side

OSB 7/16" APA Rated Exposure 1 (USA)

[ |Plywood (CSA O151M)

Plywood (CSA 0151M) CSP 12.5mm (172"

CSP 9mm (3/87)

Other

% | 0SB (CSA 0325) 9mm (3/8°)

Grant Forest Products

MFR:

SCREWS Sheathing:

_Framing:

X [No.8 gauge 1.5" self-piercing Bugle head LOX drive (Grabber Superdrive)
No.B gauge 1.0" self-piercing Bugle head (Flat socket head screw) (HD)
No.9 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in track}))

X |No.B gauge 0.5" self-drilling wafer head (mad. Truss) Phillips drive

Hold downs:

X _[No.10 gauge 0.75" self-drilling Hex washer head

Loading Beam: A325 3/4" bolts 3 bolts B balts| X 12 bolts
Back-to-Back AR N VN WO . ,
_Chord Studs: X _[No.10 gauge 0.75" self-drilling Hex washer head (2@12" 0.C.). 4
SHEATHING FASTENER [ [2'/12" 312" 412" XJen2"
SCHEDULE: : L |Other.
EDGE PANEL DISTANCE: [ |38* X J172" Other.

STUDS: X |3-5/8"Wx1-5/8"F x1/2"Lip Thickness: 0.043" (1.09 mm) 33ksi (230 Mpa)
| X 1Double chord studs used :
Other
STUD SPACING: 12°0C. [
16" 0.C. N
(X4 0.cC. "[Jother.
TRACK: Wb 3-5/8" inches X [7=0.043* (1.09 mm) 33ksi (230 Mpa)
\Flange: 1-1/4" inches Other:
HOLD DOWNS: X ]Simpsaon Strong-Tie S/HD10 7/8" Anchor Rod (#of screws). 33
| jUCI 18" hold down 1/2" Anchor Rod _ {#of screws):
Other
TEST PROTOCOL T[] Mpnmonié
AND DESCRIPTION:
Cyclic
LVDT MEASUREMENTS: X |Actuator LVDT | X [North Uplift [X|East Frame Brace
X [North Slip | X {South Uplift X _|West Frame Brace
X |South Slip X {Top of Wall Lateral | X |Sheathing at Corners of Panels
X _[Panel She ’ TOTAL:
MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P6
SHEATHING: Moisture Meter Ww=| 2478 24.38
‘Wood:  ‘Grant Forest Products Nth Sth Wd={ 23.71 2332
Temp: . C ; m.c.= 451 455
AVG: #0iviol | Noth =~ South -
‘ AVGmec. | 453
DATA ACQ. RECORD RATE: | 2scansec MONITOR RATE: 50 scan/sec_

COMMENTS:

-Shear anchors torqued for 10 s with impact wrench

-North hold down anchor 3/4 turn from finger tight, south 1/2 turn

(load cells used on both hold-downs) -

-Ambient temperature 20 C

-Double chord studs used

-Square plate washers (2.5"x2.5") + circular anes in both comers of top track

-Initial load set to zero at beginning of test, displacement -0.003 mm
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Figure B.1: Monotonic and EEEP curves for test 41-A

Table B.1: Parameters for monotonic test 41-A

! Parameters Units
F, 14.75 | kN

| Fo.su 11.80 | kN
Fo.4u 590 | kN
F, 13.17 | kN
K. 1.95 | kN/mm
Ductility (¢) 7.60 -
Agety 6.76 | mm
Apeta 39.19 | mm
Anet.0.8u 5143 | mm
Anet.0.4l.| 3.03 | mm
AreaBackb,,,,e 632.72 | ]
Areagggp 63272 | J
Check OK
Ry 3.77 -
S, 10.80 | kKN/m
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H McGill

nght Gauge Steel Frame / Wood Panel Shear Wall Testing

Test name :
Date tested : AT
WallSize: 4'x8' 8’

Screw pattern : 6"/ 12"

Edge Distance : _1/2"

Test mode : [ Cyclic Monotonic
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Failure modes: Pullout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)
Partial Pulithrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB)
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Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 418
RESEARCHER: Caroline Blais ASSISTANTS: A, Frattini
DATE: 15-Jun-04 TIME: 16:00
DIMENSIONS OF WALL: 4 FT X . 8 FT PANEL ORIENTATION: Vertical
‘ : Sheathing one side
SHEATHING: Plywood 15/32* APA Rated Exposure 1 (USA)
OSB 7/16* APA Rated Exposure 1 (USA)
| |Plywood (CSA 0151M) CSP 12.5mm (1/2%)
| |Plywood (CSA O151M) CSP Smm (387)
X |OSB (CSA 0325) Smm (3/8") ) Grant Forest Products
Other MFR:
SCREWS ASheathin'g: X Nu.B‘gauge 1.5" self-piercing Bugle head LOX drive (Grabber Superdrive)
No.8 gauge 1.0" self-piercing Bugle head (Flat socket head screw) (HD) .
No.9 gauge 1.0" self-piercing Buglée head (HD = near hold-down (1 screw in track))
Framing: | X |No.B gauge 0.5" selt-drilling wafer head (mod. Truss) Phillips drive
Hold downs: X |No.10 gauge 0.75" self-drllllng Hex washer head :
_Loading Beam: A325 3/4" bolts 3 balts B bolts{ X | 12 balts
_Back-to-Back .
:Chord Studs: X _|No.10 gauge 0.75" self-drilling Hex washer head 2@12" O.C.)
SHEATHING FASTENER 22" N2 4'12" B"/12"
SCHEDULE: Other:
EDGE PANEL DISTANCE: [ [3s" X 172" Other.
STUDS: X_|3-6/8"Wx1-5/8"Fx1/2"Lip Thncknass 0.043" (1.03 mm) 33ksi (230 Mpa)
X _|Double chord studs used
Other
STUD SPACING: 12" 0.C.
16" 0.C.
X j24" 0.C. [_Jother:
TRACK: Web: 358" inches - X |T=0.043" (1.03 mm) 33ksi (230 Mpa)
Flange: 1-1/4" inches Other:
HOLD DOWNS: X |Simpson Strong-Tie S/HD10 78" Anchor Rod (#of screws). 33
| |UCI 18" hold down 1/2" Anchor Rod {# of screws):
Other
“TEST PROTOCOL X [Morotonic
AND DESCRIPTION:
Cyclic
LVDT MEASUREMENTS: [ XJActuator LYDT [ X [North Uplif [ X |East Frame Brace
X {North Slip X |South Uplift X {West Frame Brace -
X_{South Slip X |Top of Wall Lateral | X |Sheathing at Corners of Panels
X _|Panel She TOTAL: [ ]
MOISTURE CONTENT OF 'OVEN DRIED ACCORDING TO APA TEST METHOD P 6
SHEATHING: Molslurek Meter Ww=| 2525 24.64
Wood: ‘Nth Sth Wid=| 24.09 23.55
Temp: C me=[ 482 463
AVG:  [#DVAI North South :
AVG mc. | 472
DATA ACQ. RECORD RATE: .~ 2 scan/sec MONITOR RATE: 50 scan/sec

COMMENTS:

-Shear anchors torqued for 10 s with |mpact wrench

-Narth hold down anchor 2/3 tum from finger tight, south 3/4 turn

{load cells used on both hold-downs)

-Ambient temperature 20 C

-Double chord studs used

-Square plate washers (2.5"x2.5" + circular ones in both corners of top track

-Initial load set to zero at beginning of test, displacement -0.102 mm
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Figure B.2: Monotonic and EEEP curves for test 41-B

Table B.2: Parameters for monotonic test 41-B

Parameters Units
F, 14.54 | kN
Fos 11.63 | kN
F0.4u 5.81 kN
F, 13.37 | kN
K. 1.98 | kN/mm
Ductility (u) 9.19 -
Ajery 6.74 | mm
Apeta 45.08 | mm
Anet 0.8u 61.97 | mm
Anet 0.4u 2.93 | mm
Areag,ckbone 783.70 | J
Areagggp 783.70 | J
Check OK
Ry 4.17 -
S, 10.97 | kN/m
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H McGill

Light Gauge

Failure modes:

Steel Frame / Wood Panel Shear Wall Testing
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Test name : __ ¢/ /8

Date tested : £ g’
Wall Size: 4'x8' .
Screw pattern : 6"/ 12"

Edge Distance : _1/2"

Test mode: (1 Cyclic B Monotonic
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Pullout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)

Partial Pulithrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB)




Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 4¢

RESEARCHER: Cargline Blais ASSISTANTS: A Frattini

DATE: 16-Jun-04 TIME: 11:00

DIMENSIONS OF WALL: . 4 FT X 8 FT PANEL ORIENTATION: Vertical
Sheathing one side

SHEATHING:

[ |Plywood 15/32° APA Rated Exposure 1 (USA)

OSB 7/16" APA Rated Exposure 1 (USA)

Plywood (CSA 0151M) CSP 12.5mm (1/24)

Plywood (CSA O151M) CSP 9mm (3/8%)
X |0SB (CSA 0325) 9mm (38")

Grant Forest Products

Other MFR:

SCREWS Sheathing:

X |No.8 gauge 1.5° self-pie}cipg [Eluglé head LOX drive (Grabber Superdrive)

No.8 gauge 1.0" selfpiercing Bugle head (Flat socket head screw) (HD)

No.8 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in track))

Framing:

X {No.8 gauge 0.5" self-drilling wafer head {mod. Truss) Phillips drive

Hold downs:

Loading Beam:

X |No.10 gauge 0.75" self-drilling Hex washer head T
6 botts[ X | 12 bolts[_|

Back-to-Back

Chord Studs:

A325 3/4" bolts .~ 3 bolts
X |No.10 gauge 0.75" self-drilling Hex washer head 2@12* 0.C.)

SHEATHING FASTENER [ J2"/i2" o [Csn2 412 T X
SCHEDULE: o Other,
EDGE PANEL DISTANCE: s 2 T Cother.
STUDS: X |3-5/8"Wx1-5/8"Fx1/2"Lip Thickness: 0.043" (1.09 mm) 33ksi (230 Mpa)
X [Double chord studs used : :
R Other
STUD SPACING: 127 0.c. )
16" 0.C.
X |24 0.C. Other:
TRACK: Web: 358" linches ; 'L’huma' {1.09 mm) 33ksi 230 Mpa)
Flange: : 1-1/4" inches Other:
HOLD DOWNS: | X [Simpson Strong-Tie S/HD10 7/8" Anchor Rod @#of screws) 33
| [UCI 18" hold down 1/2" Anchor Rod (# of screws):
Other
TEST PROTOCOL [(x]Monotonic
AND DESCRIPTION: -
Cyclic
LVDT MEASUREMENTS: [ X |Actuator LVDT X |North Uplit X |East Frame Brace
| X |Notth Stip X_[South Uplift X_|West Frame Brace )
X_|South Slip X_|Top of Wall Lateral | X [Sheathing at Corners of Panels
- . X |Panel Sh TOTAL:
MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P-6
SHEATHING: Moisture Meter Ww=| 27.98 26.20
Wood: Nth Sth Wd=| 2685 25.07
Temp.: C [ mc=] 421 4.51
AVG: | #DIVADI North South
AVG m.c. 436
DATA ACQ. RECORD RATE: - 2 scanfsec :MONITOR RATE: 50 scan/sec o

COMMENTS:

-Shear anchors torqued for 10 s with impact wrench

-North hold down anchor 1/2 turn from finger tight, south 1/2 turn

(load cells used on both hold-downs)

-Ambient temperature 18 C

-Oouble chord studs used

-Square plate washers (2.5"x2.5") + circular ones in both comers of top track

-Initial load set to zero at beginning of test, displacement -0.353 mm
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Figure B.3: Monotonic and EEEP curves for test 41-C

Table B.3: Parameters for monotonic test 41-C

Parameters Units
F, 14.63 | kN
Fo.su 11.70 | kN
Foay 5.85 | kN
F, 13.51 | kN
K. 2.62 | kN/mm
Ductility (p) 10.37 -
Apery 5.16 | mm
Apetu 40.64 { mm
Anet 0.8u 53.47 { mm
A11et.0.4u 2.23 | mm
Areanackbone 687.38 | J
Areagggp 687.38 | J
Check OK
Ry 4.44 -
Sy 11.08 | kN/m
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McGill

Light Gauge Steel Frame / Wood Panel Shear Wall Testing
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Test name : Z/[(
Date tested : ___ e [f 9%

Wall Size: 4'x8'
Screw pattern : 6" / 12"

Edge Distance : _1/2" _
Test mode : [1 Cyclic [& Monotonic
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Failure modes: Pullout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)

Partial Pullthrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Faiture (WB)
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Figure B.3: Superposition of monotonic and EEEP curves for tests 41-A,B,C
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Cold Formed Steel Framed Shear Walls
McGill University, Montreal

TEST: 43A
'RESEARCHER: " Caroline Blais ASSISTANTS: A Frattini
DATE: 14-Jun-04 TiME:| 1100
DIMENSIONS OF WALL: 4 FT X 8 FT PANEL ORIENTATION: Vertical

‘ Sheathing one side

[ ]Plywood 15/32" APA Rated Exposure 1 (USA)

SHEATHING:

OSB 7/16" APA Rated Exposure 1 (USA)

Plywood (CSA 0151M) CSP 12.5mm (1/2")

Plywoad (CSA 0151M) CSP 9mm (38"

Grant Forest Products

X |OSB (CSA 0325) 3mm (358"

Other MFR:

SCREWS Sheathing:

X |No.8 gauge 1.5 self-piercing Bugle head LOX drive (Grabber Superdrive)

No.8 gauge 1.0" self-piercing Bugle head (Fiat socket head screw) (HD)

No.3 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in track))

“Framing:
Hold downs:
Loading Beam:

| X {No.8 gauge 0.5" self-drilling wafer head (mod. Truss) Philiips drive
X _|No.10 gauge 0.75" self-drilling Hex washer head
A325 3/4" bolts

Back-to-Back
Chord Studs:

N0.10 gauge 0.75" éeifidrillvihg Hex washer head E@12"0.c)

SHEATHING FASTENER
SCHEDULE:

EDGE PANEL DISTANCE:

3boits[ | Bbots[ X | 12bolts[ |

[ Jenz 312" X Jan2" XJen2
| |Other.
s X 12" Other;

.COMMENTS:

STUDS: X |3-6/8"Wx1-6/8"Fx1/2"Lip Thickness: 0.043" (1.09 mm) 33ksi (230 Mpa)
; X _{Double chord studs used
L |Other
STUD SPACING: 12°0.C.
16" 0.C.
X |24 O.C. Other.
TRACK: Web: 358" |inches X JT=0.043" (1,09 mm) 33ksi (230 Mpa)
Flange: 1-1/4" inches {Other:
HOLD DOWNS: | X |Simpson Strﬁ'n‘g-Tia 3/HD10 78" Anchor Rod {(#of screws):. 33
: UCI 18" hold down 1/2" Anchor Rod (# of screws):
Other
TESTPROTOCOL  [X]Monotonic
AND DESCRIPTION: ‘
[ eyelic
LVDT MEASUREMENTS: % |Actuator LYDT X |North Uplift X |East Frame Brace
| X [North Slip | X |South Uplift X_|West Frame Brace :
X |South Slip X {Top of Wall Lateral [ X |Sheathing at Corners of Panels
X |Panel Sh ToTAL: [ |
'MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P§
SHEATHING: Moisture Meter Ww=| 2513 25.04
Wood: “Nth Sth Wid=| 24.01 23.94
Temp.: c mc.= 4.66 459
AVG: #IVA! | North South
: : AVG m.c. 4.63
DATA ACQ. RECORD RATE: _ 2scansec  MONITOR RATE: &0 scan/sec

-Shear anchors tarqued for 10 s with impact wrench

-North hold down anchor 1/2 turn from finger tight, south 1/2 turn

(load cells used on both hold-downs)

-Ambient temperature 20 C _

-Double chord studs used

-Top left cormer of plywood was touching the upper beam by 1 or 2mm

-Square plate washers (2.5"x2.5" + circular ones in both corners of top track

-Initial load set to zero at beginning of test, displacement 0.521 mm
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Figure B.4: Monotonic and EEEP curves for test 43-A

Table B.4: Parameters for monotonic test 43-A

! Parameters Units
Fy 21.59 | kN
Fosu 17.27 | kN
Fo.au 8.63 | kN
F, 19.40 | kN
K. 2.41 | kN/mm
Ductility (u) 5.92 -
Apety 8.06 | mm
Apetu 39.40 | mm
Anet 0.8u 47.71 | mm

___é_n_et.o.‘tu 3.59 | mm
Areagackbone 847.44 J
AreaEEEp 847.44 | )
Check OK
Ry 3.29 -
S, 15.91 | kN/m
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(49!

McGill

Light Gauge Steel Frame / Wood Panel Shear Wall Testing

Test name :

Date tested : _Jang ¥, '
Wall Size: 4'x8'

Screw pattern : 4"/ 12"

w i - =
" seH H Edge Distance : _1/2
Ml(;lf".ﬁ{ o y;\*'b Test mode: [J Cyclic [ Monotonic
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Failure modes: Pullout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull throu

sheathing (PT) ; Damage prior to testing (DP)

Partial Pulithrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB) ; No Damage (ND)




Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 438

RESEARCHER: Caroline Blais ASSISTANTS: A Frattini

DATE: 14-Jun04 TIME: 14:45

DIMENSIONS OF WALL: 4 FT X 8 FT PANEL ORIENTATION: Verical |
: ! Sheathing one side

'SHEATHING:

[ JPiywood 15/32* APA Rated Exposure 1 (USA)

0SB 7/16" APA Rated Exposure 1 (USA)

Plywood (CSA 0151M) CSP 125mm (1727 -

Plywood (CSA O151M) CSP 9mm (3/8"

¥ 0SB (CSA 0325) 9mm (358")

Grant Forest Products

Other MFR:

X |No.B gauge 1.5" self-piercing Bugle head LOX drive (Grabber Superdrive)

No.8 gauge 1.0" self-piercing Bugle head (Flat socket head screw) (HD)
No.8 gauge 1.0" self-piercing Bugle head (HD = near hold-down {1 screw in track))

Framing: [ X [No.8 gauge 0.5" self-drilling wafer head (mod. Truss) Phillips drive
Hold downs: X |No.10 gauge 0.75" self-drilling Hex washer head
'Loading Beam: A325 34" bolts 3 bolts 6 bolts| X | 12 bolts|_|
Back-to-Back el T o ;
Chaord Studs: X _|No.10 gauge 0.75" self-drilling Hex washer head 2@12" 0.C.)
SHEATHING FASTENER 22 312 X |42 612"
SCHEDULE: Other:
EDGE PANEL DISTANCE: [ |38* X T [[other:
STUDS: X |3-5/8"Wx1-58"Fx1/2"Lip Thicknass: 0.043" (1.03 mm) 33ksi (230 Mpa)
X |Double chord studs used
Other
STUD SPACING: 12" 0.C.
16" 0.C.
X 24" O.C. Other.
TRACK: Web:; 358" inches X |T=0.043" (1.03 mm) 33ksi (230 Mpa)
_.Flange: 1-1/4" _inches Other:
HOLD DOWNS: [X]Simpsan Strang-Tie S/HD10 7/8" Anchar Rod " #ofscrews): 33
UCI 18" hold down 1/2* Anchor Rod . @ofscrews):
Other
TEST PROTOCOL . XIMonotenic
AND DESCRIPTION: .
DCyclic
LVDT MEASUREMENTS: X |Actuator LVDT X _|North Uplift X _|East Frame Brace
X |North Stip ~~ + X _[South Upift X _[West Frame Brace i
X _[South Siip X [Top of Wall Lateral | X [Sheathing at Corners of Panels
X |Panel She o TOTAL:
MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P6
SHEATHING: Moisture Meter Ww=| 2403 2458
Wood: Nth Sth wid=| 2304 2354]
Temp.: C m.c.= 4.30 4.42
T AvG:  [#OwvAol Noth - ' South
: AVG m.c, 4.36
DATA ACQ. RECORD RATE: 2 scan/sec MONITOR RATE: 50 scan/sec

COMMENTS:

"-Shear aﬁthors torqued for 10 s with impact wrench

-North hold down anchor 1/2 turn from finger tight, south 1/2 turn

(load cells used on both hold-downs)

-Ambient temperature 20 C

-Double chord studs used | :

-Square plate washers (2.5"x2.5") + circular ones in both comers of top track -

-Initial load set to zero at beginning of test, displacement 0.949 mm
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Figure B.5: Monotonic and EEEP curves for test 43-B

Table B.5: Parameters for monotonic test 43-B

! Parameters Units
F, 2191 | kN

| Fogy 17.53 | kN
Fo.qy 8.77 | kKN
Fy 19.39 | kN
K. 2.24 | kN/mm
Ductility (1) 6.86 3
Anet,y 865 mm
Anet.u 4444 mm
Anet 0.8u 59.30 | mm
Anet 0.4u 391 mm
AreaBackbone 1 065 93 J
Areagppp 106593 | J
Check OK
Ry 3.57 -
S, 15.90 | kN/m
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McGill

Light Gauge Steel Frame / Wood Panel Shear Wali Testing
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Failure modes: Pullout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull throu

e
(4N

s

s

Partial Pulithrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB) ; No Damage (ND)

Test name :

Date tested :

Wali Size: 4'x8'
Screw pattern : 4"/ 12"

Edge Distance : _1/2" !

Test mode : [J Cyclic {@ Monotonic

e Do

BRBOwn > DSH U

gh sheathing (PT) ; Damage prior to testing (DP)




Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 43¢

RESEARCHER: Caroline Blais ASSISTANTS: A Frattini

DATE: 15-Jun-04 k TiME: 10:00

DIMENSIONS OF WALL: 4 FT X 8 FT PANEL ORIENTATION:  Vertical
Sheathing one side

‘SHEATHING:

Fflyw:éod 15/32" APA Rated Exposure 1 (USA)

0SB 7/16" APA Rated Exposure 1 (USA)

Plywood (CSA 0151M) CSP 12.5mm (1727

Other

Plywood (CSA O151M) CSP 9mm (3/87)
X |0SB (CSA 0325) 9mm (387

Grant Forest Products

MFR:

SCREWS Sheathing:

X |No.8 gauge 1.5" self-piercing Bugle head LOX drive (Grabber Superdrive)

No.8 gauge 1.0" self-piercing Bugle head (Flat socket head screw) (HD)

No.9 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in track))

‘Framing: X |No.8 gauge 0.5" self-drilling wafer head {mod. Truss) Phillips drive o
‘Hold downs: X |No.10 gauge 0.75" self-drilling Hex washer head :
Loading Beam: A325 3/4" bolts 3 bolts 6 bolts] X | 12 bultsﬁ
Back-to-Back ~ LR
Chord Studs: [ X ]No.10 gauge 0.75" self-drifling Hex washer head (2@12" 0.C.)
SHEATHING FASTENER [ J2'112" 32" X J4'n2* ez
SCHEDULE: , Other:
EDGE PANEL DISTANCE: s e Other.

X |3-5/8"Wx1-68"Fx1/2"Lip Thickness: 0.043" (1.09 mm) 33ksi 230 Mpa) .

STUDS:
X |Double chord studs used

Other
STUD SPACING: 12°0.C.

16" 0.C.

[x]24"0.C. Other:

TRACK: Web: 358" inches X |T=0.043" (1.09 mm) 33ksi (230 Mpa)

Flange: 1-1/4" inches Other:
HOLD DOWNS: [X |Simpson Strong-Tie S/HD10 7/8* Anchor Rod  (#ofscrewsy. 33

UCI 18" hold down 1/2° Anchor Rod _....(# of screws).

Other
TEST PROTOCOL X IMonotonic
AND DESCRIPTION: o

o [ eyelie
LVDT MEASUREMENTS: [ X JActuator LVDT X |North Uplift [ X |East Frame Brace
X_{North Slip X |South Uplit | X |West Frame Brace
| X |South Stip X {Top of Wall Lateral | X |Sheathing at Comers of Panels
X |Panel She : TOTAL:

MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P&
SHEATHING: Moisture Meter ww=[ 2471 25.05
Wood: Nth Sth Wd=| 2360 23.90
Temp.: c e mc=| 470 4.81

CAVG: | #DVOI North South ¢

AVG m.c. 476

DATA ACQ. RECORD RATE: 2 scan/sec MONITOR RATE: 50 scan/sec

COMMENTS:

-Shear anchors torqued for 10 s with impact wrench

-North hold down anchor 3/4 turn from finger tight, south 1/2 turn

(load cells used on both hold-downs)

-Ambient temperature 20 C

-Double chord studs used

-Square plate washers (2.5"x2.5" + circular ones in both corners of tap track

-Initial load set to zero at beginning of test, displacement -0.335 mm
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Figure B.6: Monotonic and EEEP curves for test 43-C

Table B.6: Parameters for monotonic test 43-C

! Parameters Units
F, 23.90 | kN
Fo.su 19.12 | kN
Fo.4u 9.56 | kKN
F, 2091 | kN
K, 2.12 | kN/mm
Ductility () 4.46 -
Apety 9.87 | mm
Ageta 39.51 | mm
Anet 0.8u 44.04 | mm
Anet.O.Au 4.51 mm
Areag;ckbone 81787 |
Areagggp 81787 | ]
Check OK
Ry 2.81 -
S, 17.15 | kN/m
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* Test name : qs c
XU C 1 ' : Date tested : w 1€ L
e/ Wall Size :  4'x 8’

Light Gauge Stee! Frame./ Wood Panel Shear Wall Testing ' Screw pattern : 4"/ 12"
) Edge Distance : _1/2°

Testmode : [J Cyclic [ Monotonic
e
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Failure modes: Pullout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)
Partial Pullthrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB) ; No Damage (ND)
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-3
Rotation (radx 10 )

1400

1200

1000

400

200

1800

1400

1200

1000

400

200

(ym1) soueysisay 1A

(wai) souersisay Ilem

159



Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 45A

RESEARCHER; Caraling Blais ASSISTANTS: A Frattini

DATE: Ndun0d - TIME: 1600

DIMENSIONS OF WALL: 4 FT X 8 FT PANEL ORIENTATION: Verical
Sheathing one side

SHEATHING:

Plywood 15/32" APA Rated Exposure 1 (USA)

0SB 7/16" APA Rated Exposure 1 (USA)

Plywood (CSA D151M) CSP 12.5mm (1727

[ IPlywood (CSA O151M) CSP 9mm (38

X |OSB (CSA 0325) 9mm (3/8") : Grant Forest Products

Other | MFR:

SCREWS Sheathing:

[X] No,B;gauge 15° 'self-pie}cing Eluglé head‘ LOX drive (Grabber Superdrive) :

No.8 gauge 1.0" selfpiercing Bugle head (Flat sacket head screw) (HD)

Framing:
Hold downs:

No.9 gauge 1.0° self-piercing Bugle head (HD = near hold-down (1 screw in track))
X [No.B gauge 0.5" self-drilling wafer head (mod. Truss) Phillips drive
X |No.10 gauge 0.75" self-drilling Hex washer head

Loading Beam:

Back-to-Back

A325 3/4" bolts 3 bolts 6 bolts[ X | 12 balts

Chord Studs: No.m"“g‘auge 0.75" self—drillihg‘“ Hex washer head (2@‘12';"0.0:) )
SHEATHING FASTENER 212" X 3"/12"“ |42 6"/12"
SCHEDULE: ! Other.
EDGE PANEL DISTANCE: 3" , X 172" Other:

STUDS: X |3-6/8"Wx1-5/"F x172"Lip Thickness: 0.043" (1,09 mm) 33ksi 230 Mpa)
X _|Double chord studs used : ‘
L__|Other
STUD SPACING: 12" 0.C.
16" O.C.
X |24 0.C. Other:
TRACK: Web: 358" inches [ X]7=0.043" (1.09 mm) 33ksi (230 Mpa}
Flange: 1-1/4" inches Other,
HOLD DOWNS: X_|Simpson Strong-Tie S/HD10 7/8" Anchor Rod (#of scréwé): 33
UCI 18" hold down 1/2" Anchor Red (# of screws):
Other
TEST PROTOCOL X {Monotonic
AND DESCRIPTION: .
: - [Jeyelic
LVDT MEASUREMENTS:  [X]Actuator LVOT [ X |North Uplift [ X |East Frame Brace
X [North Slip X_|South Uplift X [West Frame Brace [
X _|South Slip X |Top of Wall Lateral | X |Sheathing at Comers of Panels
X_|Panel She » ToTAL: [ ]
MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P6
SHEATHING: Moisture Meter Ww=| 24.89 22.00
Wood: Nth Sth : Wd=| 2383 21.06
‘Temp.: c . mc=| 445 4.46
AVG: #NVO! :_North South
: i AVG m.c. 4.46
DATA ACQ. RECORD RATE: 2 scan/sec " MONITORRATE: 50 scan/sec

COMMENTS:

-Shear anchors iorqued .for 10 s with impact wrench

-Notth hold down anchor 172 turn from finger tight, south 1/2 turn

{load cells used on both hold-downs)

-Ambient temperature 16 C

-Doubie chord studs used

-Square plate waghers (2.5"x2.5") + circular ones in both comers of top track

-Initial load set to zero at beginning of test, displacement -8.080 mm
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Figure B.7: Monotonic and EEEP curves for test 45-A

Table B.7: Parameters for monotonic test 45-A

! Parameters Units
F, 28.93 | kN
Fysu 23.15 | kN
Fo.4u 11.57 | kN
F, 26.03 | kN
K. 2.41 | KN/mm
Ductility (p) 4.20 -
Apety 10.78 | mm
Avetu 40.18 | mm
Anet.0.8u 4525 | mm
Anet 0.4u 4.79 | mm
AreaBagkb.,,,e 103747 | J
Areagggp 103747 | J
Check OK
Ry 2.72 -
S, 21.35 | kKN/m
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B McGill

nght Gauge Steel Frame / Wood Panel Shear Wall Testing
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Test name : _L
Date tested : __Scqne // ,2'30(/

Wall Size: 4'x8'
Screw pattern @ 3"/ 12"

\ﬂ Edge Distance ; _1/2"
V)%A() Test mode : [Cyclic @ Monotonic
L0 .
/ @ BSm D 6L30 U
N @ 38.0n 5 730 N
é;r’\‘:‘ levp ax DAL 63. 666 mm
fom mMEX Load. - BT N

|
\

@ bum > v Aippny

e ,mb-b )

w”"’
hor?,

7F°

.

oW s W »
4 I~
] {
5 Pr
D4t r f’
> ovediled DP

T pEdon

Failure modes: Puliout, withdrawal (PQ) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)
Partial Pulithrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB)




Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 458
RESEARCHER: Caraline Blais FASSISTAPFJTS: A Frattini, W. Lim
‘DATE 10-Jun-04 TiME: oo
'DIMENSIONS OF WALL: 4 FT x 8 FT PANEL ORIENTATION:  Vertical

; Sheathing one side

SHEATHING:

Plywood 15/32" APA Rated Exposure 1 (USA)

0SB 7/16" APA Rated Exposure 1 (USA)

Plywood (CSA 0151M) CSP 12.5mm (1127 :

Plywood (CSA 0151M) CSP 9mm (3/8")

'SCREWS Shesthing;

X |0SB (CSA 0325) 9mm (38")

Grant Forest Products

Other MFR:

[XNo.B gauge 1.5" self- pierciﬁg Bugle head LOX drive (Grabber‘Superdfive) »

No.8 gauge 1.0" self-piercing Bugle head (Flat socket head screw} (HD) -

No.3 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in rack))

Framing: [ X |No.8 gauge 0.5" self-drilling wafer head (mod. Truss) Phillips dnve

Hold downs: X _{No0.10 gauge 0.75" self-drilling Hex washer head

Loading Beam: . A3253/4" bolts .3 bolts 6 bolts[ X | 12 bolts

Back-to-Back f .- T ,

Chord Studs: X_|No.10 gauge 0.75" self-drilling Hex washer head 2@12" 0.C.) i
SHEATHING FASTENER [ J2'/i2" a2 [ J4nz- [ernze
SCHEDULE: : Other:

EDGE PANEL DISTANCE: 3B ; X 172" Other:

COMMENTS:

-Shear anchors torgued for 10 s with impact wrench

STUDS: X ]3-5/8 W1 5!8 Fx1/2"Lip Thlckness 0.043" (1.0 mm) 33ksi (230 Mpa)
| X |Double chord studs used
Other
STUD SPACING: 12°0.C.
16" 0.C.
L X [24"O.C. |Other,
TRACK: Web: 3-5/8" inches | X [T=0.043" (1.09 mm) 33ksi (230 Mpa)
Flange: 1-1/4" _inches Other:
‘HOLD DOWNS: | X | Sim[.;son Strong-Tie S/HD10 78" Anchou{ Rod (# of screws): 33
UCI! 18" hold down 1/2" Anchor Rad (# of screws):.
| |Other
TEST PROTOCOL . Monotonic
AND DESCRIPTION: P
r—ICycIic
LVDT MEASUREMENTS: [ X ]Actuator LYDT X |North Uplit X |East Frame Brace
| X |North Slip X_|South Uplift X |West Frame Brace
X _|South Siip X_{Top of Wall Lateral | X |Sheathing at Comers of Panels
X |Panel She : TOTAL:
'MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P 6
'SHEATHING: Moisture Meter Ww=| 2240 2419
Wood: Nth Sth ‘Wd=| 2144 23.17
Temp.: c m.c.= 4.48 4.40
AVG: vl " Noth . South L
; AVG m.c. 4.44
DATA ACQ. RECORD RATE: 2 scan/sec MONITOR RATE: 50 scan/sec

-North hold down anchor 1/2 tum from finger tight, south 1/2 turn

{load cells used on both hold-downs)

-Ambient temperature 16 C

-Double chord studs used

-Square plate washers (2.5"x2.5") + circular ones in both comers of top track |

" initial load set to zero at beginning of test, displacement 8.295 mm
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Figure B.8: Monotonic and EEEP curves for test 45-B

Table B.8: Parameters for monotonic test 45-B

Parameters Units

Fy - 29.65 | kKN
Fosy 23.72 | kN
Foqu 11.86 | kN

Fy 26.64 | kN

K. 2.21 | kN/mm
Ductility (1) 4.44 -
[ Agety 12.06 | mm
Auet.u 4466 mm
Anet,O.Sg 53 55 mm
Anet(Mu 537 mm
AreaBackbone 126596 | J
Areagggp 126596 | J
Check OK

Ry 2.81 -
Sy 21.85 | KN/m
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nght Gauge Steel Frame / Wood Panel Shear Wall Testing
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Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 45C
RESEARCHER: Caroline Blais ASSlsrAles: K. Hikita, A Frattini
DATE: 10-Jun04 - TiME: 11:30
DIMENSIONS OF WALL: 4 FT X & fT PANEL ORIENTATION: Vertical

Sheathing one side

SHEATHING:

Piywood 15/32" APA Rated Exposure 1 (USA)

0SB 7/16" APA Rated Exposure 1 (USA)
Plywood (CSA 0151M)j CSP 12.5mm (1/2")

Plywood (CSA 0151M) CSP 9mm (3/8%)

¥ | 0SB (CSA 0325) 9mm (3/87)

Grant Forest Products

Other MFR:
'SCREWS  Sheathing; ] No.8 jgyai‘uge 1.5" self-piercing Bugle head LOX drive (Grabber Superdrive)
|___|No.B gauge 1.0" self-piercing Bugle head (Flat sacket head screw) (HD)
No.9 gauge 1.0" self-piercing Bugle head (HD = near hold-down {1 screw in track))
Framing: X [No.B gauge 0.5" self-drilling wafer head {mod. Truss) Phillips drive
Hold downs: X |No.10 gauge 0.75" self-drilling Hex washer head i
Loading Beam: A325 3/4" bolts 3 bolts B bolts| X | 12 bolts
Back-to-Back : » ' :
Chord Studs: | X |No.10 gauge 0.75" self-drilling Hex washer head (2@12" 0.C.}
‘SHEATHING FASTENER E]2"/12" X §3"12" YV 6°/12"
SCHEDULE: i R Other:
'EDGE PANEL DISTANCE: [ |3#" Qi “[Jother.

COMMENTS:

STUDS: ~ X |3-5/8"Wx1-5/8"F x172"Lip Thickness: 0.043" (1.09 mm) 33ksi (230 Mpa)
| X [Double chord studs used :
|__[Other
STUD SPACING: [ T12"oc.
16° O.C.
[ X124 0.C. [Jother.
TRACK: CWeb 388" inches X |7=0.043" (1.09 mm) 33ksi @30 Mpa)
Flange: 1-1/4" inches Other.
HOLD DOWNS: [X]Simpson Strong-Tie SHD10 78" Anchor Rod (#0of screws): 33
UCI 18" hold down 1/2" Anchor Rad. __(#of screws):
Other
TESTPROTOCOL [ X ]Monotonic
AND DESCRIPTION;
[ eyeiic
'LVDT MEASUREMENTS: X |Actuator LVDT X_iNorth Uplift X_|East Frame Brace
| X |North Slip X_{South Uplift X |West Frame Brace
X [South Stip X |Top of Wall Lateral | X |Sheathing at Corners of Panels
X |Panel She TOTAL:
MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P6
SHEATHING: Moisture Meter Ww=| 26.21 25.14
Wood: Nth Sth Wd=| _25.05 24.06
Temp.: C m.c.= 463 4.49
AVG:  [#DVAO North South . ~
AVG m.c.: 4.56
DATA ACQ. RECORD RATE: | 2 scan/sec 'MONITOR RATE: 50 scan/sec

-Shear anchors torqued for 10 s with impact wrench

-North hold down anchor 1/2 turn from finger tight, south 1/2 turn

(foad cells used an both hold-downs)

-Ambient temperature 20 C »

-Double chord studs used

-Square plate washers (2.5"x2.5") + circular ones in both comers of top track’
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Figure B.9: Monotonic and EEEP curves for test 45-C

Table B.9: Parameters for monotonic test 45-C

g Parameters Units
Fy 29.80 | kN
Fogu 23.84 | kN
Fogu 11.92 | kN
Fy 26.56 | kN
K. 2.43 | kN/mm
Ductility (4) 4.25 -
Allet‘v 1 092 mm
Anet‘u 396 l mm
Anet 0.8u 46.37 | mm
Anet.O.du 490 mm
AreaBackbone 1086.70 | J
Areaggpp 1086.70 | J
Check OK
Ry 2.74 -
Sy 21.79 | kKN/m
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Test name : S— C
Date tested : _Junr /O QOO‘/

Wall Size: 4'x8'

Screw pattemn : 3"/ 12"

Edge Distance : _1/2"

Test mode: [OCyclic K Monotonic
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Failure modes: Pullout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)
Partial Pullthrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB)
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Figure B.3: Superposition of monotonic and EEEP curves for tests 45-A,B,C
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Cold Formed Steel Framed Shear Walls
McGill University, Montreal

TEST: ‘ A

RESEARCHER: ' Caroline Blais ASSISTANTS: A, Frattini

DATE: IR TATY Y S mme: T 50m

DIMENSIONS OF WALL: 4 FT X - 8 FT PANEL ORIENTATION: Vertical _
Sheathing one side

SHEATHING: Plywood 15/32" APA Rated Exposure 1 (USA)
: 0SB 7/16" APA Rated Exposure 1 (USA)
| [Plywood (CSA 0151M) CSP 12.5mm (172 )
Plywood (CSA 0151M) CSP 9mm (3/8")
X |0SB (CSA 0325) 9mm (3/8") : Grant Forest Products
Other ! MFR:

SCREWS Sheathing: | X [No. 8 gauge 1.5" self-piercing Bugle head LOX drive (Grabber S'uperdrive)
No.8 gauge 1.0" seff-piercing Bugle head (Flat socket head screw) (HD)
No.9 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in track))

_Framing: I No.B gauge 0.5" self-drilling wafer head (mod. Truss) Phillips drive
Hold downs: X |No.10 gauge 0.75" seff-drilling Hex washer head )
Loading Beam: A325 3/4" bolts [ 3bolts[”_] B bolts[ X ] 12 boits

.[Back-to-Back SRR I R R
Chord Studs: ENMU gauge 0.75" self-drilling Hex washer hsad 2@12" 0.C.)

'SHEATHING FASTENER [ 212" I 12 X Jenz
SCHEDULE: . : Other.
EDGE PANEL DISTANCE: 3" e [ ]other.
STUDS: X 3-58"Wx1 5/8"Fx1/2"L|p Thlckness 0.043" (1.09 mm) 33ksi (230 Mpa)
X |Double chord studs used
Other
STUD SPACING: 12°0.C. )
16" 0.C. .
X |24 0.c. Other:
TRACK: ‘ Web. 358" inches [X |T=0.043" (1.09 mm) 33ksi (230 Mpa) _
Flange: 1-1/4" inches Other:
HOLD DOWNS: [X]Simpson Strong-Tie S/HD10 7/8° Anchor Rod = (#of screws);, 33
UCI 18" hold down 172" Anchor Rod (# of screws):
Other
TEST PROTOCOL [ IMonotenic
AND DESCRIPTION:
[ X |Cyclic
LVDT MEASUREMENTS: X_JActuator LVDT X_{North Uplift X |East Frame Brace
X_{North Slip 1 X |South Uplift X |West Frame Brace
X 1South Slip X [Top of Wall Lateral | X |Sheathing at Corners of Panels
X_[Panel She N . JTOTAL:
MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P§
SHEATHING: Moisture Meter o Ww=| 2158 2388
Wood: Nth Sth Wd=| 2055 277
Temp.: C m.c.= 5.01 4.87
AvG:  [#oval " North South
AVG m.c.: 494
DATA ACQ. RECORD RATE: 2 scanfsec_| MONITOR RATE: 50 scan/sec B
COMMENTS: -Shear anchars torqued for 10 s with impact wrench

-North hold down anchor 1/2 turn from finger tight, south 1/2 turn
{load cells used on both hold-downs)

-Ambiant temperature 20 C

-Double chord studs used

-Square plate washers (2.5"x2.5%) + cm:ular ones in both corers of top track
-Initial load set to zero at beginning of test, displacement -0.520 mm

170



20

15

10

Wall Resistance (kN/m)
(=

-20

Wall Resistance (kN/m)
[=2 ]

Net Deflection (mm)
o

g

Jciyles ('I;N -mm)
g B

Test 42A
(4x8 OSB 6"/12")
Net Deﬂegtion (in.)

2 2
IHII IlH|lI‘lllll{lllll||llllll|lllllllll I'HIIIITTITT l'lllfllllllll‘lllll‘lllllllllll}llﬂflIIIIIIIIII'T ITIYI

EAALAARARRE I RARLY LRRRE| ALY LALEN RN RN RRAMII [ARRRSRE LARARRDLARE | RRARI RALLI L LN RRRM E 1200
] w90 -8 (70 -60 50 -40 30 |-20 -10 10 20! 30 40 0 60 70/ 80 90 [

" —~ 1000
] Net Deflection (mm) o
3 P - s
] - 600
3 F~ 400
— -
- — 200
3 =
3 - -200
7 < / Z o
] N v - -400
] AN E
B [~ -600
- e -
7 | e Observed cyclic curve £ 800
] EEEP curve - -1000
7 k ————— Backbone curve :__ 1200
] T T T =

T Fr 1771 T 1T T T T T T T T T 1T T T 71 T I T T T T ] T T T T I T 1 1 71

-40 -30 20 -10 0 10 20 30 40

-3
Rotation (radx 10 )

2 A /\I\,\/\I\A

AAAAAA““A“A

i

3
;

10 20 30 40 50 80

Time (sec.)

70 80 20

LA UL N L Y L L O S L B B B O

100

Figure B.10: Cyclic, EEEP and backbone curves for test 42-A

(way) souessisay |lem

171



Table B.10: Parameters for cyclic test 42-A

! Negative | Positive Units
F, -13.36 14.03 | kN
Fosu -10.69 11.23 | kN
Foau -5.34 5.61 | kN
F, -12.59 12.99 | kN
K. 1.84 1.81 | kKN/mm
Ductility (p) 7.92 8.34 -
Apety -6.83 7.17 | mm
| Apetu -21.64 33.00 | mm
Anet 0.8u -54.10 59.80 | mm
Apetp.4u -2.90 3,10 | mm
Areag,cibone 638.12 730.20 | kN-mm
AreaEEEp 638.12 73020 kN-mm
Check OK OK
Ry 3.85 3.96 -
S, -10.33 10.65 | kN/m
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Date tested : o ;

Wall Size: 4'x8'

Screw pattem : 6" /12"

Edge Distance : _1/2"

Test mode : {f] Cyclic [J Monotonic

Test name : %2&

Max Lond: /Y (181

Failure modes: Pullout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)

Partial Pulithrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB)




Cold Formed Steel Framed Shear Walls
McGill University, Montreal

TEST: ' 428
'RESEARCHER: Caroline Blais ASSISTANTS: A. Frattini__
'DATE: T 18-Jun04 T TIME: 1000
DIMENSIONS OF WALL: 4 FT X | 8 FT PANEL ORIENTATION:  Vertical
: : . : Sheathing one side
SHEATHING: Piywood 15/32" APA Rated Exposure 1 (USA)
0SB 7/16" APA Rated Exposure 1 (USA}
Ptywood (CSA 0151M) CSP 12.5mm (1/27) -
| __|Plywood (CSA O151M) CSP 9mm (3/8")
X |0SB (CSA 0325) 9mm (38" Grant Forest Products
Gther L MFR:
SCREWS ‘Sheathing: X [No.8 gauge 1. 5* self piercing Bugle head LOX drive (Grabber Superdrive) .
No.8 gauge 1.0" self-piercing Bugle head (Flat socket head screw) (HD)
| [No.8 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in 1rack))
Framing: [ X |No.B gauge 0.5" self-drilling wafer head (mod. Truss) Phillips ¢ dnve
Hold downs: X |No.10 gauge O. 75" self-drilling Hex washer head
Loading Beam: A325 3/4" bolts 3 bolts 6 bolts| X | 12 bultsD
Back-to-Back . . -
Chord Studs: X _|{No.10 gauge 0.75" self-drilling Hex washer head 2@12" O.C.)
SHEATHING FASTENER [ [2°42" 32 £#n2" , s"nz"
SCHEDULE: . U U S S B Other:
EDGE PANEL DISTANCE: cL: X 1" T [other: ' )
'STUDS: X ]3-5/8“Wh1-5/8"Fx1/2*Lip Thickness: 0.043" (1 09 mm) 33ksi (230 Mpa) |
X |Double chord studs used
Other |
STUD SPACING: - 12 0.C.
| |16 0.C.
X 124" 0.C. - Other:
TRACK: Web: _3-5/8"_inches X |1=0.043" (1.09 mm) 33ksi (230 Mpa)
Flange:  1-1/4" inches Other:
HOLD DOWNS: X |Simpson Strong-Tie S/HDT0 7/6° Anchor Rod (#of screws): 33
UCI 18" hold down 1/2" Anchor Rod (#of screws):
Other
TEST PROTOCOL [ IMonatanic
AND DESCRIPTION: !
CXJcyclic
LVDT MEASUREMENTS: [ XActuator LVDT [ X |Nonh Upiit [ X |East Frame Brace
X {North Slip X |South Uplift X_jWest Frame Brace
| X |South Slip X |Top of Wall Lateral | X |Sheathing at Corers of Panels
X _|Panei She . : TOTAL:
MOISTURE CONTENT OF " OVEN DRIED ACCORDING TO APA TEST METHOD P§
SHEATHING: Moisture Meter Ww=| 26.06 26.20
Wood: Nth Sth : Wd=| 2481 2493
Temp.: C m.c.= 5.04 4.84
AvG:  [#OwvAN]  Nerh South o
: AVG m.c.! 4.94
'DATA ACQ. RECORD RATE: 2 scan/sec MONITOR RATE: 50 scan/sec
'COMMENTS: " -shear anchors torqued for 10 s with impact wrench _

-North hold down anchor 1/2 turn from finger tight, south 1/2 turn
(load cells used on both hold-downs)
-Ambient temperature 18 C
-Double chord studs used |
-Square plate washers (2.5"x2.5") + circular ones in both corers of top track :
-Initial load set to zero at beginning of test, displacement 0.517 mm
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Table B.11: Parameters for cyclic test 42-B

; Negative | Positive Units
F, -13.29 13.57 | kN
Fo.su -10.63 10.85 | kN
Fo.au -5.31 543 | kN
F, -12.24 12.48 | kN
K. 1.83 1.70 | kN/mm
Ductility () 7.46 8.07 -
Agety -6.68 7.36 | mm
Apetau -22.19 33.62 | mm
Aret.0.8u -49.80 59.40 | mm

| Anet.0.4u -2.90 3.20 | mm
Areag,ckbone 568.56 695.13 | kKN-mm
AreaEEEp 568.56 695.13 | kN-mm
Check OK OK
Ry 3.73 3.89 -

Sy -10.04 10.23 | kN/m
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Failure modes: Pullout, withdrawal (PQ) ; Fatigue Fracture, Shear (FF) Pull through sheathing (PT) ; Damage prlor to testing (DP)

Partial Pulithrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Fallure (WB)




Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: __4¢
RESEARCHER: Caraoline Blais HASSISTA»I‘CTS: A Frattini
DATE: 1B-Jun-04 TIME: 12:00
DIMENSIONS OF WALL: 4 FT X 8 FT PANEL ORIENTATION: Vertical

Sheathing one side

SHEATHING:

Plywood 15/32" APA Rated Exposure 1 (USA)

0SB 7/16" APA Rated Exposure 1

(UsA)

Plywood (CSA 0151M) CSP 12.5mm (1/27)
Plywood (CSA 0151M) CSP Smm (3/87)

< |

0SB (CSA 0325)9mm (387

Grant Forest Products

Other

MFR:

'SCREWS Sheathing:

X |No.8 gauge 1.5" self-piercing Bugle head LOX drive (Grabber Superdrive)

No.8 gauge 1.0" self-piercing Bugle head (Flat socket head screw) (HD)

No.9 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in track))

Framing: [ X |No.8 gauge 0.5 self-drilling wafer head (mod. Truss) Phillips drive
Hold downs: | X {No.10 gauge 0.75" self-drilling Hex washer head
Loading Beam: A325 3/4" bolts 3bolts[__| Bboits[ X ] 12 bolts
Backto-Back . . . I R
Chord Studs: No.10 gauge 0.75" self-drilling Hex washer head 2@12" 0.C)
SHEATHING FASTENER 212" 32" 4"12" X 62"
SCHEDULE: |__|Other.
EDGE PANEL DISTANCE: [ J3m8* X 172" Other:
STUDS: X |3-5/8"Wi-5/8"F x1/2“Lip Thickness: 0.043" (1.09 mm) 33ksi (230 Mpa)
| X |Double chord studs used
Other
STUD SPACING: 12" 0.C. )
16" 0.C. .
X J24 o.C. [other.
TRACK: T Web: 358" _inches X ]7=0.043" (1.09 mm) 33ksi (230 Mpa)
Flange: 1-1/4" inches Other. :
HOLD DOWNS: X |Simpson Strong-Tie S/HD10 7/8” Anchor Rod @of screws): 33
UCI 18" hold down 1/2" Anchor Rod (# of screws):

Other

TEST PROTOCOL [ IMonatanic o
AND DESCRIPTION: i
[TICyclicM N
LVDT MEASUREMENTS: zActualor LVDT X_|North Uplift [ X |East Frame Brace
X_{North Slip X_[South Uplift X_|West Frame Brace L
| X_[South Slip X _|Top of Wall Lateral | X |Sheathing at Corners of Panels
X |Panel She TOTAL: [ |
MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P-6
SHEATHING: Moisture Meter Ww=| 23.71 2255
Wood: ‘Nth Sth Wd=] 2256 21.42
Temp.: C m.c.= 5.10 5.28
aAvG:  [#onvAl North South j
AVG m.c.. 5.18
DATA ACQ. RECORD RATE: 2 scanfsec MONITOR RATE: 50 scan/sec

COMMENTS:

" -Shear anchors torqued for 10 s with imkpact wrench

-North hold down anchor 172 turn from finger tight, south 12 turn

(load cells used on both hold-downs)

-Ambient temperature 18 C

-Double chord studs used

-Square plate washers (2.5"x2.5") + circular ones in both comers of top track

-Initial load set to zero at beginning of test, displacement 0.349 mm
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Net Deflection (mm)
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Figure B.12: Cyclic, EEEP and backbone curves for test 42-C
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Table B.12: Parameters for cyclic test 42-C

[EEI Negative [ Positive | Units
F, -14.23 14.57 | kN
Fosu -11.38 11.66 | kKN
Fo.qu -5.69 5.83 | kN
F, -13.29 1345 | KN
K, 1.67 2.01 | kN/mm
Ductility (#) 5.45 8.07 -
Agety -7.94 6.69 | mm
Apet -22.22 32.50 | mm
Apet 0.8y -43.30 54.00 | mm
Apet 0.4u -3.40 2.90 | mm
Areag,ckbone 522.68 681.33 | kN-mm
AreaEEEp 522.68 681.33 | kN-mm
Check OK 0K
Ry 3.15 3.89 -

Sy -10.90 11.03 | kN/m
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3 McGill

Light Gauge Steel Frame / Wood Panel Shear Wall Testing

Test name : Y2¢
Date tested : _Jun, /¢, 800/

Wall Size: 4'x8

Screw pattern : '6"/ 12¢

Edge Distance : _1/2"

Test mode : W Cyclic [3J Monotonic

20 '
wé £F MA :
D ® ® 0 GO ® F X LOAD: ({4743
v"i i;”' Z? r""‘c‘\ o
2 T T ] - Wi -)KMLT bieee vias ast £ {!“om.a[
DB 8 rd
oA . 248
® .
® é Pr
Y
@ i }wk#"r
© .
0 /.
T © = pT
o w7
® N .
© gf’f
® i
5 AR HPT
1 J U
O—B———- H——% £
vy (0 Jg & JBI;T \B«\/\CF

Failure modes: Puilout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)

Partial Pulithrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB)
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Figure B.3: Superposition of backbone and EEEP curves for tests 42-A,B,C
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Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 44A
RESEARCHER: Caroline Blais ASSISTANTS: A Frattini
DATE: 18-Jun-04 TIME: 1500
DIMENSIONSOFWALL: 4 FT X 8 FT PANEL ORIENTATION: Venical

: ‘Sheathing one side

SHEATHING:

F‘Iywhod 15/32" APA Rated Exposure 1 (USA)

0SB 7/16" APA Rated Exposure 1 (USA)

Plywood (CSA0151M) CSP 12.5mm (1/27)

Plywood (CSA 0151M) CSP Smm (3/8%)

SCREWS Sheathing:

X |0SB (CSA 0325) 9mm (3587

Grant Forest Products

Other MFR:

[X]No.B gauge 1.5" self-piercing Bugle head LOX drive (Grabber Superdrive)

No.8 gauge 1.0" self-piercing Bugle head (Flat socket head screw) (HD)

No.9 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw

Framing:

X {No.8 gauge D.5" self-drilling wafer head (mod. Truss) Phillips drive

Hold downs:

X |No.10 gauge 0.75" self-drilling Hex washer head

‘Loading Beam:

A325 3/4" balts _ 3bolts| | & bolts[ X | 12 bolts

in track))

Back-to-Back

Chord Studs:

SHEATHING FASTENER
SCHEDULE:

[X|No.10 gauge 0.75 self drilling Hex washer head 2@12* 0.C.)

EDGE PANEL DISTANCE:

[ Jan2 [znzr  [XJanze [len2"
: | __|Other:
38" e “[Jother.

STUDS: X |3-5/8"Wx1-5/8"Fx1/2Lip Thickness: 0.043" (1.09 mm) 33ksi (230 Mpa)
| X_[Double chord studs used
Other
STUD SPACING: 12°0.C.
| ]16*ocC.
X ]24*o.C. Other.
TRACK: Web: 358" linches . [X|T=0.043" (1,09 mm) 33ksi 230 Mpa)
Flange: 1-1/4" ‘inches Other:
HOLD DOWNS: [X]Simpson Strong-Tie S/HD13 7/8” Anchar Rod (#of screws): 33
| |UCI 18" hold down 1/2" Anchor Red (# of screws):
Other
TEST PROTOCOL [I™onotonic
AND DESCRIPTION:
X {Cyclic
LVDT MEASUREMENTS: [ X |Actuator LVDT [ X |North Uplift X |East Frame Brace
X |Noth Slip - [ X |South Uplif X _{West Frame Brace
| X |South Slip X |Top of Wall Lateral | X [Sheathing at Comers of Panels
X _|Panel She TOTAL:
MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P-6
SHEATHING: Moisture Meter Ww=| 26.64 2185
Wood: ‘Nth Sth Wd=| 25.26 20.65
Temp.: c R . 5.46 5.81
_AVG: #OIVOI _: North South )
AVG m.c. 564
DATA ACQ. RECORD RATE: 2 scanisec 'MONITOR RATE: 50 scan/sec -

COMMENTS:

-Shear anchors torqued for 10 s with impact wrench

-North hold down anchor 1/2 tumn from finger tight, south 1/2 tum

(load cells used on both hold-downs)

-Ambient temperature 20 C

-Double chord studs used

-Square plate washers (2.5"x2.5") + circular ones in both corners of top track

-Initial load set to zero at beginning of test, displacement 0.160 mm
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Figure B.13: Cyclic, EEEP and backbone curves for test 44-A
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Table B.13: Parameters for cyclic test 44-A

N Ncgative | Positive | Units
F, -20.23 22.26 | kKN
Fo.su -16.19 17.81 { kKN
Fo.4 -8.09 8.90 | kN
F, -18.75 20.82 | kN
K. 2.25 1.75 | kKN/mm
Ductility (n) 6.21 4.46 -
Avetr 8.34 11.93 | mm
Apetn -31.45 48.17 | mm
Anpet.0.8u -51.80 53.20 | mm
Anet 0.4u -3.60 5.10 | mm
Areag,knone 892.86 983.67 | kKN-mm
Areaggep 892.86 | 983.67 | kKN-mm
Check OK OK
Ry 3.38 2.81 -

S, -15.38 17.08 | kN/m
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¥/ MC Gill

Light Gauge Steel Frame / Wood Panel Shear Wall Testing

Test name : 'Z 2 é

Date tested : 4
wali Size: 4'x8'

Screw pattern : 4"/ 12~
Edge Distance : _1/2"

. \;\\758"{ vrt&':;?é/ Test mode : (& Cydlic [ Monotonic
y : S/
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Failure modes:

Pultout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)

Partial Pulithrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB) ; No Damage (ND)
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Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 44B
RESEARCHER: Caraline Blais ASSISTANTS: A Frattini
DATE: 21-Jun-04 TIME: 10:15

DIMENSIONS OF WALL: 4 FT X 8 FT PANEL ORIENTATION:  Vertical

SHEATHING:

Sheathing one side

[_|Plywood 15/32* APA Rated Exposure 1 (USA)

[ |0SB 7/16" APA Rated Exposure 1 (USA)

Plywood (CSA D151M) CSP 12.5mm (172 |

[ |Plywoad (CSA 0151M) CSP 9mm (3/8%)
X |0SB (CSA 0325) 9mm (3/87)

Grant Forest Products

Other

MFR:

|

No.8 gauge 1.5" self-piercing Bugle head LOX drive (Grabber Superdrive)

SCREWS Sheathing

No.8 gauge 1.0" self-piercing Bugle head (Flat socket head screw) (HD)

No.9 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in track))

Framing: z No.8 gauge 0.5" self-drilling wafer head (mod. Truss) Phillips drive

Hold downs: X |No.10 gauge 0.75" self-drilling Hex washer head

Loading Beam: A325 3/4" bolts . 3bolts 6 bolts[ X ] 12 bolts[_]

Back-to-Back R .

Chord Studs; [ INo.10 gauge 0.75" self driling Hex washer head 2@12" 0.C)) ! _
SHEATHING FASTENER [ [2'/12" N2 [Xj4n2" [ Je'n2r
SCHEDULE: Other;

EDGE PANEL DISTANCE: w X [ Jother.

COMMENTS:

-Shear anchars torqued for 10 s with impact wrench

STUDS: [ X ]3-6/8"Wx1-5/8°Fx1/2"Lip Thickness: 0.043" (1.09 mm) 33ksi (230 Mpa)
X _{Double chord studs used
Other
STUD SPACING: [ 1Foc.
16" 0.C.
X 24" 0.C. [Jother.
TRACK: Web; 358" inches [ X ]7=0.043" (1.09 mm) 33ksi (230 Mpa)
Flange: 1-1/4" ‘inches Other:
HOLD DOWNS: X |Simpson Stron‘g—Tié S/HD10 7/8* Anchor Rod (#of screws). 33
UCI 18" hold down 1/2" Anchor Rod (# of screws):
Other
TEST PROTOCOL [_IMonotonic
AND DESCRIPTION: ,
Cyclic
LVOT MEASUREMENTS: | X jActuator LYDT | X [North Uplift X _|East Frame Brace
X_{North Slip X |South Uplit | X |West Frame Brace
X _|South Slip X {Top of Wall Lateral | X |Sheathing at Corners of Panels
%_|Panel She . TOTAL:
MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P§
SHEATHING: Moisture Meter Ww=| 2371 23.26
Wood: Nth Sth . Wid=| 2269 22.26
Temp.: :C mc=| 450 4.43
AVG: #DIVAOI . North South )
AVG m.c. 4.49
DATA ACQ. RECORD RATE: 2 scanfsec | MONITOR RATE: 150 scan/sec

-North hold down anchor 1/2 turn from finger tight, south 1/2 turn

(load cells used on both hold-downs)

-Ambient temperature 18 C

-Double chord studs used

-Square plate washers (2.5"x2.5") + circular ones in both comers of top track

-Initial load set to zero at beginning of test, displacement 3.197 mm
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Figure B.14: Cyclic, EEEP and backbone curves for test 44-B
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Table B.14: Parameters for cyclic test 44-B

; Negative | Positive Units
F, -18.71 19.76 | kN
Fosy -14.97 15.81 | kN
Foau -7.49 7.90 | kN
F, -17.49 18.33 | kN
K. 2.27 2.20 | kKN/mm
Ductility () 6.83 6.33 -
Anety -1.71 8.35 | mm

| Anetw -30.28 42.73 | mm
Anet0.8u -52.70 52.90 | mm
Aret0.4u -3.30 3.60 | mm
Areag,cknone 854.51 893.23 | KN-mm
Areagggp 854.51 893.23 | kN-mm
Check OK OK
Ry 3.56 342 -

Sy -14.35 15.04 | kKN/m
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* Testname: __ </F [
" h.. ‘ 1 Date tested : _ Z_,p s oot ¢
‘ Wwall Size : 4 x8'

v

nght Gauge Steel Frame / Wood Panel Shear Wall Testing Screw pattern : 4"/ 12"
Edge Distance : _1/2"
o Test mode : [ Cyclic [0 Monotonic
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Failure modes; Pullout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)
Partial Pulithrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (W8) ; No Damage (ND)




Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 44C
RESEARCHER: Caroline Blais ASSISTA“TS: A. Frattini
DATE: _21-Jun04 " TIME: 12.00
DIMENSIONS OF WALL: 4 % 8 FT " PANEL ORIENTATION: Ventical
' Sheathing one side

Plywood 15/32" APA Réted Exposure 1 (USA)

SHEATHING:

0SB 716" APA Rated Exposure 1 (USA)
Plywood (CSA D151M) CSP 12.5mm (172 )

Other

Plywood (CSA O151M) CSP 9mm (3/8")
X |0SB (CSA 0325) 9mm (36"

Grant Forest Products

MFR:

SCREWS Sheathing:

X_|No.B gauge 1.5" self-piercing Bugle head LOX drive (Grabber Superdrive)

No.B gauge 1.0" self-piercing Bugle head (Flat socket head screw) (HD)

No.9 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw |n track))

COMMENTS:

-Shear anchors torqued for 10 s with impact wrench

Framing: [ %X |No.8 gauge 0.5" self-drilling wafer head (mod. Truss) Phillips drive
Hold downs: X jNo.10 gauge 0.75" self-drilling Hex washer head
Loading Beam: A325 3/4" bolts 3 boits 6 bolts| X | 12 bolts
_ :Back-to-Back
Chord Studs: [ X [No.10 gauge 0.75" seif-drilling Hex washer head 2@12" O.C.)
SHEATHING FASTENER [ |2'/12" 312" [XJan2 [ Jen2
SCHEDULE: : Other.
EDGE PANEL DISTANCE: [ 38" 2 “[Jother.
'STUDS: X |3-5/8"Wx1-58"Fx172"Lip Thlckness '0.043" (1.09 mm) 33ksi (230 Mpa)
X_|Double chord studs used
Other
STUD SPACING: [ h2"oc. -
16" 0.C.
X|24"0.C Other:
TRACK: Web: 368" inches X |1=0.043" (1.03 mm) 33ksi (230 Mpa)
__Flange: 1-1/4" _inches Gther:
'HOLD DOWNS: TX]Simpson Strong-Tie S/HD10 7/8" Anchor Rod (#of screws). 33
UCI 18" hold down 1/2" Anchor Rod {# of screws):
Other
TEST PROTOCOL _|Monatonic
AND DESCRIPTION:
X [Cyclic
LVDT MEASUREMENTS: X |Actuator LYOT X_|North Uplift [ X |East Frame Brace
X |North Slip X_|South Uplift X |West Frame Brace kN
| X [South Slip X_|Top of Wall Lateral | X [Sheathing at Corners of Panels
X [Panel Sh¢ : TOTAL:
MOISTURE CONTENT OF ] OVEN DRIED ACCORDING TO APA TEST METHOD P-6
SHEATHING: Moisture Meter o Wwe| 2498 2569
Wood: Nth Sth Wd=| 23.83 24.58
Temp.: c . mec=[ 456 4.52
AVG:  T#OVOI | North South_
AVGmc. | 454
DATA ACQ. RECORD RATE: 2 scan/sec _MONITOR RATE: 50 scan/sec |

-North hold down anchor 1/2 turn from finger tight, south 1,2 turn

{load cells used on both hold-downs)

-Ambient temperature 18 C

-Double chord studs used

-Square plate washers (2.5"x2.5") + circular ones in both comers of top track

-Initial load set to zero at beginning of test, displacement 0.366 mm
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Figure B.15: Cyclic, EEEP and backbone curves for test 44-C
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Table B.15: Parameters for cyclic test 44-C

; Negative | Positive Units
Fy -20.06 21.05 | kN
Fosu -16.05 16.84 | kN
Foqu -8.02 8.42 | kN
Fy -18.85 19.46 | kN
K. 2.51 2.16 | kKN/mm
Ductility (u) 6.81 6.45 -
Agety -7.52 9.01 | mm
At -29.77 46.60 | mm
Apet.0.8u -51.20 58.10 | mm
Anet0.4u -3.20 3.90 | mm
Areag;cibone 894.43 | 1042.82 | kN-mm
AreaEEEp 894.43 1042.82 | kN-mm
Check OK OK
Ry 3.55 345 -

S -15.46 15.96 | kN/m
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Ligh't Gauge Steel Frame / Wood Panel Shear Wall Testing
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Fallure modes: Pullout, withdrawal (PO) ; Fatigue Fracture, Shear (

Test name Q’_lé (4

Date tested :
wall Size: 4'x 8’
Screw pattern : 4" / 12"

Edge Distance : _1/2"
Test mode : [@ Cyclic {0 Monotonic

MR LorD - 2] 3ISN

1PPT

FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)

Partial Pulithrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB) ; No Damage (ND)
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Figure B.3: Superposition of backbone and EEEP curves for tests 44-A,B,C
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Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 46A
RESEARCHER: Caroline Blais ASSISTANTS: A. Frattini
DATE: 17-Jun-04 TIME:, 1200

DIMENSIONS OF WALL: 4 FT X 8 FT 'PANEL ORIENTATION:  Vertical

Sheathing one side

SHEATHING:

F'Iywﬁod 15/32" APA Rated Expo‘sl'.l‘(e 1.(USA)
0SB 7/16" APA Rated Exposure 1 (USA)

Plywood (CSA 0151M) CSP 12.5mm (1/2)

Plywood (CSA 0151M) CSP 9mm (3/8%)

[ X|0SB (CSA 0325) 9mm (387

Grant Forest Products

Other MFR:

SCREWS ‘Sheathing:

X [No.8 gauge 1.5" self-piercing Bugle head LOX drive (Grabber Superdrive)

__Framing:
Hold downs:

No.B gauge 1.0" self-piercing Bugle head (Flat socket head screw) (HD)
No.9 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in track))
No.8 gauge 0.5 self-drilling wafer head (mod. Truss) Phillips drive

X
X _|No.10 gauge 0.75" self-drilling Hex washer head

Loading Beam:

A325 3/4" bolts 3bolts| | Bholts[ X ] 12 buns]_

Chord Studs:

SHEATHING FASTENER
SCHEDULE:;

Back-to-Back

[XINo.10 gauge 0.75 seff-drilling Hex washer head 2@12" 0.C))

EDGE PANEL DISTANCE:

[ Jzn2e X |3"12" [ a2 [ Js“n2"
[|other:
38" X 12" Other:

STUDS: = X |3-6/8"Wx1-58"Fx172"Lip Thickness: 0.043" (1.09 mm) 33ksi (230 Mpa)
X_|Double chord studs used
Other
STUD SPACING: 12" 0.C.
16" O.C.
| X [24" O.C. Other:
TRACK: Web: 358" inches [ X]7=0.043" (1.03 mm) 33ksi (230 Mpa)
-Flange: 1-1/4" inches Cther:
HOLD ﬁOWNS: X 'Simpson Strong-Tie S/HD10 7/8" Anchor Rod # of screws): 33
UCI 18" hold down 1/2* Anchor Rod (# of screws)::
Other
TEST PROTOCOL [IMonotonic
AND DESCRIPTION: )
[XTcyelic
LVDT MEASUREMENTS: X |Actuator LYDT [ X |North Uplif | X |East Frame Brace
X_{North Slip | X [South Uplift X _|West Frame Brace
X_{South Slip X |Top of Wall Lateral | X [Sheathing at Comers of Panels )
X _|Panel Sh TOTAL:
MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P§
SHEATHING: Moisture Meter Ww=] 2571 25.88
Wood: Nth Sth Wid=| 24.44 2453
Temp.: C m.c.= 520 525
AVG:  [#DNVAL | - North South
AVG m.c. 5.22
DATA ACQ. RECORD RATE: 2 scanfsec ' MONITOR RATE: 50 scan/sec

COMMENTS:

Shear anchors tbrqﬁed for 10 s with impact wrench

-North hold down anchor 1/2 turn from finger tight, south 1/2 tum

(load celis used on both hold-downs)

-Ambient temperature 18 C

~ Double chord studs used

-Square plate washers (2.5"x2.5" + cm:ular ones in both corners of top track

-Initial load set to zero at beginning of test, displacement 0.133 mm
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Figure B.16: Cyclic, EEEP and backbone curves for test 46-A
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Table B.16: Parameters for cyclic test 46-A

! Negative | Positive Units
F, -24.96 27.35 | kN
Fo.su -19.97 21.88 | kN
Fo.qu -9.99 10.94 | kN
F, -23.25 25.36 | kN
K. 3.03 2.54 | KN/mm
Ductility (u) 6.17 5.64 -
Apety -7.69 9.97 | mm
Apetu -28.26 40.03 | mm
Apet0.8u -47.40 56.20 | mm
Apet 0.4u -3.30 4.30 | mm
Areagackhone 101290 | 1299.07 | kN-mm
Areagggp 1012.90 1299.07 | kKN-mm
Check OK OK
Ry 3.37 3.21 -

Sy -19.07 20.80 | kN/m

198



661

T McGill

nght Gauge Steel Frame / Wood Panel Shear Wall Testing
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Test name : QZ ﬂ
Date tested : _Yrn ¢ [7, 8%

“WallSize: 4'x8'

Screw pattern : 3"/ 12"

Edge Distance : _1/2"
Testmode : {®Cyclic [0 Monotonic
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Failure modes: Pullout, withdrawal (PO) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)
Partial Pullthrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB)




Cold Formed Steel Framed Shear Walls

Mc@Gill University, Montreal

TEST: 468
RESEARCHER: Caroline Blais ASSISTANTS: A Frattini
DATE: 17-Jun-04 TIME: 10:00

DIMENSIONS OF WALL: 4 FT X 8 FT PANEL ORIENTATION: Ventical

Sheathing one side

SHEATHING:

Plywood 15/32° APA Rated Exposure 1 (USA)

0SB 7/16" APA Rated

Exposure 1 (USA)

Plywood (CSA 0151M)

CSP 12.5mm (1/27)

Plywood (CSA G151M) CSP Smm (3/87)

X _|OSB (CSA 0325) 9mm (3/87)

Grant Forest Products

Other

MFR:

SCREWS Sheathing:

X |No.8 gauge 1.5"‘ selﬁbiercing Bugle head LOX drive (Grabhef Superdrive)

No.8 gauge 1.0" selfpiercing Bugle head (Flat socket head screw) (HD)
No0.9 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in track))

COMMENTS:

_.Framing: X |N0.8 gauge 0.5" self-drilling wafer head (mod. Truss) Phillips drive
Hold downs: X |No.10 gauge 0.75" self-drilling Hex washer head: : ) [
Loading Beam: A325 3/4° holts " 3hoits 6 botts[ X ] 12 bolts[_|]
“““““ Back-to-Back : { N
Chord Studs: X |No.10 gauge 0.75" self-drilling Hex washer head 2@12" 0.C.) o
SHEATHING FASTENER 2'712° X3 a2 [ Jan2 T [Clenze
SCHEDULE: Other:
EDGE PANEL DISTANCE: [ 38" X 12 Other.
STUDS: [X]3-58"Wx1-58"Fx1/2"Lip Thickness: 0.043" (1.09 mm} 33ksi (230 Mpa)
X |Double chord studs used v
|__[Other
STUD SPACING: 12" 0.C. R
16" 0.C.
X |24" 0.C. [ Jother:
‘TRACK: ‘Web: 358" linches X_|T=0.043" (1.03 mm) 33ksi (230 Mpa)
Flange: 1-1/4" ‘inches Other:
HOLD DOWNS: [X ] Simpson Strang-Tie S/HD10 7/8" Anchor Rad (#of screws). 33
UCI 18" hold down 1/2" Anchor Rod _([#of screws):
| [Other
TEST PROTOCOL [_IMonotonic
AND DESCRIPTION: :
Xeyelie
LVDT MEASUREMENTS: X |Actuator LVDT X _|North Uplift X _|East Frame Brace
X |North Slip X _|South Uplift X _|West Frame Brace
X _[South Slip X |Top of Wall Lateral [ X |Sheathing at Corers of Panels
X |Panel She TOTAL: [ |
'MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P-6
SHEATHING: Moisture Meter CWw=[ 2406] | 1936
Wood: Nth Sth Wwd=| 2291 18.42
Temp.: . C ) mec={ 502 5.10
AVG:. [#Divit] North South
AVG m.c. 5.06
DATA ACQ. RECORD RATE: 2 scanisec 'MONITOR RATE: 50 scanfsec’

-Shear anchors tarqued for 10 s with impact wrench

-North hold down anchor 1/2 turn from finger tight, south 1/2 tum

(load cells used on both hold-downs)

-Ambient temperature 18 C

-Double chord studs used

-Square plate washers (2.5"x2.5" + circular ones in both corners of top track

-Initial load set to zero at beginning of test, displacement 0.756 mm
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Figure B.17: Cyclic, EEEP and backbone curves for test 46-B
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Table B.17: Parameters for cyclic test 46-B

@ Negative | Positive | Units
F, -24.81 26.18 [ kN
Fosy -19.85 20.95 | kN
Fo.au -9.92 1047 | kN
F, -22.45 24.02 | kN
K, 2.76 2.69 | KN/mm
Ductility (1) 4.89 5.43 -
Anety -8.14 8.94 | mm
Anets 3237 31.14 [ mm
Apetosn 239.80 | 48.60 | mm
Anet 0.4u -3.60 390 | mm
Areap,qoone 802.03 | 1059.93 | kN-mm
Areagggp 802.03 | 1059.93 | kN-mm
Check OK OK

Ry 2.96 3.14 -
S, -18.41 19.70 | KN/m
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McGill

nght‘ Gauge Steel Frame / Wood Panel Shear Wall Testing

sor

Test name : % (5 .

Date tested :

wall Size: 4'x8

Screw pattern : 3" / 12"

Edge Distance : _1/2"

Test mode : [R®Cyclic O Monotonic
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Failure modes: Pullout, withdrawal (PQ) ; Fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)

Partial Pullthrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (WB)




Cold Formed Steel Framed Shear Walls

McGill University, Montreal

TEST: 46C
RESEARCHER: Caroline Blais ASSISTANTS: A, Frattini
DATE: 20-Jun04 . TIME: 15:30
DIMENSIONS OF WALL: 4 FT X 8 FT PANEL ORIENTATION: Vettical
- : - Sheathing one side
SHEATHING: Plywood 15/32" APA Rated Exposure 1 (USA)
: 0SB 7/16" APA Rated Exposure 1 (USA) -
Plywood (CSA 0151M) CSP 12.5mm (1/2)
Plywood (CSA 0151M) CSP 9mm (3/8") }
X 10SB (CSA 0325) 9mm (3/87) i Grant Forest Products
Other MFR:
SCREWS Sheathing: X |No8 gauge 1.5° self-piercing Bugle head LOX drive (Grabber Superdrive) |
No.8 gauge 1.0" self-piercing Bugle head (Flat socket head screw) (HD)
No.9 gauge 1.0" self-piercing Bugle head (HD = near hold-down (1 screw in track))
Framing: | X |No.B gauge 0.5" self-drilling wafer head (mod. Truss) Phillips drive
Hold downs: X |No.10 gauge 0.75" self-drilling Hex washer head ‘
‘Loading Beam: A325 3/4" bolts 3holts| | 6 bolts| X | 12 bolts
Backto-Back A I .
Chord Studs: I]NOJO gauge 0.75" self-drilling Hex washer head 2@12" 0.C.)

SHEATHING FASTENER [ 2212 o [XJenze N2 ez

SCHEDULE:

Other.

EDGE PANEL DISTANCE: [ |

g e P [ Jother.

STUDS: [X 358 Wx1-58"Fxi/2"Lip Thickness: 0.043" (1.09 mm) 33ksi (230 Mpa)
X [Double chord studs used
Othebr
STUD SPACING: 12°0C. :
16" 0.C.
X ]24" 0.C, Other:
TRACK: " Web: 358" inches [ X |T=0.043" (1.09 mm) 33ksi (230 Mpa)
Flange: 1-1/4" inches Other:
HOLD DOWNS: X ]Simpson Strang:Tie SHD10 7/8" Anchor Rod “@ofscrews). 33
UC!t 18" hold down 1/2" Anchor Rod (# of screws):
Other
TEST PROTOCOL Monotonic
AND DESCRIPTION:
“[XJcyelic
LVDT MEASUREMENTS: [ X JActuator LYOT [ XNorth Uplit [ X ]East Frame Brace
X |North Slip X |South Uplift X |West Frame Brace
X _{South Slip X |Top of Wall Lateral | X |Sheathing at Comers of Panels
X|PanelShe T _TotaL; []
MOISTURE CONTENT OF OVEN DRIED ACCORDING TO APA TEST METHOD P§
SHEATHING: Moisture Meter . Ww=|  26.06 2498
Wood: Nth Sth wd={_ 2480 23.75
Temp.: C m.c.= 5.08 5.18
AVG: [ #ONVOL | ...Noth - South o
i AVG m.c. | 5.13
DATA ACQ. RECORD RATE: 2scan/sec . MONITOR RATE: 50 scanfsec
COMMENTS: o " -Shear anchars torqued for 10 s with in'ipact wrench

-North hold down anchor 172 turn from finger tight, south 142 tum

(ioad cells used on both hold-downs)

-Am

bient temperature 20 C

-Double chord studs used

-Square plate washers (2.5"x2.5") + circular ones in both corners of top track

-Initi

al load set to zero at beginning of test, displacement -0.879 mm
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Figure B.18: Cyclic, EEEP and backbone curves for test 46-C
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Table B.18: Parameters for cyclic test 46-C

; Negative | Positive Units
F, -24 43 2495 | kN
Fo.su -19.55 19.96 | kN
Fo.4u -9.77 9.98 | kKN
F, -22.16 2241 | kN
K. 2.79 2.63 | kN/mm
Ductility (u) 491 4.62 -
Apety -7.94 8.53 | mm
Apetn -31.08 30.95 | mm
Ajet0.8u -39.00 39.40 | mm
Ajet.0.4u -3.50 3.80 | mm
Areag,ckbone 776.26 787.21 | KN-mm
AreaEEEp 776.26 787.21 | kN-mm
Check OK OK
Ry 2.97 2.87 -

S, -18.17 18.38 | kN/m
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RAY Date tested : 3Zﬁ;‘é ,Q_@
y_’ C 1 Wall Size :

4'x8'
Light' Gauge Steel Frame / Wood Panel Shear Wall Testing Screw pattern : 3" / 12"
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Failure modes: Pullout, withdrawal (PO) ; fatigue Fracture, Shear (FF) ; Pull through sheathing (PT) ; Damage prior to testing (DP)
Partial Pullthrough (PPT) ; Tearout of sheathing (TO) ; Wood Bearing Failure (W8)
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Figure B.3: Superposition of backbone and EEEP curves for tests 46-A,B,C
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APPENDIX ‘C’
STEWART MODEL
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Monotonic Tests:
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Figure C.4: Superposition of Stewart model and experimental monotonic curve-Test 43A
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Figure C.6: Superposition of Stewart model and experimental monotonic curve-Test 43C
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Figure C.8: Superposition of Stewart model and experimental monotonic curve-Test 45B
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Figure C.16: Superposition of Stewart model and experimental cyclic hysteresis-Test 46A
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APPENDIX ‘D’
BASE SHEAR CALCULATION
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Base Shear Calculation for Two-Storey Model

According to the Canadian Home Builder’s Association (CHBA), the average Canadian

house size is about 167.2m? (1800ft?) which is equivalent to a 7.2 m per 11.6 m two-

storey house (83.6m2/storey).

Base shear calculation for a two-storey house in Vancouver, BC with two shear walls per
exterior wall per storey. (Following the NBCC 2005 edition)

Where,

y_SOOM W SQOM,IW

Rd Ro Rd Ro
R;=25 Ductility modification factor (Branston 2004)
R,=1.8 Opverstrength modification factor (Boudreault 2005)
Ir=10 Importance factor (Table 4.1.8.5, NBCC 2005)

M,=1.0 Factor for higher mode effect (Table 4.1.8.11, NBCC 2005)

n=2

w=>W,

=1
W, = Dead load of 1% storey
W, =1.57kPax83.6m"

W, =131.3kN
W, = Dead load of roof + 25% snow load
W, = 0.66kPa x 83.6m* +25%x1.64kPa x 83.6m>

W, =89.5kN
W =131.3kN +89.5kN
W =220.8kN

Period of the structure — NBCC 2005 — for shear wall structures
T =0.05(h,)*"*

T =0.05(2.44m x 2 +0.31m)*"*
T =0.17sec

For T < 0.2sec and a class E soil we have,

S(T)=F.S,(0.2)

S.(0.2) =0.94 For Vancouver, BC, NBCC 2005
F,=0.948 Table 4.1.8.4.B in NBCC 2005
S5(0.2) =0.948% 0.94
§(0.2) =0.891
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0.891x1.0x1.0x 220.8kN

2.5x1.8
V =43.TkN

V=

SQ.0)M, I W

Except that ¥ should not be less than and need not be taken greater than

d*to
2 50D, W

for a SFRS with R4 equal to or greater than 1.5.
3 R R, .

For T=2.0 sec and a class E soil we have,

S(T)=F.S,(2.0)

Sa.(1.0)=0.33 For Vancouver, BC, NBCC 2005
S.(2.0)=0.17 For Vancouver, BC, NBCC 2005
F,=1.840 Table 4.1.8.4.B, NBCC 2005
S5(2.0)=1.840x0.17
S$(2.0)=0.31
SQOM, I.W _ 0.31x1.0x1.0x220.8kN _15.9kN
R,R, 2.5x1.8
and
z S(0.2)1.w _ E 0.891x1.0x220.8kN 29 2kN

3 R,R, 3 2.5%x1.8

Therefore, V is equal to 29.2 kN.

However, to account for torsional effects, the base shear force (V) was applied at a
distance 0.1D, from the centre of mass of the storey. Using statics, the largest lateral
force induced on one shear wall is found as follows:

tor —
D

n

% —VX(MJ+2=O.3><V

where,
V:or = Base shear induces to one shear wall with torsional effects, [kN]
V' = Base shear, [kN] (29.2 kN)
D, = Plan dimension of the building perpendicular to earthquake load, [m]

Therefore,
V

for

=03xV =0.3x29.2=8.76kN
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The base shear force (with torsion) should be distributed over the height of the structure
as follows:

Since T'<0.7sec, F; =0 and

_V-F)W.h,

n=2
D Wik,
i=1
_ (8.76kN — OkN)x 131.3kN x (2.44m + 0.31m)
' T 131.3kN x (2.44m + 0.31m) + 89.5kN(2.44m)
F, =5.46kN
_ (8.76kN — OkN) x 89.5kN x 2.44m
2 " 131.3kN x (2.44m + 0.31m) + 89.5kN (2.44m)
F, =330kN

F

X

Maximum shear resistance developed for one shear wall on the 1 and 2" storey
respectively;

1** storey 2" storey
_ F +F, S = F,
' SWiength > SWiength
_ 5.46kN +3.30kN _ 330kN
' 1.22m 2 1.22m
S, =7.2kN/m S, =2.7kN/m

Design shear resistance and stiffness of shear walls from test results

Sheathing | Fastener Sy, avg > Ko, avg
; kN/m kN/m kN/mm/m wall length
Sh_(la_athmg Thickness | Schedule ( ) ( ) ( gth)
ype (mm) (mm) | 1220x2440mm | S,=¢ X Syag 1220x2440mm
(4'x8") wall (¢ =0.7) (4'x8") wall

0SB 9 152/305 10.7 75 1.64

0osB 9 150/305 15.9 11.1 1.82

0SB 9 75/305 20.4 14.3 2.09

The maximum shear resistances obtained using the NBCC 2005 approach (S; = 7.2 kN/m
and S, = 2.7 kN/m) is smaller than the lowest design value for the shear walls tested in
this body of research (S; = 7.5 kN/m) therefore the eight shear walls that will be used in
this house will be made of a 9.5 mm thick OSB panel with a screw spacing of 6 inches
along the perimeter of the wall.
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Deflection check

The elastic displacement, A., is the maximum displacement of a storey. Then the
anticipated deflection can be calculated using R4R/Ig times the elastic displacement.

Calculation for drift limitation:

1% Storey 2™ Storey

=%

_7.2kN I m _ _2.7kNm _
Ber = 1.64kN /mm /m = 44mm | Bea = A G4k = 16
s RA
IE
max,l = 2.51x01.8 x4.4mm =19.8mm Az = Z'S;X 1.8 x1.6mm =7.2mm

The largest interstorey deflection for a storey should be equal or less than 0.025h,, where
hs is the height of the storey.

A 0.025 x (2440 + 310)mm = 68.8mm | A, , < 0.025x (2440)mm = 61.0mm

<
max,1

Therefore a total of eight 1.22m x 2.44m shear walls per storey that is, two shear walls
per exterior wall per storey, with a screw schedule of 152/305 mm (6/12”) is adequate
for the modeled house.

Base Shear Calculation for Two-Storey Model

Commerce size is about 174.2m? (1875ft%) which is equivalent to a 7.62 m per 7.62 m
three-storey building (58.1m%/storey).

Base shear calculation for a three-storey building in Vancouver, BC with two shear walls
per exterior wall per storey. (Following the NBCC 2005 edition)

_SOM W SQOM I W

14 >
Rd Ra Rd Ro
Where,
R;=25 Ductility modification factor (Branston 2004)
R,=138 Overstrength modification factor (Boudreault 2005)
Ir=1.0 Importance factor (Table 4.1.8.5, NBCC 2005)
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M,=1.0 Factor for higher mode effect (Table 4.1.8.11, NBCC 2005)

W, = Dead load of 1% storey
W, =2.87kPax58.1m*

W, =166.7kN
W, = Dead load of 2™ storey
W, =2.87kPax58.1m*

W, =166.TkN
W, = Dead load of roof + 25% snow load
W, = 0.69kPa x 58.1m> +25% x 1.64kPa x 58.1m*
W, = 63.9kN
W =166.7kN +166.7kN + 63.9kN
W =397.3kN

Period of the structure - NBCC 2005 — for shear wall structures
T =0.05(h,)*"*

T =0.05(2.74mx3+2*0.15m)*'*

T =0.25sec

For T<0.2sec and a class E soil we have,

S(I)=F,5,(0.2)
S.(0.2) =0.94 For Vancouver, BC, NBCC 2005

F,=0.948 Table 4.1.8.4.B in NBCC 2005
5(0.2) = 0.948x 0.94

5(0.2) =0.891
For T'=0.5sec and a class E soil we have,

S(T)="F,S§,(0.5) or =F,S,(0.2), whichever is smaller

S:(0.2)=0.94 For Vancouver, BC, NBCC 2005
Sa(0.5) = 0.64 For Vancouver, BC, NBCC 2005
S.(1.0)=0.33 For Vancouver, BC, NBCC 2005
F.=0.948 Table 4.1.8.4.B, NBCC 2005
F,=1.840 Table 4.1.8.4.B, NBCC 2005
S§(0.5)=1.840x0.64
S$(0.5)=1.178

Therefore S(T) at T = 0.25s:
5(0.25) = 0.891
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0.891x1.0x1.0x397.3kN

2.5x1.8
V =78.7kN

V =

SQ.O)M, I W

Except that ¥ should not be less than and need not be taken greater than

dRo
2 0.2, W

for a SFRS with R4 equal to or greater than 1.5.
3 R,R,

For T =2.0 sec and a class E soil we have,

S(T)=F,S,(2.0)

S.(1.0)=0.33 For Vancouver, BC, NBCC 2005

S.(2.0)=0.17 For Vancouver, BC, NBCC 2005

F,=1.840 Table 4.1.8.4.B, NBCC 2005
S(2.0)=1.840x0.17

$(2.0) = 0.31

SQ.OM,I,W 031x1.0x1.0x397.3kN
R,R, 2.5x1.8

=27.6kN

and

S(02)I W _ 20.891x1.0x397.3kN
R,R, 3 2.5x1.8

=52.4kN

2
3

Therefore, V is equal to 52.4 kN.

However, to account for torsional effects, the base shear force (V) was applied at a
distance 0.1D, from the centre of mass of the storey. Using statics, the largest lateral
force induced on one shear wall is found as follows:

14

for

(0.11),, +0.5D,
= V X|l————mmmm-o--re
D

n

j+2=03xV

where,
V1o = Base shear induces to one shear wall with torsional effects, [kN]
V' = Base shear, [kN] (29.2 kN)
D, = Plan dimension of the building perpendicular to earthquake load, [m]

Therefore,
V, =03xV =03x52.4=15.72kN
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The base shear force (with torsion) should be distributed over the height of the structure
as follows:

Since T < 0.7sec, F;= 0 and
F oo V -F)W_h,

i=1

~ (15.72kN — OkN) x 166.7kN x (2.74m + 0.10m)
' 166.7kN(2.74 + 0.10)m +166.7kN(2.74 + 0.15)m + 63.9kN(2.74 + 0.05)m
F, =6.55kN

~ (15.72kN — 0kN) x 166.7kN x (2.74m +0.15m)
27 166.7kN(2.74 + 0.10)m +166.TkN(2.74 +0.15)m + 63.9kN(2.74 + 0.05)m
F, = 6.65kN

"o (15.72kN — 0kN) x 63.9kN x (2.74m + 0.05m)
> 7 166.7kN(2.74 +0.10)m +166.7kN(2.74 + 0.15)m + 63 .9KkN(2.74 + 0.05)m
F, = 2.45kN

Maximum shear resistance developed for one shear wall on the 1% and 2" storey
respectively;

1* storey 2" storey 3" storey
Slel+F2+F3 S, = F,+F, S, = F,
SWiength SWiength SWiength
S = (6.55+6.65+2.45)kN S = (6.65+2.45)kN S = 2.45kN
‘ 1.22m ? 1.22m > 1.22m
S, =12.8kN/m S, =7.46kN /m S, =2.01kN/m

Design shear resistance and stiffness of shear walls from test results

R Sy, avg Sr ke, avg
Sheathing %l:_eathmg Fastener (kN/m) (kN/m) (kN/mm/m wall length)
Tvoe ickness | Schedule
yp (mm) (mm) 1220x2440mm | S;= ¢ X Syavg 1220x2440mm
(4'x8") wall (¢ =0.7) (4'x8") wall

0sB 9.5 152/305 10.7 7.5 1.64
0sB 9.5 100/305 15.9 11.1 1.82
0sB 9.5 75/305 204 14.3 2.09

The maximum shear resistances obtained using the NBCC 2005 approach (S; =12.8
kN/m, S; = 7.46 kN/m and S; = 2.01 kN/m) is smaller than the highest design value for
the shear walls tested in this body of research (S;= 14.3 kN/m) therefore the eight shear
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walls that will be used in this house will be made of a 9.5mm thick OSB panel with a
screw spacing of 3 inches along the perimeter of the wall.

Deflection check

The elastic displacement, A., is the maximum displacement of a storey. Then the
anticipated deflection can be calculated using R4R/Ig times the elastic displacement.

Calculation for drift limitation:

=%

1* Storey Ay =128KN 1 2.00kN / mm | m = O-1mm
——and Store Aex = 7.5kN/%.O9kN/mm/m = 3.6mm
7 Slorer Bes = 20N 00N J mim /m = 1-0mm
A= RLR& XA,
IE
) ot = 2'51x L8 6. 1mm = 27.5mm
L Storey 25x1.8
2" Storey Avs = 1o * 3.6mm =16.2mm
¥ Storey Aoy = 2.51x 1.8 x1.0mm = 4.5mm

The largest interstorey deflection for a storey should be equal
or less than 0.025h,, where h; is the height of the storey.

IS‘dStorey A axy < 0.025% (2740 +100)mm = 71.0mm
2 Storey A acs <0.025% (2740 +150)ymm = 72.3mm

3¢ Storey
A s < 0.025x (2740 + 50)mm = 69.8mm

Therefore a total of eight 1.22m x 2.44m shear walls per storey that is, two shear walls
per exterior wall per storey, with a screw schedule of 75/305 mm (37/12”) is adequate for
the modeled building.
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APPENDIX ‘E’
GROUND MOTION RECORD ACCELEROGRAMS & SPECTRA
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Ground Motion Record SO1

No

Event

Magn.

Station

deg

PGA(g)

PHV(m/s) | td(s) | Sf

S01

Simulated (Trial #1)

M, 6.5

30

0.53

0.57 852 | 1

Acceleration (g)

Spectral Acceleration (g)

0.6 -

-0.2 A

0.4 -

-0.6 -

1.4 -

1.2 A

Time (sec)

——acc (g)
—-—acc normalized

Figure E.1: Accelerogram for ground motion record SO1

—— 501
—e— CODE

Period (sec)

Figure E.2: 2005 NBCC Vancouver 5% damped spectral response acceleration : ground
motion record SO1 scaling
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Ground Motion Record S02

No Event Magn. R | Station | deg | PGA(g) | PHV(mm/s) | td(s) | Sf
S02 | Simulated (Trial#4) | M,6.5 [ 30 - 0.43 0.31 852 [ 1.1

0.5 -
0.4
0.3
0.2 +
0.1

——acc (g)
— acc nomalized

019 6 10

0.2 1
0.3 -
0.4
0.5 -

Acceleration (g)
(w]
o |

Time (sec)

Figure E.3: Accelerogram for ground motion record S02

— 02
—e— CODE

Spectral Acceleration (g)
o
»

Period (sec)

Figure E.4: 2005 NBCC Vancouver 5% damped spectral response acceleration : ground
motion record SO2 scaling
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Ground Motion Record S03

No Event Magn. R | Station | deg | PGA(g) | PHV(m/s) | td(s) | Sf

S03 | Simulated (Trial#1) | M, 7.2 | 70 - 0.28 03 18.17 | 1.1

0.3 -

UL o

o M t”“ i __ace nomalized

Acceleration (g)
o

Time (sec)

Figure E.5: Accelerogram for ground motion record S03

1 -
0.9 -
0.8
0.7 -
0.6 -
0.5 -
0.4 -
0.3 -
0.2
0.1 A

——803
—a—CODE

Spectral Acceleration (g)

Period (sec)

Figure E.6: 2005 NBCC Vancouver 5% damped spectral response acceleration : ground
motion record SO3 scaling
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Ground Motion Record S04

No

Event

Magn.

R | Station | deg

PGA(g)

PHV(m/s) | td(s)

St

S04

Simulated (Trial #2)

M, 7.2

0.31

0.24 18.17

12

Acceleration (g)

ectral Acceleration (g)

Sp
o O
O

0.3 -

0.2 +

(=]
-
I

o
1

-0.1 A

-0.2

0.3 A

0.4 -

1 -
0.9 4

© o o
3D N
\ L 1

© o o
w b O
] | ]

. ‘(l1lJ‘i"l |

hil' 1y
1

‘i M,f.”llh I
T

Time (sec)

20

——acc (G)
——acc normalized

Figure E.7: Accelerogram for ground motion record S04

—— S04
—o— CODE

(o]
o

Period (sec)

Figure E.8: 2005 NBCC Vancouver 5% damped spectral response acceleration : ground

motion record S04 scaling
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Ground Motion Record S05

No

Event Magn. R

Station

deg

PGA(g)

PHV(m/s) | td(s) | Sf

S05

Apr. 24, 1984
Morgan Hill M. 6.1 ) 38

San Ysidro,
Gilroy #6

90

0.26

0.37 15 0.9

Spectral Acceleration (g)

Acceleration (g)
(8]

0.3 -

o
N
t

o
-
)

o
I

S

o
[N

&
w

o
>

Time (sec)

W"v"‘”““ﬂW"ﬁo

——acc (9)
——acc nommalized

Figure E.9: Accelerogram for ground motion record S05

— 805
—e— CODE

Period (sec)

Figure E.10: 2005 NBCC Vancouver 5% damped spectral response acceleration : ground
motion record SO5 scaling
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Ground Motion Record S06

No

Event

Magn.

R Station deg

PGA()

PHV(m/s) | td(s) | Sf

S06

Jan. 17, 1994
Northridge

M, 6.7

Castaic, Old
Ridge Rd

0.34

0.52 25 0.6

Acceleration (g)

© o
ENEEE N

Spectral Acceleration (g)

0.8 -

o
[0)]
t

o
£
1

o
N
1

o
o

—_
=N
I

-
N
1

o
e}

1

o
o

o
'S

o
')

1

o
I

—_
i

]

=N
L=

Time (sec)

——acc (g)
——acc normalized

Figure E.11: Accelerogram for ground motion record S06

— = 1015
—e— CODE

T T

2 3

Period (sec)

E-N

Figure E.12: 2005 NBCC Vancouver 5% damped spectral response acceleration : ground
motion record S06 scaling
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Ground Motion Record S07

No Event Magn. R Station deg | PGA(g) | PHV(mm/s) | td(s) | Sf

Jan. 17, 1994 Castaic, Old
S07 Northridge M, 6.7 | 44 Ridge Rd 0 0.26 0.53 40 0.5

0.60 -
0.50 -
0.40 A
0.30 -
0.20 -

0.10 - ——acc (g)
0.00 - -‘ W ——@cc normalized
0109 0 30 40 50

-0.20 A
-0.30 A
-0.40 -
-0.50 -

Acceleration (g)

Time (sec)

Figure E.13: Accelerogram for ground motion record S07

o
© -
1 ]

0.8 -

e ©
o ~N
1 1

—S07
—e— CODE

©
'S
1

0.3 A
0.2 -

Spectral Acceleration (g)
o
[8)]

e
—_
1

0 T T T T 1
0 1 2 3 4 5

Period (sec)

Figure E.14: 2005 NBCC Vancouver 5% damped spectral response acceleration : ground
motion record SO7 scaling
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Ground Motion Record S08

No

Event Magn. R Station deg | PGA(g) | PHV(m/s) | td(s)

St

S08

Oct. 18,1989 | 7.0 | 54 | StanfordUniv. | 0 | 029 028 | 396
Loma Prieta

Acceleration (g)

Spectral Acceleration (g)

0.4 -

0.3 -

0.2

0.1 ___acc (g)
——— acc normalized

0.1 -

-0.2 -

-0.3 -
Time (sec)

Figure E.15: Accelerogram for ground motion record S08

0.9
0.8
0.7
0.6 -
0.5
0.4
0.3
0.2
0.1 -

— 808
—e— CODE

0 T T ¥ T 1

0 1 2 3
Period (sec)

H
[8) ]

Figure E.16: 2005 NBCC Vancouver 5% damped spectral response acceleration : ground

motion record SO8 scaling
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Ground Motion Record S09

No Event

Magn. R

Station

deg

PGA()

PHV(m/s) | td(s)

St

S09

Oct. 18, 1989
Loma Prieta

M, 7.0 | 100

Presidio

90

0.26

0.34 40

1.3

0.2

Acceleration (g)
<

-0.15
-0.2 A
-0.25 -
-0.3 -

o
[{e] -
L )

(9)
o
[e:]

£ 0.7 A

© o
a o
1 ]

pectral Accelerati
© o
w
1 1

& 0.2

o
N
L

Time (sec)

—accC

———acc normalized

Figure E.17: Accelerogram for ground motion record S09

—S09
—e— CODE

o
o

Period (sec)

Figure E.18: 2005 NBCC Vancouver 5% damped spectral response acceleration : ground
motion record SO9 scaling
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Ground Motion Record S10

No Event Magn. R Station deg | PGA(g) | PHV(m/s) | td(s) | Sf
Apr. 13, 1949 Olympia, Test
S10 West Wash. M, 7.1 76 Lab 86 0.42 0.17 30 1.5
0.3
G
= :
2 40 50 |—acc
©
k] —— acc normalized
8
<
-0.3 -
0.4 1
0.5 -
Time (sec)
Figure E.19: Accelerogram for ground motion record S10
1.2
1 4
0.8 -
— 810
—e— CODE

Spectral Acceleration (g)
o
»

2 3

Period (sec)

Figure E.20: 2005 NBCC Vancouver 5% damped spectral response acceleration : ground

motion record S10 scaling

238



APPENDIX ‘F’
RUAUMOKO INPUT FILES FOR BOTH BUILDING MODELS
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Two-Storey Shear Wall

Shear wall 152/305 9Snm OSB
201000000
81342129.81550.018.521
11101

00

:

(SRS
[\ AN

oo
G'1 b

=
o
COOCOoORrrROOR

PR T
FHOOKRKHOO
CoocOoHOOR
HEERR R

NN
[\
MU ONNO
~J
[SY-1
wooMNOoOOOoOO
[=NeoNoNoNeNoNoNe]
COODO0OOO O
WWwowwwow

:

WO JAHNh WK

WWHENRPRARNOBRWWERENONE
NANOAUoOnNWNWNDER
NODIAWOUH&&WN
COOCO0OO0OO0OO0DO0OO0OO0OOOO
[=NeNeoNeNeoRoNoRoeNoRoNeoNeNo)
WOWWWWWwWWwwWwowww

PROPS
1 SPRING
10 0 0 1000000
2 SPRING
1 0 0 0 1000000
3 SPRING
19004700000 0.15

10.61 -10.61

Units kN, m ard s

Principal Analysis Opticns

Frame Caitrol Parameters

Qutput Intervals and Plotting Control Parameters
Iteration Control

! Marber Properties Tables
! colums

! beam

! brace: 152/305 95mm OSB Blais Table 5.1

! Itype 1, Ihyst = Wayne Stewart, Ilos = No Strength Degradatiom
(Not available for Stewart), IDAM3 , Kx, Ky, GJ, WGT, RF

! FX+ FX-

15.92 1.29 0.01.75 00 1.09 0.52 0 | FU FI PIRI HNL GAP+ GAP- BEIAR AIFPHA

4 SPRING
10 00 254559

f
Z

CaOU e WwN R
HHMHEO0O0OO0OO

6.5
1.0
1.0
6.5
LOAD
1000
2000
3000
4000
5000
6000
7000
8000
BEQUAKE s01.dat

310.0118.52001.0

START

! Floor campanents

Figure F.1: Ruaumoko input file for two-storey model under ground motion record S01
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Shear wall 152/305 95mm OSB
201000000
81342129.81550.018.521

ii1101

00

NCODES

10 0 111 000 3
20 244001 000 O
31.222.44001 000 3
41.220 111 000 3
50 275001 200 3
6 0 5.19001 000 O
71.225.19001 000 3
81.222.75001 300 3
ELEMENTS

1112003

2 223003

3 134003

4 324000

5 331003

6 425003

7 258003

8 483003

9 156003
10267003
11178003
12368000
13375003

PROPS

1 SPRING

10 0 0 1000000

2 SPRING

10 0 0 1000000

3 SPRING

19004700 0000.15

10.61 -10.61

Units kN, m and s

Principal Analysis Opticns

Frame Cmtrol Paraveters

Output Intervals and Plotting Control Parameters
Iteration Control

! Menber Properties Tables
! colums

! beam

! hrace: 152/305 95mm OSB Blais Table 5.1

! Itype 1, Thyst = Wayne Stewart, Ilos = No Strength Degradation
(Not available for Stewart),IDAM5 , Kx, Ky, GJ, WGT, RF

! FX+ FX-

15.92 1.290.01.7500 1.090.52 0 ! FU FI PIRI PINL GAP+ GAP- BETA ALPHA

4 SPRING
10 00 254559

A
5

ouOUeWN P
HRERHRrBPOOOO

LWl o)
nmoowm

:

WA W
[~ReloloNeNoNoNe)
[eNeNoleoNoNoNoNel
[=ReoRoNeNoNoNoRe)

BEXRKE s02.dat
310.0118.52001.0

START

! Floor campanents

Figure F.2: Ruaumoko input file for two-storey model under ground motion record S02
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Units XN, mard s
Principal 2Analysis Options
Frame Control Paraneters

Shear wall 152/305 95mm OSB
201000000
81342129.8155 0.01 18.17 1

11101 OQutput Intervals and Plotting Control Parameters
00 Iteration Control
NCDES

10 ] 111 000 3

20 244001 000 ©

31.222.44001 000 3

41.220 111 000 3

50 275001 200 3

60 519001 000 O

7122519001 000 3

81.222.75001 300 3

ELEMENTS

1 112003

2 223003

3134003

4 324000

5 331003

6 425003

7 258003

8 483003

9 156003

10267003

11178003

12368000

13375003

PROPS ! Menber Properties Tables
1 SPRING ! calums

10 0 0 1000000

2 SPRING ! beam

10 0 0 1000000

3 SPRING ! brace: 152/305 95mm OSB Blais Table 5.1
19004700000 0.15 ! Itype 1, Thyst = Wayne Stewart, Ilos = No Strength Degradation

(Not available for Stewart), IDAMG , Kx, Ky, GJ, WGT, RF

10.61 -10.61 ! FX+ FX-

15.92 1.29 0.01.75001.09 0.520 ! FU FI PIRT PINL GAP+ GAP- BEETA AILPHA
4 SPRING

1 0 0 0 254559 ! Floor campments
WEIGHT

10

20

30

40

5 16.5

6 11.0

7 11.0

8 16.5

LOAD

1000

2000

3000

4000

5000

6000

7000

8000

EQUBKE s03.dat
310.01118.17001.0

START

Figure F.3: Ruaumoko input file for two-storey model under ground motion record S03
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Shear wall 152/305 95mm OSB ! Units kN, m ard s

201000000 ! Principal Analysis Options

81342129.81550.0118.171 ! Frame Control Parameters

11101 ! Qutput Intervals and Plotting Control Parameters

00 | Iteration Control

NCDES

10 0 111 000 3

20 2.44001 000 O

31.222,44001 000 3

41.220 111 000 3

50 2.75001 200 3

60 5.19001 000 O

71.225.19001 000 3

81.222.75001 300 3

ELEMENTS

1 112003

2 223003

3 134003

4 324000

5 331003

6 425003

7 258003

8 483003

9 156003

10267003

11178003

12368000

13375003

PROPS ! Marber Properties Tables

1 SPRING ! colums

10 0 0 1000000

2 SERING ! beam

10 0 0 1000000

3 SPRING ! brace: 152/305 95mm OSB Blais Table 5.1

19004700000 0.15 ! Itype 1, Thyst = Wayne Stewart, Ilos = No Strength Degradation
(Not available for Stewart), IDAMG , Kx, Ky, GJ, WGT, RF

10.61 -10.61 ! FX+ FX-

15.92 1.29 0.01.75001.09 0.52 0 ! FU FI PIRT PNl GAP+ GAP- BEIA AIPHA
4 SPRING
10 0 0 254559 ! Floor camponents

f
Z

0O U R WN -
HPRMHEHOOOO
[N ol o))
noowm

:

AW
[« NeNoRoNoNeNoNeal
[eReoNeoNoNaNoleNe)
COO0OOOCDOoOOO

BXUBKE s04.dat
310.01118.170 0 1.0

START

Figure F.4: Ruaumoko input file for two-storey model under ground motion record S04
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Shear wall 152/305 95mm OSB ! Units kN, mand s
201000000 ! Principal Analysis Options
81342129.8155 0.005 29.975 1 ! Frame Ontrol Parameters

11101 ! Qutput Intervals and Plotting Control Parameters

00 ! Iteration Control

NCDES

10 0 111 000 3

20 2.44001 000 O

31.222.44001 000 3

41.220 111 000 3

50 2.73001 200 3

60 519001 000 0

71.225.19001 000 3

81.222.75001 300 3

ELEMENTS

1112003

2 223003

3 134003

4 324000

5 331003

6 425003

7 258003

8 483003

9 156003

10267003

11178003

12368000

13375003

PROPS ! Meber Properties Tables

1 SERING ! colums

10 0 0 1000000

2 SPRING ! beam

10 0 0 1000000

3 SERING ! brace: 152/305 95mm OSB Rlais Table 5.1

1900470000 00.15 ! Itype 1, Ihyst = Wayne Stewart, Ilos = No Strength Degradatiom
(Not available for Stewart), IDAMG , Kx, Ky, GJ, WGT, RF

10.61 -10.61 ! FX+ FX-

15.92 1.29 0.0 1.75 00 1.09 0.52 0 ! FU FI PIRI PINL GAP+ GAP- BEIA ALPHA
4 SPRING
10 0 0 254559 ! Floor campaents

mqmm#umwé
HEHERPEPROOOO
[ Wl Y g
nmoowun

:

W~JOAUTd WP
[eNeNeoNoNoNoNeoNel
COOO0OO0OO0OO0O0
COO0OO0OO0COOCO

BUAKE s05.dat
310.005129.975001.0

STRART

Figure F.5: Ruaumoko input file for two-storey model under ground motion record S05
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Shear wall 152/305 95mm OSB

201000000

81342129.81550.0239.981

11101
00

OO WN R
b—u—-oor-;-aoog
IS Y

ISR
Cod ER
cocoooroor
coocorHoOK

SIS
P e e 2R

[SEURGESNoNSESN-)
WooOoONODOOO
[=NeNeRoNoNoNoNal
COO0OO0OOOCOO

~J
u

:

WWENMHFANOOWWRNDKE
NOANANOUNDNDWNWNE
VOOIRNAWOUH&BWN
[eReRoloNoNoRoNeNoNoRoNoNel
[=Rel-RoNoloRoRoNeNoReNoNel
WoWWwwwwwwowww

PHWOUODSONU & WN -
Lhks

:

1 SPRING
1 0 0 0 1000000

2 SPRING
10 0 0 1000000

3 SPRING
1900470000 00.15

10.61 -10.61

Wwowwwow

! Units XN, mard s

! Principal Analysis Opticns

! Frame Cantrol Parameters

! Qutput Intervals and Plotting Control Parameters
! Iteration Control

! Marber Properties Tables
! colums

! beam

! brace: 152/305 95mm OSB Blais Table 5.1

! Itype 1, Ihyst = Wayne Stewart, Ilos = No Strength Degradation
(Not available for Stewart),IDAMG , Kx, Ky, GJ, WGT, RF

! FX+ FX-

15.92 1.290.01.75 00 1.090.52 0 ! FU FI PIRI PINL GAP+ GAP- BETA ALPHA

4 SPRING
10 0 0 254559

-
Z

W-JAUdWwN
HEFRFEHROOOO
[ Wl )
noowun

OOV WP

[eNeNeoRoNoNeNoNa]
COOO0OOQO
COO0OO0OO0OOO0O

EQJAKE s06.dat
310.02139.98001.0

START

! Floor cawpments

Figure F.6: Ruaumoko input file for two-storey model under ground motion record S06

245




Units kN, m ard s
Principal Analysis Opticns
Frame Caitrol Parameters

Shear wall 152/305 95mm OSB
201000000
81342129.81550.0239.981

11101 Output Intervals and Plotting Control Parameters

00 Iteration Control

NCDES

10 0 111 000 3

20 2.44001 000 ©

31.222.44001 000 3

41.220 111 000 3

50 275001 200 3

60 5.19001 000 O

7122519001 000 3

81.222.75001 300 3

ELEMENTS

1 112003

2 223003

3 134003

4 324000

5 331003

6 425003

7 258003

8 483003

9 156003

10267003

11178003

12368000

13375003

PROPS ! Menber Properties Tables

1 SPRING ! colums

10 0 0 1000000

2 SPRING ! beam

10 0 0 1000000

3 SPRING ! brace: 152/305 95mm OSB Blais Table 5.1

1900470000 0 0.15 ! Itype 1, Ihyst = Wayne Stewart, Ilos = No Strength Degradation
(Not available for Stewart),IDAM3 , Kx, Ky, GJ, WGT, RF

10.61 -10.61 ! FX+ FX-

15.921.290.01.75001.09 0.52 0! FU FI PIRT HNL GAP+ GAP- BETA ALPHA

4 SFRING

10 0 0 254559 ! Floor campaents

WEIGHT

10

20

30

40

5 16.5

6 11.0

7 11.0

8 16.5

LOAD

1000

2000

3000

4000

5000

6000

7000

8000

BQUAKE s07.dat

310.02139.98001.0

START

Figure F.7: Ruaumoko input file for two-storey model under ground motion record S07
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Shear wall 152/305 95mm OSB ! Units KN, mard s

201000000 ! Principal Analysis Opticns
81342129.8155 0.005 39.6 1 ! Frare Control Parameters
11101 ! Qutput Intervals ard Plotting Control Parameters
00 ! Tteration Control
NCDES
10 0 111 000 3
20 2.44001 000 O
31.222.44001 000 3
41.220 111 000 3
50 275001 200 3
60 $.19001 000 O
71.225.19001 000 3
81.222.75001 300 3
ELEMENTS
1 112003
2 223003
3 134003
4 324000
5 331003
6 425003
7 258003
8 483003
8 156003
10267003
11178003
12368000
13375003
PROPS ! Marber Properties Tables
1 SPRING ! colums
1 0 0 0 1000000
2 SPRING ! beam
10 0 0 1000000
3 SPRING ! brace: 152/305 95mm CSB Blais Table 5.1
19004700000 0.15 ! Itype 1, Ihyst = Wayne Stewart, Ilos = No Strength Degradation
(Not available for Stewart) , IDAMG , Kx, Ky, GJ, WGT, RF
10.61 -10.61 ! FX+ FX-
15.92 1.29 0.01.75001.090.520 ! FU FI PIRI PMNL GAP+ GAP- BEIA ALPHA
4 SPRING
1 0 0 0 254559 ! Floor campments
WEIGHT
10
20
30
40
5 16.5
6 11.0
7 11.0
8 16.5
10AD

W J AU W
[oNeNeNoNoNoNoNa)
OCQCOOOO0CO0O
(=N +l-NelleNolNeNe)]

BEQRKE s08.dat
310.005139.6001.0

START

Figure F.8: Ruaumoko input file for two-storey model under ground motion record SO8
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Shear wall 152/305 95mm OSB ! Units kN, mard s

201000000 ! Principal Analysis Options

81342129.81550.0239.981 ! Frame Control Parareters

11101 ! Output Intervals and Pletting Control Parameters
!

00 ! Tteration Control

NCDES

10 0 111 000 3

20 2.44001 000 O

31.222.44001 000 3

41.220 111 000 3

50 275001 200 3

60 519001 000 0

71.225.19001 000 3

81.222.75001 300 3

ELEMENTS

1 112003

2 223003

3134003

4 324000

5 331003

6 425003

7 258003

8 483003

9 156003

10267003

11178003

12368000

13375003

PROPS ! Member Properties Tables

1 SPRING ! colums

10 0 0 1000000

2 SPRING ! beam

10 0 0 1000000

3 SPRING ! brace: 152/305 95mm CSB Blais Table 5.1

19004700 00 0 0.15 ! Itype 1, Ihyst = Wayne Stewart, Ilos = No Strength Degradatim
(Not available for Stewart),IDAMS , Kx, Ky, GJ, WGT, RF

10.61 -10.61 ! FX+ FX-

15.92 1.29 0.01.75001.09 0.52 0 ! FU FI PIRI PINL GAP+ GAP- BEIA ALPHA
4 SPRING
10 0 0 254559 ! Floor campments

f
z

0~ OV U W
HHRPEHEPOOOO
A= B
moownm

W-JAWU D WK

COO0OO0OOO0OOO
j=l~NoNoNeNeNe Nl

[eReNoRoNeRoNoNel

BQUAKE s09.dat
310.02139.98001.0

START

Figure F.9: Ruaumoko input file for two-storey model under ground motion record S09
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Shear wall 152/305 95mm OSB

201000000

81342129.81550.0289.041

WWwowwwow

Units kN, m and s

Principal Analysis Optims

Frame Control Parameters

Output Intervals and Plotting Control Parameters
Iteration Control

! Menber Properties Tables
! colums

! beam

! brace: 152/305 95mm Blais Table 5.1

! Itype 1, Ihyst = Wayne Stewart, Ilos = No Strength Degradation
(Not available for Stewart),IDAMG , Kx, Ky, GJ, WGT, RF

! FX+ FX-

15.92 1.290.01.75 00 1.09 0.52 0 ! FU FI PIRI PUNL GAP+ GAP- BETA ALPHA

11101

00

NCDES

10 0 111 000
20 244001 000
31.222.44001 000
41.220 111 000
50 275001 200
60 519001 000
71.225.19001 000
81.222.75001 300
ELEMENTS

1 112003

2 223003

3 134003

4 324000

S 331003

6 425003

7 258003

8 483003

9 156003
10267003
11178003
12368000
13375003

PROPS

1 SPRING

10 0 0 1000000

2 SPRING

10 0 0 1000000

3 SPRING
1900470000 00.15
10.61 -10.61

4 SPRING

10 0 0 254559
WEIGHT

10

20

30

40

5 16.5

6 11.0

7 11.0

8 16.5

LaAD

1000

2000

3000

4000

5000

6000

7000

8000

BEQURKE s10.dat
310.02189.04001.0

START

! Floor canpanents

Figure F.10: Ruaumoko input file for two-storey model under ground motion record S10
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Three-Storey Shear Wall

! Qutput Intervals and Plotting Control Parameters

! Principal Analysis Options
! Iteration Control

! Frame Cantrol Parameters

! Units KN, mand s

MOMMMOMMMOMmM

jelelofolofofofofoNe oK)
OO0 O0OO0OOOOOOOO
COOCONOOMYWOOTr

el e R e R e e e R R R ]
HOOHOOQOOOOOO
HOOHOOOOOOOO

P OAMMAD0NND
~r~ owwwornwe

00000
3129.81550.01 8.521
1

1 152/305 95mm 3 storey

(=R Rl NN a N [N XN
NN acN aN

o do
o N

N b . ..
N COAHO0OOAHOOH

zulo “HNMPNOrORN

NN OMMMMMMNOMmM
[oJelolololololoooNeoReaNw]
[efejofoRolofololofooRaloN o]
NP ANOMO~ 00N
HANNMANMONINOWNWOSWOSY
AN NSANA O P

o-dNM
ANt noconddAdd A

Mmoo ™
(=N« Rl

[oX el (=]
00O

0001 o

N OHOH
ANARAAAA

N ANAHOM

NWr-VNO |
AN

! Marber Properties Tables

! colums

1 SPFRING

PROPS

! beam

10 0 0 1000000

2 SPRING

No Strength Degradation

Wayne Stewart, Ilos =
BETA ALPHA Locp

(Not available for Stewart),IDRMG , Kx, Ky, GJ, WGT, RF

! FX+ FX-
33.803.080.01.45001.090.450! FU FI PIRI PINL GAP+ GAP-

! brace: 75/305 9.5m OSB Blais Table 5.1

! Floor campaents

! Itype 1, Ihyst

<)}
—
(=]
[=]
[=]
(o
Q O <2}
Q \n
Q N @ [T}
o ot &~ <
o9 & : [Tal
— >~ N
N
o__O t (=]
[N o]
(=] o @ o COQOOoOO0OOoOOoCQ
©~ ’ o000
(=) Ao} : o OCOO0O0OOO0O0O
(8] o o ®WOO [=ReoXa)
AWH N A ONNOONNQO CO0OO0OO0COOQO
oy o
™ ~ ANNINO~OR - A0S0 A

BQURAKE s01.dat

310.0118.52001.0

Figure F.11: Ruaumoko input file for three-storey model under ground motion record SO1
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No Strength Degradation

,IDAMG , Kx, Ky, GJ, WGT, RF
BETA ALPHA Loop

33.80 3.08 0.0 1.45001.090.450 ! FU FI PIRI PINL GAP+ GAP-

Blais Table 5.1

Wayne Stewart, Ilos

! Qutput Intervals and Plotting Control Parameters

! Principal Analysis Optims
! Iteration Control

! Frame Control Parameters
! Marber Properties Tables
(Not available for Stewart)
! FX+ FX-

! colums

! beam
! brace: 75/305 9.5mn CS

! Units kN, maxd s

! Floor campaents

| Teype 1, Thyst

MOoOMMMOMMMmOomMmm

1 152/305 95mm 3 storey

-
o
n
@
m.
nw COO0OO00OO0OOOOCO w
n [=lejofolofelofofolato ol nw
COOoOONOCOMVOOTI™
w o
L) A A A A A A A A A o
(=X (o =]
. OO QOO0O0OO000Q Mmno Q O O (0]
oo Cenm ™ Q n
HOOAQCOOOOOOO MMOMMMMMMANOMm oo o [= =] B [22] n
o ooo o [S I ] ~ M
S NAMMA NN DO COO0OO0OO0O0O0OO0O0O0CO0O00O oo Q O O :
o 5 oo™ 000 o - & &~ o N
........ OO0 O0O0O0COOO0OOOOO nn N
omMmd 022025525885 aN~oOo- o o, o O ) (=4
NMPHFHNOMO 0O oo
o0 N OHO 4 o o (=) © (=4 COO0OO0O0OQOOO0
22 22 22 HNMANMMNNONWOR O N r~ o0oOo
e E m OCHRORN . o COQCOCOOOO0O
N 001100110011 HONAMISANLSANAIIPNP AN N il W O QOO oO
o O NeANHNDAH NH 22002200 COO0OO0OOCOOOO
N O 12345678911 NtV OAAH A A AAA A A NN - N m < 2345678911 HONMFNOSON A
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Figure F.12: Ruaumoko input file for three-storey model under ground motion record S02

310.0118.52001.0

EQURKE £02.dat



1 152/305 95mm OSB 3 storey

]

ipal Analysis Optins

! Frame Ctrol Parameters

! Units KN, m ard s

! Qutput Intervals ard Plotting Control Parameters

! Iteration Control

MOMMMOMMMOMmm

OCCOOOCOOOOOO0
OCOO0OO0OOCOO0OO0O0OO
COOONOOMVO O™

At A A A A A A A
OO HOOOOOOCOO
HOOHOOOOQOOQO

P MDD O NN DO
[l S - AV R R N SRV e RT sl of

022025525885

00000
3129.81550.0118.171
1

o9 O [ B NN aN
e NN NN NN
N COrACOAHOOH
o HO
o o0
Nt O AN FNOON A

[at N oa N ot]
33303333333033000
00000000000000000
CO000O0COO0OO0OOOOOO

NI~ O
NS HNONO~ 0O ANA

123232585676769u9
ANAMMOINLSANAONNNS NS A

O NMPIOIM
ANMmMePnNOrOAHHAAd A A A A

MnmMmo
©

oo
[=]

[=X=Xo)

[=18]
oo

oo
At

NeHm

OO
e NN

0

! Menber Properties Tables

! colums
! beam

PROPS

1 SPRING

1 0 0 0 1000000

2 SPRING

10 0 0 1000000

3 SPRING

! brace: 75/305 9.5mm Blais Table 5.1

Wayne Stewart, Ilos = No Stremgth Degradation

t =

19007915000 0.19

(Nt available for Stewart), IDAMG , Kx, Ky, GJ, WGT, RF

! FX+ FX-

33.80 3.08 0.0 1.45001.09 0.450 ! FU FI PIRI PINL GAP+ GAP-

4 SPRING

! Ttype 1,

BETA ALPHA Locp

! Floor oanpanents

22.78 -22.78
100 0 254559

oy

[l (o b= ™ O
oONNOONNOO
ANNHFINOON A A

[=XeXo)
COO0O0OOCOOOoOQ

[=Jo =]
COO0COCOOO00O

[eXeNe)
COO0OOQOOOO0OO0O

o

NNV~ ON A

BJBKE s03.dat

310.01118.17001.0

Figure F.13: Ruaumoko input file for three-storey model under ground motion record S03
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! Units kN, m ard s

Shear

! Principal Analysis Options
! Frame Control Paraveters

1 152/305 95mm 3 storey

! Qutput Intervals and Plotting Control Parameters

! Iteration Control

00000
3129.81550.0118.171
1

OO

01
221

11

0

NHHO

:

MOMMNMOMMMOMM

COOOO0O0OOCOOO0OO
OCOO0OOQOOOOO0
OCOO0OONOOMWOOI™

Arddddddd A A
HOOHOOOOO0OOOO
HOOHOOOOOOOO

PH MO0 N DO
o~ owwotnne

NN o NN
acN NN NN
OCOHA0COHHOOHAM™

o
NNV A

3333303
333033333330330000000
COO0O0O0OO00O0O0O0O0QOO QOO

oo o
OCOO0O0O0OOOO0OOOOO Ny

~o
HANMANMANOUNVYSVWSVANAN A

ANHMIOSINLANAMOILPNLANANM

CHNMINWONO
ANMFVNOERNA AR AAAAANN

! Member Properties Tables

! colums
! beam

PROPS

1 SPRING

1 0 0 0 1000000

2 SPRING

1 0 0 0 1000000

3 SPRING

! brace: 75/305 9.5mm OSB Blais Table 5.1

No Strength Degradation

! Ttype 1, Ihyst = Wayne Stewart, Ilcs

19007915000 0.19

(Not available for Stewart),IDAMG , Kx, Ky, GJ, WGT, RF

! FX+ FX-

33.80 3.08 0.01.45001.09 0.450! FU FI PIRT PINL GAP+ GAP-

4 SPRING

BETA ALPHA Locp

! Floor campanents

e e W @O
22002200
2 01

PO~ 0N

22.78 -22.78
100 0 254559

WEIGHT

10

[eXe Yol
COO0OO0O0OO0COOC

[eXeYal
[=YoJoNoloNoRoo)e)

cCOoOo
OCOO0OOO0OOOO

o
NV~ ORNHA

EQUAKE s04.dat

310.01118.17001.0

Figure F.14: Ruaumoko input file for three-storey model under ground motion record S04

253



! Units KN, m ard s

1 152/305 95m OSB 3 storey

i

! Principal Analysis Options

! Qutput Intervals ard Plotting Control Parameters

2 9.81 55 0.005 29.975 1 ! Frame Control Parameters
! Iteration Conmtrol

0000
1

0
3
1

OO

lnl
0210
NrrO

MmMoMMMMOMMMO MM

[eJoloRolofoNoloXeRoNalal
[ejefofololofole olofofo]
ococooNOOMVYOoOoOor

eArdrdetd A A A A
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HOOHOOOOOOOO

FF AMMON DO NN O
S~ ovwwor-une

CNMNONININLA®® LA
o N oaN aN
NN NN NN
Boordoordrdoord
W oro
123456789111

MMM oOMNMMMNMMMOMM
OO0 O00O0OO00O0O0OO0000O
[eJojojolelofofolofofo Yool o)
NOFHFHANOMO™ 0L
ANMONONNONWMWOSY
ANHOMPIASIANAHOIN S

oHN
1234567891115“

[N aa N od] ™
[=NeN o)
oOoOo o
[=Y=No)
ococo o
lnz
N OAAAHN
-

N odHOod
AN AAAA

NLFAHNAHO™M

nNV~OMNO
el HH NN

! Member Properties Tables

! colums

PROPS

1 SPRING

! beam

1 0 0 0 1000000

2 SPRING

= No Strergth Degradatian

Wayne Stewart, Ilos
(Not available for Stewart),IDAMG , Kx, Ky, GJ, WGT, RF

! FX+ FX-

33.80 3.080.01.45001.090.450 ! FU FI PIRT PINL GAP+ GAP-

4 SPRING

1, Thyst

! brace: 75/305 9.5mm OSB Blais Table 5.1

(s

10 0 0 1000000
19007915000 0.19

3 SPRING

BETA ALPHA Locp

! Floor campanents

[eXoRe)
COOCOCOCOO0OOO0O

M coo
coococoococoo
m l 11 880 m 000

1000 254559

22.78 -22.78

OO0 O0O0OOOOO
o

o
MO ONA A HNMNOONA

310.005129.975001.0

BQUAKE s05.dat

Figure F.15: Ruaumoko input file for three-storey model under ground motion record S05
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! Qutput Intervals and Plotting Control Parameters

! Tteration Gontrol

! Units kN, mard s
! Principal Analysis Options
! Frame Control Paraveters

00000
31209.81550.0239.981
1

1 152/305 9Smm 3 storey

o<t O

e Eninl
~
o O

(3]
N+ O

MOoOMMMoMmMmmomm

COO0O0COO0O0DO0OO00O
[=)=jojololofolofoRole ol
coooNOoOMWOoOOTr

el A A A A A A At
HOOHOO0OO0OOOOOO
HOOHOOOODOOOO
St OMMOHDNN DO
oS ocvwoer e

anN o Ny aN
[y Re NN aN
BOOllOOllOOll
m [=Xala]
123456789111

M m
33303333333033000
[efejelofofeolofofofolele o o]

o000

[eXoXe)

o

N~O A [}

N FANOMOVONAAH

o oHoOH
HNMANOANOVOVURVRORAFTNAAAA

ANAHMOLTANLANHOIONFINFANAO O

o PO~V O
12345678911EB11111122

! Menber Properties Tables

! colums
! beam

PROPS

1 SPRING

1 0 0 0 1000000

2 SPRING

1 0 0 0 1000000

3 SPRING

= No Strength Degradaticn

Stewart, Ilos

Wayne

(Not available for Stewart), IDRME , Kx, Ky, GJ, WGT, RF

! FX+ FX-
33.80 3.08 0.01.45001.090.450! FU FI PIRI PINL GAP+ GAP-

4 SFRING

! brace: 75/305 9.5m COSB Blais Table 5.1

! Itype 1, Ihyst

1900791500 00.19

BEIA ALPMA Loop

! Floor carpanents

et o W wWOo
22002200
2 012

MNPV ONAAH

22.78 -22.78
10 0 0 254559
WEIGHT

10

000000000000

000000000000
OO

[=JoNoloYoNoXato¥a)

od
rHMNMmtnwr~roh -

HUAKE s06.dat

310.02139.98001.0

Figure F.16: Ruaumoko input file for three-storey model under ground motion record S06
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1 152/305 95mm OSB 3 storey

i

! Units kN, mard s
! Frame Ct:

! Qutput Intervals arxd Plotting Control Parameters

! Iteration Control

MOoOMMMOMMMOMM

[=l=jejolojejofalofolsta)
COO0OO0OO0OQOOOOOC
OCOO0OONCOMPVLOOr™

ledetr A A A A e d it
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! Marber Properties Tables

! ocolums

PROPS

1 SPRING

10 0 0 1000000

2 SPRING

! beam

10 0 0 1000000

3 SPRING

! brace: 75/305 9.5mm OSB Blais Table 5.1

No Strength Degradation

(Not available for Stewart),IDAMG , Kx, Ky, GJ, WGI, RF

! FX+ FX-
33.80 3.08 0.01.45001.090.450 ! FU FI PIRI PINL GAP+ GAP-

Wayne Stewart, Ilos =

1, Ihyst

' T

195007915000 0.19

BETA ALPHA Loop

! Floor campanents

[
mn
@« T3
“o @
N o
N
1 o
[eJeNa]
© o cooocococoCoO
©~ ocoo
. Q QOO0OO0OO0O0OCCOO
N it i 0o lefofa)
N (R ONNOONNOO [oJajejofoRololo o)
Oy [=Xals]
A HANMPINO- 0N ANV OAAAA

BEQURKE s07.dat

310.021359.98001.0

Figure F.17: Ruaumoko input file for three-storey model under ground motion record S07
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! Units KN, mad s

1 152/305 95mm OSB 3 storey

Shear

! Principal Analysis Opticns
| Frame Control Parameters

! Qutput Intervals and Plotting Control Parameters

! Iteration Control

MOMMMOMMMOMM

COO0OO0OO0OO0O0OO0OO0OO0O
jefejofofelofofofoloNo e
cCooCcNOOMWOOTr

Ardddd-ddd A
HOOHOOOOOOOQ
HOOrOOOOOOOO

T MO ADNN®D
.~ oWwWWwors LW

CNMNOMNIA NI WD

00000
3129.81550.00539.61
1

OO act aN N EN
aN aN NN
m001100110011

01

221
11
0

o
NH-HO AN N0~ 0N

MmmMmo
oMo (4]
333033333330330000000
OCO0OOOCOOCOCOOOOO [=X oo
coo (=)
COO0O0O0OQOOOOOO0OO AN

N OHAAAO
234415836788591210101
ANMANMANONOVEOVRYAARNA A A

ANEAEMMIANLANHON TN ANAHO ™

OHNMILINWVSONO
HAONMFNOUROR A A A A A A NN

! Marber Properties Tables

! colums
! beam

PROPS

1 SERING

10 0 0 1000000

2 SPRING

10 0 0 1000000

3 SPRING

! brace: 75/305 9.5mm OSB Blais Table 5.1

= No Strength Degradation

Wayne Stewart, Ilos

1, Thyst
(Not” available for Stewart), IDAMG , Kx, Ky, GJ, WGT, RF

33.80 3.080.01.45001.090.450 ! FU FI PIRI PINL GAP+ GAP-

4 SPRING

[

1900791500 00.19

BFETA ALPHA Loop

X+ FX-

! Floor campanents

10 0 0 254559

22.78 -22.78

~

[ elo)
OCOO0OOQOoOOOOC
000000000000
[l ® WO QOO
COO0O0O00O0O0O0

o

e

NNOONNOO
o+~

™~ Nt nmor~ronhd o

NPV ORAdH

BQUAKE s08.dat

310.005139.6001.0

Figure F.18: Ruaumoko input file for three-storey model under ground motion record S08
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! Qutput Intervals and Plotting Control Parameters

! Tteration Control

! Units kN, m ard s

MoMmMMmMOMMMOomMmm

COO0O0O0O0O0CO0OQOOQO
OCO0O0O0DO0OOOOOOOCO
CoooNOCOoOMVwoOoOTr

A A A A
HOOHOOCOCOOOOO
HOOHOOOOOOOO

PP DM NONNDO
~S mwvoNnNNnS

ONNONUNNNL®OIN

00000
3129.81550.0239.981
1

1 152/305 95mm OSB 3 storey

(=R Jol NN NN NN
aN NN NN
rd e m . b v
N OO0 O0OMHOOHH
o Ao
n Q-
NHHO HNMYnw~oNHAH

NN OMMAIMMNMMOoOMmm
COO0OOOOOOOOOOO0O
OO0 O0OO0OO0OO0OOOOOO0
NP HALNOMO OO0
HaNMANMONnOnwYVES Y
ANAMMINLANA O S

[

Q-
ANMmMtnotoNddd -

MnmMmo
mMmem ™
[=Xel o]
oo (=4
QOO
(oo =) o
—NN
COHAHAN
=

N Qe+ O
ANt

NFHNAHMOM

nNVECEONO
A AA NN

! Marber Properties Tables

! colums
! beam

1 SPRING

PROPS

10 0 0 1000000

2 SPRING

No Strength Degradation

1, Thyst = Wayne Stewart, Ilcs

(Not available for Stewart),IDAM: , Kx, Ky, GJ, WGT, RF

! FX+ FX~
33.803.080.01.45001.090.450! FU FI PIRI PNL GAP+ GAP-

4 SPRING

! brace: 75/305 9.5m 0SB Blais Table 5.1

1T

1 0 0 0 1000000
19007915000 0.19

3 SPRING

BETA ALPHA Locp

! Floor campanents

rded e Wwo
022002200
012
12

MIPLUNO~ORAHAA

22.78 -22.78
10 0 0 254559

[=X =Xl
COO0O0OOOOQOO

ocCco
[eYajololotofotola)

[oX=Jo)
OCO0OO00O0OOO0O0O0

o
AN LOSON A

BQUAKE s09.dat

310.02139.98001.0

Figure F.19: Ruaumoko input file for three-storey model under ground motion record S09
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1 152/305 95mm 3 storey

!

! Thits KN, m ard s
! Principal Analysis Optimns
! Frame Control DParameters

! Output Intervals and Plotting Control Parameters

! Iteration Control

00000
3129.815650.02895.041
1

oOwOo

e
N

o dHO
o

N O

MOMMMOMMMOMmmM

OCOO0O0O0CO00OCOOOCO
[ofejololo)oRofoXo ooy
ooooNOoOOMmMYOooOr

A A A AAAA A A
HOOHOOOOOOOO
HOOHOOOOOOOO

Ft MO NND
oS ovoorwnne

CNNONWINNL®®LW
NN N N
a8 NN NN

Hoorirocoddoodr

orq

M123456789111

Mo m
33303333333033000
00000000000000000
OO0 OCOOO0OO0OOO00O

NNLFANOMO~DONR —
123232585676769”9
HAHNFAMOOPIANSANAMO PO P e

OriNM PO~
12345678911m11111

oO-HO
A

Netm

VNO
e NN

PROPS

! Menber Properties Tables

! colums

1 SPRING

10 0 0 1000000

2 SPRING

! beam

1 0 0 0 1000000

3 SPRING

No Strength Degradation

Blais Table 5.1

(Not available for Stewart), IDAMG , Kx, Ky, GJ, WGT, RF

! FX+ FX-

33.80 3.08 0.0 1.45 00 1.09 0.45 0 ! FU FI PIRI PINL GAP+ GAP-

4 SPRING

! brace: 75/305 9.5m CSI
! Itype 1, Ihyst = Wayne Stewart, Ilos

19007915000 0.19

BETA ALDHA Loop

! Floor camponents

@ WO

o
MOV~ OAh-H -

22.78 -22.78
10 0 0 254559

[eRe Yol
[=fejoloRoNoloRo ol

[eXoNe)
[efojelofoleNoRo o)

[=X=No)
[=fejafefolofolo o)

o
FHNMFNOS0ON A

BQUAKE s10.dat

310.0218%.04001.0

Figure F.20: Ruaumoko input file for three-storey model under ground motion record S10
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APPENDIX ‘G’
HYSTERESES AND TIME HISTORIES FOR TWO- AND
THREE-STOREY MODELS
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2-Storey Model

10

(4]

Wall Resistance (kN/m)
n =)

Wall Resistance (kN/m)
(=] [3,]

'
o

2 Storey Shear wall: EQ S01
Net Deflection (in.)

-2 -1 0 1 2
_Illllllll) II|JTLII|}IITLIII}I [—II—ILTIII lf‘llll'lf T]llIlTll IIIIITIIII ll%]lllllll‘llllllllllllhlllll:—
:60 -5 -40 -30 -20 -10 10 20 30 40 i50 6Q-
: Net Deflection (mm) -

[

(1 b

S~y
I1II|III|1111 II|||I

] C—-—— 27 Storey
T 1T T T 1777 T 1T 1T 1T T1T T T 1T T 17 T I T T 17T [ T 17 l 1B AR
25 20 -15 -10 5 o 5 10 15 20 25
Rotation (rad x 10-3)

" Net Deflection (in.)

2 4 0 1 2
_Ill II ll|]l l| ll lllll : lllllll } llll' Il II |"l I] llflllf "’!'l[ [I l"’-l[‘[l TI |’ %‘l’llllll'llrrlll] Il T]lill ;’7 [_—
:60 -5( -40 -30 -20 -10 10 20 30 40 150 6Q
: Net Deflection (mm) 1l E
| Y 3
B F
: -

Illlll

T 11

T~

L/
—

[IIIlllllllI'

I

|II|III]IITIITI[WTIlll‘ll[l'l ‘IIIIIIIIII

5 0 10 15 20 25
Rotation (rad x 10-3)
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-800

-1000

Wall Resistance (Ib/ft)
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Figure G.1: Resistance vs. displacement hystereses of the two-storey shear wall under

ground motion record SO1
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2 Storey Shear Wall: EQ S01

-
n

o &
!III[IlIl lJlllllIIIII!ll

Maximum Shear Resistance

/\ I\VM\/\ A\N\ AAA AR AR VMJ\V puy
RAVIR i i

(=]

(4]

Wall Resistance 2 (kN/m)
b o

Wall Resistance 1 (kN/m}

<
e
—
—=
[

{

A

= ] Maximum Rotation
® 15

— m

@ 10

= 5 —]

~ 0 - L\ V/\

& 5

] 10 ]

g -15 —

23 e

I

Rotation 1 (10-3rad)
L]

Ll bbb ol Ll dyd

o
o
L

Acceleration (g)

Time (sec.)

Figure G.2: Resistance and displacement time histories of the two-storey shear wall under
ground motion record S01
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2 Storey Shear wall: EQ S02
Net Deflection (in.)

(&)

[N}
8

o
Wall Resistance (Ib/ft)

111

2 -1 0 1 2
1 4 1 | | TN T I Y | I | T T I | b N T T T O N | I j U T Y S S N | LI J .
15 l 1 TT l TTTT ' TTT I R T l 1T { TTTT TTTT ] TTT I T TT I TTI7 ] TT T [ TTITT I 1000
360 -5() 40 -30 -20 -10 10 20 30 40 50 60
3 i I 800
0 -1 Net Deflection (mm) =
. T 600
- -
T . 400 —
%" - " g
X o 200 &
g SR
g F 5
S0 0 »
o - Rz
3z d o 8
g &
® 5 il - ™
2z / T 400 3
] — -600
-10 L
B 2Storey | [— -800
F— -1000
-15 T T T T 1T T T7T 1T TF T T 1771 T T TT T 1T TT T T 17T '[ 11T l T 1T I T 1T 171
25 20 -15 -10 5 0 5 10 15 20 25
Rotation (rad x 10-3)
Net Deflection (in.)
2 1 0 1 2
15 lll 1L1'II,| %_!lTl LTlT‘ l"%JIIH lI‘Il lll[ ﬁ |Illlll lllllll ll llll !I ]lll IX = ]IIII!I II |i|ll tI |I ]IIIK !l l‘l 1000
360 -54 -40 30 20 -10 10 20 30 40 50 i
] — 800
] Net Deflection (mm 1{] -
10 ( )r -
. — 600
B I
b / — 400
T

|

Ll

ﬁ

Illlll
g

Wall Resistance (kN/m)
5 =)

NC

4 I -a00
[ -600
P C
| _/V C
- C-—————— 1 Storey) - -800
B — -1000
-15 rr1Urr[rr177x T T T T T TT T 7T 7T 1T T 1T &7 I T T 17 | T T 71T | T 1T
25 20 -15 -10 5 0 5 10 15 20 25
Rotation (rad x 10-%)

Figure G.3: Resistance vs. displacement hystereses of the two-storey shear wall under
ground motion record S02
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2 Storey Shear Wall: EQ $02

A /\V/J\A /\/\VAV |, aell
\/ W\/J \/ VV\/]V w ”\\j

Wall Resistance 2 (kN/m)
5 =} o

-

=
o (&)

(=T ]

'
-

Wall Resistance 1 (kN/m)
[lllllillllljllJ llll]llll‘lllll
|
|
| ]
I =
| =
| —]
|
'é
{
<
d

n

bbbt b o Lo b

Maximum Rotation
15
10

-10
-15
-20
-25

Rotation 2 (10 -3 rad)
o

25
20
15
10

-10
-15
-20
-25

Rotation 1 (10-3rad)
(=]

Lot by Il

06

0.3

Acceleration (g)

&
P AV AU

o
N
H
(=]
o
3

Time (sec.)

Figure G.4: Resistance and displacement time histories of the two-storey shear wall under
ground motion record S02
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2 Storey Shear wall: EQ S03
Net Deflection (in.)

2 -1 0 1 2
15 III II I(ll! lI lJ lllil T ITIII T I|[|1 ll Il llll [I l| lllll IKILI ll |‘ IIII I| II l‘ |TT Illll Il ll IIIII T |l lllll Jl IJ;-—— 1000
=60 54 -40 -30 20 |-10 10 20 30 40 50 6"
3 s - 800
0 Net Deflection (mm) o
- - 600
= A [ 400
E s
zZ 7] -
£ ] [ 200
@ - e
2 B C
3o 0
3 0] C
z 7 F
£ - — -200
T 5 r
2 / — -400
] — -600
10
] C—-———-—— MStorey ) [ -800
15 — 1000
- T 1 1T T T7 TT 17T T T 17 1T T 17T T T 17T | T 1T ' LN [ T 17177
-25 .20 -15 -10 5 0 5 10 15 20 25
Rotation (rad x 10-%)
Net Deflection (in.)
-2 -1 0 1 2
15 |1| II ll|l[ II |I ‘III] { Illlll’ ll lllll ll l‘ Ill‘ I] Illllll l[l‘[[I |l llll lI ILIL lI l ]ITITI II I’IIIIT 1| ]llll ‘l Ill 1000
60 . 40 -30 20 -10 10 20 30 40 50 6
3 s [ 800
0] Net Deflection (mm); _~" [ ] g
n / = 600
T A — 400
E s
Z - 8
x4 — 200
o h r
8o 0
R — -
é 1 — 200
35 ] -
. f 400
] — -600
10 J .
i [ -
- 1" Storey | [ -800
45 [ [ I [~ 1000
T1rTrT LI T 17 1717 T T T T 17 FrTT T 1T [ T 77T I—[ T T 17 I 1T
25 .20 -5 -10 10 15 20 25

-5 0 5
Rotation (rad x 10-?)

Wall Resistance (Ib/t)

Wall Resistance (Ib/ft)

Figure G.5: Resistance vs. displacement hystereses of the two-storey shear wall under
ground motion record S03
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2 Storey Shear Wall: EQ S03

Wall Resistance 2 (kN/m)

Wall Resistance 1 (kN/m)

Maximum Rotation

Rotation 2 (103 rad)
o

N
(<))
|

AN /\n/\/\/\/\\\/\/\w\/\ —

ARV AR VAVER VAL AWV, A \/ (A

Rotation 1 (10-3rad)
(=]

Lo e la b b bbbl

0.3

Acceleration (g)
o
L1 l 1.1 | [ ’ L1 l

06 rTrrrTrrrorprrrprrrp rr o T T eI
0 2 4 6 8 10 12 14 16 18 20

Time (sec.)

Figure G.6: Resistance and displacement time histories of the two-storey shear wall under
ground motion record S03
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2 Storey Shear wall: EQ S04
Net Deflection (in.)
-1 0 1
t

lLIlLI][IIIIIlIIlIIIIl!l |
lllll)l rl_l_f rT]IFIlTIITII]!)!'))I!

]
N

)IPI(

3
e
-

f
-40 -30 -20 -10 10 20 30 40 I50 60"

0 Net Deflection (mm)

IIIJJI_
[T
s g

g 5 / — 400 %
2 S
< 4 [— 200
¢ ] -
go —0 3
B
g u ]
§ - a0 &
= 7 - ©
® .5 =z
=2 ] / [ -a00
] E -600
-10 r
J 2+ Storey | [ -800
-15 1T T 1T T 1T T TT T T 1T T 1 T T LI 1_'LI T_I_TAI[TI ITI T 1T — -1000
25 20 -15 -10 5 0 5 10 15 20 25
Rotation (rad x 10-2)
Net Deflection (in.)
2 -1 0 1 2
15 L | 1 I SN W I Y [ O N ! 1 111 § I I I O O T e | I O N U U S S I | l 111
_'i[lllllll]lll'{[vl! I'IITT ]j_l‘ll TIII ﬁ_l—[l II]IIII,]IIIIII|II’_ 1000
=60 5( -40 -30 20 10 10 20 30 40 50 6@
] [— 800
-] Net Deflection (mm F
10 (mm) /l/- C
] 7/ [— 600
T . - 400 =
z° 7] - b
£ 7 — 200 &
g 7 R -
S o —o B
i o b
£ N — 200 &
= N b ©
© -5
o / /S -
— —
] - -600
-10 P r
1 C
— 1 Storey | [ -800
-15 T 17 T 1T 7T T 17T T 17T 177 T TT T T 177 T T 17T i T 1T I T 1T l L — 1000
25 20 -15 -10 5 0 5 10 15 20 25

Rotation (rad x 10-*)

Figure G.7: Resistance vs. displacement hystereses of the two-storey shear wall under
ground motion record S04
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Wall Resistance 2 (kN/m)
(=]

-10

Wall Resistance 1 (kN/m)
o

-15

25
20
15
10

-10
-15
-20
-25

Rotation 2 (10 -3 rad)

25
20
15
10

-10
-15
-20
-25

Rotation 1 (10 -3rad)
(=]

0.6

03

Acceleration (g)

Figure G.8:

2 Storey Shear Wall: EQ S04

IIIII[IIII[llllIlllllllIIlIIllI

IIIIIIIIH'IIIIIIIIL|_UIIIIIH|

Maximum Rotation

NN AW [\/\/V\\/\\/\ /f’\

|

Illlllllllll

Illllll[rll—[fllrllllIll‘r"l[ﬁrllﬁ]lllfllll]

0 2 4 6 8 10 12 14 16 18 20

Time (sec.)

Resistance and displacement time histories of the two-storey shear wall under

ground motion record S04
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2 Storey Shear wall: EQ S05
Net Deflection (in.)

2 -1 [} 1 2
15 L] 1 ] R N N S T S O I | I ) S TN T A | | N S Y I ! I Y e A | l 11 1
] I T 17T l T T TT l 1T I T T l T TT ! TTTT TTTT ] TTT [ T TT l TTIfT I L I T = 1000
=60 - -40 -30 20 -10 10 20 30 40 50 80"
3 i [ 800
0 et Deflection (mm) r
- — 600
T . / l— 400 =
z ° 7] C 5
4 - ~—
= 7 — 200 §
g F ]
S0 0 ®
4 - C @
8 - [ [
X —-200 &
= A - =
M .5 ;
2z / — -400
B — -600
-10 -
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] I ] I — -1000
-15 L L I I L L S
25 20 -15 -10 5 0 5 10 15 20 25
Rotation (rad x 10-%)
Net Deflection (in.)
2 A 0 1 2
15 [ IV Y S S S | l Y O N T e ) N I N D T Y 4 l I I | LJ_L {
] ' I 7T I T TT I I L l T T T ' T TT l FTrTT TTTT l T T7T I T ITrT l T T 17 I mTTT l TT I‘,—[:_— 1000
=60 -5( 40 -30 -20 -10 10 20 30 40 50 60"
3 s I 800
o Net Defiecfion (mm)| _~" | ] -
] [ 600
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—_ E
[3 3 — 400 o
s °7 C s
X — -
2 200 ,8,
2 o S
S 0 AA 0 v)'
2 F 2
€ — 200 X
T 5 - ‘;“
; 7] — 400
j — 600
10 -
B (—-— 1 Storey) — -800
-15 T T 17T T 1171 T T 17T T 171 “rrri T 11T T 1T 17 I T T 1T ] T T 17 ] T T 1771 — -1000
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5 0
Rotation (rad x 10-3)

Figure G.9: Resistance vs. displacement hystereses of the two-storey shear wall under
ground motion record SO5
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Wall Resistance 2 (kN/m)

Wall Resistance 1 (kN/m)

-15
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-25

Rotation 2 (10 - rad)
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25
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-15
-20
-26

Rotation 1 (10-3rad)
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2 Storey Shear Wall: EQ S05

Maximum Shear Resistance

Maximum Rotation
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Figure G.10: Resistance and displacement time histories of the two-storey shear wall

under ground motion record S05
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2 Storey Shear wall: EQ S06
Net Deflection (in.)

2 -1 0 1 2
15 AIT"[I_F‘I {L T IIITII IIIIIII ;]I 'l‘, III|]l Il I]Illll llllllllI ll‘)ll Il Il ll% Illll T ll,L]JT| II‘IF] I[»—1000
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] i [ 800
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. - 600
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Figure G.11: Resistance vs. displacement hystereses of the two-storey shear wall under
ground motion record S06
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Wall Resistance 2 (kN/m)

-10

Wall Resistance 1 (kN/m)
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2 Storey Shear Wall: EQ S06
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Figure G.12: Resistance and displacement time histories of the two-storey shear wall

under ground motion record S06
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2 Storey Shear wall: EQ S07
Net Deflection (in.)
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Figure G.13: Resistance vs. displacement hystereses of the two-storey shear wall under
ground motion record SO07
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2 Storey Shear wall: EQ S08
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Figure G.13: Resistance vs. displacement hystereses of the two-storey shear wall under
ground motion record SO8
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2 Storey Shear Wall: EQ S08
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Figure G.16: Resistance and displacement time histories of the two-storey shear wall
under ground motion record S08
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2 Storey Shear wall: EQ S09
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Figure G.17: Resistance vs. displacement hystereses of the two-storey shear wall under
ground motion record S09
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2 Storey Shear Wall: EQ S09
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Figure G.18: Resistance and displacement time histories of the two-storey shear wall
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2 Storey Shear wall: EQ S10
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Figure G.19: Resistance vs. displacement hystereses of the two-storey shear wall under
ground motion record S10
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2 Storey Shear Wall: EQ S10
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Figure G.20: Resistance and displacement time histories of the two-storey shear wall
under ground motion record S10

280



3-Storey Model

3 Storey Shear wall: EQ S$01

T.
1

Net Deflection (in.)
0

| T I |
TT

| T T I |
LSS SRR BEE LR

B I I} 1 i1
25_||1|||||| T T TTTT E_ 1600
20 -3 a0 30 20 -10 10 20 30 a0 E- 1400
3 Net Deflection (mm) E- 1200
15 3 £~ 1000
z E E- 800
£ 103 E- 600
zZ = / E
< 3 E- 400
3 E E- 200
5 03 =0
§ 3 E- -200
o 573 7 £ -400
= 10 3 E- -600
= 3 E- -800
415 3 E- -1000
E = 1200
20 3 (- Fstorey - 1400
E E- -1600
25 LA L L S L B o
20 15 -10 5 0 5 10 15 20
Rotation (rad x 10°)
Net Deflection (in.)
El 0 1
DU N T N O S I | ] E N N N S A I W | N T Y S T I | l SR N S S I .
25 qJr1rrr l T 'I TT T ]' T I TTTT TTvr ] 1T ] T TT l TT i1 [ TTTUTE. 1600
20 3 40, a0 | 20 10 10 2 an 40 E- 1400
3 Net Deflection (mm E- 1200
15 — J E- 1000
INE // = o
Z 10 E / o
% 53 ﬁ = 400
E N / o
2 3 E
g s 3 / = -200
& E /// E- -400
= E E- 600
® .10 E
2 3 // - -800
15 ¥/ A £ -1000
E E- -1200
20 3 esiey LE_ 1400
3 E- -1600
-25 L S B S LA L T 1 1T 7 T T 71T T T 17T T T 1T ' T 117 l T T T
20 15 10 5 0 10 15 20
Rotation (rad x 103
Net Deflection (in.)
1 0 1
25 ) I N S S S B I | ] ) I T Y U I N | ) Y I T I N Y ul | Y Y T B |
Jrrr1ey I T | LINL LI I T TT I TTTT TTTT I T 17T T T T 1 rTl T 1'.__
E E- 1600
20 - 40 -30 20 -10 10 A 40 E- 1400
3 Naoeﬂecion(nyf 1] E- 1200
. i H
E 1w 5 /
$ [/
= E
§ .3 [
I / / [ "
¢ * Hnax /
B .03
2 w1/
" 4
20 3 I/Z 1= Storey
-25 = LI L rrrr 1T LR L T 17T | T T T T l rrrr
20 15 10 10 15 20

-5 0 5
Rotation (rad x 10°%)

Wall Resistance (Ib/ft)

Wall Resistance (Ib/ft)

Wall Resistance (Ib/ft)

Figure G.21: Resistance vs. displacement hystereses of the three-storey shear wall under
ground motion record SO1
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3 Storey Shear Wall: EQ S01
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Figure G.22: Resistance and displacement time histories of the three-storey shear wall
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Figure G.23: Resistance vs. displacement hystereses of the three-storey shear wall under

ground motion record S02
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Figure G.24: Resistance and displacement time histories of the three-storey shear wall

under ground motion record S02
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Figure G.25: Resistance vs. displacement hystereses of the three-storey shear wall under

ground motion record S03
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3 Storey Shear Wall: EQ S03
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Figure G.26: Resistance and displacement time histories of the three-storey shear wall
under ground motion record S03

286



25

20

Wall Resistance (kN/m)
(=]

25

20

Wall Resistance (kN/m)
o

25

20

Wall Resistance (kN/m)
o

-20

-25

3 Storey Shear wall: EQ S04

Net Deflection (in.)

K 0 1
| | T T N | , | SN S N T Y O A S { P 11 1 { J_L[ I Ll 1
:l T 1T I THTT | T T ]T TT TI' TT TT ]Tl' T 1T l' T |—|' T l—l—r—’ T E-
B 40 230 20 .10 10 20 an 40 E-
3 Net Deflection (mm) E
: L4 ;
= (- 3 Storey E
= T 1T LR T 1T LR L T T 1T T T 177 ]I v T % T T 1771
20 -15 -10 5 0 5 10 15 20
Rotation (rad x 10-?)
Net Deflection (in.)
- 0 1
1+ 11 i | B | | NS TN D TN T O T N | N N NS D Ty I | [J_l 11 I N
:l TTT | TIrTT ] T 4 I (MR I TTT T TT l_r‘[ 7T I T T [‘I_F T ; TTT1
3 -40 30 =20, -10 10 20 30 40 ==
3 Net Deflection (mm) £
c =
Y
E \ I
= T 11 71 T 1 1 T 1T T T LR T 17 L | T T 1T | T T 17T
20 -15 -10 5 0 10 15 20
Rotation (rad x 10-%)
Net Deflection (in.)
B 0 1
| | L1 ] | I I SN O N | DS S I S I [ [ N | | | Y S A T S i |
B LI I LI LB I T T l 1T ' TTT7T TTT T[ T 17 | ToTTT l TT 1 I_rl' T TE
E 40 -30 20 -10 10| | 30 40
E Net Deflection (W; 7
E f 1% Store! }
Yy
E h— l
T 15 17T Fri1T T L T T T LIRS I T | T T v T
20 -15 -10 5 0 5 10 T 15 20

Rotation (rad x 10-3)

TELEE

N b
888888
oo

H @
k=1
=3

B4

Wall Resistance (Ib/ft)

Wall Resistance (1b/t)

Wall Resistance (Ib/ft)

Figure G.27: Resistance vs. displacement hystereses of the three-storey shear wall under
ground motion record S04
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3 Storey Shear Wall: EQ S04
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Figure G.28: Resistance and displacement time histories of the three-storey shear wall
under ground motion record S04
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Figure G.29: Resistance vs. displacement hystereses of the three-storey shear wall under

ground motion record S05
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Figure G.35: Resistance vs. displacement hystereses of the three-storey shear wall under
ground motion record SO8
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Figure G.37: Resistance vs. displacement hystereses of the three-storey shear wall under
ground motion record S09
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Figure G.39: Resistance vs. displacement hystereses of the three-storey shear wall under

ground motion record S10
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