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ABSTRACT

FINITE ELEMENT MODELING APPROACHES AND COMPARATIVE STUDY
ON THE NONLINEAR BEHAVIOR OF STEEL SHEAR-LINKS

KIZILDA G, Yasam
M.S., Department of Civil Engineering

Supervisor: Assoc. Prof. Dr. ih SARITAS

August 2013, 75 pages

This study deals with the finite element modelirighee nonlinear behavior of shear links

under various loading and boundary conditions. Gliels are the most important part of an
eccentrically braced steel frame system, and peofige in terms of reducing the forces
acting on the rest of the members such as columtdeaces in the framing system. Shear-
links are designed for dissipation of large amounitsenergy in case of overloading;

therefore construction of buildings with eccentiicabraced frames is suitable for

earthquake resistant design. Since strength, eti$frand ductility characteristics of shear
links dominate the behavior of eccentrically bradeanes, having full knowledge of the

behavior of shear-links is an important researgicto

The early research on eccentrically braced framebterature were generally based on
experimental studies that were costly to conduat,fowadays the use of advanced finite
element software packages provide opportunity fier assessment and simulation of the
nonlinear behavior of shear-links under variousling and boundary conditions.

Such a study has been undertaken in this thests,tta shear links are modeled and
analyzed in finite element program ANSYS Workbemgth 2-D and 3-D elements. First, a
verification study is conducted, where shear-liftksn past experiments are considered and
the results obtained from the analysis are compaitidexperimental data. The shear links
are modeled according to the original dimensiond laoundary conditions. The material
properties are calibrated based on the cyclic iehat steel with some assumptions that are
described in detail in the thesis.

After this verification study, a detailed compavatfinite element study has been conducted.
In this part of the thesis, the links are analymetl only with the proposed finite element
modeling approach, i.e. the utilization of 2-D aBdD elements and cyclic calibration of
steel material through the use of ANSYS Workbemhcit,also with a frame element that can
capture spread of plasticity both along elemengtlerand section depth. In the first part of

\



the comparative study, the contribution of flangehte overall shear force carrying capacity
of shear-links is assessed through both finite eldnmodeling approaches. With this
comparison, a realistic description of flange shst@in for the frame finite element model is
suggested. In the second part of the comparativaysthe influence of unsymmetrical
loading protocols on the nonlinear behavior of shie&s is studied through the use of both
finite element modeling approaches, and the resukscompared to each other and the
accuracy of the frame finite element model is asebs

Keywords: Steel, eccentrically braced frames, sheks, finite element method, cyclic
material behavior, cyclic loading, nonlinear sturat analysis
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CELIK BAG KIRISLERIN DOGRUSAL OLMAYAN DAVRANI SLARI USTUNE
SONLU ELEMANLARLA MODELLEME YAKLA SIMLARI VE
KARSILA STIRMALI CALI SMA

KIZILDA G, Yasam
Yuksek Lisansinsaat Muhendisfi Bolumii

Tez Yoneticisi: Dog. Dr. Afin SARITAS

Agustos 2013, 75 sayfa

Bu calsma, dsmerkez caprazl ¢elik cercevelerin en dnemli pargksn b kirislerin farkli
yuklemeler altinda dgrusal olmayan davraglarini incelemektedir. Bakirisler, dgsmerkez
caprazh celik cerceve sistemlerin en onemli pargaslustururlar ve kolon ve capraz
elemanlar Gzerine potansiyel olarak etki edebileg@kerin digtrilmesinde sigorta gorevi
gorarler. D@ru tasarlanngi bag kirisler ciddi yiklemeler altinda bile yiiksek seviyeaenr
sonimleyebilir, bu sebeple stherkez caprazli celik cerceveler depreme dayary&pi
tasariminda cazip bir alternatif sistem olarak yataikmaktadir. Bmerkez caprazh celik
cercevelerin davragini belirleyen en dnemli etmen d&irisinin dayanimi, rijitlgi ve
suineklik oOzellikleri oldgu icin ba kirisinin dogrusal olmayan davraginin tam olarak
bilinmesi 6nemli bir argirma konusudur.

Literatirde dymerkez caprazli celik cerceveler Uzeringldraa yapilan aghirmalar daha
¢cok deneysel yontemlere dayagtm Bu tur calgmalarin yiritilmesinin pahali ve zahmetli
olabilmesinden 6turl ve gunimizde artik gelg sonlu elemanlar yontemleri ile analiz
olanaklar sglayan yazilim paketlerinin kullanimi ile pakirislerin dgsrusal olmayan
davranginin sayisal olarak tespit edilmesi ciddigamana olanaklarn sunmaktadir.

Bu sebeple, bu tez kapsamindag td@isler 2 ve 3 boyutlu elemanlar kullanilarak, sonlu
elemanlar analiz programi ANSYS Workbench ile mizateh analiz edilmgtir. Gelistirilen
modellerin d@rulugunun tespit edilmesi icin 6ncelikli olarak literaté var olan deneysel
calismalarla kagilastirma calsmasi yurutalmgtir. Bag kirisler, orijinal boyutlari ve sinir
kosullarina bgli kalinarak modellenngtir. Celik malzeme 6zellikleri ise bu tezde detdyh
sekilde belirtilen bazi kabullerle donglsel yuklgiae kalibre edilmitir.

Dogrulama ¢akmasinin ardindan, sonlu elemanlar yonteminde bifdela yaklaim tarzi
denenerek karastirmali calsma yurutilmigttr. Yaklasimlardan ilki yukarida da belirtildi
Uzere ANSYS Workbench platformunun kullaniimasiglae 3 boyutlu sonlu elemanlarla
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modelleme ve dongisel malzeme modelinin Kkalibrelnegiine dayanmaktadiikinci
yaklasim ise daha 6nceden ggiiilmis olan ve eleman boyunca ve kesit degjnile yayili
plastisiteyi yakalayabilen bir cerceve elemani ntleden kullaniimasi olmgtur.
Karsilastirmal ¢alsmanin ilk etabinda, gakirisinin flanjinin kalinlginin degistirilmesi ile
kirisin tasidigl toplam kesme kuvvetindeki gigim her iki sayisal yontemle incelengtir.
Bu kasilastirmali ¢alsmanin sonucu olarak da cerceve elemani modelindlankmak
Uzere kesitte flanja etki edecek kesme birim defmyonu tavsiyesi verilrtir.
Karsilastirmali ¢calsmanin ikinci etabinda ise, simetrik olmayan yikl&ria etki etmesi
durumunda bgkiriglerin dgzgrusal olmayan davraginin her iki sayisal yontem kullanilarak
tespit edilmesi amaclanmve cerceve eleman modelinin tepkileriningddugu Uzerine
sonuca varilnstir.

Anahtar Kelimeler: Celik, dmerkez caprazli celik cerceve, goiris, sonlu elemanlar
yontemi, donglusel malzeme davrandonguisel yikleme, gousal olmayan yapisal analiz
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CHAPTER 1

INTRODUCTION

1.1.General

Ductility is one of the most important design aigieof a structural system. A ductile
structure may take damage during an earthquakevibiutot collapse if it is in the required

strength limits. To meet these requirements, acttra should have sufficient strength,
stiffness and energy dissipation capacity, andetireguirements basically yielded to the
popular use of moment resisting steel framed sirast and concentrically braced steel
framed structures in construction industry.

Moment resisting frames (MRF) (Fig. 1.1) are des@jbased on strong column-weak beam
design approach. As a result of this design metloggo plastic hinges occur in beam ends,
near the beam column joints during a major eartkg@ad the inelastic action distributed in
the structure at beam ends can dissipate largergmbenergy. Through this, MRFs can be
designed to remain ductile and survive from a mapgnthquake without failure. However,
there are also some disadvantages of this framystes. Since the beams have large
flexural deformation capacity, large lateral driftan be observed. Increasing the element
sizes can be a solution to this problem but it mdap be uneconomical. The second problem
about moment resisting frames is distortion at molypanel zones due to the large shear
forces that occurs by transferring of moment fromar to column. This situation increases
the lateral drift of the system and results in éar§A effects. To strengthen the columns,
web doubler plates are generally used in columrelpzones. Consequently, the cost of the
structure increases with these expenses.

Fig. 1.1 Moment Resisting Frame

In order to control lateral drifts, concentric bedcframes (CBF) (Fig. 1.2) can be used.
Since diagonal braces increase the lateral stgfridsthe system, CBF can resist against
lateral forces during minor and moderate earthgaakésing this kind of structures is



generally more economical than increasing elemeas ind using doubler plates. However,
during a major earthquake, these lateral forces inarease significantly and generally

diagonal bracing struts buckle due to the cycli@laboad. The plastic behavior of bracing

struts results in a decrease of buckling strengiti anergy dissipation capacity after

continued load cycles. As a result, an unstableXiehmay be expected in the structure due
to the reduction of lateral load carrying capacity. eliminate this problem, the slenderness
ratio of bracings can be increased by using largieed elements which is also an

uneconomical solution.

Fig. 1.2 Concentrically Braced Frames

Due to the problems faced in CBFs and MRFs, Popalhas associates at University of
California, Berkeley developed an alternative dtitedl system that have large energy
dissipation capacity and sufficient stiffness tsise lateral cyclic loads in ductility limits.
This system is called as Eccentrically Braced FraffaBF). Initial research studies
conducted on this new framing system were undemtétkeghe thesis studies by Hjelmstad
(1983 and Kasai(1985 and in the report by Roeder and Pogb977), Ricles and Popov
(19873. For a complete citation, it is also importantmtention the papers by Roeder and
Popov (1978, Hjelmstad and Popof1983, Malley and Popoy1984), Kasai and Popov
(19863, Kasai and Popoy1986h). EBFs can be designed as different types such-as D
braced, K-braced and V-braced. In this kind of brgcystem, an active link (called as
shear-link) is located as a part of the beam. Turpgse of this link is to transfer the shear
and bending forces on the beam to the bracing asraixial force. Thus, the maximum force
that can be conveyed to the brace depends on #a shpacity of the shear-link. The link
element is designed to remain elastic in minor gdomotions, and to yield during major
ground motions so that the structural system casighte large amount of energy. Yielding
of the shear-link limits the axial force on braeesl prevents buckling of the braces.

Understanding strength, stiffness and ductility pemties of EBFs requires studying the
nonlinear behavior of shear-links. Research studiesv that behavior of shear links are
fairly complicated and affected by various paramgtand as a result significant amount of
research interest has been directed towards bgigriexental and numerical determination
of the nonlinear behavior and cyclic energy digsiwa characteristics of shear-links.

Experimental studies usually provide more reliableans to assess the behavior, but
conducting experimental studies may not be ecoramit some cases. Furthermore,
experimental studies are usually limited in terrhfoading and boundary conditions as well
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as material and geometric properties of testedimaes. Therefore, development of finite
element models or the use of already availabléefigiement programs could provide means
for this purpose. In this regards, finite elememdlgsis programs nowadays enable modeling
all kinds of nonlinearities that may be presenstiuctures. Nevertheless, the reliability of a
finite element model should be checked attentively.

In this thesis, a comparative numerical study andstimation of the nonlinear behavior of
steel shear-links subjected to cyclic loading Wwél carried out through the use of 2-D (shell)
and 3-D (solid) finite element models and also tigiothe use of 1-D (frame) finite element
model. 2-D and 3-D finite element analyses arei@drout by using ANSYS Workbench
software package. In order to check the validitytleé aforementioned modeling and
analyses in ANSYS, first, a validation study wiktte texperiments conducted in literature is
undertaken, where the experimental specimens &etse from the studies of Kagdi989

and Hjelmstad1983. In order to get a close estimate of the nonliresdravior and cyclic
energy dissipation characteristics of shear-linkds imperative to use an accurate and
calibrated cyclic material model for steel. Utme#brt is given in this regards to accurately
capture the Bauschinger effect observed in steednmaa In order to check the reliability of
the finite element models, same loading protocsused with Kasai and Hjelmstad, where
these loading protocols fall into the symmetricety@hen, unsymmetrical cyclic loading
protocols, which are called as “near-fault loadprgtocol” in literature (Krawinkler et al.
(2000), are also applied to the same finite element msodehe results obtained from
ANSYS are compared with the numerical results olegifrom a frame finite element model
developed by Saritas and Filipp@gR0093. In order to assess the accuracy of numerical
models, comparison with experimental data is ugustleded and preferred. In the absence
of such data, comparison of a 1-D (frame) finitensnt approach with 2-D (shell) or 3-D
(solid) finite element modeling approaches couldvjite means for assessing the accuracy
of results obtained from 1-D models. This compaeatstudy is conducted first on the
influence of flange thickness on the over-strengjtig of shear-link behavior, then on the
influence of cyclic loading protocols of shear-linkhavior.

1.2.Organization of Thesis

This thesis contains seven chapters. The introgluathapter involves brief information
about the study conducted in this thesis and tiectbes of the thesis.

In second chapter, behavior and design of she&s land previous experimental and
numerical studies on shear link behavior are erpli In this chapter, detailed information
about the yield mechanism of EBFs and some impboptaints on design of EBFs are given,
and the differences between EBFs, CBFs and MRFprasented. The previous studies are
examined in two different headings; experimentatligs and analytical studies and the aim
and procedure of both types of studies are sumstiriz

Third chapter of the thesis gives information abthé finite element program ANSYS
Workbench and also the tools of the program useitewodeling of the shear-links. This



part does not cover all properties and capabilbieANSYS Workbench but gives general
information about the program and introduces tloéstased in this study.

The fourth chapter of the thesis includes verifaatstudy on the finite element modeling
approach undertaken by the use of ANSYS WorkbeNeimerical results obtained from
finite element simulations are compared with experital data for the specimens of
Hjelmstad(1983 and Kasa(1985. In this chapter, the material and dimensionapproes

of the specimens, loading protocol and the experimesults of the specimens are presented.
In the last part of the fourth chapter, the analysisults of the specimen are compared to the
experimental results to prove the validity of thedels and some remarks on the results are
discussed.

In the fifth chapter, a 1-D (frame) finite elemenbdel which is developed by Saritas and
Filippou (20093 is introduced. First part of the chapter descrithes formulation of the
element, approximation of shear distribution andtemal model. The specimens of
Hjelmstad(1983 and Kasa{1985 modeled with the 1-D finite element model and als®
analyzed under same loading history. The secondopdine chapter includes the results of
the analysis and the comparison with the experiateasults.

The sixth chapter of the study is presented inprands. In first part the contribution of flange
to the shear carrying capacity of link is investégh For this purpose, the link is modeled
with solid and shell elements in ANSYS Workbenchd adso with 1-D (frame) finite
element. The diagrams that show the change in stagsacity with the increase of flange
thickness are represented in this part. In thergkpart of the sixth chapter, the behavior of
the link under unsymmetrical cyclic loading is istigated with 2-D (shell) and 1-D (frame)
finite element models and the results of the amay® compared to each other.

Finally, the conclusion chapter presents a briefraary of the studies undertaken within the
scope of the thesis and includes a demonstratioresflts and concluding remarks and
comments on the study.



CHAPTER 2

BACKGROUND ON SHEAR-LINKS

This chapter aims to give information on eccenliydaraced frames (EBFs) and shear-links
and summarize previous studies conducted on thigasiu First part of the chapter focuses
on discussing the physical behavior and designBH<E In this context, differences between
moment resisting frames, concentrically braced ésnand eccentrically braced frames will
be given. Then, yielding mechanisms observed inEE&# important considerations related
to the design of shear-links are presented. Segantl of this chapter focuses on the
presentation of previous experimental and analystalies conducted on the determination
and estimation of nonlinear behavior of shear-links

2.1.Behavior and Design of Eccentrically Braced Frames
2.1.1.Behavior of Eccentrically Braced Frames

Eccentrically braced frame (EBF) is a hybrid systwhich is a combination of moment
resisting frame (MRF) and concentrically bracedniea(CBF) (Okazaki (2004)). With a
proper design, ductility of a MRF and drift controhpacity of a CBF can be obtained
economically through the use of an eccentricalickd frame.

As mentioned in the study of Hjelmstad and Po{i®84), another advantage of using EBFs
is compliance to architectural requirements whiil@ting the drifts since the braces can be
placed in different variations to allow for archiitieral openings (Fig. 2.1).
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Fig. 2.1 Alternative Bracing Arrangements for Edcieally Braced Frames (Hjelmstad and
Popov(1984)
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Working principle of eccentrically braced frame$e® on the transfer of the moment and
shear forces on a segment of the beam throughrétoe Ibo column or another brace as axial
force. This beam segment is called as active Imghear link. The link member yields after
severe cyclic movement and dissipate large amdumergy (Hjelmstad and Pop¢i984).
Comparing Fig. 2.2 and Fig. 2.3 the energy disgpamechanism of EBFs and difference
between CBFs and EBFs can be observed more clesidyresult of the differences in the
yielding mechanism. Generally, inelastic behavibrsleorter links is dominated by shear
yielding of web; however, in longer links, yielditgghavior of the link element is between
the shear yielding case in short beams and tharfi¢yielding case of long beams typically
occurring in MRFs. With an optimum design of EBf& system can satisfy both ductility
and stiffness limits, as well as strength criteria.

BEAM PLASTIC HINGE

BRACE BUCKLING
AND LOCAL DAMAGE

Fig. 2.2 Inelastic behavior of concentrically bradeames during
a major earthquake (Kasai and Popb®86q)

ACTIVE LINK

Fig. 2.3 Plastic deformation of K-braced framesg#&iaand Popoy19864)
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Fig. 2.4 Typical force distribution in an EBF (Okdz(2004)

The force distribution in an eccentrically braceanie under lateral forces is illustrated in
Fig. 2.4 . Generally, constant shear, reverse tumyamoment and small axial force are
observed along a shear-link, and axial force isidant in a brace member of EBF system.

Behavior of the eccentrically braced frames camgbalepending on the length of the shear-
link and other parameters of the structure. Thigjtle is generally marked as “e” (Fig. 2.5).
According to Hjelmstad and Pop(i0984), by changing the ratio of link length to bay leémgt
i.e. e/L, between 0 and 1, the arrangement of strevaries between CBF and MRF. In case
of e/L=1, structure acts as MRF, but if e/L redute®, the structure can be identified as
CBF. EBFs should be designed with a reasonableldingth to meet both the ductility and
stiffness conditions.
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Fig. 2.5 Simplest Eccentrically Braced Frame (Hgtk and Popofd984)

Fig. 2.6 shows the end momentsg(hd M) and the shear force (V) that may develop on a
link element, and since the axial force is smathéty be safely assumed negligible and zero.
The moments developed at the ends of the beam malfferent from each other, but for



end moments being equal, i.eg M Mc =M, the equation 2M = Vxe can be easily obtained
from static equilibrium. This equation may be tfansed to get the shear-link length e =
2M,/V,, for an elastic perfectly plastic link, in caseinteraction between shear and flexure
is present, where \Jand M, are plastic shear and plastic moment capacitespectively
(Okazaki(2004). Higher moments are concentrated at the endBeofitk and yielding of
the link due to the presence of bending moment Idhasult in the restriction of plastic
deformation at link ends if the length of the lilsksufficiently long enough. On the other
hand, shear-links are expected to first yield dwenigh shear forces that are uniformly
distributed along the link. With the web panel ntaining a stable deformed shape due to
the presence of web stiffeners, yielding due td lslgear forces can be sustained in the link.
This action forces the link member to deform inashether than bend. Kasai and Popov
(19863 indicate a formula to ensure shear yielding thlhopgoviding the following link
length:

e<1.6—* @
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Fig. 2.6 Free body diagram of link (Okaz#k004)

Overall behavior of an eccentrically braced fraséliistrated in Fig. 2.7 by Okazaki. Based
on these diagrams, relation between plastic dniftexd, and plastic link rotatiory, can be

obtained from following equation:

L
V=g 6, (2

As indicated in above equation, link rotation catyagepends on L/e ratio. According to this
equation, it can be said that higher the L/e rtidigher the rotational capacity would be.
Comparing to MRFs, for same plastic drift angle FESBiould have higher rotational capacity
then the plastic hinge rotation that may be preaebeam ends in a MRF system. This also
shows the importance of choosing the length ol Ko that link rotational capacity will be
greater than the rotation amount that will be pnesean EBF frame.
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Fig. 2.7 Energy dissipation mechanisms (Oka{2804)

In order to provide sufficient rotational capac#yd ductility to shear-link elements, web
stiffeners should be used and the dimensions of areb flange of the link are the first
parameters that become important in the design.witih to thickness ratio of flanges and
webs should satisfy the high ductility requiremespgcified in Section D1.1 of AISC
(2010.

AISC (2010 also categorize the links according to their leegto define the inelastic
behavior of shear-links. AISC Seismic Provisiordicate that there are three types of links
that are shear links which yields due to shear, emrtinks which yields due to flexure and
intermediate links that are affected both from shea moment yielding. The limitations
about these links are specified such as, the kmigth e< 1.6My/V, for shear-links, &
2.6My/V,, for moment links, and 1.6V, < e < 2.6M/V,, for intermediate links. Rotation
limit is identified as 0.08 rad for shear-linksQP.rad for moment links and for intermediate
links can be evaluated by interpolation betwee® @a@ and 0.02 rad depending on the link
length.

In this thesis, both short and relatively long sHag members will be analyzed in order to
assess the accuracy of finite element models itudag both the shear dominant yielding
and shear-flexure interaction yielding.

2.1.2.Design of Eccentrically Braced Frames

Link members should be the most ductile segmeminoéccentrically braced frame system.
Beside this requirement, the links should be degigeo that the inelastic behavior and
damage of the link should be limited. In such desifEBF, the link acts as a fuse that both
dissipates energy of the system and limits thee®omeveloped on other members of the
system (Engelhardt and Pop@©89).



Engelhardt and Popo{1989 constituted a design procedure based on capaegigm
According to this method, the dimensions and priogef the link are chosen based on the
codes but other elements in the structure are megifpr the loads developed in the structure
when the link is fully yielded and strain hardenadd where ultimate shear and moment
capacity of a frame can be estimated accordingtensc Provisions AISG2010 .

Another important issue about eccentrically braftathes is the intersection angle of brace
and the beam. Small intersection angles may develge axial forces outside of the beam.
Engelhardt and Popai1989 indicated that high magnitudes of moment and dgiale on
the beam cause instability of beam before it remdisefull strength. To avoid this problem,
the angle between the beam and brace should nes®¢han 35

Under the assumption of perfect-plasticity, stragrdening is not observed and shear
moment interaction of the link is neglected. Acéogdto Engelhardt and Popd¥989), to
design a perfectly plastic link, it is importantdetermine the yield strength of the link. The
dimensions of a link are determined so that linlesdmot yield under the shear loads
generated by lateral loads specified in codes. Bagdt and Popoy¥1989 suggested the
following equations to determine the shear yietdrggth:

M
vV, for e< 2> ©))
VP
2M M
P for ex 2% (4)
e v,

These values are given for the factored lateraldpaut for the load given by an allowable
stress design code the values should be calibrated.

Equations (3) and (4) are valid for the case oflkmaal force acting on the links, such as
P/P,<0.15. In case of higher axial forces, the equationsuhbe reduced considering

shear axial force and shear moment interactiontemnsa Higher axial forces affect inelastic
rotational capacity, as well.

When analyzing a shear link connected to a coluveny large elastic moments can be
observed at the link end adjacent to column oflifle However, large elastic moments
should not be the design load of a link. Previoggseemental studies show that a plastic
hinge occurs at the end of the link due to the leiigistic moments and moment redistributes
along the link. Therefore, maximum moment on the Idoes not reach flexural yield
strength of the link before it yields due to she@us, the shear yield strength should be
considered rather than flexural yield strength e/iésigning the link.
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2.2.Literature Review on Shear-Links
2.2.1.Experimental studies

Hjelmstad (1983 in his Ph.D. thesis conducted experiments to deber the energy
dissipation capacity of shear-links, the effectveb buckling on energy dissipation capacity
and the magnitude of inelastic deformation of &.liRjelmstad(1983 tested shear-link
specimens with different lengths and differentfstier numbers with a testing arrangement
that causes equal end moments at link ends. Hyisté@havior of specimens showed that
the stiffening of shear-links plays an importarier control inelastic web buckling. As part
of his Ph.D. thesis, Hjelmstad (1983) also propoaedisplacement-based frame finite
element model to assess the monotonic behavidreardinks.

Malley and Popov(1983 performed experiments on shear-links in order éteismine
stiffener design and spacing that is both econdnaitd resistant to shear forces. Test results
showed that type and application of loading cardcfthe energy dissipation capacity since
loading conditions affect web buckling. In theindy, Malley and Popo{1983 also worked

on the importance of welding and fabrication of lihk to provide full shear capacity.

Distinct from Hjelmstad(1983, the experimental studies performed by KagEd89
included also the effects of strain hardening axidldoading on the plastic capacity of
shear-links. It was observed that unsymmetricahga buckling may be prevented in
presence of axial force and reduction of plastien@ant capacity is not observed due to the
strain hardening under high shear loading. Loadind boundary conditions of Kasai's
specimens resulted in unsymmetrical moments at beads and variation of the end
moments due to the shear yielding of the link. K&4889, indicated that the stiffener
spacing and height to thickness ratio is very irtgodrfor elastic behavior. In addition, he
used random unsymmetrical loading protocols in rthekperiments; however the
experimental load-deflection curves for these testie not presented.

Ricles and Popoy1987h investigated the behavior of links with compositabs under
cyclic loading. In this scope, 8 tests are condlietith EBFs that have different bracing
systems and composite slabs or bare links. As alesion of the study, energy dissipation
capacity and shear capacity of composite links etmserved to be greater than bare links. At
the end of the tests, larger end moments are aldénvcomposite links than bare links due
to the strain hardening. In this study, Ricles deieed a link deformation valuey,, at
which web buckling is observed. They also indicatieat, specimens subjected to cyclic
deformation represent irreversible web bucklingreifeadverse deformation is applied, in
case of an early large impulse. These specimensotaeach the, value due to the web
damage occurred in early stages.

Engelhardt and Popo{1992 performed experiments on long links to investigtteir

yielding mechanisms and plastic rotation capaditye experiments are performed with two
different sections which are W12x16 and W12x22 tred cyclic loading is applied to the
specimens. As a result of 12 experiments the damifslure mode of the long links were
observed to be the fracture of the flange nearctiiemn connection. Another important
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conclusion of the study is that long links are gat not suitable for using next to column
but if properly designed they can be located betvie® braces.

Okazaki and Engelhard2007) tested specimens constructed of A992 steel witfierdint
sections and lengths to examine strain hardenidgoackling of flanges. 4 different cyclic
loading protocols are used during the experimeXiter the experiments they observed that
the loading protocol has importance on inelastiation of the active links. They also gave
some new techniques to stiffener to web connectotisit the web fractions. At the end of
the tests, Okazaki reaches some conclusions areirde of over strength factor on the link
behavior. The overstrength factors of the specimeamiges between 1.05 to 1.62 and test
results shows that the specimens that have higharstrength factor are more suitable for
short links with heavy flanges.

Berman and Brunea2007) conducted tests on hollow rectangular links thatexpected to
provide more torsional stiffness. Necessity offetiér, shear and moment capacities and
design considerations were examined in the stublg. 8xperiments show that the hybrid
tubular links which have similar ductility levelsittv wide-flange links can achieve even
exceed the maximum rotation values specified inG\3005. Another point from the study

is the contribution of flange to the shear carryiaagacity of link. The calculated ultimate
plastic strength values by using web material aceeded in the experiments, since some
shear carries by flange of the link. In the scop¢h study, also analysis results of the
shear-links with a finite element analysis programe compared with test and analysis
results.

2.2.2.Analytical and Numerical studies

Finite element analysis on shear-links can be dividnto two categories. In the first
category, researchers try to develop their owndielement formulations and models and
then they later assess the reliability of the psggomodels by comparing with experimental
data. In the second category, researchers alsogitte use already developed and available
advanced finite element software packages suchNSYS and ABAQUS. In the latter
category, mostly shell (2-D) or solid (3-D) typeife elements are used in conjunction with
the nonlinear material models available in theeafwntioned programs.

The study conducted in this thesis basically fosuse the use of 2-D/3-D finite element
models present in ANSYS, and also uses a previaleshgloped 1-D (frame) finite element
model by Saritas and Filippd20093. Since the thesis study is not intended to devalop
new finite element formulation, literature surveyllviocus on the use of finite element
programs to model shear-link behavior. Detailedrditure survey on the development of
frame finite element models for the analysis ofesHimks is available in the thesis by Saritas
(20086.

Ghobarah and Ramad#&h990 considered a finite element model with shell eletado
observe the behavior of the link after yield uphe ultimate point. The aim of the study was
to understand the effect of the axial forces onink that is subjected to cyclic end
displacements. They compared the model with prevéogerimental studies for verification
the model accuracy. After the analysis, a redudtiotine load carrying, rotation and energy
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dissipation capacities and ductility of the beainat twere subjected to axial force was
observed. According to the analysis results, theygested that only short shear links should
be used in case of existence of an axial force.

Ramadan and Ghobar&h991) examined the ultimate capacity of wide flange dinlnder
cyclic loading. To determine the nonlinear behgviBamadan and Ghobarghi99)
modeled links with the finite element program ADINY¥ using shell elements. The models
are analyzed under cyclic loading. Multi-linearstie-plastic material model is chosen for
the model and the hardening region was definednaarl isotropic. After the analysis, the
results were compared with the experimental restilie results of this study show that the
model can be used for investigation under diffeleatling conditions.

The study of Itani et ak2003 was on built-up shear links under large defornmatiorhe

study aimed to evaluate the finite element progcapability to determine the ultimate shear
strength of the link, to determine the stress istdistribution along the link under large
deformations and the influence of changing dimamdigparameters on plastic rotation
capacity of the link. In this scope, the links weredeled with ADINA by using eight node-
shell elements and bilinear plastic material modéle ultimate capacities obtained from
analysis are compared with experiment and a goaéeatent between analysis and
experiments were indicated. Also some notes areesgpd on behavior of built-up sections.

Prinz and Richard®009 made evaluations for links with reduced web sestisubjected to
cyclic loading. As finite element analysis progra®BAQUS is used and the results
obtained from the program are compared with expartal data. The flanges of links and
columns are modeled with solid elements while tiedsvare modeled with shell elements.
The region outside the link is modeled with a fragement, since no yielding is expected
this area. All material properties are defined adicy to nonlinear kinematic hardening
properties. Although the detailed data is not giirethe study, the material was calibrated
with the parameters of Kaufmann et @001). After the analyses, it can be said that the
rotation capacity of the links with reduced webtgecshow similarities with normal links
but the failure modes of the reduced sections ifflereht.

The most recent analytical study on finite elemmodeling of shear-link is conducted by
Della Corte et al(2013. They modeled the HE and IPE sections with differend
conditions to examine the plastic shear over strend short links more detailed. They
compared the finite element analysis results wigh test results obtained from previous
studies in the literature. For modeling of the amens shell elements with 6 nodes are used
in finite element program ABAQUS. In a similar wajth the study of Prinz and Richards
(2009, the material model used in analysis is calibratecbrding to the experimental data
of Kaufmann et al(2001) and defined in program using kinematic hardenig.|The
analyses show the importance of axial forces, #angb area ratio and link length cross
section depth for the shear over strength. They alsserved that the tensile axial forces
developed due to the restraints, have significliatts on shear over strength.

In addition to these analytical studies, some séaechers mentioned in experimental studies
section, conducted also analytical studies thapsudphe experimental results. Kasai and
Popov(19863, Ricles and Popof1987h, Okazaki(2004 and Berman and Brune&2007)
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modeled specimens with 1-D, 2-D elements and géaeego some comparative studies in
their publications. The aim of the analytical styzhrts was obtaining detailed strain stress
distribution, behavior of connections and the pramd validation of the analytical methods.
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CHAPTER 3

FINITE ELEMENT MODELING OF SHEAR-LINKS

Modeling and analysis of shear-links are perform&t ANSYS Workbench in this thesis.
ANSYS is an advanced software package that aimmddel the interaction of different
disciplines such as physics, structural, vibratidluid dynamics, heat transfer and
electromagnetic for engineers. In order to gaiatied simplicity and user friendliness, the
graphical user interface version of ANSYS, namedlSYS Workbench can be used.

ANSYS Workbench has various analysis systems peovith its toolbox and Static
Structural is one of them that suited to the firdtement analysis study performed in this
thesis. This tool has the capability of performimgar and nonlinear analysis, detection of
contacts automatically and simplifies the pararoetnialysis (ANSY $November, 2009.

Capabilities of Static Structural analysis toollvelevant to this thesis are presented in detalil
in the rest of this chapter.

3.1.Modeling of Material

There are number of different parameters that aitfee nonlinear material behavior of a
structure. At different load levels, as the stiffaef the structure changes, the response of
the structure will be different. In order to sintélanonlinear material behavior, ANSYS
allows single use or collocation of the followingdels:

e Multi-linear elasticity material model

e Plasticity

e Hyper elasticity material model

* Bergstrom-Boyce hyper viscoelastic material model

¢ Mullins effect material model

* Anisotropic hyper elasticity material model

e Creep material model

e Shape memory alloy material model

« Viscoelasticity

« Viscoplasticity

e Swelling material model

e User-defined material model

In this study plastic material option is used foe ttyclic simulations of steel shear-links.
Steel mostly exhibits linear stress-strain relaiop up to a stress level which is called as
proportional limit. Between the proportional limand yield point, material behaves
nonlinear, but not necessarily plastic. After theess exceeds the yield stress, material
becomes plastic, and it cannot recover the stramptetely upon removal of the stress.
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Since there is little difference between propomiolmmit and yield point, these two points
can be assumed to coincide as shown in Fig. 3.1.

Stress

/— Yield Boint

Proportional Limit

= Strain

|-— Plastic Strain —!-|

Fig. 3.1 Elasto-plastic Stress-Strain Curve (ANX8vember, 2009

Since, plasticity is non-conservative and path-ddpat, order of the applied loads and
responses have an important role on the respontieeahaterial. Therefore to obtain the
plastic response accurately, the load should béeabim a series of small incremental load
steps or time steps. ANSYS automatically genettates steps to reduce the step size in case
of large number of iterations or large plasticistiacrement. If the step is still too large to
respond plasticity, ANSYS bisect and resolves wigmaller step size.

The following plastic material models are availablANSYS:

* Bilinear kinematic hardening

e Multi-linear kinematic hardening
* Nonlinear kinematic hardening
* Bilinear isotropic hardening

e Multi-linear isotropic hardening
« Nonlinear isotropic hardening
e Anisotropic

< Hill anisotropy

e Drucker-Prager

e Extended Drucker-Prager

e Gurson plasticity

e Castiron

In order to describe the inelastic action presansteel members analyzed in this thesis,
kinematic hardening plasticity model is employedider to accurately capture Bauschinger
effect in steel, where isotropic hardening is aslito be non-existing. Bilinear kinematic
hardening (Fig. 3.2) cannot sufficiently capture dyclic energy dissipation characteristic of
steel if a good match between experimental datdiaitd element simulations is sought. In
this regards, the best option is to use nonlinéaerkatic hardening models suggested in
literature, and such a response can be replicatedigh the use of multi-linear kinematic
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hardening model provided in ANSYS (Fig. 3.3). Mdiltiear kinematic hardening option
allows defining stress-plastic strain curves wikiesal points.
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Fig. 3.2 Bauschinger Effect (ANSY8lovember, 2009
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Fig. 3.3 Bilinear Kinematic Hardening and MultilareKinematic Hardening (ANSYS
(November, 2009

The material property input can be edited to theyilkgering Data module of Static
Structural analysis toolbox (Fig. 3.4). In this & different material definitions can be
used as mentioned above. After the material nardefised, the properties such as density,
elasticity, plasticity etc. are given by the udarcase of multi-linear kinematic hardening,
the plastic strain and corresponding stress vatwesdefined for each point. The plastic
strain starts just after the yielding point, sotttie plastic strain is accepted as zero and the
other strain values should be corrected considehagoriginal zero reference value. When
the data is given to the program, ANSYS Workberegresents the stress strain diagram of
the material as shown in Fig. 3.5.
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3.2.Elements

ANSYS Workbench defines the component of the stinecas “body” (Fig. 3.6). In design
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modeler application, five different types of bodies be used:

* Solid

e Surface
 Line
* Planar

* Winding
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In this study, link elements are modeled by usindage body to simplify the model and
shorten the analysis time. Surface body is a 2dineht, where the thickness of the element
is assigned by the user (Fig. 3.7). Surface bodisis called as shell element.
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Fig. 3.7 Mechanical Application- Details of a swdabody

ANSYS Workbench uses shell elements named “SHELL d81default. SHELL181 is a 4-
node element with six degrees of freedom at eade;noanslations in x, y, z directions, and
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rotations about the x, y, z directions (FIG 3.8} ERL181 is suitable for analyzing thin to
moderately-thick shell structures and can be predefior large strain nonlinear applications.

bz
'Z

Fig. 3.8 SHELL181 Geometry (ANSY&009)

As ANSYS Workbench provides a visual interface, geemetry of a structure with various
parts and members can be drawn relatively easibutgh Design Modeler module (Fig. 3.9).
ANSYS Workbench has many options to simplify themetrical modeling of structures. A

shell model can be easily created by sketchingothendaries and converting them into a
surface.
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Fig. 3.9 Modeling of structure in ANSYS Workbenchiwdesign modeler program
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3.3.Meshing

ANSYS Workbench provides meshing module that alleasy mesh generation of a drawn
structure. The purpose of meshing in a numerigaukition is to discretize a continuous
domain, which actually contains infinite number pdints, as finite number of regions.
Meshing module enables the user to generate meshitgmatically or manually with
different level of precision. Size, shape and mxfient of the mesh can be controlled as
shown in Fig. 3.10.
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Fig. 3.10 Mesh Control

Since surface body is a 2-D (shell) element, theme two meshing types which are

quadrilaterals and triangles. By selecting bodiegasately, different mesh types can be
assigned to different parts of the structure. Bedig mapped face meshing, a structure
can be easily meshed by adjusting the mesh sizg @11). The size and shape of the
meshes should be selected carefully, because ngedingctly affects the accuracy of results.

On the other hand too small meshing size resulisareased computation time, and in this
regards three levels of mesh refinement should yawae tested in order to assess the
influence of mesh refinement on results.
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Contact properties between each part/member ofruetste should be well defined in
ANSYS. Contact properties can be assigned by uiiegcontact menu in mechanical
module. Contact between the parts can be defindobaded, no separation, frictionless,
frictional or rough. Choosing the correct type ohtact is important in terms of simulating
the physical problem realistically.

Steel beam profiles can be produced as rolled dt-uqu In this thesis, it is assumed that
bonded contact between all parts can be assumetthevhgelding is used to connect parts.
Bonded contact is the default contact type in ANSWSrkbench, where separation or
sliding of elements is not allowed so the eleméetsave monolithically.

Contact information is assigned to the elementsddgcting the target surfaces and contact
edges of the other surface that intersects withetahen the type of the contact is defined as
shown in Fig. 3.12.
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Fig. 3.12 Defining contact information
3.5.Boundary Conditions

ANSYS Workbench makes possible to simulate diffetesundary conditions through its
support options (Fig. 3.13). In mechanical progransupport can be assigned to a point,
edge or surface. Also support displacements candéfned from these options.
Displacement can be assigned with different valaesach step and in different direction so
that the cyclic displacement can easily be defiffeid. 3.14). While the modeling of the
active links, fixed support is assigned one entheflink and at the other end displacement is
applied according to the test procedure.
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CHAPTER 4

VERIFICATION STUDY

In this chapter, experiments conducted on sheks-lny Hjelmstad (1983) and Kagab85

are considered for verification of the calibratedtenial parameters and finite element
modeling approach presented in Chapter 3. Numergsallts obtained from finite element

simulations by using ANSYS Workbench are comparétd experimental data. For purpose

of comparison, only the specimens that show stays¢eretic performances are considered,
since the same specimens will also be used ingkieamapter for comparative purposes with
a frame finite element model that can only capttable shear-link behavior.

4.1.Hjelmstad’s Experiments
4.1.1.Specimens and Test Setups

Specimen 4 of Hjelmstad (1983) is considered faification in this thesis. Experimental

setup used by Hjelmstad was such that equal endemsnwere applied to the ends of a
shear-link specimen. The section used in Specimevagl W18x40, which had a flange
thickness of 13.23 mm, web thickness of 7.98 mnghtef 454.15 mm and flange width of

152 mm. Total length of the link was 711.2 mm. Bl ratio, i.e. the ratio of dimension of

panel zone to thickness of the web, was 21.4 mmvatidthis value Specimen 4 had the
lowest aff; ratio among the specimens tested by Hjelmstad,imrnbis regards showed a

perfectly stable response under nonlinear behavior.

Transverse web stiffeners were used to decreaspotmbility of inelastic buckling of the
web of shear-links in the study of Hjelmstad (1983ansverse thickness of the transverse
stiffener is 9.525 mm and each stiffener is weltdethe web and the flanges.

Hjelmstad (1983) prepared a testing system as showig. 4.1. An L-shaped rigid element
that was supported by three Teflon coated suppansterred the load to the link. The aim of
using Teflon coated supports was to eliminate tlatidnal forces. Stability of the system
was provided by the side arms. End connectionsegpecimens were designed so that their
capacity was greater than the plastic capacityheflinks, and this allowed observation of
strain hardening effects in the shear-links. Theneations were also designed to prevent
brittle failure which could have influenced the tliecbehavior of the links negatively.
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Fig. 4.1 Testing arrangement by Hjelms(&a€83

The geometry of finite element model in ANSYS Wahkbh is created based on the
dimensions of Specimen 4 by Hjelmst@®83. Three web stiffeners are placed at exact
locations, and all of the parts of the specimendafined as surface body, which is a shell
element (2-D element). The main reason of selec?fy element type rather than 3-D
element is simplicity and of modeling and short@mputation time, besides the results of 2-
D elements are similar to the results obtained f8sbh elements. The chapter 5 of this thesis
will give detailed information about this subjeatl body parts (web, flanges and stiffeners)
are connected to each other through bonded cd(fftiact4.2).

The end plates of the specimens are not modelétkifinite element model because these
parts of the specimen were designed by Hjelmsta83)Lsuch that they had greater capacity
than the link, and furthermore investigation of behavior of the supporting system is not a

concern of this study. In this way, analysis timaeduced and the finite element model is
simplified.
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Fig. 4.2 Finite element model of Specimen 4

In order to determine the optimum mesh size in $eahboth accuracy and computation
time, the finite element model is meshed into Achi(12.7 mm), 1 inch (25.4 mm), 2 inches
(50.8 mm) and 5 inches (127 mm) sized elementsci®ea 4 under various mesh
refinement is analyzed under monotonic loading, #redresults are compared in Fig. 4.3.
Evident from this comparison, 2 inches mesh sizsvides an accurate and converged
nonlinear response, thus further mesh refinementinsecessary and would increase

computation time (Fig. 4.4).
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Fig. 4.3 Finite element models with different megtes

27

| e r1 1or v . S Cuntomany (e mELY.A) (g

l sabiessaly |




Monotonic Loading Results with Different Mesh Sizes
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Fig. 4.4 Comparison of the results of the analgsimodel (specimen 4 of Hjelmstad) with
different mesh sizes

4.1.2.Material Models and Assumptions

Since high ductility is required for the specimeHggImstad(1983 preferred ASTM A36
steel for specimens. The material properties of ghecimens are determined from the
coupon tests taken from flanges and webs of eaebirapn. For Specimen 4, the material
properties reported by Hjelmstad are given in Tdble In the tableg, is the yield strength,
oy IS the ultimate strengtlasy, is the strain value at the beginning of hardenings the strain
value at the ultimate stress state and E is Youngslulus. The material used in the
specimen presents the typical behavior of stegha#n in Fig. 4.5.

Table 4.1 Material properties of Specimen 4

Location °y ou Bt b E
MPa MPa mm/mm mm/mm GPa
Web 272.34 414.37 0.018 0.22 195.12
Flange 241.32 403.34 0.014 0.24 193.05
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The typical behavior of steel represents a linéstie range until the stress level reaches the
yield stress, right after yielding a long plastlatpau and strain hardening region. Hjelmstad
(1983 states that cyclic material properties can beeqdifferent from the typical behavior
of material and dominate the response of the lsnkgected to cyclic loading.

Because of the difference between the behavioh@fmaterial subjected to cyclic loading
and monotonic loading, a calibrated material maslereated for the finite element analysis
in the light of the previous studies. Kaufmann kt(2001) made experiments on A572,
Gr.50, A913 Gr 50 and A36 steel sections to ingass the cyclic inelastic strain behavior.
They plotted the strain stress diagrams of eacbisg® under cyclic loading and monotonic

loading and fitted them into an equation of thenfor=K x&", whereos is stressK is
coefficient, ¢ is strain andn is the cyclic strain hardening exponent (Fig. 4.6hey
performed the experiments on every specimen wehsthain interval of 2%, 4%, 6% and
8% with 2-3 or 4-5 cycles and represented the tesilexperiments with strain interval of
2%. Della Corte et al(2013 conducted their numerical analysis with calibrateaterial
model based on the experimental studies on cyatid monotonic behavior steel of
Kaufmann et al(2001) and got compatible results with the experimentgh\tie help of the
studies of Kaufmann and Della Corte, the stressrsttiagrams of both flange and web of
Specimen 4 is calibrated in the this thesis. Wsithin value of 0.04, the calibration made is
according to the study of Kaufmann and after ttakue an asymptotical approach to the
ultimate stress level is followed to prevent oversing the ultimate stress.
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Fig. 4.6 Comparison of monotonic and cyclic stretsain behavior of the four steels
(Kaufmann et al(2001))

In this study, two different material models areveleped for flanges and webs of the
specimens and it is assumed that stiffeners reefastic during the loading. Comparison of
the material data given by Hjelmst§t983 in Table 4.1 and calibrated material data is
given in Fig. 4.7 and Fig. 4.8.
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Fig. 4.7 Calibrated stress-strain diagram of théen used in the web of the specimen
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Fig. 4.8 Calibrated stress-strain diagram of théenme used in the flange of the specimen

Since the stress-strain diagram of the material ma#ti slopes, multi-linear kinematic
hardening is preferred rather than bilinear kinéenlaardening to define the data precisely.
The elastic and plastic properties are individuafigfined in ANSYS Workbench.
Information on isotropic elasticity is used by fm®gram until the stress level reaches the
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yield stress and after this point the material shplastic properties. The plastic stress-strain
relationship should be defined starting from thresst that material yields and corresponding
strain value should be edited as 0 in multi-linkaematic hardening tool as shown in Fig.
4.9.
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Fig. 4.9 Description of plastic material data in 8XS Workbench
4.1.3.Loading Protocol

The aim of the study of Hjelmstdd983 is to determine the response of shear-links under
earthquake loads. Therefore, cyclic displacemeetgwapplied to the specimens in the plane
of the web of the specimens to simulate earthqladding. Loading history was started with
first one cycle that had a magnitude of half incfilEa7 mm) then continued with double
cycles of magnitude of one inch (25.4 mm), one hahes (38.1 mm), two inches (50.8
mm) etc. The loading was applied until failure lod specimen initiated.

In finite element simulation conducted in this ikethe displacement is defined in only the
y-direction which is normal to the plane of thenfli@s and displacements in other directions
are restraint to illustrate the experimental sékig. 4.10).
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Fig. 4.10 Description of cyclic loading data in AKS Workbench

4.1.4.Results

Hjelmstad (1983 stated that after the failure of Specimen 4, sligleb buckling was
observed and it was stated that energy dissipafidhe link was fulfilled through inelastic
shearing strains rather than inelastic web bucklifig. 4.11). Shear force versus transverse
displacement data for Specimen 4 was plotted angivFig. 4.12.

Fig. 4.11 Specimen 4 after failure (HjelImsta883)
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Fig. 4.12 Shear force vs. transverse displacenfegpecimen 4 (Hjelmstad 983)

To verify the accuracy of the finite element mothelt is created in ANSYS Workbench, the
shear force vs. imposed displacement curve obtaafeet the analysis is plotted and
compared with the results of Hjelmstad. EvidenFig. 4.13, the results almost agree with
each other from the point of energy dissipationacéfies and ultimate strengths, but some
discrepancies are observed at unloading parts.ightstiifference between the stiffness
provided by the supporting system in the experis@st analytical model could have been
the reason of this mismatch. Another discrepanay tdikes attention is shear force values at
first cycle of deformation. Analysis results givénigher shear capacity at first 12.7 mm (0.5
inch) displacement possibly as a result of thebcatled material model. Since the calibration
is made according to the procedure outline by Kamfmet al(2001), which are performed
for a strain range of 2% and with 4-5 loading cgclie adjusted stress values according to
Kaufmann’s studies exceed the expected stress #&Jelv strains. The purpose of such a
calibration is to accurately capture the overaltlicyproperties of steel material at higher
inelastic strain hysteresis. In order to both ceptiower and higher cycles of inelastic
straining accurately, it is imperative to adopt achh more sophisticated 3d steel material
model as suggested by Ucak and Tsop&840; however, such a steel material model is
not currently available in ANSYS.
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Fig. 4.13 Comparison of experimental data and amahgsults

4.2.Kasai's Experiments
4.2.1.Specimens and Test Setups

Kasai (1985 conducted tests on 7 different shear-link specénand used W8x10 section
for all the specimens. Web and flange thicknes$&¥&x10 section are 4.32 mm and 5.28
mm, respectively. Total height of the section i2.28 mm and total width of the flange is
100.6 mm.

The aim of the tests on the specimens was to craadestudy more realistic loading
conditions that would be present shear-link endis. éxpected that the moment value at the
end of a shear-link close to column could be greatn the other end of the shear-link in an
EBF system such as shown in Fig. 2.1.b. To illéstthis behavior the test setup shown in
Fig. 4.14 was used by Kasdi985. In this test setup a long removable beam thatthad
same cross section with the shear-link was lochttdieen the support and the link, and
equal displacements were applied at both the etiiedfnk and the beam.
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Fig. 4.14 Test setup used in Kasai's experimentsak4989

In this thesis, since specimens that performediestaysteresis loops as a result of web
stiffener use is studied, Specimens 3 and 5 frosaKare selected. Geometric properties of
these specimens can be found in Table 4.2. Thkniss of stiffeners used in links is 6.35
mm. The stiffeners are placed equally spaced dt biotes of the link symmetrically and
welded to both flanges and web.

Table 4.2 Dimensions of the Specimen 3 and 5

Specimer] Panel Zones
e (mm)
No. Number a(mm) | aft
3 368.3 4 92.202 21.3
5 4445 5 88.900 20.6

The boundary conditions of specimens used in exmaris of Kasa{1985 is defined as
fixed connection at the column connection end anthe other end connected to the long
beam behaves like pin connection. Also, at the rodma of the long beam, rotation is
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allowed. The simple sketch of the specimen 5 iswshin Fig. 4.15, where imposed
displacements are marked.

d 0

d=202.44 mm
Shear-link t; =5.28 mm
% _[f- =| bt‘-=100.6-lmm t, =432 mm
e=444 5Smm |

Fig. 4.15 Geometry of Specimen 5 of Kasai (Sastas Filippou(20099)

Both of the specimens 3 and 5 are modeled with 2thse (shell) elements in ANSYS

Workbench. All welded connections between the paftgshe specimen are defined as
bonded connection. In addition, the connectionitk bnd long beam is also defined as
bonded connection. In order to shorten the anatisis, the end plates are not included into
the model. In both models, 28 mm sized meshes sed as shown in Fig. 4.16 and Fig.
4.17, where this mesh discretization resulted inaaourate and converged nonlinear

response.
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4.2.2.Material Models and Assumptions

Kasai (19895 used ASTM A36 steel in shear-link specimens. Coutests conducted by
Kasai are reported in Table 4.3. These values septauniaxial monotonic loading response
of steel material tested from the web and flang8p#cimens 3 and 5.

Table 4.3 Material properties of Specimens 3 and 5

Location %o Ou Est & E
MPa MPa mm/mm mm/mm GPa
Web 417.82 550.89 0.031 0.163 206.85
Flange 361.29 487.46 0.026 0.198 214.55

The material properties, which are obtained fromdoupon tests, of web and flange
are calibrated to fit the cyclic stress-strain ealas suggested by Kaufmann et(2001),
and this calibration is shown in Fig. 4.18 and Bid.9 for both specimens 3 and 5.

In ANSYS Workbench, multi-linear kinematic hardegioption is used to model the
plasticity of steel material. The elastic propertege edited to the elastic isotropy part, and

then to define the behavior of the material after yield point, calibrated values are used in
the model (Fig. 4.20).
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Fig. 4.18 Calibrated stress-strain diagram of tlaéenmal used in the flange of the both
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Fig. 4.19 Calibrated stress-strain diagram of tlaéenmal used in the web of the both

specimens
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Fig. 4.20 Description of plastic material data IN®YS Workbench

4.2.3.Loading Protocol

Kasai (1985 considered cyclic and monotonic loadings on thecispens, and in addition,
presence of axial forces on shear-link specimers algo studied. For Specimens 3 and 5,
loading type was symmetric cyclic type and did nontain any axial force effects. The
cyclic displacement history consisted of one cyfl®.25 inches (6.35 mm) and continued

with double cycles at 0.5 inches (12.7 mm), 0. ¢has (19.05 mm) etc.

The cyclic displacement is applied both to the diam connection and to end of the beam
in the plane of the web, in y-direction. At the esfdthe beam and the link-beam joint, the
rotation about the x axis was allowed since thecispen was pinned at the beam end as

shown in Fig. 4.14.
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Fig. 4.21 Description of cyclic loading data in AXS Workbench

4.2.4.Results

The experimental data and results reported by K49895 on Specimens 3 and 5 provided
not only the link shear force versus displacemdotspbut also the variation of link end
moments through cyclic loading. Furthermore, dethipictures taken from the specimens
were also available through the loading history fifdt cycle of loading, yielding of both
specimens was observed. At the end of the expetiraastight web buckling and symmetric
flange buckling of Specimen 3 and no web buckling aymmetrical flange buckling of
Specimen 5 was present.

In this study a detailed comparison is performadvgification of the finite element model

set up as part of the study conducted in this shd&asai(1985 presented the deformed

shapes of the specimens during the tests. At sgmescand displacement values, the
deformed shapes of the finite element model ard¢uoag to compare with the deformed
shapes of the tested specimen. Close match betWwearumerical and experimental results
can be observed when Fig. 4.22 and Fig. 4.23 anpared with each other.

The comparison of shear force versus imposed dispiant curves in Fig. 4.24 shows
excellent agreement between finite element modéltha experimental results. In overall,
analysis results give similar ultimate shear cajeciand stiffness values for both loading
and unloading parts as well as energy dissipatimaracteristics with the experimental
results. However, at first 3 cycles an overshootimgshear capacities is observed. As
observed in the comparison of results with K§&8B5, the main reason of the discrepancy
is the calibration of material model.
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In Fig. 4.25 and Fig. 4.26, the comparisons ofrtteenents at the ends of the link show that
similar stiffness values are captured in both hgsie diagrams. Variation of moment
through cyclic loading obtained from analysis shalight differences when compared with
experimental results. The analysis results givéadrignoment capacities at column end and
lower capacities at link-beam joint. A possibles@a of this situation is the differences in
boundary conditions considered in the finite elemerodel and the exact boundary
conditions present at the ends of the physicalisget Since the end plates are not modeled
and the column end of the link is directly assigasdixed support, moment capacity at this
end naturally increased. However, despite thisréEmncy, it should be emphasized that the
obtained results present much better numericaltsefsir moment variations when previous
analytical results on this specimen are considéRaimadan and Ghobargh991),Ricles
and Popo\ 1994, Saritas and Filippo(20093g).

fc) Cycle 108, at 5=1.5 in {d) Cycle 10N, a1 §=-1.5in.

Fig. 4.22 Photos of Specimen 5 during the test agai{(1985
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Fig. 4.23 Deformed shapes of Specimen 5 at diffestaps of the analysis
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Fig. 4.24 Comparison of the shear-imposed displacg¢iturves of experiment and finite
element analysis for specimen 5
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Fig. 4.25 Comparison of the moment at column entth®fink versus imposed displacement
curves of experiment and finite element analysisSfoecimen 5
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Fig. 4.26 Comparison of the moment at beam joidtadtthe link versus imposed
displacement curves of experiment and finite eleraealysis for Specimen 5

As a second comparison of the tests conducted IsgiKB985, Specimen 3 is considered
where the length of Specimen 3 is shorter than iBmec5 and everything else is basically
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the same. The shear force versus imposed displateme/es obtained from finite element
simulation for Specimen 3 is compared with the expental results in Fig. 4.27. Although

the stiffness slopes of analysis and experimethieunloading parts agreed well with each
other, slight discrepancies are visible in the earvesulting in slight underestimation of
energy dissipation capacity captured by the nuraknmdel. In addition to this comparison,

the deformed shape of the specimens at variougspdiring analysis matched with the
experimental deformed shapes.

Variations of end moments obtained from numericellysis for Specimen 3 are presented
in Fig. 4.28 and Fig. 4.29. The moment-imposed ldgment curves of the links obtained
from analysis have similar loading and unloadingpek with the experimental results, but
moment capacities are underestimated at both emdbe finite element model. It is
important to point out that, prior numerical stli®n this specimen gave further
discrepancies in capturing the distribution of emoiments; thus in this regards, the current
study is an improvement over prior studies.

———Experimental
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Fig. 4.27 Comparison of the shear-imposed displac¢rurves of experiment and finite
element analysis for Specimen 3
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Fig. 4.28 Comparison of the moment at column enth@link-imposed displacement curves
of experiment and finite element analysis for Speci 3
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Fig. 4.29 Comparison of the moment at beam joirtheflink-imposed displacement curves
of experiment and finite element analysis for Speti 3
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4.3.Remarks on Numerical Analysis

In the light of the comparative studies conductethis chapter, good agreement is captured
overall between the finite element analysis resahid experimental results, despite the
presence of slight discrepancies.

The finite element models of the specimens aretetdeadhering to real dimensions and

properties indicated in the studies of the resemscto illustrate realistic models. However,

some assumptions about the test setup and boucadladjtions might have caused the slight
deviations in the results when the numerical anokermental data are compared. Besides
that, uncertainties and insufficient data aboutlt@leavior of the material subjected to cyclic

loading will definitely cause further discrepanciestween the experimental and analysis
results.

After all, the comparisons of the results betwdendxperiments and analyses show that the
detailed finite element modeling approach employedhis thesis is verified in terms of
capturing the overall nonlinear behavior and enadpgipation characteristics of various
shear-link specimens. The accuracy of numericallsiions gives assurance to investigate
the behavior of the links in more detail with fmiglement models. In the upcoming chapters,
a comparative study is undertaken in order to asbesinfluence of flange thickness on the
over-strengthening of shear-link specimens anchéunhore, unsymmetrical cyclic loading
protocols will be studied in terms of their infln on nonlinear response. The results
obtained from the numerical simulations will be gared with a frame finite element model
developed by Saritas and Filipp(20093.
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CHAPTER 5

FRAME FINITE ELEMENT MODEL

In this chapter, the frame finite element modelposed by Saritas and Filipp¢R0093 is
presented. The current study conducted in thisighe®vides slight enhancement to the
flange shear strain distribution on the section ehoeimployed by Saritas and Filippou
(20093 and Saritas and Filippo@2009h, thus in this regards, this effort contains
improvements in the formulation of that frame elemé&urthermore, the presentation of the
frame finite element is cast by using principlevisfual forces rather than the use of a three-
field variational formulation as done by Saritasl &ilippou(20093.

In the second part of the chapter, numerical respai the frame finite element under cyclic
loading conditions is demonstrated with the experita of Hjelmstad (1983) and Kasai
(1985). The frame finite element will be used ire thext chapter for the comparative
numerical study with more refined finite elementdals employed in ANSYS Workbench.

5.1.Description of Frame Finite Element Model

Derivation of the frame finite element can be si@rfrom the differential equations of
equilibrium that are written as follows:

N'+w () =0; M +V=0; V+w (x)=0 (5)
where N, M, andV are the axial force, bending moment and shearefatca section,

respectively (Fig. 5.1), andy andw, are the axial and transverse components of the
distributed element load acting along the beanpeetsvely.

q2 q3 M V M
& o EavilEl iya
. L l 4
*

Fig. 5.1 Basic forces and deformations of beam efgm

Under linear geometry, above equation can be sahdependent of the displacements and
of the material response. The boundary values avalfigure are used as the basic element
forcesq, and the equilibrium for the beam element withgln is expressed as follows
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N(x) 1 0 0 q,
() =| M(x) [=|0 x/L-1 X/L || g, |+s,(X)=Db(x)q+s,(X) (6)
V(X) 0 -1/L -1/L|\q,

where s(x) is the vector of the section forces, amk) is the matrix of force interpolation

functions. For uniform distributed element loadirthe particular solutionSp(X) can be

easily found from equilibrium, and added to thentigand side of Eq. (6). The particular
solution for uniform distributed element loading psesented by Saritas and Filippou
(20091.

The compatibility statement of the element is al®difrom principle of virtual forces. From
the equality between the external and internal wiwke as a result of the application of a
virtual force system, i.eds(x) = b(x)dq, the basic element deformationsare obtained in

terms of the section deformatioséx) along the beam length
v=[b" (¥ e(x)dx @)
L

where e(x) is the vector of section deformations with follogiterms in given order: the
axial deformatione, (x) , curvaturex (x) , and shear deformatiop(x) .

Element flexibility matrix can be calculated thrbugdifferentiation of end
deformations with respect to end forces:

ov J-bT Ny de(x) as(x)

f=-v-w-=
os(x) 0q

= dx = _[bT(x)fs(x)b(x)dx (8)

wheref, is section flexibility matrix.

In a standard finite element analysis program,eldiments are expected to present
themselves as if they are displacement-basedleément resisting forces in a displacement-
based formulation are a function of element endmedtions,q = q(v) , and the response of
an element is resisting forces and stiffness ma8irce a standard finite element program
imposes displacements on an element, element cgddemination is straightforward with
displacement-based elements. However, in a forseeba&lement such a direct relation
cannot be obtained; because the current defornsatian only be expressed as a function of
the element resisting forces,= v(q) . Due to this mismatch, the state determinatiothef
force-based element requires a rather complicatiedien algorithm.

The element response is obtained from the factthimaelement deformations that are
sent from the finite element program to the elemégits call it v to signify that this is
imposed on the element, should be equal to the exierdeformations compatible with
element forces, i.ev-v(q) = 0. The solution to this equality is achieved by &reation,

and the following updating scheme with an iterationntelj is obtained.
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Ag(j+l):[f~(j)]_l(\2‘\l(j)) and guﬂ) :g(J)+Ag(i+l) ©)

wherev in EqQ. (9) is obtained from Eq. (7) with numerigaegration at discrete sections.
Constitutive relations at the section level are tlgoderived from section
deformations, $= § g, where the hat notation signifies that these secforces are

deformation dependent. However, the section foofdéke force-based element are given by
the basic element forces in Eq. (6), and we detiogeasS= bq+sp. These two relations
should be equal to each other in order to obtagorapatible section response for given
element forces, i.es-§ g = ¢. The solution to this equality is achieved by &neation

again. Iterations at the section and element learelbe done in a nested fashion as suggested
by Spacone et a(1999. Therefore, the section iteration counter is getkdo follow the
element iteration countdr,

Ae”*l):[ks“)]_l(bq“”)+sp—3é”)) and &Y= @+ BV (10)

wherek _ is the section stiffness matrix.

In depth discussion on above solution algorithmpresented by Saritas and Soydas

(2012. In that work, the element state determinatiorodtigms for the force formulation
elements are derived from a three-field variatiopahciple presented by Taylor et al.
(2003.
When a section deformation is calculated througbvalsolution algorithm, section response
should be then obtained so that solution can prbc€alculation of section response is
denoted as section state determination, and fempilnipose fiber discretization model is used
by Saritas and Filippo(20093.

5.1.1.Section Response
Compatible strains along section depth can be ket from plane sections remain plane
assumption modified for the presence of distribeelar strains as follows:

{gx} a.e Wwhere {1 o0 } (11)
€= = =
Vol *“lo 0 ww

For an I-section a non-dimensional parabolic sk&am distribution can be used on the web
region as suggested by Saritas and Filip(2@093:

w(y) = Baly)
_ ) a2, o ¥ o2 e e (12)
w(y)—((ma) 4d2j, ﬂ-(ga w)j/(a wi-2a wf))

where ¢ is the ratio of the flange area to the web area, @ =(2.b. )/ d). The

distribution ¢(y) ignores the presence of shear strain on the flaagd assumes that shear
is carried by the web (known as sandwich beam theomechanics). A coefficieng is
needed to be used due to the non-dimensionalitigi®distribution. In order to calibrate the
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parabolic distribution of shear strain, energy apph can be followed as suggested by
Saritas and Filippo@2009g, where matching the elastic shear strain enengylgiyields
the calibration parameteg, thus changing the shear strain distribution an ftange as

given in above equation.
Section forces derived from section deformationsl @me corresponding section
tangent stiffness matrix are obtained from theofeihg expressions

A~ A

Q:[N M V]T:J;asTch and kszg—izj;ajkmasd\ (13)

where o, Is the stress vector with normal and shear stresmiponents, i.e.

G, =[0xx GWJT, and k_ is the material tangent stiffnesk (=do/de) at the material
point.

5.1.2.Approximation of Shear Strain Distribution on Flanges

In the study by Saritas and FilippgR0093, flange shear strain was assumed as
negligible for shear-link specimens used in ecéesity braced frames. This is a relatively
safe assumption when the flange thickness is rathell as observed in the specimens
tested by Hjelmstad (1983) and Ka$a985. When the flange thickness gets larger, this
assumption should be modified.

Determination of the shear strain distribution be tlanges for a beam finite element
model is a complicated and difficult task to undket In a relatively simplified finite
element modeling approach such as a beam finiteeglt it would actually be unrealistic to
expect the same level of accuracy attained fronDas8lid and even 2-D shell finite element
modeling approach. In this regards, an approximattiat suits the needs for the estimation
of shear strain on the flanges of a typical stbelaslink member would be a satisfactory
path to follow.

Fig. 5.2 Comparison of vertical shear strain disitions by lye (2005

A shear strain distribution can be obtained untezal elastic conditions, just as the same
bases of assumption made in plane sections rentaire @ssumption. The distribution of
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vertical shear strain on a wide-flange section dam obtained from (VQ)/(It)

approximation. In order to obtain a more accuras&iution of shear strain on the section,
either theory of elasticity or 3d finite elementdets can be employed. In the study by lyer
(2009, vertical shear strain distribution obtained fr8chfinite element analysis (FEA) was

compared with(VQ)/(It) approximation as shown in Fig. 5.2.

It is evident from Fig. 5.2 that mechanics of maderestimation provides good match for
the web region; however there are significant d@igancies on the flange portion.
Furthermore, vertical shear strain distribution tfanges not only changes along the
thickness of the flange but also along the widthtioé flange. Considering such a
complicated strain distribution for a beam finitereent model will not be pursued here.
Instead, a constant shear strain will be used effiginges.

An initial reference value of flange shear stravhjch may be used for further modification,
can be calculated from the junction of the web #adge by the use of Equation 14 as
follows:

t 4t
Ve =bﬂt//(d / 2)y=7fﬂy (14)

flange
where y is the section shear deformation.

For a wide flange section approaching to a recti@ngection,3 coefficient goes to 5/4. As
flange area increases, i®.increases, value g8 drops as given in Table 5.1.

Table 5.1 Variation of paramet@ for various wide-flange sections

a 0 0.25 0.5 1 2 3

B 1.250 0.805 0.581 0.370 0.213 0.150

In this thesis, the constant flange shear straimevim Equation 14 is modified in order
to get a better match in the comparative studyithptesented in Chapter 6. The justification
for this modification comes from the complexity tife shear strain distribution under
various loading and boundary conditions, as weltas to nonlinear material behavior. It
should be recalled that depth to length ratio afhaar-link member actually violates the
mechanics of materials calculations due to Saimtaviés principle.

As a conclusion of the study conducted in this ihebe following constant flange
shear strain is suggested for use on shear-lingimpas as a multiple of shear deformation
acting on the section:

2t
View =11V Where 77 DTf (15)
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where can also be associated with the length ratio tal ftange thickness to depth of the

section. By the way, further research on the detetion of a more exact value of flange
shear strain acting on thick-flanged shear-link foers is recommended.

5.1.3.Material Response

For the description of stress-strain relations tefels material model under cyclic
loading conditions, a nonlinear kinematic hardenmgdel should be used in order to
accurately capture Bauschinger effect. In the stogySaritas and Filippo20093, the
generalized plasticity material model proposed bpliner et al.(1993 was implemented.
This material model in reality is similar to thdifear hardening model; however, instead of
a sharp change from elastic to plastic, a gradwalugon is prescribed through two
parameters: the distan@e that measures this transition in stress spacethadsymptotic

transition parameter, called yield radigis

The original model by Lubliner et 81993 was modified by Saritas and Filippou
(20093 in order to get better match for Bauschinger éffec reinforcing steel specimens
tested under uniaxial cyclic loading, and the fellog model properties were suggested:
elastic modulu€ was set to be the same as the elastic moduluteelf documented in a

coupon test; the radius of yield functi®®, of generalized plasticity material model was
taken to be equal to 50% of the yield strerfgtimeasured in a coupon test; the distagce
from the asymptotic yield surface to the yield fuowe was used as 65% of fu(—0.5fy),

wheref, is the ultimate strength measured in a coupontestransition parameter from the
yield function to the asymptotic yield surface wagressed as = 0.25E ; the isotropic

hardening modulus was set &5 = 0.000E ; the kinematic hardening modulus was set as

H, =0.00%E; and Poisson’s ratio is taken as 0.3.

It is important to realize that the study conductedhis thesis uses a multi-linear
kinematic hardening material model calibrated ass@nted in Chapter 4 with the
methodology suggested by Kaufmann e{2001). Differences in material model types and
the calibration techniques employed for multi-lin&Bematic hardening model for ANSYS
and the generalized plasticity material model fanfe finite element analysis will definitely
result in slight differences in cyclic loops andeegy absorption characteristics for the steel
material model. It should also be reminded thatdiffierences in the nonlinear response of
shear-link members would not just be due to theais#ifferent material models but also
due to the use of shell versus frame elements, edls With these in mind, the results
obtained by the use of frame finite element modelpresented in the next section.

5.2.Verification of Frame Finite Element

The following results were previously presentedtle paper by Saritas and Filippou
(20093, and they are given here once more for compleseésiocumentation for the
demonstration of the accuracy provided by the frdim#e element in capturing the
nonlinear response of Hjelmstad’'s and Kasai's spens.
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Specimen 4 by Hjelmstad was modeled with singlenefd, and Specimen 3 and Specimen
5 by Kasai were modeled by two elements. For edement in all simulations, four
monitoring sections with positions determined fr@auss-Lobatto integration rule were
used to capture spread of plasticity. On each@®dd layers were used on web and 4 layers
are used on each flange, where midpoint integratitmwas used in obtaining section forces
and stiffness matrices. Yield strength, ultimaterggth and stiffness values on the web and
flange were used as given in the experiments. A geDeralized plasticity material model
was implemented to capture Bauschinger effectaalsMaterial parameters were calibrated
as discussed in depth by Saritas and Filip2@093 in order to get close match with
experimental data.
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Fig. 5.3 Analytical vs. experimental results fore8imen 4 by Hjelmstad (1983)
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Shear force versus imposed displacement resporfigbe drame finite element model are

compared with the experimental data of Specimewn Hjblmstad in Fig. 5.3, Specimen 5 of
Kasai in Fig. 5.4, and Specimen 3 of Kasai in Fig. While Hjelmstad's specimen is a
fairly short shear-link, specimens by Kasai are Imlaniger and actually contain both shear
and flexure yielding mechanisms; furthermore, eixpental loading and boundary

conditions in the specimens are much different peghese variations, it is evident that the
frame finite element model provides very good maditcterms of estimating both shear force
capacities and energy dissipation characterisfitlssospecimens.
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Fig. 5.5 Analytical vs. experimental results foreSimen 3 by Kasai (1985)
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CHAPTER 6

COMPARATIVE STUDY WITH THE USE OF DIFFERENT
ANALYTICAL MODELS

In this chapter, two different comparative studies undertaken for the assessment of the
accuracy of numerical models in capturing casesratian tested in the experiments. First
the contribution of flange to the shear load caigycapacity of the link will be investigated,
and then the behavior of the links under unsymcetrcyclic loading protocols will be
studied. To achieve these studies, not only thitefielement models created in ANSYS
Workbench are used but also the frame finite elérdetussed in Chapter 5 is also taken
into account.

6.1.Influence of Flange Thickness
6.1.1.Parametric Values and Loading

For typical wide flange sections used in eccentyidaaced frames, most of the shear force
is resisted by the web; however, as the flangeémtiaiss increases, shear force carried by the
flange under inelastic loading conditions may otrergyth the response of a shear-link. In
order to assess this increase, Specimen 4 of H@lnd983 is considered for a
comparative finite element study. As part of thismerical study, shell and solid finite
element models available in ANSYS are consideredhadeling Specimen 4, where the
material model and parameters for these simulai®esactly the same as employed in the
verification study done for this specimen in ChapteBy the way, the same specimen is
also modeled with the frame finite element propdsg&aritas and Filippo(20093, where
the material model is the same as employed in timenical study by Saritas and Filippou
(20093. In this regards, there is not only a differencddrms of finite element modeling
approach, but also in terms of material modelingragch, as well. Despite expected
discrepancies due to modeling differences, comparisf the overstrengthening values
obtained from different finite element models willovide means for verification of frame
finite element model with respect to much more eaeushell and solid finite element
models. The main deficiency of the frame finitensdmt model is the lack of an accurate
representation of flange shear strain.
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Table 6.1 Flange thicknesses of the specimensingetametric analysis

Original
Flange 20 % 50 % 80 % 100 %
Thickness | increase | increase | increase | increase
mm mm mm mm mm
Specimen 4 of
Hjelmstad | 13.23 15.876 19.845 23.814 26.46

In order to conduct the comparative finite elensnty on Specimen 4 of Hjelmstéib83,
the flange thickness of this specimen is increasgith by 20%, 50%, 80%, and 100% as
given in Table 6.1 by keeping the depth of web tamts The right end of this specimen is
monotonically loaded until reaching 3 inches (7612) displacement.

In ANSYS, conducting a parametric study is reldtiveasy. The models with different
thicknesses are created automatically with the heflpparameter option in ANSYS
Workbench (Fig. 6.1).

c D E
= | P2-Surface Body Thickness = || Exportad \ Note =~

mm

Fig. 6.1 Parameters for Specimen 4 of Hjelmstad
6.1.2.Results and Remarks

In Chapter 4, verification study conducted for Spen 4 of Hjelmstad1983 was done
through the use of shell elements instead of shile elements. The reason for this
selection actually based on trial analyses in otderstimate the accuracy provided by the
use of shell elements over more accurate solidexiesn First, shell and solid finite element
modeling approaches in ANSYS will be compared, #rel accuracy of the use of shell
elements for this specimen will be validated, whitie specimen had 13.23 mm flange
thickness. The finite element mesh for the sheflutation was given in Figure 4.3, where
only single layer shell was considered along thekttess direction of the flange. For
modeling the response of the same specimen witth stdments, single mesh (Fig. 6.2) is
used along the thickness direction, as well.

After this comparison, flange thickness value igréased for both the shell end solid finite
element models. For thicker flanges, mesh refinerakimg the flange thickness direction is
considered (Fig. 6.3).
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Fig. 6.3 The meshes created along the flange thiskfor solid finite element model

For Specimen 4 with flange thickness 13.23 mm the.original Specimen 4 of Hjelmstad,
very small difference is present in the shear fdesels reached at the end of loading with
the use of shell element with single layer overubke of solid finite element (Fig. 6.4). The
main reason of the similarity in response is dutheosmall flange thickness of the original
specimen. As a result, it can be concluded thall slements sufficiently represent the
nonlinear spread of plasticity both in terms ofmal and shear stresses for most shear-link
members employed in eccentrically braced frames.

As mentioned in Chapter 3 of in this thesis, ANSWSrkbench as default uses the 4 node
shell element called as “SHELL181". To increasedbeuracy of the results the analysis of
the shear link models with thicker flanges alsodrarted with another type of shell called as
“SHELL281"” which is an 8-node shell element and Badegrees of freedom at each node.
The user interface of the ANSYS Workbench versi@ril ldoes not provide an option to
change the shell type preferred for the model,tbhetshell type can be changed from the
input script file for analysis by writing “SHELL281over “SHELL181” manually at
appropriate locations and ANSYS Workbench can beefbto use “SHELL281” instead of
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“SHELL181” through this method. However, analysigh//SHELL281” did not result in
any change with respect to the analysis with SHEIL1

As the flange thickness increases from 13.23 m26td6 mm (i.e. 100% increase), the use
of shell element results in more pronounced deuiatiwith respect to the solid finite

element results as shown in Fig. 6.4. In the saoteipis also evident that the use of single
meshing along flange thickness is sufficient fog #olid model to get the same level of
accuracy attained from seven layers of solid elénmaashing along flange thickness
direction.
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Fig. 6.4 Comparison of the shell and solid finiteneent model results

In the light of the results, the solid model witingde layer discretization along flange
thickness directions is chosen for the parametnalysis due to its accuracy. Fig. 6.5
represents the over-strengthening in shear capasifiange thickness increases with solid
models. The ratio of the shear capacities of eagtieinto the original model are shown in
Fig. 6.6. It is observed that the shear capacityhef link with 26.26 mm (100% flange
thickness) is 12% more of the shear capacity obtiggnal specimen in the inelastic region.
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Fig. 6.6 Increase in shear capacity wheres\the shear capacity of each modeljdthe
shear capacity of the original specimen

For the frame finite element model, shear forceswerend displacement for the shear-links
under varying flange thicknesses are presente@ir6F7. A one to one direct comparison of
the load-displacement plots between the solid aathd finite element models could be
misleading in the sense that calibration of theemialt parameters were done totally in a
different manner in both models. Despite this rdm#re shear force estimation at 3 inches
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(76.2 mm) displacement in the solid model is 8#\5(Fig. 6.5), and in the frame model

including flange shear strain effect is 857.8 kil ¢he frame finite element provides a close
value with respect to solid element. This smaltedénce is not only due to the use of 1-D
(frame) element modeling approach versus 3d (sbhdg element modeling approach, but
also due to the difference in the implemented nwtemodels and the calibration of

material parameters.
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Fig. 6.8 Increase in shear capacity wheres\the shear capacity of each modeljs/the
shear capacity of the original specimen with flasgear included
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A much more important comparison between the frimt element model and the solid
finite element model can be made with regards ¢oaber-strengthening of the shear force
carrying capacities estimated by both models amyélahickness increases. As shown in Fig.
6.8, the frame finite element model estimates 18%seiase with respect to the original
specimen’s shear force capacity as the flange bk increases 100% with respect to the
original specimen dimension, while the solid firlement model estimates 12% increase as
shown in Fig. 6.6. While including flange shearastris important as flange thickness
increases, Fig. 6.8 also shows the fact that flastggar strain may be neglected in the
original specimen’s response. Setting flange sis&ain equal to zero in the frame finite
element model for the original specimen with 13m@& flange thickness only lowers the
estimated shear force capacity by 3.5% as presentad. 6.8.
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Fig. 6.9 Increase in shear capacity wheres\the shear capacity of each modelj3the
shear capacity of the original specimen for vanflagge shear strain multiplier values

The estimation obtained by frame finite elemenrfim 6.7 and Fig 6.8 assumes flange shear
strain multiplier as 2 in the equatiop :(th/d)y as given in Chapter 5. Changing the

multiplier in the flange shear strain greatly imfhces the attained results. Fig. 6.9 presents
VilV, results for different multipliers of flange shesrain, where the increase fits a linear
relationship. Apparent from Fig 6.9 selection oé tmultiplier as 1.5 instead of 2 gives a
much closer match with respect to the increaseraalan solid finite element analysis. It is
also worth knowing that overestimation would beoarthe safer side result, especially since
the force carried by the shear-link greatly infloes the forces acting on the rest of the
members in an eccentrically braced frame. An ursdienation of shear force capacity of
link members would cause an under design for thear@ing members. Furthermore, since
the boundary conditions of Hjelmstad’s experimesttup provides more uniform loading
along a shear-link member, adjustment of the flasiggar strain value through this specimen
is also considered as a safe approach. As a rélkaltcurrent study suggests the use of
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|2 :(2tf/d)y flange shear strain value for frame finite elersem$ed towards nonlinear

analysis of shear-link members.

6.2.Near Fault Loading and Nonlinear Behavior of Sheartinks

The purpose of using eccentrically braced frame @ovide lateral stiffness to the structure
as well as sufficient energy dissipation capaatpv¥ercome the seismic forces. Earthquake
excitations create inherently cyclic and randontdésrand in addition to this the resulting
cyclic displacements of a structure are usually syohmetric at all. To understand and
predict the behavior of the shear links under dé#fié loading conditions, especially cyclic
loading, the experimental studies are very impdrt&ut such kind of experiments is
generally not pursued in assessing the behaviatrattural members during static cyclic
loading tests. On the other hand, availability o€ls data could be important in terms of
assessing the accuracy of a numerical model englfirestructural analysis. In Chapter 4,
comparison of the finite element analysis resuith whe experimental results showed that
the finite element models created in ANSYS Worklhegoses very close estimates with
experimental data and can be used for further aisafgr comparison purposes with frame
finite element analysis.

6.2.1.Loading Protocols

The near-fault loading protocol considered in tthesis was originally proposed by
Krawinkler et al.(2000 for the evaluation of performance of steel momreststing frames
subjected to near-fault ground motions. The nealt-faading protocol includes a large one
sided impulse and afterwards followed by many smtles as shown in Fig. 6.10. In the
study of Krawinkler et al(2000), this protocol is constructed based on the reasti SAC
model buildings to the SAC near-fault ground magiéor Los Angeles.
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Fig. 6.10 SAC Near-fault (Krawinkl€2009)
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Krawinkler et al.(200) developed another near-fault loading protocol tfee testing of
wood framed structures as part of CUREE Wood FrBnogect. This protocol is for short
period wood framed structures and begins withelittycles and continues with bigger
impulses as shown in Fig. 6.11.
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Fig. 6.11 CUREE Near-fault (Krawinkl¢2009)

The loading histories used in the current studycarestructed based on SAC and CUREE
near-fault loading protocols, and modifications iteoduced in order to reduce the amount
of computation time by eliminating some of the egcbf displacements. The aim of using
repetitive cycles in experiments is to inflict dageain structure and to observe possible
isotropic hardening or low cycle fatigue effectedaction of cycles may be justified while
such actions are not present or negligible in tiedastic response of a shear-link specimen.
Reducing 4-5 cycles of same deformation to 2-3esydio not change the response of a well-
designed shear-link member. The modified loadimstohies are applied on both Specimen 4
of Hjelmstad(1983 and Specimen 5 of Kas@i985. For both specimens different loading
protocols are constructed by considering the mamimdisplacements attained in the
symmetric loading protocols of the original expegirts, i.e. the displacement due to the
largest impulse in near-fault loading protocolsset as the same value of the maximum
displacement of the original experiment.

Fig. 6.12 and Fig. 6.13 represent the imposed aligphent histories to the specimens in the
finite element analysis. The loadings are appliehbon the finite element model
constructed in ANSYS Workbench and on the framéefielement model. The results
obtained from the analysis are compared to eadr aitthe next section.
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Fig. 6.12 Near-fault loading protocols for Specirdeof Hjelmstad:
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Fig. 6.13 Near-fault loading protocols for Specindeof Kasai:
SAC protocol (left), CUREE (right)

6.2.2.Analysis Results and Remarks

Shear force versus imposed displacement respobssaed from SAC and CUREE loading
protocols for Specimen 4 of Hjelmstad and Specifaf Kasai are presented in Fig. 6.14
and Fig. 6.15, respectively. Despite the fact thatscale of finite element models are totally
different and with the fact that the implementederial models and calibration of cyclic
material parameters are not the same, the evestteal force versus imposed displacement

responses obtained from all near-fault loadingquaois provide fairly close match between
the frame and shell finite element models.
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It is worth to consider that the unsymmetrical iogdprotocols did not cause considerable
divergences in the numerical results not only imieof estimated shear force capacities but
also in terms of dissipated energy. While the diirdite element models had 318 numbers of
elements (450 nodes) for Hjelmstad's specimen &0@ humbers of elements (1527 nodes)
in Kasai's Secimen 5, frame finite element modelyohad 1 element (2 nodes) for

Hjelmstad’s specimen and 2 elements (3 nodes) &saks specimen. The level of accuracy
provided by the frame finite element with so fewitk elements clearly demonstrates the
robustness of the frame model and further stremgtite numerical efficiency in use towards

nonlinear structural analysis.
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CHAPTER 7

CONCLUSION

7.1.Summary

The study conducted in this thesis investigatedtefielement modeling of the nonlinear
behavior of steel shear links, which constitute th@st important part of an eccentrically
braced steel frame system.

The first chapter presented an introduction to ettmlly braced frames and explained the
scope and purpose of the study conducted in tlasigh The second chapter mentioned
important points on the behavior and design of shé&ks and summarized both

experimental and analytical past studies conductedshear links. The third chapter
documented in detail the procedure of modeling apndducting analysis in ANSYS

Workbench, which is the finite element software kame employed for the numerical

simulations carried out in the thesis.

In the fourth chapter, first of all, the speciméiat are chosen from the previous studies are
presented and detailed information on modelinghoé specimens in ANSYS Workbench
Is given. The material model used for the cyclialgsis of steel shear-links is based on the
data given in the experimental studies; howevesdhvalues are obtained from coupon tests
and can only describe the monotonic behavior ¢l steaterial under uniaxial tension. The
behavior of steel material under cyclic loading aditons is very much different than
monotonic loading conditions due to a phenomenawknas Bauschinger effect. Therefore,
a cyclic calibration method is proposed in order better capture energy dissipation
characteristics of steel material. After the suggpbscalibration method, finite element
models are analyzed and the results of analysesoanpared with the experimental data. A
good agreement is captured between analysis aretiexgntal results, thus it is concluded
that the finite element model constructed in ANSW8rkbench is reliable and suitable for
further research.

In the fifth chapter, a frame finite element moidehtroduced for the analysis of shear-links.
In this chapter, formulation of the frame elemeanbiiefly summarized and approximation of
shear strain distribution on the flanges of th& s presented. The chapter concludes with
the verification of the frame finite element respemwith experimental data. As seen from
the comparisons in this chapter, frame element ingides good response independent of
the boundary conditions and the loading history.

In the sixth chapter, a comparative study towasggwring the nonlinear behavior of shear-
links with different finite element modeling appob&s and for cases that are not covered as
part of an experimental study is undertaken. Thammarison highlights the accuracy
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provided by a much simpler finite element modelaygproach, which is a frame finite
element, over more complex finite element modelpgroaches, which are shell and solid
finite elements. First a parametric analysis ifgrared with the models by changing the
flange thickness to observe the flange contributbshear carrying capacity of shear links.
In this part of the study, the suitability of théb2(shell) elements to model shear-links with
thick flanges is also examined. In this part, siteeshell finite element has some difficulties
to catch the behavior of steel with increased fatfyjckness, the analysis are performed
with 3-D (solid) finite element models. As part tifie comparative study, various
unsymmetrical cyclic loading conditions are gersmgtabnd used in order to assess and
compare the responses of the finite element mddelsading histories that are much more
different than the proposed ones in the sheardixjgeriments. Once again, the accuracy
provided by the frame finite element model over AM$Smodels are elaborated.

7.2.Conclusion
The following conclusions are obtained from thiedis,

e Accuracy provided by the force (mixed) based frainée element under
both linear and nonlinear conditions is achieved dysingle element
discretization per member. On the other hand, the of shell and solid
elements necessitate great increase in the nunilederoent discretization. It
is known that increase in mesh size significanthfluences matrix
calculations and storage of data and this will @ladurden on calculations if
a much larger framed type structural system isyaedl with shell and solid
elements versus frame finite element presentéuisrthesis.

e Shell (2-D) elements are suitable for modeling kearith I-sections with thin
flanges, but for rolled or built-up sections withick flanges, the accuracy
attained by shell elements should be investigatgefally and solid finite
elements should be preferred.

* The frame finite element with proposed flange shst@ain assumption
provides very close match when compared with thid §aite element results
for shear-link specimens with thicker flanges.

* Influence of shear strain acting on the flangesadhin flanged shear-link
member is on the order of 3% of total shear foragied by the member.
Thus, for a frame finite element formulation ofteear-link member, it is safe
to assume the sandwich beam theory assumptionshéeveb carries all of
the shear force.

« For nonlinear analysis of shear-link members withne finite elements, the

use of flange shear strain value :(Zf/d)y is observed to provide a

realistic and on the safe side capture of ovengttening observed in shear-
link specimens with thicker flanges. However, ferthresearch on the
determination of a more exact value of flange ststiin acting on thick-
flanged shear-link members is recommended.

e The proposed calibration technique to represenliccyehavior of steel in
ANSYS by the use of multi-linear kinematic hardgnmaterial model gives
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very close estimation of the nonlinear behavicsladar-link members. For the
presented frame finite element, generalized piagticaterial model proposed
in literature was employed, and the capability lo&tt material model in
reflecting the cyclic behavior of steel has alssufteed in overall close
estimation of nonlinear response and energy digsipacharacteristics of
shear-link members.

Under unsymmetrical loading conditions, the resaltsined by the frame
finite element closely matches with the resultsaoi#d with the use of shell
finite elements. Despite this close match, expamnialespecimens tested under
more complex loading histories are needed in aieerify the reliability of
finite element models in capturing the energy @isson characteristics of
structural members. Further work may be necessmgagally in using a more
complex steel material model that captures monottoadings, as well as
various symmetrical and unsymmetrical loading ctods. Such a material
model is actually not available in ANSYS. In thisgards, further research
work focusing on the development of more elabosttel material models are
needed.
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