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Apycd, o n0ela va uyapiotiow Pabdtata Tovg EMPAETOVTES TNG SITAMUATIKNG OV
epyaoiag, Emk. Katnynrpio Olvurio [Mavayovdn kot Kabnynty Evpuridn Mvuoctokidon yuo
Vv KoBodnynomn kot Tig ToAOTIHES VIOdEielg Toug kab’ OAn TN SudpKeld EKTOVNONG NG
epyaoiag. ITdve an’ dha dpwg, Ba NBera var TOVG EVYOPIGTICM YO TNV TPOGOYY KOl TNV
EUMIGTOCLVT] OV £0€1E0V GTO TTPOCMOTO HOL € OAN TNV TOPEil TV GTOVIMV HOL, TIG
gvkapieg Tov pov £0waav, TG TOAVTIIES GLUPBOVALS TOVG, KABMS Kol TOV EVOOLGLUGHO TTOV
LoV HETEOMGOV YO TNV EMOTNUN Kot TNV €pevva. Oa MBela emiong, vo ekepdcm TNV
gVYVOLOoLVN Hov 6tov Ap. Amoctoin Kovkovsédn, yio v ekpudabnon tov mpoypdupotog
[lemepoaopuévov Xtotyelov oAl KUPIOS Yoo TOV ¥POVO TOL APEPMCE YO, TNV GLVEXN|
nmapakorlovOnomn g e£EMENG ™S SumAmpaTikng pov. EmmAéov Oa n0sha va evyapiotiom yio
TNV GUUUETOYN TOV OTNV EEETAGTIKY| EMTPOTI KAODS KOl Y10 TNV TPOGEKTIKT OVAYVMOON TNG
Smlopotikng pov gpyaciag, tov Ap. Keovotavtivo TCapo. Térog, dev Oa pmopovoa va unv
avapepH® GTNV OIKOYEVELD LLOV, TWV OTTOIWV 1) AVISTOTEANG Oy KOl VITOGTHPIEN OTOTEAOVY

TAVTO Yoo LEVOL TNV KIVIITAPLO SVUVAUT] Y1 TNV EMTEVEN TOV GTOY®V LOV.
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ABSTRACT

An important part of the design of steel structures is the analysis and design of the
various connections. In general, beam to column connections of I profiles along the strong
axis are usually bolted end plate ones. Although connections along the weak axis of the
column are typically designed as simple ones, in certain cases it is necessary for them to be
able to carry moments. The connection of the beam directly to the web of the column may
lead to construction difficulties, especially in the case that a strong axis connection exists at
the same position. An alternative is to use two end plates so that the beam is connected to the
two flanges of the column. In this case however, due to the lack of guideline in the relevant
Eurocode 3 part 1-8 [1], the design of such a connection may be a cumbersome procedure.
An alternative design approach is to employ numerical models. The scope of this study is the
investigation of the behavior of such a connection by the means of detailed numerical models,
capable of taking into account the different phenomena that may arise, such as material
nonlinearity and contact between the various connection components. The investigation
focuses on the impact of the thickness of the end-plates and stiffener and the grade and
diameter of the bolts on the capacity and ductility of the studied connection. After testing
various configurations, a full-strength connection was finally achieved. Finally, conclusions
regarding the applicability of the FEA on such connections and the advantages in the use of
the proposed configuration are presented.

Key Words
Steel connections, Weak-axis connections, Finite Elements, Non-Linear Analysis
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Koatibdva Kovrordt

[Mavemotmuo Oeocoriag, Tunua IoAtikov Mnyavikov, 2017

Emprénov Kadnynrpia: Ap. Olvurio [oavoyoOin, Exik. KaOnyntpuo

EKTETAMENH INIEPIAHYH (EXTENDED ABSTRACT IN GREEK)

AvomdomacTo KOUUATL GTOV GYESCUO TV UETOAMK®OV KOTAGKELMOV OTOTEAOVY Ol
0£0€1g amOKOTAGTACNG GLVEXEWS, YVOOTES Kol G ovvdésels. Tlapadociaxd, cuvoéoelg
J0KOV-VTOGTVAMUOTOC SLOTOUNG OITAOD TOL KOTA TOV 16YVPO AEOVO TOL VIOGTLAMIOTOC
VAOTOOVVTOL HEG® KOYAMMTNG GUVOEONG e HETMTIKT TAGKA. [TapOdAo Tov o1 cLuVIEGEIC GTOV
acBevr| AEova Tov VITOGTLAMUATOG GLVIOMG BePOVVTAL AMAES, EMTPETOVTAG TNV AVATTLEN
OTPOPAOV TTOV TPOKLATOLV AGY® TV Oploemv oyedacsol, eviote N avdykn mopoAafng

POTNG KOt 6TOVG 0VO AEOVEG TOL VITOGTLAMUATOS (1oYLPO Kol acBevn) YiveTal ETITUKTIKN.

H mo dwdedopévn ddraén ocvvdeong acbevoig dEova, amotelel avtn Katd TV omoio
N 00k0G cvvdéetal anevbeiog oTov Kopud TOL VITOSTLVA®UOTOS. H ev Adym o1dtaln, &xet
peAetnOel koTd KOPOV TIC TPONYOVUEVES OEKOETIEG OMO OPKETOVS EPELVNTES Ol OTOIOL
Oéomoay pia véo GUVIGTMOGA, CVTN TOV “KOPLOV TOL VTOGTLAMUATOS GE KAUYN Kot dtdtpnon’
(Gomes et al. [, Steenhuis et al. ). Emmiéov, eéfyayov avoloticés oyéosic yio tov
VIOAOYIOUO TNG OVTOYNG Kol GTPOQIKNG duokopyiag avtng, Paciopévol otn Bewpia tv
ypappov dwppons. Ilapdra avtd, 1 ovykekpyévn obvdeon acbevoig  aéova,
yopaxktnpileton Katd TNV aotoyio amd pio €KTOC €MIMEOOVL KOUWYN TOL KOPUOV TOV
VTOGTLAMUATOG 1) OTtOi0 00N YEL GTOV GYMNUATIGUO TAAGTIKOTOUW|CEWDY GTNV TEPLOYT], O1 OTOT01
LE TN GEPE TOVG SLGYEPOIVOLY GNUAVTIKE TOV OYEOGUO piag Oe0TEPNG GUVIESNG GTOV
W6YLVPO AEOVA TOL VIOGTLAMUOTOC. EmumAéov, mpofAuato dnpiovpyovuvtol Kol KoTd TV
KOTOGKELT OVTNG, OTNV TEPITTMOT TOL VILAPYEL NON piot CVLVOEST) GTOV 1oYLPO AEova.

Evoldoktikn Abon arotedel 1 oOvoeon g 00K00 GTO TEALOTO TOV VITOGTUAMUATOS LE
™V pNon 600 petomk®dv TAakdv. Ot eAdyloteg peréteg mov Exovv deEaybel mivw oty gv
MOy ddTasn, £xovv KUPIMG EGTIAGEL GTNV CLUTEPIPOPA TNG IGYVPNS CLVOEGNC, TAPOVGTia,
™G EVOAMOKTIKNG ac0evoic, kabdg avth eniarieton o€ koumtikd eoprtia (Cabrero and Bayo
[46L1471 | oureiro et al. &), Eoutiag Aowdv, e mepropiopévng Prpiioypagiog méve 6to v
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AMyo (pmuoa oAAd kol ™G EAAEIYNG OOMNYLDV OYESIOCUOD OO TOV GYETIKO KAVOVIGUO
(Evpoxmnodkag 3, pépog 1.8), 0 Tpocsdlopioldc TG ovToXnG Kot TG GLVOAIKG GUUTEPIPOPIGS

etvat oyetikd 60oKoAn vVtOdeoT).

Mia 010pOpETIKN TPOGEYYION Y10 TOV VIOAOYICUO L0 TETOLOG CUVOECTG, OMOTEAEL M
XPNOTM OPOUNTIKAOV TPOGOUOIOUAT®V KOl O TPOGOIOPIGUAC TNG CGLUTEPLPOPAS UEGH TNG
nedddov tov lemepacuévov Ztotyeinv. Lkondg TG Tapovcag epyaciag, eival n diepedvnon
NG CLUTEPLPOPAS KOL TOV UNYAVICUAOV 0oTOYI0G Hiag TEToG cLuVOESN oToV acbevi dEova
pécw piag mopapeTpikng oavaivons. o tov okomd owtd, 1m oOvoeon TPog HEAETN
TPOGOUOIDONKE HECH TPIOOICTAT®V aplOUNTIKOV HOVTEA®VY, TO ool €ivol kavd va
AGPovv vTOYN TN PN YPOUUIKY] GUUTEPLPOPH TMV VAIK®OV OAAL KL TV ETOPY] LETOED TOV
dpopmv oTotyeimv T oOvoeons. H HEAETN EMKEVIPOVETOL GTNV ETPPON| TOV TTAYOVG TOV
LETOTKOV TAOK®OV, TNG KOUTOKOPLONG UETOAMKNG Aemidag Tov vrootvAmpotog (Stiffener)
OAAG Kot TNG OLOUETPOL Kot TOOTNTOS TV KOYADV, To ooia kabopilovv o€ peydio Paduod

TNV TEMKN avToy] Kot TAAGTILOTNTA TG CUVOEDNG.

[T ocvykekpyiéva, o kKOuPog o omoiog peretnOnke amotedeitan amd pio doxd6 HEB300,
Kot €va VTOoTOA®pO oVuvBetg dtoToung (MOAD KOVTd OTIG OGTAGELS TNG TPOTVLTNG
HD360x179). Xt ok eivot GuyKOANT pio peT®mk TAGKa TAGToLS/Hyoug 300X500mm
EVD TO TAXOG aWTNG Elval TapAUETPOg Tov TpofAnuatoc. Mia devtepn GLYKOAANT TAGKQ
OT0 TEAUATO TOV VTOGTLADUATOG TAATOLG/DYoLg 350X500mm kot emiong petafAntov
TAYOVG, KOYALDVETOL LLE TNV HETOMIKY TAAKA, Lo 8 koyMav (o€ 4 cepés). H ddpetpog
OALAG KO 1 TOWOTNTO TOV KOYAM®OV glval Kot ovTég mapAUeETpol Tov TpoPAnuatog. Télog,
E0MTEPIKH TOV VITOGTLAMUATOC, ToToOeTEITON P KaTakOpLEN AETid0 LETABANTOV VYOLS Kot
7OV, e OKOTO VO TPOGOMCEL LEYAADTEPT dvoKapyia oty cVvdeot. Ocov apopd To £100¢
NG GLYKOAANGONG HETOED TV TEAUATOV TOV VITOGTLAMUATOS KO TNG TAdKaG 1 onoia elvon
OLYKOAMTN G€ OVTA, PAVINKE HECH TPOKATOPKTIKMV OVOAVGEMV TG 1 AVON TNG OTANG
eEwpaeng dev emapkel KAODS KOTE TNV KOUTTIKY KATOTOVNOT TOL KOUBOoV, dnovpyovvtol
GE€ QLTI TNV TEPLOYT] EVTOVEG TAUGTIKOTOGELS KO TEAMKE pio TpOmPN aeTo)io TG GVVOESTC.
["a to Aoyo a0, etvar amapaitntn 1 GLYKOAANGN LECH EGMPAPNS TAPOLGS dEIGIVONG, £TGL
MOTE VO AmOPELYOOVY TETOLNL PUIVOLEVO KO VO, YIVEL EPIKTN 1 EKUETAAAELGT OAOV T®V

CLVICTOOMV TNG GVVOESC KATA TNV TTaparapn optimv.

H sicoyoynq tov HoviEA®mV S10pOopETIKNG YEMUETPIOG GTO TPOYPOULLN TETEPUCUEVDV
ototyeiov Marc g etaipiog MSC, ywvotav yio Adyovg e€otkovounong ypdvov LEGH KMOLKa
yAdocog python. To vrootOAmpa GuVOAKOD Vyovg 3 UETP®V, TPOGOUOIDVEL OVGLUGTIKG
o0 OpOPOo TAV® KOl KAT®, EVO TO UNKOG TNG d0KOV EMAEYONKE €161 MOTE 1 TEUVOLGO N
omoio. OVOTTUCCETOL GTNV TEPLOYN TNG OVVOEONG KATA TNV KAUYN ovTod Vo pnv
TAACTIKOTOLEL TOV KOPHO TNG 00K0V. AESOUEVNG TG CUUUETPIOG TOL POPEN KOOMG KOt TNG
ocoppeTpiog e EOpTIoNG, (EUUEST KOUTTIKY pomn otov KOuPo pEcw emPaArOpevNg
petakivnong oto dxpo g d0Kov) amopacicOnie va avaivdel o uodg popéac, Kati 10 omoio

\Y
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HEIGE ONUAVTIKE TOV DVTTOAOYIGTIKO ¥POVO, OEGUEVOVTOS PLGIKA TOVS KATAAANAOVG BB Lovg
elevbepiag oto emimedo cvppeTpiag. Ocov apopd 10 €100¢ TOV TENEPACUEVOV CTOLXEI®V,
oTNV KeVIPIKN Kot kpioyun {dvn g ohvdeons, oty onoio Kol avarTiceoVToL Kupimg ot
TAOGTIKOTOGELS, YPNOLOTOMONKOV 1COTOPAUETIKO GTOlXEID avdDTEPT TAENG TETPAESPQL,
dekaxouPikd oe avtibeon pe 10 vWOAOMO LOVTELD, GTO OOl £yve Ypron TV Pocikdv
TETPAEdPOV TETPAKOUP®V oTotyeiwv. EmmAéov, oty kpioyn avty (ovn xpnooromdnke
TUKVOTEPOG KAvaPog Yo meptocotepn okpifela. Téhog, T0 omelpopo TOV KOYMOV
TPOGOUOIDONKE e Evav KOAVOPO 16000VaUNG SlaTounS, KATL To omoio BempnOnke mwg dev

emnpedlel Ta OmOTELEGLOTA GE CTUOVTIKO Bafuo.

OlokAnpovoviag v mpocopoimon tov kOpPov oe aplBuntikd poviéro, elvar
amopaiTnTo Vo 0ploBohv ot PacIKEG TOPAUETPOL UN-YPOUUIKOTNTOS TOV TPOPANUATOS, £TCL
wote va emrevyfel N koAvTEPN avamapdotact avtod. H mpdn popen pun-ypoppikotrog
myalel amd v pn ypoppikn oxéorn petald tdcewv kot mopopopemcemv. [Ipdtumeg
KOUTOAEG TOACEDV-TIAPOALOPPAOCEDY OAKIL®V DVAMK®OV propovv va Bpefodv otov aviictoryo
Evpoxddwo (EC3). Qotdc0, ot katactotikoi vopor tov Evpokddwka, Bewpovvrol
KATOAANAGTEPOL Y10 TNV TEPIMTMOOT TOV GYEOAGHOV, LIOG KOl ATOTEAOLV Lol GLVTNPNTIKTY
OTEKOVION TNG CLUTEPLPOPES TOV VAIKOL. Mio mo pPedMOTIK] TPOCEYYIoN KATO TNV
onuovpyio aplBuUNTIKOV TPOGOHOI®UAT®Y, &lvar 1 V10OETNON KATAGTOTIKOV VOU®V
TPOEPYOUEVOL OO TEPATO TOL £xovv TPoéAdel and mepduata. ‘Etor Aowmdv, yioo Tovg
KoyMeg mowotntag 8.8 kou 10.9, ypnoomomOnke pio TPL-ypopUIK) TPOGEYYIoT Ond TNV
Biprtoypagpio (Dessouki et al. B2 ue 12% kot 8% avtictoya, mapapdpemen acstoyiog (1SO
898-1 B3N, T Tov Sopicd yévPa S275, o omoiog ypnoyLomodnke o€ dAo To. LIOLOUTA LEPN
70V KOPOV, VIBETNONKE Lio TOAD-ypopuky TPocéyyion Paciopévn oe metpdpata B4 pe
napapdpemon aoctoyiag 15%. Aedopévov 6t M avdivon Oa odnynost oe peydieg
TAPAPOpO®OGES (21 Ty UN-yYPoUKOTNTOG), Ol TOPOTAVE TEPOUATIKEG TILESG TACEWV-
TOPULOPPDOCEDV UETATPATNKOV E KOTAAANAOVS LETOGYNUOTIGUOVS £TGL OOTE Vo ANeHoHV
VTOYN Ol TOPAUOPPOUEVES EMPAVEIES. TEAOG, cav Kputplo actoyiog emA&yOnke to Von

Mises, TAéov 18aviKO Y10, TV aVOTOPAGTAGT) TOV QUVOUEVOD TNE S1pPONG 6 OAKLLLOL DAIKA.

H tpim xou tedevtaio myn pn-ypopkdTNTOS 6TO0 HOVTELD, TPOEPYETOL OO TO
QOVOLEVO TNG ETAPNG, TO OTOT0 EUPOVICETOL 1010HTEPA GE KOYMMTES CLVOEGELS, AOY® TNG
EMOPNG TNG KEPOUANG TOV KOYALDV LE TIC TAGKES, TNV ETOPT TOV COUATOG TOV KOYAlM LE TNV
dvtuyo TV OOV 0ALY Kot TO ThvO evOEXOEVO avamTLENG TPPNG peTalld Tov TAak®my. Me
OKOTO TNV PEOAICTIKT OVOTOPACTOCT TOV (POLVOUEVOL TNG EMOPNS, OAO TO GOUOTO
BewpnOnKov ToPOUOPPOGIUE. EVGD YL TV emapn HeToEd Tovg emléyOnke m “node-to-
segment” oAAnAemidpaoct, katd tnv omoio kdbe eEmtepikdg kOUPOC empdvelag Bempeitan
mOhavog KOUPOG EMOENS, VGO To SEgMENtS amoTEAOVVTOL Amd TIG AKUES KOl EMPAVELES TOV

copdtov. o mv enaen petaéd koyModv kol TAOKOV emA&yOnke 1 oAAnAemidpaon

Vi
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“touching”, evé ocav poviédo tpiprg to di-ypauutkd Coulomb, to omoio Pociletor otic

OYETIKEG LETAKIVIGELS LETAED TOV COUATOV ETAPNS, LE cuvielesTt| TPPNG 0,6.

¥10 obvoro 14 povtéda avoidOnkav, oto omoio pETAPAALOVIOV KATOAANA®S Ot
TOPAUETPOL TOV TPOPANUOTOC, ONANON TO TAYOG TWV TAAK®MV, N OEUETPOG Kot TOLOTNT TWV
KOYAL®DV 0ALAQ Kol Ol S10GTACELS TNG E0mTEPIKNG Aemidag. [Tio ovykekpiuéva, n dadikacio
oV akoAlovOnOnke, mEPIAAUPAVEL apP KA TOV EVIOTIGUO TOV KPIGI®V GLVIGTOOHOV TNG
ovvdeoNG KAt TNV KoTomdvnon avtis. Enetta ot katdAAnieg Tapdpuetpot Tov TpoANHoTog
petofdAdlovtal pe otdyo ™V PEATiOON TNG YEVIKNG CUUTEPIPOPAS Kot YIVOVTOL SLodOYIKES
ovykpicels petalh tov amotelecudtov. Me tov Tpomo avtd, ££€TAlovTat 01 TOPAUETPOL TOL
TPOPANLOTOG KOl SIEPELVAOVTOL TANP®G Ol TOAVEG Hoppég actoyiag. Katd tnv dadikacio
avty, Beopndnke kpiown N Tpoorddeio S10THPNONE TOL KOPHOD TOL VITOGTUAMUATOG GTIV
OPYIKY] TOL Kotdotaot, 1ol ®oTe Vo umopel vo dtevkolvvlel o oyedtacidg g Pacikng

GLVOESNG 1GYLPOV AEOVOL.

H npd ovykpion petald tov Moviéhov 0 kou 1, amookonel otnv ektipnon g
OTOTEAECUATIKOTNTOG TNG KATOKOPLONG ECMTEPIKNG AETIS0G Yoo TNV PEATI®OON NG YEVIKNG
ocoumeprpopds. Ipaypatt, n tomobétnon avtng 00MyNcE 6 AVENON TNG POTNG OVTOYNG KOTE
20,46% aALd Kot Lel®OT TOV TAAGTIKOTOWGEWMY GTNV TEPLOYT| TNG GVYKOAAN OGNS HLETAED TNG
TAQKOG TOL VLTOGTLAMUATOS Kot To mwEApoTo ovtov. H évraon kataveunbnke mio
opotopopPa, aflomoumvtag £T6t OAa Tor UEPN NG ovvdeons Kot oAAGloVTOS TNV HOpPEN
actoyiog and actoyia TG CLYKOAANGONG GTA TEALATO GE TAVTOXPOVT] OGTOYI0 TNG LETOTIKNG
mAdKag (N omoia 610 v péPog TG Umopel va mpocopotmbel pe éva 1oodvvapo Bpoyd T)
OAAG Ko TV KOYAM®OV otV Ave ogpd. H peydin kotamdvnon tov KoyAmv opeiletot gv
uépel kat otnv avantuén tov duvauewnv eragng (prying forces) peta&d tov dvo Tlakdv ot
omoieg e TN GEPE TOVG OPEIAOVTOL GTO GYETIKG UN-EMAPKES YOG TNG LETOTIKNG TAAKOG 1

omoio KAUTTETOL GTLOVTIKA.

Me v avénon TV Tayovg TG LETOTIKNG TAdKag amd 20 og 25mm, 1 mopapdpewon
OLTNG LELOVETOL GONTA EVO 1) £VTOGT GUYKEVTIPAOVETAL KUPIWG GTOVS KOYAES TNG Aved GEPAC
OV TEMK(G 00MYOVV KOl TNV GUVOEST| G€ actoyic. AKoAoVOmG, 1 SIAUETPOG TOV KOYAMMDV
petafanonke and M24 o M30 Kot ovtd TpoKAAese pio avENoN TS KAUTTIKNG OVTOYNG TOV
éptace péypt Ko 10 34%. Qot1660, N 0ALAYN QLT ETEPEPE P EVTOVI] KOTOTOVNON TNG
E0MTEPIKNG AETIONG KO TOL KOPHOL TOV LIOoTLAGUATOS (6<315MPa) 610 omoio vrapyet
1o TOPALOPPOCT YOPIG OUMOS TNV aVATTVEY TAACTIKAOV Topapopemcemy. H actoyio
TV &V AdY® cvvdéoemv eEakoAovBel va mpoépyeTal AOY® NG UN EMAPKELNS TOV KOYALDOV
OTNV AV® GEPA KoL Y10l TO AOYO OVTO 1) TOLOTNTA TWV KOYAI®V peTafAndnke and 8.8 oe 10.9.
H tpomomompévn motdtnto twv KoyAmv @avnke vo unv ennpedlet d10iTep TNV AvVTOYN Kot
OTPOPIKN duokapyia TG ovvdeons. AvTfET®, Tpokaiese piol oNUOVTIKY avénon g
OTPOPIKNG KovoTNTOG (MéEYPL Ko 53%), evd ota véo HOvTEAD @dvnke pion avénuévn

KOTOTOVNON| TG E0MTEPIKNG AETIONG KO TNG TAGKAG TOV VTOGTUAMLOTOG 1) OO0 KAUTTETOL

vii
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KaTd ToV Katokopueo dova. o axdun pio eopd to povtélo actoynoov Ady® g uUn
EMAPKELNG TOV KOYALDV GTNV Gve GEPdL.

Ev cvveyeia, n petafoin T@v S00TACEOV TG KATAKOPLPNG ECOTEPIKNG AETidAG amd
161x500x10mm oe 161x750x16mm (mAdtog, Dyog, mhyog avtiotoya), Pertiooe acOntd
TOV TPOTO KOTOVOUNG TOV ECMTEPIKOV EVIACE®V, KAODG oYeddV UNOEVICE  TIG
TAOCTIKOTOMOES OTNV AEMid0 Kol KOPUO TOV VTOGTUAMUOTOS, EVA OUTEG TAEOV
CLYKEVTPOON KOV KVUPI®G 6TV TAAKE TOL VTOGTUADUATOS HECH TNG EKTETOUEVNG KAUWYNG
avtnc. H aldoyn tov mdyovg g TAGKOG TOV VTOGTUAMUATOC, 1| OToio, amoTeEAEL Kot TNV
TEAELTOIO TOPAUETPO TOV TPOPANUOTOC, HEIMOE TIG TEAMKN OTPOPIKY KAVOTNTO TOV
HOVTEADV YOPIC ONUOVTIKY TPOSEOPE oTtnVv avénon g KOUTTIKNG pomis. Avtd mov
nopaTnpeital, givol n €vtovn £VIOGT OV OVOTTUGGETAL GTOVG KOYAES TNG devTEPNG GEPAG
KoOm¢ kKo 1 avamtuén taoemv (6<292MPa) ota néhparta kot kopud g dokod HEB300.

O)o To LoVTELD, GOUPOVO LLE TNV TEAKT] POTN AVTOYXNG TOVS Be®povvTal, COLPMOVA [LE
™V Kot yopromoinomn tov kopPmv tov EC3, og cuvdéoeig pepikng avroyns. 'Etot, Bewprdnke
avaykaio va oyedancbel kot avoivBel pia obvdeon mAnpovg avtoyns. H ovvdeon avty
neprlopfdver koyrAieg M36 10.9, petomkr| mAdko moyovs 32mm, TAAKO VTOGTLAMDLATOG
Téyovg 25mm Kot KataKOpuen E6MTEPIKN Aemida dactdoemv 161xX750x20mm. IIpdypati, n
avTOYN NG oLVOEONG OVTNG EEMEPACE TNV TAAGTIKN PO TG GLVOEOUEVNS doKOV (KOTA
5,36%), kot étotl KaTNyoplomoteital ®g cvuvoeon TAPovS avtoxns. H ewkdva g odhvdeong
KOTO TNV 00TOYl0L, ATOJEIKVIEL TOV GYNUATIGHO TAAGTIKNG GpOBpmong 610 dkpo g 60K0V,
LEG® TOV EKTETAUEVOV TAAGTIKOTOWGEWDY, EVA EMUTAEOV TOPATNPEITOL KO TOTIKOS AOYIGUOG
TOV KAT® TEALATOG TNG O0KOV.

SOUTEPOAGLATIKA, EIVOL ELPOVES OTL TO POIVOLEVO TNG EMAPNS £fvat TOAD £viovo oe pia
KOYM®TN oHVOEST Kot amottel LEYAAN TPOGOYT|, TOGO GTO APYKO GTASIO TNG TPOGOUOIMONG
660 Kot oty eneepyacio Kot gpunveia tov aroteleopdtov. Duowd, amotelel kol Tov
Bacuo mapdyovta Tov Waitepa peydAov xpovou avaivons tov poviédwv. Gaivetor Aomdv,
o0tL 1 avéivon tov KOUPov pécm g nedddov twv Ienepacuévov Lroyeiov, givor epikm
oAAG Oy Wlaitepa TPAKTIKNY oTA YEPLo €VOG peeTnT. OG0V apopd TNV CLUTEPLPOPE TNG
OLVOEDNG, £YIVE TPOPAVEG TTMOG 1 TOTOOETNON TG KATAKOPLPNG ECAOTEPIKNG AETIdOG elvan
AmOPOLTNTN Y10 TV OITOPLYN POIVOUEV®V TAACTIKOTOINGNG TOL LAMKOV GTNV TEPLOYN TOV
KPIoIU®V cLYKOAANGE®V (LETAED TEAUATOV VTTOGTLAGNIOTOG Kol TAGKOS avTov). Kupiapyn
popon actoyiog amotelel avt) Ady® actoyiog TV KoyMav (160img otny tpmdtn cepd). [a
70 AOY0 QVTO, 1 SIAUETPOG TV KOYALDV QAVIKE 1) PAGIKT TOPAUETPOG AOENCNG TNG OVTOYNG
G ovvdeonc. Avtifeta, ol vTdAOUTES TOPAUETPOL, KUPIMG TPOKAAEGAY TNV UETOPOAN TNG
KOTOVOUNG TOV ECMTEPIKAOV EVTAGENMV GE SOPOPETIKA HEPT TNG GVVOESTG Kol Elyav emiong
EMPPON, OV  TAACTIHOTNTO. oVTNC. Téhog, pe v oAokAnpmorn g dlepevvnong,
amodelyOnke g pio tétoln dStdtaln Umopel vo Lope®OGEL Lo, cUVOEST TANPOVG AVTOYNG LLE
v aHENon TOV KATIAANA®V TOPAUETPOV.
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O voAoyopdg TG KAUTOANG POTOV-CTPOPOV LG GVVIESNC pOTNG acbevoig dEova
péom g pebodov tov Ienepacuévov Zroryeiov yopaktnpileTol amd HeyaAO VTOAOYIGTIKO
k6610¢. ['lo To Ady0 avtd,  avartuén piag dadikaciog avtiotoryn e vty tov Evpokmdduca
Yo TNV avaALoT GLVOEGE®MY 1oYLPOL GEova, Bewpeitor amapaitntn. Avtd amottel TV
“dlomaon” NG OVVOESNC GE KOTAAANAEG GUVICTMOOEG KOl OTNV OVATTLEN OVOALTIKOV
OXEGEMV Y10L TOV VTTOAOYIGUO TNG OVTOYNG OVTMV EITE OVIKOLV GTNV EPEAKVOUEVT, OAPBOEVN
N dwrepvopevn L{ovn ¢ ovvdeong. EmmAéov, dedopévov OTL otV mopovca epyacio
eEetdobnke pia pepovouévn cuvdeon acbevoic dEova, etvar eeavig N avaykn Slepevvong
eVOG KOUPOV (E6MTEPIKOV 1 YOVIOKOD) TOPOLGIN GLVOEGEMV Kol GTOVG OVO AEOVES [lE OKOTO
va eEeTaoTovV avopeva aAinieniopaonc. Télog, onuavtiky Bempeiton Kot 1 avaivon g
ev Mym ovvdeonc, mapovsio otabfepol OAmTIKOD POPTION GTO VIOGTLAMLE, KATL OVTMG 1

GAA®G dEDOUEVO GE TPOLYUATIKEG GLVONKES.

Aggearg Kherowa
Metodkég cuvoéoels, Lovdeorn acBevois acova, Tlemepaopéva Xtoyeio, Mn I'poppuxn
Avaivon
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1. INTRODUCTION

In the design of steel structures, of paramount importance is the design of connections.
Their presence on the structure determine its response characteristics such as displacements,
internal forces as well as failure load and failure mode. Unlike cast-in-place reinforced
concrete which ensures monolithic properties to the structure, in steel structures the design
and construction of connections its necessary and demands extensive effort and time.
Inadequate connections can be the “weak link” of the structure and cause its failure without
even affect the steel members.

In connections, various configurations are used ensuring sufficient transmission of
internal forces. The configuration depends upon the type of connecting elements, magnitude
of forces and moments, available equipment, erection, fabrication and cost considerations. In
modern steel structures, connections are primarily made either by bolting or welding. Bolted
connections allow a great variety of structural solutions and are deemed to be economical and
more appropriate constructed in field regarding safety. Welding, on the other hand is easier
to make, requires a few, if any, holes in the connected members and it is usually shop
fabricated. In both cases, the geometry of these connections is highly intricate, as it is shown
in Figure 1.

Figure 1. Complexity in the geometry of bolted (left) and welded (right) connections
(Source: Google search)

Typically, in cases that both columns and beams are of double tee profiles, the
connections are realized by a bolted end plate. Although, usually connections to the minor
axis of the column are designed not to carry moments (simple connections), in some cases it
is inevitable to have moment carrying connections in both the minor and the major axis of
the column so that the necessary structural rigidity against lateral loads is achieved (Figure
2). Although a lot of research exists for major axis connections, in the case of minor axis
connections the relevant research is somewhat limited.
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Figure 2. Joints with connections on both major and minor axis of the column
(Source: Google search)

In more detail, in cases that bracing is not possible for a variety of reasons, usually
architectural, the required rigidity of the structure is usually achieved by moment resisting
frames also along the minor axis of the structure. Usually, in these cases two alternatives
exist, have two end plates, one welded to the two flanges of the column and one to the beam
bolted to each other or connect the beam directly to the web of the column (see Figure 3a).
Usually, the construction of the second connection (Figure 3b) is more difficult as in the case
that a strong axis connection also exists, manufacturing conflicts appear.

beam column beam

(b)
Figure 3. Minor axis connections with double end-plate (a) and direct connection of the beam
to the column's web (b)

For the design of major axis steel connections, the relevant Eurocode (Eurocode 3 part
1-8 1) provides an approach based on the component method. In this method, the response
of a connection is calculated by the geometrical and mechanical properties of its components.
The mechanical models are based on association of springs in series and/or parallel. The
component method provides efficient solutions for major axis connections but it fails to
describe the behavior of its weak-axis counterpart. However, from a theoretical point of view,
the procedure that the component method follows can be applied to any type of joint.

For the estimation of the capacity and the understanding of failure mechanisms of a
weak-axis connection, when the beam is directly bolted to the column web, analytical models
and design methods based on yield line analysis and plate theory have been proposed.
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Conversely, such research has not yet been performed regarding minor axis connections
where the beam is connected to the column two flanges. Only a limited amount of research
has been performed for this particular connection configuration and the interaction between
major- and minor-axis connections in 3-D joints. These types of connections have not yet
been covered in Eurocode 3 for design purposes. An alternative design approach, is to use
finite element models to determine both the capacity and the rigidity of the connection. This
approach however is not easily applicable in every day engineering practice as it is both time
consuming and requires advanced simulation and engineering skills.

The purpose of this thesis is the investigation of the behavior of the developed double
end-plate minor axis connection (Figure 3a). More specifically, detailed numerical 3D models
will be formulated capable of taking into account the different phenomena that may appear
such as material-geometrical nonlinearity and the contact interaction between the various
components of the connection. The investigation focuses on the impact of the geometry of
the key components on the capacity and response of the connection, such as the thickness of
the end-plates the dimensions of the vertical-stiffener and the size and grade of the bolts.

In Chapter 1, an introduction to the problem at hand is made. In Chapter 2, an overview
of connections and joints as well as the methodology and classification of Eurocode 3
focusing on bolted end-plate connections is presented. In the sequel, a state of the art literature
review regarding weak-axis connections is provided.

In Chapter 3, the formulation of the numerical models is discussed. First, the geometry
of the connection is presented as well as the parameters whose impact on the behavior of the
connection will be investigated. Next, the results of the necessary investigation regarding the
finite element discretization are presented and finally the numerical models as well as the
material properties and boundary conditions incorporated in the analyses are thoroughly
presented.

In Chapter 4, the results of the investigation are presented. First, the imperativeness of
the use of the vertical-stiffener is highlighted. Subsequently, the influence of the thickness of
the end-plates, the dimensions of the vertical stiffener and the diameter and grade of bolts is
thoroughly discussed by relevant comparisons between the various models. In addition, a
presentation on how to achieve a full-strength connection is presented.

In Chapter 5, the drawn-conclusions from the investigation are presented with a focus
on the reliability, usability and efficiency of the finite element method in the design of such
connections as well as the key-components that affect their capacity, rigidity and ductility.
Finally, suggestions for further investigation are presented.
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2. THEORETICAL FRAMEWORK

2.1 Joints and connections

A steel structure consists of prefabricated usually linear members, which are transferred
on the construction site in order to be connected with each other. Similarly, every
prefabricated part is composed by the connection of smaller parts. The aim of connections is
the proper configuration of the smaller parts and the restoration of the continuity of the
different members. In Figure 4 different kind of major axis joint configurations are presented.

e
.....

1. Single-sided beam-to-column joint
configuration

2. Double-sided beam-to-column

joint configuration

S 3. Beam splice.

4. Column splice.

T
Tage

5. Column base.

L]

T

Figure 4. Major axis joint configurations (Source: Eurocode 3 part 1-8, Fig.1.2)

Figure 5. Difference between joint and
connection

=
i it

i web iE::;n ii

| | panel |! ' <
| | inshear|! H

| L

i LLE-—- N Connection

As the terms joints and connections are
used interchangeably in practice, a distinction
between those two is essential. A connection
comprises structural elements (bolts, end-plates)
used for joining different members of a structural
steel frame work. It is assumed, that the
connection is located exactly at the region where
the fastening action occurs (e.g. at the interface
between the edge of the beam and the column in
a beam-column joint). The term joint is used to
describe both the connection and the interaction
zone between the connected members, namely
the panel zone of the column web (e.g. joint =
web panel in shear + connection).
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2.2 Classification of joints

Traditionally, steel frame designers assumed that beam-to-column joints are either rigid
or pinned, despite that the actual rotational behavior of joints is often intermediate between
the two extreme situations. These assumptions allow a great simplification in structural
analysis and design, but they disregard the actual behavior of joints. Although computational
capabilities have been exceedingly improved the last two decades, most of steel frames are
still being designed by this hypothesis. This leads to the conclusion that frames designed with
the pinned joint assumption do not exploit the limited yet existent stiffness, while frames
designed with the rigid joint assumption often lead to an increase of the final cost due to the
installation of multiple stiffeners, in order to achieve the required stiffness.

Depending on the internal forces that they transmit, connections are divided into:

Simple Connections

This type of connection, receives and transmits only axial and shear forces, allowing the
resulting rotations under design loads, without developing significant moments. An example
is the pinned beam-to-column connection, which transmits shear force from the beam to the
column, as well as the pinned connection in trusses, which distributes the axial forces from
the members to the joints (Figure 6).

Figure 6. Fin plate (a), KT Gusset plate (b) and flexible end plate (c) simple connections
(Source: Limocon v3.63 connection software)

Moment Connections

A moment connection can receive and transmit not only forces but also moments. Typical
examples are restorations of continuity (splice connections), steel frame beam-to-column
connections which transfer shear and moment from the beam to the column and of course
column base connections (Figure 7). It is worth mentioning that moment connections are
invariably pricier than simple connections, because they involve much more fabrication
effort.
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(®)

TEAGR

Figure 7. Moment connections (bolted end plate (a), bolted end plate apex (b) and base
plate (c)) (Source: Limocon v3.63 connection software)

2.2.1 Classification by stiffness

In the case of elastic design, the classification system requires only the rotational
stiffness criterion leading to three categories: nominally pinned, rigid or semi-rigid. The first
two categories considered the traditional ones while the intermediate third category has been
introduced to fill the gap between pinned and rigid connections and it is now accepted in the
relevant codes.

To classify connections, a comparison between connection’s initial rotational stiffness
and the frame’s stiffness needs to be made (Figure 9). The total response of a joint can be
represented by the relevant moment-rotation diagram (M-¢), where the first is the transmitted
bending moment Mjeqs and the second the relative rotation @eo, which is equal to the beam
rotation minus the column rotation (Figure 8). The slope of the elastic range of this specific
diagram represents the initial stiffness S;ini of the connection. The calculation of the ultimate
moment resistance of a connection Mjeq will be analyzed in section 2.3.3, by means of the
component method which is included in Eurocode 3.
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Figure 8. Deformation of a major axis joint [

Nominally pinned Connections

Nominally pinned connections are assumed to transfer the shear and eventually the normal
force from the beam to the column and should allow the relative rotations between the
connected members to be developed. This type of connection is widely used when lateral
stiffness of structure is achieved by appropriate bracing systems.

Rigid Connections

Connections classified as rigid may be assumed to have sufficient rotational stiffness to
justify analysis based on full continuity. In addittion, the corresponding parameter S of such
connections is considered to be almost infinite.

Semi-rigid Connections

Connections that can be included in this category, are those where the relative rotation
between the connected member and the joint is changing according to the transferred bending
moment M to the member. Semi rigid joints, provide a predictable degree of interaction
between members, based on the design moment-rotation characteristics of the joint. The
simplest way to simulate the behavior of such connections is by using rotational springs
between the connected members. The rotational stiffness of the spring S is the parameter that
connects the transferred moment Mjeq with the relative rotation geq. The economic and
structural benefits of semi-rigid connections are well known and much has been written about
their use in braced systems. However, because of their highly non-linear behavior, they are
seldom used by designers.
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Zone 1: rigid, if Sjw = kEL/ Ly

‘ where:
M, kp=28 for frames where the bracing system

reduces the horizontal displacement by
at least 80 %

ky = 25 for other frames, provided that in every
storey KyK. = 0,1 )

Zone 2: semi-rigid

All joints in zone 2 should be classified as

? semi-rigid. Joints in zones 1 or 3 may
3 > optionally also be treated as semi-rigid.
¢. Zone 3. nominally pinned, if 5;;; < 0.5EL /Ly,

) For frames where KiK. < 0,1 the joints
should be classified as semi-rigid.

Figure 9. Classification of joints by stiffness (Source: Eurocode 3 part 1-8, Fig.5.4)
where:

Ko is the mean value of I+/Ls for all the beams at the top of that storey;
K. is the mean value of I/L.for all the columns in that storey;

I is the second moment of area of a beam;

l is the second moment of area of a column;

Lo is the span of a beam (centre-to-centre of columns);

L. is the storey height of a column.

2.2.2 Classification by strength

In case of structural design based on rigid-plastic analyses, the classification criterion
is based on joint flexural resistance is of concern. the Design Moment Resistance M;rd, IS
equal to the maximum value of the M-¢ curve in terms of moment resistance According to
the relevant part of the Eurocode 3, connections can be classified by their strength into two
categories: full strength and partial strength connections. It is also suggested that if the design
moment resistance Mjrg Of the connection does not exceed 25% of the design moment
resistance of the beam, the connection should be classified as nominally pinned (for a full-
strength connection, provided that the joint has additionally sufficient rotational capacity).

Full-Strength Connections

A connection should be classified as full-strength in case that its design moment resistance
Mird at least exceeds the ones of the connected members. Such connection must meet the
criteria given in Figure 10. A plastic hinge will be formed in the adjacent member, but not in
the connection. Examples of such connections, are column and beam splices, where the
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design moment resistance of the connection is greater than the one of the relevant member or
beam-to-column joints, where the design moment resistance of the joint is greater than the
ones of the connected members

Partial-strength Connections

A joint which does not meet the criteria of a full-strength joint or a nominally pinned should
be classified as a partial-strength joint. A plastic hinge will be formed in the connections and
in such case, sufficient rotation capacity is required. A characteristic example is beam-to-
column joints, where the design moment resistance of the joint is less than the design moment
resistance of the connected beam.

a) Top of column

Either Mirs 2 Moptre
r M; rq
or IMde 2 Mc.p{.Rd
b) Within column height I_ Either Mzs 2 Moprrs
) M, rq
or Miga 2 2Mepira

Key:

Ms o1 rq 15 the design plastic moment resistance of a beam;
Mz ptra is the design plastic moment resistance of a column.

Figure 10. Full strength Joints criteria (Source: Eurocode 3 part 1-8, Fig.5.5)

It should be noted at this point, that the use of semi-rigid joints in structural analyses
instead of the conventional nominally pinned and rigid ones, will not only affect the
structure’s deformations but it will also have a substantial impact on the distribution and
magnitude of the internal forces throughout the structure.

Additional classification methods have been introduced for beam-to-column
connections such as the proposed method from Nethercot et. al. [ | in which the moment
resistance and rotational stiffness are considered simultaneously. Lastly, a parameter
according to which connections can be classified, is their plastic rotation supply. Respectively
to member profiles, joints can be characterized by their plastic behavior, that is their ability
to resist local instabilities and brittle failures. Full ductility connections are able to develop
a plastic rotation supply equal or greater than that of the connected member, while partially
ductile connections less than that. The practical interest of this classification is the
assessment of whether an elastoplastic analysis can be performed or not, until the collapse of
the structure due to the formation of enough plastic joints.
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2.3 Modelling of joint behavior

As already emphasized in the previous section, steel structures are usually designed by
assuming that the connections are either fully rigid or ideally pinned. Nevertheless, in spite
of their obvious rigidity, allow a certain degree of rotation and deformation or, in spite of
their apparent deformability, provide a certain degree of rotational restrain. In other words,
all actual beam-to-column joints behave as semi-rigid ones. The most important input data
for the analysis and design of semi-rigid frames is the moment versus rotation curve M-¢. A
thorough understanding of this curve for each connection can ultimately lead to more reliable
prediction of load effects and subsequently to more economic structural solutions.

In this framework, an accurate modelling of the beam-to-column joint behavior is of
essence. In order to achieve such high level of accuracy and closely reproduce the behavior
of joints, the panel zone and each connection should be modelled separately. The shear
deformation of the panel zone is taken into account by means of a diagonal spring element
located in the middle, while the rotational springs at the two sides of the column account for
the deformability of each of the connections. For simplification purposes, the modelling of
the joint can be represented by only two rotational spring, whose moment-rotation
characteristics accounts for both the behavior of the connections and the panel zone [ (Figure
11).

Figure 11. Modelling of the joint by means of separate rotational springs

For simplified methods of structural analysis, spring elements with linear or bilinear
behavior can be used whereas more advanced methods need to rely on a more accurate
modelling of the joint behavior and in this case the use of multilinear or curvilinear M-¢
curves is suggested. Of course, the selected moment-rotation behavior in the modelling of the
beam-to-column joint, depends on the type of the global structural analysis to be performed.
In elastic analyses, where only the joint classification according to stiffness is of concern, the

10
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joint can be modelled with the use of linear spring element while if rigid plastic analysis is
used, the joint resistance is of concern and the joint modelling can be based in a bilinear M-¢
curve. Finally, when elastic-plastic analysis is performed the representation of joint’s
behavior can be bilinear, multilinear or non-linear.

2.3.1 Methods of predicting moment-rotation curves

Different approaches can be used for predicting the joint rotational behavior and each
of them needs to be combined with a mathematical representation of the moment-rotation
curve B1'. These methods can be divided into the five following categories:

e empirical models;

e analytical models;

e mechanical models;

o finite element models;
e experimental testing.

Empirical models

Empirical models are based on the use of empirical formulations relating the parameters
involved in the mathematical representation of the moment-rotation curve to the geometrical
and mechanical properties of the beam-to-column joints. Selected data from experimental
testing, finite elements or from other methods can be used to obtain these empirical
formulations by means of regression analyses.

Several empirical models have been developed and suggested throughout the years,
with the first being that by Frye and Morris (1975) [®1 which is based on an odd-power
polynomial expression of the M-¢ curve with parameters that include the mechanical and
geometrical properties of the joint. Later, a new empirical model was developed based on a
wide parametric analysis by means of the finite element method (Krishnamurthy et al. (1979)
[ This approach was applied to the case of an extended end-plate connection with four bolts
in the tension zone and led to a simple power representation of the moment-rotation curve.
Kukreti, Murray and Abolmaali (1987) (81, adopted the above approach and provided insights
about flush end-plate connections and also for extended end-plate with eight bolts in the
tension zone and a stiffened end-plate.

Finally, a different approach has been used by Faella, Piluso and Rizzano (1997) ! for
extended end-plate connections. The authors analyzed more than 110.000 different extended
end-plate beam-to-column joints by means of a mechanical model based on the Eurocode’s 3
component method. For the empirical model, the mathematical representation of the M-¢
curve that was adopted is the one that is also suggested in the Eurocode 3 and will be
discussed further later (Section 2.3.2 The Component method in bolted end-plate
connections).

11
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However, these empirical models are only applicable for specific configurations that
were used for the calibration of the relevant formulations and given that, this method has a
major drawback. In addition, this method fails to present the contribution of each component
to the overall response and to explain the failure mode of the joint. For these reasons, more
advanced methods have been developed, that manage to overcome these obstacles.

Analytical models

The basis of these kind of models is the prediction of moment-rotation curves directly from
the joint properties (mechanical and geometrical). A simplified connection model needs to be
created, capable of predicting the initial connection stiffness, the plastic mechanism that the
researcher has observed in a specific connection and the maximum moment resistance. The
main advantage of analytical models is their ability to produce the moment-rotation curve
with high accuracy, without resort to testing.

An extensive research has been made by Chen et al. [ 1] (1988a; 1988b) , on the
semi-rigid behavior of connections with angles. The authors, who developed analytical
expressions for the calculation of initial stiffness and ultimate bending moment, assumed that
the connection lies on a rigid support and not to a deformable column. In other words, it
should be considered that those expressions are referred to the connection’s behavior rather
than the joint’s one.

Perhaps the most complete study for end-plate connections, that also includes the
column deformations is that of Yee and Melchers (1986) 2. They separated the joint into
five different effects of action:

o flexural deformation of the end plate;

o flexural deformation of the column flange;

e bolt extension;

e shear deformation of the panel zone;

e deformation due to the compression zone of the column web.

The following failure modes, that aim to provide the weakest connection element, have
been proposed:

e tension bolt failure;

o formation of a plastic mechanism in the end plate;

o formation of a plastic mechanism in the tension zone of the column flange;
e shear yielding of the column web;

e column web buckling;

e column web crippling.
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By computing the deformation, displacement and plastic resistance of each element the
authors manage to provide expressions for the calculation of the rotational stiffness and
moment resistance of the joint. This procedure, considers to be the predecessor of the well-
known and applied “component method”, incorporated in the Eurocode 3.

Mechanical models

A mechanical model, also known as spring model, simulates the behavior of a joint or
connection by using a set of flexible and rigid components with predefined mechanical
characteristics. To produce the expected non-linear response of the joint or connection,
relevant inelastic constitutive laws are adopted for the deformable spring elements. These
constitutive laws are obtained from empirical relationships, test data, numerical simulations
or analytical models.

A major advantage of this method, is that a curve fitting in the knee of the A-¢ diagram
is unnecessary due to the method’s ability to produce multilinear overall behavior, from the
successive yielding of the spring elements or joint components. However, this method usually
requires the use of computer programs to generate the moment-rotation curve.

Several researchers have developed mechanical models with the aim to provide the
response of different joint configurations. Wales and Rossow (1983) [*® suggested a
mechanical model that simulates the behavior of double web angle connections under bending
moment and axial load. Their model was extended by the work of Chmielowiec and Richard
(1987) 141 to include the top and seat angle with double web angles joint configuration.

In order to simulate the behavior of welded and end-plate bolted connections,
Tschemmernegg and Humer (1988) '] created two mechanical models that include several
springs, each of which representing a different part of the joint. For the model of the welded
joint, two nonlinear springs exist, the “load introduction spring”, which accounts for the
deformation due to the load transmitted by the beam flanges and the “shear spring”, that
simulates the deformation of the panel zone. In the case of a bolted end-plate connection,
additional springs has been used, namely “connection springs”, which account for the new
sources of deformation. (Figure 12).
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Figure 12. Mechanical model of a bolted joint (Tschemmernegg and Hummer, 1988)

For the calibration of a mechanical model of a beam-to-column joint, an identification
of the joint components needs to be made. The so-called components are deformable elements
with a failure potential in each configuration. These components and their corresponding
models have been collected and incorporated in the Eurocode 3 within the component method
(Section 2.3.2 The Component method in bolted end-plate connections).

Finite Element Analysis

Finite element technique is a sophisticated approach to predict the behavior of joints, using
2-D and 3-D models that simulate their non-linear behavior. Particularly in the case of bolted
connections, the analysis requires the modelling of the following:

e geometrical nonlinearities;

e material nonlinearities;

e contact interaction between bolts and plate;
e friction resistance;

e slip due to bolt-to-hole clearance;

o welds;

e imperfections (residual stresses).

In the case of welded beam-to-column joints, the finite element technique has proven
to provide sufficiently accurate results. Conversely, when it comes to bolted joints the above
requirements are not always fully attained. Despite the significant progress that has been
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achieved the past few years, the complex mechanisms behind semi-rigid bolted connections
still need to be investigated and understood in order to be modelled properly.

The first study of into joint behavior using the Finite Element Method, conducted by
Bose et. al. [*8l and was related to welded beam-to-column joints. The model, among others
included plasticity, strain hardening and buckling. The following years, researchers focused
their studies predominantly in bolted connections. Krishnamurthy and Grabby ] | created
the first 3-D numerical model of a joint while Sherbourne and Bahaari [ developed a model
to investigate the behavior of bolted end-plate connections. Bursi and Jaspart modelled T-
stub connections [*°1 and isolated extended end-plate connections %2 .Choi and Chung [?%
, created a model of a double extended end-plate connections in which the column flange was
included. Bahaari and Sherbourne %1 and Sumner et al. 4! developed detailed 3-D models
to investigate 8-bolt and 4-bolt extended unstiffened end-plate connections. Swanson et al.
251 ysed 2-D as well as 3-D models to investigate the behavior of T-stub flanges. Gantes and
Lemonis [?®1studied bolted T-stub connections while Abolmaali et al. 2"l modelled flush end-
plate connections. Maggi et al. %81 conducted a parametric analysis regarding bolted extended
end-plate connections and Kukreti and Zhou 21 using 3-D finite element models quantified
the influence of semi-rigid connections characteristics on steel frame behavior. Dai et al. B
studied five different type of joints: fin plate, flexible end-plate, flush end-plate, web cleat
and extended end-plate on fire conditions.

Considering the aforementioned numerical studies on bolted beam-to-column joints the
following three observations can be made 34 :

e End-plate joints are the most studied;

e Most of the models include: geometric and material nonlinearity; bolts contact
and pre-tensioning;

e Although computational capabilities allow the calibration of 3-D models, other
finite elements have been used: 2D plane stress and shell elements and truss and
beam elements for columns, beams and bolts.

Experimental testing

The prediction of the moment rotation characteristics of beam-to-column joints can be also
achieved by means of experimental testing. More importantly, this method is used to assess
the reliability of empirical, analytical, mechanical and finite element models. It should be
noted though that this method does not predict accurately the true joint behavior in building
frames. The stress distribution in the panel zone of the column web in tested specimens is
constantly modified. This particular process differs from the one in joints integrated in
building frames. Additional differences are related to the internal actions induced in the
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building erection process, to the geometrical imperfections and the numerous loading
conditions which joints, as a part of a building are required to withstand.

2.3.2 The Component method in bolted end-plate connections

In order to design a bolted end-plate connection, a proper identification of the basic
components that influence its function needs to be made. Eurocode 3 comprises 20 different
components in total that each of them can be used in the mechanical modelling of various
configurations. In case of an extended bolted end-plate connection the overall behavior can
be obtained considering eight individual components, as it is shown in Table 1. Each of these
components can be described by its own level of strength and stiffness in tension,
compression or shear.

The application of the component method requires the following three steps (Jaspart, 2000
[32] ):

1. ldentification of the active components is the studied joint;

2. Evaluation of the mechanical properties of each of these components (specific
characteristics or the whole deformability curve);

3. Assembly of the components for the calculation of the mechanical characteristics
of the whole joint (specific characteristics or the whole deformability M-¢ curve).

Some of these components are highly dependent on the number of the bolt rows in
tension but also on the location of each bolt row. These components are the end-plate in
bending, the column flange in bending, the bolts in tension, the column web in tension and
the beam flange in tension. To evaluate the contribution of these components, the behavior
of each bolt row as both a single row and as belonging to a bolt group needs to be made.
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Table 1. Basic bolted end-plate joint components (Source: Eurocode 3, part 1-8, Table 6.1)

The most important components of extended end-plate bolted connections (end-plate
and column flange in bending) can be analyzed using the so-called T-stub model (Figure 13).
These equivalent T-stubs play a fundamental role in the prediction of the moment rotation
curve. To obtain the force-displacement diagram of a T-stub, the evaluation of its behavior
subjected to axial forces needs to be made.

Figure 13. T-stub identification for extended end-plate bolted connection [
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The joint moment resistance Mjrq is calculated by means of the following relationship:
Mird = Xi=q hiFird 1)

where:

Fird is the resistance of the i-th bolt row;
n is the number of bolt rows in tension;
hi is the distance of the i-th bolt row from the center of compression.

The rotational stiffness S;j, which for amoment Mjeq less than the design moment resistance
Mijrda Of the joint and provided that the axial force in the connected member Neqg does not
exceed 5% of the design resistance Npira Of its cross-section, may be obtained with sufficient
accuracy from the following expression:

Exz?

S; = 2
) #*Zi% )

where:

ki is the stiffness coefficient for basic joint component i ;

z is the level arm, which for bolted connection is the distance between the center of
compression and the bolt-row in tension (with only one bolt-row active in tension);

u  isthe stiffness ratio, where Sj= Sjini if pu=1, otherwise if Mjeq > 2/3 M; Rrd

1=(1,5Mjed/ Mjra)"¥ (w=2.7 for bolted end plate connections).

Finally, the moment-rotation diagram that Eurocode 3 adopts is the trilinear
approximation shown in Figure 14a. However, most computer design programs, are based on
the bilinear approximation of the moment-rotation curve. For this reason, Eurocode 3 also
suggest the use of the bilinear diagram (Figure 14b). The stiffness modification factor n, is
based in the type of the connection. For bolted end-plate joints n=2.
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Figure 14. Trilinear (a) and bilinear (b) approximation of the Eurocode 3 representation of
the moment-rotation curve [*]

2.4 Weak-axis connections and 3-D joints
2.4.1 Beam connected to column web

In beam-to-column minor-axis joints a common design solution is to connect the beam
directly to the column web. Part 1-8 of Eurocode 3, limits the component method and
considers this joint only as an internal node with balanced moments in the two directions and
thus no bending moment transmitted to the column through its web. However, given the
existence of external joints and that in internal ones usually moment in both sides is unequal,
the column web exhibits an out-of-plane deformation and this phenomenon needs to be
examined.

Initially, such joints were recognized as pinned ones. In 1934, the laboratory studies of
Young and Jackson 33 showed that this idealization is not in accordance with the joints’
actual structural behavior. Few decades later, a series of tests performed by Rentschler, Chen
and Driscoll Jr. ¥ demonstrated the critical role of the column web in out-of-plane bending
in the joints’ response. This was also confirmed in the later studies of Chen and Lui *° | Janss
et al. %81 | Davison et al. "1 and Kim [ . The analytical approach presented by Gomes,
Jaspart and Maquoi 2 regarding the accurate calculation of the ultimate moment-resistance
of minor-axis joints is considered to this date the most important and will be discussed later.

A beam-to-column minor-axis joint where the beam is directly connected to the column
web, can be either welded or bolted. In both cases, the mechanisms of such joints can also be
observed in the case of connections between a beam and a RHS section (Figure 15).
Hereafter, a presentation of the minor-axis joint moment resistance and rotational stiffness is
going to be made with a focus on connections of | profile sections.
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Figure 15. Beam to I-section column and beam to RHS section column joints 2]

Strength of minor-axis joints

A minor-axis joint similarly to its major-axis counterpart, can be decomposed into a
number of active components. More specifically, for an end-plated minor-axis joint, the five
following components need to be taken into consideration (Steenhuis et al. 1998 %)

e column web in bending and punching;
e bolts in tension;

e end plate in bending;

e beam web in tension;

e beam flange and web in compression.

The strength and stiffness properties of all these components can be determined from
Eurocode 3 method, except for the component “column web in bending and shear punching”.
In 1996, Gomes, Jaspart and Maquoi 2! published and extensive research in the behavior of
this specific component and proposed a method that predicts its failure modes. Their study
contains expressions for both bolted and welded joints based on the Johansen yield line
theory. Hereafter, this method is going to be presented, focusing on minor-axis bolted joints.

The most common case of failure in minor-axis joints, is the one due to the out-of-plane
deformation of the column web. The failure mechanisms of the column web can be divided
into two main groups: Local and Global mechanisms. When local failure occurs, a yield line
pattern should be observed only in the tension or compression zone, while in case of global
failure both zones are involved (Figure 16).
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Figure 16. Local (a) and Global (b) failure mechanisms in a minor-axis joint

Local failure

The local failure mechanism is the one associated to the minimum plastic force:

Fiocal,rd = Min ( Fpunch,rd ; Feomb,Rd ) 3

where Fpunch,rd IS the punching shear resistance;
Feombra 1S the resistance to combined punching shear and bending,

given by equations (4) and (5) respectively.

For bolted connections, the punching perimeter of the column web depends on the diameter
of the bolt head and the number n of bolts in the tension zone. The resistance in shear
punching is given by the following expression:

Fpunchra = N 72 dm tc fy / (V3 70) (4)
where twe IS the thickness of the column web;
fy  is the yield strength of column web;
y.0 1S the partial safety factor for steel.

In equation (5), the resistance against combined flexural and punching shear mechanisms is
presented. When x=0, this combined mechanism is transformed into the pure flexural one
(flexural yield lines in Figure 17). For bolted connections, the dimensions b and c of the
equivalent rectangle are defined by equations (7).
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_ 2¢ |TVL(a+x)+2c | 1.5cx+x"2
Fcomb,Rd =K twe fy p + J3t (@+x) Yu0 (5)
1 if “2>5
where k= (6)
07+062 if &9<5
a=L-b

X can be calculated by relevant expressions in Ref. [2]

In bolted connections, when a single beam is connected to the column web, the tension
load acts in a specific rectangular area (Figure 17). The dimensions of the equivalent
rectangular are:

b =bo + 0.9dm
{c =co + 0.9dm (7)
where by and ¢, are the distances between bolts centers and dn, is the mean diameter of the

bolt (dn = “=2).

Global failure

Global failure mechanisms involve both tension and compression zones and the
corresponding failure force may be obtained as:

2b
Fglobal,rd = ( Feomb,rd / 2 ) + (twc2 fy/4) (7 +7+2p)/ yo (8)

where  Feombra IS given by equation (5);

z is the distance between the center of tension and compression zone and
1 if z/(L—b) <1
p:{i if1<z/(L—b)<10 ©)
L—-b - -

The two mechanisms of global failure are often assumed to be symmetrical and in this
case the failure load can be calculated once. However, when the dimensions b x ¢ of the
compression zone are different from those in tension zone, equation (8) should be applied
twice, one for each zone and the final load will be an intermediate value.
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Figure 17. Flexural mechanism in the tension zone of a bolted connection (left) and
dimensions of equivalent rectangle and bolt (right) &%,

Ultimate moment

The ultimate moment resistance of the joint can be obtained by My = z X min ( Fiocalrd ,
Fgiobalrd ). When there is not axial force in the beam, the compression and tension forces are
equal. In this case, the dimension c of the equivalent rectangular in the compression zone
(Figure 17) will be determined in order to have the same plastic load with the tension zone.
For simplification purposes, it can also be assumed that these two zones have the same b x ¢
dimensions. Finally, the distance between the compression and tension zone is the one
between the centers of their equivalent rectangles.

The above-mentioned method, is deemed to be the most fundamental one for the
estimation of a minor-axis joint response. However, several researchers have presented
alternative methods and provided additional insights in this matter. A mechanical model of a
minor-axis joint proposed by Lima et al. (2001) “° in the basis of the component method,
that was after compared with finite element modelling results, confirmed the importance of
the column web thickness for the joint strength and stiffness. On the other hand, the authors
found the stiffeners in the column web equally important. Given that, they concluded that
designers should position the stiffeners as close as possible to the bolt’s top row.
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Rotational stiffness and capacity of minor-axis joints

The rotational stiffness of a minor-axis joint is calculated according to equation (2). As
it is previously mentioned (section 2.4) a minor-axis joint can be dissembled into five active
components. Each of these components is characterized by a stiffness factor. These factors
can be obtained by Eurocode 3 except in the case of the column web in bending and punching
component, whereas neither the relevant coefficient nor the component have been included
yet.

Expressions that predict with high accuracy the components’ stiffness have been
proposed by Neves and Gomes (1994) [l | For the estimation of the component coefficient,
the authors modelled the column web as a plate supported at the junction with the flanges and
free in the others boarders (strip model) . An effective width (leff) is estimated according to
the column geometry (Figure 18). The factors can be calculated for a minor-axis joint alone,
or for the case when the column flange is restrained by a major-axis beam. A simplified
evaluation of the joint post-yielding rotational capacity can be found on Ref. [41], [42].

An alternative approach has been proposed in 2009 by Lima et. al [“9  in which
reflection photoelasticity experiments were performed for the evaluation of the actual value
of the effective width (Figure 18). It is worth mentioning that it was the first time that such
technique was implemented for the investigation of minor-axis joints. The findings were later
compared to FEM simulations. The technique was found to be superior than the conventional
experimental methods, due to its ability to produce the evolution of the principal stress
distribution in the column web at each step and even display the development of yield lines,
thus obtain with good accuracy the effective width and the column web stiffness factor.

Figure 18. Strip model for the stiffness of the column web in transverse bending
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Despite the above advances for the estimation of minor-axis joint stiffness, Silva
(2008) M4 mentioned that some developments are still required to achieve a better
understanding concerning: (i) the incorporation of a simplified large-displacement
formulation including membrane effects for the evaluation of the post-limit response; (ii) the
establishment of a method that deals with the problem of web panels connecting beams with
various levels of bending moment and (iii) the consistent validation of the procedure for a
wide range of configurations and loading.

2.4.2 Beam connected to column flanges

An alternative design scheme in order to transfer the beam’s moment to the minor-axis
of an | section column is to connect the beam to the column’s two flanges. In comparison
with major-axis connections the literature provides few insights about the minor-axis
counterpart and their simultaneous existence in three-dimensional joints.

Cabrero and Bayo 8471 performed an

experimental study for a proposed design for 3-D

joints where the minor-axis connections are bolted to

a plate welded to the column flanges (additional plate)

(Figure 19). In the proposed joint, minor-axis

connections consist of two partial end-plates with a

gap to access and tighten the bolts properly if the

column size is not big enough. The use of this doubled

end-plate minor-axis connection in 3-D joints is

characterized by several advantages. The connections

in the two axes of the column do not hinder with each

Figure 19. Cabrero and Bayos’ studied ~ Other so they can be design separately. Furthermore,

connections the additional plate acts as a stiffener for the major-

axis connection. From the tests that they conducted, they found that the thickness of the

additional end-plate is a key parameter to the joints’ behavior and that Eurocode 3,

overestimates the rotational stiffness of tested major-axis connections. Finally, the authors

developed an elastic model for the additional plate in bending in both the upper and lower
zone.

A few years later, Loureiro et al. 81 | provided additional insights about the above
mentioned connection by using extended continuous end-plates (similar to the one studied in
this thesis, Figure 20), instead of two partial in the tension and the compression zone. The
authors performed experiments for external, internal and corner joints. From these tests, they
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concluded that a symmetrical load in the minor-axis
results in a significant increase (1,7%-7,6%) of the
initial stiffness in the major-axis joint, due to the
tensioning effect in the column flanges. Conversely,
in external and corner joints, the shear in the column
web due to the asymmetrical loading, results in a
reduction of the initial stiffness of the major-axis joint.
When the geometry, end-plate thickness and bolts are
chosen to ensure a complete yield of the end-plate in
bending in the major-axis connection, the failure
mode is not affected by the presence of additional ) i _

) ] . ) Figure 20. Loureiro et al. studied
plates and load in the minor-axis connections. From a 3-D joint [
series of numerical tests, the authors showed that the additional end-plates stiffen the column
flange in bending and that its height plays a significant role in the behavior of the major-axis
joint, thus it must be considered in 3-D joint design. For these reasons, and for the accurate
calculation of major-axis joints’ stiffness in 3-D joints, EC3 needs to include in the
component method an additional coefficient that accounts for the end-plates in the minor-axis
connections.

The analytical evaluation of the resistance and stiffness of such joints is a complex task
due to the advent of a new component, the E-stub. This component if formed by the column
flange in bending, whose two sides are welded with the additional end-plates of the minor-
axis connections. Loureiro et al. 9 | studied the elastic and plastic behavior of this new
component whose location is the same as the column T-stub in 2-D joints. The authors
proposed a mechanical model of the E-stub, accounting for the column flanges in bending
and the column web and plates in tension, that provided accurate results.

Finally, a very recent study by Lu, Xu, Zhou

and Zheng % | provided insights about a

developed weak-axis beam-to-column connection.

The proposed minor-axis connection is presented

in Figure 21 and shows the several plates and

stiffeners inside the column. The mechanical

properties and failure mechanisms were examined

through a series of experiments in full scale frame

joint specimens under monotonic load. The box

strengthened joint region was found to be rigid

Figure 21. Lu et al. developed weak axis ~ €nhough so that plastic hinge forms in the beam
connection away from the joint area. The joint region and
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column remain in elastic state and the overall performance of the joint can be characterized
as highly ductile. Additionally the authors tested 10 cruciform joint specimens, with the
proposed configuration in both sides of columns’ weak axis, five of which were bare steel
joints and the rest composite ones, under seismic loads ¥ . An important conclusion was that
the welding quality between the various components is essential in order for the joints to
perform effectively under seismic equivalent loads.

From all the previous, it has become understandable that the concept of semi-rigid
minor-axis joints is accepted and adopted the past few years and by that designers have
managed to exploit the semi-rigidity of them. Nevertheless, a lot of research still needs to be
done in this area to cover alternative joint configurations and to examine them in various load

types.
2.5 Final remarks

The analysis of the behavior of steel joints is very complex and incorporates a plethora
of phenomena, ranging from material non-linearity (plasticity), geometrical non-linearity
(local instability), non-linear contact and slip and numerous intricate configurations. For
simplification purposes it is usual for the designers to adopt an idealize moment-rotation
curve where only three parameters are of concern: moment resistance (Mjrad), initial stiffness
(Sj,ini) and rotational capacity (¢cd). Since the 1970’s, much study has been devoted to the
evaluation of the strength and stiffness of semi-rigid major-axis joints while most recently
emphasis has been given in the ductility of joints.

Regarding weak-axis connections, when the beam is connected directly to the column
web, the analytical and experimental work of many scientists have clearly shown the crucial
contribution of the column web panel out-of-plane deformation to the joint response and
proven its plate-like behavior (Figure 22a). Conversely, only few studies have been conducted
for the alternative design approach, that is when the beam is connected to the column flanges
with the use of two end-plates. The use of this dual end-plate weak-axis connection in 3-D
joints is characterized by several advantages. The connections in the two axes can be
assembled easier as they do not hinder with each other and no holes on the column web are
required. Furthermore, the additional plates act as stiffeners for the strong-axis connection
and provide further resistance for the column web in shear, tension and compression. Studies
have been mainly focused in the configurations of Figure 22 b, c. and especially on the
coupling effects between connections in the two axes rather than to the investigation and
examination of the failure mechanisms observed in individual weak-axis connections.
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Figure 22. Weak-axis connection configurations

In this paper, the studied connection consists of a uniform attached plate, welded to the
column flanges, bolted to an end-plate connected to the beam. An additional vertical stiffener
has been added (Figure 22d) to increase the strength of the column-attached plates and curtail
the stress concentration in the welds between the column and its attached-plate, especially in
column sections of significant heights (e.g. h>300mm). In the sequel, the study will be
focused in the interaction of such connection in the presence of a second one in the strong
axis of the column.

A parametric analysis on an individual connection has been conducted by means of
numerical models in order to fully comprehend its structural capacity, ductility, vulnerability
and its failure mechanisms. The finite element method has been extensively implemented for
the investigation of semi-rigid connections (major and minor) and has proven to be an
efficient and reliable method. For both major and minor-axis joints, the findings of numerous
approaches and the suggestions of researchers have given the designers the knowledge to
exploit to the utmost the joint characteristics. Given that this method allows us to perform
numerous analyses, a series of tests have been performed in this thesis and the results will be
discussed in Chapter 4. The key components of such connections will be thoroughly analyzed
and simplistic designing methods will also be presented.
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3. FORMULATION OF THE NUMERICAL MODEL

3.1 Geometry of the weak-axis connection

The aim of this study is to simulate and investigate the behavior of a connection in the
minor axis of the column, essential to be understood if it is to be designed in a moment
resisting frame, mainly on cases when bracing is not possible. The studied connection that is
presented is a beam-to-column one, part of a steel frame where no bracing exists.

The geometry of the connection under investigation is presented in Figure 23. In more
detail, the connection consists of a HEB300 beam connected to a welded profile column with
dimensions very close to those of the HD360x179 standard profile. The beam is attached to
an end-plate with dimensions 300x500 and thickness of 20mm/25mm. The column has a plate
with dimensions 370x500 attached to its flanges by means of welding (full penetration welds).
This plate is referred in the sequel as column-attached plate and for its thickness two cases
were also considered (20mm/25mm). For all the studied models, full penetration welds were
considered for the connection of this plate to the column flanges. A vertical stiffener of
161mm width and height/thickness of 500mm/750mm and 10mm/16mm respectively,
reinforces the attached plate and connects it to the web of the column.

Figure 23. Dimensions of the extended double end-plate weak axis connection

The two assemblages (the beam with the end-plate and the column with the attached
plate and the stiffener) are bolted together by means of standard 1SO 4017 bolts M24, M30
and M36 (see Table 3), arranged in two columns and 4 rows, for which various alternatives
were considered. In total, 14 different models were analyzed and assessed, resulting from a
combination of the above-mentioned parameters. These models are presented in Table 2.
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Table 2. Geometric details of the analyzed weak-axis connections

Bolt type End-plate Column-plate Column stiffener
thickness thickness(mm) dimensions (mm)
(mm)
Model 0 M24 8.8 20 20 -
Model 1 M24 8.8 20 20 161x500x10
Model 2 M24 8.8 25 20 161x500x10
Model 3 M30 8.8 20 20 161x500x10
Model 4 M30 8.8 25 20 161x500x10
Model 5 M30 10.9 20 20 161x500x10
Model 6 M30 10.9 25 20 161x500x10
Model 7 M30 8.8 25 20 161x750x16
Model 8 M30 10.9 20 20 161x750x16
Model 9 M30 10.9 25 20 161x750x16
Model 10 M30 8.8 25 25 161x750x16
Model 11 M30 10.9 20 25 161x750x16
Model 12 M30 10.9 25 25 161x750x16
Model 13 M36 10.9 32 25 161x750x20

Figure 24. Bolts’ geometrical details according to ISO 4017

Table 3. Geometrical details of bolts M24, M30 and M36

Hexagon head screws — 1SO 4017

Thread size k (mm) e (mm) dp (mm)
M24 15 41,60 21,20
M30 18,7 50,85 26,73
M36 22,5 60,79 32,25
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3.2 Numerical simulation of the connection

The design of semi-rigid steel frames depends on the joint characteristics, as it has been
extensively discussed in the previous chapter. The determination of those characteristics is a
complex task due to the numerous connection types and details as well as the corresponding
parameters that must be accounted for. The improvement of the electronic system of
computation made the use of numerical analyses possible both for the field of research and
design. The past few decades, several researchers have studied different beam-to-column
joint configurations using numerical models based on the Finite Element Method (FEM) and
provided thorough insights by predicted their mechanical behavior (Section 2.3.1). In the
current study, numerical models of the double end-plate minor-axis connection have been
formulated and analyzed with the use of the software package MSC/Marc [“é1. In the following
section, the basic principles of the Finite Element Method regarding numerical simulation
and analysis are briefly presented.

3.2.1 The Finite Element Method (FEM)

The description of various physics phenomena is achieved by the use of partial
differential equations (PDE’s). For the vast majority of problems and geometries these
equations cannot be solved with analytical methods. Given that, methods that provide
approximate solutions have been constructed and used as an alternative approach. The two
most common methods are the one proposed by Rayleigh and Ritz and the Galerkin Method.

The Finite Element Method (FEM), is a sub-indent of the above-mentioned methods
and it is highly advantageous as it handles complex geometries with great efficiency and it
can be programmed in computers easily. The basis of this method, lies on the substitution of
the initial geometric filed, to a set of elements (finite elements), each with specific geometric
properties and coordinates. These elements are represented by a stiffness matrix constructed
using knowledge of the strength of materials. Using these matrices, we are able to construct
a system of algebraic equations and by solving it obtain the structures’ nodal displacements.

The application of this method requires the following steps:

1. Formulation of the geometric model of the problem;

2. Discretization of the model to smaller parts (finite elements) with specified
geometrical, mathematical and physical properties;

3. Determination of the boundary conditions of the problem;

4. Formulation of the problem equations;
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5. Solving of the equations (linear or non-linear) with a pre-selected numerical
method.

In order to solve the above-mentioned equations, a solution procedure must be
performed. Linear systems are expressed with equation 10.

Ku=F (10)
where K s the elastic stiffness matrix;

F isthe applied load vector and
u isthe displacement vector.

The Finite Element Method can be used for non-linear problems as well. In the
following section, non-linear systems and a corresponding solution procedure are briefly
presented.

3.2.2 Non-linear analysis

Non-linear analysis is usually more complex and expensive than linear analysis and a
non-linear problem can never be formulated as a set of linear equations. In general, the
solutions of non-linear problems require incremental solutions and iterations (recycles)
within each increment to ensure that equilibrium is satisfied at the end of each step. The most
common iteration procedure and the one that it is also used in the current study is the Newton-
Raphson. This method can be used in structural analysis by considering the following set of
equations in which R, K and F are functions of u.

K(u) du =F —R(u) (12)
where u s the nodal-displacement vector;
F is the external nodal-load vector;
R s the internal nodal-load vector (following from the internal stresses) and
K

is the tangent stiffness matrix.

R=Y . [BTodv (13)

where B isthe differential operator that transforms displacements to strains and
o isthe current generalized stresses.

The tangent stiffness matrix and the relevant residual is calculated at each increment
and the process is repeated until the convergence criteria are satisfied. Figure 25 graphically
demonstrates the Newton-Raphson iteration technique in one dimension to find the roots of
the function F(u) - 1= Vu-1 = 0, starting from increment 1 where F(uo) = 0.2 to increment
2 where F(Uast) = 1.0.
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Figure 25. Graphical representation of Newton-Raphson iteration technique [°]

3.2.2.1 Material nonlinearity

The first source of non-linearity is the material one and it stems from the nonlinear
relationship between stresses and strains. As opposed to an isotropic linear elastic material,
which can be defined by two constants: Young’s modulus E and Poisson’s ratio v, the
nonlinear behavior of a material needs a more complex mathematical representation
(constitutive law). This representation is obtained predominantly by experimental data and
for the most common materials like elastomers and metals, a plethora of models exists. Other
material model of significant importance in engineering problems are: composites,
viscoplastics, creep, soils, concrete, powder and foams.

To fully specify a material’s non-linear behavior a failure criterion needs to be adopted.
The failure of materials is usually classified as brittle or ductile. Steel is characterized, after
the elastic range by a ductile yield. The magnitude of the yield stress is generally obtained
from a uniaxial test. However, the stresses in a structure are usually multiaxial. A
measurement of yielding for the multiaxial state of stress is called the yield condition.
Although many forms of yield conditions are available, the von Mises criterion is the most
widely used. The criterion’s success is attributed to the continuous agreement with the
observed behavior of common ductile materials. The von Mises criterion states that yield
occurs when the equivalent stress ceq , equals the yield stress oy. The equivalent stress can be
expressed from the following two Equations.

For an isotropic material:
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ceq=[(01—02)2+ (062—03)%+ (03—01)2]%/\2 (14)
where o1, o2 and o3 are the principal Cauchy stresses.
Oeq — [(Gx—Gy)2 +(Gy—Gz)2+ (GZ—GX)2+ 6 (szy+T2yz+T22x)]‘/2/\/2 (15)

where ox, oy, 6z, Txy, Tyz and 2 are the non-principal Cauchy stresses.

Figure 26a and b, demonstrates the von Mises yield surface that encircles the elastic
region of the material.

Figure 26. von Mises yield surface [

3.2.2.2 Geometric nonlinearity

The second source of nonlinearity results from the non-linear relationship between
strains and displacements as well as stresses and forces. Geometric nonlinearity leads to two
type of phenomena: change in structural behavior and loss of structural stability. Generally,
there are two natural classes of large deformation problems:

1. large displacement - small strain problem and
2. large displacement - large strain problem
For the large displacement, small strain problem, changes in the stress-strain law can
be neglected, but the contributions from the nonlinear terms in the strain displacement
relations cannot be neglected. For the large displacement, large strain problem, the

constitutive relation must be defined in the correct frame of reference and is transformed from
this frame of reference to the one in which the equilibrium equations are written.
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3.2.2.3 Non-linear boundary conditions

The third and final source of nonlinearity can be associated with three types of
problems: contact, non-linear support and non-linear loading. During the loading procedure
of a structure or a connection, contact between different parts is occurred, occasionally
accompanied with friction development. The analysis involving gap and friction must be
carried out incrementally. Iterations can also be required in each (load/time) increment to
stabilize the gap-friction behavior. The problem of contact appears in bolted connections in a
great extent due to the interaction of bolts and plates, the slip caused by the bolt-to-hole
clearance and the friction phenomenon between the plates. In case of non-linear supports the
modelling can be made either by non-linear springs or elastic foundations. Finally, the
directions and the areas of the loads are constantly changing when the structure is deformed.
Due to this fact, disregarding the non-linear loads in specific structures could result in a
significant error.

3.2.3 Discretization and grid sensitivity

During the discretization process, two things need to be specified. First, the number of
the elements and second the type of them. When a model contains curves, corners and sharp
edges, a common technique is to increase the number of elements to achieve an efficient
representation of the actual geometry and generally obtain improved results. However, such
action can result in a lengthy analysis time and a large number of data, something that needs
to be avoided if a high number of analyses is to be performed. Usually, in cases when the
model lacks intricate curves and edges, an alternative method is to induct higher-order
elements. Either way, knowing the nature of the investigated problem is of essence in order
to obtain trustworthy results.

In the studied connection, numerous analyses were performed, using various element
types and mesh density, to achieve the best-possible effectiveness. Each part of the
connection (column, beam, welds, plates, bolts, stiffener) was modeled separately. Initially,
the discretization of the whole model was achieved using a four-node isoparametric three-
dimensional tetrahedron with three global degrees of freedom (x,y,z) (Figure 27. Forms of
four-node (a) and ten-node (b) 3-D tetrahedron elements). The use of this element was
combined with a finer mesh but because the strains are constant throughout it, it resulted in a
poor representation of the effects of action in the critical areas and the contact phenomenon
between the two plates.

For these reasons, a more accurate element was chosen for the critical areas, the ten-
node isoparametric tetrahedron again with three global degrees of freedom (x,y,z) (Figure
27b). Each edge of this element, forms a parabola so that four nodes define the corners of the
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element and a further six nodes define the position of the mid-point of each edge. This element
was found to be advantageous when used in the non-linear analysis. Given that, the ten-node
tetrahedron element was used with a fine mesh in the zone that was considered critical (e.g.
yield areas). This zone is presented in Figure 28 and it includes the connection as well as a
wider beam and column region.

Figure 27. Forms of four-node (a) and ten-node (b) 3-D tetrahedron element

For both element types, the geometry of each element in the model is determined by a
pre-chosen algorithm embedded in the software package. A considerable differentiation can
be observed in the small size of elements in the curved welds of the column and the beam
compared to those in other parts of the connection that are comparatively larger.

Given both the symmetry of the connection and the symmetry of the load, it was decided
to analyze the one-half of the numerical model. The plane of symmetry passes through the
column, beam, plates and stiffener and the appropriate boundary conditions in the cross-
section will be presented in Section 3.2.7.2. By exploiting the models’ symmetry, the
computation time was considerably reduced and more analyses were able to be performed.

Several analyses were performed prior to the main investigation to fully apprehend the
models’ grid density needs. These analyses clearly showed the sensitivity of the model
regarding the bolts discretization. A considerable fluctuation in the structural response of the
joint was observed when the selected mesh factor was altered and for this reason a series of
analyses were performed each time with an increased number of elements in the bolts. When
the response of the joint was not further changed, the final grid factor was obtained. However,
in order to maintain a reasonable analysis time, it was decided to apply these factors only in
the two upper bolt rows, that are critical parts in terms of force distribution.
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3.2.4 Finite Element Model of the connection

For the simulation of the various alternatives of the considered joint, 3D solid finite
elements were used within the MSC Marc software environment. In order to reduce the
computational cost, the symmetry of the problem was utilized and thus only one half of the
original connection was simulated. After a mesh sensitivity investigation that has been
presented in Section 3.2.3, a combination of four-node and ten-node isoparametric tetrahedra
were used for the discretization of the problem at hand. The different meshes were connected
using the built-in capability of MSC Marc to connect non-conforming meshes. The modelling
was extended to include parts of the column below and above the connection. A typical story
height of 3m was considered and half of the upper and lower parts of the column were
simulated, equipped with a simple support at their ends.

Concerning the modelling of the bolts, ten-node isoparametric tetrahedral elements
were used. Instead of simulating the threaded part of the bolts, the shank diameter was
reduced so that it corresponds to the reduced tension area. This simplification does not affect
the obtained results. The welds between the beam end-plate and beam, stiffener and column
were not simulated but considered as ‘glued’ for simplification purposes. The Young’s
modulus was set equal to 200GPa and the Poisson’s ratio equal to 0.3 for all the different
steel grades.

4-node tetrahedral elements

10-node tetrahedral elements

S
FEENTER,

AVAVAY
‘#‘%T A

Figure 28. Numerical model of the single minor-axis connection

As it has been mentioned before, the geometry of some parts of the connections will be
altered parametrically throughout the study in order to examine the joints’ behavior. In Table
5, a presentation of the finite elements of each part in a typical model is being made. The
finite elements in a typical bolt at the upper row were around 9820 while in the lower bolt
rows around 2420.
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Table 4. Number of finite elements in each part of the minor-axis connection

number of finite elements

column upper column part  middle and stiffener  lower column part
10922 40377 11020
beam left beam part right beam part
9979 8986
end-plates end-plate to column end-plate to beam
25122 23734
bolts each (M24) bolts in two upper rows bolts in two lower rows
9820 2420

3.2.6 Material properties

For a realistic simulation of the studied problem, proper material needs to be adopted
both for the steel components and high-strength bolts. The non-linear material curves can be
obtained from Eurocode 3 recommendations or from standard tensile tests of steel. However,
this is more appropriate when used for design purposes. A more realistic approach would be
to apply in the numerical model, stress-strain relationships obtained from experimental tests.

The steel used for column, beam, end-plates and stiffener was S275. On the other hand,
the bolts’ strength and diameter were parameters of the problem. M24 and M30 bolts were
used, of 8.8 and 10.9 grade, in different combinations. Young’s modulus and Poisson’s ratio
remained constant throughout the study at 210GPa and 0,3 respectively.

For 8.8 and 10.9 bolt materials, the constitutive relationship that was adopted was the
trilinear one proposed by Dessouki et al. %21, while the strain values after fracture were
obtained from 1SO 898-1 [5¢1 as 12 and 9% respectively. For steel S275, a multilinear
approximation based on experimental tests was adopted [ with a fracture strain at 15%. The
stress-strain curves are presented in Figure 29a - b and their characteristic values in Table 5.

Since the analyses will lead to a large deformation of the components, it is essential to
consider the deformed area thus the non-linear relationship of true stress versus true strain
needs to be considered. However, according to the uniaxial material test for steel, the data
obtained are in their nominal form (engineering). For this reason, values in Table 5 will be
converted from engineering to true stresses and strains according to the following
expressions:
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otrue = Snom (1 + €nom) (16)
true=IN (1 + €nom ) (17)

where o IS the true stress
ewue 1S the true strain
onom 1S the nominal stress
enom IS the nominal strain

Finally, in order to input into Marc the strain values, the ones from Eq. 17 need to be
decomposed into elastic and plastic strains ( el true , €pltrue ). The true elastic strain is equal to
the true stress ( owue ) divided by the Young’s modulus ( E ) and the true plastic strain can be
obtained from the following expression:

€pl,true = Etrue - Eel,true = In ( 1+ €nom ) - otre / E (18)
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Figure 29. Stress-strain curves for (a) 8.8 and 10.9 bolts and (b) steel S275
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Table 5. Characteristic values of stress-strain curves
A B C D E F G H |

S275 o(Mpa) 275 275 350 400 420 430 430 275 275
e(%) 013 2 4 6 9 12 15 20 21

88 o(Mpa) 640 747,2 800 640 64 64 - - -
e(%) 0305 1,067 244 12 14 20 - - -

109 o(Mpa) 900 967 1000 900 90 90 - - -
e(%) 0429 15 343 9 118 20 - - -

3.2.7 Boundary conditions

3.2.7.1 Contact status

Contact plays a cardinal role in the total behavior of steel connections. Through contact
forces are allowed to be transmitted and after possible local failures to be redistributed until
the joint achieves its maximum capacity. An efficient representation of the actual contact
phenomenon between the various components is of essence in order to attain reliable results.

All the different components of the connection, including bolts were defined as
deformable. In addition, the selected contact procedure was the “node-to-segment”, in which
each node in the exterior surface is treated as a potential contact node. The potential segments
composed by edges or faces, are considered as piece-wise linear (PWL).

Three in total contact interactions were used to simulate the actual phenomenon. The
“touching” (T) interaction was adopted for the contact between the plates while the “glued”
(G) one to connect the parts of the column and beam that had been separated and assigned
with different mesh grid and finite element order. Finally, in order to avoid the free move of
the bolts in the initial steps an interaction called “glued but actually touching” (G/T) was
adopted between the end plates and the bolts of the minor-axis connection. In addition, it was
considered that friction may be occur and for this reason a relevant coefficient of 0.6 was
used in this specific interaction. In Table 6, a representation of the three interactions between
the various components is being made. The table is obviously a symmetrical one.
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Table 6. Contact interactions between the components
1 2 3 4 5 6 7 8 9 10 11

1 beam left G G

2 beam right G

3 column low G

4 column-stiffener G G G

5 column up G

6 plate to column G T G/IT GIT GIT GIT
7 plate to beam G T G/T/ GT GIT GIT
8  bolt (1% row) GIT/ GIT

9  bolt (2" row) GIT GIT

10  bolt (3" row) GIT GIT

11  bolt 7 (4" row) GIT GIT

3.2.7.2 Supports

The boundary conditions accounting for the supports of the connection were divided
into two main groups. The restrains in the upper and lower nodes of the column as well as the

ones in the columns’ symmetry plane.

The pinned nodes of the column were simulated with the use of RBE2’s. An RBE2 is
a rigid link were a number of nodes are rigidly connected to a retained node. The retained
node can have loads and boundary conditions applied to it. The tying can be done for some
or all degreed of freedom. After connecting the upper and lower nodes of the column to two
master nodes, the translations in all three directions were then restrained for these two nodes.
Finally, in order to sustain the proper consistency in the cross-section area of the column,
three restrains were assigned. The displacement in y-axis, rotations in x- and z-axis.

3.2.7.3 Load application and analysis

All the analyses regarding the single connections were displacement controlled. A
vertical displacement was applied at the free edge of the 1.5 m long beam, leading to a
moment capacity of the beam which does not need to be reduced due to the presence of shear
(the shear stresses that develop in the beam web are comparatively low). All the models were
analyzed using a large strain total Lagrange formulation. The two main assemblages and the
eight bolts were considered as different deformable bodies that may come into unilateral
contact. Between the parts that come into contact, Coulomb friction is considered with a
friction coefficient of 0.6. The computational solution strategy employed incremental load
application with a relative convergence criterion based on the residual forces.
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4. BEHAVIOUR OF THE WEAK-AXIS CONNECTION

The investigation presented hereafter focuses on the understanding of the behavior of a
single weak-axis connection. Given that the proposed configuration (Figure 22d) comprises
several structural elements in order to be realized (two end-plates, vertical stiffener), it would
be highly complex to try to produce mechanical models for each of its components. For this
reason, the finite element method was exploited and a parametric analysis has been conducted
in order to fully comprehend the various failure mechanisms, characterize the structural
response and determine the key parameters, fundamental in joint design.

In total 14 models were analyzed, the geometry and numerical models of which were
presented in Sections 3.1 and 3.3.4 respectively. In the sequel, results obtained from the
analyses are going to be presented by means of the load-displacement, moment-rotation
curves, the state of the connection (Von Mises stress and plastic strains) during the loading
procedure and until the ultimate capacity and finally the prying action. The ultimate strength
(failure load) in the analysis is assumed to be the maximum load obtained from load-
displacement curve. Much attention is going to be given not only in the condition of the
connection at the ultimate state, but also in every single increment of the analysis for
serviceability purposes. Extreme deformations should be avoided in joint design.

During the presentation of the results, an explanation of the procedure followed will be
made. More specifically, reasons why certain parts of the connection were decided to be
strengthened at each new model are discussed. After presenting the post-processing results of
the FEA, a comparison between the 14 models is going to lead to important conclusions.
Finally, with respect to what it has been discussed in Section 2.5, the effectiveness of the
proposed weak-axis connection and the several advantages are going to be thoroughly
evaluated. In addition, the efficiency of the added vertical stiffener (innovation of this thesis)
is going to be assessed. It should be reminded that the vertical stiffener has been added in
order to prevent stress concentration in the two weld zones (thus an early failure) between the
column flanges and its attached plate and it should primarily being used in columns with
relatively significant heights. (Figure 22d).

4.1 Model 0 — Performance without the column stiffener’s existence

Prior to the main investigation, that is examine the behavior of the proposed weak-axis
connection, is was decided to first analyze a model with an absence of the vertical column
stiffener in order to later compare it with the main results and thus realize its significant utility.
The connection of the Model 0 consists of a 20mm thickness end-plate and a 20mm thickness
column-attached plate (width and height of the plates remains constant throughout the study).
The eight in total bolts used in this model are M24 of 8.8 grade. The FE model of Model 0 is
presented in Figure 30. It is reminded that for computational cost purposes only the half
connection was analyzed.
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Figure 30. Finite Element Model 0 - absence of column's vertical stiffener

The incremental analysis was displacement controlled. The displacement on the edge
of the beam was gradually increasing until reaching the connections ultimate capacity. The
force (reaction)-displacement curve was first obtained by exporting the results in excel. This
curve is presented in Figure 31. The reaction force at the edge of the beam reaches at the
maximum point of the curve 151,10kN which corresponds to a 153mm displacement.
However, a better understanding of the connection’s behavior can be achieved by observing
its moment-rotation curve, presented in Figure 32.
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Figure 31. Model 0 - Reaction force-displacement Figure 32. Model 0 - Moment-rotation curve
diagram and beam’s plastic moment

The curve initiates with a linear response until reaching the beginning of the non-linear
region, approximately at 53% of its ultimate limit state. Subsequently, rotation increases
considerably until the maximum value of 0.097rad that corresponds to 226,66kNm of bending
moment.

A Dbrief analysis of the above figures, shows that this configuration is characterized by
a relatively to the beam’s plastic moment (513,97kNm), low ultimate capacity (only 44.1%).
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Such smooth curve also indicates a rather ductile failure of the connection. In the sequel, a
presentation of the connection’s plastic strains in several increments is going to be presented.

From the following figures, one can observe the development of plastic strains mainly
in the region between the column flanges and its attached plate, but also in a vertical area in
the middle of this plate that can be attributed to its significant bending around z-axis. This
bending is caused due to the absence of a restriction between the column’s two flanges. At
this point, the rotation of the column-attached plate leads to a considerable bending of the
bolts in the two upper rows (also around z-axis). Consequently, bolts become extremely
stressed and cause the failure of the connection (Mjw0=226,66kNm), at which point the
material in the region of the full penetration welds has reached its maximum capacity (15-
20% plastic strains).

Figure 33. Model 0 - Plastc strains at 80%M; .  Figure 34. Model 0 - Plastc strains at 90%M,; .o

=181.32kNm (x4) =204kNm (x4)
Figure 35. Model 0 - Plastc strains Figure 36. Model 0 - Bending of bolts and column-
at M;,0=226.66kNm (x4) attached plate at failure (x4)

The above figures, clearly demonstrate the gradual development of plastic strains
throughout the connection and basically highlight its weak zones. These include the welds
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between the flanges of the column and its attached plate and also the plate itself that develops
a significant deformation due to the existence of degrees of freedom. However, this plate does
not yield completely but rather develops maximum levels of stress at its outer layer. Instead,
bolts in the upper row being the ones that carry most of the connection’s tension, reach their
maximum capacity and finally fail due to simultaneous bending and tension. Focusing on the
end-plate behavior, it can be observed that it follows the column-attached plate’s shape and
exhibits the usual T-stub behavior but rather in a small extent with barely discernible plastic
strains.

4.2 Model 1 — Influence of the column stiffener

All in all, one can assume that the configuration of Model 0, presented in the previous
section, is characterized by extreme deformations that need to be avoided in joint design as
they can pose a serious threat in the entire structure. The connection’s ultimate capacity
corresponds to a low percentage of the beam’s plastic moment and by no means exploits the
end-plate’s existence. In view of this, Model 1 incorporates a vertical stiffener with
dimensions of 161x500x10, that unites the column-attached plate with the column’s web and
it is parallel to its two flanges. The stiffener is expected herein to provide an indispensable
solution to the previous connection’s inadequacy.

The first ooutputs that were exported from the analysis were the force-displacement and
moment-rotation curves, that are presented in Figures 37,38. The first noticeable
discrepancies one can observe in the following diagrams mainly concern the initial stiffness,
rotational and moment capacity.
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Figure 37. Force-displacement diagram — Figure 38. Moment-rotation diagram —
Model 0-Model 1 comparison Model 0-Model 1 comparison

The strengthening of the connection due to the added stiffener results in a significant
increase of the initial stiffness S;ini and allows a slight rotation that reaches the maximum
value of 0.02rad (five times smaller than the maximum rotation of Model 0). The
displacement along x-axis diagrams of Models 0-1 are presented in Figures 39,40 and prove
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the efficiency of the added stiffener in the well-controlled ductility of the connection. It is
clear that the previous model’s displacements have been significantly curtailed which also
leads to a reduction of the bending action of the column-attached plate and the bolts, thus an
early failure. Finally, when a plastic design is of concern, the ultimate flexural resistance of
the joint has been considerably altered by a 20,46% increase.

Figure 39. Model 0 - x-axis horizontal Figure 40. Figure 41. Model 1 - x-axis horizontal
displacements (x4) displacements (x4)

At this point, a presentation of the development of stresses in Model 1 in 80% and 100%
of the maximum moment resistance is going to be made in order to establish the possible

differentiation regarding failure mode and the development of the internal stresses and plastic
strains.

Figure 41. Von Mises Stress of Model 1 at 80%M);y1 =218,43kNm (x4)
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Figure 42. Von Mises Stress of Model 1 at Mjy1 =273,04kNm (x4)

Focusing on Figures 41,42, one can observe the main stress concentration at the added
vertical stiffener, a large area of which has reached its yield stress (f,=275Mpa) from an early
stage of the analysis. Essentially, the stiffener plays the role of the column web that a weak-
axis connections lacks. Due to that, it can be assumed as the main shear force transferrer, and
act as a dominant component that transmits a large amount of load from the beam to the
column. For higher load levels, the yielding area has been expanded, the stiffener seems to
draw with it the middle part of the column web and as a result it instigates the emergence of
small highly stressed zones at the weld areas of the column.

Regarding the column-attached plate, it is clear that a considerable reduction of its
deformation has been achieved which stems from the existence of the vertical stiffener.
However, by the time the joint has reached its ultimate resistance, this plate has exhibited an
almost uniformly stressed behavior that does not have a serious effect on the inner layers.

As far as the end-plate in of concern, it can be said that it manifests a rather typical T-
stub behavior, with two main stressed zones parallel to y-axis, above and under the beam’s
upper flange. By observing the connection at its ultimate limit state, we can see that the
excessive bending of the end-plate around y-axis creates a plastic hinge by reaching 430kN
of stress. As it is already known from the literature, an equivalent T-stub can have three modes
of failure. Failure of the end plate’s material formed with the plastic hinge, failure of the bolts
or a simultaneous failure of both. In order to recognize the true mode, an examination in the
bolts needs to be made.

The two bolts (upper row) that are incorporated in the equivalent T-stub, exhibit a
highly stressed behavior. The bolt in the second row, is mostly tensed and a neck is created
at the last increments of the analysis. Conversely, the upper bolt besides the amount of tension
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that receives, it also bends around y-axis due to the prying action between the two plates. The
thickness of the end-plate (20mm) has proved to be inadequate and causes the cracking of the
bolts. Ultimately, the maximum flexural resistance of the joint reached the value of
M;ju1=273,04kNm. From all the above, it can be concluded that the connection’s behavior
was eventually governed by the failure of the T-stub component and more specifically by the
simultaneous cracking of bolts and failure of the end-plate.

(a) () (d)

(b)

Figure 43. Von Mises Stress at bolts in the upper first (a) and second (b) row and the prying action
between the two plates (c,d) (x8)

4.3 Model 2 — Influence of the end-plate’s thickness

An analysis of the previous Model’s results, already presented in Section 4.1.2,
indicates the inadequacy of the connection regarding the performance of the equivalent T-
stub, formed by the end-plate, the beam’s upper flange and the bolts. However, it has been
accepted that the highly stressed condition of the bolts, can be partially attributed to the prying
forces developed between the two plates. In order to diminish those forces, it was decided to
increase the end-plate’s thickness from 20mm to 25mm. With this alteration, a more
satisfactory performance of the connection can theoretically be achieved.

The first diagrams, presented in Figures 44,45, depict the new Model’s behavior in
terms of the reaction force-displacement and moment-rotation curves. From these diagrams,
it can be observed a 21,35% increase in the beam’s maximum displacement (from 44,5mm
to 45mm) and a 14,44% increase in the corresponding reaction force at the edge of the beam
(from 182,03KN to 208,31KN). With regard to the moment-rotation curve, we can first notice
a significant increase in the connection’s initial stiffness that causes an almost negligible
differentiation in the rotational capacity. Finally, the ultimate moment resistance of the joint
has been altered from M;jy1=273,04kNm to M;2=312,46kNm. This value of the maximum
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moment of Model 2 corresponds to a 60,79% of the beam’s plastic moment and renders the
connection as a partially strength one (Eurocode 3-Joint classification by strength [1]).
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Figure 44. Force-displacement diagram — Figure 45. Moment-rotation diagram —
Model 1-Model 2 comparison Model 1-Model 2 comparison

In order to observe the distribution of internal forces and the relevant failure modes, its
essential to examine once again the condition of the connection of Model 2, during the
analysis. The main interest with this configuration, was to achieve a better overall
performance by strengthening the critical component, that is the T-stub. This has been
achieved by looking Figure 46, where one can notice at the final increment of the analysis, a
switch of the internal forces. The vertical stiffener as well as the bolts in the two upper rows
seem much more stressed due to the relatively thick end-plate that cannot be deformed as
easily as before and thus generate the development of prying forces or create a plastic hinge.
In addition, the welds between the column and its attached plate have also reached a high
level of stress relatively to the other parts of the connection. Plastic strains have also been
expanded to the inner edge of the beam as it can be seen in the Figure below.

Figure 46. Von Mises Stress of Model 1 at M2 =312,46kNm (x4)
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When the applied displacement reaches the maximum value of 54mm, the ultimate
flexural resistance of the joint is obtained (M;4,2=312,46kNm), the failure of which is finally
attributed to the inadequacy of the bolts in the upper row, despite the extreme stressed
condition of the end-plate that does not eventually reaches its limits. The deformed shape of
the bolts has not significantly altered, but rather the intensity of stress.

4.300e+002 4.300e+002

4.145e+002 4.145e+002

3.990e+002 ‘ 3.990e+002
3.535e+002

3.835e+002

3.680e+002 3.680s+002

PRIV T A

AN N A

3.525¢+002 bt 3.525e+002

3.370e+002 3.370e+002

3.2158+002 3.215e+002

3.0608+002 3.060e+002

2.9058+002 2.905e+002

2.7508+002 2.750e+002

Figure 47. Von Mises stress of Model 1's Figure 48. Von Mises stress of Model 1's
end-plate (20mm) at M;,1=273,04kNm end-plate (25mm) at M 2=312,46kNm

Figures 47,48, present the condition of the equivalent T-stubs of Models 1-2 at the
ultimate increment. It is clear that Model 2 exhibits an improved behavior with comparison
to Model 1’s counterpart. However, the T-stub is still the component that causes the
connection’s failure due to bolt rupture.

Until this moment of the investigation, three analyses have been performed that have
establish the imperativeness of the use of a vertical stiffener in order to avoid an unpleasant
stress concertation in the welds between the column and its attached-plate, but also the
extreme bending of this plate and thus the bolts. By adding this stiffener, stress is shifted to
different components such as the equivalent T-stub formed by the end-plate and beam. After
increasing the thickness of this plate and thus improve the joint’s overall performance it is
considered reasonable to then alter the diameter of the bolts in order to strengthen them and
thus avoid their early failure. Table 7, represents the geometry and final results of the three
previous Models (0,1,2).

Table 7. Geometry of parameters and response of Models 0,1,2

Bolt type End-plate Column-plate  Column stiffener  Mjui M;.uil
thickness (mm) thickness(mm) dimensions (mm) (KNM)  Mpireszo0
pi,

Model 0 M24 8.8 20 20 - 226.66 44,10
Model 1 M24 8.8 20 20 161x500x10  273.04 53,12
Model 2 M24 8.8 25 20 161x500x10 312,46 60,79
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4.4 Models 3 and 4 — Influence of bolt’s diameter

The aim of the two new analyses is to examine Models 1 and 2 by altering their bolts’
diameter from M24 to M30. It can be assumed that this will increase not only the joint’s
maximum resistance but also its stiffness. The results are going to be presented by comparing
Model 1 with Model 3 and Model 2 to Model 4. Essentially, these pairs can be characterized
by the same geometry, except their bolt size. This will allow us to focus on the bolts

diameter’s effectiveness in the joint’s overall performance.

e Model 1/3 comparison (End-plate’s thickness 20mm — Bolts 8.8 M24/M30)

The first step in the post-processing analysis is to examine the force-displacement and
moment-rotation curves of Models 1 and 3. By observing Figure 49, a clear differentiation in
the two Model’s behavior can be noticed. The reaction force at the beam’s edge has been
increased by a 31,27% and the displacement of the beam by an impressive 124,84%. In
correspondence, Figure 52 demonstrates the increase in the ultimate moment resistance from
M;ju1=273,04kNm to M;u3=352,47kNm (20,09%) and the relevant increase in the rotational
capacity from 0,02rad to 0,05rad (150%). The maximum flexural resistance of the Model’s 3
connection corresponds to a 67,86% of the beam’s plastic moment. By comparing this
percentage to the one of Model 1 we can see a 14,74% increase.
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Figure 49. Force-displacement diagram — Figure 50. Moment-rotation diagram —
Model 3-Model 1 comparison — Model 3-Model 1 comparison —
end-plate’s thickness 20mm end-plate’s thickness 20mm

However, in order to obtain the failure mode and fully understand its reaction
throughout the loading procedure we should observe the Figures presented herein. This will
allow us to evaluate the efficiency of the alteration of the bolt’s diameter when the end-plate’s
thickness is rather thin (20mm). What one can notice from the comparison being made in
Figure 51, is that in Model 3, due to the strengthening of the bolts, there has been a large
expansion of stress in the column web, something that was not significantly affected in Model
1 (M24 bolts). However, these stresses do not lead to the development of plastic strains, so
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the column web is considered to be almost intact. This alteration in the bolt’s diameter, has
led to an excessively deformed connection that ultimately fails from the development of a
plastic hinge in the end-plate and the rupture of the bolts. Nevertheless, Models 1 and 3
incorporate an end-plate of 20mm thickness and therefore these extreme deformations are
somewhat justified. The compared results clearly demonstrate the inefficiency of this
configuration due to the relatively inadequacy of the end-plate and bolts.

Figure 51. Von Mises stress of Model 1 (bolts M24) at M; 1. =273,04kNm (x10)
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Figure 52. Von Mises stress of Model 3 (bolts M30) at M;,;3=352,47kNm (x10)

e Model 2/4 comparison (End-plate’s thickness 25mm — Bolts 8.8 M24/M30)

In order to diminish the extreme deformations and the early failure of the connection
due to the inadequacy of the end-plate and bolts, Model 4 has incorporated an end-plate with
25mm thickness and bolts of 30mm diameter (M30). Figures 53,54 show that a significant
improvement has been achieved, as in the case of a 20mm thickness end-plate. This time
though, it seems from the sheer drop in the curves, that probably the cause of failure has been
a rather brittle one. The ultimate moment resistance of the Model’s 4 connection has been
obtained as Mj,u4=419,36kNm which gives a 81,59% of the beam’s plastic moment. It can be
indicated that the connection has performed very efficiently. Compared to Model’s 2 moment
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resistance there has been achieved a 34,21% increase (from M;w=312,46KNm to
M; 44=419,36kNm).
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Figure 53. Force-displacement diagram — Figure 54. Moment-rotation diagram —
Model 4-Model 2 comparison — Model 4-Model 2 comparison —
end-plate’s thickness 25mm end-plate’s thickness 25mm

From Figures 55,56, we can clearly observe the differentiation in the connections’
response. Due to the increase of the bolt’s diameter from 24 to 30mm combined with a thick
end-plate (25mm), the overall connection has been strengthened considerably and thus stress
concentration has been shifted to areas like the edge of the beam, the column’s stiffener,
column web and the column-attached plate. The stress seems to be significantly increased in
these areas by reaching and exceeding the materials yield stress (275MPa). The equivalent T-
stub seems to be once again the most critical component and finally due to the relatively thick
end-plate, the failure of the connection comes again from the bolt failure in the upper row.
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So far, it can be concluded that the influence of the bolt’s diameter is rather stronger
compared to the end-plate thicknesses’. The alteration from M24 bolts to M30 ones has given
a 20,09% increase in the maximum flexural resistance of the joint when a 20mm thickness
end-plate is used and a 34,21% when a 25mm is incorporated in the model. Of course, this
can be attributed to the fact that with this specific geometry, bolts are the most critical
components. A major drawback with this alteration of the bolts’ diameter is the increased
stress concentration in the column web and stiffener and their excessive deformation.

4.5 Models 5 and 6 — Influence of bolt’s grade

The investigation made in the previous chapters, has revealed the significant influence
of the bolts in the connection’s overall response. Models with bolts of 24mm diameter have
not affected in a great extend critical parts of the connection such as the column flanges and
web that should remain as much as intact as possible for a later connection design along the
strong axis. However, their ultimate moment resistance is not as high as the ones with bolts
of 30mm diameter that unfortunately affect greatly other parts of the connection. In both
cases, bolts are considered the reason of failure. In order to avoid bolts with a greater diameter
than 30mm it was decided to alter their grade, not only to improve the joints capacity.

The aim of the two new Models (5,6), is also to examine the bolt grade’s influence in
the joint’s ultimate capacity and failure. For this reason, bolts M30 8.8 were replaced with
10.9 ones, the material law of which (stress-strain curve) has been presented in Figure 29a.

e Model 3/5 comparison (End-plate’s thickness 20mm — Bolts M30 8.8/10.9)

From the force-displacement diagram (Figure 57), a similarity can be observed in the
two curves, until beam reaches the displacement value of 100mm. From this point the
connection of Model 5 seems to increase its capacity and ductility.
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From the moment-rotation curve (Figure 60) we can obtain the maximum flexural resistance
of Model 5 as M;jus=377,40kNm, that gives us an 8,21% increase from the Models 3 moment
capacity (M;u3=352,47kNm) and a 44,10% increase in the connection’s rotational capacity.
From this, it can be concluded that at least for the case of a 20mm end-plate, the alteration of
the bolt’s grade does not have a major effect in the connection’s capacity. This is essential,
mainly when a plastic analysis is of concern.

It is now important to observe the stress concentration in Model 5, compared to the one
of Model 3 in order to realize the influence of the bolts grade as a parameter. From Figure 59
we can once again observe the heightened stress concentration in the column web as well as
the column-stiffener. Figure 60, demonstrates that when the bolt’s grade is converted from
8.8 to 10.9, the two later critical component are somehow relieved and stress is expanded
clearly in areas like the beam’s web and lower flange, the two plates but most importantly in
the equivalent T-stub that seems to be highly affected due to this alteration. Of course, this
can be partially attributed to the relatively thin end-plate (20mm) and the development of
prying forces between the two plates. Finally, Model 5 fails due to the simultaneous bolt
rupture and the creation of a plastic hinge in the top part of the end-plate.

Figure 59. Von Mises stress of Model 3 (bolts 8.8) at M;,,3=352,47kNm (x3)

Figure 60. Von Mises stress of Model 5 (bolts 10.9) at M;,us=377,40kNm (x3)

Regarding Model’s 5 behavior comparatively to itS previous counterpart, it can be said
that bolts 10.9 allowed the connection to relieve the area inside the column. Instead, plastic
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strains were mainly concentrated at the beam and the T-stub. On the other hand, Model 3
didn’t have the opportunity to exhaust in a high level the end-plate due to bending. This is
attributed to the relatively weaker bolts. All in all, it should be noted that a major advantage
of Model 5 is the column web’s low levels of stress and deformation. This would unduly
facilitate the design of the second connection in the strong axis of the column.

e Model 4/6 comparison (End-plate’s thickness 25mm — Bolts 8.8/10.9)
At this point, a presentation of Model 6 (bolts 10.9) is going to be made and a
comparison of its total behavior with its 8.8 bolt grade counterpart. The main characteristic
with these two models is that they incorporate a 25mm end-plate.

From the next two diagrams, it can be seen an almost identical behavior until the beam’s
edge reaches the displacement of 150mm or the connection the rotation of 0,065rad at which
point it increases its strength until achieves its ultimate resistance of Mjus=447,69kNm.
Considering Model 4’s strength at M;us=419,36kNm we can see a 6,76% increase, which is
the smallest from all the previous comparisons. It seems that when the end-plate is rather
thick combined with large in diameter bolts (M30), the connection’s behavior is barely
affected from an alteration in the bolt’s grade. However, its ductility in terms of its rotation
exhibits a significant increase (53,85%) that undeniably should be taken into account in the
design of the connections.
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Figure 61. Force-displacement diagram — Figure 62. Moment-rotation diagram —
Model 6-Model 4 comparison — Model 6-Model 4 comparison —
end-plate’s thickness 25mm end-plate’s thickness 25mm

Similarly to the previous comparison between Models 3 and 5, we can see that the
studied-parameter barely affects the connection’s ultimate flexural resistance, the
optimization of which is usually the main scope of similar studies. Nevertheless, in order to
obtain a clearer image, a comprehensive observation in the connection’s condition during the
analysis is going to be made in order to establish whether the alteration made, was justified
and appropriate and how much has affected the various components.
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From Figures 63,64, we can first observe the increased stresses in the column flange
and the beam. This is something that needs to be avoided and it will be eradicated by
strengthening other parts of the connection so that they can receive more of the internal forces.
The end-plate, due to its thickness (25mm), does not exhibit an excessive bending like in the
case of the 20mm end-plate (Model 5). Instead, the component that undertakes the role of the
main stress receiver (except the two plates is the vertical stiffener. It seems that this
component which also receives the shear force (created by the tension forces transmitted
through the bolts and compression force that passes from the contact between the two plates
to the stiffener) needs to be strengthened in order for the connection to be able to perform
even better and accept the increased shear. Nevertheless, the failure of the connection comes
once again from the inadequacy of the bolts in combination with the plastic hinge in the end-
plate and column-attached plate.

a) b) )

Figure 63. (a) Von Mises stress and (b),(c) equivalent plastic strains of vertical stiffener
and column-attached plate (Model 4 bolts 8.8 at M ;4=419,36kNm) (x4)

a) b) c)

Figure 64. (a) Von Mises stress and (b),(c) equivalent plastic strains of vertical stiffener
and column-attached plate (Model 6 bolts 10.9 at M;,s=447,69kNm) (x4)

To sum up, until this part of the investigation, four in total analyses have been
performed and presented that have undeniably highlighted the effect of the bolts in the total
response of the connections. The bolts diameter was the studied parameter in Models 3 and 4
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that were then compared with Models 1 and 2 respectively. This comparison showed that the
bolts’ diameter has a major influence in the overall response due to the fact that bolts were
apparently the most critical component. By increasing the bolts diameter, moment capacity
was significantly improved. The equivalent T-stub was mainly affected in the part of the end-
plate that yielded (especially in the case of a 20mm end-plate) and the main drawback was
the development of plastic strains and stresses with increased magnitude in places like the
vertical stiffener and the column web. Large and unprecedented displacements were
predominantly observed in the column web and stiffener. However, the cause of failure was
not altered considerably.

Subsequently, the studied parameter was the bolts grade. This was the case for Models
5 and 6 that were then compared with Models 3 and 4 accordingly. With this alteration, it was
clear that the end-plate was largely affected, especially in the second bolt row and a plastic
hinge was inevitable. Similarly, the beam’s web and lower flange were parts that stress
reached very high values something that was observed for the first time. Perhaps the most
noticeable differentiation in Models 5 and 6 was the development of large displacements and
the excessive bending of the column-attached plate and column web and stiffener. What can
be observed especially in Models 4,5,6 is the plastic strains in almost all the body of the
vertical stiffener, something that is not appears to happen in the column web despite its large
displacements. As it has been discussed in previous chapters, the vertical stiffener acts as a
web that the weak-axis connection lacks. Due to that, it plays an imperative role on its overall
performance and needs to be strengthened sufficiently.

From Table 8, we can see the final results of the analyses in terms of the Model’s
moment resistance and the relevant percentage that shows the differentiation with the beam’s
plastic moment. It can be said that the strongest configurations are the ones that combine a
thick end-plate (25mm) with strong bolts. Model 6, performed quite successfully and it is
very close to be rendered as full-strength connection. All in all, it can be said that for the
Models with a 20mm end-plate the dominant failure mode is the end-plate in bending
(equivalent T-stub) with simultaneous rupture of the bolts while in models with a 25mm end-
plate, the connections are clearly governed by the failure of the bolts. Nevertheless, in every
analysis various components are affected as it has been discussed in the previous sections.

Table 8. Geometry of parameters and response of Models 3-6

Bolt type End-plate Column-plate  Column stiffener  Mjui M;.uil
thickness (mm) thickness(mm) dimensions (mm) (KNM)  Mpireszo0
pi,

Model 3 M30 8.8 20 20 161x500x10 352,47 67,86
Model 4 M30 8.8 25 20 161x500x10 419,36 81,59
Model 5 M30 10.9 20 20 161x500x10 377,40 73,43
Model 6 M30 10.9 25 20 161x500x10 447,69 87,10
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From all the above, the investigation to be followed is characterized by three new
analyses that incorporate a vertical stiffener with dimensions of 161x750x16mm instead of
the previous 161x500x10mm. This will theoretically give the connection the advantage of
receiving much more effectively the shear force coming from the couple force (tension and
compression), increase the flexural resistance of the joint, reduce the excessive rotations and
eventually alter the propagation of stresses between the different components.

4.6 Models 7, 8 and 9 — Influence of vertical stiffener’s dimensions

In the previous section, the bolt’s grade and how it affects the connection’s response
were discussed. What was essentially revealed, was that it barely alters the joint’s maximum
capacity but on the other hand it showed that it changed the distribution of the internal forces.
The most affected component was the vertical stiffener and column web. However, between
those two, only the stiffener developed plastic strains. Due to that and given that the geometry
of most of the other parts has been already altered, it was decided to change its thickness and
height in order to reduce the stresses and plastic strains. The new thickness of the stiffener is
16mm instead of the previous 10mm and the height 750mm instead of 500mm. This is going
to be applied in Models 4,5,6 that will be analyzed once again with this alteration that will
theoretically have a significant effect in the overall behavior. It will allow us to examine this

parameter’s influence in the joint.

e Model 4/7 comparison (stiffener’s dimensions 161x500x10 / 161x750x16mm)

The first analyzed model (Model 7) was the one with a 25mm end-plate and M30 bolts

of 8.8 grade. From the diagrams in Figures 67,68, a negligible difference can be observed in
the two models. More specifically, a mere 2,5% increase in the connection’s moment
resistance was measured from Model 7’s ultimate resistance (Mju7=429,67kNm), that gives

a 83,60% percentage compared to the beam’s plastic moment (smaller than Model 6°s).
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Figure 65. Force-displacement diagram —
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Figure 66. Moment-rotation diagram —
Model 7-Model 4 comparison —
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A decrease in the joint’s rotational capacity was observed (17,7%). The reduction in the
rotation of the joint is apparently attributed to the new stiffener’s function that limited the
excessive rotation. From the above diagrams, it is clear that the new alteration did not improve
the joint’s behavior regarding its ultimate moment resistance. However, we shall also observe
whether it improved the internal forces state in the crucial components, that is the column
web and the vertical stiffener itself. Figures 67,68, demonstrate the enhanced image that we
expected firstly at the column web, that has minimized its displacements and plastic strains.
The vertical stiffener also exhibits a similar behavior, with small displacements (up to 2,5mm)
and almost zero plastic strains. However, both the column web and vertical stiffener receive
substantial levels of stress, up to 315kN. A component that is largely affected due to the
strengthening of the vertical stiffener, is the column-attached plate that bends around the
vertical axis. The connection is finally governed by the rupture of the bolts and once again
the studied model incorporates an end-plate with 25mm thickness.
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Figure 67. (a) Von Mises stress, (b) equivalent plastic strains and (c) displacements of Model 4
(stiffener 161x500x10mm) at M; 4a=419,36kNm (x7)
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Figure 68. (a) Von Mises stress, (b) equivalent plastic strains and (c) displacements of Model 7
(stiffener 161x750x16mm) at M;w7=429,67kNm (x7)
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e Model 5/8 comparison (stiffener’s dimensions 161x500x10 / 161x750x16mm)

The two analyzed Models (5 and 8), incorporate a 20mm in thickness end-plate
combined with M30 bolts of 10.9 grade. What we expect from this model is once again a
significant bend in the end-plate but also an improved condition in the new stiffener and
column web. From the observation of the reaction force-displacement and moment-rotation
curves (Figures 69,70) we can observe, similarly to the previous comparison between Models
4 and 7, a negligible difference in the connection’s ultimate capacity, only 2,2% and a 25%
reduction on the joint’s maximum rotation. Model 5’s flexural resistance has been measured
as Mjus=377,40kNm while Model 8’s as M;us=385,82kNm. Once again this indicates the low
effectiveness of the stiffener’s geometry as a parameter in the response of the joint. Of course,
this happens due to the fact that for the given joint configuration, bolts are the most critical
component. However, the fact that the rotation of the joint has been considerably reduced is
quite essential and should not be neglected in joint design. Especially for serviceability
purposes, it is definitely advantageous for the excessive displacements and rotations to be
limited as much as possible.
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Figure 69. Force-displacement diagram — Figure 70. Moment-rotation diagram —
Model 8-Model 5 comparison — Model 8-Model 5 comparison —
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It is now essential to examine the condition under which the connection of Model 8 has
failed and compare it with Model 5°s corresponding failure. From Figures 71,72, we can first
notice the significant reduction in the deformation of the vertical stiffener and column web.
However, the maximum displacement of the beam has not been considerably altered due to
the end-plate’s ability to bend quite excessively and thus produce a large beam displacement
(120mm). Already a major advantage has been achieved that will utterly facilitate the design
of a strong connection in the perpendicular axis. A second thing that can be observed, is the
lower stress levels in the vertical stiffener. In addition, high stress values in the column web
have been limited only in the areas that it is welded to its flanges and to the stiffener. As in
the case of the previous comparison, the column-attached plate has been remained rather
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vertical and has not exhibited a significant bending around the horizontal axis. Nevertheless,
it still yields due to bending around the vertical stiffener and seems that needs to be
strengthened in the sequel. Finally, plastic strains have been limited only in the two plates
and have been almost disappeared from the stiffener and column web. Bolts in the two upper
rows exhibit large elongation and reach high levels of stress (up to L000MPa). The failure of
the connection is caused due to the creation of a plastic hinge in the end-plate in combination
with bolt rupture.

a) b) c)

Figure 71. (a) Deformation, (b) Von Mises stress and (c) equivalent plastic strains
of Model 5 (stiffener 161x500x10mm) at M;,s=377,40kNm (x8)

a) b) ©)

Figure 72. (a) Deformation, (b) Von Mises stress and (c) equivalent plastic strains
of Model 8 (stiffener 161x750x16mm) at M; ,s=385,82kNm (x8)
Finally, in order to achieve a more holistic understanding on the influence of the vertical
stiffener’s geometry a review on Model 9’s behavior needs to be made with a relevant
comparison to Models 6’s results.

e Model 6/9 comparison (stiffener’s dimensions 161x500x10 / 161x750x16mm)

The final comparison that is going to be made at this part of the investigation is the one
between Models 6 and 9. From this, we will achieve a better understanding in the
effectiveness of a strengthened stiffener in the behavior of a rather strong connection (Model
6) that incorporates a thick end-plate (25mm) and strong bolts (M30 10.9). Figures 73,74,
demonstrate the behavioral curves that indicate a rather similar behavior between the two
models. More specifically, Model 6’s resistance (Mjus=447,69kNm), with the new stiffener’s
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existence has now reached the value of Mjy=459,59kNm which corresponds to an 89,42%
of the beam’s plastic moment. Regarding the ultimate moment, there is a 2,7% increase and
for the maximum rotational capacity, a 42,86% decrease by comparing the two curves. From
the examination made in the two previous comparisons this was quite expected. The
connection cannot increase at a great extent its flexural resistance due to the fact the
equivalent T-stub remains the critical component. However, it has probably enhanced the
performance of the model regarding the plastic strains created previously in areas like the
column web and stiffener.
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Figure 73. Force-displacement diagram — Figure 74. Moment-rotation diagram —
Model 9-Model 6 comparison — Model 9-Model 6 comparison —
(end-plate 25mm / bolts M30 10.9) (end-plate 25mm / bolts M30 10.9)

The first thing that can be noticed from Figures 75,76, is probably the reduced
displacements of the beam that obviously stem from the slight rotations that the column web
of Model 9 exhibits. For this reason, the height and thickness of the new stiffener can be
rendered sufficient enough. By comparing the new model’s deformation to the models of the
previous comparison (Models 5 and 8), we can observe a reduction in the end-plate’s bending
that is of course caused by its thickness. However, in the connection there is one mechanical
component that appears to be insufficient and be the cause for the small reduction in the
beam’s ultimate translation from Model 6 to Model 9. This component is the column-attached
plate that in Models 5-9 seems to be relatively weak and its thickness will be the studied
parameter in the sequel of this chapter.

From the Figures below (75,76), we can see that plastic strains have been limited only
in a small part of the vertical stiffener, and have disappear from the column web. If the
connection is ever loaded in a high level, it is essential to be able to limit the development of
plastic strains in components near or at the column, especially in the case of a seismic load
(usually lateral to the connection). In this case, a plastic hinge in the beam, away from the
connection would be ideal and would prevent in the relevant frame or structure a lateral
collapse. Therefore, the column with its components, should be first protected.

63



Numerical investigation of weak-axis | profile connections

a) Tne: 508001 b) C)
Figure 75. (a) Deformation, and (b),(c) equivalent plastic strains of Model 6
(stiffener 161x500x10mm) at M;us=447,69KNm (x5)
2) b) 2

Figure 76. (a) Deformation, and (b),(c) equivalent plastic strains of Model 9
(stiffener 161x500x10mm) at M;9=459,59kNm (x5)

4.7 Models 10, 11 and 12 — Influence of column-attached plate’s thickness

The presentation made in the previous section with the relevant comparisons, made
clear that the vertical stiffener’s geometry plays a major role in the distribution of stresses
and strains and in the magnitude of deformations particularly in the column web, a highly
important component in joint design. Nevertheless, the ultimate capacity of all three models
did not have a considerable difference. In addition, the failure modes of the models remained
as they were with a failure in the equivalent T-stub and bolts. Finally, the maximum
displacement of the beam in all three cases remained relatively large due to the excessive
bending of the column-attached plate around the vertical axis.

Before considering improving the equivalent T-stub’s performance by strengthening its
components (end-plate and bolts), it was decided to examine the behavior of the connection
by altering the thickness of the column-attached plate that exhibited significant bending and
thus plastic strains in the three previous models (7,8,9). By that, we should comprehend the
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necessity of the joint regarding this parameter and of course improve its performance during
the loading procedure and at failure.

The aim of this section, is to present three new analyzed models that incorporate a
column-attached plate of 25mm thickness. The vertical stiffener will remain constant with
dimensions 161x750x16mm. The new Models 10,11,12 will be compared with Models 7,8,9
accordingly in order to examine and evaluate this parameter’s influence in the response of the
connections.

e Model 7/10 comparison (Column-attached plate’s thickness 20/25mm)

The first presented model of this section is Model 10, and it is compared with the results
of the corresponding that includes a 20mm column-attached plate instead of 25mm.

To begin with, Figures 77,78, demonstrate the behavioral curves of the new model with
comparison to the previous. It can be noticed, that the general form of the two curves have a
discernible difference. Model 10 seems to have failed rather smoothly, in contrast with Model
7’s final increment, at which point the connection seems to have failed abruptly. From the
previous moment capacity M;,,7=429,67kNm, the new configuration led to a slight reduction
(0,46%) in the maximum flexural resistance with the value of Mju10=427,69kNm. Given that,
it can be said that no improvement was achieved by altering the plate’s thickness.

However, something that cannot be neglected is the significant reduction in the joint’s
rotational capacity. This reduction reached the impressive of value of 91,67%. It is now
important, to made a thorough observation of the stresses of the new model in order to
understand the second in row component likely to develop plastic strains (after the column-
attached plate that has already be strengthened).
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Figure 77. Force-displacement diagram — Figure 78. Moment-rotation diagram —
Model 10-Model 7 comparison — Model 10-Model 7 comparison —
(end-plate 25mm / bolts M30 8.8) (end-plate 25mm / bolts M30 8.8)

By observing Figures 79,80, we can clearly notice the behavioral differentiation of the
two models that stem from the alteration made in the column-attached plate’s thickness. In
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Model 7’s Figures, an extreme bending in the studied plate can be seen that ultimately leads
to the development of plastic strains in almost every section at its upper part. Due to that,
bolts seem to follow this horizontal displacement and therefore exhibit small elongation but
on the other hand significant bending due to the deformation of the end-plate. All these,
explain why this Model gave a relatively large maximum rotation (at the final increment). It
is reminded that the failure of this connection is provoked due to rupture of the bolts in the
upper row. When the column-attached plate has been strengthened, it is obvious that its
bending has been exceedingly reduced. Only small displacements seem to have been
developed and thus the highly stressed zones have been shifted. All these excessive internal
forces have been received by the bolts in the two upper rows.
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Figure 79. (a) Deformation, (b) Von Mises stress and (c) Equivalent plastic strains of Model 7
(column-attached plate 20mm) at M;w7=429,67kNm (x12)
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Figure 80. (a) Deformation, (b) Von Mises stress and (c) Equivalent plastic strains of Model 10
(column-attached plate 25mm) at M;u10=427,69kNm (x12)

This is quite obvious by observing the relevant figures, from which we can see the
substantial elongation that cause a relevant tension. However, only the bolts in the second

upper row exhibit a pure elongation, in contrast with the upper row’s bolts that display an
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additional bending. Finally, the connection is governed by the rupture of the bolts in the
second row as it can graphically be explained in the figures above.

e Model 8/11 comparison (Column-attached plate’s thickness 20/25mm)

The previous comparison showed us the significant effect that the alteration of the
column-attached plate’s thickness had on the distribution of internal forces and finally the
failure mode of the connection. The two models to be compared in this subsection,
incorporate a 20mm in thickness end-plate and M30 bolts of 10.9 grade. Once again, the
effectiveness of the two different thicknesses of the column plates, is going to be examined
and evaluated.

By observing Figures 81,82, we can clearly notice that the two curves exhibit a
considerable similarity regarding the initial stiffness which is the slope of the linear part of
the curves. Model 8’s moment resistance (M;u=385,82kNm) has been slightly increased to
M;u11=406,78kNm, which corresponds to a 5,44% percentage. The new flexural resistance
also gives a 79,14% regarding the beam’s plastic moment. It can be noticed that this
percentage is smaller than the relevant of Models 6,7,9,10. This can be attributed to the fact
that Models 5,8,11 incorporate a 20mm end-plate, which ultimately and consistently leads to
lower levels of maximum resistance of the joint. For all these it can be concluded, that when
a 20mm end-plate is included in the joint, the equivalent T-stub instantly becomes a critical
part of it (given that bolts are already considered critical) and does not allow a more efficient
exploitation of the joint’s various components and a more uniform distribution of the internal
forces.
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Figure 81. Force-displacement diagram — Figure 82. Moment-rotation diagram —
Model 11-Model 8 comparison — Model 11-Model 8 comparison —
(end-plate 20mm / bolts M30 10.9) (end-plate 20mm / bolts M30 10.9)

Regarding the new Model’s plasticity, a 30,43% reduction in the joint’s ultimate
rotation has been measured. Nevertheless, it can be concluded that a design that incorporates
a 20mm end-plate constantly leads to a decreased resistance and a guaranteed failure of the
bolts or equivalent T-stub.
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Until now, an obvious similarity in the two Model’s behavior has been observed.
However, we should also examine whether this alteration has improved the plastic strains in
other parts of the connection. Figures 83,84, demonstrate the Von Mises stresses and
equivalent plastic strains of the two plates in the final increment of the analysis (at failure).
Perhaps the most noticeable thing is the fact that the column-attached plate of Model 11, has
exhibited only a slight deformation in contrast with Model 8’s plate that bends excessively
around the vertical axis and thus yields quite significantly.

More specifically, in the case of a 20mm column-attached plate (Model 8), we can see
that plastic strains arise in both plates, with the biggest magnitude at the end-plate. This leads
to an increased rotation of the joint and less elongation in the bolts that follow the
displacements of the two plates. One the other hand, when a 25mm column-attached plate is
of concern (Model 11), no plastic strains are observed in the plate’s most stresses vertical
section. Due to the strengthening of the column-plate and the relatively thinner end-plate, the
later seems to absorb all the stress from the beam’s bending and exhibit a deformation that
ultimate leads to the development of a plastic hinge.

a) b) C)

Figure 83. (a) Von Mises stress, and (b), (c), Equivalent plastic strains of Model 8
(column-attached plate 20mm) at M;,;s=385,82kNm (x10)

a) b) C)

Figure 84. (a) Von Mises stress, and (b), (c), Equivalent plastic strains of Model 11
(column-attached plate 25mm) at Mj,,11=406,78kNm (x10)
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In addition, due to the static mode that the column-plate displays, bolts seem to be
elongated and bend around the horizontal axis. It can be concluded though, that the ultimate
failure mode of the two Models has not considerably changed. The connection finally fails
due to the simultaneous rupture of the bolts in the upper row and the development of a plastic
hinge in the end-plate’s most stresses section (section between the two upper bolt rows). It
should not be neglected that the plastic strains in all other parts of the connection have
remained at low levels (<0.5%), and thus the joint design in the column’s weak-axis should
not impede the strong-axis design. To sum up, a relatively thin end-plate leads to a rather
quick failure and impedes the process of a more uniform distribution in other parts of the
connection.

e Model 9/12 comparison (Column-attached plate’s thickness 20/25mm)

The previous subsection showed that when a 20mm end-plate is incorporated in the
Model, the connection exhibits a rather weak response. The alteration of the column-attached
plate’s thickness induced a different force distribution in the two plates, reduced the joint’s
maximum rotation but did not increased in a desired level the flexural resistance of the joint.

The final comparison to be presented hereafter concerns Models 9 and 12, that both
comprise a 25mm in thickness end-plate and M30 bolts of 10.9 grade. Given the
characteristics of Model 12’s connection, it is expected to perform well and give a plastic
moment (M;u12) very close to the beam’s (M1 gHg3o0).
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Figure 85. Force-displacement diagram — Figure 86. Moment-rotation diagram —
Model 12-Model 9 comparison — Model 12-Model 9 comparison —
(end-plate 25mm / bolts M30 10.9) (end-plate 25mm / bolts M30 10.9)

Figures 85,86, show an obvious difference in the two curves that indicate a different
behavior from the two models after the linear elastic part. Model 9°’s moment resistance
(Mj,u0=459,59kNm), has now become M;,u12=487,66kNm, which gives a 6,11% increase. The
capacity of the new model corresponds to a 94,88% percentage regarding the beam’s plastic
moment, which renders this connection as the strongest among Models 0-11. A significant
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difference can be also observed in the two Models rotational behavior. The maximum rotation
of Model 12 has been almost decreased in half (43%), which again indicates the strong
response that the connection exhibited during the displacement of the beam. In the sequel, a
presentation of the model’s most stressed regions will be made by emphasizing the cause of
failure in order to then try to achieve a full-strength connection.

The Figures below (87,89), clearly demonstrate the tendency of Model 12 to exploit
parts of the connection that remained intact in the previous analyses. We can observe a
significant part of the beam to develop stresses up to 220-290Kn, as well as the column’s
stiffener and flanges stresses up to 315Kn. The column-attached plate’s bending has been
considerably reduced and its plastic strains have remained only in the middle section. It can
be concluded therefore, that the new thickness of the plate (25mm) is not completely
adequate. However, the most inadequate part of the connection are probably the bolts,
especially in the upper row that seem to fail once again.

a) b) c)

Figure 87. (a) Von Mises stress, and (b), (c), Equivalent plastic strains of Model 9
(column-attached plate 20mm) at M;j,,9e=459,59kNm (x8)

a) b) c)

Figure 88. (a) Von Mises stress, and (b), (c), Equivalent plastic strains of Model 12
(column-attached plate 25mm) at M;u12=487,66kNm (x8)
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To sum up, the six last analyzed Models showed the significant influence of the vertical
stiffener and column-attached plate’s dimensions in the response of the studied connection.
More specifically, the first studied parameter (Models 7,8,9) demonstrated the resulted
difference, not in the connection’s capacity but rather in the distribution of stresses and the
development of plastic strains in the various components. In all three models, the maximum
rotation was significantly reduced and the column’s web and flange remained almost intact
in terms of both strains and displacements. The second studied parameter (Models 10,11,12),
showed that again the maximum capacity of the joint was not considerably altered, however
the new plate’s behavior (column-attached plate), was enhanced at a great extent and thus the
internal forces were expanded in the beam. Model 12 in particular, developed a flexural
moment resistance of 487,66kNm and thus its connection is considered almost a full-strength
one. Table 9 displays Model 7-12 geometric characteristics and final response values with
comparison to the beam’s strength. What can be noticed, is that when a 20mm end-plate is
incorporated in the model, the final strength is relatively low and so is the relevant percentage
M ui/ Mpi,HEB300.

Table 9. Geometry of parameters and response of Models 7-12

Bolttype End-plate Column-plate  Column stiffener M M;.uil
thickness (mm) thickness(mm) dimensions (mm) (KNM) My ress00
pl,

Model 7 M30 8.8 25 20 161x750x16 429,67 83,60
Model 8 M30 10.9 20 20 161x750x16 385,82 75,07
Model 9 M30 10.9 25 20 161x750x16 459,59 89,42
Model 10 M308.8 25 25 161x750x16 427,69 83,21
Model 11  M30 10.9 20 25 161x750x16 406,78 79,14
Model 12 M30 10.9 25 25 161x750x16 487,66 94,88

4.8 Model 13 — Achieving a full-strength connection

After thoroughly examining the connection’s response by altering five in total of its
parameters and exporting notable conclusions, it was considered essential to modify the
model in order to produce a full-strength connection. To achieve that, a modification of
Model’s 12 (M;u12=487,66kNm) geometry was made. The procedure followed, included an
identification of the joint’s most stresses components whose geometry was then increased
accordingly.

The connection of Model 13, incorporates bolts M36 of 10.9 grade. It was considered
extremely essential to increase the diameter of the bolts due to the strong influence that this
parameter exhibited in the relevant section (4.4). In addition, bolts remained critical in all the
analyses and played the role of the weakest component therefore in order to strengthen the
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connection’s response, bolts’ diameter was altered. The second most critical component of
the connection during the current investigation was the end-plate in bending. It is undoubtable
that a 20mm end-plate was inefficient and a 25mm was still developing significant plastic
strains, so in the final model a 32mm in thickness end-plate is going to be integrated. The
combination of these new alterations will produce a rather adequate equivalent T-stub.
Regarding the column-attached plate and from the last analyses the proven ability of the plate
to receive internal forces and not to yield at any point was undeniable therefore this plate will
remain to 25mm in thickness. Finally, given that in the last presented model (Model 12),
increased stresses were emerging once again in the vertical-stiffener, it is necessary to
strengthen it as well, thus its width/height will remain at 161/750mm respectively, whereas
its thickness will be increased from 16 to 20mm.

At this point, it is reminded that regarding the finite element model of the connection,
the column was divided into three sections. The upper, middle and lower part whose different
meshes were then connected using the built-in capability of MSC Marc to connect non-
conforming meshes. However, when the new strong model was analyzed, a brittle abruption
was detected in these connections. Therefore, in order to avoid this unpleasant result, the
column was now modeled as a single uniform component that was then meshed with the use
of ten-node isoparametric tetrahedral elements. By that, it was possible to obtain trustworthy
results and the realistic failure mode.

The presented curve below (Figure 89), demonstrates the behavior of the final model
in terms of the beam’s reaction force-displacement and connection’s moment-rotation curves.
In the second curve, the plastic moment of the beam HEB300 is presented as an upper bound
that indicates the strong behavior that the connection exhibited. The flexural capacity of the
model was measured as M;ju13=540,55kNm, which corresponds to a 105,36% percentage
compared to the beam’s plastic moment (MpiHes300=513,05kNm). Due to that, the connection
can be rendered as a full-strength one, according the classification of EC3 regarding typical
major-axis connections.
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Figure 89. Moment-rotation curve of Model 13 and plastic moment
of beam HEB300
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From all these, it can be assumed that the distribution of internal forces in the final
model will be rather different and a new failure mode might appear. For a better
understanding of the connection’s response a presentation in several increments of the
analysis is going to be presented hereafter by emphasizing the development of plastic strains
and highly stressed zones throughout the joint.

a) b) c) d)

Figure 90. Von Mises stress of Model 13 at a) 12%, b) 33%, ¢) 67%
and d) 100% of the analysis (x5) (maximum stress value-430MPa)

As demonstrated in Figure 90, the connection of Model 13 can be characterized by the
development of significant stresses predominantly in the beam. This suggest that the
connection itself (plates, bolts, stiffener, column) is adequate enough and the joint needs to
exploit the existence of the beam and its ability to bend. At the last increment of the analysis
the beam has developed very high stresses that mostly affect its two flanges due to the tension
in the upper and compression in the lower zone. Therefore, were an analytical computation
of the connection’s capacity to be made, based on the component method, the new
components that appeared in the analysis, would have to be considered (beam web in tension,
beam flange in tension/compression). However, not only the beam receives significant
stresses.

It should not be neglected that the resulted flexural resistance of the connection was
very close to the beam’s plastic moment. Given that, it is obvious that the failure is caused
due to a combined rupture of different elements (components) rather than an exclusive beam
failure. Were the connection to be strengthened even more, (by increasing the thickness of
the plates, stiffener or change the bolt’s diameter) and thus exceed considerably the beam’s
plastic moment, its failure would be probably caused exclusively due to the inadequacy of
the connected beam.

Besides the highly stressed response of the beam, it is clear that from an early stage of
the analysis the vertical stiffener and plates also develop significant stresses. On the other
hand, the column flange as well as the welds between the column and its flanges start to be
deformed and thus approximate and consequently exceed the yield stress. Finally, bolts seem
to have played an imperative role during the analysis and exhibited sufficient endurance
(since the tension is now causing significant issues to the beam and not only to the bolts).
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Hereafter, the equivalent plastic strains are presented (Figure 91), in three increments
of the analysis (33%, 67% and 100%). The development of strains initiates in the beam’s
upper and lower part as well as the middle part of the vertical stiffener. During the analysis,
strains seem to be propagated predominantly at the beam and at the final increment, several
sections of the beam have been completely yield, at which point the connection fails.
However, the cause of failure is attributed both to the development of plastic hinge in the
beam and the rupture of the bolts in the upper row.

Figure 91. Equivalent plastic strains of Model 13 at a) 33%, b) 67%
and c) 100% of the analysis (x5) (maximum strain value 2%)

Finally, in Figure 92 we can clearly observe the development of plastic strains in the
end-plate and column-attached plate at the final increment of the analysis. Despite the
alteration made in these plate’s dimensions they are still develop significant plastic strains
due to their bending. What is also considered essential to be noted is that the beam’s lower
flange due to the excessive amount of compression that receives, seems to almost buckle. For
this reason, it is imperative to pay much attention in the selection of a beam with adequate
thickness of flanges and web in order to avoid such unpleasant buckling effects.
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Therefore, it is clearly demonstrated, that the use of such sophisticated numerical
models can ultimately reveal the connection’s different phenomena that may arise, such as
non-linear effects (buckling). However, as it has been discussed in Section 3.2.3, the
computational cost and the time-consuming parameters must be taken into consideration as
well.

4.9 Overall comparison

The investigation made in Chapter 4, aimed at understanding the behavior of the under-
study weak-axis connection by means of numerical models from a parametric analysis. The
analysis was focused in the study of five in total parameters. Each of the tested models
exhibited a unique behavior which can be characterized by a moment resistance, a stiffness
or rigidity and a rotational capacity. However, when a plastic analysis is of concern, the most
important value to be calculated is the moment capacity. In Table 10, a presentation of all the
analyzed models is being made, that highlights the procedure followed in order to achieve a
full-strength connection which is occasionally the main case study in joint design.

Table 10. Geometric details and response of Models 0-13 - Overall comparison

Bolt type End- Column-plate Column Mijrd Mijrd/
plate thickness(mm) stiffener (KNmM)  Mpi,HeB300
thickness dimensions (%)
(mm) (mm)
Model 0 M24 8.8 20 20 - 226.66 44.10
Model 1  M248.8 20 20 161x500x10 273.04 53.12
Model 2  M24 8.8 25 20 161x500x10 312.46 60.79
Model 3 M308.8 20 20 161x500x10  348.77 67.86
Model 4  M308.8 25 20 161x500x10  419.36 81.59
Model 5 M3010.9 20 20 161x500x10 377.40 73.43
Model 6  M3010.9 25 20 161x500x10  447.69 87.10
Model 7 M308.8 25 20 161x750x16  429.67 83.60
Model 8  M3010.9 20 20 161x750x16  385.82 75.07
Model 9  M3010.9 25 20 161x750x16  459.59 89.42
Model 10 M308.8 25 25 161x750x16  427.69 83.21
Model 11  M30 10.9 20 25 161x750x16  406.78 79.14
Model 12 M30 10.9 25 25 161x750x16  487.66 94.88
Model 13 M36 10.9 32 25 161x750x20 540.55  105.17

From the Table above, we can observe several things. First and foremost, it is clear that
the use of a vertical stiffener is highly essential as it increases the moment resistance by
almost 10% and at the same time it impedes the development of plastic strains and ultimately
the abruption of the column-attached plate that is welded to the column’s two flanges.
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Furthermore, one can notice that the biggest amplification in the connection’s capacity was
when M30 bolts were used, instead of M24. On the other hand, parameters such the thickness
of the column-attached plate and thickness/height of the vertical stiffener gave an increase up
to 5%. This showed us how critical the components “end-plate in bending” and “bolts in
tension and bending” were in the failure mode of the connection. Finally, Model 13 gave a
moment resistance 5,36% larger than the beam’s plastic moment, therefore the connection
can be rendered as a full-strength one. From the discussion made on this model it was
emphasized that the use of the high-order elements in the numerical model, even though
increased significantly the analysis time, made the identification of buckling effects in the

beam’s flange possible, something that should not be neglected.

Nevertheless, a more thorough understanding in the connections’ overall performance
can only be achieved by observing their moment-rotation curves, so that additional values
such as their stiffness and rotation can be revealed. Figure 93, demonstrates the moment-
rotation curves of Models 0-6 with an upper value that corresponds to the beam’s plastic
moment. From this Figure, one can observe the significant increase in the rotational stiffness,
when the vertical-stiffener is incorporated in the models. Furthermore, regarding the
connection’s rotational performance, it can be noticed that Models 0,4,5,6 exhibit substantial
rotation. This can be attributed either in the absence of the vertical stiffener that causes the
column-attached plate and thus the beam to be displaced substantially or the excessive rigidity
of the connection due to the existence of a thick end-plate (25mm) combined with strong bolts
(M30 8.8 or 10.9).
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Figure 93. Moment-rotation curves of Models 0-6
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The performance of the rest of the models, along with the additional plastic moment of
the beam are presented in Figure 94. The numerical results of this second group of models
show an obvious enhancement in their performance compared to the previous group. One can
observe the significant rotational stiffness that these models exhibit and their convergence in
the elastic field of the curves. In addition, the three models that stand out regarding their
maximum moment resistance are ones that incorporate a column-attached plate with 25mm
thickness or both thick end-plates combined. Regarding the ultimate rotational capacity,
Models 9 and 13 develop significant rotations at failure, approximately 0,07rad (= 4 degrees).
An additional characteristic of these curves is their somewhat sheer drop at failure that is
apparently attributed to the rupture of the bolts in the upper row that was the most prevalent
cause of failure.
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Figure 94. Moment-rotation curves of Models 7-13

Finally, the performance of Model 13’s connection renders it as a full-strength one,
since its ultimate flexural resistance exceeds the plastic moment of the beam. Nevertheless,
this classification concerns solely strong-axis connections, according to EC3, that as it has
been discussed in previous chapter has not yet included a design procedure for their weak-
axis counterparts. Such connections are predominantly chosen when a plastic hinge in the
beam is preferred rather than a failure inside the region of the connection. This ultimately,
protects the relevant frame in which the connection is embedded, thus the structure, from a
lateral collapse.
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5. CONCLUSIONS AND SUGGESTIONS

The aim of this thesis was to examine a bolted connection in the weak-axis of the
column by means of numerical models. Due to the lack of guidance in the relevant part of
EC3 regarding their design as well as the limited literature on the topic a finite element
analysis is essential in order to thoroughly comprehend the connection’s actual performance.
The main concern was to obtain the highly essential moment-rotation curves that uncover
their rotational response. A parametric analysis was completed that revealed the connection’s
critical components and its various failure modes. In addition, an emphasis was given in the
perseverance of the column’s initial condition in order to facilitate a second connection design

in the strong-axis.

A finite element analysis of joints offers the possibility to simulate their actual behavior
with good accuracy as it has been proven from various studies that showed a very good
agreement with relevant experiment results. The current investigation, demonstrated that a
parametric analysis of a connection by means of numerical models is feasible although
difficult to be applied in every day practice. A clever exploitation of the model’s possible

simplifications is of essence if an optimization of the problem is of concern.

In the current investigation, the symmetry of the problem resulted in ultimately
analyzing only half of the model, which curtailed dramatically the computational time. At
this point, much attention needs to be given in the application of the boundary conditions to
accurately simulate the actual degrees of freedom. Another fact that was already known prior
to the investigation was that significant stresses and plastic strains would appear solely in the
connection zone rather than the entire model. Due to that, high-order elements were only used
in this zone and thus an additional reduction of the analysis time and data results that needed
to be post-processed, was once again achieved. Nevertheless, given the excessive need of
several components to be modelled accurately due to their substantial deformation during the
analysis, a highly dense discretization couldn’t be avoided that contrariwise increased the
computational time. Furthermore, the curves in the bolt-holes of the plates demanded an even
denser grid. Therefore, the final selection of the elements’ order and grid density should be
done wisely by considering all the aspects of the problem at hand. Finally, the accurate
representation of the non-linear material curves (constitutive relationships), is essential for
the development of a trustworthy model, thus a thorough literature review to obtain the
appropriate curves is imperative.

Regarding the results of the investigation, it is obvious that the proposed configuration
can be characterized by several advantages. First and foremost, by connecting the beam to
the column flanges by means of two end-plates, instead of directly connecting it to the column
web, an enhancement in the overall behavior and a more efficient exploitation of the
components is achieved. Not only the out-of-plane deformation of the column web that causes
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the development of significant plastic strains is avoided, but also a utilization of the column
flanges that now bend along their strong-axis, is achieved. By retaining the column’s web
intact throughout the analysis, we facilitate a possible design in the strong-axis of the column,
as the component “column web in shear” is normally a critical one. In addition, the
construction of this second connection in the strong-axis becomes much more convenient, as
the two designs do not hinder with each other. A second, and perhaps more important finding,
as it is the novel contribution of this thesis, is the imperativeness in the use of the vertical
stiffener, especially in joints with column sections of significant heights. Were this stiffener
not to be used in the model, large displacements of the components and excessive bending of
the column-attached plate around the vertical axis and thus substantial plastic strains in the
welds between the column-flanges and plate would appear. In addition, the use of the stiffener
resulted in a substantial increase in the connection’s rotational stiffness. Given that a
connection in the weak-axis of a column lacks the important existence of a web, the stiffener
essentially acts like a web and receives a significant amount of the shear force.

However, it is essential to address that the use of the proposed configuration demands
highly strong welds in the connection between the column flanges and its attached-plate. The
use of simple fillet welds, seemed to be inadequate as it resulted into local plasticity at this
zone and caused and early failure of the connection without allowing it to utilize its several
components. Instead, the use of full penetration welds was proven to be highly effective and
led to a more uniform distribution of the internal forces. In general, this last finding is also
consistent with previous research on a similar configuration.

As far as the specific geometry of sections and components that was analyzed is of
concern, the parametric analysis showed that Models 0-12, exhibited a partially-strength
behavior. The prevailing failure mode of the models was the one due to the rupture of the
bolts in the upper row. However, not only bolts, but also the equivalent T-stub formed by the
end-plate and beam’s upper flange seemed to be critical as well. Especially in cases were the
model incorporated a 20mm in thickness end-plate, the failure of the connection was rather
early and this can be partially attributed to the development of prying forces between the two
plates, that stressed additionally the bolts. When bolts are designed stronger, stress is mainly
concentrated on the plates and vertical stiffener. By increasing the stiffener’s height and
thickness, plastic strains are then observed in the column-attached plate and stress is once
again shifted to the bolts and the beam end-plate. It can be concluded that the critical
components by which such connection can be designed are the bolts in the upper row in
tension and the equivalent T-stub in bending formed by the beam and its attached end-plate.
For this reason and a when a high moment capacity connection is needed, attention should be
given to these components. Finally, through Model 13, one can observe the ability of the
proposed configuration to realize a full-strength connection.
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At this point, | would like to address some future research suggestions that were mainly
arisen out of the limitations that I have identified during my research on the topic. Since the
calculation of a connection’s most essential features (moment-capacity, rotational stiffness
and capacity) by means of numerical models is highly time-consuming, perhaps a similar
procedure followed in the design of strong-axis connections is needed. However, only few
studies have developed mechanical models for the calculation of the stiffness, rotational
capacity, ultimate load and failure mode for the new components that appear in such
connections (e.g. the so-called E-stub that appears in 3-D joints). If more studies were to be
performed, EC3 part 1.8, would expand its design guideline to include weak-axis connections
as well. In addition, given that in the current investigation, a single connection was analyzed
and evaluated, a study that includes both strong and weak-axis connections in corner and
internal joints is essential in order to examine the coupling effects and behavioral
differentiations of the weak-axis connection when the strong one is subjected to various levels
of loading and vice versa. Finally, it would be interesting to examine the behavior of the
studied joint in the presence of a constant compressive load in the column which is the main
column load in structural frames.
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