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INVESIGATNG THE EFFECTS OF ROOHRRM®? STIFNESS ON THE FORCE
TRANSFERRED AT THE WALL AND DIAPHRAGM INTERFACE
IN LOWRISE MASONRY CONSTRUCTION

Abstract

by Neil Bennett Mangol¥.S.
Washington State University
May 2014

Chair: J. Daniel Dolan

The aim of this thesis is to investigate the effects of diaphragm stiffness on the force transferred
at the wall/diaphragm interface itow-rise masonry structures. This type of construction is very typical
in Americaand in the past has been shown to sesceptible to oubf-plane walland connection
failures during seismic events. In order to prevent out of plane collapse of masonrybwdtlsrg code
provisions require designers thirectly connect walls onthe opposing sides of a structur€his
connection is created with a continuous structural member across the length of a buildngsolution

does not directly address the issue of failure at the wall/diaphragm interface.

In order to gain a better understanding of the forces trans#drbetween the wall and
diaphragm this study developed finite element models to investigate this construction tyjes
investigation used parametric study that covered a range of roof diaphragm properties and building
aspect ratios that areommonin practical construction. The results of the parametric study were used
to draw conclusions about the effect of diaphragm stiffnesstom magnitude ofvall/diaphragm

interaction forces andheir distribution



It was concluded that for eangeof typicalroof diaphragm propertieshe force transferred by
the walls into the diaphragm is relatively unaffected. Fobuailldingaspect ratios testedhe forcein
the connectionst the wall/diaphragm interface exceeded thequirementof current design starafds.
This study serves as an initial investigation thi issues around the diaphragm/wall interface forces

and provides groundwork for further research.
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1.0 Introduction
This chapter develops a basic foundation for understanding the questions addressed in this

thesis. Firsta backgroundaegarding the necessity for the reseairistprovided.The scope of worlks
presented as well ashe primarygoal ofthis thesisand an outline of the following chapters.
1.1 Need for research
Many lowrise buildings are typically constructed of timmermetal deck roofs on masonry or
concrete walls. ThigracticeA & Y2 & i LINB G £ Sy i A yonstricBon ihe focisod 2 E¢ & ( 2
this paper is the seismic design/performance of this type of wanson, and in particulgrthe forces
developed in the connection between the diaphragm and the Wddtoughout this papethe terms
diaphragmand roof are synonymous and refiermetal or woodsheathed diaphragmsThe term vall
always means reinforckeconcrete or masonrwall construction The type of roof considered light and
relatively flexible when compared to the concrete/masonry walls. Thwf & | NB G & LA Ol f £ & ¢
I Yy R nwitfewidpdnihgs. Flexible diaphragmesnnected to heavyrad stiff walls resulin the load
path changing from the traditional simple beam analysis for the diaphragm to a beam on elastic
foundation responseA labeled schematic of the building type being considered and an example of the
buildingtype being consigred and the deflected shape under seismic load are presentEdjirel.1

andFigurel.2.



= ROOF DIAPHRAGM

OUT-OF-PLANE WALLS

SHEAR WALLS

Figurel.1 Typical LowRise Masonry Building

= ROOF DIAPHRAGM

OUT-OF-PLANE WALLS
——,

SHEAR WALLS

Figurel.2 Deflected LowRise Masonry Buildig

Out of plane failures observed in the 1971 San Fernando and 1994 Northridge earthquakes have
causedhe closeexamination ofanchorage forces between diaphragms and masaevalys Duringthese
events many failures were observed to be caused by the iggs of the walls that could not be

supported by the relatively light diaphragms. The results of these failures were thef-plane collapse



of the walls.An example of this type of failure in presentedrigurel.3. In responseo these failures,

the International Building Code (IBEBC8 1615.4.2.2and theAmerican Society of Civil Engineers
(ASCHASCE-10812.11.2.2.3 & 812.11.2.9.4dopted changes teequire sufficientstrength to

transferthe anchorage forcesC2 NJ I Y2NB RSGFAf SR RA&OdzAaA2yYy 2F (KA

/ 2 y ONSB (i @iblighedfinftri svinter 2005 issue Masonry Chronicle@Ekwueme 2005)

Figurel.3 Out-of-Plane Wall Failure Example

Continuous lateral ties are now required by the IBC to prevent the failure of anchorage
connectionsThese ties work in two ways: by developing the anchorage forces deefhendiaphragm
and by allowing parallel walls to push and pull on one another. During a seismicteeettdnnection
activates the entire diaphragm and opposing wall instead of just a localized area at the diaphragm chord
member. By moving the force aywdrom the vulnerable connection, failures at the wall/diaphragm

interfaceshould bereduced. However this solution does not directly address the cause of faviieh



is located at the anchorage connectidin illustration of how these continuous latétées are

positioned in a building is shown Figurel.4.

_— ROOF DIAPHRAGM

CONTINOUS LATERAL
TIES SHOWN IN RED

OUT-OF-PLANE WALL

Figurel.4 lllustration of Continuous Lateral Ties

Outof plane wall failure idueto the stiffness incompatibility of masonry and concrete walls
with flexible diaphragms. Seismic forces are generated by inertial mass. Walls and diaphragms have
significantly different masses, and therefore different respmsThe relative stiffness of each element
requires that the roof deflect much more than the wall before resisting equivalent loads. This means
that the connection between these elements experiences very high stress due to the differences in

deflections.

Historically there has leen little investigationnto the effect of diaphragm stiffness ahe
connectionat the wall diaphragm interface. This is partly duettee lack of funding fronthe material
industriesbecause of the differenih construction magrials used for the roof and walls. Previous
research has recognized the common failure at this connection. No study on the effects of the

diaphragm flexibility on the wallliaphragm connection has yet been completed.



1.2 Objective
The goal of thishesisis to report the results of a numerical study of the impact of diaphragm

flexibility on the connectioffiorcesat the wall/roof interface. This study will improve the ability of the
designer to consider the effects of tirecompatibility of various structurallements.Results of this
researchwill hopefullylead to better design practices and safer buildings.
1.3 Scope of work

In order to complete this studyinite element models were developed examinethe effects of
diaphragm stiffness itow-rise masonry bliings. Ngphysicaltesting wasconducted although data
from wall, diaphragm, and bolt shear testsnducted by other researchevgas used tosalidatemodels.
All finite element models were developed using SAP2000 software. Each model was designegzto anal
unidirectional loading onlyand all elements were calibrated to respond to the particular loading
direction. The models were tested under a series of configurations that varied the aspect ratio and
diaphragm stiffness properties. Reported data comslsif the force transferred through the

wall/diaphragm connection for each test.



2.0 Literature review
This literature review attempts to provide a background of the research that has already been

applied to this topic. It starts with the discussion of the seismic responesvaise constructionas this
is the issue considered@hen an overview of reseah into flexible diaphragms and wallaphragm
connections is provided.
2.1 Seismic response of low rise masonry buildings

Many studies have been conducted on the seismic performahtmv-rise masonry buildings due
to the prevalence of their constructioRhysical tests include scaled and-Riiled shake table testing of
singlestoriedand multistoried structures.Data from instrumented buildings has been collected after
major earthquakes and has been analyzed to better understand the seismic reggfdhese masonry
structures. Numerical models have also been developed to better predict the seismic behavior of these

buildings. Following is an overview of recent and important studies in this field.

Bruneau (1995) published a report on the performancenakonry structures during the 1994
Northridge California earthquake. This document is an overview of the damage sustained by URM
structures during the Northridge event. It was observed thatoliplane wall failures were numerous.
These failures were aitvuted to the wall to roof anchorage being insufficient. Other problematic
behavior of masonry structures included pounding of the wood roof joists on the walls and separation of
stack bond panels. Older URM buildings were completely ineffective in distighateral load into their
foundations due to incomplete load paths in the buildings, which was primarily due to inadequate

connection between the wall and the diaphragm.

2.1.1 Prior research using test specimens
Prior to this researchcaled shake tableests and an analytical model lwiw-rise masonry

buildings with flexible diaphragms were conducted by Gregory C@@01) Ths test was conducted

for the United State#®\rmy as part of a project to ensure the safety of important installations during



sesmic events. Two ha#fcale shake tale tests were conducted at Udne with a wood diaphragm, the
other with a roof constructed of 22 gage metal deck. An analytical model was developed using shell
elements. The results of the model were in agreement witie results of the physical specimen tests.
Data from the shake table tests showed that the shear walls do not govern the seismic response of the
building. Outof-plane wall behavior was shown to be much more dependent egidane diaphragm

effects than lehavior of the shear walls. This research concluded that further studies into the seismic
response ofow-risemasonry buildings should focus on the effeat diaphragm flexibility on the overall

behavior of the structure.

In his dissertationCohen(2004) reported on testof low-rise masonry buildings and evaluations
of existing structures. This test wagontinuation of the research previously published in 2001 for the
US ArmyAs part of the analysi€ohen developed a simple method for determinihg seismic
response of a building by modeling it as a single degfdeeedom structure. This degreaf-freedom
was governed by the flexibility of the roof diaphragresults confirmed that this method was accurate
in predicting the seismic response. thar testing consisted of shake table tests and ousaatic
diaphragm testsCohen concluded that the seismic responséuwf-rise masonry structures witflexible
roof diaphragms idependenton diaphragnflexibility, whichcan be modeled as a single degiafe
freedom.This conclusion was used when designing the diaphragm models used in the study described in

this thesis.

Ly I al &a{yg20mjpreseritsSdtadi performed on lesise masonry buildings with
flexible daphragms. Twgscaledunreinforced masonryl{RM specimens were tested under quastatic
loading, and comprehensive ndimear analytical models were developed. This study cataloged the
performance of these buildirsjn order to determine the risk to esting structuresshould an

earthquake occurThis study also concluded that to model the cracking of masonry wallimesar



material properties can be used. The models used for the research described in this thesis implemented

non-linear material propeties to model masonry walls.

Shedid et al(2009)tested the behavior of fully grouted concrete masonry shear walls. Failure
mechanismsgyield behavioranddrift of the wallwere studied under lateral load. This report was
completed in order to generatdata that would help code writers to improve design requirements on

concrete masonry unitGMU) walls.

Most recently, a comprehensive study was completed on concrete masonry walls and full size

dzA f RAY 343X gKAOK g1l & S & O N&d ®&sIgn ok Masotri éhd MaESdnig NI = Gt S

Q1

I+

S y S(KliNger et al. 2010)This was a joint study completed at Washington State University,
University of Louisville, the University of Texas at Austin (UT) and University of @adifd8ian Diego
(UCSD). Tests were conducted opleme specimens, ottf-plane specimens and a fidtale building.

All specimens were constructed with masonry veneer on one side, as the scope of the study included
analyzing the response of the veneBrynamic shake table tests were conducted at UCSD and showed
that the in-plane shear walls governed the seismic response of the structure. Rigid response was
observed in the shear walls and was characterized by flexural deformation at design level eagthquak
and base sliding once the maximum considered earthquake was exceeded. Tdfeptarie walls
responded as flexural plates, with the foundation, roofs and shear walls acting as boundary elements.
Quasistatic testing was conducted at UT by Seongwo(20®0) Quasistatic testing yielded results in
agreement with dynamic testing. Additionally, it was determined that the veneer did not increase the
stiffness of the walls; it only acted as added mass. Thelinear behavior of the iplane walls was
predided very well by analytical models by using flexural hinges. This report concluded that concrete

masonry structures could experience design level earthquakes without collapse when designed to



current standardsData from these studies was used to validdte models used for the research

described in this thesis.

2.1.2 Prior research using analytical models
Ly GKS LI LISNI GA Gt @rinfarde@iasonfySituct@ednitti FlekitleA 2 y 2 F

5 A I LIK NTearCauh@ (1992)presents a lineaelastic mult-degreeof-freedom finite element
model that was able to predict the seismesponseof an instrumented buildingA URMbuilding in
Gilroy, CA was instrumentednd the dynamic response of tls#ructurewas recordedluring the Loma
Priga Earthquake. Thprimary means fodeformationwithin the model wereghe diaphragmdeflection
and shear wall rotation. With these two parameters properly modglled response of the URM
building was predicted with good agreement. Both the model and the data from theitoygthowed
that ground motions weramplifiedby a factor ofl1.45 at the height of the roof diaphragmhis paper

provides a background into previous finite element modeling ofi®& masonry structures.

Further data from the 1989 LonRrieta Earthquakevas used by Ten@olunga and Abrams
(1996)to evaluatethe seismiaesponseof URMbuildings. Data from three instrumented buildings were
collected andanalyzedusing the same analytical modélat waspresented in 199ZTenaCounga,
1992) Analyticalstudies were conducted in order to compare the effects of flexible vs. rigid diaphragms.
Tests showed that the natural period of thuctureswas considerably longer whenflexble
diaphragmwas modeledvhen compared to results using a rigid glimagmmodel. It was also shown
that flexiblediaphragms caused greater eaf-plane wall deflection and experienced higher
accelerationsThis concept of seismic response controlled by the diaphragm stiffness was used to verify

the correct behavior of the finite ement models described later in this thesis.

Furthertests were conducted by Costley and Abrgi895)and produced results in agreement

with what had been previously determined. For this stutyo scaledwo-story specimens were tested



on a shake table and analytical models were also developed. Results showed that ground motions are
amplified at the roof level and thes#aphragmdisplacementsncreasewall displacements
perpendicular to the wallThis behavior was also observed in thté element models used in the
research described in this thesi8lso provided in this report is a detailed list of prior research into
masonry structures.
2.2 Flexible diaphragms

Due to the complexity of diaphragms, reseh into their behavior is wedleveloped. Numerous
experimental tests on diaphragm specimens have been conducted. Reports on dynamistafimand
analytical testing are readily available. Despite many years of investigation, new methods for analyzing
flexible diaphragms are being genated. Following is an overview of diaphragm behavior and a review
of recent and pertinent diaphragm tesfEhe types of diaphragms being considered in this study are

constructed from metal deck and timher

The diaphragm is the most important elementiie lateral force resisting system flmw-rise
buildings. It is important to distinguiskhetherthe diaphragm behavias flexible, rigid, or somewhere
in between, forthe construction type consideredhe International Building Code (2012) defines Ifllexi
diaphragms as having a displacement magnitatdesign level loadingqual to or greater thatwo
times that of the shear walls that they transfer load into. Thelame flexibility of timber and metal
deck diaphragms significantly influences thesggc response of a builtj. Behaviors affected include
in-plane shear forces, chord forces, deflectiand natural periodThe deflection, in turn, affects the
demand placed on the connection between the diaphragm and the walls of the building that are
oriented perpendicular to the loadindt. isextremely important to understand diaphragm behavior

when considering the lateral performance of a building.
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2.2.1 Timber diaphragms
Timber diaphragms are comprised of wood framing: beams or trusses, plywood ote@rie

Strand Board (OSB) sheathing and nails. Examples of an unblocked and a blocked timber diaphragms are

presented inFigure2.1 andFigure2.2.

— SHEATHING

FLOOR JOISTS

Figure2.1 Unblocked Wood Diaphragm

— SHEATHING

FLOOR JOISTS

BLOCKING

Figure2.2 Blocked Wood Diaphragm

. Tissell and Elliot (2004) published a report that developed guidelines for designing high shear

demand diaphragmd&hese tests were performed on plywood diaphragms and studied the effects of

11



specific construction parameters on teerall shear strength. This report confirms that equations for
diaphragm capacity are applicable at high shears. To increase wood diaphragm shear ,Gapacity
designer can do any of the followinBhis research provides an overview of diaphragm behawvidr a

what influences it.

1: Increase nailing

2: Double the amount of sheathing in high shear areas
3: Use pneumatically driven nails

4: Use gluing in the field

5: Design for weakness around openings

The effects of wood diaphragm construction parametergtandiaphragm stiffness were
evaluated by Bot{2004) Six specimens were built with various types of construction differences
including: walls, glues, openings, chords and blocking. Each diaphragm was tested within the linear
elastic range from which thehear and flexural stiffness were determined. From these tests it was
concluded that blocking between the framing had the greatest effect on the diaphragm stiffness.
Openings in the diaphragm cause torsioinadgularities, whichmust be accounted foin design
Perimeter walls act as part of the chord element and increase the flexural strength. It was also shown
that shear stiffness has a greater effect than flexural stiffness on overall diaphragm bebeatfrom
this study was used to validate tfimite element models used to complete the research described in

this thesis.

Due to their complexity, determining wood diaphragm deflections is very difficult. Skaggs and
Martin (2004)published a report on methods for estimating wood diaphragm and she#ir w
deflections. The report reflects on problems in the code at the tgneh as the exclusion of OSB and

incorrectly determining nail slip. Correctly estimating deflection is necessary in order to understand and

12



classify the behavior of a diaphragirhis research provided important background information the on
diaphragm deflection for developing finite element models used in the research istections are

estimated by considering four different parameters:

1: Frame element bending
2: Shear deformabns
3: Nail slip

4: Chord splice elongation

Data fromearlywood diaphragm testss readily available. In 195€ountryman conducted an
investigation on the influence of various construction parameters on diaphragm beh&npguarter-
scale and foufull-scalespecimens were constructed. It was concluded that nailing and nail strength
govern the diaphragm strength. A method was provided for calculating diaphragm defledidmson
(1956)also conductedull-scalelateral tests on plywood diaphragmiswas concluded that changing the
construction parameters drastically affects diaphragm beha¥ior.a comprehensive review of early

wood diaphragm testing see the bibliography on this subject by Petdi€t38)

2.2.2 Metal diaphragms
Metal deck diaphragmare made of corrugated steel with insulation and buitt roofing on top.

Following is an overview of research into metal deck diaphragmdglustration of a metal diaphragm is

shown inFigure2.3.
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METAL DECK SHEATHING

S\
\.
— STEEL FRAMING s

Figure2.3 Metal Deck Diaphragm

Luttrel (1967)conducted an experimental investigation of strengtHight-gage steel
diaphragmsFurther tests were conducted by Ludtrand Ellifritt in 1970. From these studieveral
conclusions were made about the behavior of steel diaphragms. Frame member flexibiktjolhas
influence on the ultimate strength of the diaphragm. A direct relationship exists between the number of
fasteners on a panel overlap and shear strength. Panel overlap aisiihas a heavy influence on
diaphragm strength. Reversed cyclic loaglduce ultimate sheastrength;therefore ultimate strength
calculations using monotonic loads aren-conservativelncreasingteel sheathingtrength has a small
effect on overall strength of the diaphragm; a 40% increase in the masdréadgthresults in a 10%
increase in diaphragm strengtbBesign charts were provided for strength and stiffness of this type of

diaphragm,as well asnodification factors for various construction parameters.

Robert Tremblay has produced numerous studies on the behavite@fdeck diaphragms. One
studyreports on 18argescale tests using quasiatic load(Essa et al. 20037 his report is significant

because it is the first to use quasiaticcyclicload. Three types of connectorsagsin metal diaphragms
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were tested button pinched, welded, and lap connections. This studyased that overall strength is
primarily controlled by connector design. Diaphragm equations were shown to be applicable when
connector displacement was less than 10mm. This study also demonstrated that monotonic testing
couldoverestimate ultimate capagitand design values based on monotonic test results need to be

adjusted

Investigations concerning the connectors used to construct diaphragms have also been
reported. Rogers and Tremblay (2003) investigated the seismic response of connectors irosteetko
diaphragms. This investigation was performed because very little data on fastener response to dynamic
loads was available. The energy dissipation of the fasteners was tested and hysteresis curves were
developed. The tests showed that using dynalméds to predict diaphragm performance is
conservative. Screws were observed to dissipate energy well when displacements were less than 5 mm.

Welded connections improved the performance of thin sheet diaphragms.

2.2.3 Prior research using analytical models
Many analytical models have been developed to determine the behavior of flexible diaphragms.

Rafik Itani publishedeveralpapers covering analytical studies on this topic. Itani and Chei9gt)

present a finite element model for estimating wood diaphrafehavior. This model is comged of

three types of elementseam, joint, and plate elementhat are used tanodel frame members, nails

and sheathing respectively. Joint elements are modeled with a spring pair assigned a stiffness matrix
that correlatesto nail stiffness properties. This model wadidated withfull-scalediaphragm tests. Falk

and Itani(1989)published a reportvith the results of analytical tests using the model developed by Itani
and Cheungo investigate thadiaphragm requirements the Uniform Building Codd hese tests

evaluated the effect of construction parameters on the stiffness of the diaphragm. It was found that
blocking affected the stiffness the most due to the additional framing and nailing. Decreasing perimeter

nail spamg also had a dramatic effect on the stiffness while field nailing did not. Increasing the strength
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of each nail had a small effect on stiffness. All of these parameters were less effective at changing
diaphragm stiffness at higher shear loads, due tortba-linear behavior of wood diaphragms. He and Li
(2012)publisked a report in which analytical models aegiperimentaltests were conducted, the same
conclusions were reached. It was also shown that frame member spacing had vegfftitteon

diaphragn stiffness.

Judd and Fonsec¢2005)developed aranalyticalmodel for sheathing to framing connections in
wood diaphragms. Like prior analytical modé&h® connectors were modeled with spring pairs. The

spring pairs were shown to be more robust thamgé spring models when using dynamic loads.

The aforementioned previous research into diaphragm behavior using finite element models
develops an understanding of how levge masonry structures can be modeled. The models described
in this thesis do notmploy methods similar to those used in the models described above. However it is
important to understand the history of finite element modeling in this area.

2.3 Wall to roof anchorage

Many studies on the behavior and capacity of vagphragm connections wa been completed.
While data is available on the connection capaditgre is very little data on the effect of diaphragm
stiffness on the connection. An overview of investigations into anchorage capacity is provided in the

following paragraphs.

The Masonry Standards Joint Commit{&SJC) (201 rovides design procedures for anchor
bolts embedded in masonry and masonry grout. Equations to determine the breakout capacity of
anchor bolts are providifor allowable stress design and strength desigins noted that bolt
straightening and breakout has only been observed under cyclis.I&sttion 5.8.8equires that bolts
are to be at leasd.5 in. in diameter, spaced at a maximum of 6 feet, and embedded to a minimum of 15

in (MSJC 2011These stadards were used when creating the finite element models used in this thesis.
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Shear capacity of anchor bolts in masonry have been investigated by Brown and Whitlock (1983)
and Ueda et al. (1990). These papers outline the breakout capacity of anchorrmdtsshnear and
combined tension and shear. Parameters including embedment length and edge distance are discussed.
For the model used to complete the study presented further in this paper, data from Brown and

2 KAGE201Q4 NBLRNI ¢l & dzaSRO

An overview of prewus research into the wall/diaphragm connection is provided here for the
reader. The following discussion will provide insight into the progression of knowledge obtained on this

connection type.

Hatzinikolas et al. (1983) reported on an investigation olted-in inserts used in masonry
construction. This report outlines the shear and tensile strength of bolts placed into bored holes in

masonry units. Graphs and tables outline the #ioiear behavior of these connectors.

Tensile strength of anchor boltsredded in the tops of CMU walls was investigated by Weigel et
al. (2002). Tests prior to this had focused on anchor bolts embedded into the face of CMU blocks. This
report provides design parameters for edge distance for anchor bolts in the tops of CNAUAlla
anchor bolts were embedded 4 inches into the grout and were found to meet tensile strength
requirements for the 2002 MSJC code. For a comprehensive list of research into tensile strength of
anchor bolts in the face of concrete masonry the readaeferred to the literature review provided in

this publication.

Older masonry wall connections were investigated by Lin and L&&12) These connections
were typically straps nailed to the wood jqibblted though the walland anchored to a platen the
exteriorof the veneer These connections exist only on joists perpendicular to the aradl therefore do

not have a good lateral load path. This report includes fakefection curves for older connections.
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Karim et al(2011)produced a study tat provided the wood capacity of a wathof connection.
This study wasonductedbecause the wood elements may be the wealkadstnentof the entire
connection andthereforegovern capacity. From the data gathereguations are provided to

determine thecapacity of these connections.
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3.0 Model Validation

This chapter outlines the methods and procedures used to complete this $fadi. section

describes the procedure used to validate each component of the model used in the parametric study.

In order b ensurethe accuracy of the model, its componentsre verified against physical test
data These data were taken from several sources that are discussed in detail within further sections.
The roof diaphragm, shear waltnd outof-plane walls were each verified separately. Only the
behavior of each ahhe elements as a whole is important for the purposes of the motleé models did
not consider the effects of individual components of a structural system such asshaighing, and
framing. For this reasoneach element in the lateral force resisting system was modeled as a®mnell.
use of shell elements allowed the model to be use material properties that that define the behavior of a
complete structural systemShell elements were given stiffness properties that represent the
equivalent stiffness of each element type as a whatee effects of individual components such as
nailing or reinforcing steel were ignoreglince shell thickness did not change for each ehashly the
material properties influenced results. Therefoad efforts to calibrate and verify each model focused
on determining material properties that would generate agreeable resuilis physical test datarhese
material properties did not necearily correspond to realistic values for the materials being modeled
but were effective material properties that worked within the parameters of the finite element model.
Following are the processes with whieach structural element was calibrated thealidated
3.1 Diaphragm

The finite element usetb model the diaphragmvas a 4node, 6degreeof-freedom linear
elastic shell. Linear behavior was determined to be adequate becausknean deformations are not
typical in the diaphragrwvhen design level loads are beiognsidered{ ! t H n hick shélkeleinents
were selected in @ler to includethe effects of shear deformations. The shell depth was set to 12 inches

to model the typical depth of wood diaphragm framing membeEs.ch shellvas assigned an isotropic
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material propertydue to the unidirectional load being appliddlis fully recognized that diaphragms
typically behave as orthotropic elements whei2or 3D loading is considered, due to the directionality

of the sheathing odntations and intefpanel bearing that occurs.

The diaphragm modevascalibratedby using test data from two different studies. The first
were gathered by Bot{2004) The results of the teatsed from the Bott testsvere stiffness properties
Eland GA Eldefinesthe in-plane flexural stiffness of the diaphragm a@édefinesthe in-plane shear
stiffness.The diaphragms tested were constructedwdod in several different configurations. For the
purposes of thisnodel theselected configurationsefleded the most common diaphragms seen in the
construction2 ¥ &¢o6A3d 062E¢ ai2NBa | .yTRe sddctbtRlidphrdg®nsistédS8 A y 3 | y |
the specimens with chordsyere fully sheatred, andusednailedconnectiongo attach the sheathing to
the framing. Data from both blocked and unblocked speeima were used fovalidation Specimen one
YSI adzNBR HAQEMcQ FYR 461a Sixelt BSR By QEMBQHh VR & & RS of

A ¥ 4 A x

side.SSt SOUSR (Sada | yRardesedtbdn BablBMR Y . 200Qa RI Gl

Table3.1. Bott Test Data Used For diel Calibration

Test GA (kips) El (kipsin?)
Specimen 1 test 7 3091 66.310°
Specimen 6 test 4 764 80.2¢10°

To input material stiffness into SAP20Bxnd GAwere converted intcEand G, whereEis the
modulus of elasticityl is the moment of inertiaGis the shear modulus, anlis the cross sectional area
of the diaphragmTo do thisthe shell section properties were first determingdnce the section
geometry was determined wascalculated The modulus of elasticitf, wasthen calculated by dividing

Elbyl.G6F & OFf OdzA F (SR 08 | DATEYKAYAD tl 2tk EBeg@mayiedd NI (A 2
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Small adjustments weréhen made toEin order to generate better resultsvhen the model predictions

were compared to the actual diaphragm test data

The second study used forodel calibration wagrom Duncan andolan(2012) This data was
ISYSNI 4GSR FNRY (62 RAIFLKNIIY aLISOAYSya YSI adz2NRy3
displacement over timeEach diaphragm specimen was loaded with two actuators, identified as the
North load and South loadlaterial properties for these diaphragms were determined by first using the
EFNB Y . 2, thénakingadjlidtments until therror between the predicted and test
displacements was acceptab@g I & OF £ Odzf 6 SR 6 A GK t025RlécRytests NI (A 2

results from theDuncan and Doladataare presented imable3.2.

Table3.2. Duncan and Dolan (2012)est Data Used for Model Calibration

Test South Load (Ip North Load (1B Center Deflection (in)
Specimen A 9032 8472 0.418
Specimen B 10746 9933 0.479

Tovalidateeach modetorrectly, specificboundaryconditions and load parameters were met.

Displacementestraints parallel to the load were applied at thedeson the corners of the side the

load was applied orkach joint along the centerline gdlel to the load direction had displacement

restrained perpendicular to the load directiodoints along thdine of the applied load wereohded with

a fraction of the applied load-hisfractionwasequal to the total load divided by the numberddes

along the loadine. Although Bottand Duncan and Dolaused a cyclic load protocpbnly static

maximum andninimumexperimentalloads were used to validate the moddhis is because theodel

simulationdid not includethe plastic rang®f displacement®f the diaphragmsApplying only the

extreme loads to the model was sufficient to replicate the elasticavedr of the physical testén order
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to improve accuragtK S a KSt f 41 & ReleinéniéIhé diaphaBm rhogal with nasraints Q

is shown irFigure3.1.

LOAD APPLIED AT CENTERLIN

Figure3.1. 3D View of DiaphragntalibrationModel

Eachselectedspecimen listedvasmodeled with this methodThe results of each model and

corresponding shell stiffness properties are presentetiahle3.3.

Table3.3. Bott Diaphragm ModelCalibrationResults

Test | Test Disp. (in) | Model Disp. (in) Error (%) E (ksi) G (ksi)
Bott Specimen 1 Test 7 0.2094 0.2057 1.767 16.0 551
Bott Specimen 6 test 4 0.8169 0.8178 0.104 9.5 3.279
Duncan and Dolan 0.45 0.4535 0.778 13.25 4.569
Specimen A
Duncan and Dolan 0.479 0.474 0.981 148 5.086
Specimen B
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In order todeterminea set of material properties that considered a range aptiragmsthe
F @SNF IS 27F . 2dsti7@nd bdthbd$h® RBuvicryandiiblasgecimensvere usedd . 2 G (G Qa
Fecimen 6 Test 4 was not used because its aspect ratio was very diffeiremb the others. Each
model material property that was averaged was then reanalyzed using the new prop&hes.

simulation errorof each considered test using the averaged mialgsroperties are presented ifable

3.4.
Table3.4. DiaphragmResults Using Averaged Material Properties

Test Test Disp. (in)| Model Disp. (in) | Error (%)| E (ksi) | G (ksi) Nu
Bott S1T7 0.2094 0.2244 7.163 14.65 5.056 45
Duncan and 0.45 0.4097 8.956 14.65 5.056 .45
DolanSA
Duncan and 0.479 0477 0.418 14.65 5.056 45
DolanSB

From these results it was clear that the averdgeaterial properties were effective in modeling
the test data with agreeablaccuracy Thus using these propertiewith the shell elements previously
described was aufficientlyaccurate method of modeling diaphragm behavior
3.2 Out-of-plane walls
To caibrate thestiffness of theout-of-plane wallsa 4node, 6degreeof-freedom nonlinear
shell element was selected. SAP2@00tains a layered, nalinear shell element that uses material
properties to determine no#inear behavior. It was necessary tceusortlinear shells to model the out
of-plane walls due to the high deflectioasd nonlinear behaviothey exhibit in design level
SINIKIljdzr 1Sa® LY 2NRSN) (2 AyOfdzRS (GKS SF¥FFSOia 27

enabled. Isotropimaterial properties were used because of the unidirectional load applied.
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To determine the nodinear material properties of the otdf-plane walls data fromthe
University of Texas (UTJo 2010yas used. The results of the tests were displacementsaaeyclic
load on each specimean example of which is shownhigure3.2. UT tesed three specimens: UT
/a'mz '¢ /a! HZ YR '¢ /a! u ald 9 OKwegtCMILKSa S & LJ
YR YSI & desdb Rall wa3 iy Qraute@n one side othe CMU walla brick veneer was
constructed. Both sides of the wall were instrumented during the test for this study only data from

the CMU side was used.

UT CMU 1 Force vs Displacement at Walll
Midheight

<
=
(O]
IS
[¢0]
Q
&
o
B2
[a)
_0-8 T T T T 1
_125000 -15000 -5000 5000 15000 25000

Force (Ib)

Figure3.2. UT CMU 1 Data

Thenon-linear maerial properties othe out-of-plane walls were calculated by assuming the
test specimensehaveal assimple bears. The boundary conditions used in the UT tests were consistent
with this assumptionTo model the data shown frigure3.2, a bilinear curve was used. To determine
the curve the initial modulus of elasticityg representing the lineaelastic range was calculated then
used to determine affor the norntlinear range.From the given deflection data was calculated using

the simple beam moment formula. Stress and strain were then determined frencdlculated moment
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andE By using the ratio of the lineao non-linearslopes of the loadlisplacement curves, the value for
the nonlinearEwas determinedThesecalculations assumed owtf-plane flexure governed the
behavior of the wallsanassumption which was validated when later comparing the model output to
the UT test resultsThese caldations were completed for each specimen then averaged to obtain the
final nonlinear stressstrain curve that was input into SAP200Wis stresstrainrelationshipis

presented inFigure3.3 and Table3.5.

Out-of-Plane Wall NoHinear StressStrain Curve

0.4

0.3 e

0.2 __—
Z o1
g 0 . . . . . . . .
& -0.1

-0.2

0.3 V/

-0.4

-0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004
Strain (in/in)

Figure3.3 StressStrain Curvdor Non-Linear Outof-Plane Walls

Table3.5. StressStrain Values for Nothinear Outof-Plane Walls

Strain(in/in) Stresg(ksi)
-0.003455 -0.31442
-0.000198 -0.10319

0 0
0.000198 0.10319
0.003455 0.31442
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To model each specimehy y QEQy Q gLttt 61 & O2y&aidiNdzOGSR Ay {
F F2NBYSyGuA2y SR akStt St SYSy(aThigithidkriess wss NdectadboSy RS T A
match the thickness of the physical specimeédsundary conditions for the calibration model consisted
of pins at the bottom and rollers at the top. Loads were applied as a surface pressure time history. Each
time history was specific to the UT specimen being moddledelevatiorview of the wall modl is

shown inError! Reference sourceot found..

UNIFORM SURFACE
PRESSURE

Figure3.4 Elevation View of Outof-Plane Wall Calibration Model

Thecomparisons of the UT data and of tteflections predicted by the modeking the

averagedbstressstrain values for each specimen gmesented inFigure3.5 through Figure3.7.
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Figure3.5. UTCMU 1/Calibration Model Comparison
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Figure3.6. UT CMU 2/Calibration Model Comparison
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Figure3.7. UT CMU 2 MC/Calibration Model Comparison

From these graphs it is shown that the stretsmin values calculated areasonablyaccurate in
predicting the nodinear behavior of the oubf-plane walls and are acceptable for use in the complete

building model.
3.3 Shearwalls
A 4node, 6degreeof-freedom linearelastic shell element was selected to model thglane
wall behavior. Linear behavior was determined to be appropriate for this model becaudaean
0SKI @A2NI Aa y2i SELISOGSR Ay GKS akKSligkshall £ & G (K
properties were selected in order to include the effects of shear deformations. Isotropic material

properties were used because of the unidirectional load applied-adptane behavior of the shear wall

elements is out of the scope of this studyd therefore was restricted.

The shear wall models were calibrated using test data from The University of(U8%&%0

2010) These tests were quastatic cyclic and were conducted on 2 different specimens. The results of
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these tests weraon-linearload-deflection curves that were used to obtain material properties for the
SAP2000 modeDnly the linear portion of these curves was used to calibrate the shear wall models.
¢tKSaS aLISOA YahdO® yaIINBIZOMIGHRy @ F
CMU wall a brick veneer was constructed. Both sides of the wall were instrumented during thmitest,
for this study only data from the CMU side was ubedause the seismic responskthe veneered
masonry wall was not of interesto determine the lineaelastic material properties of the wathe

load and deflection at the yieldoint were selected for both the positive load and negative load.

Selected tests and results are pressshin Table3.6.

f A AKG 6 Ok ank side pfthe y €

Table3.6. University of Texas Shear Wall Data

Test Load Load (Ib) | Deflection (in)
UT CMU 3 Positive 6428 0.0731
UT CMU 3 Negative 5660 0.0733
UT CMW MC Positive 4435 0.0331
UT CMU 4 MC | Negative 4749 0.03%

To model eaclest specimen correctlyspecific boundary and load conditions were met. The

bottom of the wall was pinned at each joint and tteptwas restrained oubf-plane.The model was

discretizedh y (i 2

The load observed to cause yielding in the specimens was applied as a traction at the top of the wall.

Only this specific load was used because onlyethstic range of each test specimen was considered for

MO @O BEBSSyKEOLYSaa o

the model. The shear wall model with restraints is showRigure3.8.
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Figure3.8. Elevation View of Shear Wall Calibration Model

To convert this data into material propertigte deflection equatiorfor flexureof a cantilever
beam with a point load at the tiwasused. For theonsidered load and displacemetite equations
were solved for the modulus of elasticlyTheshear modulus G waslculated by usinthis value ofe
andan assumed 2 A 3 #iafoyofD.2, which is an approximatiofor concrete OnceEand Gwere
determined, a shear wall model was analyzed with the given test protocol. The npoeéicted
deflections werghen compared to the test data arttie value ofE was modified as needéal minimize
the error between the two deflectiongable 3.7contains the matgal properties determined with this

procedure
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Table3.7. UT Shear Wall Calibration Results

Test Load Force (Ib) Disp. Calculated E| Model | Model Error (%)
(ksi) E (ksi) | Disp. (in)
UT CMU 3 Positive 6428 0.072 351.3 420.0 0.072 1.067
UT CMU 3 Negative| 5660 0.0733 3089 365.0 0.073 0.130
UT CMU 4 MC | Positive 4435 0.0331 535.2 625.0 0.034 1.361
UT CMU 4 MC | Negative| 4749 0.03% 506.6 600.0 0.038 0.011

After these calibration results were obtainegain averagdeof 502.50 kswas calculated in order
to use a material property thatonsidered a range of tests. This aver&geas then used to reanalyze

the model for each specimen. The results of the tests using the averaged properties are presented in

Table3.8.
Table3.8. Shear Wall Results Using Averaged Material Properties
Test Load Test Disp. (in) | Model Disp. (in)| Error (%)
UT CMU 3 Positive 0.072 0.0605 17.33
UTCMU 3 Negative 0.0733 0.0533 27.39
UT CMU 4 MC Positive 0.0331 0.0418 26.10
UT CMU 4 MC Negative 0.0374 0.0447 19.21

Although the percent errors shown in the previous table appear to be signifitenaveragee
isconsidered to be sufficientlgccurate to use in the building model because the investigation is focused
on the effect of relative stiffness between the diaphragm and the walls loadedfgoiane and
oriented perpendicular to the loadiné\lso, theerror values are high because thejpliacement values
are very small. The largest difference between the model and test dat@dsnches. This is insignificant
when compared to the displacements of the diaphragm and perpendicular watigherefore it is clear
that the average materighroperties calculated for the shear wall model argficientlyaccurateto

representthe shear wall behavior
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3.4 (onnections
For the purposes of this studgnly the connection between the walls and roof diaphragas

modeled The type of connectiosimulaed was a bolt anchored into the CMU grout that the roof
framing members attach toFor this studydata fromBrown and Whitlock (1983yas used to calibrate
the nonlinear link propertiesThe force displacememturveused from this paper idisplayed irFigure
3.9 and inTable3.9. For the purposes of this study the link has stiffness only itoiteshear
directions. Axial and bending stiffnegsthe connectiorare notdirectly consideredvhen modeling this

connection but rather the bending action is effectively incorporated into the shear behavior of the bolt

Link ForceDisplacement Curve Developed from
" Brown and Whitlock (1983)

20 "

10

Force (k)

-20 /

-0.6 -04 -0.2 0 0.2 0.4 0.6
Displacement (in)

Figure3.9. NorLinear Link Forceisplacement Curve

Table3.9 Non-Linear Link Fore®isplacement Values

Displacement (in) Force (kip)
-0.5 -27
-0.1 -17
-0.05 -10
0 0
0.05 10
0.1 17
0.5 27

32



3.5 Model Verification Summary
This section summarizes the model properties that were described in the previous sections. Each

of these propertiedrasbeen specifically calibratefdr use in this study. All material properties are
useful for application only in themodels constructed for this study. They do not represent practical
material properties for the materials being modeled. Therefewch property described is an effective
stiffness given the dimensions assumed for the finite elements used for eachdfypeilding element

The model properties that were obtained during the calibration phase of this study are shdwbli

3.10.
Table3.10 Finalized Model Properties
Model Component Linear Properties NonLinear Properties
E (ksi) | G (ksi) A Stress (ksi)  Strain Displacement
(infin) (in)
Diaphragm 14.65 5.05 0.45
In-Plane Walls 50200 | 209.38 | 0.20

-0.00346 | -0.31442
-0.00020 | -0.10320
0.00000 | 0.00000
0.00020 | 0.10320
0.00346 | 0.31442

Out-of-Plane Walls

Wall Diaphragm
Connection

3.6 Mesh density
In orderto generate accurate resulem appropriatemesh density was selected. Each of ther

types of elementsdiaphragm out-of-plane wallsshearwalls andlinkswas tested with a monotonic
load. The mesh density was initially very coatisen refined until the results changed by less than 2%.

The diaphragm mesh was tested for two different results: link force and shell element displacement, the
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results of which are shown ifable 3.11Thewall elements weragestedonly for displacemensince this
is the parameter that produces the forces in the connectidiifge results of the wall mesh tests are

shown inTable3.12 and Table3.13. From thes&omparisons\ (i

Aa

Of SI NJ GKI G

~

nQENQ

sufficientlyaccurate results. For this study all walls and roofs were modeled with shell elements of this

size.

Table3.11. Diaphragm Mesh Test Results

Shell Size | Shell Disp(in) | Link Shear Force(K %Etror Disp %BETror Shear
Force
10Q10Q 0.1753 5.323 - -
5Q50Q 0.1756 5.331 0.171 0.150
2.502.0 0.1761 5.348 0.284 0.318
Table3.12. Shear Wall Mesh Test Results
Shell Size| Horizontal Disp. (in)| Vertical Disp. (in)) %FE&ror H. Y%&Eror V. Disp.
Disp.
10Q10Q 0.0034 0.0017 - -
5Q50Q 0.0034 0.0018 0 5.882
4Q4Q 0.0035 0.0018 2.941 0
2.502.50 0.0034 0.0018 -2.857 0

Table3.13. Out-of-Plane Wall Mesh Test Results

Shell Size Shell Disp. (in) %kEror Disp.
10Q10Q 108.227 -
5Q50Q 108.545 0.293
4Q40 108.6505 0.0971
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4.0 Simulation Procedure
This section outlines the procedure used to conduct this study. Detailed descriptitiresfivfite

element modelsload protocolsand data collection procedurassed for this study are included@hese
procedures were designed achievethe goal ofquantifyingthe effect of diaphragm stiffness properties
on the force transferred between the waderpendicular to the load directioand diaphragm.
4.1 Building Models

To complete tis study20finite element models were consicted. The ange of parameters these
models incorporated was selected tepresent a broad spectrum of feasible construction practices.
Fourdifferent roof diaphragm aspect ratios were testdehr each aspect ratj® different diaphragm
stiffness properties were usedhe diaphragm aspect ratio is defined by the ratio of length of the roof
parallel to the load to the length of the roof perpendicular to the loA&&PA814.4.1.5. The
diaphragm stiffness propertiassedwere modifications of the diaphragm property deteined during
the model verification phase of this studyor each aspect ratjthe height of the building remained
constant at 32 feetThe parameters for eaamodelare shown in Table 4.The building dimensions
shown do not exactly correspond to tlaspect ratio selected. This difference was intentipaall
ASNUSR (2 fft2¢6 F2N) dzaS 2T n Qltimgshe ddstiSdertsity Stdds Y Sy (i

phase of this project.
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Table4.1. Listof Parameters for eaciModel Constructed

Model RoofDiaphragm RoofDiaphragm | Diaphragm E| Diaphragm

Number AspectRatio Dimensiong(ft) modifier E (ksi)
1 1:1 52 x 52 0.5 7.325
2 1:1 52 x 52 1.0 14.65
3 1:1 52 x 52 1.5 21.975
4 1:1 52 x 52 2.0 29.3
5 1:1 52 x 52 3.0 43.95
6 2:1 100 x 52 0.5 7.325
7 2:1 100 x 52 1.0 14.65
8 2:1 100 x 52 15 21.975
9 2:1 100 x 52 2.0 29.3
10 2:1 100 x 52 3.0 43.95
11 3:1 152 x 52 0.5 7.325
12 3:1 152 x 52 1.0 14.65
13 3:1 152 x 52 15 21.975
14 3:1 152 x 52 2.0 29.3
15 3:1 152 x 52 3.0 43.95
16 4:1 200 x 52 0.5 7.325
17 4:1 200 x 52 1.0 14.65
18 4:1 200 x 52 15 21.975
19 4:1 200 x 52 2.0 29.3
20 4:1 200 x 52 3.0 43.95

The configuration of each model was relatively simpéeh model was made of 4 walls and a
roof. Each wallvaspinned at tle base and connected to the rodfaphragm by nodinear links.To
allow space for these links, the roof wasrticallyoffset from the walls by 1 inch. The links spanned this
distance.The links were spaced atféet, whichmatches requirements set BMSJC (2011 he models
were constructed with the earthquake load applied in a specific direction. Walls parallel to the load
direction were defined by the properties described in sec8d8) Shear WallsWalls perpendicular to
the load direction were defined by the properties descriliedection3.2, Out-of-plane wallsAn
example of a 1:1 aspect ratio model is displayeBigure4.1. All othermodels are similar, the one

change being the length of the cof-plane walls For each change in aspect ratio orig tength of the
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out ¢of ¢planewalls was changed.

DIAPHRAGM ELEMENTS

LINK ELEMENTS —

OUT OF PLANE WALL
ELEMENTS

SHEAR WALL
ELEMENTS

Figure4.1 Building Model, 1:1

In order to correctly model the desired building actiyggveralnode constraints wereapplied.
Allnodesthat formed shear wall elements were constrained -@fplane. Roof diaphragmlement
nodeswere also constrained otdgf-plane. The effect of these constraints was to ensure the model
experiencel displacement only in the direicin being consideredA graphic of these constraints is

shown inFigure4.2.
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DIAPHRAGMONSTRAINT
DIRECTION

SHEAR WAIGONSTRAI

DIRECTION

Figure4.2 Shell Element Constraints

In practical constructiorlCMUwallsare built with bond beams and expansion joints. The
specimens used for wall element calibration did not contain these features. To model the bond, beams
line elements were developed. The line elements contained no masdiamahsionsthey only servd
to add reinforcementn the areas that bond beams would be present. The reinforcemadeled
consisted of 2 standard #5/8-in diameter) Grade 60 steel reinforcibgrs. The line element was
placed at the top of the walls to model standard constructiwactices. Expansion joints are constructed
to facilitate thermal expansion and contraction of the CMU walls. For this study the expansion joints
were only modeled on the owtf-plane walls. An expansion joint was created on eachofytiane wall

8 feetfrom the connection with the shear wallShe expansiofoint was created by simply meshing
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shell segments differentisuch that shell elements at the location of the expansion joint did not have
sharednodes In practical constructiofexpansion joints i located at regular intervals along thall;
this was found to be unnecessary in the building model. Using expansion joints at onlyfr8rieetich

shear wall generated the same results as using expansion joints at regular intervals.

During preliminay testing it was observed that higher order mode shapes wiefkiencing the
Y 2 R Sdsat€ This effect was undesirable as only the fundamental mode shape is expected
observedto occur during a seismic evenor shake table testsn order to mininze this effectRayleigh
Damping was applied to the higher order modes. SAP2000 allows the user to apply Rayleigh Damping to
specific periods and specify the desi@uount ofdamping. The program then computes the damping
coefficients and applies the danmg. In order to determine the natural period of eachmofid t HAn " N Qa
modal analysis function was usell but the fundamentaimode were damped3% damping was used

for all extraneous periodg.he fundamental period for each model is displaye@able4.2.
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Table4.2 Fundamental Period for Each Model

Model Number | Natural Period (s)
1 0.419
2 0.408
3 0.405
4 0.403
5 0.402
6 0.583
7 0.527
8 0.511
9 0.503
10 0.495
11 0.752
12 0.624
13 0.579
14 0.558
15 0.537
16 0.920
17 0.735
18 0.660
19 0.621

20 0.582

4.2 Load Protocol
For each testan acceleration time history was used to simulate a seismic event on the building

model. Two differentacceleratiorrecords wereselected from the 1994 Northridge Earthquakine
record was taken from the Canoga Park Station and the other was from thanBaBtationThese
records were gathered from the Pacific Earthquake Engineering Research Center websiteT(lREER).
different acceleration records were used to ensure that the results obtained wdrspazific to one
acceleration recordThis data wasbtainedfrom the PEER Berkeley webgig®14) For the purposes of

this study only the portions of theecordsup tothe largest accelerations were used.

The Canoga Parkcord used was titled, Canoga Pgrkopanga Canyon, 196. The first test

performedwith this acceleration record used the data between 2.5 and 15 seconds. A second test was
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performed using the data from 2.5 to 10 secont@ise second test showed that the maximum
acceleration is contained within the shorter period. The data fromlibeo 15 second interval did not
change the resultsince only the maximum displacements and connection forces were of interest
Therefore to decrease computational time for each mogible acceleration data from 2.5 to 10 seconds
was used for the Canoga Padcord. The full Canoga Park record andpbetion, which was used for
this study are displayed ifrigure4.3. Data showing that the shorter reconddludes the maximum fae

on theconnection elementss displayed ifrigure4.4.

Canoga Park Full Acceleration Record, Red Bars
Indicate Portion Used for Model Time History

Acceleration (g)

Figure4.3. CanogdPark Acceleration Record
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Canoga Park Acceleration Record Duration
Comparsion. Force at Center Link vs Time.
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Time (s)

Figure4.4 Canoga Park Acceleration Record Time Interval Data Comparison

The Tarzana Station acceleration record used was titled Tatgz@edar Hill Nursery A, 090he
strong notion portion of this record was clearly defined, no study of which time interval to use was

needed.The full Tarzana record and the time interval used in this study are displajéglie4.5.

Tarzana Full Acceleration Record, Red Bars
Indicate Portion Used for Model Time History
2
1.5
5 1 '
S 05
8 o ' . . .
3 05 20 25 30 35 40 45
g |
-1 ¥ Ll |
15
-2
Time (s)

Figure4.5 Tarzana Acceleration Record
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The acceleration records described above were input into the SAP2000 program to be applied to
each model as accelerationhe acceleration function used for each test was applied at the base of each
model. Direct integration time history analysis was used to analyze each model. Direct integration was
used because of the ndinear material properties that defined the owff-plane wall shell elements.

4.3 Parametric Study

The parametric study consisted of 8inulationsusing the models and acceleration records

previously described. Data was gathered at a sample rate of 0.02 seconds to ensure accurate results.

Each test and the pameters used ardisplayedn Table 4.3
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Table4.3 List of Models used for the Parametric Study

TestNumber RoofDiaphragm RoofDiaphragm | Diaphragm E| Acceleration
aspect ratio Dimensiong(ft) (ksi) Record
1 1:1 52 x 52 7.325 Canoga Park
2 1:1 52 x 52 14.65 Canoga Park
3 1:1 52 x 52 21.975 Canoga Park
4 1:1 52 x 52 29.3 Canoga Park
5 1:1 52 x 52 43.95 Canoga Park
6 2:1 100 x 52 7.325 Canoga Park
7 2:1 100 x 52 14.65 Canoga Park
8 2:1 100 x 52 21.975 Canoga Park
9 2:1 100 x 52 29.3 Canoga Park
10 2:1 100 x 52 43.95 Canoga Park
11 3:1 152 x 52 7.325 Canoga Park
12 3:1 152 x 52 14.65 Canoga Park
13 31 152 x 52 21.975 Canoga Park
14 3:1 152 x 52 29.3 Canoga Park
15 3:1 152 x 52 43.95 Canoga Park
16 4:1 200 x 52 7.325 Canoga Park
17 4:1 200 x 52 14.65 Canoga Park
18 4:1 200 x 52 21.975 Canoga Park
19 4:1 200 x 52 29.3 Canoga Park
20 4:1 200 x 52 43.95 Canoga Park
21 11 52 x 52 7.325 Tarzana
22 1:1 52 x 52 14.65 Tarzana
23 11 52 x 52 21.975 Tarzana
24 1:1 52 x 52 29.3 Tarzana
25 11 52 x 52 43.95 Tarzana
26 311 152 x 52 7.325 Tarzana
27 31 152 x 52 14.65 Tarzana
28 31 152 x 52 21.975 Tarzana
29 31 152 x 52 29.3 Tarzana
30 31 152 x 52 43.95 Tarzana

4.4 Data Collection
The focus of this study was the force transfer betweenwladls that were loadedut of plane

andthe diaphragm. The data collected consistechotlaldisplacements and link foe at the location of

the wall/diaphragm connection. For each teite displacement of th@odesat the wall top and the
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roof edge was recorded for each time stéje displacements recorded were relative to thginal
displaced shape of theodel. Also recorded was the foraeduced ineach link along the entire letiy

of the wall at each time stefAP2000 recorded this data automatically as esciulationwas
completed. After each modsimulationwas completedthe desired data was selected and exported to

spreadsheet software wherewasanalyzed.
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5.0 Results and Analysis
This chapter discusses the results of the parametric study. Two types of data were collected, nodal

displacements and link forces, each of which will be discussed sepafidietyghout this chapter
figures are used to demonstrate results. Inledigure a legend is used to show the stiffness of the
diaphragm for each test shown. This stiffness is defined by the effective modulus of elasticity (E) of the
diaphragmand represents the range of stiffness a designer might expect for steel or wqulraigns
This method of displaying results is used for ease of comparing the effects of diaphragm stiffness on the
behavior of the model.
5.1 Nodal Displacement

Nodal displacements indicadehat the modek behavedin the mannerexpected. Te displacement
of the node at the center of the top of theut of plane walls from each test was analyz&d example

of the deflected shape of each model is presented in

Figure5.1 Building Model Deflected Shape Example
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Fromdiscoveries oprior researchit wasexpected that the models auld behave as a stiffness

driven systemgoverned by diaphragm properties. By plotting the displacement vs time for each

diaphragn material property testedit becameclear that the moeélsbehaved as expectedVall node

displacements during the entire duration thfe acceleration record are shown for each aspect ratio

Figure5.2 through Figureb.7.

Displacement of Wall Top at Centerline vs. Time
for 1:1 Building Aspect Ratio (Canoga Park)
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Figure5.2 Displacement of Wall Top at Centerline for 1:1 Building Aspect R@Zianoga Park)
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