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Ozet Ekonornik zorluklar ve laboratuvar 

inıkanlarınuı kısıtlı olm�ısınd an dolayı gerçek 

d e n e' 1 er ' er i n r s o n lu e 1 e ın a n 1 a r \'ön tc ın i k u ll a n ıla ra k 
. . � 

bilgisayar programınd a  sayısal deneyler yapılabilir. 

Bu çalışınada aynı anda zayıf eksen altınd a  eğilmeye 

ve eksen el basın\' kuvvetine ına ruz kalmış 1-kesitli 

çelik kirişlerin sonlu clenıanlar yöntemi ilc hesap 

yapan Abaqus 6.3 adlı bilgisayar programı ile 

nıodellenrnesi ya pılnuştır. ''apılan nıodclin doğruluğu 

gerçek laboratııvar dene�' son u çlarıyla kıyaslaoarak 

test edilrnistir. Bu ınakaledc nıodelleme basanıakları, 

kullanılan paket progranun özellikleri ve sonlu 

elernanlar rnodelin in aşanıaları ile yapılan kabuller 

detaylı olarak sun uhnuştur. 

. A. nalıtar Keliuteler - Lineer olnıayan d avraniş, sonlu 

elaınan vön tenıi zavaf eksen altın d a  eoilme karsıhkh 
� ., • b � ') 

etkileşinı d iyagranıı, plastisite 

. . ı !J . ..,·tract - Ex pe ri ın en tal testing i� ex pensive and tirne 

consunıing to perfornı large series of tests. The other 

choice is to use a n urnerical experinıental series \Vith 

the help of a conıputer by using n onlin ear fin ite 

eleıııen t soft"·are. Given the reliance of the present 

\Vork on this analytical nıethod, i t  is important to  

clcarly state the modeling a p proached used, soft,vare 

pacl\ages enıployed, and any assumptions nıade 

d u ring ttı{\ construction of the tin i te element an alogs 

for the 1-shaped cross-sections under investigation. I n  

a d d i tion, veriticat ion of the modeling techn iqucs 

aga inst full-scale experiınental testing c an be of great 

value. rfhe comntercial finite element software 

packagt\ A BAQUS 6.3 is e m ployed in  this research. 

i\11 modeling reported herein considers both nonlinear 

geonıetric and nıaterial intluences. 

/\'ey 1J ord., - :\1 onlinea r behavior, tin it e ele n ı  en t 

rııodelli ng., ın in or axis bending, interaction d i agrams, 

plasticity .. 1-beams. 

·.j' 
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I. INrrRODLTCTION 

Experinıental tc�ting is the best \�ay to investigate the 
be ha\ i or of l.)trtıcturcs. 1-lo\VC\ cr. it is expensive and tinıe 
consunıing to pcrf'ornı the large series of tests needed to 
investigate such dcsircd cffcct. The other choice is to use 
a nunıcrical cxpcri ıncntal series ��ith the h elp of a 
conıputcr to pcrfornı the rcquired paranıetric studies. 
Such nuıııcrical expl!riıncnts rely on accurate conıputer 
nıodels of the structurL'S. The nonlİnear fınite elenıent 
progranı, /\Bi\()l'S. is cnıployed in this research. In non 
lincar finitc clcnıcnt analysis tcchniqucs, assun1ptions 
relatcd to the typc of stress strain curve, boundary 
conditions, inıtial ınıpcı fectıon ete. nıay inıpact on the 
qua1ity of the nun1cric�1l results . 

For vcrification purposc, experinıents done by 
Rasınussen and Ch i ek [ 1 O] at 1995 are used. This 
cxperinıental rc�carch progranı focuses on the study of I
shapcd nıcnıbcrs posscssing slender cross-sectional 
profil es subjectcd to conıbincd loading appl i ed in a 
proportional Ütshion. As part of this Australian research. 
the cxtrcnıc casc of purc nıinor axis bending as well as 
the cascs where the intcraction of nıinor axis bending '-

\Vİth a\ial loading are considered and thus valuable 
cxpcrinıcntal results are contained in this \vork� vis-a-vis 
a ,·erification study relatcd to the present research. 

Nonlincar finttc clcnıcnt nıodcling is at the heart of the 

rescare h \York report�d on in the cun·ent study. Given the 
rcliancc of the prcscnt \Vork on this analytical n1ethod, it 
is in1portant to clearly state the n1odeling approached 
used, software packagcs en1ployed, and any assunıptions 
ınadc during the construction of the fınite elen1ent 
analogs for the 1-shaped cross-sections under 
investigation. In addition, verifıcation of the n1odeling 
tcclıniqucs against full-5cale expcrinıental testing can be 
of gr e at va] u e. 

The conınıercial ınultipurpose fınite elenıcnt softvvare 
package ABAQUS version 6.3 is enıployed in this 
research. All nıodeling reported herein considers both 
nonlİnear geonıetric a'1d n1aterial influences. 

The I -shaped cross-sections considcred i n the current 
rcscarch enıploy shell fınite eleınents positioned along the 
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nıtidlc surfaces on the cross-sectional constituent plate 
,.:unınonents. The follo\ving sub-scctions cndeavor to 
'1' · � the above rcquirenıents and Icad to a cle:ır 
· p�. :tT(.: tanding of tlıe approac h.. and subsequent 
!.·' 1 .. ı1İOnS, o rthc present Vv'Ork. 

n. �()NLINE.-\RITIES IN Sl'RUCTURAL 

RESPONS E 

\durces of n onlincarities 

tı uctur�ll ann lv� is there are three sources cf ..1 

"L'aritic� iıı flı;:�lysis. ı·!:c corrcspcnding nonli!1e2r 
lı re i tk·ıı t i i! L d ti y ! h c tcrı�ıs nıateri �!, gconıctr i c aP d 

. . ı\' cd:�ı.!ıtını>,. All n1odc 1 ing n�port•.x! her�!.� 
ı s hnt!ı noıılinc�lr 

· es. 

. 

(Tconıctrıc ;::;. '1 '1 ı l • " • 
•"'\""\1") � • ....., ..... ;, 1 ı.ı�ll.-: . ... . ı 

· 1.1 .\'nnlii:eur/.r�·: The strcss-strain curve of st::c1 :s 
. 

, , J,t ·�( i f ' 1 ' 11(:ıı <':•\'"•"'t' �. j(T'll·f-1C� l11İ 
J
1fi,i('\t L"'1Jl"d +) ;:. \..f lt. . ·- l. l • ._ .. . ...... _"]. .. "-'.. � ' ·� ... . .. ... _ .,.. _ _  _ � 

·•· ''l'ı · ·, ı -� ı·rr"· !h·' · ''f�l";"l"" 1·"' 11 t C)f' tllı"' ·.·ı ··' d '' O ;.,t �h0 , '=' I.J � • . .. . J . .. ..  _, • " ,  • \,.. ""· .. ...... ... . .... _ "" - -' • :ı\ .. , .. ı.� _ . � 

:-;trai!1 c�ın '-' h�c�ııi ... S nonlİnear a�:c t:1c s�r�:r:s 
c p�!rti�ıı:_ iı-rccu\crablc. In other '.'-Ords '.\·hen the 
ıl hL"h�ı\ i�)r d�)cs ııot fit the L'lastic ınosc:! 

• • 

ı:-; �1 n!ıenonıenoıı of nıaterial • 

ıvari ty. E 1Tec t� d uc to the consti tu ti ve equations 
-strain r�!:ttioııs) that are nonlincar, are ref�ıTed to 

· c rial nonlıncarıtıcs. 

·tricull/(;11/incaritı·.· In clcnıentary struct� � �·al theo!·y 
l Ct Oi" dl'J'orınations are ncglected \Vhen V/fiting tl�e 

n ıı s o r c c 1 u i l i b ri u ı: ı an d nı ot i o n . I n o: h cr \\' c:· d s t h� 
lr i� {.k'�cribcd \\'İth rcspect to the u:�dcforn��d 

'L ration . Rcal structares are in cqui1ioriunı in tbeir 
. lL'd -co n fi guration, , not the ir undeforrnej 
�'tınıtion. as iınplicd by elenıcntary struci.u:al thcc!·y. 

ı�ılly vvhcıı theı-c is large deflection snıQl} strc.:!ı 
( L'Onlctric nor�liııe�rity nıust be taken into accour.t. 
"1� the c!Tcct·� or geon1etric nonlincarity nıakes th� 

·, ı i n g k i n L' ııı a lı c r c 1 at i o n s h ip s 1 i n e ar u n d t h u s it i s 
,,ihlc to c�ı pture phenonıena such as binn·cation 
ll' (J • • 1 -... • 

._ 

' ! ., :'\ o n Li nca r F i n it e E i e m e n t  So 1 u tic n A 1 go ri th m 

i . . c uh jccti ve or the nonlinear fıni te elenıcnt una] ysis is to 
' ' 'lL' c t h c n o n I i nca r I o ad-d i sp 1 a c e nı e nt pat h i n nı u ! t i
dıılll'llsior�al con !i gurution space. In a non linenr analysis, 
_�,·ı i \ iı1g a singlc systenı of linear equations cErcctly does 
i1ıH g i \·c the eq u il i b ri u nı co ndi tion re la tc d to phys icJ 1 
��·�tcnı response. The loading ınust be dcf:ned as a 

runctien or tinıe and nonlinear respo�s� uotained b;' 
incrcıncnting tinıe (in the case of a static analysis, t�n1e is 
'ı dun1n1y variable associated vvith increnıentJl locıding of 
thı: struı.:tural systenı). 1n ABAQUS this sİnıulation is 
;ı·�hic\'cd by brcaking the total tiıııe in to a nunıber of ti::1e 
ıncrcıı1cnts. !\ R.AQUS then calculate the approxinıa! e  
l'quilibriunı conflguration at the end of each tiınc 
incr�nıcnt via interınediate iterations carried out \Vithin 
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each increnıcnt. Several solution algorithnıs are proposed 
and applied to trace the equilibriuın p:..ıth. Ncv·lton 's 
method is the basic nıethod, and nıany other algorithnıs 
are dcveloped by nıodifying tlı is nıethod. Hovvever. 
Ne\vton's nıethod fails araund the critica! points� 
ıneaning it is unable to negotiate solution features at the 
interfacc bet\vcen stable and unstablc cquilibriunı 

conditions. One solution nıethod for tracin� the nonlinear 
...... 

equilibriunı path that is uscd in .t\8.1\QUS in  such 
instanccs is Ri k s-Wenıpner nıethod. 

The advantage of the Riks-Wenıpncr nıethod is its abdity 
to tracc behavior beyand a critical point. !n other \':o:d,:;. 
this t2chniquc pernıits lirr:it points on the cc;�ıi�itriur:-ı 
�'�lth to be ncgotiated. The R iks-\V eır.p ! l C'r ıııcthod is :-ı�so 
sonıs t i rnes referrcd to as the arc-lcnQth nıct�ıoc1. In �:rc
ien g:h nıcthods , the so hit�on i s co�ıstn.ı i n ı:d to 1 i c c it her i n 
a.pl�lllC !10rt11ÜI lO the tangcnt of the cq uil i briun l p;ıtJı c!t 
tbl"\ b ('(T;ı .. tıino oftl)e::. ı'tıcı·c••ııPtl4l (�}-()]l •ı �p11('J·p n • ;tl., l"'1dı'ıı�: \. - - -'b • • • • • • i::) ı - J V) - (&. ... - \.1 \ .\ 1 la lı J l .,..., ..., . 

... 

cc;'-�a� to the lcngth of the tangcnt. 'fhis nıcthod �!lo·.\·s 

h··ı(·1nc· ·(· · ... ":1-tlıı·()ltglı as \''C;: a� S'l"'P-'''lc�· l' "' hr), · ı' oı· !'J 1 .. - - ... . • -........ -, • ... L• \ • J t ...... '" . _. ,; .._ • .._ ı '- ..... .t ' 1 .,.. J . ..__. . . . 

A vicld er i teri on is a la\\' \v!ıich defines the linı 1 t of e1a��tic 
_, 

bch�vio!· u:ıdcr any poss:t;lc conıbin�tion of s!:·e��es at a 
point in  a gi\ en nıaterial. ;\Bt-\QUS pcrn::t� �:cvcL1� 
dirfcrcııt typc of yicld cr iteria , but .the \'On l\1�ses yiclcl 
critcrion is sclcctcd in th!s research L-:ccJuse of its Jbi!i�'.: . 
to ac2�ır�1�cly predict yielding in body cc!1tered cubic 

crystallinc based nıetals such as steel [ 1]. 

V/hen dcveloping the nıathenı::ıtical nıodcl for a y icld 
c!·!t�ri0n so rnc assunıptions nıay be nıade. First, nı2teri(!1 
�;2y be a�.�:u::;ed to be isotropic. Second, Bauscbinger 
ef�ect ınay be neglected. Third, un ! forın hyurostatic 
tcnsion or conıprcssion does not have an effect on 

yiclding r 4 ]. A geonıetrical represcntation of the yiclcl 
c:-i�er]on i:1 principal strcss space i s  shovvn in Figurc 1. 
The y!ciding only depends or. the deviatoric strcss veetar 
OP. The clastic state of strcss is dcfıned as being c.�ny 
point iı�sidc the cylinder. Gnd yield!ng is (:eG:�cd as :ıny 
statc of strcss that pcrn ıits tlıe stress po!nt to l ic l':ı tl�e 
surfacc of the cylinder. 
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11.4 Evolution of Failure Su rface- lsotropic 

Hardening 

Plastic defornıations nıay continue after initial yield is 
reached, and this behavior nıay be acconıpanied by 
changes in the yield surface. The relationship for the post 
yield ,behavıor of the nıatcrial is k no\vn as the tlow rule. 
\\'hen the ınatcrial ıs loaded beyond a ccrtain point the 

stress state reaches the yield surface nıaking yıeld 
function zero at that point 

If the nıatcrial is non hardening (i.e. pcrfcctly plastic 
nıaterial) the yıcld surface does not change tb us the stress 
point ahvays lies on a surüıce fornıed by the locus of 
points corresponding to a constant yicld strcss. In other 
\\Ords increnıcntal loadiııu \\'til eıther tend to reducc the '-

\ alue of the ) ield hınction bel O\\' Lero, vv'hich is al�o 

kno\vn as unloading. or ıncrcnıcntnl loading \\ i11 tend to 
increase the value of yieldıng function above 7ero, which 
is not physically possiblc. In this case the stress point 
nıoves on the yield surfacc _as the structure defornıs 
plastically. If the nıaterial is st ra ın harden ing, _yield 
surface evolves as the plastıc defornıation dcvelops. ı n 
this cas c the yield sur1'acc ex pan ds or nıovcs w ith the 
stress point stili on the yicld surfacc. To account for such ' 
changes the yicld function ınust be generalizcd to defıne 
the subsequent yicld surfacc configurations beyand the 
initial one. Howevcr, what will be the directian of the 
plastic now nıust be ansVv ered. 

I n ord er to ca tc h the rea 1 be ha vi or of the nıaterial through 
analytical nıeans. an appropriate plastic potential function 
�ııould be picked. A plastic potential function can be 
chosen as the dırection to cause nıaxinıunı dıssipation of 
plastic \vork. 

The directian of plastic strain vector nıust be located 

perpendicular to the increnıental stress vector. Having 
known that the stress state is on the yield surface the 
i ncrcnıcnta 1 stress veetar nı u st be tan ge nt to the yi e Id 
surfacc which nıakcs plastic flow vector normal to the 

yield surface (Figurc 2). Also the new plastic potential 
surfacc is now the yicld surface. This choice of the flow 
nıle, where the plastic straining is perpendicular to the 
yield surface is called associative tlow rule. 

-
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Fi12url· � \.'ornıaliL) or plastic straın and description of isotropic 

lıardcııing. � 
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Gctting the n1axin1un1 dissipation of plastic work by the 
associative flow rulc is only valid for elastic-perfectly 
plastic n1aterials. This tlow rule may not give maximum 

plastic dissipation for many types of hardening material. 
However, it is vcry popular and widely used in the 
literaturc for its capahility of capturing tnıc behavior for a 
large variety of n1atcrials. Associated flow n1odels give 

good results with the n1alcrials whose plastic flow is 
fornıed by dislocation n1otion when there are no sudden 
changes in the dircction of the plastic strain rate at a point 
[ı]. 

After rcaching the yicld poinc nıany ınaterials show an 
incre.ase in stres� \Vıth the increase in strain. Also after 
unloadnıg and reloadınt! the sanıe nıatcrial is seen to have ........ ......_ 

incrcased it� yicld point. Thi!:> rcsponsc of the n1aterial is 
called the hardening response. Increase in the yield point 
also n1eans incrcase in the yicld surface. If the yield 
s urfa ce changes it s size un i forınly in all directions, such 
that the yicld stress increases (or decreases) in all stress 
directions as plastic straining occurs, then the response is 
c all ed isotropic harden ing [ 1 l (Figure 2). 
Meaning that in the casc of the von Mises yield surface, 
isotropic hardening is nıanifcstcd through an evolution of 
the cyliııdrical yicld surüıcc in the three dinıensional 
principal stress space such that on planes oriented 
orthogonal Iy w ith the lıydrostat i c stress generator of the 
surface. The circular outline of the von Mises surface 
appears as a cylindcr vvhose circuınference increases, as 
the stress point continucs to inıpınge on the yield surface 
during plastic tlovv, \\hile the location of the center of the 
circlc rcnıains unchanged. In this research, isotropic 
harden ing and the associatcd flow rule are adopted and 
used in conjunction \Vİth the ABAQUS software system. 

11.5 S4R Shell Element 

The ABAQUS shell clcn1ent library includes general 
purpose shell elenıcnts and specially formulated shell 
clenıents for thick and thin shell problems. In this study 
the S4R general purposc shell eleınent is used to model 
the actual three dinıcnsional geonıetry of the beanı. This 
elenıent is selccted for use in the parametric study based 
on its satisfactory pcrformance in the verifıcation work 
deseribed in the papers by Thomas and Earls and Greco 
and Earls[ I ı ,8]. 

In the S4R thcre are four nodes possessing 6 degrees of 
frecdonı per nodc. The general purpose shell elements 
give accurate solutions to most applications. S4R allows 
transverse shear defornıation to be considered in a 
fashion that is consistent with Mindlin-Reissner theory. 
Also, it enıploys the discrete Kirchhoff techniques to 
provide satisfactory results as the shell thickness 
decreases [ı] . 

Finite nıenıbrane strains are taken into account in the S4R 
formulation and thus the element admits changes in 
thickness as a nıneti o n  of membran e strain. Poisson ·s 
ratio of the seetion defines whether the shell thickness 
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�..·h d ıH 2c:-. as a run ct i on n f the ıncın b ra ne st ra i n or not. 
'-

'-<tlliH' the Poi��oıı·� r�1tio to ;cro \\ili kecp the shell 
� 

·ııi\. ·, ıı�...· ..... � constaııt and \\ili al lO\\ tlıc cleıncnts f1t for 

--ıııall ..... train large rotation analysis ll J. 

"-ıR l'tH·nıulatioıı is bascd on a flrst order shear 
tk ' "  rnıltli on theorv. I n ot her \\'Ords the sh e ll enıp I oy s 

ı ıı �...· J r d i sp 1 a c e 1 n c n t a n d rota t i o n i n tc rp o 1 at i o n i n t h e 
uııı�.:\t or fVlindlin-Rcıssner thcory. but the slıear 

,:".ll)rııı�ıtioııs �1ı-c tlıcıı obtained directlv fronı a "" 

'111"-oll kı �ıtıoıı or the ııodal dcrornıntioııs. r f'lıis approach is 

·ı tl k ın he coıısistcnt \\ith tlıc assuınption that cross

.,�,.�..tıoıı...., rcnıain plain but not nornıal to the Gauss surface 
' • t h l' s h c ll. 

\ı� \(H ıs uses a lo \vcr ordcr quadrature nılc, called 
•ı ıL �d iııtcQration . to calculatc the S4R clcnıent ...... 

• • 1..' .._-.; ,;\ s i n g k· i n tc gr at i o n po i nt i s u s c d i n t h i s 
ır l'lcnıL·ııt. Rcduccd intc�ration has t \\'O nıain "-' 
\'es: it si�ııilicanıly rcduccs runn ing tinıe by using 

· -..�ıııı p li n g po i ıı ts: cı nd \V it h fc,vcr san1pling po i n ts, 
ı \ıl tlıc nıorc coıııplicatcd di:-ıplaccıııcnt nıodes offer 

'-·�istaııce tn dcforıııation. This increases the 
.'.c� or tlııitc clcnıcnt ancılysis 15]. Sonıetinıcs using 

d iııtc�ration \'İclds clcnıcnt stifTncss n1atriccs that ...... -

ı\ t)nc or ıııorc t�ılsc zcro cncrgy nıode, \vhich nıay 
hl· the L'aus�...� nı· 'ın uııstablc. or \'ery inaccurate 

ıl1ıı1ı 1-+1. l ll)\\L'\LT: :\B/\QUS ov erconıes this 
) 'k ı ·ı h v u s i 11l!. lı o u nda ss co n tr o 1 .  Hotıı· glass control 

• "- '- L-

L .. Il'o an artiflcial (and usually quite sınall) stiffness to 
lı�...· ....,,,.c�ıllcd drillin12. dce,ree offreedoın on the shell. This ...... ' 

"-ll ı ı·nvı..;s value dcpcnds on the taeters usually given as a 
llı:tll ı·r�H.:tion of typical shcar 1nodulus for material [1] 

I I I. ' I 'EST SPECIMEN 

111.1 <_;eonıetry of the specinıen 

ı� ı, ııu�scn and l'lıick [ 1 OJ had tested a series of thin 
ıl k d l-hcanı"' in ct,nıbincd canıpressian and nıinor axis 

"ı d ı ı ıg. 'Tiıcy focus on a single 1-shaped crass-seetion 
'1 u�c noıııinal diıııcıısions appear in figure 3. 

ı \ 1 
�ıJOrı ı ı ı ı 
-- -ı 

-=--:::-�===Tr==-==== 1 
ı. 00 00 r-' " 

00 o o -

1- L . 
.:._ __ -ı 1 ı ı ======�=-=-=-==� ı 

-11-
( •• i 

1 '!.!l!I"L' ' '\omcııcıaturL' ( Rd'\ınussen and Chick, ı995) 

llsing this s inglc cross-section, three distinct study cases 

are considcred through the variation of the nıenıber 
unhraccd lcngth. Spccifıcally, short (Lb == 800nını), 
ın cdiuııı (Lb = JSOOn1nı). and long (Lb = 5800nını) 
1ncıııbcrs are trcatcd in tlıeir work. Jn this study bcanıs 
"itl1 J)()() ııı 1ıı and 5ROO n1nı lcngtlıs Cronı the rescarch of 
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Vcrification ofNonlinear Finite Elenıcııt Modeliing or 1-Shaped 
Stecl Beanıs U nder Conıbincd Loading-M.AKTAŞ 

Rasnıussen and C lı i ek [ I  OJ are u sed to va l idate the lı ni te 
nıodcling strategies for the invcstigation of intcraction 

....._ ...... ...... 
bct \\·een ax]al loading and nıinor axis bending. The crass-
seetion used ]n the experinıcntal test \vas a slendcr 1 -
sectıon fabricatcd fronı high strength stecl 

\vi t h r ... , = 3 s o Jı. 1 1:ı a . 

The nıeasured cross-scctional din1cnsions. in addition to 
the ultinıate forccs applied to the nıodcls. are tabulated in 

ta b 1 c 1 . 

Ta b le ı M casured sp cc i nı en lcngths and app ı i cd load� 

Specinıcn 

3500-2 

3500-3 

3500-4 

3500-5 

5800-' 

5800-3 

5 800--+ 

lt 
(n n n) 

5 .02 

4.97 

-+.96 

5 .O ı 

4.9ı 

4.99 
5.07 

'll 
(111111) 

4. <) 5 
4.<J8 

5 .00 
5. ()() 

5.0 ı 

240.50 

240.00 
240 .00 

2-+0.50 

240.00 

n, .t: 
(nnn) (mm) 

240.00 4.50 

7J<J.)() 6.50 
23l),()() 6.00 

7 � <) . 5 () -ı . s o 

ı..ıo.oo -ı.so 

5.0 ı 2-+ ı.oo 140.00 5.00 

5.05 7-f ı.oo 240.00 5.50 

111.2 Materiall\1odel 

,, 1 
(kNm) 

<J.57 

ı3.2 

39.63 

1 .79 
7.26 

ı 8.2 ı 

p 
(k N) 

653 

427 

65 

-+30 
3 1 8  
ı 8 ı 

The behavior in the strain-hardening region is generally 
based on the nonıinal stress and engineering strain; \Vhich 
are calculated without considering the change in arca of 
the cross-section. 1 Iowever. the change in the cross
sectional area of the specinıen nıay be an İnıportant 
paranıeter \Vhcn large defornıations occur. In these cases 
the strain hardening range should be characterized using 
the truc stress, obtained by dividing the Ioad by the 
current area of the spccinıen. Nonıinal stress and strain 
data for uniaxial test for isotropic nıaterial can be 
convcrtcd into truc strcss and Iogarithnıic plastic strain by 
using the follo \vİng cquations; 

CJ' =O' ( l + t: ) tnıı: 110111 110111 (]' 
E1)1 = In ( 1 +c- ) - ,,.//(' ııı 110111 

E 

Rasnıusscn and Ch ick presented stress-strain properties 
of nıaterial loaded in tension in their report. Residoal 
stresses are not included in this research since it is known 
to have no influence over the observed strength of hot
rolled structural nıenıbers. 

Uniaxial tension test results carried out under quasi-static 
conditions are adjusted to be static values according to 
the papcr [7] . In that paper stress levels are decreascd by 
27.57 MPa becausc of the difference between the 
dynanıic test Icading and the actual static loading. Static 
yicld stress is independent of testing procedure and the 
bchavior of testing nıach1ne. Static yield stress is defined 
as the stress le vel when the strain ratc is zero or when the 
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testing speed is zero [ 1 O j .  In fıgure 4 difference between 
stat ic and dynanıic loading can be seen .  
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-

Figure ..ı D i rtcrencc bcl\\CCn <lynanıic loa<ling and static Icading [6] 

The rcported nıec h a ı ı i c a l  rcsponse va lues fronı coupon 
test ing appear in tab le  2 i n engineering un i ts�  these are 
subsequently adjustcd to be static va lues and then 
converted to an ideal izcd nıult il inear true stress and 
logarithnıic strain fornıat ( see fıgure 4, table 3 ,4,5,6 and 
7 )  prior to İnıportat ion into the fıni te elenıent software 
pack age, A BAQUS.  In tab le 2 (ve fyı and f�ıı are stat ic 
conıprcssive yicld strcss, stat i c  tensile yicld stress and 
ultinıatc tcnsilc · t ress, re pcc tively . 

Table 2 \llechanical properties 

Specimen Plate 

3 500-2 6 

J ) ( ) ( )  _ _\ ') 

3 �00-4 

3 500-5 

5800-2 

5800-3 

5800-4 

3 

ı 

J -

E 
(C Pa) 
204 

ı 9  

200 

200 

1 99 

ı 98 

ı 99 

frc . . 
(!v/Pa) 
457 

450 

453 

466 

45 1 

450 

45 ı 

h·t (lv! Pa) 
43 ı 

4 3 5  

436 

43 1 

4 3 5  

435 

435 

Table 3 Stress- Strain va lues for Platc ı 

(]' 110111 E no m (J'true E p! 
In 

4 3 5 . 5  0.002 ı 88 408.874 o 

4 3 5 . 5  0 . 0  ı 4904 4 1 4.4099 0.0 ı ')  567 

503 0.063462 507.3492 0.05 884 

- , -) _ )  0. 1 0875 554. 5098 o. ı 00305 

5 2 5  O .  1 86635 595.404 0. 1 6799 1 

/w 
(!v/Pa) 
503 

-+98 

506 

509 

502 

498 

502 
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Steel Beanıs U nder Coınbined Loadi ng-M.AKTAŞ 

Table 4 Stress -Strain val ucs for P latc 2 

(]' 110111 E no m (J"/1'/((! E p! 
In 

435 0.002 1 97 408.3  766 o 

435 0.0 1 8269 4 1 5 .368 ı 0.0 ı 5867 

499.3333 0.06 1 5 38 502 .4 8 2 5  0.057042 

523.3 333 O. ı ı ı 73 1 5 54 . 2 2 6 7  O .  ı 0298 

523 .3333 0. 1 8673 1 593 .4767 O. t 68066 

Table 5 Stress -Strain val ucs for Plate 3 

(]' 110/11 E //U/ll 

436 

436 

0.002 ı 8 

O. o ı ı 5 3 R  

506.666 7 0 .065385 

5 ' 6.666 7 O.  ı 05769 

526.6667 o. ı 865J8 

(]" 1 J'l((' E p! 
In 

409.3 7 ı 5  o 

4 ı 3  4 5 1 7  0.009267 

5 ı ') . ")  ı 5 8  0.06063 7 

5 54.79?8 0.097629 

597. 3 3 ı ?  0. 1 6 79 1 6  

Table 6 Strcss -Slra in  valucs f'nr P latc 4 

(]' 1/0111 & 1/011/ (]" ( 1'/1(' & p
l 

In 
43 ı 0.002 ı 5 5 404.3498 o 

43 1 0.0 1 3077 409.05 7 1 0.0 1 0809 

5 ı O  0.06 1 5 38 5 ı 3 . 8056 0.0570 ı 2  

526 0.088462 544.95 ı 7 0.08 1 903 

5 2 6  0. 1 46 ı 54 5 75 . ?979 o . ı 33397 

Table 7 Strcss -Strain val ucs for P latc 6 

(]" 1/011/ E no m 

43 1 0.002 1 1 3  404 . 3 3  1 5  o 

43 1 0.0096 1 5  4 0 7 . 5 65 2  0.007436 

483.3333 0.046 ı 54 4 7 8 .062 0 . 042642 

5 20 o. ı 544.42 ı 0.092506 

520 0. 1 76923 584.42 ı O. ı 59903 

111.3 Geometric I m perfections 

Since the verification test case considered in this part of 
the study involves n1 inor principal axis flexure of  an I 
shaped beam under the action of pure moment, 
b ifurcation related response must be considered as a 
possible factor governing overall response .  When 
applying the fınite element method to b ifurcation-type 
stability problems, i t  i s  oftentimes advisable to 
incorporate a reasonable i mperfection field into the fınite 
element model. The incorporation of the imperfection 
field is used to perturb the model from the cond it ion of 
perfect geometry; failure to do this nıay result in the 
model artifıcial ly pers ist ing in the perfect s ta te 
throughout the loading history. The potential proximity 
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( ) f t lı t.' fi n i te c l c n 1 e n t d i sp la c c nı c n t s o I u t i o n to an i n i t i a 1 
p c r fcct geonıctry ari ses s ince such a confıguration is  a 

ııı �ıth l' ına t ica l l y adıniss ib le equ i l ibri unı state ( even post 
b i fu rL �l ion) .  H owevcr this configuration is ıneaningless 
phy..., ı · .. d ly s i n c e  the s l ightest loadi ng disturbance, or 

�co n1 rr ıc i nıpcrfection� would render such an 
� 

c·q u ı ı ı i u nı s ta tc inaccess ib le  to pract ical  cases. As a 

ı ı ı c J ı  o r  guarding against any poten t ia l ly  physica l l y  
, ı lıL· � ı  rcsponsc, a rcasonab le disp lacenıent-based 

· � n P l  , \_ tion fi e l d  should be incorporated in  to fı n i te 

L. ' rı i nod c l s  vv hose rcsponse has the potent ia l  of being 
l 1 () \  l l·cl by b i  ru rcat ion buc k l ing.  I n  such cases, it is  not 

i nl Pt t ı , ·c that  the prcc isc govern ing buckl ing nıode be 

l l '-' t'l' "' tın i n i t i a l  i nıpcrfcction adopted at the start of the 

' (  qı - . ı  ı "'o l u t i o n .  Rat  her, any in1perfcction fie ld  used 
· · · ı l �  posscss c l cnıents of the donı i nant features that 

· · ı ta i ııcd in  the govcrn ing nıode. In the present 
, . . ı on st  u ch .  i t  is observed fronı 1 inearized 

L' 

b Ll ı.. 

. 

ı l u c buc kl i ng analyses, carricd out \V İ th  ABAQUS, 
,.: govcrn ing nıode of instabi l i ty in nıinor axis 1-

ıııcınbcr', i n  purc bcnding involves l ocal ized 
g \v i t lı i n  the flange. The perfect  geon1etry was 
\\' İ t h s i nusoidal l)  \·arying i nıpcrfection given by 

l l 11 

I ! l 

. \ ) ' 

\ 

ı ı ı 

1 . Jr X )  \ 1 '  = ,· \ ' S l 1 1 (-
rı • L 

t initc c l cıncnt analogs of  the experiınenta1 test 

c ıı �, a rcasonab lc displacen1en t-based i nıperfection 
ı ıcorporatcd in to the fın i te e lenıent nıodels in the 

ı � in u"'oida l ly  varying i nıperfection possessing a 
d \  clcngth o r  HI 1 ],  that is  phase s h i fted by 1 80 
-., bct\vccn oppos itc flange t ips ( see fıgure 5) as 

�ı nıax i ınunı d isplacement ampl i tude equal to 0.2 
he f langc thickncss or S.tl 1 00. 

' • • o • ' • � • .. 
: .. , . ' . . . ; . ' 

'<. ' • :"ıı;"' • • • • ,.._ o • 1 • • • • 
··. 

. � . . . . . . � 
. ' 

• ;. o • • • • .. ..� .. 
. 

' • • • • 1 :'"'. 
" 

. ,., 
• • .. • • , 1 • • o • 

,. -o "' o i •• . t • ' o , 

r · igurc "1 l.) i ııusoidal  i nıpcrfection 

IV. F l N ITE E L EMENT M O D E L  

t�initc c/eJnent !lu.:sh: The I-shaped cross-scctions are 
h u i 1 t - u p us i n g S4 R sh e 1 I fı n i te e lenıents fronı ABA Q U S 
l' l c n ı c n t  l i brary posit i oned along the ın iddle surfaces of 
t h e  cross-scc t i on a l  constituent p l ate components (fig 7).  

2 7  

Veri fıcation of Nonl inear Finite Eleınent M odeli ing o f l -Shaped 
Steel Beams Under Conıbincd Loading-M. AKTAŞ 

W h i l e  there is  a lso nıon1ent gradient loading being 
app l ied at both rigid end segnıents, thesc end segn1ents 
are not of interest i n  this  research �  that is  why they are 
modeled as being approxi nıately r igid through the use of  
and e l astic modulus that i s  one order of nıagni tude higher 
than that of middle segment.  I mperfections were appl ied 
o n l y  on the flanges. I n  addi t ion ,  the rigid segments were 
not seeded vvith imperfections, and nıesh densi ties used 
thro ughout the entire length o f  the beanı \vere constant 
a n d  u n i fornı. 

Boundary Conditions: The nıodel i s  a s inıplc supported 
beam. H owever� restraint against  torsion is app l ied at the 
flange t ips at the tl exib le-rigid transit ion interfaces. At  
the end of  the l -shaped menıber, along the p late edges, 
ri g i d  beanı e lcnıents fronı the A BAQUS e lenıent l i brary 
are enıployed to assist with nıa i nta in ing ideal k i nematics 
at poi nts assoc iated with the i nıposi t ion of boundary 
cond i t ions . 

Loading: A constant monıent  Icad ing is achieved b y  
app l ying four concentrated forces perpendicu lar to the 
b eanı longitudinal  axis .  Ax i a l  l oads are app l ied at the 
nodes at the rol ler end of  the s i nıply supported beanı. I n  
fı gu re 6 test l ayout and fın ite  e l e nıent nıodel representing 
the test is given in deta i l .  

I V . l  Verifıca tion of Test Results a n d  D iscussion 

Resul ts fronı seven of  the experimental specinıens 
reported fronı the research program of Rasmussen and 
C hi c k  ( 1 995) are compared with  equ ivalent fınite e lement 
n1odels .  P lots con1paring these i nteraction respanses 
appear i n  figures 8 and 9. I n  these fıgures, the nıaxiınunı 
ine tast ic  nıonıent at the mid-span versus the ax i a l load are 
p l otted. The nıax inı unı monıent  i s  ca lcu lated as the sum 
of the end nıonıent and the n1oınent produced by the 

eccentric i ty o f  the axia l  force,· M = M  1 + Po where e/1( 

5 i s  the nıid-span deflection ( i . e .  the sunı of the prinıary 

and secondary nıon1ents ) .  B as ed on these resu l ts, i t  
appears that the present model ing techniques are 
s u ffı c iently robust to undertake the desircd paranıetric 
study. Rasnıussen and Chick  [ 1 OJ a l  so reported the 
maxirnuın axial  force and c o rresponding second order 
moment v a l ues at the end points .  I t  i s  noted that the 
fonnat of these test resul ts allows for an easy comparison 
w ith  the design i nteraction c u rve i n  A I SC-LRFD since i t  

i s  defıned i n  terıns o f  u ltirnate axial  load (Pu ) versus 

second ord er elastic moment (M ) . I n  order to me u 
compare the experimental res u l ts wi th  design interaction 
equati ons, end mon1ent must b e  converted to second 
order moınents .  This can b e  done b y  using the fol lowing 
equation;  

M = B  x M  meu 1 endu ı 
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\Vhere E u ler buc k l i ng load is 
rr 2  El P = --- a \'a lue c Ll 

, 

c n for c e d to b e t he ll e x ura 1 b u c k 1 i n g 1 o a d  a b o u t t h L' ı n i n or 

pr i nc ip a l ax is  in this context, and Mendil i s  t he f irs t  ordcr 

end n1onıent coi nc id ing \Vİ th the contro l ]  ing v a l u e  of �, . 
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Furthernıore, 

con vcrtcd 

�·ndu fro ın the 

i n to M"'L'll and 
A BAQUS results is 

conıpared with the 
corrcspond ing vn l ucs g i v�n by Rasnıussen ane 
C h i c k j l O j . C'o nıparison o r  t hcse va lues can be seen ir 
tab lc  8 .  Bascd on resu l t s  frnnı  fıgurc 8 and 9 as wel l  a 
the fa i l urc loads prcsentcd i n  tablc  8, it appears that th 
present nıodc l ı ng tcc h n i q ucs a re suffıciently robust to 
undertakc the current  rcscarch work invest igating 
conıbincd Ioad ing re<;pon sc of I-shaped steel cross
sect ion� be nt about t he ıni nor-axis  i n  the presence of axial 
conıprcss İ \T loadi ng. 

1 (tb k X <  'ompari�on n r  u l t i mulL' a \ l a l  l t )ad and ..;ccond order elastic 
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Figure 8 Comparison o r  res u lts for 3500 series 



"' . \ l·. I · L·n  B ı l i ınkr i  l : n -; t i t CısCı Dcrt!i"i i  9 .C ı iL  I .Sav ı  2005 
- � 

Veri 1icat ion of Nonl İ near F i n i t c  E lcnıeııt Model i ing o f  1 -Shap�d 
S teel  Beanıs L Jnder Conıbi ned Loadin�-1\!I . A K TJ\S ...... i 

ol50. 00 

olOO.OO 

350.00 

2: � 300.00 

5800 Series 

• 

.r."'·-;;:..-..ro ' -·._._"-���- ... 
., 

..... x . 

[ ı ] . 

� 250.00 
._ 

� 200 00 
� ( 

\� 
5800_2_FEl2] · 

"' 5800_2_ Test 
-
l1l -� 150.00 

oq: 
100.00 � 

50.00 1 
0.00 i 

0.00 

l 
1 1 • 

/1 

1 0 . 00 

"• 1 

. , 

20.00 30.00 40.00 

. 
• 

.._ 5800_3_FEA 

-X-- 5800_3_ Test 
5800_ 4_FE1

3 J 
· 5800 4 Te · 

50.00 

Moment (kNm) [ 4] .  

� l ı c d i  ırcrc ııc L'S hL' ' '' l'l'll test resu l t s und nu nıerical resu lts 
ı ı  ı---� li ·oı ı 1 the l�ıL·t t ha t ı lıere are �onıc unccrta inties in 
) l ı i h  pl ı � � i c � ı l tc� t int! ��� ,,·e l i  a� fin i tc  clcnıcnt nıode l ing. [6] .  

ı t l r  t lıL' ll'st �pcc i ı ıı c ns .  strc")s stra in  propcrt ics.  yield 

t ı ı__' l l  gl  h \'a ı L JCS ()  r t h c ıııa ter i  aL and the p I ate gconıetry 
"\ı� ıy he d i rtt.'r�nt through the seetion and along the bcan1 [7] . 

,:ı ı�t h .  t\ lso nı i�- lllL' a s u rcd and rcported i n i t i a l  geon1etric 
ınpcr l'cct ioııs and rl's idual  strcsses. unreported nıatcr ia l  

, , :·opcrt ics� such as stres� strain properties o f  nıaterial 
· l ) � ıdcd i ı 1  co ınprcs� ion. do lun e inıportant e ffects on the [8] . 

· · ..... u l h  <.' f ı H ı ıııl· rı c a l ınodcl "' .  Tcns io ıı propert ics o f  the 
ı ı ı : ı ı c r i � ı  1 � ı  r L' r c p u l'l c d ı·u r t lı c tc st s pc c i nı c n s t  u d i e d i n t h i s 
ı '-·...,c..ı rc h .  l l  o'' L' \ 'Cr, hccause of the Bausch in ger a ffects, 
t l ı ı...· tL·ıı s i o n  hc lı;.t \ i n r  docs not reprcsent the conıpression 
l'L' l ı ı.l '  i or. l ıı � ıdd i t i nn, as dcfornıations beconıe large, [9] . 

..... u pport aııd rc:-ı t r� ı i ı ı t  condit ions beconıe cr i t ica1  and 
' a r i ;.ıh i l i tv  in t h csc va lucs can change the resu l t  
t ı ı ( ı ın i. l  ı i l' i.1 1 1  Y . r 1 oJ .  

\ ' .  CONCLUSION 
R l' � u l  t s rr o ın f i ıı  i lL' c I e n ı e n t n ı o d e 1 1  i n g te c h n i q u c s 
deseribed i ıı t h i s  p�ıpcr can sufficient ly catch the results of 
t h e  rca l cxpcri ıncıı l s .  One has to u nderstand the [ 1 1 J .  
fu rıını l at i oıı or ıııa lhcıııat ical  nıodels used i n  the software 
p a c kage and t lıcn construct the n1odel .  Once the rea l 1 ab 
k· -.; t is \Tr i li cd t hen the paranıetric study can be carried 
t l l l t  as dc� ı rcd . ·rı1c i ınportant reconımendations can be 
1 i s t L'd a� :  
l -C 1 en cra 1 purposc shel l  e lenıent \\' i th reduced 
ı ı ı tc gr::ı t i o n  ı nı et ho d ca tc  hes the behavior o f  the struct u re 
u ı ıdcr  i n \ c�t i t!.a t i o n .  '-

"1 _\ 'o ıı - ivl i scs yicld nıodcl w i th i sotropic hardening nıodel 
'' urk�  ,, · c i l  for ı ııa tcr ia ls ! i k e  stee l .  

� o 
" \ ı n  u so i da l l  y \ ary ing i nıperfecti on can be use d to 

� ı  l • l ı  i c \ L' t h c i ı ıı  pc ı f c c t s t  r u c tur c . 
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