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ABSTRACT

Steel plate shear walls (SPSWs)are popular lateral force resisting systems whose practical
applications range from high seismic regions to medium and low seismic areas and wind load
applications. The factors which make SP@Wractiveincludeits energy dissipation capacity,
excellent ductity, constructability speed of construction compared to concrete shear walls,
reduced architectural footprint compared to concrete shear walls, and increased inelastic
deformation capacitgs compared to braced framekhe principle behindcurrent SPSWilesign

is that thepostbuckling tension field capacity of the thin wplateis proportioned to resist the

full lateral load The resultingveb plateis typically quite thin buckles at low loads, possesses

low stiffness, and does not provide resistanbemthe lateral loads are reversed until the tension
field engaes in the opposite directiorfo compensate for these shortcomings, moment
connections are required at the beam to column connections to improve energy dissipation,
increase stiffness, and mide lateral resistance during load reversdhe resulting SPSW
designs with very thin web plates, moment connections, and beams and columns significantly

larger than omparable braced frames, can resulhéfficient structural systesn

The objectiveof this work is to develop steel plate shear vggidtems that are more economic

and efficient In order to achieve this, approaches like shear connections between beams and
columns, allowing some yielding in columns andreasing plate thicknesses were attempted.
But these approaches were not effective in that there was no reduction in the amount of steel
required since stiffness controlled the designs. This niéatesk the creation of tunable steel
plate shear wallsydems in which strength and stiffness could be decougPedliminary
analyses of seven steel plate shear sydtems which allowunability were conducted and two
configurations namely circular holes and butterfly shaped links around the perimeter, that
showed promising results were chosen. The solid plate in the middle of the panel contributes
significant preyield stiffness to the system while the geometry of the perimeter perforations



controls strength and ductility. An example panel was designed tisntyvo approaches and
compaed to panels designed usiogrrent SPSW design method$ie propoed configurations
resuled in improved overall performance of the system in terms of energy dissipation, stable
hysteresis, required less steel aodnoment conections between beams and columns. This was
also observed from the parametric study that was performed by varying the thickness of the web
plate and the geometry of the configurations. Thus it was concluded that the two proposed
configurations of cutoutsvere promising concepts that allow separate tuning of the system
strength, stiffness and dudiyl and could be adopted in asgismic zondor improved seismic
resistance.
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Chapter 1. INTRODUCTION

1.1 Steel Plate Shear Walls- An Overview:

Steel plate shear walls (SPSW) have been used in the construction industry for several decades
starting f rMerosetofithese $ystén3 bas increaggdficantlyin the recent years

due toresearch demmstrating SPSW behavi@nd inclusion inU.S. building codesThey are

now being used not only in the high seismic areas, but also for wind and low seismic applications
(Sabelli and Bruneau, 20075PSW are commonly usddr structures with moderate wall
lengths. SPSW are suitable not only for high rise buildings but also feriggidonstruction. As

per the recent research in this field (Berman and Bruneau, 2003a), it is shown that SPSW may be

used for the retrofit of existg structuress well asnstallation in new buildings.

A steelplate sheawall is a lateral load resisting element which is made upree components,
namely theweb plate the beams which are referred tohasizontalboundary elements (HBE)
and thecolumns which are referred to asrtical boundary elemen{¥BE). Thevertical steel

web plates are typically connected to the surrounding beams and columns threouil
connection plates referred to fash plates. SPSWare installed in one or more ysmalong the

full height of the structure to form a cantilever wall. SPSW subjected to cyclic inelastic
deformations exhibit high initial stiffnegprior to plate buckling)areductileandare capable of
dissipating energy as theeb plate yields Thesecharacteristics make them suitable to resist and

dissipate seismic loading.

There are two types ofteel plate shear wallssedin building construction stiffened and
unstiffened SPSW<Early design procedurgzrevented buckling and were desigrfed shear
yielding of the web plate in the post elastic range. But this resulted in relativelynthichlates
or heavily stiffened plates. Stiffening increaskd shear buckling strength of the web plate
also increased its pebuckled stiffness Stiffening also substantially increaséioe amount of

steel required and themst ofconstruction



Research in the 198006s brought a c¢ HThobyra, i n t
Kulak and Montgomery, 1983)he current approach allows sheackling of the web panels

and development of post buckling diagonal tension which is the primary mode of lateral force
resisance in a SPSW and thus requinesstiffening of the panelsUnstiffened SPSW became
popularin the United Statestarting in 200. The unstiffened SPSW isncluded as aasic

seismic force resisting system in ASCE 710 and AISC 34110 (ASCE 201Q AISC 2010)

Vertical boundaryelements are designéad remainessentiallyelastic for thefully yielded panel

allowing the HBE to undergo plastic hingingor high seismic design, SPSVdse designed to

permit the web plates to reach their expected ysttdss across the entire parnééry high

strength can be provided by unstiffened steel web plates of motleckteess.

Steel plateshear wallsoffer advantges over other shear wall systenms terms of cost,
performance, and ease of design. Compared to concrete shear(@®W¢) the reduced
thickness of the welplate offers significant reduction in the seléight of the systenand
foundations The plan area devoted to SPSV¢nsaller tharCSWs.Most importantly, however,
steel plate shear walls can be erected in significantly less time than concrete stsee&R&W
may be considered as an alternative ta@édaframes. They can provide equivalent strength and
require the same or less plan area. The speed of construction of SPSW is comparable to that of
braced frames as well. The strength anetbuckling stiffness of the systerancouragegood
performance under moderate lateral loads. THnge ductility of steel web plates in SPSW
promotes good performance under severe seismic loading. Because SB&W provide
significant strength, shorter bays can be used. This results in greatedifiekioi use of the

spacen a particular bay

Though SPSW find a range of applications, thare limitations SPSW designed usj the

current provisions ifJ.S. Building codes result in vergonservative desigrespecially for the
boundary elements arnithe web plate thicknesses obtained are also very siifadl. current

design procedures also require moment connections between beam and columns. Because the
beams and columns are resisting the inward pull ofwtéle plate, have moment connections
between tem and are capacity designed, they become excessively \aege.thin plates

designed to resist the entire story shpassess negligible compressive strengths and hence
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buckle at small values of loadBhe loaddeformation behavior exhibits low stiffneassociated

with early buckling and pinched hysteresis with limited energy dissipalibie.constructability
issuesand reduced energy dissipatiassociated with thin plates of small gauge sizes make it
difficult for implementation in the constructiontesi Thus tre resulting SPSW system has thin

web plates and boundary elements that are significantly larger than comparable braced frames
and loaddeformation performance that is not ideal. It can be concluded that the current SPSW

design methodology results in inefficient and expensive seismie feststing systems.

1.2 Motivation and Approach

The motivation forthis work is to develop more efficiergpst effectiveand better performing
SPSW systemssirst, concepts for increasing the economy and efficiency of SPSW sylstems
moderate seismicones werenvestigated. Approaches includezinoving moment connections,
allowing some yielding in columns, and increasing web plate thickness. It was found that
stiffness controlled the designs so the approaches were ineffective at reducing the amount of
required steel and thus this was not an appealing solution. Based on these results, it was
determined that to make SPSWiore efficient, it would be necessary to create a tunable SPSW
system in which stiffness and strength could be decoupled. Seven SR&Ms that allow
tunability will be investigated. Different configurations of perforations in the web pldtebe
modeled and preliminary arnyales will beperformed in a finite element environment. The
modeling techniques were validated against the available literature. Based on the results of the
preliminary analyses, the two miigurations that show the most promig#ates with circular

holes cut aroundhe perimeter of the plate, and plates with butterfly shaped links around the
perimetey will be chosen The concept behind these configurations is thatsblid plate in the

middle of the panel contributes significant{yield stiffness to the systemhile the geometry of

the perimeter perforations controls strength and ductiity.example panel will belesigned

using thetwo proposed configuratiorsnd compared to panels designed using current SPSW
design methods.

A parametric studwill be conduded using the chosen configuratsoifhe effect of thickness of

the plate, perforation diameter and spacing on the strength, stiffness and ductility of the system
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will be studied.Conclusions are made about the performance of the prototype structures and

applicability of the proposed design methodolo§gope for further studyill be proposed.

1.3 Organization of the thesis

The thesis isorganized into7 chapters. Chapter 1 gives a brief overview of SPSWs and the
objectives of the work. Chapter 2 gives a detailed background about SPSWs in the form of a
literature review. Validation ofinite element modelingn ABAQUS 6.10 and SAP 2000 is
described in Chapters 3 andespectively. Chapter 5 presetite variousapproacheshat were
attempted before arrivingt configurationsof perforations which reswtlin a desiredhysteretic
behaviorand satisfied the objectives listed in in previous sectidine prametricstudy is
describedin Chapter 6.Chapter 7 gives the summary thfe thesis with the conclusions and

recommendations for future work which is followed by teerences and the Appendices.



Chapter 2. LITERATURE REVIEW

2.1. System behavior, mechanics an8trip model representation of SPSWs:

Steel plate shear wallesistlateral loads primarily through diagonal tension in the web plate and
overturning forces in the adjoining columns. Typical web plates are unstiffened grelereter,

and their compressivstrength is negligibleThe development otension field action ahthe
transfer of these forces from the tgl&o the boundary elements constitute a signifipart ofthe
behavior of SPSWdaNhenlateral load applied to the plate generates compressive stresses that
exceed the compressive strength of the plate, the platkles creating folds in the plate in a
direction that is perpendicular to ttensiondiagonal.The lateral loads attentransferred to the
boundary elements through the principal tension stresses in the plate. Thus the tension field

action is thdimit state for design of SPSWs similar to that for plate girders.

The behavior of a SPSW can be adequately predicted by inelastic finite element analysis by
modeling the web panels using a large number of shell elements (Elgaaly et al., 1993). This has
to be done to incorporate the geometric and materialinearities which are inherently present

in the real system (Driver et al., 1998b).

The behavior of a SPSW is similar to that of a plate girder. An analogy between the plate girder
and the SPSW systehas been suggested. The VBEs act like flanges of the plate girder and the
HBEs act like stiffenerand steelveb panelsin the SPSWs act like theeb of the plate girder
Unstiffened SPSWs which adesigned to buckle in shear and develop a diagonabtefisld

are similar to vertical plate girders in a qualitative manner ohhe differencein the two
systemsresults from the stiffness of the boundary elements. Where plate girder flamges a
typically plates with asmall weak axidending stiffness,he vertical boundary elements of a
SPSWare typically wide flangesections which have a substantialplane bending stiffness.
While the VBE resist the forces associated with the full yielding of the web plate, the flanges of
the plate girders buckle aryield before the plate girder web yieldshe angle of inclinatiomof

the dagonal tension field that develops SPSW (defined with respect to the verticallgepends

on the stifhess of these boundary elements. On the other inapldte girders, the stiffness of



the boundary elements is typically negéetin determining this angle becausetladir low in
plane sffness (Basler, 1961)As a result, plate girder shear strength equations considerably

underestimate the strength®®SWs (Bruneau et al 2005).

Thereforefor seismic designin particular it is recommendedn the Canadian Steel codes
(CAN/CSA S1601) that the strip model be used to model SBSW calculate the angle of
inclination of the tension field and stripspdato calculag the ultimate strength of SPSW
(Sabelli and Bruneaw2007).The strip model representation of a SPSW has been one of the
popular and convenient methods of describing the system behavias. been observed that the
strip model analysis ol SPSW is capable of capturing the behavior of SPSWs to an adequate
degree of accuracy when the SPSW is modeled wikbast 10 strips along the diagonal of the
web panel (Thorburn, Kulak and Montgomery, 198Bjgure 2-1 shows the strip model
representation of a SPSWimler and Kulak(Timler and Kulak, 1983dlerived the equation for

the inclination angle of the tension field as the angle between the directionsifithand the

vertical direction as given below:
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where t = thickness of theebplate

h = story height

L = bay width

I = moment of inertia of the vertical boundary element

A. = cross sectional area of the vertical boundary element

Ay = cross sectional area of the horizontal boundary element
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Figure2-1 Idealized tensioifield action in a typical SPW Strip Model Representatigirom
(Sabelli and Bruneau, 2007)]

2.2. SPSW with solid panels

Analytical studies and various component and raitiry tests on SPSWSs have been conducted
by various researchers in the past. These tests have given a better insight into the understanding

of the behavior of SPSWs. A selected few are presented here.

Experimental research (Tromposch and Kulak, 1987; Roberts and S&ibmumi, 1991,
Caccese et al., 1993; Elgaaly and Liu, 1997; Driver et al., 1998a; Letball, 2000) suggests
that, when subjected to cyclic deformation levels well beyond the elastic lin8W 3i®ssess
adequate hysteretic response characteristics. In the experiments conductedrsingleltistory
SPSW models of various scale levels wesubjected to quastatic cyclic loads. In all cases,
resulting experimental hysteresis loops were stable up to relatively large ductility ratios, and
indicated that a significant amount of energy is dissipated through inelastic deformations.
Experimentaevidence, however, indicates that pinching effects are less pronounce@w SP
having momentesisting beanrto-column connections than in those having simple connections.
(SabelliandBruneau, 2007) The requirement of moment connections between thenbead
columns, thin steel plates havindiighly pinched hysteretic response with little energy

dissipation,little resistance to load reversahd small buckling resistancerove to be the
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motivation to alleviate these concerns and thus the research wattempt in this direction.
Specific testing programsonducted in the past by various researclages presented in the

following sections.
2.2.1. Thorburn, Kulak and Montgomery (1983)

Thorburn et al(1983)developed simple analytical model which simulated the diagonal tension
field action in a thin steel wall subjected to shear forces by inclined tension strips. This model
was developed based on the work by Wadh®81) who first presented the theory for thin webs
subjected to shear utilizing the pdmickling strength. By assuming that the beams and columns
in a SPSW remained rigid in bending andttkhe web panel would buckle under a diagonal

compressive load, the following equation was derived for the inclmatigle:
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where H = story framing height
L = frame bay width
t = panel thickness

Ap and A = cross sectional areas of the story beam and the column respectively

The investigation suggested that in order to adequately represewelthgane] at least ten
tension strips would be requirdeigure2-2 shows the tension strip mebwith rigid beamsThis

is considered to be a valid assumption for an interior panel in a-stafi structure since the
vertical component of the tension field from the adjacent stories would oppose each other and the

net vertical beam deflection woulbe negligible.
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Figure2-2 Schematic representation of the Strip model of a SPSW (Thorburn et al. 1983)

2.2.2. Xue and Lu (1994)

An analytical study on a three bay,-4®ry structuravas perfomed (Xue and Ly 1994) The
beamcolumn connections were moment resistant. The structure had SPSWs only along the
height of the center bayhe effect of bearto-column and plate connections was the foofi

this study. Four casegereconsidered:

1. Momentresisting beanto-column connections andeb plates fully connected to the
surrounding frame.

2. Momentresisting beanrto-column connections and teeb plates attached to only the
beams.

3. Simple beanto-column connections and fylconnectedvebplates.

4. Simple beanto-column connections wittveb plates connected only to the beams.

Plate thicknesses were the same for each configuration but varied along the height. It was found
that the type of beatto-colunm connection in a SPS\8ystemhad an insignificant effect on the
global forcedisplacement behavior of the syste@onnecting theweb platesto the columns
provided only a slighincrease in the ultimate capacity of the systeémiasalso concluded that

SPSW systesiwith the web platesconnectedio only the beams and using simple beaam



column canectionswas the optimal configuration because this drastically reduoedshear
forces in the vertical boundary elemeatsd helpedavoid plastic hinging in the columns before
plastc hinging in thebeams.However, since #&arge number of tests were not conductibds
concepthas notyetbeenimplemented in the NEHRP Provisions or AISC 341

2.2.3. Berman and Bruneau(2005)

The tests performed Berman and Bruneau (200&)med at using lighgauge steel for theeb

plate in order to reduce the system weight and also provide adequate duitlie 2-3(a)
shows the experimental sap for the tests conducted aRjure 2-3(b) shows thénysteresis for

the light gauge steeleb plate A SPSW test specimen utilizing a liglgaugeweb platewith
0.0396 in. (1.0 mm) thickness wased. The specimen used W12x96 (W310x143) columns and
W12x86 (W460x128) beams. This test was performedguguasistatic cyclic loading.The
contribution tohysteretic behavioof the web platevas separated from that of the boundary
frame to individually study thenThis specimen reached a ductility ratio of 12 and drift of 3.7
percent, and theveb plate was found to provide approximately 90 percent of the initial stiffness
of the system. Théailure limit state of the specimen was due to fractures inwkb plate

propagating from the corners.
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Figure2-3 (a) Experimental Test sep (Berman and Bruneau, 2005), (b) Hysteresis behavior of
the SPSW (Berman arigtuneau, 2005)
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2.2.4. Vian and Bruneau (2005)

Vian (2005) conducted test on @nglestory singlebay SPSW specimeat the MCEER
Laboratory The specimen was called Specimersignifying a Solid panel. The loading was
guasi static cyclic loading applied as a displacement history at the center of the tofigeaen.

2-4 (a) shows the experimental set up for Speaifieandrigure2-4 (b) shows the experimental
hysteresis curve for specimenThe specimens had rigid beam to column connectionaceed
beam sections in the beamsdweb plates made of LYS steel. The sbpanel was the reference
panel.The frame dimensions were 4000 mm x 2000 mm overall. W18x65 and W18x71 sections
made of A572 Gr. 50 steel were used for the beams and columns respectivelebljlates
were 2.6 i thick In all three specimens a 6 mm thick fish plate was provided along the
perimeter of theveb plate to facilitate the connection of thweb plate to the surrounding beams
and columns. Specimensw&s loaded upto an intstory drift of 3%.Finite elenent models of

the three specimens were modeled in the FE package ABA@k&llent agreement was
observed between the experimental and analytical hysteretic results for the specitheneS
was good agreement in the prediction of the overall behavittreaspecimens by the analytical

models.
W18x65
233 mm < Hysteresis curve for cyclic loading
Specimen S

- 2500

2000 m PL Ht 1450 mm = 1500
Z

PL Width 3450mm X 500

£ /
]
© -500 /
o
LL
W18x65
850 m -1500 - #
/] /]
\ \ -2500
L\ L] -100 -50 0 50 100
4000 mm Displacement in mm
(a) (b)

Figure2-4 (a) Experimental Seip for Specimen & at MCEER Laboratory, University of
Buffalo, Tests condgcted by Vian and Bruneau, 20@b) Hysteresis curve for Specimen S

11



2.3. SPSW with Perforations Slits and Other Cutouts

SPSW with Perforations were implementadresearchers t ar t i ng .iTme behaver 1 9 9 0 G
of SPSW with perforations wagvestigated inexperimental progras including those

undertaken at the MCEER Laboratohytroduction of perforations in the web platduce the

strength, allowing the usef thicker plates which increase the stiffness and energy dissipation
capacitywithout increasing the sizes of the boundary eleméisn perforations would allow

the utilities to pass through them without having to divert the utilities through a diffeath

which would add to the construction coskbe following section describesme ofthe studies

on perforated SPSW.

2.3.1. Roberts and SabouriGhomi (1992)

Roberts and Sabou@homi(1992) conducted a series of 16 qestsitic cyclic loading tests on
unstiffened steel plate shear panels with centrally placed circular openings. The test setup
consisted of a plate clamped between pairs of stifkepioled frame membergigure 2-5(a)

shows the web panel with a central circular perforationFigdre 2-5(b) shows the hinge and

the panel assembly used in the test setTwpo diagonally opposite pinned corners were
connected to the hydraulic grips of a 56.2 kip (250 kN) sapdraulic testing machine, which
applied the loading. Specimen panel depthwas 11.8 in. (300 mm) for all specimens; panel
width, b, was either 11.8 in. or 17.7 in. (300 mm or 450 mm); panel thickhesgas either

0.033 in. or 0.048 in. (0.83 mm or 1.23 mm), with the panels having 0.2 percent offset yield
stress values of 32 ksi (219 MPa) and 22 ksi (152MPa), respectively; and four values were
selected for the diameter of the central circular operidsg0 in., 2.4 in., 4.1 in., and 6.0 in. (O

mm, 60 mm, 105 mm, and 150 mm). On the basis of experimental rabeltsesearchers
recommended an equation for the strength and stiffness of a perforated panel introducing a

reduction factor with respect to thaita solid panel as follows:

O
p 588888888888888888888ébr'|80
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where D =diameter of the circular hole
d = depth of the web plate

W g =yield strength of the perforated web plate
w =yield strength of the solid web plate

0 = stiffness of the perforated web plate

0 = stiffness of the solid web plate

Theresearchersbserved a reasonable agreement between the hysteresis curve of the theoretical

and the experimernitanodels.
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Figure2-5 (a) SPSW Panel with a central circular hole, (b) Hinge asseimbtyhematic of the
test specimen (Roberts aBdbouriGhomi, 1992)

2.3.2. Vian and Bruneau (2005)

Vian and Bruneau (2005hvestigatedthe behavior of SPSW with a staggered arrangement of
perforations and with a corner cut auth the aid of experiments and FE modelinihey tested

two specimens whiclvere designated as spean P for theperforated panel and specimen CR
for the specimen with quarter circle corner cut odtse description of the loading protocol and

the test set up are the same as those mentioned for the solid panel specimen widhe pre
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section.Figure 2-6 (a) shows the experimental sgi for specimen Rnd Figure 2-6(b) shows

the hysteresis curve for specimen Fhe specimen P had multiple regularly qdd hdes
throughout the panel 200 mm diameter holes were arranged in a staggered manner at a 45
degee angle and 300 mm center to center spacing in four strips wit 4 holes in eachhstrip.
specimen CR had quarter circle cut outs at the four corners ofebglate,each of 500 mm
radius Hat plate reinbrcement along the cut outs wa®vided.The specimen P watested to a
maximum interstory drift limit of 3% and the specimen CR upto #t4vas found that the

analytical models of specimens P and CR underestimated the experimental strength
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Figure2-6 (a) Experimental Setup for the specimen Pat MCEER Laboratory for the test
conducted by Vian and Bruneau, 2005, (b) Hysteresis cungpésistatic cyclic loading for

Specimen P

Vian and Bruneau (2005) developed equations for estimating the reduction in panel stiffness due
to the presence of perforations. For a panel with multiple perforations, arranged in diagonal
strips, such as thedted specimen, diffness reduction factor waderived assuming that the
elastic behavior of a typical perforated strip can represent the strips in the entire panel, as a group
of parallel axially loaded members. Five variables define the panel penfolayiout geometry:

the perforation diameteD; the diagonal strip spacingiag; the number of horizontal rows of
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perforationsNr; the panel heightdpanei and the di ag@oniathe stffnessop angl
the perforated web plate and is the stiffness of the solid web platesing these

parameters, the total displacement of the perforated strip can be calculated, and the resulting
stiffness is set equal to the stiffness of a tension member of uniform effective width. This
effective width, divided by the gross width of the perforated strip, is the stiffnégsti@n factor
proposed by thenSabelli and Bruneal?007). This equation gives good results when the factor

— T® B

5 0 l,j,OOE_l_88888888888888'On€h

P Tv P 0

Vian and Bruneau (2005) also proposed geometric constraints to ensure ductile perfaimance
the perforated web platelk was recommended that the ratio of perforation diameter to spacing,
D/Syiag, be such that

O

0
~— P W e 8888888888888888888888880n1n8v

whereFy andF, are the yield and tensile strength, respectively, ofaéle platematerial, and it

is recommended to use valuesYpkqual to 1.0 foFy /F, O 0. 8, or 1.1 other wi
by Dexter et al. (2002) and specified for design of tension flanges with holes by AISC (2005b). It
was also recommended that the steel morframes with perforated SPSW be designed for
maximum interstory drifts of 1.5 percent. For simplicity, it was suggested that the perforation

| ayout a ndgpted as adconstamte45° aangiéan and Bruneau (2005)roposed the

following equation forthe calculation of th@erforated panel strength as related to the strength

of the solid panel with the terms in the equation explained before.

0
O g P = — G 88888888888888888888018¢
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Vian and Bruneau (2005) concluded thadmg assembly rotation, subsequent column twisting,
distortion of the top beam and lateral support frames, RBS connection fractures account for the
discrepancy between experimental and analytical results at large drifts as the FE model was not
developedd account for such distortions and material failure.

2.3.3. Purba and Bruneau (2007

Purba and Bruneau (200revisited the work done by Vian and Bruneau (200%g analytical

model of the perforated SPSW was used to develop many more FE models with varying
diameter of the perforations in order to study the behawo¥ian and Bruneau (2005The

results from these models were compared to the simpler strip models for the same. It was found
that the elongation predicted by thaite element models for a silegstrip and a full SPSér a
monitored maximum strain closed to the perforation edgas significantly different This
difference could not be explained th&ome jaggedness in the curves of total strip elongation
versusperforation ratio calculated ug the individual perforated sfrimodel was also observed.

For the cutout comer SPSW, the thick fish plate added to the "arcfiatgplate reinforcement

along the cutout edges (to allow connection of tweb gate to the boundary frame) was
expected tanodify the behavior of the SPSW from thakdictel by the idealizd model (Purba

and Bruneau, 2007Finite element models of individual perforated strips were developed. Mesh
refinement techniques and various meshing algorithms were used to resobgeidse With fine

mesh sizes smooth curves of strip elongation versus perforation ratio were obtained. It is
suggested that the DGO  Gor Wing strip models to represent a full SPSW model and obtain
comparable results. Shear strength of a perfdragi@nel can be calculated by reducing the
strength of a solid panel by the factori[f U ¢y ]S where U is the corre
0.70. The full strength of the SPSW is obtained by adding the strength contribution from the

bare frame to the pal strength obtained using the above formula.

2.3.4. Hitaka and Mastui (2006)

Hitaka and Mastu{2006) performed static monotonic and cyclic tests on various specimens in

JapanCyclic loading tests were conducted on three story bay composite frames braced by
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SteelPlateShear Wall with slits under constant axial lodtle panels were connected to beams

only as opposed to the conventional SPSW where the panels are connected to both the HBE and
the VBE.Figure2-7 (a) shows the schematic representation of the SPSW with slitSiguc

2-7(b) shows the experimental agt used by the researchefrest parameters were shape of the
segments between vertical stiffeners and stiffening method to restranf-plane deformation

of the shear plates. All specimens underwent roof drift angle of more than Oif@asradthout

losing axial strength. Response of the shear wall was similar to the response observed in the tests
on the walls not integrated with the frame.

In this system, e steel plate segments between the slits behave as a series of flexural links,
which provide fairly ductile response without the need for heavy stiffening of the Tiedl.
authors conducted static monotonic and cyclic lateral loading tastforty-two wadl plate
specimensThe results showed that when properly detailed and fabricated to avoid premature
failure due to tearing or owf-plane buckling, the wall panels respond in a ductile manner, with

a concentration of inelastic action at the top &ottom of the flexural links. For transverse
stiffening, two methods utilizing steel edge stiffeners anebamded mortar panels were
proposed (Hitaka, 2003). The test specimens were designed to simulate lower stories-of a mid

rise building.

The observe@xperimental data and the subsequent FE analysis suggested that the contribution
of the steel stiffeners to the stiffness in the initial stage is negligible for calculating the initial
stiffness. The specimens displayed a stable hysteresis behatioe égclic loading applied and
strength degradation owing to the transverse buckling was observed later. A few specimens
experienced ductile fractures at the ends of the slits. It was observed that welded edge stiffener
specimens displayed less strdngegradation and more stable hysteresis behavior as compared

to the unstiffened panel of similar slit configuration.
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Figure2-7 (a) Schematic representation of SPSW with slits, (b) Experimental test set up, Hitaka
and Mastui, (2006)

2.3.5. Borchers, Pefa, Krawinkler, and Deierlein(2010)

Borchers, Pefa, Krawinkler, and Deierlein (20h0)Stanford University conducted tests on
specimensvith butterfly shaped fusegigure2-8 shows a typical butterfly shaped fu3ée test

results showed that yielding was initiated at quarter height of the butterfly cut outs as opposed to
initiation of yielding at the ends of the&its in the panels with slits introduced by Hitaka and
Mastui (2006). At the end of the testsyckling of the slits increased rapidly and becaswe
severe that the links turned 90 degrees and became perpendicular to the loading direction.
However, it wasobserved that butterfly fuse could sustain more deformation and was able to
withstand higher load at large drift§wo major reasons were suggested for this behavior. The
first reason was thahe uniform yielding along the edge of the link in the bilitduse reduced

strain concentration at a particular point on the link and thus, delayed crack initiEtien.
second reason stated is tbatce the plastic hinge formation took place at quarter height sections
in the butterfly link, the effective lengtbf the link in tension was shorter as compared to the

links in the slit fuse where the hinges are formed at the slit ends. Due to shorter length of the
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tension portion, it could contribute more to the lateral strendg®anels with butterfly fuses
displayed a very stable hysteresis behavibwas also foundhat the butterfly fuses have better
ductility as compared to the slit6he following equation was proposed to calculate the strength
of the wall with butterfly fuses.

. TQO, L

W EaO888888888888888888888888On&x
whereVy, is the strength of the strength of the plate with a butterfly shaped fystheFyield

strength of the plate material, n is the number of links or fuses and theestherin the above

eqguation are explained in thégure2-8.

S

Typical Link
a

Plate of thickness t

Figure2-8 Typical butterfly shaped fuse with the terms in the plate strength equation explained
diagrammatically

2.4. High Seismic Design of SPSW

The high seismic design of SPSW as specified inctiveent building codes isummarized in

this section. It includes the design of thebplate and the boundary elements.
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2.4.1. Requirements of the AISC Seismic Provisions ANSI/AISC 341-10

Unstiffened steel plate shear walls are typically designed as Special Plate Shear Walls (SPSW).
AISC 341(AISC 2010)includes seismic design provisions for SPSar high ductility (Part |,

Section 17); neeismic design provisions for thaver ductility systens exist.

Typical SPSW have slender webs that are capable of resisting large tensesrbiarittle or no
compression. This behavior is analogous to temsidy bracing, which relies on beams in
compression to transmit the horizontal component of a brace force to the brace at the level
below, and in which overturning forces are imposed¢a@nomns. Overturning forces are resisted

by the columns and are delivered by the vertical component of the brace forces. Where braces
only resist tension, the beams are typically subject to large compression forces. The tension in
the SPSWweb plate acts along the length of the boundary elements, rather than only at the
intersection of beams and columns, as is the case for temsipbracing. As such, large inward
forces can be exerted on the boundary eleméiBEs andVBEs of SPSW are d&gned to

provide sufficient stiffnesto anchor the tension fieldndresistthe full tension strength of the

web plateyielding along the tension field diagon@\ISC 34110)

2.4.2. Web Panel Design

Thep an el desi gn gUrRDae loadsard restsngetfaotor dsign)according to the

limit state of shear yielding shall be determined as follows:

@ T CO00 ORI 88888888888888888888880n8Y

where \, i nominal shear strength of the link

Fy T specified nmimum yield stress ofteel of the plate
tw T thickness of the weplate

LT clear distance between VBE flanges

Ui angle of web yielding measured in radigingen by the expression shown below
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whereh - Distance between the HBE centerlines in mm

A, cros sectional area of a HBE in im

AT cross sectional area of a VBE in Mm

I i moment of inertia of a VBE taken perpendicular to the divaatf the web plate line in nmim

L 7 Distance betweethe VBE centerlines in mm

The code also specifies the values for variables used in d&2gmic response modification
coefficient R=70v er st r e gy Deflettiancammification factor &= 6. For a dual

systemwith special moment frames the modifications requiredRire:= 8 3, C4¥ 5.5
2.4.3. Horizontal Boundary Element (HBE) Design

For boundaryelement design, AISC 341 Section 17.48SC 2010) states that boundary
members are to be designed for the forcegesponding to the expected yield strength, in
tension, ofthe web calculated at an angle The definition of the expected yield strengthan

a n g lcamsists of multiplying by R, to get the expected yield stregsen byequation 10

For the design of the HBE, however, it is necessary to separate the force, F, into components.
Figure2-9 shows SPSW divided into different parts to show the forces on eacH Ipariesign
example in ICC/SEAOC, 201ACC/SEAOC, 2012)]presens a derivation of the resulting

horizontal and vertiddorces acting on the HBE and VBE:

_ Force _ RyFthDcosa
11— -
Length D
9 %osa

= RFt,COS @i, Eqn(1))
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RyFt Dsina _ a
Fp, = Iy =R Ft,sinacosa =R Ft & sm(Za)H ................... Eqn(12)
cosa
F,t,Dcosa
Fou :RVI:V%W% =R/Ft,sinacosa =R Ft "é S|n(2a)§ ................... Eqn(13
sina
R Ft,Dsina -
F,=—— 5 =RFL,SINT @ Eqn(14)
sina

The HBE is designed for the vertical force; Bnd the shear force &= The components of the

expected web strength applied to the HBE are showkigare 2-10. Additional notes on the

design of HBE include:

1 The roof HBE resists thi@rce of the tension field on one side only. In some cases this

will result in a heavier top HBE than in floors below.

1 At intermediate floors, if the plate is the same thickness above and below, the HBE

does not resist vertical forces other than grawds. When the plates are of different

thickness above and below, the HBE is designed for the forces associated with the

difference.

1 The HBE is not required to be designed for end moments, unless using a dual system

where the moment frame is to be desdteresist 25% of the load.

1 The HBE must satisfy the lateral bracing requirements and the-thidkness ratios

as per section 17.4c of AISC 340 in order to ensure that the plastic hinges to occur

and so that the full mechanism takes plgd&C 2010)
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Figure2-9 SPSW divided into parts to show the forces [From (ICC/SEAOC, 2012)]
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Figure2-10 Components of expected web strength applied to HBE and VBE [From
(ICC/SEAQC, 2012)]

2.4.4. Vertical Boundary Element (VBE) Design

Section 17 of AISC 34{AISC 2010)has sever al requirements for
the VBE should be designed to resist forces associated with the expected yield strength of the
plate FyRtw) acting at an angle. Figure 2-10 shows the components of the expected web
strength applied to the VBEor VBE design, the moment and compression forces are separated
and examined individually and then interaction is conelen accordance with Chapter H of
AISC 360(AISC 2010) The design checks for the VBE include the following:

1. Combined axial and flexure considerinyloment due to expected yield strength of
the web plate acting at the anglen addition to plastic higing of the HBEand
Compression / tension due to overturning loads

2. Width-Thickness ratio limits

3. Minimum moment of inertia requirement

4. Strongcolumn / weak beam check
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Design is iterative and hence the boundary elements are designed anddcteckatisfy

deflection limits. The connections are designed after the final sizes of the members are obtained.

2.4.5. Implications of Current High Seismic Desigmpproach

The purpose of the researdly Berman (Berman, 2011lyvas to investigate the seismic
performance oSPSW having various configurations when designed as per the provisions in the
AISC 34110 (AISC 2010) The study was conducted by examining the performah&PSW
extending3,9,14 and 20 stories subjected to tioear response history analysighe following
guantities were investigated: seismic drifts in code designed SPSW and comparison with the
displacement amplification factor, web plate ductility demand, distribution of load between the
web plate and the boundary frame, VBE demands and relativendeats and the influence of
SPSW aspect ratio and period on the above facttws HBE were designed to resist the forces
from tension field yielding of the web plates and the VBE were designed for the tension field
yielding of the web plates and flexurgielding of the HBE. Capacity design procedure was
adopted for the design of HBE and VBE as per the AISC provisions. When compared to the
results from noflinear response history analysis, it was found that the capacity design approach
for the HBE and VBEresult in very conservative designs for taller SPSW because of the
assumption of simultaneous yielding of all the web plates and HBE which is very unlikely in
reality. Very large VBE sections were required in the bottom most stories adne cases bl

up structural sections had to be adopted since the biggest sections available were also insufficient
as per the desigror the 3 story prototype buildings the first floor column sizes ranged from
W14x370 to W14x605 and the web plate thicknesses rarmgad .59 mm (0.063 in) for the

first floor to 4.76 mm (0.19 in) for the third floor. Similarly in the 9 story prototype building, the
first floor columns were W14x730 sections and the web plate thiclsessged from 1.59 mm
(0.063in to 6.35 mm (0.25 n

This shows that the procedure adopted incilmeentcode provisiongor the design of VBE can
be highly conservative The current design methodology results in very thin web plates that
buckle at very small loads, displaying a pinched [bakkformaton behavior, low stiffness and

low energy dissipation. The design method results in very large boundary element sizes.
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Therefore it could be concluded that the current design methodology produces inefficient seismic

lateral force resisting systems whiaie @also uneconomical.
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Chapter 3. VALIDATION OF FINITE ELEMENT MODELING IN ABAQUS 6.10

In orderto developmodelingtechniquegor SPSW in a finite elememnvironment modelgere
created and compared &xperimental resultavailable in the literatureShell element models
were created using ABAQUS 6.10 (SimulialP) The developed FEnodek werevalidated
against the experiments conducted on a SPSW d¥ltitte-Disciplinary Center for Earthquake
Engineering ResearcMCEER) facility at The University of BuffalpNew York asdescribed in
the Technical Report MCEER5-0010, (Vian and Bruneau, 20057 brief summary of the
testing and the results described hereFurtherdetails of the experimerre included in Vian
and Bruneau (2005)

3.1SPSW with asolid panel

This section describes the validation of a SPSW with a solid panel. A brief description of the
experimental setip in included. The stepy-step procedure of the modeling technique used in
Abaqus 6.10 in described ihd next section.

3.1.1 Experimental Set-up

The experimental set up was a half scale single story single bay SPSWHrgmme3-1 shows

the experimental set up at the MCEER Laboratory (Vian and Bruneau, 2005). Three specimens
were tested. They were designated as specimen S for the specimen with a solid panel, specimen
P for the specimen with a perforated panel and specimen CR for the specimen with corner cut
outs.The test specimens utilizedeb plates made of aw Yield Strengthsteel and reduced beam
sections athe beam ends. All specimens were testethg quaststatc displacement controlled
loadingwith increasingcyclic displacement history applied to the top beam of the specimen. The
specimens were loadedracha maximum interstory drift of 3 percent
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Figure3-1 Test setup at MCEER test facility for specimen S [From (Vian and Bruneau, 2005)]

3.1.2 Details of FE Modeling in ABAQUS 6.10

In this section, details dhe finite elementmodeling process IRMBAQUS 6.10 are described
Modeling of the boundary conditions and application of load to closely simulate the

experimental conditions wagtempted.

3.1.2.1 Definition of the Geometry

Local buckling and plastic hinging in the boundary frames observed during the experiment could
be undergiod by modeling each frame member in ABAQUS 6.10 as built up sections of plate
elements. Thus instead of using beam or frame elements which ade@resional idealizations

of a structural member whose range of behavior may be limited by the underlsimgpai®ns,
generalized shell elements were used to model the flanges, webs and panel zones of the boundary
elements and also theebplate of the SPSW

The final model magonsist of a single part where the entire model is sketched as one unit in the

part module or it may consist of an assembly of multiple parts which are connected using
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connector elements or constraints. Here the entire SPSW was modeled as a single part without
any connector elements to connect the boundary elements veethglate (ell extrude and

shell planar features were used to achieve this geometry). This was done to provide a uniform
mesh and to ensure that there are common nodes at the interface of the boundary elements and
the web plate. This also guarantees the compatibilitydeformations bigveen different parts

which constitutéhe structure.

Fish plates which were used in thduad experiment to connect the wplate to the boundary
elementsvere not includedn the ABAQUS model of the SPSW for simplicity. Instead a direct
connection was assumed to take place between the elements. This approXiasmbeeriound

by othergo have negligible effects on thesults(Driver et a) 1997)

3.1.2.2 Definition of Material Properties

The web plate was made dbw yield strengthsteel. The panel thickness was 2.6mm (0.1024

inches) with yield and ultimate stresses of 165 MPa and 305 MPa respectively.

Calculations were made to determine the yield strength and the correspstngiimgnd also the
stress in the strain hardening region of the curve and the corresponding plastic strain associated

with the stress value from tlggaphshown belowin the Figure3-2.

Stress (MPa)

[—m —m oy
W —y =2 =1

KEY:
50 T#: Caunon cut Cransverss to the diraction of plate rolling

L#: Coupan cut longudingl to the diraction of plate rolling - H |

ol -
0% 10% 20% 30% 40% 50%
Strain (mm/mm)

Figure3-2 Stress Strain curve fd.YS steel for the webplate,[From (Vian and Bruneai2005)

The following equations were used
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whery@i € t he tefyistheerngineerme ssrain pic el the true plastic strain at the
chosen second point on the stressysidthedruen cur v
yield stress;i, a n ¢ aréithestressand strainat a second pointonthed curve respect
The valus of stresses and strains used for low yield strength steel for the web plate in the
Abaqus 6.10 mat er i ayye =mo2dde bk sairQe @G0 Bf 4 lkdi/amams, : G @
& = 0.1 in/in.E is the modulus of elasticity of stg@ = 29000 k§ and ® i ssonédés .rati o
Isotropic hardeningule wasused for the constitutive model for steel for the web panel and the
boundary elements. Yield strength of 50 &5 MPa)wasused for boundary elements a2«

ksi (165 MPaj)for theweb plate

Reduced Beam SectionRBS) were implementedn the HBE so thatplastic hinging occurs
away from the beam to column connecti®he detailing of the RBS &hown inFigure3-3. The
samegeometrywas incorporated in the FE model.

WiBx65 BEAM
250
KWJBX 71 COLUMN "—-1 3 4\
: A

TO MATCH BEAM FLANGE
R 230

Figure3-3 Reduced Beam Section detailing incorporated in the experiment and the FE model,
[From (Vian and Bruneau, 2005)]
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3.1.2.3 Analysis Parameters

Nonlineargeometric effectassociated wittharge deformationsvere considered in the analysis
Automatic stabilizations used in the model where appropriate damping fact@ usedduring
analysis.The solution techniquavas Full Newton. Direct method wassedfor the equation

solver.

The experiment wadisplacementontrolled and hence the load wasplied asa displacement
history. This wasmplemented in ABAQUS as a boundary condition. The displacemethtin
global X direction waset tounity and wasamplified to the actual displacements by defining a
table of values oincreasing displacements verghs step timesThe displacement history was
applied to the top flange region of the top beAfso a smalimagnitude of out of plane load was
applied at the center of theeb plate to account for the initial imperfections in manufacturing of

the plate.

The baindary condition at the base of each column in the SPSW is a hinge which was not
modeled explicitly in ABAQUS. Instead a connector elemE&@NN3D2 was defined to
connect a reference node at the location of the hinge center with the nodes at the tip of each
flange and the intersection of the flange and the.Wéis connector element allowadl six

degrees of freedom to be constrained as per the requirements of the problem. BEAM connector
property definition was used to model CONN3D2. Thisvjated a rigid beam connection
between the two nodes involved. The node at the hinge center and each of the other nodes were
connected usinggid beam connectorand CONN3D2 was assigned to them. All the degrees of
freedom were fixedtahe reference node exceptation about the oubf-plane axis to replicate

the hinge rotation observed during testing. Thedftdlane resistance provided by the lateral
supports at the top of the column durthg experiment was modeled by fixing the displacement

in that direction. Thé was done by restraining the aiftplane displacement of the exterior

nodes of the flange elements around the perimeter of the panel zones.
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3.1.2.4Finite Element Mesh

The mesh wagenerated by seeding the edges depending upon the fineness of thequiest.re

Since the entire SPSW wassingle unitthe mesh of the part wake mesh othe assembly

Mesh controlsvere assigned to theoundary elements and the welate separately. The web

plate wasmeshed using free meshing technique and the webs angefl of the boundary
elements were meshed using structured meshing technigadri@teral elements weresed for

the mesh. All elements are located at the mid thickness of the physical element they represent.
Specifically the medial axis theorem wasdiser the structured meshing. This theorem initially
subdivides the region to be meshed into a number of small regions and then it does structured

meshing in those small regions and fills the regions with more elengntslia 2010)

S4R elementsvere ugd for thewebplate and boundary elemenfsn S4R element is a 4 noded
guadrilateral doubly curved shell element. Each node has 6 degrees of fie8doamslational

and 3 rotational degrees of freedom. Transverse shear deformations are allowed blyethick
theory as the thickness of the plate increases and they become thin shell Kirchhoff elements and
allow for the reduction in transverse shear deformations when the thickness redinuds(

2010). The S4R element allows for finite member straireggé rotations and change in
thickness. It uses a reduced integration scheme with just one integration point at the center of the
element as opposed to 3 points for higher order elements. This significantly reduces the
computation time and gives accuragsults for elements that are not distorted. However under
certain loading conditions, a phenomenon called hour glassing may occur. Mesh refinement and
distributing the concentrated loads over multiple nodes are ways to reduce the hour glassing
effect. Theartificial stiffness which is @ded automatically by ABAQUS ithe shell stiffness

formulation is also instrumental in reducing this effect

3.1.3 Comparison of Experimental and FE Model Results

This section shows the comparison between the hysteugsigsobtained from the experiment
conducted by Vian and Bruneau (2005) at the MCEER laboratory and the finite element model

developed for the experiment in ABAQUS 6.10he comparison betweerforce versus
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displacement platfor the solid plate experimenBpecmen § and the finite element analysss

shown in therigure3-4(a). The maximum force in the experiment was 2100 kN and in the fi

the force versus displacement curve for monotonic loading for Specimen S jg" 800 kips/in and

that from the finite element model 703 kips/in Although there were slight differences in the

reloading behavior, the overall ability of the finite element model to capture the load

esses on the SPSW as
rendered by ABAQUS arshown in theFigure 3-4(b). It is to beg noted here that the colors

deformation behavior ofhe solid SPSW igood. The Von Mises
representing th¥on Misesstresses might be misleading as 0 whether the web plate is yielding.

is is because the yield strength of the boundary/elements is larger than the web plate.
Therefore the web plate may be yielding even thou:
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Figure3-4 (a) Plot showing a comparisormbet
experiment and FE analysis in ABAQUS 6.10.
SPSW in ABAQ

e hysteresis curves obtained from
s Stress contour on the

In order tovalidate that the model was working as intehded ied, forceat.the top of the

wall was comparedith thereaction forcesit the bottom of th aphshqwn in the
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Figure3-5(a) andFigure3-5(b) demonstratéhat there is very good agreement between the input
and the output forces frothis model From theFigure 3-6(a) andFigure 3-6(b) we can see that

the deformed shape of the SPSW from the experiment matches well with the deformed shape
obtained after the finite element of the model in ABAQUS 6.10. The out of plane buckling of the
web panel is found to be similar in both the figures from the experiment and the finite element

model with an equal number of fold lines visible on the panel.

Applied Force Vs Reactions Applied force Vs Reaction (Vertical)
38 (Horizontal) 400
4
= 600 300 //
" 400 @ 200
8 < et
(&) X
S 200 £ 100
E 24 o0
s 0 @ 100400 -200 200 400
N -600 -400 -2 ) 200 400 600 /
S -200 -200 e
T /
B 400 -300
2 600 -400
< Horizontal reactions R1+R2 in kips R3 vertical reaction at base in kips
(@) (b)

Figure3-5 (a) Applied force \érsts horizontal reactions from FE model in ABAQUS 6.10, (b)
Applied Force \érstis vertical reactions from FE model in ABAQUS 6.10
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(@) (b)

Figure3-6 (a) Panel damagebuckling and yielding of the specim&nmat 3% drift{From (Vian
and Bruneau 2005}, (b) Panel damage of the finite element modebpéimen S at the end of

analysis at 3% drift

3.2 SPSW with a Perforated Rnel

This section shows the comparison between the hysteresis obtained froMCIBER
experimenton Specimen P with staggered holaghe web panel and the finite element model.
The experimental setp for Specimen P is shown tihe Figure 3-7. A shell element model was
created using the same approach and details described in the previous Ebitioomparison

is done to validate theehaviorof thefinite element modeling of pirated SPSW.

3.2.1 Experimental Set-up

Multiple perforations of 200 mm diametetere introduced in the panel at a regular spacing of
300 mm center to center in a staggered markigure3-7 shows the experimental sgp for the
specimen P (Vian and Bruneau, 200bhe finite element modeling aspects for specimen P are
exactly the same as those for the specimen S and hencepeategk here. Perforations in the
panel are introduced by using the cut extrude feature in the part module. The applied loading also

remains the same.
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Figure3-7 Experimental set up for specimen P at the MCEER Labordtenym (Vian and
Bruneau, 2005)]

3.2.2 Comparison of experimental and FE model results

Figure3-8(a) shows the comparison of the hysteresis behavior of Specimen P obtained from the
experiment conducted by Vian and Bruneau (2005) and the finite element model of the same
developed in ABAQUS 6.10Figure 3-8(b) shows the Von Mises stresses in the SPSW as
rendered by ABAQUS 6.10’he peak force from the experimental model is 1800 kN and from
the finite element model is 1950 kN. The initial stiffness from the experim&i5 kips/in and

from the finite element model is 710 kips/in. The unloading and the reloading stiffness is
observed to be similar.It is seen that there igood agreement between the experimental
hysteresisurve and the hysteresis from the firelement modelThis validates thadequacy of

the proposedhodelingtechniques to be used in model®BSWwith perforations
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Figure3-8 (a) Plot showing a comparison between the hysteresis curves obtained from
experiment and FE analysis in ABAQUS 6.10. (b) Rendering of Von Mises Stress contour on the
SPSW in ABAQUS 6.10 for specimen P

Figure3-9(a) shows the buckled shape of specimen P after the test by Vian and Bruneau (2005)
at the end of the test at 3 percdnift. The buckled shape compares well with that obtained from
the finite element model obtained after the analggis3 percendrift in Figure 3-9(b). The
deformed shapes have similar pattern of fold lines and distortions along treraperf

circumference.
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(@) (b)

Figure3-9 (a) Damage to panel at the end of testing for specimen P at 3% drift [From (Vian and
Bruneau2005)], (b) Deformed panel at the end of the analysis at 3% drift from the finite

element model

3.3Conclusions Regarding FEM Modelingof SPSWs

Finite element models of SPSWs with shell elements were made and were used to simulate tests
found in the literatwe. It was found that the agreement between the finite element models and the
experiments was quite good for solid and perforated panels. Several types of computational tools
will be used in the thesis. The modeling techniques validated in this chaptdrewibed to

simulate the behavior of new forms of SPSW henceforth.

38



Chapter 4. ADAPTATION OF HIGH SEISMIC DESIGN FOR MODERATE SEISMIC
ZONES

It was shown in @apters 1 and 2 that the current SPSW design methodology ressystems

with ahighly ductilebehavior but is inefficient and requires excessively large boundary element
sections. In moderate seismic zones, it is desirable to use more economical lateral resisting
systems that may have less ductility. The approach that was followed was to stathigth

seismic design for a prototype building found in the literature and demonstrate the design
procedure and then examine approaches to reduce the cost and sizes of the boundary elements
(mostly the VBE), amount of steel required and construction eoaipl This will be done by
modifying the high seismic design and comparing the above mentioned parameters for the
proposed approaches to the results from the conventional design procedure. Conclusions are
drawn about the effectiveness of the proposedtisolst This chapter i®rganized into four
sections. The first sectioralidates the high seismic design proceduregisi six story building

from the literature. The next three sectiogsnstitute the three new approaches that were
attempted to achieve acomic designs. All the four sections include modeling in the FE
software SAP 2000 and comparisonghavalues ofcolumn shears, moments and cotuaxial

forces fromhigh seismic design and the proposed approaches.

4.1 High Seismic Design Pocedure for SPSW

A design example for a six story building designed with SPSW in a kigm& zone was used

in this chapter (ICC/SEAOC 2012phe roof and floor framing plan for the six stqrgototype

building is shown in thé&igure4-2. The building elevation is shown in tirégure4-1. The web

panel is designed such t hat(LFRD-eloadandresistandee s i g n
factor design)according to the limit state of shear yieldisggreater than the story shear at that

level. The boundary members atesigned for the forcesoresponding to the expected yield
strength, in tension, dhe web calculatedctingat an anglex. Design is iterative and hence the
boundary elements are designed and checked to satisfy deflection limits. The connections are

designed after the final @2 of the members are obtained.
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Table4-1 Story shears, Web panel thicknesses, VBE and HBE sections forterghSPSW

Level | Plate | Plate Design | Shear, Shear HBE VBE

Mat { Thick. | Thick.,t, | Vu Capacity, final final

(inches) | (kips) | fVp, kips sizes sizes
6th | A1011'| 14 ga 0.075 40 117 W18x55 | W14x145
5th | A1011'| 12 ga 0.105 116 164 W18x50 | W14x145
4th | A1011'| 10ga 0.134 175 209 W18x50 | W14x145
3rd | A1011Y| 7 ga 0.179 219 279 W18x65 | W14x342
2nd | A36 3/16 0.1875 246 319 W18x86 | W14x342
1st A36 3/16 0.1875 259 319 W18x60 | W14x342

The high seismic design of a six story building has been summarizedTialitet-1. The lateral

forces were computedsing the equivalent lateral force method and the resulting shear forces in

the SEBW at each story level ameported inTable 4-1. The web plates were sized using
Equation (8) from Chapter 2. The resulting web plate thicknesses are gifabled-1. The

HBEOSs

wer e

sized

f or

combi

ned

compression

web plate fully yielding. The final HBE sections obtained are includdébie4-1.

and

The primary focus in this section is on the design of the VBE as it is related to the approaches

that will be attempted in the next three sections of this chapter to make SPSW more efficient.
Hibid e designbdeto r&sBtEhe forces associated with the expected

Si mi |l

yield strength of the plateF{Rt,) acting at an angla. For VBE design, the moment and

ar t o

compression forces are separated and examined individually and then interaction is considered in

accordance with Chapter H of AISC 3G8ISC 2010) The loads applied to the columns are the
forces due to th&ension Field, | (k/in) andF,; (k/in), Beam $iear due to the plate Mk) and
Beam $ear due to the hinge,,\k) and they are shown in tiegure4-3. The values of these

forces on the VBE for the validation example are summarized ihabie4-2.
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Figure4-3 (a) Figure showing the columns at each story level and the applied lateral forces, (b)

Column axial forces at each story level

Table4-2 Force acting on the VBE [From (ICC/SEAQOC, 2(12)

Level Tension HBE Plastic | Tension Field, Beam Shear du¢ Beam Shear dug
Field, 2 | Hinge, moment  F,; (k/in) to Plate, \{1 to Hinge,V,,
(kf/in) M, (k-ft) (kips) (kips)
Roof - 513 - 102 97
6" 1.12 463 1.34 41 87
50 1.57 463 1.88 39 87
4" 2.01 610 2.40 61 115
3 2.68 853 3.20 85 161
2 3.63 564 4.32 0 107
1% 3.63 - 4.32 - -
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A six story column was modeled in SAP 2Q@AP 2000 User Manual, CSI, 201i0) represent

the six stories of a building and the forces at each level from the tension field in the panel, beam
shear due to the plate, beam shear due to the hinge and the beam plastic hinge moment were
applied.The bas of the column is modeled as a hinge support. Roller supports are modeled at
the story levelsThe valueof Column shear (K)XColumn moment (k ftand Compression force

in the column (kpbtained from the SAP 2000 model are checked with the values edbiaging

the high seismic design procedufée equations used to derive the forces on the cedumave

been summarized ineBtion2.4.3 The values from the high seisndesign (HSD)rocedure as

shown inFigure4-4 andthe comparisorwith thosefrom the SAP R00 model are giveim Table

4-3.

128 518 Column Compression at each story level
' { 72 —&
| IEFT w4 || -305
32T 7 .-_P
o _ 60 -
A e || -ees §
o £ 48 -
7 T 36 -
vz 4 >
. 308 \ -8549 =
: 5 —— o
34 | = o 24 A
223 /1
- 320 W BT
_ET*{ r___'_ 12 T
¥ 429 (4
]g_.r‘ R | 0 T T T
- 0 1000 2000 3000
COLURM COLLIRAR
SHEAR [KIPE) MOMENT {K-FT) column compression force in kips
(a) (b)

Figure4-4 (a) Column Shear and column moment at each story level, (b) Column compression at
each story level [From (ICC/SEAOC, 2012)]
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Table4-3 Comparison of the values for column shear, moment and compression force from hand
calculations and SAP 2000 model

Story Column Column moment Column
shear 4, Mas (Kip-in) compression
(kips) (kips)
Mid span ends
SAP | HSD | SAP| HSD | SAP | HSD | SAP | HSD
Roof | 129 | 129 513 | 513 | 199 | 199
6" 111 | 112 | 106 | 104 497 | 392

5M 91 | 91 | 154| 157 | 393 | 395 | 862 | 791
4" 137 | 135 | 133 | 133 | 485 | 483 | 1341 1263
3 179 | 174 | 261 | 272 | 744 | 713 | 1993] 1900
2" | 118 | 111 | 225 | 223 | 853 | 859 | 2646 2768
10 | 190 | 193 | 413 | 429 | 838 | 817 | 3193| 3497

The \alues in theTable4-3 although calculated independentlye in very good agreement with

those fromthe published design exampl@CC/SEAOC, 2012) The high seisic design
procedure is a capacity design approach. The assumption made in this approach is that every
beam undergoes plastic hinging and every plate fully yields at the same time and hence results in

large sections for the VBE.

4.2  Modified Design Approach 1 - Capacity Design of VBE with no HBE Moment

Connections

The motivationbehind this approach is to remove moment connections between the beams and
columns and to increase the web plate thickness to satisfy drift limitdifivations to thehigh
seismicdesign methodology with minor changes in the forces acting on thevwitl allow

the use of a similar design procedbrgwith a few changes.

The first step in the modeling involves design of the plate elements for strength followed by

design to satisfygeflection limits. Since the hetto-column connections are designedsasple
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shear connectionis this design approachhe plate thicknesses need to be increased to satisfy
deflectionlimits. A full six story sheawall model in SAP2000 was creatékhe plate elements

were modeled in SAP2000 as membrane area elem&hts.beams and columns werame
elements. The membranements werassigned varying plate thicknesses for each siidng.

plate material pnoerties weralefined for A36 steel. The plate local axes have been rotated to the
calculated angle of the tension field for each story. The value of the modulus of elasticity along
local 1 axis (the compssion diagonal) of the plate wassigned to be 0.1 (very lowaxis in
compression) and for the teasidiagonal local 2 axis it wagjiven a value of 29000 ksT.he
stiffness modifiers for the plate wenot modified The beamto-column connections for each
story wee modeled as simple connectionghe momats abng the minor axis (M22) we
released at these nodeBhe applied load consistedof the lateral nodal load unfactored
incremental shear at each story as showhigure 4-5. Loads were applied at each story level
and deflections were checked for the limits. The plate thicknesses were revised to satisfy
deflecton limits. The columns argesigned using a separ&@&P2000 model consisting of only

the columns at each story and the applied forces consisted of those forceomdhiegVBE

only. Figure 4-5 (b) shows the axial faes applied to the columand Figure 4-5(c) shows the
lateral loads applied to the column in SAP 20Di@e beams at each story are designed manually
using the provisions of AISC 36Wb. This completes the design for high seismicezonmithout

moment connections.

The results for the design are compared in the tables given belowsagifegant reduction in
theforces on the columns is seékcomparison of the high seismic design with beam to column
moment connections and tpeoposed method without beam to column moment connections is

alsoprovided.
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Figure4-5 (a) Story shears applied at the floor levels, (b) Figure showing the applied axial forces
on the VBE at each story in SAP2000, (b) Applied lateral forces at each story level.

Table4-4 gives a comparison of the plate thickness for the shear wall with and without moment
connections rad it can be seen that sindefts controlled the design, there is not a significant
reduction in the thicknesses of the web panels for all the six floor levels. Since the proposed

design methodology does not require moment connections, slightly thicker plates are required to
satisky drift limits.
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Table4-4 Comparison of plate thicknesses for a 6 story shear wall with and without moment
connections

Level With moment Without moment
connections connections
6" 14 gaplate (0.075 in) 10 ga plate (0.134 in)
5" 12 ga plate (0.105 in) 10 ga plate (0.134 in)
4" 10 ga plate (0.134 in) 7 ga plate (0.179 in)
3 7 ga plate (0.179 in) 7 ga plate (0.179 in)
2" 3/16 in plate (0.1875 in)| 3/16 in plate (0.1875 in)
1% 3/16 in plate (0.1875 in)| 3/16 in plate (0.1875 in)

Table4-5 gives the summary of the values obtained from analysis in SAP 2000 for the column
shear, moment and the compression force in the coliabie4-6, Table4-7, Table4-8, Table

4-9 andTable4-10 give the comparisons of the values for different parameters from high seismic
design wih moment connections and the proposed design methodology without moment
connections. They also give the percentage change in the values for the two niettandbe

seen that there is a reduction of more than 50% in the column shear, upto 50% imurtte col
moment and a considerable amount of reduction in the column compression. There is an increase

in deflection at the higher story levels but a decrease in the lower levels.
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Table4-5 Column shear, moment and compression force obtained from the SAP2000 model for

the proposed design
Story | Column shear]  Column moment Column
Kips Kips-in compression Kips
Mid span Ends

Roof 0-62 140 102
6" 98-110 102 220 313
5" 115139 148 251 591
4" 150181 195 318 956
3¢ 201-243 239 439 1446
2n 276-313 479 640 1993
1* 206 2540

Table4-6 Comparison of Column Shear for a six story shear wall with and without moment

connections

Level | Columnshear | Column sheaf Percent
With moment | Without moment | reduction in
connections connections shear
Roof 129 62 52
6" 111 12 89.2
5" 91 24 73.6
4" 137 31 77.4
3¢ 179 42 76.5
2" 118 40 66.1
1% 190 206 -8.4 (increase)
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Table4-7 Comparison of Column moment at the story level (not atspah) for a six story

shear wall with and without moment connections

Level | Column moment Column moment Percet
- With moment | Without moment| reduction in
connections connections moment

Roof 513

6" 395 220 44.3

5" 483 251 48

4" 713 318 55.4

3 859 439 49

2" 817 640 22

Table4-8 Comparison of Column compression force for a six story shear wall withviéimalit

moment connections

Level | Column compressiorf Column compression Percentreduction
-With moment Without moment in compression
connections connections force

Roof 199 102 49
6" 497 313 37
5" 862 591 31
4" 1341 956 29
3¢ 1993 1446 27
2" 2646 1993 25
1% 3193 2540 20
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Table4-9 Comparison of Deflections for a six story shear wall with and without moment

connections

Level Deflection- Deflection- Percenincrease
With moment | Without moment in deflection
connections connections

Roof 2.34 2.3982 2.5
6" 1.97 2.0015 1.6
5" 1.54 1.5414 0.1
4m 1.07 1.0692 -0.1(decrease)
3¢ 0.68 0.6528 -4 (decrease)
2" 0.34 0.2888 -15.1 (decrease)

Table4-10 Comparison of Intestory drift (inches) for a six story shear wall with and without

moment connections

Level Drift T with moment Drift T without Percent Cy X drift
connections moment connectiong increase in | <2.88in
drift
Roof 0.37 0.3967 7.22 2.3802
6" 0.43 0.4601 7.00 2.7606
5" 0.47 0.4722 0.47 2.8332
4" 0.39 0.4164 6.77 2.4984
3¢ 0.34 0.3640 7.06 2.1840
2" 0.34 0.2888 -15.06 1.7328
(decrease)

The column sizes aredesignedas compared to the previous sectifom)the reduceddrces and
moments. The HBE amesigred according to thprovisionsfor high seismic design from AISC
360 (AISC 2010) Table 4-11 and Table 4-12 show the final designs and comparison of the

sections obtained using high seismic design approach and the proposed design methodology. It is
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seen that there is an increase in the sizes of the VBE and the plate thicknesses but there is a
reduction in the HE sizes Although theforces in the boundary elements wesduced, the web

plate and boundary element sections had to be increased to satisfy deflection criteria. As a result,
therewasa netincrease in the total amount of steefjuiredas shown inrable4-13. Figure4-6

summarizes the comparison and final design using both the methodologies.

Table4-11 Comparison of VBE section for the high seismic design aopgsed design

approach
Level With moment Without moment
connections connections
6,5,4 W 14 x 145 W 14 x 193
3,2, 1 W 14 x 342 W 14 x 370

Table4-12 Comparison of HBE sections obtained from the gismic design and proposed

design approaches

Level With moment | Without moment
connections connections
6" W 18x55 W 18x97
5" W 18x50 W 14x38
4" W 18x50 W 14x68
3 W 18x65 W 14x38
2" W 18x86 W 16x77
1° W 18x60 W 16x50

Table4-13 Comparison of steel weight for high seismic design and proposed design approach

With moment connections Without moment connections

Total weightof steel : 126.5 Ibg Total weightof steel : 13.41bs
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Figure4-6 Comparison of plate, HBE and VBE sizes in (a) high seismic design usingdbe

specifications, (b) proposed design approach without moment connections

From this approach it could be concluded that although eliminating moment connections could
make construction easier and possibly cheaper, the overall weight of steel inctadasgttléar

if this approach would produce a more economical design and it might also worsen the seismic
performance without the moment connections. One of the key reasons for the failure of this

approach to result in reduction in steel weight is thetFadtthe design was drift controlled.
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4.3  Modified Design Approach 2— Over-Strength Factor Design of VBE with no HBE

Moment Connections

This approach is similar to the previous approach in that there are no moment connections
between the HBE and théBE. The difference between the two methods is the HBE and the
VBE were degned using capacity design irpproach 1 and are designedngsan overstrength

factor in Approach 2.

A full shearwall model in SAP2000 was createithout moment connectiorizetween the HBE

and VBE and a factored incremental shear was applied at eachTterprocedure involves

designing the plates to satisfy deflections tiee unfactored story shears applied at the floor

levels (F) and boundary elements for a factoredrirceme nt a | shear applied
where q = 2.0. The increment al shears at the
are shown in th&igure4-7. This modelwas analyseth SAP 2000.The built in design tool in

SAP 2000 was used to check the design for the VBEd€&kgncode usd in SAP 2000 i&lISC

360-05. The same finite element model was used in SAP 2000 for the iterative design procedure

for plates and the VBE with different load combinations with and without the over strength
factor. It is an iteratve process. The flow chart Figure4-8 explains the procedure followed in

this methodology.
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Figure4-7 Incremental shears amplified by the over strength factor applied at the floor levels for

Calculate plate
thickness for
strength

Figure4-8 Flow chart explaining the design proceelfor the proposed design methodology
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TheFigure4-9 shows a comparison of the plate, HBE and VBE sizes for the high seismic design
using the code specifications and the proposed design methodology using simple beam to

column connections incluigy an over strength factor.

W18X55 W18X97
14 ga plate 12 ga plate
W18X50 W14X48
o =
S 12 qa plate o | 10 ga plate
= W18X50 = W14X48
= =
= 10 ga plate / ga plate
W18X65 W14X68
3/16 in plat
- 7 ga plate @ / in plate
x W18X86 > W16X77
- : — % in plate
<t| 3/16 in plate -
= W18X60 = W16X50
I
3/16 in plate % in plate
W14X342 W14X3542
J7777 Sy T STT77
() (b)

Figure4-9 Figure showing the comparison of plate, HBE and VBE sizes for (a) high seismic
design using the code specifications, (b) proposed design approach without moment connections
including an ovestrength factor
Table 4-14 Comparison of the total weight of steel in the high seismic design approach and

proposed design method without moment connections including an over strength factor

With moment connections Without moment connections
Total weightof steel : 126.5 Ibg Total weightof steel : 136.5 Ibs
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It is seen that the plate thicknesder all the floors have increasedd the HBE sections are
comparatively smaller in the proposed design method as compared to the high seismic design
approachBut the column section has ieased in the top three stories and hence the weight of
steel as seen ihable4-14. The advantage of the method is that there amamment connections

at the beantolumn joints.The reason this method failed to reduce the amount of steel required

is due to the system being drift controlled. If the web plate and boundary elements were

controlled by strength, there would be a signifiaaaluction in their sizes using tmgethod

4.4  Modified Design Approach 3— Plastic Design of Columns with no HBE Moment

Connections

This design methodology aims at sequencing the formation of plastic hinges in the columns.
Consider one story of the colunmbetween beams. Plastic hinges are assumed to form at the 2
ends of the column and at mitightas shown in th&igure4-10.

elta—=—

inches

theta

Figure4-10 Figure showing one story of the column with plastic hinge locations

The terminology used in tHellowing equations isdelta (i) is the deflection at the mid height of

the storytheta () is the angle of the deflected shape of the column with respect to the vertical, w
is the distributed load on the column due to the tension fald,thedeflecton is takenas -.

Small angle assumption is made for the angl e
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Equating the internal and external work done results in the following equation:
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Extending the same conceptany floor in the6 story column gives a similar result. Assuming
that the same load is acting on all the spans angpidues are of equal length and tinoges are
formed at the ends of each span and one at mid span, we have the following equation after

equating the totanternal and external work done
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The plastic moment faall floors of thesix story columrdeveloping a mechanisim thesame as

that forthe momenderived for a singkstory column.

The base of the colummasa hinge and so the plastic hinges will form at the story level and at
mid-spanas seen in th&igure4-11. A separate equation is derived for the first story of the

column when the base of the column is a pin support.
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Figure4-11 Figure showing plastic hingingechanism for the first story of tleelumn

Equating the internal and the external work done the following equations are obtained.
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The concept of plastic hinge formation is extended to the columns in tistosles of the
building. The equations for the plastic mechanism that have been derived, give the distributed

load that causes the plastic mechanism to occur. These equatiossdte calculate the applied
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moment for design, M When the applied moment reaches the plastic moment capagitiieM
plastic hinge mechanism will occur. Hencg ¢buld be compared with Mn a design equation.
This format is useful in implementation Wwithe combined loading equation where the moment
and axial forces are combined based on the ratio to their capacities.

The steps involved in the proposed design nalagy are summarizeas follows.The applied
moment M, is obtained from the plastic mechanigauations above (either EqgR or Egn 29
depending on the boundary conditiarisigure 4-12 shows thalisplaed shape associated with

the plasticmechanism and thications of the plastic hingeslere W W, and W; are the
distributed loads for the first three stories of the column. The next three higher level stories will
have the same mechanism anddhmevalue of Mu as the third stor\W;= 3.40 k/in,W,= 3.58

k/in, W3 = 2.56 k/in W4 = 2.33 kips/in, W = 2.20 kips/in, W = 1.63 kips/in(these are L
valueg (ICC/SEAOC, 2012).

Displaced shape R

Plastic hinge

(@) (b)
Figure4-12 (a) Figure showing the plastic hinging mechanism in a column in the bottom three

stories of a sistory building (b) plastic hinging mechanism in the top three stories of a six story
building
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The base of the first story is a pin support and thus the mechanisms used in the first and the
higher story levels are differenTable 4-15 summarizes the values of the applied moment

calculated forhie six stories of the building.

Table4-15 Applied moments for the six storie§the example SPSW building

Story Equation for Design
Design Moment, M,
Moment,M,, (kip ft)
6" ®'Q 176
P9
5n ®'Q 237
P9
4" ® Q 252
po
3 ®'Q 277
po
2" 0 387
po
1% ®'Q 490
pPC

The next step in the design process is to obtaicdheentratedorces(P,) on thecolumnsfrom

the idealized modellhese values are the values of column compression obtained from the SAP
model for the six story columiWhen the values of the applied momeng &hd the column
compression Pare known the flexural capacities of the sections provided are checked to be
adequate using the AISC 36010 provisions and the interaction equation is checked to be
satisfied.Table4-16 summarizes the design for this proposed methodolbigg.deflections and

drifts at each story level are as shownTable4-17. Although the design moment for the VBE

was reduced, the selected sections had a value from the interaction equation smaller than unity
because drift controlled the design insteadtoéngh. As shown inTable4-17, the interstory

drift was just snaller than the limit of 2.88r the fourth floor.

0
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;
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Table4-16 Interaction equation check for the columns at each story level of the six story

building
level My M Py P | Interaction| VBE section
Equation
6th 176 1076 449 1911 0.380 W14x159
5th 237 1076 812 1911 0.621 W14x159
4th 252 1076 1199 1911 0.835 W14x159
3rd 277 2520 1682 4177 0.500 W14x342
2nd 387 2520 2238 4177 0.672 W14x342
1st 490 2520 2780 4177 0.838 W14x342

Table4-17 Deflections and drifts at each story level for the six story building

Level Deflectionfrom | Inelastic Drift
Elastic Model | = Cp x Elastic
(in) Drift (in)
6" 2.4332 2.3034
50 2.0493 2.7048
4" 1.5985 2.8752
3 1.1193 2.6418
2" 0.679 2.2014
1% 0.3121 1.8726

Table 4-18 throughTable 4-21 show a comparison of the plate, HBE and VBE sizes using the
high seismic design as per the code specifications and the proposed plastic mechanism approach
without moment connections betwedre tbeams and columiasd also the wght of steel used

from bothapproaches
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Table4-18 Comparison of VBE sizes for the high seismic design and proposed plastic design

approach
Level VBE With moment VBE Without moment
connections connectiong plastic mechanism
6,5, 4 W 14 x 145 W 14 x 159
3,2,1 W 14 x 342 W 14 x 342

Table4-19 Comparison of the HBE sizes for high seismic design and proptessttt design

approach
Level HBE With moment| HBE Without moment
connections connections
6" W 18x55 W 16x77
5" W 18x50 W 14x68
4" W 18x50 W 14x48
3 W 18x65 W 14x48
2" W 18x86 W 14x82
1% W 18x60 W 16x50

Table4-20 Comparison of plate sizes for high seismic design and proposed plastic design

approach
Level With moment Without moment
connections connections
6" 14 ga plate (0.075in)| 12 ga plate (0.105 in)
5" 12 ga plate (0.105 in) 9 ga plate (0.1495in)
4" 10 ga plate (0.134in) | 8 ga plate (0.1644 in)
3 7 ga plate (0.179 in) 7 ga plate (0.179 in)
2" 3/16 in plate (0.1875 in) 3/16 in plate (0.1875 in
1% 3/16 in plate (0.1875 in) 3/16 in plate (0.1875 in
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Table4-21 Amount of steel used in the shear wall for the high seismic design and proposed

plastic design approach

With moment connections Without moment connections

Total weightof steel : 126.5 Ibs Total weightof steel : 130.8 Ibs

It could be concluded from this approach that moments in the VBE were reduced. However, this
did not seem to produce a aotulighter VBE section than ingproaches 1 or 2. The main reason

for this is that the design is drift contredl. Reducing the strength demands in the VBE did not
help in reducing the total amount of steel required.

45 Conclusions

SPSW with moment connections increase the cost of construction. For a moderate level of
seismicity, the higher cost of providing momewinnections between thedms and columns

could beusedmore efficientlyto provide slightly bigger sections for the VBE. The HBE sizes

and the plate thicknesses are comparatively smaller for the proposed design approaches. Hence
investment in a slightly igher amount of steehay be advantagmisin that the construction

speed would increasand field welding would be reducedThe seismic behavior of the designs
created using these approaches was not analyzed, but is expected to be similar to that of tension

only braced frames and thus would likely be adequate for moderate seismic zones.

Beyond the elimination of moment contieas, the proposed design approaches were intended
to reduce the design strength demands on the boundary elerRemts.theprevious sectiong

is seen tht drift controlled the design, the strength was greater than what iedézdbe and
hencethe poposed design approachd&l not result inreduced steel weightTo achieve
improved efficiency in a SPSW system it is necessary to decouple strength and stifémess.

the motivation for the further research wouldtbedevelop tunable SPSW for whiclhrestgth,

stiffness and ductility might be separately tuned.
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Chapter 5. ALTERNATE SPSW DETAILING TO CREATE MORE EFFICIENT
SOLUTIONS FOR SPSW

5.1 Background and Concept

Attempts were made in the previous chapter to make SPSW more economical for moderate
seismic zones by eliminating moment connections between beams and column and reducing the
strength demands on the boundary elements. Although these approaches maye bheayislb
eliminate cost and construction time associated with moment connections, they did not reduce
the sizes of the boundary elements. The reason these methods were unsuccessful in reducing the
boundary element sizes was because deflection contréltedidsign instead of strength. To

make efficient SPSW systems, it is necessary to reduce the strength of the web plate (to reduce
the demands on the boundary elements), but increase the stiffness (to better satisfy the drift

criteria).

Various approache® reduce web plate strength whilecreasng the web platestiffnesshave
been attempted in the pdst researchers worldwid&he approaches have included introducing
perforations in the web plate, detaching the web plate from the VBE, use of lowpgietdteel

for the web plate, cutting vertical slits in the web plate, and other types of web platéscut

The motivation for this chapter is therefore to investigate several new methods for reducing web
plate strength while sustaining or increasingtemn stiffness. Sevapproachesvere attempted

The approaches are separated into two parts in this chapter: approaches using solid plates, and
approaches with web couts.

5.2 New ldeas- SPSW with Solid Ranels

A few ideas with solid panels weattempted The finite element modeling for these approaches
was done in SAP 200BAP 2000 User Manual, CSI 201@)conduct a preliminargtudy of the
performance of these systems. Analysis in SAP 2000 takes significantly lesser computational
time andis a quickeroption as compared to ABAQUS 6.10. Thus for the models with solid
panels SAP 2000 was uséd.this chapter each of the seven approaches includes modeling of a
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single story SPSW. This single story is meant to loosely represent the first story of tiygpproto
building used in the previous chapter for validation of high seismic design. The target design

shear strength was typically 260 kips.

5.2.1 Approach 1-Web Panel Connected to the HBE @ly

In order to reduce the demand on the columns, a single story SRSWhodeled in SAP2000

with theweb pgateconnected to the HBE onlin this model a membrane area element was used

for the web plate. The modulus of elasticity, E along the tension diagonal was specified to be
29000 ksiwhile along the compression diagonal a low value of 0.1 ksi was specified. The model
was used to check the stiffness of the web plate. Boundary elements were designed for strength.
The beam to column connection wasade simple and to achieve this majod aninor axes
moment releases were defined. The web plate was sized to satisfy the drift limits. The resulting

web plate thickness and boundatgment sizeare shown irFigure5-1.

11 go plote

Figure5-1 Deformed shape, HBE and VBE sections and plate thickness for a SAP2000 model of
a SPSW wittweb plateconnected to HBE only

From Figure 5-1 it is seen that when the web panel is connected to the HBE only, the VBE
sectionscan be quite smallThe SPSW was designed for a story shear of K6€. The shear
strength of the web plate calculated using Eqn. &ifidk1l gauge thick plate was 257 kigshe
HBE and VBE sections were designed using the code provisiohESC 36610 (AISC 2010)

The maximum allowable drift including the displacement angatifon factor for the one story
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shear wall is 2.88 inches and the drift in the above configuration was 2.76 ifdtresugh this
approach could produce more economical VBE, the buckling and yielding behavior of the plate
is not well understood from thislastic 2D analysis. Regardless, it was decided not to further
pursue this design approach because it does not provide much ability to separately tune strength

and stiffness.

5.2.2 Approach 2-Thick Fish Plate around a Thin Web Panel

In this approach a thicker fish plat@round the perimeter of the web paiseivelded to a thin
webplateas shown in th&igure5-2. The concept behind this approach was to incretfeess

by inclusion of a thicker perimeter plate while controlling strength with the thinner middle plate.
This approachvas intended to prode a more efficient SPSW systefine modeling techniques

used for this model are similar to those descriloethe previous approachhe VBE and HBE
aredesigned for the tension yiihg of the thicker fish plate using the provisions for VBE design

in the current building codes AISC 36610 (AISC 2010).The maximum allowable drift
including the displacement amplification factor for the one story shear wall is 2.88 inches and the

drift for this approach waalso within the allowable limit.

Figure5-2 showsthat therewas not much reduction in the HBE and VBE siasscompared to
the sections for the six story prototype buildiByt there isa reduction in the amount of steel
owing to the reduction in the plate thickeder thewebplate This could be a viable approach
for independently adjusting strength and stiffness of the SPSW system, but wasthet fur

pursued because tife following challenges:

1 Theforces on the boundary elements i reduce if they are designed for yielding of
the thicker plate. More analysis would be required to determine if the design forces for
the boundary elements could be related to yielding of the thinner plate.

1 It is expected that the thick perimeter pRtwould be welded directly to the column
similar to typical fish plates. It is unclear if this will be possible for any width of

perimeter plate.
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1 The corner conditions are important and would require further study. The thicker plates
in the corner acto stiffen the beam to column connection and could cause undesirable
limit states if not well understood.

1 To promote the desired system characteristicpakesmore sense to have the thicker
plate in the middle and the thianplate around the perimet&he forces on the boundary
elements would be reduced, but the stiffness could be controlled by the thicker middle
plate. This approach was not pursued, however, because of potential construction issues
of using very thin fish plates to weld to the bourydalements. Thin steel sheet can

distort with the amount of heat input required for these welds.

13 go plate

Figure5-2 Deformed shape, HBE and VBE sections and plate thicknesses for a SAP2000 model
of a SPSW with a thick fish plate surrounding a theb plate

5.2.3 Approach 3—Small Thin Platesaround a Thicker Web Panel

This approach aims at reducing the VBE sizes andtlaésamount of steel used. Hence a slightly
thicker middle web plate is used tmcrease system stiffness and is connected to the boundary
elementausing thinnediscreteplatesas shown in th&igure5-3. The discrete connection plates
control the web plate strength aretluce the demasan the boundary elementinstead of a

thin plate surrounding the entire web panel, smaller length discouns platesvere selected to
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further control the strength of the panel (can be adjusted by plate thickness and [Eingth)
model of thecentral web platevas divided into multiple plates so that there are common nodes
between the web plate and the tien fish platesand there is compatibility in deflections at the
common nodeThe beam to column connection is a simple shear conne@ti modeling

techniques used in this approach are similar to those in the previous two approaches.

The dmension of the thinner pla@nd the geometry of the perforation pattesgre determined
using the equations inh@apter G of the AISC manu@hISC 36610, AISC 2010). e thinner
platesare required to develop tension field action and the shear strerbén web platevill be

determined according to the limit state of tension field yieldifige following equation was

used to determine the minimum thickness required for the thin perimeter plates.

— PP —B8888888888888888888888880R780p

where h is the width of the thin platg,i$ the thickness of the thin plate, E = 29000 kgis ffhe
yield strength of the plate and i the coefficient that takes different values based on the type of

stiffeners provided in the web plate

ConsideringCv = 1.0 and since we do not have any transverse stiffeners we can, takek

substituting the following into the above eqoatiwe get the value of the parameter h.

Fort, = 0.1875inches the thin plateshouldhave ahickness not lesthan 3/16 inche ensure
the thin plates do not tear during the development of the tension fiele)29000 ksi and =
36 ksi, the value of h obtained was O ircles. The width of each thin plate surrounding the

cental web plate was taken te l.3inches.
The shear capacity ohe such thin plate was calculated using the following equation:

w THO0 888888888888888888888888880n&0¢

where V4 is the shear capacity and,As the cross sectional area of the web plate. Substituting
the values the shear capacity of one thin plate was found38.68 kips To resist acumulative

shearof 260 kips at théirst story level, fivethin plates would be required.
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The resulting dsigning includesVBEG s  aren \W1i4x145 sections and the HBE is W18
using the provisions in AISC 3&I0 (AISC 2010). The thin plates are 3/16 incimethicknessas
seen in theFigure 5-3. The central web plateas sized to satisfy drift limits and requirad
thickness of 0.1875 inches (3/16 ifhe maximum allowable drift including the displacement
amplification factor forhe one story shear wall is 2.88 inches and thefdrifthis approach was

also within the allowable limit.

Although this design approach appeared to provide the desired tunability, this approach was not

pursued further because of concerns related ¢klimg and tearing of the thin perimeter plates.

v UG o 11 o T v Wil i Wi i Wi i WG Tl i Wi

Figure5-3 Deformed shape and HBE and VBE sections and plate thickness of a SPSW model in
SAP2000 with thin fish plates around a thiciebplate

5.3 New ldeas— SPSW with Perforated Ranels

Launching from the lessons learned in the previous section, additeppabaches were
attemptedusing perforated SPSW Theintroduction of perforationsmto the web plateeduces

the strength of the plate while the stiffness remirgelythe sameln a drift controlled SPSW,
perforationscan be used toeduce the forces on the boundary elemevitie retaining the
required stiffnessThis section gives a description tese approaches. The work by researchers
like Roberts and Sabou@homi (Roberts and Sabowshomi, 1992) Vian and BruneayVian

and Bruneau, 200%)as provideda good understanding of the behavior of perforated SPSW.
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However, in those studiet)e perfoationswere circular holes distributed in a uniform patt
over the entire web platBlew configuratiors of peforationswere investigatedndaredescribed

below.

The approaches investigated in the following sections were studies using the Finite element
software ABAQUS 6.10 (Simulia 2010 he shell element modeling techniques which were
validated in Chapter 3 have been used to model the SPSWs. This was done to capture the
buckling and yielding behavior of the SPSW better which would not be possibléheitivo

dimensional elastic models used for the previous approaches.

5.3.1 Circular Perforations along the Plate agonal

This approachconsists of circular perforations oriented along the diagonals of the web panel.
The concept was to create short ayalding links between the perforations to control the
strength of the panel. The stiffness of the panel is not significantly reduced by the introduction

of these perforations.

The investigated configuration includeitcular perforations9 inches in dimeter along the
diagonas of the web panel. The perforations were of the same diamBter.VBE were
W14x145 sections and the HBE were W18x65 sections. The web plate was 3/16 inches. The
spacing of the holes was 4.5 inches. The boundary elements wefeedgedbe made of Gr. 50

steel and the web plate was specified to be made of A36 steel. The flanges of the HBE have been
coped out to simulate simple bedoacolumn connectionslhe FE model of the SPSW with this
configuration of holes was developed in AGUS 6.10 and subjected to a cyclic displacement

history and the hysteresis behavior was studied.

Figure 5-4(b) shows the resulting loadeformation behavior obtainddom ABAQUS. It was
observed that the hysteresis behavior of the SPSW was stable with some pinching. The yielding
was concentrated around the perfanasi as seen from tHagure 5-4 (a) and was found to be

more severe at the holes nearer the middle of the plate. The approach appears to provide an
efficient method for separately tuning strength and stiffness. However, it was concluded that the
ductility demands on thinks near the middle of the plate were high andeheas not a good

way totune the ductility demands.
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Figure5-4 (a) Deformed Shape with Von Mises stress distribution of SPSW with circular holes

along the diagonals of the web panel as rendered in ABAQUS 6.10, (b) Hysteresis behavior

5.3.2 Circular Holes of Decreasing Dameter along thePlate Diagonal

Here the diameter of the circular holes was decrefésed 18 inchesas we moved from the
center of the plate th.5 inches athe plate boundaries along the diagofi&le properties and the
modeling techniques for this SPSW were similar to the previopaph.The concept was to

add another variable (variation in hole diameter) to allow the ductility demands to be controlled.
Since the major concentration of yielding was at the center of the jdater diameter
perforatiors result in longer links andeduced local ductility demands on the steel material.
Similar loading and boundary conditions were usex the previous section tmaintain
consstency andallow comparisonFigure 5-5 shows the layout of the perforations on the web
panel of the SPSWt is seen that the hysteresis behaviaguge similar to that of the panel with
constant holaliameter. However, the peak strains in the links near the center of the plate are
reduced.
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Figure5-5 (a) Deformed Shape with Von Mises stress distribution of SPSW with circular holes
of decreasing diameter along the diagonals of the web panel as rendered in ABAQUS 6.10, (b)

Hysteresis behavior
5.3.3 Circular Holes along the Perimeter of the Web Bnel

Although the approaches using diagonal holes produced stable hysteretic behavior and the ability
to tune strength, stiffness, and ductility demands, they exhibited -@é&adnation behavior that

was highly pinched. It was desired to investigate holeepat that produced more full hysteretic
shape. This approach examined in this section includes circular perforatamgsthe perimeter

of theweb plate as shown irigure5-6 .The concept was to create a yielding mechanism based

on shear rather than tension.

The finite element model for the web panel was modeled in ABAQUSahd(Gs shown in the
Figure5-7. The panel was subjected to monotonic and cyclic displacement hist@ySPSW

was modeled withframe elements for HBE and VBE instead of full beams and columns as in the
other models. The frame elements are model&Ddseam elements and given the properties of

the wide flange sectionsThe frame elements are connected to the web panel by using tie
constraintsThe HBE to VBE connection is a simple connection and not moment resigtént.

was achieved by releasing the moments at two nodes at the ends of the beams and columns using
coupling constraintsSlits areincludedat the four corners of th@PSWbetween the corner hole
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and the edge of the plate avoid stress concentrat®mssociated with rotations of the beam

relative to the column

00O
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OO OO
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O
O
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| - Vertical Boundary Element (VBE)

Circular perforations around
the perimeter of the plate

solid plate in the center
produces large stiffness

O
O
O
O
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between HBE and VBE

1000000
|OOO0O0OQ|

OO0

OO |
OO0 |

Figure5-6 Figure showing the typical layout of circular perforations along the perimeter

The deformed shape of the model2a®% drift is shown inFigure 5-7(a) with Von Mises
stresses. The tension diagonal idearly visible in theFigure 5-7(a) and the concentration of
yielding is along the tension diagoraidaround he circular holes. There is very little strength
degradationThe boundary elementsere designed using the forces on the members obtained
from the analysis in ABQUS 6.10.Figure 5-8 shows the forces on the HBE and VBE due to
each of the links. They were obtained by making free body cuts in the middle of the link and the
component and resultant forces were obtained atehtoid of the cutThe arerage of all these
forces were taken and divided by the link length to obtain the uniformly distributed load acting
on the BEOGs due t Bhe forbeeused to design the HIBEtahde/BEpdres-t e .
1.96 Kips/in, i, = 2.37 kips/in, I = 2.20 kips/in and /z = 2.50 kips/in. These values are lesser
when compared to those for a solid web plate #3.74 kips/in, i = 2.77 kips/in, I = 3.22

kips/in and k; = 3.22 kips/in] and hence the demand on the boundary elerfterda web plate

with circular perforations along the perimeter is lesser than that for a typical solid panel SPSW.
The boundary elements are capacity designed using the same procedure described in the AISC

341-10 specifications.
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Figure5-8 Figure showing the forces applied by the plate on the boundary elements on a SPSW
with circular perforations along the perimeter of the web panel

The hysteresis beviour iglatively full compared to the diagonal perforations ardibitslittle
pinchingin the absense of moment connectiorise system stiffness is expected to be related to
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plate thickness, while the strength and ductility mightumed using the size and spacing of the

perforations.These factors make the system a favorable ojdiofurther study.

5.3.4 Butterfly Shaped Cutouts along the Perimeter of the Web &nel

The final approach involveButterfly shaped links along the perimeter of the pEgeshown in
the Figure 5-9. This panel draws from the work by Borchers et24l1Q) in which plates were
designed tdhave a plastic hinging mechanism at the quarter points of the butterfly link. Great

ductility and energy dissipation was realized with these configurations.

The boundary elements are beam elements assigned with the properties of wide flange sections
as inthe previous approacfthe connection betwed¢he HBE and VBE is a simple connection.

The FE model for this configuration was developed in ABAQUS 6.10 and was subjected to
cyclic and monotonic loading. The mesh size in the links was specified to beriden the

plate region a caae mesh was used shown irFigure5-10.

The FE model of the SPSW shows that the links are yielding completely. There is a high stress
concentration in therks as seen frorRigure 5-10. The forces on the boundary elements from

the plate in each of thenks are shown ifrigure5-11. Free body cuts are made at the mid height

of the links and the force components are obtained at the centroid of the cut. These forces are
used to design the BiE an iterative proces The uniformly distributed load on the columns and

the beams are obtained by taking the average of all the forces and dividing by the length of the
link. The force used to design the HBE and VBE are=FL.96 kips/in, k, = 1.86 kips/in, I =

2.48 kips/in and f; = 2.35 kips/in. These values are lesser when compared to those for a solid
web plate of equal strengthj= 3.74 kips/in, k, = 2.77 kips/in, I = 3.22 kips/in and f; =

3.22 kips/in] and hence the demand on the boundary elerfeengs web plate with circular

perforations along the perimeter is lowtran that for a typical solid panel SPSW.
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Figure5-9 Typical layout of Butterfly shaped cutouts along the perimeter of the web panel
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Figure5-10 (a) Deformed Shape with Von Mises Stresstilbutioni Butterfly shaped cut outs
along the perimeter of the web panel, (b) Figure showiaditie mesh in the links and gsa
mesh in the plate and the BE
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Figure5-11 Figure showing the forces exerted by each link on the boundary elements in a SPSW

with butterfly shaped cutouts

The Force versus Displacement plots for monotoniccgmtic loading are shown below.
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Figure5-12 (a) Force Vs Displacement plot for monotonic loading for a SPSW with butterfly
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The strength of the plate is calculated using the equdBamnchers et al, 2010)

W %)é"o888888888888888888888888'Or']800
The equation is derived based on an assumed mechanism of plastic hinging at the quarter points
of the link assuming reversed shear loading. Actual loading of the links may be different here
due to net axial forces in some linksom Figure5-12 (b) it is seen that there is absolutely no
pinching of the hysteresis loop and there is an excellent energy dissipation capacity. There is a
slight degradation in strengtfhe stiffness of the wall is expected to be controlled by the
thickness of the plate while the strength and ductility of the system could be related to the

geometry and number of links. This is another favorable approach that deserves further study.

5.4  Comparison of Two of the New Approaches with Conventional SPSW Design

Examining the seven approaches described in this chapter helped identify two approaches that
allow the strengthstiffness, and ductilt to be separately tuned, and also provided favorable
hysteretic behavior. In this section, a brief comparison is made between the two selected

approaches and the two types of configurations included in the current U.S. building code.

The four walls are designdd have approximately theameshear strengthEach of the four
walls is designed fom capacity of 260 kipandis meant to represerthe first story of the
prototypesix story buildingdescribed at the beginning of the previous chaftee four designs
are as follows:
1) Solid panel with moment concions between the HBE and the VBE
2) Perforated panel with moment connections between the HBE and VBE
3) Panel with circular holes along the perimeter of the plate with simple shear
connections between the HBE and VBE
4) Panel with butterfly shaped cutouts alothgg perimeter of the plate with simple
shear connections between the HBE and VBE
The cetails ofthe FE modelsn ABAQUS 6.10 for the foudesigns are described here. The web
plate was a 12ft x 12ft panélolumnswererestrained in all the degrees of freeud except for
the out of plane rotation at the bottofthe HBE and VBE were frame elements with properties
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of wide flange sections assigned to th&oupling constraintsvere definedbetween the nodes
connecting the HBE to VBE allowing definition of thencction between the HBE and VBE to

be either moment resistant or simple connecflo@.constraintsvere defineetween the edges

of the plate to the boundary elements to ensure they behave as a singl€yalnt.and
monotonic quasi static loadingasapplied as a displacement history along the top flange of the
beam.

The design for the solid panel and perforated panel with moment connections were obtained
using therequirements of thAISC Seismic provision§AISC 2010) The design of the HBE and

VBE for the proposed configurations with circular and butterflydiakound the perimeter is
summarized in theegtions 5.3.3 an8.3.4. The forces on the BE are also given. The web plate

is designed for the shear force at the story level. For the solid ggnel8 from the terature
review section wassed. For the plate withaggered holes, Eqn. 6 wased with the D/S ratio
multiplied by a factoiof 0.7 (Purba and Bruneau, 2Q0For the plate with circular holes along

the perimeter of the panel, Eqn.r8rh the lierature review section wassed again with the L
calculated by subtracting the number of holes times the diameter of one hole from the width of
the plate (144 9x9 = 63inches), for the panel with buttgrcutouts the Egn. 33 wassed. The

shear capcity from ABAQUS 6.10 wasalculated from the foredisplacement plots that were
obtained after a monotonic loading of the SPSWSs. Tlaesevery preliminary methods for
selecing the plate and boundary element section. They were used here ombvitepa basic
check to know whether the proposed design approacheshepetential to bestudiedfurther.

Further investigation would be required to develop and verify reliable design methods.

The ABAQUS 6.10 models of the solid and the staggered lpaleel with theimonotonic force

deformation plots are showskigure5-13 andFigure5-14.

The design of the web panel and boundary elements footmelésigrapproaches compared
in Table5-1. Included area comparison othear capacity, web plate thickneasd sizes of the

boundary elements
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Figure5-13 (a) FE model of SPSW with a solid panel with moment connections in AlBatis
(b) ForceDisplacement curve for monotonic loading
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Figure5-14 (a) FE model of SPSW with a solid panel with moment conmegiin Abaqus 6.10,

(b) ForceDisplacement curve for monotonic loading
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Table5-1 Comparison of New Approaches and Conventional SPSW Design

Configuration Plate HBE VBE Shear Capacity of
Thickness| section section | Capacity of| plate from
(in) plate from | AISC design
ABAQUS equations
(kips) (kips)
ConventionalSolid panel | 7 gauge
with moment connectiony 0.1793 in | W18x130 | W14x233 424 283
ConventionaPerforated 1/4in
panel with moment 0.25in | W18x143 | W14x257 400 291
connections
New Approach with
circular holesandpinned | 5/16 in
. . W18x71 | W14x99 323 264
connections 0.3125in
New Approachwith _
3/4in
butterfly cutoutsand )
0.75in W18x86 | W14x109 375 263

pinnedconnections

Since the stiffness dhe SPSW is related to the web plate thickness, it was observed that the
plate thickness increased for the new approaches in which moment connections were eliminated.
Although the design strength of the SPSW was 260 kips, the conventional approaches with
moment connections between beam and columns produced significantly higher shear yield
capacity. The new approaches allowed the strength and stiffness to be tuned separately and the
observed strength was better controlled and cliostire design strengtihe boundary elements
selected using the preliminary design procedures were dramatically smaller for the new
approaches. Furthermore the hysteretic behavior of the two new approaches is significantly
bette than the typical SPSW as showirthe previous sgion. Because of the tunability, reduced

steel weight, elimination of moment connections and improved energy dissipation, the proposed

approaches are considered promising and deserve further study.
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Chapter 6. PARAMETRIC STUDY

Two design approaches have shown the most promise for allowing tunability and improved
response. Although the initial attempts at producing more efficient SPSW presented in Chapter 4
were intended for moderate seismic zones, the selected design apptaaehése potential to

offer significant advantage for high seismic design as well. The investigation in the previous
chapter included one configuration of each of the two proposed design approaches. It is
conjectured that strength, stiffness and energgightion might be tunable by adjusting the
perforation spacing and size. To test the tunability and further check the viability of the two

proposed design approaches a parametric study is conducted.

The parametric studysesFE models inABAQUS 6.10. TheSPSW model consist of the web

panets made of shell elements and boundary elements which are frame elements (beam
elements). The frame elememte tied to the web panel usitig constraind. This reduces the
number of shell elements drastically in comparison with a full scale model and also reduces the
run time for the analysidzurthermore, the use of beam elements allows easier definition of a

truly pinned connection between the beamsaotdmns.

The models consist of a single SPSW panel wyttic horizontaldisplacement history applied

at the top. The boundary elements are fully elastic. Realistic beam and column sections are
assigned to the frame elements to simupaitentialactual SPSWconfigurations The SPSWs

are 12ft x 12ft models. The displacement history consists of a sine wave distribution of
displacement values ranging from 0.25 inches to 5.5 inches which is a maximum drift of 3.8%
drift.

6.1  Application of Initial Imperfections and Mesh Size Selection

The initial imperfections due to manufacturing processes are simulated in ABAQUS 6.10 by
applying a constanbut of planepressure loadThe outof-straightness tolerance for new
construction as given in the AISC code of stangaettice (AISC 2010) is L/1000. The goal is

to apply this amount of out of straightness in the model to simulate the expected worst case for

new constructionThe values of the pressure loads required to obtain an imperfection of L/1000
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are calculated foa solid plate byatrial and error method in ABAQUS 6.10. The same value of
pressure load is used fall of the perforated platewithout recalibrating the out of plane
pressurelt is seerfrom Table6-1 that there isa slight variation in the out of plane deformation

from the value of L/1000. The values of pressure load for different plate thicknesses used in the

parametric stdy are summazied inTable6-1 below.

Table6-1 Values of Pressure load applied to the plate to simulate the Out of plane deformations

Thickness, Applied | Applied Uini Out of plane| Recommendec
of plate pressure | pressure| Abaqus | Straightness| Out ofPlane
inches ksi psf inches inches Straightness
(L/1000 in)
0.1875 | 9.03E06 1.3 0.141 L/1021 0.144
0.25 1.39E05 2 0.141 L/1021 0.144
0.375 2.78E05 4 0.143 L/1007 0.144
0.5 4.51E05 6.5 0.14 L/1028 0.144
0.75 9.03E05 13 0.144 L/1000 0.144

Beyond the selection of an eot-plane pressure to produce the targetadtgtraightness, it was
desired to investigate therssitivity of the load-deformation behavior (includingeld strength
to the value of the pressure loatdhis was studied bgpplying a range abut-of-plane pressure
loadson a 3/16 inch thick platbetweenl psf to 10 psfilt was found that theut of plane
pressire did not result in a significant difference in the valugh## yield strength of thplate.
For pressures ranging from 1psf to 10 psf, the yiglehgth of the plate remainexdnstant at
500 kips.This is seen from th€able6-2 below.This is also seen from théagure6-1.
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Table6-2 Values of yield strength of the plate for varying values of pressure load applied

Applied | Applied Uini Ukinal Outof
pressure| pressure| abaqus abaqus Straightnesg
ksi psf inches| inches inches
6.94E06 1 0.11 8.38 L/1309
1.04E05 15 0.1616| 8.38 L/891
1.39E05 2 0.2102| 8.4 L/685
2.08E05 3 0.296 | 8.33 L/486
6.94E05 10 0.688 | 8.24 L/209

Force Vs Displacement plots
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500 - ////7/;—/;: —_———————————
yd —— 1psf OOPL
400 {3 /
0 f/ 1.5psf OOPL
i e ) psf OOPL
‘» 200 - ——3psf OOPL
2
£ 100 | 10psf OOPL
0 i T T T T T
0 1 2 3 4 5 6
Displacement in inches

Figure6-1 Force VsDisplacement plot for different values of out of plane pressure loads on the
plate

In order to verify the sensitivity of theesults to theneshsize different mesh sizes wetested
A coase meshwith 2.58 seedingand a finer meshvith 1.756 seedingwere used and the
variation of the output parameters was examined. It was found that thetitleagriation in
the valus obtained for the cose and fine mesh sizdsigure 6-3 shows that there is not much

variation in the forcé displacement hysteresis plot for a cea and a finer mesh sizdt is seen
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from Table 6-4 that there is less than 0.5% difference in the values of initial imperfection and
1.5% difference in the values of the maximum out of plane deformation at the end of the
displacement historySince the maximum equivalent plastic strain (PEEQ) values are found to

be highly mesh size dependent, these values are recorded but not compared between models.
Because there was little difference between the results, mesh see@ibg aorresponding to

the coarser meshk used for the entire parametric stu@paser and finer mesh sizes used in the

mesh sensitivity study are shownHRigure6-2.

(@) (b)

Figure6-2 (a) FE model of SPSW with coarser mesh{&.5b) FE model of SPSW with finer
mesh (1.75%)
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Figure6-3 Forcee Vs Displacement plot for a asar and a finer mesh

Table6-3 Values of input peameters for comparison of a ¢e@ and a finer mesh size in Abaqus

Table6-4 Values of the output parameters for comparison of a course and finer mesh in Abaqus

models
Plate Mesh Plate Spacing of | Perforation
name | Seeding thickness theholes diameter
size (inchesg (inchesg D (incheg
Coaser | 2.58 0.1875 24 6
Finer | 1.756 0.1875 24 6

modek
Plate Strength | Stiffness Energy Max Max OOPDat | Initial
name of wall of wall dissipation | PEEQ end ofcyclic | OOPD
Abaqus | Abaqus of panel disp. history
VangKips | Kips/in. kips-in. inches inches
Coaser 200 645 1982 0.25 9.2 0.22
Finer 200 600 1791 0.46 9.3 0.22
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6.1 Parametric Study Plan

As a part ofthe parametric study, two configurations of cutouts namelypixemetercircular
holes angperimeterbutterfly shaped cutouts are studiedFB analysis was performed oncdal
of 40 FE models The study performed on both these cutout configurations are explained in the

following sections.

6.1.1 Perimeter Circular Hole Configuration

A total of 30 models werereated to studthe perimetecircular holeconfiguration The study

was broken into two partsThe thickness of the web panels was kept constant in the first twenty
modelsto allow a more thorough investigation of hole size and spadinthickness of3/8 inch

was selected to represent a possible typical thickn€ke D/S (diameter/spacing) ratio was
varied from 0.2 to 0.8 with an interval of 0.2. This gave different values of spacing between the

holes for diameters of holes varying from 6 inches tontBes with a 3 inch interval.

The second part of the study consisted of tedels,with web panel thicknesgarying from
3/16 inch to%a inch. The D/S ratio wasept constant at 0.fr two values of hole diameters of 9
and 15 inchesThe input and the output parameters recorded in the parametric study tables for

circular holes around the perimeter of the panel are summarized below.
Input parameters:

9 Thickness of the web panel
1 Perforation ratip D/S (where D is the hole diameter andsShe hole center to center
spacing)
91 D/H ratio whereD is the hole diameter aridl is the length of one side of the square web
pane)

Output parameters:

1 Expectedstrength of the panel using the equation for solid and perforated panels from
the AISC 36010 specifications for SPSWs.
i Strength of the panebtained from FEM results
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Stiffness of the panel

Maximumequivalent plastic straiof the pane(PEEQ)
Length of cut to be made on the pafiel,)

Cost of cutting

Openness of the panel

Energy dissipatiomatio (EDR)of the panel

Maximumout of plane deformation and of the applied displacement hist@@OPD)

= =2 =4 A4 A4 A A -2

Initial imperfection in the web panel

The Table 6-5 gives a summary of the model details with the geometry in the form of input

parameters used for the first 20 models in the parametric study.
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Table6-5 Geometry and input parameters for the first set of 20 models for perimeter circular

holes with varying size and diameter

Plate Thickness| Clear $acing| Perforation | Perforation Input
Name of Pate between Diameter Ratio Parameter
tinches | Holes (inches) D inches D/S D/H
C1 0.375 24 6 0.2 0.04
C2 0.375 9 6 0.4 0.04
C3 0.375 4 6 0.6 0.04
C4 0.375 1.50 6 0.8 0.04
C5 0.375 36 9 0.2 0.06
C6 0.375 13.5 9 0.4 0.06
Cc7 0.375 6 9 0.6 0.06
C8 0.375 2.25 9 0.8 0.06
C9 0.375 48 12 0.2 0.08
C10 0.375 18 12 0.4 0.08
Ci11 0.375 8 12 0.6 0.08
C12 0.375 3 12 0.8 0.08
C13 0.375 60 15 0.2 0.10
Cil4 0.375 22.5 15 0.4 0.10
C15 0.375 10 15 0.6 0.10
C16 0.375 3.75 15 0.8 0.10
C17 0.375 72 18 0.2 0.13
C18 0.375 27 18 0.4 0.13
C19 0.375 12 18 0.6 0.13
C20 0.375 4.5 18 0.8 0.13

Table6-6 gives the geometry and input parameters used in the parametric study for the next set

of 10 models with perimeter circular holes configuratioth varying thickness.
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Table6-6 Geometry and input parameters for the set of 10 models for perimeter circular holes

with varying thickness

Plate | Thickness Clear $acing | Perforation| Perforation| Parametery Parameter
Name of Pate | betweerHoles| Diameter Ratio #1 #2
tinches inches D inches D/S D/H H/t
Al 0.1875 6 9 0.6 0.06 768
B1 0.25 6 9 0.6 0.06 576
C7=Cl1l| 0.375 6 9 0.6 0.06 384
D1 0.5 6 9 0.6 0.06 288
El 0.75 6 9 0.6 0.06 192
A2 0.1875 10 15 0.6 0.10 768
B2 0.25 10 15 0.6 0.10 576
Cl5=C2| 0.375 10 15 0.6 0.10 384
D2 0.5 10 15 0.6 0.10 288
E2 0.75 10 15 0.6 0.10 192

6.1.2 Butterfly Shaped Cutouts along the RRrimeter of the Web Rinel

A total of ten models were used for this configuration of cutouts. The thicknesses of the web
plate used were 0.1875, 0.25, 0.375, 0.5 and 0.75 inches. Two cutout geometries were considered
to produce a weak and a strong SPSW. The width and the spadimg lmdtterfly cutout were

varied slightly to obtain these configurations. The input and the output parameters used in this
study are the same as that for the circular holes configuration. A typical layout of the strong and
weak configurations of the buttsrshaped cutout is shown in thégure6-4.

Table 6-7 gives the geometry and the input parameters of the 10 models with butterfly shaped

cutouts with varying thickness used for the parametric study.
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Figure6-4 Typical layout of thaveak and strong configurations of the butterfly shaped cutout

Table6-7 Geometry and input parameters of set of 10 models with butterfly shaped links for

varying plate thickness

Plate | Thickness Spacing | Cutout | Bwith | Perforation| Input Input
Name| of Plate of the Width | L=12in Ratio Parameter Parameter
tinches | Cutouts D inches D/S #1 #2
Sinches| inches H/t D/t
A3 0.1875 2 7 6 3.5 768 37.33
B3 0.25 2 7 6 3.5 576 28.00
C3bf | 0.375 2 7 6 3.5 384 18.67
D3 0.5 2 7 6 3.5 288 14.00
E3 0.75 2 7 6 3.5 192 9.33
A4 0.1875 15 10.5 4.5 7 768 37.33
B4 0.25 15 10.5 4.5 7 576 28.00
C4bf 0.375 15 10.5 4.5 7 384 18.67
D4 0.5 15 10.5 4.5 7 288 14.00
E4 0.75 15 10.5 4.5 7 192 9.33
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6.1.3 Input Parameters

A brief explanation of each of the input parameters and the method used to record them is given

below.

6.1.3.1 Thickness of theWeb Plate

The thickness of the weblgtefor the paranetric study is varied from 3/16 inch to 3ih. This
range is used to study theickling and yieldingoehavioras the plate goes from thin to thick
Five values of thickness have been u€etid75, 0.25, 0.375, 0.5 and 0.75 inches.

6.1.3.2 Diameter of the Holes / Width of theButterfly C utout

This input parameter affects the strengtiffness, length of cut and openness of the pdaried.
diameter of the hole in the circular hole configuration is varied from 6 tmd®&s in 3 inch
increments. The width of the butterfly shaped cutouts used for the strong panel configuration is 7
inches and for the weak panel configuration is 10.5 inches. The strong panel configuration is the
shear wall whichhas a shear strength of the panel ranging from 100 to 500 kips and the weak
configuration shear wall has a shear strength of the panel rangmng@®o 150 kips.

6.1.3.3 Spacing betweerthe Perforations

This parameter is the key to determine the openness of the panel and affecith sirel
stiffness of the panel. This is becatise diagonal tension field acti@mn the shear yielding in the
plateis developed between the perfomats and the width of the strip for the governadion is
determined by the spacing of these cutolite spacing between the perforationslesermined

for the circular holes configuration by the D/S ratio depending upon the diameter of the hole
chosen for the wall. As the diameter is varied from 6 to 18 inches with 3 inch increments, the
spacing also varies depending on the D/S ratio whighnedefined to vary from 0.2 to 0.8 with

an increment of 0.2. For the butterfly shaped cutouts the spacing for the strong configuration

used is 2 inches (B = 6 inches) and for the weak configuration it is 1.5 inches (B = 4.5 inches).
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6.1.3.4 Perforation Ratio

This is the parameter defined as the ratio of the diameter of the perforation tpatnegs
between the perforation§he perforation ratigD/S) for circular holes along the perimeter of the
shear wall is varied from 0.2 to 0.8 with an increment of 0.2s Témge was used to study the
behavior of walls with a small to a large perforation ratio. A D/S ratio for the butterfly shaped
cutout has also been defined as the ratio of the width of the cutout at mid height of the cutout to

the spacing at the mid heigbf the cutout

6.1.4 Output Parameters

A brief explanation of eacbf the outpuparameters and the method used to record them is given

below.

6.1.4.1 Expected Strength of the Web Rate of the SPSW

For the two configurations of cutoutscircular and butterfly shaped cutouts, the values of shear
strengths of the web panel are recorded using the equations availdidecurrent design aids

For the panels with circular holes along the perimeteretfuationdor shear strength & solid

and perforated panel from t#¢SC specification (AISC 201(re giverby Equations 34nd 3
respectively. The terms in the e@tions have been explained imapter 2.Modifications to

these equations have beemddo incorporate the circular holes along the perimeter of the plate

to calculate the shear strength. The in Equation 34s calculated by subtracting the number of
holes times the diameter of each hsbeemtakem om t h
as 45 degr ee. Tshaken as 0.7 as spgecjfiecairt the caith tBesstrength of the

solid panekalculated using the Equation.34

W gz e 00 0 T OKI 88888888888888880n&cTt

0O
W p N W 88888888888888880n&8cvu
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The following equation is used to determine the shear strength of the web panel with butterfly

cutouts. The terms in the equation have been explain@dapter 2.

TM O
" £08888888888888888888888880n7&0 ¢

6.1.4.2 ShearStrength of the Web Rinel from Abaqus 6.10

The shear strengttof the web panel obtained from thbove equationare compared with the
values obtained from the foréedeformation plots generated using the results from Abaqus 6.10
analysis for monotonic loading on the pandlke strength icalculated as the value at the
intersection of two lines. The first linemeesents the initial stiffness and the second represents
the final stiffness which is the plateau region of a very small s@peclusions about whether or

not the existing equations in the current design codes could be used for the particular

configuration of perforations are made from the results obtained in this comparison.

6.1.4.3 Stiffness of the Web Rnel

The initial stiffness othe web panel is obtained from the initial slope of the force deformation
plot obtained from the Abaqus analysis of the models subjected to a monotonic loading on the
SPSW.

6.1.4.4 Maximum Equivalent Plastic Strain in the Panel

The value of the maximum equivateplastic straifPEEQ)in the panel at the end of the cyclic
displacement historig recorded

6.1.4.5 Length of Cutting in the Panel

This is calculated as the perimeter of the cutout times the number of cutouts in the panel. This
value would be related tahe cost of the panel. The length of cutting does not include the
perimeter of the plate.
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6.1.4.6 Cost of Cutting

This is calculated as the cost of cutting per length of cutting per thickness of the plate multiplied
by the length of cutting in the plate &% the thickness of the plate. The cost of cutting was
obtained for a 3 ft x 3 ft panel with a different pattern of cutouts. The cost obtained was specified
for the highest quality of cutting (Quality = 5) and water jet cutting from the vendor. This is an
approximate estimation and has been rounded off to the nearest integer value. The cost of cutting
obtained for the sample panel from the vendor %2<0 per inch of cutting per inch of
thickness.

6.1.4.7 Openness of the Bnel

This parameter is calculated ag ttatio of the cutout area in the panel to the area of the solid
panel. The cutout area is calculated as the area of each cutout times the number of cutouts in the
panel. The openness gives a sense of the amount of material used compared to a salfd plate

similar thickness.

6.1.4.8 Energy Dissipation Ratio

The energy dissipation capaciitio of the webplateis calculated as theatio of thearea under
the last cycle of the hysteresis curve for the panel subjected to a cyclic displacementdistory
the energy dissipation of anwggalent elastic plastic systerfihis parameter is a measure of the

ductility of the panel.

6.1.4.9 Maximum Out of Plane Deformation in the Web Rwnel

The maximum out of plane deformation in the web panel is obtained frerAliaqus 6.10
mocel at the end of the analysis bybjecting the SPSW to a cyclic displacement history. The
displacement history has been applied in a separate step in the step module in Abaqus 6.10

during analysis.
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6.1.4.10 Initial Imperfection in the W eb Panel

The initial imperfection in the web panel is simulated by applying a pressure load described at
the beginning of this chapter. The pressure load is applied in a separate step prior to the step in
which the displacement history is applied to the SPSW baglis 6.10. The value of initial

imperfection is taken at the end of this initial step from the analysis results.

6.2 Load Deformation Results for some Typical Mdels

A typical layout of the circular perforations in two steel plate shear walls and théardtys

response to cyd displacement history shown below irFigure6-5 andFigure6-6.
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(a) (b)
Figure6-5 (a) Layoutof circular perforationsvith the coase mesh, (b) Hysteresis curve for the

cyclic displacement history applied
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Figure6-6 (a) Layoutof circular perforationsvith the coase mesh, (b) Hysteresis curve for the

cyclic displacement history applied

Figure6-7 andFigure6-8 show the hysteresis and layout for strong and weak configurations.
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Figure6-7 (a) Layout of butterfl shaped cutouts B3 with the ¢ea mestior strong

configuration (b) Hysteresis curve for the cyclic displacement history applied
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Figure6-8 (a) Layout of butterfly shaped cutouts B#&h the carse mesh for weak

configuration, (b) Hysteresis curve for the cyclic displacement history applied

Figure6-9 andFigure6-10 show the deformed shapes at 3.8% drift and hysteresis for web plates

of 0.1875 inches and 0.75 inches with perimeter circular holes.
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Figure6-9 (a) Layoutof circular perforation$or a plate thickness of 0.1875 inchés)

Hysteresis curve for the cyclic displacement history applied
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Figure6-10 (a) Layout of circular perforations for a plate thickness of 0.75 inches, (b) Hysteresis

curve for the cyclic displacement history applied

(a) (b)

Figure6-11 (a) Undeformed shape of a 0.375 inch thick plate with D/S = 0.6 and 9 inch diameter
holes, (b) Stress contourS12 from Abaqus 60
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(a) (b)

Figure6-12 (a) Stress ContourS11 from Abaqus 6.10, (b) Stress Contb@22 from Abaqus
6.10

Figure 6-11(a) shows the undeformed shape of the plate with a D/S ratio of 0.&iguee

6-11(b) shows the S12 (shear stress) contour from Abaqus 6.10. It was found that the magnitude
of shear stresses in the links between the perforations were neghgiuee6-12 (a) shows the

axial stresses in the plate in the X direction (S11)FRigdre6-12(b) shows tk axial stresses in

the plate in the Y direction. The magnitude of S11 in the links was of the order of 25 ksi and the
magnitude of S22 in the links was of the order of 20 ksi. It can be inferred that kbeatm

deforming more in bendinipan in shear.

6.3  Output Parameter Plots

The plots from the parametric study for circular and butterfly shaped cutouts are summarized in
this section.
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6.3.1 Results for Perimeter Circular Hole Configuration — Varying Size and Spacing

It is seen from th&igure6-13that the shear strength of the web panel decreases with increase in
the holediameter and with increase in the perforation ratio (D/S). With the increase in D/S ratio
the spacing between the holes reduces leaving lesser plate material available to undergo shear
yielding between the holes. The relationship between shear stremytinea perforation ratio
appears to be relatively linear for small diameter holes implying a linear relationship between
panel shear strength and the length of solid material. However, as the hole diameter increases,
there is a nonlinear relationship beem shear strength and the perforation ratio implying that

buckling is making the links less effective at resisting shear when the links become more slender.

It is also shown irFigure6-13 that the hole diameter can be used to adjust shear capacity. For a
set value of plate thickness, t=0.3750, and p

can be adjusted from 320 kips to 480 kips.
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Figure6-13 Plot showing the variation of shear strength of the panel with D/S ratio for varying
hole diameter
It is seen from th&igure6-14 that the stiffness of the web panel decreases with increase in the
hole diameter and with increase in the D/S ratio. For perforation ratios between 0.ther®i6
relatively small effect on panel stiffness (between 5% and 25% reduction). This is an important
result in that the stiffness is somewhat independent of the hole spacing in the naaderation
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ratio between 0.2 to 0.6. The perforation ratam therefore be used effectively to adjust the

strength of the wall while the stiffness is not affected as much.
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Figure6-14 Plot showing the variation of stiffness of the panel with D/S ratio for vatyite
diameters
It is seen from thé&igure6-15 that the energy dissipation ratio of the web panel decreases with
increase in the D/S ratio from 0.2 to 0.8 and also it decreases with increase in the hole diameter
from 6 to 18 inches. As the D/S ratio reaches a value of 0.8, the SPSW loses stiffness and
becomes a soft system since the open area in the panel is large and there is little plate material
remaining between the holes to undergo shear yielding in the plate. Hence there is a steep

downward slope at a D/S ratio of 0.8.
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Figure6-15 Plot showing the variatioof energy dissipation ratwf the web panel with D/S ratio
for varying hole diameters

Table 68 shows the values for output parametérshear strength, stiffness and energy
dissipation of theveb plate with perimeter circular holes with varying size and spacing.
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Table6-8 Strength, stiffness and energy dissipation ratio of the set of 20 models for the

perimeter circular holes with varying size and spacing

Plate Expected Strength| Stiffness Energy ED of ED
Name Strength of Vel of Wall | of Wall Dissipation Equiv | Ratio
Vexp Kips Abaqus | Abaqus | (ED)of Panel | EPPS
Egn 1 Eqn 2 kips kips/in Kips-in Kip-in
C1 573 632 558 1687 4935 9917 0.50
C2 453 529 534 1591 4634 9415 0.49
C3 332 426 500 1578 3896 8601 0.45
C4 211 323 470 480 1512 7449 0.20
C5 588 632 540 1345 3349 9539 0.35
Co6 452 529 500 1330 3518 8851 0.40
Cc7 317 426 433 1112 3672 1475 0.49
C8 226 323 308 956 2366 4925 0.48
C9 543 632 520 1374 3412 9452 0.36
C10 422 529 475 1308 3367 8127 0.41
Cl1 302 426 400 1200 2843 6805 0.42
C12 181 323 235 865 1930 3802 0.51
C13 573 632 500 1356 3047 8595 0.35
C14 422 529 450 1275 2625 8144 0.32
C15 347 426 360 1038 2034 5840 0.35
C16 196 323 200 780 1538 3250 0.47
C17 543 632 470 868 3505 8150 0.43
C18 452 529 430 805 1887 7351 0.26
C19 362 426 320 779 1622 5371 0.30
C20 181 323 180 673 1195 3035 0.39

It is seen from th&igure6-16 that there is a relatively linear increase in the length of cutting in
the web panel as the D/S ratio increase from 0.2 to 0.8. However, there is not muetmvaria

cutting length withhole diameter. The number and size of holes is varying but the total length of
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cutting in the plate almost remains uniform with increasing hole diameter. This implies that the

perforation ratio is a better measure for the cost of cutting the plate thaol¢hdidmeter by

itself.
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Figure6-16 Plot showing the variation of length of cutting in the wall with D/S ratio for varying
hole diameters

Figure 6-17 showsthat the openness of the panel increases with increase in D/S ratio and with

increase in diameter of the holes along the perimeter of the Jdmetange of openness for the

configuratons examined in this parametric study varied from 2% to 25%.It was found that

openness of the panel is more sensitive to D/S ratio at largedlamteters. There is an 81%

increase in the openness of the panel as the diameter of the holes increases fl@mdhesdt

a D/S ratio of 0.8 and there is a 25% increase at a D/S ratio of 0.2.
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Figure6-17 Variation of the openness of the web panel with D/S ratio for varying hole diameters

Table 6-9 shows the valuesf output parameters length of cutting and openness of the panel

for perimeter circular holes configuration with varying size and spacing.
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Table6-9 Length of cutting and openness of the panettierset of 20 models for the perimeter

circular holes with varying size and spagin

Plate | Length of | Opennesy Max Max OOPD Initial Cost of
Name | Cutting of Panel | PEEQ at End of | Imperfection| Cutting in
inches Displ. History inches the plate
inches dollar
C1 302 0.02 0.69 8.6 0.21 300
C2 603 0.04 1.11 8.2 0.21 550
C3 905 0.07 1.36 7.8 0.21 800
C4 1206 0.09 0.67 5.9 0.22 1100
C5 226 0.02 0.43 8.4 0.24 200
C6 566 0.06 0.45 5.3 0.22 500
Cc7 905 0.10 0.88 4.8 0.22 800
C8 1131 0.12 291 5.8 0.22 1000
C9 302 0.04 0.58 8.5 0.22 300
C10 603 0.09 0.34 5.9 0.22 550
C11 905 0.13 0.69 4.7 0.22 800
C12 1206 0.17 1.56 5.3 0.22 1100
C13 189 0.03 0.44 6.5 0.27 200
Cil4 566 0.10 0.41 75 0.23 500
C15 754 0.14 0.35 5.2 0.24 700
C16 1131 0.20 1.05 5.9 0.23 1000
C17 226 0.05 0.40 9.9 0.25 200
C18 509 0.11 0.28 8.6 0.25 500
C19 679 0.15 0.35 6.0 0.25 600
C20 1131 0.25 0.49 4.5 0.23 1000
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6.3.2 Results for Perimeter Circular Hole Configuration — Varying Thickness

Plots showing the variation of various output parameters for circular holes along the perimeter of
the plate for the set df0 models with varying thicknesand a constant D/S ratio asown

below. Figure 6-18 shows thevariation of shear strength withcreasing thickness of the web
panel from 0.1875 inches to 0.75 inches tiwo hole diameters. It can be sdabat the shear
strength decreases as the hole diameteeasers from 9 inches to 15 inches. The shear strength
also increases as the thickness of the plate increases.crbasa in shear strength wiphnel
thickness appeats beapproximately linear implying that buckling did not significantly change

the sheastrength between theseodels. Since shear strength laasonlinear relationship with

the perforation ratio and hole diameter, it is suspected that the buckling of the links may be more
related to the link slenderness in plane (length divided by witltah the out of plane

slenderness (length divided by thickness).
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Figure6-18 Variation of shear strength of the web panel with thickness of the plate for varying
hole diameters

The same trend is observiet the stiffness and energy dissipatiortled web panel as seen from
Figure6-19 andFigure 6-20. The stiffness increases with increase in thickness of the panel and

the panel with bigger holes is lestsf.
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Figure6-19 Variation of stiffness othe web panel with thickness of the plate for varying hole
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Figure6-20 Variation of the energy dissipation capacity of the web panel with thickness of the
panel for varying hole diameters

Table 6-10 shows the values for the output parametéerstrength, stiffness and energy
dissipation ratio for the set of 10 models with perimeter cirdwées with \arying thickness.
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Table6-10 Strength, stiffness and energy dissipation ratio for the set of 10 models with perimeter

circular holes configuration with varying thickness

Plate Expected Strength | Stiffness Energy ED of | ED Ratio
Name Strength of Vel of Wall | of Wall | Dissipation | Equiv
Vexp Kips Abaqus | Abaqus | of the Ranel | EPPS
Egn 1 Eqn 2 kips Kips/in Kips-in Kips-in
Al 158 213 205 633 1031 3516 0.29
Bl 211 284 280 916 1848 4758 0.39
Cr=C1 317 426 420 1112 3871 7475 0.49
D1 422 568 580 1917 5285 10242 0.52
El 633 852 860 2675 8320 15668 0.53
A2 173 213 160 425 717 2828 0.25
B2 231 284 225 635 1096 3886 0.28
Cl5=C2| 347 426 360 1038 2151 5840 0.37
D2 462 568 500 1625 3895 8054 0.48
E2 694 852 740 2287 5936 13189 0.45

Figure 6-21 shows the variation of maximum out of plane deformation in the plate with the
thickness of the plate for varying hole diameter. The maximum out of plane deformation is
recorded at the endf the displacement history. The maximum out of plane deformation
increases with increase in thickness and also with increase in eheihpieter. fie increase in

out of plane displacement with thicker plates showRigure6-21 canbe explained by the fact

that as the plate thickness increases the buckling half wave is longer leakligiger amplitude

of the maximum out of plane deformation.
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Figure6-21 Variation of maximum out of plane deformation in the plate with the thickness of the

plate for varying hole diameter

Table6-11 shows the valuesf output parameters length of cutting and openness of the panel

for perimeter circular holes configuration with varying thickness.

Table6-11 Length of cutting and openness of the panel for the set of 10 models for the perimeter

circular holes with varying thickness

Plate Length of | Opennesy Max Max OOPD Initial Cost of
Name Cutting of PEEQ at End of Imperfection| Cutting in
inches Cutting Disp. History inches the Plate
inches dollar
Al 905 0.09 0.64 4.2 0.22 400
B1 905 0.09 0.88 4.0 0.22 550
Cr=C1 905 0.09 0.94 6.3 0.23 800
D1 905 0.09 0.88 6.7 0.22 1100
El 905 0.09 0.84 11.8 0.22 1600
A2 754 0.14 0.32 4.6 0.22 350
B2 754 0.14 0.34 5.5 0.22 450
Cl15=C2 754 0.14 0.43 5.3 0.24 700
D2 754 0.14 0.44 6.9 0.24 900
E2 754 0.14 0.65 13.0 0.24 1400

111




6.3.3 Butterfly Shaped Cutouts along the Rrimeter of the Panel

The plots showing the variation of the output parameters for the butterfly sbajpeds have
been summarized in this section. A brief explanation for the observed trendearehson for

the behavior aralso given for each of the plots.

It is seen fromFigure 6-22 that the shear strength of the web panel increases with increase in
thickness of the plate. The shear strength is higher for the strong configuration where the links
are wider and there is more plate mateto resist the story shedoth geometries appear to
produce a linear variation in shestrength with plate thicknes¥he equation predicting the
strength of the panel produced reasonable results vamong 8% below to 3% above the
observed shearapaciy of the panelsSeeTable6-12 for values of shear strength as calculated

from the equation and calaéd from the FE model results.
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Figure6-22 Plot showing the variation of shear strength of the web panel with thickness of the
panel for strong and weak configurations

Figure 6-23 shows the variation of stiffness of the panel with the thickness of the plate. As the

thickness increases, the stiffness of the plate increases. The slightly nonlinear relationship
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implies a reducing increase in stiffness with @aging plate thickness. The different plate

geometries (strong vs. weak) were shown to produce significantly different stiffness. It is
concluded that adjusting the butterfly link geometry may be a more effective way to change the
stiffness than changinthe plate thickness. The same trend is seen for the energy dissipation

capacity of the plate fromigure6-24.
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Figure6-23 Plot showing the variation of the stiffness of the panel with thickness of the panel for
strong and weak configurations
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Figure6-24 Plot showing the variation of energy dption capacity of the panel with the
thickness of the panel for strong and weak configurations
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Table6-12 shows the values of the output parameiessrength, stiffness and energy dissipation

for the set of 10 models with strong and weak butterfly shaped cutouts.

Table6-12 Strength, stiffness and energy dissipatatio for the set of 10 models with strong

and weak perimeter butterfly shaped cutout configurations

Plate | Expected | Strength| Stiffness Energy Energy Energy
Name | Strength | of Wall | of Wall Dissipation Dispn. of Dissipation
of Wall | Abaqus| Abaqus | of the Ranel | Equiv EPPS Ratio
Vexpkips Kips Kips/in Kips-in Kip-in
A3 108 97 345 482 1732 0.28
B3 144 140 537 830 2472 0.34
C3bf 216 250 818 1774 4075 0.44
D3 288 340 1125 3241 5876 0.55
E3 432 500 1610 6857 10928 0.63
A4 46 38 102 163 940 0.17
B4 61 48 155 300 1355 0.22
Cdbf 91 70 268 651 2440 0.27
D4 122 90 360 1014 3546 0.29
E4 182 150 475 1796 6048 0.30

From theFigure6-25 it is observed that the maximum out of plane deformation increases with
the thickness of the plate. This is due to the fact that as the thickness increases, the buckling half
wave length inaases leading to larger amplitude buckling waves. The plate with smaller links
(weak configuration) has larger out of plane deformation. It is expected that the increased
frequency and strength of the links in the strong configuration better restraiosttbé plane

motion of the plate.
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Figure6-25 Variation of the maximum out of plane deformation with the thickness of the plate

for strong and weak configurations of cutouts

Table6-13 shows the values of output pameterd length of cutting ananaximum out of plane

deformation for the set of 10 models with perimeter strong and weak butterfly shaped cutouts.

Table6-13 Length of cutting, openness of panel and maximum out of plane deformation for the

set of 10 models with perimeter strong and weak butterfly shaped cutouts

Plate | Length of| Opennesy Max | Max OOPD initial No. of | Cost of
name | cutting | of cutting| PEEQ at end of | imperfection| holes | Cutting in
Lcut disp history inches Plate
inches inches dollar
A3 1574 0.16 0.64 4.4 0.22 48 700
B3 1574 0.16 0.87 4.3 0.23 48 950
C3bf 1574 0.16 1.19 51 0.24 48 1400
D3 1574 0.16 1.43 6.7 0.23 48 1900
E3 1574 0.16 1.84 6.7 0.23 48 2900
A3 1467 0.20 0.53 6.1 0.22 36 700
B3 1467 0.20 0.64 6.2 0.23 36 900
C3bf 1467 0.20 1.10 7.0 0.24 36 1300
D3 1467 0.20 1.15 7.3 0.24 36 1800
E3 1467 0.20 1.20 6.9 0.23 36 2700
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6.4 Behavioral Trends Observed from Hysteresis @rvesand Force— Displacement

Plots of the Parametric Sudy

The parametric study for SPSW with circular and butterfly shaped cutouts resulted in a number
of hysteresis curves and fortalisplacement plots. The numerous obagons made regarding
the behavior of the SPSW when subjected to cyclic and monotonic loading are summarized in

this section.

6.4.1 Perimeter Circular Holeswith Varying Size and $acing

Some of the salient features observed from the hysteresis plgtsrforeter circular holes with
varying size and thickness asemmarized in this sectiofhe fullest hysteresisucves occur for
D/S=0.6. It could bsuggestdthatusing a D/S = 0.6 ia good value to use in design of these
systemsaA transition in behawr is observeds D/S goes frora smallvalue of 0.2(holes are far

apart and plate acts in tension field) to medium (D/S=0.6 for instance where there is the most
shear yielding and energy dissipation) to landere D/S = 0.§where links between the hed

may be subjeedto buckling whch reduces energy dissipation). It can be concluded that larger
diameter holesreate more pinching in the hysteretic behavB®ecause of this, smaller diameter

holes are suggested.

6.4.2 Perimeter Circular Holes with Varyin g Thickness

The energy dissipation capacity clearly increases with increase in plate thickness from 0.1875
inches to 0.75 inches. The hysteretic behavior is highly pinched for plates of lower thickness and
is more complete as the thickness increatberefore providing forhicker platess suggested

for this configurationThis set of models supports the result discovered in the first part of the
study that smaller holes resultimore energy absorption. It is therefore suggested that SPSW
with smaler holesand higher thickness will have better performanceeasmic force resisting

systems.
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6.4.3 Perimeter Butterfly Links

It is observed thathicker plates result in more energy dissipatibhne panels with thiakess of
0.5 inchesand higher had espedialgood energy dissipation.A thickness of 0.5 incheer
greateris suggested for thpanel dimensionsimilar to that discussed in the parametric study
The weak and strongonfigurationsdemonstrate the ability to tune the strengtla [good range

of vaues from large temall values while continuing to produceagl energy dissipation ability.
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Chapter 7. CONCLUSIONS

7.1  Finite Element Modeling of SPSW

In order to validate modeling of SPSWs with and without perforations in a finite element
environment, two experiments conducted at the MCEER facility in the University of Buffalo,
NY were chosen. Finite element models of SPSWs with shell elements weramdadere used

to simulate tests found in the literature. It was found that the agreement between the finite
element models and the experiments was quite good for solid and perforated pauitels.
element modeling with different elements was damehe thesis. The modeling techniques

validated were used to simulate the behavior of new forms of SPSW.

7.2  Adaptation of High Seismic Design for Moderate Seismic@es

The approach that was followed was to start with a high seismic design for a prdatotypey

found in the literature and demonstrate the design procedure and then examine approaches to
reduce the cost and sizes of the boundary elements (mostly the VBE), amount of steel required
and construction complexityThe three methods attempted tchigve these goals were the
capacity design of VBE without moment connections, the over strength factor design of VBE
without moment connections and plastic mechanism design for VBE without moment
connectionsBeyond the elimination of moment connectiotig proposed design approaches

were intended to reduce the design strength demands on the boundary elements. It was observed
that drifts controlled the design, the strength was greater than what it need to be and hence the
proposed design approaches dmt nesult in reduced steel weight. It was concluded that to
achieve improved efficiency in a SPSW system it was necessary to decouple strength and
stiffness. This provided the motivation to develop tunable SPSW for which strength, stiffness

and ductility might be separately tuned.

7.3  Alternate SPSW Detailing to Create More Efficient ®lutions for SPSW

Several new methods for reducing web plate strength while sustaining or increasing system

stiffness were investigated. Sevapproachesvere attemptedThe approaches were separated
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into two parts: approaches using solid plates, and approaches with welitsculfter
preliminary analyses of the seven approaches, two approaches that gave promising results were
choseni circular holes along the perimetdrtbe web plate and butterfly shaped cutouts along

the perimeter of the web plate. Moment connections were eliminated between the beam and
columns and instead simple shear connections were used in all these apprSexizeshe
stiffness of the SPSW is leded to the web plate thickness, it was observed that the plate
thickness increased for the new approaches in which moment connections were eliminated. The
new approaches allowed the strength and stiffness to be tuned separately and the observed
strengthwas better controlledThe boundary elements selected using the preliminary design
procedures were dramatically smaller for the new approaches. Furthermore the hysteretic
behavior of the two new approaches was found to be significantly better than tz¢ 8p5W.
Because of the tunability, reduced steel weight, elimination of moment connections and
improved energy dissipation, the/o proposed approaches neeconsidered proising and a

parametric study was conducted.

7.4  Parametric Study for the Two Propo®d Configurations of Qutouts

Steel plate shear walls with twigpes of cutouts namelgerimetercircular hole panelsand
perimeterbutterfly link panelshave been investigated. A computational study using the finite
element software Abaqu&10 was performedhe parametric study was conducted by varying

the sizes, spacing and thickness for the perimeter circular holes configuration. Strong and weak
configurations of the perimeter butterfly shaped cutouts were defined and variation urigie o

parameters was investigated for varying plate thicknesses.

For plates with perimeter circular holes, it was found thatftllest hysteresisucves occured

for D/S=0.6. A D/S = 0.6 ia suggestedalue to use in design of these systefsransiton in
behaviorwas observea@s D/S goes from smallvalue of 0.2 (hole$ar apart and plate acts in
tension field) to medium (D/S=0.6 for instanaehere there is the most shear yielding and
energy dissipation) to largehere D/S = 0.§where links betweaethe holes may be subjedito
buckling whcch reduces energy dissipation). It was concluded that larger diametercredes
more pinching in the hysteretic behavidecause of this, smaller diameter holes are suggested.

The energy dissgtion capacityclearly increasedvith increase in plate thickness from 0.1875
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inches to 0.75 iches. The hysteretic behavior waghly pinched forplates of lower thickness

and wagnore conplete as the thickness increas€derefore use ohicker plates is suggested

The equations from the existing codal specifications with modifications to predict the shear
strength of the panel with circular perforations along the péeint# the panel were attempted

and the values obtained by using these modified equations afatéabun the tables under the
headingi expected strength of walk was found that the equation for a solid panel was able to
predict the same capacity as obtained from Abaqus 6.10 with an error of less than 10 percent for
small values of D/S ratio uptd.4. For higher values of D/S ratios (@) the equation for
perforated panels was able to predict the same capacity obtained from Abaqus 6.10 with an error
of 5% for a diameter of 12 inches. There is varying trend where a particular equation pnedicts t
capacity withthe least percentagaror. With more analysis, an equation to closely predict the
shear strength of the web plate with this configuration of perforations could bedaativThis is

recommended as part of the future work

For perimeterbutterfly shaped cutouts, it was observed tiétker plates reswdd in more

energy dissipationThe panels with thickness of 0.5 inchasd higher had especially good
energy dissipation.A thickness of 0.5 inchesr greatelis suggested for thpaneldimensions

similar to that discussed in the parametric stuiihe weak and strongonfigurations
demonstrate the ability to tune the strengtla ood range of values from largesimall vdues

while continuing to provideyood energy dissifign. The equaon for prediction of the shear
strength proposed by Borchers et al (2010) for butterfly shaped cutouts predicts the capacity
obtained from Abaqus with a maximum error of 30%. Thus it is suggested that with more
analysis, an equation to closely predia #hear strength of the web plate with this configuration

of cutouts could be arréd at. This is recommendedzeat of the future work.

7.5 Recommendations for Future Work

Experimental testing is needed to verify the expected behavior and to check tlrewaotthre
models for the configuration with circular holes along the perimeter and butterfly links along the
perimeter of the plate. The modeling done so far is not capable of predicting tearing, ductility

and final failure of the SPSW. These quantitiesidd be investigated either computationally or
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experimentally for both the proposed configuration of cutouts. Equations to predict the strength
and stiffness of the two configurations with cutouts along the perimeter of the plate need to be
developed. Mag analysis needs to be done to develop reliable design procedures for SPSW with
circular and butterfly shaped cutouts along the perimeter of the web Ditigzent patterns of
cutouts could be experimented with and better approaches to reduce thef dimemdary
elements could be implemented. A more thorough parametric study with variation in thickness
and a detailed study of the variation in output paramerenequired for a better understanding

of the behavior of the SPSWs with perforations.
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APPENDIX A

Compilation of the plots fothe first 20 models for perimeter circular holes configuration with

varying size ad spacing

From the models C1 to C20 the following trends can be observed.

1.

For each value of the diameter of the hole there are four models with the D/S ratio
varying from 0.2 to 0.8 with an increment of 0.2. Therefore C1 to C4, C5 to C8, C9 to
C12, C13 toC16 and C17 to C20 are the five sets of models with each set having a
constant diameter of holes around the perimeter of the plate.

There is an improvement in the hysteretic behavior as the D/S ratio increases from 0.2 to
0.6 for the first set of modefS11 C4. The energy dissipation capacity of the web panel
improves from C1 to C3. But for model C4 it is observed to drastically reduce. The
system is very flexible and has very low stiffness.

The story shear is resisted in the first set of model<C&ainly due to the shear
yielding of the links between the circular holes. The plate buckles at a very small value of
force and then gains strength immediately. The shear resistance by the shear links stays
constant through the entire set over a D/S rdtia2to 0.8.

As the D/S ratio increases from 0.2 to 0.8 the spacing between the perforations reduces.
There are more holes and lesser plate area in the links for shear resistance as the D/S ratio
increases. This is reflected in the reduction of the stegzacity of the panel as seen from

the forcei displacement plots for the panels subjected to monotonic loading. The shear
strength of the web panel reduces from about 550 kips to 450 kips as the D/S ratio
increases from 0.2 to 0.8.

The monotonic forcé displacement curves have four distinct regions with gradually
reducing stiffness. The first region has a high initial stiffness and the second region with a
lower secondary stiffness and the third region with a tertiary reduced slope and the fourth
regionwith almost zero slope with very little or no strength gain or degradation. For C4
the fourth region of constant strength is not reached within the applied displacement
range and hence the onset of the fourth region is seen and not the stabilized strength

region as seen for models C1, C2 and C3.
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6. The load at which the plate buckles is observed to reduce as the D/S ratio increases from
0.2 to 0.8 from about 415 kips for C1 to 75 kips for C4.

7. As the diameter of the holes increases from 6 to 9 inches aerhije monotonic force
displacement curves are smoother with a smoother transition from the regions of primary,
secondary and tertiary stiffness.

8. There is a transition in the behavior that is predominant in resisting the story shear from
shear yieldingf the links between the perforations to the diagonal tension filed action in
the web panel. This could be seen from the hysteresis curves which get smoother with the
increase in D/S ratio from 0.2 to 0.8. For the first set of models CA this transitnal
behavior is seen at a D/S ratio of 0.8 and for the second seC8mt a D/S ratio of 0.6
i 0.8, for the third set CB C12 at a D/S ratio of 0.6, for the fourth set G115 at a
D/S ratio of 0.4 0.6 and for the fifth set C1i6C20 at a D/S rati of 0.4.

9. We see that for hole diameters of 9 and more inches as the D/S ratio reaches a value of
0.8 there is a slight strength gain as opposed to a constant strength plateau for lower D/S

values.
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1. Ci1z Diameter =6 inches, D/S = 0.2

Force Vs Displacement plot Force Vs Displacemenmonotonic
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Figure A1 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for Plate C1 with 6 inches hole diameter and D/S = 0.2
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2. C2zDiameter =6 inches, D/S = 0.4

Force Vs Displacement plot Force Vs Displacemenmonotonic
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Figure A 2 (a) Hysteresis curve, (b) Monotonic Force Vs Displacemeanes (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for Pl&evith 6 inches hole diameter and D/®4
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3. C3zDiameter = 6 inches, D/S = 0.6

Force Vs Displacement monotonic Force Vs Displacement monotonic
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Figure A 3 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for Pl&evith 6 inches holeliameter and D/S 6.6
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4. C4zDiameter = 6 inches, D/S = 0.8

Force Vs Displacement plot Force Vs Displacement monotonic
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Figure A 4 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for Platevith 6 inches hole diameter and D/S 8 0.
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5. C5z Diameter =9 inches, D/S = 0.2

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 5 (a) Hysteresis curve, (b) Monotonic Force Msplacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for Pl&evith 9 inches hole diameter and D/S 20.
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6. C6z Diameter = 9 inches, D/S = 0.4

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 6 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for Pl&@ewvith 9 inches hole diameter and D/S 40.
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7. C7zDiameter =9 inches, D/S = 0.6

Force Vs Displacement monotonic
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Figure A 7 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for Platevith 9 inches hole diameter and D/S $60.

134



8. C8zDiameter =9 inches, D/S = 0.8

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 8(a) Hysteresis curve, (b) Monotonic Force Vs Displacemeneciic) Undeformed
shape, (d) Deformed shape at 3.8% drift for Pl&evith 9 inches hole diameter and D/S 80.
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9. C9zDiameter =12 inches, D/S =0.2

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 9 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for Pl&evith 12 inches hole diameter and D/S 20.
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10.C10z Diameter = 12 inches, D/S = 0.4

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 10(a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for PldtéWith 12 inches hole diameter and
D/S =04
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11.C11z Diameter = 12 inchesP/S = 0.6

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 11 (a) Hysteresis curve, (b) Monotonic Foik¢g Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for Pldté& With 12 inches hole diameter and
D/S =06
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12.C12z Diameter = 12 inches, D/S = 0.8

Force Vs displacement Force Vs Displacement monotonic
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Figure A 12 (a) Hysteresis curve, (b) Monotonic Force Vs Displacemenegic) Undeformed
shape, (d) Deformed shape at 3.8% drift for Plate With 12 inches hole diameter and
D/S =08
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13.C13z Diameter = 15 inches, D/S = 0.2

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 13(a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for Platg With 15inches hole diameter and
D/S =02

140



14.C14z Diameter = 15 inches, D/S = 0.4
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Figure A 14 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for Platé With 15inches hole diameter and
D/S =04
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15.C15z Diameter = 15 inchesP/S = 0.6

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 15(a) Hysteresis curve, (b) Monotonic Force DMsplacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for Platé With 15inches hole diameter and
D/S =06
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16.C16z Diameter = 15 inches, D/S = 0.8

Force Vs Displacement monotonic
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Figure A 16 (a) Hysteresis curve, (b) Monotonic Force Msplacement curve, (¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for Platé With 15inches hole diameter and
D/S =08
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17.C17z Diameter = 18 inches, D/S = 0.2

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 17 (a) Hysteresis curve, (b) Monotonic Force Vs Displaceroente, (¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for Platé With 18inches hole diameter and
D/S =02
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18.C18z Diameter = 18 inches, D/S = 0.4

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 18 (a) Hysteresis curve, (b) Monotonic Force Vs@acement curve, (¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for Plat® With 18inches hole diameter and
D/S =04
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19.C19z Diameter = 18 inches, D/S = 0.6

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 19 (a) Hysteresis curve, (b) Monotonic Force Vs Displaent curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for Plate With 18inches hole diameter and
D/S =06
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20.C20z Diameter = 18 inches, D/S = 0.8

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 20(a) Hysteresis curve, (b) Monotonic Force Vs Disptaept curve, (¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for Pl&6wWith 18inches hole diameter and
D/S =08
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Trends from hysteresis plots and feeformation plots for the set of 10 models with

perimeter circular holes with varying thickness are presented below:

. The energy dissipation capacity clearly increases with increase in plate thickness from
0.1875 inties to 0.75 inches. The hysteretic behavior is highly pinched for plates of
lower thickness and is more complete as the thickness increases.

. The D/S ratio and the diameter of holes is kept constant throughout the first set from C21
T C25. As observed irhe previous set of models €1C20, for a D/S ratio of 0.6 and 9

inch diameter of holes, the diagonal tension field action is the predominant mechanism
for shear resistance; the same trend is seen in the models C21 and C22 for a plate
thickness of 0.1875ral 0.25 inches. But as the thickness increases, the controlling
behavior shifts to shear yielding of the links between the perforations for models C23,
C24 and C25.

. The monotonic force displacement curve shows a gain in strength for the model with a
platethickness of 0.75 inches as opposed to a final strength plateau as seen in the other
models with lower plate thickness.

. The peak shear strength of the plate increases with increase in plate thickness from
0.1875 to 0.75 inches from 205 kips for C21 t® &%ps for C25 and from 160 kips for

C26 to 750 kips for C30.

. The force displacement curves have a smoother transition of stiffness for plates with
higher thickness as compared to that for the ones with lower plate thickness.

For the next set of model2871 C30 the D/S ratio is still 0.6 but the diameter of the

holes is increased to 15 inches. For these models the hysteresis curves are smoother and
the predominant shear resistance mechanism is diagonal tension field action irrespective
of the plate thickess and shear yielding of the links has very slight influence as opposed

to a transition in the behavior observed in the set of models with 9 inch diameter holes.
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21. A1z Diameter 9 inches, D/S = 0.6, t = 0.1875 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 21 (a) Hysteresis curve, (b) Monotonic ForceDisplacement curve, (¢) Undeformed
shape, (d) Deformed shape at 3.8% driftRtate Alwith 9 inches hole @imeter,D/S = 06 and
t =0.1875 inches
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22.B1z Diameter = 9 inches, D/S = 0.6, t = 0.25 inches

i Force Vs Displacement monotonic
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Figure A 22 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for PBdtevith 9 inches hole diameter, D/S = @uéd
t=0.5 inches

150



23.C1z Diameterz 9 inches, D/S = 0.6, t = 0.375 inches

) Force Vs Displacement monotonic
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Figure A 23 (a) Hysteresis curve, (b) Monotonic Force Vs Displacemenegicy Undeformed
shape, (d) Deformed shape at 3.8% drift for PGitevith 9 inches hole diameter, D/S = @utd
t=0.35 inches
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24.D1z Diameterz 9 inches, D/S = 0.6, t = 0.5 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 24 (a) Hysteresis curve, (b) Monotonic Force Vs Disptaent curve, (¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for Pldtewith 9 inches hole diameter, D/S = @ud
t =05 inches
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25.E1z Diameterz 9 inches, D/S = 0.6, t = 0.75 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 25(a) Hysteresis curve, (b) Monotonic Force Msplacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for Pidtevith 9 inches hole diameter, D/S = @u&d
t = 0.75inches
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26.A2 z Diameter = 15 inches, D/S = 0.6, t = 0.1875 inches

Force Vs Displacement monotonic
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Figure A 26 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Defornteshape at 3.8% drift for Plate A2 with friches holaliameter, D/S = 0.6
and t = 0.183 inches
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27.B2z Diameter = 15 inches, D/S = 0.6, t = 0.25 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 27 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for PB&evith 15 inches hole diameter, D/S = 0.6 and
t =025 inches
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28.C2z Diameter = 15 inches, D/S = 0.6, t = 0.375 inches

Force Vs Displacement
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Figure A 28(a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for PGRevith 15 inches hole diameter, D/S = 0.6 and
t = 0375 inches
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29.D2 z Diameter = 15 inches, D/S = 0.6, t = 0.5 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 29 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for P2ewith 15 inches hole diameter, D/S = 0.6
and t = 05 inches
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30.E2z Diameter = 15 inches, D/S ©.6, t = 0.75 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 30(a) Hysteresis curve, (b) Motanic Force Vs Displacement curve, (c¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for PE&evith 15 inches hole diameter, D/S = 0.6 and
t =075 inches
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The trends observed from the hysteresis plots and the force deformation plots for the set

of 10 models with perimeter strong and weak butterfly shaped links are as shown below:

. The hysteresis loops for the strong configuration are very less pinched and a stable
hysteresis is observed. Hence the energy dissipation capacity is much higher for this
configuration in comparison to its weaker counterpart. The strong links are resisting the
shear predominantly.

. The monotonic forcd displacement curves are smooth and the distinct regions of

stiffness is not observed.

3. There is gain in strength for ale models in this set.

4. The hysteresis of the weak configuration of links is highly pinched and suggests that the

primary mode of shear resistance is diagonal tension field action in the plate.

. There is an increase in the buckling load from 35 kips fodehC36 to 150 kips for the

model C40.

. An increase in the peak load is also seen as the plate thickness increases from 0.1875

inches to 0.75 inches for both the strong and the weak configuration of cutouts.
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31.Strong model A3z t = 0.1875inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 31 (a) Hysteresis curve, (b) Monotonic FoMe Displacement curve, (¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for PA&dStrong Configuration) and
t = 01875 inches
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32.Strong model B3z t = 0.25 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 32(a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for PB8€Strong Configuration) and
t =025 inches
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33.Strong model CZ t = 0.375 inches

Force Vs Displacement . .
P Force Vs Displacement monotonic
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Figure A 33 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for PG8&Strong Configuration) and
t = 0375 inches
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34.Strong model D3zt = 0.5 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 34 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for PR Strong Configuration) and
t = 0.5 inches
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35.Strong model EX t =0.75 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 35(a) Hysteresis curve, (b) Monotonic Ferds Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for PEE8€Strong Configuration) and
t =075 inches
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36.Weak modelz A4zt =0.1875 inches

Force Vs Displacement
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Figure A 36 (a) Hysteresis curve, (b) Monotonic ForceMsplacement curve, (¢) Undeformed
shape, (d) Deformed shape at 3.8% drift for PAet€\WeakConfiguration) and
t =0187 inches
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37.Weak modelz B4zt =0.25 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 37 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for PBat€Weak Configuration) and
t =025 inches
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38.Weak modelz C4bfz t = 0.375 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 38 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for PGatlef (WeakConfiguration) and
t = 0375 inches
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39.Weak modelz D4zt = 0.5 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 39 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for PlstWeak Configuration) and
t = 0.5 inches
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40.Weak modelz E4zt = 0.75 inches

Force Vs Displacement Force Vs Displacement monotonic
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Figure A 40 (a) Hysteresis curve, (b) Monotonic Force Vs Displacement curve, (c) Undeformed
shape, (d) Deformed shape at 3.8% drift for PEk€Weak Configuration) and
t =075 inches
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