EONIKO METZOBIO NOAYTEXNEIO

ZXOAH MOAITIKQN MHXANIKQN - TOMEAZ NEQTEXNIKHZ

Hpwwv NMoAuTexveiou 9, MoAuTtexveiounoAn Zowypagou 157 80
TnA: 210 772 3780, Fax: 210 772 3428,

e-mail: gbouck@central.ntua.gr www.georgebouckovalas.com

NMPA=H:

«OAAHZ- EMM: NPQTOTYMNOZ 2XEAIAZMOZ BAOPQN
FE®YPQN 2E PEY2TOMNOIHZIMO EAA®O2 ME XPHZH
®YZIKHZ 2EIZMIKHZ MONQZHZ»

MIS 380043

EnioTnHovikoG YneuBuvog: Kab. I MMTOYKOBAAAZ

APAZH 8
Epapuoyin o€ XaAuBoivn Kalwdiwrn lepupa
NAPAAOTEA:

ﬂporunq MeAeTn yia XaAuBoivn KaAwoiwrtn e sqpupa

SUYKpITIKI) afloA oynon evavri ouuBarikiG
HEBoAoyiacg oxedraouou (118p3)

IoUviog 2015
? EMIXEIPHEIAKO MPOTPAMMA
7 EKTAIAEYZH KAI AIA BIOY MAGHEH 5 EXNA
: : £névduen Geny uovwvia Tn YVWon .
N = @ T

YNOYPTEID MAIAEIAZ & BPHEKEYMATON, MOAITIZMOY & ABAHTIZMOY

Ei iK6 K 6 Tapei
ORI IO ME ™ ouyxpnparodotnon ¢ EAAadac kai tng Evpwnaiknig Evwong



mailto:gbouck@central.ntua.gr

EKTENHZ NEPIAHWH

EIZArQrH

H napolUoa Texvikn 'EkBean anoteAei To MapadoTteo M8B Tng Apdong (Empépouc Epyaaiac) A8
Tou EpeuvnTikoU MpoypdupaTog Je TiTAO:

OAAHZ-EMN (MIS 380043)

MpwToTUNOG ZXEd100UOG BaBpwv Mepupmv o€ PeuoTonoinoipo ‘Edagog pe Guoikn
Zeiopikn Movmon

he Xuvtoviotn (Epeuvnmikd YneUBuvo) Tov lewpyio MnoukoBdha KaBnynty EMM, kai pe
EmoTtnuovikd YneUBuvo Tng Apaong A8 Tov Xapn ravteé, Kabnyntn EMN.

JUYKEKpPIYEVA, N ev Noyw Apaon A8, Ye TiTAo:
"Eappoyn o XaAupdivn (KahwdiwTr) MEpupa”

apopd oTnv €@apuoyr Kal OUYKPITIK a&loAoynon Tng npoTelvodevnG veag pebBodoloyiag
oxediopoU os XaAUBdIVN YEPUPA, EVK TO AVTIKEIMEVO TOU ev Adyw napadoTéou MeplypaPeTal
OTNV EYKEKPIMEVN EPEUVNTIKN NPOTACN WC AKoAOUBWC:

"O okorioc ¢ Epeuvntikiic Ouddac eivar va OIEPEUVIIOE! Tn OuvaToTnNTa EPAPUOVIIC TNG
MIPOTEIVOUEVNG LIEBODOAOYIaC oxediaouioU Kal Ta MPOTEPHUATa EVavil ouuBaTikwv LEBOOwv
axediaoyoy yia TNV MEPINTWOT) UIAS KAAWOIWTIIC YEQUPAS, LE XAAUBOIVOUC nUAWVES kai
OUULIKTO KAaTdoTpwua. AUTOC O TUMOC YEQUPAS, av Kal &ivai AMyoTepo OIadsd0UEVOS OTNV
EAMadda, propel va anoTeAeoel pia TEYVIKG Kal OIKOVOUIKG KAAUTEpN AUON O NEPITTWOEIS
YEQUPWV LIECAIWV-LEYAAWY avolyudTwV avdueoa ora peoopaboa (n.x. peyalutepa ano 80m).
lMapdlAnAa, napouoidler OUYKEKPIUEVEC I0IQITEPOTNTEG OE OXEON ME TIC YEQPUPEC aro
OKUPOOELA TwV Apdoewv 6 kai 7, A0y Twv dIGPOPETIKWY UAIKWV KaTAOKEUI¢ aAAd kar AOyw
TING 10 EUKAUITIG AriOKPIOTC, ) 0r1oia Uropel va oonyrnoel o€: (a) AlyOTEpo auarnpd KpiTrpia
EMITEAEOTIKOTNTAG PACEI TWV EMTPENOUEVWV LETAKIVIIOEWY TG Beuelimwong alAd eniong (B)
avéavouevo KIVOUVO OUVTOVIOLIOU Tou QOPed TG avwdouric kard Tn Asmoupyia Tou
PEUCTOINOINUEVOU E0APOUC WG «PUOIKOU» OUOTIIUATOC OEICLIKIIC HOVWOTIG,

O1 KUpIEG OpaoTnpIoTNTEG nou 6Ba rpenesl va rnpayuaronoinBouv yia Tnv oAokArnpwon auTric ng
Apadong eivai o1 akoAouvBec:

(a) Apyikwg, Ba ripensr va ekTiUNBoUV O EMITPENOUEVEC LIETAKIVIIOEIS 0T Beuediwon
(KkaBIgrioeIc kai OTPOPEC) yia JIdPopoUS TUNOUC KAAWIIWTWV YEQPUPWYVY, KAl OUYKEKPILEVA yid
TUNO «dpracx» (harp) Kkar akTivwTo (fan), Le HOVONAEUPO 1 aupinAeupous nuAwves, kabwe kai
yia QVipTuEVEC YEQPUPEG IIE KUPIO KAAWOIO LETAEU TwV KOpUP@V TwV MUAWVWY Kar
Karakopupous avaptipes. OGa AngBouv unown Ta EMNTPEOUEVa emineda PAdBne kai



Asiroupyikotntac (n.x. oxAnon ornv 0dnynon, ENoKeudoles BABEC, Il EMNIOKEUAOIIES
BAdBec) kabwe¢ kar To avaueVOUEVO EMNEDO OeIOUIKOTNTAC (11.X. OcIouiKi} Oleyepon e 90, 450
1 900 xpovia nepiodo enavapopdc) kar 8a kabopioTouv LETA ano uia ouloyikri aéioAdynon
TWV NapakdTw:

o uia exTeTAUEVN BIBAIOYPAQIKI] EPEUVAC TWV OUVAPWV KAVOVIOTIKWV OlaTdEEWY Kal
oonyiwv (11.x. Eupwkwdikag 2 — Mepoc 2, Eupwkwdikag 8 — Mepoc 2, Eupwkadikac 7,
MCEER & FHA — kepdAaio 11.4),

e 1gpadeiyLara ariokpione aro on KATaOKEUAOUEVEC VEPUPEC Katd T OIdPKEID
pooPATWV CEICUWYV, KaI

*  [IGPGUETPIKEC aVAAUOEIC OIapopwVv JOUIKWV OTOIXEIWY TING Yepupac (1.x. peooBabpa,
KaAwoia, KatdoTpwlia) Urio OTaTIKEG KAl QVAKUKAILOUEVES OUVALIIKES POPTIOEIS.

(B) 2 ouvexeia, Ta BaBpa piac TUMIKIIGC KAAWOIWTIIC yYEQUPAS, TUMOU «dprac» i aKTIVWToU,
ME peoaio dvoryua 80-120m peraéu Twv nuAwvwy, Ba oxediaoTouv e Bdon Tnv ouupariki
LeBodoAoyia Beuchivonc, pe xprion ouddac nacodAwv kar kaBolikr} BeATiwon Tou ddpous
omnv nepioxr ¢ Beuediwong. MpoBeori pac eivar va emAséouue ia unapKTri vepupa i uia
HEAETNUEVN YEQUPA O OTAOIO OPIOTIKIIC LEAETNG OE MEPIOXT] MOTALIOU, OroU O OUVOIKEG ToU
unedapouc eival kKaBopIoUEVES ario NMANPEIC YEWTEXVIKEC LEAETEC, V@ MPOPBAENETAI EKTETAUEVN
PEUCTOrNOINGON KATW ario Eva I1j NEPIooOTEPA LdBpa ¢ VepUPAc.

(y) Téloc n OdiaoracioAdynon Tn¢ vepupac Ot OTATIKOUC KAl OEIOUIKOUC OUVOUAOLIOUG
QopTicewv Ba enavanpBei yia 1n vea KHEBOOOAOYIa TNC <QPUOIKIIG» OEICLIKIC LIOVWOTG,
EQapLolovTac empavelakn BeUueAiwon kai LEPIK} BEATIWON TOU PEUOTOMNOINOIIOU E0GPOUC LIE
onuoupyla empaveiakiic Lovov KpouoTas, OE OUVOUAOUO LIE TIC EMITPENOUEVES LIETAKIVIIOEIC
orn Beuehiwong nou Ba kabBopioTouv oTO Priya (a) rou nepiypdPnke napandvw. Ta
nAgovekTriuara alAd kai or ngpiopioiol Tn¢ veag pebodoloyiac Ba ouykpiBouv LE Ta avTioToixa
¢ ouuparikrc Avone kar 8a a&lodoynBouv e Bdon TOOO TEXVIKWY OO0 Kal OIKOVOUIKWV
KpITNpIwV.

H napouoa Epeuvnrikr 'EkBeon - napadoTtéo, agopd oTic Empépouc Epyaocieg (B) kar (y)
avoTEPW, evw N Empépouc Epyaocia (a) nepiypageral otnv EpeuvnTikr) ‘EkBeon - MapadoTeo
(N8a).

Emonpaiverar 0TI, kKaTad TA NpWTA BAPATA AUTAC TNG dIEpEUVNONG, dIanioTWONKE OTI Ol TACEIG
£0APoUC AOyw HOVIJWV PopTIWV OTIC BECEIC TwV BABPWV KOIVWV KAAWDIWTWV ] KPEUAOTWY
YEQUPWV NTAV PEYAAUTEPEC ano Ta Opia nou Bewpndnkav w¢ anodekTdA yia TNV NPOTEIVOUEVN
KaivoTopo AUon, yia BaBpa nou BOgueAivovral Ot peucTonoinoiga €daen. M’ auto
anogacioTnke va PeAeTnBei n NepinTwon HIAC TOEWTNC METAANIKAG YEQUPAC PE AVNPTNHEVO
OUMHIKTO KATAOTpwHa, mnou eival pia ouvning Auon veépupac pe kaAwdia yia HIKpOTEPa
avoiyuaTta Kal ENOPEVIC 00NYEl O HIKPOTEPEC TATEIC £0AMPOUG AOYW HOVIMWV (opTiwy. MNépav
TOUTOU, 0 &V AOYW TUMNOC YyEPupac diaTnpei NOANG anod Ta XAapakTnpIoTIKA TWV KAAWIINTWV
YEQUPWV (N.X. MEYAAUTEPN avoxn O PETAKIVAOEIC TNG BepeAinonc) Kal £Ta1 Ikavonolei NANPwWS
TIG ANAITACEIC TOU EPEUVNTIKOU NPOYPANHUATOC.

MEOGOAOAOTITA KAI ANNOTEAEZMATA

'Onw¢ npoava@epOnke, WeAeTaTalr pia odIkfy TOEWTN HETAMKN YEQUPA ME avnPTNHEVO
OUMMIKTO KaTdoTpwia OU0 au@IEPEIoTWY TUNUATWY. H yépupa Bewpeital Nnwg BepeAlnveTal
ENIPAVEIAKA OE £0APOG PEUCTONOINTIKNO OE HeYAAo BABoc. To yewTeXVIKO Npo@ik Tou £dAPoug
€xel ENIAEYEl ano pia uNapkT™ YEPUPA TNV NEPIOXN TOU NOTAMOU ZTPUHWVA, ONOU O GUVOIKEG
TOU UNEdAPOUC €ival KABOPIOHEVEG anO NANPEIC YEWTEXVIKEG HEAETEG, evw npoPAEneTal
EKTETAPEVN PEUOTONOINON KATW ano To YeooBabpa Tne yEpupac.

H vépupa anoTeheiTal ano dUo au@IEPEIOTA avoiypaTa BswpnTikoU Pnkoug 42.00m To kabéva,
Ta onoia ouvdéovtal METAEU TOUC ME NAAKA OUVEXEIdG. To BewpnTiKO NAGTOC TOU



KaTaoTpwuaTog ioouTtal pe 14.70m. To kaTaoTpwpa TN YEPUPAC €ival CUPMIKTO Kal TO KABe
avolyya anoteheitar and dUo kUpieg OokoUC kal Oekae@Ta Oladokidec. Kabe kUpia doKOG
avaptaral anod éva TOEo Pe Tn Xpnon avaptnpwv evw Ta dUo TOEa Tou kABe avoiyuaTtog
OuVOEOVTal METAEU TOUG HE EYKAPOIOUC Kal dlaywVIoUuG OUVOECHOUC duoKapwiac. To UWog Twv
TOEwv eival ico pe 10.00m. O1 dokoi, ol diadokideC, Ta TOEA kal ol oUVOECHO! dUuoKaPwiag
£XOUV KATAoKeUaoTel anod dopiko XaAupa. To pecdBabpo anoteAeital anod Tn doko £dpaong Kai
TPEIG GTUAOUC KUKAIKNG GUHNAyouc dIaTOUNG and onAICUEVO OKUPODENA HOPPWVOVTAG ETAI €va
nAgiolo oTnv €ykapaola évvola TnG YeEpupac, €xel O Uwog 10m oupnepIAaPBavopEVnG TNG
dokou £dpaonc. Ta akpoBabpa BewpouvTal NoAU dUOKAUNTA OE OXEON ME TN YEQUPA Kai yI’
auTo Aappavovral unown we akAovnTa.

ApxIkwG peAeTdTal n oupBatikry AUon OegpelNiwong, ouu@wva Pe TNV ornoid To PeEcOBadpo
BspeNimveTal og pia opada nacocdAwv nou ouvOEOVTAl E TOUGC OTUAOUG TOU HECOBABPOU PECW
duokaunTou Kepalodeopou. To €0agoc yUpw Kal avapeod and Toug Nacoaloug Bewpeital OTI
BeATIOVETAI PE XAANIKONAOGAAOUG. MOpPQWVETAlI NMPOCOMOIWKA TNG YEPUPAC Nou nepIAapBavel
TNV avwdopr, To PEoOBaABpo, Tov KEPAAGDEOUO KAl TOUG NACCAAOUG, evew n aAAnAsnidpaon
£0APOUC — KATAOKEUNG AapPaverar unown pe opildvria kal katakopugpa eiampia. O
oxedIaopog TNG YEPUPAG npayuaTonoisital oe Opiakn Kataoraon AoToyiag (OKA) kabwg kai o€
Opiakny Kataoraon AcroupyikotnTtag (OKA), epappolovrag Toug ouvdudopoUc (popTICEWV
oUPPWVA PE TOUG I0XUOVTEG Kavoviopouc (EUpwKWOIKEG) Kal YIVETAI EAEYXOG ENAPKEIAS OAWV
TWV OTOIXEIWV TNG YEPUPAC (METAANIKA oTolxeia, NAAka avwdopng and onAIoPEVO OKUPOJEU,
oTUNOI pecoBdBpou, ndooahol kal KePAAODEOUOC and onAICHEVO OKUPOdeUa, epédpava,
apuoi).

3TN OUVEXEIQ WEAETATAl N KAIVOTOWOG AUon Bepeliwong kal enavahapBaveral n avaiuon Tng
vepupag oe OKA kai oe OKA. H kaivotopog AUon Bepehinong £xel oTOXO TNV EKMETAAEUOT TNG
«(PUOIKNG OEIOUIKNG MOVWONG» MOoU MPOKAAEITAl and To (PAIVOPEVO TNG PEUCTOMNOINONG. €
autriv TNV nePINTWon n OegpeAiwon TNG YEQUPAC €ival €MIPAVEIAKN, €V NPAYHATOMOIETAl
MEPIKN BEATIWON TOU pEUCTONOINGIKOU £0AMOUG HE XAAIKONAOGAAOUG, dNUIOUPYWVTAC ETOI Hia
ENIPAVEIGKN KpoUuoTd. Mop@wveTal Kal NAAl NPOCoUoInKa TNG YEPUPAC NouU NEPIAAUBAVEl TNV
avwdoun kal To Yeoopabpo, evw To Bepéhio Tou PeooBdBpou kabwe kai n aAAnAenidpaon
€0APOUC — KATAOKEUNG AauBdavovtal unoywn HE METAPOPIKA Kal OTPOPIKA eAaThpIa.
OzwpolvTal oTaTIKG Kal CEIOPIKA €AATRPIA Yid Ta OTATIKA KAl CEIOMIKA (opTia, avTioToixd.
Eniong, otn duvayikr) avaAuon evepyonoliouvTdl anooBECTHPEG NMOU £XOUV £(PAPHOCTEI OTN
Baon Tou Beyehiou.

Ma Tnv kaivotopo AUon BewpouvTal dUo Zelodikd Zevdpia nou kabopilovTal OTn YEWTEXVIKNA
MEAETN. 2TO NPWTO ZEIOUIKO Zevaplo, AauBaveTal unown £vag oglopog Pe nepiodo enavapopac
Tret = 225 XpOVIa, 0 onoiog dev NPoKaAei peugTonoinan, eve oTo OeUTEPO ZEICUIKO ZevApPIO O
oeIopoG €xel nepiodo enava@opac Trer = 1000 xpoOvia kai NpokaAei peuaTtonoinon. Ta duvayika
€\ATNPIA Kal oI anooBecTRPEC OTN BAcn Tou PeooBABpoU £xouv dIAPOPETIKEC TIMEC yia Ta dUO
JeIoPIka 2evdaplia, MEe autd Tou Xevapiou 1, oUPQwva Pe To omnoio dev NpayuaTonolsiTal
PEUCTONOINGN, VA £XOUV PEYAAUTEPEC TIMEC. MapAAnAg, To NPWTO ZeIoPIKO Zevaplo, odnyei ot
MeyaAUTEPN QAoUATIKn ENITAXUVOT, EPOCOV To OEUTEPO ZEIOUIKO Zevaplo eKUETAAAEUETAl TN
«(PUGIKN OEIOUIKN HOVWON» kaTda Tn JIdpKEIa TNG peuaTonoinong. QoTooo, To OeUTEPO ZEICUIKO
Yevapio nNpoUnoBeTel Tnv EENIEN peydAwv napodikwv opIlOVTIWV PETAKIVACEWY OTn BAcn Tou
MegoBabpou katd Tn OIAPKEId TOU O€IOMoU kal unodnAwvel Tnv avantu€n onuavrtikwv
Napapevoucwyv kabIiJoswv kadli OTPOPWV HETA TO OEIOMIKO YEYOVOC, KATavaykaouoi nou
oupnepIAapBavovTal oTouc oTaTikoUg auvOuaopoUc. ZKondg Tou oxediaopoU gival n oTaTIkh
ENAPKEIA TNG YEPUPAC e TNV enipavelakr| Bepelioon kal yia Ta dUo Zeiopika Zevapia. Kal og
auTr TN AUon o oxediaopog TG yépupag npayupatonoicital o OKA kai OKA, epapuolovTag
TOUG ouvOUaopoUC (POPTICEWYV OUMPWVA HE TOUG IOXUOVTEG KavoviouoUg (EupwkmOIKES) Kal
yiveral €Aeyxog endpkeiag OAwv Twv oToIXEiwv TNG yéupag (WeTaMKd aToixeia, aTUuAol
HeooBABpou anod onAIoUEVO OKUPODEUd, EPEDpAvA, ApHoi).

Anod TIg avaAloEIG MPOEKUWE NWG YIa TNV KAIVOTOHO AUCN NPAyHATI N pEUCTONOINGN A&ITOUpYEi
WG CEIOUIKN WOVWOoN yia TNV avwdopn TNG YEPUPAG, JE ANOTEAECHA Ol OEIOUIKOI OUVOUAOOI
Tou JeUTEPOU ZEIOUIKOU Zevapiou va odnyolv O€ OXETIKA XAMNAEG KATAMOVACEIG KAl va PNV



gival kpioipol yia Tn diacTacioAoynaon, napd To yeyovog OTI AauBavovtal unown o auToug
TOUG OoUVOUAOHOUC TAUTOXPOVEG ONMUAVTIKEG NAPOdIKEC opIlOVTIEG WETAKIVAOEIC 0T BAcn Tou
HeooBaBpou. To Tignua OPwe nou npénel va kataBAnBei oTa nAgiola auTig TNG Auong sivar oTI
Kpioipol NA€ov yivovTal ol oTaTikoi ouvduaapoi nou agopolv TNV KataoTaon AsiToupyiacg Tng
YEQUPAC WETA TO OSIOMO MOU MPOKAAEI PEUOTOMOINON KAl GUMMEPIAAMBAVOUV TIG HOVIHEG
KaBIZNoEIC kal OTPOMEC NOU oPEIAoOVTal OTN peUCTOnoinon. To anoTéAeopa gival Ta PHETAMIKG
OTOIXEId TNG aVWOOMNG Va £XOUV YId TNV NEPINTWON AUTH EAAPPWC HEYAAUTEPOUG CUVTEAEDTEG
EKMETAMEUONG and auTtoUg nou npokUnTouv and Tnv avaiuon Tng oupBaTikng AUONG, Xwpic
navTwe va anaireital alénon Tng dIaToung Toug, Me e€aipeon Toug dIaYWVIOUG GUVOECHOUG
duokapyiac HeTaEl Twv TOEwV, Ta pedpava Kai Toug appouc.

MapaAnAg, yia To peooBabpo, n upeving Opaon TNG PEUCTONOINONG WG PUOIKNG CEIOHIKNG
MOVWONG Kal n eukapwia Tng Bspehinong os axéon Ye Tn Babia BepeAinon Twv Nnacodiwv, dev
npokaAei diagopd otn OIATOPR TWV OTUAWV 1 KAl OTOV OMNAIOPO TOUC Of OXEON ME TNV
oupBatikn AUon, kad’ O,TI DUOHEVEDTEPO YIA TO PHECOBABPO anodeIKVUETAl TO ZEIHIKO Zevdpio
1 nou odnyei o€ PeyaAUTEPO OLIONO, EVM O AMAITOUMEVOG ONMAIOHOC yId TO ZEIOUIKO Zevapio 1
€ival napopoIog e auTtdv nou npokUnTel and Tn oudBaTikn AUon. 'ETol, av kal To KOOToG TNG
aiodnTa anAoloTepnG KaivoTopou AUong Bepelimong Tou YeooBaBpou avépyeTal O NEPINoU
36% TOU AVTIOTOIXOU KOOTOUG TNG OUMBATIKAG AUONG, TO OUVOAIKO OIKOVOUIKO OMENOC TNG
KaIvoTOPoU AUONG Ot OUYKPION WE Tn OUMBATIKN yia oAOokAnpn Tnv e€etaldpevn yéQupa
avépxetal oe 9%-+13%. To nooooTO auTd Ba eival UWPNAOTEPO Of VYEPUPEC MOADY
avolypdTwy, Pe peyallTepo apiBuo pecoBdBpwyv, onou ekTiydtal 0T 8a npooeyyilel To 20%,
avahoya BERaia kar Ye To NANBOG Twv PecoBadpwy.

EmonpaiveTar niong 0TI 0 akpIBriG UNOAOYIOUOC TwV NApOdIKWV HETAKIVIIOEWV TOU £0APOUG
Katda Tn OIAPKEIQ TOU CEIOHOU, aAAG Kal TwV HOVIHwY KaBI{Noswy Kal oTpop®V HETA and éva
OEIONO MOU MPOKAAEI pEUOTONOINGN, KPIVETAI NOAU ONUAavTIKOG, Kad’ o,TI Ta PeyEBN auTad eival
Kpiolua oTo oxedIaoPo TNG YEQPUPAG ME TNV KAIVOTOHO AUong Bepehinong. Me dedopévn Tn
duokoAia a&ionioTou unoAoylopoU auTwv Twv PeyeBwv, auTod eival éva BEua nou npenel va
€MIAUBEi, npokeipEvou va dieukoAuvBei n diadoon e@appoyng autng TnG Alonc. EvaAiakTikd
aM\d Kal oUPNANPWUATIKA, €ival auTovonTo OTI N kavoTOHoG AUon BepeNinong NpoopEPETal
NEPICOOTEPO YId OTATIKA OUCTAMATA avwdoung Ta ornoia eival AiyoTepo €uqiobnTa o¢
KaBIZNoEIC Kal OTPOPEC TNG BepeAinONC.

SUUNANPWHATIKG Twv napandvw TovileTal OTI yid T OUYKEKPIPEVN YEQUPA TA OTOIXEId TNG
avwdounc nou anairolv auv&non AOyw TwV OTATIKOV Ouvdudopwv Opdocwv META TN
peuaTonoinon (diaywviol GUVOETHOI dUOKAUWiag HETAEU Twv TOEwv, epédpava kal apyoi) ivai
OeuTepeliovTa kal €UKOA avTIKATATAoTAoIYa. Eivar ouvenw¢ duvatov va uloBetnBei oTov
oxedIaopo n aTpaTnyikn dIaTPNONG AUTWV TWV OTOIXEIWY OTA ApxIKa TouG HEYEBN, apaipeor)
Touc (eqpdoov anaitnBei) PeTA And evOEXOUEVO OEIOUIKO YEYOVOG MOU Ba €XEl NMPOKAAEDE
PEUCTONOINGN, YE ANOTENEOHA TNV avaTagn Twv unoAoinwv JOUIKWV OTOIXEIWV TNG AVWOOUNG
TNG KAaTa Ta AAAa 1000TATIKAC YEPUPAC, KAl avTIKATAOTAON TOUuG. TOTE, yId TOV EAEYXO TNG
avwdopng, dev Ba xpeialeTal va AngBolv uNOWn OTOUC OTATIKOUC OUVOUAOMOUG HETA TN
pEUCTONOINCN Ol NApapévouosg Bubiosic Kal aTpopég, dedopevou OTI apeTnpia Ba sival évag
anapauopewToc Qopéag, We eEaipeon povov Ta idia Bapn. Kupio MAEOVEKTNMA AUTAC TNG
Bswpnong dev gival TO00 N — £TOI kal AANIOG APEANTEA - OIKovodia Tou apxikoU oxediaouou,
000 1N unoBaduion TnNG onuaciac TNG NPOBAEWNC TwV OMEINOPEVWV OE PEUCTOMOINGN
NapauevoucoV BUBICEWY Kal GTPOPOV.

Enionuaivetar Opwg 0TI, O KABE MEPINTWON, N KAIVOTOPOG AUON NPOCQEPEI TO EMIMAEOV
NAEOVEKTNKA MIaC ao@aMIoTIKNG OIKAEIdag €vavTi aTuxnuATIK@V MOAU UWNAWV CEICHIKWV
Opacswv nou B6a pnopoloav va ekdnAwBolv, peyaAlTepwv akdun kal Twv OpAcewv Mnou
XpnolJonoloUvTal oTo ZEIOUIKO Xevaplo 2, dedopévou OTI TOTE Ba ouuBei peuaTonoinon kai 6a
evepyoroinBei n npooTacia TNG yEQPUPAG MEOW TNG AVANTUCOOWMEVNG (PUOIKNG OCEIUIKNAG
MOvwonG. AutovonTo eival 0TI n oupBatikr AUon dev NpooQépel TETold npooTacia kai 6a
KIvOuveUel and noAU coBapec BAABEG kal evOEXOEVN KATAPPEUOT OE TETOIEC NEPINTWOEIG.
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INTRODUCTION

This Technical Report constitutes part of Deliverable 8 of the Research Project entitled:
THALIS-NTUA (MIS 380043)

Innovative Design of Bridge Piers on Liquefiable Soils with the use of Natural
Seismic Isolation

performed under the general coordination of Professor George Bouckovalas (Principal
Investigator) and Professor Charis Gantes (Scientific Responsible for WP8).

Namely, it presents the actions taken and the associated results of Work Package WPS,
entitled:

"Application to large span, cable-stayed bridges”

The Scope of Work Package WPS8, has been described in the approved Research Proposal
as follows:

"The aim of this WP is to explore the feasibility of the proposed new design methodology, and
the resulting advantages over conventional design methods, in the case of a cable-stayed
bridge, with steel piers and composite deck system. This bridge type, although less common
in Greece, may provide a technically and economically optimum solution for cases of medium-
large spans between the piers (e.g. larger than 80 m). In parallel, it presents specific
peculiarities as compared to the RC bridges of WP 6 and WP 7, due to the different
construction materials, as well as due to the more flexible response which may lead to: (a)
less strict performance criteria with regard to the allowable foundation movements, but also
(b) increased risk of structure-to-excitation resonance when part of the liquefied ground will
act as a "natural” base isolation system.

The main work tasks required to achieve the aim of this WP are the following:

() Initially, the allowable foundation movements (settlements and rotations) will have to be
established for different types of cable-stayed bridges, namely “harp” and "fan” types, with
one or two pylons, as well as cable suspended bridges with a main suspension cable between
the pylon tops and vertical hangers. The relevant criteria will take into account the permissible
damage and serviceability levels (e.g. driving discomfort, repairable damage, non-repairable
damage), as well as the anticipated seismicity level (e.g. seismic excitation with 90, 450 or
900 years return period), and will be established after a joint evaluation of:

e an extensive literature survey of relevant codes and guidelines (e.g. Eurocode 2-Part
2, Eurocode 8-Part 2, Eurocode 7, MCEER & FHA-chapter 11.4),
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o examples of actual bridge performance during recent earthquakes, and

e parametric analyses of various bridge components (e.g. pylons, cables, deck) under
static and cyclic dynamic loading.

(b) Next, the pylons of a typical "harp” or "fan” type cable-stayed bridge, with a midspan of
80-120m, will be designed using the conventional foundation approach, i.e. pile groups with
ground improvement between and around the piles. It is our intention to select an actual
(existing or in the design stage) river bridge site, where the subsoil conditions are well
established by geotechnical surveys, while extensive liguefaction is expected underneath one
or more of the bridge piers.

(c) Finally, the static and seismic design of this bridge will be repeated with the new
methodology of “natural” seismic Isolation (i.e. shallow foundation and partial improvement, of
the top part only of the liquefiable soil), in connection with the allowable foundation
movements which were established in work task (a) above. The comparative advantages and
limitations of the new design methodology, relative to the conventional ones, will be
consequently evaluated on the basis of technical, as well as cost criteria.

The present Research Report -Deliverable (D8b) refers to work tasks (b) and (c) above, while
the work task (a) is described in a separate Research Report - Deliverable (D8a).

It should be clarified in advance that, during the initial phases of this investigation it was
established that the soil stresses due to permanent loads developing under the piers of
common cable-stayed and cable suspended bridges exceeded the values which are considered
as acceptable for the proposed innovative solution of piers seated on liquefiable soil. It was
therefore decided to address in this WP the case of an arch steel bridge with suspended deck,
which is a solution adopted for smaller spans and therefore leads to smaller soil stresses
under permanent loads. Furthermore, this bridge type maintains a number of basic
characteristics of cable suspended bridges (i.e. the capacity to sustain relatively large
foundation displacements) and consequently satisfies all relevant project requirements.

The work described herein constitutes the study of the arch steel bridge with conventional pile
foundation. It has been performed with the contribution of the following members of our
Research Team, from the Institute of Steel Structures, School of Civil Engineering, National
Technical University of Athens:

. Charis J. Gantes, Professor, School of Civil Engineering, NTUA

o Isabella Vassilopoulou, Civil Engineer, Ph.D.
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APPLIED CODES

The codes that are used for the design of the bridge are the following:

Eurocode 0: Basis of structural design;

Eurocode 1-1.4: Actions on structures — General actions, Wind actions;

Eurocode 1-1.5: Actions on structures — General actions, Thermal actions;

Eurocode 1-2: Actions on structures — Traffic loads on bridges;

Eurocode 2-1.1: Design of concrete structures — General rules and rules for buildings;

Eurocode 2-2: Design of concrete structures — Concrete Bridges — Design and
detailing rules;

Eurocode 3-1: Design of steel structures — General rules and rules for buildings;
Eurocode 3-1.8: Design of steel structures — Design of joints;
Eurocode 3-2: Design of steel structures — Steel Bridges;

Eurocode 4-1.1: Design of composite steel and concrete structures — General rules
and rules for buildings;

Eurocode 4-2: Design of composite steel and concrete structures — General rules and
rules for bridges;

Eurocode 8-1: Design of structures for earthquake resistance — General rules, seismic
actions and rules for buildings;

Eurocode 8-2: Design of structures for earthquake resistance — Bridges;

DIN 4141-14: Structural bearings, laminated elastomeric bearings — design and
construction;

EN1337-1: Structural bearings — General design rules;
EN1337-3: Structural bearings — Elastomeric bearings;

DIN 4014: Bored Cast-in-place Piles - Formation, Design and Bearing Capacity.
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BRIDGE DESCRIPTION

3.1 Geometry and cross sections

The bridge under investigation is situated over a riverbank and it is a steel arch road bridge
with two simply supported spans, with total length 87.60m. The total width of the deck is
equal to 15.00m, while at the supports it becomes 15.55m. The steel members of each span
include two (2) main beams, seventeen (17) transverse beams, two (2) arches connected with
transverse and diagonal bracing members. Each main beam is suspended by each arch with
seven (7) hangers. The distance of the transverse steel beams is 2.625m. A composite deck is
formed using trapezoidal profiles of type SYMDECK 150 and a concrete slab. The total
thickness of the composite slab is 35cm. The concrete slab is connected with the transverse
and main beams through steel shear connectors in order to ensure composite action. The
characteristics of the bridge's steel members are listed in Table 3.1. The elevation view of a
single span is illustrated in Figure 3.1, the arrangement in plan view of the main and
transverse beams is shown in Figure 3.2, the plane view of the bridge in Figure 3.3 and the
section of the bridge at mid span in Figure 3.4.

Table 3.1: Characteristics of the bridge’s steel members
Mivakag 3.1:  XapakTnpioTIKA TwV HETAANIK®V OTOIXEIWV TNG YEPUPAG
Type number | Cross section | RN SRE | T panirise.
Main beams 4 HEB900 43.30m 42.00m
Transverse beams 34 HEB900 14.30m 14.70m
Arches 4 CHS750/20 47.70m 42.00m / 10.00m
Transverse bracing members 10 CHS244.5/8 13.95m 14.70m
Diagonal bracing members 16 CHS139.7/8 8.45m 9.13m
Hangers 28 CHS168.3/8 3.90m - 9.625m 4.375m — 10.00m
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Figure 3.2: Arrangement in plan view of the deck’s beams of a single span
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Figure 3.4: Section of the bridge at midspan
Ixnupa 3.4: Eykapoia Topr yEpupag oTo PJEGOV TOU avoiyHaTog

The pier consists of three circular reinforced concrete columns, 8.00m tall, having a circular
cross section of 1.50m diameter. The distance between the three columns is equal to 7.35m.
They are connected at the top with a 17.00m long concrete beam, having the cross — section
of Figure 3.5a. The pier’s foundation consists of eight piles ®120 and L=25.00m, arranged in a
grid of orthogonal distances X x Y = 4.00m x 4.90m. The pilecap’s dimensions are 17.70m X
6.00m and its thickness is 2.00m (Figure 3.5b). The section of the bridge at the pier is given
in Figure 3.6. The elevation view of the bridge is illustrated in Figure 3.7.
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Figure 3.7: Elevation view of the bridge
Zxnpa 3.7: 'Oyn YEpupag

The connection of the deck and the pier and the abutments is realized with anchored
elastomeric bearings type NB4 700x800x275 (150). The bearings consist of ten (10) layers of
elastomer, with thickness te=0.015m. The total thickness of the elastomer is t=0.150m.
Details of the bearings are shown in Figure 3.8.

-9-
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Figure 3.8: Details of the elastomeric bearings: (a) plan view, (b) vertical section, (c) perspective
view
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3.2 Materials

All steel members are made of S355 structural steel. For the composite deck reinforced
concrete C35/45 is used, for the sidewalks C20/25, for the pilecap, the columns and the beam
of the pier C30/37, and for the piles C20/25. The reinforcement steel is B500C.

-10 -
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3.3 Soil profile

The selected site is located within the riverbed of Strymonas river in Serres, Greece, and has
been the subject of geotechnical investigation due to the foundation of the middle pier of
“Strymonas river” bridge of “Egnatia Odos” Highway. The soil profile at the site has been
created from river deposits and consists of loose liquefiable silty sands and soft clays, while
the ground water table is located on the ground surface, a fact that is further enhancing the
liquefaction susceptibility. More specifically, the following soil layers were identified:

Layer 1 (0-28m): Silty sand (SM) and locally non-plastic silt (ML)

Layer 2 (28-31m): Low plasticity clay (CL)

Layer 3 (31-34m): Silty sand (SM) and locally low plasticity clayey sand (SM-SC)

Layer 4 (34-43m): Low plasticity clay (CL)

Layer 5 (43-50m): Non-plastic silt (ML) and locally well graded silty sand (SW-SM).

In more detail, the soil profile that will be used for the numerical analyses is plotted in Figure
3.9, along with the factor of safety against liquefaction (from Appendix C of Deliverable D4:
Elastic Response Spectra for Liquefiable soils).
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Figure 3.9: Examined soil profile and factor of safety against liquefaction with depth
Zxnupa 3.9: EDapikod npo®ik kal EAyX0G pEUCTONOINaNG

The Young Modulus of the soil’s layers is given in Table 3.2, as well as the constant of the
horizontal springs for a single pile, which is equal to Kh=E/D, where D is the pile’s diameter
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(for D>1.0m, it is taken equal to 1.00m). These constants have to be reduced according to
the methodology described in DIN4014. In Table 3.3, instead, the vertical springs for pile’s
diameter D=1.20m are provided with depth. These have to be reduced due to group of piles
according to Poulos and Davis (1974), with a reduction factor calculated according to Table
3.4, where pile’s stiffness coefficient K can be taken equal to 2000.

Table 3.2: Young Modulus E of the soil’s layers and horizontal springs for pile’s diameter D=1.20m
Mivakag 3.2:  M£Tpo eAacTIKOTNTAG E Tou £da®oug kai opilovTia eAatrpia yia NaocaAo SIaPeETpou
D=1.20m
Depth (m) E (MPa) Kh (MN/m3)
0-24 20 20
24 - 28 25 25
28 -31 30 30
31-34 30 30
34-43 55 55
43 -50 38 38
Table 3.3: Vertical spring’s constant for pile’s diameter D=1.20m
Mivakag 3.3:  KaTtakdpupa ehatrpia yia nacoalo diapérpou D=1.20m
L (m) Ky (MN/m) for D=120m
15 132
20 160
25 191
30 224
35 271

Table 3.4:

Reduction factor Rs for the vertical springs of a group of piles

Mivakag 3.4:  MawTIKOG GUVTEAECTNG Rs YIa Ta KATAKOPUPA eEAATHPIA OUAdAG NACTAAWY QIXHAG
Number of piles in the group
Length / Diameter | Distance / Diameter 4 | 9 16 | 25
(L/B) (e/B) Pile’s Stiffness K
10 | 100 [1000] o | 10 | 100 [1000] o | 10 |100]1000] o | 10 | 100 [1000] o
2 1.52{1.14[1.00(2.02[1.31]1.31]1.00|1.00(2.39]1.49]1.00|1.00|2.70] 1.63{1.00] 1.00
10 5 1.15(1.08[1.00[1.23[1.23]1.12{1.02[1.00(1.30]1.14]1.02|1.001.33]1.15{1.03| 1.00
10 1.02{1.01[1.00(1.04]1.04]1.02{1.00|1.00(1.04]1.02{1.00|1.001.03[1.02{1.00]1.00
2 1.88]1.62[1.05[1.00(2.84]2.57[1.16[1.00(3.70(3.28]1.33| 1.00|4.48]4.13{1.50 | 1.00
25 5 1.36]1.36[1.08[1.00(1.67]1.70{1.16[1.00(1.94]2.00{1.23| 1.00(2.15]2.23{1.28| 1.00
10 1.14]1.15[1.04|1.00(1.23]1.261.06|1.001.30]1.33[1.07| 1.00 1.33]1.38{1.08 | 1.00
2 2.54]2.261.81[1.00]4.40|3.95(3.04|1.00|6.24]5.89|4.61|1.00(8.18|7.93]6.40| 1.00
100 5 1.85(1.84[1.67[1.00(2.71]2.77]2.52| 1.00(3.54]3.74|3.47| 1.00|4.33| 4.68|4.45 | 1.00
10 1.44]1.49]1.46(1.00(1.84]1.99]1.98|1.00(2.21]2.48{2.53|1.002.532.98{3.10]1.00
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Chapter

SEISMIC CONDITIONS

4.1

Seismic response spectra

In order to define seismic actions the design spectrum of Eurocode 8 is taken into
consideration, for soil type D, soil factor S=0.80 and peak ground acceleration PGA»=0.32g,
accounting for the Seismic Scenario 2, with the following characteristics:

return period Tret = 1000 years

earthquake magnitude Mw = 7.0

peak ground acceleration at outcropping bedrock PGAs = 0.32g

Additionally, the following parameters are considered:

Behavior factor

Damping ratio

Damping correction factor

Peak ground acceleration
Periods for horizontal component

Periods for vertical component

gn=1.50, qv=1.00

(=3%

n= 22 _1118
5+3

PGAbh=0.32g, PGAsy=0.90x0.32g=0.288g
(Ts=0.20s, Tc=0.80s, To=2.00s, S=0.80)

(Te=0.05s, Tc=0.15s, Tb=1.00s)

The horizontal elastic response spectrum is illustrated in Figure 4.1a, while Figure 4.1b shows
the vertical one.
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8.00 - 10.00 -
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_ (a) (b)
Figure 4.1: (a) Horizontal elastic response spectrum, (b) Vertical elastic response spectrum
Ixnupa 4.1: (a) OpilovTIo eAaCTIKO Ppacpa anokpiong, (b) Katakopupo eAacTIKO PpAacpa andkpiong

4.2 Modal response spectrum analysis

A modal analysis is performed to calculate the natural frequencies and vibration modes of the
bridge. The inertial effects of the design seismic action are evaluated by taking into account
the presence of the masses associated with all gravity loads appearing in the following
combination of actions:

> Gy"+" > e - Q) where we=0.20 for road traffic loads.

=1 i1

It is ensured that the sum of the effective modal masses for the modes taken into account is
at least 90% of the total mass of the structure. The total mass does not include the piles’
mass. The maximum displacements, internal loads and stresses are superimposed according
to CQC (Complete Quadratic Combination) method.
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Chapter

ANALYSIS OF THE BRIDGE

5.1 Model of the bridge

The main and transverse beams, the horizontal bracing members of the arches and the arches
are modeled with beam elements. Moment releases are applied at the ends of the transverse
beams. The hangers and the diagonal bracing members of the arches are modeled with truss
elements. The concrete slab is simulated using shell elements with a thickness of 25cm,
accounting for the mean value of the slab’s thickness. The bearings at the abutments and the
pier are modeled with equivalent elastic springs, with different stiffness for static and seismic
combinations. Thus, for the horizontal springs the stiffness of the bearings for static load
combinations is:

. GgxA  900kN /m? x 0.7m x 0.8m
hst =7 ¢ T 0.150m

= 3360kN /m (5.1)

while for displacements under seismic load combinations the stiffness of the horizontal springs
is given as:

1.25><Gg x A

hse =

=1.25x 3360kN / m = 4200kN /m (5.2)

and for the calculation of the internal forces under seismic load combinations, the
corresponding stiffness of the horizontal springs is:

1.20 x1.25 x Gg x A
Kh,se,in = . =1.20 x 4200kN / m = 5040kN /m (5.3)

with Gg=900kN/m? the conventional shear modulus, A the overall plan area of the bearing and
t the total thickness of the elastomer layers. The vertical springs have a stiffness constant
equal to:

KV= A =
I
5x GxS? Ey
(5.4)
- 0.70m x 0.80m _2.26x10°N/m
0.150m x 1 N 1
5x1.25 x 900kN /m? x12.442  2000000kN / m?
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where S is the shape factor of the elastomeric bearing equal to:

S_ A 0.70m x 0.80m
Lxt, 2x(0.70m+0.80m)x0.015m

=12.44 (5.5)

with L the perimeter of the bearing and te the effective thickness of an individual elastomer
layer and the bulk modulus is taken equal to Es=2000MPa.

The soil-structure interaction is taken into account with equivalent springs acting on the piles.
More specifically, the calculated spring constant of a single pile is based on the values of Table
3.2, as also shown in Figure 5.1.

==

3.00

E=20MPa

21.00

24.00
A 4
E=25MPa § 28.00
A 4
Figure 5.1: Young modulus E of soil with respect to the piles’ length
ZxfAupa 5.1: METpo eAaoTIkOTNTAG £dAPOUC E O OXEON HE TO WAKOG NAOCAAwV

The values of the springs’ stiffness are:
ks = Es / D = ks = 20000 kN/m? for the upper 21.00m of the pile (5.6)
ks = Es / D = ks = 25000 kN/m? for the remaining 4.00m of the pile (5.7)

where D is the pile diameter (considered equal to 1.00m if the pile diameter is larger than
1.00m).

The elastic length of the pile L is:

(B _(30:10° n-120% /64
k.D 20000 -1.20

0.25
] =L =3.36m (5.8)

Thus, I/L =25.00 / 3.36 = 7.44 > 4.00 (where | is the pile’s length that corresponds to the E
taken into account).

For the reduction factors of the springs, the distances of the piles are taken into account (aL in
the direction of the force and aq perpendicular to the force) and the factors a. and aqz are
calculated according to DIN4014. In the longitudinal direction the reduced values of the
springs are (Figure 5.2):

kg = (aqz * @)% -k = (0.67 x 1.00)13 x 20000kN/m? =

5.9
=(0.58 x 20000)kN/m? for the upper 21.00m (5:9)
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kg = (agz *a, ) -k, = (0.67 x 1.00):33 x 25000 kN/m?3 = (5.10)
=(0.58 x 20000)kN/m? for the remaining 3.00m '

In the transverse direction the reduced values of the springs are (Figure 5.3):

kg =(agz*a )+ -k, = (0.76 x 1.00)-3 x 20000 kN/m3 = (5.11)
=(0.69 x 20000)kN/m? for the upper 21.00m '

kg = (agz *a, ) -k, = (0.76 x 1.00):33 x 25000 kN/m?3 = (5.12)
=(0.69 x 25000)kN/m? for the remaining 3.00m '

S
P f“\ IaQ
O O 10
H I 00z 050y \ Iﬂq =490
=1 @ O Ot
|~ aq
\ /\
WO Q/\¢
-—-l':-b \" } aQ
7 )
---------- 0 -0
OL Uy Uow =1.00
=0.58
4+—prd4—>»
aL ap =4.00
Figure 5.2: Reduced factors for pile’s horizontal springs in the longitudinal direction
Ixnua 5.2: MeIwTIKOI GUVTEAEDTEC OpIZOVTIWV EAATNPIWV NACOAAWY, KATA TN diapnkn &vvoia
i ar, ap ar =4.00
4+—prt—rt—rat—>r
b S
g 3

-.--——--‘

00O O 4

— i — -
Pl ag =4.90
AN A4 A
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Slonere-eAgr-t
N\
\.“' — /
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<{
Figure 5.3: Reduced factors for pile’s horizontal springs in the transverse direction
Zxnua 5.3: MEIWTIKOI GUVTEAEDTEG OPICOVTIWV EAATNPICV NACOAAWY, KATA TNV EYKAPOIA €vvold

Regarding the vertical springs of the piles, the constant for a pile of L=24.00m is given in
Table 3.3 and it is equal to kv=191MN/m, while the reduction factor Rs according to Table 3.4
is equal to 1.15, considering L/B=20, e/B=4.08 and K=2000. Thus, the vertical spring’s
constant for the piles of diameter 1.20m are:
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kv=191000kN/m/1.15=166000kN/m (5.13)

The numerical model of the bridge is shown in Figure 5.4. The finite element analysis software
that is used is Sofistik.

Figure 5.4: Model of the bridge

ZxnHa 5.4: Mpocopoiwpa YEpupag

5.2 Vibration modes and natural frequencies

The natural frequencies and periods of the first six vibration modes are listed in Table 5.1,

while Figure 5.5 shows the corresponding modal shapes.

Table 5.1: Eigenfrequencies and eigenperiods of the bridge
Mivakag 5.1:  I3100UxvOTNTEG Kal 1810MEPiodol TNG YEPUPAG

Mode number Eigenfrequency (rad/sec) Eigenfrequency (Hz) Period (sec)
1 3.733 0.594 1.683
2 4.000 0.637 1.571
3 5.069 0.807 1.239
4 11.265 1.793 0.558
5 13.317 2.119 0.472
6 13.877 2.209 0.453
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(b) second mode

(c) third mode

(e) fifth mode (f) sixth mode
Figure 5.5: Eigenmodes of the bridge

ZxfAupa 5.5: ISI0HOPPEC YEPUPAC

5.3 Load Cases

The load cases considered are the following:

LC 1: Self weight

LC 2: Superimposed

Pavement and future layer: g=0.20mx24kN/m3+0.50kN/m?=5.30kN/m?

Each sidewalk with parapets:  g=(0.33m?x25kN/m3 + 0.95kN/m) / 1.25m = 7.36kN/m?
Earth weight on the pilecap g=0.50m x 20 kN/m3= 10kN/m?.

LC 3: Shrinkage and creep

An equivalent uniform decrease of temperature is used to simulate the shrinkage of the
concrete slab, equal to -13°.

LC 4: Braking load

The total braking load is:
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Qik=0.6001(2Qik)+0.10aq gk W1 L=0.6x0.9%x2x300+0.10x1.0x9x3x87.60=560.52kN
It is: 180xaqg<=Qik<=900 => 180x0.9<=Qik<=900 => 162<=Qik<=900.

The distributed uniform horizontal load over the bridge’s deck is:

Qi/(14.70m x 87.60m)=0.43 kN/m?

LC 5-6: Uniform difference of temperature for check of elastomeric bearings and expansion
joints.

For the check of bearings and expansion joints the uniform difference of temperature is
calculated as:

ATN,con-20°C=-41°C, ATN,exp+20,C=59°C.

As in LC 15 and 16, the temperature variations are applied on the steel members of the
superstructure and the slab of the deck.

LC 7: Wind action y

Considering a wind velocity Vb=30m/sec, a uniform load is applied at the members of the
bridge towards +y (depending on their exposed dimension):

Piers: 0.0238kN/m

Deck: 0.415kN/m?

Hangers: 0.11-0.13kN/m

Arches: 0.56kN/m

Diagonal bracing members: 0.09kN/m
LC 8: Wind action x

Similarly, considering a wind velocity Vb=30m/sec, a uniform load is applied at the members
of the bridge towards +x:

Piers: 0.0323kN/m

Deck: 0.104kN/m?

Hangers: 0.11-0.13kN/m

Arches: 0.56kN/m

Diagonal bracing members: 0.07kN/m
Horizontal bracing members:: 0.19kN/m
LC 9: Wind action z

Considering a wind velocity Vb=30m/sec, a uniform load is applied at the members of the
bridge towards +z:

Half Deck: 1.01kN/m?
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Arches: 0.56kN/m

Diagonal bracing members: 0.11kN/m

Horizontal bracing members: 0.19kN/m

LC 10, 11, 12: Settlement of 1cm at the pier and 1cm at the abutments.

LC 15-16: Uniform difference of temperature on deck.

Considering an initial temperature To=+10°C, a minimum shade air temperature Tmin=-15°C
and a maximum one Tmax=+45°C, the uniform temperature components are determined by
EC1. Part.1-5 for a composite bridge (Type 2) and are equal to Temin=-11°C and Temax=+49°C.
Thus:

ATN,con=To-Te,min=-21°C, ATN,exp= Te,max - To =+39°C.

The temperature variations are applied on the steel members of the superstructure and the
slab of the deck.

LC 20-99: Tandem System of Traffic Load Model 1

The carriageway width is 11.25m, thus, three lanes are considered with width 3.00m and a
tandem system is applied at varied positions of the bridge, as:

Lane 1: 0.9x150kN=135kN/wheel (four wheels)

Lane 2: 0.9x100kN=90kN/wheel (four wheels)

Lane 3: 0.9x50kN=45kN/wheel (four wheels)

LC 101-103: UDL System of Traffic Load Model 1

A distributed load is applied on the deck equal to 2.5kN/m?

LC 121-123, 141-143: UDL System of Traffic Load Model 1

At Lane 1 an additional distributed load is applied, equal to 6.5kN/m?2,
LC 201-260: Tandem System of Traffic Load Model 2

A single axle load is applied at different positions of the bridge with value:
0.9x200kN=180kN/wheel (two wheels)

LC 320-399: Tandem System of Traffic Load Model 1 with cracked deck concrete

LC 401-403: UDL System of Traffic Load Model 1 with cracked deck concrete

LC 421-423, 441-443: UDL System of Traffic Load Model 1 with cracked deck concrete

LC 501-560: Tandem System of Traffic Load Model 2 with cracked deck concrete

LC600: Uniform road traffic loads

This load case is used for the seismic combinations, taking into account Load Model 1. The

loads considered for this LC are listed in Table 5.2. A uniform load is applied to the shell
elements equal to 4.67kN/m?2.
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Table 5.2: Live Load of the road bridge
Mivakag 5.2:  KivnTo @opTio odoyEpupac
Load Width Length | Sum of Loads
Lane 1: 0.9x600kN=540kN
TS Lane 2: 0.9x400kN=360kN 1080.00kN
Lane 3: 0.9x200kN=180kN
uDL 9.00kN/m? 3.00m 87.60m 2365.20kN
uDL 2.50kN/m? 14.70m-3.00m | 87.60m 2562.30kN
Total Load 6007.50kN
Distributed Load 14.70m 87.60m 4.67kN/m?2

LC2010: Earthquake x-x

LC2011: Earthquake y-y

LC2012: Earthquake z-z

5.4

Load Combinations at Ultimate Limit State (ULS)

The load combination at ULS is described as:

=1

ZYGj 'ij"+"YQ1 'Qk1"+HZYQi'l~|JO| Qi (5.14)

i>1

where the partial factors yc and yq are listed in Table 5.3, while factor wo can be found in

Table 5.4:
Table 5.3: Partial factors for actions in ULS
Mivakag 5.3:  EmiYEpoug ouvTeAeaTEG via dpaoeig oe OKA
Action Contribution Factor Persistent / Transient | Accidental
. unfavourable YGsup 1.35 1.00
P
ermanent actions favourable YGinf 1.00 1.00
i unfavourable Yo 1.35 1.00
Traffic |
raffic loads favourable Ya 0.00 0.00
unfavourable VGset 1.20 0.00
|
Settlements favourable VGset 0.00 0.00
. . unfavourable Yo 1.50 1.00
h [
Other variable actions favourable Ya 0.00 0.00
Accidental actions unfavourable Ya -- 1.00

The following ULS load combinations are considered:

LC 1100 and 1200: This combination includes the following load cases:

LC1

+LC2

+LC3

+LC4

+LC7

+LC9

or LC8

Self weight
Superimposed
Shrinkage

Braking load

Wind action £x or £y

Wind action £z
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+LC10, 11, 12 Settlements at the pier and the abutments
(only for the design of superstructure)

+LC15, 16 Thermal loads

+LC20-99 Tandem System (LM1)

+LC101-103 UDL 2.5kN/m? (LM1)

+LC121-123 or 141-143 UDL 6.50kN/m? (LM1)

LC 1300: This combination includes the following load cases:

LC1 Self weight

+LC2 Superimposed

+LC3 Shrinkage

+LC4 Braking load

+LC7 or LC8 Wind action £x or £y

+LC9 Wind action %z

+LC10, 11, 12 Settlements at the pier and the abutments
(only for the design of superstructure)

+LC15, 16 Thermal loads

+LC201-260 Traffic load (LM2)

5.5 Load Combinations at Serviceability Limit State (SLS)

The load combinations at the SLS are:

Characteristic combination: > Gy;"+"' Qyy"+" > W - Qi
=1 i1

(5.15)

Frequent combination: Y Gy;"+"W; 1 - Quy "+" > Wy - Qi
21 i>1

(5.16)

where the y factors for road bridges are given in Table 5.4:

Table 5.4: Factors y for road bridges

Mivakag 5.4:  ZuvTEAEOTEC Y yIa 0DOYEPUPEG
Actions Symbol Yo Y1 Y2
. TS 0.75 0.75 0.00
Traffic load Grl (LM1) UDL 0.40 0.40 0.00
Gr2 (LM2) 0.00 0.75 0.00
Thermal actions 0.60 0.60 0.50
Horizontal forces 0.00 0.00 0.00
Wind forces 1.00 0.00 0.00
Settlements 1.00 1.00 1.00

The SLS load combinations are:
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LC 1600: Characteristic Load Combination

For this combination the tensile strength in the concrete reinforcement should not exceed
0.80fyk, otherwise the reinforcement is increased. Additionally, the compressive stress in the
concrete slab should be less or equal to 0.60fc.

LC1

+LC2

+LC3

+LC4

+LC7 or LC8
+LC9
+LC15, 16
+LC20-99
+LC101-103

+LC121-123 or 141-143

Self weight
Superimposed
Shrinkage

Braking load

Wind action £x or £y
Wind action £z
Thermal loads
Tandem System (LM1)
UDL 2.5kN/m? (LM1)

UDL 6.50kN/m?2 (LM1)

LC 1700: Characteristic Load Combination

For this combination the tensile strength in the reinforcement should not exceed 0.80fy,
otherwise the reinforcement is increased. Additionally, the compressive stress in the slab
concrete should be less or equal to 0.60f«.

LC1

+LC2

+LC3

+LC4

+LC7 or LC8
+LC9
+LC15, 16

+LC201-260

Self weight
Superimposed
Shrinkage

Braking load

Wind action £x or £y
Wind action £z
Thermal loads

Traffic load (LM2)

LC 1800: Frequent Load Combination (Calculation of deformations taking into account

cracked deck concrete)
LC1

+LC2

+LC3

+LC15, 16

Self weight
Superimposed
Shrinkage

Thermal loads
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+LC320-399 Tandem System (LM1)
+1LC401-403 UDL 2.5kN/m? (LM1)
+1LC421-423 or 441-443 UDL 6.50kN/m? (LM1)

5.6 Seismic Load Combinations

The seismic load combination is described as:

z iju+|| szi . ‘Qki""""E

21 21 (5.17)

where Q are the variable loads, including traffic and thermal loads, while E represents the
following earthquake combinations:

Eeax "+" 0.30 Eeay "+" 0.30 Eed:
0.30 Egax "+" Eeay "+" 0.30 Eed:
0.30 Eedx "+" 0.30 Eedy "+" Ekd:

The ye factors for the variable loads are listed in Table 5.5:

Table 5.5: Factors e for seismic load combinations

Mivakag 5.5:  SuvTeAeoTEC W YIa OIopIKOUC oUVOUAOHOUG
Actions Symbol YE

i TS 0.20

Traffic load Grl (LM1) UL 0.20

Gr2 (LM2) 0.00

Thermal actions 0.50

Horizontal forces 0.00

Wind forces 0.00

The load cases included in the seismic load combinations are:

LC 4000: This combination concerns the pier’s columns and the superstructure. It includes
the following load cases:

LC1 Self weight

+LC2 Superimposed
+LC3 Shrinkage

+LC600 Uniform traffic load
+LC15, 16 Thermal loads

+LC2010 (+1.0 or +0.3)/1.50  Earthquake X
+LC2011 (+1.0 or +0.3)/1.50  Earthquake Y

+LC2012 (+1.0 or +0.3) Earthquake Z
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LC 4100: This combination concerns the pier’s piles and pilecap. It includes the following load

cases:

LC1 Self weight

+LC2 Superimposed
+LC3 Shrinkage

+LC600 Uniform traffic load
+LC15, 16 Thermal loads
+LC2010 (+1.0 or +0.3) Earthquake X
+LC2011 (+1.0 or +0.3) Earthquake Y
+LC2012 (+1.0 or +0.3) Earthquake Z
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Chapter

DESIGN OF CONCRETE MEMBERS

6.1 Evaluation of the results

The results of the concrete components of the bridge are summarizing in Table 6.1.

Table 6.1: Analyses’ results/requirements for concrete members
Mivakag 6.1:  AnoTeAéopata/anaimoelg avalloswy yia aToixeia and onAIoUEVO oKUpOdEUd
Members Results / Requirement | Conventional Solution
Longitudinal Reinforcement 90.4cm?
i Stirrups 8.45cm?
Piles -
Max compressive force 4574KN (static)
5085kN (seismic)
Pilecap Longitudinal Reinforcement 49.70cm?
Transverse Reinforcemnt 33.6cm?
Longitudinal Reinforcement 186.70cm?
Pier Stirrups 16.60cm?
Max compressive force 9673kN
Deck slab Longitudinal Reinforcement 47.9cm?
Transverse Reinforcemnt 33.6cm?

6.2 Reinforcement of the piles

The required reinforcement of the piles is equal to 90.4cm? (Figure 6.1). A minimum
percentage of 1% is considered and 25125 (122.75m?) are used for the piles.

-27 -



Chapter 6: DESIGN OF CONCRETE MEMBERS

8.45
7769 /4 . -
™~ A §45
ATET T ey 5 = =
I . w7 545 <
89.201 T . =
H T roe
064 ﬁlh ; > ! ﬁ} 845
T 1‘?& (L
s i S SR -
44 08 ki " = S — e 2
1 : - : 15
3303 : -
1l O — .||| A5
Al [ o m— 45 =
H — s o M H;_— 2
[es pP—ll | .IH 45
o3| =" = H—5as
1] i =
[ il %’ i
33,93 B s S+ = == 24
N _% G R 2
o Ll : i
— = - m— 545
3393 0 1 N ﬂF: — il
= o
70 el s = e :
i : = Te s 2
Lz [
| |y S— 545
33.93 545
25.00 30.00 35.00 40.00 m 35.00 40.00 45.00 m
| | | | | | |
Sector of system Group 15 16 W 1 307 Sector of system Group 15 16 M 1504

Minimurm-Longitudonal reinforcem ents (total) of beam, 1cm §:g-§‘1g
30 =3500cm2 (Max=90.4) Z* 0516

Minimum-3hear reinforcements (maximum) of beam, 1.cm Sggglg
S.00cmm (Max=5435) Z*0816

g

Figure 6.1: Required reinforcement of the piles
Zxfnupa 6.1: AnaiToUuevog onAICHOG NACOaAWY
6.3 Bearing capacity of the piles

Given the soil profile of Figure 3.9, the bearing capacity of the piles is calculated according to
the Appendix C of Deliverable D4: Elastic Response Spectra for Liquefiable soils, for three pile
diameters, ®100, ®120 and ®150 (Figure 6.2). For the calculation of the piles’ bearing
capacity, safety factors 2.00 and 1.30 are taken into account, referring to the static
combinations and seismic ones, respectively. Thus, the bearing capacity of a pile with a
diameter 1.20m and length 25.00m is 9.50MN /2.00=4.75MN for static loads and
9.50MN/1.30=7.30MN for seismic loads. The maximum values of the load at the top of the
pier’s piles are:

\/
\/

Static combinations: minN = 4553 kN (LC 1100) <4750kN (Figure 6.3)

Seismic combinations: minN = 5092 kN (LC 4100) <7300kN (Figure 6.4)
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Maximum axial force at the piles for static load combinations
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Figure 6.4: Maximum axial force at the piles for seismic load combinations
ZxnHa 6.4: MéEyioTo a&oVIKO (pOPTIO OTOUG NACGAAOUG YIa OEITHIKOUG oUVOUACHOUC (POPTIoEWV

6.4 Piles’ Confinement

The maximum compressive load of the piles is Nc=5092kN.

Since the normalized axial force nk exceeds the limit of 0.08, as:
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ne = fN;‘ = 5092 / (20000 x 3.14 x 1.20%/4) = 0.23 > 0.08

ckMc

confinement should be provided. The minimum amount of confining reinforcement for a spiral
is:

Ac

Wiy =1.40- —< . A -0, >0.18 = 1.40 x 1.20% / 1.04% x 0.37 x 0.23= 0.16<0.18 > ©=0.18

cc

The quantity of the confining reinforcement is defined by the mechanical reinforcement ratio
which is:

20x10°3
. fu ) 1.5 )
minp,,= W, — = minp,, = 0.18 x —==—— = minpw=0.00552
1.15

A spiral ®14/10 is used accounting for a volumetric ratio equal to:

4A
— % =4 x 1.54cm? /(104cm x 10cm) => pw = 0.006>minpw

Pw= DspsL

The spacing of the spiral satisfies the limits of:
st=10cm<6dbL=6 x 2.2cm=13.2cm where duL is the longitudinal bar diameter and

st=10cm<Dc/5=104cm/5=20.8cm where D is the diameter of the confined concrete core.

6.5 Reinforcement of pilecap

The required reinforcement of the pilecap is illustrated in Figure 6.5, where the principal
direction is parallel to x-axis, while the cross one is parallel to y-axis. A reinforcement grid of
®22/10 is used for the upper and lower reinforcement of the pilecap.
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ZxnHa 6.5:

6.6 Reinforcement of the pier

% Bottom cross reinforcements (2nd kayer) from miccle of

A element HL Design Case 1, from 0 to 30.5 sten 5.00 cm2/m

Required reinforcement of the pilecap
AnaiToUpevoc onAIOHOG KEPAAOJETHOU NACCAAWY

The required reinforcement of the pier's columns is equal to 186.7cm? (Figure 6.6). A
minimum percentage of 1% is considered and 45125 (220.95cm?) are used for the columns of

the pier.
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Figure 6.6: Required reinforcement of the pier
Zxfnua 6.6: AnaiToUevog onAIoHOG oTUAWV HECOBABPOU

6.7 Pier's Confinement

The maximum compressive load of the piers is for Load Combination 1200 and it is equal to
Nc=9673kN (Figure 6.7).
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Figure 6.7: Maximum axial force at the pier
ZxnHa 6.7: MéEyioTo a&ovIKO PopTio OTOUG OTUAOUG HECORABpPOU
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Since the normalized axial force nk exceeds the limit of 0.08, as:

NC

fck c

N = = 9673 / (30000 x 3.14 x 1.50%/4) = 0.18 > 0.08

confinement should be provided. The minimum amount of confining reinforcement for a spiral
is:

Ac

Wpin =1.40- —< - A-n,20.18 = 1.40 x 1.502 / 1.342 x 0.37 x 0.18 = 0.12<0.18 > w=0.18

cc

The mechanical reinforcement ratio is:

30 x103
. fu ) 1.5 .
minp,,= W, — = minp,, = 0.18 x ——=—— = minpw=0.008
w min de w 500 x 103 w
1.15

Stirrups 2016/15 are used with a volumetric ratio:

4A
— P =2 x4 x2.00cm? /(134cm x 15cm) => pw = 0.008=minpw

Pw= DspsL

The spacing of the stirrups satisfies the limits of:
st=15cm=6db.=6 x 2.5cm=15cm where du. is the longitudinal bar diameter and

st=15cm<Dc/5=134cm/5=26.8cm where D is the diameter of the confined concrete core.

6.8 Reinforcement of deck slab

The required reinforcement of the deck slab is shown in Figure 6.8, where the principal
direction is parallel to x-axis, while the cross one is parallel to y-axis. In the longitudinal
direction ®14/10 is used for the upper and lower reinforcement, while in the transverse
direction ®12/10 is chosen.
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Chapter

DESIGN OF STEEL MEMBERS

7.1 Evaluation of the results

The maximum internal forces for the steel members are listed in Table 7.1.

Table 7.1: Analyses’ results for the steel members
Mivakag 7.1:  AnoteAéopaTa avaAUoewV yia Ta HETAANIKA OToIxEIa
Members Results Conventional Solution | Max. Exploitation Factor (EF)
minN (LC1100) -6242kN
Arches maxMy (LC1100) 1033kNm 0.82
maxM, (LC4100) 971.4kNm
maxN (LC4100) 202.1kN
. minN (LC1100) -125.9kN
Transverse bracing maxM, (LC4100) 31.8KNm 0.46
maxM, (LC4100) 13.3kNm
Diagonal bracing minN (LC4000) -137.2kN 0.99
Hangers maxN (LC1100) 1211kN 0.85
maxN (LC1100) 3327kN
minN (LC4100) -1651kN
Transverse beams maxM, (LC1100) 2032kNm 0.94
maxM, (LC1100) 111.4kNm
maxN (LC1100) 5239kN
. minN (LC4100) -1481kN
Main beams =M, (LC1100) 2057kNm 0.52
maxM, (LC1100) 121.1kNm
7.2 Arches

For the design of the arches, first a buckling analysis is conducted with a model that includes
one main beam, one arch and the hangers (Figure 7.1). The supports at the ends of the main
beam are considered as pinned. For a distributed vertical load equal to 100kN, applied at the
main beam, the normal force of the arch is presented in Figure 7.2. The mean value of the
normal force along the arch is N=2516kN. The first buckling mode of the arch is the in plane
one and it is shown in Figure 7.3. The second one, illustrated in Figure 7.4, concerns the out
of plane buckling. For the first mode the buckling factor is equal to 14.34, while for the second
one is 24.25. Thus the critical force of force Ne in the arch for in plane buckling is Nery=14.34
x 2516kN=36073kN, while for out of plane buckling Ncrz=24.25 x 2516kN = 61013kN.
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Figure 7.1: Model and load for buckling analysis of the arch

Zxnupa 7.1: Mpooopoiwpa kai GpopTio yia avaiuon Auyiopol TOEouU

Figure 7.2: Normal force of the arch due to distributed vertical load applied at the main beam
Ixnupa 7.2: AZovikr) dUvaun TOEou AOyw KaTavERNUEVOU KATAKOPUPOU (POPTIOU OTNV KUpIa SoKO

Figure 7.3: The first buckling mode of the arch
Zxnua 7.3: H npwTn poppn Auyiopol ToEou

Figure 7.4: The second buckling mode of the arch
Ixnua 7.4: H deuTepn pop®n Auyiopdou TOEoU
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Alternatively, according to Annex D, §D.3 of EC3, Part.2, the buckling length factor § can be
estimated by Figure 7.5. Thus, for f=10.00m, 1=42.00, f/I=0.24 and m=7, factor B is equal to
0.55 and the critical force of force Ner in the arch for in plane buckling is expressed as:

2 2
Ng =| 2| EI=|——" ] .210.000.000kN/m? -0.00306m* = 36859kN
Bs 0.55-23.85m

where s=23.85m is the half length of the arch and EI is the in plane flexural stiffness of the
arch, with:

4 4
. n-[(0.75m)* - (0.71m) ]:0_00306m4

1'0 m=1

frsf’ﬁy%{““““m
" I
T g T

08 "
m=1 ;%
fﬁp—"‘\

04

0,2 1 1
0,1 02 0.3 0,4 0,5
.
{
Figure 7.5: Buckling length factor B of arches with a tension tie and hangers
Zxnua 7.5: UVTEAEOTNC AuyiopoU B TOEoU e EAKUCTIPA Kal avapThpeS

The critical force estimated by this procedure approaches the results of the buckling analysis.
Thus, for the check of the arches the critical force in the arches will be considered equal to
Nor=36073kN. The non-dimensional slenderness is calculated as:

=0.67

5 ﬂ:\/458.67cm2.35.5kN/cm2
N 36073kN

cr

The reduction factor x for buckling curve c (cold formed hollow sections) is equal to x=0.742
and the design buckling resistance of the arches is:

XAfy,  0.74.458.67cm? - 35.5kN / cm?

=10953.87kN
Ym 1.1

Nb,Rd =

Since circular hollow sections are not susceptible to lateral torsional buckling, x.r=1.00.
Considering also conservatively kyy=kyz=1.0, all elements of the arches should satisfy:

Neg  Myea +M,

EF = £d 21.00

Np,rd Mp rd
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where

Wafy _ 10660.67cm” - 35.5kN / cm?
Ymt 11

= 344049kNcm

Mprd =

The maximum compression force and the maximum bending moment Meqy are observed for
Load Combination 1100. Figure 7.6 illustrates the diagrams of the maximum axial force and
the corresponding bending moments, while in Figure 7.7 the maximum bending moment Meq,y
and the corresponding axial force and bending moment Meq. are plotted. Similarly, the
diagrams of internal forces for the combination with the maximum bending moment Meq; is
shown in Figure 7.8. The maximum exploitation factor for the arches is EF=0.82<1.00.
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The non-dimensional slenderness for the transverse bracing members is calculated as:
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y_L [Af, 1470cm | 59.44cm? - 35.5kN / cm? _230
nV Bl n Y 21000kN/cm? -4160cm*

and the reduction factor x for buckling curve c is x=0.15. Thus, the design buckling resistance
of the transverse bracing members is:

XAfy  0.15.59.44cm? - 35.5kN / cm”?
Ymt 1.1

= 287.74kN

Np,rd =

The maximum compression force at the transverse bracing members is developed for the
Load Combination 1100 and it is equal to Nes=125.9kN<Nbrd. For this combination the
bending moment is negligible (Figure 7.9). The maximum bending moment appears for the
seismic Load Combination 4100. For this combination, the internal forces are Ned=42.3kN
(compressive force), Myed=31.8kNm, Mze4=12.90kNm (Figure 7.10). Since the following
criterion is satisfied:

Ned=42.3kN<0.25 X Np,rd=0.25 x 2110.12kN=527.53kN
where
Npi,ra=Af,=59.44cm? x 35.5kN/cm?=2110.12kN

no effect of the axial force is taken into account. Hence:

M 2 M 2 2 2
ves | [ Mogs | _ 3180kNcm N 1290kNcm — 0.06 <1.00
Meq Meq 14446.24kNcm 14446.24kNcm

where

Wufy  447.63cm> - 35.5kN / cm?
Ymt 11

=14446.24kNcm

Rd

Since circular hollow sections are not susceptible to lateral torsional buckling, x.r=1.00.
Considering also conservatively kyy=kyz=1.0, the transverse bracing members should satisfy:

M M
EF - Neg Ly +M, g4 <1.00 — EF 42.30kN  3180kNcm +1290kNcm

- = + —0.46 <1.00
No ra Mp rg 287.74kN 14446.24kNcm
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Figure 7.9: Internal forces for the load combination with the maximum compressive force at the
transverse bracing members
Zxnupa 7.9: EvTaTIkG PEYEBN yia Tov GUVOUACHO POPTICEWY HE T WEyIoTN BAINTIKN dUvaun oTa

€YKAPOIa PEAN TWV OUVOESHWY Suokapyiag
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Figure 7.10:  Internal forces for the load combination with the maximum bending moment at the

transverse bracing members

Zxnua 7.10:
€YKAPOIa PEAN TWV OUVOESHWY Suokapyiag

7.4 Diagonal bracing members

EvTaTika PEYEBN yia Tov GUVOUAOHO (POPTICEWVY HE TN HEYIOTN KAUNTIKA ponn oTa

The non-dimensional slenderness for the diagonal bracing members is calculated as:
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S_L /ﬂ_913cm\/ 33.10cm? -35.5kN/em? o
n\ El n \21000kN/cm? -720.3cm*

and the reduction factor x for buckling curve c is x=0.13. Thus, the design buckling resistance
of the diagonal bracing members is:

XAf, _ 0.13-33.10cm? - 35.5kN / cm?
Y 1.1

=138.87kN

Np,rd =

The maximum compression force at the diagonal bracing members is developed for the
seismic Load Combination 4000 and it is equal to Nea=137.2kN<Nb,ra (Figure 7.11).

20,00 40,00 60,00 e0.00 m
| | | |

Sector of syster Group 36 10...12
; Normal force of trussing, Loadcase 4048 MINE-N TRUS, 1 cm 3D = 500.0 KN (Min=-137.2) (Max=-61.5)

Figure 7.11: Maximum axial forces at the diagonal bracing members
IxAua 7.11:  Méyiotn a&ovikr duvapn oTta diaywvia HEAN Twv oUVOEoHWY duoKapwiag

7.5 Hangers

The design tension resistance of the hangers is:

Afy  40.29cm? - 35.5kN / cm?
Ymo 1.0

=1430.30kN

Nt,Rd =

The maximum tension force at the hangers is developed for Load Combination 1100 and it is
equal to Nea=1211kN<Nrd (Figure 7.12).

20.00 40.00 60.00 80.00 m

Sector of system Group 34 10,12 M 1600
®*0.890

g; Mormal force of trussing, Loadcase 1145 MAX-N TRUS, 1 cm 30 = 2000. kM (Max=1211.} Ge0Ta
Figure 7.12:  Maximum axial forces at the hangers
Ixnua 7.12:  Meyiorn a&ovikr) dUvapn oToug avapThipeS
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7.6 Transverse Beams

During the pouring of the concrete slab the bending moment at the transverse beams due to
its weight and the weight of the slab is M=521.90kNm. In Figure 7.13 the load of the slab
applied on the transverse beams is illustrated and the bending moments of these beams due
to self weight of the steel members and the slab are also shown. Taking into account a
permanent load 0.75kN/m? and a variable load 0.75kN/m? during construction, the distributed
load and the bending moment due to this load will be:

p=0.75 kN/m? x 2.625m=1.97kN/m

_ 1.97kN/m-(14.70m)’
8

M =53.21kNm

and the design bending moment is:
Mea=1.35 x (52190kNcm+5321kNcm)+1.50 x 5321kNcm=85621.35kNcm

The critical lateral torsional buckling moment is:

0,5
2 2 2 !
n“El k |1 (kL+)°GI 2
M, =C Z — | 2w AT T 4 (Cyzy — Caz; -(Cyz, - Cyzy)r =
cr 1(kL-|-)2 [|:kw:| Iz anIZ (Zg 3]) (Zg 3])

n* x 21000 sz

Mg =1,132 cm >
(1,0 x 1470cm)

x 15820cm*

0,5

(1,0 x 1470cm)? x 8077 KN 1137¢m?

[1,0}2 29460000cm° om?

4
10| ~ 15820cm i x 21000 % 15820cm®
cm

+(0.459 x 45cmf | - (0.459 x 45cm)} =

=121395.16kNcm
where zq=90cm/2=45cm, zs= zj=0, zZg=2o-zs=45cm, k= kw=1.00

E  21000kN/cm?

G-= _ — 8077kN/cm?
2(v +1) 2(0,3+1)

C1=1.132, C> =0.459, C3 =0.525, It=1137cm*, 1,=15820cm*, I =29460000cm®, Lt=1470cm
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Figure 7.13: Load of the slab and bending moments at the transverse beams during construction

IxAHa 7.13:  ®opTio KATAOTPMUATOG KAl KAUMTIKEG POMEC eyKapaiwv diadokidwy kaTda Tn
OKUPOJETNON

The non-dimensional slenderness for the transverse beams is calculated as:

=1.92

LT =

= (Wy,fy _\/12580cm3-35.5kN/cm2
Mg 121395.16kNcm

For h/b=90cm/30cm=3>2, the lateral torsional buckling curve is b, thus, x.r=0.225. The
design buckling resistance moment of a laterally unrestrained beam is taken as:

W, f 12580cm? - 35.5kN / cm?
Mprd = Xir —=r - 0.225. /

= 91347.95kNcm >Meq=85621.35kNcm
Ymi 1.10

The maximum bending moment for the beams laterally restrained due to the concrete slab is
calculated for Load Combination 1100 and it is equal to Meqy=2032kNm. For the same
combination the axial tensile force is Nea=2719kN, while the bending moment Meq:. is
negligible at the element with the maximum Meqy (Figure 7.14). The following criteria are
satisfied:

Nea=2719kN<0.25 X Np,ra=0.25 x 371.3cm? x 35.5kN/cm?=0.25 x 13181.15kN=3295.30kN

htf _2. _2. . . 2
Ny, = 2719KkN < -y :(90cm 2-3.5cm —2-3.0cm) -1.85¢cm - 35.5kN / cm
Yo 1.00

=5056.98kN
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thus, no effect of the axial force is taken into account. Hence, the design plastic moment
resistance is:

w, f 3 2
_ Doy _ 12580cm - 35.5kN/em” _ g6500kNcm > My, , = 203200kNem

Yoo 1.00

pl,y,Rd

20.00 40.00 g0.00 a0.00 m
| | | |
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Bending moment My of beam, Loadcase 1151 MAX-MY BEAM, 1 cm 30 = 2000 kNm (Max=2032 ) 70714
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Eending moment Mz of beam, Loadcase 1151 MAXK-MY BEAM, 1 cm 30 = 50.0 khm (Min=-25.6) (Max=35.4) e I A

Figure 7.14:  Internal forces for the load combination with the maximum bending moment at the
transverse beams

Zxnua 7.14: EvTaTikd pey£0n yia Tov ouvOUAoNO POPTICEWY WE TN HEYIOTN KAUMTIKY PONM OTIG
01a00KidEG
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The maximum compressive axial force is computed also for Load Combination 4100, which is
equal to Nea=1651kN. The maximum bending moment for the same Load Combination is
Med,y=676kNm, while the bending moment Meq,; is negligible (Figure 7.15).
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Eending moment Mz of beam, Loadcase 4112 MINE-M BEAM, 1 cm 3D = 50.0 kNm (Min=-50.2) (Max=0.321) Scale reduaea—(‘d o

Figure 7.15:  Internal forces for the load combination with the maximum compressive axial force at
the transverse beams

Ixnua 7.15:  EvraTmikd peyédn yia Tov ouvduaouo PopTICEWV pPE TN PEYIOTN BNINTIKA SUvapn oTig
dladokideg
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Neglecting, conservatively, the stiffness of the slab of the composite beam, the non-
dimensional slenderness for the transverse beams is:

x_L [A, _1470cm | 37130cm? 35,50 /cm® o oo
niE n 21000kN /cm? - 494100cm*

and the reduction factor x for buckling curve b is x=0.871. Since the slab protects the
transverse beams from lateral torsional buckling, x.r=1.00. Thus, the exploitation factor for
this load combination is:

eF = e Mo
M

+M, g 1651kN . 67600kNcm

= =0.32<1.00
10437.07kN  405990.91kNcm

b,Rd
where

XAfy  0.871-371.30cm? - 35.5kN / cm?
Ym 1.1

Np,rd = —10437.07kN

and

W,y fy _ 12580cm? - 35.5kN / cm?
Yt 1.10

= 405990.91kNcm

IVIb,Rd =

7.7 Main Beams

During the pouring of the concrete slab the bending moment at the main beams due to its
weight and the weight of the slab is M=779.90kNm, while the tensile axial force is 1223kN.
The internal forces of the main beams during construction are illustrated in Figure 7.16. Since
the following criteria are satisfied:

Nea=1223kN<0.25 x Np,ra=3295.30kN

hytwf
Neg = 1223kN < % = 5056.98kN
MO

no effect of the axial force is taken into account for the cross section check. The design plastic
moment resistance is:

MRd,y=446590kNcm>Med,y=77990kNm
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Figure 7.16:  Bending moments and axial forces at the main beams during construction
IxApa 7.16:  KapnTikég ponég kal a&ovikeég SUVAEIG KUpiwv dOKWV KaTa Trn OKUPOJETNON

The maximum bending moment of the main beams is smaller than the one developed at the
transverse beams. Additionally, combined with the axial force, the upper (point t) and bottom
(point b) stresses of the main beams during construction are shown in Figure 7.17. The
central part of the beams is entirely under tension, while only the parts close to their
connections with the arches present compressive stresses at the bottom flange. The length of
the main beams under partially compressive stresses is rather small, lying between the edge
and the shortest hanger. Hence, no lateral buckling check of the main beams during
construction is deemed necessary.
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Figure 7.17:  Upper and bottom stresses at the main beams during construction
IxApa 7.17:  Tdaoeig otnv dvw Kal KATw iva Twv Kupiwv S0KWOV KaTd Tn OKUPOJETNON

The maximum tensile axial force for the main beams laterally restrained due to the concrete
slab is calculated for Load Combination 1100 and it is equal to Neq=5239kN. For the same
combination the bending moment is Medqy=1797kNm, while the bending moment Meq. is
negligible at the element with the maximum Meq,y (Figure 7.18). Since the following criteria
are not satisfied:

Ned=5239kN>0.25 x Np,ra=3295.30kN

h,t,f,
Ng; = 5239kN > == =5056.98kN

Ymo

the effect of the axial force must be taken into account. Hence, the reduced design plastic
moment resistance due to the axial force is:

M =M _d-n 446590chmﬂ =341342.68kNcm > M

N,y,Rd pl,y,Rd 1-05-a 1-0.5.043 Edy = 179700kNcm

where n=Ned/Np,rRa=5239kN/13181.15kN=0.40 and

— 2 - N )
4 A —2bt; _ 371.3cm” —2-30cm-3.5cm —0.43 <0.50

A 371.3cm?
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Figure 7.18:
main beams

Ixnua 7.18:
duvapn oTig kUpieg dokoUg

Scale reduced (0.9

Internal forces for the load combination with the maximum tensile axial force at the

EvTaTika peyedn yia Tov ouvduacpo POPTICEWY HE TN HEYIOTN EQPEAKUCTIKI AEOVIKT

The maximum compressive axial force for the main beams laterally restrained is equal to
Nea=1481kN under the seismic Load Combination 4100 (neglecting the parts of the beams
outside the arches), as shown in Figure 7.19. For the same combination the maximum
bending moment is Med,y=1580kNm, while Meq is negligible.
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Figure 7.19:  Internal forces for the load combination with the maximum compressive axial force at
the main beams

Ixnua 7.19:  EvraTikd peyeédn yia Tov ouvduacuo PopTICEWV PE TN PEYIOTN BNINTIKA SUvapn oTig
KUpIEG dokoUG

In order to find the critical force Ne for buckling of the main beams about their strong axis,
ignoring conservatively the presence of the slab, the model of Figure 7.20 is used. The one
end of the main beam is considered as pinned, while the other as roller. For a concentrated
horizontal load equal to 1000kN, applied at the roller, the normal force of the main beam is
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presented in Figure 7.21. The mean value of the normal force along the arch is N=966kN. The
first in plane buckling mode of the beam is shown in Figure 7.22 with buckling factor equal to
35.35. Thus, the critical force of force Ner in the main beams for in plane buckling is Ner=35.35
x 966kN = 34148.10kN. The out of plane buckling is not taken into account, since the main

beams are laterally restrained by the slab.
T T

- 1000

Figure 7.20: Model and load for buckling analysis of the main beams
ZxnHa 7.20: Mpocopoiwpa kai popTio yia avaAluaon AuyIoHoU TWV KUPIwV dOK®V
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Figure 7.21:  Normal force of the main beam due to concentrated horizontal load at its end

IxAua 7.21:  Afovikr dUvapn kUpiag dokoU AOYw CUYKEVTPWHEVOU OpIfOVTIOU (POPTIOU OTO AKPO TNG

Figure 7.22:  The first in plane buckling mode of the main beam
IxnHa 7.22: H npwTn evTog eninédou Hopdr AuyiopoU Tng KUpiag dokoU

The non-dimensional slenderness is calculated as:

_[af 2. 2
Ay :J371.3cm 35.5kN/cm? o o
N, 34148.10kN

The reduction factor x for buckling curve b is equal to x=0.827 and the design buckling
resistance of the main beams is:

Af - . ’
AT, _ 08273783 35,50/ m?._ g0 gy

Np,rd =
Ym
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According to the second method, presented in EC3 — Part 1.1, the interaction factor kyy is
given as:

kJ =04 (1 +(0.62-0.2)
XyNeg ! Y

= 1481kN
K, =Chn, {1+()\y -0.2) ]:0.43

9909.83kN

Since the slab protects the main beams from lateral torsional buckling, x.r=1.00. Thus, the
exploitation factor for this load combination is:

k. M .
EF - N, L KMyes 1481kN . 0.43 - 158000kNcm 032 <1.00
Nogs  Mygs  9909.83kN 00.446590chm
' 1.1

For reasons of constructability of the connection of the transverse beams on the main ones,
the same profile is used for both groups of beams, although the exploitation factor of the
main beams is much smaller than 1.
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Chapter

PERFORMANCE AT SERVICEABILITY LIMIT STATE

8.1 Maximum compressive stress of the deck slab

As mentioned in section 5.5 for the characteristic load combination, the compressive stress of
the concrete slab should not exceed the value of 0.60f«=21MPa. The maximum compressive
stress is obtained for load combination 1600 and it is equal to 17.3MPa (Figure 8.1).

=

——
—

R

10.00 20.00 30.00 40.00 a0.00 60.00 7000 g0.00 m
| \ | | | | | \
Sector of system Group 01 10..12 M 1535
%—K Top stress ® from middle of element =¥ Loadcase 1628 MINR-vX NODE, from -13.7 to 649 step 1.00
i MPa
22 19 14 17 14 14 22 44
B 1 1 i =T Rl
e Y| ug]l\f JI ':] q\u (NP IR g
e
2l
- ]3 b 0 D b 1
J g |
LN 2
s 2l bt Ll o 1 4 et TN
10.00 20,00 30.00 40.00 50.00 60.00 70.00 a0.00 m
| \ | | | | | \
Sector of system Group 01 10..12 M 15835
%X Bottom stress « from middle of element <+ Loadcase 1622 MINRE-M: NODE, from -17.3 to 4.39 step
¥ 1.00 MPa
Figure 8.1: Maximum compressive stresses of the deck slab for SLS (characteristic) load
combination
Zxnua 8.1: MéyioTn BNINTIKA TGon oTnV NAAGKA KATAOTPWHATOG YIa TOUG oUvOUaopoUg

AEITOUPYIKOTNTAG (XaPaKTNPIOTIKOG)

8.2 Maximum deformation of the deck

As mentioned in section 5.5 the deformation of the deck is calculated for the frequent load
combination. In Figure 8.2 the maximum deflection of the main and transverse beams is
illustrated, arising at 60.3mm for the main beams (60.3mm< L/300=42000/300=140mm) and
79.9mm-60.3mm=19.6mm for the transverse ones (19.6mm<L/300=14700mm/300=49mm).
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s
=
0.00 20.00 40,00 50.00 80.00 100,00 m
| | | | | |
Sector of system Beam Group 0 M 1:810
g Maodal displacement in global Z, Loadcase 1801 MAXF-UZ NODE, 1 cm 30 = 100.0 mm —=~ (Max=60.3) §:g§?g
Z 0714
=
e
0.00 20.00 40.00 B0.00 80.00 100.00 m
| | | | | |
" Sectar of system Beam GI’DUD 1] 1816
g,‘ Modal displacement in global 7, Loadease 1811 MAXF-UZ NODE 1 cm 30 = 1000 mm === Max=57 2) é:g?ﬂgg
Z 0714
s _|
=
0.00 20.00 40.00 60.00 0.00 100.00 m
| | | | | |
Sector of system Beam Group 1 M 1805
217 Maodal displacement in global Z, Loadease 1801 MAXF-UZ NODE, 1 cm 30 = 100.0 mm == (Max=70.8) é:gg?g
2074
g _|
=
100.00 m
| | | | | |
Sectar of system Beam GI’DUD 1 b 1:808
5 Modal displacement inglobal Z, Loadcase 1811 MAXF-UZ NODE, 1 cm 30 = 100.0 mm = (Max=73.9) ﬁ:g?ﬂgg
Figure 8.2: Deflection of the deck’s beams for SLS (frequent) load combination
ZxnHa 8.2: BEAOC OOK@V KATAGTPWHATOG YId TOUG oUVOUACHOUG AsIToupyikOTNTAG (ouxvoc)
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Chapter

CHECK OF BEARINGS AND EXPANSION JOINTS

9.1 Check of bearings
parallel to axis: X y
Dimensions: 70 X 80
Number of elastomeric layers: 10
Thickness of an indivicual elastomeric layer: 15
Total thickness: 150

Axial loads
Permanent:
Superimposed:
Traffic load:
Earthquake z-z:

Permanent:
Superimposed:
Earthquake z-z:

Displacements
Braking load:
Shrinkage:

Uniform difference of temperature AT = -41°C:

Earthquake x-x:
Earthquake y-y:

Rotations
permanent:
superimposed:
traffic load:

most loaded bearing
1347.00 kN

845.00 kN
1430.70 kN

866.50 kN

less loaded bearing
1347.00 kN
845.00 kN
866.50 kN

24.50 mm
4.00 mm
18.00 mm
238.90 mm
209.80 mm

a,= 0.180 x 107 rad
a,= 0.556 x 107 rad
o= 3.043x10° rad

cm

mm
mm

:Ng= 2192.00 KN
1430.70 KN
Nmax,ﬁt = 3622.70 KN

=
ks]
|

Npirst = 2192.00 KN

0.296 x 107 rad
0.324 x 107 rad
y 2.989 x 10° rad

0O 0 0
Bl
oo

A. Check for static combinations (according to DIN 4141 / Part 14)

Total displacement
Shear strain

Omax=Nea/A=
Omin= Ng/A=

Design pressure

Angular rotation about x

Angular rotation about y

Pygx= 0.0038 rad <

Py,= 0.0036 rad <

g = 46.50 mm
Vg = 0.31 < Yer = 0.69 0K
6.47 MPa < 15,00 MPa
3.91 MPa < 5.00 MPa ANCHORAGE IS REQUIRED
Per=PXPen = 0.0150 rad 0K
@ =NXPy e, = 0.0200 rad oK
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B. Check for seismic combinations (according to EC8-2)

Apparent conventional shear modulus: Gy= 900 kPa
Shear modulus: G,= 1125 kPa
Lower bound design properties: Gpmin= 1125 kPa
Upper bound design properties: Gy, rmen= 1350 kPa
Displacement +x: e = 251.9 mm
Displacement +y: dEdy = 62.9 mm
Total displacement deg = 259.6 mm
Design shear strain due to horizontal displacement €qd= 1.73 <2.0 oK
S= 12.44

A = 3333.18 ¢m?
Nog = 2738.09 kN

0, = 8214.65 kPa
Design strain due to compressive load Eg = 0.88
Design strain due to design angular rotation € d = 0.32
Maximum design strain €4 = 2.93 <€, Nm= 7.00 oK
C. Stability
One of the following criteria should be satisfied:
brin> 42t => 70 cm > 60 cm 0K
0 < 2D Gp inS/32Y, => 8214.65 kPa < 43555.56 kPa oK
D. Anchorage
Minimum vertical design force: Neg = 1932.05 KN
Minimum design pressure: 0, = 5.80 Nfmm’ >3,00
Stiffness: K=GomaXAfT = 5040.0 KN/m
Maximum shear force: Veg=Kdeg = 1308.61 KN
VEd/ NEd = 0.677
a= 0.100
= 0.300
M= d+Plo.= 0152
Check: Veqg/ Ngg > a+ B/o. ANCHORAGE IS REQUIRED

E. Uplift of the bearings
The minimum vertical load at the bearings due to the seismic load combinations is:
minNg= 1325.50 kN COMPRESSIVE FORCE, OK
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9.2 Check of expansion joints

Displacements:

Braking load:

Shrinkage:

Uniform difference of temperature AT = -41°C;
Uniform difference of temperature AT = +59°C:
Earthquake x-x:

Earthquake y-y:

Total displacement
Static combination

Maximum negative d'eg=-dg-1.50%dr-1.5%0.60%dy41)=
Maximum positive d'eq=-dg+1.50%*drg+1.50%0.6%dy(,50)=
Seismic combination

Maximum negative d'eq=-0.4%de-ds-0.5%dy.41)=
Maximum positive d'eq=0.4*de-dg+0.5%dy .50y =

Minimum displacements of the expansion joint
Static combination 114 mm
Seismic combination 223 mm

Minimum gap
d'gg=de-dg+0.5%dl, 59)= 260 mm

An expansion joint of type Algaflex TM480 or similar is chosen
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Chapter 1 0

BRIDGE DESCRIPTION

10.1 Geometry and cross sections

The bridge under investigation is situated over a riverbank and it is a steel arch road bridge
with two simply supported spans, with total length 87.60m. The total width of the deck is
equal to 15.00m, while at the supports it becomes 15.55m. The steel members of each span
include two (2) main beams, seventeen (17) transverse beams, two (2) arches connected with
transverse and diagonal bracing members. Each main beam is suspended by each arch with
seven (7) hangers. The distance of the transverse steel beams is 2.625m. A composite deck is
formed using trapezoidal profiles of type SYMDECK 150 and a concrete slab. The total
thickness of the composite slab is 35cm. The concrete slab is connected with the transverse
and main beams through steel shear connectors in order to ensure composite action. The
characteristics of the bridge’s steel members are listed in Table 10.1. The elevation view of a
single span is illustrated in Figure 10.1, the arrangement in plan view of the main and
transverse beams is shown in Figure 10.2, the plane view of the bridge in Figure 10.3 and the
section of the bridge at mid span in Figure 10.4.

Table 10.1: Characteristics of the bridge’s steel members
Mivakag 10.1: XapakTnpioTIKA TwV HETAANIK®V OTOIXEIWV TNG YEPUPAG
Type number | Cross section | RN SRE | T panirise.
Main beams 4 HEB900 43.30m 42.00m
Transverse beams 34 HEB900 14.30m 14.70m
Arches 4 CHS750/20 47.70m 42.00m / 10.00m
Transverse bracing members 10 CHS244.5/8 13.95m 14.70m
Diagonal bracing members 16 CHS168.3/12.5 8.45m 9.13m
Hangers 28 CHS168.3/8 3.90m - 9.625m 4.375m — 10.00m
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C35/45
SYMDECK150

CHS 168.3/8
§355

HEBS00
5355

10.00

I i I
NB4 800x800x282 (162)
65 2.625 | 2.625 , 2.625 | 2.625 , 2.625 | 2.625 , 2.625 | 2.625 , 2.625 , 2.625 | 2.625 , 2.625 |, 2.625 , 2.625 | 2.625 , 2.625 .65
‘ T T T T T T T T T
65 42.00 64
T T
43.30 |
+
Figure 10.1: Elevation view of a single span
IxAHa 10.1:  ‘Own evTdC avoiyhaTog Yepupag
HEB900
- 45355 .+
= / =
gl 1
LA
= =i
= = -+
65 2.625 | 2.625 | 2.625 |, 2.625 | 2.625 , 2.625 , 2.625 , 2.625 , 2.625 | 2.625 | 2.625 , 2.625 , 2.625 | 2.625 | 2.625 , 2.625 .65
T T T T T T T T T T T
65 42.00 65
T T T
| 43.30 |
T T
Figure 10.2:  Arrangement in plan view of the deck’s beams of a single span
IxApa 10.2:  AidTagn dokmV KaTaoTpWHATOG EVTOC avoiyuaTog YEQPUPAG
, AN AN / / \
025 \ cis 750720
3 \ S355
CHS 168.3/12.5 _
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R
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€20/25 4 4 N, CHS 750/20
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N / / N\ AN /
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57 10.50 | 5.25 | 5.25 | 5.25 | 5.25 | 10.50 57
T T T T T T TT
| 42.00 |
T

Figure 10.3:
ZxnHa 10.3:

Plan view of a single span
KaTtown evrog avoiypaTog yepupag
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Figure 10.4:  Section of the bridge at midspan
IxAua 10.4:  Eykapoia Tour yEpupag oTo PHEGOV TOU avoiyHaTog

The pier consists of three circular reinforced concrete columns, 8.00m tall, having a circular
cross section of 1.50m diameter. The distance between the three columns is equal to 7.35m.
They are connected at the top with a 17.00m long concrete beam, having the cross — section
of Figure 10.5a. The dimensions of the pier’s footing are 17.70m x 6.70m and its thickness is
2.00m (Figure 10.5b). The section of the bridge at the pier is given in Figure 10.6. The
elevation view of the bridge is illustrated in Figure 10.7.
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Figure 10.5:  (a) Geometry of the pier in longitudinal section, (b) Geometry of the pier’s footing
IxAupa 10.5:  (a) MewpeTpia peooBabpou atn diaunkn vvola, (b) Mewpetpia nedidou PeooBabpou
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Figure 10.6:  Section of the bridge at the pier
Ixnua 10.6:  Eykdpoia Topn yEupag oTtn Béon pecoBabpou

87.60
43.30 1,00 43.30
42.00 2:30 42.00

10.00

N
Figure 10.7:  Elevation view of the bridge
IxAHa 10.7:  ‘Oyn yépupag

The connection of the deck and the pier and the abutments is realized with anchored
elastomeric bearings type NB4 800x800x282 (162). The bearings consist of nine (9) layers of
elastomer, with thickness te=0.018m. The total thickness of the elastomer is t=0.162m.
Details of the bearings are shown in Figure 10.8.
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Figure 10.8: Details of the elastomeric bearings: (a) plan view, (b) vertical section, (c) perspective
view

IxApa 10.8:  AenTopEpeie EAAOTOUEPIKWY EPEdPAvmV: (a) kaTown (B) kaTakopuen Toun (y)
NPOONTIKO

10.2 Materials

All steel members are made of S355 structural steel. For the composite deck reinforced
concrete C35/45 is used, for the sidewalks C20/25, for the footing, the columns and the beam
of the pier C30/37. The reinforcement steel is B500C.
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10.3 Footing design and dimensions of the crust

For the evaluation of the dimensions of the pier’s footing and the crust, the total static load go
is considered, which includes the permanent loads (consisting of the self weight of the bridge
and footing and of the superimposed load) and 20% of the live load, which is the percentage
considered in the seismic combinations. With respect to the embedment depth D the footing is
considered to be seated at 2.50m below the soil surface. The dimensions of the footing and
the crust are appropriately chosen so that the degraded factor of safety, F.S.deq is equal or
larger than 1.10, according to Table 10.2 for the seismic load combination, while Figure 10.9
shows the basic notation for the design of the improved crust. The thickness of the crust is
chosen equal to 3.20m, while its width and length are 10.00m and 21.00m, respectively
(Figure 10.10).

Table 10.2: Evaluation of the pier’s footing and the crust’s dimensions
Mivakag 10.2: KaBopiopdg diacTdoewv nedilou pecoBabpou kal kpoloTag

Input
Soil Properties
Relative Density of the natural soil, Dy, (%) 60
Excess Pore Pressure ratio in the improved zone, ry,design 0.30
Buoyant unit weight, y' (kN/m?3) 9.81
Soil Geometry
Total Thickness of the liquefiable layer, Zit (M) 20
Thickness of the improved zone, Himp(m) 3.20
Thickness of the liquefiable layer, Zj; (m) 14.3
Width of the improved zone, Limp(m) 10.00
Excitation
Maximum input acceleration, amax (9) 0.17
Predominant period, T (sec) 0.25
Number of cycles, N 12
Footing Properties
Footing width, B(m) 6.70
Footing Length, L(m)>B(m) [use 0 for strip footing] 17.70
Embedment depth, D(m) 2.50
Total static load from footing, qo (kPa) 180.94
Output
Improved Soil
Length of the improved zone (m) 21.00
Volume of the improved zone (m3) 672.00
Replacement ratio, as 0.122
Relative Density of the improved zone, Dy,imp (%) 80
Friction Angle of the improved zone, Qimp (deg) 40
Permeability of the improved zone, keq (m/s) 1.39E-03
Infinite Improvement
Degraded factor of safety, F.S.degint 1.29
Seismic settlements, pdyn,inf(mM) 0.069
Differential settlements, (m) 0.046
Rotation, 6(degrees) 0.226
Finite Improvement
Degraded factor of safety, F.S.deq 1.10
Seismic settlements, payn(M) 0.080
Differential settlements, (m) 0.054
Rotation, 6(degrees) 0.262
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q
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Himp (m)
Improved crust
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Liquefiable sand
y

Figure 10.9: Notation used for the design of the improved crust
IxAua 10.9:  Opiopog Baoikwv cUKBOAWY yia To oxXedIAoUO TNG BEATIWHPEVNG ENIPAVEIAKNG KPOUOTAg

(b)

Figure 10.10: (a) Transverse section and (b) longitudinal section of the pier’s footing and crust
ZxAHa 10.10: (a) Eykapoia Topr) kai (b) diapnikng Topr Bepehiou pecoBabpou kal kpoloTag
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Chapter 1 1

SEISMIC CONDITIONS

11.1 Seismic response spectra with no liquefaction

In order to define seismic actions, without liquefaction, the design spectrum of Eurocode 8 is
taken into consideration, for soil type D, soil factor S=0.96 and peak ground acceleration
PGAb=0.22g, accounting for Seismic Scenario 1, with the following characteristics:

return period Tret = 225 years

earthquake magnitude Mw = 6.2

peak ground acceleration at outcropping bedrock PGAs = 0.22g

Additionally, the following parameters are considered:

Behavior factor

Damping ratio

Damping correction factor

Peak ground acceleration
Periods for horizontal component

Periods for vertical component

gn=1.50, qv=1.00

(=3%

n= 22 _1118
5+3

PGAbh=0.22g, PGA»y=0.90x0.22g=0.198g
(Ts=0.20s, Tc=0.80s, To=2.00s, $=0.96)

(Te=0.05s, Tc=0.15s, Tb=1.00s)

The horizontal elastic response spectrum for the case without liquefaction is illustrated in
Figure 11.1a, while Figure 11.1b shows the vertical one.
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Figure 11.1: (a) Horizontal elastic response spectrum, (b) Vertical elastic response spectrum without
liquefaction

IxAua 11.1:  (a) OpilovTio eAacTikd pdacpa anokpiong, (b) Katakdpupo eAacTikO pACKa anokpiong
Xwpic peuaTonoinan

11.2 Seismic response spectra with liquefaction
In case of liquefaction, the seismic actions are defined according to the design spectrum of
Eurocode 8, for soil type C, soil factor S=0.50 and peak ground acceleration PGA»=0.32g,
accounting for Seismic Scenario 2, with the following characteristics:

e return period Tret = 1000 years

e earthquake magnitude Mw = 7.0

e peak ground acceleration at outcropping bedrock PGAy = 0.32g

Additionally, the following parameters are considered:

e Behavior factor gr=1.50, qv=1.00
e Damping ratio (=3%

. . 10
e Damping correction factor n= =1.118

5+3

e Peak ground acceleration PGAbh=0.32g, PGAbv=0.90%x0.32g=0.288g
e Periods for horizontal component (Ts=0.20s, Tc=0.60s, To=2.00s, S=0.50)
e Periods for vertical component (Ts=0.05s, Tc=0.15s, To=1.00s)

The horizontal elastic response spectrum with liquefaction is illustrated in Figure 11.2a, while
Figure 11.2b shows the vertical one.
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Figure 11.2: (a) Horizontal elastic response spectrum, (b) Vertical elastic response spectrum with
liquefaction

IxAua 11.2:  (a) OpifovTio eAacTikd pdacpa anokpiong, (b) Katakdpupo eAacTikO (pACKHa anokpiong
€ peuaTonoinon

11.3 Modal response spectrum analysis

A modal analysis is performed to calculate the natural frequencies and vibration modes of the
bridge. The inertial effects of the design seismic action are evaluated by taking into account
the presence of the masses associated with all gravity loads appearing in the following
combination of actions:

> Gy"+" > We - Q) where we=0.20 for road traffic loads.

j>1 i>1
It is ensured that the sum of the effective modal masses for the modes taken into account is

at least 90% of the total mass of the structure. The maximum displacements, internal loads
and stresses are superimposed according to CQC (Complete Quadratic Combination) method.
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Chapter 1 2

ANALYSIS OF THE BRIDGE

12.1 Model of the bridge

The main and transverse beams, the horizontal bracing members of the arches and the arches
are modeled with beam elements. Moment releases are applied at the ends of the transverse
beams. The hangers and the diagonal bracing members of the arches are modeled with truss
elements. The concrete slab is simulated using shell elements with a thickness of 25cm,
accounting for the mean value of the slab’s thickness. The bearings at the abutments and the
pier are modeled with equivalent elastic springs, with different stiffness for static and seismic
combinations. Thus, for the horizontal springs the stiffness of the bearings for static load
combinations is:

« . _GgxA _ 900KN/m? x 0.8m x 0.8m
Ty 0.162m

= 3556kN / m (12.1)
while for displacements under seismic load combinations the stiffness of the horizontal springs
is given as:

1.25 x Gg x A
Khse = — < =1.25 x 3556kN / m = 4444kN / m (12.2)

and for the calculation of the internal forces under seismic load combinations, the
corresponding stiffness of the horizontal springs is:

1.20x1.25 x Gg x A
Kh,se,in = . =1.20 x 4444kN / m = 5333kN / m (12.3)

with Gg=900kN/m? the conventional shear modulus, A the overall plan area of the bearing and
t the total thickness of the elastomer layers. The vertical springs have a stiffness constant
equal to:

Kv= A =
1 1
5xGxS E,
(12.4)
= 0.80m x 0.80m _2.04x10°kN/m
0.162m x 1 N 1
5x1.25x900kN /m? x11.112  2000000kN / m?

where S is the shape factor of the elastomeric bearing equal to:
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s__A _ 0.80m x 0.80m
Lxt, 2x(0.80m+0.80m)x0.018m

=11.11 (12.5)

with L the perimeter of the bearing and te the effective thickness of an individual elastomer
layer and the bulk modulus is taken equal to Es=2000MPa.

The numerical model of the bridge is shown in Figure 12.1. The finite element analysis
software that is used is Sofistik.

Figure 12.1:  Model of the bridge
IxAua 12.1:  [pocopoiwpa yepupag

12.2 Modeling of the pier’s footing

The bases of the three columns are connected via rigid links with a common “master” node.
The soil-structure interaction is taken into account with equivalent springs and damping
elements connected to this common node at the base of the pier. More specifically, for the
orientation of the designed pier's footing of Figure 12.2, shown in Figure 12.2, the static
values of the spring’s constants are given in Table 12.1.

N

Figure 12.2:  Orientation of the pier’s footing
IxnHa 12.2: MpooavaTtoAIopog Bepehiou pegoBabpou
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Table 12.1: Static stiffness of equivalent springs at the base of the pier
Mivakag 12.1: >taTikn duokapwia 100dUvapwy eAatnpiwv otn Baon Tou Yecofabpou
Static stiffness kstatic
2.91E+405 kN/m
3.04E+05 kN/m
3.70E+05 kN/m
1.81E+07 kNm/rad
4.41E+06 kNm/rad

Direction
Horizontal, (longitudinal x axis)
Horizontal (transverse y axis)
Vertical, z
Rocking (around longitudinal x axis)
Rocking (around transverse y axis)

In case of dynamic response under seismic loads, the dynamic correction factors are
calculated for both cases, with and without liquefaction (see Annex I). They are considered
common for both horizontal directions. Factors ki(T), referring to the dynamic spring
constants, are given in Table 12.2 for several periods, while the dynamic springs are
calculated as:

Kdynamic=koXxk1(T) (12.6)

where the values of ko are listed in Table 12.3.

Table 12.2: Dynamic correction factor ki(T) of equivalent springs at the base of the pier
Mivakag 12.2: Auvapikog ouvTeAeoTnG ki(T) 100dUvapwy eAatnpiwv oTn Bacn Tou YecoBadpou

No liquefaction

T(sec)
Direction | 0.20 | 0.40 | 0.60 | 0.80 | 1.00 1.25 1.50
Horizontal 1.00 0.85 0.87 0.88 0.89 0.92 0.95
Vertical 0.57 0.78 0.81 0.92 0.95 0.96 0.98
Rocking 0.84 0.95 0.98 0.99 0.99 1.00 1.00

With liquefaction

T(sec)
Direction | 0.20 | 0.40 | 0.60 | 0.80 | 1.00 1.25 1.50
Horizontal 1.20 1.04 0.96 0.91 0.97 0.85 0.77
Vertical 0.42 0.73 0.76 0.55 0.59 0.65 0.72
Rocking 0.83 0.92 0.94 0.94 0.96 0.97 0.99

Table 12.3: Stiffness ko of equivalent springs at the base of the pier

Mivakag 12.3: Auckapyia ko 10000vapwyv ehatnpiwv oTn Baon Tou pecofabpou
Static stiffness ko

Direction

No liquefaction

With liquefaction

Horizontal, (longitudinal x axis)

2.54E+06 kN/m

1.26E+06 kN/m

Horizontal (transverse y axis)

2.34E+06 kN/m

1.16E+06 kN/m

Vertical, z

2.99E+06 kN/m

8.34E+05 kN/m

Rocking (around longitudinal x axis)

1.61E+08 kNm/rad

9.84E+07 kNm/rad

Rocking (around transverse y axis)

3.94E+07 kNm/rad

2.42E+07 kNm/rad

For vibration modes about horizontal axes, the eigenperiod is close to 1.50sec, which also
applies for the rocking about the horizontal axes, while for vertical oscillation, the eigenperiod
is approximately 0.50sec, as shown in Table 12.7 (for the case without liquefaction) and Table
12.8 (for the case with liquefaction), as well as in Figure 12.3. Thus for the case without
liquefaction:

k1,n(1.50sec)=0.95 (12.7)

k1,v(0.50sec)=0.80 (12.8)
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k1,(1.50sec)=1.00 (12.9)

while for the case with liquefaction, the corresponding values become equal to:

k1,n(1.50sec)=0.77 (12.10)
k1,v(0.50sec)=0.75 (12.11)
k1,{(1.50sec)=0.99 (12.12)

Hence, the stiffness coefficients of the equivalent springs at the base of the pier that will be
used for the dynamic analysis are given in Table 12.4. They are calculated according to Eq.
(12.6), using the values of Table 12.3 and the dynamic correction factors of Egs. (12.7) —
(12.12).

Table 12.4: Dynamic stiffness of equivalent springs at the base of the pier
Mivakag 12.4: Auvapikn duokapwia 100dUvapwy ehatnpinv otn Baon Tou Yeoofabpou

Dynamic stiffness Kaynamic
Direction No liquefaction With liquefaction
Horizontal, (longitudinal x axis) 2.41E+06 kN/m 9.70E+05 kN/m
Horizontal (transverse y axis) 2.22E+06 kN/m 8.93E+05 kN/m
Vertical, z 2.39E+06 kN/m 6.26E+05 kN/m
Rocking (around longitudinal x axis) 1.61E+08 kNm/rad 9.77E+07 kNm/rad
Rocking (around transverse y axis) 3.94E+07 kNm/rad 2.40E+07 kNm/rad

Factors kz(T), depending also on the structure’s eigenperiod, refer to the dashpot coefficient,
which is activated only for seismic loads and it is expressed as:

C=koxka(T)xT/2n (12.13)

Table 12.5: Dynamic correction factor ky(T) of equivalent dashpot at the base of the pier
Mivakag 12.5: Auvapikog ouvTeAeoTnC ka(T) 100dUvapmv anooBeoTrpwy oTn Baon Tou JeooBadpou

No liquefaction
T(sec)
Direction | 0.20 | 0.40 | 0.60 | 0.80 | 1.00 | 1.25 | 1.50
Horizontal 0.59 0.45 0.20 0.16 0.09 0.07 0.05
Vertical 0.81 0.31 0.09 0.06 0.06 0.06 0.06
Rocking 0.18 0.07 0.06 0.06 0.06 0.06 0.06
With liquefaction
T(sec)
Direction | 0.20 | 0.40 | 0.60 | 0.80 | 1.00 | 1.25 | 1.50
Horizontal 1.62 0.96 0.72 0.58 0.51 0.50 0.50
Vertical 2.11 1.09 1.01 0.75 0.43 0.32 0.24
Rocking 0.40 0.18 0.15 0.12 0.09 0.08 0.08

Thus for the case without liquefaction:

k2,n(1.50sec)=0.05 (12.14)
k2,v(0.50sec)=0.20 (12.15)
k2,,(1.50sec)=0.06 (12.16)
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while for the case with liquefaction, the corresponding values become equal to:

k2,n(1.50sec)=0.50 (12.17)
k2,v(0.50sec)=1.05 (12.18)
k2,,(1.50sec)=0.08 (12.19)

The dashpot coefficients C are listed in Table 12.6, which is calculated according to Eq.
(12.13), taking into account the eigenperiods of the bridge, the values of the stiffness ko of
the springs (Table 12.3) and the factors ko(T) given in Egs. (12.14) — (12.19).

Table 12.6: Dashpot coefficient C of damping elements at the base of the pier
Mivakag 12.6: >uvteAeoTng andoBeong C oToixeiwv anooBeong otn Bdon Tou JeooBadpou

Dashpot coefficient C
Direction No liquefaction With liquefaction
Horizontal, (longitudinal x axis) 3.03E+04 kN/m 1.50E+05 kN/m
Horizontal (transverse y axis) 2.79E4+04 kN/m 1.38E+05 kN/m
Vertical, z 4.76E+04 kN/m 6.97E+04 kN/m
Rocking (around longitudinal x axis) 2.31E+06 kNm/rad 1.88E+06 kNm/rad
Rocking (around transverse y axis) 5.64E+05 kNm/rad 4.62E+05 kNm/rad

12.3 Vibration modes and natural frequencies

The natural frequencies and periods of the first six vibration modes are listed in Table 12.7,
for the case without liquefaction, and in Table 12.8, when liquefaction occurs, taking into
account the corresponding values of springs and damping elements at the base of the pier, as
described in section 12.1. The modal shapes are the same for the first six (6) vibration modes
for both cases, as shown in Figure 12.3.

Table 12.7: Eigenfrequencies and eigenperiods of the bridge for the case of no liquefaction
Mivakag 12.7: 13100UxvOTNTES Kal IDI0MEPIODOI TNG YEPUPAG YIA TNV MEPINTWAN KN PEUGTONOINONG
Mode number Eigenfrequency (rad/sec) Eigenfrequency (Hz) Period (sec)
1 4.014 0.639 1.565
2 4.212 0.670 1.492
3 5.221 0.831 1.203
4 12.861 2.046 0.489
5 13.379 2.129 0.470
6 15.431 2.456 0.407
Table 12.8: Eigenfrequencies and eigenperiods of the bridge for the case of liquefaction
Mivakag 12.8:  1d100uxvOTNTEG Kal IDI0MEPIODOI TNG YEPUPAG YIA TNV NEPINTWAN PEUGTONOINONG
Mode number Eigenfrequency (rad/sec) Eigenfrequency (Hz) Period (sec)
1 3.980 0.634 1.579
2 4.187 0.666 1.501
3 5.220 0.831 1.204
4 12.661 2.015 0.496
5 13.154 2.094 0.478
6 14.835 2.361 0.424
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(b) second mode

-~ o
5 ' N

(e) fifth mode (f) sixth mode
Figure 12.3:  Eigenmodes of the bridge

IxApa 12.3:  IdIoMOPPES YEQUPAG

12.4 Horizontal liquefaction-induced differential displacements

According to the proposed methodology, except for the settlements and rotations due to
liquefaction, the superstructure should be able to accommodate the maximum liquefaction-
induced differential horizontal displacements between the abutments and the pier. Due to the
response spectrum method limitations, one and only spectrum can be applied to all the
support points (i.e. pier footings and abutments) for each loading case. However, it is
recognized that the seismic excitation differs significantly between the pier and the abutments
since the latter are founded on non-liquefaction susceptible soil while the pier on potentially
liquefiable soil. To overcome this inconsistency, additional displacements due to liquefaction
are imposed to the footings of the pier. Specifically, the expected level of the imposed
horizontal displacements due to liquefaction is defined as a separate loading case. The design
value of the horizontal differential displacement is derived from the geotechnical study of the
particular soil profile. The peak and average transient displacements of the liquefied ground
are summarized in Table 12.9. The design value of the horizontal differential displacement is
considered equal to 12.00cm.

Table 12.9: Peak and average transient displacements of the liquefied ground (from Appendix C of
Deliverable D4: Elastic Response Spectra for Liquefiable soils)

Mivakag 12.9: MEyIoTEG Kal HECEG €DAPIKEG HETAKIVAOEIG PEUCTOMNOINKEVOU €dAgou¢ (anod MNapaptnua
I MapadoTéou M4: EhacTika ddopata Zxediacpol yia PeuoTonoinoipa Edagpn)

Peak horizontal displacement, (cm)
o . . Ground Surface
Excitation Outcropping P i
bedrock w/ improved top layer w/o improved top layer
Absolute Relative Absolute Relative
1| ITALY_BAG 13.13 19.12 10.49 27.64 20.59
2 | ITALY_VLT 1.28 2.81 3.20 4.03 4.39
3| KOBE_TDO 13.47 17.17 20 14.46 21.47
4 | LOMAP_AND 10.20 21.16 22.17 11.23 9.31
5| LOMAP_GIL 11.68 12.59 4.99 13.07 4.87
average 9.95 14.57 12.17 14.09 12.13
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The previously extracted displacements are then considered according to the combination
rule:

+0x £0.30 &y (12.20)
£0.30 Ox £ Oy (12.21)
where dx, Oy are the displacements along the longitudinal and the transversal bridge axes,
respectively. These displacements are then further combined with gravity (G), live (Q) loads
and seismic loads (E) using the partial factors for actions according to the applied code.
Finally, the following combinations of actions are examined:
G + 0.2Q £ Ex = 0.30Ey £ 0.30E; + 0.30 (+0x = 0.300y)
G + 0.2Q £ 0.30Ex + Ey £ 0.30E; + 0.30 (£0.300x % dy)
G + 0.2Q £ 0.30Ex £ 0.30Ey + E; + 0.30 (£0.300x + 0.303y)
G + 0.2Q +0.30 (+ Ex £ 0.30Ey + 0.30E;) + (+0x £ 0.300y)
G + 0.2Q +0.30 (+ 0.30Ex £ Ey + 0.30E;) + (£0.300x % dy)

G + 0.2Q +0.30 (& 0.30Ex + 0.30Ey % E;) + (£0.308x % 0.303,)

12.5 Load Cases

The load cases considered are the following:

LC 1: Self weight

LC 2: Superimposed

Pavement and future layer: g=0.20mx24kN/m3+0.50kN/m?=5.30kN/m?

Each sidewalk with parapets:  g=(0.33m?x25kN/m?3 + 0.95kN/m) / 1.25m = 7.36kN/m?
Earth weight on the footing g=0.50m x 20 kN/m3= 10kN/m?,

LC 3: Shrinkage and creep

An equivalent uniform decrease of temperature is used to simulate the shrinkage of the
concrete slab, equal to -13°.

LC 4: Braking load

The total braking load is:

Qik=0.6aqi(2Qik)+0.10aq qik w1 L=0.6x0.9%x2x300+0.10x1.0x9%x3x87.60=560.52kN

Itis: 180xaq<=Qik<=900 => 180%0.9<=Qik<=900 => 162<=Qik<=900.

The distributed uniform horizontal load over the bridge’s deck is:

Qi/(14.70m x 87.60m)=0.43 kN/m?

LC 5-6: Uniform difference of temperature for check of elastomeric bearings and expansion

joints.
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For the check of bearings and expansion joints the uniform difference of temperature is
calculated as:

ATN,con-20°C=-41°C, ATN,exp+20,C=59°C.

As in LC 15 and 16, the temperature variations are applied on the steel members of the
superstructure and the slab of the deck.

LC 7: Wind action y

Considering a wind velocity Vb=30m/sec, a uniform load is applied at the members of the
bridge towards +y (depending on their exposed dimension):

Piers: 0.0238kN/m

Deck: 0.415kN/m?

Hangers: 0.11-0.13kN/m

Arches: 0.56kN/m

Diagonal bracing members: 0.09kN/m
LC 8: Wind action x

Similarly, considering a wind velocity Vbo=30m/sec, a uniform load is applied at the members
of the bridge towards +x:

Piers: 0.0323kN/m

Deck: 0.104kN/m?

Hangers: 0.11-0.13kN/m

Arches: 0.56kN/m

Diagonal bracing members: 0.07kN/m
Horizontal bracing members:: 0.19kN/m
LC 9: Wind action z

Considering a wind velocity Vb=30m/sec, a uniform load is applied at the members of the
bridge towards +z:

Half Deck: 1.01kN/m?

Arches: 0.56kN/m

Diagonal bracing members: 0.11kN/m
Horizontal bracing members: 0.19kN/m

LC 10, 11, 12: Settlement of 1cm at the pier and 1cm at the abutments. These load cases
are used for the static combinations, in case no liquefaction occurs.

LC 13, 14: Horizontal ground displacements. A horizontal displacement is applied at the base
of the pier, equal to 12cm, in the longitudinal and transverse direction of the bridge,
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respectively. These Load Cases are taken into account in the seismic loading combinations
only if liquefaction takes place.

LC 15-16: Uniform difference of temperature on deck.

Considering an initial temperature To=+10°C, a minimum shade air temperature Tmin=-15°C
and a maximum one Tmax=+45°C, the uniform temperature components are determined by
EC1. Part.1-5 for a composite bridge (Type 2) and are equal to Temin=-11°C and Temax=+49°C.
Thus:

ATN,con=To-Te,min=-21°C, ATNn,exp= Te,max - To =+39°C.

The temperature variations are applied on the steel members of the superstructure and the
slab of the deck.

LC 17: Settlement of 8cm at the pier as calculated in Table 10.2. This load case is used for
the static combinations, in case liquefaction takes place and it is combined with LC18 and 19.

LC 18, 19: Rotation of the pier's footing. A rotation about x and y axes, equal to
0=0.05x8cm=0.4° (0.007rad) is applied at the base of the pier, respectively. These Load
Cases are taken into account in the static loading combinations only if liquefaction takes place
and they are combined with LC17.

LC 20-99: Tandem System of Traffic Load Model 1

The carriageway width is 11.25m, thus, three lanes are considered with width 3.00m and a
tandem system is applied at varied positions of the bridge, as:

Lane 1: 0.9x150kN=135kN/wheel (four wheels)

Lane 2: 0.9x100kN=90kN/wheel (four wheels)

Lane 3: 0.9x50kN=45kN/wheel (four wheels)

LC 101-103: UDL System of Traffic Load Model 1

A distributed load is applied on the deck equal to 2.5kN/m?

LC 121-123, 141-143: UDL System of Traffic Load Model 1

At Lane 1 an additional distributed load is applied, equal to 6.5kN/m?2,
LC 201-260: Tandem System of Traffic Load Model 2

A single axle load is applied at different positions of the bridge with value:
0.9x200kN=180kN/wheel (two wheels)

LC 320-399: Tandem System of Traffic Load Model 1 with cracked deck concrete

LC 401-403: UDL System of Traffic Load Model 1 with cracked deck concrete

LC 421-423, 441-443: UDL System of Traffic Load Model 1 with cracked deck concrete
LC 501-560: Tandem System of Traffic Load Model 2 with cracked deck concrete

LC600: Uniform road traffic loads
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This load case is used for the seismic combinations, taking into account Load Model 1. The
loads considered for this LC are listed in Table 5.2. A uniform load is applied to the shell
elements equal to 4.67kN/m?.

LC2010: Earthquake x-x

LC2011: Earthquake y-y

LC2012: Earthquake z-z

12.6 Load Combinations at Ultimate Limit State (ULS)

The load combination at ULS is described as:

ZYGj ‘ij"+"YQ1 'Qk1"+"ZYQi'Wo| Qi (12.22)

j>1 i>1
where the partial factors ys and yq are listed in Table 5.3.
The following ULS load combinations are considered:

LC 1100 and 1200: This combination includes the following load cases:

LC1 Self weight

+LC2 Superimposed

+LC3 Shrinkage

+LC4 Braking load

+LC7 or LC8 Wind action £x or £y

+LC9

+LC10, 11, 12

Wind action £z

Settlements at the pier and the abutments

(only for the design of superstructure)
(only if liquefaction does not occur)

+LC17 Settlements at the pier’s footing

(only if liquefaction takes place)
+LC18 (+1.0 or +0.3) Settlements at the pier’s footing
(only if liquefaction takes place)
+LC19 (+0.3 or £1.0) Settlements at the pier’s footing
(only if liquefaction takes place)

+LC15, 16 Thermal loads
+LC20-99 Tandem System (LM1)
+LC101-103 UDL 2.5kN/m? (LM1)

+LC121-123 or 141-143 UDL 6.50kN/m? (LM1)

LC 1300: This combination includes the following load cases:
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LC1 Self weight

+LC2 Superimposed

+LC3 Shrinkage

+LC4 Braking load

+LC7 or LC8 Wind action £x or £y

+LC9 Wind action £z

+LC10, 11, 12 Settlements at the pier and the abutments

(only for the design of superstructure)
(only if liquefaction does not occur)

+LC17 Settlements at the pier’s footing
(only if liquefaction takes place)

+LC18 (+1.0 or £0.3) Settlements at the pier’s footing
(only if liquefaction takes place)

+LC19 (+0.3 or £1.0) Settlements at the pier’s footing
(only if liquefaction takes place)

+LC15, 16 Thermal loads

+LC201-260 Traffic load (LM2)

In case liquefaction occurs, the static combinations 1100, 1200 and 1300 including LC 17, 18
and 19, take into the full settlement combined with 100% of the rotation in one direction and
30% of the rotation in the other direction.

12.7 Load Combinations at Serviceability Limit State (SLS)

The load combinations at the SLS are:

Characteristic combination: > Gy;"+"'Qyy"+" > W - Qi

j>1 i~1 (12.23)

Frequent combination: Y Gy;"+"W; 1 - Qi "+" > Wy - Qi
21 i>1

(12.24)

where the y factors for road bridges are given in Table 5.4.

The SLS load combinations are:

LC 1600: Characteristic Load Combination

For this combination the tensile stress in the concrete reinforcement should not exceed
0.80fyk, otherwise the reinforcement is increased. Additionally, the compressive stress in the
concrete slab should be less or equal to 0.60fc.

LC1 Self weight

+LC2 Superimposed
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+LC3

+LC4

+LC7 or LC8
+LC9
+LC15, 16
+LC20-99
+LC101-103

+LC121-123 or 141-143

Shrinkage

Braking load

Wind action £x or £y
Wind action £z
Thermal loads
Tandem System (LM1)
UDL 2.5kN/m? (LM1)

UDL 6.50kN/m?2 (LM1)

LC 1700: Characteristic Load Combination

For this combination the tensile stress in the reinforcement should not exceed 0.80fy,
otherwise the reinforcement is increased. Additionally, the compressive stress in the slab
concrete should be less or equal to 0.60f«.

LC1

+LC2

+LC3

+LC4

+LC7 or LC8
+LC9
+LC15, 16

+LC201-260

Self weight
Superimposed
Shrinkage

Braking load

Wind action £x or £y
Wind action £z
Thermal loads

Traffic load (LM2)

LC 1800: Frequent Load Combination (Calculation of deformations taking into account

cracked deck concrete)
LC1

+LC2

+LC3

+LC15, 16
+LC320-399
+LC401-403

+LC421-423 or 441-443

Self weight
Superimposed
Shrinkage

Thermal loads
Tandem System (LM1)
UDL 2.5kN/m? (LM1)

UDL 6.50kN/m? (LM1)
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12.8 Seismic Load Combinations

The seismic load combination is described as:

TGS e Q"+ E (12.25)

i21 i1

where Q are the variable loads, including traffic and thermal loads, while E represents the
following earthquake combinations:

Eeax "+" 0.30 Eedy "+" 0.30 Ekd:

0.30 Egax "+" Eeay "+" 0.30 Eed:

0.30 Egax "+" 0.30 Egay "+" Ekd:

The ye factors for the variable loads are listed in Table 5.5.
The load cases included in the seismic load combinations are:

LC 4000: This combination concerns the pier's columns and the superstructure. It includes
the following load cases:

LC1 Self weight

+LC2 Superimposed

+LC3 Shrinkage

+LC600 Uniform traffic load

+LC15, 16 Thermal loads

+LC13*0.3 (+1.0 or £0.3) Longitudinal displacement of the pier’s footing
+LC14*0.3 (+0.3 or £1.0) Transverse displacement of the pier’s footing

+LC2010 (+1.0 or +0.3)/1.50  Earthquake X
+LC2011 (+1.0 or +0.3)/1.50  Earthquake Y
+LC2012 (+1.0 or +0.3) Earthquake Z

LC 13, 14 are taken into account only if the liquefaction is activated, and only if they act
unfavorably. Combination 4000 includes 100% of the seismic action and 30% of the pier’s
footing settlement and rotation, assuming that the movement of the pier’s footing will not
coincide with the maximum seismic action. In case of liquefaction, another seismic
combination is considered, assuming 30% of the seismic action and 100% of the pier’s footing
settlement and rotation. Thus:

LC 4200: This combination concerns the pier's columns and the superstructure. It includes
the following load cases:

LC1 Self weight
+LC2 Superimposed
+LC3 Shrinkage
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+LC600 Uniform traffic load

+LC15, 16 Thermal loads

+LC13 (£1.0 or £0.3) Longitudinal displacement of the pier’s footing
+LC14 (+0.3 or £1.0) Transverse displacement of the pier’s footing

+1LC2010 0.3(+1.0 or +0.3)/1.50 Earthquake X
+LC2011 0.3(+1.0 or +0.3)/1.50 Earthquake Y

+LC2012 0.3(+1.0 or +0.3) Earthquake Z

12,9 Analyses

Two analyses are carried out for the same bridge:

1. No liquefaction: assuming Seismic Scenario 1 with return period Tret = 225 years (see
section 11.1).

2. With liquefaction: assuming Seismic Scenario 2 with return period Tret = 1000 years
(see section 11.2). As already mentioned in section 12.8, in this case, the footing
movements described by LC17 — LC19 are taken into consideration in the seismic
loading combination.

For each case, the corresponding springs and the damping elements at the base of the pier
are taken into account, as given in Table 12.4 and Table 12.6, respectively.
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Chapter 1 3

DESIGN OF CONCRETE MEMBERS

13.1 Evaluation of the results

Among the two analyses described in section 12.9, the most unfavorable for the pier is the
first case, for which the phenomenon of the liquefaction does not take place. The required
reinforcement is similar for the deck’s concrete slab for both analyses. The results for the
concrete components of the bridge are summarizing in Table 13.1.

Table 13.1: Analyses’ results/requirements for concrete members
Mivakag 13.1: AnoteAéopata/anaimoelg avalloswy yia aToixeia and onAIoUEVO oKUpOdEUd
members | Resuts/ Roqurement | Arateel [ | meabise2
Longitudinal Reinforcement 187.10cm? 94.30cm?
Pier Stirrups 16.60cm? 16.60cm?
Max compressive force (LC1100) 10081kN 10654kN
Longitudinal Reinforcement 41.2cm? 46.8cm?
Deck slab -
Transverse Reinforcemnt 20.3cm? 27.6cm?

13.2 Reinforcement of the pier

The maximum required reinforcement of the pier's columns is equal to 187.10cm? (Figure
13.1) for the first analysis (no liquefaction). A minimum percentage of 1% is considered and

45125 (220.95cm?) are used for the columns of the pier.
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Figure 13.1: Required reinforcement of the pier
IxAHa 13.1:  AnaimoUpevog onAIoHOG oTUAWY pecoBaBpou
13.3 Pier’s Confinement

The maximum compressive load of the piers is for Load Combination 1200 and it is equal to
Nc=10654kN (Figure 13.2).

-106853.9 -
10653 9 N
-10812 9
[ |&4101.0
-10972.0
| 142600 - 0383 7 g_
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-9542.8
| |-4578.1
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MW ormal force of beam, Loadcase 1212 MIN-M BEAR, 1 cm 3;([?:;:2
10000. kM (Min=-11131] (Max=-4101) Z-o#s

Figure 13.2:  Maximum axial force at the pier
Ixnua 13.2:  MeyigTo afovikd popTio aToug aTUAOUG PecoBabpou

-91 -



Chapter 13: DESIGN OF CONCRETE

Since the normalized axial force nk exceeds the limit of 0.08, as:

fN; = 10654 / (30000 x 3.14 x 1.502/4) = 0.20 > 0.08
ckMc

nk =
confinement should be provided. The minimum amount of confining reinforcement for a spiral
is:

Ac

Wpin =1.40- —< - A-n,20.18 = 1.40 x 1.502 / 1.342 x 0.37 x 0.20 = 0.13<0.18 > w=0.18

cc

The mechanical reinforcement ratio is:

30 x103
. fu ) 1.5 .
minp,,= W, — = minp,, = 0.18 x ——=—— = minpw=0.008
w min de w 500 x 103 w
1.15

Stirrups 2016/15 are used with a volumetric ratio:

4A
— P =2 x4 x2.00cm? /(134cm x 15cm) => pw = 0.008=minpw

Pw= DspsL

The spacing of the stirrups satisfies the limits of:
st=15cm=6db.=6 x 2.5cm=15cm where du. is the longitudinal bar diameter and

st=15cm<Dc/5=134cm/5=26.8cm where D is the diameter of the confined concrete core.

13.4 Reinforcement of deck slab

The required reinforcement of the deck slab is similar for both analyses. Figure 13.3 shows the
one from the second analysis, where the principal direction is parallel to x-axis, while the cross
one is parallel to y-axis. The maximum values at the corners of the slab are ignored, as well
as the local picks. In the longitudinal direction ®14/10 is used for the upper and lower
reinforcement, while in the transverse direction ®12/10 is chosen.
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Chapter 1 4

DESIGN OF STEEL MEMBERS

14.1

Evaluation of the results

Among the two analyses described in section 12.9, the maximum internal forces in the steel
members are encountered for the static combination of the second analysis (with
liquefaction). The analyses’ results are listed in Table 14.1.

Table 14.1:

Analyses’ results for the steel members

Mivakag 14.1: AnoteAéopata avaAloswv yia Ta HETAANIKG aToIxEia

Analysis 1 Analysis 2 Max. Exploitation
sl ReSults s (rs qua:.lz:af:tion) (with Ii:z:f;ction) Sope
minN (LC1100) -6260kN -6497kN
Arches maxM, (LC1100) 1035kNm 1064kNm 0.98
maxM, (LC1100) 875kNm 1544kNm
maxN (LC1100) 157.9kN 345.4kN
Transverse minN (LC1100) -124.1kN -223.1kN 0.49
bracing maxM, (LC1100) 29.1kNm 32.9kNm '
maxM, (LC1100) 14.1kNm 14.8kNm
Diagonal bracing | minN (LC1100) -119.3kN -323.2kN 0.96
Hangers maxN (LC1100) 1212kN 1245kN 0.87
maxN (LC1100) 3326kN 3356kN
Transverse minN -1121kN (LC4100) -1554kN (LC1100) 0.94
beams maxM, (LC1100) 2032kNm 2038kNm '
maxM, (LC1100) 75kNm 115.9kNm
maxN (LC1100) 5275kN 5746kN
. minN (LC1100) -1066kN -1539kN
Main beams I xM, (LC1100) 1412kNm 2166kNm 0.60
maxM; (LC1100) 81.2kNm 135.9kNm
14.2 Arches

As concluded in section 7.2, for the check of the arches the critical force in the arches will be
considered equal to Ner=36073kN. The non-dimensional slenderness is calculated as:

X_\/ﬂ_\/458.67cm2-35.5kN/cm2

NCI‘

36073kN

=0.67

The reduction factor x for buckling curve c (cold formed hollow sections) is equal to x=0.742
and the design buckling resistance of the arches is:

-94 -



Chapter 14: DESIGN OF STEEL MEMBERS

XAfy,  0.74-458.67cm? - 35.5kN / cm?
Yt 1.1

=10953.87kN

Np,rd =

Since circular hollow sections are not susceptible to lateral torsional buckling, x.r=1.00.
Considering also conservatively kyy=kyz=1.0, all elements of the arches should satisfy:

Neg N My ed +M;Eq

EF = <1.00
Nb,Rd IVIb,Rd
where
W, f 3. 2
My rg = plly _ 10660.67cm? - 35.5kN / cm _ 344049KNcm

Yt 1.1

The maximum compression force and bending moments Meqy and Meq,- are observed for Load
Combination 1100 of the second analysis (with liquefaction). Figure 14.1 illustrates the
diagrams of the maximum axial force and the corresponding bending moments. In Figure 14.2
the maximum bending moment Meq, is shown with the corresponding axial force and bending
moment Meq. are plotted, while the corresponding diagrams for the Load Combination of the
maximum bending moment Meq,; are given in Figure 14.3. The maximum exploitation factor
for the arches is EF=0.98<1.00.
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Figure 14.3: Internal forces for the load combination with the maximum bending moment Mg ; at
the arches

Ixnua 14.3:  EvraTmikd peyedn yia Tov ouvduaouo POPTIOEWV E TN WEYIOTN KAUMTIKY ponf Meq, OTa
TOEa

14.3 Transverse bracing members

The non-dimensional slenderness for the transverse bracing members is calculated as:
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y_L [Af, 1470cm | 59.44cm? - 35.5kN / cm? _230
nV Bl n Y 21000kN/cm? -4160cm*

and the reduction factor x for buckling curve c is x=0.15. Thus, the design buckling resistance
of the transverse bracing members is:

XAfy  0.15.59.44cm? - 35.5kN / cm”?
Ymt 1.1

= 287.74kN

Np,rd =

The maximum compression force at the transverse bracing members is developed for the
Load Combination 1100 of the second analysis (with liquefaction) and it is equal to
Neda=223.1kN<Nbrd. For this combination the bending moment is negligible (Figure 14.4). The
maximum bending moment appears for the same Load Combination 1100 with Nea=244.7kN
(tensile force), Neq=-49.4kN (compressive force), Myed=32.9kNm, Meqs=12.5kNm (Figure
14.4). Since the following criterion is satisfied:

Ned=244.7kN<0.25 X Np,ra=0.25 x 2110.12kN=527.53kN
where
Npi,ra=Af,=59.44cm? x 35.5kN/cm?=2110.12kN

no effect of the axial force is taken into account. Hence:

Me T [Me T T 3200kNem T [ 1350kNem T
7.2 Y 3 LU I M| _0.06<1.00
Meg Meg 14446.24kNem | | 14446.24kNem

where

~ Wufy  447.63cm? - 35.5kN / cm?

Rd = =14446.24kNcm
Ymt 1.1

Since circular hollow sections are not susceptible to lateral torsional buckling, x.r=1.00.
Considering also conservatively kyy=ky.=1.0, the transverse bracing members should satisfy:

M +M
EF - Neg L My Ed 2Ed _ 1 00 — EF — 244.70kN N 3290kNcm + 1350kNcm _0.44 <1.00
NpI,Rd Mble 2110.12kN 14446.24kNcm
and
M +M
EF - Neg Ly 2Ed _ 1 00 — EF — 49.40kN N 3290kNcm + 1350kNcm _0.49 <1.00
Nb,Rd Mb,Rd 287.74kN 14446.24kNcm
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Figure 14.4:  Internal forces for the load combination with the maximum axial force at the
transverse bracing members

Ixnua 14.4:  EvraTikd peyEdn yia Tov ouvduacuo (opTicEwv pE TN péyioTn agovikn dUvaun oTa
€YKAPOIa PEAN TWV OUVOESHWY Suokapyiag
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Figure 14.5:

Ixnua 14.5:

Internal forces for the load combination with the maximum bending moment at the
transverse bracing members

EvTaTika peyedn yia Tov ouvduacpo QopTICEWY HE T HEYIOTN KAPMTIKA ponr oTa
€YKAPOIa PEAN TWV OUVOESHWY Suokapyiag

14.4 Diagonal bracing members

The non-dimensional slenderness for the diagonal bracing members is calculated as:
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_ L [Af 2. 2
L [AG _913ch61.18cm 35.5kN/cm? o

nVEL  n  \21000kN/ cm? -1868cm*

and the reduction factor x for buckling curve c is x=0.17. Thus, the design buckling resistance
of the diagonal bracing members is:

XAf,  0.17-61.18cm? - 35.5kN / cm?
Ymi 1.1

= 335.66kN

Nb,Rd =

The maximum compression force at the diagonal bracing members is developed for the
seismic Load Combination 1100 of the second analysis (with liquefaction) and it is equal to
Nea=323.2kN<Nb,rd (Figure 14.6).
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| | | |
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0990

g,' Narmal force of trussing, Loadcase 1146 MIN-N TRUS, 1 cm 30 = 500.0 kN (Min=-323.2) (Max=-197 4) X7 pea
Z 0714

Figure 14.6: Maximum axial forces at the diagonal bracing members
ZxnHa 14.6: MéyioTn a&ovikry dUvaun oTa diaywvia PEAN TwV CUVOEOHWY dUOKaPWiag

14.5 Hangers
The design tension resistance of the hangers is:

Afy  40.29cm? - 35.5kN / cm?
Ymo 1.0

=1430.30kN

Nt,Rd =

The maximum tension force at the hangers is developed for Load Combination 1100 for the
second analysis (with liquefaction) and it is equal to Nea=1245kN<Nra (Figure 14.7).
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Figure 14.7: Maximum axial forces at the hangers
Ixnua 14.7:  Meyiorn afovikr) dUvaun oToug avapThpeS

14.6 Transverse Beams

The check of the transverse beams during the pouring of the concrete slab given in section
7.6 is also valid for the conventional solution. The maximum bending moment for the beams
laterally restrained due to the concrete slab is calculated for Load Combination 1100 for the
second analysis (with liquefaction) and it is equal to Meqy=2038kNm. For the same
combination the axial tensile force is Nes=2753kN, while the bending moment Meq,; is
negligible at the element with the maximum Meq,y (Figure 14.8).
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Figure 14.8:  Internal forces for the load combination with the maximum bending moment at the
transverse beams

Ixnua 14.8:  EvraTikd peyEDN yia Tov ouvOUACUO (POPTICEWV HE TN PEYIOTN KAWMTIKR oMM OTIG
dladokideg

The following criteria are satisfied:

Nea=2753kN<0.25 X Np,ra=0.25 x 371.3cm? x 35.5kN/cm?=0.25 x 13181.15kN=3295.30kN

- 104 -



Chapter 14: DESIGN OF STEEL MEMBERS

=5056.98kN

No. — 2753k < Mwhufy _ (90cm —2-3.5cm - 2-3.0cm) -1.85cm - 35.5kN / cm?
= Ymo 1.00

thus, no effect of the axial force is taken into account. Hence, the design plastic moment
resistance is:

M ~ W,,f,  12580cm? - 35.5kN / cm?
PLYRA ™y 1.00

= 446590kNcm > Mgy, = 203800kNcm

The maximum compressive axial force is computed also for Static Load Combination 1100,
which is equal to Nes=1554kN for the second analysis (with liquefaction). The maximum
bending moment for the same Load Combination is Meqy=893kNm, while the bending moment
Meqz is negligible (Figure 14.9). Neglecting, conservatively, the stiffness of the slab of the
composite beam, the non-dimensional slenderness for the transverse beams is:

5L [Afy _1470cm | 371.30am’-35.5kN/cm® o .
niE n {21000kN/cm? - 494100cm*

and the reduction factor x for buckling curve b is x=0.871. Since the slab protects the
transverse beams from lateral torsional buckling, xir=1.00. Thus, the exploitation factor for
this load combination is:

Neg  Myed + Mg eq 1554kN 89300kNcm
+

EF = = +
Ny rd Mo ra 10437.07kN ~ 405990.91kNcm

=0.37 <1.00

where

XAfy  0.871-371.30cm? - 35.5kN / cm?
Y 1.1

=10437.07kN

Nb,Rd =

and

yfy  12580cm? -35.5kN /cm?

= 405990.91kNcm
Y 1.10
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Figure 14.9:  Internal forces for the load combination with the maximum compressive axial force at
the transverse beams

Ixnua 14.9:  EvraTmikd peyédn yia Tov ouvduaouo POPTICEWV PE TN PEYIOTN BNINTIKA SUvapn oTig
dladokideg

14.7 Main Beams

The check of the main beams during the pouring of the concrete slab is provided in section
7.7. The maximum tensile axial force for the main beams laterally restrained due to the
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concrete slab is calculated for Load Combination 1100 of the second analysis (with
liquefaction) and it is equal to Nea=5746kN. For the same combination the bending moment is
Medy=1914kNm, while the bending moment Me. is negligible at the element with the
maximum Medy (Figure 14.10).
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Figure 14.10: Internal forces for the load combination with the maximum tensile axial force at the
main beams

Ixnua 14.10: EvraTikd peyedn yia Tov ouvduaouo POPTIOEWV HE TN HEYIOTN EPEAKUOTIKN a&OVIKN
duvapn oTig kUpieg dokoUg
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Since the following criteria are not satisfied:

Nea=5746kN>0.25 x Npi,ra=3295.30kN

hytwf
Ngg = 5746kN > —"Y. = 5056.98kN
Ymo

the effect of the axial force must be taken into account. Hence, the reduced design plastic
moment resistance due to the axial force is:

1-n 1-0.44
MN,y,Rd = Mpl,y,Rd m = 446590chmm = 31858650kNCm > MEd,y = 191400kNCm

where n=Ned/Np,ra=5746kN/13181.15kN=0.44 and

— 2 - ° )
Qo A —2bt; _ 371.3cm“ —2-30cm-3.5cm —0.43 <0.50

A 371.3cm?

The maximum compressive axial force for the main beams laterally restrained is equal to
Nea=1539kN under Load Combination 1100 of the second analysis (neglecting the parts of the
beams outside the arches), as shown in Figure 14.11. For the same combination the
maximum bending moment is Med,y=797.4kNm, while Meq,; is negligible.
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Figure 14.11: Internal forces for the load combination with the maximum compressive axial force at
the main beams

Ixnua 14.11: EvraTmikd peyeédn yia Tov ouvduaouo GOopPTICEWV KE TN KeYIoTn BAINTIKR dUvaun oTig
KUpIEG dOKoUG

As calculated in section 7.7, the critical force of force N« in the main beams for in plane
buckling is Na=34148.10kN the reduction factor x for buckling curve b is equal to x=0.827 and
the design buckling resistance of the main beams is Nb,ra=9909.83kN.
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According to the second method, presented in EC3 — Part 1.1, the interaction factor kyy is
given as:

1539kN

22 1_043
9909.83kN

- N
ko,=C  [1+(\, -02)—F =O.4-(1+(0.62—0.2)
v Y XyNra / i

Since the slab protects the main beams from lateral torsional buckling, x.r=1.00. Thus, the
exploitation factor for this load combination is:

Neg +kyyMy,E.j _ 1539kN 0.43-79700kNcm
1.00. 446590kNcm
' 1.1

EF =

_ - + =0.24 <1.00
Nygg ~ Mpra  9909.83kN

For reasons of constructability of the connection of the transverse beams on the main ones,
the same profile is used for both groups of beams, although the exploitation factor of the
main beams is much smaller than 1.
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Chapter 1 5

PERFORMANCE AT SERVICEABILITY LIMIT STATE

15.1 Maximum compressive stress of the deck slab

As mentioned in section 12.7 for the characteristic load combination, the compressive stress of
the concrete slab should not exceed the value of 0.60f«=21MPa. The maximum compressive
stress is obtained for load combination 1600 of both analyses and it is equal to 16.6MPa
(Figure 15.1).

y Sector of system Group 01 10..12 M 1535
i_ Top stress ® from middle of element =¥ Loadcase 1621 MAXKR-MX NODE, fram -14.7 to 2.80 step 1.00
MPa

22 19 14 17 14 19 olio} 44
e = =y e
) FJ)I i =i
= 11 hA1| y Mo [t =1
1 L/l
P -
-2 Of 0| u 3 HQ
b s
=
b 0 4 A
el ¥ i ¥ S
IS ) L1 1 et Mg
10.00 20,00 30.00 40.00 0.00 £0.00 70.00 20.00 m
| | | | | | | |
y Sector of system Group 01 10..12 M 15835
% Bottom stress « from middle of element <+ Loadcase 1622 MINRE-M: NODE, from -16.6 to 4 .41 step

1.00 MPa

Figure 15.1:  Maximum compressive stresses of the deck slab for SLS (characteristic) load
combination

Ixnua 15.1:  Meyiorn OAINTIKA TAoN oTNV NAGKA KATAOTPWHATOG Yid TOUug ouvduaopoug
AEITOUPYIKOTNTAG (XaPaKTNPIOTIKOG)

15.2 Maximum deformation of the deck

As mentioned in section 12.7 the deformation of the deck is calculated for the frequent load
combination of both analyses. In Figure 15.2 the maximum deflection of the main and
transverse beams is illustrated, arising at 72.6mm for the main beams (72.6mm<
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L/300=42000/300=140mm) and 91.6mm-72.6mm=19.0mm for the transverse ones
(19.0mm<L/300=14700mm/300=49mm).

0.00
|
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|
0.00 20.00 40.00 60.00 80.00 100.00 m
| | | | | |
Sector of system Beam Group 0 M 1822
® " . -
g Maodal displacement in global Z, Loadcase 1801 MAXF-UZ NODE, 1 cm 30 = 100.0 mm —== (Max=72.6) igg?g
Ze0T4
=
2
=
000 20,00 40.00 60.00 80.00 100.00 m
| | | | | |
Sector of system Bearn Group 0 M 1827
X ) ) 30,990
5 MNodal displacement inglobal 7, Loadcase 1811 MAXKF-UZ NODE, 1 cm 3D = 100.0 mm — (Max=65.8) Vo074
20714
[sa]
=t
= . g
[=]
0.00 100.00 m
| | | | | |
Sector of system Beam Group 1 M 1822
i = 0.990
217 Maodal displacement in global Z, Loadease 1801 MAXF-UZ NODE, 1 cm 30 = 100.0 mm === (Max=90.7) ®lpmo
Z*0.714
ey® =
A [=]
0.00 100.00 m
| | | | | |
Sector of system Bearn Group 1 M 1818
X . . «
5 Modal displacement inglobal Z, Loadcase 1811 MAXF-UZ NODE, 1 cm 30 = 100.0 mm —= (Max=01.6) ﬁ,gg?g

Figure 15.2:  Deflection of the deck’s beams for SLS (frequent) load combination
ZxnHa 15.2: BEAOC OOK@WV KATAGTPWHATOC YId TOUC CUVOUAGHOUG AsIToupyikdTnTag (CUXVOC)
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CHECK OF BEARINGS AND EXPANSION JOINTS

16.1 Check of bearings for the case of no liquefaction

parallel to axis: X y
Dimensions: 80 X 80 cm?
Number of elastomeric layers: 9
Thickness of an indivicual elastomeric layer: 18 mm
Total thickness: 162 mm
Axial loads most loaded bearing
Permanent: 1351.00 kN
Superimposed: 845.30 kN :Ng= 2196.30 KN
Traffic load: 1438.40 kN *Ny = 1438.40 KN
Earthquake z-z: 522.00 kN Niaxst = 3634.70 KN

less loaded bearing

Permanent: 1351.00 kN
Superimposed: 845.00 kN Njnst = 2196.00 KN
Earthquake z-z: 522.00 kN

Displacements

Braking load: 23.70 mm

Shrinkage: 4.00 mm

Uniform difference of temperature AT = -41°C: 18.00 mm

Earthquake x-x: 190.90 mm

Earthquake y-y: 174.20 mm

Rotations

permanent: a,= 0212x10° rad a,=  0.000 x 107 rad
superimposed: a.= 0.554x10%rad ay= 0413 x 107 rad
traffic load: o= 2891x107 rad a,=  0.110 x 107 rad

A. Check for static combinations (according to DIN 4141 / Part 14)

Total displacement tg = 45.70 mm
Shear strain Yig = 0.28 < Yen = 0.70 OK
Design pressure Ora=NapfA= 5.68 MPa < 15,00 MPa
Opin=Ng/A= 3.43 MPa < 5.00 MPa ANCHORAGE IS REQUIRED
Angular rotation about x @yy= 0.0037 rad < Qen=NXQin = 0.0180 rad 0K
Angular rotation about y Py,y= 0.0005 rad < Qn=NXQy ., = 0.0180 rad OK
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B. Check for seismic combinations (according to EC8-2)

Apparent conventional shear modulus: Gg= 900 kPa
Shear modulus: Gy= 1125 kPa
Lower bound design properties: Gpmin= 1125 kPa
Upper bound design properties: Gp, = 1350 kPa
Displacement +x: ey = 203.9 mm
Displacement +y: Clgdy = 52.3 mm
Total displacement deq = 210.5 mm
Design shear strain due to horizontal displacement €qd= 1.30 <2.0 oK
S= 1111

A = 4350.72 ¢cm?
Nog = 2640.58 kN
0. = 6069.29 kPa

Design strain due to compressive load €4 = 0.73
Design strain due to design angular rotation €qd = 0.20
Maximum design strain Eg = 2.22 <gy Ne= 7.00 oK

C. Stability

One of the following criteria should be satisfied:

B> 42t => 80 cm > 64.8 cm oK
0626 Gp, minS/ 32t => 6069.29 kPa < 41152.26 kPa oK

D. Anchorage

Minimum vertical design force: Neg = 2039.40 KN
Minimum design pressure: 0, = 4.69 N/mm?’ >3,00
Stiffness: K=Gmm XA/T= 5333.3 KN/m
Maximum shear force: Veg = Kdeg = 112262 KN
Veq f Neg = 0.550
as= 0.100
B= 0.300
o= a+ Bfo. = 0.164
Check: Veqf/ Neg > a4+ Bfo. ANCHORAGE IS REQUIRED

E. Uplift of the bearings
The minimum vertical load at the bearings due to the seismic load combinations is:
minNgg= 1674.00 kN COMPRESSIVE FORCE, OK
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16.2 Check of expansion joints for the case of no liquefaction

Displacements:

Braking load:

Shrinkage:

Uniform difference of temperature AT = -41°C;

Uniform difference of temperature AT = +59°C:
Earthquake x-x:

Earthquake y-y:

Total displacement
Static combination

Maximum negative d'gg=-ds-1.50*dr-1.5%0.60%ch; 41)=
Maximum positive d'gg=-dz+1.50*dm +1.50%0.6%dy;,50)=
Seismic combination

Maximum negative d'eg=-0.4%de-d5-0.5%di41)=
Maximum positive deqg=0.4*d-d+0.5%dy; 5=

Minimum displacements of the expansion joint
Static combination 112 mm
Seismic combination 184 mm

Minimum gap
d'ey=de-ds+0.5%dt,50= 210 mm

An expansion joint of type Algaflex T330 or similar is chosen
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16.3 Check of bearings for the case of liquefaction

parallel to axis: X y
Dimensions: 80  x 80  cm?
Number of elastomeric layers: 9
Thickness of an indivicual elastomeric layer: 18 mm
Total thickness: 162 mm
Axial loads most loaded bearing
Permanent: 1351.00 kN
Superimposed: 845.30 kN TNy = 2196.30 KN
Traffic load: 1438.40 kN :Np = 143840 KN
Earthquake z-z: 868.60 kN Nimmst = 3634.70 KN

less loaded bearing
Permanent: 1351.00 kN
Superimposed: 845.00 kN Nringt = 2196.00 KN
Earthquake z-z: 868.60 kN
Displacements
Braking load: 23.70 mm
Shrinkage: 4.00 mm
Uniform difference of temperature AT = -41°C: 18.00 mm
Earthquake x-x: 109.70 mm
Earthquake y-y: 99.90 mm
Longitudinal movement (Rx) 47.50 mm
Transverse movement (displacement Ry) 52.10 mm
Ex+0.30Rx 123.95 mm
Ey+0.30Ry 115.53 mm
0.30Ex+Rx 80.41 mm
0.30Ey+Ry 82.07 mm
maximum displacement x-x: 123.95 mm
maximum displacement y-y: 115.53 mm
Rotations
permanent: a, =  0.212 x 10° rad a,= 0.000 x 10° rad
superimposed: a, =  0.551 x 107 rad a,= 0413 x 107 rad
traffic load: a,=  2.891x 107 rad a,= 0216 x 107 rad
A. Check for static combinations (according to DIN 4141 / Part 14)
Total displacement dy = 45.70 mm
Shear strain Yo = 0.28 < Yen = 0.70 oK
Design pressure Oma=Noy/A= 5.68 MPa < 15,00 MPa
Onn=Ng/A= 3.43 MPa < 5.00 MPa ANCHORAGE IS REQUIRED

Angular rotation about x ®ry,= 0.0037 rad < ®e=NXPy q = 0.0180 rad OK
Angular rotation abouty Prg= 0.0006 rad < Per=NXPyn = 0.0180 rad OK
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B. Check for seismic combinations (according to EC8-2)

Apparent conventional shear modulus: Gg= 900 kPa
Shear modulus: G = 1125 kPa
Lower bound design properties: Gp, rrin= 1125 kPa
Upper bound design properties: G, ma= 1350 kPa
Displacement +x: Oegy = 136.95 mm
Displacement +v: degy = 34.7 mm
Total displacement deq = 141.3 mm
Design shear strain due to horizontal displacement Eqd= 0.87 <2.0 OK
S = 1111
= 5027.13 ¢m®

Nsg = 2744.56 kN
0. = 5459.50 kPa

Design strain due to compressive load Eq= 0.66
Design strain due to design angular rotation €qd = 0.20
Maximum design strain Eg = 1.72 <g ) o= 7.00 OK

C. Stability

One of the following criteria should be satisfied:
brojn > 42 => 80 cm > 64.8 cm oK
06 < 2 G minS/ 32t => 5459.50 kPa 41152.26 kPa OK

A

D. Anchorage

Minimum vertical design force: Neg = 193542 KN
Minimum design pressure: O, = 3.85 N/mm? >3,00
Stiffness: K=Gmm XAST = 5333.3 KN/m
Maximum shear force: Veg=Kdegg= 75343 KN
Veg [ Neg = 0.389
a= 0.100
B= 0.300
M= a4+ Bfo. = 0.178
Check: Veg/ Neg > a+ Bfo. ANCHORAGE IS REQUIRED

E. Uplift of the bearings
The minimum vertical load at the bearings due to the seismic load combinations is:
minNgg= 1327.40 kN COMPRESSIVE FORCE, OK
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16.4 Check of expansion joints for the case of liquefaction

Displacements:

Braking load: 23.70 mm
Shrinkage: 4.00 mm
Uniform difference of temperature AT = -41°C: 18.00 mm
Uniform difference of temperature AT = +59'C; 25.90 mm
Earthquake x-x: 123.95 mm
Earthquake y-y: 115.53 mm

Total displacement
Static combination

Maximum negative d'gg=-ds-1.50%dr-1.5%0.60%d; 4;y= -55.75mm
Maximum positive d'eg=-ds+1.50*dRr +1.50%0.6*d.50y=  54.86 mm
Seismic combination

Maximum negative deg=-04%de-ds-0.5%dyay=  64.10 mm
Maximum positive deq=0.4*dd:+0.5di. 5= 60.15mm

Minimum displacements of the expansion joint
Static combination 112 mm
Seismic combination 128 mm

Minimum gap
d'eg=de-da+0.5%dt50)= 141 mm

An expansion joint of type Algaflex T200 is required.
An expansion joint of type Algaflex T330 or similar is chosen
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SOIL STRESSES

17.1 Model of the bridge

In order to calculate the soil stresses at the pier’s footing, a new model is set up, shown in
Figure 17.1. In this model the superstructure remains the same as described in section 12.1,
while the pier's footing is simulated with shell elements with a thickness of 2.00m. Elastic
constants C and CT, normal and tangential to the surface, respcectively, are taken into
consideration accounting for the soil-structure interaction. These constants are equal to the
values listed in Table 12.4 divided by the area of the footing. Thus, the values of these elastic
constants are given in Table 17.1.

Figure 17.1:  Model of the bridge for the calculation of the soil stresses

Ixnua 17.1: Mpocopoiwpa YEPUPAG YIa TOV UNOAOYIOHO TwV TACEWV £5AMPOUC
Table 17.1: Elastic constants for the pier’s footing
Mivakag 17.1: EAaoTikéG oTabepeg yia To NEdINO PeoaBaBpou
Direction No liquefaction | With liquefaction
Horizontal (CT) 20322 kN/m?3 8181 kN/m?3
Vertical (C) 20150 kN/m?3 5274 kN/m?3

17.2 Load Cases

The earthquake effects are determined by applying a horizontal equivalent static force F given
by the expression:
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F=M S«(T) (17-1)

where M is the effective mass of the structure, including 20% of the live load and Sq(T) is the
spectral acceleration of the design spectrum corresponding to the fundamental period T of the
bridge, estimated as:

T

Six(T)=2a4-S-n- 2.5(_'_—‘:) (elastic spectral acceleration for x-earthquake) (17-2)
X

Say(T)=a4-S-n-2.5 {1—1 (elastic spectral acceleration for y-earthquake) (17-3)
y

Sa(T)=a,4-S-n-3.0 (vertical elastic spectral acceleration) (17-4)

where ag=PGAb,, avg=PGAby, S, n and Tc are given in section 11.2, while Tx and Ty are the
eigenperiods of the bridge presented in section 12.3. The following Load Cases are created:

LC 7000: Earthquake X on permanent loads, including self weight, the weight of the slab and
the superimposed.

LC 7001: Earthquake Y on permanent loads, including self weight, the weight of the slab and
the superimposed.

LC 7002: Earthquake Z on permanent loads, including self weight, the weight of the slab and
the superimposed.

LC 7010: Earthquake X on 20% of the live loads.
LC 7011: Earthquake Y on 20% of the live loads.

LC 7012: Earthquake Z on 20% of the live loads.

17.3 Load Combination

The following two Load Combinations are considered:

LC 10001: This combination includes the following load cases:

LC1 Self weight

+LC2 Superimposed
+LC3 Shrinkage
+LC600*0.2 Uniform traffic load
+(LC7000+LC7010)*1.0 Earthquake X
+(LC7001+ LC7011)*0.3 Earthquake Y
+(LC7002+ LC7012)*0.3 Earthquake Z

LC 10002: This combination includes the following load cases:
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LC1 (1.00+0.3 Se(T)/q)
+LC2

+LC3

+LC600%0.2
+(LC7000+LC7010)*0.3
+(LC7001+ LC7011)*1.0

+(LC7002+ LC7012)*0.3

17.4 Soil stresses

The diagrams of the soil stresses are plotted in Figure 17.2 for the case without liquefaction

and in Figure 17.3, when

Self weight
Superimposed
Shrinkage

Uniform traffic load
Earthquake X
Earthquake Y

Earthquake Z

liquefaction occurs.
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Ixnua 17.2:

Soil stresses for the case without liquefaction
Taoeig dAPOoUC yia TNV NEPINTWON XWPIG PEUGTONOINGN
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Figure 17.3:  Soil stresses for the case with liquefaction
IxAua 17.3:  Taosig edagouc yia TNV NEPINTWAON E PEUCTOMNOINGN
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COMPARISON OF THE RESULTS

18.1 Reinforcement of concrete members

The reinforcement of the pier's columns and the deck’s slab are listed in Table 18.1 for both
solutions. No significant differences are noted between the two solutions.

Table 18.1: Reinforcement requirements for concrete members
Mivakag 18.1: Anaitiosic onAIGU®V yia oToixeia and onMICHEVO OKUPOJENA
Members | Results / Requirement Conven?ional . Innc_;vative s?luti_on "
solution (no liquefaction) | (with liquefaction)
Pier Longitudinal Reinforcement 186.70cm? 187.10cm? 94.30cm?
Stirrups 16.60cm? 16.60cm? 16.60cm?
Deck slab Longitudinal Reinforcement 47.9cm? 41.2cm? 46.8cm?
Transverse Reinforcemnt 33.6cm? 20.3cm? 27.6cm?

18.2 Exploitation factor for steel members

The maximum exploitation factor is given in Table 18.2 for both solutions. Comparing the
results, the Innovative Solution leads to larger exploitation factors and to larger steel section
for the Diabonal bracing members.

Table 18.2: Maximum exploitation factors for the steel members
Mivakag 18.2: MegyioTOl OUVTEAEOTEG EKUETANNEUONG YIa TA METAANIKG OTOIXEIT
Members erss Solution
sections Conventional Innovative
Arches CHS750/20 0.82 0.98
Transverse bracing CHS244.5/8 0.46 0.49
Diagonal bracing - 0.99 (CHS139.7/8) | 0.96 (CHS168.3/12.5)
Hangers CHS168.3/8 0.85 0.87
Transverse beams (during construction) HEB900 0.94 0.94
Main beams HEB900 0.52 0.60
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QUANTITIES AND BUDGET

19.1 Quantities

In order to compare the cost of the innovative solution with the one of the conventional
solution, only the quantities of the different materials, sections or structural elements used for
both solutions are measured, considering that the rest of the structure is the same for both
solutions.

Conventional solution
e Pier’s piles ®120: 8x25.00m=200m
e Pier's pilecap: 6.00mx17.70mx2.00m=212.40m3

e Reinforcement:31640kg+25488kg=57128kg

Piles: 200mx1.13m?x140kg/m3=31640kg
Pilecap: 6.00mx17.70mx2.00mx 120kg/m3=25488kg

e Expansion joints: 3x15.00mx480/60=360m
e Bearings: 8x70cmx80cmx27.5cm=1232000cm3=1232It
¢ Diagonal bracing members (CHS139.7/8): 16x8.45mx25.98kg/m=3512.50kg

e Gravel piles: 1412.21m

Htotal=0s*(L+2)(B+2)-Himpr/ (NDgr?/4)-Npiles X Himpr
=9.36(L+2)(B+2)=9.36(17.7042.00)(6.70+2.00)-8x24.00m=1412.21m
where

replacement ratio: as=0.196,

diameter of gravel piles: Dgr.=0.80m,

Thickness of improved zone Himpr=24m

Innovative solution
¢ Pier's footing: 6.70mx17.70mx2.00m=237.18m3

¢ Reinforcement of footing: 6.70mx17.70mx2.00mx120kg/m3=28462kg
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e Expansion joints: 3x15.00mx330/60=247.50m
e Bearings: 8x80cmx80cmx28.2cm=1443840cm3=1443.84lt
e Diagonal bracing members (CHS168.3/12.5): 16x8.45mx48.03kg/m=6493.66kg

e Gravel piles: 163.10m
Htotal=0s-Vimpr/(NDgr?/4)=0.122%672.00m3/[n(0.80m)?*/4]=163.10m

where

replacement ratio: as=0.122 (Table 10.2),

diameter of gravel piles: Dgr.=0.80m,

Volume of improved ground Vimpr=672.00m?3 (Table 10.2),

19.2 Budget comparison

The overall cost of the bridge is estimated as 1000+1500€/m2. Taking into account the
dimensions of the bridge, with width 15.00m and length 87.60m, the total cost arises at
1314000.00+1971000.00€. The itemized budget regarding the differences between the two
solutions is presented in Table 19.1 for the conventional solution and in Table 19.2 for the
innovative one. These budgets are based on nominal prices for construction of public works
issued by the Ministry of Infrastructure for 2013. The difference between the two solutions is
171960€ with the cost of the innovative solution being smaller. This difference arises at
9%+13% of the total cost of the bridge.

Table 19.1: Itemized budget for the conventional solution
Mivakag 19.1:  AvaluTikdcC npoUnoAoyIopog yia T cupBaTikr Alon

Description Quantity | Unit | Unit value (€) Cost (€)
Piles 120 200 m 170.00 34000.00
Pier’s pilecap 215 m?3 158.00 33970.00
Reinforcement 57200 kg 1.05 60060.00
Expansion joints 360 m 473.80 170280.00
Bearings 1250 It 36.80 46000.00
Steel members 3520 kg 2.40 8448.00
Gravel piles 1450 m 58.00 84100.00
SUM 436858.0
Table 19.2: Itemized budget for the innovative solution
Mivakag 19.2:  AvaAuTikOC NPoUnoAoyICHOG yia TNV KAIVOTOHO AUon
Description Quantity | Unit | Unit value (€) Cost (€)
Pier’s footing 240 m3 158.00 37920.00
Reinforcement 28500 kg 1.05 29925.00
Expansion joints 250 m 473.80 118250.00
Bearings 1450 It 36.80 53360.00
Steel members 6500 kg 2.40 15600.00
Gravel piles 165 m 58.00 9570.00
SUM 264625.0

In addition, the cost of the foundation of these two solutions is calculated in Table 19.3 for the
conventional solution and in Table 19.4 for the innovative one. The difference between the
two solutions is considerable, with the innovative foundation costing only 36% of the
conventional one.
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Table 19.3:

Itemized budget for the foundation of the conventional solution
Mivakag 19.3:  AvaAuTIKOG NpoUnoAoyIoHOG yia Tn BepueAiwon TNG CUKBATIKAG AUONG

Description Quantity | Unit | Unit value (€) Cost (€)
Piles 120 200 m 170.00 34000.00
Pier's pilecap 215 m?3 158.00 33970.00
Reinforcement 57200 kg 1.05 60060.00
Gravel piles 1450 m 58.00 84100.00
SUM 212130.0
Table 19.4: Itemized budget for the foundation of the innovative solution
Mivakag 19.4:  AvaluTIKOG NpoUnoAoyIoHOG yia Tn BeeNiwon TNG KAIVOTOPOU AUONG
Description Quantity | Unit | Unit value (€) Cost (€)
Pier's footing 240 m?3 158.00 37920.00
Reinforcement 28500 kg 1.05 29925.00
Gravel piles 165 m 58.00 9570.00
SUM 77415.0

Finally, as the benefit from reduced cost of the foundation in the innovative solution is
significant, it appears meaningful to compare the overall cost per span. This comparison is
more appropriate for multi-span bridges, in which the benefit from the cost of foundation of
individual piers will have a stronger participation in the overall bridge cost. This benefit is
estimated at approximately 20%, by considering in this example one half of the total bridge

length, which can be viewed as “influence area” of the pier.
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Chapter 2 0

SUMMARY AND CONCLUSIONS

20.1 Summary

The bridge under investigation is a steel arch road bridge with two simply supported spans,
with total length 87.60m. The steel members of each span include two main beams,
seventeen transverse beams, and two arches connected with transverse and diagonal bracing
members. Each main beam is suspended from the corresponding arch with seven hangers. A
composite deck is formed using trapezoidal profiles and a concrete slab. The concrete slab is
connected with the transverse and main beams through steel shear connectors in order to
ensure composite action. The pier consists of three circular reinforced concrete columns. They
are connected at the top with a concrete beam, forming thus a frame in the transverse
direction of the bridge. The bridge is founded on liquefaction susceptible soil. The subsoil
conditions are well established by geotechnical surveys from an actual (existing or in the
design stage) river bridge site, where extensive liquefaction is expected underneath one or
more of the bridge piers after a major earthquake event.

First, the conventional foundation approach is considered, using pile groups with ground
improvement between and around the piles, as deep foundation for the pier. The design of
the bridge is performed under static and seismic conditions in Ultimate Limit State and
Serviceability Limit State and the cost of this conventional solution is estimated. In this case
the bridge model includes the superstructure, the pier, the pilecap and the piles, while
horizontal and vertical springs at the piles simulate the soil-structure interaction.

Then, the static and seismic design of the same bridge is repeated in ULS and SLS, adopting
the innovative foundation approach, in order to exploit the “natural” seismic isolation
developing during liquefaction. In this case, a spead footing and partial improvement of the
top part only of the liquefiable soil (crust) are considered for the foundation of the pier. The
dimensions of the footing and the crust are appropriately chosen so that the degraded factor
of safety, F.S.qeq is equal or larger than 1.10 for the seismic load combination. The model of
the bridge includes the superstructure and the pier, while the footing and the soil-structure
interaction are simulated with appropriate translational and rotational springs. Static and
dynamic springs are assumed for static and seismic loads, respectively. Damping elements at
the base of the pier are also activated in the dynamic analysis.

Two Seismic Scenarios are assumed for the innovative solution, defined in the Appendix C of
Deliverable D4: Elastic Response Spectra for Liquefiable soils. In Seismic Scenario 1, an
earthquake with return period Tret = 225 years is taken into account, which does not cause
liquefaction, while in Seismic Scenario 2, the earthquake, having a return period Tret = 1000
years, causes liquefaction. The dynamic springs and the damping elements have different
constant values for the two Scenarios, leading to stiffer springs for Seismic Scenario 1, in
which no liquefaction occurs. The first Seismic Scenario leads to larger PGA, as in the second
one the “natural seismic isolation” occurring due to liquefaction is assumed and exploited.
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However, the second Seismic Scenario is associated with the evolution of large horizontal
displacements of the pier’s foundation, which occur during the earthquake event, as well as
significant permanent settlement and rotations at the base of the pier after the earthquake
event, which are included in the static load combinations describing operation of the bridge
after the earthquake. The aim of the design is that the bridge with the shallow foundation can
sustain both Seismic Scenarios.

20.2 Conclusions

The comparative advantages and limitations of the new design methodology, relative to the
conventional one, are evaluated on the basis of technical, as well as cost criteria.

From the analyses it is concluded that in the innovative solution liquefaction indeed acts as
seismic isolation for the bridge superstructure, resulting in relatively small action effects for
Seismic Scenario 2. Hence, this scenario is not critical for member dimensioning, despite the
fact that significant simultaneous horizontal displacements at the pier base are also taken into
account in these load combinations. However, the price that has to be paid in this alternative
is the fact that the static load combinations describing operation of the bridge after the
earthquake that causes liquefaction become critical, as they incorporate the permanent
settlements and rotations due to liquefaction. As a result, the steel members of the
superstructure have slightly larger exploitation factors for the innovative foundation solution
than for the traditional one, however, no increase of their cross-section is required, with the
exception of diagonal bracing members between arches, bearings and expansion joints.

Moreover, as far as the pier is concerned, the beneficial action of liquefaction as natural
seismic isolation as well as the footing’s flexibility in comparison to the pile foundation, do not
cause any difference in the columns’ cross-section or reinforcement in comparison to the
traditional solution. This is due to the fact that Seismic Scenario 1 is critical, as the absence of
liquefaction leads to stronger seismic actions, and the required reinforcement for Seismic
Scenario 1 is similar to the one of the traditional foundation solution.

The small increase of cross-section of some members of the superstructure results in slightly
reduced financial benefit of the innovative solution in comparison to the traditional one.
However the innovative solution still achieves considerable overall savings in the order of
9%+13% of the total bridge cost, due to the substantially simpler foundation. It is noted that
the benefit in terms of foundation cost only is quite substantial, as this cost for the innovative
solution is approximately 36% of the corresponding for the conventional one. Furthermore,
the savings for bridges with many piers, in which the foundation cost has a higher
participation, can thus be approximated at 20%.

It is further noted that the reliable calculation of the transient soil displacements as well as the
remaining settlements and rotations following an earthquake causing liquefaction, is deemed
as very important, taking into account that these quantities are critical for the design of the
bridge with the innovative foundation solution. As this calculation encounters considerable
uncertainties, this is an issue to be solved for achieving increased application of the proposed
concept. Alternatively, as well as in addition, the proposed innovative shallow foundation
solution is certainly more suitable for structural systems of the bridge superstructure that are
less sensitive to foundation settlements and rotations.

In addition to the above it is emphasized that, for this particular bridge, the members of the
superstructure which require an increase due to the static load combinations after a potential
liquefaction (bracing members between arches, bearings and expansion joints) are secondary
and easily replaceable. It is therefore possible to adopt a design strategy of retaining these
members at their initial size, removing them (if needed) after a possible liquefaction, so that
the other members of the — otherwise structurally determinant — bridge shall return to stress-
free state (with the exception of self-weight effects) and replacing them. Then, for the design
of the superstructure, it is not necessary to include in the static load combinations after
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liquefaction the residual settlements and rotations, as they will not induce stresses. Main
advantage of this approach is not so much the — anyway negligible — cost benefits, but the
downgrade of the importance of reliable prediction of liquefaction induced residual settlements
and rotations.

In any case, an additional advantage of the proposed innovative solution is the fact that in this
solution a “bonus safety” is incorporated, in case very high seismic actions are encountered,
which exceed those expected for the project location, and considered for seismic design, even
for seismic scenario 2. In this case, liquefaction will surely develop and the natural base
isolation advantage will be explored, which will not be the case for the conventional solution.
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Annex

COMPUTATION OF DYNAMIC SPRING AND DASHPOT COEFFICIENTS

Figure 1.1 sketches a rigid rectangular footing of dimensions 6.70m x 17.70m in plan resting
on a 2-layer soil profile consisting of an improved soil "crust", over a liquefiable loose sand
layer of thickness h.=14m. Embedment effects on footing stiffness are neglected, since
material around the footing is assumed to be loose fill. The thickness of the surface layer
under the footing is h:=3.20m. Due to ground improvement, the weighted average value of
shear wave velocity of the surface soil crust, Vsi, (considering also the correction for
overburden pressure) is taken equal to ~212m/sec before liquefaction and ~203m/sec during
liquefaction. The corresponding shear wave velocity of the liquefiable soil layer is assumed at
~136m/sec before liquefaction and ~26.5m/sec during liquefaction.

WEAK MOTION I STRONG MOTION
Z NO LIQUEFACTION | WITH LIQUEFACTION
y .
T N — T
. Improved :::::
. Ground
oL N N B h1~6 m

....... L Tt T VS~203m/s

Liquefiable

= V, ~ 136 m/s Vg~ 26.5 m/s )|4
I
Figure I.1: Problem definition
Zxnpa I.1: Oplopoc Tou NpoBANUATOC

Following the assumptions employed on the report entitled “Soil springs and dashpots for
footings on liquefiable soil” of Work Package WP5, given the low aspect ratio of the footing
(L/B < 4), the frequency dependence of the dynamic impedance of the rectangular footing
can be well approximated by that of a square footing of dimensions BxB. To analyze a square
footing with computer code CONAN, an equivalent circular radius should be determined. For
translational degrees of freedom, this is equal to:

R=£=6;723.8m (I.1)

N

while for rotational degrees of freedom
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B 6.7
R:ﬁ:ﬁ:3.82m (1_2)

So in this case, one may assume the same radius for all modes, equal to 3.8m. The diameter
of the equivalent footing is D=7.6m. The dimensionless ratios hi/D and hz/D are as follows:

hi/D=3.2m/7.6m=0.4 (I1.3)
h2/D=14.02m/7.6m=1.8 (I.4)
Vo _212m/sec 1.6 (before liquefaction) (1.5)
V,, 136m/sec

Vo _ 203m/sec 7.7 (during liquefaction) (1.6)

V,, 26.5m/sec

From CONAN analysis, the dynamic impedance functions for a square footing of dimensions
6.70m x 6.70m are obtained. Given that the rectangular footing has an aspect ratio
L/B=17.7m/6.7m ~ 2.6 < 4, it is assumed that the dynamic impedance coefficients are
approximately the same. Hence, the values of stiffness ko must be modified according to Table
5.1 and Egs (5.1) to (5.6) given in the report “Soil springs and dashpots for footings on
liquefiable soil”. The values of stiffness ko can also be determined from Table 3.2 of the report
“Soil springs and dashpots for footings on liquefiable soil” using the approximate ratios
h1/D=0.5, h2/D=2 and linear interpolation for establishing the ratio Vsi/Vs2. The interpolation is
necessary because the impedance contrast between the two first layers is a major parameter
in the dynamic response of the footing.
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