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“...Eivau peyddog 100706 0 &vepog

elvau TEAWpLOG ETOVTOG 0 GVEUOG

Ve YpOUUEVOG, XXPOUUEVOG, YAPOUUEVOG,

pixver Ta Teixn mov Vywoay avipeon oTovs Aaotg

pixver o Teixn Tov OavéTov

pixver Ta Teixn avipeox aTo vov kau oTHY KapSid

T TELXN AVAUETR O €V Kl OE [éva

Kkt avoiyel SikmAata T&vov amo Tov éva KGO0, Tov AoV TapdBupo.
Axobate ws o@upiler TOUTOG 0 GVeEUO§

UEO® OTIC UATWUEVEG YEITOVIEG TOV KOOUOV...”

I'dvvng Pitoog 1949-1951

“...This wind is big

it is huge this wind

it is joyful, joyful, joyful,

knocks down the walls raised between the peoples
knocks down the walls of death

knocks down the walls between the mind and the heart
the walls between you and me

and opens wide over the one world, the sun's window.
Listen how this wind whistles

in the bloodstained neighborhoods of the world...”

Yannis Ritsos 1949-1951
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Abstract

In recent decades, a strong demand for efficient and economical structural elements is being
observed. This demand led to an increase in the use of factory prefabricated elements, such as,
e.g., concrete hollow core elements for slabs and composite steel beams and columns, which
can be assembled on site. The use of standardized prefabricated elements concealed a higher
quality standard associated with lower cost followed by a high degree of flexibility because of a
wide range of possible combinations. The necessity for reduction of the floor height for high-
rise buildings, namely, a reduction of the height between floors, without reducing the usable
space, was anticipated in order to increase the total number of storeys for a given overall
building height. Thus, parallel with prefabricated construction, a “new” more advanced

structural system was born; the shallow floor system.

In the shallow floor system, the steel beam is placed within the thickness of the pre-cast concrete
floor or the composite slab with profiled steel decks. This form of construction leads to a
reduced clear building height and is, at the same time, beneficial for the building services that
may run inany direction. In this system, also called slim or shallow floor, the decking elements
are not supported on the upper flange of the steel member, as in traditional steel-concrete
composite construction, but on the bottom plate. Thus, in the finished construction the steel

members are fully or partially encased in the concrete slab.

The relatively small amount of research work related to shallow floor beams subjected to
extreme loads, such as earthquakes or column loss scenarios, together with the lack of any
relevant design guidance in the Eurocodes, as well as the numerous possibilities and
combinations of steel sections and shapes that can be used, indicates the need to investigate

this topic more extensively.

Existing research in the literature is solely related to the investigation of the flexural behavior

of composite beams with asymmetric double-T steel profiles, while the imposed



Abstract

load/displacement test sequences correspond to normal loading conditions. However, there is
a need to examine the robustness of shallow-floor composite beams with hollow steel cross-
sections under extreme loading conditions, shedding light to important factors, such as the
shear connection between steel and concrete parts or the degree of confinement of the steel
cross-section in cases of encased concrete. This dissertation elaborates on experimental
investigations on shallow floor beams, called Deltabeams, carried out at the Institute of Steel

Structures of the National Technical University of Athens (NTUA).

Deltabeam is a slim-floor composite beam which took its name by the A-shape of the hollow
section steel beam, which is fully integrated into the concrete floor. The composite beam
behaves as a steel beam at construction stages before the infilling concrete has reached the
design strength. After the erection of the decking units on the outward ledges of the bottom
plate, the beam is completely filled with concrete in situ through regularly spaced web openings,

forming a composite element at service stage after concrete hardening.

Furthermore, three-dimensional (3D) Finite element models were created and calibrated with
the experimental results. The good correlation of the numerical predictions with the
experimental results gives an excellent opportunity to shed more light by further numerical
analyses on the issues that could not be measured or indicated in the tests carried out and, thus,
assist to a better understanding of the overall behavior of these beams. Finally, Deltabeams were
successfully used as simply supported beams for the seismic design of an office building.
Comparison of the results with a second model made by conventional monolithic concrete
frames revealed the beneficial effect of the shallow floor construction, since, because of the
lower height of Deltabeams, there was space for more storeys for the same overall building

height.



Greek extended summary

EKTEVNC nepiAnyn

IoTopikn avadpoun

H xprion xat n avantuén tov Soptikod xdAvPa ws SOUIKO LAKO gixav TEPATTIA ETILPPOT GTNV
eEENEN TwV Propnxavomomuévwy kovwvidy kabwg kat otn Snovpyia Tov 6OYXpOvov TPOTOV
(wng onwg tov Puwvovpe orfpepa. Ot otdnpddpopot, ot YEQUPES, Ta UEYAAA TTApAywYLKA

gpyooTaota kat Ta KTpla, de Ba eixav moté T onuepviy Hop@r) Tovg xwpic To Sopkd xaAvBa.

216 apxég Tov 18 aidva Tpetg THmoL odnpovXwV HeTAAAWY TAV YVWOTOL 0 KATEPYAOHEVOG
oidnpog, o xutooidnpog (pavtéut) kat o xdAvpag. O katepyaopévog aidnpog xpnopomototav
Ao Tovg o10ePAdEeG APKETOVG AUWVES YL TNV KATAOKEVT TTPOIOVTWYV OTIwG TTOAEG, KIYKAOWHaTA,
KAp@La Kat aAvoides. AvTh 1 HopPr} TOL VAIKOV £QTA0E 0TO AMOKOPUPWA TG TN dekaeTia TOV
1860 wg 10 KVPLOTEPO SOIKO VAIKS. O XUTOOIdNPOG XPNOLHOTIOLOTAY KVPIWG GTNV eMITAOTOLIA
KAl OTNV KATAOKELN payelpikov okevwv. Ovtag yabupog, de xpnopomnomdnke wg Sopkod
VAko. O xdAvPag, péxpt ta péoa tov 19 auwva, XpNOIHOTOLOTAV OTNV KATAOKELN
aKPLBOTEPWV KAl KOUWYOTEPWY AVTIKEWHEVWY, OTIWG POAOYLa Kot oTtabid, Aoyw Tov eatpeTika

VYNAOD KOOTOVG TTAPAYWYT|G TOV.

To 1856 o Henry Bessemer, o onoiog Bewpeital o matépag tov ovyxpovov xdAvPa, epnope pia
Hebodo pe TNV e@appoyn TNG OmMoiaG KATEOTN €PIKTH HeYAADTEPT Kal OLKOVOUKOTEPT
napaywyn xdAvpa. O cvvdvaoudg g pebddov, n omoia Tpe TO GVOUA TOV EPEVPETN TN, e
NV e@evpeon NG «kapivov avolktrg eotiag» and tov Charles William Siemens to 1866,
odnynoe otnv «ekBpOVIoN» TOL KATEPYAOUEVOL OIONPOV, WG TO KVUPLOTEPO KATAOKEVAGTIKO
VAKO, and tov xdAvPa. Mia amd Tig TehevTaieg SLAONUEG KATAOKEVEG ATIO KATEPYATUEVO

oidnpo eivar o mopyog tov Awpe) (1889). Tnv idia mepiodo, kataokevAOTNKE OTN ZKWTiA N
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yépupa Forth Bridge, n omoia ntav n mpwtn peydAn kataockevn and xaAvPa otn Bpetavia.

Eykawidotnke to 1890 kou eiye prjkog 2467 .

210 Zikdyo oTig apxég Tov 19% awwva ta KTHpa fTav katackevaopéva kupiwg ano vlo. H
HeyaAn mupkaytd Tov 1871 npokddeoe tepdotieg kataoTpo@és. [lepimov 300 dtopa éxacav tn
Cwn Toug, mavw and 18000 ktrpia katactpagnkav kat 100000 avBpwmot (to €va tpito Tov
mAnBvopol NG MOANG) épevav doteyot. To ddotnua mov akoAovBnoe, 1o Zikdyo éytve
onuavtikd mapadetypa taxeiag avotkodopnong. Aedopévov OTL oL kavoviopol évavti
TIVPKAYLAG TAV TAEOV oo TNPOTEPOL, YEVVIONKE N AvAyKn yia Kawvolpla pn ebeAekTa SopKa
VAka. Ot pnxavikoi BpAkav tn Abon avtod Tov TpoPAnpatog otn xpnon tov xdAvpa. To
Ktnpo Owtakrg AogaAiong, oto Zikayo, kataokevdotnke to 1885 kat, kabwg anotelovtav
a6 déka 0poPovg, BewpnBnke o TpwToG oVPavoEHoTNG. O okeAETHG TOL KTNpiov anoTeAobTAV
and xéAvPa. H kataokevrn and xéAvPa dev ntav povo eha@pitepn amd avTn He TOVG
ontOMALYOoLG, 0L 0TTOIOL XPNOHOTIOLOVVTAV EVPEWG OTNV KATAOKELT KTNpiwv, aAAd pumopovoe
emumAéov va mapaldPel meplooodtepa optia. EAagpitepot toixot nrav ovvdedepévol otov

XaAOPSIvo okeAeTo.

216 apxég Tov 20° arwva 0 Soptkog XAAvPag EMpeTe va avTaywVIoTEL €V KavoupLo VAIKO ™ TO
omAopévo okvpodepa. O dopukdg xdAvPag eixe VYNAT avtoxn, OAKILOTNTA Kat LUVEPAAE OTNV
TayVTEPN AVEYEPON TNG KATAOKELTG. To omAlopévo okvpodepa eixe vynAn Svokapyia, avroxn
gvavtt OAiyng kat QTIAG Kal HikpOTEPO KOOTOG. EV Téhel, ) cOpIKTN KaTaokevr and xdAvpa
Kat OTMAOpEVO OKVPOSena, éva véo Tio eEeltypévo Sopkd cVOTNUA, TIPOEKLYE OXL ATd TOV

AvVTaywvIopo Twv 800 VAKOV aAAd amd Tn ovvepyacio TOvG.

Zta MpwTa PriHATA TWV COUUEIKTWV KATAOKELWYV, Sev vTifpxe EekaBapog Staxwplopog petado
Twv XaAOPSvwv ototxeiwv (pnetalAikég Sdokol kat paBdot omAiopo) kat OAa €mpeme va eivat
VTOXPEWTIKA TANpwG eyKIPwTiopéva oto okvpodepa. Ta mpwTa MelpdpaTA OXETIKA He TN
ovvdeon Kat T oXETIKN peTakivinon petald twv dVo vAkwv mpaypatonomOnkav and tov Carl
von Bach. Ta anoteléopata édei&av ot vmnpye peyavtepn olioBnon petadd twv petaAikwv

dokwv Kkat Tov okvpodépatog oe oxéon pe TG peTalAkég paPdovg omhiopov. Emmiéov, n
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eEOAKEVON TWV O AKAPTITWV XoAUPSIvwY oTotyeiwv pokalovoe extetapéves PAaPeg ato
okvpodepa. Avtég ot Stagopés €dwoav To €vavopa ya v évapfn g ovlntnong mov

apopovoe To Slaxwplopd Twv 600 StagopeTikwy XaAVPSvwy ototxeiwy.

2ty Evpwnn, 010 mpdto piood tov 20 awwva, 1 épevva emkevipwOnke kvpiwg otn ovvdeon
petafd tov xdAvPa kat tov okvpodépatog. Katd tn Sdpkea avtig tng meplodov,
ELPAVIOTIKAV Ol TTPWTEG TTPOTACELG Yiat piat pnyavikr c0vdeon petagd twv §0o VAWV, ZTnv
AAAn mAevpd Tov Athavtiko, otig HITA, o Julius Kahn élafe to Simlwpa gvupeotteyviog yia
Hia ovppelktn Sokod mapopola pe Ttnv Mo ovvidn onueptvry popen tng. H ovppewktn
OVUTIEPLPOPA  TIPAYUATOTOLOVTAV pHE TN XPNHON  KAUMUAWHEVWY  peTOAIKWY  Awpidwv
ovykoMNUévwy oty dvw mAdka TG XaAvPdivng dokov. Ta xpdvia mov akolovBnoav
Sie€nxOnoav moAlég melpapatikég epyaoieg kat onpewwdnke peydn mpdodog, kupiwg oTOV
Topéa NG yepuporotiog. ITapdAAnia cvvtdxBnkav ot TPOTOL KAVOVIOUOL OXETIKOL HE TIG

OVOUEIKTEG KATAOKEVEG.

Tnv eloaywyn twv ovppektov dokwv otn Plounxavia Tng katackevng akolovbnoav ot
ovppekteg mAdkeG. O ovvdvaopdg mMAakwv okvpodépatog pe XaAvBSo@uAla, Ta omoia
ovunepAapfdvovtay 6Tov VTTOAOYLOUO TNG AVTOXT|G, §AAenye TNV avaykn xprong SvAdtumov.
H epappoyn twv xaAvpdo@uAlwv cuvdvaotikd wg poviHog EVAGTLTIOE Kat evioxuon oTnV
TAGKO OKUPOSEUATOG EQAPUOOTNKE apIkd 0TnV Apepikn otig apxég tov 1950. Zto Hvwuévo
Baoiheto n obppewctn dopunon etonxOn t dexaetia Tov 1970 kat eivan n o StadeSopévn popen

Yl TNV KATAOKELT TAAKWYV 0g KTApLa amo doptko XaAvPa.

Tig televtaieq Sekaetieq, Kvpiwg AOyw TNG TAYKOOWUIOG OIKOVOIKNAG KPIONG Kal Twv
TEPLOPLOPWY  TTOV  amautovvtat and Ttov Kavoviopots, avfnnke n (ftnon ywa mo
ATOTEAEOHATIKEG KAl OLKOVOLLKES eBOSovG kaTaokevns. To yeyovog avtd odrjynoe otn xpnon
EPYOOTACLAKA TIPOKATACKEVAOUEVWV SOUIKWV OTOLKEIWY, Ta OToidt CLVAPUOAOYOVVTAL GTO
epyotadio. H xprion tumonomuévwy mpokatackevaopuévwv Soukwv ototxeiwv eEao@dlile éva
VYNAO emimedo moLOTNTAG e XAUNAO KOOTOG, ouvakolovBovpeva amd €va peydho Pabuod

eveli€iag Aoyw Tov gvpéog pdopatog mbavwv cvvdvacpuwy. Q¢ anotéleopa g entPorng g
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Helwong Tov VYOLS TWV KTNPLwV Ao TIG apxEG, Eva TUNUA TNG KATAOKEVAOTIKNG Propnxaviag
0toxeVOE 0TN Heiwon Tov VYOG UeTalh TwV 0pOPWV, XWPIG TN pelwon Tov WPEAILOL XWpPOU,
He OKOTIO TNV av&non tov aptBuod Twv 0pdPwYV, WG TAEOVEKTNHA EVAVTL TWV AVTAYWVIOTWOV
Tovg. ‘Etot, mapdAAnla pe tnv epAavion Tng MPOKATACKEVNG éva VEO TIPONYUEVO SOpKO
ovotnua «yevvinOnke». To ovotnua avtd anoteleital and AenTéG OOUUEIKTEG KPLPOSOKOVG OL

omoieg oTnpifovv Aemtég MAdkeg anod okvpddepa.

Me 10 V€O aUTO KATAOKEVAOTIKO OVOTNUA EMTVYXAVETAL 1| AVEYEPOT) KTNPIWV e HKPOTEPO
VYOG Kat, TavTdxpova, N eminedn -xwpig kpépaon Sokwv- KATw amd TNy KATw Tapeld Tng
TAGKOG eivatl KataAAnAoTepn yla Ty Tomobétnon Twv unxavoloyikwv odevoewv. H mhdkeg
mAéov dev tomoBetobvtal oto dvw TEApA TNG peTaAAKNG O0KoV, OTWG OTIG OLUPATIKEG
OVUEIKTEG KATAOKEVEG, aAAd otnpifovtat amd To KATw TéApa G Me avtd Tov TpodTO N

A0SV 80KOG eivat TANPWG 1) HEPIKWG EYKIPWTIOREVT OTNV TAAKA OKVPOSEUATOG.

2t Zxkavdwvafia, kat o ovykekpipéva otn Zovndia, oTig apxég g dekaetiag Tov 80 Tov
TIPOTNYOVHEVOD QLWVA, EUPAVIOTNKE TO TPWTO OVOTNUA AEMTWV CUUUHEKTWY TAAKWDV e
KpLPodokovG. Avtn 1 véa katackevaoTikr péBodog avfnoe to pepidio Twv pETAAAIKWY
KATAOKELWV Yl Xprion ypageiwv avw tov 50% tng ovvolikng ayopas. H mpatn popern tov ev
AOyw ovoTtnpatog ovopalotav Aokodg Thor kot amotehodvrav and tufpata Swatoung U
ovykoMnuéva oe pia eminedn mhaka. To 1989 otn OvAavdia, oxedidotnie kot epeavioTnke N
dokog Deltabeam. IIfpe 1o 6vopd g and to oxiua g Statopng e H odvdeon petald
okvpodépatog kat xdAvPa eEacpaliCetan péow paBdwv omhiopov mov SiEpyovtal uéoa and
0TéG 0TOVG KOpHOVG. Avo Xpovia petd, To 1991, oto Hvwpévo Baoilelo avantoxbnke n dokog
Slimflor n omoia amotekeitar amd pia ovvAOn petoadikn Satopry VTOCTLADUATOG

ovykoAnuévn og pa xaAvPStvn mhaka.
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Opyavwon TngG d1artpifng

To Kepdlato 1 amotekel v ewoaywyn g StatpiPrig. Méow ag oOVTOUNG XPOVIKNG
avadpoung meptypagetal n e&EAEN Twv xaAUPSivwv kataokevwv, N avaBaduior tovg oe
OVUEIKTEG HE TNV EUPAVLOT] TOV OTALOUEVOV OKVPOSEUATOG Kal £V TEAEL O TTATIPNG EYKIPWTIOUOG
Tovg 0TV mMAaka okvpodépatog. Emmiéov oto Kepalato avtd meprypdgetar kat n StépOpwon
Tov ketpévov g dtatpiPng. To Kepdhato 2 meprypagpet tovg Evpwkwdikeg e épgaon oe ekeiva
TO TUAHATA TTOV OXETICOVTAL [LE TNV KAUTITIKT] CUUTEPLPOPE KAl TO OXESIAOUO TWV COUUEIKTWV
Sokwv. EmmpdoBeta, 0tox0g Tov £v AdOyw kepalaiov eivat va avadei&et tnv ENewyn Stataewv
Kat 00N yLwv oxeTkdV e XaAvPdiveg dokovg MANpws eyKIPwTIOUEVEG OTNV TTAAKA OTTALOUEVOL
okvpodépatog. X1o Kepdalato 3 mpaypatonoteitat pia PtpAloypagikn avaokdmnon Ke Tig mo
ONUAVTIKEG KAl OXETIKEG, OTNV TPEXOLOA EPEVVA, TIELPAUATIKEG SMHOCLEVPEVEG Epyaoie TTAVW
o€ OVpEIKTEG SOKOVG TATPWS EYKIPWTIONEVEG OTNY TAAKA OKVPOSEUATOG. AV Kal LTIAPYEL
apketdg apliudg dnuootevoewy OXeTIKA e Tr SLTUNTIKY CUUTEPLPOPA TwV LTIO dlepevvnon
SokVv Kat TNV avtoxn Tovg €vavtt TupKayldg, Sev vmdpxovv TOANEG epyaocieg mov va

SlepevvobV TNV KAUTTIKI CUUTEPLPOPE TOVG.

Zta Kepdhawa 4 kat 5 meptypdgetal to melpapatikd mpoypappa mov akohovdndnke ota
mAaiota NG Sdaktopikng SatpiPrig. Aemtopepéotepa, oto Kepdlawo 4 ewodayetat n vmo
Siepebvnon obppektn dokodg tpamefoetdolg Siatopung mov y avtd To Adyo ovopdletat
Deltabeam. EmumAéov, mapovotdetat fia ekTeTAPEVN TTEPLYpaQr| TG Tetpapatiknig diartadng,
TIOV AMOTENEITAL ATTO TO KVPLO TAQIOL0, TIG OTNPIEELS, éva VOpavAko éuPolo kat Tig Sokovg-
dokipua. H yewpetpia kat ot Aemtopépeleg Twv dokdv kabwg Kat 1 TPOETOLHATIA TOVG YLat TIG
SOKIEG TIEPLYPAPETAL EKTEVWG. T CLVEXELL AVAPEPOVTAL OL HNYAVIKEG 8LOTNTEG OAWV TwWV
xpnotpomotovpevwy vAkwv. Télog, meptypagovtal ot Stataelg pétpnong kat ot Béoelg Twv
opyavwv pétpnons. Zto Kepdhaio 5 mapovoidfovrat ta anoteléopata twv nelpapdtwy. Ta
Tov oKkomd avtd SnpovpynBnkav daypappata ota omoia to Qoptio cvoxetifetat pe
HETATOTION OTO [ECO TOL avoiypatog, tv ohioOBnon petafd tov okvpodépatog kat tng
XaAOBSvNG dokov kat TN Stapnkn TapapdpPwon Twv HeTAAMKWY TEARATWY 0 GUVOVAOHO (e

HLaL AETITOEPT) TIEPLYPAPT| TWV TIO ALOOTUEIWTWY TTAPATIPTIOEWY TOV EKACTOTE TELPAUATOG,
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Y10 Kepdhato 6 mapovotaletat pa avalvTikr épevva e T xpron g uebodov nemepaouévwv
ototxeiwv (FEM). Ta tpiodidotata mpocopoidpata OSnuovpyndnkav pe Tn xpnon tov
Aoylopko Abaqus divovtag peydAn Tpoooxn oTny akpiPr avanapdotacn TnG yewHeTpiog,
TWV VAKOV Kal Twv ovvoplakwv ovvOnkwv. Ta otowyeia Twv dokipiwv Ta omoia ATav
KATAOKELAOpEVA amd oKVpOSepa kat Sopkd xdAvBa, avtipeTwniotnkav wg dvo Eexwplota
otouxeia otnv mpocopoiwor. Ot 18totnTeg TG peTald Toug emagng emAéxOnkav katoMRAWG
woTe Ta SVOo TUNPATA Va HTOPOVV va artokoAAnBovv, adld va epmodiCetar n Sieiodvon Tov evog
oto &Ao. Emmiéov, ta dvo tunpata pmopovv va okoBaivovv 1o éva oe oxéon pe to dAho,
avantooocovtag TpPr. Xtn ovvéxela, yta va Pabpovounbovv ta mpocopolwpata Kot va
eMAEYOVV Ol KATAAANAEG TAPAHETPOL TIOV T TEPLYPAPOLY, OLYKPIONKAv oL avaAvTika
UTTONOYIOUEVEG  KOAUTUAEG  QOPTIOV-HETATOTIONG KAl  QPOPTIOV-TIAPAUOPPOOEWY HE  TIG
avtiotolxeg mepapatikés. EmmpodoBeta, yivetar kat ovykplon, o010 KePdhao avTo,
Slaypappdtwy, TV OMoiwv oL KAUTUAEG ATOTEAOVV TO UECO OPO TWV TEPAUATIKWDY KAl
AVAAVTIKOV ATOTEAECUATWY, TTOV ATOSEIKVVEL TNV AflOTIOTIA KAl ATOTENECUATIKOTNTA TWV

AVOAVTIKWV TIPOCOUOLWUATWYV.

1t ovvéxela, eEeTAleTal AVAAVTIKA 1) CUUTEPLPOPA KAl O OXESLAOUOG €VOG TIPAYHATIKOD
KTLpiov £vavTL CelopKwY @opTiwv 01o Kepdhato 7. AegnxOnoav o Siapopetikég avalboelg.
Ta katakdpvea otoleia Tov KTipiov eival Tolxeioa OmMAOUEVOL OKVPOSEUATOG T OTola
ovvdéovtat, 0TV MPWTN TepinTwon, pe Tig Sokovg Deltabeams kat otn Sevtepn pe ovpPatikég
dokovg omAtopévov okvpodépatog. Ot dokoi Deltabeams ouvdéovtat pe ta toyeia pe otnpielg
HETAQOPAG Téuvovoags. UG amoTéNeoUd, HOVO KATAKOPLQA QOPTio HETAPEPOVTAL ATIO TIG
dokolg ota katakdpvea ototxeia. ITapovotdletal emiong n OVYKPLON TWV ATOTENECUATWY.
Téhog epappoletal n mpoTaon NG mapovoag StatpiPrig He Th P10 TPOCOHOLWUATOS Yid TOV

AVAAVTIKO VTTOAOYIOUO TNG AVTOXNG TNG EVIOXVUEVNG, LE XPTIOT) OTALOHWV, SLATOUNG.

To Kegdhato 8 cuvvoviCet tnv épevva mov Sie€nydn oe avtr ) StatpPn kat Kataryet oe
ovunepaopata and v aflohdoynon Twv anoteleopdtwv. Emmiéov, ovunepapPdvovrat
OpPLOHEVEG TIPOTACELG Yla Ta emoOpeva Prpata tng €épevvag oxetika pe ta Deltabeams (m.y.

Slepevvnomn TNG avToxNG EVAVTL APVNTIKWOV POTIWY).

Vi
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MNeipapartiki digpevvnon

Ot dokoi Deltabeams eivat Aentég ovppeikteg Sokol MANPWG eYKIPWTIOREVEG OTNV TAAKA Kot
TMPAV TO OVOUA TOVG and To oxpa TNG Statopng Tovg. H Svotpeyia Toug eivat apketd vynAn
WOTE va eMTpETEL TNV ToMoBETNON Papéwv oToLXElwV OTIG TPOEEOXES TNG HETOANIKNG TTAGKAG
TOL KATw TéEApaTOG Xwpig emmiéov otrpi€n. Eival oxediaopéveg va xpnopomoovvtat wg
dopkd otolxeia Kat pmopodv va ovveLacTOUV e OAOVG TOVG YEVIKOUG TUTOVG TAAKWYV

OKVLPOSEUATOG.

Ot dokoi Deltabeams cvpmepipépovtal wg apyws HETAAALKESG TPV TO OKVPOSEUA ATTOKTHOEL
v amatovpevn avroxn. Katd tn Sdpkeia g okvpodétnong twv mlakwv, ot dokoi
TANPWVOVTAL He OKVPOSEUA HECW TAKTWYV AVOLYHATWV OTIG HeTAAAIKEG TTAAKEG TOV KOPUOD,
oxnuatitovrtag étot pia oOppektn Statopr| HeTd T oKANpuvorn Tov okvpodépatos. H avtoxn
NG OVUUEIKTNG StaTopng €vavTtt SlaTunong eivat peyaAvtepn NG avtiotolxng avtoxng Tng
HeTaAAknG Sokov TpLv T okvpodETNOT, AOYyw TNG GLVELTPOPAS TOV OKVPOdEHaToG. [ToMamAd
nelpapata éxovv anodeiet 0t ) dokdg Deltabeam €xel vymAn mupavtoxn, n onoia e€aprarat
and To TMAX0G TNG HETAAMKNG TAAKAG TOL KATW TEAMATOG Kot Tov aplOpd twv pdpdwv
nmuponpootaciag mov Ttomobetobvtar péoa otov mupnva TG dokov. O omAloudg
TLPOTPOOTACIAG AvVTIOTAOUICEL TNV AMDAELA AVTOXT|G TOV KATW TEAHATOG KATA Tr StdpKeLa NG

TIUPKAYLAG Kat wg ek TovTOV, oLV Bw, 8¢ Xpetdletat Tpdobetn e§wTepikn TuponpooTasia.

O Tel koG 0TOX0G TOV EPEVVTIKOD TIPOYPAUUATOG Elval 1] Snuiovpyia Hag aptyws TAAUCLWTHS
Kataokevng pe dokovg Deltabeams to omoio Oa éxet emapkn avtoyr kat TAACTILOTNTA EVAVTL
OLIOUKWY @opTiwv H/kat BavotTwy Stadoxikng katappevong. Xtnv mapovoa SatpPn
TAPOLOLACETAL TO TIPWTO HEPOG TNG EPEVVAG, TO OTIOIO OXETILETAL HE TNV KAUTITIKI CUUTIEPLPOPA
™G obppektng dokov Deltabeam évavtt Betikwv ponwv (epelkvopdg katw méipatog). O
HKPOG aptOUOG EMOTHOVIKDY ONUOCIEVOEWV OXETIOUEVWY E TIG AETTEG OUUUEIKTEG TINAKEG
e kpvpodokovg and xdAvPa kabwg kat n mavtekng éNewyn odnytwv otovg Evpwkwdike,
kabotd v mepapatikr Stepevvnon avaykaia. H melpapatikr Stepevvnon éaPe pépog oto

Epyaotipio Metalikwv Kataokevwv Tov EBvikov Metoofiov IToAvteyxveiov (ABrva), dmov
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eEETAOTNKE 1] CUUTIEPLPOPA SEKATPLOV AUPLEPELOTWV SOKWV XWPLOUEVWY OF TECOEPLG OUADES,
avaloya pe Tov Tomo g Statoung tovg (Ekova 1). Apketol onpavtikoi mapdyovteg, 6Twg To
HéyeBog Twv xaAOPSvwv Statopwy, ot AemTopépeteg Twv OMALOHWY, 1) Stéta&n Twv StaTUnTIKWY
MA@V Kat 1 yewueTpia NG MAAKAG oKUpOodEHATOG HeAeTHONKAY HEOW TNG TELPAUATIKAG

diepevvnong. Oha ta dokipua eixav upkog 7700 mm.
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Specimens S3, S4 Specimens S2, S5
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Specimens S6a, S7, S8 Specimens S6b
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o
a
-
= )/ \L
Specimens S9, S10

Ewx. 1- Opadomnoinon Twv dokwv avdloya pe Tn SlaTopr Tovg

H nepapatikn Stdtadn amoteleito and €va akapnto mAaioto, éva vdpavikd £ufolo, Tig
otpifelg, oL omoieg oxedlaoTNKAY ATMOKAEIOTIKA Yo T TElpapata, kot T€hog Ta Sokipa
(Ewova 2). To dkoumto mAAIOO0 KATAOKELAOTNKE ond TECOEPA LOXVPA METAAALKA
vnootvhwpata HE 600M ovvdedepéva pe téooepig dokovg tomov HE 600M katd tn Stapnikn
dievBuvon twv dokipinwy kat pe Téooepig dokovg Statoung Sumhov U oty eykapota dtevbuvon.
Ot ovvBnkeg otnpEng oxedtdotnkav wg «apfpwoete». Avo Aemtég mhdkeg amod INOX xaAvPa kat
teflon xpnowomnomBnkav avapeoa otig otnpiels kat tig Sokovg yla tnv 660 0 SuvaTo peiwon

g tpPri¢. H amdotaon petadd twv kevipoPapikwv afdovwv twv otnpifewv ftav 7200 mm.
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Ew. 2- TTeipapoticn Siatadn

Katd tn Sdpkela Twv melpapdtov petpndnke n katakopu@n HeTAKivon 0TO HECO TWV
dokipiwv pe ™ xpnon dvo emunkvvolopéTpwv ekatépwdev g Statouns. H tedkn kapmdAn
QOpPTIOV- HETAKIVIONG VTIOAOYIOTNKE WG O HECOG OPOG TwV VO avTWV peTproewy. Emmiéov,
HeTprONKaV Ol TAPAOPPWOELG TOV KATW UETAAAIKOV TEAHLATOG 08 OAEG TIG JOKOVG KAl TOL Avw
TEALATOG OTIG TIEPITTWOELG IOV ALTO HTay Suvatov kat 1) oAioBnon peta&d Tov okvpodépaTog
Kat NG petadhikrg Sokov oe €€l onpeia katd prikovg 6. Ot apyIKES TIHEG TWV HETPTIOEWV OAWV
TWV 0pyavwy undeviotnkav pe amoTéAeopa Ot LETPNOELS VA TIEPLEXOLY HOVO TIG Slapopés Adyw
TOV KATAKOPLYOL QPOPTIOV Kal OxtL TNV emippon Tov 1diov Papovg Twv dokwv. Télog ot
TAPAOPPWOELS TwV otnpiewv mapakolovBovvtav kad’ OAn n Sdpketa Twv melpapdtwy. Ot
TIHEG TWV HETPHOEWV ALTWV NTav oxedov undevikég kat dev enmnpéacav tn cuVoAKn Topeia

TWV TELPAUATWV.

Egappootnkav dvo xpovoiotopieg @optiong. Kat ot 0o amotehovvtav apxikd amnd Tpeig
KVUKAOVG, pe petakivion ion pe 27 mm (OKA). H didpreta kdBe kdxAov ftav déka Aemtd. Etn
ovvéxela akolovBovoe 1 pHovoTovn @opTion HEXPL To TéNoG TwV Tetpapdatwy (OKA) n omoia
amotehovvTay amod 6vo THRHATA pe StaPopeTikod puOuod emParlopevng mapapdpewong. ZTnv

npwtn xpovoiotopia (Ekova 3) vrrpxe éva tunpa pe xapnAn taxptnta ¢optiong puéxpt ta 100
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mm. Enetta i taxdtnta avfndnke péxpt to téhog Tov melpapatog. Xtn devtepn xpovoioTtopia

(Ewova 4) to mpwto apyd TURRA THG LOVOTOVIG POPTIONG eMUNKLVONKe péxpt Ta 150 mm.

Loading protocol 1
500
450
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350
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Deflection (mm)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (min)

Ew. 3- IIpatn xpovoiotopia ¢opTiong
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Deflection (mm)

Ew. 4- Ashtepn xpovoioTtopia opTIong
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MeipapaTika anoTeAEopaTda.

> Aoxkipta Statoung Tomov 1

Ot diatopég THmov 1 ATav ot Atyotepo OMALOUEVEG KAl AVTITIPOCWTIEDOVY TOV TPEXOVTA TPOTIO

XPNong Twv 8okwv. Avtog o mapdyovtag eixe TOAAT HeYAAn eMidPacT 0T CLUTEPLPOPE TOVG,.

I.  AokogS2
O mpwteg pwypés eppaviotnkav oe petatomion ion pe 23 mm otov Sedtepo KOKAO
Aettovpykotntog (Ewova 3). Otav n petatomion éptace ta 117 mm (495 KN) ot Staprkelg
paBdot otn OAPopevn {wvn Abyloav dnpovpywvtag PAafes oto okvpoSepa. Adyw EANelyng
ovvdetnpwv N PAAPN 01O oKVPOSepA NTAV EKTETAUEVT Kot OV AmOTPATNKE O AVYLOHOG TOV
Avw TEAHATOG. AVTOL Ol TTAPAYOVTEG TTPOKAAECAV [Lia ATOTOWN TTWOT) OTNV AvToXN TNG SoKov
¢wg 10 60% Tov pEYloTOV QOopTiov, TPoadidovtag oTo Sokipto pia U TAACTIUN CVUTEPLPOPA
(Ewova 5). H péytotn tiur| g oAioBnong peta&d tov okvupodépatog kat TG petalAikrs Sokov
nov petpnOnke Hrav 1.9 mm kot onpewwdnke oto péyloto @optio. Metd TNV ekTETAUEVN
pNYMaTwon Tov okvpodépatog pewwdnke o Pabuog SwatunTikng ovvdeong  petagy

OoKVLPOSEUATOG Katl HETAANKTG dokoV, pe amoTédeopa va pewwBohv kat ot Tiég Tng ohicOnong.
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150 4+—
100 4+
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0 50 100 150 200 250 300 350 400 450 500
Deflection (mm)

Ew. 5- S2- KopmoAn goptiov-petaromong
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.  AokogS3
O mpwteg pwypés eppaviotnkav oe petatomion ion pe 20 mm otov Sdedtepo KkbKAO
AertovpykdtnTag. Ot mpwteg OAMTIKEG pwyHES TapatnpnOnkav oe petatomnion ion pe 105 mm.
TN HETATOTION TTOV AVTIOTOLXEL OTO HEYLOTO QOPTIO eppavioTnke Avylopndg otig OAPopeveg
Sapnkelg papdovg pe amotédeopa tn Opavon tov okvpodépatog. H éNewyn ovvdetrpwv
odnynoe oe exteveig PAaPeg 01O oKVPOSepa. AkoAoVOWG Ot TAAKEG TOV AV TEALATOG KAl TWV
KOPUWV TNG UETAAAKNG dokov ADyloav TOTIKA e amOTEAEOHA TN HelwOT TOV QOPTIOv KATA
43% (Ewova 6). H péytotn ohioBnon ftav ion pe 2.2 mm kot petpnOnke mAnoiov tng meptoxng
@OpTIoNG. OL TAPAUOPPWOELG OTO KATW TEA{A KATAVEUOVTAL OXESOV OHOLOHOPPA LE TA OTpeiat

oVVSEONG TOV TTEAUATOG e TOVG KOPUOUG VAL £€XOUV EAAPPWG VYNAOTEPEG TLUES.

450

400

350

Load (kN)

0 1
0 50 100 150 200 250 300 350 400 450 500
Deflection (mm)

Ew. 6- S3- KopmvAn goptiov-petaromong
li. Aoxog S4
Ou mpwteg pwypés epgaviotnkav oe petatomion ion pe 20 mm otov mpwto kOkAO
AettovpykotnTag. Ot mpwteg OMMTIKEG pwYHEG OTNY AV TAPELL TOL OKVPOSEUATOG
napatnpnOnkav oe petatomon ion pe 100 mm Adyw Avyopod twv OAPopevwv Sapnikwv

papdwv. H Bpavon tov okvpodépatog Kat 0 TOTKOG ALYIOUOG TOL Avw TEAHATOG TNG
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HetaAlikng Sokov dev amopevxOnkav. H tiun tov ¢optiov 010 TENOG TOL ELpApATOS HTaV iom
e to 72% tng péytotng Tiung tov (Ewodva 7). H péyotn oliobnon rtav ion pe 1.0 mm xat
HetprOnke ota Opyava mMAnciov TG MEPLOXNG POPTIONG. Ol TAPAUOPPWOELG OTO KATW TEAHA
KATavEHOVTAL 0XeGOV OUOLOHOPPA e T ONUEIA EVWOTG TOV TEALATOG HE TOVG KOPHOVG va

EXOVV EAAPPWG VYNAOTEPES TIUEG.
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Eik. 7- $4- KayiroAn ¢opTion-eTaTomong
Iv.  Aoxkog S5
H S80kdg S5 dev nTav evieddg evBuypapptopévn otny apxn Tov melpdpatog mbavotepa Aoyw
TWV OLYKOAMOEWV TV peTaM K@V MAakwv Tov antaptifovv ) Sokd Deltabeam. Otav n
petatomion éptace ta 105 mm (527 kN) ot Stapnxeig papdot atn OABopevn {dvn Avyoav
npokadwvtag PAaPes 0To okvpddepa. Onwg kat oTig Tponyobueveg Sokovg Tov idtov TvTOoV,
Aoyw éNAewyng ouvdetnpwv 1 PAAPN 010 OKVPOSEUA TAY EKTETANEVT KAl O AVYLIOUOG TOV dvw
TEALATOG SeV AMOTPATINKE. AVTOL OL TAPAYOVTEG TTPOKAAETAV iat ATOTON TTWOT) 0TV AVTOXT
G Sokov ion pe 25% tov péytotov optiov (Ewodva 8). H péyiotn tiun g oAicBnong petad
Tov oKVPOdEHATOG Kat TG HeTaAAkng Sokol mov petprifnke NTav 1.12 mm ko onpetwdnke

OTO UEYLOTO QOPTiO TANGIOV TNG TiEPLOXNGS POpTIoNG. Ot TAPAROPPWOELG OTO KATW TEAHA OTA
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TPWTA PriHaTa TOV TEPAPATOG KaTavépovtat oxedov opotdpopea. Me tnv avénon tng
HeTATOTIONG TapatnprOnke onuavtik avodog Twv TIHWV TNG TapaLdpPwong ota onpeia

€VWOTG TOV KATW TEAHATOG UE TOVG KOPHOVG.
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Ew. 8- S5- KopmvAn goptiov-petaromong

V.  Zvykpitikd arotedéopata dokwv Tomov 1
Ztnv Ewova 9 ovykpivovtat ot aviypéves kKapmodeg goptiov- petakivnons. Mo o goptio
¢QTacE 0T PEYLOTI TIUR TOV, oL dokoi dev pmdpecav va mapardfovv peyalvtepo goptio Aoyw
™G oVVOAYNG TOV OKVPOSEUATOG KAl GLVETAKOAOVOWE TNG EUPAVIONG TOTILKOV AVYLOHOD OTIG
TAGKEG TOL Avw TEAMATOG Kol TwV KOpHwv. Onwg @aivetalr ota amoTeAéoparta, 1)
dagpopomoinon oTig oepég Twv datunTikwv NAwv dev odnynoe oe Sagopomoinon Twv
anoteheopdtwv. Emmiéov to péyloto @optio eivat avédloyo tov peyéBovg tng dtatopng tng

Deltabeam.
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Ewx. 9- Avnyuéva Staypappata goptiov-puetatoniong twv dokawv Tomov 1

> Aokipta Statoung Tomov 2

Ta dokipa mov avikovv oe avtr TNy opada eivar omhiopéva. Ot kAwPoi Twv omAlopwy eivat
tonoBetnuévol 610 okvpdSepa ov TeptPAarAet e§wTepikd TN petallikr Soko. EmmAéov Sev
VTIAPXEL OTPWOT OKVPOSEUATOG TTAVW amd TNV avw TAdka tng Deltabeam, pe tnv dvew mapeta

NG va eivat egeavng.

I.  Aoxkog Sl
O pweg TpLxoeldeiG pwyUES EPPAVIOTNKAY 0TO KATW LEPOG TOV JOKIpIOV 08 pHeTaTOTION (o)
He 25 mm petd touvg KVkAovg Aettovpykotntag. H Siataln twv poyudv oto téAog Tov
TELPAUATOG NTAV KapunTikn. To melpapa oTapdTnoe OTaV N TIHN TNG HETAaKiVNONG NTaV lon pe
448 mm 81611 to éuPolo éptace oTo pEYLoTO Opto Stadpoung. H Sokog avénoe tnv avtoxn g
ka® OAn 1 ddpkela tov merpapatog (Ewova 10). H xprion ovvdetipwv epnddioe tnv
eKTETAPEVT OVVOAYT TOL OKVPOSEUATOG Kat TNV TIEPLOPLOE HOVO oTn {wvn g emkdAvyng. H
o\ioBnon petad Twv §00 VAKWYV apépelve oe TOAD XAUNAEG THEG He TN HEYLOTN va givat o
e 0.61 mm. Ot tapapopPwoelg TapovoLd{ovy TapOUoLES TIUEG, KAT amOAvTn Tiyr, Kat ota
OKTW Onpeia HETPNoNG, 0dNyDVTAG 0TO CVUTEPATUA WAG CUUUETPIKNG KATAVOUNG TOVG KATA

TO HIKOG Kot TO TAATOG TOV SOKIOV.
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Ew. 10- S1- KaumoAn goptiov-petatomong
.  Aoko6gSll

O pwTeg TpLyoetdeis EPEAKVOTIKEG pWYHEG ELPAVIOTNKAY O LETATOTION ion pe 18 mm petd
TOVG KUKAOUG AELTOVPYIKOTNTAG. X peTakivinon ion pe 65 mm gugaviotnkav pwypég otnv dvw
TapELd ToV oKVPodEpatog Aoyw Ohmtikwy tacewv. To melpapa otapdtnoe 6tav N TIHR TNG
petakiviong ftav ion pe 445 mm (Ewova 11) 8101t to éuPolo éptace oto péyloto Oplo
Stadpopns. H Sokog avgnoe tnv avroxn g kad’ oAn t Sidpkela tov metpdpatog. H xprion
ovvOeTNpwWV eUNOSIOE TNV EKTETAUEVT CUVOAYT TOV OKVPOSEUATOG KAl TNV TIEPLOPLOE LOVO OTN
Cwvn ¢ emkdoyng. H olioBnon petadd twv §0o vAikdv mapépetve oe TOAD XaUnAEG TIHEG,
pe TN puéytotn va eivat ion pe 0.40 xih. Ot e@eAKLOTIKEG TTAPAUOPPWOELG EXOVV VYNAOTEPEG TIHEG
and Ti§ avtiototxeg OMmTIKEG SeiyvovTag 0TL 1 Béom Tov ovdéTepov afova Ppioketat mavw anod

TO péoov NG Slatopng.
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Eix. 11- S11- Kaymon ¢opTiov-petaromong
li.  AoxogS12
O pwteg TpLxoeldeiq pwypEG EPPAVIOTNKAY 0TO KATW HEPOG TNG SOKOV O€ HETATOTILOT (0T pe
21 mm tov dbo mpwtwv kOKAwV AettovpykotnTag. H dtagpopd pe Tig mponyovpeves Sokong
elvatl OTL Ol pWYUEG EPPAVIOTNKAY OTNV Avw Tapeld Twv akpwv g dokob mbavotepa Aoyw
otpéyng. To meipapa otapdtnoe 6tav n Tiun TG petakivnong frav ion pe 416 mm (Ewodva 12)
néAL emeldn) To épPoro €ptace oTo péytoto Opto Stadpoprnc. H dokdg Sratnpnoe tnv avroxn g
ka®' OAn T Sdpkea Tov mepdpatog. H xpnon ovvdetpwv eumddioe tnv ektetapévn
oVVOALYT TOV OKVPOSEUATOG KAl TNV TEPLOPLOE HOVO 0T (W TNG EMKAAVYNG. ZTO TEAOG TOV
TEPAPATOG TapatnprOnke otpéyn mept tov Sapnkn dgova Aoyw éAewyng ovppetpiag g
Statopnc. H oAioBnon peta&d twv §Ho vAikwv mapépetve oe TOAD xapunAéG TIUEG e TN HEYLOTN
va givat ion pe 0.27 mm. H Stagopd petald twv OMMTIKOV Kat EQEAKVOTIKWV TAPAHO POWOEWY

PavEPWVEL OTL 0 0LEETEPOG AEOVAG Elval TILO KOVTA 0TV Avw TtapeLd TG Sokov.
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Ew. 12- S12- KapmdAn goptiov-petatomong
iv. Zvykpitika arotedécpata dokwv Tomov 2
Ola ta dokipa Tomov 2 anédwoav vynAn mMhaotiwotnTa. Metd T petatomon Swappong
napovoiacav kpdtovon pe otabepr khion péxpt To TéAog TV TEPAPATWY, Xwpig kKaBoAlov
peiwon tng avroxng Tovg. H ewdva Tov okvpodépatog HeTd To MEPAG TWV MEPAUATWY NTAV
KaAr, pe tn Bpavon Tov okvpodépatog va meplopiletal otny emkdAvyn. Ztnv ewova 13

OVYKpIVOVTAL OL AVIYHEVEG KAUTTOAEG QOPTIOV- HETAKIVIONG Yia TIG TPelG SoKovG.

11
1.0
0.9 — e /r7
0.8

so0 7 /]

Sosd / 1/

go01 — AW/

8 04 I/ ——s11 / / /

- —S12 /[ A/

//
oz /////
o (77

50 100 150 200 250 300 350 400 450 500
Deflection (mm)

Ew. 13- Avnypéva Staypappata @optiov-petatomniong twv Sokwv Tomov 2
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» Aoxkipta Statoung Tomov 3

Ta doxipa mov avikovy oe avtr TNV Opdda gival ekeiva [e TOV TepLocOTEPO OMALopO. Emiong,

1 MAdKa Tov oKVPOdEUATOG éxel HeyahbTepo TAATOG i0o pe 1200 mm.

I.  Aokog S6a
Ol pwTeg pWYHEG TAPOVOLAOTNKAY O UeTakivion ion pe 25 MM petd Tovg KOKAOLG
AettovpykdTnTaG. Ze petakivnon ion pe 100 mm, kdtw amod v mAdka opTIong, Hia eyKapota
paPdog KApOnKe, e amoTéAeopa TN Snpovpyia pwWYUNG OTNY AVw TTAPELd TOV OKVPOSEUATOG,
H m\axa tov katw mélpatog Sigppevoe dtav n petakivion éptace ta 98 mm. To meipapa
otapdtnoe ota 452 mm Aoyw twv Suvatotitwy Tov guPorov. Onwg gaivetat otnv Ewova 14
N OvpTmEPLPopd NG SokoV NTav oxXedOV EAAOTO-TMAAOTIKY UE TIG WKPEG OLAKVUAVOELG Va
o@eilovTaL OTIG PNYHATWOELS TOL OKVPOdENaTOG. Metd v agaipeon tov Bpvppatiopévov
okvpodépatog, gavepwdnke ot ot OAPopeveg Sapnkels papdot Ayoav tomkd. Opwg ot
XP1|01 CLVOETNHPWYV TEPLOPLOE TO HIKOG TOV AVYIOHOUV, HE AMOTEAEOHA AUTO Va UnV emnpedlet
N yevikn ovuneptpopd tng dokov. H ohioBnomn peta&d tov okvpodéparog kat tng petalhkng
dokov NTav ueyahvTepn pe péylotn tiun ion pe 4.74 mm. Méxpt tn petaxivnon twv 100 mm ot
TIOPAUOPPWOELG TTAV OHOLOHOPPA KATAVEUNHEVEG OTO TAATOG TNG HETAAAIKNG TAAKAG TOV
KATw TEApATOG. T'a peyadvTepeg OUWG UETAKIVAOELS 1) TTAPAUOPPWOT) OTO HECO TNG TAAKAG

elvat av€npévn oe oxéon pe Ta dkpa .
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Ew. 14- S6a- KapmoAn @opTiov-petatomniong
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Il.  Aokog S6b
H dtagopa tov dokipiov S6b pe 1o S6a éykettar otn Simhn oelpd StatpnTikwy MAwv. AvTti N
napapeTpog Oe dtapopomoinoe awodntd ta anotedéopata. Ot TPOTEG pWYHES TAPOVOLACTNKAV
o€ petakivnon ion pe 25 MM petd Tovg KOKAovG Aettovpykdtntag. Ze petakivnon ion pe 119
mm, kdtw and TV TAAKa QOPTIONG, pia eykdpota paBdog kapednke pe amotéleopa
dnovpyia pwyung oty dvw maped tov okvpodépatog. H mAdka Tov kaTw TEApHATOG
dieppevoe dtav N petaxivnon éptace ta 98 mm. To meipapa otapdtnoe ota 447 mm Adyw g
néyotng Stadpoung tov euPforov. Ztnv Ewodva 15 mapovodletar n kapmdAn @optiov-
HeTatomong. Metd v agaipeon tov Bpvppatiopévov okvpodépatog, gavepwdnke oTL ot
ONBopeveg Srapnkelg papdot Abyoav tomkd. Ouwg n xpron ovvaeTripwy TEPLOPLOE TO UNKOG
TOV ALYIOHOD Ue amOTEAEOHA VA UNV EXEL ETPPON OTH YEVIKN ovpumepipopd tng dokov. O
HeyaAvTepog aplBpog Statuntikwv NAwv ennpéace atobntd v oAicBnon peta&d twv Svo
VAKOV PelwvovTag Tn ota mepimov 1.5 mm. Ot mapapopaoelg frav oxedov opoldpoppa
KATAVEUNUEVEG OTO TTAATOG TNG HETAAAIKNG TTAAKAG TOV KATW TEAHATOG 0€ OAN TN Stdpkela Tov

TIELPAULATOG.
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Euwk. 15- S6b- Kapmoln goptiov-petatoniong
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li.  AokogS7
O pwTeg pwypéG mapovolaoTnkay oe petakivnon ion pe 17 mm otov mpwto kbkAo
AettovpykOTNTaG. Ze petakivnon ion pe 114 mm, kdtw amod v mAdka gopTiong, Hia eykapota
paPdog kapeOnke pe amotéAeopa T Snpovpyia pOYUNG OTNV AVWD TTAPELL TOV OKVPOSEUATOG,
To neipapa otapdtnoe ota 432 mm Aoyw g péyotng Stadpoung tov epforov. Xtnv Ewdva
16 mapovaotaletal n KapmOAN @opTiov-peTatomnions. Metd tnv agaipeon tov Bpvppatiouévou
okvpodépatog, mapatnpnnke ot ot OAPopeves Swapnkels paBdot Avyoav tomikd. Opwg N
XPNON OLVEETNHPWYV TEPLOPLOE TO UAKOG TOL AVYLOUOD e ATOTENETHA VAL UV EXEL ETUPPOT| OTN
yevikr ovpmepipopd g Sokov. H olioBnon petald twv dvo vAikwv petpriBnke mepinov ion pe
3.0 mm. Ot napapopewoelg NTAv oxedOV OUOLOUOPPA KATAVEUNUEVEG OTO TAATOG TNG

HETAANKIG TAAKAG TOV KATW TEAUATOG PE TIG TIHEG 0TO UECO TNG SOKOV EAaPpwG av§nuéveg.
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Ew. 16- S7- Kaunon goptiov-petatomong
Iv.  Aoxkog S8
Ot mpayteg TpLyoetdeis pwyHES epavioTnkay oe petakivnon ion pe 19 mm n omnoia ftav n
HEYLOTT Yia TOVG KUKAOVG AELTOVPYIKOTNTAG. Z€ petakivnon ion pe 85 mm, ot mpwteg OAmTIKég

PWYHEG eLPavioTNKAV KATW amd Ty TAdka @opTions. To meipapa otapatnoe ota 445 mm
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AOYyw TG HEYLoTNG Stadpopns Tov epPodrov. Metd ) Stappory, To popTtio avgnOnke e otabepn
KAion péxpt o téhog Tov metpapatog (Ewova 17). H mokvr 0mhion Swatipnoe tn pnypHdtwon
TOV OKVPOSEUATOG TNV eTKAAVYN. MeTA TNV agaipeon Tov BpupHATIoNEVOL OKVPOSEUATOG,
napatnpnOnke 6Tt ot OAPopeves Stapnkelg papdot Avytoav tomikd. Opwg n xprion ovvoeTnpwv
TIEPLOPLOE TO UIKOG TOV AVYLOHOD e AmOTENETUA VAL UV EMNPEACEL TN YEVIKT] CUUTIEPLPOPA TNG
dokov. H olioBnon petafd twv dVo vAhikawv petpnbnke mepimov ion pe 3.89 mm. Ot
TIOPAROPPWOELG ITAY OXESOV OLOLOUOPPA KATAVEUNUEVEG OTO TAATOG TNG HETAAALKNG TAAKAG

TOV KATW TEAUATOG, UE TIG TLHEG OTIG OUVOETELG e TIG TTAAKEG TWV KOPUWV ENAPPIDG avENUEVEG.

Load (kN)
g o =
8

0 50 100 150 200 . 250 300 350 400 450
Deflection (mm)

Ew. 17- S8- KaumvAn goptiov-petatomong
V.  Zvykprtikd arotedéopata Sokwv Tomov 3
OAa ta doxipa TOmov 3 eixav mAdotiun ovunepipopd. Metd tn petakivinon Stapporng ot
KAUTIOAEG givat aXedOV opllOVTIEG LEXPL TO TENOG TWV TELPAUATWY XWPIG HEIWOT TOV POPTIOL.
Ot {ikpéG SLAKLUAVOELG OTNV TAACTIKE TIEPLOXT TWV KAUTVAWY O@eilovTal OTIG PNYHATWOELS
Tov okvpodépatog. H eicdva Tov okvpodEpatog HeTd To TEPAG TWV TELPAHATWY NTAV KAAT He
™ Opavon Tov okvpodépatog va meplopiletat otnv emkdAvyn. Xty ewodva 18 ovykpivovrat

oL AV yHEVeESG KAUTOAEG POPTIOV- HETAKIVIONG Yia TG Tpels S0KOVG.
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Ewx. 18- Avnyuéva Staypappata ¢opTiov-petatoniong Twv dokwv Tomov 3

» Aoxkipa Statopng Tomov 4

Ta Sokipta Tov avikovv oe avth TNV opdda pocopotaiovv to cuvdvacpd twv Deltabeams pe

TPOKATACKEVAOUEVEG TIPOEVTETAUEVEG TTAAKEG OKVPOSEUATOG.

I.  AoxkogS9
O mpwTeg TpLxoeldeis pwyHes epgaviotnkay oe petakivnon ion pe 19 mm otovg kdkAovg
AeltovpylkOTNTOG. e petakivion ion pe 95 mm, ot mpwteg OAMTIKEG pOYHEG EPPavioTnKAY
0TO £€val AKPO TNG TAAKAG OKVPOSEUATOG. APECWG UETA TNV EUPAVIOT] TWV PWYHWDV 1) TAAKA OTO
TUAHA AVTO AOTOXNOE, YEYOVOG TIOL ATTOTLTIWONKE GTNV KAUTOAN QOPTIOV-UETAKIVIONG WG Hia
peiwon tov goptiov g Td&ews Twv 75 KN (Ewkova 19). To @opTio mapépetve otabepd ya ta
enopeva mepimov 100 mm o6tav actdxnoe kat To deVTEPO AKPO TNG TAAKAG pe EMTAEOV Heiwon
Tov @optiov ion pe 80 KN. AkorovBwg to @optio avfavotav otabepd péxpt to T€Aog TOL
nepdpatog. To meipapa otapdatnoe ota 463 mm Adyw tng péytotng Stadpoung tov euporov.
Ot avowktoi ovvdetrpeg amodeixOnkav amoteleopatikoi TpooTatebovtag To okVPOSena 0TO
KEVTPIKO Kupiwg Tunpa NG dokov. H ohioOnon peta&d twv dvo vhikwv petpridnke ion pe 3.02

mm. Ot TapapopPWOEeLG HTAV 0XeSOV OHOLOUOPPA KATAVEUNUEVEG OTO TTAATOG TNG HETAANIKNG
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TAGKAG TOV KATW TEARATOG. TO TEAOG TOV TIELPARATOG TTAPOVOLACTNKE pia peydAn av&non twv

TIOPARO PPWOEWY OTO €GO TNG SOKOV.
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Ew. 19- S9- KaunvAn goptiov-petatomong

.  Aokog S10

H ovunepipopa tov dokipiov S10 frav mapopota pe avtr Tov S9. Ot mpwteg Tpryoetdeis pwypég
ELPAVIOTNKAV OTOV TTPWTO KUKAO AELTOVPYIKOTNTAG O€ petakivion ion pe 20 mm oto kdtw
Hépog NG dokov. e petakivnon ion pe 80 mm, 1o okvpddepa oto éva ek Twv dVo Akpwv
aotoxnoe odnywvrag oe peiwon tov goptiov ion pe 55 KN (Ewova 20). To goptio mapépetve
otafepo yla Ta endpeva mepimov 85 mm dtav actdxnoe kat To devTEPO AKpPO TNG TAAKAG e
emumAéov peiwon tov goptiov mepimov ion pe 100 KN. ‘Enerta 1o goptio mapépetve otabepo
HéXPL TO TéNOG Tov Telpdpatos. To meipapa otapdtnoe ota 460 MM Aoyw g pEYLOTNG
Sadpoung tov epPorov. Ou avoiktoi ovvdetnpeg amodeixOnkav amoteleopatikoli,
TPOOTATEVOVTAG TO OKVPOSENA OTO KEVTPLKO Kupiwg Tunpa TG Sdokov. H ohioBnon petald twv
dvo vAkwv petprOnke ion pe 3.35 mmM. Ot mapapopewoels NTav oxedov OopoLOHOpPa

KATAVEUNUEVEG OTO TAATOG TNG HETAAAIKNG TAAKAG TOV KATW TEAHLATOG.
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Ew. 20- S10- KapmdAn goptiov-petatomong

Ili.  Zvykpitikd anotedéopata Sokwv Tomov 4

Ta doxipia THmov 4 eppdvicay mapopola cuuneptpopd. Metd to péyloto goptio, Ta §0o dkpa
™G TAAKAG OKVPOSEUATOG aoToXnoav Aoyw ONiyng, mpokadwvtag dvo Stadoxikég pHelwoelg
otnv avtoxn Twv dokwv. To yeyovog 6Tt i) MAdKa TOL OKVPOSEUATOG gixe idleg SLaoTATELS Ka
omALopo kat ota Svo Sokipta e&nyel Tig ioeg petwoels. Enetta, To KevTpikd KOppATL Kat oTig Vo
TEPIMTWOELG KATAPEPE VAL SLATNPTTEL TNV AVTOXT| TOV AVATTTOOCOVTAG TAAOTLUI CVHUTEPLPOPA.

Ztnv etkova 21 ovykpivovTtat ot aviypéves KapmoAeg popTiov- petakiviong yla tig Svo dokovg.
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Ew. 21- Avnyuéva Staypdppata gopTiov-petatomniong Twv dokwv Tomov 4
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AvaAuTiki dlEpelvnon TWV NEIPAMNATIK®OV
AMOTEAECHATWYV HE TN HEOODO TWV NENEPACHEVWV
OTOIXEiWV

H pébodog twv memepaocpévwv otoxeiwv (FEM) koalvmter oxedov 60lo 1o @dopa twv
avalvoewv ovpmepthapPfavopévng g OTATIKAG Kat SLVAKNG avdlvong, tng Oepuikng
OVUTIEPLPOPAG OLOTNUATWY, TNG Kivong vypwv k.a. Aedopévov otL avtn 1 pébodog eivan pia
aptOunTikn mpooéyylon, Ta anotedéopata mov Aappdvovrat pe tn Stevépyeta pag avalvong
pe TN Xprion g uebodov ouvrBwg dev TavTtifovrat amdAVTA HE TA TEPAUATIKA ATTOTEAEGHATA.
[Tapoda avtd, pia mOAD axpiPrig Avon umopel va emrtevyBel pe v avalvon evog

TPOCOUOLWHATOG, PACIOpEVT OTIG apXEG TG peBddov.
Ze yevikég ypappeég n uébodog Twv memepaopévwy oTolxeiwv akolovbei and Pripata:

I.  Awakpiromoinon tov mpooopolwpatos. To mpwto Prjpa anotelei n Stakpiromoinon twv
Sl0@OpWV TUNUATWY TOV OLVEXOVG HECOV OF TIEMEPATUEVA OTOLXEIQ KAl 1) TIEPLYpaPT
TV ovvoplakwv cuvinkwv. To Tpwto Prjpa eivat aitepa onpavTikd ya TNV akpifela

TWV ATOTEAETUATWV.
il KaBoplopog twv kataotatiky ISloTHTWwV TwV TEMEPATUEVWY OTOLKEIWYV.

iii.  KaBopiopodg g yevikng e&iowong wooppotiag. Oleg ot empépovg eflowaoelg Tov kdbe

otouxeiov mpémet va oulevxBovv.

iv.  Emilvon g yevikng e§iowong Suvdpewv-petakivioewy. And Tnv enilvon g e§iowong
VTTOAOYI{OVTAL Ol HETAKLVAOEL GTOUG OLVOPLAKOVG KOUBOVG TWV TEMEPATUEVWV
otowxeiwv. H emilvon tng yevikng e§iowong pmopei va mpaypatonowmBel pe dpeoes n

emavalapBavopeveg pedodovg.

V.  Ymoloylopuog mpoofetwv amoteheopdtwy. Xe mOAA TmpoPAnpata amauteital o
VTTOAOYIOUOG, EKTOG TWV HETAKIVACEWY TTOV VTTOAOYIOTNKAY, EMTALOV TIAPAUETPWV

OTIWG OL AV YHEVEG TIAPAUOPPWOELG, Ol TAOELG, Ol OXETIKEG OALoOT|0ELG K.aL.
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Ta npocopowwpata mov popewdnkav yia tny avalvTikr Stepevvnon Twv SoKiiwy pe T xpron
Tov Aoyiopkod Abaqus amotelovvtat and mévte Tpiodidotata avefdptnTa pépn, va yua To
okvpOSepa, €va yla TN HeTAANKT S0KO, €va yla TOUG OTALOHOVG Kat V0 AKAUTTA Yl TG
ompifelg ko v mMAaka @optiong. H avalboeg mpaypatonombnkav yua ta Sokipa pe
Satopég Tomov 2, 3 kat 4. H éNewyn omAhiopwv otig Sokovg Tomov 1, katéotnoe 1o okvpddepa
€Va VTTOAOYLOTIKA A0TaBEG VAKO pe amoTéleopa To Pripa Tng avalvong va yivel 1000 Uikpo

WoTE 1 avélvon va givat advvatov va oAokAnpwOei.

EmléxOnke évag «yevikog TOmog Stemipdvetag o0vaeone» ya tnv aAnkemidpaon petadd twv
nepwv. To Abaqus opiCet avtopata pia emavela KATAAANAL ylo TNV TEPLYpAPT) TNG EMAPNG.
Ta v olokAfjpwon Tov opwopod NG aAAnlemidpaong petadd Twv pHePWV  TOL
TPOCOUOLWHATOG, TIPETEL VA OPLOTOVV Kat ot IO0TNTEG TNG. O 81OTNTEG OpIoTNKAV HE TETOLO
TPOTIO WOTE OL ETUPAVELEG TIG EMAPNG Vo uny damepvolv 1 piat TNV AAAN kat apdAAnia va
HTopovV va amokoAnBovv av To anatroet n avélvon. H epantopevikn ovpnepipopd Twv
aAMnAeTdpwowv em@aveldv opiotnke pe Sbo StapopeTikovg TpoMovg. Metafd Tov
oKVPOSEUATOG Kat TNG HeTaAKTG Sokov eapuootnke TpIPr pe ovuvteleotr ico pe 0.4. Metadb
Twv otnpi§ewv kat g MAdkag Tov kdtw el patog g Sokov Deltabeam o ouvteleotng TpiPng

opioTnke i00G pe UNdEV yla TNV TUOTOTEPT TPOCOUOIWOT) TWV TELPAUATWV.

['a ™ Swakpiromoinon TG petallikng dokov kat Tov okvpodépatog xpnotpomoudnkav
Tprodiaotata e§aedpikd oteped atoryeia. Ot oTnpiels kat n TAdKA QOPTIONG TTPOTOHOLWONKAY
He em@avelakda akapnta otolxeia. Télog n Sakpitomoinon tov omMAOHOV €ylve e

Hovodiaotata ypapupikd ototxeia papdwv.

Em\éxOnxke, o kAaowod aplBuntikd mpocopoiwpa yo pETada pe OAkiun ovunepipopd (Von
Mises) oe cuvOvaoo e kpdTuvor oTabeprig KAIoNG ylo TOV 0pLopd Tov XaAvPa Tng HeTAANIKAG

dokoD Kal TwV OMALOHWV.

H mpaypatiky KATaoTatik OX€0TN TACEWV-TIAPAUOPPWOEWY VTOAOYIOTNKE aTO  TIG
AVTIOTOLXEG HNXAVIKEG TIUEG, Ol oTtoieg eAN@Onoav and melpdpata peTaAk@v detypdtwv oe

EQEAKVLOUO, 0T OTIOLA OL UNXAVIKEG THéG LTTOAOYICOVTAL SLAUPWVTAG TA TIELPAUATIKA QOPTiat e
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™ Satopn} Twv Sokipiwy. Emonuaivetar 6Tt 1 ev Adyw Statoun dev mapapével otabepry kad’
OAn ™ Sdprela Tov mEpaparog. Ot avalvtikég e€lowoelg mov xpnotpomotfnkav yia

HETATPOTI TWV UNXAVIKDOV TIUWV OTIG AVTIOTOLXEG TTPAYHATLKES €ival Ol akOAoVvOeg:

Otrue = Gengineering * (1 + gengineering)

Etrue — In(l + gengineering)

Omov

Otrue elval n TpaypaTikn Taon

Etrue elval n TpaypHaTIK mapapop@ewon
Oengineering elvat n }H]XC(VlKT'] TdO'T]

Eengineering elvat n unyavikn mapapdpewon

H ovunepipopd tov okvpodépatog eivat yevikd ovvletn. H moAvmAokdtnTta éykettatl kupiwg
OTN 1N YPOUULKT] CUUTIEPLPOPAE TOV £VAVTL TOAVAEOVIKNG KATATIOVIONG, AVICOTPOTIKT Helwon
™s Svokapyiag, dtadoyikn pnyHATWON AOYW EPEAKVOTIKWV TACEWV KOl TIOPAUOPPWOEWY,
aMnAenidpaon petald okvpodépatog kat omAiopold k.. H mpdodog oTig vmoloyloTikeg
duvatotnteg TV  obyxpovwv vmoloywoTwv odrynoe ot Snuovpyia  Stagopwv
TPOCOHOIWHATWY, Ta OToia va TepLEXovy TI§ Tpoavagepbeioeg molvmiokotntes. Ta Tov
TMPOGOIOPIOHO TG OLUTEPIPOPAEG Tov okvpodéuatog oto Abaqus xpnotpomotibnke To
npooopoiwpa «Concrete Damaged Plasticity» (CDP). Ot §0o kvplot punxaviopoi aotoyiag eivat
N PNYHATWon AOyw epeAkvopo kat 1 Bpavon Aoyw OAiyng. T T dnpovpyia g kKapmvAng
TaoeWV-Tapapopewoewy yia povoafovikr OAiyn yxpnowomowOnkav ot eflowoelg mov
napéxovtat and tov Evpwkwdika 2. H pn-eAaoTikr e@eAKLOTIKI] OLUTEPIPOPA TOV
okvpodépatog kabopiotnke and Tnv evépyela Opavong. Me tn xprion g evépyetag Opadong n
OVUTIEPLPOPA TOV VALKOV 8¢ cuoXeTi(eTal (e TO HKOG TOV PIYHATWHEVOL OTOLXEIOV. Me auTo

TOV TpOTIO ano@evyovTal TpoPAHata cOYKALONG KATd TNV emilvon.
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H emPodAopevn petakivnon epappootnke 6Ta TPOCOUOLWHATA HEOW EVOG AKAUTTOV HEPOVG
T0 0Toi0 TPOsOUOLWVEL TN HeTAANIKT TTAdKa oTn Baon Tov epfolov. H ypovoioTtopia ¢opTiong
Tov xpnotpomowOnke frav n ida pe T xpovoiotopia Twv melpapdtwyv. To dkapnTto HEpog mov
xpnotpomowfnke yla TNy TPooopoiwon Twv oTnpiewv SeopevTNKE EvavTL LETAKIVIIONG Kat

OTPOPNG TTPOG OAeG TI§ kKatevBvvoelg.

21N ovvéxeta tapovotdfovtat ot KapmOAeG PopTiov- peTakivinong yia kdbe Sokd twv Tunwy 2,
3 kat 4. Me xpnon g nebodov tng ypappkng mapeprfoArng vtoloyiotnkav oL péoot 6pot Twv
TELPAPATIKDOV KAl AVAAVTIKOV ATOTEAEOHATWY TOOO yia kdBe TOTO Statoung Eexwplotd 600
Kat yta 0Aeg TG Sokovg ovvolikd (Eikoveg 22- 25). To opdhpa puetald Twv mEpApaTIKwV Kot
AVOAVTIKOV aOTEAEOUATWV VTTOAOYIoTNKE [ikpOTEPO amo 5%. I'a va extiunOei kavtepa n
ovoxétion peTald aAVOAUTIKWV KAl TEPAPATIKOV — ATOTEAEOUATWY, VUTOAOYIOTNKE O

OVVTEAEOTIG GLOXETIONG XPNOHOTIOLWVTAG TNV avahvTikr oxéon Tov Pearson:

.= n)xy— Qx)Xy)
JnEx?) — Cx)2/nCy?) — X y)?

omov

n 0 aplOUOG TWV ATMOTEAEOUATWV
X TOL TIELPAPATIKA AMOTEAETUATA
y T AVAAVTIKA AmoTENEOHATA

O OVVTENEDTIG CLOXETIONG XPIOLULOTIOLEITAL YLa va eENYNOeL TOCO pmopel évag mapayovtag va
netaBAnOei Aoyw tng oxéong Tov pe Evav dANov kat To €0pog TV Tov eivar petagd 0 ko 1. H
Tiun 1 vrodewkviel pa Téhela avTioToLia Kal WG €k TOUTOL éva TTOAD a&LOTIOTO HOVTENO Yla
HeAovTikEG TpoPAEyels. AvTiBétwg, i Tipr 0 deiyvel OTL TO TPOCOHOIWA ATOTVYXAVEL EVTEAWG
oty mpoPAeyn Twv Tpaypatikwy TiH@v. Oco Mo [KpT gival 1| andoTACT] TOV CUVTEAETTH ATTO
™ povada téco Mo aflomoTn givat 1 oVoXETION HETAED Twv SVO ATOTEAEOUATWV Kat KT’

EMEKTAON TO TIPOCOHOIWHA. ZTN OVLYKEKPIHEVN Olepedlvnon O OULVTEAEOTNG OVLOXETIONG
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vnohoyiotnke ioog pe 0.996. Avto SnAwvet OTL TO TPOCOHOIWHA TWV TIETEPATUEVWY OTOLXEIWV

Hmopel va vtoloyioet pe avEnuévn akpiPeta n oCVUTEPLPOPE TTAPOUOLWY SOKWDV.
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Eik. 22- Z0yKplon TEPAUATIKDOV KAL AVOAVTIKWOV ATOTEAEOUATWOV Yia TiG Sokovg Thmov 2
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Eik. 24- Z0ykplon TEPAUATIKDOV KL AVOAVTIKWV aoTEAeOUATOV Yia Tig Sokovg THmov 4
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MeTd TNV TMOTOMOINON TNG EYKLVPOTNTAG TOV TPOCOHOLWHATOG, dlepevviiBnke n onuacio Tng
TPOOTACIAG TIOV TIAPEXEL OTOVG KOpHovLG NG dokov Deltabeam to e§wtepikd meplo@uypévo
OKVLPOSENA KAl 1) ETPPOT) TOV OTN YEVIKN ovpmeptpopd tng dokov. H diepedvnon €ywve oto
npooopoiwpa g dokov S11 (IIpocopoiwpa 1), ue TNV mepapatikn Statopr] va anoteei To
Paoikd mpooopoiwpa yo Tov €Aeyxo Twv amoteleopdatwv. H kdpia dagopd Twv
TPOCOHOIWHATWY TNG SlepevvNoNG e TO TPOCOHOIWUA AVAPOPAG eival 1) amovoia Tov
eEwTeptkol okvpodépatog. O mapdyovtag vid Siepebvnon HTav To TEXOG TWV KOPUWV TWV
Deltabeams. To ITpocopoiwpa 2 éxet TNV idta StaTour Pe TO TPOCOUOLDUA AVAPOPAS XWPIG TO
efwTeptkd omAopévo okvpodepa. Xt1o Ilpooopoiwpa 3, éxovv ovykoAnBei dbo paPdot
omAtopov Sapétpov 20 mm oe kdbe mAdka Tov Koppov. Téhog to Ilpocopoiwpa 4 éxet

av€npévo maxog Koppwy ico pe 8 mm.

v Eikédva 26 ntapovotdletat ) o0ykplon twv Staypapdtwy @optiov- petakiviong. OAeg ot
dokoi xwpig eEwTepIkA OTMAOPEVO OKVPOSEUA EUPAVIOAY TOTUKO AVYIOHO. Apxikd, 0 AvyLopog
eUPAVIOTNKE OTIG TAAKEG TOV KOPHOV Kal OTN OVLVEXELX 0TV TAdKA Tov avw TéApatog. Ta
anoteéopata del§av mwg OTAV 0L KOPUOL I TAV KIOXVPOTEPOLY T CUUTIEPLPOPA TWV SOKWYV 1 TAV
KAADTEPT Kat 0 AVYLOUOG epPavioTNKe Oe peyaAvTepe TIHEG petakiviong. Iap’ 0Aa avtd, o
Kivéuvog yla Auytopo e€aleipetat oplotikd povo dtav eumodifetal n TAEVPIKT HETAKIVION TWV

HeTOANIKWV TTAAKWV TOV KOPOD.
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Ewx. 26- Z0ykpion ovvolkwv poobetng diepebvnong
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ZXEOIAOHOG KTNPIOU EvavTi CEICHOU

[TpaypatomomrOnkav kat ovykpidnkav 0o Stapopetikés emAvoelg yia 0 oxedlaopd evog
KTnpiov ypageiwv. ZTnv mp@tn avalvon xpnowomnowmdnkav ot dokoi Deltabeams evw ot
devtepn xpnoomomOnkav ovvnBeig doxoi omAiopévov okvpodépatog. H mapovoiaon twv
ATIOTEAEOUATWV TIEPLOPIfETAL OTO OXESIATHO EVAVTL KAUYNG TWV KUPLWwV SOUIKWDV OTOLXEIWY.
[Tapoha avtd o oxediaopog mpayparonomBnke akohovBwvrag kat epapuofovrag Oleg Tig

odnyieg Twv oxeTlopevwv Evpwkwdikwy.

H apxikn apxitektovikn kdtoyn napovotdletar otnyv Ewova 27. To ouvolikd pnkog Tov
ktnpiov eivar 21.25 M kat to ovvolikd mhatog tov 17.80 m. To kaBapd vyog petald Twv
opopwv BewpnOnke o1t eivar 3.00 m. H kdtoyn Tov 0XeSA0TIKOV TPOCOHOLDHUATOS

napovaotaletat emiong otnv Ewodva 27.

K1 B1 K2 B2 K3
7 7 o

B3 K4 B4 K5

B12 B15

.

’ B5 B6 K7 B7

B8 B9

RGN
P

5

P8
&[N

e
i

Ew. 27- Kdtoyn Tumkod opo@ov kat tl6oSHVAUOL TPOCOUOIWUATOG

H tonoBecia tov ev Moyw ktnpiov Ppioketar oe Zewopkr (wvn I pe edagkn emtdyvvon
oxedtaopov ion pe 0.169. To édagog eivaur katnyopiag B. Zopgwva pe tov mivaka 5.1 tov
Evpwkwdika 1998-1:2004 0 cuvteAeoTnG GUUTEPIPOPAS YIat TOV LTTIOAOYLOUO TNG 0pLiovTIag
OIOpIKNG ovvioTwoag oxedlaopov emhéxOnke icog pe 3.0. Avtiotoixwg, 0 OVLVTEAEOTHG
OVUTIEPLPOPAG YLt TOV DTTOAOYLOUO TNG KATAKOPLPNG ouvioTwoag emihéxOnke ioog pe 1.5, dmwg

OLVVIOTATAL
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o IIpocopoiwpa pe xprion doxwv Deltabeams
Onwg mpoavagépOnke, ot dokoi Deltabeams cvvdéovtat pe Ta katakdpvPa Totxeio OTALOpEVOL
OKVPOSEUATOG e TPOTIO TETOLO TIOV VoL EMITPEMEL TI HETAPOPA UOVO TWV KATAKOPLYWYV
goptiwv. Emopévwg, ot Deltabeams oxedidotnkav povo évavtt Tov oTatikod cuVSVACHOD TwWV
HOVIHWYV Kat KivnTwv @opTiwy. O oxedlaopog Tov ktnpiov mpaypatonodnke oe Tpia otadia.
ApXIKd, TO TTPOCOHOIWA TOV TVLTIKOV 0POPOV KATAOKEVAOTNKE UE TN XPMOT TOV AOYIOHKOV
nov dnuovpynOnke and v Peikko yua tov oxediaopd twv dokwv Deltabeams. Ot dokoi, ot
oT0ieg TPOCOHOLWONKAY WG AUPIEPELOTEG, OTO TIPWTO OTASLO TNG AVEYEPONG CUUTEPLPEPOVTAL
0G  HeTaAAKEG. XTO  emoOpevo oOTAS0  TOTMOOETOOVTAL TPOKATAOKEVAOUEVEG  TIAGKEG
okvpodENaTog ot peTalikn TAdKa Tov KATw TEApATog Twv dokwv. Téog, To Tpito oTadio
TepLEXeL TN okvpodETnon Kkat T dnuovpyia piag eMMAEOV OTPWONG OKVPOSEUATOG TTAVW ATIO
TG petalikég dokovg. Emetta ot dokoi oxedidotnkav yla OAeg TIG QATELS TNG KATAOKEVNG
EVAVTL KAPYNG, SLATUNONG, TUPKAYLAG TOGO OTNV OPLAKI| KATAOTAON a0ToXiag 000 Kal TNV
OpLaKT] KATAOTAONG AELTOVPYIKOTNTAG. To TAX0G TWV TPOKATACKEVAOHEVWY TAAKWYV KAl TNG
emnmAéov oTpwong okvpodépatog StaotactohoynOnke ico pe 200 mm ko 80 mm, avtiotouya.
H yewpetpia tov emheypévwv Deltabeams napovoialetar avadvtika otov Iivaka 1. Xtov

[Tivaxa 2 gaivetat n oXedlao Tk avtoxn Evavtt kapyng kabe dokov.

Ot Staotdoelg kat 10 eUPadov TwV KATaKOpLPWV OTALOUWY TWV TOLXEIWY TTAPOLOLAleTAL OTOV
I[Tivaxa 3. KaBe toixeio mpooopoiwOnke pe tn xprion evog paBSwtod 0ToLXelov 0TO KEVTPO TOV.
H dwtoun tov kabe otowgeiov oxedidotnke oto Section Designer ovpgwva pe TOv
I[Tivaka 3. H évwon twv totxeiwv pe Ti§ ekatépwdev dokovg yivetat pe tn xpron opllovriwy
AKAUTITOV YPAPUIKWV 0TOLXElWwV, Ta oToia oVVEEoVV TO Akpo TNG kdbe SokoD pe Tov avw koupo
Tov Totxeiov. Ta dkapnta avtéd ototxeio éxovv TV idia Statopr| pe Tig SokovG oL akoAovBolv,
ylot TV Amo@uyr VITOAOYIOTIKWYV TTPOPANUATWY AOYWw avemBOpunTwV acvvexelwy, e Oewpntikd
dmnelpn Svokapyia. H pdla kat 1o fdpog toug éxovv undevikn tupr|, kabag n xpron Toug eivat
HOVO Yl TNV Tpocopoiwon tov Totxeiov. T'a kdbe doko Deltabeam amodeopevtikav ot
TIEPLOPLOHOL O GTPOPT} OTA AKPA TOV Yia TNV aKPIPECTEPN TTPOCOUOIWOT] TWV TIPAYUATIKWV

otpifewv.
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ITivaxag 1- Tewpetpia Twv Deltabeams
I'I)'\dtoq I'I'dxoq I'I)\fitoq I'I(S'onq ‘Ygog ' SUVOAKS
Aokée 'avw 'avw 'Katw 'Katw p.E't(lM'leV oWoc
TEANOTOG | MEAMATOC = TEAMOATOC | MEAMATOC Sokwv
(mm) | m) | (mm) (mm) (mm) ™
Bl 180 14 390 7 300 380
B2 180 14 365 7 200 280
B3 230 25 660 14 300 380
B4 270 16 660 12 220 300
B5 180 10 365 5 200 280
B6 278 10 660 8 200 280
B7 270 16 660 10 220 300
B8 180 10 365 5 200 280
B9 180 10 380 5 250 330
B10 180 30 405 16 320 400
B11l 278 10 660 5 200 280
B12 278 10 660 5 200 280
B13 278 10 660 5 200 280
B14 180 10 365 5 200 280
B15 180 10 365 5 200 280
ITivakag 2- Avtoxn oxeSlaouov Evavtt Kauyng
, \ Avtoyn ,
Aokog | Deltabeam Port oxedlaopou oxe&ac)J(ﬂoO I'Ioczooro

(kNm) (KNm) (%)

Bl DR30-270 413.4 486.15 85.0

B2 DR20-245 211.8 276.86 76.5

B3 D30-400 809.6 952.52 85.0

B4 D22-400 410.7 561.47 73.1

B5 DR20-245 76.3 182.66 41.8

B6 D20-400 2314 405.06 57.1

B7 D22-400 518.9 555.86 934

B8 DR20-245 65.5 182.63 35.9

B9 DR25-260 217.8 304.16 71.6

B10 DR32-285 822.5 882.36 93.2

B11l D20-400 66.3 297.82 22.3

B12 D20-400 67.5 297.82 22.7

B13 D20-400 26.9 297.82 9.0

B14 DR20-245 36.1 182.63 19.8

B15 DR20-245 36.7 182.63 20.1

XXXVi



Greek extended summary Extevrg mepidnym

IMivakag 3- Aemtopépeleg Twv ToLXeiwv

, Mnkog MAdrog KataKo;')ud)oq
Towxeio (m) (m) OMALOMOG Asy
(cm?
K1 1.80 0.45 137.44
K2 1.80 0.45 169.90
K3 2.00 0.45 117.81
K4 1.80 0.45 117.81
K5 2.10 0.45 197.04
K6 1.80 0.45 137.44
K7 1.00 0.45 49.09
K8 4.80 0.45 221.67
K9 2.00 0.50 197.04
K10 4.80 0.50 246.30

H gaopatikn avédlvon npaypatonotOnke pe T Xprion Twv eKato TpwTwy ISIOHOPPDV Yia TOV
VTIOAOYIOHO TWV CELOUIKWY @opTiwv. Ot 1dlomepiodot kat TO TOCOOTO CUUUETOXNG TG Haag
neptypagovtat otov ITivaka 4. Ot tpelg mpwteg ISIOHOPPEG Kat TA LBLOOYHATA TOVG PaivovTal
omv Ewova 28. To dBpoiopa twv mocootwv g Spwoag palag ya tig dbo opilovrieg
Hetagopikés mapapopewoels (UX kar UY) kat tng OTPeNTIKAG Tapaudpewong Katd Twv

katakopugo d&ova (RZ) vrepPaivet to 90% mov anatteitat and ToV KAVOVIGUO.

ITivaxag 4- Iopop@ég kat T0c0aTO I8LOUOPPIKIG HALaG TPWTOV TPOTOUOLWHATOS

I6lonepiodog

I51op0pdh o UX Uy uz RX RY RZ
1 1.275 0753 0002 0000 0001 0190 @ 0001
2 1175 0002 0668 0000 0259 = 0000  0.006
3 0.962 0001 = 0009 0000 0002 0000 0688
sovoro | MEXPMON100 g0 0977 0773 0882 0859 = 0.960
Slopopdpwv

O é\eyxog Twv Satopwv €ywve pe 0povg aAAnAenidpaong ponwv kat afovikng. To péyioto
M0000To aAAnAemidpaong voloyiotnke ico pe 0.563, wikpdtepo g povadag. Ipémet va
TovioTel 0Tt 0 oxedtaopdg dev eivan o PéATIoTOG duvatog alld pia mpwtn diepevvnon av To
ovotnua pe dokobvg Deltabeam kat woxvpd torxeia pe Tig katdAAnieg ovvdéoelg pmopei va

TopaAAPeL EMAPKWG TA KATAKOPLPA KAl CELOUKA POpTiaL.
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IStopopeny 1 IStopopeny 2 IStopopeny 3

Ew. 28- 100 fpata Twv TpLdv TpaTwy KOPLWV IOLOHOPOOV TOL TPWTOV TPOGOUOLDHATOG

e IIpocopoiwpa pe Jokwv omAtouévov okvpodépatog
Iy mepintwon pe TG Sokovg and omhiopévo okvpddepa mpaypatomowOnke povo pia
avalvon pe tn xprion tov SAP2000. H yewpetpia Twv TolXeiwv Kat 0 OMAOHOG TOUG
StatnpnOnkav idia pe TNV mponyovpevn avalvor. Ex véov, yua Adyovg amhomoinong, povo pia
Statopr| xpnotpomownOnke yia 0Aeg TG okovg ot omoia OXeSIATTNKE EVAVTL TOV TILO KPIGLUHOL

oVVSLAGHOV POPTIWYV.

H dwatopn} tng dokov oxedidotnke emiong oto Section Designer. To Dyog kat To MA&TOG TNG
eivar 0.7 m kau 0.35 m, avtiotoxa. Qg daunkng omAoudg, 24 pafdot pe Sapetpo 18 mm
(As=61.08 cm?) poipdotnkav e§icov oTnV Mavw Kat KATw mapetd TG dokov. H Siatour twv
dokwv odnynoe oe €va véo VYog opogov ico pe 3.7 M. Zav amotéleopa, TO TEAIKO

TPOCOHOIWHA amoTeEAeiTAL ATtO EVVEA 0POPOVG e TLVOAIKO VYOG 33.3 M.

Kat og autr] TV epintwon n @aopatikn avalvon mpaypatonodnke e tn Xpron Twv ekatd
PO TWV 8topopewv. Ot 8lomepiodol kat To TOCOOTO GLUUETOXNG TNG HAlag TepLypdgpovtat
otov ITivaka 5. Ot Tpelg mpaTeg 1d10pop@ég Kat Ta ooxipatd Tovg gaivovtal otnv Ekova
29. To &Bpotopa Twv MOCOOTWV TNG Spwoag Halag yua tig StevBvvoelg vepPaivet kat edw To

90% mov amatteital.
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O £Aeyxo6 Twv Slatopwy éytve Tapopoiwg pe 6povg alAnenidpaong ponwv kat a§ovikng. To
Héytoto mooootd aAAnhemidpaong yla Tig dokovg vtoAoyiotnke ioo pe 0.957 opraxd fukpoTEPO
™G povadag. I'a ta Toweia To véo péYoTo M0o0oTd alnAenidpaong eival ico pe 0.632

avgnuévo katd 12.25%.

Iivakag 5- IS10p0p@£g kal T0000TO I8LOHOPPIKNG palag SeVTEPOV TPOTOUOLWUATOG

I510p0pdH '6‘°’(‘::C‘)°5°’; UX Uy uz RX RY RZ
1 0.949 0065 = 0640 0000 0210 0014  0.004
2 0.907 0720 0058 0000 = 0021 0160  0.002
3 0.683 0001 = 0009 0000 = 0001 0000 @ 0.730
sovoro | Mexenonl00 5990 9990 0000 | 0940 @ 0930 | 0970
Slopopdpwv

IStopopeny 1 IStopopeny 2 IStopopeny 3

Ew. 29- ISo0xNpata Twv TPy TpwTwy KUPLWV ISLOHop@wV ToL SeVTEPOL TTPOCGOHOLWUATOSG

e YUYKPLON ATOTEAECUATWV
H enegepyacia twv anoteleopdtwv kat 1 ovykplon petald Twv §vo avalvoewyv odrynoe ota
akolovBa cvpmnepdopata. Ipwtiotwg, n kOpLa Stagopd evromiletal 0Tn Slagopd Twv opOYwYV.
To nmpocopoiwpa pe Tig dokovg Deltabeam anoteAeito and déka opdpovg pe ovvolikd VYog
34.0 m evw To Mpocopoiwpa He TIg S0KOVG atd OMALOHEVO OKVPOdea amoTeheiTo and evvéa

0pOPOVG Kat oVVOAIKO DYog 33.3 M.
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To debtepo mpooopoiwpa pe TOV HOVOAIOIKO OKEAETO, OTIWG AVAHEVOTAY, NTAV TILO SVOKAWUTITO
and 1o mpwto. H av&non g Svokapyiag, kot kat' emMEKTACLY 1] UEIWON TWV TIUWOV TWV
1Oomeptodwy, eivat onHavTikn ylati pmopei va odnynoet oe peyavtepa oeopukd goptia. H
Helwon 0TI TIHEG TwV dtomeptddwv fTav g Taéng tov 25.57%, 22.81% kat 29.00% yia Tig TpeLg
TpWTES OLopopPEG avTioTotya. EmmAéov, omwg gaivetat otig Ewdveg 28 kat 29, ) SievBuvon
Twv dVo MpwTwV Wopopewv dAlage. Ta mooootd g Spwoag HAlag yia TiG TPELG TPWTES
1opop@ég tav oxedov ta idia, mapovotalovtag Opws SLagops 0TS TG TwV aBpolopdTwy
TWV EKATO TPWTWV OLOHOPPWDY HE AUTEG TNG HOVOADIKNG KATAOKEVNG Va givat av§nuéveg.
[Tapatnprfnke avakatavopn Twv @opTiwv AOYw Twv SLAPOPETIKWV OTATIKWY OLOTNHATWY,

XWpIG avTd va ouvtelei oe peydleg alayég oTovg cuvteNeaTéG alAnAe§apTnong.

¢ Egappoyn tng mapovoag épevvag
T'a v e@appoyn Twv evpnudtwv NG mapovoag €pevvag dnpovpyndnke éva avalvtikd
TPOCOUOIWHA Yot TOV VTTOAOYIOUO TNG AVTOXNHG o KApyn Twv evioxvpévwv Deltabeams
ovupwva pe T otepeonAactiky Oewpia. Zoppwva pe avtr T Bewpia ta efwtepika goptia
KATAVELOVTAL OTA EMUEPOVGS TURHATA TNG SlaToung avéloya pe TNV avtoxr Tovg, dedopévou
ot n Swatopr eivar Katnyopioag 1 1 2 kaw vrdpxet mAnpng aAAnAenidpaon peta&d twv
Eexwplotwv tunuatwv. H mo kowvn pébodog yia Tov vmtoAoylopo tng mAAoTIKAG avToxhg o
Kapyn eivat n Staipeon g datopng oe pkpoTepa opfoywvikd oxfuaTa He TaX0G (00 pe AZ.
Ze kdbe oxnpa avtiotolyei éva euPadov AA; = biAz;, avdloya pe To TAGTOG TOV Kat pia HéYLoTn
avtoxn fi oe oxéon pe 1o VAo, H kapmtikr pomn tov kdBe oXiUatog og oX€0m (e TOV 0vdéTepo
akova sivat:
AM; = AA;fi(z; — z,)

H telr| avroyr évavtt kapyng vroloyiletat and 1o aBpolopa Twv EMPEPOVG POTIWY TWV

My ra = Z AM;

H apyixr| Statoun tpomomoteitat oe pia iocodvvapn H tpnpatonoinon g loodvvapng Statopng

OoXNUATWV.

ovupwva pe ta Stagopa vAkd apovotdletat otnv Ewova 30.
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Euwx. 30- Ioodvvaun Statopr} yla Tov VTOAOYIOUO TG avTOxiG OXESLAOHOD O KAapyn

Ta v emkvpwon g opfOTnTag Tov AVAAVTIKOD TPOCOUOLDUATOS VTTOAOYIOTNKAV Ol
AVTOXEG TOV TIELPAHATIKOV SOKIHIWY, [E TIG TTPAYUATIKEG TIUEG TWV VALKV Kat OXL € AVTEG TOV
oxedtaopol, kat ovykpiOnkav pe Ta mepapatikd anotedéopata. H kalf ovoxétion twv
VTTOAOYIOUWV [E TOl TELPAUATIKA AMOTEAEOHATA ETUKVPWVEL TNV aKkpifela Tov aplOunTikod
TPOCOpOLWHATOG Kat To kabotd afomioto. Etnv Ewodva 31 mapovotaletar evOekTika 0

OVYKPLOT TWV anoTeAeopaTwy ya Tig dokovg Tomov 3.

To endpevo Prpa mov mpayparomorOnke nrav n avapaduon tov dtatopwv twv Deltabeam
TIOV TIPOEKLYAV ATIO TO OXESIATUO TOL TTPWTOL TTPOCOUOLWHATOG o€ Statopég Tumov 3, dnwg
npoava@epOnke, pe TéTolo TPOTO WoTe SoKOL He HKPOTEPO VYOG va HtopolV va tapaldpfouvv
Ta 8l goptia. Ot vIToAoyLOHOL APOPOVTAV LOVO TO OXESIAOHO EVAVTL KAPYNG KAt OXL EVavTL

TEUVOLOAG 1] WTLAG.

Ot xarvovpleg Statopés Twv Deltabeam, ta véa ovvolikd VYN Kal oL AVTIOTOLKEG AVTOXEG
oxedtaopov mapovotdfovtar otov Ilivaka 5. Me tn xpron Twv evioxuuévwy Slatopdy To
oVVOALKO VYOG kdBe 0pogov pewwbnke and ta 3.4 m ota 3.33 m. H peiwon tov cuvolikod hyovg

Tov KTnpiov NTav ion pe 0.7 m.

xli



Greek extended summary Extevrg mepidnym

S6a S6b
900 900
800 800
700 700
= 600 = 600
< 500 < 500
'S 400 T 400
S 300 S 300
200 200
100 100
0 0
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Deflection (mm) Deflection (mm)
S7 S8
1000 1400
800 1200
= = 1000
< 600 £ 500
© ©
§u i
200
200
0 0
050 100 150200 250 300 350 400 450 0 50 100150 200 250 300 350 400 450
Deflection (mm) Deflection (mm)
Ek. 31- Z0ykplon TEPAUATIKDOV KAl AVAAVTIKWOV aTOTEAEOUATWOV Yia Tig Sokovg Thmov 3
Iivakag 6- ZVykpion Twv SLACTAGLOAOYNIEVWY SOKWYV [LE TIG AVTICTOLXEG EVIOYVHEVEG
Pomn ZUVOALKO Avioxh ZUVOALKO AVTOh
Dokog | oxebwopol | Deltabeam uog (kNr:S] Deltabeam uog (kNr:S]
(kNm) (mm) (mm)
Bl 413.4 DR30-270 380 486.15 DR22-250 300 436.33
B2 211.8 DR20-245 280 276.86 DR20-245 280 412.46
B3 809.6 D30-400 380 952.52 D22-400 300 839.19
B4 410.7 D22-400 300 561.47 D20-400 280 667.80
B5 76.3 DR20-245 280 182.66 DR20-245 280 279.20
B6 231.4 D20-400 280 405.06 D20-400 280 507.20
B7 518.9 D22-400 300 555.86 D20-400 280 612.44
B8 65.5 DR20-245 280 182.63 DR20-245 280 279.20
B9 217.8 DR25-260 330 304.16 DR20-245 280 344.01
B10 822.5 DR32-285 400 882.36 DR25-260 330 886.07
Bi11 66.3 D20-400 280 297.82 D20-400 280 429.83
B12 67.5 D20-400 280 297.82 D20-400 280 429.83
B13 26.9 D20-400 280 297.82 D20-400 280 429.83
B14 36.1 DR20-245 280 182.63 DR20-245 280 279.20

B15 36.7 DR20-245 280 182.63 DR20-245 280 279.20
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Zupnepaopara
Ta kOpra ovpmepaopata TG Tapovoag StatpPng eivat Ta akdlovda:

1. O pkpog aplBpog Onpootedoewv OXETIKWV e TNV TEPAUATIKY Olepedvnon tng
KAUTITIKAG OVHUTIEPLPOPAG AETITWV CUUHEIKTWV KPUPOSOKWYV Kal 1] EANEWYT) avapopwv
otoug Evpwkwdikeg ya T ev Aoyw Sokovg, avadelkviel TNV avaykn ylo 7o

ektetapévn diepevvnon tov Bépatog.

2. Ta nepapatikd armoteréopata deiyvovv 0Tt ot dokoi Deltabeam oe cuvdvaoud pe tnv
KATAAANAN OmALon, TTpoaépovv pia e§atpetikd MAdoTiun ovpunepipopd. H olioBnon
pHetafd Tov okvpodépatog kat TG HeTaANKG SokoD Tapépelve oe XaUnAEG TULEG Kat 1)
akepatoTNTa TV dokipiwv Swatnpndnke oe vynld emimeda péxpt To TENOG TWV
nelpapdtov. H gvepyeTikr) avtr ouUmepLpopd VTOSNADVEL OTL 1] XPTOT| EVIOXVHEVWY (e
omAopovg Deltabeams evdeikvutal yia xpron tovg oe TuXnUATIKA @optia ka/n

npootacia évavtt Sladox KNG KATAPPEVOT.

3. Tevikd ta dokipa idlov TOMOL TMapovoiacav TOOTIKE Tapdpola ovpmepipopd. H
avtoxn Twv Sokwv fTav avaloyn Tov HYovg Tovg. Ot VYNAOTEPES StaTopég eméTpeyay

TNV AOKNOT HEYAADTEPWY QPOPTIWV.

4. Ta dokipa pe v ida dtatopn; aAAd Stapopetikd aplBpd oepwv amd SlaTunTikovg
nAovg, elxav mapopoLa CLUTEPLPO pd, amodetkvbovTtag 6T StatunTikr ovvdeon petadd
TOv OKVPOSENATOG Kat TNG peTahAikng dokov fTav TANPNG Kat 1 Tpoodetn oelpd

Satuntikwv NAwv dev ennpéace Ta anotedéopata.

5. AnuovpynOnkav evvéa mpooopotdpata pe T uébodo Twv memepaCHEVWY GTOLXEIWY
kat BaBupovounBnkav pe ta mepapatika dedopéva. H ovoxétion petady twv
TELPAUATIKDOV Kal AVOALTIKOV anoTeAeopdatwy NTav vynAn. To m0600T6 0QAAHATOG
HTav lKpdTEPO TOL 5% Kat 0 cLVTEAETTNG oVoXETLonG ioog pe 0.996, kablotwvtag To
TPOCOUOIWHA A&LOTIOTO Yl TAPAUETPIKY €MALON Kat €MEKTAOT, TNG 0 AANEG

YEWHETPIEG KA VALKAL.
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6. Ilpaypatomotifnke mpoobetn Siepedvnon yla TNV EMPPON TWV TAPAUETPWY KAl TWV
XAPAKTNPLOTIKWYV TIOV XPNOLHOTIOLOVVTAL KATA TOV 0pLOpO ToL okvpodépatogs. H ywvia
SLaOTONNG Y eMNpEase AVANOYIKA TNV AVTOXT} TOL OKVPOSEUATOG. AVENOT TNG TIUAG TNG
ywviag StaoToAng eixe wg anmotéheopa v av&non Tov YopTiov. Te UETAKIVITELG OTIOV
Ol TIAPAHOPPWOELG EEMEPVOVOAV TNV OPLAKT] TIAPAUOPPWOT] TOV OKVPOSEUATOG, 1)
EMPPOT TOV OLYKEKPUEVOL Tapdyovta dev ftav onpavtikny. O mapdyovtag Ke, o
omoiog eivat 0 Adyog g 8evTepng avalloiwTng TOL TAVVLOTH TWV TACEWV €L TNG
eQEAKVOTIKIG OLVIOTWOAG TIPOG TNV avTiototyn TG OAmTIKNG ovVioTwoag yla kabe
dedopévn T TOL LOOTPOTIEN TETOLA WOTE 1) HEYLOTH KVPLAL TAOT Va €ival apvnTiKi,
EMNPEAOE TN OLVOAIKE] CUUTIEPLPOPA TOV OKVUPOSEUATOG KAl TNV LKAVOTNTA TOV Yla
TOPARO PPWOT). XAUNAOTEPEG TIUEG TNG €V AOYW TTAPAHETPOV Ay WG AMOTEAETHA TV
TPOG TA TAVW WETATOMON TOV TAACTIKOD TUAMATOG TNG KAPTOANG @opTiov-

netakivnong.

7. H mepautépw avahvtikn Siepebvnon avédeile tn onpacia g mAevpikng mpootaciog
TIOV TAPEXEL TO EEWTEPIKO OTALOUEVO OKVPOSENA OTIG HETAALKEG TTAAKEG TOV KOPUOD,
YEYOVOG TIOV €MNPEALEL TN YEVIKI] CUUTIEPLPOPA TNG SOKOV. e OAA T TPOCOUOLDHATA
XWPIG TAEVPIKT] TIPOOTACIA EUPAVIOTNKE TOTIKOG AVYIOHOG. ApXIKA, O AVYLOHOG
EUPAVIOTNKE OTIG TAAKEG TOL KOPHOV Kot 0T GLVEXELA emeKTAONKE OTNV TAAKA TOV dvw
néApatoq. Ta amotedéopata €Sel§av Twg OTAv oL TAAKEG TOL KOPHOV eixav UEYOAVTEPO
TAYO0G, KAt KT’ eMEKTACT VYNAOTEPT AVTOXT], 1| CUUTIEPLPOPA TNG dokoV NTaV KAADTEPT
KAl 0 TOTIKOG AVYLOUOG eu@avioTnke o peyalbtepeg petakivioels. [Tapoda avtd o
Kiv8uvog Tov ToTKOV AvyLopov ealeipeTal eVTEADG HOVO OTAV GEOUEVETAL 1] TAEVPIKT
HeTakivion Twv MAakwv Tov koppov. H ovykekpuévn déopevon mapéxetat amd To

eEwTepIKO TUNHUA TOV oKVPOSEUATOG Kat TNV TiepiopLy&n Aoyw Twv cuvSeThpwy.

8. Ot doxoi Deltabeam ypnoomomr|Onkav emtuxwe, wg apPLEpeloTes, ylo To oxedtaopod
€VOG KTNpiov ypageiwy, Evavtl Katakopvpwyv goptiwv kat oetopov. H ovykpion twv
amoTeAeoHdTOV pe Ta avrioTtolxa €vog SeVTEPOL TIPOCOHOLWHATOG TO  OTOIO

KATAOKEVAOTNKE U XP1 0N povoABikwv mAatoiwy omAopévov okvpodépatog, avédelle

xliv



Greek extended summary Extevrg mepidnym

T TAEOVEKTIHUATA TWV AETTWV COUUEIKTWV KPUPOJOKWDV, Ao AOYw TOL UKPOTEPOL
vyoug twv Deltabeams vrnpyxe meplBwpto yia tnv mpoadrikn evog mpdobetov opdpov

EVAVTL TOV eVVEQ TNG OVUPATIKAG KATAOKEVTG AtO OTALOHEVO OKVPOdEpaL.

ZUVONTIKA AioTa NPOTEIVOHEVNG EPEUVAG

1. To mp@TO HEPOG TOV TIELPAHATIKOV TPOYPAUHATOG ylat T Snpovpyia evog TAatoiov pe
xpnon twv Deltabeams, 1o omoio va pmopel va mapaldfer emapkwg pomE,
olokAnpwOnke pe emtvyia. Q¢ emdpevo PrApa TOL TPOYPAUUATOS TPOTEIVETAL )
dlepevvnon TG KapmTIKnG ouuneplpopag Twv Deltabeams évavtt apvntikawv ponav yua
TG Kpioweg {wveg mAnoiov Twv ovvdécewv pe Ta Katakopvea otoixeia. Télog
anmatteitat o oxedlaopdg piag KatdAAnAng ovvdeong mapalaPng pomng pe Ta

VTTOOTLAWHATA OV VA e TIG 081yieg Twv Evpwkwdikwy.

2. O oxedaopog evog ktnpiov pe Deltabeams avédeile tn Suvatotnta g xpriong tovg,
o€ cLVOLAOUO e LOXVPA KATAKOPLPA SOUIKA OTOLXELA, OTO OXESLATHO EVAVTL CELOUIKWY
optiwv. Katd ovvéneia, n avtiototyn ovvdeon Sokov-KATAKOPLYOL OTOLYEIOV TIPETEL

va StepevvnBei Sie€odikd Td00 TEpApATIKE OG0 KAt AVAAVTIKA.

3. Ta PaBupovounuéva TPOOOUOIWUATA TTEMEPATUEVWY OTOLYEIWY HTOPOVV Kal TIPETEL VAl
xpnowomomnBovv mepautépw yoo pia el Pabog diepevvnon mapap€Tpwy  Kat
napayovtwv (mepio@ryén tov okvpodépatog otov muprva Twv Sokwv, aAAnAenidpaon
petafd tov okvpodépatog kar NG HeTaAAkNG Sokol, Swatuntikn cbvdeon kat
oAioBnon, katavouég ThoewV Kat TAPAHOPPOOEWY Ka), TWV OToiwV 1 Tapakolovdnon
dev Nrav eQukTn katda T Stdpkela TwV MEPAUATWY. AVTH 1] YVWOoT elval amapaitnTn yia

NV OAoKANpwHEVN Katavonon tng KaboAkng CLUTEPLPOPAS.
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Introduction

1.1 Historical background

Structural steel as a building material and its development had a huge influence on the
evolution of the industrialized world and the creation of modern way of life as we know it today.
Railways, bridges, large production factories and buildings would have never taken their

current form without structural steel.

At the beginning of 18" century three types of ferrous metal were known; wrought iron, cast
iron and steel. Wrought iron had been used by blacksmiths for centuries to create products like
gates, railings, nails and chains. This form of iron reached its peak in the 1860s, when it was on
the edge to become the major structural material. Cast Iron was mainly used for furniture and
cooking equipment. Being very brittle, it failed to be used as a structural material. Steel until
the middle of 19" century was mainly used for the creation of more expensive and elegant

products like watches and swords due to its extremely high production cost.

Henry Bessemer, who is considered as the father of modern steel, invented a method in 1856,
that took its name, which led to a more economical production and larger quantities of steel
[1]. Combined with the “open hearth furnace”, an invention of Charles William Siemens on
1866 [2], resulted in the “dethronement” of wrought iron as the main structural material by
steel. One of the last wide-known structures built by wrought iron was the Eiffel Tower on
1889. At the same time, the Forth Bridge in Scotland was build being the first major structure
in Britain to be constructed of steel [3]. The bridge opened in March of 1890 and its total length

was 2467 m.
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In Chicago, during the 19*" century, the buildings were mainly constructed by timber. The
Great Chicago Fire in 1871 caused a huge damage that is still appalling more than a century
later. Nearly 300 persons died, 18,000 buildings were destroyed, 100,000 people (one-third of
the city) were homeless and property loss valued at 200,000,000 $ (about a third of the valuation
of the city) [4]. Afterwards, Chicago became a major example of reconstruction. With the
regulations against fire situation having been stricter, new non-combustible materials were
required. The engineers found the solution to their problems on steel. The Home Insurance
Building was built in 1885 and was 10 stories high, being the very first skyscraper. The
structural frame of the building was made by steel. Construction of steel was not only lighter
than that made of brick, which was commonly used in the construction of buildings, but it

could carry more weight. Lighter masonry walls were hanged from the steel frame.

At the beginning of the 20" century structural steel had to compete a newborn material, the
reinforced concrete. Structural steel had high strength and was ductile and faster to erect.
Reinforced concrete had high rigidity, compressive strength, fire resistance and durability as
well as being more economical [5]. A new more advanced structural system was created, not
from the competition of structural steel and concrete, but from their cooperation; the steel-

concrete composite system.

A report written by Paul Christophe [6] includes several composite elements, mainly slabs and
beam-slab systems. A characteristic example is the floor proposed by Mathias Koenen, where
the steel sections at the bottom carried the tensile forces and the arching concrete at the top

was responsible for the compressive ones.

At the very first steps of composite structural elements, there was not a distinction between the
steel parts cooperating with concrete (rigid steel elements or steel rebars) and all of them had
to be encased in concrete [7]. The first tests related to the bonding and the relative movement
between the two materials were conducted by Carl von Bach [8]. The results showed that
smaller relative slip was measured between the concrete and the steel rebars, than in the case of

rigid steel sections. In addition, the extrusion of the rigid steel elements caused extensive
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damage to the concrete body. This outcome gave birth to the discussion about the distinction

between the concrete elements with steel rebars and rigid steel parts.

In Europe, the first half of 20" century, research was mainly concentrated on the bonding
between the two elements. During this period, the first proposals appeared related to a
mechanical bonding between steel and concrete. On the other side of the Atlantic, in the US,
Julius Kahn obtained a patent [9] in 1926 for a composite beam remarkably similar to the
currently used most common form (figure 1.1). The composite behavior is achieved through
“tongues”, as referred to the patent text, which are curved steel stripes welded on the top plate

of the steel beam.
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Fig. 1.1- Composite beam on Kahn's patent

The following years a lot of experimental research was conducted and advances were made,
mainly in the bridge construction industry. In parallel, the first codes were enforced in relation
to the composite beams, such as the design provisions of the American Association of State

Highway Officials (AASHO) in 1941 [10].

The introduction of steel- concrete composite beams to the construction industry was followed
by the introduction of composite slabs. The combination of concrete slabs with profiled steel
sheeting, which was taken into account in strength calculations, eliminated the need for
wooden formwork. The application of profiled steel sheeting as both permanent formwork and
reinforcement to the concrete slab was first developed in America in the early 1950s. In the
United Kingdom they were introduced in the 1970s, with this system becoming the most

widespread form of floor system for steel framed office buildings.
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In recent decades, partly due to the economic crisis and the limitations of enforced Code
regulations, a strong demand for efficient and economical structures has emerged [11]. This
has led to factory fabricated structural elements, like concrete hollow core elements for slabs
and steel beams and columns for the structural framework, which were assembled on site. The
use of prefabricated standardized elements concealed a higher standard of quality with lower
costs, followed by a high degree of construction flexibility due to the wide range of possible
combinations. Since authorities imposed the reduction on the height of the floors in high-rise
buildings, a part of the construction industry aimed to the reduction of height clearance
between floors, without reducing the useful space, in order to increase the total number of
storeys, as an advantage against their competitors. So, in parallel with the appearance of
prefabricated construction, a “new” more advanced composite structural system was born; the

shallow composite floor system.

In the shallow floor system, the steel beam is encased within the depth of the pre-cast concrete
floor or composite slab, with profiled steel decks [12]. This form of construction allows for the
erection of buildings with lower height and, simultaneously, the flat soffit is beneficial for the
building services extending in any direction. In this system, also called slim floor, the slab
elements are not placed on the upper plate of a steel beam, as in traditional composite
construction, but are supported by its bottom plate. Thus, finally, the steel beam is fully or

partially encased within the concrete slab.

In Scandinavia, and more specifically in Sweden, in the early 1980s, the first slim floor system
appeared. That method of construction increased the market share of steel structures for office
buildings in Sweden to over 50% [13]. This original slim floor concept (also called the “Thor-
beam?”, see figure 1.2a), consisted of two U-shaped sections welded to a flat plate. Additional
plates are welded to the top flanges to provide the shear connection. In 1989 in Finland, the
“Deltabeam” was launched (figure 1.2b), taking its name by its cross-section shape. The shear
connection between steel and concrete is ensured through connector bars that pass through
regularly spaced web openings. Two years later, in 1991, in UK, the Slimflor beam was

developed (figure 1.2c), which consisted of a universal column section welded to a steel plate.
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Recently, interest has been concentrated on the asymmetric hot-rolled steel beam (Fig. 1.2d) in

the UK, and on the asymmetric welded steel beam in Finland.

(a) (b)

(c) (d)
Fig. 1.2 — Different types of shallow (slim) floor beams (steel cross-section): (a) Thor-Beam, (b) Deltabeam,
(c) Slimflor and (d) Asymmetric Slim Floor beam

1.2 Dissertation organization

The structure of this dissertation consists of eight Chapters. The present Chapter, Chapter 1, is
an introduction to shallow (slim) floor composite beams. In addition, the objectives and the

steps of this research are described.

Chapter 2 presents the references of Eurocodes to steel-concrete composite beams. More
specifically, the second Chapter includes the information provided by EN 1994-1-1 and EN
1998-1 related to the flexural behavior, the structural details and the designing methods of
composite beams. An additional aim of this Chapter is to state the lack of norms and guidelines

in Eurocodes related to the shallow floor beams.

In Chapter 3 a literature review is provided, of the most relevant, to the current research,
experimental investigations on shallow floor beams. It is thus identified that, although there
was a sufficient number of publications related to the shear behavior of shallow floor beams
and their resistance against fire, there haven’t been many research projects investigating the

flexural behavior of such type of beams.
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Chapters 4 and 5 describe the experimental procedure that, as part of the present work, aims at
bridging the gap of knowledge above. In more detail, in Chapter 4 the shallow floor composite
beam under investigation, called Deltabeam, is introduced. Furthermore, there is an extensive
description of the experimental set-up (reaction frame, supports, hydraulic actuator) and the
specimens investigated in the present work: the geometry and the details of the test specimens,
their preparation for the tests, the mechanical properties of all materials used are included and
finally, the experimental measurements and the positions of the measuring instruments are
described. In Chapter 5 the results of the tests are presented, in terms of: Load-deflection, load-
strain and load-slip (between the concrete and the steel part) curves, created for each specimen,
combined with a detailed description of the most remarkable highlights of the testing

procedure.

In Chapter 6 a numerical investigation is described, using the Finite Element Method (FEM).
To this purpose, three dimensional models were developed in Abaqus software with particular
emphasis given in the most accurate representation of the geometry, the materials and the
boundary conditions. Afterwards, in order to calibrate the models and choose the appropriate
parameters in the input data, the analytically predicted load-deflection and load-strain curves

were compared with the experimental ones.

Subsequently, the behavior and the design of a building against a seismic loading scenario are
investigated in Chapter 7. Two different analyses were conducted. In the first one Deltabeams
were used. The model of the second analysis was created with the use of reinforced concrete

beams. The comparison of the results is presented.

Chapter 8 summarizes the research conducted in this dissertation and draws conclusions from
the assessment of the experimental, numerical and design results. Furthermore, some proposals

for the further steps of the research related to Deltabeams are included.
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Bending behavior and design of
composite beams according to
Eurocodes

In this chapter the most important requirements of Eurocodes 4 and 8 related to the flexural

behavior of composite beams are presented.

2.1 Eurocode 4 (EN 1994-1-1) [14]

2.1.1 Scope and terms

The scope of Eurocode 4 is described in section 1.1. It “applies to the design of composite
structures and members for buildings and civil engineering works. It complies with the
principles and requirements for the safety and serviceability of structures, the basis of their
design and verification that are given in EN 1990 - Basis of structural design”. Part 1-1 gives
general instructions for the design of composite structures and rule for buildings. In Table 2.1

some basic terms are presented as described in section 1.5.2.

A composite beam as defined in Eurocode 4 is a composite member created by structural steel
and reinforced concrete and it is subjected mainly to bending and shear. Beams with steel webs
encased by reinforced concrete, in which shear connection exists between the concrete and steel

components are referred as partially-encased beams (figure 2.1).
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Bending behavior and design of composite beams according to Eurocodes

(a) Composite section with  (b) Partially encased section

. ¢) Partially encased section with slab
without slab © y

Fig. 2.1- Typical cross-sections of composite beams

Table 2.1- Basic terms and definitions used in EN1994-1-1

slab
No | Term
1 Composite member
2 Shear connection
3 Composite behavior
4 Composite beam
5 Composite column
6 Composite slab
7 Composite frame
8 Composite joint
9 Propped structure or
member

10 Un-propped structure or
member

Definition

A structural member with components of concrete and of
structural or cold-formed steel, interconnected by shear
connection so as to limit the longitudinal slip between concrete
and steel and the separation of one component from the other
An interconnection between the concrete and steel components of
a composite member that has sufficient strength and stiffness to
enable the two components to be designed as parts of a single
structural member

Behavior which occurs after the shear connection has become
effective due to hardening of concrete

A composite member subjected mainly to bending

A composite member subjected mainly to compression or to
compression and bending

A slab inwhich profiled steel sheets are used initially as permanent
shuttering and subsequently combine structurally with the
hardened concrete and act as tensile reinforcement in the finished
floor

A framed structure in which some or all of the elements are
composite members and most of the remainder are structural steel
members

A joint between a composite member and another composite, steel
or reinforced concrete member, in which reinforcement is taken
into account in design for the resistance and the stiffness of the
joint

A structure or member where the weight of concrete elements is
applied to the steel elements which are supported in the span, or is
carried independently until the concrete elements are able to resist
stresses

A structure or member in which the weight of concrete elements
is applied to steel elements which are unsupported in the span
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2.1.2 Bending resistance of composite beams

In order to choose the method that will be used to calculate the bending resistance of a
composite cross-section, two important factors should be taken into account; the shear

connection between concrete and steel parts and the classification of the steel cross-section.

To maintain the contact between the concrete and steel parts, shear connectors and transverse
reinforcement must be used. To prevent separation of the two materials shear connectors
should be able to resist a nominal ultimate tensile force, perpendicular to the plane of the steel

flange, at least equal to the 10% of their ultimate shear resistance.

EN 1994-1-1, just like EN 1993-1-1 [15] for steel structures, classifies the composite sections
into 4 Classes. The scope of the classification is to define if local buckling will affect the
resistance and rotation capacity of the composite cross-section. The classification of the
composite sections is made on the basis of whether the cross sections will be able to reach the

plastic moment and their rotational capacity (figure 2.2) [16].

M _Class 1
R ‘;{, s . .
4 P Class2 ™\ Class Bending resistance
_____ 4’_,.._,._,_., e A N
MD! Rd ‘J‘} }',7 = N i \
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| 74 | 1and 2 Plasti
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M f/{_f Class 4\ :
b.Rd /,T N :
) \ | ]
| y |
! JARNY ot A :
———0 1 H
i | o 3 Elastic
| 1 >
?, 7
; : Prot = Ppl  Prot Elastic taking into account
. = = _ 4 .
Rotation capacity: R (Ppl % 1 local buckling

Fig. 2.2- Definition of classes of composite sections

e Class 1- The section can form a plastic hinge and has sufficient rotational capacity to
maintain this plastic moment over a considerable range of in-plane rotation (ductility)
e Class 2- The section can develop plastic resistance but has limited rotational capacity

to act as a hinge
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e Class 3- The section can develop elastic resistance of the full cross-section
e Class 4 - Local buckling of slender elements reduces the elastic resistance; the section

can develop elastic resistance of an effective cross-section, smaller than the full section.

The classification of a cross-section depends on the width to thickness ratio of the steel parts
totally or partially under compression (figures 2.3 and 2.4). The steel part in compression with
the least favorable class, determines the class of the whole composite cross-section. The overall
behavior of the cross section can be improved and can be placed in a more favorable class,
provided that the performance of the steel element under compression is improved by

attaching it to a reinforced concrete element.

Composite sections with concrete encasement are also classified in accordance with Table 5.2
of EN 1994-1-1/85.5.3 (figure 2.5). The encasing concrete for these cases should be “reinforced,
mechanically connected to the steel section, and capable of preventing buckling of the web and

of any part of the compression flange towards the web”. These requirements are fulfilled if:

e The concrete reinforcement is assembled by longitudinal bars and stirrups, and/or
welded mesh

e The requirements identified in figure 2.5 are satisfied

e The concrete between the flanges is mechanically connected to the web by stirrups
welded to the webs, by bars (Dmin= 6mm) through holes on the web and/or by welding
studs (Dmin=10mm) to the web. (figure 2.6)

e The longitudinal spacing between two consecutive studs or bars through web holes is
maximum 400 mm. Additionally, these studs and bars must have a maximum distance

from the inner face of the nearest flange equal to 200 mm.
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Fig. 2.3- Maximum width-to-thickness ratios for internal compression parts (taken in whole from Ref[15])
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Closed stirrups Open stirrups welded to the web Stirrups through the web

Fig. 2.6- Arrangement of stirrups

In order to calculate the bending resistance of a composite cross section, EN 1944-1-1 provides
three different approaches; calculation using rigid plastic theory, non-linear theory and elastic
analysis. In the absence of pre-stressing by tendons, the design bending resistance of a
composite cross-section, classified in Class 1 or Class 2, can be determined by the rigid-plastic
theory, while elastic analysis and non-linear theory can be used for all classes of composite

beams (EN 1994-1-1/86.2.1.1).

2.1.2.1 Plastic resistance to bending

It can be proved that in plastic analysis, when all the individual parts of the composite cross-
section have yielded, an external load (axial force, moment etc.) is distributed among these
parts according to their resistance [17]. It should be reminded that in order to apply plastic
analysis, the cross-section should be Class 1 or 2 while full interaction between structural steel,

reinforcement and concrete is assumed. The stresses used for each material are:

e Concrete under compression 0.85f,4 = 0.85f,/v. =085f.4/15
e Concrete under tension feta =0
e Structural steel fya = fy/Ym = f /1.0
e Reinforcement steel fsa = fsi/Vs = fsr/1.15
where,

fea @and f. are the design and characteristic cylinder compressive concrete strength

respectively (see EN 1992-1-1, Table 2 [18])
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feta 1S the design tensile strength of concrete
fya and £, are the design and characteristic yield strength of structural steel, respectively
fsa and f;. are the design and characteristic yield strength of reinforcing steel, respectively

A minimum area of longitudinal reinforcement is required at the effective width of the concrete

slab and should satisfy the following condition:

A, > p.A.  with g=o fff:l\/_
where,
A, is the effective area of the concrete flange
fy is the nominal value of the yield strength of the structural steel

fsk is the characteristic yield strength of the reinforcement
feem 1 the mean tensile strength of the concrete

) is equal to 1.1 for Class 1 cross-sections and 1.0 for Class 2 cross-sections

k. is a coefficient equal to k. = 1;’“: + 0.3 < 1 with z, the distance of the mass center of
+_
2zp

the concrete plate to the mass center of the composite cross-section and h,. the thickness of the
plate (figure 2.7)

The most common method to calculate the plastic bending resistance is the fiber method.
According to this method the cross-section is divided in fibers of Az thickness (figure 2.7). Each
fiber has an area AAi = biAz; and an ultimate strength fi. The position of the neutral axis is
defined through the solution of the forces resultant set equal to zero, practically meaning that
the compressive forces are equal to the tensile ones. The moment at each fiber related to the
neutral axis is AM; = AA;f;(z; — z,). The final bending resistance of the cross-section is the

sum of the individual moments.
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Myiea = ) AM,
i

Fig. 2.7- Calculation of bending resistance using the fiber method

For the calculation of the positive bending resistance three cases are distinguished depending
on the position of the neutral axis:
I.  The neutral axis is within the concrete plate

ii.  The neutral axis is within the top plate of the steel section

iii.  The neutral axis is within the web plate of the steel section
For the calculation of the negative (i.e. tension by the top outer concrete fiber) bending
resistance the neutral axis is, most commonly, within the web plate of the steel section. The
concrete plate is fully under tension and so its influence to the bending resistance is ignored.

The final cross-section consists of the steel beam and the reinforcement of the concrete plate

(figure 2.8).
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Fig. 2.8- Examples of plastic stress distributions in positive (top) and negative (bottom) bending
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In cases that ductile shear connectors are used, the compressive force in the concrete flange N+
should be reduced by a factor n to a value equal to N, = nN. [19]. The ration = N./N_ is
the degree of shear connection and varies from zero (0), when there is no connection between
the two parts (only the resistance of the steel section is considered) and one (1) when there is

full shear connection between the steel beam and the concrete plate.
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Fig. 2.9- Relation between Mgq and N, for partial shear connection

The relation between Mgq and N¢ is calculated by curve 1 (ABC) as is presented in figure 2.9,
where My, , rq and My, rq are the design plastic resistances to positive bending of the steel
section alone and the composite cross-section with full shear connection, respectively.
Alternatively, the simplified and conservative method is provided by using curve 2 (AC) in

figure 2.9, where

Mgq = My ra + U(Mpl,Rd - Mplra'Rd)

2.1.2.2 Non-linear resistance to bending
In EN 1994-1-1/86.2.1.4 the possibility to use non-linear theory for the calculation of the
bending resistance, and thus take into account the actual stress-strain relationship of the
materials, is provided. The stress-strain curves should be derived from:

e EN 1992-1-1/83.1.7 for concrete under compression

o EN 1992-1-1/83.2.7 for reinforcement steel

e EN1993-1-1/85.4.3 for structural steel
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When the concrete flange of a Class 1 or Class 2 composite cross-section is fully under
compression, the non-linear bending resistance Mgq can be related to the compressive force in
the concrete according to the following formulas (figure 2.10) for propped (the weight of
concrete elements is applied to the steel sections which are supported in the span) and un-
propped (the weight of concrete elements is applied to the steel sections which are unsupported

in the span) constructions:

N¢
MRd = Ma,Ed + (Mel,Rd - Ma,Rd) m for Nc < Nc,el

Nc_Nc,el

Mpq = Mgy gq + (Mpl,Rd — Mgira) for Neoy < N. < Ny

Nc,f_Nc,el

with Mel,Ed = Ma,Ed + kMCyEd

where,

M, gq s the design bending moment applied to the steel section
M, g4 isthe design bending moment applied to the composite section

k is a factor which ensures that the stress limits for the materials are reached (f.s for

concrete in compression, fyq for structural steel and fy for reinforcement steel).

M., isthe compressive force in the concrete flange corresponding to the moment M, r4

A Mg A Mg

MMk —m— ¥ - - — —_ —_ — —
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Fig. 2.10- Simplified relationship between Mgqand N for propped (left) and unpropped (right) constructions
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2.1.2.3 Elastic resistance to bending

According to section 6.2.1.5 of EN 1994-1-1, the elastic bending resistance is the minimum
bending moment to reach the maximum stresses fcq, fys and fs in the cross-section for concrete,
structural steel and reinforcement steel, respectively. During elastic analysis, the distribution of
the stresses in the individual parts, is conducted proportionally to their stiffness. Due to the
linearity of the procedure, the stresses created by the axial force and the bending moment can

be calculated separately and then be summed.

The principal assumption in this case is that the loading history is taken into account, meaning
that the stress state in the steel member is calculated first and then the stresses of the composite

member are added [20], following erection stage.

2.2 Eurocode 8 (EN 1998-1) [21]

2.2.1 Scope and terms

EN 1998 covers the design and construction of civil engineering buildings in areas with seismic

activity. “Its purpose is to ensure that in the event of earthquakes:

e human lives are protected
e damage is limited
e important structures remain operational”
Specifically, EN 1998-1 covers the design of buildings in seismic regions. In Table 2.2 some

basic terms are presented as described in section 1.5.2 of EN 1998-1.
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Table 2.2- Basic terms and definitions used in EN1998-1-1

No | Term
1 Behavior factor

2 Dissipative structure

3 Dissipative zones

4 Importance factor

5 Non-dissipative structure
6 Non-structural element

7 Primary seismic members

8 Secondary seismic members

Definition

A factor that reduces the forces obtained from a linear
analysis in order to take into account the non-linear
response of a structure due to the material, the structural
system and the design procedures.

A structure which is able to absorb energy by means of
ductile hysteretic behavior and/or by other mechanisms.
Predefined parts of a structure where the dissipative
capabilities are mainly located.

A factor which defines the importance of a building related
to the consequences of its failure.

A structure designed against a seismic situation by
considering a linear material behavior.

An element or system that is not considered a load carrying
element in the design procedure.

Members of the structural system, that resists the seismic
action, which are modelled in the analysis and are fully
designed and detailed according to the rules of EN 1998.
Members that are not considered a part of the structural
system that resists the seismic action and whose strength
and stiffness against seismic actions are neglected.

2.2.2 Specific rules for composite steel concrete

buildings

2.2.2.1 General

Three design concepts are available for the designer in terms of seismic energy dissipation by

the building:

e Concepta Low-dissipative structural behavior.

e Concepthb Dissipative structural behavior with composite dissipative zones

e Conceptc Dissipative structural behavior with steel dissipative zones

These concepts are related to the structural ductility class and the behavior factor q (Table 2.3).

Composite buildings that are designed against earthquakes shall be designed according to these

concepts.
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Table 2.3- Design concepts, structural ductility classes and values of behavior factors

Range of the reference values of the

Design concept | Structural ductility class )
g P Y behavior factor g

Concept a DCL (Low) <15-2
<4
DCM (Medium)
Concept b or ¢ Limited by the values of Table 2.6
DCH (High) Only limited by the values of Table 2.6

In concept a, the resistance of the members and the connections can be calculated according to
EN 1993 and EN 1994 without any additional requirements. The action effects can be calculated
by an elastic analysis without considering the non-linear behavior of the materials, provided
that the initial moment of inertia of the elements in parts of the beam spans is reduced due to
concrete cracking. In concepts b and c, the elements of the structure that are in the dissipative
zones are allowed to develop inelastic deformations and thus the non-linear behavior of the
materials should be taken into account. The target of the design rules for dissipating composite
structures is to ensure the development of reliable local plastic mechanisms (dissipative zones,
also called critical regions) and of a global plastic mechanism that will dissipate as much energy

as possible under the seismic actions.

2.2.2.2 Materials

e Concrete

The lowest concrete class that is allowed to be used in dissipative zones is C20/25, while the
highest concrete class that is covered by EN 1998 is C40/50. If higher classes are used, then the

design is not within the scope of EN 1998.

¢ Reinforcing steel

According to Table C.1 of EN 1992-1-1 (Table 2.4), class B or C steel should be used for the

reinforcement in the plastic resistance of dissipative zones for ductility class DCM and only
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class C steel is allowed for ductility class DCH. Only ribbed bars are allowed in regions with

high stresses, excluding the closed stirrups or cross ties.

Table 2.4- Properties of reinforcement

. Requirement or
Bars and de-coiled g

Product form rods Wire Fabrics quantile value
(%)
Class A B C A B C -
Characteristic yield strength 400 to 600 50
fior fox
>1.15 >1.15
ini = >1.05 =>1.08 >1.05  =>1.08 10.0
Minimum value of k=(#/£)« <135 <135
Characteristic strain at
: oy I >25 =250 =75 | 225 =50 =275 10.0
maximum force, &u (%)
Bendability Bend/Rebend test -
0.25 Afy (A f -
Shear strength - v (. sareao Minimum
wire)

Maximum Nominal bar
deviation from | size (mm)
nominal mass <8 +6.0 5.0
(individual bar

>8 +4.5
or wire) (%)

e Structural steel

Structural steel must be according to the standards of EN 1993. Nominal values of the yield
strength f, and the ultimate strength f, can be obtained directly by the product standard (f,=Ren
and f,=Rm) or by using the values provided in the following Table 2.5. In order to ensure that

structural steel has a required minimum ductility the following conditions must be fulfilled:

» fu/fy>1.10
> the elongation at failure on a gauge length is equal to 5.65,/A4, and is not less than 15%

(Ao is the original cross-section area)

» the ultimate strain g, should be greater than 15¢, (¢, = f, / E is the yield strain)

These limits presented are the recommended values. More precise values are defined in

National Annexes.
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Table 2.5- Nominal values of yield and ultimate tensile strength for structural steel

Nominal thickness of the element t (mm)

Standard and t <40 mm 40 mm <t <80 mm
steel grade
fy [N/mm?] fu [N/mm?] fy [N/mm?] fu [N/mm?]

EN 10025-2

S235 235 360 215 360
S275 275 430 255 410
S 355 355 490 335 470
S 450 440 550 410 550
EN 10025-3

S 275 N/NL 275 390 255 370
S 355 N/NL 355 490 335 470
S 420 N/NL 420 520 390 520
S 460 N/NL 460 540 430 540
EN 10025-4

S 275 M/ML 275 370 255 360
S 355 M/ML 355 470 335 450
S 420 M/ML 420 520 390 500
S 460 M/ML 460 540 430 530
EN 10025-5

S235W 235 360 215 340
S355WwW 355 490 335 490
EN 10025-6

S 460 Q/QL/QL1 460 570 440 550

2.2.2.3 Structural types and behavior factors

Seismic codes, such as EN 1998-1, in order to calculate the ductility of a structure, introduce
the behavior factor g, based on the materials used and the structural system, which accounts
for the energy dissipation capacity of the structure. The behavior factor is calculated using the

following formula:

where Fe is the maximum horizontal load caused by the earthquake that would be developed at

the structure if it had adequate strength to behave elastically during the seismic action and Fq
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is the maximum design horizontal load. The values of the behavior factor in relation to the

structural system are presented in Table 2.6. Each structural system is described in the following

sections.
Table 2.6- Upper limits to reference values of behavior systems regular in elevation
| Ductility class
Structural Type DCM DCH
a) Moment resisting frames 4 Sav/ou
b) Frame with concentric bracings
Diagonal bracings 4 4
V-bracings 2 2.5
¢) Frame with eccentric bracings 4 Sav/ou
d) Inverted pendulum 2 2%y

e) Composite structural systems
Composite walls (Type 1 and Type 2) 3aw/ou day/ oy
Composite or concrete walls coupled by steel
or composite beams (Type 3)

f) Composite steel plate shear walls 3au/ou day/ oy

Sau/as 4 5a./a1

where a. is the value that magnifies only the horizontal seismic design action (all other design
actions remain constant) until the development of the first plastic hinge and ay is the value by
which the horizontal seismic design action is multiplied in order to have a mechanism on the
structure and an overall unstable behavior. If the building has not regularity in elevation the
values of Table 2.6 are reduced by 20%. Indicative values of the ratio a./a; in the absence of

appropriate calculations, in relation to the structural system are presented in figures 2.11- 2.17
a) Moment resisting frames

In moment resisting frames the horizontal forces are resisted by generally flexural members

(figure 2.11).
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Fig. 2.11- Moment resisting frames (dissipative zones in beams and at the bottom of columns)
b) Composite concentrically braced frames

In frames with concentric bracings the horizontal forces are resisted by members subjected to

axial forces (figures 2.12- 2.13).

= e N
| \'\.\-\-\-\-\ | | |I_
e e — == _'|.
/'/f’ .—F*'F_—r | C—y
'I__,-'-""-'_- T e
e ]
h_— T—
R L2
T i .-'..-'_.-.:.-'.-' I s (T g T P

Fig. 2.12- Frames with concentric diagonal bracings (dissipative zones in tension diagonals only)
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Fig. 2.13- Frames with concentric V-bracings (dissipative zones in tension and compression diagonals)

c) Composite eccentrically braced frames

In frames with eccentric bracings the horizontal forces are resisted by members subjected to
axial forces (figure 2.14), but only in cases that the layout allows energy dissipation in seismic

links (cyclic bending or cyclic shear).
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Fig. 2.14- Frames with eccentric bracings (dissipative zones in bending or shear links)
d) Inverted pendulum structures

In this category belong the structures that half or more of their mass is concentrated in the
upper third of their height or structures where dissipation of energy is located mainly at the

bottom of a single building element (figure 2.15).

al [}

Fig. 2.15- Inverted pendulum (dissipative zones a) at the column base or b) in columns where Neg/Npira<0.3)
e) Composite structural systems

Composite structural systems are those which behave essentially as reinforced concrete walls

and may belong to one of the following types:

e Type 1isasteel or composite frame combined with concrete infill panels connected to
the steel structure (figure 2.16a)

e Type 2 is a reinforced concrete wall strengthened with encased steel parts working as
vertical edge reinforcement (figure 2.16b)

e Type 3include two or more shear walls connected with steel or composite beams (figure

2.17)
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Fig. 2.17- Composite or concrete walls coupled by steel or composite beams (type 3)

f) Composite steel plate shear walls

This category includes shear walls consisting of a vertical steel plate, continuous along the
height of the building, with reinforced concrete encasement on one or both faces of the plate

and of the structural steel or composite boundary members.

2.2.3 Design criteria and detailing rules for dissipative
structural behavior

Primary composite seismic members, which must comply with the instructions of EN 1994-1-
1:2004, are designed with reference to a global plastic mechanism that determines the location

of the dissipative and non-dissipative zones.

In order to ensure adequate ductility for members under compression or bending some
requirements must be fulfilled. The width to thickness ratio of the steel components must be
restricted according to the cross-sectional classes described in a previous section (82.1.2) while

the steel dissipative zones and the non-encased steel parts of composite members must comply
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with the requirements of Table 2.7. Additionally, Table 2.8 describes the requirements for the

dissipative zones of encased composite members

Table 2.7- Limitations on cross-sectional class of dissipative elements depending on
ductility class and reference behavior factor

. Reference value of Required cross- sectional
Ductility class .
behavior factor g class
1.5<g<2 Class1,2or3
DCM
2<q<4 Class1or2
DCH >4 Class 1

Table 2.8- Relation between behavior factor and slenderness limits of walls of sections in
dissipative zones of encased composite structures

Ductility Class of structure DCM DCH
Reference value of behavior factor g g<15-2 | 15-2<q<4 q>4
Partially encased H or | section

Fully encased H or | section

flange outstand limits c/ts 20 ¢ 14 ¢ Q¢
Filled rectangular section

h/t limits 52 ¢ 38¢ 24 ¢
Filled circular sections

d/t limits 90 &2 85 ¢? 80 &2

The geometric references are described in the following figure 2.18.
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Fig. 2.18- Detail of transverse reinforcement, with the additional straight bars (links) welded to the flanges.

Special care is also taken by EN 1998-1 for the integrity of the concrete slab during an
earthquake when yielding takes place in the bottom part of the steel section and/or in the steel
reinforcement of the slab. Full or partial shear connection between the concrete slab and the
steel beam can be adopted, provided that the minimum degree of shear connection ), as defined
in section 2.1.2.1, is not less than 0.8 and the total resistance of the connectors within any
negative moments region is not less than the plastic resistance of the reinforcement bars in the
slab. The design resistance of the shear connectors obtained from EN 1994-1-1 must be reduced
by 25%. An additional reduction of shear connectors resistance, ki, is needed when a profile
steel sheeting with ribs transverse to the supporting beams is used, as given in figure 2.19. When

non-ductile shear connectors are used, full shear connection is required.

| B ! a’ 10°<x<80°
k=1 k. =1 k. =0,8
Fig. 2.19- Values of the rib shape efficiency factor k,
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Finally, in order for a composite beam to be considered as ductile, the following condition must

apply:

x/d < epyo/ (Ecyn + €4)

where
X is the distance between the outer concrete compression fiber and the plastic neutral axis
d is the height of the composite section

ou2 is the ultimate compressive strain of concrete according to EN 1994-1-1:2004

€ is the total strain in steel at Ultimate Limit State

This expression is fulfilled if the values of x/d ratio are less than the limits included in Table

2.9.

Table 2.9- Limit values of x/d for ductility of beams with slab

Ductility class q fy (N/mm?) | x/d upper limit
15<q<4 355 0.27
DCM
15<q<4 235 0.36
q>4 355 0.20
DCH
q>4 235 0.27
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Literature review

The purpose of this chapter is to present the most important and relevant experimental
investigations related to the flexural behavior of shallow (slim) floor composite beams. The
small number of publications with test results of this type of beams subjected to bending loads
combined with the lack of any reference on the Eurocodes, as well as the numerous possibilities
and combinations of steel sections and shapes available, indicates that this topic should be

investigated more extensively.

3.1 Flexural capacity of the encased (slim floor)
composite beam with deep deck plate [22]

In this paper the authors presented the results from the investigation of the flexural behavior
of slim-floor beams. 8 full-scale specimens with span length 6m were tested and their shapes
and details are presented in figure 3.1 and Table 3.1. The load (in the form of displacement

control) was applied at two points L/4 away from the supports creating a 4-point bending set-

up.
Table 3.1- Details of specimens
. . Sh Loadi
Specimen | h ha he | d H-section tp b b1 L ear oading
stud type
SB200 230 | 140 | 30 | 200 | H200x200x12x8 200 | 550 1500 | without | concentric
SB250-A with .
SB250-B 90 | 250 | H250x250x14x9 250 | 525 1500 without concentric
SB300-A 340 | 250 15 525 1500 concentric
SB300-B 40 | 300 1225 | 750 without
SB300-C H300x305x15x15 305 | 525 1500 eccentric
SB300-D with .
SB300-E 390 | 300 | 90 | 300 4975 | 1500 without concentric
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Fig. 3.1- Shape and dimensions of specimens

In figure 3.2 the load-deflection curve for each specimen is presented. In addition, each graph

contains the analytical curves of the bare steel and fully composite beams. Finally, the load- slip

(measured at the end of the beams) curve is also included.

A comparison of the stiffness after initial cracking and ultimate loads was conducted between
the composite beam and the bare steel one (figure 3.3). Specimens without studs had 1.11 to

2.52 times higher stiffness than the bare steel beams. The corresponding ratio for the ultimate

load varied between 1.65 and 2.18.
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Fig. 3.3- Stiffness and strength against steel beam
Finally, the authors draw the following conclusions:

e Micro-cracks appeared along the length of the beams. However, no serious concrete
separation occurred even using the minimum reinforcement.

e For the composite beams with partial shear connection, the initial slip load was
proportional to the depth of the concrete topping and the shear bond area provided by
the steel beams.

e The shear resisting capacity of the composite beams was increased by about 50% due to
mechanical bond between the concrete and the steel beam.

e Shear bond stresses varied between 1.20 and 1.45 N/mm? at maximum load. The
composite ratios ranged from 0.53 to 0.96 times compared with composite beams with

full shear connection.

3.2 Loading capacity of composite slim frame
beams [23]

Wang et al. investigated the bending capacity, flexural stiffness and the influence of the ratio of
reinforcement of two slim frame beams with deep deck under monotonic loading. The cross

sections of the beams are illustrated in figure 3.4. Both specimens have the same geometry but
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differ in the reinforcement ratio. The span of the specimens was 6 m and the width of concrete

slab was 0.75 m. The set-up of the test is shown in figure 3.5
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Fig. 3.4- Cross sections of the tested specimens

Fig. 3.5- Test setup

The properties of concrete, structural steel and reinforcement steel are presented in Table 3.2

and Table 3.3, respectively.

Table 3.2- Material properties of concrete

Design value of
Specimen Cubic crushing strength | Young’s modulus = axial compressive
feux (N/mm?) E (10° N/mm?) strength
fc (N/mm?)
FSB1 34.27 29.00 14.30
FSB2 32.87 28.56 14.30
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Table 3.3- Material properties of structural and reinforcement bars

i Yield strength voung's Yield strain Ultimate Design
Material £, (N/mm?) modulus (e) strength strength
’ E (10° N/mm?) fu (N/mm?) | f(N/mm?)
Q235-B 313.74 202 1471 508.18 215
D12 bars 370.30 190 2254 556.69 215
D6 bars 401.34 279 - 577.79 215

Results showed that in the elastic stage, the composite sections were following Bernoulli’s
principle both in the positive and negative moment region. In the ultimate limit state, the
flanges and most of the webs of the steel section yielded, as did the reinforcement bars. Plastic
hinges were developed at beam ends and mid-span, while the frame composite beam
demonstrated significant ductility (figure 3.6). The load-deflection curves of the two specimens
were the same in the elastic stage, which indicates that the ratio of the reinforcement had a
small effect on the stiffness of the composite beam. The main reason is that the stiffness of the
whole beam largely depends on the stiffness of the sagging moment region. The higher ultimate
capacity was manifested by the beam with the higher reinforcement ratio because the ultimate
capacity of the composite beam is determined by the resistance of both sagging and hogging

moment regions.
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400 st
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Deflection of the mid-span / mm

Fig. 3.6- Load deflection curves
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Subsequently, based on the experimental results, formulas of calculating the bending capacity
and flexural stiffness in the hogging moment region of the slim beam with deep deck were
proposed. A design method of the frame slim beam had been developed by combining these
formulas with existing ones for the estimation of the ultimate loading capacity in the sagging

moment region.

3.3 Flexural behavior of shallow cellular
composite floor beams with innovative shear
connection [24]

Shiming Chen et al. investigated the role that the shear connection plays in the overall behavior
of the composite slim floor system. Usually, in slim floor beams the longitudinal shear transfer
is assumed by the bonding between the concrete and the steel part. This is in contrast with the
ordinary composite beams, where the shear connection is achieved mainly with shear studs
welded at the top plate of the steel part. Yet, this adhesive strength between concrete and steel
is small. For this reason and in order to establish an effective shear connection for the
composite slim floor beams, modified steel beams with a row of circular openings within the

steel web combined with transverse steel reinforcing bars were used in the experiments in this

study (figure 3.7).
Mesh reinforcement Tie member
| |

Cﬂ e/ 7 e g a” A A . -
= : 4

il
i 0 0
- J [

7 L,
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IL_, B eff

Fig. 3.7- Geometrical configuration of shallow cellular beam with shear connection arrangement

Four full-scaled shallow cellular composite beams were tested as simply supported under four-
point loading conditions. The scope of these tests was to investigate the load bearing behavior,
the shear capacity and the longitudinal shear transferring mechanism occurring in this type of

beams, while the results helped in the development of a design method.
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The beams were simply supported with a length of 4200 mm. Three major factors were
considered for the individual specimens: shape of the steel cross section, opening of steel web
and concrete topping above the steel beam. The geometry of the specimens is presented in
figures 3.8 and 3.9. The amount of reinforcement and the position of the bars differ from one

specimen configuration to another.
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Fig. 3.8- Geometrical characteristics of the steel beams of specimens SCSFB 1 and SCSFB 2 with circular web
openings (top) and specimens SCSFB 3 and SCSFB 4 with clothoidal web openings (bottom)

The behavior of all specimens was comparable; linear elastic during the initial loading stage
followed by the yielding and the ultimate failure. In Table 3.4, the loads at the yielding point
and the maximum loads are presented. Additionally, the maximum deflection values measured

at the mid-spans are included in Table 3.4.

Table 3.4- Load and deflection behavior

Maxi

. Load values atthe | Maximum load a>_<|mum
Specimen . ) deflection values
yielding point (kN) values (KN)

(mm)
SCSFB 1 250.0 349.0 133.3 (span/30)
SCSFB 2 190.0 264.7 120.4 (span/33)
SCSFB 3 160.0 255.1 93.3 (span/43)
SCSFB 4 110.0 154.4 132.9 (span/30)
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Fig. 3.9- Geometrical characteristics of composite cross-sections
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The load- deflection curves are presented in figure 3.10. Nonlinear and ductile behavior can be

observed for all specimens.
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Fig. 3.10- Load- deflection curves

Slips between concrete and steel were measured and are presented in figure 3.11. For specimens
SCSFB 1 and 3 slips were measured at the two ends while for specimens SCSFB 2 and 4 slips
were measured at the beam ends (S1 and S2), mid-span (S3) and at the two-quarter-spans (52

and S4).

The cracks pattern and the failure of the specimens were carefully examined after the test. Based

on the observation two failure mechanisms were identified.

e The flexural failure of specimens SCSFB 1 and 2. This failure mode was characterized
by the permanent deformation and the attaining of the plastic moment. The crushing

of the concrete on the top of the slab was also an indication of the flexural failure.

e The shear failure of specimens SCSFB 3 and 4. These modes were characterized by the
diagonal shear cracks and the failure of the shear connections. The full plastic moment

of the sections was not reached due to prior failure in shear.

¢ Finally, models for the calculation of the bending resistance and the design of the shear

connection were proposed.
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Fig. 3.11- Load- slip curves of the specimens

3.4 Flexural behavior of composite slim floor
beams [25]

In this paper, the authors presented the results from the experimental investigation of the
flexural behavior of slim-floor beams with different arrangements of shear connectors.
Afterwards, the results were compared with the results from previously conducted tests of

beams subjected to shear.

Nine specimens were tested under a four-point loading configuration and in this paper the

results of six beams named BT1a, BT3, BT4, BT6, BT7 and BT8 were presented. A HEB200
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steel beam section was encased in the concrete slab of 240 mm depth (figure 3.12). A 400 x 15
mm steel plate was welded at the bottom plate of the steel beam. The span between the supports
was 6000 mm and each load point was located 2250 mm from each support. The shear
connection between the steel part and the concrete was established with steel bars, 1200 mm
long, passing through holes opened at the webs with 40 mm diameter. The different types of

shear connection between the beams is presented in Table 3.5.

APPLIED
LOAD A252 mesh

116 bar
APPLIED LOAID
R 2 T
ﬁ‘ T o | |
ll' | j- Z‘-Iﬂ_n'.un A A
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5 00 = 15
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| . 22500 mm | 506y mm 2250 mm
. |

2000 mvm

Fig. 3.12- Cross-section (left) and side (right) view of typical specimen

Table 3.5- Shear connection type of specimens

Specimen Shear connection type
BTla Designed to provide a shear connection equal to 40%
BT3 Designed to provide a shear connection equal to 100%
BT4 Designed to provide a shear connection equal to 25%
BT6 No shear connectors
BT7 Horizontal shear studs welded on the beam web
BT8 Diameter of the holes on the beam web equal to 80 mm

The overall behavior of the specimens was quite similar (figure 3.13). At the beginning of all
tests the stiffness of the specimens was high and linear. As the applied load was further
increased the stiffness was reduced. During the final stage of the procedure the load reached a
constant value while the deflection was increasing until the beams could not withstand any

more deformation. The maximum deflection of all the specimens exceeded the value of 150

mm, which corresponds to a normalized ratio equal to span/40.
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Fig. 3.13- Relationship between load and mid-span deflection

Figure 3.14 presents the relationship between the load and the slips between steel and concrete
measured at the ends of each beam. The maximum slips for all cases were between 10- 20 mm,
values higher than the 6 mm limit defined by Eurocode 4 for ductile shear connectors. The
shear connectors, that consisted by the transverse steel bar and the surrounding concrete at
each web hole, resisted the relative movement between the concrete plate and the steel beam

maintaining the composite action between the two components.
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Fig. 3.14- Relationship between load and end-slips
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3.5 Service and ultimate behaviour of slim floor
beams- An experimental study [26]

In this study, the authors intended to provide new experimental data for the service “long-
term” as well as the ultimate behavior of slim floor beams. Two slim floor samples were
prepared with identical concrete and steel geometries but following a different loading history.
One specimen remained unloaded (SF1) in order to investigate the influence of shrinkage and
the other (SF2) was constantly loaded to investigate the influence of creep and shrinkage. The
composite cross-section was assembled by a HEB200 steel beam, a steel plate welded under the
bottom flange and a concrete T-shaped slab with width equal to 2000 mm. A square welded
wire fabric mesh was used over the top plate of the steel beam for top reinforcement, while
transverse bars passing through holes opened on the web of the steel part were used to establish

the shear connection between concrete and steel (figure 3.15).

40 mm diameter web holes at
500 mm spacings

steel mesh (8 mm diameter steel reinforcing t
welded at 200 mm spacings in both directic

2000 /
I/ - e —
PR 37 e 5 BrA et Ao
ie A — x ! —
16 mm diameter steel
reinforcing bars
(one bar per web hole)
(a) steel section (b) composite steel-concrete section

Fig. 3.15- Cross sectional geometry of the slim floor samples

Specimens SF1 and SF2 were monitored for about 10 months. SF1 was not loaded for the entire
duration of the “long-term” test. A load of 300 kN was applied on SF2, three months after
casting. Before carrying out the bending tests the condition of the specimens was monitored.
In the case of SF1 small deflections were observed at the mid-span during the first 3-4 months
due to shrinkage (figure 3.16a). After that, a transversal crack at the concrete plate lead to a
sudden reduction of the deflection. That deflection value was constant till the end of the

monitoring. In the case of SF2, similar behavior was recorded for the first months before the
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application of the sustained load. After the application of the load the mid-span deflection

increased as expected (figure 3.16b).
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Fig. 3.16- “Long-term” experiment: deflection measurements
After the end of the “long-term” experiment, the flexural behavior of the beams was
investigated to failure under a four-point loading configuration (figure 3.17). Both specimens
manifested similar behavior during these ultimate tests. The maximum load values for SF1 and
SF2 were 536.4 kKN and 562.7 kN, respectively. Both specimens demonstrated ductile behavior.
The tests were terminated when a softening behavior was observed at the load- deflection

curves at a deflection of about 380 mm (figure 3.18).
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Fig. 3.18- Ultimate experiment: deflection measurements of SF1 (left) and SF2 (right)

Despite the different loading history during the “long-term” experiment, specimens had similar
ultimate response, regarding both flexural behavior and failure mode attributed to crushing of
the top concrete. The final conclusion drawn was that for this geometry and detailing, the creep

effects were not significant.
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4.1 Introduction

Deltabeam is a slim-floor composite beam which took its name by its shape (figure 4.1) and is
fully integrated into the floor. Its torsional stiffness is high enough to allow the assembly of
heavy elements on the ledges of the bottom plate without extra support. It is designed to be
used as structural element combined with all general concrete slab forms: hollow-core slabs,
filigree slabs, composite steel decking, trapezoidal steel decking slabs and cast-in-situ concrete

slabs (figure 4.2).

air hole

casting hole
top plate

2
—

fire rebars

web hole

beam ledge

bottom plate

Fig. 4.1- Deltabeam

Deltabeams act as steel beams before the infill concrete has reached the required strength. After
placement of the hollow-core slabs or the erection of the in-situ concrete slabs, the beams are
completely filled with concrete on-site through regularly spaced web openings, thus forming a
composite structure after the concrete has hardened (figure 4.3). The shear resistance of the

composite cross-section is considerably higher than that of the steel part because of the
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contribution of the core concrete. Experimental test results from the investigation of the shear

strength of Deltabeams are reported by Leskela et al. [27].

Fig. 4.2- Various slab types combined with Deltabeam

(d)

Fig. 4.3- Construction stages using Deltabeams
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Multiple fire tests [28] have proven Deltabeam to have an excellent fire resistance (rate higher
than R180), that depends on the thickness of the bottom plate and the number of fire rebars
located inside the boxed core of the beam. The fire rebars compensate the strength loss of the
bottom plate, meaning that additional external fire protection is not normally needed (figure
4.1). Deltabeams enable the covering of large open spaces and constitute a most suitable
solution for multi-story buildings such as offices, hospitals, schools, hotels, car parks, shopping

centers, and residential buildings.

4.2 Scope of the experimental project

Deltabeams can be used as single-span beams or in multi-span beam construction. In multi-
span beam construction, Gerber connections are used to connect the beams. Connection of
Deltabeams with columns is currently achieved with corbels or with bolts and welds at the top
of a column (figure 4.4). In that way, only vertical reactions can be successfully transferred to

the vertical structural elements from the beames.

Fig. 4.4- Typical connections of Deltabeams

The scope of the experimental test program is to create a full moment frame that will provide
adequate ductility and resistance in order to be used for designs against seismic loads or column
loss scenarios. This chapter presents the specifiments used in order to experimentally

investigate the positive (sagging) bending resistance of the beams.
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4.3 Test specimens

4.3.1 Geometry and details of specimens

The experimental investigation of the response of Deltabeams under sagging bending was
carried out at the Institute of Steel Structures of the National Technical University of Athens
(NTUA). The specimens were divided in four types regarding the detailing of their section, as
given in figure 4.5. With these four types, various parameters, such as, use of different steel
profiles, reinforcing details, arrays of shear studs and concrete shapes, were investigated during
the experiments. The experimental part of this investigation consists of 13 full scale specimens
tested as simply supported beams under 3-point loads. All specimens were 7700 mm long. The

distance between the central axis of the supports was 7200 mm.
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Fig. 4.5- Section types of test specimens
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e Type 1specimens
S2 and S3 specimens have the same steel cross section profile. Their main difference is that S3
has one row of shear studs and S2 has two (figure 4.6). S4 and S5 have also the same steel cross
section profile with one and two rows of shear stud respectively. The studs that are used in both
beams are M16 per 100 mm. Two transverse bars are placed to the left and right of each stud
(figure 4.7). Two longitudinal rebars with diameter of 16 mm support the transverse bars. Also,

only S2 has 4 additional fire rebars with diameter 32 mm.

S2 S3

Fig. 4.6- Type 1 cross sections

Fig. 4.7- Side view detail of Type 1 specimens
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e Type 2 specimens
Type 2 specimens are relatively more heavily reinforced than those of type 1. S1 has four
longitudinal rebars with 16 mm diameter at the top, two on each side of the steel cross section.
Similarly, S1 has two and S11 has six rebars with the same diameter. At the bottom of the
concrete part all specimens have two rebars on each side with 12 mm diameter. It should be
noted that S12 is an edge-type Deltabeam, therefore it has concrete only on one side (figure
4.8). Connector bars are placed through the web holes to ensure the shear connection between
the steel beam and the concrete. The diameters of the connector bars are 10, 20 and 16 mm for
S1, S11 and S12 respectively. One longitudinal bar with 12 mm diameter is used on each side
to support the connector bars. Stirrups with 8 mm diameter at 100 mm are used for all
specimens of this type. Finally, for S1 and S11 two fire rebars are used. The diameters of the fire

rebars for S1 is 20 mm and for S11 is 32 mm.

20

Fig. 4.8- Type 2 cross sections
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e Type 3 specimens
Type 3 specimens are the most heavily reinforced specimens. Also, the specimens had a wider
concrete part with a width equal to 1200 mm (figure 4.10). The main difference between the
beams of this type was the steel cross section profile used, while the detailing of the
reinforcement was the same for all specimens. Inside the critical region, a length of 3300 mm
at the middle of the span, a bar mesh was placed at the concrete topping above the steel section.
The mesh consisted of twenty-two longitudinal rebars and two transverse bars per 100 mm
above and below of the longitudinal ones. The diameter of all bars of the mesh was 12 mm.
Outside of the critical region the longitudinal rebars were reduced to twelve and only the top
transverse bars were retained at 300 mm spacing (figure 4.9). At the bottom of the concrete
plate eight longitudinal bars were used. Two stirrups were used at each side of the plate to
confine the concrete. The diameter of the stirrups was 10 mm and their distance was 100 mm
inside the critical region and 300 mm outside of it. Again, connector bars of 16 mm diameter
were used to establish the shear connection between the concrete and the steel beam. To
enhance the shear connection also M16 shear studs were used. The distance between the central
axis of the studs was 100 mm and 300 mm for the critical and non-critical region respectively.
Beams S6a and S6b differed in the number of shear studs’ rows, with S6a having one and S6b
two rows, respectively. Finally, a rebar with 32 mm diameter was welded at the bottom surface
of the top plate along the critical region in order to avoid local buckling phenomena due to

compression.

L.Jciii.jc;[c.lc T E(j:' T .
el tele & & &

Fig. 4.9- Side view detail of Type 3 specimens
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Fig. 4.10- Type 3 cross sections

e Type 4 specimens
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Type 4 specimens were a “modified” version of type 3 beams. The main difference was the

shape of the concrete plate (figure 4.11). The reason of this change was to make a beam capable

to collaborate with precast concrete plate elements. The rebar mesh at the topping was the same

with the previous type. Open stirrups were used in these two specimens. The diameter of the

stirrups was 10 mm and their distance was 100 mm inside the critical region and 300 mm

outside of it. The connector bars were also modified due to the lack of anchorage space. The

diameter of the bars was 16 mm. M16 shear studs were welded at the top plate as well. Finally,

a rebar with 32 mm diameter was welded at the bottom surface of the top plate along the critical

region.
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Fig. 4.11- Type 4 cross sections

In Table 4.1 the geometric dimensions of the steel profiles are presented.

Table 4.1- Dimensions of steel sections

Specimens Delta beam o br b D h C_:ross
(mm) section type
S1 D26-300-20-10 10 495 20 | 148 265 Type 2
S2 D20-400-12-12 12 660 | 12 = 278 @ 200 Type 1
S3 D20-400-12-12 12 660 | 12 = 278 @ 200 Type 1
S4 D26-400-12-12 12 660 | 12 | 245 265 Type 1
S5 D26-400-12-12 12 660 | 12 | 245 265 Type 1
S6a D20-400-12-20 20 660 | 12 = 278 @ 200 Type 3
S6b D20-400-12-20 20 660 | 12 = 278 @ 200 Type 3
S7 D25-400-12-20 20 660 | 12 = 255 250 Type 3
S8 D30-400-12-20 20 660 | 12 | 230 @ 300 Type 3
S9 D32-400-12-20 20 660 | 12 = 210 @320 Type 4
S10 D37-400-12-20 20 660 | 12 | 180 @ 370 Type 4
S11 D50-500-25-10 10 760 | 25 | 230 @ 500 Type 2

S12 DR26-260-15-10 10 380 15 | 180 265 Type 2
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4.3.2 Thickness measurements of Deltabeams

The thickness of all Deltabeams was measured in order to verify the actual plate thickness and
was compared with the nominal values. Each Deltabeam was composed of four plates, one
upper flange, one bottom flange and two webs. Accordingly, the plate thicknesses were
measured at various positions across and along the plates. Table 4.2 presents average values of

the measured thicknesses.

Table 4.2- Measured thicknesses of steel sections

Plate thickness (mm)

Specimens
t t1,nom | tonom | & Toom U tanom
s1 2006 20 1007 10 605 6 605 6
52 1206 12 1207 12 599 6 602 6
s3 1240 12 1205 12 598 6 598 6
S4 1230 12 1220 12 605 6 605 6
S5 1207 12 1055 12 600 6 601 6
S6a = 1281 12 2046 20 602 6 611 6
s6b ! . 1262 12 2087 20 606 6 603 6
S7 — 1281 12 2069 20 610 6 615 6
S8 1289 12 2073 20 615 6 615 6
59 1284 12 2048 20 611 6 620 6
510 1258 12 2080 20 607 6 613 6
s11 2505 25 1039 10 607 6 606 6
512 1554 15 1008 10 610 6 630 6

4.4 Preparation of test specimens

Deltabeams delivered at the laboratory included the fire reinforcement within the steel box
(figure 4.12). All other reinforcement and the formwork were erected in the Laboratory (figure
4.13). Subsequently, the specimens were concreted during one day (figure 4.14-4.15). The
delivery and the tests were divided into two series. The first one was parted by S1, S2, S3, S4, S5

and S12 and the second one with the remaining specimens S6a, S6b, S7, S8, S9, S10 and S11.
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4.5 Material properties

4.5.1 Structural steel

The delivery of the test beams was accompanied by material certificates provided by the
producers of the steel material. The certificates included the chemical composition and the
mechanical properties of the test specimens and they were corresponding to each different steel
coil used to fabricate the steel beams. Tables 4.3 and 4.4 depict the mechanical properties of the
structural steel material used for the Deltabeam boxes as extracted from the certificates for the

first and second series respectively.

Table 4.3- Mechanical properties of the structural steel of the first series of specimens

th i:llf:lzss Grade to Yield stress f, | Tensile strength ::?;?j::ao;
(mm) EN 10025 [29] (MPa) fu (MPa) %)
6 S355)2+N 408 533 28.1
10 S355)2+N 432 560 27.2
15 S355)2+N 391 530.5 25
20 S355)2+N 430.5 530 25

Table 4.4- Mechanical properties of the structural steel of the second series of specimens

th i:llf:lzss Grade to Yield stress f, | Tensile strength ::?;?j::eo;
EN 10025 (MPa) fu (MPa)

(mm) (%)
6 S355)2+N 4104 537 28.3
10 S355)2+N 372.5 536 335
15 S355)2+N 428.5 553.8 26
20 S355)2+N 382.3 535.2 27.8
25 S355)2+N 370 489 37

4.5.2 Fire reinforcement bars

The mechanical properties of the fire reinforcement were provided by the accompanying
certificate and are given in Tables 4.5 and 4.6. The actual properties comply with the relevant

Eurocode provisions for reinforcing steel.
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Table 4.5- Mechanical properties of the fire reinforcement of the first series of specimens

Elongation strain

Diameter g Grade to Yield stress f,  Tensile strength ot maximum force
(mm) EN 10025 (MPa) fu (MPa)
Aqgt (g0 %)
20 B500B 563 654 11.1
32 B500B 586 690 10.3

Table 4.6- Mechanical properties of the fire reinforcement of the second series of specimens

Elongation strain

Diameter g Grade to Yield stress f,  Tensile strength at maximum force
(mm) EN 10025 (MPa) fu (MPa)
Aqgt (g0 %)
32 B500B 625 732 14.6

4.5.3 Other reinforcement

The mechanical properties of the longitudinal reinforcement outside the steel box and the
transverse bars were determined by testing at the laboratory. The tensile tests have been
performed in the universal testing machine type INSTRON 300LX. The test set-up is shown in
figure 4.16. The tests were carried out in accordance with 1SO 6892 [30] and 1SO 15630-1 [31].

The results of the tensile tests are presented in figure 4.17 and Table 4.7.

Fig. 4.16- Set-up for the tensile tests of the bars
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Fig. 4.17- Results of the tensile tests

Table 4.7- Mechanical properties of the reinforcement bars

Elongation strain

Diameter g Gradeto Yield stress f,  Tensile strength at maximum force
(mm) EN 10025 (MPa) fu (MPa)
Aqgt (g0 %)
12 B500B 549.42 642.79 10.73
16 B500B 522.91 631.20 10.80

4.5.4 Shear studs

Shear studs were used according to EN ISO 13918 [32]. The mechanical properties of the studs
in the test specimens, as provided by the accompanying certificate, issued according to DIN

EN 20024/3.1, are given for both series of specimens in Table 4.8.

Table 4.8- Mechanical properties of the shear studs

Yield stress f, Tensile strength f, Elongation at failure g,
(MPa) (MPa) (%)
459 484 21

4.5.5 Concrete

Concrete was of nominal grade C30/37 according to EN 1992-1-1. It was delivered to the

Laboratory by two concrete mixers per series of specimens. From each mixer three cylindrical
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specimens (®15/30), in total six (6), were taken at the day of concreting (figure 4.18). The

specimens were then cured in accordance with EN 12390 [33] and at 28 days subjected to

compression test (figure 4.19- 4.20). The resulting compressive strength is shown in Tables 4.9

and 4.10.

Table 4.9- Concrete compressive tests of the first series of specimens

Diameter
(mm)
149
149
149
149
149
149

No

O o1~ WIN -

Height
(mm)
294
291
294
289
291
288

Mass
(9)
12754
12602
12757
12350
12515
12824

Force P
(kN)
546
608.6
558
745
626
758

Average value

Strength f.
(MPa)
30.9
34.4
31.6
42.2
35.4
42.9
36.23

The average value of the measured concrete strength is 36.23 MPa and the standard deviation

5.18 MPa.

Table 4.10- Concrete compressive tests of the second series of specimens

Diameter
(mm)
149
149
149
149
149
149

No

O oA~ W N

Height
(mm)
290
293
293
291
290
289

Mass
(9)
12521
12566
12350
12529
12789
12755

Force P
(kN)
638.9
702.2
691.7

708
700.4
619

Average value

Strength f.
(MPa)
36.64
40.27
39.67
40.61
40.17
35.50
38.81
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M

Fig. 4.20- Compression tests of the concrete specimens
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4.6 Test set-up

The experimental set-up consists of the test reaction frame, a computer controlled hydraulic
actuator and the test specimens. The test rig, available in the Steel Structures Laboratory of
NTUA, was appropriately modified to receive the test specimens. The description of the test

rig is divided into two parts; the main steel frame and the supports.

4.6.1 Reaction frame

The reaction steel frame consists of four large columns HE 600M resting on the strong floor of
the Laboratory that are connected in both directions by rolled and built-up steel beams (figure
4.21). Four HE 600M are used along the direction of the specimens and four double U400 along

the transversal one.

2 x U400

2 x U400 \ /I':

HE-M 800

]
2 x U400 2x U400 H

HE-M 800

7220

HE-M 600

HE-M 600

7 T
A, ot il

Fig. 4.21- Reaction steel frame of the test set-up
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4.6.2 Specimen supports

4.6.2.1 Details and geometry

The supporting conditions should represent “hinged” supports, free of longitudinal restrain.
The supports were accordingly specifically designed and fabricated for these tests (figures 4.22-

4.23). They should:

e provide arigid vertical support along the entire specimen’s width
o allow the free development of end rotations
o allow free longitudinal sliding of the specimen

e Dbe used for all specimens heights without moving of the actuator
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Fig. 4.23- Support structure
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Accordingly, the supports consisted of a rigid stiffened steel structure anchored at the strong
floor. Free rotation of the specimens was allowed by a steel cylinder located between two semi-
circular guides, with free gliding allowed, through the provision of a stainless-steel plate resting

on teflon (figures 4.24-4.25).

PL Inox 2mm

PL teflon Smm
o ’

= =
] 11
H i

Fig. 4.25- Details of the hinge

The support construction was restrained in the longitudinal direction by two horizontal braces
(figures 4.26-4.27). The width of the end supports was such that the actual length of the test

specimen from support-to-support axis was 7200 mm.
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Fig. 4.27- Horizontal braces

4.6.2.2 Analytical investigation

An analytical investigation of the hinge’s behavior was conducted using the Abaqus FEA
software. The hinge stresses and deformation were checked in combination with the biggest
and smallest Deltabeams. In figure 4.28 some views of the FE model can be seen. In figures 4.29
and 4.30 the Von Mises stresses and the deformation of hinge’s diameter are presented

respectively.
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Fig. 4.28- Views of the model

Fig. 4.29- Von Mises stresses on the hinge
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Fig. 4.30- Deformation of hinge’s diameter
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4.6.3 Loading actuator

The actuator is a computer controlled hydraulic cylinder with a load capacity of 2.500 kN and
a maximum stroke of 500 mm positioned vertically on a rigid beam. The load was introduced
to the specimen by means of a rigid loading element (figure 4.31). The dimensions of the
contact area between the rigid load introduction and the specimen were 250 x 350 mm in the

longitudinal and transverse direction, accordingly.

-
Fig. 4.31- Rigid block at the bottom of the loading actuator

4.7 Experimental measurements

4.7.1 General

The experimental measurements included deflection, strain and slip measurements.
Additionally, rotations at two cross sections were measured. All measurements, including the
equipment applied, are described in the following. It should be said that the recordings of all
instruments were set to zero (0) immediately before the start of the loading protocol, therefore,
all measurements do not include the effects of the self-weight of the test beams and include

only the effects of the applied concentrated load.
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4.7.2 Deflections at mid-span and at supports

An aluminum bar from angle section was placed transversely to the specimen at mid-span and
supported by magnets to the specimen’s steel flange (figure 4.32). This was the top flange for
specimens S1, S11 and S12 and the bottom flange for specimens with topping. The deflections
on both sides of the specimens at mid-span were measured by transducers resting on the floor
that were connected to this transverse angle. The total rotation of the beams was measured with

two inclinometers (figure 4.33).

Fig. 4.32- Wires for the measurement of deflection at the mid-span
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Fig. 4.33- Inclinometers at the end (left) and bottom right) Iates

4.7.3 Strain measurements of the steel flanges

Strains of the steel flanges were measured in sections A and B on either sides of the loaded area,
at a relative distance of 700 mm from the load (figure 4.34). Strains were measured at two
positions of the flanges for specimen S1, S11 and S12, i.e. 8 measurements, where there was
access to both flanges, whereas, for the remaining specimens, only at three positions of the

bottom flanges to which there was access, i.e. 6 measurements (figures 4.34-4.35).

strgin gauges
11 2

Bl B2 B3
B4 B5 B6

| 1 .
strain gauges strain gauges

(@) (b)

Fig. 4.34- Strain measurements in longitudinal (a) and transverse (b) direction
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Fi. 4.35- Strain gauges at the top (left) and bottom (right) plates

4.7.4 Strain measurements of the concrete

Compressive strains of the concrete were measured in the loaded area at a gauge length of 700
mm. The measurements were performed by LVDTs between aluminum angles that were

fastened 40 mm below the top surface of the concrete (figure 4.36).

Fig. 4.36- Strain measurements of concrete in the loaded area

4.7.5 Slip measurements between steel beam and
concrete

Slip between concrete and steel beams were measured at six sections, three on each side of the

specimen, coincident with the positions of the holes at the webs of the box (figure 4.37).
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Subsequently steel angles were mounted by magnets at exactly the same position as the
aluminum angles. Slip was measured by LVDTs which were fasten to the steel angles and were

connected to the aluminum bars (figure 4.38).

LOALD

LEFT RIGHT
SUPPORT SUPPORT

Fig. 4.37- Position of instruments for slip measurements

Fig. 4.38- Slip measurements between steel part and concrete

4.8 Loading procedure

Two (2) loading protocols were used for the tests. Loading protocol 1 was applied at specimens
S1,S2, S3, S4, S5, S6a and S12 and loading protocol 2 at specimens S6b, S7, S8, S9, S10 and S11.

Loading was imposed displacement controlled.
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e Loading protocol 1
The loading protocol included three (3) cycles at serviceability level displacement 27 mm,
which is approximately L/260, where L is equal to 7200 mm. After that the displacement
increased with two different speeds, one slower, in the range 0 to 100 mm and one faster, in the
range 100 to 450 mm. The duration of each loading-unloading phase for the three 3 cycles was
7.5+2.5=10 minutes, the duration of loading in the range 0- 100 mm and in the range 100- 450
mm was 1 hour. The total duration of the test was accordingly 2.5 hours. The loading speed for
the 3 cycles was 0.06 mm/sec, in the range 0- 100 mm 0.0278 mm/sec and in the range 100- 450

mm 0.0972 mm/sec (figure 4.39).

500
450
400
350
300
250
200
150
100
50
0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Time (min)

Deflection (mm)

Fig. 4.39- Loading protocol 1

e Loading protocol 2
This loading protocol included also three (3) cycles at serviceability level displacement 27 mm
and after that the displacement increased with two different speeds, one slower, in the range 0
to 150 mm and one faster, in the range 150 to 450 mm. The duration of each loading-unloading
phase for the three 3 cycles was 7.5+2.5=10 minutes, the duration of loading in the range 0- 150
mm was 1.5 hour and in the range 150- 450 mm was 1 hour. The total duration of the test was
accordingly 3 hours. The loading speed for the 3 cycles was 0.06 mm/sec, in the range 0- 150

mm 0.0278 mm/sec and in the range 150- 450 mm 0.0972 mm/sec (figure 4.40).

103



Chapter 4

Experimental set-up

Deflection (mm)

500
450
400
350
300
250
200
150
100

50

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Time (min)

Fig. 4.40- Loading protocol 2

104



Experimental results

All specimens, cross-section dimensions and reinforcement details are described in detail in

section 4.3.1.

5.1 Type 1 sections

Type 1 sections were the least reinforced specimens and represent the current configuration of
the beams. This factor had a greatly influential effect on their behavior as demonstrated in the
following test results. When the maximum load was reached failure occurred, that is, the
concrete under compression was crushed due to the lack of longitudinal and transversal
reinforcement, leading to buckling of the web and top plates, as explained in detail in the

following sections.

5.1.1 Specimen S2

First cracks occurred at a deflection of 23 mm (165 kN) at the second circle of phase 1 (figure
5.1). In figure 5.2 the crack pattern at 50 mm (325 kN) is presented. When the maximum load
was reached at a deflection of 117 mm (495 kN) the longitudinal rebars at the compression
zone buckled, causing spalling of the concrete (figure 5.3). Due to the absence of stirrups the
failure of the concrete was extensive (figure 5.4) and buckling at the top plate of the steel beam
was not prevented (figure 5.5). These factors caused a dramatic and sudden drop of the beam
strength (ultimate load was 60% of the maximum load), leading to an overall non-ductile
behavior. Also, this behavior is clearly described by the load- deflection and moment- rotation

curves shown on figures 5.6 and 5.7.
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Fig. 5.5- S2- Buckling of the top platé
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Fig. 5.6- S2- Average load- deflection curve
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Fig. 5.7- S2- Average moment- rotation curve (inclinometer)
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In figure 5.8 the slips between the concrete and the steel beam are presented. The measurements
were valid up to the maximum load where the maximum slip values were measured, while at
that point, the slips started decreasing. The maximum slips were observed at S4 (1.35 mm) and
S5 (1.91 mm) at the right half of the beam where the failure occurred. Also, the maximum slips
for each side of the beam, right and left of the loading area, were at their middle (S2 and S5) of
each half, while the smallest were at the supports (S1 and S6). In figure 5.9, the propagation of
slips along the longitudinal direction of the beam for four different deflection values is

presented.

Load- strain curves are shown in figure 5.10. The strain gauges which measured the highest
values were the ones placed at the intersection of the bottom plate with the web plates (B1, B4
and B6). This can be clarified by figure 5.11, which presents the propagation of strains across
the bottom plate width for sections A-A and B-B (positions of strain gauges left and right of

the loading area), for various deflection values.

550
500 L
450 [ ’V il , // /"7
400 IV ERS - — /
. 350 / / j/\ﬁ 1 / /
Z 200 / T
= r / AR sl
2 250 A A
S / )
200 ——3I3
150 —— —3SI4
100 sI5
50 L L —3lI6
0 . |

-0.2 0 0.2 0.4 0.6 0.8 1 12 14 1.6 18 2
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Fig. 5.8- S2- Load- slip curves
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Fig. 5.9- S2- Slip propagation for different deflection values
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Fig. 5.10- S2- Strains at the bottom plate of the beam
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Fig. 5.11- S2- Strains along the bottom plate at sections A-A (top) and B-B (bottom) for various deflections
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5.1.2 Specimen S3

First cracks occurred at a deflection of 20 mm (165 kN) at the second circle of phase 1 (figure
5.12). In figures 5.13 and 5.14 the crack pattern at 50 mm and 100 mm is presented. The first
compressive crack was observed at a deflection of 105 mm (figure 5.15). At that deflection
corresponds the maximum load, when the longitudinal rebars at the compression zone buckled
causing spalling of the concrete. Due to the absence of stirrups the failure on the concrete was
extensive (figure 5.16). The top plate also buckled due to the lack of confinement (figure 5.17).
The reduction of the ultimate load was 43% of the maximum load, leading again to a non-

ductile behavior (figures 5.18 and 5.19).

g ==

Fig. 5.13- S3- Cracks at deflection of 50 m (fig.5.18 and 5.19, points B and B)
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- -3 ;f{,, : i

Fig. 5.15- S3- Compressive cracks at deflection of 05 mm (fig. 5.18 and 5.19, points C and C")

P
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Fig. 5.17- S3- Buckling at the top plate of the steel beam
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In figure 5.20 the slips between the concrete and the steel beam are presented up to the
maximum load. The maximum slips were observed at S3 (2.38 mm) and S4 (2.35 mm) by the
LVTDs next to the loading area. In figure 5.21, the propagation of slips along the longitudinal

direction of the beam for four different deflection values is presented.

Load- strain curves are shown in figure 5.22. The strains are distributed almost equally along
the bottom plate of the steel beam, with the areas under the webs (B1, B3, B4 and B6) having
slightly higher values. This is also observed in figure 5.23 where the propagation of strains
across the bottom plate, for sections A-A and B-B (positions of strain gauges left and right of

the loading area), for various deflection values is presented.
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Fig. 5.20- S3- Load- slip curves
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5.1.3 Specimen S4

First cracks occurred at a deflection of 20 mm (240 kN) at the first serviceability circle (figure
5.24). In figures 5.25 and 5.26 the crack pattern at 50 mm (480 kN) and 100 mm (531 kN) is
presented. Also, at deflection equal to 100 mm, the first compressive cracks were seen at the
top of the concrete (figure 5.27), when the longitudinal rebars at the compression zone buckled
causing spalling of the concrete (figure 5.28). The spalling of the concrete and thereby the
buckling of the top steel plate were not prevented (figure 5.29). The ultimate load dropped at
72% of the maximum load (figures 5.30 and 5.31).

Fig. 5.26- S4- Cracks at deflection of 100 mm (fig. 5.0 and 5.31, points C and C’)
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Fig. 5.29- S4- Buckling at the top plate of the steel beam
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The slips between the concrete and the steel beam are presented in figure 5.32 up to the
maximum load. The maximum slips were observed at S4 (1.13 mm) and S5 (0.95 mm) by the

LVTDs in the right side of the loading area (figure 5.33).

Load- strain curves are shown in figure 5.34. It can be observed that at the beginning of the
deformation when the beam was behaving elastically (50 mm), the strains are equally
distributed along the width of the bottom plate. After the maximum load was reached (100
mm), when the failing mechanism begun, the distribution of the strains is not symmetrical. In
figure 5.35, where the propagation of strains across the bottom plate width, for sections A-A
and B-B (positions of strain gauges left and right of the loading area), for various deflection
values is presented, it can be observed that the maximum strains are measured at the tree of the

four strain gauges (B1, B4 and B6) under the web plates.
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Fig. 5.32- S4- Load- slip curves
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5.1.4 Specimen S5

S5 specimen was not totally aligned at the beginning of the test. A small torsion existed,
probably due to the welding of the steel plates. First cracks occurred at a deflection of 15 mm
(203 kN) at the second circle of phase 1 (figure 5.36). In figures 5.37 and 5.38 the crack pattern
at 50 mm (477 kN) and 100 mm (524 kN) is presented. When the maximum load was reached
at a deflection of 105 mm (527 kN) the longitudinal rebars at the compression zone buckled
causing extensive spalling to the concrete (figures 5.39- 5.40). Again, the top plate buckled

(figure 5.41). The ultimate load was reduced at 75% of the maximum load (figures 5.42- 5.43).

Fig. 5.37; S5- Cracks at deflection of 50 mm (fig. 5.42 and 5.43, points B and B’)
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Fig. 5.39- S5- Compressive cracks at deflection of 105 mm (fig. 5.42 and 5.43, points C and C’)
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. El L
Fig. 5.41- S5- Buckling at the top plate of the steel beam
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The slips between the concrete and the steel beam are presented in figure 5.44 up to the
maximum load. The maximum slips were observed at S4 (1.16 mm) and S3 (1.00 mm) by the
LVTDs next to the loading area (figure 5.45). Slips at the right half of the beam, where the
failure occurred, were bigger for deflections up to the maximum load. At the end of the test the
values measured on that side were reduced, while the values measured at the left side

maintained an increasing rate.

Load- strain curves are presented in figure 5.46. It can be observed that at the beginning of the
deformation when the beam was behaving elastically (50 mm), the strains are equally
distributed along the width of the bottom plate. When the maximum load was reached (100
mm) and the failing mechanism begun, the distribution ceased to be symmetrical. In figure
5.47 the propagation of strains across the bottom plate, for sections A-A and B-B (positions of

strain gauges left and right of the loading area), for various deflection values is presented.
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Fig. 5.44- S5- Load- slip curves
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5.1.5 Comparative results

In figures 5.48 and 5.49 the load- deflection and the normalized load- deflection curves for all
Type 1 specimens are presented, respectively. The overall behavior, as described previously,
was the same for all beams. After the maximum load was reached, the beams could not
undertake any additional load due to concrete crushing and buckling of the top plate. Another
conclusion that can be drawn is that the different number of shear studs rows (S3 and S4 have

one and S2 and S5 have two) did not affect the behavior of the beams.

Specimens S4 and S5 have identical curves and the difference of the maximum loads of S2 and
S3 attributed to the fire rebars placed at the concrete core of S2. Additionally, it can be observed
that the maximum load is relative to the size of the beam. The beams with the higher cross
section (S4 and S5) led to higher load values than S2 and S3. An increase of 23% at the height

of the beams led to 28% higher load values.
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Fig. 5.48- Type 1 load- deflection curves
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5.2 Type 2 sections

All specimens of this type had a flexural hardening behavior. The flexural strength was
increasing until the end of the tests. It should be noted that all tests of type 2 specimens were
terminated at a deflection of 450 mm because the maximum stroke of the actuator was reached.
Ductility values for S1, S11 and S12 were equal to 6.4, 9.0 and 6.0, respectively, with yielding
point indicated at the point where load is equal to 75% of the maximum load. Specimens at the
end of the tests were in perfect condition. The concrete did not crush. The reinforcement cages
(stirrups and longitudinal rebars) created conditions of three-dimensional confining stresses
that constrained further crushing of concrete under the loading plate. That can lead to the
assumption that even higher values of ductility could be reached. In the next paragraphs, an

extensive description of the results for each Type 2 specimen is presented.

5.2.1 Specimen S1

First hair-line cracks appeared at a deflection of 25 mm after the serviceability circles (figure

5.50). In figures 5.51- 5.53 the crack pattern at 50 mm, 100 mm and 200 mm is presented,
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respectively. At a deflection of 65mm, cracks were created between the contact surfaces of steel
and concrete at the top faces of the beam’s ends (figure 5.54). Same cracks occurred at the
middle of the beam at a deflection of 100 mm (figure 5.55). The test ended at a deflection of
448mm because the loading actuator reached its maximum displacement capacity. The beam
maintained its strength until the end of the test with no degradation (figures 5.57- 5.58). In
figure 5.56 the condition of the beam can be seen after removing the crushed part of the
concrete. The usage of the stirrups prevented further crushing of the concrete and limited the

failure at the cover area.

Fig. 5.51- S1- Cracks at deflection of 50 m (fi. 5.57 and 5.58, points B and B’)
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Fig. 5.52- S1- Cracks at deflection of 100 mm (fig. 5.57 and 5.58, points D and D’)

Fig. 5.53- S1- Cracks at deflection of 200 mm (fig. 5.57 and 5.58, points E and E’)

Fig. 5.54- S1- Cracks between concrete and steel at 65 mm deflection (fig. 5.57 and 5.58, points C and C’)
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Fig. 5.55- S1- Cracks between concrete and steel at 100 mm deflection (fig. 5.57 and 5.58, points D and D’)

Fig. 5.56- S1- The specimen at the end of the test (fig. 5.57 and 5.58, points F and F’)
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The slips between the concrete and the steel beam remained in very low values (figure 5.59).
Maximum slips were observed at S3 (0.61 mm) and S4 (0.44 mm). The slips measured by the

remaining instruments (S1, S2, S5 and S6) were almost zero (figure 5.60).

Load- strain curves are presented in figure 5.61. In figures 5.62 and 5.63 the propagation of
strains is presented at the intersections of web plates with the bottom and top plates, for
different deflection values. It can be observed that strains have relatively similar values at all 8
measurement points, leading to the conclusion of a symmetrical distribution of the

deformation.
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Fig. 5.59- S1- Load- slip curves
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5.2.2 Specimen S11

First hair-line cracks appeared at a deflection of 18 mm (521 kN) after the serviceability circles
(figure 5.64). In figures 5.65- 5.66 and 5.68-5.69 the crack pattern at 25 mm (709 kN), 50 mm
(1142 kN), 100 mm (1316 kN) and 150 mm (1388 kN) is presented, respectively. At a deflection
of 65mm (1231 kN), cracks were created at the concrete due to compressive stresses (figure
5.67). The test ended at a deflection of 445mm (1510 kN) because the loading actuator reached
its maximum displacement capacity. The beam maintained its strength until the end of the test
with no degradation (figures 5.71 and 5.72). In figure 5.70 the condition of the beam, after
removing the crushed part of the concrete, can be observed. The usage of stirrups prevented

the extensive crushing of the concrete and limited the failure at the cover area.

Fig. 5.65- S11- Cracks at deflection of 2mm (fig. 5.71 and 5.72, points B and B’)
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Fig. 5.67- S11- Cracks due to compression at deflection of 65 mm (fig. 5.71 and 5.72, points D and D’)
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Fig. 5.68- Sll Cracs at deflection of 200 mm (fig. 5.71 and 5.72, points E and E’)

Fig. 5.69- S11- Cracks at deflection of 150 mm (fig. 5.71 and 5.72, points F and F’)

Fig. 5.70- S11- The specimen at theen of the test (fig. 5.71 and .72, points G and G’)
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The slips between the concrete and the steel beam remained in very low values (figure 5.73).

Maximum slips were observed at S4 (0.40 mm) and S5 (0.33 mm). Generally, the slips where

not symmetrical, but because of the very small values no additional conclusions can be drawn

(figure 5.74).

Load- strain curves are presented in figure 5.75. In figures 5.76 and 5.77 the propagation of

strains is presented at the intersections of web plates with the bottom and top plates, for

different deflection values. It can be observed that tensile strains at the bottom plate have much

higher values than the corresponding compressive strains at the top plate, meaning that the

neutral axis is located higher than the mid-height of the cross section.
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5.2.3 Specimen S12

The first cracks appeared at a deflection of 21 mm of the first and second serviceability circle
(figure 5.78). The difference with the previous specimens of this type was that these initial
cracks were developed at the top surface of concrete at both ends probably due to torsion. Also,
some small gaps were visible between the interface of concrete and steel beam. In figures 5.79-
5.81 the crack pattern at 50 mm, 100 mm and 180 mm is presented, respectively. The test ended
at a deflection of 416 mm again because the loading actuator reached its maximum
displacement capacity. The beam maintained its strength until the end of the test with no
degradation (figures 5.85 and 5.86) and the damage at concrete was limited at the top cover
(figure 5.82). Finally, due to the lack of symmetry the specimen at the end of the test was

twisted. Torsion can be seen in pictures 5.83 and 5.84.

Fig. 5.78- S12- Cracks at deflection of 21 mm (fig. 5.85 and 5.86, points A and A’)
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rl

Fig. 5.81- S12- Cracks at deflection of 180 mm (fig. 5.85 and 5.86, points D and D’)
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Fig. 5.83- S12- Torsion at the end of the test (fig. 5.85 and 5.86,

'points E and E’) .

-
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Fig. 5.84- S12- Torsion at the end of the test (fig. 5.85 and 5.86, points E and E’)
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The slips between the concrete and the steel beam remained in very low values (figure 5.87). As
presented in figure 5.88, maximum slips were observed at S3 (0.27 mm). The very small values,
almost zero, combined with the hardening behavior presented in figures 5.85 and 5.86,

indicates that there is a full shear connection between the steel and concrete parts.

Load- strain curves are presented in figure 5.89. In figures 5.90 and 5.91 the propagation of
strains is presented at the intersections of web plates with the bottom and top plates, for
different deflection values. Because of the difference between the tensile strains at the bottom
plate and the corresponding compressive strains at the top plate, it can be assumed that the

neutral axis is closer to the top face of the beam.
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Fig. 5.87- S12- Load- slip curves
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5.2.4 Comparative results

All Type 2 specimens manifested similar in form ductile behavior. After the yielding point, they
acquired a hardening behavior until the end of the tests with no strength degradation (figure
5.92). The condition of the specimens at the end of the tests was very good with spalling of
concrete limited at the top cover. It can be observed that the load value is proportional to the
size of beams cross sections with S11 having the higher value. In figure 5.93 the normalized
load- deflection curves are presented to make more obvious the similarities in the behavior of

these three specimens.
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5.3 Type 3 sections

The tests with the Type 3 sections also manifested flexural hardening behavior. The small non-
linearities at the load- deflection curves are caused by local crushing of the concrete, mainly

located at the cover area outside the top reinforcement.

5.3.1 Specimen S6a

First cracks occurred at a deflection of 25 mm (305 kN) after the serviceability circles (figure
5.94). In figures 5.95 and 5.96 the crack pattern at 50 mm (545 kN) and 100 mm (750 kN) is
presented. At a deflection of 110 mm (753 kN), under the loading area, a transverse bar from
the top layer of the rebar mesh was bended, causing a crack at the top face of the concrete
(figure 5.97). The bottom plate of the steel beam yielded at a deflection of 98 mm (748 kN). The
test ended at a deflection of 452 mm because the loading actuator reached its maximum
displacement capacity (figures 5.98- 5.100). The beam maintained its strength until the end of
the test with no degradation (figures 5.104 and 5.105). In figures 5.101- 5.103 the condition of
the beam can be seen after the removal of the crushed concrete. A local buckling was occurred
at the longitudinal rebars, but due to the stirrups and the transversal bars the buckling length
was small and did not affect the general behavior of the beam. The usage of stirrups prevented

the crushing of the concrete and limited it at the cover area.

Fig. 5.94- S6a- Cracks at deflection of 25mm (fig. 5.104 and 5.105, points A and A’)
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Fig. 5.97- S6a- Cracks at the top face of concrete (fig. 5.104 and 5.105, points C and C’)
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Fig. 5.98- S6a- The beam at the end of the test (fig. 5.104 and 5.105, points D and D)

Fig. 5.99- S6a- The beam at the end of the test (fig. 5.104 and 5.105, points D and D)
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Fig. 5.100- S6a- Cracking of the specimens bottom and sides at the end of the test (fig. 5.104 and 5.105, points
Dand D)

Fig. 5.101- S6a- The beam after the removal of loose concrete
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Fig. 5.103- S6a- The beam after the removal of loose concrete
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The slips between the concrete and the steel beam are presented in figure 5.106. The maximum
slips were observed at S3 and S4, with absolute values equal to 4.74 and 3.61 respectively, by
the LVTDs nearest to the loading area (figure 5.107). The values of the slips are reducing
proportionally along the length of the beam, following the direction from the loading area to

the supports

Load- strain curves are presented in figure 5.108. Highest strain values were measured at
section A-A (figure 5.109). Up to a deflection equal to 100 mm, the strains were evenly
distributed along the width of the bottom plate. At the final steps of the test the highest strain

values were measured at the middle of the plate.
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Fig. 5.106- S6a- Load- slip curves

164



Chapter 5 Experimental results
LOAD
LEFT RIGHT
SUPPORT SUPPORT
5.00
450 50mm
4.00 =0==100mm
350 ==@==250mm
3.00 =@=1452mm
'E 2.50
S
a 2.00
@ 150
1.00
0.50
0.00
S1 S2 S3 S4 S5 S6
Position of measurements
Fig. 5.107- S6a- Slip propagation for different deflection values
Bl B2 B3
Z = B4 BS B6
= =1 |
) o strain gauges
800
700 4 d s sl
600 4— B1
500 —B2
< 400 —B3
< 300 —B4
8 00 1l
— 200 B5
100 -v ——B6
0 % .
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Strain

Fig. 5.108- S6a- Tensile strains at the bottom plate of the beam

165



Chapter 5

Experimental results

0.040

0.035

0.030

0.025

0.020

Strain

0.015

0.010

0.005

0.000

0.040

0.035

0.030

0.025

0.020

Strain

0.015

0.010

0.005

R

Bl B2 B3
B4 BS Bo

strain gauges

50mm

100mm
—0—250mm
—0—452mm

60 120 180 240 300 360 420 480 540 600 660
Width of bottom plate

50mm
100mm
—0—250mm

—0—452mm

0.000

60 120 180 240 300 360

420 480 540 600 660

Width of bottom plate

Fig. 5.109- S6a- Strains along the bottom plate at sections A-A (top) and B-B (bottom) for various deflections

166



Chapter 5 Experimental results

5.3.2 Specimen S6b

First cracks occurred at a deflection of 25 mm (305 kN) after serviceability circles (figure 5.110).
In figures 5.111- 5.113 the crack pattern at 50 mm (544 kN), 100 mm (741 kN) and 150 mm
(746 kN) is presented, respectively. At a deflection of 119 mm (736 kN), under the loading area,
a transverse bar from the top layer of the rebar mesh was bended, causing a crack at the top
face of the concrete (figure 5.114). The test ended at a deflection of 447 mm because the loading
actuator reached its maximum displacement capacity. The beam maintained its strength until
the end of the test with no degradation (figures 5.117 and 118). A local buckling was occurred
at the longitudinal rebars, but due to the stirrups and the transversal bars the buckling length
was small and did not affect the general behavior of the beam (figures 5.115 and 5.116). The

usage of stirrups prevented the crushing of the concrete and limited it at the cover area.

L\
o . |

Fig. 5.111- S6b- Cracks at deflection of 50 mm (fig. 5.117 and 5.118, points B and B’)
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- ig. 5.114- S6b- Cracks at the top face of concrete (fig. 5.117 and 5.118, points D and D’)
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Fig. 5.115- S6b- The beam after the removal of loose concrete (fig. 5.117 and 5.118, points F and F’)

Fig. 5.116- S6b- The beam after the removal of loose concrete (fig. 5.117 and 5.118, points F and F’)
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The slips between the concrete and the steel beam are presented in figure 5.119. The slips were
symmetrical at both halves of the beam. The maximum slips were observed at S2, S3, S4 and S5
and measured almost equal to 1.6 mm (figure 5.120). The values were reduced towards the
supports. Because of the two rows of shear studs the slips were reduced 65% related to the slips

measured on S6a.

Load- strain curves are presented in figure 5.121. The strains were evenly distributed along the
width of the bottom plate for all deflection values (figure 5.122). Strain values of both sides of

the loading area, section A-A and B-B, were close.
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Fig. 5.119- S6b- Slips between concrete and steel beam
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5.3.3 Specimen S7

First cracks occurred at a deflection of 17 mm (282 kN) at the first serviceability circle (figure
5.123). Infigures 5.124- 5.126 the tensile concrete cracks at deflection equal to 50 mm (734 kN),
100 mm (879 kN) and 150 mm (920 kN) are presented. At a deflection of 114 mm (881 kN),
under the loading area, a transverse bar from the top layer of the rebar mesh was bended,
causing a crack at the top face of the concrete (figure 5.127). The test ended at a deflection of
432 mm (870 kN) because the loading actuator reached its maximum displacement capacity.
The beam maintained its strength until the end of the test with no degradation (figure 5.130).
A local buckling was occurred at the longitudinal rebars, but due to the stirrups and the
transversal bars the buckling length was small and did not affect the general behavior of the
beam. The usage of the stirrups prevented the crushing of the concrete and limited it at the

cover area as can be seen in figures 5.128 and 5.129.

Fig. 5.124- S7- Cracks at deflection of 50 mm (fig. 5.130, point B)
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ﬁ'\ w . - g c‘i;i’\l
Fig. 5.125- S7- Cracks at deflection of 100 mm (fig. 5.130, point C)

lm-Nu\\‘-. fill

Fig. 5.127- S7- Cracks at the top face of concrete (fig. 5.130, point D)
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Fig. 5.128- S7- The beam after the removal of loose concrete (fig. 5.130, point F)

Fig. 5.129- S7- Cracks at the bottom of concrete plate at the end of the test (fig. 5.130, point F)
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The slips between the concrete and the steel beam are presented in figure 5.131. The slips were
symmetrical at both sides of the loading actuator. The maximum slips were observed at S3 and

measured almost equal to 3.0 mm (figure 5.132). The values were reduced towards the supports.

Load- strain curves are presented in figure 5.133. The strains were evenly distributed along the
width of the bottom plate for all deflection values (figure 5.134), with the value measured at the
center of the plate being slightly higher. Strain values of both sides of the loading area, section

A-A and B-B, were close.
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Fig. 5.131- S7- Slips between concrete and steel beam
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5.3.4 Specimen S8

The first tensile hair-line dimensioned cracks appeared at the bottom of the specimen at a
deflection of 19 mm (483 kN), which was the maximum deflection of the serviceability circles
(figure 5.135). In figures 5.136- 5.139 the tensile cracks at deflections of 25 mm (614 kN), 50
mm (999 kN), 100 mm (1091 kN) and 150 mm (1137 kN) are presented, respectively. At a
deflection of 85 mm (1103 kN) the first compressive cracks appeared under the loading area
(figure 5.140). The test ended at a deflection of 445 mm (1106 kN) because the loading actuator
reached its maximum displacement capacity (figures 5.141- 5.142). The beam maintained its
strength until the end of the test with no degradation (figures 5.144 and 5.145). A local buckling
was occurred at the longitudinal rebars, but due to the stirrups and the transversal bars the
buckling length was small and did not affect the general behavior of the beam. Due to the use
of stirrups, the crushing of the concrete was limited at the cover area as can be seen in figure

5.143.

Fig. 5.135- S8- Hair-line cracks at deflection of 19 mm (fig. 5.144 and 5.145, points A and A")

Fig. 5.136- S8- Cracks at deflection of 25 mm (fig. 5.144 and 5.145, points B and B’)
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Fig. 5.137- S8- Cracks at deflection of 50 mm (fig. 5.144 and 5.145, points C and C’)

Fig. 5.138- S8- Cracks at deflection of 100 mm (fig. 5.144 and 5.145, points E and E’)

Fig. 5.139- S8- Cracks at deflection of 150 mm (fig. 5.144 and 5.145, points F and F’)
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Fig. 5.140- S8- Cracks at the top face of concrete (fig. 5.144 and 5.145, points D and D’)

Fig. 5.141- S8- The beam at the end of the test (fig. 5.144 and 5.145, points G and G’)
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Fig. 5.142- S8- Bottom of concrete plate at the end of the test (fig. 5.144 and 5.145, points G and G’)

Fig. 5.143- S8- The beam after the removal of loose concrete (fig. 5.144 and 5.145, points G and G’)

183



Chapter 5 Experimental results

1300

1200

1100 -ﬂu——z""

1000 C
900

800
/
500 +o /

A
400 /
300 - l/
200 +
/
100
. /

0 40 80 120 160 200 240 280 320 360 400 440 480
Deflection (mm)

©

o
o

Load (kN)
D~
8
|

"

Fig. 5.144- S8- Average load- deflection curve

2400

2200 E

2000 /‘W
C E

1800

1600

1200 /

1000 A’{B

800 +

[EEN
SN
o
o
~

Moment (KNm)

600

400

200

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Rotation (rad)

Fig. 5.145- S8- Average moment- rotation curve (Inclinometer)

184



Chapter 5 Experimental results

The slips between the concrete and the steel beam are presented in figure 5.146. The maximum
slips were observed at S3 and S4, measured equal to -3.6 mm and 3.89 mm, respectively (figure
5.147), while a change of slip direction between S2 and S3 is observed. The values were reduced

towards the supports.

Load- strain curves are presented in figure 5.148. The strains were almost evenly distributed
along the width of the bottom plate for all deflection values (figure 5.149), with slightly highest

the strains at the intersections of the bottom plate with the web plates.
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Fig. 5.146- S8- Slips between concrete and steel beam
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5.3.5 Comparative results

All Type 3 specimens were ductile. After the yielding point, they acquired an elastoplastic
behavior until the end of the tests with no strength degradation (figures 5.150- 5.151). The
small drops in strength at the curves are due to the spalling of concrete mainly, at the top cover.
The condition of the specimens at the end of the tests was very good with spalling of concrete
limited at the top cover. The buckling of the longitudinal rebars of the top mesh was not
extensive and did not cause any significant reduction in the load bearing capacity of the

specimens.

As can be seen in the following figures, S6a, with one row of shear studs and S6b with two rows
of shear studs, had identical behavior. So, similarly with the cases of Type 1 specimens, the
different number of shear studs’ rows did not affect the global flexural behavior of the beams.
On the contrary, this difference in detailing influenced the slips between the concrete and steel
parts, where, in the case of two rows of shear studs (S6b) the slips were considerably reduced.
The difference in height of the cross sections was the major factor that affected the behavior of
the beams. S6a and S6b, the beams with the smaller cross section had the lowest strength while
S8 had the highest. Given S6a (or S6b) as a control specimen due to its smallest height, an
increase of 16.67% and 32.83% of height led to an increase of 26.88% and 58.35% of the peak

load, for specimens S7 and S8, respectively.
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5.4 Type 4 sections

As can be seen in figure 4.5 these beams have two thin concrete ledges at the top at both sides.
These specimens represent the combination of Deltabeam with precast prestressed HC floor

with structural topping.

5.4.1 Specimen S9

First hair-line cracks appeared at the first serviceability circle (figure 5.152) at a deflection of
19 mm (479 kN). In figures 5.153- 5.155 the tensile concrete cracks at deflections of 25 mm
(588 kN), 50 mm (1005 kN) and 75 mm (1124 kN) are presented, respectively. At a deflection
of 90 mm (1140 kN) the first compressive cracks appeared at the one ledge of the concrete plate
under the loading area (figure 5.156). Immediately after the appearance of the cracks the ledge
failed under compression, causing a load reduction equal to 75 kN (figures 5.159 and 5.160).
For the next approximately 100 mm the load was generally constant when a new load reduction
equal to 80 kN occurred due to the failure of the second concrete ledge. After that the specimen
manifested a hardening behavior up to the end of the test (463 mm- 1007 kN) where the loading
actuator reached its maximum displacement capacity (figure 5.157). The open stirrups were
effective and the confinement they provided was the reason for the good shape of the central

concrete part (figure 5.158) and the overall ductile behavior.

Fig. 5.152- S9- Hair-line cracks at deflection of 19 mm (fig. 5.159 and 5.160, points A and A")

190



Chapter 5 Experimental results

Fig. 5.154- S9- Cracks at deflection of 50 mm (fig. 5.159 and 5.160, points C and C’)

ok,

et

Fig. 5.156- S9- Cracks at the top face of concrete (fig. 5.159 and 5.160, points E and E’)
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Fig. 5.158- S9- Cracks at the middle of the span at the end of the test (fig. 5.159 and 5.60, points Fand F’)
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The slips between the concrete and the steel beam are presented in figure 5.161. The maximum
slips were observed at S2 and S4, measured equal to 2.20 mm and 3.02 mm, respectively (figure

5.162). The slip values are decreasing proportionally towards the supports.

Load- strain curves are presented in figure 5.163. The strains were almost evenly distributed
along the width of the bottom plate for all deflection values (figure 5.164), with an unexpected

peak at the middle of the plate at section B-B at the end of the test.
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Fig. 5.161- S9- Slips between concrete and steel beam
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5.4.2 Specimen S10

First hair-line cracks appeared at the first serviceability circle (figure 5.165) at a deflection of
20 mm (605 kN). In figures 5.166 and 5.167 the tensile concrete cracks at deflection equal to 25
mm (679 kN) and 50 mm (1232 kN) are presented, respectively. At a deflection of 80 mm (1323
kN) the first concrete ledge failed leading to a 55 kN load loss (figure 5.168). For the next
approximately 85 mm the load was generally constant when a new load reduction equal to
approximately 100 kN occurred due to the failure of the second concrete ledge. After that point
the remained constant with a value of 1150 kN up to the end of the test (460 mm- 1114 kN)
where the loading actuator reached its maximum displacement capacity (figures 5.172 and
5.173). The open stirrups were effective again and maintained the central concrete part in a

good shape (figures 5.169- 5.171).

e e g

o o N ] = E
Fig. 5.166- S10- Cracks at deflection of 25 mm (fig. 5.172 and 5.173, points B and B’)
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Fig. 5.167- S10- Cracks at deflection of 50 mm (fig. 5.172 and 5.173, points C and C’

Fig. 5.168- S10- Cracks at the top of the concrete (fig. 5.172 and 5.173, points D and D’)
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Fig. 5.171- S10- The beam after the removal of loose concrete (fig. 5.172 and 5.173, points E and E’)
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The slips between the concrete and the steel beam are presented in figure 5.174. The maximum

slips were observed at S3 and S4, measured equal to -3.00 mm and 3.35 mm, respectively (figure

5.175). The slip values are decreasing proportionally towards the supports in both sides of the

beam.

Load- strain curves are presented in figure 5.176. The strains were almost evenly distributed

along the width of the bottom plate for all deflection values (figure 5.177), with the value

measured at the center of the plate being slightly higher. Strain values of both sides of the

loading area, section A-A and B-B, were close.
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5.4.3 Comparative results

Both Type 4 specimens exhibited the same behavior. After the maximum load the two concrete
ledges failed successively, causing two relatively significant reductions in the resistance of about
8.5% and 7%, for S9 and S10 respectively (figures 5.178 and 5.179). The fact that the concrete
ledges had the same thickness and reinforcement in both beams led to the same reductions
(about 100 kN). After that point, in both beams, the central part of the beam (steel beam, core
concrete, outer concrete confined by the open stirrups) managed to maintain its strength,
providing an overall ductile behavior. Finally, like in the previous cases the beam with the
highest section was proved to be the one with the greatest resistance. S10 was 12.3% higher and
had 16.2% higher strength than S9.
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6.1 Introduction to Finite element method

The finite element method (FEM) is a computer-based procedure that can be used to analyze
structures and continua. This numerical method, commonly applied by engineers, covers
almost the whole spectrum of engineering analysis, including static, dynamic, thermal behavior
of physical systems, fluid motions etc. Advances in computer hardware made in the last two
decades, have made it easier and very efficient to use finite element software for the solution of
complex engineering problems on personal computers [34, 35]. Since this method is a
numerical approach, the results obtained by conducting a finite element analysis are rarely
“exact” to the reality. Nevertheless, a very accurate solution can be obtained if a finite element

model is used based on principles of FEM.

The scientific pillars of the finite element method are a direct result of the need to solve complex
elasticity and structural analysis problems in civil and aeronautical engineering. The first
development can be traced back to the work of A. Hrennikoff in 1941 [36] and R. Courant in
1943 [37]. Although these scientists followed different perspectives in their finite element
approaches, they each identified the one common and essential characteristic: mesh
discretization of a continuous domain into a set of discrete sub-domains, usually called
elements. Another fundamental mathematical contribution to the FEM is represented by the

book “An Analysis of the Finite Element Method” by Gilbert Strang and George Fix, first
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published in 1973 [38]. Since then, FEM has been generalized to be used for the numerical

modeling of physical systems in many engineering problems.

To summarize in general terms how the finite element method works, a list of the main steps

of the finite element solution procedure, using the direct stiffness approach, is the following

[39]:

Discretize the continuum- The first step is to divide the regions of the model into finite
elements. The finite element mesh is typically generated by a preprocessor program.

This first step is one of the most crucial in determining the accuracy of the results.

Define the element properties- The matrix equation for the finite element should be
established by defining the element properties and selecting the proper, for each
problem, element type, which relates the nodal values of the unknown field

approximation function to other parameters.

Assemble the element equations- To find the global equation system for the whole
solution region all the element equations must be assembled. Element connectivities are
used for the assembly process. Before solution, boundary conditions (which are not

accounted in element equations) and loads should be imposed.

Solve the global equation system- The finite element global equation system can be
solved with direct and iterative methods. The nodal displacement values of the sought

function are produced as a result of the solution.

Compute additional results- In many mechanical problems additional parameters like
strains and stresses are of interest in addition to displacements, which are obtained after

solution of the global equation system.
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6.2 Description of models

6.2.1 Assembly of models

The finite element analysis software Abaqus was used to simulate the behavior of the test
specimens. The models were assembled by five 3D parts; one for concrete, one for the steel
beam, one for the reinforcement and two rigid parts to simulate the supports and the loading
plate (figure 6.1). This analytical investigation was conducted only for Type 2, 3 and 4
specimens (see § 4.3.1). The lack of reinforcement rebars in Type 1 beams made the concrete a
very computationally unstable material and so the time increment of the analysis was reduced

to a very small value making the completion of the analysis impossible.

A general contact option was chosen to simulate the interaction between the different parts.
The general contact algorithm allows for very general characteristics in the surfaces that it uses.
Abaqus automatically defines an all-inclusive surface that is convenient for prescribing the
contact domain. In addition, to avoid physically unreasonable contact interactions and, thus,
reduce the time of the analysis, contact exclusion pairs can be defined. The general contact
algorithm generates contact forces to resist node-into-face, node-into-analytical rigid surface
and edge-into-edge contact penetrations. To complete the definition of the interaction between
the different regions of the model, an interaction property model must be applied to the
interacting pairs. A hard contact was chosen along the normal direction of the interaction. The
surfaces do not transmit any contact pressure unless the nodes of the slave surface contact the
master surface and no penetration is allowed at each constraint location. Still, the two surfaces
of the interaction pair are able to separate relative to each other after contact. The tangential
behavior of the interacting surfaces was defined with two different property types. Between the
concrete and the steel beam a friction with a factor equal to 0.4 was applied [40]. This value is
commonly used in the literature. Also, during calibration procedure, the effect of this factor
was assessed and this value gave the most optimal results. The friction factor had a more
noticeable effect during the initial states of the analysis, when the beam maintained its elastic

behavior with higher values of the friction factor resulting in a higher composite stiffness.
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However, during the development of inelastic straining in the concrete, gaps will open between
the material parts making the friction ineffective. Between the supports and the bottom plate
of the steel part a friction factor equal zero was chosen to simulate the interaction between the

steel and teflon plates.

Typical model of Type 2 specimens

Typical model of Type 3 specimens

Fig. 6.1- Presentation of typical models for each section type

The embedded element technique is used to simulate the interaction between the concrete and

the reinforcement bars. This technique specifies that an element or group of elements is
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constrained (embedded) to “host” elements. Abaqus searches for the geometric relationships
between the nodes of the embedded and the host elements. If a node of an embedded element
lies within a host element, the translational degrees-of-freedom (dofs) at the node are
eliminated and the node becomes an “embedded node”. The translational dofs of the embedded
node are constrained to the interpolated values of the corresponding dofs of the host element.
Embedded elements are allowed to have rotational dofs, but these rotations are not constrained

by the embedding [41].
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Fig. 6.2- Examples of embedded and host elements

6.2.2 Meshing of models

The meshes of each section type is presented in figures 6.3- 6.5 for Type 2, 3 and 4, respectively.
Solid hexahedral elements were used to mesh the steel beam and concrete parts. For the
supports and the loading steel plate rigid elements were used. Finally, the mesh of the
reinforcement and the fire rebars was created with linear truss elements. More details about
each element type are given in the following. The number of elements used to create the mesh

of each model is presented in Table 6.1.
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Fig. 6.4- Typical mesh of Type 3 specimens

——

\i===/
s

Y1774

> L7 7 /4

{ORY L7277 74
AL 14
.oo ooomi 774
N
W
Wy,

S
YA+~ L ] ] /4
e sy
2
LA
Q‘Q\

VN S
L

Fig. 6.5- Typical mesh of Type 4 specimens
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e Solid element type C3D8R

Solid (continuum) elements are the standard volume elements of Abaqus. C3D8R are first-
order (linear) interpolation elements (figure 6.6). In the name of the element the letter R stands
for reduced-integration. The stiffness matrix is created by a lower- order integration, while full

integration is used for the mass matrix and the loads.

(a) Linear element (b) Quadratic elemeant
(B-node brick, C3D8) (20-node brick, C30D20)

Fig. 6.6- First (linear) and second (quadratic) order elements

e Shell rigid element type R3D4

These elements in Abaqus are used to define the surfaces of rigid bodies for contact. R3D4 are
3-dimensional elements with 4 nodes. The positive normal is given by the right-hand rule going
around the nodes of the element in the order that they are given in the element's connectivity
(figure 6.7). The face on the side of the element with the positive outward normal is referred to

as SPOS. The face on the opposite side is referred to as SNEG.

ny face SPOS
'y ] ‘ 2
\
PAL
o face SNEG

Fig. 6.7- Positive normal for R3D4 elements
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e Truss element type T3D2

Truss elements are used in two and three dimensions to model line-like structures that support
loading only along the axis or the centerline of the element. No moments or forces

perpendicular to the centerline are supported.

L end 1 1

Fig. 6.8- Node ordering on elements (left) and integration point for output

Table 6.1- Number of elements and nodes for each model

. Solid Rigid Truss
Section Total
Type Model elements elements elements clements Nodes
(C3D8R) =~ (R3D4)  (T3D2)
s1 24673 506 3706 28885 40996
Type 2 s11 30489 506 5786 36781 45348
512 8713 506 2280 11499 18364
s6a 104946 882 11482 117310 | 155103
s6b 67182 882 9736 77800 102286
Type3 57 45642 882 12580 59104 78303
s8 76266 882 10948 88096 112515
s9 84184 698 6918 91800 125473
Type4 $10 53616 698 8344 62658 88310

6.2.3 Definition of materials
6.2.3.1 Definition of steel material

The classical metal plasticity for isotropic materials (Von Mises yield criterion) in conjunction
with a linear hardening model were used in Abaqus to define the structural and reinforcement
steel materials. The Von Mises yield criterion is an updated version of Tresca’s criterion [42]
(figure 6.9). Henri Tresca, based on tests he conducted on metal specimens, proposed that

yielding occurs when the maximum shear stress reaches a critical value. This value is equal to:
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T =max|=|o; — 0y, — |0, — 04|, —lo; — 0O
nax =max (loy=al Sl -l Sloy—al)
where o1, 02 and os are the principal stresses.

Tresca’s criterion predicted with sufficient accuracy the yielding of metals. Its only drawback
was that it takes into account only the maximum shear stress. Von Mises proposed a criterion
[43] that the yielding surface is calculated as the solution of the equation f (o) = o, — g,. The
equivalent stress o is equal to

1

1 1 1 2
0= [5 (01~ 0207 + 2 (02 — 02 + 3 (03 — )? + 3, + 3, + 3|

The linear kinematic hardening model used to model the behavior of metals subjected to cyclic
loading is pressure-independent meaning that yielding of the material is independent of the
equivalent pressure stress. The yield surface used in the linear kinematic hardening model is

defined by the function

F=f(c—a)—a°=0

Von Mises a
Yield Surface - 6

P
A, “— Hydrostatic
Axis

Tresca
Yield Surface

E

Tresca

~ n—plane
(Deviatoric Plane)

o +o;+o,=0

Von Mises
(o))

Fig. 6.9— Tresca’s and Mises’s yield surface

where ¢° is the yield stress and f(o-«) is the equivalent Mises stress with respect to the back-
stress « In order to simulate the Bauschinger effect [44]. This effect, named after Johann
Bauschinger (1834- 1893), refers to a property of materials where the material’s stress/strain

characteristics change as a result of the microscopic stress distribution of the material and is
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generally related with conditions where the yield strength of a metal decreases due to the strain

direction changes after the first cycle of loading [45].

Generally, a yield function is defined as f (o, ) = 0 where ¢ includes the stress components
and « describes material’s parameters. When <0 the material behaves elastically (figure 6.10).
The limit of the yielding surface (elastic limit) is obtained for f=0. Stress values resulting to >0
are not acceptable. This means that in perfect plasticity, the values of stresses can only be
redistributed in such a way that the resulting point moves along the boundary curve of the

yielding surface.

F =0 — inadmissible

i< 0 — elastic

f =0 — plastic
Fig. 6.10- Example of yield surface

The isotropic hardening model assumes that yield compression and tension strength remain
equal as the yield surface develops if they were initially equal. In order to take into account the
Bauschinger effect, where a hardening in tension leads to a softening in compression, the
kinematic hardening rule should be applied. The shape and size of the yield surface remains
the same but is translated in stress space. The yield surface is shifted according to the hardening

parameter «, known as shift-stress or back-stress.

elastic plastic

3 . o,
. unloading deformation #
elas!lc (hardening)
loading
stress at PR
o e itial yield
initial yield " ls:ll‘fayc 8 ‘
’ ‘ subsequent
— loading
initial yield ' surface

surface subsequent

yield surface

Fig. 6.11- a) Kinematic hardening b) Stress shift «
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The true stress and strain values were obtained from the engineering values measured by the
tensile tests and presented in section 4.5. The engineering values are calculated by dividing the
experimental forces by the initial cross section area of the object under tension. But this area is
not constant during the test. The analytical equations used to convert the engineering values to

the equivalent true are given below:

Otrue = Gengineering * (1 + gengineering)
Etrue — In(l + gengineering)

6.2.3.2 Definition of concrete material

Concrete generally is a very complex material. The complexity is mainly due to non-linear
stress-strain behavior of the concrete under multi-axial stress conditions, strain softening and
anisotropic stiffness reduction, progressive cracking caused by tensile stresses and strains, bond
between concrete and reinforcement, aggregate interlocks and dowel action of reinforcement,

time dependent behavior as creep and shrinkage [46].

Advancement in computing techniques and the computational capabilities of modern
computers resulted in the creation of various models with the mentioned above complexities
included. To simulate the concrete behavior of the specimens, Abaqus’ “Concrete damaged
plasticity” (CDP) model was used. This model is a continuum, plasticity-based, damage model.
The two main concrete failure mechanisms are cracking under tension and crushing under
compression [47]. The model assumes that the uniaxial tensile and compressive response of

concrete is characterized by damaged plasticity, as shown in figure 6.12.
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Fig. 6.12- Response of concrete to uniaxial loading in tension (a) and compression (b)
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where e‘fl and efl are the tensile and compressive equivalent plastic strains and d, and d. are
tension and compression damage variables that characterize the degradation of the elastic
stiffness. The damage variables can take values from zero, representing the undamaged
material, to one, which represents total loss of strength. In order to create the non- linear stress-
strain relation for the uniaxial compression, the formulas provided by Eurocode 2 (83.1.5) were
used. The post failure tensile behavior was defined by fracture energy (figure 6.13). Hillerborg
[48] defines the energy Gy, required to open a unit area of crack. By defining the tension
softening behavior with stress- displacement relation rather than using a stress- strain one, the
material is not related to the cracked element length (mesh) and so convergence issues are

avoided.

G‘ Ub =2G1/010

7

Fig. 6.13- Post-failure stress- fracture energy curve

The concrete damaged plasticity model assumes non-associated potential plastic flow implying
that material stiffness matrix is asymmetric; therefore, the unsymmetrical matrix storage and
solution implementation should be employed in ABAQUS software. The flow potential G in
the effective p - g plane considered for CDP model is a modified Drucker-Prager hyperbolic

function [49] given by the following formula:

G = /(o tanP)? + g% —p tany)
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_..l €04, '« | P
Fig. 6.14- Hyperbolic Drucker- Prager flow potential function

e pisthe equivalent mean hydrostatic stress
® 0y IS the uniaxial tensile strength of concrete in hydrostatic tension state

e yisthe Angle of dilatancy (or Dilation angle). The dilatancy parameter is important for
characterizing concrete’s behavior when it is deformed. This angle was introduced by
Bent Hansen [50]. Dilatancy may be defined as an inelastic change in volume that is
associated to shear distortion of an element in the material [51]. This factor that can be
determined by proper tests and, according to the literature, can take values from 0 to
almost 55, was one of the basic factors that its influence was investigated through this

calibration procedure. A sensitivity analysis is presented in a following section.

e ¢isan eccentricity parameter that defines the rate at which the function approaches the
asymptote (figure 6.14). The flow potential tends to a straight line as the eccentricity
tends to zero. The default value e= 0.1, which implies that the material has almost the

same dilation angle over a wide range of confining pressure stress values, was chosen.

The model makes use of the yield function of Lubliner et. al. [52], with the modifications
proposed by Lee and Fenves [53] to account for different evolution of strength under tension

and compression. In terms of effective stresses, the yield function takes the form

1

F=—[a-3ap +BE" N Gnar) = V(~Fmax) = (L) = 0
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with

@ = (O'bo/dco)—l 0 ﬁ _ a'c(gcpl)

_ 3(1—KC)
"~ 2(0po/0c0)-1

1-a)—-010+a), y =

Tfr(éfl) 2K.~1

where
® G4y IS the maximum principal effective stress

e 0,0/0. is the ratio of the initial equibiaxial compressive yield stress to the initial

uniaxial compressive yield stress. The default value is 1.16.

e K, is the fraction of the second stress invariant on the tensile meridian, ¢w), divided
with the second stress invariant on the compressive meridian, gcwm), at initial yield for
any given value of the pressure invariant p such that the maximum principal stress is
negative (6,4 < 0). K. must not exceed the following limits; 0.5 < K, < 1. The
default value is 2/3 (figure 6.15). K. was also one of the basic factors that affected the
most the results of the analyses. A sensitivity analysis is presented in a following section

as well.
o G.(&P") is the effective tensile cohesion stress

o & (& l) is the effective compressive cohesion stress

. X uniaxial tension G,
oo (@-8ap+ Boy) =0 .

.
//_‘ Op
/ 1
/
uniaxial compression '/

biaxial
tension

o

75, @- 305 +5,) =0

Oco

biaxial compression

Fig. 6.15- Yield surface in plane stress (left) and in the deviatoric plane related to different values of K (right)
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The final values used in all the models of the factors presented above that led to the optimum

results, related to the experimental ones, are given in Table 6.2.

Table 6.2- Values used for the definition of CDP model

Dilation angle ¢

10

Eccentricity

0.1

0o/ 0o

1.16

K:
0.8

Table 6.3- Parameters used for the definition of material models

Series 1 (S1, S12)
Concrete
Compressive
strength f. (MPa)
Tensile strength fy
(MPa)

Elastic modulus E.
(MPa)
Fracture
Gr (N/mm)

energy

36.23

3.28

32370

0.061

Structural steel
Yielding stress fay
(MPa)
Ultimate
fau (MPa)
Elastic modulus
E. (MPa)

stress

Series 2 (S6a, S6b, S7, S8, S9, S10, S11)

Concrete
Compressive
strength f. (MPa)
Tensile strength fy
(MPa)

Elastic modulus E.
(MPa)
Fracture
Gr (N/mm)

energy

6.2.4 Load and boundary conditions

38.81

2.9

33045

0.064

Structural steel
Yielding stress fay
(MPa)
Ultimate
fau (MPa)
Elastic modulus
E. (MPa)

stress

416.22

680.18

210000

393.49

691.25

210000

Reinforcement steel
Yielding stress
fy, (MPa)
Ultimate stress
705.16
fow (MPa)
Elastic modulus
200000
Es (MPa)

537.24

Reinforcement steel
Yielding stress
fy, (MPa)
Ultimate stress 510
fou (MPa)
Elastic modulus

200000
Es (MPa)

500

As described previously, the deflection was applied to the beam through a rigid part that

simulates the steel plate located on the bottom of the loading actuator. The deflection was

applied in four steps exactly like the tests; three steps for the loading- unloading phase up to

the serviceability limit and one step for the maximum deflection allowed by the actuator. The
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rigid part used to simulate the supports was restrained to move and rotate along all axes (figure

6.16).

Fig. 6.16- Applied deflection and boundary conditions

Fig. 6.17- Applied deflection and boundary conditions

6.3 Results of FEM analysis

In the following sections the results from the analyses are presented. More specifically, the load-
deflection and load- strain curves of experimental measurements and analytical numerical
predictions are compared. The strain curves present the average value of all the values
measured for each specimen. Additionally, contour images showing the distribution of Von
Mises stresses and nominal plastic strains along the longitudinal axis of the steel part are
included. Finally, the average load- deflection curves for each type as well as for all the models

are presented.
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6.3.1 Type 2 sections

6.3.1.1 Specimen S1 (85.2.1)

450
400 A
350 .
300 : §
< 250 | |
:g 200 . Experimental results
- 150 FEM analysis
100
0
:
0 50 100 150 200 250 300 350 400 450 500
Deflection (mm)
Fig. 6.18- S1- Comparison of load- deflection curves
450
400
350
300
g 250
g
Experimental results
FEM analysis 100
50
0
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

Strain

Fig. 6.19- S1- Comparison of load- strain curves
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S, Mises
(Avg: 75%)

510.464
467.985
425.505
383.026
340.546
298.067
255.587
213.107
170.628
128.148
85.669
43.189
0.710

Fig. 6.20- S1- Von Mises stresses on steel part

PE, PE33
(Avg: 75%)

Fig. 6.21- S1- Plastic strains on steel part along longitudinal axis

The load- deflection curves (figure 6.18) correlate quite well. The elastic behavior of the model
was simulated with high accuracy. The difference up to 125 mm (figure 6.18, point B), with
maximum value equal to 69 kN at a deflection of 79 mm (figure 6.18, point A), is mainly due
to the behavior of the concrete. The plastic behavior of the model is almost the same with the
test. The load- strain curves (figure 6.19) follow the experimental ones, but they differ at the
ultimate values. In figure 6.21, where the longitudinal nominal plastic strains are presented, it

appears that there are still areas in the web at the mid span where the plastic strains are zero
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(orange color). This means that the section is not fully plasticized providing a potential for
additional deformation. Also, it can be seen at figure 6.20 that the stresses on that area of the

webs are below the yielding stress of the steel (f.,= 416.22 MPa).

6.3.1.2 Specimen S11 (85.2.2)

1800
1600 B
1400 :
1200 A §
£ 1000 ’ §
B | |
S 800 ' :
Jhur| | i
600 Experimental results |
400 ' FEM analysis
200 ! |
0 " :
0 50 100 150 200 250 300 350 400 450 500
Deflection (mm)
Fig. 6.22- S11- Comparison of load- deflection curves
1800
1600
1400
1200
= Experimental results
< 1000
9 FEM analysis
o 800
-l
600
400
200
0
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 002 0.03 004 005 006 0.07 0.08

Strain

Fig. 6.23- S11- Comparison of load- strain curves
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S, Mises
(Avg: 75%)
487.899
447.397
406.896
366.395
325.894
285.393
244.892
204.390
163.889
123.388
82.887
42.386
1.884

Fig. 6.24- S11- Von Mises stresses on steel part

PE, PE33
(Avg: 75%)

Fig. 6.25- S11- Plastic strains on steel part along longitudinal axis

The load- deflection curves (figure 6.22) are quite similar. Initial stiffness of the model was close
to the stiffness of the test specimen. The maximum difference between the two curves is equal
to 216.21 kN at a deflection of 37.6 mm (figure 6.22, point A) and the difference at the
maximum deflection is 126.1 kN (figure 6.22, point B). The load- strain curves (figure 6.23) are
close to the experimental ones with different ultimate values. The Von Mises stresses are
presented in figure 6.24. Green colored areas at the webs of the mid span in figure 6.25 have

elastic behavior and therefore the section is not fully plasticized.
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6.3.1.3 Specimen S12 (85.2.3)

350
A
300 : B
250 : |
g 200
5 | i Experimental results
S 150 ; : ,
- | i FEM analysis
100 i |
50 E i
0 ' :
0 50 100 150 200 250 300 350 400 450
Deflection (mm)
Fig. 6.26- S12- Comparison of load- deflection curves
350
300
250
< 200
o
(383
S 150
Experimental results
100
FEM analysis
50
0
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
Strain

Fig. 6.27- S12- Comparison of load- strain curves
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S_ANTIALIASING, Mises
(Avg: 75%)

Fig. 6.28- S12- Von Mises stresses on steel part (View 1)

S_ANTIALIASING, Mises
(Avg: 75%)

Fig. 6.29- S12- Von Mises stresses on steel part (View 2)
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PE_ANTIALIASING, PE33
(Avg: 75%)

o ¢

Fig. 6.30- S12- Plastic strains on steel part along longitudinal axis (View 1)

PE_ANTIALIASING, PE33
(Avg: 75%)

Fig. 6.31- S12- Plastic strains on steel part along longitudinal axis (View 2)

The model for the specimen S12 has similar behavior with the one for S1. The difference on the
load- deflection curves is limited between the deflection values of 50-130 mm (figure 6.26, point
B) with highest value equal to 54 kN at a deflection of 81.5 mm (figure 6.26, point A). Again,
the elastic and plastic behavior seems to be the same. The load- strain curves (figure 6.27) follow
the experimental ones, with same maximum tensile values. For this model, because it is not
symmetric, contour images showing the distribution of Von Mises stresses (figures 6.28- 6.29)

and plastic strains (figures 6.30- 6.31) are provided for both sides.
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6.3.2 Type 3 sections

6.3.2.1 Specimen S6a (85.3.1)

900
800
700

g o
o O
o O

Load (kN)
N
8

900
800
700
600

Load (kN)
a1
3

0

A B
Experimental results | |
FEM analysis
50 100 150 200 250 300 350 400 450 500

Deflection (mm)

Fig. 6.32- S6a- Comparison of load- deflection curves

Experimental results

FEM analysis

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026
Strain

Fig. 6.33- S6a- Comparison of load- strain curves
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S_ANTIALIASING, Mises
(Avg: 75%)

640.544
587.204
533.864
480.524
427.184
373.844
320.504
267.164
213.823
160.483
107.143
53.803
0.463

Fig. 6.34- S6a- VVon Mises stresses on steel part

PE_ANTIALIASING, PE33
(Avg: 75%)

Fig. 6.35- S6a- Plastic strains on steel part along longitudinal axis

The load- deflection curves are very similar (figure 6.32). The yielding of the beam at the model,
begins in a smaller deflection value, but this difference is not more than 25 mm. The maximum
difference of the load is equal to 93.5 kN for a deflection of 69.3 mm (figure 6.32, point A). The
load difference at maximum deflection is 39.3 kN (figure 6.32, point B). The load- strain curves
(figure 6.33) are identical with the analytical ultimate value calculated really close to the
experimental one. The plastic strains have relatively small values and are not spread in a wide
area (figure 6.35) and so the VVon Mises stresses on at the middle span of the beam, as presented

in figure 6.34, have almost exceeded the yielding stress (f,= 393.49 MPa and f.,= 691.25 MPa).
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6.3.2.2 Specimen S6b (85.3.2)

900
800
700 §
600 :
500

400 Experimental results |!

Load (kN)

300 FEM analysis

200 |
100 |

0 50 100 150 200 250 300 350 400 450 500
Deflection (mm)

Fig. 6.36- S6b- Comparison of load- deflection curves

900
800
700
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500
400

Load (kN)

300 Experimental results

FEM analysis

200

100

0 0.004 0.008 0.012 0.016 0.02 0.024 0.028 0.032 0.036
Strain

Fig. 6.37- S6b- Comparison of load- strain curves
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S_ANTIALIASING, Mises
(Avg: 75%)

649.501

595.456

541.411

487.366

Fig. 6.38- S6b- Von Mises stresses on steel part

PE_ANTIALIASING, PE33

Fig. 6.39- S6b- Plastic strains on steel part along longitudinal axis

Same notes with the S6a can be made for S6b. As pointed in chapter 5.3.5, the difference in the
number of shear studs rows did not affect the overall behavior of the beams. This was observed
also for the FE model. Both load- deflection (figure 6.36) and load- strain (figure 6.37) curves
are very similar with analytical ultimate strain calculated really close to the experimental one.
The maximum load difference between the two curves is 61 kN and is located at the maximum
deflection (figure 6.36, point A). The propagation of the “plastic hinge” is small (figures 6.38
and 6.39) Green colored areas at the webs of the mid span (figure 6.39) have elastic behavior

and therefore the section is not fully plasticized.
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6.3.2.3 Specimen S7 (85.3.3)

1000
900
800
700 :
600 ! §
500 '
400 i !
300 ; Experimental results 5

Load (kN)

200 FEM analysis

100 § i

0 50 100 150 200 250 300 350 400 450 500
Deflection (mm)

Fig. 6.40- S7- Comparison of load- deflection curves
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200 i FEM analysis
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Fig. 6.41- S7- Comparison of load- strain curves
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S_ANTIALIASING, Mises
(Avg: 75%)
438.924
402.405
365.885
329.366
292.847
256.327
219.808
183.288
146.769
110.249
73.730
37.210
0.691

Fig. 6.42- S7- Von Mises stresses on steel part

PE_ANTIALIASING, PE33
(Avg: 75%)

ig. 6.43- S7- Plastic strains on steel part along longitudinal axis

The load- deflection curves are again very close (figure 6.40). The maximum load difference
(figure 6.40, point A) and the difference at the maximum deflection (figure 6.40, point B) are
95.5 kN (at 49 mm deflection) and 71.8 kN, respectively. The load- strain curves (figure 6.41)
are different up to a strain equal 0.006 (figure 6.41, point A), while the ultimate strain calculated
is really close to the experimental one. Von Mises stresses and plastic strains are presented in
figures 6.42 and 6.43, respectively. Green colored areas at the webs of the mid span (figure 6.43)

have zero plastic strains and still an elastic behavior.
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6.3.2.4 Specimen S8 (85.3.4)

1300
1200
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Fig. 6.44- S8- Comparison of load- deflection curves
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Fig. 6.45- S8- Comparison of load- strain curves
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S_ANTIALIASING, Mises
(Avg: 75%)
674.975

618.781
562.586
506.391

Fig. 6.46- S8- Von Mises stresses on steel part

PE_ANTIALIASING, PE33
(Avg: 75%)

Results of the last model of this section type had the best correlation with the experimental
data. The load- deflection curves (figure 6.44) and load strain curves (figure 6.45) are identical.
The ultimate calculated ultimate strain value was equal to 0.036, a little less than the
experimental ultimate stain measured 0.041. Like all the previous models, at the mid span, there
are areas of the web between the web holes (figure 6.47) that have zero plastic strain (green
color) and behave elastically. The Von Mises stresses (figure 6.46) on the top and bottom plate
at the middle of the span slightly exceeded the yielding stress of the steel beam (f.,,= 393.49
MPa).
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6.3.3 Type 4 sections

6.3.3.1 Specimen S9 (85.4.1)

1200 C.
1100 .
1000 - .
900 - :
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300 o ' Experimental results
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Fig. 6.48- S9- Comparison of load- deflection curves
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Fig. 6.49- S9- Comparison of load- strain curves
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S, Mises
(Avg: 75%)

667.696
612.160
556.624
501.089

Fig. 6.50- S9- Von Mises stresses on steel part

PE, PE33
(Avg: 75%)

Fig. 6.51- S9- Plastic strains on steel part along longitudinal axis

As can be seen in the load- deflection curve (figure 6.48) there is a difference at the load values
up to the deflection of 200 mm (figure 6.48, point A). The maximum difference is 192.8 kN and
is located at deflection of 88.65 mm (figure 6.48, point B). This value is equal to 17% of the
experimental load at that point. As explained in the chapter related to the experimental results
of type 4 beams (85.4.1), the two subsequent load reductions are due to the failure of the two
concrete ledges on the top part of the beams. The first impression given by the comparison of

the two curves is that this behavior was not properly predicted by the FE model. Figure 6.52
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and 6.53 show that these concrete ledges actually failed at the FE model. Processing of the
analytical results shows that the failure of both ledges begun simultaneously at a deflection of
about 75 mm (figure 6.48, point C). After the second reduction where the section able to carry
the load was diminished to the steel part, the concrete core and the concrete confined by the
open stirrups, the two curves are identical. For specified maximum deflection of 450 mm, the
FE model calculated a smaller strain (figure 6.49). Finally, Von Mises stresses and plastic strains

are presented in figures 6.50 and 6.51, respectively.

Fig. 6.52- S9- Deformation of the model

Fig. 6.53- S9- Deformed shape on FE model (left) and specimen at the end of the test (right)
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6.3.3.2 Specimen S10 (85.4.2)
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Fig. 6.54- S10- Comparison of load- deflection curves
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Fig. 6.55- S10- Comparison of load- strain curves
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Fig. 6.56- S10- Von Mises stresses on steel part

PE, PE33
(Avg: 75%)

Fig. 6.57- S10- Plastic strains on steel part along longitudinal axis

As can be seen in the load- deflection curve (figure 6.54) there is a difference at the load values
up to the deflection of 175 mm (figure 6.54, point A). The maximum difference is 201.5 kN and
is located at deflection of 82 mm (figure 6.54, point B). This value is equal to 15% of the
experimental load at that point. Figure 6.58 and 6.59 show that the concrete ledges of the
concrete plate failed. That happened simultaneously at a deflection of about 70 mm (figure
6.54, point C). After the second reduction where the section able to carry the load was

diminished to the steel part, the concrete core and the concrete confined by the open stirrups,
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the two curves are identical. Again, the model did not calculate and predict the strains at the
bottom plate of the steel beam for inelastic measured deformations. However, the elastic part
correlated very well with the experimental results (figure 6.55). Finally, Von Mises stresses and

plastic strains are presented in figures 6.56 and 6.57, respectively.

Fig. 6.58- S10- Deformation of the model

Fig. 6.59- S10- Deformed shape on FE model (left) and specimen at the end of the test (right)
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6.3.4 Average results

With the proper interpolation procedure, the average load- deflection and load- strain curves

were created. To do that, the curves for each specimen had to be transformed into “new” with

predefined deflection step. The average results are presented for each section type (load-

deflection curves in figures 6.60, 6.62, 6.64 and load- strain curves in figures 6.61, 6.63, 6.65).

Finally, an average load- deflection curve for all the specimens is presented (figure 6.66).

Load (kN)

Load (kN)

Type 2 sections

800
700
600
500
400
Experimental results
300 FEM analysis
200
100
0
0 50 100 150 200 250 300 350 400 450 500
Deflection (mm)
Fig. 6.60- Average load- deflection curves for Type 2 section beams
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Fig. 6.61- Average load- strain curves for Type 2 section beams
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e Type 3 sections
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Fig. 6.62- Average load- deflection curves for Type 3 section beams
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Fig. 6.63- Average load- strain curves for Type 3 section beams
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e Type 4 sections
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Fig. 6.64- Average load- deflection curves for Type 4 section beams
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Fig. 6.65- Average load- strain curves for Type 4 section beams
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e Total average results
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Fig. 6.66- Average load- deflection curves for all specimens

In figure 6.67 the error (%) and the difference between the experimental and analytical results

are presented. The formulas used for the calculations are the following:

Pexperimental_Panalytical

Residual = experimental ~— Panalytical and Error =

Pexperimental

The error is less than 5%. At the beginning of the curves up to a deflection of about 25 mm the
error seems to be quite high. The actual difference as can be seen in figure 6.66 is not so
significant (maximum 17 kKN) This can also be observed at the comparison of load deflection

curves in figure 6.66 where this difference is not noticeable.
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Fig. 6.67- Error (left) and residual (right) between the experimental and analytical load data
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In order to have a better estimation of the correlation between the experimental and analytical
results, coefficient of determination was calculated using Pearson’s formula [54]. The
coefficient of determination is used to explain how much variability of one factor can be caused
by its relationship to another factor and is represented as a value between 0 and 1. A value of
1.0 indicates a perfect match, and therefore a very reliable model for future predictions. A value
of 0, on the other hand, would indicate that the model fails to accurately model the data at all.
The closer the value is to 1, the better the relationship between the two factors. In this case the
coefficient is equal to 0.998. This proves that the FEM model can predict with high accuracy
the behavior of other beams with the same configuration. In figure 6.68 the almost perfect
correlation is presented graphically. In figure 6.69 the area of £5% error for the analytical values

is presented.
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Fig. 6.68- Correlation between the experimental and analytical values
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Fig. 6.69- Area of £5% error for the analytical values
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6.4 Sensitivity analysis

In order to demonstrate the effect of the concrete parameters, i) dilation angle and ii) K. factor,
there being the two concrete factors that mostly affected the behavior of the FE models, load-
deflection curves for different values of each factor are presented (figures 6.70- 6.73) for the

representative specimen Séa.

6.4.1 Dilation angle g

This factor has an effect on the strength of concrete (figure 6.70). At deflections where the
strains have exceeded the ultimate strain of concrete, approximately 100 mm, the contribution
of this factor is not so important. Higher angle values led to higher resistance. In order to
elucidate the effect of this factor an additional figure with a fraction of the load values is

presented (figure 6.71).
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Fig. 6.70- Load- deflection curves for different values of dilation angle
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Fig. 6.71- Load- deflection curves for different values of dilation angle, detail at peak resistance
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6.4.2 Kc factor

This factor had an effect at the overall behavior of concrete and its deformation capacity. Lower
factor values led to a bigger load shift when the beam entered the plastic zone. Figures 6.72 and

6.73 are the reciprocal of figures 6.70 and 6.71.
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Fig. 6.73- Load- deflection curves for different values of K, detail at peak resistance
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6.5 Additional investigation

An additional analytical investigation was conducted that reveals the importance of the lateral
protection provided by the external confined concrete to the steel webs, as this affects the global
behavior of the beam. The investigation was carried out on specimen S11. The tested cross-
section was used as a control model. The main alteration of the additional models was the lack
of external concrete. The parameter under investigation through this sensitivity analysis was
the thickness of the web plates. The cross-sections of the models are presented in figure 6.74.
Model 2 has the same steel profile as model 1 (web plate thickness equal to 6 mm in both
models). In model 3, two rebars with diameter 20 mm were welded above and below the web
holes at both sides. Finally model 4 has a thicker web plate with thickness equal to 8 mm. In

Table 6.3 the basic differences between the model are summarized.

Model 1 Model 2
4 ; )
o J i a T
- . f ) 4 4
2/ N

Fig. 6.74- Sensitivity analysis models
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Models

Model 1
Model 2
Model 3
Model 4

6.5.1 Model 1

Table 6.4- Details of the models

Reinforced Thickness of = Thickness of Welded
external top plate web plates rebarson
concrete webs

Yes 25 6 No
No 25 6 No
No 25 6 4D20
No 25 8 No

Model 1 was calibrated with the experimental data and, as mentioned before, was the control

model for the comparison with the other models. In figure 6.75, the displacements along the

transverse direction for the maximum deflection of 500 mm are presented. As certified from

the test, no buckling occurred at the top and web plates.
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Fig. 6.75- Transversal deformation of Model 1
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6.5.2 Model 2

When the maximum load was reached at a deflection of 42 mm (figure 6.76- Point A), the web
plates locally buckled at the loading area and a small reduction occurred at the load-deflection
curve. Afterwards, the model adopted a hardening behavior until a deflection of 250 mm when
the top plate buckled (figure 6.76- Point B) and the beam lost its ability to carry additional load.
The reduction in the load-deflection curve continued until the end of the analysis at a deflection

value equal to 500 mm (figure 6.76- Point C).
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Fig. 6.76- Transversal deformation of Model 2
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6.5.3 Model 3

Model 3 exhibited similar behavior with model 2. At a deflection of 50 mm (figure 6.77- Point
A), the web plates buckled. In this case the compressive stresses were distributed to a wider area
and the extent of the buckling was larger because of the rebars contribution. Therefore, the
reduction of the load was small and immediately a plastic behavior with hardening began.
Eventually, at a deflection of 325 mm (figure 6.77- Point B) the top plate buckled which caused
strength degradation and failure of the beam. The analysis stopped at a deflection of 500 mm

(figure 6.77- Point C) where the buckling of the top plate is more obvious.

Load-deflection curve Point A
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Fig. 6.77- Transversal deformation of Model 3
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6.5.4 Model 4

The beam of the fourth and final model buckled as in the previous models. Nevertheless, this
model displayed a better behavior than models 2 and 3. The local buckling on the webs
occurred at the yielding point, at a deflection of 48 mm (figure 6.78- Point A). The post-yielding
behavior consisted of an ascending branch with constant slope up to a deflection of 450 mm
(figure 6.78- Point C) where the top plate buckled. At that point and for the next 50 mm until

the end of the analysis, the load began to decline (figure 6.78- Point C).
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Fig. 6.78- Transversal deformation of Model 4
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6.5.5 Comparison of the results

In figure 6.79 the comparison of the load-deflection curves of all four models is presented. All
models without external reinforced concrete buckled locally. Initially, buckling appeared at the
web plates and this subsequently led to the buckling of the top plate. Results showed that when
the web plates were “stronger” the global behavior of the beams was improved and buckling of
the top plate occurred at a higher deflection value. Nonetheless, risk of buckling is eliminated
completely only when the webs are restrained to move laterally. This lateral restrain is provided

by the reinforced external concrete part and the confinement due to stirrups.
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Fig. 6.79- Comparison of load- deflection curves

254



Seismic design of office building

In the present chapter, a design of a building, which is meant to house offices, is presented. Two
different analyses were conducted and compared. In the first one Deltabeams were used, while
the second one made use of reinforced concrete beams with monolithic concrete slabs. It
should be noted that not all the steps of an in-detail design are included in this presentation, as
this would be out of the scope of this investigation. Nevertheless, the complete procedure and

all the instructions of the related Eurocodes were thoroughly followed and applied.

7.1 Description of the building

The initial architectural plan view of a typical level of the building is presented in figure 7.1. Its
length is 21.25 m and its width 17.80 m. The clear height between each level is 3.00 m, a factor
that is decided to remain constant between the two design models, as usually for offices it is

vital for their proper functionality.
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The equivalent model used for the building design is shown in figure 7.2. Slight modifications

were made in order to simplify the design models.

K1 B1 K2 B2 K3
2
B11 B14
B3 K4 B4 K5
B10 222 vz
B12 B15
B5 B6 K7 B7
K6 2
B13 7
7
B8 BY

K8

K9

Fig. 7.2- Plan view of the design model

7.2 Details for the seismic design

K10

The site of the building is located to the seismic zone with a design ground acceleration value

equal to 0.16g. The ground type chosen was type B. According to Table 5.1 of EN 1998-1:2004

the behavior factor for the calculation of the horizontal design component was chosen equal to

3.0. Correspondingly, the behavior factor used to create the design spectrum curve for the

vertical component was chosen equal to 1.5. The calculated horizontal and vertical response

spectrum curves are shown in figure 7.3.
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Fig. 7.3- Response spectrum curves for the horizontal (left) and vertical (right) seismic components
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7.3 Description of the models

7.3.1 Analysis using Deltabeams

As explained in § 4.2, Deltabeams are connected to the vertical shear walls in such a way that
only vertical forces can be successfully transferred from the beams to the walls. So, practically,
the Deltabeams should only be designed against the static combination of permanent and live
loads. The design of this building was divided into two parts. Initially, the model was created
in “Peikko Designer Deltabeam” [55], a software especially created for the design of Deltabeams
by Peikko. Subsequently, the same model was created in SAP2000 [56] for the design of the

shear walls. The procedure and the models are described in detail in the following sections.

7.3.1.1 Design of Deltabeams

A model was created, according to the plan view shown in figure 7.2, in order to design the
Deltabeams (figure 7.4). The beams are modelled as simply supported under static loads and,
thus, only the analysis of a typical level is required. At the first stage, when the beams are
connected to the walls, they are behaving as steel beams. Afterwards, in stage two, hollow core
concrete slabs are placed on the ledges of the bottom plate of the beams. Finally, the third stage
includes the addition of a concrete layer (topping) above the beams and the slabs.
Consequently, checks were made for all stages of construction. The beams were checked and

designed against moment and shear loads, fire and for the serviceability limit state.

The thickness of the hollow core slabs and the concrete topping was 200 mm and 80 mm,
respectively. The geometry of the Deltabeams is presented in detail in Table 7.1. In Table 7.2,
the bending resistance and the capacity ratio are presented. The grade of the concrete used for
the infill of Deltabeams and the topping layer was C30/37, while the concrete grade of the

hollow core slabs was C50/60. The structural steel grade of the Deltabeams was S355.
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Fig. 7.4- 3D view of model in Pelkko Designer

Table 7.1- Geometry of Deltabeams

Top Top Bottom | Bottom Web Concrete

plate plate plate plate plate D.B topping To_tal
Beam | Deltabeam | Lo | thickness | width | thickness | thickness ?ﬁ:g:‘)t height ?ﬁ:g:‘)t

(mm) (mm) (mm) (mm) (mm) (mm)
B1 DR30-270 180 14 390 7 5 300 80 380
B2 DR20-245 180 14 365 7 5 200 80 280
B3 D30-400 230 25 660 14 5 300 80 380
B4 D22-400 270 16 660 12 5 220 80 300
B5 DR20-245 180 10 365 5 5 200 80 280
B6 D20-400 278 10 660 8 5 200 80 280
B7 D22-400 270 16 660 10 5 220 80 300
B8 DR20-245 180 10 365 5 5 200 80 280
B9 DR25-260 180 10 380 5 5 250 80 330
B10 | DR32-285 180 30 405 16 6 320 80 400
B11 D20-400 278 10 660 5 5 200 80 280
B12 D20-400 278 10 660 5 5 200 80 280
B13 D20-400 278 10 660 5 5 200 80 280
B14 | DR20-245 180 10 365 5 5 200 80 280
B15 | DR20-245 180 10 365 5 5 200 80 280

258




Chapter 7 Seismic design of office building

Table 7.2- Bending resistance and capacity ratio

Beam Deltabeam Design Moment Bending Resistance Capacity ratio

(kNm) (kNm) (%)
B1 DR30-270 413.4 486.15 85.0
B2 DR20-245 211.8 276.86 76.5
B3 D30-400 809.6 952.52 85.0
B4 D22-400 410.7 561.47 73.1
B5 DR20-245 76.3 182.66 418
B6 D20-400 231.4 405.06 57.1
B7 D22-400 518.9 555.86 93.4
B8 DR20-245 65.5 182.63 35.9
B9 DR25-260 217.8 304.16 716
B10 DR32-285 822.5 882.36 93.2
B11 D20-400 66.3 297.82 22.3
B12 D20-400 67.5 297.82 22.7
B13 D20-400 26.9 297.82 9.0
B14 DR20-245 36.1 182.63 19.8
B15 DR20-245 36.7 182.63 20.1

7.3.1.2 Design of the concrete shear walls

As mentioned previously, the second step of the design was to create the same model with the
selected Deltabeam sections in SAP2000 and proceed with the design of the shear walls. The
model consisted of ten storeys as presented in figure 7.5. In Table 7.1, it is seen that the
maximum total height of Deltabeams is 0.38 m. Keeping the clear height between levels
constant and equal to 3 m, leads to a storey total height equal to 3.4 m. The total height of the
model is 34 m. The base nodes of the frames used to simulate the shear walls were fixed,

restrained to move or rotate along any direction.

Fig. 7.5- 3D view of model in SAP2000
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> Deltabeams

To import Deltabeams as a section property for the frame objects simulating beams, Section
Designer was used. Section Designer is an integrated utility built into SAP2000 that enables
modeling and analysis of custom cross sections. The cross sections were created with steel S355

as the base material and two typical examples are presented in figure 7.6.

Fig. 7.6- Typical cross sections of Deltabeams in SAP2000 Section Designer

> Concrete shear walls

The dimensions and the area of vertical reinforcement of the concrete shear walls are described
in Table 7.3. Each wall was modeled with a line element at its central axis (figure 7.7). The cross
sections of these elements, which were also created with the Section Designer utility, have the

actual geometry and reinforcing details of the corresponding wall (figure 7.8).

Table 7.3- Details of concrete shear walls

. Vertical
Wall Length Width reinforcement
(m) (m) Asy (cm?)
K1 1.80 0.45 137.44
K2 1.80 0.45 169.90
K3 2.00 0.45 117.81
K4 1.80 0.45 117.81
K5 2.10 0.45 197.04
K6 1.80 0.45 137.44
K7 1.00 0.45 49.09
K8 4.80 0.45 221.67
K9 2.00 0.50 197.04
K10 4.80 0.50 246.30

260



Chapter 7 Seismic design of office building

Beam Rigid Rigid Beam
element element element element
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‘ for wall ‘
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Fig. 7.7- Structural model used for the design of shear walls

Fig. 7.8- Typical cross sections of concrete walls in SAP2000 Section Designer

The rigid elements have the same cross section with the adjoining beams. Their mass and
weight were set to zero in order to avoid consideration of their mass twice in the analysis. For
each Deltabeam, the moments along both directions at both ends (connection nodes with rigid
elements) as well as the torsion at one end were released to simulate the behavior of a simply

supported beam.

> Concrete slabs

An equivalent cross section was used for the concrete plate because of the lack of hollow core
slabs in the section types selection list of SAP2000. A thick plate element with thickness equal
to 0.194 m was defined, in order to have equal mass with the “original” one. In addition, a
modifier equal to 2.41 was used to adjust the bending stiffness of the plate. A specific diaphragm
constraint was not assigned at the nodes of each level, because it was considered that with the
use of the selected plate type, the contribution of the diaphragm action could be estimated by

the analysis.
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7.3.1.3 Results

Response Spectrum analysis was conducted using the first 100 modes to calculate the seismic
loads. The eigenperiods of the first three modes as well as the modal mass participating ratios
along each direction is included in Table 7.4. Additionally, the sum of all the ratios is calculated
for all the modes. For the two horizontal directions and the rotational one along the vertical
axis, the total participating ratios are higher than the required 90%. The modal shapes for the

first three modes are presented in figure 7.9.

Table 7.4- Modes and mass participating ratios

Mode Period (sec) UXx Uy uz RX RY RZ
1 1.275 0.753 0.002 0.000 0.001 0.190 0.001
2 1.175 0.002 0.668 0.000 0.259 0.000 0.006
3 0.962 0.001 0.009 0.000 0.002 0.000 0.688

Total | Using 100 modes 0.980 0.977 0.773 0.882 0.859 0.960

—
el
el |

< ——Z
e
—

Mode 1 Mode 2 Mode 3

Fig. 7.9- Modal shapes for the first three eigenmodes

In the following Table 7.5 the design axial loads, the M2 and the M3 design moments of the
critical combination are included for each vertical element. Furthermore, in the last column
the maximum P-M-M interaction ratio is presented, which, as can be observed, is smaller than
one for all elements, meaning that the criteria for the combination of axial load and moments
is fulfilled. It should be noted that the design is not the optimal but an initial attempt to prove

that this system with the proper beam-to-column connection can carry successfully seismic
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and static loads. Hence, the dimensions of the walls were decided to be the same with the initial

drawings, even though there is possibility for their reduction as shown from the analysis.

Table 7.5- Maximum design loads and P-M-M interaction ratio

Shear reinX‘zrrthg?r:ent Axial Load Moment Moment Inl':c)(;:\z/lic-:'t\i/lon
wall A (cm?) P (kN) M2 (kNm) = M3 (kKNm) ratio
K1 98.17 -4336.17 377.71 -65.81 0.262
K2 98.17 -3364.15 1297.36 38.38 0.291
K3 98.17 -2234.10 914.22 -19.86 0.291
K4 98.17 -9797.73 22.26 2.87 0.563
K5 98.17 -3461.19 1907.09 -24.04 0.297
K6 98.17 -3697.73 81.83 -43.96 0.232
K7 49.09 -5000.81 84.48 4.20 0.521
K8 221.67 -6149.72 3707.53 46.45 0.329
K9 137.44 -2434.99 812.19 23.75 0.283
K10 246.30 -3668.31 10509.24 -98.74 0.335

7.3.2 Analysis using concrete beams

7.3.2.1 Design of the building using SAP2000

In this case with the common concrete beams only one analysis was conducted with SAP2000.
The geometry of the walls and the reinforcement remained the same with the previous analysis.
Again, for simplicity, one cross section was used for the beams which was calculated based on

the loads of the most critical one.

» Concrete beams
The cross section of the beams was designed in Section Designer (figure 7.10). The height and
width of the beam were 0.7 m and 0.35 m, respectively. As longitudinal reinforcement 12 bars
with diameter of 18 mm (As=30.54 cm?) were used for both bottom and top faces. The selection
of these dimensions led to a new storey height equal to 3.7 m. As a result, the model consists of

nine storeys and a total height of the building is equal to 33.3 m.
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Fig. 7.10- Cross sections of concrete beams in SAP2000 Section Designer

7.3.2.2 Results

Once more, Response Spectrum analysis was used with the first 100 modes to calculate the
seismic loads. The eigenperiods of the first three modes as well as the modal mass participating

ratios along each direction is included in Table 7.6.

The sum of all the mass participating ratios is presented in the last line of the Table 7.6. For all
directions the total participating ratios are higher than 90%. The mode shapes for the first three

eigenmodes are presented in figure 7.11.

Table 7.6- Modes and mass participating ratios

Mode Period (sec) Ux Uy uz RX RY RZ
1 0.949 0.065 0.640 0.000 0.210 0.014 0.004
2 0.907 0.720 0.058 0.000 0.021 0.160 0.002
3 0.683 0.001 0.009 0.000 0.001 0.000 0.730

Total = Using 100 modes | 0.990 0.990 0.900 0.940 0.930 0.970
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Model 1

Mode 2

Fig. 7.11- Mode shapes for the first three eigenmodes

Mode 3

In Table 7.7, similar to the previous analysis, the design axial loads, the M2 and the M3 design

moments of the critical combination are presented for each vertical element. Furthermore, the

maximum design axial loads, the M2 and the M3 design moments of the most critical beam are

included. Again, the checking of the design was conducted in terms of the P-M-M interaction

ratio.

Table 7.7- Maximum design loads and P-M-M interaction ratio

Element rtl;?nr}?;:(lzjedr:wn:rlu ¢ Axial Load = Moment Moment Infe-lr\gu-:iiﬂon
name As (cm?) P (kN) M2 (kNm) | M3 (kNm) ratio
K1 98.17 -4074.35 916.99 -80.20 0.285
K2 98.17 -4679.06 1425.94 51.39 0.360
K3 98.17 -3208.15 400.33 -31.74 0.395
K4 98.17 -2962.35 110.01 33.73 0.632
K5 98.17 -325.39 427.01 -259.47 0.330
K6 98.17 -199.57 836.04 125.91 0.281
K7 49.09 -4795.71 82.26 2.39 0.500
K8 221.67 -6527.23 7558.45 107.02 0.292
K9 137.44 -3320.12 2268.62 39.96 0.302
K10 246.30 -4515.51 9447.81 -127.24 0.386
Beam 61.08 -1244.85 21.37 -409.66 0.957
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7.4 Comparison of the results

Processing of the results and comparison between the two analysis reveal some interesting
conclusions. Primarily, the major difference is located at the number of storeys. The model
with Deltabeams consists of 10 storeys with a total height 34.00 m, in contrast to the 9 storeys

of the model with the concrete beams and a total height equal to 33.30 m.

As expected, the building with the monolithic frames was stiffer than the one with the
Deltabeams. The increase of the stiffness, and thus the reduction of the eigenperiods, is
important because it can lead to higher seismic loads. The comparison of the three first modes
is shown in Table 7.8. Furthermore, the direction of the first two modes changed as can be

observed by the mass participation ratios in Tables 7.4 and 7.6 for the model with Deltabeams.

The ratios of the modal mass participating in the seismic response for both models were almost
the same and only the sum values of the second model were higher for the first 100 modes.
Finally, a different distribution of the loads was observed because of the different static system
between the two models. Nevertheless, no great differences appeared in the P-M-M interacting

ratios.

Table 7.8- Comparison of eigenperiods between the two models

Period (sec)

Mode Deltabeams = Concrete beams Difference (%)
1 1.275 0.949 25.57
2 1.175 0.907 22.81
3 0.962 0.683 29.00

7.5 Application of the current research

To implement the findings of the described research a model was created to calculate the
bending resistance of the reinforced Deltabeams with the method of plastic rigid analysis. As
explained in Chapter 2 (82.1.2.1), external loads are distributed to the individual parts of the
cross-section according to their resistance, given that the cross-section is Class 1 or 2 and full

interaction exists between the individual parts.
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The most common method to calculate the plastic flexural resistance is to divide the cross-
section into smaller rectangle shapes with thickness equal to Az. Each shape corresponds to an
area AAi = biAz;, according to the width of the shape, and to one ultimate stress f; relative to the

material. The bending moment relative to the neutral axis is:
AML' = AAifi(Zi - ZO)

where z, and z; are the distances of the neutral axis and the central axis of each shape from the

outer fiber, respectively.

The final bending resistance is the sum of these individual moments.

My ra = Z AM;

The initial section is substituted by an equivalent one. The partition of the cross-section to

shapes according the varied materials is presented in figure 7.12.

;
i
}g'
H
UHL

Azi

Fig. 7.12- Equivalent section for the calculation of plastic flexural resistance
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In order to validate the model, the resistance of the tested specimens, described in detail in
Chapters 4 and 5, was calculated using the true material strengths instead of the characteristic
ones and all design factors were taken equal to one. Afterwards the calculated values were
compared with the experimental curves. Comparison of the results is shown in the following

figures 7.13- 7.16. The blue horizontal line is the one calculated using the numerical model.
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Fig. 7.13- Comparison of the numerical and experimental results for Type 1 specimens
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Fig. 7.15- Comparison of the numerical and experimental results for Type 3 specimens
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Fig. 7.16- Comparison of the numerical and experimental results for Type 4 specimens

The good correlation of the calculated results with the experimental ones validates the accuracy

of the numerical model. The next step will be to update the cross-sections of the Deltabeams

used in the first building (87.3.1), to a type 3 (figure 7.12 top) cross-section in such a way that

smaller Deltabeams will be able to carry the same loads. It should be noted that these

calculations refer only to the flexural design of the beams and not to additional load cases like

shear or fire. The intention is to demonstrate the potential of this new reinforced configuration.

The new Deltabeams are presented in Table 7.9. In Table 7.10 the flexural plastic resistances

for both cases in conjunction with their heights are shown. With the use of the reinforced

sections the total height of each storey is reduced from 3.4 m to 3.33 m leading to a reduction

of the total height equal to 0.7 m.
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Beam | Deltabeam

B1
B2
B3
B4
B5
B6
B7
B8
B9

B10

B11

B12

B13

B14

B15

Beam

B1
B2
B3
B4
B5
B6
B7
BS
B9

B10

B11

B12

B13

B14

B15

DR22-250
DR20-245
D22-400
D20-400
DR20-245
D20-400
D20-400
DR20-245
DR20-245
DR25-260
D20-400
D20-400
D20-400
DR20-245
DR20-245

Table 7.9- New cross-sections of Deltabeams

Top Top
plate plate
width | thickness

(mm) (mm)
180 10
180 14
230 14
270 10
180 10
278 10
278 10
180 10
180 10
180 20
278 10
278 10
278 10
180 10
180 10

Bottom | Bottom
plate plate

width | thickness

(mm) (mm)

370
365
660
660
365
660
660
365
365
380
660
660
660
365
365

5

(G2 RENG RN RENG, RENS 2NN RN RN

[y
(S}

ol o1 o1 O1] O

Web
plate
thickness
(mm)

ol o1 ool O o101 01 O1] O1 01 O O1 O1] O1

height
(mm

DB

)

220
200
220
200
200
200
200
200
200
250
200
200
200
200
200

Concrete

toppin

height

(mm)
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80

Table 7.10- Comparison of the deigned beams with the strengthened ones

Design

Moment

(kNm)
413.4
211.8
809.6
4107
763
231.4
518.9
65.5
217.8
822.5
66.3
675
26.9
36.1
36.7

Deltabeam

DR30-270
DR20-245
D30-400
D22-400
DR20-245
D20-400
D22-400
DR20-245
DR25-260
DR32-285
D20-400
D20-400
D20-400
DR20-245
DR20-245

Total

height

(mm)
380
280
380
300
280
280
300
280
330
400
280
280
280
280
280

Bending
Resistance
(KNm)
486.15
276.86
952.52
561.47
182.66
405.06
555.86
182.63
304.16
882.36
297.82
297.82
297.82
182.63
182.63

Deltabeam

DR22-250
DR20-245
D22-400
D20-400
DR20-245
D20-400
D20-400
DR20-245
DR20-245
DR25-260
D20-400
D20-400
D20-400
DR20-245
DR20-245

Total
height
(mm)

300
280
300
280
280
280
280
280
280
330
280
280
280
280
280

Total
9 | height
(mm)
300
280
300
280
280
280
280
280
280
330
280
280
280
280
280

Bending
Resistance

(kNm)
436.33
412.46
839.19
667.80
279.20
507.20
612.44
279.20
344.01
886.07
429.83
429.83
429.83
279.20
279.20
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Summary and conclusions

8.1 Short summary

Deltabeam is a slim-floor composite beam that is integrated into a floor. It is designed to be
used as structural element combined with all general concrete slab types: hollow-core slabs,
filigree slabs, composite steel decking, trapezoidal steel decking slabs and cast-in-situ concrete
slabs. Deltabeams act as steel beams before the infill concrete has reached the required strength.
After placement of the slabs, the beams are completely filled with concrete on-site through
regularly spaced web openings; thus forming a composite structure after the concrete has
hardened. Shear resistance of the composite cross-section is considerably higher than that of
the steel part because of the contribution of the core concrete. Multiple fire tests have proven
Deltabeam to have an excellent fire resistance (rate higher than R180). These resistance values
depend on the thickness of the bottom plate and the number of fire rebars placed inside the
boxed core of the beam. The fire rebars compensate the strength loss of the bottom plate,

meaning that additional external fire protection is not normally needed.

Deltabeams can be used as single-span beams or in multi-span beam construction. In multi-
span beam construction, Gerber connections are used to connect the beams. Connection of
Deltabeams with columns is currently achieved with corbels or with bolts and welds at the top
of a column. In that way only vertical reactions can be successfully transferred to the vertical

structural elements from the beams.

The ultimate goal of the current project is to create a full moment frame that will provide

adequate ductility and resistance in order to be used for designs against seismic loads or column
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loss scenarios. In this dissertation, the first part of the project, which is related to the
investigation of the positive (sagging) bending resistance of the beams, was presented. The
experimental part of this investigation consisted of 13 specimens with various geometry and
reinforcing details. The 3-point bending tests were conducted in the Institute of Steel Structures

of NTUA.

The experimental set-up consisted of a test rig, a computer controlled hydraulic cylinder and
test specimens. The supports were specifically designed and fabricated for these tests in order
to represent “hinged” supports. The distance between the central axes of the supports was 7200
mm. The maximum load capacity of the actuator was 2.5MN and its maximum stroke 500 mm.
The load was introduced to the specimen by means of a rigid construction. Deflection at
middle-span, strains at bottom and top flanges, slips between steel and concrete and rotations
of the specimens were monitored throughout the tests. Also, test frame and supports were
constantly monitored with LVDTs to take into account unwanted displacements and

settlements.

The loading of the tests was displacement-controlled. Two loading protocols were used. The
loading protocols were divided in three parts. The first part included three (3) cycles at
serviceability displacements 27 mm, which is approximately L/260. The second and third parts
included monotonical loading with two different speeds up to the end of the tests. The
specimens were divided in four types regarding the detailing of their section. With these four
types, various parameters, such as different steel profiles, reinforcing details, arrays of shear

studs and concrete shapes were investigated during the experiments.

Type 1 sections were the least reinforced specimens and represented the common
configuration of the beams. This factor had a greatly influential effect on their behavior. When
maximum load was reached, failure occurred. The concrete under compression was crushed
due to the lack of longitudinal and transversal reinforcement and that led to buckling of the
web and the top plates. All specimens of type 2 sections had a hardening behavior. Strength

was maintained until the end of the tests. It should be noted that all tests of type 2 were
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terminated at a deflection of 450 mm because the maximum stroke of the actuator was reached.
Specimens at the end of the tests were in perfect condition. The concrete did not crash because
of the confinement produced by the stirrups. This behavior leads to the conclusion that even
higher displacement values could be reached. The tests with the Type 3 sections also manifested
hardening behavior. Again, the tests were terminated at the maximum displacement capacity
of the actuator at approximately 450 mm. These specimens represented the combination of
Deltabeam with precast prestressed HC floor with structural topping. The small strength
reductions that appeared at the load-deflection curves indicated the failure of the thin concrete
ledges of the structural topping. Then, the strength remained constant until the end of the tests
providing again an overall ductile behavior. The core part of the section was maintained in

perfect shape due to confinement provided by the open stirrups.

The finite element analysis software Abaqus was used to simulate the behavior of the beams.
This analytical investigation was conducted for Type 2, 3 and 4 specimens. The models were
assembled by five parts; one for concrete, one for the steel beam, one for the reinforcement and
two rigid parts to simulate the supports and the loading plate. In order to develop a finite
element mesh for the concrete and the steel parts, linear hexahedral elements with reduced
integration (C3D8R) were used. Accordingly, reinforcement bars were modelled with linear
truss elements (T3D2). Load- deflection curves were obtained and compared with the
experimental results. The experimental and analytical curves correlated well. Subsequently,
using the proper interpolation procedure, the average curves for experiments and FE models
were created. The resemblance of these two curves indicated that the models with this

configuration can predict with substantial accuracy the behavior of the beams.

Finally, a design of a building, which was meant to house offices was presented. Two different
analyses were conducted and compared. In the first one Deltabeams were applied while the
second one was conducted with reinforced concrete beams. To implement the findings of the
current research a model was created to calculate the bending resistance of the reinforced

Deltabeams with the method of plastic rigid analysis. The next step was to update the cross-
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sections of the Deltabeams used in the building with a new cross-section in such a way that

smaller Deltabeams would be able to carry the same loads.

8.2 Conclusions

The main conclusions of this dissertation can be summarized as follows:

The small number of publications related to shallow floor beams subjected to bending
loads combined with the lack of any reference or design guidance on Eurocodes as well
as the numerous possibilities and combinations of steel sections and shapes, indicates

that this topic should be investigated more extensively.

The experimental results showed that Deltabeams, in conjunction with proper steel
reinforcement exhibit a highly ductile behavior. The slips between concrete and
structural steel were very small and the integrity of the specimens was maintained up

to the end of the tests.

Specimens with the same cross-section and different number of shear studs rows
demonstrated the same behavior, meaning that the shear connection between steel and

concrete was full and the additional row of shear studs did not affect the results.

Nine finite element models were created and calibrated with the experimental data.
Correlation between the experimental and analytical results was very good, with a
difference less than 5%. The coefficient of determination (R?) was equal to 0.996,
validating the model as a very dependable one for further predictions of similar

composite beams.

A sensitivity investigation was conducted related to the dilation angle v and the K.
factor, the two concrete factors that mostly affected the behavior of the FE models.
Dilation angle affected the strength of concrete with higher values leading to higher
loads. At deflections where the strains have exceeded the ultimate strain of concrete the

contribution of this factor is not significant. The K. factor had a major impact on the
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8.3

overall behavior of concrete and its deformation capacity. Lower factor values led to a

bigger load shift when the beam entered the plastic zone.

An additional analytical investigation was conducted that revealed the importance of
the lateral restriction to movement provided by the external confined concrete to the
steel webs which affects the global behavior of the beam. All models without external
reinforced concrete buckled locally. Initially, buckling appeared at the web plates that
subsequently led to buckling of the top plate. Results showed that when the web plates
were thicker, and thus had a greater resistance, the behavior of the beams was better
and buckling of the top plate occurred in a higher deflection value. Nonetheless, risk of
buckling is eliminated completely only when the webs are restrained to move laterally.
The lateral restrain is provided by the reinforced external concrete part and the

confinement due to stirrups.

Deltabeams were successfully used as simply supported beams for the seismic design of
an office building. Comparison of the results with a second model made by
conventional monolithic concrete frames revealed the beneficial effect of the swallow
floor construction, since, because of the lower height of Deltabeams, there was space
for ten storeys instead of nine of the construction with the concrete beams for the same

total height.

Concise list of proposed future work

The first part of the ongoing project to create a full moment frame using Deltabeams
has been successfully concluded. The next step of the research should be the
experimental and numerical investigation of the flexural behavior of Deltabeams under
negative (hogging) moments for the critical areas near the beam-to-column
connections. Finally, a moment connection must be designed in order to ensure that
stability, ductility, robustness and redundancy levels requested by Eurocodes for

extreme cases like earthquake loading and column loss scenarios are achieved.
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2. Chapter 7 revealed that it is possible to use Deltabeams as simply supported beams in
conjunction with strong vertical elements in designs accounting for earthquakes.
Consequently, the beam-to-column connection must be thoroughly investigated both

experimentally and analytically.

3. The calibrated finite element models can now be used for an in-depth investigation of
aspects and factors (confinement of core concrete, interaction between concrete and
steel, shear connection, forces acting at the web-holes of the beams, stress and strain
distribution etc.) that couldn’t be measured during the tests. That knowledge is
important for the comprehensive understanding of the performance of these beams

under a rage of loading conditions.
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