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HAFIF CELiK PROFILLERDEN OLUSTURULMUS KAPLAMALI DUVAR
PANELLERININ NUMERIK OLARAK MODELLENMESI
Topguoglugil , Yagmur

Yiiksek Lisans, insaat Mihendisligi
Tez Danismani: Prof. Dr. Eray Baran

Kasim 2019, 123 sayfa

Hafif celik yapisal sistemlerin sismik olarak aktif bélgelerde kullanimi giinden giine
artmaktadir. Hafif gelik gergeve elemanlari ve kaplama panellerinden olusan perde
duvarlar, bu tir yapilarda kullanilan yatay yuk tastyici sistemlerden bir tanesidir. Bu
calismanin amaci, hafif celik profillerle cercevelenmis ve yonga levha plakalarla
kaplanmis olan perde duvarlarin yatay yik altindaki davranisini belirlemek icin bir
sayisal model gelistirmektir. Duvar numunelerinin monotonik ve tersinir tekrarl
yuklemeler altinda gosterdigi karmasik davranisin sayisal olarak modellenebilmesi
icin  OpenSees platformu kullanilmistir.  Duvar deneylerinde gdzlemlenen
deformasyon ve gé¢me mekanizmalarinin cogunlukla yonga levha plaka ile hafif ¢elik
profiller arasinda kullanilan baglanti vidalarinda meydana gelmesi (zerine, yatay
duvar davranisinin biylk 6lcude bu vidalar tarafindan kontrol edildigi sonucuna
variimistir. Baglanti vidalarinin duvar davranisi Gzerindeki etkisi sayisal model
olusturulurken de dikkate alinmistir. Sayisal duvar modelinin perde duvar
elemanlarinin davranisini dogru bir sekilde temsil edebilmesi icin en Onemli
hususlardan bir tanesi baglanti vidalarinda kullanila malzeme modelinin vidalarin
tekil davranisini gercekci olarak yansitiyor olmasidir. Vida baglantilarinin
modellenmesinde Pinching4 isimli 6zel bir histeretik malzeme modeli kullaniimistir.

Bu histeretik modeli tanimlamak icin gereken parametreler, yonga levha ile hafif ¢elik

vii



vida baglantilari Uizerinde yapilan bir dizi monotonik ve tekrarli yikleme testlerinden
elde edilmistir. Ayrica yonga levha plakalarin dizlem icin kesme dayanimini
belirlemek amaciyla ilave bir test programi yaritalmastir. Duvar modeli sonuglari

duvar teslerinden elde edilmis sonugclarla karsilastirilarak dogrulanmistir. Daha sonra

......

e g

parametrelerin genel duvar modeli davranisina etkisini anlamak amaciyla
kullaniimistir. Duvar sayisal modellerinden elde edilen ¢evrimsel yik-deformasyon
egrileri Esdeger Enerji Elastik-Plastik (EEEP) yaklasimi kullanilarak ¢ift dogrusal
davranisa dondstirulmis ve bu davranis kullanilarak duvarlarin tasiyici sistem

davranis katsayilari belirlenmistir.

Anahtar Kelimeler: Hafif Celik, Hafif Celik Duvar Panelleri, ince Cidarli Yapilar,

Tersinir Tekrarli YUkleme Davranisi, Baglanti Elamani Bazli Model Yaklagimi
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CHAPTER 1

INTRODUCTION

1.1. General Overview

The use of Cold-Formed Steel (CFS) structural systems has been gaining global
popularity especially for low and mid-rise buildings during recent years (Figure 1.1).
This type of structural systems offer the major advantages of high strength-to-weight
ratio and reduced construction time. As a result of off-site production and on-site
installation of CFS members, this method of construction takes advantage of
controlled production and rapid construction. Thanks to the controlled environment of
a factory, higher accuracy in dimensioning and flexibility in forming various cross-
section shapes can be achieved. CFS members are also considered as environmental
friendly products due to the recyclable nature of steel and reduced material waste in

their manufacturing process.

Figure 1.1 CFS structural systems



CFS shear walls sheathed with panels are one of the main lateral load resisting
components used in structural system. An example of a typical sheathed CFS wall
panel is shown in Figure 1.2. Various material types can be used as a sheathing
material for CFS shear walls. Oriented Strand Board (OSB), gypsum board, and steel
sheets are the most common sheathing materials. Among these different sheathing
materials, OSB panels are the most popular type due to their relatively low cost and

favorable mechanical properties.

End stud

OSB sheathing

Intermediate
stud

Hold-down

Bottom track

Fasteners

Figure 1.2 Components of a typical CFS shear wall

A typical CFS shear wall panel consists of CFS framing members, sheathing panels,
and fasteners that provide connection between the sheathing panels and framing
members. Vertical CFS framing members are called studs, while the horizontal

members are called tracks. In a single CFS shear wall usually an intermediate stud is



placed between two end studs. End studs and intermediate studs are typically placed
at 120 cm spacing. Stud-to-track connections are usually achieved by rivets or self-
tapping screws. Depending on the lateral force demand exerted on wall panels single-
sided or double-sided sheathing is provided. In conventional CFS shear walls
sheathing panels are connected to the CFS framing members with self-tapping screws.
Spacing of these screws is usually dictated by the lateral force demand on wall panels.
Hold down devices are typically provided at the base of wall panels to transfer the
tensile force developed in end studs as a result of lateral loading. These devices resist
the uplift between the wall panel and the foundation. Additional shear anchors are
provided between the bottom track and the foundation system along the wall length

for the transfer of horizontal shear force.

1.2. Research Aim and Scope

Since the use of CFS structural systems in seismically active regions has been gaining
popularity, there is a need for additional research about seismic performance of such
systems. Seismic performance of this type of structures was overlooked until quite
recently, but latest experimental studies provide insights into the response of such
systems under seismic effects. The purpose of the current study is to develop an
efficient numerical model to predict the lateral load response of shear walls that are
framed by CFS profiles and sheathed with OSB panels. Numerical modeling of shear
walls was conducted in OpenSees platform because of its high performance for

simulating the seismic response of these type of structures.

Studies in literature indicate that fasteners used for CFS-to-OSB connections are the
main energy dissipating elements and the behavior of CFS shear walls are highly
influenced by the shear response of these fasteners (Henriques, 2017). Based on this
observation, a fastener-based approach was adopted when creating the numerical

model in the current study. In order to understand the behavior of these connections



and provide experimental data for modeling the local fastener response, fastener tests

were conducted under monotonic and cyclic loading.

In an attempt to accurately predict the shear wall response, realistic fastener material
models were constructed based on the measured fastener response. A special
hysteretic material model capable of softening, strength degradation, and cyclic
pinching available in OpenSees was utilized for modeling of screw connections. Rigid
diaphragm assumption was used for the OSB panels in the numerical model developed
for predicting the shear wall response. In order to investigate the validity of this
assumption a complementary test program also was carried out. As part of this testing

program in-plane strength and shear modulus of OSB panels were determined.

Results obtained from the numerical CFS shear wall model were validated by full-
scale shear wall experiments in terms of strength, stiffness, and pinching
characteristics. The verified numerical model was then used in a parametric study to
further investigate the effect of fastener material model, stiffness of CFS frame
members, number of fasteners, gravity loading on wall panel, rigidity of stud-track

connection and stiffness of hold-down members.

1.3. Thesis Outline

This thesis is divided into nine chapters. The present chapter provides a brief
information about CFS structural systems, shear walls utilized in these systems and

general description of the current research.

In Chapter 2, a comprehensive literature review on various approaches of numerical
modeling of CFS shear walls is provided. Moreover, related experimental studies on

screw connections and OSB panels are summarized.

Chapter 3 summarizes the recently conducted experimental study on seismic

performance of CFS shear walls at Middle East Technical University. Results of these



experiments were used to verify the numerical model developed as part of the current

study.

Chapter 4 contains a description of the testing program on fasteners used between
OSB panels and CFS framing members. The chapter includes information about test
setup, instrumentation, loading protocol and testing program, as well as the obtained

results.

Chapter 5 summarizes the complementary test program on in-plane shear behavior of
OSB panels. The chapter includes information about test setup, instrumentation,
loading protocol and testing program, followed by the method utilized to compute the

shear strength and shear modulus using the measured data.

Chapter 6 describes the fastener-based numerical modeling of CFS shear walls in
OpenSees platform. The adopted modeling approach and the details of element types
and materials models are provided. A comparison of the predicted shear wall response
with the response measured from full-scale CFS shear wall experiments is presented

in terms of strength, stiffness, and pinching characteristics.

In Chapter 7, effects of various parameters such as the local fastener behavior, fastener
spacing, rigidity of stud-track connection, stiffness of CFS framing members, stiffness
of hold-down members and the level of gravity loading on overall wall response are

discussed in detail.

Chapter 8 provides a seismic evaluation of CFS shear walls by proposing seismic force

modification factors.

Chapter 9 concludes the thesis by providing highlights of the study and future

recommendations.






CHAPTER 2

LITERATURE SURVEY

In this chapter previous experimental and numerical studies on CFS shear walls were
reviewed. Firstly, stud-sheathing connection behavior was investigated through both
experimental and numerical studies in literature. Since the fasteners providing
connection between the CFS framing members and the OSB sheathing are the main
energy dissipating elements, the wall response under lateral loading is highly
influenced by the local response of these fasteners (Henriques 2017). For this reason
an extensive literature review was provided on fastener response in order to
thoroughly understand the connection behavior. Following the local fastener response,
the studies available on the current literature on CFS shear wall numerical modeling

was reviewed in detail.

Because timber framing has conventionally been used extensively for sheathed shear
walls, majority of the earlier studies focused on timber framed shear walls with a
wood-based sheathing material. This type of construction is similar to the CFS framed
shear walls in terms of stud-sheathing connection behavior. Therefore, studies on light
framed shear walls with timber studs form the foundation of the later studies

investigating the behavior of CFS framed shear walls.

2.1. Overview of Stud-Sheathing Connection Behavior

There are numerous studies on local behavior of screw connections focusing on the
analytical, experimental and numerical aspects. Early studies were aiming to
determine racking strength of shear walls, which mainly depends on nail-wood
connection behavior. Tuomi and McCutcheon (1978) developed a closed-form
racking strength equation for light-frame plywood shear walls. The proposed equation






Chui et al. (1998) presented a sophisticated finite element model including pinching
behavior of nailed wood joints. The model results were verified with single-nailed
joint tests under reversed cyclic loading. Fastener characteristics such as strength
degradation, energy absorption and ductility were included in the finite element
model.

Salenikovich (2000) carried out a detailed experimental study and analytical modeling
in order to determine performance characteristics of light framed shear walls under
lateral loading. In addition to full-scale shear wall tests, a series of tests were
conducted on sheathing connections under monotonic loading using a test setup that
is similar to previously used test setups.

3 5/8% inch.

Sheathing Section

Figure 2.2 Test specimen details used by Okasha (2004)

To build a better understanding of the screw connection between steel frame and wood
panel shear walls, Okasha (2004) performed monotonic and cyclic loading tests on
216 connection specimens similar to the one shown in Figure 2.2. For cyclic tests, the
loading protocol proposed by the Consortium of Universities for Research in
Earthquake Engineering (CUREE) (Krawinkler et al., 2000) was used. Test results

showed that an increase in sheathing thickness and screw edge distance enhances the



connection capacity, stiffness and energy absorption. Sheathing orientation with
respect to grains was found effective as well. It was also highlighted that a single screw

behavior may differ from the behavior of a group of screw connections.

Fulop and Dubina (2004) focused on the local behavior of sheathing-framing screw
connections. A series of tests was conducted on connections as well as on full-scale
wall panels. Additional finite element analyses were also conducted in order to predict
the wall panel response under lateral loading. The setup used for steel-to-steel and
steel-to-OSB connection tests conducted in this study was similar to the setups

previously used by other researchers.

S LVDT 3

Figure 2.3 Specimen details used by Fiorino et al. (2007): (a) test setup; (b) displacement
transducers

Fiorino et al. (2007) utilized an improved test setup for screw connection tests. As
shown in Figure 2.3, their test setup included a group of screws instead of one single
screw so that group effect can be incorporated. The authors demonstrated that

10



sheathing type has an important effect on screw connection behavior. They compared
the local response of screws when used with OSB and GWB (Gypsum Wall Board)
sheathings was compared and it was reported that OSB sheathing provides higher
strength and absorbed more energy. Test results indicated that edge distance around
screws has a direct effect on connection capacity. It was also reported that OSB
orientation affects the screw response. Another finding from this study is that there is
a significant reduction in connection capacity under cyclic loading when compared to
monotonic loading. As part of another study the same researchers investigated the
screw response with CP (Cement-based Panel) as sheathing material utilizing the same
testing procedure (2008). The test results indicated that CP screw connections show
higher stiffness compared to OSB but performed poorly terms of strength and energy

absorption.

Vieira and Schafer (2009) conducted a series of connection experiments by using OSB
and gypsum board as sheathing. Their test setup was similar to the ones used by Miller
and Pekoz (1994) and Fiorino (2007). Effects of sheathing type, fastener spacing, edge
distance, humidity and fastener overdriving were investigated under monotonic
loading. Test results showed that OSB provides a higher shear capacity than gypsum
boards by a wide margin. Authors stated that humidity decreases stiffness and
strength. Overdriving of fasteners into the sheathing material resulted in an increase
in stiffness and a decrease in strength. Edge distance was found to be an influential
parameter in both strength and stiffness while fastener spacing has no significant effect

on results. Similar conclusions were later reported by Peterman and Schafer (2013).

2.2. Overview of the Numerical Modeling of CFS Shear Walls

Numerical simulation of CFS shear walls has become an essential research subject in
order to understand the behavior of these structural elements under lateral loading. A
large number of numerical models have been developed throughout the past few

decades. Usefi et al. (2019) divided the existing numerical modeling techniques into
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walls. This model does not consider strength and stiffness degradation. Figure 2.4
shows comparison of experimental and numerical results. It can be seen that shear
strength was well predicted at the first loops. However, there is an overestimation in
second and third loops due to lack of strength degradation capability of the model. In
fact, overestimation in terms of dissipated energy increases as far as the shear panel

approaches failure.

— experimental response kN |
15 |- numerical response - simulation 1 v Ve
1 ||~ numencal response - simulation 2

O third loop

& second loop |
0.51| mfirst loop e T

Figure 2.4 (a) Comparison of experimental and numerical results
(b) comparison of experimental and numerical results in terms of shear strength
(c) comparison of experimental and numerical results in terms of energy dissipation

Kim et al. (2007) conducted a shake table test on a one-bay two-story strap braced
CFS structural system and developed a numerical model in Drain-2DX by using macro
modeling techniques to predict the dynamic response accurately. Lee and Foutch
(2010) introduced a similar model and studied two, four and six story prototype CFS

buildings according to FEMA 355F assessment procedure.

Another extensive research study on seismic behavior of CFS framed shear walls was
presented by Shamim (2012), Shamim and Rogers (2012) and Shamim et al. (2013)

13






individual members, shear walls and the full-scale building. Details of the
investigations performed as part of this program are summarized by Schafer et al.
(2016). Leng et al. (2012, 2013) provides an initial understanding of nonlinear lateral
behavior of the CFS-NEES test building before shake table testing. Authors developed
an Opensees model for the entire building. The Elastic Perfectly Plastic (EPP)
idealization and Pinching4 approach for defining nonlinear shear wall response were
compared and EPP was found inadequate. Displacement controlled pushover analysis
and nonlinear time history analysis were performed based on FEMA P695 procedure
and preliminary predictions were provided. The numerical model was later improved
by Leng (2015) and Leng et al. (2017) in order to better simulate the experimentally
determined response. The model was improved by utilizing fastener-based model as a
surrogate modeling, which allows to predict shear wall response more accurately. Due
to large size of the model, authors implemented fastener-based model response into
nonlinear truss elements of equivalent brace model by using Pinching4, as illustrated
in Figure 2.6.

‘ Segment of
Actual gravity wall building model Fastener based model

{ { ¢ { q— \/

Nonlinear
fastener spring

(’ ) Stud
N

Rigid sheet

{

Nonlinear truss, f(k,)

4

Cyclic fastener test

Figure 2.6 Implementation of fastener-based model response into equivalent brace model
(Leng et al., 2017)
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Fastener-based numerical modeling approach focuses on the screw connection
between CFS framing and sheathing. To provide a hysteretic characterization of the
stud-fastener-sheathing performance, the predefined Pinching4 hysteretic material
model available in Opensees is frequently used. This material model accurately
captures the hysteretic behavior of fasteners including stiffness and strength
degradation. Behavior is defined with four positive and four negative points along the
backbone curve, and additional parameters that define the pinched response during

unloading/reloading phases (Peterman and Schafer 2013).

As companion to the CFS-NEES project, Tun (2014) and Buonopane et al. (2014)
developed an Opensees shear wall model. The model comprised of rigid sheathing
panels, beam—column elements for framing, semi-rigid rotational springs for stud-to-
track connections, and vertical springs for hold-downs at wall base. Fastener spring
elements connecting the sheathing to the CFS framing members were defined by using
Pinching4 material model. Parameters required for the fastener material model were
determined from fastener tests. The shear wall numerical model was validated with
experimental data. Numerical model was analyzed under monotonic loading and
comparison with cyclic experiments was done by using the measured backbone
response. As an extension of these studies Buonopane et al. (2015) provided a more
detailed investigation of framing members and individual fasteners. Axial force and
bending moment diagrams of framing members were obtained. In order to visualize
the magnitude and direction of the forces develop at fasteners, vector force diagrams
were given for three different stages in the analysis which are elastic range, peak

lateral force and peak lateral displacement.
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Figure 2.7 Details of shear wall numerical model by Buonopane et al. (2015):
(a) details of fasteners and support; (b) general layout of shear wall

As part of the CFS-NEES project, fastener-based numerical models were developed

by Bian et al. in Opensees (2014, 2015a, 2015b). The earlier model was capable of

predicting lateral shear wall response as long as chord stud buckling or other limit

states do not occur. Stud buckling limit state was later incorporated in the model so

that the model can represent actual stud behavior. Pinching4 material model was used

for stud behavior as well as fastener behavior. However, results showed that high level

of gravity load is needed to switch the failure mode from fastener failure to stud

buckling. Moreover, different shear wall and gravity wall combinations were also

studied. It was demonstrated that gravity walls have a significant contribution to lateral

performance of the building system.
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Figure 2.8 Details of shear wall modeling by Padillo (2015):
(a) shear wall model layout and fastener material model;
(b) comparison of shear wall model results with and without stud buckling;
(c) comparison of predicted response and experimental data

Padillo (2015) carried out a series of tests on CFS C-section framing members to
investigate their axial and flexural cyclic response. By using asymPinching feature
available in Opensees, axial and flexural behavior of CFS framing members were
defined based on experimental data. This way, buckling failure of these members was
included in the numerical model. Layout of the shear wall numerical model, the
obtained results, as well as the effect of including the member buckling failure on the

overall wall response are shown in Figure 2.8.
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CHAPTER 3

SUMMARY OF CFS SHEAR WALL EXPERIMENTS

3.1. Introduction

An experimental testing program on lateral load behavior of CFS shear walls was
conducted by another researcher in the same research group at Structural Mechanics
Laboratory of the Middle East Technical University. Experimental data produced by
this testing program was used for verification of the numerical models of wall panels.
The purpose of this experimental study was to investigate seismic performance of CFS
shear walls with wood-based sheathing. Preliminary studies on CFS structural systems
indicated that the response of CFS wall panels is significantly influenced by the
behavior of hold down devices while transferring tensile forces from CFS studs to the
foundation system. Due to this nontrivial effect of hold down elements, the
experimental program included testing of various hold down elements under tensile
loading, in addition to lateral load testing of sheathed CFS wall panels. In the
following sections important details of the testing program on wall panels and hold

down elements are described and the test results are presented.
3.2. Wall Panel Tests
3.2.1. Test Specimens, Test Setup and Instrumentation

Each wall panel used in shear wall tests was 1220 x 2440 mm in dimension. CFS C-
shaped profiles with 140 mm depth and 1.2 mm thickness (named as C140x1.2S350)
were used for framing. Geometric details of the C-shaped section are given in
Figure 3.1. The CFS profiles had a manufacturer specified yield strength of 350 MPa.
End studs in wall panels were formed by placing two C140x1.2S350 profiles in back-
to-back orientation, while tracks and intermediate studs were made of single profiles

of the same size.
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As part of the CFS shear wall tetsts, effects of fastener spacing, panel size, sheathing
type, hold-down type and level of gravity load on the lateral capacity of wall panels
were investigated. Two different fastener layouts were applied on wall panel
specimens. The first fastener layout had 150 mm fastener spacing for end studs and
tracks and 300 mm spacing for intermediate stud. The second fastener layout was more
dense, including almost three times more screws with 50 mm spacing for end studs

and tracks and 100 mm spacing for intermediate stud.

Figure 3.5 Two- and four-panel shear wall specimens

Due to the types of floor system used in CFS structures the load transfer from the floor
system to wall panels is generally one-way. As a result of such one-way load transfer,
no gravity loading acts on wall panels positioned parallel to the beams supporting the
floor system, and the entire gravity loading is resisted by wall panels positioned
perpendicular to the floor beams. In order to investigate the effect of gravity loading,
lateral loading tests on wall panels were conducted both with and without vertical
loading. Two levels of vertical loading, 20 kKN and 32 kN, were used in the

experimental program.
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case, behavior of hold down device transferring the force in tension chord member to
the foundation system influences the overall wall response significantly. Use of
different hold down devices having different stiffness and tension load capacity
affected the lateral stiffness and strength of CFS shear wall. As hold-down device gets
stiffer, a stiffer wall response is obtained. Similarly, hold down devices with relatively

small tension load capacity limited the lateral load capacity of wall panels.

3.3. Hold Down Tests

A complementary test program on hold-down devices was conducted by Pehlivan et
al. (2018). As part of the hold down testing program, several types of hold-downs,
including devices frequently used in the industry and devices proposed by authors,
were tested under monotonic and cyclic loading in order to investigate and compare
their performance. The specimen details used in hold down tests, as well as the relation
between the hold down test specimens and a typical wall panel are illustrated in Figure
3.9. The hold down devices were subjected to tensile forces by using the test setup

shown in Figure 3.10.

Back-to-back
CFS sections

Hold down
element

Figure 3.9 Details of hold down specimens: (a) relation between shear wall and hold down
specimen; (b) hold down specimen dimensions; (c) position of hold down element in
specimen (Pehlivan et al., 2018)
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Figure 3.11 Load-deformation response of various hold down devices
(Pehlivan et al., 2018)
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CHAPTER 4

FASTENER TEST PROGRAM

4.1. Introduction

As mentioned in the previous chapters, main energy dissipating mechanism in OSB
sheathed cold formed steel wall panels when subjected to lateral loading is tilting
deformation of the screws providing the connection between the sheathing panel and
CFS framing members, as well as the local bearing deformation of OSB as a result of
such screw tilting. When subjected to lateral loading a bare CFS frame deforms into
a parelelogram while the OSB sheathing panel mostly undegoes a rigid body rotation
with limited shear deformation due to its relatively high inplane stiffness (Figure 4.1).
This difference in deformation modes of the two components resulted in a nonlinear
behavior at screw locations. Such local nonlinear response of fasteners has a
significant influence on the overall strength, stiffness and ductility response of shear
wall panels. This complex local behavior, involving interaction among CFS member,
screw and OSB sheathing, can be captured by fastener tests simulating the conditions

in a wall panel.

A fastener testing program was conducted as part of the current study in order to obtain
the local response of connection screws accurately. Local load-deformation response
obtained from this testing program was then used for accurate numerical modeling of
the local connection response between CFS framing members and OSB sheathing in
shear wall numerical models. Details of the fastener testing program and the obtained

results are presented in the following sections.
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OSB Sheathing

CFS Frame

Figure 4.1 Difference in deformation modes of OSB sheathing and CFS frame

4.2. Test Specimens, Test Setup and Instrumentation

A total of ten tests under monotonic loading and six tests under cyclic loading were
conducted on screw connection specimens at Structural Mechanics Laboratory of
Middle East Technical University. Table 4.1 summarizes the major details of testing
program. There are two different edge distances used in fastener test program. In wall
panel experiments, screw edge distance was adjusted to 25 mm. In order to represent
the real case, screw edge distance was determined as 25 mm for Test Group 1.
Additionally, 15 mm edge distance was used for Test Group 2 in order to observe the
effect of decrease in edge distance on the fastener behavior. Tests were repeated five
times for monotonic loading and three times for cyclic loading. The reason behind this
repetition was significant variation observed among the response of test specimens

having identical test parameters.
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Table 4.1 Basic fastener test matrix

Test Edge Distance Loading
1 25 mm Monotonic
25 mm Monotonic
3 25 mm Monotonic
4 25 mm Monotonic
5 25 mm Monotonic
6 25 mm Cyclic
7 25 mm Cyclic
8 25 mm Cyclic
9 15 mm Monotonic
10 15 mm Monotonic
11 15 mm Monotonic
12 15 mm Monotonic
13 15 mm Monotonic
14 15 mm Cyclic
15 15 mm Cyclic
16 15 mm Cyclic

— Test Group 1

— Test Group 2

Details of test specimens and the setup used for tests are shown in Figure 4.2. Each

specimen included two horizontally positioned 600 mm long CFS members and two

vertically positioned 600 mm x 300 mm OSB pieces. OSB pieces were attached to

these CFS members with self-tapping screws. In order to prevent any issue due to

asymmetricity, two OSB pieces were connected to CFS frames identically at each

face. There were six self-tapping screws tested in total, which are connected to bottom

CFS profile with 150 mm spacing. Similar setups have previously been used by other

researchers for testing screw connections (Fiorino et al., 2007; Peterman and Schafer,

2013).
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Figure 4.2 Details of fastener test specimens and test setup

CFS profiles used in specimens were of C140x1.2S350 with 1.2 mm sheet thickness
and OSB pieces were of 11 mm thickness. The screws providing the connection
between OSB pieces and CFS members were 25 mm in length and 4.2 mm in diameter.
There were two hot-rolled thick steel plates bolted to web of CFS members to prevent
any deformation or movement on the web part of CFS profile. However, one of the
thick plates at the bottom CFS member was removed, instead, a thinner plate was
bolted in order to allow free tilting of the fasteners providing the connection between
the bottom CFS member and the OSB pieces. On the contrary, tilting of screws used
to attach the OSB pieces to the top CFS member was limited intentionally by virtue

of a thick steel plate. Loading was applied to the bottom CFS member in the form of
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vertical displacement. Four displacement transducers (LVDTSs) were used to measure
the relative displacement at four corners between the bottom CFS member and OSB

pieces.

All monotonic and cyclic fastener tests were carried out as displacement-controlled
with a constant loading rate. For cyclic loading tests basic loading history developed
by the CUREE-Caltech Woodframe Project (Krawinkler et al., 2000) was used.
CUREE cyclic protocol is a reversed cyclic loading protocol developed based on the
results of nonlinear dynamic analysis of similar structural systems subjected to
ordinary ground motions. Figure 4.3 shows displacement history of the loading
protocol, which comprised of initiation cycles, primary cycles and trailing cycles.
Reference displacement (Aref) Which is necessary to calibrate the loading protocol
was obtained from monotonic loading tests. The reference displacement was taken as
60% of the displacement that corresponds to 80% of the maximum load achieved
during the monotonic loading test. Figure 4.4 indicates determination of reference
displacement value from load-displacement curve of a fastener test under monotonic

loading.

2.5

2
1.5 A

N M

0 -
05 ] (
-1 A

-1.5 4

Reference displacement (A)

-2 A

-2.5

Figure 4.3 Displacement history of CUREE cyclic loading protocol
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Figure 4.4 Calculation of reference displacement based on monotonic load-displacement
response

4.3. Test Results

Main failure modes observed on Test Group 1 having 25 mm edge distance were
tilting of screws and screw pull-through as shown in Figure 4.5b and Figure 4.5¢c. The
level of these tilting and pull-through deformations were observed to increase as the
loading was progressed. However, for Test Group 2 having 15 mm edge distance,
failure mechanism turned into breaking of sheathing edge which is demonstrated in
Figure 4.5d. No distinct difference was observed in terms of deformation mode

between the monotonically and cyclically tested specimens for both test groups.
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0.41 kKN/mm. As evident, there is a marked variation in measured load capacity and
stiffness of identical screw connection specimens. The variation may be attributed to
the nonuniform structure of the OSB sheets. Because the strands forming OSB sheets
are randomly oriented, the relative position of connection screws with respect to these

strands has a major influence on local screw response.
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Figure 4.6 Load-displacement curves of Test 1-5.

Table 4.2 Monotonic test results of Test Group 1

Test peakload disp at peak stiffness

(KN) (mm) (KN/mm)
1 2.00 8.80 0.40
2 1.78 8.54 0.32
3 2.23 8.81 0.41
4 1.98 9.36 0.34
5 1.71 8.95 0.27
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Results from cyclic testing of Group-1 specimens are provided in Figure 4.7 and
Table 4.3. The level of variation in load-displacement curves is smaller in the case of
cyclic loading when compared to the monotonic tests. All three specimens exhibited
asymmetric load-displacement response with the load capacity being higher in the
direction that was first loaded than the other direction. During testing when the loading
was applied in the positive displacement direction screw tilting and a resulting local
bearing deformation of OSB occurred. When the loading was reversed, the screws
were able to resist only a smaller level of force as a result of already existing OSB
damage. This mechanism showed itself in the form of reduced load capacity and
stiffness in the positive displacement direction as compared to the negative
displacement direction. Another observation that is valid in Figure 4.7 is the
significantly pinched hysteresis curves. The reason for the pinched response is again
related with the tilting of screws and the resulting local OSB damage in the vicinity of
screws. As discussed in earlier chapters similar asymmetric response was also valid

for wall panel specimens.
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Figure 4.7 Load-displacement curves of Test 6-8.
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Table 4.3 Cyclic test results of Test Group 1

Test + peak +dispat  +stiffness - peak - disp at -stiffness
load (kN) peak (mm) (kN/mm) load (kN) peak (mm) (KN/mm)
6 1.39 6.94 0.36 -1.16 -7.01 0.33
7 1.46 6.98 0.46 -1.27 -6.86 0.43
8 1.58 6.84 0.51 -1.41 -7.01 0.45

4.3.2. Test Group 2

Monotonic test results for Group-2 specimens are shown in Figure 4.8 and
summarized in Table 4.4. Variation in measured load capacity and stiffness of
identical screw connection specimens is more than Group-1 specimens. This relatively
large variation can be attributed to the change in the failure mode observed in Group-
2 specimens. Due to decrease in edge distance from 25 mm to 15 mm, failure
mechanism turned into breaking of sheathing edge near screw locations. The limited
edge distance resulted in an obvious decrease in strength values when compared with
Group-1 specimens. The measured load capacities change between 0.99 and 1.72 kN,

while the stiffness values change between 0.38 and 0.48 kN/mm.
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Figure 4.8 Load-displacement curves of Test 9-13
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Table 4.4 Monotonic test results of Test Group 2

Test peakload disp at peak  stiffness

(kN) (mm) (KN/mm)
9 0.99 3.84 0.42
10 1.72 551 0.44
11 1.45 6.60 0.48
12 1.14 7.76 0.42
13 1.28 7.61 0.38

Results from cyclic testing of Group-2 specimens are provided in Figure 4.9 and
Table 4.5. Similar to the response observed in Group-1 specimens, these
specimens also exhibited a slightly asymmetric load-displacement hysteresis

curves with significant pinching.
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Figure 4.9 Load-displacement curves of Test 14-16
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Table 4.5 Cyclic test results of Test Group 2

Test + peak +dispat  +stiffness - peak - disp at -stiffness
load (kN) peak (mm) (kN/mm) load (kN) peak (mm) (KN/mm)
14 1.08 4.03 0.56 -1.19 -4.14 0.60
15 1.57 4.06 0.75 -1.59 -4.05 0.59
16 1.14 4.21 0.46 -1.51 -6.21 0.58

4.3.3. Comparison with Previous Tests in Literature

As explained in Section 2.1, there were similar experimental studies on the connection
between CFS and OSB. In order to compare current test results with previous tests in
literature, experimental data was taken from Fiorino et al. (2007) and Peterman and
Schafer (2013). It’s known that load-displacement response of fasteners is highly
dependent on edge distance, OSB thickness and CFS thickness. These parameters
were taken differently in both studies. In order to make a fair comparison, tests with
the closest parameters were taken from each study. Table 4.6 shows the parameters of
a screw test from Fiorino et al. (2007) and two tests from Peterman and Schafer (2013).

Table 4.6 Parameters of screw tests from this study, Fiorino et al. (2007) and
Peterman and Schafer (2013)

CFS thickness OSB thickness Edge distance

(mm) (mm) (mm)
Fiorino et al. (2006) 1.00 9 20
Peterman and Schafer (2013)-1 1.37 11 38
Peterman and Schafer (2013)-2 0.84 11 38
This study 1.2 11 25
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Fiorino et al. (2007) conducted screw tests to examine the effect of sheathing
orientation and edge distance. 100 x 50 x 10 x 1.0 mm CFsS profiles and 9 mm thick
OSB panels were used within the test program. There were three different edge
distances (10 mm, 15 mm, 20 mm) adopted. Test results of the specimen having 20
mm edge distance was taken in order to compare them with Test Group 1 specimens,

which were tested with 25 mm edge distance.

Peterman and Schafer (2013) used various CFS profiles having different member
thicknesses. Test results of the specimens having 1.37 mm and 0.84 member
thicknesses were taken and compared with Test Group 1 which has 1.2 mm CFS

thickness.

Figure 4.9 shows load-displacement curves of these three tests from literature
with Test Group 1 results. Stiffness values of Test Group 1 from current study are
lower than previous tests. Although stiffness of test specimen with 0.84 mm
thick CFS profile is very close to Test Group 1, theoretically a lower trend was
expected due to the thinner CFS profile. It is also observed that all these three
specimens can’t achieve displacement values that Test Group reached. Possible
differences in mechanical properties of OSB sheets were considered to be a reason
for the discrepancy between the fastener response measured in the current study with
the ones available literature. For this reason, an experimental investigation was
conducted in order to study the in-plane shear behavior of the OSB sheets used in

this study. Details of this investigation is explained in the following chapter.
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Figure 4.9 Load-displacement curves of Test Group 1 from this study and tests conducted
by Fioriono et al. (2006) and Peterman and Schafer (2013)
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CHAPTER 5

OSB TEST PROGRAM

5.1. Introduction

A testing program was conducted on OSB pieces in order to determine the available
in-plane shear strength and shear modulus. Edgewise shear test presented in ASTM
Standard D1037 was adopted as test procedure. Similar OSB in-plane shear tests were
carried out previously by Boudreault (2005) and luorio et al. (2014). OSB sheets used
in the wall panel testing program were obtained from a local supplier and the purpose
of OSB testing program was to verify that these sheets have in-plane shear strength

and stiffness comparable to those used in other studies available in the literature.

There were 22 specimens tested in total divided into four test groups. Parameters used
in test specimens are given in Table 5.1. Although the wood strands forming the OSB
sheets are usually assumed to be randomly oriented during production process, there
might be a dominant direction affecting shear properties directly. In order to discover
the presence and possible effects of a dominant direction, half of specimens were
tested along their long side parallel to long side of the typical OSB panel (1220 x 2440
mm). On the contrary, the other half of the specimens were tested in an orientation
such that their long side is parallel to short edge of the OSB panel. As a second
parameter, OSB pieces used in specimens were taken from two different batches of
product. Since OSB is not a widely used structural material, its mechanical properties
may vary from time to time. In order to observe any possible difference in different
batches, 10 specimens were taken from one batch and the remaining 12 specimens

were cut from another batch.
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Table 5.1 Parameters used in OSB test specimens

Test Group  Tests Direction* Order number
P1-PP 1-5 Perpendicular 1
P1-PL 6-10 Parallel 1
P2-PP 11-16 Perpendicular 2
P2-PL 17-22 Parallel 2

*Indicates whether long side of specimens is parallel or perpendicular to OSB panel

5.2. Test Setup and Instrumentation

Edgewise shear test setup as described in ASTM D1037 was used for load tests. Each
specimen consisted an OSB piece with 240 x 90 mm dimensions and 11 mm thickness
placed between two steel rails as illustrated in Figure 5.1. Care was taken to clamp the
OSB piece in between the steel rails by tightening bolts in order to prevent any relative
slip between the pieces. Width of steel rails was 30 mm, leaving a 30 mm OSB test
region in the middle portion. Specimens were placed inside the testing machine and
monotonically increasing displacement loading was applied on steel rails as seen in
Figure 5.1. These steel rails transfer the applied load to the OSB pieces in the form of
shear force. One LVDT’s was used at each face to measure the relative displacement
between the rails on either side of specimen along the longitudinal axis. The rate of

displacement loading was adjusted to 0.5 mm/min as recommended by ASTM D1037.
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Steel rails

Figure 5.1 OSB test setup

5.3. Calculation of Shear Properties

Using the experimentally determined force and displacement values the in-plane shear
strength (fs) and shear modulus (G) were calculated with Equations 6.1 and 6.2
respectively.

fo Pax X Cc0os5° [6.1]
s Lxt
_P><cosS°><b [6.2]
T OLXtXA
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where Pmax is the maximum compressive load recorded during load testing, L is length
of specimen, t is thickness of specimen, b is width of the portion of the OSB piece
subjected to shear forces and A is the displacement measured with LVDTSs during load
testing. There is a 5° rotation from the vertical axis which can be neglected in the

calculations. (Figure 5.2)
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Figure 5.2 Dimensions of OSB panel test specimens
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5.4. Test Results and Discussion

Figure 5.3 shows an OSB specimen after subjected to load testing. A shear crack is
visible along its front face. There is no visible elongation or bearing damage in bolt
holes, which is considered to be an evidence that no relative slip occurred between the

OSB piece and steel rails during load testing.

Figure 5.3 Deformed OSB panel specimen

Load-displacement curves of 22 specimens are plotted together in Figure 5.4 and the
same curves plotted based on the respective group of specimens are given in
Figure 5.5. The load values in these plots represent the load applied by the testing
machine at the top and bottom ends of the specimens, while the displacement values
represent the relative displacement between the rails on either side of specimen along
the specimen longitudinal axis. In-plane shear strength and shear modulus values
calculated based on Equations 6.1 and 6.2 are presented respectively in Table 5.2 and
Table 5.3. The calculated shear strength values are based on the maximum value of
load attained during load tests, while the shear modulus values are based on the initial

linear portion of the load-displacement curves.
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As evident in the statistical values presented in Table 5.2 and Table 5.3, and also from
the load-displacement plots there is a high level of variation in both shear strength and
shear modulus values among specimens. The reason for such large variation can be
attributed to the inherent nature of wood material and the randomly distributed

orientation of grains forming OSB sheets.

Test results indicate no meaningful correlation between the in-plane shear strength
and the investigated parameters. In other words, OSB pieces obtained from different
batches exhibited similar shear strength values in two orthogonal directions. For in-
plane shear modulus, it is seen that specimens obtained from the first batch of OSB
panels had slightly favorable response than those taken from the second batch for both

loading directions.

30 |

Load (kN

1
Displacement (mm)

Figure 5.4 Load-displacement results of all 22 specimens
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Table 5.2 Calculated in-plane shear strength values

Test Number Mean Standard Coefficient
Group of Tests (MPa) Dev. (MPa) of Var. (%)
P1-PP 5 7.69 1.53 20
P1-PL 5 1.77 1.32 17
P2-PP 6 8.77 1.24 14
P2-PL 6 7.26 1.19 16

ALL 22 7.87 1.32 17

Table 5.3 Calculated in-plane shear modulus values

Test Number Mean Standard Coefficient
Group of Tests (MPa) Dev. (MPa) of Var. (%)
P1-PP 5 654 69 11
P1-PL 5 561 144 26
P2-PP 6 477 127 27
P2-PL 6 423 100 24

ALL 22 529 110 22

In order to evaluate shear properties of the OSB panels used in CFS shear wall
specimens, the in-plane shear strength and shear modulus values obtained in this study
were compared with characteristic values provided by BS EN 12369-1:2001 and APA
The Engineered Wood Association Technical Report (1999). Panel dry design rigidity
and shear capacity through thickness is presented in APA Technical Report. Panel
rigidity (Guty) values vary between 4380 and 5430 kN/m and panel shear through
thickness (Fvty) changes from 9 to 13 kN/m. Based on these values shear modulus (Gv)
can be obtained to vary between 400 and 495 MPa for an OSB panel having 11 mm
thickness. Similarly shear strength (F,) varies between 0.84 and 1.19 MPa. These
reported shear modulus values are approximately 15% lower than the values obtained
from edgewise shear tests shown in Table 5.3. By considering the large variation

within the experimental results, it can be considered that edgewise shear test results
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obtained as part of the current study are in a good agreement with the values provided
in APA Technical Report.

A comparison of the edgewise shear test results obtained in this study with the values
provided by BS EN 12369-1:2001 indicate a significant difference between the two
sets of values. In-plane shear strength (Fy) is presented as 6.8 MPa while in-plane
shear modulus (Gy) is given as 1080 MPa in BS EN 12369-1:2001. These values
indicate a great overestimation of the shear strength and approximately 100%
difference in shear modulus. This also means that there is a significant discrepancy

between the values presented in EN and APA standards.

Boudreault (2005) performed edgewise shear test with the same procedure as in the
current study and obtained in-plane shear modulus and shear strength values
consistent with the results of this study (Table 5.4). A more recent study conducted by
luorio et al. (2014) yielded in-plane shear strength values in close agreement with the
current study while the reported shear modulus values are almost two times of those
obtained in the current study (Table 5.5).

Table 5.4 Test results for edgewise shear of wood sheathing panels (Boudreault, 2005)

Thickness Shear strength (vp) Shear modulus (G) CoV

Test Series Glvp
(mm) (MPa) (MPa) (%)
0OSB-7/16-PL-A,B,C 11.26 9.05 473 10.4 52
0OSB-7/16-PP-A,B,C 11.03 9.14 530 16.1 58

Table 5.5 OSB test results (luorio et al., 2014)

Number Shear strength (MPa) Shear modulus (MPa)

Typology of tests Avg. Standard CoV Characteristic Characteristic ~ Avg. Avg. design
value deviation (%) value design value  value value
P-0 09| 15 762 087 0.11 6.17 3.00 1156 750
P-O 091 15 7.06 056 0.07 6.19 3.00 953 750
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In conclusion, several resources, including APA and EN standards, report
significantly different in-plane shear modulus values for OSB sheets. Such large
inconsistency might be related with different assumptions made in different codes to
calculate the shear modulus using the in-plane shear load test data. As explained
earlier, in this study the test width of OSB pieces subjected to shear forces was taken
as the clear span between two rail plates (Figure 5.2). This was based on the condition
that these plates were tightly bolted to the OSB piece and no relative slip between the
plates and OSB piece was ensured. However, there is no clear instruction about
calculation of shear modulus in ASTM D1037 and the width of test piece might be
taken as bolt-to-bolt distance as well, as opposed to clear distance. These two different
interpretations of specimen width values result in 100% difference in the resulting in-
plane shear modulus values. Because the specimen width is not used in the calculation
of in-plane shear strength, no such disagreement is observed in the shear strength

values reported in different documents.
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CHAPTER 6

NUMERICAL MODELING OF SHEAR WALLS

6.1. Introduction

OpenSees (Open System for Earthquake Engineering Simulation) platform was
utilized to construct the numerical model of sheathed CFS shear walls. OpenSees
platform has been developed to simulate seismic response of structural systems at
Pacific Earthquake Engineering Research Center and provides a wide range of
material models, elements and solution algorithms (McKenna et al., 2000). Since it is
an open-source software having high computational speed at nonlinear static and
dynamic analysis, it has been preferred widely in recent studies focusing on seismic

response of structural systems.

As described in Chapter 3, an experimental study on CFS shear walls was conducted
by another researcher as part of the same TUBITAK research project. Experimental
data provided by this study was used to validate the numerical model in this chapter.
Eight full-scale shear wall experiments were selected and simulated by the numerical
model. Table 6.1 shows the modeling matrix and summarizes properties of CFS shear
walls used in relevant experiments. All of these wall specimens were tested under
reversed cyclic loading. Panel size, single- or double-sided sheathing, screw spacing,

hold-down type and presence of an axial load were the main parameters considered.

Results from fastener tests presented in Chapter 4 were used to develop fastener
material model used in shear wall model. Since the shear wall model is fastener-based,

it is the key part of this modeling approach.
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Figure 6.1 Displacement history of CUREE cyclic loading protocol

In the following sections, geometrical properties and elements of the shear wall
numerical model are explained in detail. There are three material models implemented
in numerical model representing hold-downs, fasteners and CFS framing. Hold-downs
were modeled as linear elastic materials based on the measured stiffnesses. CFS
framing members were also defined as linear elastic. In wall numerical models the
only source of nonlinear behavior is the fastener elements provided between sheathing
panel and CFS framing members. This type of modeling approach is known as

fastener-based.

After description of numerical model, wall response obtained from the model is
compared with shear wall experiments. Hysteresis and backbone curves as well as the
stiffness degradation and energy absorption aspects are investigated in detail to
validate the numerical model. It is important to understand local behavior of fasteners
because they are the main energy dissipating elements in this structural system. In
order to understand the local fastener behavior during analysis, additional effort was
spent on investigating the status of individual fasteners at different time steps
throughout loading.
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6.2. Description of Shear Wall Numerical Model

Numerical model representing a single panel shear walls had overall dimensions of
1.22x2.44 m. General layout of the model is provided in Figure 6.2. Two sets of nodes
were defined at the fastener locations: one set of node belongs to CFS member while
the other set of nodes belongs to the sheathing panel. These two sets of nodes, sharing
the same physical location, were then connected by zero-length spring elements
simulating the screw connection. Loading was applied at the node located at top left

corner of wall panel in the form of horizontal displacement.
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Figure 6.2 General layout of the OpenSees CFS shear wall model
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Stud and track CFS members were divided into small-size frame elements. They were
defined between adjacent fastener nodes as displacement-based beam-column
elements. Table 6.2 shows geometric properties and elasticity modulus values used
for CFS members. Since the studs are made of two CFS sections positioned back-to-
back their geometric properties are different from those of the tracks. Intermediate
stud available between two end studs in wall panel specimens was not incorporated in
the numerical model since the effect of these members on overall wall response is
negligibly small. Stud-to-track connections at the top corners of wall panels were
modeled with rotational springs. These springs were assigned a linear moment-
rotation behavior with a stiffness of 11.3 kN-m/rad based on a similar study of Bian
et al. (2015).

In Chapter 5, shear modulus of OSB was calculated based on experimental data.
However, these values couldn’t be verified with previous test results in literature due
to the lack of clear information. Also, there was a high level of variation in both shear
strength and shear modulus values among current test specimens. For this reason, in
majority of numerical models the OSB sheathing panel was modeled as a rigid
diaphragm. This type of modeling approach provided a much higher computational
speed during analyses. For this purpose, a master node was defined at the center of the
panel and the nodes at panel edges were slaved to this master node. This type of
modeling approach is consistent with the rigid in-plane behavior of sheathing panels
observed during shear wall load tests. Such a rigid diaphragm assumption is a common
method in numerical modeling of sheathed CFS shear walls and has previously been
used by several researchers (Bian et al., 2014; Buonopane et al., 2015). As part of the
parametric study validity of the rigid diaphragm assumption was evaluated by
comparing the wall response with that obtained utilizing shell modeling of the OSB
sheathing panel. Very slight difference was observed in wall response obtained from

these two sets of analyses. Details of this study are provided in Section 7.7.

59



Table 6.2 Material and geometric properties assigned to framing members in shear wall
numerical models

E (GPa) A (mm?) I (mm*)
Stud 200 624.48 1748670
Track 200 312.24 874336

6.2.1. Hold-Down Material Model

Hold down devices at wall base were modeled by using zero-length elements. There
are two fixed nodes, one at each bottom corner, representing the foundation and the
zero-length elements were defined between the bottom corner CFS nodes and these
fixed foundation nodes (Figure 6.2). These elements were assigned linear material
behavior. Results from hold down tests that were conducted as part of another research
study at Structural Mechanics Laboratory of the Middle East Technical University

were used to model the hold down response in the current study (Pehlivan et al., 2018).

The measured load-displacement behaviors for the three types of hold down devices
used in shear wall testing program (devices named as HD-4, HD-7 and HD-8) are
shown in Figure 6.3. As it can be seen, hold down test results show almost linear
response prior to the peak load. Based on this observation, the hold down devices in
wall numerical models were represented as linear elastic spring elements with the
tension stiffness values given in Table 6.3. Stiffness assigned to these spring elements
in compression was 1000 times larger than the corresponding tension stiffnesses. With
the boundary conditions used at wall base in numerical models, rocking motion of

wall panels was allowed, while base slip was restrained.
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Figure 6.4 OpenSees Pinching4 model definition

Pinching4 parameters were determined according to the fastener test results obtained
in Chapter 3. Since screw edge distance used in single panel wall specimens tested in
shear wall program was 25 mm, results from Group-1 fastener tests were considered
to define the fastener material model in wall numerical models. For monotonic loading
case, three test results were selected from the group representing the upper bound
behavior (Test 3), lower bound behavior (Test 5) and average behavior (Test 1). Figure
6.5 shows developed material models based on test results by defining four positive
backbone points given in Table 6.4. As seen, each point on the curve is described by

a force and a corresponding displacement value.
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Figure 6.5 Fastener material models for monotonic loading

Table 6.4 Pinching4 backbone parameters for monotonic material model

Model ePfl ePf2 ePf3 ePf4 ePdl ePd2 ePd3 ePd4
number (kKN) (kN) (kN) (kN) (mm) (mm) (mm) (mm)

1 020 138 199 155 0.02 3.05 8.80 12.00
3 031 170 223 140 0.02 3.85 8.78 13.54
5 021 130 172 120 0.06 4.41 8.70 12.66

For cyclic loading material model, 39 parameters are required in order to calibrate the
response envelope (ePfi, ePdi, eNfi, eNdi), unloading stiffness degradation (gKi),
reloading stiffness degradation (gDi), strength degradation (gFi), energy dissipation
(gE), and damage type (Barandun, 2013).
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In order to represent the actual fastener response accurately in wall numerical model
a detailed calibration process was followed. In this process the goal was to obtain an
acceptable match for all drift cycles between the material response defined in
numerical model and the load-displacement response obtained during the fastener test
program. A sample Pinchingd material model calibrated based on the measured
response from one of the fastener specimens is shown in Figure 6.6 with the
corresponding Pinching4 parameters given in Table 6.5. Match between the actual
measured response and the adjusted behavior in various drift cycles is shown in
Figure 6.7. Good agreement between the experimental data and the adjusted behavior
in terms of stiffness, pinching and absorbed energy is evident in these plots.

1L
pre)

Load (kN)

Model 6

Dispiacement (mm)

Figure 6.6 Cyclic fastener material model based on experimental data

Table 6.5 Pinching4 backbone parameters for cyclic material model

Point i ePfi ePdi eNfi eNdi
1 0.400 0.525 -0.350 -0.525
2 0.928 2.800 -0.793 -2.800
3 1.386 7.00 -1.161 -7.00
4 1.240 10.500 -0.973  -10.500

rDispP  rForceP uForceP rDispN rForceN uForceN
0.600 0.010 0.001 0.600 0.300 0.001
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Figure 6.7 Cyclic fastener model calibration
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6.2.3. Multi-Panel Wall Models

Numerical models of walls comprising two and four individual wall panels were also
created and analyzed in order to investigate their behavior in relation to single panel
walls. Details of these multi panel wall models, which had overall dimensions of
2.44x2.44 m and 4.88x2.44 m, are given in Figure 6.8. Each OSB sheathing panel in
these models was represented by a separate rigid diaphragm. A single stud member
was defined along the edge common to two neighboring diaphragms. Zero-length
elements representing connection screws belonging to two neighboring diaphragms
are connected to the same nodes located on these common stud members. Linear
springs representing hold-down devices were defined only at the very ends of walls,
in other words these spring elements were not used at the base of common stud
members. Modeling technique used for the fasteners providing connection between
sheathing panel and framing members was similar to that used for the single-panel
wall model. Material models used for connection screws and hold down elements were

also similar to those used for the single-panel wall model.

66



CFS and OSB 1083
nodes at the 1071
same location 106
1057
1044
103+
zero-length .
spring element —7

200

)

115

114

112

111

110—,(5@
-7 ™ | OSB1

507 709

!‘“th

K
&
113—7%_513
Py
Py
g

/5 EiOT BFE SFS Slu:t ﬂ|03 BPE Sﬂliﬂ

703
12 T04
511 T05
706
707~

708

506 T10-
505 7117
T2
503 13-
502 T14

501 715

ST =22%

shared stud nodes
7

q}'\ ZPE 2P3 2‘74 EPS ZPG 2?7

4&? 4‘56 4‘55 464 4I03 402 401

.

301

302

303

304

305

306

307

308

309

310

an

32

313

314

35

shared stud nodes

ZPB Z'DS 2110 211 22 243 24

%2

Sy

%Zh §08 609 610 611 612 613 614 ”§‘3*7
631 s e
%Z—HO m—ﬁ‘\b
%’L EE
H529 719+
14% ,&\N\_SZD
528 720
M1l 5o 721 I 3%
I s06 722322
WWihisas 7231323
OSB 2
NA-524 724 WA 324
hAs23 12530125
NN 522 7264106
a2 27 W bar
H520 728+
o L 355
519 729 -
N‘]\Y oo ML g
;@Y 730
Ls17 ?31—74/’4_3:‘ﬂ
Prrpeaiiy
4 ah a3 oar2 oam

200
”5'%[ it o0z 6ba eba 6bs b &7 7
PG 701
ol TN 7021
%ma 703
112
512 704
11
511 7057
110+
510 7061
109 4
09 707
108 +508 OSB 1 708
A0TAEOT 709+
105N NVE08 7104
105, {505 7117
504 712+
104
@\N{w 713
103+
502 7147
102—{4‘\\Y
501 715
m,&tg 7 o6 0ps epe sg o2 sj;;

- 301
r 302
303
304
- 305
~ 306
r 307
308
309
~ 310
3
- 312
T 33
314
T 315

i

B r 318
%1130 181

%4

B - 328
925 2%
524 osB2 72a-WA- 324

x{\‘& 731—7141:
7‘@“ 1 414 813 812 811 g10 o sas 5 V%L 331
SEET2%% Y

AR E RN
b 6bo 610 61 erz 613 614 7 §‘ 317

531 77

i~ 319
629 m*"‘w

- r 320
a2 720

- 321
rs27 721

4 322
526 722+

e WAL 325

B2 2l 326

ezt T 327
520 Ul 08
519 729

e - 329

518 7307
- 330

i
i

Goee

1546

1545

1544

543

542

541

540

q?1 5?.0 8“9 ﬁﬂi ﬁﬂ B‘ISB\“) B;%Z
& %]

]

734t

737
738
730
740+
741
742
7434
744
745+

7461

shared stud nodes shared stud nodes
8 ZPE ZF(I 2|11 7‘12 Z|13 ZiM 3 2||ﬁ :ZI\E ZFT Z‘W Zﬂ!gﬂg‘ 3 2? 2?3 ZFA 2?5 ?6 2?7 2?5

% %%

d15 616 617 ghe d1o 6o 631 7

333
334

335
336

337
338
339
340
341
342
343
344
345
346

347

3 tha @23 6ba 25 606 637 608 77| §‘ M9

551 749~
7560 750

755 7517

BTN
N

1 352
1558 752

- - 353
1557 793

TMtss a4

4 | 355
65 795°

0SB4

—Ahys5e 756-M-356

Aafess 75T 357

ANTYEE AL 58

st 790 aca
550 50

4 %0

519 761

762

e

37qae 527 66 825 8pa 60 s%mﬂ _%17 -
& %

o} [T T T 1 11
407 406 405 404 403 402 401
ool

=1 T 1 111
414 413 42 411 410 400 408 4

|
a2

T I
419 418 47 416 415 4

| IR A PR VR S
428 427 426 425 424 423 A2 %

Figure 6.8 General layout of two- and four-panel shear walls
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6.3. Wall Model Results
6.3.1. Investigation of Local Fastener Response

As mentioned earlier, behavior of sheathed CFS framed shear walls under la