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ABSTRACT

As cold-formed steel construction grows in North America the void in our building codes
must be filled. The NBCC and the CSA S136 Standard currently have no seismic
provisions for cold-formed steel construction. Recently, the AISI has made available an
updated version of AISI S-213 which includes adaptations for use with Canadian codes.
This standard gives guidance on the design and construction of cold-formed steel systems
to be used for lateral load resistance and prescribes the use of a capacity approach for
seismic design. Seismic force modification factors to be used in conjunction with the
NBCC are recommended for two CBF categories; one for limited ductility (Rq= 2.0, R,=
1.3), examined herein, and one for conventional construction (Rd =125 R,=13). A

building height limit of 20m for the limited ductility system is also recommended.

The main objective of this research was the verification of the capacity based design
approach, the Ry and R, values and the building height limit as found in AISI S-213 for
limited ductility CBFs. In order to achieve this, the lateral load canyihg behaviouf of
~ weld-connected cold-formed steel strap braced walls was examined by. means of
laboratory testing (30 wall specifnens). The wall aspect ratio was varied from 1:1 to 1:4 to
look at its effect on stiffness and overall performance. Each of the wall speciméns was
tested using both a monotonic and the CUREE reversed cyclic protocols. Further to these.
laboratory experiments, non-linear dynamic time history analysis of a multi-storey
structure, designed using the Canadian specific AISI S-213 provisions and the NBCC,
was carried out. ATC-63, a newly available method for determining the validity of R
values, was used to check the AISI S-213 design parameters. Input earthquake records

(both synthetic and recorded) were scaled to the UHS for Vancouver, site class C.

Walls with aspect ratios of 1:1 and 1:2 showed the ability to sustain lateral loading well
into the inelastic range thereby validating the capaéity design procedure set out in AISI S-
213. Walls with an aspect ratio of 1:4, however, saw minimal brace yielding and are not
recommended for use in design at this time. The calculated inelastic storey drifts and the
failure probabilities from the ATC-63 procedure were acceptable, thereby verifying the
use of Ry =2.0 and R, = 1.3 and the 20m building height limit for limited ductility CBFs.



RESUME

La croissance des constructions en structure d’acier laminé A froid dans I’Amérique du
Nord nécessite le colmatage des carences pertinentes dans les codes nationaux du
batiment. En effet, le Code National du Bétiment du Canada (CNB) et la norme CSA
S136 de 1’Association Canadienne de Normalisation ne contiennent aucune directive
portant sur la conception de structures en acier laminé a froid sous les charges sismiques.
Récemment, I’ American Iron and Steel Institute (AISI) a publié une mise-a-jour de la
norfnev Américaine AISI S-213 accommodant des ajustements aux codes Canadien. Cette
norme comprend des recommandations visant la conception et la construction de
structures en acier laminé a froid pour résister des charges latérales, et exige 1’adoption
d’une dpproche de conception sismique basée sur la capacité de la structure. Des facteurs
de modification de force, utilisés en concordance avec le CNB, sont prescrits pour deux
catégories de cadres A contreventement concentriques (CC): la premiére catégorie,
traitée ci-dessous, est liée a un systéme de ductilité limitée (Rq= 2.0, R, = 1.3), alors que
la deuxiéme est relative a la construction traditionnelle (Ry = 1.25, R, = 1.3). En plus, la

hauteur des systémes a ductilité limitée est plafonnée a 20 metres.

L’objectif principal de la prééente recherche est la vérification des méthodes de
conception basées sur la capacité du systéme, les valeurs de Ry et de R,, et la limite des
hauteurs des batiments comme proposées par la norme AISI S-213 pour un systeme a
ductilité limitée. Afin de viser ce but, le comportement de 30 murs porteurs assujettis aux
charges latérales est test¢ au laboratoire. Le rapport proportionnel des murs testés est
varié entre 1 : 1 et 1 : 4 pour examiner son effet sur la rigidité et le comportement global
des murs sous les charges d’essais. Chacune des murs est testée en utilisant un protocole
de chargemerit monotone et le protocole de chargement cyclique-réversible du CUREE.
Une structuré typique a niveaux multiples est modélisée et analysée en sus des essais de
laboratoires. Cette structure est congue en conformité avec les clauses Canadiennes de la
norme AISI S-213 et du CNB. Une analyse dynamique temporelle non-linéaire y est
appliquée. La validation des paramétres de conception tels que proposés par la norme
AISI S-213 est menée suivant la nouvelle méthode de vérification de la rigueur des
facteurs R dite ATC-63. Les signaux sismiqueé (synthétiques ou enregistrées) sont

calibrées par rapport au SURS de Vancouver — Site Classe C.

11



Les murs dont les rapports proportionnels sont de 1:1 et 1:2 ont bien soutenu des charges
latérales en pleine zone inélaétique, validant ainsi les méthodes de conception basées sur
la capacité de la structure proposées par la norme AISI S-213. Par contre, les murs ayant
un rapport vproponionnel de 1:4 ont exhibé une déformation minimale des
contreventements ; leur utilisation doit étre déconseillée pour le moment. Les
probabilités de défaillance et les déversements in€lastiques obtenus par la méthode ATC-
63 sont acceptables, démontrant alors la validité des valeurs exigées de Ry =2.0 et R, =
1.3 -ainsi que la rigueur de la limite de hauteur de 20 métres imposée aux

contreventements concentriques de ductilité limitée.
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1.0 INTRODUCTION

1.1. - General Overview

The design of structures to resist rare events such as earthquakes is extremely
important to avoid complete structural failure (collapse), which can lead to loss of
life. In Canada, the West Coast and the Saint Lawrence and Ottawa River valleys
" are areas of high seismic hazard where, generally, the goveming load case will
involve earthquake loading. Furthermore, the newest ediﬁon of the National
Building Code of Canada (NBCC) (NRCC, 2005a) requires ‘seismic design
calculations for all areas of the country and now uses a 2% in 50 year probability
of exceedance, compared with 10% in the previous edition. This means that rarer

ground motions must now be considered in design.

As building materials evolve it is necessary to quantify their behaviour to provide
. information to designers. vThe current NBCC and material specific Canadian-
Standards Association (CSA) Sl3l6 Standard (CSA S136, 2007) have no
provisions for the design of cold-formed steel (CFS) construction as a seismic
force resisting system (SFRS). To address this lack of design information the
research documented herein was carried out. The research provides further
understanding of the inelastic behaviour of strap Braced CFS walls designed and |
detailed using welded connections to resist seismic loading (Figure 1.1). The load
levels which CFS framing can resist afe comparable to those of regular wood

framed construction; generally residential or smaller commercial structures.



Figure 1.1: Example of building with weld connected strap braces (Courtesy of CWMM
Vancouver)

Braced walls form a vital component of the load transfer mechanism within a
structure which channels lateral loads, such as wind or earthquake, from upper
storeys to the foundation. CFS strap ‘braced walls use four main elements to
transfer these loads: diagonal flat straé braces, horizontal tracks, vertical chord
studs, and holddown/anchor rod fixtures at the corners. Previous research at
McGill University (4/-Kharat & Rogers, 2005, 2006, 2007, 2008) has detected
deficiencies in the design and detailing of these elements which have been
addressed in the American- Iron and Steel Institute’s North American lateral

design standard for CFS framing, AISI S-213 (2007).



The use of CFS as a construction product is becoming increasingly popular in
North America. With this increase in popularity comes the need to update and add
to current design standards fo accommodate and guide the construction industry
and designers. The goal of this research was to evaluate the performance of weld
cénneéted strap‘braced walls through full scale laboratory testing and multi-storey
non-linear time history dynamic analysis; and, to prox}ide confirmation of the
newly adopted Canadian seismic design provisions for CFS braced walls in AISI

S-213.

1.2. Statement of Problem

Currently, the 2005 NBCC and the CSA S136 Standard do not contain provisions
specific t9 the seismic design of CFS framed structures. A North American design
standard for lateral systems construéted Qf CFS (AISI S-213) has been made

‘available by the American Iron and Steel Institute (4ISI, 2007). This standard
contains provision for fhe seismic design of CFS systems intended for use with
the NBCC. The AISI S-213 document containé requirements for braée material
and the use of capacity design princip]es, and also directs the designer toward the
use of welded connections. Recommendations for Ry and R,, the seismic force
ductility and overstréngth modiﬁcétion factors used in the NBCC, as well as a

building height limit, are given.

Apart from the deficiencies with the NBCC, no physical tests of welded strap
braced walls with an aspect ratio other than 1:1° have been done. Similarly,

dynamic analyses of CFS strap braced walls aimed at evaluating the performance



of multi-storey structures and the height limits provided in AISI S-213 have yet to

be carried out.

Prior research at McGill University by Al-Kharat and Rogers (2005, 2006, 2007,
2008) on CFS strap braced walls has resulted in recommendations regarding the
use of capacity design procédures. This work highlighted the irriportanbe Qf
screwed connection detailing but few tests have been carried vout on welded strap -

connected walls.

1.3. Objectives

The objectives of this research include:
1. To review the previous CFS strap braced shear wall research (e.g. Al-
Kharat & Rogers, 2006; Kim et al., 2006) and identify areas in need of
improvement baéed on these prior studies.
2 . To develop a testing program specific to Weld connected CFS strap braced
single storey walls designed using AISI S-213, including capacity design
principles; and to carry out the fabrication and testing of each spécimen in the
laboratofy. |
3. To construct dynamic models of multi-storey stmcﬁres calibrated to the
laboratory test data and subject them to a set of chosen earthquake records
using non-linear time history dynarhic analysis software.
4. To interpret all testing and modeling results and discuss the findings with

respect to the seismic design approach provided in AISI S-213 and to provide



recommendations on R values, building height limit restrictions and material

requirements with respect to weld connected strap braced walls.

1.4.  Scope

The research comprised monotonic and reversed cyclic tests on a total of thirty
sing]e-sforey wall specimens designed to different lateral load levels and with
various aspect ratios. Their inelastic lateral load carrying capacity and
performance were evaluated. All spécimens had diagonal cross bfacing welded on
both sides. Three factored lateral load levels were used in design; 20kN (light),
40kN (medium) and 75kN (heavy). The thesis contains a presentation of the
measured parameters, including lateral load and displacement, as §vell as strain of
the strap braces. Properties such .as wall stiffness, ductility and energy absorbed
were calculated from the measured parameters. Seismic force modification factors
for the specimens were estimated from the test data and compared with current

values recommended in AISI S-213.

The laboratory test data was also used to calibrate cbmputer models to gain a
better understanding of the behaviour of this type of SFRS in a multi-storey
setting. Non-linear time hist(;ry dynamic analysis was used to‘ evaluate wall
performance in two, four, six and seven storey example structures located in
Vaﬁcouver, BC, Canada. A total of 45 earthquake records were selected and
scaled to match design level ground motions from the 2005 NBCC uniform -
hazard spectrum. A number of strategies were also implemented for the design of

the representative buildings modeled for the analyses. The dynamic analysis



procedure given by ATC-63 (2008) and modified for Canadian design was
followed. Under this procedure, incremental dynamic analysis was used to create
fragility curves for each model variation in order to verify the design R values and

height limit for the limited ductility concentrically braced frame (CBF) category.

'1.5. Literature Review

A re\}iew of available literature related to CFS strap braced walls and relevant
dynamic analysis techniques has been carried out. The literature review is broken
into three sections to allow for a better appreciation of the research that has been
completed prior to this study; laboratory testing, design standards and dynamic

analysis.

1.5.1. Laboratory testing

Testing of CFS framed shear walls began in the late 1970s by Tarpy at Vanderbilt
Univérsity (McCreless & Tarpy, 1978; Tarpy &Hauenstein, 1978). Originally
only walls sheathed with wood panels and/or gypsum weré tested. It was not until
1990 that cold-formed steel strap braces were incorporated into the SFRS (4dham
et al., 1990). Since this time m'any different testing programs have been developed
and much work has been done to solve the problems associated with this type of
SFRS. Al-Kharat & Rogers (2006) have presented a literature review covering

previous research projects so only a brief overview will be provided here.

Adham et al. (1990) experimented with straps of different thicknesses as well as

gypsum sheathing in combination with the strap braces. Adham et él. showed that



stud buckling can be a problem, but when properly designed for, the straps will
yield as desired. Research has also been carried out by Serrette & Ogunfunmi
(1996), Barton (1997), Gad et al. (1999q, b, c), Fiilop & Dubina (2004a), Tian et
- al. (2004), Casafont et al. (2006), and Al-Kharat & Rogefs (2005, 2006, A2007,
2008). All of these research projects vary in the size and detailing of the strap |
brace, holddown type and location, and load type. Most have used a combination
of monotonic and cyclic loading protocols while some used shake table tests to
determine wall perfqrmance. Recomfnended R4 x R, values calculated based on
the ductility and overstrength of these tests vary ffom 1.5 to 3.65 depending on

wall d_esign; strap connection and the holddown/anchor rod detail.

Full scale monotonic and cyclic sérew conn_ected braced wall tests by Al-Kharat
& Rogers (2006, 2008) illustrated that when a capacity design approach was used,
the desired performance (strap yielding) could be achieved. This Wés done by
selecting the strap braces as the fuse element and designing other wall
componeﬁts based on the probable capacity of the braces. Brace failure by net
section fracture was found during some reversed cyclic tests (0.5Hz). This non-
ductile failure inode occurred at the screwed connection location even when a
. capacity approach had been utilized in design. This was only seen in the light
(lowest load level group) and heavy (highest load level group) walls and was

attributed to the F/F, ratio of 1.11 which was recorded for both groups thréugh

coupon testing. An F,/F, ratio greater than 1.20 was recommended for the strap



material such that net section fracture can be avoided. Al-Kharat & Rogers also

found deficiencies in predicting the lateral in-plane stiffness of these walls.

Full scale shake table tests of a two storey CFS framed strap braced structure were
carried out by Kim et al. (2006). The structure had concrete floors for mass and
was designed and detailed using the US Army Corps of Engineers TI 809-07
(2003) ‘technicalrinstructions. Strap braces Weré weld connected to the chord
studs, which wére in turn welded to a holddown device. It was concluded that
overall good behaviour of the strap braées can be expectgd only if brace fracture
caused by improper weld or screw connections is prevented. The R faétor for
design recommended by TI 809-07 is 4.0; however, the test specimen was
designed with an R féctor of 5.47. Yielding of the first floor straps dccurred, while
‘the braces on the second floor (top storey) stayed in the elastic range as was
expected. Column strains were monitored and used to determine the presence of
~end moments within the cvhord studs during testing, suggesting that they do

" provide some contribution to energy dissipation.

A study by Filiatrault & Tremblay (1998) on the design of tension-only
concentrically braced frames (TOCBF) for seismic impact loading used hot rolled
steel as the brace material. Shaketable test.results from a two storey TOCBF
structure and subsequent high strain rate tests on coupon samples revealed that an
amplification factor of 1.15, applied to the yield tensile resistance, is appropnate

for use in capacity based design. Previous tests (Tremblay & Filiatrault, 1996)



have shown that this increase in tensile capacity is not the result of impact
loading, but rather the result of increased tensile strength of the braces under high
strain rate. This factor was verified through a design example and 'computer

analysis.

Hatami et al. (2008) conducted laboratory tests on 2.4m x-2.4m wall specimens
using different strap connection locations and configurations. For these cyclically
loaded tests gravity effects were accounted for by use of vertical actuators and a
roller-bearing setup (load applied élong top track). Some walls were clad on one
side with gypsum while others were not. It was found that when the straps were
~ attached to the tracks away from the corners wall performance was poor due fo
track bending and early buckling of studs located adjacent to brace ends.
Perforated straps were experimented with. It was found that the perforations
eliminated the brittle failure mode of net section fracture at connection screw hole

locations and allowed for ductilev behaviour.

1.5.2. | Design Standards

Design standards pertaining to this research were reviewed as oné of the aims of
this project. The current edition of the NBCC and the CSA S136 Standard (2007)
do not contain any specific recommendations for seismic design with CFS framed

structures.

Seismic force modification (R) factors for use with the Canadian building code

have been derived for many types of SFRSs; their derivation is well explained in



the landmark paper by Mitchell et al. (2003). Figure 1.2 shows a graphical
representation of the definitions of Ry, the ductility related overstrength factor,
and R,, the material overstrength factor, as they are applied in the NBCC.

Mitchell et al. do not give any guidance for R factors for CFS bracing systems.

v
A
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R, (CAN)
R (USA)

V,= Ve /R,

/ R, (CAN)
V=V, /RR, l
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curve

»

A, ' A
Figure 1.2: Definition of NBCC lateral design force, V, in terms of ductility and overstrength

related force modification factors

The product of R4R,, can be. considered as being similar to the R factor used in the
US loading standard ASCE/SEI 7-05 (2005) (Figure 1.2). This is important to
note because the seismic design and analysis techniques carried out in this thesis
are in part based on American literature but at the same time the goal is to develop

methods which are relevant to the development of Canadian codes.

A North American lateral design standard for CFS framing, AISI S-213 (2007),
has recently been ‘adapted for use with the Canadian building code. The AISI
document recommends the use of Ry=2.0and R0 = 1.3 for limited ductility (Type
LD) CBFs, and Rg = 1.25 and R, = 1.3 for conventional construction (Type CC)

frames. A building height limit for the LD CBF of 20m exists for the various
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seismic zones across the country. Conventional construction CBFs are limited to
15m in height when IEF,S,(0.2) < 0.35 and not permitted otherwise. Specific to
diagonal strap bracing when RgR, > 1.625 (Type LD braced frames) is Clause
C5.2 of the standard, in which a capacity approach is outlined for the design of the
~ elements in the SFRS. Grade dependant values of R, and R, are given to quantify
the probable strength of the braces for use with capacity design. These factors
allow the designer to increase thé minimum speciﬁéd ultimate and yield streﬁgths,
F, and F,, respectively, in order to design at the probable force level. The standard
also directs engineers toward the use of welded connections ‘to avoid the net
section fracture failure mode. The dévelopment of these provisions was for the
most part based on the findings and recommendaﬁbns of Kim et al. and Al-Kharat

& Rogers.

The American Society of Civil Engineers ASCE/SEI 7-05 Standard (2005)
- entitled “Minimum Design Loads for Buildings and Other Structures” prov_ides
minimum load requirements for the design o'f.buildings and structures and allows
an R value bf 3.25 tol be used when designing with ordinary concentrically braced
CFS frames. If R = 4.0 is used in design, then reference is madé to AISI S-213,
where the engineer will find information to be used for detailing the SFRS, i.e.

capacity design requirements.

The US Army Corps of Engineers TI 809-07 Technical Instructions (2003) is

- another design standard which is specific to the use of CFS framing. 1t
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recommends an R value of 4.0 (fbr use with American codes) for strap braced

walls and also recommends that a capacity design approach be followed.
1.5.3. Dynamic Analysis

1.5.3.1.  Braced frames

Barton (1997) and Gad et al. (1999c) completed a 3D finite element (FE) study to
compare with their laboratory results on the shake table testing of a one room
house. The model of a bare Steel frame included the effects of brace connections,
a strap tensioner unit which was included in the specimens, and also looked at the
effects of gypsﬁm'sheathing. The non-linear FE modeling was done by Barton
using ANSYS (71994) and included both elastic and inelastic element properties..
Yield displacement based modeling procedures were based on recommendations
by Park (7989). Comparisons were made between analytical and experimental
values and it was concluded that the model accurately predicted deformation
under varying load levels and boundary conditions. The non-linear time history
dynamic analysis was used to derive‘ a ductility related response modification
coefficient for seismic design (Rq4) and to evaluate a simple procedure to predict
the peridd of vibratioﬁ of CFS braced structures. Recommended R values from
this study ranged from 1.5 to 3.5. An evaluation of the overstrength related

seismic force modification factor was also provided.

This study also looked at the effects of changing wall aspect ratios in an attempt

to quantify whether extrapolation of results from a typical 1:1 ratio test was
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possible. This information was thought useﬁll to designers who are not always so
fortunate to have 1:1 shear walls. Aspéct ratios ranging from 1:4 to 2:1 (length:
height) were modeled using the exact same parameters (connections and
elements) as their 1:1 counterparts. Though no full scale laboratory tests were
done, the FE results show that the \évall capacity with varying aspect ratio is not
linearly proportional rto wall length. A 1:4 wall will achieve about 1/3 the ultimate
load of its 1:1 counterpart, which is a product of the change in geometry, but more
interestingly the elastic stiffness of this wall will be greatly decreased, hence a
much more flexible systefn is created. This study did not consider multi-storey

structures.

Pastor & Rodriguez-Ferran (2005) developed‘a hysteretic model which can be
used for non-linear dynamic analysis of cross braced walls. The hysteretic
response was modeled as a small system of ordinary differential equations. They
concluded' that accurate predictions of reversed cyclic behaviour could be
obtained. Hysteresis models were used to simulate strap behaviour which included
an initial stiffness, a post yield stiffness (strain hardening) and strap slackness.
The finite element analysis compares results obtained from treating the wall as a
single degree of f;eedom (SDOF) system and. a multi degree of freedom (MDOF)
system. The resﬁlts closely match and it is concluded that a SDOF analysis is
adequate. Coupled walls (side. by side) were also modeled and performed as

expected. No multi storey structures were modeled in this study.
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Efforts to match test results from the previously mentioned shake table testing of a
two storey CFS structure (Kim et al., 2006) Weré made using dynamic analysis
(Kim et al, 2007). To match the hysteretic behaviour both the strap braces and
columns were modeled using elementé with non-linear properties from the
DRAIN-2DX nbn-linear dynémic analysis software ()’rakash et al.; 1993). It was
found that. close attention should be paid to unintentional shaketable rocking
motions caused by overturning, and that this must be considered ih the model to
match actual béhaviour. With this taken into account, by modeling vertical spririgs
at the wall base, a vefy good hysteretic match was obtained. The authors also
pointed out that a simpler model, using an inelastic truss bar élement td represent

strap behaviour, can reproduce overall wall performance.

1.5.3.2.  Shear walls

Blais (2006) presents a literature review which includes details on studies reiated
to wood sheathed shear walls. Although the hysteretic wall behaviour is not the
same as that of strap braced walls the aﬁalysis techniques are relevant and are
briefly mentioned here. Della Corte ét al. (2006) studied the behaviour of these
walls using a SDOF one stbrey model. Twenty six earthquake records were
chosen and inéremental dynamic analysis (IDA) was carﬁed out. Fiillép & Dubina
(2004b) used five earthquake records along wifh DRAIN-3DX non-linear
dynamic analysis software (Prakash et al., 1994) to create IDA curves for a
SDOF model. The shear walls were sheathedlwith oriented strand board (OSB)
panels and corrugated éheathing. Earthquake scaling ranged from 0.05g to 2.0g to

facilitate IDA analysis.
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Blais’ study uses RUAUMOKO (Carr, 2000) to run the non-linear dynamic
analysis. Ten earthquaké records were chosen, four synthetic and six feal.
Earthquake scaling was done by matching the earthquake record response
spectrum to the 2005 NBCC design respbnse spectrum for Vancouver. One, two.
and three storey MDOF models were constructed which simulated the behaviour
of wood sheathed walls. The 2005 NBCC equivalent static design method, along
‘with R(;, R,, strength and stiffness values from analytical testing, was used for
each model. The results showcd that the shear walls were abl¢ to perform within
test based allowable drift limits under the chosen ground motions, and therefore

confirmed the validity of the design method.

A procedure fof determining test based R values is presented by Boudreault et al.
(2007). The -study is aimed at determining appropriate Rq and R, values for use
| with the 2005 NBCC; wood sheathed shear walls were subjected to méﬁot’dnic
and reversed cyclic testing. The ductility related force modification factor, Ry,
was developed usi‘ng the Newmark & Hall (71982) period specific equation
(Equation 1-1). The Qverstrength related force modification factor, R,, was found

using the relevant components of Equation 1-2 (Mitchell et al., 2003).

R, =42u-1 for 0.1 <T<0.5s ' | (1-1)
Ro = RsizeR¢RyieldRshRmech (1-2)
where,

n = as defined in Section 2.8.3
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Rgize = overstrength resulting from restricted member size choices and
rounding
Ry = 1/¢, the inverse of the material resistance factor
Ryiela = factor to account for difference between nominal and actual yield
strength
Rgh = factor to account for material strain hardening
Rmech = factor to account for resistance developed before a collapse
mechanism forms in the structure
Once R values were found non-linear dynamic analysis was completed using
RUAUMOKO (Carr, 2000). Results from models of two and three storey
structures subjected to ten ground motion records were similar to that of ‘Blais

(2006) in that they showed wall performance was within test based drift limits.

1.5.4. Ground Motion Selection and Incremental Dynamic Analysis

Atkinson (2008) has made available a database of synthetic earthquake time
Histories Which are compatible with the 2005 NBCC uniform hazard spectrum
(UHS). The time histories were developea using the stochastic finite-fault method
and are based on site classifications A, C, D and E as used by the current edition
of the NBCC and ASCE/SEI 7-05. The synthetic ground motioﬁs incorporate
finite fault effects such as the geomet.ry of larger ruptures and its influence on
ground motion excitation and- attenuation. The database is of value because the
evaluationof buildings by means of time history dynamic analysés requires the.

input of ground motion records. Since a sufficient number of real earthquakes has

-
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not yet been recorded or taken place for some locations in Canada it is often
necessary to rely on the use of syﬁthetically derived ground motions records.

Yamvatsikos & Cornell (2002) have developed a technique to evaluate the
required ground motion intensity to cause structural '.collapse. This technique,
called incremental dynamic analysis (IDA), uses scaled ground motion records
applied to a building model. 'Scaling of the earthquake records is increased until it
results in failure of thé building or the achievement of a specified inelastic drift
limit. Damage measures such as maximum inter-storey drift or rotation can be
used to evaluate the performance of the building as the intensity of the earthquake
is inc_:reased. The IDA method is useful for determining collapse probabilities and

levels of safety against design level earthquakes.

The Applied Technology Council (ATC) (2008) has developed a method to
evaluate R values and height limits for seismic forc¢ resisting systems through a
project entitled ATC-63. Within this document a method of determining collapse
probability through the use of a collapse fragility curve is described. The ATC-63
methodology makes use of the IDA method in its procedure. The document is
aimed at the development of R factors for seismic design with American cvodes
and prdvides guidelines on design, model selection, input ground motion, and
results interpretation and analysis. Modeling uncertainty is taken into account

using this probabilistic approach.
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" 1.5.5. Conclusion

The information gathered from the reviewed sources helped in the development of
thé design method used for the test walls and for the dynamic analyses
documeniéd in this thesis. The research deséribed above was relied on to improve
previous testing and analysis techniques where deficiencies were found and to be

consistent with previous research to facilitate results comparison.

The design of the laboratory testing specimens followed recommendations by Al-
Kharat & Rogers (2006, 2008), AISI S-213 (2007), ASCE/SEI 7-05 (2005) and TI
809-07 (2003) in thét a capacity based design approach was used. In order to
avoid the net section fracture strap failures, seen by Al-Kharat & Rogers at higher
strain rates, welded strap and gusset plate connections were used. Welded strap
connections are also promoted by the AISI S-213 standard. The test program also
includes walls with different aspect ratios. This was previously explored by
Barton (71997) and Gad et al. (1999¢) through FE modeling but has not been
verified by means of tesfing,. and furthermore has not been examined for walls

with welded connections.

The dynamic analysis procedure, from desigﬁ to fnodeling to earthquake selection
- has been drawn from many sources. Design follows the 2005 NBCC equivalent
static load procedure but ﬁses R factors outlined by AISI S-213. The model and its
élements are similar to that used by Blais (2006). Pastor & Rodriguez-Ferran

(2005) showed that a SDOF model for a one storey structure is adequate,
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therefore the multi-storey models in this thesis have one degree of freedom per
storey; in effect a number of stacked SDOF models. Assumptions used by Blais,
such as infinitely rigid chord studs and rigid diaphragm action, have also been

adopted in this thesis.
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2.0 TEST PROGRAM

2.1. Overview of Wall Specimens and Test Apparatus

During the summer of 2007 monofonic and reversed cyclic tests of thirty weld
connected strap braced cold-formed steel walls were carried out in the Jamieson
Structures Laboratory at McGill University. The walls were divided into three
configurations based on the lateral load level used for design. There were three
-dlifferent wall aspect ratios included in the testing matrix. Wall outside dimensions
were 2440 x 2440mm (8’ x 87), 1220 x 2440mm (4’ x 8’) and 610 x 2440mm (2’
X 8°) (Aspeét ratios, defined as length : height, of 1:1, 1:2 and 1:4 respectively).
The test frame was the same as that used for previous strap bracéd wall tests and

is specifically designed for in-plane shear loading as shown in Figure 2.1.
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Figure 2.1: Schematic of displaced strap braced wall in test frame

Wall design was carried out using a capacity approach as found in AIST S-213

(2007). The straps‘were selected as the fuse element and designed to enter into the
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inelastic range while maintaining their yield capacity; all other components in the
seismic foroe resisting system (SFRS) were designed to carry the probable
capacity of the braces without failing. In order to cover a variety of potential
building layouts and sizes three wall conﬁgurations, named 'li‘ght, medium and
heavy, were included in the testing matrix. These configurations represent design
lateral factored loads of 20, 40 and 75kN, respectively, for the 1:1 walls. A
complete list of test speciméns and their components, including straps, chord

~ studs, interior studs, tracks and gusset plates is shown in Table 2.1.

Every test specimen had four anchor rodo installed through the holddowns on the
top and bottom tracks; one at each corner of the wall. The top of the wall was
connected by means of shear anchors to the loading beam through a 25mm (17)
thick aluminium spacer plate. The bottom of the wall was coonected with shear

anchors directly to the frame through a similar plate.

During testing the straps running from the bottom north corner to the top south
corner were screw connected to the interior studs with No. 8 x %2” (13mm) self"
drilling wafer head screws, while the bottom south to top north straps were not.
 The intent was to observe whéther the holes in the strap braces caused by the
screws would affect the ductility levels reached by the walls. In the case of the
monotonic tests, each wall was tested twice; the first test was used to evaluate the

performance of the braces without screws, whereas the second test on the wall
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was run in the opposite direction to apply loading to the brace with additional

SCrews.
Table 2.1: Matrix of strap braced wall test specimens
Test specimens
Light Medium Heavy
Specimen B . 2IA-M (1:1)
propertiod: | saman | AN ((11-'1])) 22A-C (1:1)
13A-M (1:1) | 16A-C(1:1) |98_M(]’_4) 19A-M (1:1) | 23B-M(1:2) | 23A-M(1:1)
HA-C(1:1) | 1SB-M(1:2) | 500 o (lj4) 20A-C (1:1) | 24B-C(1:2) 24A-C (1:1)
16B-C (i:2) ; 23C-M (1:4)
. 24C-C (1:4)
Strap bracing (cross brace on both sides of wall)
Th‘“"?iff)s’ m 1.09 (0.043) 1.37 (0.054) 1.73 (0.068)
Width, mm (in) - 63.5(2.5) 69.9 (2.75) - 101.6 (4)
Grade, MPa (ksi) 230 (33) 340 (50) 340 (50)

Chord studs (double studs screwed together back-to-back)

Thickness, mm

i 1.09 (0.043) 1.37(0.054) "1.73 (0.068)
Dimensions, mm | o, 4112 7 (3-5/8x1-5/8-1/2 152x41x12.7 (6x1-5/8x1/2 152x41x12.7 (6x1-5/8x1/2

s ( ) ( )
Grade, MPa (ksi) 230 (33) 340 (50) 340 (50)

Interior studs
Thwk?i:s)s' mm 1.09 (0.043) 1.09 (0.043) 1.09 (0.043)
Dime"(si‘s)"s’ 1 92x41x12.7 (3-5/8x1-5/8-1/2) 152x41x12.7 (6x1-5/8-1/2) 152x41x12.7 (6x1-5/8-1/2)
Grade, MPa (ksi) 230 (33) . 230(33) 230 (33)
. Tracks .
b c ) b : c b c

Thic"z‘ff)s’ mm 09 0.043) | 1.37(0.054) | 1.37(0054) | 1.73(0.068) | 1.73(0.068) | 2.46(0.097)
Dimensions, mm | 92x31.8(3- | 92x31.8 (3- 152x31.8 152x31.8 152x31.8 152x31.8

(in) 5/8x1-1/4) 5/8x1-1/4) (6x1-1/4) (6x1-1/4) (6x1-1/4) (6x1-1/4)
Grade, MPa (ksi) 230 (33) 340 (50) 340 (50) 340 (50) 340 (50) 1340 (50)

Gusset plates

Thickness, mm

i) NA ' 1.37 (0.054) 1.73 (0.068)
Dime"(si‘;’;“’ mm NA 152x152 (6x6) 203x203 (8x8)
Grade, MPa (ksi) " NA 340 (50) 340 (50)

*Nominal dimensions and material properties
®Extended Track
“Regular Track

The testing frame (Figure 2.1) was equipped with a 250kN (55kip) hydraulic

actuator with a stroke of £125mm (+5”). The monotonic and cyclic tests were all
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displacement controlled. The data recorded during the tests consisted of wall top
displacement from the actuator’s internal LVDT as well as a cable-extension
transducer connected directly to the wall top. Four other LVDTs were used to )
measure slip and uplift of the wall relaﬁve to the frame in the bottom north and
south corners. Three strain gauges per strap (one side of Wall any) were used to
evaluate the yielding status of the straps during testing. A load cell placed in line
with the éctuator was used to measure the in-plane lateral resistance of the test
walls. Load cells were also installed on thé bottom north and south anchor rods to
' measure uplift forces. These load cells were not included for the heavy Walls
because the uplift forces were expected to exceed the capacity of the load cells.
During cyclic testing an accelerometer was used to directly‘measure accelerations
at the top of the wall. Two Vishay Model 5100B scanners were used to record
data to the Vishay Systems 5000 StrainSmart software. For all monotonic tests the-
data was monitored at 50 scans per second and recorded at 1 scan per second. Forv

the cyclic tests data was both monitored and recorded at 100 scans per second.

2.2. Capacity Design Approacli

The design of all test speciméns followed a capacity design approach as required
by AISI S-213. The objective of this approach was to select a fuse element in the
SFRS and use the prpbable capacity of that element to design the remaining
components of the. SFRS. This fuse element was chosen to dissipate the energy
" imparted to the specimen due to seismic loading while still allowing the wall tb
support gravity loads. In order to achiéve thié, the Strap bracé was selected as the

fuse element; it was expected to yield in tension under repeated inelastic
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displacement cycles. This section describes the assumptions and calculations

which were used to design the wall test specimens.

Three lateral load levels were selected to represent a range of possible walls that
would typically be constructed. In order to be consistent with previous research,
these factored loads were assurh‘ed btol be 20kN (light), 40kN (medium) and 75kN
(heavy). In regular design situations these loads would be calculated using the
lateral load provisions (wind or seismic) provided in the Building code. Given the
prescribed lateral load levels and a 2440 x 2440mm wall, the brace sizes were
chosen based on their factored ténsion capacity shown in Equations 2-1 and 2-2
(CSA4 S136, 2007). Net section fraCture was checked for all specimens assuming a
weld pattern for the connection. Note: this same brace size was also use(i for the
shorter 1220 and 610mm long walls even though it would not have provided the
same lateral load resistance due to the change in angle of the straps.
T, =¢,AF, . (2-1)
where,

| O = teﬁsile resistance factor (0.9)

Ag = gross cross section area

Fy = material yield stfengtfl
Ty =¢uAnKy ' (2-2)
where,

0, = ultimate resistance factor (0.75)

A, = net cross section area
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F,= material ultimate strength
Once the strap size was chosen the probable strap tension force, T,, was
calculated using Equation 2-3. The first step in the capacity»des'ign process was to

ensure that fracture of the brace at its end connections would not occur (Equation

2-4).
T, = AR F, » (2-3)
AaRyF, 2 AR, 4 | (2-4)

where Ry and R; are taken as 1.5 banAd 1.2 respectively for 230MPa (33l;si) steels
and 1.1 and 1.1 for 340MPa (50ksi) steels (ASTM A653, 2002, AISI S-213, 2007).
The net section area, A,, was taken to be equal to the gross cross section area, A,
‘despite the fact that additional holes (screws: through straps at interior stud
locations) were i)resent. For the purposes of this testing, the additional holes were
‘thought of as constructio.n, flaws and not something a designer would take into

account.

Due to the high slenderness of the strap braces it was assumed that they were not
capable of dev.eloping a compression resistance. The probable tension force, Ty,
and its associated vertical and horizontal components (Table 2.2), were used in
- the design of the brace connections, chord studs, track, gussef plates, anchor rods,

holddowns and shear anchors.

The chord studs were designed for the vertical component of the probable brace

force in accordance with CSA S136 (2007) assuming concentric loading. The
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back-to-back C shapes were considered to have unbraced lengths of 2440mm in
the strong axis and 1220mm in the weak axis due to the intermediate bridging
used in each specimen. The web knock out holes as well as the fastener screw
-spacing were considered in the design. It has been shown by Hikita (2006) that for
unsheathed back-to-back chord studs using a pin-pin ‘end condition (k=1.0) is
conservaﬁve. Chord stud tests by Hikita indicated that k= 0.9 is reasonable and
therefore this was used for the calculations; k = 1.0 may be more appropriate in
practice, however. The nominal axial compression capacity (¢.~1.0) was used
because the probable strap force would likely only be reached during the design
level earthquake which has a return period of approximately 1 in 2500 years

(Table 2.3).

Table 2.2: Probable forces in SFRS due to brace yielding

Test Specimens®
. Light Medium Heavy
24402440 1220x2440 | 2440%2440 | 610x2440 | 2440x2440 1220%2440 | 610%2440
* Force (1:1) (1:2) [H))] (1:4) n:n (12) (1:4)
13A-M 17A-M . 21A-M
14A-C 15B-M 18A-C 19B-M 22A-C 23B-M 23C-M
15A-M 16B-C 19A-M 20B-C 23A-M 24B-C 23C-C
16A-C 20A-C 24A-C
AR F, Single
Brace (kN) 239 23.9 35.8 35.8 65.7 65.7 65.7
Total
Horizontal 338 214 50.6 17.4 93.0 58.8 319
Force (kN)® -
Total Vertical ) :
Force (kN)* 338 428 - 50.6 69.5 93.0 1175 127.5

“Aspect ratio given in brackets
®Total force based on probable capacity of two tension braces

The track resistance was determined using a similar approach to the stud capacity,
however two configurations were investigated; the extended track as per Al-

Kharat & Rogers (2008) and a regular track (Figure 2.2). The extended track
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section allows the horizbnt_al component of the brace force to be transferred to the
supporting foundatioﬁ through tension. In comparison, the regulér track relies on
its compression resistange to transfer the bréce force to the shear anchors. To
account for the lower compression resistance compared with the tension capacity
different track sectiqns (T;qble 2.1) have been selected for the extended and
regular track configurations even though they were des;gned for the same lateral
load and track force (Table 2.2). The unbraced length of the track in compression
was taken as the distance from the edge of the wall to the first shear anchor. Shear
anchors were spaced at approximafely‘ the same intervals‘ along the top and bottom

of each wall.

Table 2.3: Nominal axial compression capacity of back-to-back chord studs

Test specimens
Light Medium Heavy
1:1 .21 1:1 : 4:1 1:1 2:1 4:1
Calculation assumptions ;
: ’ 13A-M 17A-M 21A-M
14A-C 15B-M 18A-C 19B-M 22A-C 23B-M 23C-M
15A-M 16B-C 19A-M 20B-C 23A-M 24B-C 23C-C
16A-C 20A-C 24A-C
Full composite action & web )
holes not considered (kN) 682 1210 ) 1633
Full composite action & 36 mm .
web holes considered (kN) 396 1056 1400
Web connections at 300 mm o/c
& web holes not considered (kN) 67.1 180 1592
Web connections at 300 mm ofc
& 36 mm web holes considered 58.7 102.8 ) 136.3
(kN)
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Figure 2.2: Extended and regular track detail showing track force

Bearing was also checked for all tracks. In the case of extended tracks, if the

bearing capacity of a single external shear anchor was not adequate, another was

added (heavy walls). The nominal track compression, tension and bearing

capacities calculated in accordance with CSA S136 are shown in Table 2.4.

Table 2.4: Nominal track compression, tension and bearing capacities

Test specimens

Light Medium, Heavy
. 21A-M
Calculation assumptions _15A-M 17A-M 22A-C
13A-M 16A-C 18A-C 19A-M 23B-M 23A-M
14A-C 15B-M 19B-M 20A-C 24B-C 24A-C
16B-C 20B-C 23C-M
23C-C
Compression capacity, web holes not '
considered (kN) 21.8 40.5 414 63.0 63.0 111.6
Tension capacity - gross section
yielding, web hole not considered 37.9 69.9 98.0 122.8 122.8 172.1
(kN)
Tension capacity - net section
fracture, 22.2 mm hole for shear 43.5 78.8 116.0 145.3 1453 203.2
anchor considered (kN)
*Bearing Capacity at shear anchor
hole, bolt hole deformation not 14.5 30.6 30.6 43.1 431 63.4
considered (kN)
“Bearing Capacity at shear anchor
hole, bolt hole deformation 11.2 21.0 21.0 27.7 27.7 41.9
considered (kN)

“Bearing capacity based on one shear anchor
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Once the chord stud and track members were selected for each specimen the
welds and gusset plates at brace ends were designed. The weld groups were sized
using their féétored shear resistance (CSA S136) because an additional factor of
safety against weld failure was desirg:d. It was also neceséary to satisfy Equation
2-4 regarding possible failure through the net section of the braces. In both. cases

the probable brace force was used as the applied load (Table 2.2).

The light walls had no gusset plates and the straps were welded directly to the
chord stud and track. The weld pattern included two elements at an angle to the
applied load (Figure 2.11). A transverse weld equal to the strap width was used in
order to size the longitudinal welds becauée CSA S136 does not account for welds
loaded at an angle. This resulted in a conservative weld group design due to the'
longer weld that wés actually fébricated. Gusset plates were used with the
rhedium and heavy walls. The straps were welded to the gusset plates, which were
welded to the chord stud and track. The capacity of a transverse strap weld was
first determined using a weld length equal to the strap width. Additional resistance
was developed by specifying two longitudinal welds which ran along each edge of
the strap, parallel to the loéding direction. The resistances of these weld gfoﬁps
are provided in Table 2.5. The standard for hot rolled steel design, CSA S16

(2005), imposes a minimum weld length of 40mm, which was applied for both the
medium and heavy walls. The S136 calculated weld resistaﬂce values and the
increased (40mm longitudinal weld length) values ,are presented in the tablé.v

Walls with different aspect ratios used the same design procedure and therefore
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had the same weld groups. Note: see Section 2.4.2 for information on the final

weld group detail used on the heavy walls.

Table 2.5: Strap weld design lengths and capacities

Test Specimens
Light Medijum Heavy
. 1:1 1:2 1:1 1:4 R 1:2 1:4
Calculation Assumptions®
13A-M 17A-M 21A-M
14A-C 15B-M 18A-C 19B-M | 22A-C | 23B-M | 23C-M
15A-M 16B-C 19A-M | 20B-C | 23A-M | 24B-C 23C-C
16A-C 20A-C 24A-C
Transverse Weld Length (mm) : > 70 102
Longitudinal Weld Length, x 55 20 28
° 2 welds (mm) )
o
» Total design fillet weld length 173 110 158
< (mm) .
7]
U B
Weld Group Capacity (kN) 24.0 36.4 : 65.7
g o Longitudinal Weld Length, x
g 2 | 2 welds (mm) ) 40 40
o ET -
v 3 & | Total design fillet weld length
»ES (mm) - 150 182
< £
8 = Weld Group Capacity (kN) - 40.7 714

*Weld capacity calculations based on 3mm fillet weld and an electrode strength F,, =410 MPa
®No transverse welds used on light walls (see F igure 2.11)

Once the longitudinal weld lengths were determined the gusset plate could be
sized using the Whitmore (71952) section technique to ensure yielding of the strap
braces would occur. To determine the Whitmore section length (Lyn,), a line was
‘taken at 30° from fhe leading edge of the connection as shown in ‘Figure 2.3. Lwm
is the length of the line which is extended parallelAto the back edge of the
connection intersecting the 30° liﬁes. Equations 2-5 and 2-6 from CSA S136
(nominal values as per capacity design) were then used to calculate the tension

resistance of the gusset plate (Table 2.6).

t)F : (2-5)

T,=(L,.t)F, (2-6)
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The nominal tension resistanée of the gusset plates was required to exceed the
probable brace force, therefore L., was used to find the minimum gusset plate
size (Figure 2.3). This gusset plate size was then examined for the different
geometries of the 1:2 and 1:4 walls and. one size was chosen for consistency‘
through the range of aspect ratios within éach lateral load group (medium and

heavy).

Welds Shown in Bold

Minimum Gusset Plate Size
Figure 2.3: Whitmore section diagram

Table 2.6: Nominal gusset plate resistance based on Whitmore section calculation

Test specimens

Light Medium Heavy
1:1 12 1:1 1:4 I:1 1:2 1:4
Calculation assumptions”
13A-M ) 17A-M 21A-M
14A-C 15B-M 18A-C 19B-M 22A-C 23B-M 23C-M
15A-M 16B-C 19A-M 20B-C 23A-M 24B-C 23C-C
16A-C 20A-C 24A-C

Gusset plate capacity based on
Whitmore section calculation, NA 54.1 83.3
gross section yielding (kN) ’

Gusset plate capacity based on .
Whitmore section calculation, net NA 71.6 110.2
section fracture (kN) ‘

*Values based on 40mm longitudinal weld length
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The welds between the gusset plate and chord studs/track were designed to resist
the vertical aﬁd horizontal components of the probable strap force. It was assumed
that the vertically oﬁented weld would resist the vertical force, while the
horizontal weld would carry the horizontal force. The two welds were
conservatively assumed to act independently. Furthermore, in all cases the gussets
were welded around the perimeter, which resulted in significantly more weld than

was required from the design calculations.

The Simpson Strong-Tie holddowns (Figure 2.4) selected for each wall have been
specifically designed for use with back-to-back chord studs and were qsed in
pervious research projects at McGill University (4l-Kharat & Rogers, 2008;
| Blais, 2006). They were chosen to overcome the pfobable vertical force resulting
from strap brace yielding. Initially, the manufacturer’s allowable design values
(Simpson Strong-Tie Co., 2005) were relied on to choose the holddown size.
Model S/HD10S (Taiowable - 49~5kN,.Tullimate - 182.9kN) was chosen for the light
walls and model S/HD15S '(Tallowable = 60.0kN , Tultimate = 218.6kN) was chosen for
medium walls. Model S/HD15S was also used for the heavy walls and the 1:4
-medium walls even though the allowable tensién Joad given was not. greater than
the probable tensioﬂ force. Since a larger holddown is not available, the listed
ultimate capacity of the S/HD15S was used in comparison with the probable
vertical brace force. The designer should verify this approach with the
manufacturer when choosing holddowns. A holddown was .installed on the

interior of each corner in every test wall.
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Figure 2.4: Example holddown fixture installed in back-to-back chord stud (Lef?: Simpson

Strong-Tie Co., 2005)

As a final design check, the lateral in-plane deflection, based on the strap brace
stiffness alone, assuming pin-pin connections and including the AISI S-213 R4R,=
2.6, was checked and found to be well within the inter-storey inelastic drift limit
of 2.5% given the factored load level used in design (NRCC, 2005a). Service level

drift limits were not considered in the design of the test walls.

2.3. Development of Welding Protocol

2.3.1. Welding Procedure

Welding of zinc coated CFS sections requires precise settings and control. If too
high of a current is used the thin sections will melt leaving holes in the specimen
and if the current is too low, inadequate penetration will result in a poor quality,
low strength weld. It is also necessary to use an electrode designed to be effective
despite the impurities which are present due to the zinc coating. The gas metal arc
welding (GMAW) process, commonly known as MIG welding, was used. In this

process the quality of ' weld depends on shield gas mixture, type of electrode, and
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current and wire feed settings. The current was controlled by adjusting the output

voltage on the welding machine.

To facilitate spray transfer of the molten electrode, which creates a smooth
finished weld proﬁie and good penetration with minimal splatter (Canadian
Welding Bureau, 2005) an inert gas mixture high in argon was used (75% Ar /
25% CO,). This gas mixture i.s also recommended by the chosen wire electrode
manufacturer (Cronatron Welding Systems Inc., 2003) for use when welding thin
metals. Cronamig 321M 0.030” diameter welding electrode wire was used; it is
designed for use with thin metals and is not affected by coated steels. The power
source, a Lincoln Electric Wire-Matic 255 GMAW welder, was set to a wire feed
of 150 in/min and an output voltage of 19V. After numerous trials (Section 2.3.2)
these settings were decided upon as they gave a clean arc and good weld
penetration without burning though the thin steel members. Example weld

photographs are shown in Figure 2.5 and Figure 2.6.

Figure 2.5: Welding setup and Lincoln Electric GMAW welder
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Figure 2.6: Welding process and partially finished weld pattern on a medium wall

2.3.2. Weld Testing

Prior to the fabrication of any walls, sample strap connections were welded and
tested under direct tension (Figure 2.7) to ensure adequate weld quality and to
validate the weld procedure. The failure mode for each sample fabricated using
the final weld procedure was gross cross section yielding of the strap, followed by

strain hardening and eventual strap fracture.
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Figure 2.7: Welded strap sample undergoing tension test, failures for three strap sizes

35



In no case did the welds fail during these connection performance tests.‘ The light
strap fracture occurred well away from the weld group while the medium and
heavy strap fractures oécurre_d at the leading edge of the weld group. At the start
and stop of a weld in sheet steel there is some undercutting which takes place and
this is most likely the area of least cross section of the brace. For the chosen weld

setup, no failures of or through the weld metal were observed.

The weld cross section of thesé samples was also examined visually, through
grinding, polishing and efching of the surface. Adequate pengtration and
homogeneity of the weld and base metals were observed (Figure 2.8). Pictures a), -
b), ¢), and d) of the Figure show fhat different microstructure -properties are
present in the base metal, heat affected zone (HAZ) and the weld metal. These
differences are due to the different propérties of the base metal and welding

electrode used. The photos show that good quality welds were achieved.
Given the satisfactory performance of the weld connection test specimens, along

with this visual inspection, it was decided to use the same weld procedure in the

fabrication of the wall test specimens.
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2.4. Construction Details

2.4.1. General Fabrication and Construction Details

The test walls were fabricated in the Jamieson Structures Laboratory at McGill
: Uni.versity. Top and bottom tracks were prepared to accept the .appropriate
number of shear anchors and holddowns. The location of these holes for the 2440
X 2440mm walls is shown in Figure 29 For the 2440 x 2440mm (8’ x 8”) wall
specimens the_fe were 10 shear anchors through the top track and six through the
bottom track. The 1220 x 2440mm (4° x 8’A)A.wall specimens had four shear
anchors through the top and bottém tracks while 610 x 2440mm (2’ x 8) wall
specimens had only one. shear anchor through the top and bottom tracks. The
walls with extended tracks had an additional two shear anchors in both the top and
bottom ﬁacks except in fhe case of heavy walls where four extra shear anchors

were placed in the top and bottom tracks (Appendix A).

The chord studs were convstructed with two back—to—back. ‘C’ profiles fastened
with two No.v 10 x 3/4” (19mm) self drilling wafer head screws every 300mm
(127) along their length. Simpson Strong-Tie holddowns, S/HD10S for light walls
and S/HD15S for medium and heavy walls, were installed at the top and bottom
of each chord stud with No. 14 x 17 (25mrﬁ) self drilling hex head screws (24 for
the S/HD10S and 33 for the S/HD15S). Once the tracks and chord studs were
prepared, walls were assembled on the floor using various clamping techniques to

ensure a tight fit between members and consistency in construction (Figure 2.10).
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Figure 2.10: Assembled walls in laboratory; final welding of gusset plates and straps
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Interior studs were spaced at a nominal 406mm (16”) on centre and connected to
the tracks with one No. 8 x %2 (13mm) self drilling wafer head scréw on each
side of the wall. The same connection was made for the chord studs to the track to
facilitate wall transportation to the welding area. Bridging was installed through
the web knockouts in the studs at mid height of the wall. Bridging clips were then
fastened to the stud and bridging u.sing No. 8 x 4” (13mm) self drilling wafer
head screws. The straps were cut té length from strips that had previously been

sheared to the correct width by the steel supplier.

Once in the welding area, screws holding the chord studs to the tracks were
removed and diagonal measurements were used to square the wali. Gussét plateé,
152 X 152mm (6” x 6‘”) for medium walls and 203 x .203mm (8” x 8”) for heavy
walls, were first welded in place, and then the straps were welded to the gusset
plates (Figure 2.10). In the case of light walls (no gusset plates), the straps were
positioned and welded into place. Weld patterns were similar for wails within
each of the three configurations regardless of whether the extended or regular
track detail was used (Figure 2.11). The location and angle of the strap connection
weld group changed for walls with aspect ratios other than 1:1, which can be seen
in the corner diagrams in Appendix A. In all cases, the line of action of the strap
intersected with the centreline of fhe chord stud at the ‘edge of the wall; similar

weld lengths were used and the Whitmore section length was maintained.
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After welding, the specimens were moved back to the assembly area for
instrumentation and installation into the test frame. Diagrams containing

construction details for all walls, similar to Figure 2.12, are given in Appendix B.
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Figure 2.12: Nominal dimensions and specifications of light walls 13A-M and 14A-C
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2.4.2. Heavy Wall Weld Connection Details

During a preliminary test of heavy wall 21 A-M, the first wall of this size that was
tested, a base metal weld failure occurred after yielding of the braces (Figure
2.13). This type of failure was not observed in the connection tests (Section 2.3.2)
nor in any light or medium walls. The transverse weld connection initially failed
at a lateral drift of 5.6% and was followed by strap tearing along the longitudinal
welds. The yield capacity of the braces had been reached and strain hardening had
begun prior to the connection failure. This failure happened on both sides of the
wall at approximately the same displacement (Figure 2.13, right side, top and

bottom).

Figure 2.13: Connection failure of preliminary test 21A-M

Adequate overlap of the weld metal onto the strap, and therefore melting of the

strap within the weld pool, was not provided during fabrication and is thought to
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bé the cause of failure. Even though adequate weld performance was seen with
the strap sample welds (Section 2.3.2), it was décided to retest specimen 21A-M
with an increased longitudinal weld length of 90mm (the results presented reflect
this retest) to account for the possible shortcoming in fabrication of the transverse
weld. This increase in weld length resulted in a factored weld group capacity of
89.5kN and was used on all heavy wall tesfs. A strap sample weld test of the new
weld group was run; no significant change in weld group stiffness or capacity was
observed compared with the original weld design for the heavy walls (Figure

2.11).

2.5. Test Instrumentation and Installation

Prior to testing each wall specimen was instrumented and installed in the test
frame. Measurements of the width of each brace were taken. Strain gauges were
installed on one side of the wall only. Three gauges per strap were used to identify
whether yielding along the length of the brace had occurred. The locations of
strain gauges can be seen in Appendix C. The straps running from the bottom
north corner to the top squth cofner of all walls were fastened to each interior studH '
with one No. 8 x 4 (13mm) screw. The straps ruhning in the opposite direction
céntained no additional screw fasteners. Small steel plates were installed at the
bottom north and south corners to serve as a contact point for the LVDT
measurements of slip and uplift. Another plate was attachgd tq the wall at the tdp
south corner to attach the steel piano wire which served as an extension leading to

the cable-extension transducer, for direct measurement of wall displacement. The

locations of the LVDTs and the cable-extension transducer are shown in Figure
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2.14. All straps and gusset plates were painted with a hydrated lime / calcium

hydroxide solution to allow yielding progress to be visible during testing.

Steel Piano Wire Cable Extension A\
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VDT —, ] \JE ~ VDT

Figure 2.14: Positioning of LVDTs and cable-extension transducer

Once placed into the test frame, walls were aligned and the appropriate number,

depending on wall length, of 3/4” (19.1mm) diameter ASTM A325 (2002) shear

anchor bolts, was installed. The anchor rods (ASTM A193 B7 (2006) 7/8”

(22.2mm) (light walls) and 17 (25.4mm) (medium and heavy walls) diameter

* threaded rod) were then installed and all shear anchor bolts were tightened. The

bottom north and south anchor rods were instrumented with load cells which were

~used to monitor holddown force during testing and to ensure that similar tension

(lekN)v was applied to each during installation.
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2.6.

Al‘l test specimens with ‘M’ as the last letter in their name were designated as
monotonic (static pushover) tests. These displacement controlled tests were run at
a rate of 2.5 mm/min. The in plane displacement of the topﬁof the wall and the
applied lateral load were monitored. Most tests were run until the displacement
limit of the actuator, approximately 220mnﬁ (9% drift), was reached with no drop
in load. A typical lateral load versus deflection curve is shown in Figure 2.15. In

the case where failure of an element in the SFRS occurred prior to the 9% drift

Monotonic Load Protocbl

level being reached the test was stopped.

Wall Resistance ( kN )

Figure 2.15: Typical lateral resistance versus wall top deflection for a monotonic test
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2.7. Reversed Cyclic Load Protocol

The Consortium of Universities for Research in Earthquake Engineering
(CUREE) ordinary ground motions reversed cyclic Ioad’protocol (Krawinkler et
~al., 2000) was chos'en.for the cyclic testing of the strap braced walls. This is_a
similar procedure fo that covered by ASTM E2126 (2005) for the testing of light
framed walls containing solid sheathing or metal framing with braces. This
protocol is primarily concerned with evaluating the lateral in-plane capacity of
wood sheathed shear walls; it was assumed that since a strap braced wall and
~ sheathed wall can be vused interchangeably that the CUREE protocol could be
used. Furthermore, in previous research done on similar strap braced walls and
wood sheathed walls af McGill University, this protocol was. used (Branston et

al., 2006; Al-Kharat & Rogers, 2007, 2008).

The CUREE protocol was developed to cover a wide variety of ordinary ground
motions with a probability of exceedance of 10% in 50 years. It is a real
possibility that a structure will undergo more than one of these events in its

lifetime; this is taken into account in the protocol.

The cycles in the protocol are joined together with a sine function. Their
amplitude'is a percentage of a reference displacement which was based on the
results of the nominally identical monotonic tests. Usually the deflection at 80%
post peak load is used to obtain the reference deflection; however, since in most

cases no drop in load was recorded the reference deflection was taken as 2.667
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times the yield load (ASy on Figure 2.18). This is cbnsistent with the approach
used by Al-Kharat & Rogers (2007, 2008); it also ensures that a reasonable
number of inelastic cycles (approx. 6-7) are japplied to the specimen prior to the
4.5% drift level (testing apparatus limit) being reached (Figure 2.16). A typical
amplitude versus time plot showing the initiation, primary and trailing cycles

which make up a complete protocol is shown in Figure 2.17.
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Figure 2.16: Typical lateral resistance versus wall top deflection for a reversed cyclic test
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Figure 2.17: Typical reversed cyclic test protocol
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For all tests the frequency of the protocol was kept at 0.5 Hz, except when the

cycle amplitude was over 100mm where the frequency was reduced to 0.25 Hz.
The lower frequency was used to ensure thét the actuator would have an adequate
oil supply during higher amplitude cycles. These frequencies are within the range
described in ASTM E2126 .(2005). The lateral load versus wall top deﬂection.
curve for specimen 14A-C is shown in Figure 2.16 as an example of the cyclic
loading test result. The cyclic amplitﬁdes and protocols are shown in Appendix D
both as tables and figures for each cyclic test. Note: since a reversed cyclic
protocol was used the maximum displacement that could be reached (4.5% storeSI

drift) was half of that used during the monotonic tests (9% storey drift).

2.8. Analysis of Measured Test Data

2.8.1. Lateral Wall Resistance

The measured and predicted wall resistance parameters, Spax, Sy, S0.80, Syps Syn
and Sg 40 were obtained for each monotonic (Figure 2.18) and cyclic (Figure 2.19)
test.} Smax Was defined as the maximum resistance recorded during testing for
monotonic and cyclic tests. The lateral .resistance at yiéld, Sy, bwals‘chosen as the
lowest value in the post yield plateau for monotonic tests. The cyclic tests do not
show any post yield plateau due to strain rate and strain hardening effects,
therefore Sy was taken as Spay, the highest load observed on any hystere-tic loop. It .
is iﬁlpoﬁant to note that any subsequent comparisons of predicted and measured

Sy values will be affected by the different definition of this variable for the two
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test protocols. Spgp (post peak) and S¢4 were defined as 80% and 40%,

respectively, of Smax.

1

Test result J

Wall resistance

Rotation

~

30.80( A max

Wall in-plane deformation
_Figure 2.18: Definition of measured and predicted properties for monotonic tests

The resistance of the wall, S, as measured by the load cell was adjusted to remove
load due to inertial effects caused by accelerations during reversed cyclic testing.
The mass of the wall, loading beam and connections was taken into account along

with the measured lateral acceleratioﬁ at the top of the wall. The corrected applied

load, represented by S’, is presented in Equation 2-7.

S =S i’(“_gﬂ’l ' (2-7)
1000 _
where,

S’ = corrected shear wall resistance (kN)

S = measured shear wall resistance (kN)
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a = measured acceleration of the top of the wall (g) (m/s?)

g = acceleration due to gravity (9.81 m/s?%)

m = mass [250 kg for the loading beam + half the mass of the steel wéll (60,

90, 110 kg for the light, medium and heavy strap walls respectively)]
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Wall in-plane deformation
Figure 2.19: Definition of measured and predicted properties for cyclic tests

The calculation of S,,, the predicted yield resistance (Equation 2-8) used the

results obtained from material properties testing (Section 2.9) along with the

measured strap dimensions.

2Kt Wag o | 08)
=————= = cos(tt -
P 1000
where,

F, = brace material yield strength from coupon testing (MPa) (Section '2.9)

tavg = base metal thickness from coupon testing (mm) (Section 2.9)
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Wavg = average strap width, mm (Appendix E)

o. = angle of strap brace from horizontal
In the célculation of Sy, the yield strength, F,, was based on the lowest strain rate
coupon test results for the monotonic wallé and the highest strain rate coupon test
results for the cyclic walls (Secfion 2.9); A nominal predicted yield resistance,
Syn, was also calculated for each specimen using the same method as Sy,
(Equation 2-8), with nominal properties for ta., aﬁd Wave and the minimum
specified yield strength, Fy. Another nominal prediction, the capacity design yield
load, Sy., was calculated to compare with the test result yield load, Sy. This
prediction .includes the R, factor which was used in capacity design and the
properties used for Sy,. Appendix A contains the values of Syax, Sy, So.40, Syp’ and
Syn for each test specimen. Section 2.11.1 contains'a discussion of the measured

and predicted resistances.

2.8.2. Lateral Wall Stiffness

The in-plane lateral wall stiffness, K., was measured to make a comparison with
the predicted value, K, (Figure 2.18 (monotonic), Figure 2.19 (cyclic)). In order to
calculate K., the measured elastic lateral stiffne‘ss, a load level of 40% of the
maximum load, Sy, and the corresponding deflection, Agg40, Were used. It wés
assumed that the test specimen was still in the elastic range at this point. The 40%
load level is consistent with previous research on shear walls (Branston et al.,
2006, Al-Kharat & Rogers, 2006) and is used in ASTM E2126. The elastic

stiffness was then calculated using Equation 2-9.
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S | »
K - 0.40 . ‘ (2_9)

e
ASOAO

Before each test was run the strap widths were measured and recorded. These
measurements, along with the yield strength and base metal thickness from the
coupon tests were used to calculate the brace component, Kg, of the predicted
stiffness, K,. The stiffness of the strap braces, Kg, holddown, Kyp, and anchor
rod, Kar (Equations 2-11, 2-12, ‘2-13 respectively), were deemed to contribute
significantly to fhe lateral sﬁffness of the system and were thefefore taken into
account (Equation 2-10, Figure 2.20). Thé anchor rod and holddown stiffness
equations were derived by assuming rigid body motion of the wall abput the

bottom compression corner.

—= + + (2-10)

K, 2xK; K, Kui , , _

where,

K, =2*Escos?a @-11)

K

Kyp = —2 ' (2-12)
tan” o

K . =_ELA;&;_ : (2_13)'
l,g Xtan“ ot - . '
where,

a = measured gross cross-section area of one strap
E = Young’s modulus (203000MPa)
I = length of one strap (exterior wall dimensions used)

o.= strap angle with respect to horizontal
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Kms = holddown stiffness given by manufacturer (Simpson Strong-

Tie Co., 2005)

1ar = length of the anchor rod between its connecting nuts

AR = cfoss section aréa of the anchor rod, excluding tﬁe threads
The test results tables found in Appendix A also include K;; a norﬁinal lateral
stiffness. This was done using the same steps as the K, calculaﬁon (Equations.Z-
10 to 2-13), excebt that the nominal strap aréa was used. Section 2.11.2 contains a

discussion of the measured and predicted wall stiffness.

Figure 2.20: Components contributing to predicted stiffness, K,

Note: direct tension tests on the strap material alone were also carried out
(separate from the coupon testing, Section 2.9) to compare with the weld section
stiffness (Section 2.3.2). It was determined that there is a negligible difference

between the strap axial stiffness with and without the weld connection. For this

53



reason the stifﬁless of the weld connection was not included in the >overall wall
stiffness calculation. Furthermore, the axial stiffness of the chord studs was also
not considered in the calculation of K,,. The strap widths used for the cross-section
aréa calculation in Equation 2-11 are shown on the test data sheets in Appeﬁdix E

and the thickness values are from the coupon test results.

2.8.3. Seismic Force Modification Factors

The test—based seismic force médiﬁcation factors for use with the NBCC were
calculated following a method similar to that described by Mitchell et al. (2003)
and that utilized for wood sheathed / CFS frame shear walls by Boudreault et al.
(2007). The ductility of the system, W, was calculated using two reference
displacements. First, the ideal elastic yield displacement was calculated by
dividing the méasured yield load, Sy, by the measuréd wall elastic stiffness, K;, as

shown in Equation 2;14 and Figure 2.18.

Ay, =L | | (2-14)
Second, the reference displacement corresponding to the 80% post peak load level
of the test specimen, Aggo, was determined as shown in Figure 2.18 (monotonic)
and Figure 2.19 (cyclic). This point was chosen as the load level when the wall
had reached the end of its useful load carrying capacity. For wall specimens ‘that
did not show a drop in load the maximum deflection they reached (testing
apparatus limit) was chosen as a conservative number to estimate the ductility.
This was always the case for cyclic tests as fracture of the strap braces was not

observed. The ductility, p, of the system is as shown in Equation 2-15.
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(2-15)
Sy

Test-based force modification factors Ry and R, were then determined. The
ductility felated force modification factor, Ry, was calculated using Equation 2-16
(Newmark & Hall, 1982). |

R, =42u-1  (2-16)
The overstrength factor, R, was estimated by computing the product of R, for
yield strength, Ry, to account for strain hardening and the inverse of the

resistance factor, 1/¢, as shown in Equations 2-17, 2-18 and 2-19.

R, = 5 (2-17)
y Syn .
R, _ S (2-18)
s, |
R R '
R, = y¢ sh (2-19)

Rs, was calculated for the monotonic tests based on the resistance measured at 4%
drift divided by the yield resistance. Ry, was not utilized for the cyclic tests
because the term R, is a function of the measured yie:ld resistance of the wall, S,,
which in_this case already includes any strain hardening effects (Sect‘ion 28.1). A
resistance factor forv gross cross section yielding in tension, ¢ = 0.9, was used. The

values for R4 and R, are summarized in Section 2.11.
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2.84. Energy Calculations

The energy absorbed by each wall, E, (area under the resistance deformation
curve) (Equation 2-20) was calculated incrementally as the sum of the average
energy for each time step during testing. The énergy absorbed for each test

specimen is presented in Section 2.11.4.

E= zl: (An—l _2An ) S'n | ' | (2-20)

E = total absorbed energy (Joules)
S’ = corrected shear wall resistance at time step (kN)
A = lateral displacement at time step (mm)

. t=elapsed time of test (s)

2.9. Material Properties -

Material tests were carried out for the straps, chords, tracks and gusset plates to
determine their thickness, yield and ultimate strength (Table 2.7 and 2.8). Where
members came from the same coil, only éne set of tests was necessary. Coupon
test specimens were prepared in the lab by cutting 230mm (9”) x 19mm .(3/4”)
samples and milling out a centre gauge length of SOmm (2”) to énsure failure
during testing away from the grips of the direct teﬁsion testing machine (ASTM
A370, 2002). All tests except for the straps were conducted at a cross-head rate of
0.1mm/min in the elastic range, and increased to 6 mm/min once the test was

beyond the yield point.
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Nine coupons for each strap size were tested because the walls were designed
with the strap as the fuse element. They were divided into groups of tﬁree; each of
which was tested at a different cross-head rate. The rates were 0.1mm/min,
50mm/min and 100mm/min. These rates were chosen to best simulate the strain
rates which the straps would undefgo during a full wall test. The intent was to
represent approximately the maximum brace strain rates of the monotonic
(0.000019s™) and 0.5Hz reversed cyclic (0.1s™) tests, respegtively. Unfortunately
the strain rate er the 100mm/min coupon tests was limited by the capability of
the screw driven materia]s testing machine; nonetheless, the corresponding strain
rate was substantially higher than the slowest coupon tests (approximately 1000
times). The yield strength, F,, and tensile strength, F,, were generally observed to
increase for steels as the strain rate increased; the ratio F./F, exceeded the 1.2

lower limit specified by AISI S-213.

Table 2.7: Material properties of strap braces

Strap ~ Cross- Strain rate Nominal 2:::1 ;:::;g Ultimate o |
width, head rate sghy | thickness, | .o * | stress,Fu | Fu/F, | o o y

mm (in) | (mm/min) (x 10°s™) t, (mm) thickness, F, (MPa) Elongation Fyn

" tug (mm) | (MPa)

0.1 0.021 1.09 1.11 296 366 1.24 325 1.29

63.5 50 104 1.09 1.11 310 381 1.23 30.4 1.35
2172) - : : . ' :

- 100 20.8 1.09 1.11 314 377 ) 1.20 31.8 1.36

0.1 0.021 1.37 1.41 387 560 1.45 272 1.14

699 50 104 1.37 1.41 406 571 141 26.7 I.19
@ 3/4) . . : . . E 7 .

100 20.8 1.37 1.42 406 584 | 144 28.1 1.19

0.1 0.021 1.73 1.79 353 505 | 1.43 324 1.04

101.6 (4) 50 10.4 1.73 1.78 372 521 1.40 30.7 1.10

100 20.8 Wi 1.79 373 521 1.40 31.6 1.10
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Table 2.8 : Material properties of studs, tracks and gusset plates

Cross- Strain Nominal Base Yicld Ultimate o

Member head raFe"’ rat;: | thickness, thir:lfrtxilss, Stlifss’ stress, Fi/Fy Elong;tion I;y /

(mm/mu.l) (*x10°s) | t,(mm) fuvg (m7T) (M});a) F,(MPa) n

0.043 Stud 0.1 0021 1.09 1.16 325 382 1.18 28.8 1.41
0.043Track 0.1 0.021 1.09 1.11 296 366 1.24 325 1.29
0.054 Stud 0.1 0.021 137 1.41 387 560 1.45 272 1.14
0.054 Track 0.1 0.021 - 1.37 1.41 387 560 1.45 27.2 1.14
0.054 Gusset 0.1 0.021 1.37 .41 387 560 1.45 27.2 1.14
0.068 Stud 0.1 0.02] 1.73 1.80 348 | 505 1.45 279 1.02.
0.068 Track 0.1 0.02] 1.73 1.79 353 505 1.43 32.7 1.04
0.068 Gusset 0.1 0.021 1.73 1.79 353 505 143 32.7 1.04
0.097 Track 0.1 0.021 246 2.53 336 463 1.38 338 0.99

? Cross-head rate was increased to 6 mm/min after full yielding was achieved.

In all cases the ratio of F,/F, was greater than 1.08 and the percentage elongation
over a 50mm gauge length exceeded 10%; therefore, these steels also met the

requirements laid out by CSA S136, the relevant Canadian standard.

2.10. Observed Performance

The test walls generally performed as expected given the capacity approach that
was taken in design; that is, the straps first behaved elastically, then yielding

spread along the full length of the strap with some strain hardening.

In a limited number of cases, the straps did fracture at high storey drift, far beyond
that which would be anticipat¢d during a seismic event..The-other elementé in the
seismic force resisting system remained relatively undamaged. The only .
exceptions were for the 1220 and 610mm long walls in which the chord studs

 were damaged by combined axial and flexural forces. The addition of screws to
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the braces did not alter the performance of the walls with respect to those
specimens in which braces did not contain screws. Strap fracture at large drifts
always occurred at the leading edge of the welded connection, and never through
the net section at a strélp screw-hole location. Table 2.9 summariées the observed

behaviour for all walls.

Table 2.9: Summary of failure modes

( Aspgs:lrla tio) Test*® | Failure mode(s) -
13A-M i Yielding of braces over full length, drift over 8% reached; limited by stroke of actuator
2 Yielding of braces over full length, test stopped to preserve specimen at 7.9% drift
14A-C Yielding of braces over full length, maximum drift of +4.5% limited by stroke of actuator
15A-M 1 Yielding of braces over full length, drift over 8% reached; limited by stroke of actuator
2 Yielding of braces over full length, drift over 8% reached; limited by stroke of actuator
16A-C Yielding of braces over full length, maximum drift of £4.5% limited by stroke of actuator
1 Yielding of braces over full length, net section fracture of one brace at 8.1% drift, other brace
17AM continued to carry load to maximum drift of 9.0%
2 Yielding of braces over full length, net section fracture of one brace at 7.8% drift, other brace
continued to carry load to maximum drift of 8.4%
_ 18A-C " | Yielding of braces over full length, maximum drift of 24.5% limited by stroke of actuator
o 1 Yielding of braces over full length, drift over 8% reached; limited by stroke of actuator
19A-M 2 Yielding of braces over full length, test stopped to preserve specimen at 7.2% drift
20A-C Yielding of braces over full length, maximum drift of 4.5% limited by stroke of actuator
1AM 1 Yielding of braces over full length, drift over 8% reached; limited by stroke of actuator-
) 2 Yielding of braces over full length, drift over 8% reached; limited by stroke of actuator
22A-C Yielding of braces over full length, maximum drift of +4.5% limited by stroke of actuator
) Yielding of braces over full length, net section fracture of one brace at 8.1% drift, other brace
23AM followed with net section fracture at 8.2% drift
: "9 Yielding of braces over full length, net section fracture of one brace at 8.2% drift, test stopped
. to preserve specimen
- 24A-C Yielding of braces over full lcngth maximum drift of #4.5% limited by stroke of actuator
158-M 1 Yielding of braces over full length, drift over 8% reached; limited by stroke of actuator
: 2 Yielding of braces over full length, test stopped to preserve specimen at 8.1% drift
16B-C Yielding of braces over full length, maximum drift of 4.6% limited by stroke of actuator
« 1 Yielding of braces over full length, combined compression and bending failure of chord stud,
Z 1| 23B:M test stopped to preserve specimen at 6.4% drift
Yielding of braces over full length, combined compression and bending failure of chord stud at
2
5.4% drift
24B-C Yielding of braces over full length, small local buckling of lip and ﬂange of chord studs,
maximum drift of +4.2% limited by stroke of actuator
| Yielding of braces over full length, combined compression and bending failure of chord stud,
19B-M test stopped to preserve specimen at 5.4% drift
Yielding of braces over full length, combined compression and bending failure of chord stud at
2 >
6.4% drift
Yielding of braces over full length, local buckling of lip and flange of chord stud due to
- 20B-C combined compression and bending forces, maximum drift of £4.2% limited by stroke of
- actuator
- 1 Yielding of braces over full length, combined compression and bending failure of chord stud at
23C-M 6.3% drift
2 Yleldmg of braces over full length, combined compression and bending failure of chord stud at
5.2% drift
24C-C Yielding of braces over full l_ength combined compression and bending failure followed by
crushing of chord studs, maximum drift of +4.9% limited by stroke of actuator

°1 denotes pull direction test with no screws through straps; 2 denotes push direction test with
screws through straps at interior stud locations:
®Cyclic tests had screws through straps at interior stud locations in the push direction only
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2.10.1. Light Walls

The only mode of failure observed for the light walls was full strap yielding with
strain hardening (Figure 2.22). In each case, the test was limited by the stroke of
the actuator. A minor amount of elastic distortion and local buckling was
observed in the chord studs but only at very high drift levels (>6%). Yielding
initially occurred at the screw locations (Figure 2.22); however this was followed
by strain hardening over the net section which allowed for the remaining portions

of the braces to yield.
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Figure 2.22: Yielding in light walls
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2102 Medium Walls

The medium walls also exhibited full strap yielding (Figure 2.23). Tests 17A-M1
and 17A-M2 ultimately failed by net section fracture, which occurred at the
leading edge of the welded connection where small undercutting existed (Figure
2.24). No fractures were seen at screw-hole locations where the strap was
connected to the interior studs (Figure 2.23). The fréctures started from the side of
the brace subjected to higher tension stress due to the rotation of the rigid corner
connection and holddown. It should be noted that in the worst case, this type of
fracture was only observed at a drift level of 7.8%. Tests 19A-M1, 19A-M2, 18A-
C and 20A-C showed full cross section yielding; no net section fracture was

observed.
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Figure 2.23: Medium walls showing brace yielding

Tests 19B-M1, 19B-M2, both 610 x 2440mm specimens, saw some strap yielding

prior to combined compression / flexure failure of the chord studs (Figure 2.25).
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The recorded drifts at failure were not as high as those for similar tests 19A-M1
and 19A-M2, which were both 2440 x 2440mm specimens. Test 20B-C did not
experience chord stud failure because the deflection of the wall was limited by the
stroke of the actuator. At a maximum drift of £4.2% some local buckling of the

lip and flanges of the chord stud was observed.

Figure 2.24: Medium wall strap connection prior to testing and after net section strap failure

at 7.8% drift
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Figure 2.25: Chord stud failure in specimens 19B-M1 and 19B-M2
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2.10.3. Heavy Walls

The 2440 x 2440mm heavy test specimens exhibited full brace yielding up to a
lateral drift exceeding 8% (monotonic) and +4.5% (cyclic). Monotonic test
specimens 23A-M1 and 23A-M2 failed from net section fracture of the brace at
this high drift level (Figure 2.26) while specimens 21A-M1 and 21A-M2 did not.

Cyclic tests 22A-C and 24A-C showed strap yielding with no other damage to the

wall.
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Figure 2.26: Net section strap failure of specimen 23A-M2 at 8.2% drift

The 1220 x 2440mm walls displayed full brace yielding followed by eventual
failure of the chord stud at an average lateral drift of 6.0%. The cyclic test, 24B-C
saw full yielding of the braces and some local buckling of the lip and flange of the
chord studs. The braces of the 610 x 2440mm walls did reach their yield capacity;
however no plateau was visible in the resulting load displacement curve (Figure
A.10, Appendix A). This was due to the failure of the chord studs at an average
drift of about 4.3%. The cyclic test specimen, 24C-C, saw complete compression /

flexural failure of the chord studs during the test (Figure 2.27).
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Figure 2.27: Post test specimen 24B-C (1220 x 2440mm); specimen 24C-C (610 x 2440mm)

2.11. Summary and Discussion of Test Results

2.11.1. Lateral Wall Resistance

The measured, Sy, and predicted, S,,, yield resistance values, as well as the .test-
to-predicted ratios, Sy/Sy, and S,/S,», are provided in Table 2.10 for the monotonic
tests and Table 2.11 for the cyclic tests. The ratio of S,/S,, varies from 1.11 (13A-
M1) to 0.89 (23C-M1) but was generally close to or above unity. Sy, does not take
into account any racking strength that could develop due to a moment resistance
at the track to chord stud connections, especially where gusset plates were used.
Interior stud to track connections could also provide a minimal flexural resistance
that would have been measured during lateral displacement of the wall. The S,/S,,
ratio was expected to be greater that one because of this small flexural connection
resistance. This was the case for almost all the 1:1 aspect ratio walls, except for
19A-M2 and 23A-M2 (S,/Syp, = 0.99). The cyclic tests showed slightly higher

S,/Syp ratios, mainly because S, includes strain hardening and strain rate effects.
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The 1:2 walls showed yielding performance similar to that of the 1:1 walls except
in the heavy wall case where minimal chord stud flexural/compression failure
occurred. This may have limited the full yielding capacity of the braces from
being reached and is shown by an S,/Sy, ratio Slightly less than one. The S,/Sy,
ratio was found to be less than one for all 1:4 aspect ratio walls (monotonic and
cyclic), especially for the heavy specimens where values ranged from 0.68 to
| 0.90. The 610mm long (1:4) walls failed through chord stud flexure /
compression, and thus, were not able to achieve a lateral resistance corresponding |
to yielding of the braces. The resistance vs. lateral drift hyéteretic response from
heavy test specimens 24A-C, 24B-C and 24C-C shows graphically how the

predicted yield resistance could not be reached by the 1:4 wall (Figure 2.28).
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Figure 2.28: Resistance vs. lateral drift hystereses for heavy walls 24A-C (1:1), 24B-C (1:2)
and 24C-C (1:4)
Table 2.10 and Table 2.11 also list the ratio of yield resistance, Sy, to nominal

yield resistance, Sy,. These ratios show the overstrength that strap braced walls,

excluding the 1:4 walls, achieved ‘whben displaced into the inelastic range.
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The ratio of S,/Sy., also shown in the tables, includes the Ry value used in design.
It is desired that this ratio be close to or less'v than 1.0 because if the actual yield
~load, Sy, is greater than the design probable force level other components in the
SFRS may fail first when using capacity design. These ratios vary from 0.91 to
1.11 for 1:1 and 1:2 monotonic tests and are therefore within an acceptable range.
The same ratios from the cyclic tests, which include strain hardening and strain
rateveffects, give a range of ‘l .02 to 1.26. Though this ratio is greater.than 1.0 in all
cases for the cyclic tests, which are designed to simulate seismic loading
(excluding 1:4 walls, where full brace yielding was not séen), the capac‘ity design
Worked in that the desired ductile failuré mode was seen. Net section fracture of
the braces was only seen at a drift level higher than is genérally expected during
rare seismic events. This shows that AISI S-213 R, and Rt factors used to predict
the brace force for capacity design work well together and are valid for design. In
order to recommend changes for either of these values tests on samples from
many coils would have to be undertaken (these results are based on three strap
sizes, which were taken from three coils). The light, medium and heavy wall
ratios were grouped around similar ranges and follow the same trend as the

respective F,/F,, ratios from material properties testing (Table 2.7).

A comparison was made between walls with different aspect ratios by converting
the lateral load to strap stress, a function of wall geometry and measured brace
cross sectional area (Figure 2.29). The higher aspect ratio walls (1:4) could not

achieve the brace yield stress while the others were able to (1:1, 1:2).
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Figure 2.29: Comparison of brace stress with lateral drift for the 1:1, 2:2 and 1:4 aspect ratio

walls

2.11.2. Lateral Wall Stiffness

The measured elastic wall stiffness, K., was alwajrs lower than the predicted
stiffness, K,. The calculated results and a compérison of the test-to-predicted
values are shown in Table 2.10 for the monotonic tests and Table 2.11 for the
cyclic tests. Thé over prediction of elastic stiffness can be attributed to the
simplified method used to calculate K, (Section 2.8). This prediction excluded
factors such as flexibility of the chord studs, gusset plates and weld connections
but gave a reasonable estimate of wall stiffness for 1:1 tests. The stiffness
predictions became increasingly inaccurate with the higher aspect ratios. This may
have been caused by the above mentioned factors bécoming more dominant n
overall system stiffness, as the wall moved from a shear type system to a bending

situation (cantilever).
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It was determined that aspect ratio, regardless of strap size, had a large effect on
lateral stiffness. The average lateral stiffness’ of l:i, 1:2 and 1:4 walls were 3.82,
1.37 and 0.40 kN / mm respectively. This shows an approximate increase in wall
flexibility of 2.8 when going from a 1:1 to 1:2 wall and 9.6 when going from a 1:1
to 1:4 aspect ratio wallv.v Given these results, it i1s recommended that when
designing with this type of SFRS walls with a height over length ratio greater than

two be avoided.

2.11.3. . Seismic F orce Modiﬁcation Factors

Structures that are designed using linear elastic méthods but respond in the non- |
linear inelastic range need R factors to estimate equivalent seismic loads using the
NBCC. The test-based ductility, Ry, and overstrehgth, R, factors were caléulated
according to the procedure outlined in Section 2.8. These ValueS, along with the
wall_ductility, u, are vsummarized in Table 2.12 for the monotonic tests and Table
2.13 for the cyélic tests. The target seismic force modification factors for a limited
ductility (Type LD) concentrically braced frame CFS‘ system as given in AISI S-
213 (2007) are Ry = 2.0 and R, = 1.3. The test calculated Ry values were all over
the design R4 = 2.0, except in the case of 1:4 walls, where adequate strap yielding
was not observed. The R, values were slightly less than 1.3 for the heavy walls,
but found satisfactory all other tests, excluding the 1:4 walls. The low R, values
for the heavy walls can be attributed to the low F,/F,, ratio for the steel (1.04)
(Table 2.7). This ratio is typically 1.1 for 340MPa grade steel (41S] S-213, 2007).
Furthermore, the R, calculation approach neglectéd other factors that would

further increase the overstrength such as member oversize and development of a
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collapse mechanism (Mitchell et al., 2003). With this in mind, it can be said that
the AISI prescribed R4 and R, values can be achieved by this type of wall, except

when a high aspect ratio (1:4) is used.

2.11.4. Energy Caléu-lations

Energy absqrption is related to ductility in that it depends on the walls ability to
maintain a resistance through a large range of deflections. The eneréy results, like
the ductility values, can be mislea’ding> because some tests were stopped before
complete failure of the specimen. In order to compare walls within the same load
level fhe energy results (Table 2.12 (monotonic) and Table 2.13 (cyclic)) were
normalized with respect to the lateral drift (Figure 2.30) for monotonic test results

only.

13A-M1

Light | 15am1
15A-M2

17A-M1
- T7A-M2

Medium

| 19A-M1
19A-M2

21A-M1

- 21ANZ
Heavy | 23a.m1
: | 23A-M2

Light [Epm——

— 23B-M1
Heavy }23B-M2

. 198-M1
<« | Medium {3eerm—
— 23C-M1
Heavy {2acn2

v

Normalized energy (Joules'/ lateral drift)

Figure 2.30: Normalized energy from monotonic test results
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Within the 1:1 aspect ratio group, where great ductility was shown for all
specimens, walls with larger straps (heavy) were able to absorb more energy than
walls with smaller ones (light and medium) as is expected due to their higher load
level. This figure proves that test results within each load lével group are |

comparable; quality of the fabrication and testing process is demonstrated.

2.11.5. General Discussion

The capacity design procedure as found in AISI S-Zi3 generally provided for
ductile wall behaviour well into the inelastic range. The NBCC related R4 and R,
~ factors recommended in AISI S-213 are within the rangé of measured wall
performance and can therefore be used in design for 1:1 and 1:2 aspect ratio walls.
The AISI S-213 prescribed values for Ry and R; also proved fo work well together
and provided for the desired failure mode (s&ap yielding) to be dominant
throughout testing results. Welded connections performed as expected and no
premature net section fracture of the strap braces (as can be the case with screwed

connected straps (4l-Kharat & Rogers, 2008)) was observed.

Deficiencies found during this testing lie in the predibction of elastic stiffness of
CFS strap braced walls and the perforrhance of 1:4 aspect ratio walls. More
research is needed in both these areas. The use of 1:4 aspect ratio walls is not
recommended until further investigations into their performance are carried out
due to the inability to accurately predict the yield load, which is especially

important when using nominal capacities with capacity based design.
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Table 2.10: Comparison of measured, predicted and nominal elastic stiffness and yield

resistance for monotonic tests

K, K, 1 os | se
Wall Test | nsmm) | o) | Ko | Kol a0 | oy { S5 | SvSm | S/Sie
1 287 344 | 083 | 085 [3298|2967 | 11 | 148 | 099
13A-M
= 2 271 348 | 078 | 0.80 | 3251 | 3018 | 1.08 | 146 | 097
=
A 1 2.68 343 | 078 | 080 | 31.05 2965 | 105 | 139 | 093
15A-M
2 218 343 | 064 | 065 | 3278 | 2959 [ 111 | 147 | 098
1 335 480 | 070 | 072 | 5566 | 5433 | 102 | 1.19 | 1.08
- | 1AM
- | 2 322 480 | 067 | 069 | 5728 5431 | 105 | 122 | 1.1
il =
-2 1 327 481 068 | 070 | 56.66 | 5453 | 104 | 121 | 1.10
19A-M
2 341 4.81 071 | 073 | 5416 | 5453 | 099 | 1.16 | 1.05
1 5.83 765 | 076 | 0.78 | 92.68 | 90.66 [ 1.02 | 1.08 | 098
21A-M
> 2 537 769 | 070 | 072 | 9204 | 9124 | 101 | 1.08 | 098
<
T 1 5.45 7.71 071 | 073 | 9307 | 9168 | 102 | 1.09 | 099
23A-M - ‘
2 5.50 769 | 072 | 074 | 9051 [ 9124 | 099 | 106 | 096
= 1 0.84 173 | 049 | 049 | 2022 | 1866 | 108 | 143 | 095
& | 15B-M
w ] 7 2 0.89 173 | 051 | 052 | 1918 | 1875 [ 1.02 [ 136 | 091
S 1 2.08 388 | 054 | 055 | 5571|5776 [ 096 | 1.03 | 094
g | 23B-M
T 2 1.66 388 | 043 | 044 | 5736 | 5770 | 099 | 106 | 096
E 1 [ 033 083 | 040 [ 041 J1811[1868] 097 [ 113 | 1.03
£ | 19B-M
< | 2 0.31 083 | 037 | 039 | 1849 | 1868 | 099 | 115 [ 1.05
il S I 047 139 | 034 | 035 | 2783 [ 3142 | 089 | 095 | 086
§ | 3cMm
T 2 | 050 138 | 036 | 037 | 2800 | 31.28 | 090 | 0.95 | 087
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Table 2.11: Comparison of measured, predicted and nominal elastic stiffness and yield

resistance for cyclic tests

T & A 5, | S
Wall Test | ovemy | Govimmy | K9Ko | KK | 030 | oy | S/Sw | S/Sm | S8,
ve | 2380 344 | 081 | 083 | 3659 [3152] 116 | 164 | {9
14A-C _ ( .
z +ve | 293 344 | 085 | 087 | 3672 | 3152 116 | 165 | {10
3 wve | 3.1 344 | 090 | 092 | 3620 | 3147 115 | 163 | jos
16A-C :
tve | 271 344 | 079 | 080 | 3579 | 3147 114 | 160 | 107
sac e | 346 | 479 | 072 | 074 | 6204 | 5708 | 108 | 133 | 12
- | B tve | 391 479 | 082 | 084 | 6348 | 5718 | 111 | 136 | 123
~ | 2
- 2 ve | 396 481 | 082 | 085 | 6427 | 5725 | 112 | 137 | 125
2 | 20a-C
+ve | 359 481 | 075 | 077 | 6486 [ 5725 | 133 |.139 | 126
wve | 595 | 768 | 077 | 080 | 10412 | 9627 108 | 122 | 113
2A-C
> “tve | 621 768 | 081 | 083 | 10872 | 9627 | 113 | 127 | 115
< -
2 | ~ve | 570 767 | 074 | 076 | 10338 | 9597 | 108 | 121 | 110
24A-C
tve | 592 767 | 077 | 079 | 103.66 | 9597 | 1.08 | 121 | |10
» we | 099 173 | 057 | 058 | 2211 [ 1988 | 111 | 157
5 | 16BC 1.04
ol 3] +ve | 089 173 L ost | os2 | 2222 | 1988 | 112 | 157 | 105
- | = -ve 1.97 387 [ 051 | 052 [ 6057 [60.85 ] 1.00 [.112 | 100
3 24B-C -
2 +ve | 207 387 | 053 | 055 | 6197 | 6085 | 102 | 114 | ;o4
£ ve | 037 083 | 045 | 046 | 1946 [ 1963} 099 | 121 | 110
5 | 20B-C -
< | E1 +ve | 036 083 | 043 | 045 | 1920 [ 1963 | 098 | 120 | 9
e aee e [ 0o 138 | 037 | 038 | 2376 | 3296 | 072 | 081 | g4
2 +ve | 043 | 138 | 031 | 032 | 2244 | 3296 | 068 | 076 | 69

-ve’ and “+ve’ denote values from the negative and positive load and displacement side if the
test hysteresis respectively.

72



Table 2.12: Other measured test properties for monotonic tests

Ductility, p Energy Lateral Lateral drift
Wall Test | mm/mm) | (oules) | Amee(mm) ) Ry R,
1 18.7 7272 215 8.8 6.03 1.72
13A-M
= 2 16.0 6411 193 7.9 5.57 1.71
)
= i 19.0 7234 220 9.0 6.08 1.67
15A-M
2 13.7 6792 207 8.5 5.15 1.68
1 11.8 12321 197 9.0 4.76 1.44
17A-M
= 2 10.2 - 11467 182 8.4 441 1.46
2
= 1 117 12482 216 89 473 1.46
19A-M :
2 1.1 9973 176 72 4.60 144
i 13.0 20166 208 8.5 499 131
21A-M
> 2 10.3 17008 198 8.1 443 128
<
= 1 113 18319 199 8.2 4.65 1.27
23A-M )
2 122 18644 200 8.2 4383 126
= 1 9.09 4344 218 9.0 4.14 1.65
| 15B-M
— 2 9.62 3928 208 8.6 427 1.58
> 1 5.81 8004 156 6.4 3.26 113
g | 23B-M
T 2 3.78 6476 133 54 2.56 1.19
£ 1 241 1829 132 54 1.95 1.25
3 19B-M
s 2 2.66 211 157 6.4 2.08 128
> 1 2.34 3089 153 6.3 1.92 1.05
2| 3CM
T 2 2.26 2672 128 52 1.88 1.06
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Table 2.13: Other measured test properties for cyclic tests

Ductility. Lateral
a ’ Energy Lateral
Wall Test i Amax o 0 Ry R,
(mm/mm) ‘(Joules) (mm) drift (%) v
- 835 10 a5 3.96 1.82
14A-C ve 9897 o
Z +ve 8.73 109 45 4.06 1.83
3 -ve 9.72 113 4.6 . 429 1.81
16A-C 9627
+ve 8.58 113 46 4.02 1.78
-ve 6.36 114 47 342 1.47
o 18A-C , 14579
- £ +ve 7.02 114 47 3.61 1.51
» 2
- < -ve 6.78 110 45 354 | 153
20A-C 14986
+ve 6.10 110 45 3.35 1.54
-ve 6.44 113 4.6 345 135
: 22A-C . 24556
z +ve 7.08 124 5.1 3.63 1.41
T -ve 6.28 114 4.7 3.40 1.34
24A-C 24366
+ve’ 6.52 114 4.7 347 135
= -ve 5.06 112 4.6 3.02 1.74
=] 16B-C 5556
3 +ve 4.50 13 46 2.83 1.75
o
- > -ve 3.60 11t 45 2.49 124
] 24B-C - 12960
T +ve 3.70 111 45 253 127
= -ve 2.34 123 5.0 192 | 135
g 20B-C 4117
- = +ve 1.94 103 42 1.70 133
- > -ve 2.59 120 49 2.04 0.90
8 24C-C 6494
T +ve. 228 120 49 1.89 0.85

? ‘-ve’ and ‘+ve’ denote values from the negative and positive load and displacement side if the
test hysteresis respectively. : :
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3.0 DYNAMIC ANALYSIS

In order to confirm the limited ductility R values and the height limit tabulated for
Canadian design in AISI S-213 (2007) dynamic analyses of representative multi-
storey braced frame structures were .carvried out. The single-storey displacement
controlled wali tests (Chapter 2.0) need to be supplemented with an investigation
into overall building performance to prbve the validity of the AISI S-213 design
method. Also, in order fdr CFS systems to be included in the 2005 NBCC seismic
design provisions (NRCC 2005a) analysis of this nature must be completed. Of
significant concern is the possibility of a concentration of demand in a single
storey (soft storey effect) which cannot be evaluated through the testing of single-
storey assemblies. The non-linear dynamic analysis program RUAUMOKO
(qur, 2000) Was sélected to run tht;, analyses. An example structure was chosen
and seismic design was carried out according to the 2005 NBCC equivalént static
force prqcedure. Care was taken to follow the steps of a practising engineer who
“would not have aﬁalytical test data to make use of. The building was assumed to
be located in Vancouver, Canada, and sitqated on site class C. A bi-linear with
slackness spring element provided within the RUAUMOKO software was used to

model the strap braces.

This example structure was modeled using various building heights and design
criteria. Preliminary investigations (only inter-storey drifts examined) included
two, four, six and seven storey models. Further analyses of the six and seven

storey structures were completed to experiment with different brace selection
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criteﬁon, building height and R Vglues using the incremental dynamic analysis
approach and the evaluation of collapse probability with the aid of fragility
curves. Initially, brace sizes were chosen based on the m-inimum required cross
- sectional area (most economical). Other model iterations used only one change in
brace size over the height of the structure. This variation in brace selection is of
interest because it would simplify the construction procesé. The design of a
building was also done using an R of 4.0 (compared wfth R4R, = 2.6) as this is
given in ASCE/SEI‘ 7-05 (2005) and TI 809-07 (2003) for use in the USA. Use of
a larger seismic force modification factor further reduces the design base shear

resulting in smaller brace sizes, and therefore, a more flexible structure.

In order to evaluate the R factors and the AISI S-213 height limit of 20m (the six
and seven storey models), the general procedure provided by ATC-63 (2008) was
followed. ATC-63 contains a methodology with which the “quantification of
building system performance and response parameters” for seismic design can be
achieved; specifically, it addresses the evaluation of the response modification
coefficient (R factor), also known as the seiémic force modification factors Ry and
R, iﬁ Canada. The procedure covers model selection, input ground motion
selection and scaling, incremental dynamic analysis (Vamvatsikos & Cornell,
2002), development of collapse probability curves and validation of design R
factors. It was necessary to make some adjustments to account for Canadiah

seismic design and hazard aspects which are not covered in the US document.
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3.1. Model Building Design

As CFS structures are directly comparable to typical platform frame wood
- construction in terms of expécted load level and building size, the model buildings
were chosen to be simi]ar to that used by the NEESwood project (Cobeen et al.,
2007). The model buildings (Table 3.1) differ from the US study, however, in that
| they were located in Vancouver Canada and that tﬁe overall desigh adhered to the
provisions of the National Building Code of Canada. Nonetheless, the general
similarity of the buildings allows for futu‘re‘ comparison of result;. The model
ﬁames, as given in the first column of the table, provide the numbef of storeys, the
combined Rs x Ry factof and the brace selection criterion (Section 3.1.2),
respectively. |

Table 3.1: General model parameters

Model Name Number of storeys Height, h (m) | Number of braced wall towers

2S | RyR.2.6-minbrace 2 6.7
4S | RyRs2.6-minbrace 4 12.8
R4R,2.6-minbrace
6S { RyR.2.6-2brace 6 18.9
R4Rq4-minbrace
RyR,2.6-minbrace
7S | R4R.2.6-2brace 7 22.0
RyR4-minbrace

LV, B N = N IV R RV B SRV T RO I )

Elevation and plan views of the example structure are shown in Figure 3.1. The
proposed locations of the walls for the residential style apartment building,
composed of a cold-formed steel gravity and lateral frémir')g system, are shown in
Figure 3.2 for model 6S R4R,2.6-minbrace. Tributary area (TA), along with

building length and width dimensions are also given in this ﬁgure. All braced
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walls were 2740mm (9’) in iength. Similar layouts were used for other models,
except where six braced wall towers were necessary (models 7S Ry4R,2.6-
minbrace and 7S R4R,2.6-2brace); the extra tower was placed along the centre
line of the structure in the considered loading direction. It is‘ generally more
efficient to place braced walls along the perimeter but this was not always
possible due to the large number of window openings in the residentialvstructure.
Due to the assumption of a rigid floor diaphragm and symmetry within the
example structure, results of an earthquake acting in the east-west direction will
be the same as those for the north-south direction; thereby ¢liminating the need to

consider ground motion in two planes.

® . @ @ © 1240 ®
© k 18140 ¢ T 3140 :100(). TS60 6140 - @
© qb T SR af @
@ T - = @

z [18 i L
® 5| U E %
G -t T = g

| [ H H g ”
O T = .. H %

g = = &2 -

~ B I :
@ L - Dimensions in mm Brensions om0

Figure 3.1: Elevation and plan view of model 6S RyR,2.6-minbrace
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Figure 3.2: Braced wall location for model 6S RyR 2.6-minbrace a) E-W direction

earthquake, and b) N-S direction earthquake

The interior floors were chosen to be concrete and the Hambro® D500 document
(Canam Group, 2004) was used to determine the specified dead loads (Figure
3.3). Other dead load values were defined using the Handbook of Steel

Construction, 8" edition (CISC, 2004).

Concrete siab Coniinuous slab
over wall or beam forms

an acousticat seal

Mesh draped over top
chord to form catenary

Calg rolfed top chord *S*
gorton embedded in slab

. Reusahie
glywoed forms

RCLLBAR® locked 1 m
into joists support -4 \‘l
floor formis

Figure 3.3: Hambro® DS00 floor system (Canam Group, 2004)
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A surﬂmary of the spgciﬁed dead, live and snow lbads ﬁsed for design is shown in
Table 3.2. The specified snow load presented in the table was calculated‘ in
accordance with the 2005 NBCC using Equation 3-1.
s=1[s,(c,c,C.C,)+S,] | G | ‘
where, |

I;= importance factor for snow load, 1.0

Ss= 1/50 year ground snow load, 1.8kPa

S, = 1/50 year associated rain load, 0.2kPa

Cp= basic roof snow load féctor, 0.8

Cw = wind exposure factof, 1.0

C; = roof slope factor, 1.0

C,= shape factor, 1.0
Earthquake loads were calculaied using the 2005 NBCC equivalent static design
procedure. The equations used and the loads and deflections, calculated for the six
storey example building, are shown in the following sections. Oniy the setsmic
loading case, NBCC load case 5 (Eqﬁation 3-2), was considered in this design
therefore wind loading effects have not been calculated.
Wi =1.0D + 1.0E + 0.5L + 0.25S 36
where, |

| D = specified dead load
E = specified earthquake load
L = specified live load

S = specified snow load
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Table 3.2: Specified dead, live and snow loads

Dead loads )

Sheathing (3/4in plywood) 0.10 kPa

Insulation (100mm blown fibre glass) 0.04 kPa

Céiling (12.5mm Gypsum) 0.10 kPa

Roof Joists (cold-formed steel @600mm o/c) 0.12  kPa
Sprinkler system 0.03 kPa

Roofing (3ply + gravel) . 027 kPa

Mechanical -0.03  kPa
D 1 069 kP2

Walls (interior and exterior) 0.72 kPa

Flooring (25mm hardwood) 019 kPa

Concrete slab (Hambro® system) 1.77 kPa

Interior Acoustic tile (12mm) ‘ 0.04 kPa
Joists (cold-formed steel @600mm o/c) 0.12  kPa

Mechanical o 003 kPa

D 2.87 kPa

Live loads
Roof Snow load (Equation 3-1)

) S .64 kPa

Interior Residential area ' 1.9 kPa

L 19 kPa

3.1.1. 2005 NBCC Base Shear Calculation

- The design base shear was calculated (Equations 3-3, 3-4, 3-5) then distributed
among the levels of the example structure as per the 2005 NBCC. The calculation
of seismic weight, W, was taken as the sum of the specified structure dead load,

D, plus 25% of the snow load, S as per Equation 3-2 and is shown in Equation 3-

6.
Ve S(TIM, I, W (33)
RdRo
= w , . : (3-4)
mm RdRo
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_28(02)1,W
max 3 RdRo

(3-5)
where,
S(T) = spectral acceleration according to structure period and NBCC
location specific uniform hazard spectrum (UHS)
My = hibghe_r mode effects factor, 1.0 for site class C
Iz = importance factor, 1.0
Ry = ductility related seismic force modification factor, taken as 2.0
(Limited Ductility, AISI S-213)
R, = overstrength related seismic force modification factor, taken as 1.3
(Limited Ductility, AISI S-213) |

=6

=

(3-6)

W ,.s = dead load of 1% to 5" floors
W s = (1.0x2.87kPa) 219.7m’ = 631kN
Wz ="dead load of roof
Wr = (1.0x0.69kPa + 0.25x1.64kPa) 219.7m* = 242kN
W = 5x631 + 242 = 3395kN
| Note: models designed with a- combined Ry X R, value of 4.0 used the same

procedure documented herein.

The structure’s period was first determined using the empirical equafion for
braced frames (Equation 3-7) (NRCC 2005a). The 2005 NBCC (C1.4.1.8.11.3d)

allows the use of a design period of up to two times this period (2T,) when a
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fundamenial period - greater than 2T, has been calcﬁlated through structure
modeling. ,

T, = 0.025(hy) = 0.025(18.9m) = 0.47s Y
For the six storey example sfructure, the linear elastic period from RUAUMOKO
dynamic analysis was féund to be 1.09s, which is greater than 2T, therefore the -
design period of 2T, (0.945s) was used. The design UHS for Vancouver, site class

| C,is s‘han in Figure 3.4.

1

1N o o
ES o 3

Spectral acceleration, S (g)

o
)

o

Period, T (s)

Figure 3.4: Design UHS for Vancouver, site class C

F, and F, are equal to 1.0 for Site Class C. The design spectral acceleratlon
S(0.945), was then calculated using linear interpolation and found to be 0.36g.
The base shear and base shear limits were then calculated using Equations 3-3, 3-
4 and 3-5 respective]y:

V=4754kN

Vmin>= 222.0kN <V, ok

Vimax = 8183 kN >V, ok

The base shear applied to each storey, Fx, was distributed along the building

height according to 2005 NBCC (C1.4.1.8.11) (Equation 3-8).
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(V - Ft )thx

3 Wih,

i=l

F =

X

3-8

where,
V = design base shear
F,=0.07T,V < 0.25V for T, > 0.7s; F,= 0 for T, < 0.7s (additional load at |
roof level to account for higher mode effects)
W, = seismic weight at the storey under consideration

" hy = structure height at the storey under consideration

z W.h, = the sum of seismic weight times storey height for all storeys

i=1 .
Notional loads calculated using Equation 3-2 were taken into ai:count. 0.5% of the
storey seismic weight Was used; numbers below are for interior levels and the roof
respéctively:
Ni.s =0.005 (1.0x2.87kPa + 0.5x1.9kPa) 219.7m” = 4.2kN
Ng = 0.005 (1.0x0.69kPa + 0.25x1.64) 219.7m* = 1.2kN
| Accidental eccentricity, Ty, was taken to act only, and entirely, on the shear walls
at the building perimeter in the loading direction (as modeling was only done in
2D) and was taken as 10% of the seismii: design load, Fy, respective to the storey
under caiculation. This conservative iissumption gives worst case ioading
regardless of eaﬁhquake direction, and was used to .simplify the design procedure
ibecause the varying model heights have slightly different shear wall
configurations. A sumrilary of the calculation of factored design storey shear, Vg,

is given in Table 3.3 and Appendix F for all models.
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Table 3.3: Summary of design storey shear for building 6S RyR,2.6-minbrace

Storey W, (kN) h; (m) W, x h; F, (kN) TGN | NN | Ve&kN) | Zvy (&

6 2417 1891 4571 88.9 8.9 1.2 99.0 99.0
5 630.6 15.86 10002 | 1256 12.6 42 1424 | 2414
4 630.6 12.81 8078 101.5 10.] 4.2 115.8 357.2
3 630.6 976 | 6155 77.3 7.7 42 89.2 446.4
2 630.6 6.71 4232 53.1 53 4.2 62.7 509.1
1 630.6 3.66 2308 29.0 29 42 36.1 5452 -
Sum 3395 - 35346 4754 - - 545.2
3.1.2. Design of Strap Braces

- The design forcesl from the NBCC equivalent static procedure (Table 3.3) were
distributed among the braced wall towers assuming rigid diaphragm action and
tension-only braces. Two brace selecfion criteria were used; 1) braces were
chosen uéing é minimum brace size selection criterion (Section 3.1.2.1) (most
economical in terms of weight of steel), and 2) braces were éhosen using only tWo
brace sizes over the height of the building (Section 3.1.2.2). The factored tension
capacity of the braces and iinelastic seismic drift limit of 2.5% were utilized in
both design approaches. Wind loading and the related service level dnft limit
were nof considered in the selectipn of the brace sizes. Limits on brace widths, w,
weré set based on lab experience and practicality. The overall minimum and
maximum brace widths were wmin= 64mm (2.5”) and Wmax= 165mm (6.5”),
respectively. The brace thicknesses, t, and corresponding yield and ultimate stress
values were consistent with the materials currently available in the marketplace:
~ t=1.09mm (0.043”), Fy = 230MPa, Fu= 310MPa
t= 1.37fnm (0.054”), Fy= 340MPa, Fu=450MPa

t=1.73mm (0.068”), Fy = 340MPa, Fu= 450MPa
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3.1.2.1. Minimum Brace Size Selection Criterion

An initial brace thickness was assumed for the building. The braces at the ﬁrsf
storey were selected to be at the ﬁpper end ofb the brace width criterion (approx.
152mm (6™)) in order to keep the same brace thickness throughout the height ot;
fhe structure as ‘the seismic design forceé decreased. Brace widths at other levels
were selected as needed. All brace widths were then rounded up to the nearest half
inch (12.7 mm). Tﬁis approach was followed because it provides for final brace
sizes of consistent thickness and common widths, simplifying construction.
However, this approach did allow for the possibility of a different brace size at

each storey.

The calculations for sizing strap braces as outlined above are presented for the six
storey design example (building 6S R4R,2.6-minbrace). The factored design force
for tension only braces is shown in Equation 3-9.

\Y%

X .- : ' (3-9)
Swalls - 2straps cos()

deesign’ =

where,
a = angle of strap with respect to horizontal
For the 1* storey,

545.2kN 1

= . =86.1kN
- Swalls- 2straps  co0s(50.7)

fdesign

For the example, an initial brace thickness of 1.73mm (0.068”) was selected. The

minimum brace width, b, was then calculated as given by Equation 3-10. The first
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step in the capacity design process (Section 2.2) was then carried. out to ensure

that net section fracture would not be the governing failure mode (Equation 3-11).

T: = dA.Fy , therefore strap width, b > I (3-10)
' OtF,
A RE, 2 ARVF (3-11)

where Ry and R are taken as 1.5 and 1.2 respectively for 230MPa (33ksi) steels
~and 1.1 and 1.1 for 340MPa (50ksi) steels (ASTM A653, 2002, AISI S-213, 2007).
This results in an initial brace width, b, of 163mm:

_ 86.IE3
0.9(1.73)340

=163mm = 6.4"
Converting this value to inches and rounding up to the nearest half gave a strap
width of 6.5” or 165mm for the first storey. This procedure was repeated for all

storeys (Table 3.4, Appendix F). Stiffness irregularity requirements (2005 NBCC)

were checked at all storeys and found to be adequate.

Table 3.4: Example of chosen strap sizes (6S RgR,2.6-minbrace)

Storey Traesign ‘ Fy t Strap size, b Strap size Nominalv strap size

(kN) (MPa) (mm) {mm) (in) (in)
6 14.0 340 1.73 26.5 1.04 25
5 34.1 340 1.73 64.6 2.54 - 30
4 50.5 340 1.73 95.6 3.76 4.0
3 63.1 340 173 194 470 5.0
2 72.0 340 1.73 136.2 5.36 55
1 86.1 340 1.73 162.9 : 6.41 6.5

3.1.2.2. Two Brace Size Selection Criterion

The two brace size selection criterion followed the same steps as the minimum

“brace size selection criterion (Section 3.1.2.1). Once minimum brace sizes were

87



selected over the full height of the building the brace size at the first storey was
used up to the third and fourth storey for the six and seven storey models,
respecﬁvely. The minimum brace size selected for the subsequent level was then
continued up to the roof. This criterion was not used for the two or four storey
models where only the minimum brace s_ize scenario was considered. Stiffness
irregularity was then checked because the brace size changed drastically at or near
the mid-height of the building. In cases where the stiffnéss irregularity
requirement was not met (2005 NBCC, Table 4.1.8.6 (NRCC, 2005a)) the brace
size af the building mid-height, and all storeys above, was increased accordingly.
This was done in order to keep within the guidelines set out by the equivalent
static force method; the intent of this exercise was to design the structures as an
engineer Would in practice. In all cases, it was not flécessary to increase a brace
size by more than half an inch iin order to obtain a regular structure in terms of
lateral stiffnes's. Selected brace sizes for all models are presented in Appendix F.
Note: regardless of brace selection criterion, capaéity design would need to be

carried out for the remainder of the SFRS as per AISI S-213.

3.1.3. Shear Deflection

The lateral shear deflection, or inter-storey drift, was calculated based on strap
stiffness alone (Equation 3-12). No adjustment was made in the stiffness
calculation to reflect the fact that lower stiffness values were obtained during
testing (Section 2.11.2). This was intentionally ‘done in keeping with the
procedure that a typical ‘designer would follow. Figure 3.5 shows a schematic of a

displaced braced wall and the variables associated with this calculation. For
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modeling purposes an adjusted stiffness was used; it accounted for the effect of

the other elements in the SFRS as observed during testing (Section 3.2).

L A
[ O
Y,

Figure 3.5: Inter-storey drift variables

§:Ed?
A =X 3-12
EOERL22A (3-12)

where,

ZF,. = the total design lateral load above the storey under consideration

d; = brace length at level 1
E = Young’s modulus (203000MPa)
L ='wall length
A = single strap cross sectional area
The first storey of the six storey exampie structure was found to have an elastic

inter-storey drift of 10.2mm:

109E3-4330°

5= : =10.2mm
_ 203000-2740° -2-285.6

Multiplying this drift value by the ductility and overstrength seismic force

modification factors, Rq and R, respectively, provides a total expected inelastic

inter-storey drift, Ay, of 26.5mr_n:
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AL = R,R A, =20-13-10.2=26.5mm

The Amx values for all models are listed in Appendix F. The 2005 NBCC drift
limit for braced steel structures is 2.5%. Converting the above inter-storey drift to
percentage gives a drift of 0.8% for the 3350mm high first storey, much less than
the limit:

Drift(%)=%mi-1oo=3236—5'f)-1oo=0.8%32.5%,01(

s

The inelastic inter-storey drift was checked for all storeys of all model

configurations and was found not to control design.

3.1.4. - Second Order Effects (P-4)

P-A effects were calculated in accordance With sentence 4.1.8.3(8) of the 2005
NBCC Structural Commentary J (NRCC, 2005b). Equation 3-13 was used to
calculate the stability factor, which is the percentage increase in load due to P-A
effects.

Zwi A

9 =-—=x  Tm 3-13
h e13)

x Roiﬁ

where,

0 = stability factor
Z:Wi = the portion of the factored dead plus live load above the storey

under consideration
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The live load calculation was done assuming rigid diaphragm action, therefore the
tributary area for each wall in the example was 220.2m” (Figure 3.2):

A= 220.2- 5storeys
Swalls

=220.2m’

The live load reduction factor (LLRF) (2005 NBCC C1.4.1.5.9) was then applied

(Equation 3-14).

LLRF= [0.3 + \/2—78} (3-14)
A . .

The load for the stability factor calculation (Equation 3-13), using a LLRF of 0.51
for the first storey, was found to be 739kN for the interior floors and 243kN for
the roof:

Wi.s= (1.0x2.87kPa + 0.5x1.9x0.51)220;2m2= 739kN

Wr = (1.0x0.69kPa + 0.25x1.64kPa) 220.2m> = 243kN

The sum of these loads was calculated and the stability factor of 0.04 found
represented a 4% increase in lateral load:

785 264E-3

= 0.04
1.3-109 3.66

P-A effects can be ignored if the stability factor is less than 0.10, or a 10%
increase in lateral loads. This was the case for all storeys (Table 3.5) therefore
second order loading did not affect the design. This was checked for all storeys in

all models.
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Table 3.5: Elastic inter-storey .drift calculation (6S R4R,2.6-minbrace)

Storey (rﬁ;) .(r?'l"r:) Iﬁtﬁﬁtﬁf)y Wi 0,

6 34 9.0 03 243 0.006
5 8.4 219 0.8 982 0.022
4 78 202 0.7 1721 0.025
3 78 202 0.7 2460 0.028
2 8.1 210 08 3199 0.033

3.2. - Hysteresis Calibration of Braced Wall Element

The parameters of the. bi-linear with rslackness spring element 'provided‘ by
RUAUMOKO (Figure 3.6) were calibrated with the reversed cyclic test data such
that the modeled behaviour of a wall matched that observed in the laboratory.
Note, this hysteretic model accouﬁts for the lateral rotatioﬁ vs. deflection

behaviour of the two separate sets of tensions braces in each wall.

-—_-_—".75 y

- IBUCKL=1

Figure 3.6: Bi-linear with slackness hysteresis (Carr, 2000)

Although the design strap sizes used in the model are not vexactly the same as
- those used in the laboratory tests they do fall within the range covered by the

light, medium and heavy walls (Chapter 2.0). The three wall configurations that
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were tested in the lab exhibited a resistance vs. deformation behaviour that was
consistent and predictable. For this reason it was possible to calibrate the element
behaviour with the laboratory results, identify modifications that needed to be
made to the calculated wall parameters, and then correctly represent the different
strap sizes in the hysteretic model. Figure 3.7 shows the matching which was done
using HYSTERES (Carr, 2000) (an example input file is shown in Appendix G).
It can be seen that the bi-linear model element provides a resistance vs.

deformation hysteretic behaviour that closely matches the experimental test result.

Net Deflection (in. / mm )
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Figure 3.7: Example of matched hysferetic behaviour between model and laboratory test

result 24A-C

Element calibration included choosing the elastic sldpe, ko, 1.e. lateral wall
stiffness, as well as the post yield slope which includes strain hardening, rk,. The

elastic slope obtained from the test results was used in the calibration. However,
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for the strap sizes used in the model buildings no test data was available; hence, a
relationship was found between the predicted elastic slope ahd the actual elastic
slope based on test results. This factor was based on the average difference
between laboratory test stiffness and design stiffness, K. and K, respectively
(Chapter 2.0). For this calculation the medium and heavy 1: 1 wall results were
used because they most closely represented the range of walls, in terms of lateral
load level and brace matérial, which were used in the models. On average the
predicted elastic slope was 20% larger than the actual elastic slope, so for the

purpose of modeling all predicted elastic slopes were decreased by this amount.

The average post yield slope from the test data was used to obtain the inelastic
slope in the hysteretic rﬁodel. The points at the top of the loops of each yielding
cycle on the reversed cyclic loading plots for the medium and heavy 1: 1 walls
‘were considered. By using this slope, strain hardening provided by the braces was
taken into account. The .valuebof ‘r’ in the rk, parameter was calculated as the
elastic slope, k,, divided by the average post yield slope based on test data. In
doing this, rk, becomes constant and indepeﬁdent of the brace sizé, as was
desired. No initial slackness was considered so the variables Gap' and Gap™ were

“set to zero.
The remaining parameter, F,, was taken as the test based yield load, Sy (Section

2.8.1), for the hysteresis matching. For modeling, the brace yield strength was

calculated using the capacity design yield load, S, (Section 2.8.1). This provided
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a reasonable estimate of brace yield load as was verified by analytical testing
(Chapter 2.0). Input parameters for the spring element (k,, r, and Sy.), for each

model, are listed in Appendix F.

3.3. Development of Building Model in RUAUMOKO

A single braced bay of the eXample building was modeled in RUAUMOKO as a
braced wall towér. It was assumed that only shear displacement of each storey
would occur; flexural displacement of the latéral frame due to axial shortening
and lengtheping of the column members (in this case chord studs) was considered
to be negligiblé. Each braced wall was modeled using the bi-linear spring element
with strain hardening and slackness characteristics. The - final brace sizes
(Appendix F) were used to calculate the lateral elastic stiffness, ineiastic stiffness

- and strength at each storey.

The simpliﬁed stick model used two linked (;olumns tb represent the braced wall
system (Figure 3.8 b) ). Seismic masses corresponding to the tributary area of the
braced frame (as per lateral loading and assuming. rigid diaphragm action) were
appli‘ed at each storey level. A column of infinite axial stiffness was used to
‘account for P-Delta loading of the braced wall tower. Gravity loads were applied
at each lsve] and the vcorresponding nodes were slaved to the bfaced wall tower.
The tributary area for these gravity loads was the same as that used for the seismic
mass calculations. Table 3.6 contains the estimated and calculated period of

vibration for the stick models.
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Table 3.6: Periods of vibration for stick models

Height b | . NBCC I;?fs RUAUMOKO | RUAUMOKO
Model Name (m) T,=0.025h, (design fun.damenta] 2" mode period
(s) period) period, T (s) (s)
28 R4R.2.6-minbrace 6.7 0.17 034 0.540 0.255
4S8 R4R,2.6-minbrace 12.8- 0.32 0.64 0.747 0.280
R4R,2.6-minbrace 1.089 0.401
6S R4R.2.6-2brace 18.9 0.47 0.95 1.040 0.371
R4R4-minbrace 1.286 0.466
" RaR2.6-minbrace 1219 0.449
78 R4R2.6-2brace 22 0.55 1.1 1.163 0419
R4R 4-minbrace 1.456 0.538
¥
a) ) e pA_ o iﬂ

Figure 3.8: a) Schematic of a six storey shear wall tower, and layout of b) stick model and ¢)

A more complex model (Figure 3.8 c¢) ) made use of the braces in their proper
inclined ornientation and included chord stud members (modeled as elastic springs)
whose size was selected based on the capacity approach used in design. This

model was used to verify the assumption of rigid chord studs and to check the

o
3.05m

Hes
3.05m

ey
3.66m

0
2.05m

o
3.06m

full brace/chord stud model
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performance of the stick model. Seismic mass’ and P-Delta effects were taken to
act the same as in the simpler stick model. Example RUAUMOKO input files for

the six storey models are shown in Appendix G.

Model heights were chosen to represent a range of typical multi-storey CFS
framed structures up to and exceeding the AISI S-213 proposed height limit of
20m. The preliminary analyses vincluded two, four, six and seven storey models,
~all designed as limited dﬁctility concentrically braced frames (R4=2.0, R,=1.3)
and using the minimum brace size selection criterion (Section 3.1.2.1).
Subsequent analyses concentrated on the six and seven storey models, those just
above and below the height limit. These models also incorporated R4R, = 4.0 with
the minimum brace selection criterion, as well as .t‘he standard R4R, = 2.6 with the
two brace selection criterion. An R4R, of 4.0 was used as this value is found in
ASCE 7 (2005) and in the US Army Corps of Engineers Technical Instructions T1

809-07 (2003).

34. Ground Motion Selection and Scaling

A total of 45 ground motion records were chosen and matched to the UHS for
Vancouver site class C (Table 3.7). This number was arrived at because it is in
line with the 44 standard records listed in ATC-63. There were three typ‘es of
records included in the complete suite of grouhd motions; s'imulated earthquakee,
recorded earthquakes and a single closely matched earthquake. All chosen

earthquakes were either recorded on or desi gned for the site class C.

97



Table 3.7: Summary of ground motions for Vancouver, site class C

: Scaling | Time
No.*b Event Magn. Station " deg. PGA (g) | Epicentral Distance (km) { factor, step
SF (s)
1 Simulated V7 - - 0.19 . 272 3 0.005
2 Simulated V17 - - 0.06 50.1 4 0.005
3 Simulated V25 - - 0.13 27.2 3 | 0.005
4 Simulated V29 - - 0.18 7.1 1.8 0.005
5 Simulated V30 - - 0.20 10.7 1.8 0.005
6 Simulated V82 - - 0.34 5 1.1 0.005
7 Simulated V100 - - 041 35 1.3 | 0.005
8 Simulated VI09 | ¢ ¢ - - 0.47 35 0.9 | 0.005
9 Simulated V148 - - 0.29 5.5 1.1 0.005
10 | Simulated V156 - - 0.35 15 1 0.005
11 Simulated V161 - - 0.38 50.1 - 0.7 0.005
12 | Simulated V170 : - - 0.15 35.6 2 0.005
13 | Simulated V179 - - 0.17 41.2 2 0.005
14 | Simulated V186 - - 0.24 223 15 0.005
15 | Simulated V188 - - 0.17 41.1 1.8 0.005
16 | Simulated V197 - - 0.23 40.8 12 0.005
17 | Simulated V237 - - 0.78 1.0 0.5 0.005
18 | Simulated V268 - - 0.26 28.2 13 0.005
19 | Simulated V305 - - 0.28 50.1 1.3 0.005
20 | Simulated V311 - - 0.92 10 0.6 | 0.005
21 Simulated V317 - - 1.53 7.1 0.6 0.005
22 | Simulated V321 - - 0.39 21.3 125 | 0.005
23 Simulated V326 - - 2.62 7.1 025 | 0.005
24 | Simulated V328 | - - 0.52 142 0.8 0.005
25 | Simulated V344 - - 1.04 9.7 0.5 0.005
26 | Simulated V355 - - 1.19 13.8 | os 0.005
27 | Simulated V363 - e 132 1.0 0.4 0.005
28. Simulated V389 - - 026 - 7.2 1.1 0.005
29 | Simulated V408 - - 0.64 8.2 0.6 0.005
30 | Simulated V410 - . 0.34 13.7 ’ 09 | 0.005
31 Simulated V411 - - 0.36 16.5 0.9 0.005
32 | Simulated V430 - - 0.13 21.9 24 0.005
33 CHICHIE 90 1.1 | 0.005
" CHICHIN 76 TCU045 S 0.49 775 : 000
e o R Ml e o0
T HEcTormo | ' | Meewr g 03 000
i’g Egggggg 6.9 | Nishi-Akashi 9(:) ost | 8.7 . Oig gzg:
T KocAFTIo | 75 | Aweik  —gp—| 018 55 To00s
:2 I\“::NNL[{# 7.4 Abbar - 0.51 40.4 0‘?'795 g:g;
45 CM - - e - - - 0.01

*Records 1 to 32 are synthetic (simulated) ground motions from Atkinson (2008)
®Records 33 to 44 are ground motions from PEER NGA database (PEER, 2005) (ATC-63, 2008)

32 simulated earthquake records Were chosen from a database made available by

Atkinson (2008). Various epicentral distances were included. These site specific
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earthquake time histories were obtained from a seismological model that was
developed to match the 2005 NBCC UHS using the stochastic finite-fault method.
Parameters such as source, path and site were validated by comparing data and
predictions in data;rich regions of Canada. Chosen synthetic earthquakes records
for Vancouver, site class C, are divided into two groups; magnitude (M) 6.5 and
7.5 earthquakes. The spectra of the records that wére selected from the database

were found to provide a reasonable match to the shape of the design spectrum

(Figure 3.9).

eI
2 o8
2 ] ‘ —— Design UHS for Vancouver, site class C
.'g:, 06 — Scaled Ground Motion V268
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Figure. 3.9: NBCC UHS used for design and example scaled synthetic earthquake record

spectrum

The recorded earthquake records selected from the ATC-63 listing for the
dynamic analyses were those measured at locations with site class C soil
conditions. Six earthquakes were chosen, each comprising a transverse and lateral

component; thus 12 recorded ground motions were incorporated in the study.
A closely matched synthetic earthquake was also used (Léger et al, ]993); To

achieve this, an initial synthetic earthquake record is chosen. The Fast Fourier

Transform (FFT) is applied and the response spectrum calculated at each
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frequency. The amplitude of this response spectrumv(at a given frequency) is then
compared fo the amplitude of the reference response spectrum (the design UHS in
this case). The Fourier coefficient at each frequency is then multiplied by this
ratio. This process comprises one iterétioﬁ. Ten tterations were used, providing a

response spectrum which closely matches the design UHS.

Séaling factors (SFs) were applied to the 44 syhthetic and recorded ground
motions to further iﬁprove thé spectral acceleration of the record with respect to
the UHS (Figure 3.9). The SFs were chosen such that the spectral acceleration of
the ground motion and‘ the UHS were approximately equal at the average
fundamental period of the models. The second period of vibration w3;|s also given

some consideration as to how well the synthetic record matched the UHS.

Figure 3.10 shows al‘l the ground motion response spectra along with the design
UHS. The M6.5 and M7.5 earthquakes shown on the first two plots of the figure
are synthetic records taken from the Atkinson vdatabase. The recorded ground
motion and the closely matched (CM) earthquake record ére shown on the third

plot of the figure.
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The preliminary analyses ;)f stick models 2S RdR02.6-minbrace, 4S R4R,2.6-
minbrace, 6S RdR02.6-mihbrace and 7S R4R,2.6-minbrace, as well as the full
brace/chord stud models used ground motion numbers 6,7, 10, 18, 19, 28 aﬁd 45
as given in Table 3.7. The first six were used because of their good fit to the 2005
- NBCC UHS for Vancouver as shown by Atkinson (2008) and the seventh record
(number 45) is the closely matched earthquake. The inter-storey drifts from these
analyses were examined and compared to acceptable and calculated drift levels

(Section 3.6.2).

The final analyses (Section 3.6.3) involved the six ‘and seven storey models and
used all 45 ground motion records. The average spectral acceleration at a given
period of all 45 scaled records is shown in Figuré 3.11. It can be seen that the
average earthquake spectrum closely follows the design UHS. The ATC-63
procedure was fhen used to facilitate incremental dynamié analysis and construct

failure probability curves (Section 3.5).
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Figure 3.11: Mean scaled earthquake spectra compared to design UHS
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3.5. ATC-63 Based R-Factor and Height Limit Verification

The ATC-63 procedure for verifying design R values and building system
performance is a research oriented tool with a methodology that encourages the
use of analytical test data. The general steps given in the procedure are described
herein. To begin, the design procedure and performance requirements must be set
such that the structure is able to resist earthquake loading. Background knowledge
(analytical testing data) of the structural System under examination is desired at

this stage.

Structural configurations to be modeled may then be decided ﬁpon and their
design carried out. These configurations will vary given the range of parameters
, WhiCil are to be examined. The six and seven .storey structures were chosen for
this particular research project because they fall just below and above the building

height limit of interest.

The dynamic analysis software of choice is used to develop non-linear inelaéiic
models of each structure. All important characteristics of structural behaviour,
especially stiffness and inelastic behaviour should be accounted for. Ground
motion selection and scaling is done using the recommended ground motion set
and hazard spectrum model period matching. Because this set is designed for -
bhildings on American soil, synthetic ground motion records specific to the

Canadian UHS were incorporated in the study. Incremental dynamic analysis
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(Section 3.5.1) was run on each of the models using the scaled selected ground

motions (Table 3.7).

Finally,bperformance evaluation of each model or group of models under the same
design criterion is }carried out. Collapse probability (fragility) curves are
developed and adjusted to account for modeling uncertainty (Section 3.5.2).
Tabulated acceptable collapse probabilities are then compared to analysis results

to determine design R value and height limit acceptance.

3.5.1 Incremental Dynamic Analysis

Incremental dynamic analysis (IDA) (Vamvatsikos & Cornell, 2002) was carried
out on models 6S R4R,2.6-minbrace, 6S R4R,2.6-2brace, 6S R4R 4-minbrace, 7S
R4R 2.6-minbrace, 7S RyR,2.6-minbrace and 7S RdR;,4-minbrace using all 45
-earthquake records (Figure 3.12, Appendix I). The scaled records listed in Table
3.7 were considered, as the baseline design level earthquake because of their -
match to the UHS. In terms of the incremental dynamic analyses these pre-scaled
ground motion records were assigned a SF of 1.0. Each of the records was then
scaled incrementally from 0.2 toia maximum of 6.0. The resulting earthquake
records were applied to the six and seven storey building models listed above. The
examined damage measure was bdeﬁned as the maximum inter-storey drift for
each run irrespective of the storey in which it took place. The resulting curve, SF
vs. damage measure, flattens out as the SF is increased, up to a point where a

small increase in SF leads to a large increase in damage measure (failure).
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An inter-storey drift based failure criterion of 6.0% (Figure 3.12) reflects a
minimum drift level which all 1:1 aspect ratio test specimens were able to attain

without brace fracture during monotonié testing in the laboratory (Chapter 2.0).
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Figure 3.12: IDA curve for model 6S RdR°2.6-minbrace

On the vertical axis of the figure, a SF of one represents the design level ground
motion scaled to the 2005 NBCC UHS (Section 3.4). The SF which causes ‘half of
the input ground motions to exceed the failure criterion is the median SF (Figure
3.12). This is a value of interest when carrying out the ATC-63 evaluation

procedure.

3.5.2. Fragility Curve Development

Th¢ fragility curve is based on the probability of failure (percentilg) resulting
from each input ground motion included in the IDA runs. In simple terms, it is
composed of data points that represent the number of ground motion record$ ata
particular SF which cause the building model to fail divided by the total number

of records (45) used in the analyses. These probabilities were plotted vs. SF and a
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lognormal distribution was fit through the points to create the fragility curve
(Figure 3.13, Appendix I). This cumulative distribution function is defined by the
natural logarithm of the median SF and the standard deviation of the data set,
which was found through the curve fitting operation done Ey Grapher 7.0 (Golden
Software, 2007). The median SF corresponds to a 50% probability of collapse (the
SF which caused half of the input grouﬂd motions to havé an. inter-storey drift, at
any storey, greater than 6.0%) while the standard deviation reflects variation in

the results and controls the slope of the resulting fragility curve.

The ratio of the design level ground motion (SF equal to one) to the median SF is
defined as the coilapse margin ratio (CMR). To account for uncertainty within the
analysis two adjustment factors are defined in the ATC'—63 document; the spectral
shape factor (SSF) and the total collapse ﬁncertainty, Bror. These factors are
applied to the CMR and the standard deviation of the data set and change the

shape of the fragility curve.
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Figure 3.13: Fragility curve for model 6S RdRo2.6-minbrace
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3. 52 1. Determination of Spectral Shape Factor
The SSF is a function of the seismic.design category (SDC), the ductility capacity,
1, and the fundamental period, T, and is applied directly to the CMR to give an |
adjusted coilapse margin ratio (ACMR) (Equation 3-15).. A SDC of D was
assumed because this parameter is sbec‘iﬁc to ASCE/SEI 7-05, the US loading
standard, and is not used for design in Canada. It is interesting fo note, however,
that this would be the seismic design vcategory for Seattle, the closest American

city to the design location of Vancouver.
ACMR =SSF x CMR | | - (3-15)

The ductility for each model (Table 3.13) was calculated as the ultimate
deflection, Aun (taken at 6.0% drift, the failure ériterion), over the yield deflection,
A,. Static pushover analyses (Figure 3.14), run using RUAUMOKO, were used to -
calculate Ay (an example input file is shown in Appendix G). The analysis used a

continuous ramp loading function applied over the height of the structure.
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Figure 3.14: Static pushover analysis for a) six sterey models, b) seven storey models
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The seisfnic force distribution assumption given in the 2005 NBCC equivalent
static force procedure was uvs_ed (Figure 3.15). Seismic_mass was removed for this
analysis, although P-Delta effects were included. The remaining factor, the
fundamental period of the structure, T, was obtained from the RUAUMOKO

results for each model (Table 3.6).

111

Figure 3.15: Schematic showing seismic load distribution for pushover analysis

3.5.2.2.  Determination of Total System Collapse Uncertainty

The total system collapse uncertainty was calculated based on four uncertainty
factors: record-to-record, design requirements, test data and modgling. These
uncertainties were chosen based on the text provided w?thir_i the ATC-63
procedure. Each factor is assessed és either supérior ($=0.20), good (B=O.30), fair
(B=0.45) or poor (=0.65), and corresponding values assigned, with the exceptioﬁ

of record-to-record uncertainty, which is always equal to 0.40 (Table 3.8).

The design requirements related collapse uncertainty, Bpr, was selected as good.

Using Table 3-1 in ATC-63, the confidence in basis of design requirements was
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chosen as high because evidence found through laboratory testing (Chapter 2.}0)
proved that the design requirements (AISI S-213) lead to wall performance as
intended. The completeness and robustness of medium was chosen because the
design method has only been employed by this study and quality assurance
requirements related to fabrication, érection and final construction‘ with this SFRS

are not fully addressed in any design documents.

Table 3.8: Determination of total system collapse uncertainty

Uncertainty factor B
Record-to-record collapse uncertainty, Brrz’ 0.40
Design requirements-related collapse uncertainty, Bpr
Confidence in basis of design requirements High
Good 0.30
Completeness and robustness Medium
Test data-related collapse uncertainty, Brp
Confidence in test results High
Good 0.30
Completeness and robustness Medium
Modeling-related collapse uncertainty, Bupy
Accuracy and robustness of models Medium
Fair 0.45
Structural behavioural characteristics Moderate confidence
Total system collapse uncertainty, Bror 0.75

*Record-to-record collapse uncertainty is always equal to 0.40

The test data related cbllapse uncertainty, Brp, was selected as good (Table 3-2,
ATC-63). The confidence in test results level was selected as high because it has
now been well documented that if capa'city design 1is followed and appropriate
brace material is specified (as required by AISI S-213), the desired behaviour of
the SFRS can be achieved (Al—Kharat & Rogers, 2006, 2007, 2008; Kim et al.,
2006). Completeness and robustness was chosen as medium because most, but not
va]l of the general testing issues listed (ATC-63, Section 3.4.2) were adequately
addressed in the test program. Deﬁsiencies lie in the lack of inclusion of gravity

loads in the test program, lack of shake table data and documented seismic event
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performance. The reproducibility of construction quality in the field is also
unknown because quality control measures are not part of the design

requirements.

The modeling related cbllapse uncertainty, Bmpr, was selected as fair (Table 5-3,
ATC-63). Structural behavioural‘characteristics were chosen to have a moderate
confidence as the model accounts for wall pérformance; however it does not have
collapse capabilities (drifts continue well past the failure criterion). Furthermore,
modeling data from previous research with this type of system in a multi-storey
setting is not available. Model accuracy and robustness was selected as medium
because the model only accounts for brace yielding and does not include all wall
components. A high confidence level is reserved for'only the most complete and

extensive models and medium is the norm.

Given the uncertainly levels for each uncertainty factor, the total system collapse
uncertainty, Bror, is found (Table 7-2, ATC-63). Pror becomes the lognormal

standard deviation of the uncertainty adjusted fragility curve (Figure 3.13).

Values of acceptable ACMR are given for different total system collapse
uncertainﬁes (Table 7-3, ATC-63) to compare with the analysis-found ACMR
(Equation 3-15). Acceptablé values of ACMR10% and ACMR20% range from
2.02 t0 4.65 and 1.59 to 2.75 respectively and are based on total system collapse

uncertainty and values of acceptable collapse probability of 10% and 20%. For a
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given model group the acceptance criteria to evaluate the design R factor are as
follows. The average ACMR must be greater than ACMR10%, and each

individual model ACMR must be greater than ACMR20%.

3.6. Summary and Discussion of Analyses Results

3.6.1. Model Comparison

The six storey stick model and full brace/chord stud model were compared in
order to validate the use of the stick models for the analyses. This was desiréd as
the simpler (stick) ﬁodel signiﬁcantly d¢creases the required computing time. The
seven preliminary analysis earthuake records (Section 3.4) were run on the stick
model (6S RgR,2.6-minbrace) and three variations of the full brace/chord stud
- model. These variations include a model with rigid chords and a 20% reduction in
design axial stiffness of the braces (most similar to the stick model, which uses a
20% reduction in shear stiffness that is based on the difference between predicted
and laboratory results), and two models with sized chord studs. The first of these
models included the reduced brace stiffness; the second did not. Model peri(;ds
(Table 3.6, étick model and Tabl‘e 3 9, full brace/chord stud models) were close

when sized chord studs were used in both the 1*t and 2" modes of vibration.

Table 3. 9: Periods of vibration for full brace/chord stud models

Height NBCC NBCC 2T,(s) RUAUMOKO R}JAUMOKQ
Mode! Name h (m) i T.=0.025h, (design fundamental 2" mode period
(s) period) period, T (s) (s)
R4R,2.6-minbrace full
brace/chord stud model, 0.78 0.287
rigid chords, 80%K
R4R,2.6-minbrace full )
68 brace/chord stud model, 189 0.47 0.95 1.07 0.340
sized chords, 80%K
R4R2.6-minbrace full
brace/chord stud model, 1.01 0.312
sized chords, 100%K
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The pushover analysis (Figure 3.16 a) ) showed similar stiffness and yield load
between the four models. A slight decrease in overall building stiffness was seen
When the sized chord studs were used, as was expected. Inter-storey drifts were
also examined for comparison between the model types (Figure 3.16 b) ). The
conservaﬁve stick model generally provided the greatest drifts and can be
considered as the worst case scenario. When sized chord studs were included in
the model the result was lower drift lévels..It is believed that this is caused by a
combiﬁatioh of decreased force demand at each storey due to the presence of
flexural displacements combined with the P-Delta effect, difference.s in the
changing period of the non-linear model after yielding has taken place and
differences in .the, Rayleigh damping coefficients associated with the more

complex model.
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a) E
140.0 — — — ==—lo 7 O
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= 100.0 = _ _ Full brace/chord stud model, |
> . B rigid chords, 80%K i
S 800 = Full brace/chord stud model,
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- Full brace/chord stud model
o 600 _ _ Full brace/chord stud mode, - >
a - ' rigid chords, 80%K . sized chords, 100%K
o 40.0 — Fult brace/chord stud model,
3 sized chords, 80%K
20.0 — _ _ Full brace/chord stud model,
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Top storey lateral drift (%) Inter-storey drift (%hs)

Figure 3.16: a) Pushover analysis and b) Mean Inter-storey drift comparison based on seven

earthquake records for models 6S RyR,2.6-minbrace and 6S full brace/chord stud

Example hystereses loops at each storey and time history results, and inter-storey
drifts for the 45 earthquake records run on the full brace/chord stud model with

sized chords and 100% of the design brace stiffness can be seen in Appendices H

8
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and I respectively. These results show reasonable agreement between the two
models and, for the most part, a conservative solution when the stick model was
relied on for the analyses; therefore, the stick model was utilized to obtain the

analysis results presented in Sections 3.6.2 and 3.6.3.

3.6.2.  Preliminary Analyses

The prelirﬁinafy 'analyseé results, involving only 7 of the 45 ground motion
records (Table 3.7), are shoWn in Figure 3.17 and Figure 3.18. In these plots the
maximum inter-storey displacement recorded for each ground motion ref:ord are
shown, expressed as percentage drift; the ratio of lateral displacement to storey
height. The mean and mean plus one standard deviation (Mean+1 SD) drift levels
}are shown to provide an appreciation of drift variability. For these models the
approximate drift at which strap yielding occurs is 0.5%, and as the plots show
this is exceeded in most cases. Yielding was seen at all levels except the top
- storey for models 4S RdRo02.6-minbrace, 6S RdRo02.6-minbrace and 7S RdRo2.6-
minbrace. This is valuable information when designing components other than the
-straps in the SFRS becaus¢ the expected load is known (yield loads can be
followed through the structure to design, for example, the first storey chord studs).
Example time histories for each level in the model 6S R4R,2.6-minbrace are
’.shOWn in Appendix H. Inter-storey drift plots similar to Figure 3.17 and Figure
3 18 for all six and seven storey models, using all 45 gréund motion records, are
presented in Appendix I. Here the result of chahging design R values and brace

selection criterion can be viewed. This is further discussed in Section 3.6.3.
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Figure 3.17: Storey height versus inter-storey drift for 2S RyR,2.6-minbrace and 4S RyR,2.6-

minbrace models

Table 3.10 lists the maximum inelastic inter-storey drifts calculated through
design and the maximum inter-storey drifts obtained from the non-linear dynamié
analyses for the different height buildings. In addition, the average maximum drift
for the seven earthquakes is provided. The dynamic analyses-obtained drifts were
greater than the storey drifts calculated using the eéuivalent static force procedure
(R4R,AE) (NRCC, 2005a) but still much less than the actual capability of this type
of wall (approximately 6.0% drift) as seen though laboratory testing. There are

two reasons for this difference.

- Firstly, the design stiffness is based solely on the chosen strap size at each level,
while the model stiffness has been muitiplied by a factor of 0.8 (Section 3.3) to

account for the lower stiffness measured during the braced wall tests. This
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difference was not corrected for in the design of the buildings because an engineer
would likely not be privy to the laboratory test results which were produced. This

correction does, however, result in a more flexible model than the original design.
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Figure 3.18: Storey height versus inter-storey drift for 6S RyR,2.6-minbrace and 7S RyR,2.6-

minbrace models
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The second reason relates to the non-linear anaiysis and the scaled ground motion
records. During time history analysis the model period changes due to the indﬁcéd ~
non-linearity. Once first yielding has occurred the elastic period is no longer
valid. The chosen earthquake records have been scaled to coincide with the elastic
structure period at the désign level UHS. Because the scaled earthquake records
may not match the UHS at other periods, the structufal response could‘ be
inadvertently amplified (the reverse is also true). These effects are difﬁcult to
quantify because the inelastic structure period changes at every time step when
yielding is taking plage.

Table 3.10: Inter-storey drift based on the seven earthquake records

Height, h R4R Ag design® Amex RUAUMOKO and ‘Am,agc RUAUMOKO
Model Name (m) (%) corresponding EQ record (%) (%)
28 R4R,2.6-minbrace 6.7 - 0.78 1.50 CM 1.16
4S R4R,2.6-minbrace 12.8 0.81 1.57 V305 . 1.12
6S R4R,2.6-minbrace 189 0.79 3.07 V305 1.40
7S | * R4R.2.6-minbrace 22.0 0.80 3.96 V305 163

*R4R,Ag design based on strap brace stiffness only, R4=2.0, R,=1.3

Models at the two and four storey height were not examined further as they
performed within acceptable laboratory-based drifts. A more extensive analysis

was done on the six and seven storey structures because their heights surround the

AISI S-213 height limit.

- 3.6.3. Final Analyses |

The final analyses included the six and seven storey models and comprised over
8100 runs of the RUAUMOKO software. Median and maximum inter-storey

drifts at each level are shown in Table 3.11 and Table 3.12. These numbers are
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based on all 45 of the chosen ground motions and allow for comparison between

models.

Table 3.11: Median and maximum intef—storey drifts for six storey models

Inter-storey drift (%)
Storey RyR,2.6-minbrace RR 4-minbrace RR,2.6-2brace

Median Max " Median Max Median Max
6 0.25 0.37 023 . 0.28 0.17 0.21
5 0.72 293 0.93 2.54 0.48 0.57
4 0.86 2.19 0.66 , 1.82 0.76 1.77 -
3 0.64 1.01 - 0.86 1.51 0.58 0.67
2 ©0.72 1.23 0.85 293 0.62 0.81
1 093 3.07 127 8.64 137 3.80

Table 3.12: Median and maximum inter-storey drifts for seven storey models

Inter-storey drift (%)

Storey R4R,2.6-minbrace RyR 4-minbrace R4R2.6-2brace
Median Max Median Max Median Max
7 0.16 0.18 0.22 0.25 0.16 0.21
6 0.55 1.97 0.73 _2.22 0.46 0.56
5 1.40 3.64 1.42 - 3.06 0.75 2.50
4 0.51 0.90 10.60 0.89 0.51 0.61
3 0.63 2.28 0.65 1.29 ' 0.57 0.78
-2 0.65 291 0.60 0.88 . 0.59 0.70
1 0.91 5.10 1.62 ' - 1.33 4.55

®- indicates collapse

It can be seen that in all cases the R4R, = 4 design was rhore flexible than the
R4R, = 2.6 models, allowing for higher inter-storey drifts under the same set of
‘input earthquakes. For the two brace selection criteria, the contrast in drifts at
levels Where the brace size changes was apparent. The change in brace size at the
fouﬁh storey (éix storey high model) and the fifth storey (seven storey high
model) was clearly seen. It was concluded that changing stiffness creates a soft
storey at the respective level resulting in much higher drift than the levels above

or below. This effect is visible on the plots in Appendix I, where maximum inter-
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storey drift is shown for each of the models, for each input ground motion, over
model height. The soft storey effect did not allow for brace yielding and therefore
energy dissipation at other storeys. Despite this, the system was able to handle
concentrated yielding storeys. Median inter-storey drifts were all within the

acceptable level (<6.0%) as based on analytical testing results (Chapter 2.0).

To assess the appropriateness of the R factors used in design collapse fragility
curves were calculated (Figure 3.19) based on the IDA results (Appendix I). The

median SFs are shown as a dashed line and correspond to.the CMRs.
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" Figure 3.19: Fragility curves for a) six storey models, and b) seven storey models

Calculated structure ductility (Table 3.13) was found to be greater than 8.0, the
largest value given in Table 7-1a (ATC-63, 2008) for choosing.a SSF. It is also
interesting to note that -when ductility results from laboratory testing were

calculated for 6.0% drift, they gave single storey ductilities greater than 8.0.
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The uncertainty adjusted curves for ductility greater than 8.0 are shown in (Figure

3.20). Individual fragility curves with the - adjusted fragility are shown in

Appendix .
Table 3.13: Parameters for determining model acceptance
g P
Ductility, b o | o Acceptable Acceptable
Group No. Model Name o SSF° | bror CMR } ACMR ACMRI10%° | ACMR20%
| 6S | R4R.2.6-minbrace 1.5 1.25 2.73 341
7S | R4Ro2.6-minbrace 106 1.3 2.56 3.32
, 6S | R4R;2.6-2brace 132 125 | oo [ 239 | 299 . | 88
7S | RuR,2.6-2brace 12.0 1.3 : 2.18 | 2.84 '
3 6S | RyRe4-minbrace 13.4 1.3 227 295
7S | RaRo4-minbrace 11.2 1.35 1.87 2.53
®Calculated based on pushover analysis results at 6.0% drift, U=A o, /A,
®Calculated as per Section3.5.2 ,
“Acceptable ACMR values from Table 7-3 in ATC-63 document
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Figure 3.20: Uncertainty adjusted fragility curves for a) six storey models and b) seven

storey models

Acceptance criteria for R values given in ATC-63 states that the average ACMR

for the group of models must exceed the ACMR10% value and that individual

models must exceed the ACMR20% (Table 3.13). The six models were divided

into three groups according to the design R factor and the brace selection

criterion, as shown in the table. It was found that all the models are satisfactory

and R values of 2.6 and 4 are acceptable at the current building height limit of
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20m listed in AISI S-213. Gtoup number 3 was very close to the limit, with an
average ACMR of 2.74, slightly greater than the acceptable ACMR 10% (2.61).
Further analysis is recomménded, however, using more model variations to
further‘prove the »result. The ATC-63 recomme.nds the use of twenty to thirty
specific structural conﬁgurationsv per group and resources were not available to

complete this volume of analyses.

| Failure probabilities at the design level ground motion. (SF=1.0) were also
examined (Table 3.14, fragility curve plots in Appendix I). Similar to the ACMR
comparison above, only the group 3 sevenr storey model had ’a failure probability
greater than 10%, but again the group average is less than 10% (the lower limit

used in ATC-63) and the design parameters are therefore adequate.

* Table 3.14: Failure probabilities at design level ground motion

Group No. Model Naime Failure probabil‘ity at design level GM (%)
Analysis result | Adjusted for uncertainty
1 | 6S | R4Ry2.6-minbrace 0.2 5.1
7S | R4R;2.6-minbrace 0.4 54
) 6S | RyR,2.6-2brace 0.2 7.2
7S | R4R,2.6-2brace 13 8.2
3 6S | RyRg4-minbrace 1.5 7.5
7S | RaR4-minbrace 5.7 10.8
3.6.4. General Discussion

Although the ATC-63 method recommends the use of more structural
- configurations, the results of the IDA analyses documented herein are
encouraging. The AISI S-213 R factor models (groups 1 and 2) calibrated to

laboratory test results performed within acceptable limits as defined by the ATC-
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63 thereby verifying the design method at the prescribed height limit. When the R

factor was increased to 4.0 the models were also adequate.

The adjustments for uncertainties of the fragility curve (Section 3.5.2.2) are based
on text gi\‘/en in ATC-63 and are subject to interpretation. Efforts to make
conservative choices were made; however, it is possible that another'usevr may
come to a different result. This being said most of the models were well within the

range of acceptable failure probabilities so some allowance for error is present.

Analysis results showed no presence of the concentration of demand in a single
storey (soft storey effects) for the minimum brace size selection c‘riterion.b Soft
storey effects were seen to limit inelastic behaviour to only two storeys when the
two brace selection criterion was used. Despite this, the group two models were
still able to dissipate energy with out collapse. Only a slight increase in failure

probability was seen therefore this design criterion was also deemed valid.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1. Conclusions

4.1.1 Test Program

During the summer of 2007 thirty tests of single storey weld connected strap
braced cold-formed steel walls were carried out at McGill Uniyersity; These tests
were a continuation of previous research by Al-Kharat & Rogers (2006, 2008).
Monotonic and reversed cyélic loading protdcols were used to evaluate the AISI
S-213 (2007) proposed desigh method for limited ductility concentrically braced
frames (capacity design, R, and R; factors) and overall seismic performance.

Three design lateral load levels and three wall aspect ratios were examined.

It was found that the .AISI S-213 capacity design procedure and material
requirements allowed. for the desired ductile wall performance (yielding of the
braces) to develop in the 1:1 and 1:2 aspect ratio walls. Walls with aspect ratios of
.1 ‘4 were observed to be significantly more flexible thén the longer walls;
furthermore, they were not able to maintain their yield capacity under lateral
loading due to premature compression / flexure failure of the chord studs. At this
stage, the use of strap braced walls with aspect ratios of 1:4 is not recommended.
Welded connections performed as expected and are therefore veﬁﬁed f.or use as
described in the AISI S-213 capacity desi gn procedure. The designer is cautioned,
however, that care in the spéciﬁcation and implementation of the welding
procedure must be ‘?aken because‘the strap connection is a criticél part of the

SFRS. The weld connections need to be properly designed and fabricated to
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ensure ductile inelastic performance of the braced wall under seismic loading. The
AISI 8-213 material specific Ry and R, factors gave good estimates of the actual
material strength for the two steel grades used and are recommended for use in
capacity design. Screw holes through strap braces at intérior stud loéations had no
~ effect on wall performance. The AISI S-213 requiremeht for the ratio F/Fy 2 1.2

of the brace is therefore adequate for this material.

4.1.2. Dynamic Analysis

Dynamic analysis was used to determine the abpropriafeness of the proposed AISI
S-213 Canadian adopted seismic force‘ modification (R) factors _(Rd =20, R, =
1.3) and.building héight limit of 20m for a limited ducﬁlity strap braced wall
system. Initially, inter-storey drifts were examined, followed by the use of the
ATC-63 (2008) proceduré for determining the validity of R factors (incorporating
IDA and collapse fragility curves). Various designs and conﬁgurafions of ;[he
eXample stmcture located in Vancouver, BC, Canada (site class C) were modeied
using a non-linear dynamic shear model with the RUAUMOKO software (Carr,
2000). This model was checked against a more complex version, which directly
accounted for the braces and chord stﬁds, and proved to be adequate. The input
suite of earthquake records, scaled to the 2005 NBCC (NRCC, 2005a) UHS fbr
this location, included 45 time histories comprising both synthetic and recorded
ground motions. Tﬁe structures were all designed using the 2005 NBCC
équivalent static férce procedure as per the procédure a practicing engineer would
likely follow. Design variations included brace selection criteria as well as RqRo

factors.
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When the minimum brace selection criterion was used (most economical brace
size at each storey), no soft storey effects were seen; brace yielding was prééent at
every storey except the roof. With the two-brace selection criterion (brace size
changes only once over the height of the structure) concentration of inter-storey -
drifts was seen. In this case, the drifts did not exceed acceptable limits as defined -

by testing and adequate energy dissipation without collapse was still present.

The ATC-63 design procedure showed that each group (models above and below
the AISI S-213 height limit with different design criteria) was able to perférm
within acceptable failure probabilities given the input earthquake record set. This
confirms that the AISI S-213 height limit and R factors are valid fqr design of the
limited ductility system. Models designed with combined R4R, = 4.0 also
performed satisfactory under thé ATC-63 method therefore confirming that a

seismic force reduction factor of this magnitude may be acceptable for design.

4.2, Recommendations for Future Studies

Deficiencies from the laboratory testing secfion lie in the prediction of lateral wall
stiffness and the 1:4 aspect ratio walls. Investigation is needed into the
components which contribute to wall stiffness and how to best represent hthem for
design purposes. The 1:4 aspect ratio walls need to be designed to avoid failure of
the chord studs. End moments du¢ to the stiff guéset plate connection, combined
with wall flexibility may have contributed to a decrease in the axial/ﬂexural

capacity of the chord studs and their eventual premature failure.
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Though the results show that the AISI S-213 R, and R; factors work well together and
are applicable for design, a material testing based study may be waﬁanted to further
verify their values. It was found that R, may underes@i;nate probvable design forces
when they are compared to dy;lamic test data, which could, though it did not in the
case of these tests, lead to premature failure of a wall component under capacity
design. Recommendations for a revised R, factor based on this résearch were not

possible as only three different braces were used (a very small sample size).

Dynamic shake table testing is needed to further assess wall perfo_rmanée. Kim et al.
(2007) noted that the effect of impact loading due to the inherent slackness in the
system between loading cycles after brace yielding cannot be quantified with‘
displacemént controlled tests. Although Filiatrault & Tremblay (1998) concluded that
this effe‘ct was not of concern for hot rolled steel braced structures, it has not been
assesged for CFS walls. Furthermore, dynamic shake table te‘sts of multi-storey
structures are needed to verify and further improve structural models used for
dynamic analysis and to establish that thié SFRS should be included in the seismic

provisions of the NBCC.

The dynamic analysis documented herein used only a simple, symmetrical structure
and shear model. Seismic risk was only assessed for one region of the country. In
order to further confirm the ﬁndings, more complex designs and models should be
evaluated for many regions of Canada. This is in keeping with the ATC-63 guidelines
where it is recommended that twenty to thirty models be designed in each group.
These further investigations should be completed before CFS shear férce resisting

systems are introduced into the NBCC.
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Figure A.1: Monotonic results for test 13A-M
Table A.1: Parameters for monotonic test 13A-M
Test 13A-M1 13A-M2 Units
Sax 36.46 36.56 kN
Apax 215.10 192.55 mm
Test Result S, 32.98 32.51 kN
( S0 14.58 14.63 kN
ASOAO 5.08 - 540 mm'
K. 2.87 2.71 kN/mm
Ductility, p 18.71 16.03 mm/mm
Prediction . S,y 29.67 30.18 kN
(Actual Dimensions) K, 3.44 3.48 kN/mm
Prediction Sva 22.32 kN
(Nominal Dimensions) K, 3.37 kN/mm
Strain Gauge Results 13A-M1
Gauge SG1 SG2 SG3
Max Strain (mm/mm)- 4075 16200 16260
Yielding Strain (mm/mm) 1906 1906 1906
Yielding Status OK OK- OK
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Figure A.2: Monotenic results for test 15A-M
Table A.2: Parameters for monotonic test 15A-M
Test 15A-M1 15A-M2 _Units
Snax 35.74 35.53 kN
A 219.67 206.80 mm
Test Result S, 31.05 32.78 kN
So.40 14.30 14.21 kN
Asp.40 5.33 6.53 . mm
K. 2.68 2.18 kN/mm
Ductility p 18.97 13.74 mm/mm
Prediction Sy 29.65 29.59 kN
{Actual Dimensions) K, 3.43 3.43 kN/mm
Prediction Syn 22.32 kN
(Actual Dimensions) K, 3.37 kN/mm
Strain Gauge Results 15A-M1
Gauge SGl SG2 SG3
Max Strain (mm/mm) 9576 15915 16334
Yielding Strain (mm/mm) 1906 1906 1906
Yielding Status OK OK OK

133




Net Deflection (in. / mm )

0 1 2 .3 4 5 6 7 8

30 I 1 ll | I lll I lll | lll | I|| I_I_]I I ) \I | ‘ I[i 'l \ll | I{l L
7 20 40 60 80 100 120 140 160 180 200
. — 6
i Test 15B-M1 B
— — Test 15B-M2 - Screwed Strap L
= 20 ‘»
< K S
3 ®
s 2
8 S
% | »
o [¢]
i | &’
s 5
= 10 =
2
B [ 0T
0 [ T T T T ‘ T l T T T | | I | l ! l P ‘ ! T T 0
0 20 40 60 80
Rotation (rad x 103 )
Figure A.3: Monotonic results for test 15B-M
Table A.3: Parameters for monotonic test 15B-M
Test 15B-M1 15B-M2 Units
Simax 22.12 20.61 kN
Anax 218.33 - 208.39 mm
Test Result. Sy 20.22 1918 kN
So.40 8.85 8.24 kN
Ago.40 10.51 9.31 mm
K. 0.84 0.89 kN/mm
Ductility, p 9.09 9.62 mm/mm
Prediction Syp 18.66 18.75 kN
(Actual Dimensions) K, 1.73 1.73 kN/mm
Prediction Syn 14.12 kN
(Nominal Dimensions) K, - 1.70 kN/mm
Strain Gauge Results 15B-M1
Gauge SG1  SG2 SG3
Max Strain (mm/mm) 16134 16248 16317
Yielding Strain (mm/mm) 1906 1906 1506
Yielding Status OK OK OK
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Figure A.4: Monotonic results for test 17A-M
Table A.4: Parameters for monotonic test 17A-M
Test 17A-M1 17A-M?2 Units
Sinax 68.50 67.35 kN
A 196.67 182.18 mm
Test Result Sy >5.66 >7.28 kN
So.40 27.40 26.94 kN
Agpa0 8.18 8.38 mm
K. . 3.35 3.22 kN/mm
Ductility, p 11.84 10.23 mm/mm
Prediction Syo 54.33 54.31 kN
(Actual Dimensions) K, 4.80 480 kN/mm
Prediction Syn 46.76 kN
(Nominal Dimensions) " K, 4.66 kN/mm
Strain Gauge Results 17A-M1
- Gauge SG1 SG2 SG3
Max Strain (mm/mm) 2243 6342 16332
Yielding Strain (mm/mm) 1457 1457 1457
Yielding Status OK OK OK
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Figure A.5: Monotonic results for test 19A-M
Table A.5: Parameters for monotonic test 19A-M
Test 19A-M1 19A-M2 Units
Simax 68.78 66.86 kN
Aax 215.68 175.83 mm
Test Result Sy 56.66 24.16 kN
So.40 27.51 26.74 kN
Agpa0 8.41 7.85 mm
K. 327 3.41 kN/mm
Ductility, p 11.69 11.06 mm/mm
Prediction Syp 54.53 54.43 kN
(Actual Dimensions) K, 4.81 4.81 kN/mm
Prediction Sym 46.76 kN
(Nominal Dimensions) K, 4.66 kN/mm
Strain Gauge Results 19A-M1
Gauge SG1 SG2 SG3
Max Strain (mm/mm) 16055 16697 16799
Yielding Strain (mm/mm) 1457 1457 1457
Yielding Status OK OK OK
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Figure A.6: Monotonic results for test 19B-M
Table A.6: Parameters for monotonic test 19B-M
Test 19B-M1 19B-M2 Units
Smax - 18:11 18.49 kN
Amax 132.15 156.98 mm
 Test Result Sy 1811 18.49 kN
So.40 7.24 7.40 kN
Ago.0 21.90 23.61 mm
K. 0.33 0.31 kN/mm
Ductility, u 2.41 2.66 mm/mm
Prediction Sy 18.68 18.68 kN
(Actual Dimensions) K, 0.83 0.83 kN/mm
Prediction Syn 16.04 kN
(Nominal Dimensions) K, - 0.80 kN/mm
Strain Gauge Results 19B-M1
Gauge SG1 SG2 SG3
. Max Strain (mm/mm) 6493 8625 10575
Yielding Strain (mm/mm) 1457 1457 1457
Yielding Status OK OK OK
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Figure A.7: Monotonic results for test 21A-M
Table A.7: Parameters for monotonic test 21A-M
Test 21A-M1 21A-M2 Units
Smax 109.27 107.53 kN
ALk 208.25 198.14 mm
Test Result S 92.68 22.04 kN
So.40 43.71 43.01 kN
Agpa0 7.50 8.01 mm
K. 5.83 5.37 kN/mm
Ductility, p 12.95 10.33 mm/mm
Prediction Syp 90.66 91.24 kN
{Actual Dimensions) K, 7.65 7.69 kN/mm
Prediction Syn 85.61 kN
(Nominal Dimensions) K, 7.47 kN/mm
Strain Gauge Results 21A-M1
Gauge SG4 SG5 SG3
Max Strain (mm/mm) 16035 16335 16202
" Yielding Strain (mm/mm) 1737 1737 1737
Yielding Status OK OK OK
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Figure A.8: Monotonic results for test 23A-M
Table A.8: Parameters for monotonic test 23A-M
Test 23A-M1 23A-M2 Units
Sinax " 105.46 105.65 kN
Test Result S 93.07 90.51 kN
S0 42.18 4226 kN
ASO.40 7.74 ©7.69 mm
K. 5.45 5.50 kN/mm
Ductility, u 11.33 12.17 mm/mm
Prediction Sp 91.68 91.24 kN
(Actual Dimensions) K 7.71 7.69 kN/mm
Prediction Sy - : 85.61 kN
(Nominal Dimensions) K 7.47 kN/mm
Strain Gauge Results 23A-M1
Gauge SG1 SG2 SG3
Max Strain (mm/mm) 14130 16307 16381
~ Yielding Strain (mm/mm) 1737 1737 1737
Yielding Status "~ OK OK OK
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Figure A.9: Monotonic results for test 23B-M
Table A.9: Parameters for monotonic test 23B-M
Test 23B-M1 23B-M2 Units
Smax 58.85 - 57.85 kN
Avar 156.00 132.72 mm
Test Result Sy 2571 37.36 kN
So.40 23.54 23.14 kN
Agoa0 11.34 13.97. mm
K. 2.08 1.66 kN/mm
Ductility, p 5.81 3.78 mm/mm
Prediction Syp 57.76 57.70 kN
(Actual Dimensions) K, 3.88 3.88 kN/mm
_ Prediction Sy 54.15 kN
(Nominal Dimensions) K, 3.77 kN/mm
Strain Gauge Results 23B-M!
Gauge SGI SG2 SG3
Max Strain (mm/mm) 16132 16206 16335
Yielding Strain (mm/mm) 1737 1737 1737
Yielding Status OK OK OK
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. Figure A.10: Monotonic results for test 23C-M
Table A.10: Parameters for monotonic test 23C-M
Test 23C-M1 23C-M2 Units
Smax 27.83 28.00 kN
Apax 153.14 127.73 mm
Test Result S, 27.83 28.00 kN
So.40 11.13 11.20 kN
ASO.40 23.59 22.62 mm
K, 0.47 0.50 kN/mm
Ductility, p 2.34 2.26 mm/mm
Prediction S, 31.42 31.28 kN
(Actual Dimensions) K, 1.39 1.38 kN/mm
Prediction Syn 29.37 kN
(Nominal Dimensions) K, 1.34 kN/mm
Strain Gauge Results 23C-M1
Gauge SGI SG2 SG3
Max Strain (mm/mm) 3993 3470 9796
Yielding Strain (mm/mm) 1737 1737 - 1737
Yielding Status OK OK OK
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Figure A.11: Cyclic results for test 14A-C
Table A.11: Parameters for cyclic test 14A-C
Parameters Negative | Positive Units
Smax -36.59 | 36.72 kN
Apax -109.27 | 109.46 mm
Test Result So.40 -14.63 14.69 kN
Ag 40 -5.23 5.02 mm
. K. 2.80 2.93 kN/mm
Ductility, p 8.35 8.73 mm/mm
Prediction Syp -31.52 | 31.52 kN
(Actual Dimensions) K, 3.44 3.44 kN/mm
Prediction Syn 22232 | 2232 kN
. (Nominal Dimensions) Ky 3.37 3.37 kN/mm
Strain Gauge Results
Gauge SG1 SG2 SG3 SG4 SGS5 SG6
Max Strain (mm/mm) 15753 | 16240 | 16194 } 16512 6327 16724
Yielding Strain (mm/mm) 1906 1906 1906 1906 1906 1906
Yielding Status OK OK OK OK OK OK
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Figure A.12; Time history results for test 14A-C
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Figure A.13: Cyclic results for test 16A-C
Table A.12: Parameters for cyclic test 16A-C
Parameters Negative| Positive Units
Smax -36.29 | 35.79 kN
Amax -113.28 | 113.29 mm
Test Result So.40 -14.52 14.31 kN
Ao.40 -4.66 5.28 mm
K. 3.11 2.71 kN/mm
. Ductility, p 9.72 8.58 mm/mm
Prediction Syp 23147 | 3147 - kN
{Actual Dimensions) K, 3.44 3.44 kN/mm
Prediction Syn - -2232 | 22.32 kN
(Nominal Dimensions) K, 3.37 3.37 kN/mm
Strain Gauge Results
Gauge SG1 SG2 SG3 SG4 SGS5 SG6
Max Strain (mm/mm) 15936 15900 16435 16503 16139 16716
Yielding Strain (mm/mm) 1906 1906 1906 1906 1906 1906
Yielding Status OK OK OK OK OK OK
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Figure A.14: Time history results for test 16A-C
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Figure A.15: Cyclic results for test 16B-C
Table A.13: Parameters for cyclic test 16B-C
Parameters Negative | Positive Units
Simax 22,11 | 22.22
Apmax -112.49 | 112.57
Test Result So.40 -8.84 8.89
Y -8.89 10.00
K. 0.99 0.89 kN/mm
Ductility, p 5.06 4.50 mm/mm
Prediction Syp -19.88 19.88
(Actual Dimensions) K, 1.73 1.73 kN/mm
Prediction Syn -14.12 14.12
(Nominal Dimensions) K, 1.70 1.70 kN/mm
Strain Gauge Results .
Gauge SG1 SG2 SG3 SG4 SG5 SG6
Max Strain (mm/mm) 16119 11164 16779 16194 16311 16162
Yielding Strain (mm/mm) 1906 1906 1906 1906 1906 1906
Yielding Status OK OK OK OK OK OK
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" Figure A.17: Cyclic results for test 18A-C
Table A.14: Parameters for cyclic test 18A-C
Parameters Negative| Positive Units
Simax -62.04 | 63.48 kN
Armax -113.98 | 114.12 mm
Test Result SO.40 -24.82 25.39 kN
Ag.a0 -7.17 6.50 mm
K. 3.46 3.91 kN/mm
Ductility, p 6.36 7.02 mm/mm
Prediction S,p -57.18 | 57.18 kN
(Actual Dimensions) K, 4.79 4.79 kN/mm
Prediction Sy -46.76 | 46.76 kN
{(Nominal Dimensions) K, 466 4.66 kN/mm
: Strain Gauge Results
Gauge SGl SG2 SG3 SG4 SG5 SG6
Max Strain (mm/mm) 16139 | 16236 | 16306 | 16472 | 16125 | 16728
Yielding Strain (mm/mm) 1906 1906 1906 1906 1906 1906
Yielding Status OK | OK OK OK OK OK
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Figure A.18: Time history results for test 18A-C
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Figure A.19: Cyclic results for test 20A-C
Table A.15: Parameters for cyclic test 20A-C
Parameters Negative | Positive Units
Smax -64.27 | 64.86 kN
Amax -109.98 110.19 mim
Test Result So.40 2571 | 25.94 kN
Agao -6.49 7.23 mm
K¢ +3.96 3.59 kN/mm
Ductility, p 6.78 6.10 mm/mm
Prediction Syp -57.25 | 57.25 kN
(Actual Dimensions) K, 4.81 4.81 kN/mm
Prediction Syn -46.76 46.76 kN
(Nominal Dimensions) K, 4.66 4.66 kN/mm
Strain Gauge Results
Gauge SG1 SG2 SG3 SG4 SG5 SG6
Max Strain (mm/mm) 16123 | 16595 | 16643 | 16254 | 16349 | 16701
Yielding Strain (mm/mm) 1906 1906 1906 1906 1906 1906
Yielding Status OK OK OK OK OK OK

150




Wall Resistance ( kN )

.~ Energy ( Joules )

Net Deflection ( mm )

80 —

40

AAAAAAAAAAAAAAAAAAAAﬂﬂﬂﬂﬂAﬂﬂNﬂ

-40

-80

150
100

50

-50

-100.

-150

16000
12000
8000 —

4000 —

]

1,

wvvvv.vwwvvwwvvvuUWUUUU\w | HH Y H

u y U

(-

A AAAAAAAAAA”A”’P

v VVVVVVVUVUVVE

RN RN

IlIIlil}l[{W[lll\l\|11\\)I\I!I[IIIi\lll!\l\!‘\'!1l‘F\f{‘ll\] T

0 10 20 30 40 50 60 70 80 90 100 110 120 130

Figure A.20: Time history results for test 20A-C

151



Net Deflection (in. /mm)

6 5 4 3 2 1 0 1 2 3 4 5 6
30 ool b b b 4y ! L | L
25 - -120-100-80_-60 -40 -20 020 _40_6 100120 6
g |k I
20 K £ Sypt
7 P
= / — 4
15 — / , 7] 7//1\ r
7 / - —
7 / - 7))
= i / 4 - Q.
® 5 ' i Y
0 7 = o
c ]
8 o4 é& “0 S
K% ] —_— - »
g 5 3 v - @
o E / / / -,
8 -10 / T
RV Av/4 U E
Y V| -
20 - Sypl=== A / -4
- P K p L
3 € L
-25 —
7 v — 6
'30 J vI T | TTTT l TTTT 1 rTTT I L ‘ 1T 11 l T T [ 1T 'l—r] TT7T l TTTr1 | TTT
-50 40 -30 -20 10 0 10 20 30 40 50
Rotation ( rad x 10-3)
Figure A.21: Cyclic results for test 20B-C
Table A.16: Parameters for cyclic test 20B-C
Parameters Negative| Positive - Units
Simax -19.46 | 19.20 kN
Arax -122.87 | 102.75 mm
Test Result So.40 -1.78 7.68 kN
A0'40 -21.00 21.17 mm
K, 0.37 0.36 kN/mm
Ductility, p 2.34 1.94 mm/mm
Prediction Syp. -19.63 | 19.63 kN
(Actual Dimensions) K, 0.83 0.33 kN/mm
Prediction Syn -16.04 16.04 kN
(Nominal Dimensions) K, 0.80 0.80 kN/mm
Strain Gauge Results
Gauge SGl SG2 SG3 SG4 SG5 SG6
Max Strain (mm/mm) 9913 5178 11798 | 15301 5331 11800
Yielding Strain (mm/mm) 1906 1906 1906 1906 1906 1906
Yielding Status OK OK OK OK OK OK

152




20

150

-150 f

5000 —

[ 3
w 1000 ———

N

= 10 -

@

O

S

s 0

7]

[}

14

S

=

€

£

c

k-]

B 0

2

k]

(m]

ko]

b4

- 4000 —

8 E

3

5

& 2000 —
0

T ]

AL L1

-10

! "\‘VHU‘JV

20

100

50

aahanalh 1

A UV\/\ \;\,\, K

50

100

3000 —

1 0 20 30 40 50 60 70 80 90 100 110
Time (s)

Figure A.22: Time history results for test 20B-C
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Figure A.23: Cyclic results for test 22A-C
Table A.17: Parameters for cyélic test 22A-C
Parameters Negative| Positive Units
. -104.12 | 108.72 kN
Armax -112.67 | 123.92 mm
Test Result So.40 -41.65 | 43.49 kN
Agao - -7.00 7.00 mm
K. 5.95 6.21 kN/mm
Ductility, p 6.44 7.08 mm/mm
Prediction Syp 9627 | 96.27 kN
(Actual Dimensions) K, 7.68 7.68 kN/mm
Prediction Syn -85.61 85.61 kN
(Nominal Dimensions) K, 7.47 7.47 kKN/mm
Strain Gauge Results
Gauge SG1 SG2 SG3 SG4 SG5 SGé6
Max Strain (mm/mm) 15961 16480 | 13989 | 16547 | 15815 16723
Yielding Strain (mm/mm) 1906 1906 1906 1906 1906 1906
Yielding Status OK OK OK OK OK OK
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Figure A.24: Time history results for test 22A-C
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Figure A.25: Cyclic results for test 24A-C
Table A.18: Parameters for cyclic test 24A-C
Parameters Negative | Positive Units
Smax -103.38 | 103.66 kN
Amax -113.94 | 114.14 mm
Test Result So.40 -4135 | 4146 kN .
Ag 4o -7.26 7.00 mm
K, 5.70 5.92 kN/mm
Ductility, p 6.28 6.52 mm/mm
Prediction Sy -95.97 | 95.97 kN
(Actual Dimensions) K, 7.67 7.67 kN/mm
Prediction Sy -85.61 | 85.61 kN
{Nominal Dimensions) K, 7.47 7.47 KN/mm
Strain Gauge Results _
Gauge SGl1 SG2 SG3 SG4 SGS SG6
Max Strain (mm/mm) 16098 16063 16296 16133 16279 13397
Yielding Strain (mm/mm) 1906 1906 1906 1906 1906 1906
Yielding Status OK OK OK OK OK OK

156
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Figure A.26: Time history results for test 24A-C
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Net Deflection (in. / mm )
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Figure A.27: Cyclic results for test 24B-C
Table A.19: Parameters for cyclic test 24B-C
Parameters Negative| Positive Units
Sinax -60.57 |. 61.97 kN
Amax -110.88 | 110.97 mm
Test Result "~ So40 -23.62 | 24.79 kN
Aggp -9.50 9.00 mm
K. 2.49 2.75 kN/mm
" Ductility, p 4.55 4.93 mm/mm
Prediction Syp -60.85 | 60.85 kN
(Actual Dimensions) K, 3.87 3.87 kN/mm
Prediction Syn -54.15 54.15 kN
(Nominal Dimensions) K, 3.77 3.77 | kN/mm
Strain Gauge Results
Gauge SGl SG2 SG3 SG4 SG5 SG6
Max Strain (mm/mm) 15577 15430 12264 16170 13194 15787
Yielding Strain (mm/mm) 1906 1906 1906 1906 1906 1906
Yielding Status OK OK OK OK OK OK
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Net Deflection ( mm ) Wall Resistance ( kN )

Energy ( Joules )
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Figure A.28: Time history results for test 24B-C
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Net Deflection (in. / mm )
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Figure A.29: Cyclic results for test 24C-C
Table A.20: Parameters for cyclic test 24C-C
Parameters Negative | Positive Units
Smax -23.76 | 22.44 kN
Apax -119.75 | 119.91 mnm
Test Result So.40 - -9.27 8.98 kN
A0.40 . -1 8.00 21.00 mm
K. 0.51 0.43 kN/mm
Ductility, p 2.59 2.28 mm/mm
Prediction Syp -32.96 | 32.96 kN
(Actual Dimensions) K, 1.38 1.38 kN/mm
Prediction Syn -29.37 | 29.37 kN
(Nominal Dimensions) K, 1.34 1.34 KN/mm
: Strain Gauge Results
Gauge SG1 SG2 SG3 SG4 SGS SG6
Max Strain (mm/mm) 1728 1675 1931 2082 2487 2541
Yielding Strain (mm/mm) 1906 1906 1906 1906 1906 1906
Yielding Status NO YIELD|NO YIELD| OK OK OK OK
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Figure A.30: Time history results for test 24C-C
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Appendix B

Nominal Dimensions and Specifications

of All Walls
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0.043" x 2.5" 33ksi Strap Brace 0.043"x 3-5/8"x 1-5/8" x V4" 3mm fillet weld

Cros b am ot s of wol [109.x 52.1 .41 x 12.7m) connecion o
‘ ace Back-to-back Chord Studs strap to chord
Simpson Strong-Tie S/HD10S connected with two No. 10 x 3/4” stud and track
holddown at each comer Woafer Head Self Drilling screws
: @ 12" (300 mm) o/c
1 ™ 10
E|
£ E
o
5 &
’ x
5
- . _V
0.043! x 1-1/2 x e \-X /
(1.09 x 38.1 x 12.7mm) 0.043" x B5/8"x 1-5/8" x \A" —
Bridging Channel (1.09 x 9201 x 41 x 12/7pm) £
T Interior Studs o
Typical thriopghout ] i
5
Bridging Cli ©
(typ)
E]
€
- No.8x 'h” Drilling screws I
connecting s Lds. Screws o
through straps of wall, in onée g
direction onl T
® Typical throughout
0.043” x 3-5/8" x 1-1/4”
(1.09 x 92.1 x 31.8mm)
Top and Botta m Tracks
6" 116" (406 mm) | 16" (406 mm) | 16" (406 mm) | 16" (406 mm) | 16" (406 mm) | 16" (406 mm)[ 6"
9'0" (2744 mm)

Figure B.31: Nominal dimensions and specifications of walls 13A-M and 14A-C
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0.043" x 2.5" 33ksi Strap Brace 0.043" x 3-5/8"x 1-5/8" x /2" 3mm fllet weld
(1.09 x 63.5mm 230MPa) (1.09 x 92.1x 41 x 12.7mm) - connection of

cross brace on both sides of wall Back-to-back Chord Studs strap to chord

— Simpson Strong-Tie S/HD105S connected with iwo No. 10 x 3/4” stud and track
holddown at each comer Wafer Head Self Drilling screws
‘l : @ 12" {300 mm} o/c

LY s

4'0" {1220 mm)

X 1-1/2" x YN

\%3-5/8" x 1-5/8" & 1"

0.043
(1.09 x38.1 x12.7nm B
Bridging Channel (1.09x 9211 x 41 x127mm}) | £
i Interior Studs o
\L Typical throughout 3
N — N
o
Bridging Clig ©
{typ)
€
€
— No. 8x 2 “ Drilling screws | | &
connecting st Ods. Screws N
through strap of wall, in one g
direction only |. -

Typical through

+0.054" x 3-5/8" x 1-1/4"
{1.37 x92.1 x 31.8mm)
Top and Bottdm Tracks

I

16" (406 mm) | 16" (406 mm) | 16" (406 mm)| 16" (406 mm) | 16" (406 mm) | 16" (406 mm)

d d d 7 1

8' Q" (2440 mm)

Figure B.32: Nominal dimensions and specifications of walls 15A-M and 16A-C
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470" (1220mm)

8 0" (2440mm)

470" (1220mm)

| ——— Simpson Strong-Tie S/HD10S
holddown at each corner

0.043" x 2.5" 33ksi Strap Brace
(1.09 x 63.5mm 230MPa)
cross brace on both sides of wall

0.043"x 3-5/8"x 1-5/8" x /2"
(1:09 x 92.1 x 41 x 12.7mm)
Back-to-back Chord Studs

" connected with two No. 10 x 3/4”
Wafer Head Self Drilling screws
@ 12" (300 mm) o/c

0.043" x 1-1/2" x /2"
(1.09 x 38.1 x 12.7mm)
Bridging Channel

0.043"” x 3-5/8"x 1-5/8"x /2"
(1.09x 92.1x 41 x 12.7mm)
Inferior Studs

Typical throughout

No. 8 x V2 “ Wafer Head Self Drilling screws
cohnecting strap to interior studs. Screws
through straps on both sides of wall, in one
direction only

Typical throughout

3mm fillet weld
connection of
“strap fo chord
stud and track

1+ 0.054” x 3-54 '\
(1.37 x 92.1 x[31.8mm}\ .}
Top and Bottgm Tracks Y

.\

16" {406 mm) l 16" (406 mm) [ 16" {406 mm) |

__40"{1220 mm}

——

Figure B.33: Nominal dimensions and specifications for walls 15B-M and 16B-C
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0.054" x 2.75" 50ksi Strap Brace 0.054" x 6" x 1-5/8" x &' 0.054” x &" x 6"

(]'37; 69'9"‘"!; ?;:O%PO) fwoll (1.37 x 152 x 41 x 12.7mm) {1.37 x 152 x 152mm)
cross brace on boln sides of wo Back-to-back Chord Studs Gusset Plate
Simpson Strong-Tie 5/HD15S connected with MO.NQ 10 x 3/4” 3mm fillet weld connection
holddown at each corner Wafer Head Self Drilling screws of strap to gusset and gusset
' @ 12" (300 mm) o/c to chord stud/track
< 2 " - = T
E
g
<
N
. g
g g
- g _v
0.04F x 1-1/2"x ! =
(1.09 k 38.1 x 12.7d = 0.043" x §1x 1-5/8" x ' £
Bridgifg Channel (1.09 x 15P x 41 x 12.3meh) 3
Interior Styds o
Typical thippghout )
— 1| oo
Bridging Cli
{iyp) \ |
£
£
o
N <
. 2 N
- No. 8x'2“ W rilling screws =
connedting s{r s. Screws 9
through strags wall, in one| M
direction ont
Typical through
0.054” x 6" 4 |
(1.37 x 152 4 31.8mm)
Top and Bottgm Tracks
6" | 16" (406 mm)| 16" (406 mm)[ 16° (406 mm) | 16" (406 mm}| 16" (406 mm)| 16" (406 mm)l 8"

d A d 1

9'0" (2744 mm)

Figure B.34: Nominal dimensions and specifications for walls 17A-M and 18A-C
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0.054" x 2.75" 50ksi Strap Brace
(1.37 x 62.9mm 340MPq)
cross brace on both sides of wall

-

Simpson Strong-Tie S/HD15S
holddown at each corner

0.054"x 6" x 1-5/8"x A"
(1.37 x 152 x 41 x 12.7mm)
Back-to-back Chord Studs

connected with two No. 10 x 3/4”

Wafer Head Self Drilling screws

@ 12" (300 mm) o/c

0.054" x
(1.37 x 1
Gusset P4
3mm fille

6" x 6"

52 x 152mm)

ate

t weld connection

of strap to gusset and gusset

to chord stud/track

) S— = T N
El
£
o
N
/ &
& 5
<
0,043 % 1-1/Z x A\ / bkl | | E
{(1.09 k 38.1 x 12.71 0.043" x 'l 1-5/8"x Y] £
Bridgitg Channel (1.09 x 1p% x 41 x 12.1mm) 3
Interior Styds N
Typical thrpgghout >
d - T
| Bridging Cli
ftvp) -
£
£
S
s N
% (o]
F No.8x'2” Orilling screws | | =
connecting s gs. Screws S
through strag fwall, in one -
direction onl
Typical throu
0.068" x 6" 41-1/4”
(1.73 x 152 431 .8mm)
Top and Bottdrd Tracks
16" {406 mm) | 16" (406 mm) | 16" (406 mm) | 16" {406 mm) | 16" (406 mm)| 16" {406 mm)
4 & 4 R
8'0" (2440 mm)

Figure B.35: Nominal dimensions and specifications for walls 19A-M and 20A-C
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0.054” x 6” x 6” Gusset Plate
(1.37 x 152 x 152mm)

3mm fillet weld connection
of strap to gusset and gusset
to chord stud/track

0.043'x1-1/2"x /2"
(1.09 x 38.1 x 12.7m
Bridging Channel

T

No. 8 x 2 ” Water Head Self Drilling screws —
conneding strap to interior studs. Screws
through straps on both sides of wall, in one
direction only

Typical throughout

0.054" x 6" x 1-1/4”
{1.37 x 152 x 31.8mm)
Top and Bottom Tracks

~— Simpson Strong-Tie S/HD 155

holddown at each corner

gl
£
i . :
o7 0.054" x 2.75" 50ksi Strap Brace
1 (1.37 x 69.9mm 340MPq) ‘
g cross brace on both sides of wall
g
£
g
o 0.054" x 6" x 1-5/8" x 2"
g (1.37 x 152 x 41 x12.7mm)
A 5 Backto-back Chord Studs |
connected with two No. 10 x 3/4"
" Wafer Head Self Drilting screws
@ 12" (300 mm) o/c
g
£
o
N
N
o .
<t

0.043" x6"x 1-5/8"x /2"
(1.09 x 152 x 41 x 12.7mm)
Interior Studs

Typical throughout

12" (305mm)2” (305m

2’ {610mm)

Figure B.36: Nominal dimensions and specifications for walls 19B-M and 20B-C
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0.068" x 4" 50ksi Strop Brace 0.068" x 6" x 1-5/8" x V4" ) 0.068" x 8" x 8"

(1.73 x 101.6mm 340MPa) | (1.73x 152 x 41 x 12.7mm) (1,73 x 203 x 203mm)
cross broce on both sides of wal Back-to-back Chord Studs Gusset Plate
Simpson Strong-Tie S/HD15S connected with two _N_°1 10 x 3/4" 3mm fillet weld connection
holddown at each corner Wofer Head Self Drilling screws of strap to gusset and gusset
@ 12" (300 mm) o/c to chord stud/track
C g ' Y 2 s ) S
E|
£
S
N
N
A : 5
. o
0.043 x 1172 x VAN - / =
(1.09 x 38.1 x 12.7mm 0.043" x B1x 1-5/8" x 12 £
Bridging Chonnel (1.09 x 1152 x 41 x 12.7mm) <
i Interior Studs N
l Typical thioughout >
po— - %
Bridging Chi
{tvp) -
£
£
o
! N
o~
i~ No. 8x 2 r Drilling screws =
conneding strap™o infsgior stds. Screws =
through strap { s of wall, in one ~
direction onl
Typical throu
0.068" x 6" x ]-1/4"
(1.73 x 152 x 31.8mm)
Top and Bottam Tracks

|

6" | 16" (406 mm) | 16" (406 mm)

16" {406 mm) | 16" {406 mm)| 16" (406 mm)

T d d %

9'0" {2744 mm)

16" (406 mm) | 6”

Figure B.37: Nominal dimensions and specifications for walls 21A-M and 22A-C
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0.068" x 4" 50ksi Strop Brace 0.068" x 6” x 1-5/8" x 14" 0.068" x 8 x 8"

(‘~73g ‘0]‘6’1“@4%”‘*’“){ i (1.73x 152 x 41 x 12.7mm) {1.73 x 203 x 203mm)
Cross brace on boih sices of wo Back-to-back Chord Studs Gusset Plate
Simpson Strong-Tie S/HD15S connected with two No. 10 x 3/4" 3mm fillet weld connecfion
holddown ot each corner Wafer Head Self Drilling screws of strap fo gusset and gusset . .
@ 12" {300 mm) o/c to chord stud/track
E
g
s
~N
o
/. =
O.OZSII)_(]-]/Q"XVZ s /
(1.0P|x 38.1 x 12.71 0.043" x plx 1-5/8" x p'
Bridgihg Channel (1.09 x 15Q x 41 x 12.¥hm) £l
Interior Stids £
Typical thioLghout =
, : &
Bridging Cli g
(tve) N
£l
£
o
R [§))
o~
- No. 8x %2 Drilling screvs | | =
connecting s bds. Screws =
through strag bl wall, inond | |™
direction on}
Typical throu
0.097" x 6" { |-1/4" o
(2.46 x 152 % 31.8mm) ;
Top and Bottgr Tracks

16" (406 mm) | 16" (406 mm)

16" (406 mm)| 16" (406 mm) | 16" (406 mm)

16" (406 mm)
8' 0’ (2440 mm)

Figure B.38: Nominal dimensions and specifications for walls 23A-M and 24A-C
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> DR Simpson Strong-Tie S/HD15S

holddown ot each corner

4'0"{1220mm)

80" (2440mm)

4'0" (1220mm)

0.068" x 4" 50ksi Strap Brace
(1.73 x 101.6mm 340MPa)
cross brace on both sides of wall

T 0.068"x 6" x 1-5/8" x 14"

(1.73 x 152 x 41 x 12.7mm)
Back-to-back Chord Studs
connected with two No. 10 x 3/4”
Wofer Head Self Drilling screws
@ 12" (300 mm) o/c

/— 0.043"x 1-1/2"x "

{1.09 x 38.1 x 12.7mm)
Bridging Channel

0.043"x 6"x 1-5/8" x /4"
(1.09 x 152 x 41 x 12.7mm)

Interior Studs
Typical throughout

Bridging Clig
(typ) j

No. 8 x 2 “ Wafer Head Self Drilling screws
connecting strap to interior studs. Screws
through straps on both sides of wall, in one
direction only ’

Typical throughout

0.068” x 8” x 8"
(1.73 x 203 x 203mm)

_]/4" :

~0.068" x 6" % 1 .
A - Gusset Plate .
(1.73 x 152 x 31.8mm) y .
. 3mm fillet weld connection.
Top and Bottom Tracks
i of strap to gusset and gusset

to chord stud/track

16' (406mm) |, 16" (406mm) | 16" (406mm)
) 4' 0" (1220mm)

Figure B.39: Nominal dimensions and specifications for walls 23B-M and 24B-C
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0.068” x 8" x 8”
(1.73 x203 x 203mm)
Gusset Plate

3mm fillet weld connection
of strap to gusset and gusset
to chord stud/track

(1.09 x 38.1 x 12.7m
Bridging Channel

0.043"x 1-1/2" x 14" M\
)

No. 8 x /2 “ Wafer Head Self Drilling screws —
connecting strap to interior studs. Screws
through straps on both sides of wall, in one -
direction only

Typical throughout

0.068” x 6” x 1-1/4"
{1.73x 152 x31.8mm)
Top and Bottom Tracks

4'0" (1220mm)

(__4'0" (1220mm)

him)

8'0" (2440

- Simpson StrongTie S/HD155

holddown at each corner

Pl 0.068" x 4" 50ksi Strap Brace

(1.73 x 101.6mm 340MPa)
cross brace on both sides of wall

— 0.068"x 6" x1-5/8"x "

(1.73x 152 x 41 x 12.7mm)
Back-to-back Chord Studs
connected with two No. 10 x 3/4”
Wafer Head Self Drilling screws
@ 12" (300 mm) o/c

— 0.043" x 6"x 1-5/8"x /4"
(1.09 x 152 x 41 x12.7mm) -
Interior Studs

Typical throughout

12" (305mm) L 127 (305mm)

2' 0"{610mm)

Figure B.40: Nominal dimensions and specifications for walls 23C-M and 24C-C
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Appendix C-

Strain Gauge Locations
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Figure C.1: Strain gauge locations for monotonic tests, 'pull’ walls
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Figure C.2: Strain gauge locations for monotonic tests, "push’ walls
4 gauge I p
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Figure C.3: Strain gauge locations for cyclic tests
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| Appendix D

_ Reversed Cyclic Test Protocols
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Target Displacement (mm)

Table D.1: CUREE reversed cyclic protocol for test 14A-C

Target

125

100

75
50
25

-25
-50
-75

-100
-125

Cycle Number of Displacement Actuator Input | Frequency

Displacement Cycles (mm) {mm) (Hz)

0.050 A 6 1.534 1.587

0.075 A 1 '2.300 2.381

0.056 A 6 1.718 1.778

0.100 A 1 3.067 3.175

0.075 A 6 2.300 2.381

0.200 A 1 6.135 6.349

0.150 A 3 4.601 4.762

0.300 A 1 9.202 9.524

0.225 A -3 6.901 7.143

0.400 A 1 12.269 12.698

0.300 A 2 9.202 9.524 N

0.700 A 1 21.471 22.222 o

0.525 A 2 16.103 16.667 o

1.000 A 1 30.673 31.746

0.750 A 2 23.005 23.810

1.500 A 1 46.010 47.619

1.125A 2 34.507 35.714 .

2.000 A 1 61.346 63.492

1.500 A 2 46.010 47 619

2.500 A 1 76.683 79.365

1.875 A 2. 57.512 59.524

3.000 A 1 92.019 95.239

2.250 A 2 69.015 71.429

3.500 A 1 107.356 111.112 Y N

2.625 A 2 80.517 83.334 o
= ’ | L =
E ! | H“ ﬁ /\ =
= oot TR T
E AR ] -
= S ARA Y =
AN LN —
= T T R L A B

0 10 20 30 40 50 60 70 80 90 100 110 120
_ Time (sec)

Figure D.1: CUREE reversed cyclic protocol for test 14A-C
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Target Displacement (mm)

125
100
75
50
25

-25

~-50

-75

-100
-125

Table D.2: CUREE reversed cyclic protocol for test 16A-C

Cycle | Numberof | _. Target Actuator Input] Frequency
. Displacement
Displacement Cycles (mm) (Hz)
(mm)

0.050 A 6 1.766 1.778

0.075 A 1 2.649 2.667

0.056 A 6 1.978 1.991

0.100 A 1 3.532 3.556

0.075 A 6 2.649 2.667

0.200 A 1 7.065 7.112

0.150 A 3 5.298 5.334

0.300 A 1 10.597 10.667

0.225 A 3 7.948 - 8.000

0.400 A 1 14.129 14.223 N

0.300 A 2 10.597 10.667 o

0.700 A 1 24.726 24.890 o

0.525 A 2 18.544 18.668

1.000 A 1 35.323 35.558

0.750 A 2 26.492 26.668

1.500 A 1 52.984 53.336

1.125 A 2 39.738 40.002

2.000 A 1 70.646 71.115

1.500 A 2 52.984 53.336

2.500 A 1 88.307 88.894

1.875 A 2 66.230 66.670

3.000 A 1 105.969 106.673 N

2.250 A 2 79.476 80.004 i

3.500 A 1 123.630 124.451 5

2625 A 2 92.722 93.339 ©
= 0.5QHZ I 02517
= | 7 A
E L]
i,
= A A
i

L

T T T T o 77T HIIHI TTT

10

o

20

30 40

60
Time (sec)

50 70

Figure D.2: CUREE reversed cyclic protocol for test 16A-C
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Target Displacement {(mm)

125
100
75
50
25

-25
-50
-75

-100
-125

Table D.3: CUREE reversed cyclic protocol for test 16B-C

Cycle Number of | . Target Actuator input | Frequency
Displacement Cycles Displacement (mm) . (Hz)
(mm)

0.050 A 6 3.733 3.767

0.075 A 1 5.599 5.650

0.056 A 6 4.181 4.219

0.100 A 1 7.465 7.534

0.075 A 6 5.599 5.650

0.200 A 1 14.931 15.068

0.150 A 3 11.198 11.301 N

0.300 A 1 22.396 - 22.602 o

0.225 A 3 16.797 16.951 o

0.400 A 1 29.861 30.136

0.300 A 2 22.396 22.602

0.700 A 1 52.257 52.737 .

0.525 A 2 39.193 39.553

1.000 A 1 74.653 75.339

0.750 A 2 55.990 56.504

1.500 A 1 111.980 113.008 0N

1125 A 2 83.985 84.756 cT

¢ 0.50 HZ [} 0.25HZ )

L T T

TV T TTT 0Td !H\III|\H‘\H
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Figure D.3: CUREE reversed cyclic protocol for test 16B-C
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Table D.4: CUREE reversed cyclic protocol for test 18A-C

H\’Hi T TIT T ToT[T7T IHIHI

Cycle Number of | .. Target Actuator Input | Frequency
Displacement | Cycles Displacement (mm) (Hz)
(mm)

0.050 A 6 2.236 2.296
0.075 A 1 3.354 3.444
0.056 A 6 2.505 2.571
0.100 A 1 4.472 4.592
0.075 A - 6 3.354 3.444
- 0.200 A 1 8.945 9.183
0.150 A 3 6.709 6.888
0.300 A 1 13.417 13.775 ,
0.225 A 3 10.063 10.331 N
0.400 A 1 17.890 18.367 o
0.300 A 2 13.417 13.775 S
0.700 A 1 31.307 32.142
0.525 A 2 23.480 24.107
1.000 A 1 44724 45917
0.750 A 2 33.543 34.438
1.500 A 1 67.086 68.876
1.125 A 2 50.314 51.657
2.000 A 1 89.448 91.835
1.500 A 2 67.086 68.876
2.500 A 1 - 111.810 114.793 anN
1.875 A . 2 83.857 86.095 cT
E omwr ToETE
3 ” Ll
= N
= T
YSwvSYE AL b
= AN TR UL Y
= AR
% | ] \! \‘]
= : |
] L L L I
0 10 20 30 40 50 60 70 80 90 100 110
: Time (sec)

Figure D.4: CUREE reversed cyclic protocol for test 18A-C
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Table D.5: CUREE reversed cyclic protocol for test 20A-C

Cycle Number of | . Target Actuator Input | Frequency
. Displacement
Displacement Cycles {mm) (Hz)
_(mm)
0.050 A 6 2134 2.214
0.075 A 1 3.201 3.321
0.056 A 6 2.390 2.480
0.100 A 1 4.268 4.428
0.075 A 6 3.201 3.321
0.200 A 1 8.537 8.856
0.150 A 3 6.402 6.642
0.300 A A1 12.805 13.285
0.225 A 3 9.604 9.963 N
0.400 A 1 17.073 17.713 o
0.300 A 2 12.805 13.285 =
0.700 A 1 29.878 30.997
0.525 A -2 22.409 23.248
1.000 A 1 42.683 44.282
0.750 A 2 32.012 - 33.21
1.500 A 1 64.025 66.423
1.125 A 2 48.019 49.817
2000A 1 85.367 88.564
1.500 A 2 64.025 66.423
2.500 A 1 106.708 110.705 N
1.875 A 2 80.031 83.029 c T

; 0.50 HZ 0.25HZ >

j
AASAAANTEE

L
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\
R
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50 60
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70 80

Figure D.5: CUREE reversed cyclic protocol for test 20A-C
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Table D.6: CUREE reversed cyclic protocol for test 20B-C

Cycle Number of | . Target Actuator Input| Frequency
. Displacement. _
Displacement Cycles (mm) (Hz)
- (mm)
0.050 A 6 4.200 4.256
0.075 A 1 6.300 6.384
0.056 A 6 . 4.704 4.767
0.100 A 1 8.400 8.512
0.0756 A 6 6.300 6.384
- 0.200A 1 16.800 17.024
0.150 A 3 12.600 12.768 N
0.300 A 1 25.200 25.536 o
0.225 A 3 18.900 19.152 o
0.400 A 1 33.600 34.047
0.300 A 2 25.200 25.536
0.700 A 1 58.800 59.583
0.525 A 2 44 100 44.687
1.000 A 1 84.000 - 85.119
0.750 A 2 63.000 .63.839
1.500 A 1 123.357 125.000 N
1.125 A 2 94.500 95.758 c T
% 0.50 0.25HZ. ;
= ﬂ =
= Co E
E T =
E N TN -
E A A AT T T 2
E AAARRARN AT I RURTEY =
E ARV g
= Ty =
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e ] =
= f f [ I [ i ‘ | ‘ i [ ] | f 1 ] I I -
0 10 20 30 40 50 60 70 80 90 100
Time (sec)

Figure D.6: CUREE reversed cyclic protocol for test 20B-C
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Table D.7: CUREE reversed cyclic protocol for test 22A-C

Target

Cycle Number of Displacement Actuator Input | Frequency
Displacement Cycles (mm) (mm) (Hz2)
0.050 A 6 2.206 2.317
0.075 A 1- 3.309 3.475
0.056 A 6 2.471 2.595
0.100 A 1 4.412 4.633
0.075 A 6 3.309 3.475
0.200 A 1 8.825 9.266
0.150 A 3 6.619 6.950
0.300 A 1 13.237 13.899
0.225 A 3 9.928 10.424 N
0.400 A 1 17.650 18.532 s
0.300 A 2 . 13.237 13.899 o
0.700 A 1 30.887 32.431
0.525 A 2 23.165 24.324
1.000 A 1 44.124 46.331
0.750 A 2 33.093 34.748
- 1.500 A 1 66.187 69.496
1.125 A 2 49.640 52.122
2.000 A -1 88.249 92.661
1.500 A 2 . 66.187 69.496
2.500 A 1 110.311 115.000 YN
1.875 A 2 82.733 86.870 c T
E ﬁ—smz—f’llozw =3
= I =
E T -
ot I T
= AALAN LTI Y =
= A AR -
EN N LI
5 | =
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Figure D.7: CUREE reversed cyclic protocol for test 22A-C
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Table D.8: CUREE reversed cyclic protocol for test 24A-C

Cycle Number of | . Target. Actuator Input | Frequency
‘ Displacement Cycles Displacement (mm) (Hz)
(mm)

0.050 A 6 2.214 2.298

0.075 A 1 3.321 3.448

0.056 A 6 2.480 2.574

0.100 A 1 4.428 4597

0.075 A 6 3.321 3.448

0.200 A 1 8.855: 9.194

0.150 A 3 6.642 6.895

0.300 A 1 13.283 13.790

0.225 A 3 9.962 10.343 N

0.400 A 1 17.711 18.387 o

0.300 A 2 13.283 13.790 o

0.700 A 1 30.994 32177

0.525 A 2 23.245 24.133

1.000 A 1 44277 45.968

0.750 A 2 33.208 34.476

1.500 A 1 66.416 68.952

1.125 A 2 49.812 51.714

2.000 A 1 88.554 91.936

1.500 A 2 66.416 68.952

2.500 A 1 110.693 114.920 0N

1.875 A 2 83.020 86.190 c T

o= HZ_+-1 FELTAe

A . A i

L O R L
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Figure D.8: CUREE reversed cyclic protocol for test 24A-C
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Table D.9: CUREE reversed cyclic protocol for test 24B-C

Cycle Number of | .. Target Actuator Input| Frequency
Displacement| Cycles Displacement (mm) (Hz)
: (mm)
0.050 A 6 3.715 3.735
0.075A 1 5.573 5.603
0.056 A 6 4.161 4183
0.100 A 1 7.431 7.470
0.075 A 6 5.573. 5.603
0.200 A 1 14.862 14.940
0.150 A 3 11.146 11.205 N
0.300 A 1 22.293 22.410 o
0.225 A 3 16.719 16.808 o
0.400 A 1 29.723 29.880
0.300 A 2 22.293 22.410
- 0.700 A 1 52.016 52.290
0.525 A 2 39.012 39.218
1.000 A 1 74.309 74.700
0.750 A 2 55.732 56.025
1.500 A 1 111.463 112.050 QN
1.125A 2 83.597 84.038 o T
E smm o =5
g “ ) L E
E Lo =
= RN =
= A A AT ] E
E VYV L LT =
E AANEARIRIEY =
E RN B
! E
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0 10 20 30 40 50 60 70 80 90 100
' Time (sec)

Figure D.9: CUREE reversed cyclic protocoi for test 24B-C
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Table D.10: CUREE reversed cyclic protocol for test 24C-C

Cycle Number of | . Target Actuator Input| Frequency
Displacement] Cycles Displacement (mm) {Hz)
_(mm)

0.050 A 6 4.230 4.301

0.075 A 1 6.345 6.452

0.056 A 6 4.738 4.817

0.100 A 1 8.460 8.603

0.075 A 6 6.345 6.452

0.200 A 1 16.920 17.205

0.150 A 3 12.690 12.904 N

0.300 A 1 25.380 25.808 ©

0.225 A 3 19.035 19.356 o

0.400 A 1 33.840 34.410

0.300 A -2 25.380 25.808

0.700 A 1 59.220 60.218

0.525 A 2 44 415 45.164

1.000 A 1 84.600 86.026

0.750 A 2 '63.450 64.519

~1.500 A 1 118.011 120.000 YN

1125 A 2 95175 96.779 cT
g 0.50 HZ 0.25HZ ;
= o] =
= C =,
= e =
= s AT ATHUAT T =
= PPV NAR A E
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Figure D.10: CUREE reversed cyclic protocol for test 24C-C
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Cold Formed Stee! Strap Braced Walls
McGill University, Montreal

[TEST: 13A-M
[RESEARCHER: Gilles Comeau ASSISTANTS: Kostadin Velchev, Nisreen Balh
DATE: 9-Ju07 TIME: 11:00AM
Right Left
NS OF WALL: 8 FT X 8 FTX 358 IN INFTIAL STRAP SURVEY: Front Tight Tight .
Back Tight Tight
[STRAP FASTENER CONFIGURATION: MFR: McGilt

V)

. : i i £
: z g g
¢ £ £ £
> 3 > & dN\e. | I X
WL AR ANIEEE A3 ‘“ g
k k b ) ) —
8°(2440nn) X@7441m> 4 (1220mm) 2°(610mm)
STRAP SIZE: X 2.57 0.043" (1.09mm) 33 ksi (230 MPa)

2,757 0.054" (1.37mm) 50 ksi (340 MPa)

47 0.068" (1.73mm) 50 ksi (340 MPa)

5" 0.043" (1.09) 33 ksi {230 MPa) .

Reduced section strap - fuse = 2.5" wide x 30" fong — ends = 3.75" wide 0.043" (1.09mm) 33 ksi {230 MPa)
Reduced section strap — fuse = 2.75" wide x 30" long ~ ends = 4.25" wide 0.054" (1.37mm) 50 ksi (340 MPa)
Reduced section strap — fuse = 4" wide x 30" long — ends = 6" wide 0.068" (1.73mm) 50 ksi {340 MPa)
Reduced section strap — fuse = 2.5" wide x 60" long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi {230 MPa)
Reduced section strap — fuse = 47 wide x 60" long — ends = 6" wide 0.068" (1.73mm) 50 ksi {340 MPa)

INTERIOR STUDS: 3-5/8"Wx 1-5/8"Fx1/2"Lip 0.043" (1.09mm} 33ksi (230 Mpa} STUD SPACING:
6"Wx1-5/8"Fx1/2°Lip 0.043" (1.08mm} 33ksi (230 Mpa) *

BACK-TO-BACK

CHORD STUDS: ™ X |3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
"Wx1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa}
"Wx1-5/8"Fx1/2"Lip 0.068" (1.73mm) 50ksi (345 Mpa)
[CONNECTIONS: Straps No.10 gauge 0.75" self-drilling wafer head (mod. Truss) Phillips drive
Framing: 0.8 gauge 0.5" self-drilling wafer head (mod. Truss} Phillips drive
Holddowns: | X |No.14 gauge 0.1" self-drilling Hex washer head
Back-to-Back
Chord Studs: X No.10 gauge 0.75" self-drilling Hex washer head
Anchor Rods: X 7/8" A193 Rod
1" A193 Rod .
Loading Beam: X [A325 3/4" bolts. 10 bolts| . 2 Anchor Rods| X
Base: - X [A325 3/4” bolts. Bboltsf___ X | 2 Anchor Rods| X
[TRACK: le"web 0.043" (1.09mm) 33ksi (230 Mpa)
3 5/8" web 0.054" (1.37mm) 50ksi (345 Mpa)
1-1/4" flange 0.068" (1.73mm) 50ksi (345 Mpa)
HOLO DOWNS: inside outside raised
. X S/HD10S Simpson
i U-shape
6" x 6@ 0.054” {1,37mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD15SS Simpson
7" x 9" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ SHD15SS Simpson
8" x 8" 0.068" {1.73mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD15SS Simpson
8,5 x10" 0.068" (1.73mm} 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
10" x10" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
ITEST PROTOCOL.
IAND DESCRIPTION: Monotonic (Rate of Loading 2.5 mm/min)
( Jcydiic ( CUREE cydlic protocof)
DATA TS: ‘ p.3 IAcma(Dv LvDT
X North Slip
South Stip
Tota: 6]
STRAP WIDTH BEFORE TEST: Front Left, mm Back Left, mm

AVG 63.82 |mm AVG

[DATA ACQ. RECORD RATE: 1 scan/sec MONITOR RATE: 10 scanfsec
[COMMENTS: -Shear anchors torqued for 10 s with impact wrench

-Hold down anchors 172 turn from finger tight {load cells used on both hald-downs)
-Bouble chord studs used screwed back ta back

-Square plate washers (2.57x2.5") used in all top track connections
-Regular washers used in all bottom track connections

Figure E.1: Data sheet for test 13A-M
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

[TEST:

15 A-M

RESEARCHER:

DATE:

Gilles Comeau ASSISTANTS: Kostadin Velchev, Nisreen Balh

9-Jul07 TIME: 4:00PM

NS OF WALL:

[STRAP FASTENER CONFI!

ISTRAP SIZE:

INTERIOR STUDS:
BACK-TO-BACK

[CHORD STUDS:

[CONNECTIONS:

[TRACK:

HOLD DOWNS:

TEST PROTOCOL
IAND DESCRIPTION:

DATA MEASUREMENTS:

DATA ACQ. RECORD RATE:

COMMENTS:

[STRAP WIDTH BEFORE TEST:

8 FTX 35/8 INITIAL STRAP SURVEY: Front

Back

FT

MFR:

GURATION:

>

40mm)

B(2440mm>
8(R440mm)
8 (2440mm)

%)
6(2440mm

4
R

J

- 3
¥ (2744M0) 4(1220mm) 2¢610nm)

[2.5" 0.043" (1.09mm) 33 ksi (230 MPa)

2.75" 0.054" {1.37mm) 50 ksi (340 MPa)

4 0.068" {1.73mm) 50 ksi (340 MPa)

5" 0.043" (1.09) 33 ksi (230 MPa)

Reduced section strap — fuse = 2.5" wide x 30" long ~ ends = 3.75" wide 0.043" {1.09mm) 33 ksi (230 MPa)
[Reduced section strap — fuse = 2.75" wide x 30" long — ends = 4.25" wide 0.054" {1.37mm) 50 ksi (340 MPa)
Reduced section strap — fuse = 4" wide x 30" long ~ ends = 6” wide 0.068" (1.73mm) 50 ksi {340 MPa)
Reduced section strap — fuse = 2.5” wide x 60" fong —~ ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 4" wide x 60" fong — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)

3-5/8"Wx1-5/8"Fx1/2"Lip 0.043° (1.09mm) 33ksi (230 Mpa) sTupspacing: [ X__Jieoc.
6"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) . " oter:

3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
[ le"wx1-5/8"Fx1/2Lip 0.054” (1.37mm) 50ksi (345 Mpa)
[ l6"wx1-5/8"Fx1/2"Lip 0.068" (1.73mm) 50ksi (345 Mpa)

Straps
Framing:
Hoid downs:
Back-to-Back
Chord Studs:
Anchor Rods:

No.10 gauge 0.75" self-drifling wafer head (mod. Truss) Phillips drive
No.8 gauge 0.5 self-drilling wafer head (mod. Truss) Phillips drive
No.14 gauge 0.1 self-driliing Hex washer head

No.10 gauge 0.75" self-drilling Hex washer head
718" A193 Rod

1" A193 Rod

A325 3/4” bolts

[A325 3/4" boits

X
X

Loading Beam:
Base

2 Anchor Rods|
2 Anchor.Rods|

———

6” web
3 5/8” web
1-1/4" flange

043" (1.09mm) 33ksi (230 Mpa)
.054° (1.37mm) 50ks# (345 Mpa)
068" (1.73mm) 50ksi (345 Mpa)

inside outside

raised

S/HD10S Simpson — 1
F i U-shape

6™ x 6” 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
7" x 9" 0,054 (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
8" x 8" 0.068" {1.73mm} 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
8,57 x10" 0.068" (1.73mm) 50 ksi (340 MPa} Gusset Plate w/ S/HD15SS Simpson
10" x10™ 0.054" {1.37mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD15SS Simpson

[ X IMonotonic (Rate of Loading 2.5 mm/min)
| Jcyclic { CUREE cydlic protocol)

Actuator LVOT
North Stip
South Slip

North Uplift
South Uplift
Top of Wall
TOTAL:

Front Right Back Rig

ht, mm Back Left, mm

AVG

6347 ]mm AVG mm

(557 Jm

1 scan/sec MONITOR RATE: 10 scan/sec
-Shear anchors torqued for 10 s with impact wrench

-Hold down anchors 1/2 turn from finger tight (load ceils used on both hold-downs)

-Double chord studs used screwed back to back

*-Square plate washers {2.5"x2.57) used in all top rack connections
-Regular washers used in all bottom track connections

Figure E.3; Data sheet for test 15A-M
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

COMMENTS:

-Shear anchors torqued for 10 s with impact wrench

[TEST: 158-M
RESEARCHER: Gilles Comeau ASSISTANTS: Kostadin Velchev, Nisteen Balh .
DATE: 16-Ju-07 TIME: 9:00AM
- - Right Left
INS OF WALL: 4 FT X 8 FTX 358 IN. INITIAL STRAP SURVEY: Front Loose Loose
Back Loose Loose
STRAP FASTENER CONFIGURATION: MFR: McGilt
£ £ i i
5 5 & kY
ARk F T 1Y & B8 ‘h g
3 3 L L L — 4
8°¢24400m) 9(R744mm) 471 220mm> 2'(610nm)
STRAP SIZE: X 2.5° 0.043" (1.09mm) 33 ksi (230 MPa}
2.75" 0.0547 (1.37mm) 50 ksi (340 MPa)
4° 0.068" (1.73mm) 50 ksi (340 MPa)
5" 0.043" (1.09) 33 ksi (230 MPa) .
Reduced section strap — fuse = 2.5" wide x 30" long ~ ends = 3.75™ wide 0.043" (1.09mm) 33 ksi {230 MPa)
Reduced section strap — fuse = 2.75" wide x 30" long ~ ends = 4.25" wide 0.054" (1.37mm) 50 ksi {340 MPa)
Reduced section strap - fuse = 47 wide x 30" long — ends = 6" wide 0.068" (1.73mm) 50 ksi {340 MPa)
Reduced section strap — fuse " wide x 60 long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap ~ fuse = 4" wide x 60" long — ends = 6" wide 0.068" (1.73mm} 50 ksi {340 MPa)
INTERIOR STUDS: [ X }3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING:
[ J6"Wx1-58"Fx1/2"Lip 0.043" (3.09mm) 33ksi (230 Mpa)
[BACK-TO-BACK .
CHORD STUDS: 3-5/8"Wn1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
| 16"Wx1-5/B8"Fx1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)
[ ls"wx1-58"Fx1/27Lip 0.068" (1.73mm) 50ksi (345 Mpa)
[CONNECTIONS: Straps. No.10 gauge 0.75” self-drilling wafer head (mod. Truss) Phillips drive
Framing; No.8 gauge 0.5 self-drilling wafer head {mod. Truss}) Phillips drive
Hold downs: No.14 gauge 0.1° seli-drilling Hex washer head
Back-to-Back
Chord Studs: X No.10 gauge 0.75" self-drilling Hex washer head
Anchor Rods X 7/8" A193 Rod
17 A193 Rod
Loading Beam: X [A325 3/4” bolts 4 bolts 2 Anchor Rods X
Base, X |A325 3/4" botts 4 bolts 2 Anchor Rods X
TRACK: Regular 6" web 0.043" (1.09mm) 33ksi {230 Mpa)
X 3 5/8" web 0.054" (1.37mm) 50ksi (345 Mpa)
JReintorced 1-1/4" flange 0.068" (1.73mm) 50ksi (345 Mpa}
HOLD DOWNS: inside outside raised
X S/HD10S Simpson
F abri U-shape
6" x 67 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
7* x 9 0.054" {1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
8° x 8" 0.068" {1.73mm) 50 ksi {340 MPa) Gussel Plate w/ S/HD15SS Simpson
8,57 x10™ 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Piate w/ S/HD158S Simpson
10" x10° 0.054" {1.37mm) 50 ksj (340 MPa) Gusset Plate w/ S/HD15SS Simpson
[TEST PROTOCOL
IAND DESCRIPTION: Monotonic (Rate of Loading 2.5 mm/min}
[ ICyolic{ CUREE cydlic protocol) .
DATA MEASUREMENTS: Actuator LVDT North Uplift
North Slip South Uplift
South Slip Top of Wall
Tota 5]
[STRAP WIDTH BEFORE TEST: Front Left, mm mm Back Left, mm
63.60 63.70
6
AVG 63.50 ’mm AVG [_63.44 ,mm 63.32 'mm
[DATA ACQ. RECORD RATE: 1 scan/sec MONITOR RATE: 10 scan/sec

-Hold down anchors 1/2 turn from finger tight (load cells used on both hold-downs)

-Double chord studs used screwed back to back

“-Square plate washers {2.5"x2.5") used in all top track connections

-Regular washers used in all bottom track connections

Figure E.5: Data sheet for test 15B-M
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

[TEST: 17 A-M

[RESEARCHER: Gilles Comeau ASSISTANTS: i Kostadin Veichev, Nisreen Balh
DATE: 11-Jut07 TIME: 10:15AM
Right Left
[DIMENSIONS OF WALL: 8 FT X 8 FTX 6 IN. INITIAL STRAP SURVEY: Front Tight Tight
Back Loose Tight
ISTRAP FASTENER CONFIGURATION: MFR:
A 3 e 5 ) 3 3
9 15 S g S b o
< NG ®| < 3 @) (g > | @ |
" b L L L 1 R
8¢2440mm) F€27a4rm) 4°(1220mm) 2'610mm>
STRAP SIZE: 2.5° 0.043" (1.09mm) 33 ksi (230 MPa)
X 2.75" 0.054" (1.37mm) 50 ksi (340 MPa)
= 0.068" (1.73mm).50 ksi (340 MPa)
5" 0.043" (1.09) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.5” wide x 30" lang — ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa}
section strap — fuse = 2.75" wide x 30" long -- ends = 4.25" wide 0.054" (1.37mm) 50 ksi (340 MPa)
Reduced section strap — fuse = 4" wide x 30” long — ends = 6" wide 0.068" (1.73mm) 50 ksi {340 MPa)
Reduced section strap — fuse = 2.5° wide x 60" long ~ ends = 3.75 wide 0.043" (1.09mm) 33 ksi {230 MPa)
JReduced section strap — fuse = 4" wide x 60" long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)

INTERIOR STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043° (1.09mm) 33ksi (230 Mpa) STUD SPACING: 16" 0.C.
6"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm} 33ksi (230 Mpa} |Othes :
BACK-TO-BACK
‘CHORD STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
6"Wx1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50ksi {345 Mpa)
6"Wx1-5/8"Fx1/2"Lip 0.068" (1.73mm} S50ksi (345 Mpa}
ICONNECTIONS: Straps [ X ]No.10 gauge 0.75" self-drilling wafer head (mod. Truss) Phillips drive
Framing: | X |No.8 gauge 0.5" self-drilling wafer head (mod. Truss) Phillips drive
Holddowns: |__X___ |No.14 gauge 0.1" self-drilling Hex washer head
Back-to-Back
Chord Studs: X No.10 gauge 0.75" self-drilling Hex washer head
Anchor Rods 7/8° A193 Rod
X 17 A193 Rod
Loading Beam: X [A325 3/4” bolts 2 Anchor Rods| X
Base X A325 3/4" bolts 2 Anchor Rods| X
TRACK: :lnegmar 6" web 0.043" (1.09mm) 33ksi (230 Mpa)
X 3 5/8" web 0.054° (1.37mm) 50ksi (345 Mpa)
[ Reinforced . 1-1/4" flange 0.068" (1.73mm) 50ksi (345 Mpa}
HOLD DOWNS: inside outside raised
SHD10S Simpson
Fatricated U-shape . .
X 67 x 6" 0.0547 (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson X
7" x 9" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
W 8" x 8" 0.068" (1.73mm) 50 ksi (340 MPa} Gusset Plate w/ S/HD158S Simpson
' 8,5"x10" 0.068" {1.73mm} 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
10" x10” 0.054" {1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
[TEST PROTOCOL .
[AND DESCRIPTION: Mornotonic (Rate of Loading 2.5 mm/min)
[Cyclic { CUREE cyciic protocol)
DATAM TS: X |Actualor LVDY
X North Slip
South Slip
Tota: [ 6 ]
ISTRAP WIDTH BEFORE TEST: Front Left, mm Back Left, mm
. 70.35 7017
70.30
[ 7037 .
70.19 lmm AVG 70.34 [mm AVG 70.14  |mm 7023 |mm
DATA ACQ. RECORD RATE: _ 1 scanfsec MONITOR RATE: 10 scan'sec )
[COMMENTS: -Shear anchors torqued for 10 s with impact wrench

-Hold down anchors 1/2 turn from finger tight {load cells used on both hold-downs;
-Double chord studs used screwed back to back

"-Sgquare plate washers (2.5"x2.5") used in all top track connections
-Regular washers used in all bottom track connections

Figure E.7: Data sheet for test 17A-M .
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

STRAP SIZE:

INTERIOR STUDS:
BACK-TO-BACK

CHORD STUDS:

[CONNECTIONS:

[TRACK:

HOLD DOWNS:

ITEST PROTOCOL
JAND DESCRIPTION:

LVDT MEASUREMENTS:

[DATA ACQ. RECORD RATE:

[COMMENTS:

2.5 0.043" (1.09mm) 33 ksi (230 MPa)

2.75° 0.054° (1.37mm) 50 ksi (340 MPa)

|4* 0.068 (1.73mm) 50 ksi (340 MPa)

5" 0.043" (1.09) 33 ksi (230 MPa)

section strap —~ fuse = 2.75" wide x 30" long ~ ends =

Straps

Framing:
Hold downs:
Back-to-Back
Chord Studs:
Anchor Rods

Loading Beam:
Base

3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.08mm) 33ksi (230 Mpa) STUD SPACING:
[6"Wx1-5/8"Fx1/2"Lip 0.043" (1.08mm) 33ksi (230 Mpa)

3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
6" Wx1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)
|6-Wx1-6/8"Fx1/2"Lip 0.068" (1.73mm) 50ksi (345 Mpa)

No.10 gauge 0.75" seHf-drilling wafer head (mod. Truss) Phillips drive
18" fillet weld )

No.8 gauge 0.5" self-drilling wafer head {mod. Truss) Phillips drive
No.14 gauge 1" self-drilling Hex washer head

x| ]3>

No.10 gauge 0.75" self-drilling wafer head (mod. Truss) Phiflips drive
7/8" A193 Rod

X 1" A193 Rod

X A325 3/4 bolts

X A325 3/4” bolts

X JRegutr 6 web

[ {Extended 3 516" web

| IReinforced 1-1/4" fange
STHD10S Simpson

Fatwicated U-shape

6" x 8" 0.054" (1.37mm) 50 ksi (340 MP3a) Gusset Plate w/ S$/HD15S Simpson

7" x 9 0.0547 (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson

8" x 8" 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson

19.5" x10” 0.068" (1.73mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD15S Simpson

10° x10° 0.054" {1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson

Monotonic {Rate of Loadir;g 2.5 mm/min)
| ICyclic { CUREE cyclic protocol)

[ X acmatorLVDT North Uplift
North Slip South Uplift
[ x  |sounsip Top of Wall

STRAP WIDTH BEFORE TEST:

-Shear anchors torqued for 10 s with impact wrench

Front Left, mm Back Right, mm

1 scan/sec MONITOR RATE:

TEST: 19 A-M
RESEARCHER: Gilles Comeau ASSISTANTS: Kostadin Velchev, Nisreen Balh
DATE: 18-Jun-07 . TIME: 9:00AM
Right Left
INS OF WALL: 8 FT X 8 FTX 8 N INITIAL STRAP SURVEY: Front Tight Tight
Back Loose Tight
ISTRAP FASTENER CONFIGURATION: MFR:
«
T % K %
> H & H &
3 S 3 g 3 3
N Y ) & g [V &
G @| < '“z- | Lg > [ o) &0
n } I L i ) —
Br¢2aa0mm) 9(2744mm> 4°(1220mm) 2°(610mm)

[Reduced section strap — fuse = 2.5" wide x 30" long ~ ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
25" wide 0.054" (1.37mm) 50 ksi (340 MPa)
section strap — fuse = 4" wide x 30" fong — ends = 6" wide 0.068" (1.73mm) 50 ksi {340 MPa)
Reduced section strap — fuse = 2.5 wide x 60" long ~ ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
JReduced section strap — fuse = 4" wide x 60" long ~ ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)

[ ] 0.043" (1.09mm) 33ksi (230 Mpa)
[ 1 0.054" {1.37mm) 50ksi (345 Mpa)
0.068" {1.73mm) S0ksi (345 Mpa)

2 Anchor Rods X
2 Anchor Rods| X

70685 Jmm AVG 7081 Jmm  AVG 7015 Jmm

inside ___outside __raised
_inside _outside _ roised
X
Tora: [E ]
mm
70.04 lmm

10 scan/sec

-Hold down anchors 1/2 turn from finger tight(top). load cells used on both bottom hold-downs
-Doubie chord:studs used screwed back to back

"-Square plate washers (2.5"x2.57) used in all top track connections
-Regular washers used in alt botom track connections

Figure E.9: Data sheet for test 19A-M
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

TEST: 19B-M
RESEARCHER: Gilles Comeau ASSISTANTS: Kostadin Velchev, Nisreen Balh
DATE: 17-Jul07 N TIME: 4.00PM
: " Right Left
C INS OF WALL: 2 FT X 8 FTX 6 IN. INITIAL STRAP SURVEY: Front Tight Loose
_ Back Tight Loose
ISTRAP FASTENER CONFIGURATION: MFR: MeGill
£ i i I
& & & <
i * | = g
e & . " b AR & I
rd o < & &) & > | & 1
\
Iy I8 " I k )
8(2440nm) 9 (2744mm) 4°11220mm) 2°hI0mm)
STRAP SIZE: 12.57 0.043" (1.09mm} 33 ksi (230 MPa)
X 2.75" 0.054" (1.37mm) 50 ksi {340 MPa)

4" 0.068" (1.73mm) 50 ksi (340 MPa)

5° 0.043" (1.09) 33 ksi (230 MPa) -

Reduced section strap — fuse = 2.5” wide x 30" long — ends = 3.75" wide 0.043" (1.08mm) 33 ksi {230 MPa}

section strap — fuse = 2.75" wide x 30" long — ends = 4.25° wide 0.054" (1.37mm) 50 ksi (340 MPa)

Reduced section strap — fuse = 4" wide x 30" tong —~ ends = 6° wide 0.068" (1.73mm) 50 ksi (340 MPa)

[Reduced section strap — fuse = 2.5° wide x 60" fong — end: 75" wide 0.043" {1.09mm) 33 ksi (230 MPa}

[Reduced section strap — fuse = 4” wide x 60" long — ends = 6" wide 0.068" (1,73mm) 50 ksi (340 MPa) .

INTERIOR STUDS: [ T35 wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING:

6"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)

[BACK-TO-BACK

CHORD STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
- 6"Wx1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)
6"Wx1-5/8"Fx1/2°Lip 0.068" (1.73mm) 50ksi (345 Mpa)

[CONNECTIONS: . Straps No.10 gauge 0.75" self-drilling wafer head {mod. Truss} Phillips drive
X 1/8" fillet weld
Framing: X No.8 gauge 0.5° self-drilling wafer head (mod. Truss) Phillips drive
Hold downs: X No.14 gauge 1" self-drilling Hex washer head
Back-to-Back
Chord Studs: X No.10 gauge 0.75" self-drilling wafer head {mod. Truss) Phillips drive

Anchor Rods 7/8" A193 Rod
X 17 A193 Rod

Loading Beam: X [A325 3/4” bolts * 1 bolts| 2 Anchor Rods| X
Base X A325 3/4" bolts . ‘ 1 bolts 2 Anchor Rods| X
TRACK: [I:]Regmar S'Web

- 3 5/8° web

.043" (1.09mm) 33ksi (230 Mpa)
.0547 {1.37mm) S0ksi (345 Mpa)

Reinforced 1-1/4" flange .068" {1.73mm) S0ksi (345 Mpa)
HOLD DOWNS: inside outside raised
S/HD10S Simpson  «.
i U-shape
X 6" x 6™ 0.054" (1.37mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD15S Simpson X

77 x 9" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ $/HD15S Simpson
8" x 8" 0.068" (1.73mm) 50 ksi {340 MPa) Gusset Piate w/ S/HD15S Simpson
8.5" x10™ 0.068" (1.73mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD15S Simpson
10" x10” 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15$ Simpson

TEST PROTOCOL
JAND DESCRIPTION: Monotonic {Rate of Loading 2.5 mm/min})
ICyclic { CUREE cyclic protocol)
LVDT MEASUREMENTS: Actuator LVDT North Uplift
North Slip South Uplift
. South Stip Top of Wall
vota: [ 6 ]
STRAP WIDTH BEFORE TEST: Front Left. mm mm Back Left, mm
7072
. 70.44
)
70.36_Jmm AVG  |_7041 Jmm 70.34_Jmm AVG  |_7043 |mm
[DATA ACQ. RECORD RATE: "1 scan/sec MONITOR RATE: 10 scanisec
[COMMENTS: -Shear anchors torqued for 10 s with impact wrench

-Hetd down anchors 1/2 turn from finger tight(top). load cells used on both bottom hold-downs
-Oouble chord studs used screwed back to back

"-Square plate washers (2.5°x2.57) used in all top track connections
-Regular washers used in all bottom track connections

Figure E.11: Data sheet for test 19B-M
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

STRAP SIZE:

INTERIOR STUDS:

BACK-TO-BACK

TEST: 21A-M
RESEARCHER: Gilles Comeau ASSISTANTS: Kostadin Velchev, Nisreen Balh
DATE: 18-Jun-07 TIME: 3.00PM
Right Left
T ONS OF WALL: FT X 8 FTX 6 IN. INITIAL STRAP SURVEY: Front Tight Tight
Back Tight Tight
[STRAP FASTENER CONFIGURATION: MFR: McGill
S & & £
< S S s
& S R G/ \ 3 vl &
. ¢ N Y e | & o ¢
s {x ® < ¥ > & | &) ‘ &
L ) I\ y n Il
82440nm) F@744nm) 4a220mm) 2'¢6l0nm>

2.5 0.043" (1.09mm) 33 ksi (230 MPa)

2.75" 0.054" (1.37mm) 50 ksi (340 MPa)

X 4" 0.068° {1.73mm) 50 ksi (340 MPa)

5" 0.043" (1.09) 33 ksi (230 MPa)

Reduced section strap — fuse = 2.57 wide x 30" long — ends =
Reduced section strap — fu:
Reduced section strap - fuse =

3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING:
6"Wx1-5/8"Fx1/2°Lip 0.043" (1.09mm) 33ksi (230 Mpa)

3.75" wide 0.043" {1.09mm) 33 ksi (230 MPa}
2.75" wide x 30" long —~ ends = 4.25" wide 0.054" (1.37mm) 50 ksi (340 MPa)
4" wide x 30" long — ends = 6" wide 0.068" {1.73mm) 50 ksi {340 MPa)
Reduced section strap - fuse = 2.5" wide x 60" long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 4" wide x 60" long — ends = 6" wide 0.068" (1.73mm) 50 ksi {340 MPa)

[COMMENTS:

-Shear anchors torqued for 10 s with impact wrench *Front right and Back Left strap width are from Specimen 21A-M retest. The results are based on the retest.

-Hofd down anchors 1/2 turn from finger tight (foad cells used on both hold-downs}

CHORD STUDS: [ ]3-5/58"Wx1-5/8"Fx1/2"Lip 0.043" {1.09mm) 33ksi (230 Mpa)
| |6"Wix1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)
6"Wx1-5/8"Fx+/2"Lip 0.068" {1.73mm) SOksi (345 Mpa)
CONNECTIONS: Straps No.10 gauge 0.75" self-drilling wafer head (mod. Truss) Phillips drive
Framing: No.8 gauge 0.5" self-drilling wafer head (mod. Truss) Phillips drive
Hoald downs: No.14 gauge 1" self-drilling Hex washer head
Back-to-Back .
Chord Studs: X No.10 gauge 0.75" self-drilling Hex washer head
Anchor Rods 7/8" A193 Rod
X 1" A183 Rod
Loading Beam: X A325 3/47 bolts 2 Anchor Rods| X
Base X A325 3/4" bolts 2 Anchor Rods| X
TRACK: Regulal me' web 0.043" (1.09mm) 33ksi (230 Mpa)
3 5/8" web 0.054" {1.37mm) 50ksi (345 Mpa)
{ IReinforced 1-1/4" flange D.068" {1.73mm) 50ksi {345 Mpa)
X 0.097" (1.73mm}) 50ksi {345 Mpa)
HOLD DOWNS: inside outside raised
S/HD10S Simpson
F i U-shape .
6° x 6% 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
7"x 9" 0.054" (1.37mm) 50 ksi (340 MP3) Gusset Piate w/ S/HD15S Simpson
X 8° x 8" 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD158 Simpson X
8,57 x10" 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
107 x10" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
TEST PROTOCOL
[AND DESCRIPTION: [ X IMonotonic (Rate of Loading 2.5 mm/min)
Cyalic { CUREE cydlic protocol)
LVDT S: X Actuator LVOT North Uplift
X North Slip | X |South Uplift
South Slip Top of Walt
Tora: 5]
STRAP WIDTH BEFORE TEST: Front Right, mm Front Left, mm mr Back Left, mm
102.32 101.61
102.42 101.21
102.66 101.80
101.19 |mm AVG 102.47 Imm 101.66 Imm AVG 101.54 ‘mm
DATA ACQ. RECORD RATE: 1 scan/sec MONITOR RATE: 10 scarvsec

-Double chord studs used screwed back to back

*-Square plate washers (2.5°x2.5") used in all top track connections

-Regular washers used in all bottom track connections

Figure E.13: Data sheet for test 21A-M
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

[AND DESCRIPTION:

DATA ACQ. RECORD RATE:

[COMMENTS:

TEST: 21A-M Retest
RESEARCHER: Gilles Comeay ASSISTANTS: . Kostadin Velchev, Nisreen Balh
DATE: 8-Aug-07 TIME: 2.00PM
Right Ceft
ONS OF WALL: 8 FT X 8 FTX ] IN. INITIAL STRAP SURVEY: Front Tight -
Back - | Tignt
[STRAP FASTENER CONFIGURATION: MFR: McGill
£ i J: E
S| < S| 3
Y ol & o g/ \¢ S &
< Cx & < & ® & o la &
P 5 L L L X —)
87(2440nm) 9@744nn> 4°(1220mm) 2°¢610nm)
[STRAP SIZE: 2.570.043" (1 TOSmm) 33 ksi {230 MPa)
2.75" 0.054" {1.37mm} 50 ksi (340 MPa)
X 47 0.068" (1.73mm) 50 ksi (340 MPa)
57 0.043" (1.09) 33 ksi {230 MPa) i
Reduced section stap —~ fuse = 2.5" wide x 30" long — ends = 3.75" wide 0.043" {1.09mm) 33 ksi (230 MPa)
section strap - fuse = 2.75" wide x 30" long ~ ends = 4.25" wide 0.054" (1.37mm) 50 ksi (340 MPa)
Reduced section strap — fuse = 4" wide x 30" long — ends = 6° wide 0.068" (1.73mm) 50 ksi (340 MPa}
Reduced section strap — fuse = 2.5" wide x 60" long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi {230 MPa)
Reduced section strap — fuse = 4° wide x 60" long — ends = 6" wide 0.068" {1.73mm) 50 ksi (340 MPa}
INTERIOR STUDS: [ |3-5/8"Wx1-5/8"Fx1/2"Lip 0.043 (1.09mm) 33ksi (230 Mpa) STUD SPACING: 16"0.C.
6"Wx1-5/8"Fx1/2"Lip 0.043 {1.09mm) 33ksi (230 Mpa) Other :
BACK-TO-BACK
CHORD STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" {1.09mm) 33ksi (230 Mpa)
6™ Wx1-5/8"F x1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)
6"Wx1-5/8°Fx1/2°Lip 0.068" (1.73mm) 50ksi (345 Npa)
[CONNECTIONS: Straps [ X "|No.10 gauge 0.75" self-drilling wafer head {mod. Truss) Phillips drive
Framing: No.8 gauge 0.5 seli-drilling wafer head (mod. Truss) Phillips drive
Hold downs: No.14 gauge1” self-drilling Hex washer head .
Back-to-Back
Chord Studs: X No.10 gauge 0.757 self-drilling Hex washer head
Anchor Rods 7/8" A193 Rod
X 1" A193 Rod .
Loading Beam: X |A325 3/4" bolts 10 bots, 2 Anichor Rods| X
Base X___|A325 3/4” bolts 6bols| X | 2 Anchor Rods|
TRACK: Regular II'G' web 0.043" {1.09mm) 33ksi (230 Mpa)
. 3 5/8° web 0.054" {1.37mm) 50ksi (345 Mpa)
) Reinforced 114" flange . 0.068" {1.73mm) 50ksi (345 Mpa)
” X 0.097" {1.73mm) 50ksi (345 Mpa)
HOLD DOWNS: inside outside raised
S/KD10S Simpson
F U-shape
6" x 6 0.054" (3.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
7" x 97 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
X 8" x 8 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson X
8,5" 10" 0.068" (1.73mm} 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
10" x10" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
TEST PROTOCOL

LVDT MEASUREMENTS: - |Actuator LVDT North Uplift
North Slip South Upift
South Slip Top of Wall
Tota: [ 6]
STRAP WIDTH BEFORE TEST: Fropt Left, nm Back Right, mm Back Left, mm
AVG |mm AVG Jmm 101.54 |mm

Monotonic {Rate of Loading 2.5 mm/min)
Cyclic { CUREE cydic protocot)

1 scan/sec MONITOR RATE: 10 scan/sec

-Shear anchars torqued for 10 s with impact wrench
-Hold down anchors 142 turn from finger tight (load cells used on both hold-downs]
-Double chord studs used screwed back to back

*-Square plate washers (2.5"x2.57) used in alf top track connections
-Regular washers used in all boltom track connections

Figure E.15: Data sheet for test 21A-M Retest
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

IAND DESCRIPTION:

[DATA ACQ. RECORD RATE:

COMMENTS:

TEST: 23A-M
RESEARCHER: | Gilles Comeau ASSISTANTS: ) Kostadin Velchev, Nisreen Balh
DATE: 10-Juko7 TIME: 1:30PM
. Right Left
ONS OF WALL: 8 FT X 8 FTX 6 IN. INITIAL STRAP SURVEY: Front Tight Tight
Back Tight Tight
STRAP FASTENER CONFIGURATION: MFR:
3 3 3 3
P ¢ % ¢ | ¢
& > & | ~ | | &l
P N L " X ) P
8'(2440mm) FR744m0> 441220nm) 2¢610nmD
[STRAP SIZE: __]2.5" 0.043" (1.08mm) 33 ksi (230 MPa)
2.75" 0.054" (1.37mm) 50 ksi {340 MPa)
X 4" 0.068" (1.73mm) 50 ksi (340 MPa)
5" 0.043" (1.09) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.5" wide x 30" long - ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.75" wide x 30" long — ends = 4.25" wide 0.054" {1.37mm) 50 ksi {340 MPa)
Reduced section strap — fuse = 4" wide x 307 long - ends = 6" wide 0.068" (1.73mm)} 50 ksi (340 MPa)
Reduced section strap — fuse = 2.5" wide x 60" long ~ ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 4” wide x 60" long — ends = 6” wide 0.068" (1.73mm) 50 ksi (340 MPa)
INTERIOR STUDS: 3-5/8"Wx1-5/8"F x1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING: 16" 0.C.
|67 Wx1-5/8"Fx1/2°Lip 0.043" (1.08mm) 33ksi (230 Mpa) Other :
BACK-TO-BACK
[CHORD STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
6"Wx1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)
6"Wx 1-5/8"Fx1/2"Lip 0.068" (1.73mm) 50ksi (345 Mpa)
CONNECTIONS: Straps. No.10 gauge 0.75" self-drilling wafer head {mod. Truss) Phillips drive
Framing: No.8 gauge 0.5 self-drilling wafer head (mod. Truss) Phillips drive
Hotd downs: No.14 gauge1” self-drilling Hex washer head
Back-to-Back-
Chord Studs: X N0.10 gauge 0.75" self-drilling Hex washer head
Anchor Rods 7/8" A193 Rod
X 1" A193 Rod
Loading Beam: X (A325 3/4" bolts 10 bolts| 2 Anchor Rods| X
Base X [A325 3/47.bolts 6 bolts| 2 Anchor Rods| X
TRACK: Regulav ’IIS- web 0.043" (1.09mm) 33ksi (230 Mpa)
3 5/8™ web 0.054" (1.37mm} 50ksi {345 Mpa)
Reinforced 1-1/4" flange 0.068" (1.73mm) 50ksi {345 Mpa)
X 0.097* (1.73mm) S0ksi {345 Mpa)
HOLD DOWNS: inside outside raised
S/HD10S Simpson
Fabri U-shape
6" x 6 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
7" x 9" 0.054" {1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
X 8" x 8™ 0.068 (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson X
8,57 x10" 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
10" x10" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
TEST PROTOCOL

LVDT MEASUREMENTS: [~ X JActuator LVDT North Uplift
: North Slip South Uplift
South Slip [ X JTopofwal
vora: 6]
STRAP WIDTH BEFORE TEST: Front Left, mm mm Back Left, mm

56 [[0252

102.24 [ 101.18

102.91 101.15

AVG 10257 Jmm AVG 10244 _|mm AVG 101.62_]mm

Monotonic {(Rate of Loading 2.5 mm/min)
Cyclic { CUREE cyclic protocol)

1 scan/sec MONITOR RATE: 10 scanvsec

-Shear anchors torqued for 10 s with impact wrench
-Hold down anchors 1/2 turn from finger tight {load cells used on both hold-downs;
-Double chord studs used screwed back to back

-Square plate washers (2.5"x2.57) used in all top track connections

-Regular washers used in all bottom track connections

Figure E.17: Data sheet for test 23A-M
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

INTERIOR STUDS:
BACK-TO-BACK

CHORD STUDS:

JCONNECTIONS:

TRACK:

HOLD DOWNS:

TEST PROTOCOL
[AND DESCRIPTION:

LVDT MEASUREMENTS:

STRAP WIDTH BEFORE TEST:

ITEST: 238-M
RESEARCHER: Gilles Comeau ASSISTANTS: Kostadin Velchey, Nisreen Bath
DATE: 18-Juk07 : TIME: ) 2:30PM
Right Left .
DIMENSIONS OF WALL: 4 FT X 8 FTX 8 IN. INITIAL STRAP SURVEY: Front Tight Tight .
B * Back Tight Tight
[STRAP FASTENER CONFIGURATION: MFR: McGill
3 3 3 3
3 3 o 3 &\ | & ¢
4 | & | Iy & | o o
L > i I L ) —
8€2440mm) 9 @744mm) 4'G220mm) 2'6linm)
'STRAP SIZE: 2.57 0.043" (1.09mm) 33 ksi (230 MPa)
2.757 0.054" (1.37mm) 50 ksi {340 MPa)
X 4" 0.068" (1.73mm) 50 ksi (340 MPa}
57 0.043" (1.09) 33 ksi (230 MPa)
Reduced section strap —~ fuse = 2.5" wide x 30" long - ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.75" wide x 30" long — ends = 4.25" wide 0.054" (1.37mm) 50 ksi (340 MPa)
Reduced section strap — fuse = 4" wide x 30" long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)
Reduced section strap — fuse = 2.5" wide x 60" long - ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 4" wide x 60" long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)

3-5/8"Wx1-5/8"F x1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa} STUD SPACING: 16" O.C.
6"Wx1-5/8"F x1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) Other :

5/8"Wx1-5/8"F x1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
6"Wx1-5/8"F x1/2°Lip 0.054" (1.37mm) 50ksi (345 Mpa)
X |6"Wx1-58"Fx1/2°Lip 0.068" (1.73mm) 50ksi (345 Mpa)

Straps. l0.10 gauge 0.75" self-drilling wafer head (mod. Truss) Phillips drive
Framing: 0.8 gauge 0.5" self-drifling wafer head (mod. Truss) Phillips drive
Hold downs: X No.14 gauge1” self-drilling Hex washer head
Back-lo-Back
Chord Studs: X N0.10 gauge 0.75" self-drilling Hex washer head
Anchor Rods 7/8" A193 Rod
X 1" A193 Rod
Loading Beam: X A325 3/4” bolts
Base X A325 3/4 bolts

2 Anchor Rods| X
2 Anchor Rods; X

Regular 0.043" (1.09mm) 33ksi (230 Mpa)
Extended 0.054" {1.37mm) 50ksi {345 Mpa)
Reinforced 1-1/4" flange X 0.068" (1.73mm) S0ksi (345 Mpa)
. 0.097" (1.73mm) S0ksi (345 Mpa)
inside outside raised
S/HD10S Simpson
F abrit U-shape
6" x 67 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Piate w/ S/HD15S Simpson
7" x 9" 0.054" (1,37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
X 8™ x 8™ 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson X

8.5" x10" 0.068" (1.73mm) 50 ksi (340 MPa} Gusset Plate w/ S/HD15S Simpson
10" x10° 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
Monotonic (Rate of Loading 2.5 mm/min)
Cyclic { CUREE cyclic psotocot)
Actuator LVDT North Uplift
North Slip |South Uplift

South Slip . [Top of Wall

- Tora: [ 6]
Front Left, mm mm Back Left. mm

AVG 101.51 jmm 10242 |mm AVG
DATA ACQ. RECORD RATE: 1 scanisec MONITOR RATE: 10 scan/sec
COMMENTS: -Shear anchors torqued for 10 s with impact wrench

102.47 _ |mm

-Hold down anchors 1/2 turn from finger tight (load cells used on both hold-downs)

-Double chord studs used screwed back to back

*-Square plate washers (2.5°x2.57) used in all top track connections

-Regular washers used in all bottom track connections

. Figure E.19: Data sheet for test 23B-M
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

T %z T 2|

£ £ i £

5 & | g

3 3 3 3

o Y o N & - |9 IS

& o ta ® ‘ k <o |

X ; —
8(2440mn> 9 @744nm> 4°1220mn) 2°C610mm)
STRAP SIZE: 2.5"0.043" (1.09mm) 33 ksi (230 MPa)
. 2.75 0.054" (1.37mm) 50 ksi (340 MPa)
X 47 0.068" (1.73mm) 50 ksi (340 MPa)

57 0.043" (1.09) 33 ksi (230 MPa)

Reduced section strap — fuse = 2.5" wide x 30" long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
section strap — fuse = 2.75" wide x 30" long — ends = 4,25 wide 0.054" (1.37mm) 50 ksi (340 MPa)
Reduced section strap — fuse = 47 wide x 30" long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MP3a)
Reduced section strap - fuse = 2.5" wide x 60" long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 4" wide x 60" long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)

TEST: 23C-M
RESEARCHER: Gilles Comeau ____ASSISTANTS: Kostadin Veichev, Nisreen Baih
DATE: 17-Jul-07 TIME: 11:30AM
Right
L NS OF WALL: 2 FT X 8 FTX [ IN. INITIAL STRAP SURVEY: Front Tight Tight
. Back Loose
STRAP FASTENER CONFIGURATION: MFR:

[ ]3-5/8"Wx1-5/8"Fx1/Z'Lip 0.043" (1.09mm) 33ksi (230 Mpa} STUD SPACING:
6" Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm}) 33ksi (230 Mpa)

INTERIOR STUDS:

BACK-TO-BACK
CHORD STUDS: [ 13-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa).
6"Wx1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50kst (345 Mpa)
X 16"Wx1-5/8"Fx1/2"Lip 0.068" (1.73mm) 50ksi (345 Mpa)

[CONNECTIONS: Straps

j0.10 gauge 0.75" self-drilling wafer head (mod. Truss) Phillips drive
Framing:, 0.8 gauge 0.5" self-drifling wafer head (mod. Truss) Phillips drive
Hold downs: j0.14 gauge1” self-drilling Hex washer head
Back-to-Back
Chord Studs: X No.10 gauge 0.75" self-drilling Hex washer head
Anchor Rods 718" A183 Rod .
X 1" A193 Rod
Loading Beam: X A325 3/4° bolts.
Base X A325 3/4" bolts
TRACK: }I| Regular s- web
3 5/8" web
{ Reinforced 1-14" flange X
HOLD DOWNS:

S/HD10S Simpson

inside outside raised

16" 0.C.

2 Anchos Rods| X

2 Anchor Rods! X
0.043" (1.09mm) 33ksi (230 Mpa)
0.054" (1.37mm) 50ksi (345 Mpa)
0.068" (1.73mm} 50ksi (345 Mpa)
0.097" (1.73mm) 50ksi (345 Mpa)

F U-shay

pe
6™ x 6= 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson

7" x 9" 0.054" (1.37mm) 50 ks (340 MPa) Gusset Plate w/ S/HD15S Simpson

X 8" x 87 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson

8.5" x10" 0.068" {1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson

107 x10” 0.054" (1.37mm) S0 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson

TEST PROTOCOL

JAND DESCRIPTION: Monotonic (Rate of Loading 2.5 mm/min)
Cyclic { CUREE cyclic protocot)
LVDT MEASUREMENTS: [ X JAcwator LVOT : [North Uplift
| X INorthstip [South Uplift
South Stip Top of wall

[STRAP WIDTH BEFORE TEST: Front Left, mm

[ 102,24 ]
[ 10229 |
101.54 |mm AVG mm AVG

DATA ACQ. RECORD RATE: 1 scan/sec MONITOR RATE:
COMMENTS: -Shear anchors torqued for 10 s with impact wrench

o [TE]

Back Left, mm

-Hold down anchors 1/2 turn from finger tight (foad cells used on both hold-downs)

-Double chord studs used screwed back to back

*-Square plate washers (2.5°x2.5") used in all top track connections

-Regular washers used in all bottom track connections

Figure E.21: Data sheet for test 23C-M
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Cold Formed Steel Strap Braced Walis
McGill University, Montreal

TEST: 14A-C
RESEARCHER: Gittes Comeau ASSISTANTS: Kostadin Velchev, Nisreen Balh
DATE: 25-Ju07. TIME: 2:00PM
Right Left
DIMENSIONS OF WALL: 8 FT X 8 FTX 358 IN INITIAL STRAP SURVEY: Front Tight Tight
- Back Tight Tight
ISTRAP FASTENER CONFIGURATION: MFR: McGill
S 3 S S
. N & i & e | e &
< & @] Ly 3 @ £ ~ | & ‘ ‘ o
! s x ] o —)
Fc2440m0> S @7aamm> 4:01220mm> 2°¢610mm>
STRAP SIZE: X 2.5 0.043" (1.09mm) 33 ksi (230 MPa)
2.75" 0.054" {1.37mm) 50 ksi (340 MPa)
47 0.068" (1.73mm) 50 ksi (340 MPa)
5" 0.043" (1.09) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.5" wide x 30" long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi {230 MPa)
Reduced section strap — fuse = 2.75" wide x 30” long —~ ends = 4.25" wide 0.054" (1.37mm) 50 ksi (340 MPa)
section strap — fuse = 4" wide x 30" long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)
Reduced section strap — fuse = 2.5" wide x 60° long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi {230 MPa)
JReduced section strap — fuse = 4" wide x 60” long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)
INTERIOR STUDS: [ X ]3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING: 16°0.C.
- [ J6"Wx1-5/8"Fx1/2'Lip 0.043" (1.09mm) 33ksi (230 Mpa) Other :

[BACK-TO-BACK

CHORD STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
6"Wx1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)

6"Wx1-5/8"Fx1/2"Lip 0.068" (1.73mm) 50ksi (345 Mpa)

[CONNECTIONS: Straps X ]No.10 gauge 0.75" seli-driliing wafer head (mod. Truss) Phillips drive
Framing: No:8 gauge 0.5° sell-drilling wafer head (mod. Truss) Phillips drive

Hold downs: No.14 gauge 0.1" self-grilling Hex washer head
Back-to-Back

Chord Studs: X No.10 gauge 0.75" self-drilling Hex washer head
Anchor Rods: X 7/8” A193 Rod
1" A193 Rod
Loading Beam: X [A325 3/4” bolts 2 Anchor Rods| X
Base: X |A325 3/4° bolts 2 Anchor Rods| X

[TRACK: Regutar 6" web 0.043" (1.09mm) 33ksi (230 Mpa)
X 3 5/8" web 0.054" (1.37mm) 50ksi (345 Mpa)

Reinforced . 1-1/4* flange 0.068" (1.73mm) 50ksi (345 Mpa)

HOLD DOWNS: inside outside raised
X S/HD10S Simpson X -

Fabri U-shape

6" x 6™ 0.054" (1.37mm) 50 ksj (340 MPa) Gusset Plate w/ S/HD15SS Simpson

7° x 9" 0.054" (1.37mm} 50 ksi (340 MPa) Gusset Piate w/ S/HD15SS Simpson

8% x 8" 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Piate w/ S/HD15SS Simpson

8,5" x10™ 0.068" {1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson

10" x10" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
[TEST PROTOCOL )
JAND DESCRIPTION: Menotonic (Rate of Loading 2.5 mm/min)

Cyclic { CUREE cydlic prolocof)
IDATA MEASUREMENTS: JActuator LVDT North Uplift

North Stip South Uplift

South Slip Top of Wall

TotaL: [ 6 .

STRAP WIDTH BEFORE TEST: Front Left, mm mm Back Left, mm

64.32

2 X
63.74 |mm AVG 63.88 |mm AVG 63.91 |mm AVG

[DATA ACQ. RECORD RATE: 100 scanisec MONITOR RATE: 100 scan/sec
[COMMENTS: -Shear anchors torqued for 10 s with impact wrench
-Hold down anchors 1/2 turn from finger tight {load cells used on both hoid-downs
-Double chord studs used screwed back to back
*-Square plate washers (2.5°x2.5") used in all top track connections
-Regular washers used in all bottom track connections

Figure E.23: Data sheet for test 14A-C
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

TEST: 16 AC
RESEARCHER: Gilles Comeauy ASSISTANTS: Kostadin Velchev, Nisreen Bath
DATE: i 1-Aug-07 TIME: 12:50PM
Right Left
ONS OF WALL: 8 FT X 8 FTX [ IN. INITIAL STRAP SURVEY: - Front Loose Loose
Back Loose Loose
STRAP FASTENER CONFIGURATION: MFR:
-~ 3 ~ 3 . 3 3
i o a g « &)
< 3 ® < ¥ & & s H
k ) L b ) ) )
re2840mm) 9(2744mm> 44(1220me) 2¢610nm>
STRAP SIZE: X 2.57 0.043" (1.08mm) 33 ksi (230 MPa)
2.75" 0.054* (1.37mm) 50 ksi (340 MPa)
4° 0.068" {1.73mm) 50 ksi (340 MPa)
57 0.043" (1.09) 33 ksi (230 MPa)
|Reduced section strap - fuse = 2.5 wide x 30" long ~ ends = 3.75" wide 0.043" (1.09mm) 33 ksi {230 MPa)
section strap —~ fus . 75" wide x 30" long ~ ends = 4.25" wide 0.054" (1.37mm) 50 ksi (340 MPa)
section strap - fuse = 47 wide x 30" long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)
R section strap — fuse = 2.5" wide x 60" long ~ ends = 3.75" wide 0.043" {1.09mm) 33 ksi (230 MPa)
section strap — fuse = 4° wide x 60" long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa}

INTERIOR STUDS: 3-5/8"Wx1-5/8"F x1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING: Ets‘ oc.

6"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) Other :
BACK-TO-BACK
[CHORD STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
[ le*wx1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)
| ]s"wix1-sm@ Fx1/2Lip 0.068" (1.73mm) 50ksi (345 Mpa)
[CONNECTIONS: Straps [ X___|No.10 gauge 0.75" self-drilling wafer head (mod. Truss) Phiflips drive
Framing: [ X___|No.8 gauge 0.5 sefi-drilling wafer head (mod. Truss} Phiflips drive
Hold downs: No.14 gauge 0.1" self-drifling Hex washes head '
Back-to-Back
Chord Studs: X No.10 gauge 0.75" self-drilling Hex washer head
Anchor Rods X__|7/8" A193 Rod
1" A193 Rod
Loading Beam: X___|A325 3/4" bolts 10 bolts| 2 Anchor Rods|__ X
Base X__|A325 3/4" bolts 6 bolts| 2 Anchor Rods|__ X

TRACK: . Regular ;]6'web [ ] 0.043" (1.09mm) 33ksi (230 Mpa)

3 5/8" web 0.054" (1.37mm) 50ksi {345 Mpa)
[ |Reinforcea: 1-1/4" flange ] 0.068" (1.73mm) 50ksi {345 Mpa)
HOLD DOWNS: inside outside raised
X S/HD10S Simpson X

F U-shape .

6" x 6° 0.0547 (1.37mm) 50 ksi (340 MP3) Gusset Plate w/ S/HD15SS Simpson
7" x 9" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
8" x 8" 0.068" {1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
B,5" x10" 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD155S Simpson
107 x10" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD158S Simpson

TEST PROTOCOL
JIAND DESCRIPTION: Monotonic (Rate of Loading 2.5 mm/min)

Cydlic { CUREE cyclic protocol)

DATA C X JActuator LvOT
X North Stip
South Slip

o [5]

[STRAP WIDTH BEFORE TEST: Front Righ! Front Left, mm mm

6341 |
63.90 .
|_64.13 X
AVG 63.67 |mm AVG 63.81 |mm AVG 63.77 |mm 63.97 |mm
DATA ACQ. RECORD RATE: 100 scan/sec MONITOR RATE: 100 scani/sec
[COMMENTS: -Shear anchors torqued for 10 s with impact wrench

-Hold down anchors 1/2 turn from finger tight (load cells used on both hold-downs) N
~Double chord studs used screwed back to back -
*-Square plate washers (2.5"%2.57) used in afl top track connections
-Regular washers used in all bottom track connections

Figure E.25: Data sheet for test 16A-C
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

TEST: N 16B-C
RESEARCHER: Gifies Comeau ASSISTANTS: Kostadin Velchev, Nisreen Balh
DATE: - 19-Jub07 TIME: 12:00AM
Right Left
L NS OF WALL: 4 FT X 8 FTX 358 IN. INITIAL STRAP SURVEY: Front Loose Loose
Back Loose Loose
STRAP FASTENER CONFIGURATION: MFR:
& & & &
> 3 i XS 3
R e 9 ~ Y s [ ) IS
& Jx 4 < ] &) & 3l &)
L ) X ) b 3 —1
8(2490mn) F@744mmD 441220mm) 2'¢610mm>
STRAP SIZE: X 2.5 0.043" (1.09mm) 33 ksi (230 MPa)

2.75" 0.054" (1.37mm) 50 ksi (340 MPa)

4° 0.068" (1.73mm) 50 ksi (340 MPa)

5" 0.043" (1.09) 33 ksi (230 MPa)

Reduced section strap — fuse = 2.57 wide x 30" long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.75" wide x 30" long — ends = 4.25" wide 0.054" (1.37mm) 50 ksi (340 MPa)
Reduced section strap ~ fu 4" wide x 30" long — ends = 6" wide 0.068" (1.73mm) 50 ksi {340 MPa)
Reduced section strap - fu: 2.5" wide x 60" fong — ena: .75" wide 0.043" (1.09mm}) 33 ksi (230 MPa)
Reduced section strap — fuse = 47 wide x 60" long — ends = 6" wide 0.068" (1.73mm) 50 ksi {340 MPa)

INTERIOR STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING:
6"Wx1-5/8"Fx1/2Lip 0.043" (1.09mm) 33ksi (230 Mpa)

BACK-TO-BACK

CHORD STUDS: 3.5/8"Wx1-5/8"F x1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
[ 16"Wx1-5/8"Fx/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)
[ ]6"Wx1-5/8"Fx1/2"Lip 0.068" (1.73mm) 50ksi (345 Mpa)

[CONNECTIONS: Straps N0.10 gauge 0.75" self-drilling wafer head {mod. Truss) Philiips drive

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

Hold downs: No.14 gauge 0.1" self-drilling Hex washer head

Back-to-Back

Chord Studs: X No.10 gauge 0.75" self-drilling Hex washer head

Anchor Rods X 7/8” A193 Rod

17 A193 Rod

Loading Beam: X [A325 3/4” bolts. 2 Anchor Rods| X

Base X A325 3/4” bolts. 2 Anchor Rods| X
TRACK: 7 X |Regular .043" (1.09mm) 33ksi (230 Mpa)

[ lextended 054* (1.37mm) 50ksi (345 Mpa)

[ Reinforced 1-1/4" flange 0.068" {1.73mm) 50ksi {345 Mpa)
HOLD DOWNS: inside outside raised

X S/HD10S Simpson X

Fabri U-shape

6" x 6" 0.054” (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
7" x 9" 0.054" (1.37mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD15SS Simpson
8" x 8" 0.0687(1.73mm) 50 ksi (340 MPa) Gusset Piate w/ S/HD15S$ Simpson *
8,5" x10" 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
10" x107 0.054" (1.37mm} 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson

TEST PROTOCOL

AND DESCRIPTION: [ monotonic (Rate of Loading 2.5 mm/min)
Cydlic { CUREE cyclic protocol)
DATA MEASUREMENTS: Actuator LVDT

North Slip

South Slip [ X JTopofwall

’ Tota: [6 ]
STRAP WIDTH BEFORE TEST: Front Left, mm mm Back Left, mm
T 63.16 $4.18
64.03 . 83.66
63.98 . 63.53
63.80 Jmm AVG 6372 |mm AVG 63.65 |mm AVG 63.79 Imm

DATA ACQ. RECORD RATE: 100 scan/sec MONITOR RATE: 100 scanisec
[COMMENTS: -Shear anchors torqued for 10 s with impact wrench

-Hold down anichors 1/2 turn from finger tight (load cells used on both hold-downs)
-Double chord studs used screwed back © back

*-Square plate washers (2.5"x2.57) used in all top track conneclions
-Regular washers used in all bottom track connections

Figure E.27: Data sheet for test 16B-C
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_ Cold Formed Steel Strap Braced Walls
McGill University, Montreal

JAND DESCRIPTION:

DATA ACQ. RECORD RATE:

[COMMENTS:

DATA MEASUREMENTS: Actuator LVDT North Uplift
North Stip ) South Uplift
South Slip Top of Wall
o [E]
[STRAP WIDTH BEFORE TEST: . Front Right Front Left, mm mm . Back Left. mm

TEST: 18A-C
RESEARCHER: Gilles Comeay ASSISTANTS: Kostadin Velchey, Nisreen Bath
DATE: 2-Aug-07 TIME: 3:.00PM
Right Left
C ONS OF WALL: 8 FT X 8 FTX 6 IN. INITIAL STRAP SURVEY: Front Tight Tight
. Back Tight Tight
STRAP FASTENER CONFIGURATION: ’ MFR:
S S S S
e || NG| [ | @ (3 g
C z P < z o & > | o) o
L ) \ ) x X 3
8¢2440nm g @744rm> 4'1220mm) 2¢610nm>
STRAP SIZE: 2.57 0.043" (1.09mm) 33 ksi {230 MPa)
X 2.75" 0.054" (1.37mm) 50 ksi (340 MPa)
4" 0.068" (1.73mm) 50 ksi (340 MPa)
57 0.043" (1.09) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.5” wide x 30" long — ends = 3.75" wide 0.043" (1.09mm} 33 ksi (230 MPa)
Reduced section strap — fu: 2.75" wide x 30" long ~ ends = 4.25" wide 0.054" {1.37mm) 50 ksi (340 MPa)
Reduced section strap — fuse = 4" wide x 30" long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)
Reduced section strap — fuse = 2.5" wide x 60" long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
JReduced section strap -- fuse = 47 wide x 60" fong — ends = 6" wide 0.068 (1.73mm) 50 ksi {340 MPa)
INTERIOR STUDS: | 13-5/8"Wx 1-5/8"Fx1/2"Lip 0.043" {1.08mm} 33ksi {230 Mpa) STUD SPACING: 16" 0.C.
6"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) Other :
BACK-TO-BACK
[CHORD STUDS: 3-5/8"Wx1-5/8"F x1/2"Lip 0.043" (1.09mm) 33ksi {230 Mpa)
6™Wx 1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)
6V 1-5/8"Fx1/2"Lip 0.068" (1.73mm) 50ksi (345 Mpa)
[CONNECTIONS: Straps No.10 gauge 0.75” sef-drifing wafer head {mod. Truss) Phillips drive
Framing: No.8 gauge 0.5" self-drilling wafer head (mod. Truss) Phillips drive
Hold downs: No.14 gauge 0.1" seti-driling Hex washer head
Back-to-Back .
Chord Studs: X No.10 gauge 0.75" self-driling Hex washer head
Anchor Rods 7/8" A193 Rod
X 17 A193 Rod
Loading Beam: X [A325 3/4” bolts 10 boits 2 Anchor Rodsi X
Base X A325 3/4” bolts 6 bolts 2 Anchor Rodsj X
TRACK: {:‘Regulav 6' web 043" (1.09mm) 33ksi (230 Mpa)
X 3 5/8" web .054° (1.37mm) 50ksi (345 Mpa)
[Reinforced 1-1/4" flange .068" (1.73mm) 50ksi (345 Mpa}
HOLD DOWNS: : inside " outside _ raised
S/HD10S Simpson
Fabricated U-shape
X 6 x 67 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson X
7" x 9" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S$ Simpson
8" x 8" 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
8,5" x10” 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD158S Simpson
10" x10° 0.054™(1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15SS Simpson
ITEST PROTOCOL

Monotonic (Rate of Loading 2.5 mm/min)
Cyclic { CUREE cyclic protocol)

70.68 7
70.32 70.63
7625

AVG 7042 |mm AVG 70.12 Imm AVG 7049 Imm

100 scan/sec MONITOR RATE: . 100 scan/sec

-Shear anchors torqued for 10 s with impact wrench

-Hold down anchors 1/2 turn from finger tight {load cells used on both hold-downs)
-Doubtle chord studs used screwed back to back

*-Square plate washers (2.5"x2.57) used in all lop track connections
-Regular washers used in all bottom track connections

Figure E.29: Data sheet for test 18A-C
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Cold Formed Steel Strap Braced Walis
McGill University, Montreal

DATA ACQ. RECORD RATE:

ICOMMENTS:

TEST: 20A-C
RESEARCHER: Gilles Comeau . . ASSISTANTS: Kostadin Velchev, Nisreen Balh
DATE: 24-Juk-07 TIME: 9:30AM
Right Ceft
[t ONS OF WALL: 8 FT X 8 FT X 6 IN. INITIAL STRAP SURVEY: Front Tight Tight
. Back Tight Tight
STRAP FASTENER CONFIGURATION: MFR:
S H & &
g . 3 3 3
o i & b, | 3
52 Ak < e & SH &
— ) J L
8<2440mn) 927 44mm> 4°¢1220rm) 2'4610mm>
STRAP SIZE: 2.5 0.043" (1.09mm) 33 ksi (230 MPa)
X 2.757 0.0547 (1.37mm) 50 ksi (340 MPa)
4° 0.068" (1.73mm) 50 ksi (340 MPa)
5" 0.0437 (1.09) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.5 wide x 30" long — ends = 3,75" wide 0.043" (1.09mm} 33 ksi {230 MPa)
. 75" wide x 30" long — ends = 4.25" wide 0.054" (1.37mm) 50 ksi (340 MPa}
" wide x 30" long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)
.5* wide x 60" fong ~ ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 4" wide x 60" long — ends = 6° wide 0.068" (1.73mm) 50 ksi {340 MPa)
INTERIOR STUDS: |3-5/8"Wx 1-5/8F x1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) ’ STUD SPACING:
6 Wx1-5/8"Fx1/2°Lip 0.043" {1.09mm) 33ksi (230 Mpa)
BACK-TO-BACK
CHORD STUDS: [ 13-5m wx1-56Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
6"Wx1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)
| le"Wx1-5/8"Fx1/2"Lip 0.068" (1.73mm) 50ksi {345 Mpa)
'CONNECTIONS: Straps No.10 gauge 0.75" self-drilling wafer head (mod. Truss) Phillips drive
X___| e filet weld
Framing: X No.8 gauge 0.5 self-drifling wafer head {(mod. Truss) Phillips drive
Hold downs: X N0.14 gauge 1" self-drilling Hex washer head
Back-to-Back .
Chord Studs: X No.10 gauge 0.75" self-drilling wafer head (mod. Truss) Phillips drive
Anchor Rods 7/8" A193 Rod
X 17 A193 Rod
Loading Beam: X A325 3/4" boits 2 Anchor Rods X
Base X A325 3/4" bolts 2 Anchor Rods| X
TRACK: Regular [ X Joweb 043" (1.09mm) 33ksi (230 Mpa)
| lExtended [ Jasm web 054" (1.37mm) 50ksi (345 Mpa)
[ Reinforced 1-1/4" flange 068" (1.73mm) 50ksi (345 Mpa)
HOLD DOWNS: . inside outside raised
S/HD10S Simpson
Fabri U-shape
X 6" x 6" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S$/HD15S Simpson X
7" x 9" 0.054" (1.37mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD15S Simpson
8" x 8 0.068" (1.73mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD158 Simpson
8.5 x10" 0.068" {1.73mm) 50 ksi (340 MP3) Gusset Plate w/ S/HD15S Simpson
107 x10" 0.054" (1.37mm} 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
[TEST PROTOCOL
[AND DESCRIPTION: [ monotonic (Rate of Loading 2.5 mm/min)
Cylic ( CUREE cyclic protocol)
LVDT MEASUREMENTS: Actuator LVDT North Uplift
North Stip South Uplift
South Slip Top of Wall :
oA 5]
STRAP WIDTH BEFORE TEST: Front Righ! Front Left, mm mm . Back Left. mm
7079 68 70.82
0.19 70.06
0.51 [ 7015 3 70.14
AVG 70.50 Imm AVG 70.38 Imm 70.22 lmm AVG 70.34 |mm

100 scanisec MONITOR RATE: 100 scanisec

-Shear anchors torqued for 10 s with impact wrench

-Hold down anchors 1/2 turn from finger tight{top), load cells used on both bottom hold-downs

-Double chord studs used screwed back to back

*-Square plate washers (2.5°x2.5°) used in al) lop track connections

-Regular washers used in all boltom track connections

Figure E.31: Data sheet for test 20A-C
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

TEST PROTOCOL
AND DESCRIPTION:

TEST: 20B-C
RESEARCHER: Gilles Comeau ASSISTANTS: Kostadin Velchev, Nisreen Balh
DATE: 18-Ju07 TIME: 2:00PM
Right Left
[DIMENSIONS OF WALL: 2 FT X 8 FTX 6 IN. INFTIAL STRAP SURVEY: Front Tight Tight
. - Back Loose Tight
ISTRAP FASTENER CONFIGURATION: MFR: = McGill
S & & &
- 3 > 5 & 3 3
'y L & 3 & & &
k) r 4 I d Cx o) & B 4
" 3 L L N b
9'c2440mm 9@744nm> 471220mm> 2'¢610mm
STRAP SIZE: 2.5 0.043" (1.09mm) 33 ksi (230 MPa)
X 2.75" 0.054" (1.37mm) 50 ksi (340 MPa)
4" 0.068" (1.73mm) 50 ksi (340 MPa)
5" 0.043" (1.08) 33 ksi (230 MPa)
Reduced section strap ~ fuse = 2.5" wide x 30" long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.75" wide X 307 long — ends = 4.25" wide 0.054” (1.37mm) 50 ksi {340 MPz)
Reduced section sbap —~ fuse = 4° wide x 30" long — ends = 6~ wide 0.068" {1.73mm) 50 ksi {340 MPa)
|Reduced section strap — fuse = 2.5 wide x 60" lang — ends = 3.75" wide 0.043" (1.08mm) 33 ksi (230 MPa)
|Reduced section strap — fuse = 4" wide x 60" long — ends = 6" wide 0.068" {1.73mm) 50 ksi (340 MPa)
INTERIOR STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING: 6" 0.C.
6"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm} 33ksi (230 Mpa) Other :
BACK-TO-BACK ’
CHORD STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa}
6"Wx1-5/B"Fx1/2"Lip 0.054° (1.37mm) 50ks (345 Mpa)
6"Wx1-5/8"Fx1/2"Lip 0.068" (1.73mm) 50ksi {345 Mpa)
CONNECTIONS: Straps . No.10 gauge 0.75" self-drilling wafer head (}nod. Truss) Phillips drive
X 1/8" fillet weld :
Framing: X No.8 gauge 0.5" self-drilling wafer head {mod. Truss) Phillips drive
Hold downs: X No.14 gauge 1" self-dniling Hex washer head
Back-to-Back .
Chord Studs: X No.10 gauge 0.75" seff-drilling wafer head (mod. Truss) Phillips drive
Anchor Rods 7/8" A193 Rod
X 1" A193 Rod
Loading Beam: X A325 3/4" baits 2 Anchor Rods| X
Base X A325 3/4” boits. 2 Anchor Rods] X
TRACK: Regular 6" webs 0.043" (1.09mm) 33ksi (230 Mpa)
[ |extended 3 578" web I 10.054" (1.37mm) 50ksi {345 Mpa)
[ |Reinforced 1-1/4" flange 0.068" (1.73mm) 50ksi {345 Mpa)
HOLD DOWNS: inside outside raised
S/HD10S Simpson
F i U-shape
X 6" x 6" 0.054" (1.37mm) 50 ksi (340 MPa} Gusset Plate w/ S/HD15S Simpson . X
7% % 9% 0.054" (1.37mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD158 Simpson
8" x 8" 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
8,57 x10" 0.068" (1.73mm) 50 ksi (340 MPa} Gusset Plate w/ S/HD15S Simpson

107 x10° 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ $/HD15S Simpson

Monotonic (Rate of Loading 2.5 mm/min)
Cyclic { CUREE cydiic protocol}

LVDT TS:

DATA ACQ. RECORD RATE:

[COMMENTS:

STRAP WIDTH BEFORE TEST:

X Actuator LVDT North Uplift
North Stip ) South Uplift
South Slip Top of Wall
vota: [ & ]
mm Back Left, nm

Front Left. mm
7

7040_Jmm AVG 7037 _Jmm VG 7012 Jmm

AVG mm

100 scan/sec MONITOR RATE: 100 scan/sec

-Shear anchors torqued for 10 s with impact wrench
-Hold down anchars 1/2 turn from finger tight{top). Yoad cells used on both bottom hold-downs

-Double chord studs used screwed back to back
*-Square plate washers (2.5"x2.57) used in afl top track connections
-Regular washers used in 2l boltom track connections

Figure E.33: Data sheet for test 20B-C
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

JCONNECTIONS:

TRACK:

HOLD DOWNS:

'TEST PROTOCOL
IAND DESCRIPTION:

LVDT MEASUREMENTS:

[DATA ACQ. RECORD RATE:

[COMMENTS:

TEST: 22A-C
IRESEARCHER: Gilles Comeau ASSISTANTS: Kostadin Veichev, Nisreen Balh
DATE: 1-Aug07 TIME: 12:30PM
. K Right Left
DIMENSIONS OF WALL: 8 FT X 8 FTX ] N, INITIAL STRAP SURVEY: Front Tight Tight
. . Back Tight Tight
[STRAP FASTENER CONFIGURATION: MFR: ~
N 2 S| S g
SN | 13 NI EANE g
p < @) by g e | ®
L I ) ) b ) J—
8(2440mm) 927 44nm> 4/(1220mm) 2'¢610mm)
[STRAP SIZE: 2.5" 0.043" (1.09mm) 33 ksi (230 MPa)
2.75% 0.054 (1.37mm) 50 ksi (340 MPa)
X 4" 0.068" (1.73mm) 50 ksi {340 MPa)
5" 0.043" (1.09) 33 ksi {230 MPa)
Reduced section strap - fuse = 2.5" wide x 30" long —~ ends = 3.75" wide 0.043" {1.09mm) 33 ksi {230 MPa)
Reduced section strap — fuse = 2.75" wide x 307 long — ends = 4,25" wide 0.054" (1.37mm) 50 ksi {340 MPa)
section strap —~ fuse = 4" wide x 30" long — ends = 6" wide 0.068" (1.73mm) 50 ksi {340 MPa)
Reduced section strap - fuse = 2.5" wide x 60" long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 4° wide x 60" fong — ends = 6" wide 0.068" {1.73mm) 50 ksi {340 MPa)
INTERIOR STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING:
6"Wx1-5/8"Fx1/2"Lip 0.043" {1.09mm) 33ksi (230 Mpa)
BACK-TO-BACK
CHORD STUDS:

STRAP WIDTH BEFORE TEST:

3-5/8"Wx1-5/8"Fx1/2°Lip 0.043" (1.09mm) 33ksi (230 Mpa)
6"Wx1-5/8"Fx1/2"Lip 0.054 (1.37mm) 50ksi (345 Mpa)
6" Wx1-5/8"F x1/2"Lip 0.068" (1.73mm) 50ksi (345 Mpa)

Straps No.10 gauge 0.75" seff-drilling wafer head {mod. Truss) Phillips drive
Framing: No.8 gauge 0.5" seff-drilling wafer head {mod. Truss) Phillips drive
Hold downs: No.14 gauge1” self-drilling Hex washer head
Back-to-Back .
Chord Studs: X No.10 gauge 0.75" self-grilling Hex washes head
Anchor Rods 7/8" A193 Rod
X___|1" A193 Rod
Loading Beam: X__|A325 314" bolts 10 bolts| 2 Anchor Rods|_X
Base X [A325 3/4" bolts 6 bolts 2 Anchor Rods
Regular ,qu web : 0.043" (1.09mm) 33ksi (230 Mpa)
X 3 5/8" web 0.054" (1.37mm) 50ksi (345 Mpa)
|Rein10'ced 1-1/4" flange 0.068" (1.73mm) 50ksi (345 Mpa)
X___]0.097" (1.73mm) 50ksi {345 Mpa)

inside outside: raised

S/HD10S Simpson

F i U-shape

6" x 6° 0.054" {1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
7" % 9" 0.054" {1.37mm) 50 ksi (340 MPa) Gusset Plate w/ $/HD15S Simpson
X 8" x 8> 0.068" {1.73mm) 50 ksi {340 MPa)} Gusset Plate w/ - S/HD15S Simpson X
8,5" x10" 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
10" x10” 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ $/HD15S Simpson

North Uplift
South Uplift
Top of Wall

Monotonic {Rate of Loading 2.5 mm/min)
Cyclic { CUREE cyclic protocol)

Tora: [& ]

Front Right . Front Left, mm Back Right, mm Back Left, mm
. 101.67 102.54 102.59
101.27 102.35 102.27
101.05 102.33 102.30

AVG mm AVG 10133 Jmm AVG 10241 Jmm AVG

100 scan/sec MONITOR RATE: 100 scan/sec

-Shear anchors torqued for 10 s with impact wrench
-Hold down anchors 1/2 turn from finger tight (load cells used on both hold-downs}
-Double chord studs used screwed back to back

*-Square plate washers (2.5°x2.57) used in all top track connections
-Regular washers used in all bottom track connections

Figure E.35: Data sheet for test 22A-C
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

BACK-TO-BACK
CHORD STUDS:

[CONNECTIONS:

TRACK:

HOLD DOWNS:

[ TEST PROTOCOL .
JAND DESCRIPTION:

[TEST: 24A-C
[RESEARCHER: Gilles Comeau ASSISTANTS: Kostadin Velchev, Nisreen Balh
DATE: 25~ 07 TIME: 8:30AM
] .  Right Teft
[DIMENSIONS OF WALL: 8 FT X 8 FTX 6 IN. INITIAL STRAP SURVEY: Front Tight Tight
N Back Tight Tight
[STRAP FASTENER CONFIGURATION: . MFR: McGill
T K K 2|
£ £
$ H S <.
% b i’ he -9/ \d & b
g o X o o S
< e &) < 43 | & G ol
L ] s s b e 1
87¢2440nny g @744nn> 4(1220mn) 2¢610nm)
STRAP SIZE: 2.57 0.043" (1.09mm) 33 ksi (230 MPa)
2.75" 0.054" {1.37mm) 50 ksi (340 MPa)
X 4" 0.068" {1.73mm) 50 ksi (340 MPa)
5" 0.043" {1.08) 33 ksi (230 MPa)
section strap — fuse = 2.5" wide x 30" long — ends = 3.75" wide 0.043" (1,09mm) 33 ksi {230 MPa)
|Reduced section strap - fuse = 2.75" wide x 30" long —~ ends = 4.25" wide 0.054" {1.37mm) 50 ksi {340 MPa)
section strap — fuse = 4" wide x 30" long — ends = 6" wide 0.068" (1.73mm) 50 ksi {340 MPa)
section strap — fuse = 2.5 wide x 60" long ~ ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
section strap — fuse = 4" wide x 60 long —~ ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)
INTERIOR STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING:

"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)

3-5/8"Wx1-5/8"F x1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa)
6"Wx1-5/8"F x1/2"Lip 0.054" {1.37mm) 50ksi (345 Mpa)
6"Wx1-5/8"Fx1/2"Lip 0.068" {1.73mm) 50ksi (345 Mpa)

Straps N0.10 gauge 0.75" self-driling water head (mod. Truss) Phillips drive
Framing: No.8 gauge 0.5" self-drilling wafer head {mod. Truss) Phillips drive
Hold downs: No.14 gauge1” self-drilling Hex washer head
Back-to-Back
Chord Studs: X No.10 gauge 0.75" self-drilling Hex washer head
Anchor Rods 7/8" A193 Rod
X 1" A193 Rod N
Loading Beam: X A325 314" bolts 2 Anchor Rods X
Base X A325 314" bolts 2 Anchar Rods X

[T X |Regular " web 0.043" (1.09mm} 33ksi (230 Mpa)
Extended 5/8"web . 0.054" {1.37mm} 50ksi {345 Mpa)
I |Reinforced 1-1/4” flange 0.068" {1.73mm) 50ksi (345 Mpa)

X 0.097" (1.73mm) 50ksi (345 Mpa)
inside outside raised

S/HD10S Simpson

i U-shape
6" x 67 0.054" {1.37mm) 50 ksi {340 MPa) Gusset Piate w/ S/HD15S Simpson
77 x 9" 0.054" {1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD155 Simpson
X 8" x 8 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson X
8,5" x10" 0.068" {1.73mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD158 Simpson
10" x10" 0.054" {1.37mm) 50 ksi (340 MPa} Gusset Plate w/ S/HD15S Simpson

Monotonic (Rate of Loading 2.5 mm/min)
Cyclic ( CUREE cydlic protocot)

DATA ACQ. RECORD RATE:

[COMMENTS:

LVDT TS: X |Actuator LVDT [ X INoth upiift
North Slip [ X 1south uplift
South Slip Top of Wall
tora: [CE]
STRAP WIDTH BEFORE TEST: Front Left, mm mm Back Left, mm
. 102.30 101.54
161.24
102.59 101.04_|
AVG 101.35 [mm AVG mm AVG 101.39 [mm AVG 101.27  jmm

100 scan/sec MONITOR RATE: 100 scan/sec

-Shear anchors torqued for 10 § with impact wrench

-Hold down anchors 1/2 turn from finger tight (load cells used on both hold-downs}
-Double chord studs used screwed back to back

-Square plate washers (2.5°x2.57) used in all top track connections

-Regular washers used in all bottom track connections

Figure E.37: Data sheet for test 24A-C
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

INTERIOR STUDS: [ T13-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING:
6"Wx1-5/8"Fx1/2Lip 0.043" (1.09mm) 33ksi {230 Mpa}

BACK-TO-BACK N

CHORD STUDS: 3-5/8"Wx1-5/8"Fx1/2"Lip 0.043" (1.08mm) 33ksi (230 Mpa)

6"Wx1-5/8"Fx1/2"Lip 0.054" (1.37mm) 50ksi (345 Mpa)
6" Wx1-5/8"Fx1/2"Lip 0.068" (1.73mm) 50ksi (345 Mpa)

CONNECTIONS: Straps % No.10 gauge 0.75" self-drilling wafer head {mod. Truss) Phillips drive

102.37

AVG 10158 Jmm [ 10240 Jmm
[DATA ACQ. RECORD RATE: . 100 scan/sec MONITOR RATE: 100 scémsec
[COMMENTS: ~Shear anchors torqued for 10 s with impact wrench

Framing: No.8 gauge 0.5" self-drilling wafer head (mod. Truss) Phillips drive
Hold downs: No.14 gauge1” self-drilling Hex washer head
Back-to-Back
Chord Studs: X No.10 gauge 0.75" self-drilting Hex washer head
Anchor Rods 7/8" A193 Rod
X 1" A193 Rod
Loading Beam: X |A325 3/4" boits 4 bolts 2 Anchor Rods X
Base X A325 3/4° bolts 4 bolts| 2 Anchor Rods| X
TRACK: Regutar 6" web 0.043" (1.09mm) 33ksi (230 Mpa)
[ lexendea 3 5/8" web 0.054" (1.37mm) 50ksi {345 Mpa)
| lReinforced 1-1/4" flange R X 0.068" (1.73mm) 50ksi (345 Mpa)
0.097" (1.73mm) 50ksi (345 Mpa)
HOLD DOWNS: inside outside raised
S/HD10S Simpson
Fabri U-shape .
6°x 6™ 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD15S Simpson
7" x 97 0.054" (1.37mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD15S Simpson
* X 8" x 8% 0.068" (1.73mm) 50 ksi (340 MPa) Gusset Plate w/ $/HD15S Simpson X
8,5" x10" 0.068" (1.73mm) 50 ksi (340 MPa) Gussgt Plate w/ $/HD15S Simpson
10" x10™ 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S/HD155 Simpson
TEST PROTOCOL
AND DESCRIPTION: Monotonic (Rate of Loading 2.5 mm/min)
Cydlic ( CUREE cyclic protocol}
LVDT MEASUREMENTS: | X |Achator LVDT [ X INorth uplift
| X North Stip | X ]south upit
South Slip | X JTopofwall
Tora: [E ]
STRAP WIDTH BEFORE TEST: Front Left, mm Back Left, mm

TEST: 24B-C
RESEARCHER: . Gilles Comeay ASSISTANTS: Kostadin Velchev, Nisreen Balh
DATE: 19-Jul-07 TIME: 3:00PM
R Right Left
ONS OF WALL: 4 FT X 8 FTX 8 IN. INITIAL STRAP SURVEY: Front Tight Tight -
B Back Tight *  Tight
STRAP FASTENER CONFIGURATION: MFR: McGilt
- 3 > 3 g 3 3
. 3 o i Y &N\ 1 Y v &
Iy V e b4 < & ) & Y1 g 1“ &
P 5 — L ) l P,
8°(2440nr> 9(@744nm> 4:1220nm> 2'¢610rm)
STRAP SIZE: 2.5 0.043" (1.09mm) 33 ksi (230 MPa)
2.757 0.054" (1.37mm) 50 ksi (340 MPa)
X 4° 0.068° (1.73mm) 50 ksi (340 MPa)
5" 0.043 (1.09) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.5" wide x 30" fong — ends = 3.75" wide 0.043" (1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.75" wide x 30" long — end: 25" wide 0.054" {1.37mm)} 50 ksi {340 MPa)
section sirap -- fuse = 4" wide x 30" long - ends = 6" wide 0.068 (1.73mm)} 50 ksi (340 MPa)
[Reduced section strap — fuse = 2.5" wide x 60" long - ends = 3.75" wide 0.043" {1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 4" wide x 607 long — ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa)

-Hold down anchors 1/2 turn from finger tight (load cefis used on both hold-downs)

-Double chord studs used screwed back to back

*-Square plate washers (2.57x2.57) used in all top track connections

-Regular washers used in all bottom track connections

Figure E.39: Data sheet for test 24B-C
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Cold Formed Steel Strap Braced Walls
McGill University, Montreal

[AND DESCRIPTION:

TEST: 24C-C
RESEARCHER: Gilles Comeau ASSISTANTS: Kostadin Velchev, Nisreen Bath
DATE: 19-Jul-07 TIME: 10:30AM
Right Left
DIMENSIONS OF WALL: 2 FT X 8 FT X 6 IN. INITIAL STRAP SURVEY: Front Tight Tight
Back Loose Loose
[STRAP FASTENER CONFIGURATION: X MFR: McGill
S < S E
4, & R o R o | &
( x | < e & &G |5 y ‘ &
k L 1 ) n I
B<2440nm) I @744mm> 4:a220nn> 2°¢610nm>
STRAP SIZE: 2.5" 0.043" (1.09mm) 33 ksi (230 MPa)
.75 0.054" (1.37mm) 50 ksi (340 MPa)
X 4 0.068” (1.73mm) 50 ksi (340 MPa)
5" 0.043" (1.09) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.5" wide x 30" long ~ ends = 3.75" wide 0.043" {(1.09mm) 33 ksi (230 MPa)
Reduced section strap — fuse = 2.75" wide x 30" fong — ends = 4.25" wide 0.054" (1.37mm) 50 ksi (340 MPa)
section strap -- fuse = 4" wide x 30" long — ends = 6" wide 0.068" (1.73mm)} 50 ksi (340 MPa)
Reduced section strap - fuse = 2.5" wide x 60" long — ends = 3.75" wide 0.043" (1.09mm) 33 ksi {230 MPa)
Reduced section strap — fuse = 4" wide x 60" long ~ ends = 6" wide 0.068" (1.73mm) 50 ksi (340 MPa}
INTERIOR STUDS: 3-5/8"Wx1-5/8"F x1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) STUD SPACING: 6" 0.C.
6"Wx1-5/8"Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa) Other :
BACK-TO-BACK
[CHORD STUDS: 3-5/8"Wx1-5/8°Fx1/2"Lip 0.043" (1.09mm) 33ksi (230 Mpa}
6"Wx1-5/8"Fx1/2"Lip 0.054 (1.37mm) S0ksi {345 Mpa)
6"Wx1-5/8"Fx1/2"Lip 0.068" {1.73mm) 50ksi (345 Mpa)
CONNECTIONS: Straps No.10 gauge 0.75" seff-drilling wafer head (mod. Truss) Phillips drive
Framing: No.8 gauge 0.5 self-drilling wafer head (mod. Truss) Phillips drive
Hold downs: No.14 gauge1” self-drilling Hex washer head
* Back-to-Back
Chord Studs: X No.10 gauge 0.75" self-drilling Hex washer head
Anchor Rods 7/8" A193 Rod
X 1" A193 Rod
Loading Beam: X [A325 3/4" bolts 2 Anchor Rods| X
Base X [A325 3/4 boits 2 Anchor Rods, X
TRACK: [ x| [ X__]6"web 0.043" (1.09mm) 33ksi (230 Mpa)
[ J3sm"web 0.054" (.37mm) 50ksi (345 Mpa) *
{_ |Reinforced 1-1/4" flange X 0.068" (3.73mm) 50ksi (345 Mpa)
0.097° {1.73mm) 50ksi (345 Mpa) .
HOLD DOWNS: inside outside raised
[S/HD10S Simpson
F abri U-shape .
6 x 67 0.054" (1.37mm) 50 ksi (340 MPa) Gussel Plate w/ S/HO158 Simpson
7" x 9° 0.054" (1.37mm) 50 ksi {340 MPa) Gusset Piate w/ S/HD15S Simpson
X 8" x B~ 0.068" (1.73mm) 50 ksi {340 MPa) Gusset Plate w/ S/HD15S Simpson X -
8,5" x10" 0.068" (1.73mm) 50 ksi {340 MPa} Gusset Plate w/ S/HD15S Simpson
10" x10" 0.054" (1.37mm) 50 ksi (340 MPa) Gusset Plate w/ S$/HD15S Simpson
TEST PROTOCOL

Monotonic (Rate of Loading 2.5 mm/min)
Cydlic ( CUREE cyclic protocol)

DATA ACQ. RECORD RATE:

[COMMENTS:

LVDT TS: X Actuator LVDT [North Uplift
North Slip [South Uplift
South Slip | Top of Wall
Tora: [ ]
[STRAP WIDTH BEFORE TEST: Front Left, mm mm
101.76
| _101.22 |
AVG 101.57 [mm 101.37 lmm

100 scansec MONITOR RATE: 100 scani/sec

-Shear anchors torqued for 10 s with impact wrench
—Hold down anchors 1/2 turn from finger tight (joad cells used on both hold-downs)
-Double chord studs used screwed back to back

*-Square plate washers (2.5"x2.57) used in all top rack connections

-Regutar washers used in all bottom track connections

Figure E.41: Data sheet for test 24C-C
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Appendix F

Model Design Summaries
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Table F.1: Summary of design storey shear for building 2S Ry4R,2.6-minbrace”

Storey W, (kN) h; (m) Wix b E&N) | oo | NNy | Ve | Eve g
2.0 241.7 6.71 1621.9 86.8 8.7 1.2 96.7 96.7
1.0 " 630.6 3.66 2308.1 1235 12.3 4.2 140.0 236.7

Sum 872.3 - 3930.0 2103 - - 236.7 -

*Variables defined in Section 3.1

Table F.2: Summary of design storey shear for building 4S R4R 2.6-minbrace’

Storey W, (kN) h; (m) W;x b; F, (kN) TN | NN | Ve kN) | Zv, (V)
4.0 2417 12.81 3096.3 89.0 8.9 12 99.1 99.1
3.0 630.6 9.76 6155.0 176.9 17.7 42 198.8 298.0
2.0 630.6 6.71 4231.6 121.7 122 42 138.0 436.0
1.0 630.6 3.66 2308.1 66.4 6.6 42 77.2 513.2

Sum 2133.6 . 15791.0 454.0 - - 513.2 -

*Variables defined in Section 3.1

Table F.3: Summary of design storey shear for building 6S RyR,2.6-minbrace and 6S

R4R,2.6-2brace’

Storey Wi (kN) h; (m) Wix h; F, (kN) T, (kN) N, (kN) Vi (kN) | ZVg (kN)
6 241.7 18.91 4570.7 88.9 8.9 1.2 99.0 99.0
5 630.6 15.86 10001.9 125.6 12.6 42 142.4 241.4
4 630.6 12.81 8078.5 1015 10.1 . 42 115.8 357.2
3 630.6 9.76 6155.0 773 7.1 42 89.2 446.4
2 630.6 6.71 4231.6 53.1 53 42 62.7 509.1
1 630.6 3.66 2308.1 29.0 2.9 42 36.1 5452
Sum 3394.9 - 35345.8 475.4 - - 545.2 -

*Variables defined in Section 3.1
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Table F.4: Summary of design storey shear for building 6S RyR 4-minbrace®

Storey W, (kN) hi (m) " Wixh; EAN | TaN | Non | vesny | Zveaay
6 241.7 18.91 4570.7 57.8 5.8 1.2 64.8 64.8
5 630.6 15.86 10001.9 81.7 8.2 4.2 94.0 158.8
4 630.6 12.81 8078.5 66.0 6.6 42 76.7 235.5
3 630.6 9.76 6155.0 503 5.0 4.2 59.5 295.0
2 630.6 6.71 4231.6 34.5 35 42 422 337.2
1 630.6 3.66 2308.1 18.8 1.9 4.2 24.9 362.1
Sum 3394.9 - 35345.8 309.0 - - 362.1 -

*Variables defined in Section 3.1

Table F.5: Summary of design storey shear for building 7S RyR,2.6-minbrace and 7S

R4R,2.6-2brace’

Storey W, (kN) hi(m) | Wixh F, (kN) T, kN | N &N | Vi (N) | ZVg (kN)
7 241.7 21.96 5307.9 87.1 8.7 12 97.0 97.0

6 630.6 18.91 119253 111.6 1.2 . 4.2 127.0 223.9

5 630.6 15.86 10001.9 93.6 94 42 107.2 331.1

4 630.6 12.81 8078.5 75.6 7.6 42 87.4 4184
3 630.6 9.76 6155.0 57.6 5.8 42 67.6 486.0
2 630.6 6.71 42316 39.6 40 42 478 533.8
1 630.6 3.66 2308.1 216 22 42 28.0 561.7

Sum 4025.5 . | 48008.3 486.7 - - 561.7 -

*Variables defined in Section 3.1

Table F.6: Summary of design storey shear for building 7S R4R 4-minbrace”

Storey W, (kN) h; (m) W,x b; F, (kN) T, (kN) N, kN) | Ve (kN) | IV (KN)
7.0 241.7 21.96 5307.9 56.6 5.7 12 63.5 635
6.0 630.6 18.91 119253 72.5 7.3 42 84.0 147.5
5.0 630.6 15.86 10001.9 60.8 6.1 42 71.1 2186
4.0 - 630.6 12.81 8078.5 49.1 49 4.2 582 276.8
3.0 630.6 9.76 6155.0 37.4 37 42 454 3222
2.0 630.6 6.71 42316 25.7 26 4.2 32.5 354.7
1.0 630.6 3.66 2308.1 14.0 14 42 19.6 3743
Sum 4025.5 - 48008.3 3163 - - 374.3 -

*Variables defined in Section 3.1
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Table F.7: Design summary for stick models

Design parameters®

Modeling parameters®

Model Name Storey | sy, t b Dacsign | Ame k ke Sy .
(kN) | (mm) | (mm) | (in) | (mm) | (kN/mm) | (kN/mm) (kN)

2 96.7 74.5 2.5 18.4 3.90 C 312 - 46.1 0.0198

2S | RyR,2.6- minbrace 1.37
1 236.7 203.6 6.0 26.1 5.79 4.63 99.0 0.0134
4 99.1 45.8 2.5 9.0 4.73 3.78 - 580 | 0.0164
i 3 298.0 137.7 35 19.3 6.19 4.95 81.2 0.0125

4S | R4R2.6 -minbrace 1.73
2 436.0 201.5 570 19.8 8.05 6.44 116.0 0.0096
1 513.2 2648 | 6.0 27.0 6.83 5.46 124.7 | 0.0113
6 | 99.0 457 | 25 | 90 | 4m 3.78 58.0 | 0.0164
5 241.4 H15 3.0 18.2 548 4.39 69.6 0.0141
. 4 3572 165.1 4.0 20.2 . 6.85 5.48 92.8 0.0113

R4R,2.6- minbrace - 1.73 - -

3 446.4 2063 | 50 20.2 8.05 6.44 116.0 | 0:00%
2 509.1 2353 5.5 21.0 8.59 6.88 127.6 0.0090
1 545.1 2813 6.5 26.5 7.21 5.77 135.1 0.0107
6 99.0 26.5 4.5 5.0 7.47 5.97 104.4 0.0104
5 2414 64.6 4.5 12.1 7.47 5.97 104.4 0.0104
4 357.2 95.6 45 | 18.0 7.47 597 104.4 0.0104

6S | RyR.2.6- 2brace 1.73
.3 446.4 1194 | 65 15.6 9.60 7.68 150.8 | 0.0081
2 509.1 136.2 6.5 17.7 9.60 7.68 150.8 0.0081
1 545.1 1629 | 6.5 26:5 7.21 5.77 135.1 0.0107
6 64.8 21.8 2.5 114 3.90 3.12 - 46.1 0.0198
5 158.8 53.5 25 279 3.90 3.12 46.1 | 0.0198
. 4 2355 79.4 35 29.5 5.16 413 64.5 0.0150

R4R4- minbrace 1.37 -

: 3 295.0 99.4 4.0 324 5.74 4.59 73.7 0.0135
2 337.2 113.6 4.5 329 6.29 5.03 82;9 0.0123
1 362.1 136.2 5.5 40.2 5.43 4.34 90.8 0.0143

*Design parameters (further explanation available in Section 3.1): ZVy, = cumulative design storey
rounded design brace width, A,

shear, t = brace thickness, b =
inelastic inter-storey deflection, k = design brace stiffhess

initial brace width, byesign =

®Modeling parameters (further explanation available in Section 3.2): k, = model brace stiffness,
S, = capacity design yield load, r = post yield slope factor
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Table F.7 cont’d: Design summary for stick models

) Design parameters Modeling parameters
Model Name Storey Ve ¢ b bd'esign A k ke S !
N) | (mm) | (mm) [ (in) | (mm) | (kN/mm) | (kN/mm) (kN)
7 97.0 374 | 25 73 4.73 3.78 sgo | 00164
6 223.9" 862 | 25 | 169 4.73 3.78 580 | 0.0164
| s 331.1 1275 | 3.0 | 208 5.48 439 69.6 | 0.0141
RyR,2.6- minbrace 4 4184 | 173 | 1612 | 40 | 19.7 6.85 5.48 928 | 00113
3 486.0 1872 | 45 | 204 7.47 597 1044 | 0.0104
2 533.8 2056 | 5.0 | 201 8.05 6.44 1160 | 0.0096
1 561.7 2416 | 55 | 268 6.42 5.14 1143 | 0.0120
7 97.0 216 | 35 52 6.19 495 812 | 00125
6 223.9 499 | 35 | 121 6.19 4.95 812 | 0.0125
5| 3311 738 | 35 | 179 6.19 495 812 | 0.0125
7 R4R.2.6- 2brace 4 | 4184 | 173 | 933 | 55 | 144 8.59 6.88 1276 | 0.0090
3 486.0 1084 | 55 | 167 8.59 6.88 127.6 | 0.0090
2 5338 119.0 | 55 | 183 8.59 6.88" 127.6 | 0.0090
i 561.7 1399 | 55 | 268 6.42 5.14 1143 | 0.0120
7 63.5 214 | 25 | 111 3.90 3.12 461 | 0.0198
6 1475 497 | 25 | 259 3.90 312 461 | 0.0198
5 218.6 736 | 3.0 | 320 455 3.64 553 | 0.0170
R.Ro4- minbrace 4 276.8 | 137 | 933 | 4.0 | 304 5.74 459 737 | 0.0135
3 3222 1086 | 45 | 314 6.29 5.03 829 | 00123
2 13547 1195 [ 50 | 311 | 681 5.45 921 | 00114
] 3743 1409 | 55 | 416 5.43 434 908 | 0.0143

“Design parameters (further explanation available in Section 3.1): £V, = cumulative design storey

shear, t = brace thickness, b = initial brace width, bgcgg, = rounded design brace width, Ay, =

inelastic inter-storey deflection, k = design brace stiffness
®Modeling parameters (further explanation available in Section 3.2): k, = model brace stiffness,
S, = capacity design yield load, r = post yield slope factor

Table F. 8: Design summary for full brace/chord stud model

Modeling parameters™®
Model Name Storey -
ko (Local X direction) (kN/mm) | S,.(kN) r Chord stud stiffness, k (kN/mm)
6 9.46 82.0 0.0033 178.88
6S RiR2.6- 5 10.97 98.4 0.0028 218.71
minbrace sized 4 13.69 1313 0.0023 157.73
100% full 3 16.09 164.1 | 0.0019 157.73
brace/chord stud

2 17.19 180.5 0.0018 94.61
1 17.98 2133 0.0014 94.61

Design parameters are the same as model 6S RyR,2.6-minbrace (given in Table F.7)
®Modeling parameters (further explanation available in Section 3.2): k, = model brace stiffness,

S,. = capacity design yield load, r = post yield slope factor, chord stud stiffness, k, represents the
axial chord stud stiffness
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Appendix G

RUAUMOKO Input Files
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Appendix H

Example Hystereses and Time Histories for

Closely Matched (CM) Ground Motion
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Figure 1.15: IDA analysis for model 7S RyR 2.6-minbrace
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Figure 1.16: Fragility curve for model 7S R3R,2.6-minbrace
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Figure 1.17: IDA analysis for model 7S RyR,2.6-2brace
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Figure 1.18: Fragility curve for model 7S R;R02.6-2brace
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‘Figure 1.19: IDA analysis for model 7S RyR,4-minbrace
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Figure 1.20: Fragility curve for model 7S R;R 4-minbrace
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