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Euxaptotieg

OlokAnpwvovrag t™ OumAwuatikn pog epyaocia, viwdouue Bata v avaykn vo

EUXQPLOTOOULE TOUC avIpWIToUC mou ouveBaAav atnv emitevén autoU TOU OTOXOU.

Apxika, da JeAaue va euxaplotrioouue Gepua tov kadnynti uacg . Nkaléta mou Uag tiunoe Ue
TNV EUTTLOTOOUVN TOU KAl UaC ESWOE TNV EUKALpia va EPYAOTOUUE UTO TNV emiBAsyn kat tnv
kaBobnynon tou. H cuvavaotpopn pall Tou Katd 1A XPOvVia TwV omoudwv Ua¢ umnpée

oAuTiun kat tdtaitepa SIOAKTIKN LA EUAC.

16taitepec euyapiotiec oweilovue otov emikoupo kadnyntn |. Avaotaoomoulo, yia tnv
efaipetikny ouvepyaoia nmou avantvéoaue pall tou 0Aou¢ autou¢ TouG Unveg. H moAutiun
kadobnynon, ot umodeileic koL N CUEPLOTN CUUMAPAOTAON TOU NTaV KATJOPLOTIKEC yla THV

emtuyn oAokAnpwaon authic ¢ epyaciac.

Oa Yedaue erionc voa euxaplotioovue tov entikoupo kadnyntn 1. Avaotacomoulo, yia thv
onuavtikn Bonveiwa tou. H ocuuBoAn tou untripée kaBoplotikn otn kateuBuvan Kal TOUC OTOXOUC

TNC TaPoUCHC EPyaoiag.

Nwwdouue akoun tnv ovaykn va EUXoPLOTHOOUUE OLAITEPA TO TPOOWITIKO TG ETAPIOC

“Attikéc Atadpouec” yla tn pidoéevia mou uac napeiyav kat tnv mpoduun Bondeia touc.

OAokAnpwvovtac, Ba Yedaue va euyaplotrioovus Gepua tov Ap. B. Apdoo kat tov urmorpio
dtbaktopa A. Toaton yia ti¢ ouuBouAéc kat tn Stapkn BonVela toug. BeBaiwg, euxaploTtouue
TTOAU kot OAa T urtdAoura UEAn tou Epyaotnpiov ESa@ounyaviknc mou pag otnpiéav evepyd

Kkatd ) SLApKELA TNG EpyAOiaC AUTHC.

TEAog, viwdoulUE TNV avaykn va EUXAPLOTIIOOUUE TIC OLKOYEVELEC UOC KAl TOUC QPIAoUC LacG TToU

Bpiokovral navra dimAa uacg otnpilovrac Ti¢ MPoomAJelEC Uag.






AmAomoumpuévn MeBodoAoyia Yrnodoyiopnov etopikng TpwtotnTAC
Fe@upwv pe Oewpnon AAAnAenidpaonc Edagovg-Kataokeung

Extevng [TepiAnym

Ol OUVETIELEG EVOC LOXUPOU OELOUOU OF €val NTPOTIOALTLKO SIKTUO QUTOKLVNTOSPOUWY UIopoUV va
SlakplBolv oe apeoeg Kot Eppecec. Ol apeceg avadpEpovral ot Sopkeg BAABeG Twv umodouwv
ToU SpOUOU EVW OL EPPEDEG OTNV eMIOElvwaon TNG AelToupylkoTnTaG. To TeAeuTaio Umopel va sivat
elte Aoyw NG pelwong tng xwpnTtkOTNTAG TOU OQUTOKLVNTOSPOUoU Adyw PBAABNG Twv Kplolwwv
untodouwy, gite Adyw avénong tng {ntnong mou odeiletal oe SOUKEG BAABEC EVTIOC TOU YELTOVIKOU

aotikoU eplBaAlovroc.

MapOTL Ol AUECEC CUVETELEG EVOC LOXUPOU OELOUOU Sev pmopouv gUKoAa va amodeuxBouv, ol
EUMEDCEG OUVETIELEG UTIOPEL VO HETPLACTOUV OMOTEAECHATIKA PEOW TNG AVATITUENG Kal ePapuoynC
€vOG ouoTnuartog Taxeiag avridpaong. Eva TETolo cuoTtnua €Xel w¢ otoxo: (a) tn dtaodaAion TG
aodAAELAC TWV XPNOTWV TOU QUTOKLVNTOSpOoOoU Kal tnv amoduyn Tou atcbiuatog navikou, (B) tnv
ge\aylotonoinon Tou KAEWOIHATOG TOU auUTOKWNTOSpopou, kat (y) T PeAtiotomoinon g

AELTOUPYLKOTNTAC TOU SIKTUOU UETA TO OELOUO.

H avamtuén evog Ttétolou ouothpatog amottel: (o) tnv akplBry eKTUNONn TNG OELOULIKNAG
emukvéuvotntag (B) TNV EKTIUNON TNG OELOUIKNC TPWTOTNTOG TwV UTTOSOUWV {WTIKAG ONUACLOG TwV
OUTOKLVNTOSPOUWY, OWG YEPUPEC, OrPOYYEC, TOLXOL avTLOTAPLENG, EMywHaTa Kot (y) yvwon tng
tumtodoyiag kaBwg kat OAeC TIG amoapaitnteg MANPOdPOPIEC OXETIKA HE TN YEWUETPLA KAl TLG

LOLOTNTEC TWV UAKWV TOU SIKTUOU KOl TWV UTTOCUCTNUATWY TOU.



e Extiunon Zsiopkng Emkivéuvottag

OL uéBobOL TOU XPNOLUOTIOLOUVTOL Yl TOV XQPOKTNPLOHO TNG OELOMLKAG ETUKLVOUVOTNTOG
Slakpivovtal oe mPoodloploTKoUE Kol 0TOXAoTIKOUG. H tpoaogyylon mou emAéyetal lval n xprion
XOPAKTNPLOTIKWY OELOULIKWY OEVapiwV amnod ta onoia Snuioupyouvtal Ta media TwV AVOUEVOUEVWV

CELOULKWY Slatapaywy Ta omola KAl ELoAyovToL oTa HovTEAA KvdUvou.

E€loou onuavtiki HE TNV €MAOYN XOPOKTNPLOTIKWY OELOULIKWY CEVAPLWY €lval Kal n emAoyr Twv
KATAANAwv peyeBwv €vtaong Tng oelopkng datapaxng (Intensity Measures) oe oxéon He TIg UTIO

€€ETALON KATAOKEVEC TOU AUTOKLVNTOSPOUOU.

e autnv TNV KatevBuvon emAéxOnkav 29 GUVOALKA TIPAYMATIKEG KataypadEG oL Oomoleg Katd
nepimtwon KAlpakwOnkav pe Baon to PGA amnd 0.1g éwg 1.1g. Avtiotolya emhéxBnkav 19 cuvoAlka
HeyEBN évtaong (IM) mpokelpévou va SlepeuvnBel n amodOTIKOTNTA TOUG OTNV EKTLUNON TWV

Sopkwv BAaBwWV OTLG UTIO €EETAION KATAOKEUEC UETA ATIO £VA OELOULKO YEYOVOC.

e Yeaopuki) Tpowtotnta Kpiopuwv Ynodopuwv Avtokiviitodpopov

‘Evog TPOTOC TTOU XPNOLLIOTIOLEITAL EUPEWG TIPOKELUEVOU VA EKDPACTEL N CELOULKN TPWTOTNTA TWV
uTtoSoUwV €VOG autoklvntodpOUoU, EBLKOTEPA OTNV MEPIMTWon Twv Yebupwv, €ival ol KOUTTUAEG
TpwtotnTag (fragility curves). OL kapumUAeg autég meplypddouv Tnv mbavotnta €va SOULKO OTOLXELO
va Bpebel N va umepPel pla ouykekplpuévn katdaotaon PAaBng (Damage State) yia dedopévn
OEloMLKA €vtaon. OL KaumUAeG auTéG Slakpivovtal o€ (o) KOUMUAEG TTOU TTPOKUTITOUV UE Bdaon tnv
KpLoNn €EUTELPOYVWHOVWY, (B) €UTEPKEC pE PAON TIC KATAOTPOPEC UETA MO OEOHOUG Kot (Y)

OVAAUTIKEG TTOU Bacilovtal og aplOUNTIKEG avVOAUOELG.

Av kat otnv BiBAloypadia sival dtabéoiun mMAnBwpa TETOWWV KOUTUAWVY yla YEPUPEG ouvnBwG
QUTEG avadEpovTal o€ Eva LOVO oToLXElo TNG yédupag To omoio Bewpeltal AVILTPOCWITEUTLKO TNG
OUVOALKNG TPWTOTNTAC. Eva OKOUO XOPOKTNPELOTIKO TWV OUYKEKPLUEVWV KAUTIUAWV €lval OTL
xpnotwuornololv éva péyebog evtaong (IM), autd mou kpivetal wg To MAEOV KATAAANAO yla TNV UTO

e€€taon KataokeLn.



‘Evag akopa Sladedouévog Tpomog £kdpacnG TNG CELOULIKNAG TPWTOTNTAC KATAOKEUWV Eival ol
KAUTTUAEG «auéNTIKAG Suvaptkig avaAuong» (Incremental Dynamic Analysis curves). Ot KOUUTTUAEG
QUTECG TIPOKUTITOUV OO AVAAUOELG OE Uit KOTOOKEUN HE KALLAKOUUEVN auénon Tng €viaong tng
Kataypadng Tou XpNOLUOTIOLE(TAL. I€ QUTH TNV TEPLTTTWON XPNOLULOTIOLOUVTAL LEYEDN OMWC 0 AOYOC
QIALTOUEVNG TPOC SLATIOEUEVNC TAAOTILOTNTAG, TIPOKELUEVOU va ekdppaocTel n Soukr BAABN TG
KATAOKEUNG EVW OTWG KOL OTL KOUIMUAEG TPWTOTNTAG XPNOLUOTIOLETaL éval pHéyeBog évtaong Tou

OELOOU.

e AmodotikotTnTa Meys0wv Evtacnc (IM)

‘EVOG KEVIPLKOG OTOXOG TNG €pyaociog eival o €Aeyxo¢ tng amodotikotntag Kabevog pey£Boug
EVIAONG MEMOVWUEVA OAAQ KOl €VOEXOUEVNG OUOXETIONG TIEPLOCOTEPWV OTNV EKTLMNGCN TNG
avapevopevng Soptkig BAABNG META amd éva OELOMIKO YEYovOG. € autr tn KatelBuvon oto 2°
KedAAalo TNG €pyaciog xpnowlomowbnke £va Xopaktnplotiko PBabpo tng yvédupacg Hanshin

Expressway Fukae 1o onoio €xel pehetnBel 61e€odikd oto mapeABov [M.AwAn 2010].

To BaBpo efetdotnke otnv eykapola dtevBuvon pe Bewpnon povoBadulou cuotripatog (SDOF) pe
TAKTWON otn Baon. Auth €lvol Hla TTPOCEYYLON EUPEWCG XPNOLUOTIOLOUMEVN Kal Boaoiletal oto
YEYOVOG OTL N pala kat n Suokapuio Tou oTUAOU Elval ONUAVIIKA UKPOTEPN A0 TNV AVILoTOLXN
TOU KATAOTPWHOTOC. H opBotnTa aUTAG NG MPOOoEyylong €€eTAleTal O E€MOUEVO OTASLO TNG
epyaociag. Mpaypatonow)Bnkav cuvoAka 377 avalUoelg He Bacn 29 MPAYyUATIKEG KaTtaypadEC oL
omoleg KAlpakwOnkav cuvaptioel Tou PGA. Ztoxo¢ TnG avaAuong Atav va dlepeuvnBel av umdpyel
OUOXETION avApeoo oe Kamolo pEyeBog €vtaong (IM) amd ta 19 mou e€etdotnkav Kol Toug 6

Oeikteg Soukng BAABNG mou emAéxBnkav (Damage Indexes).

AOyw tou OTL 6 mapatnpnBNKe o€ KOVEVA ATO TA UEYEDN LKAVOTIOLNTLKI) CUCXETLON EEETAOTNKE N
duvatotnta cuvduaopoU CUYKEKPLUEVWY |M TpoKeLUEVOU va ekTLUNOeL ouykekplpévo DI. Xapn otn
S6oulela tou M. Avactaconoulou, Emikoupou KaBnyntr tou tunpatog MoAtikwy Mnxavikwy Tou
MNavemotnuiov ¢ Néag Yopkng oto Mmadadalo, peE XPrAON TPOXWPNUEVWY OLKOVOUETPLKWV

HOVTEAWV TpoékuPe e€iowaon n omoila cuvdualel 6 IM Kal EKTIUA TO PEYLOTO avapevouevo drift. H



MPOTEWVOpEVN e€lowon mapouactaletal oto TéAog tou 2°¥ kedalaiou, evw n oxUC tng eAéxOnke oe 5

ETIUTAEOV TIPAYLATIKEG KOTAYPOADEG.

JUpdPwva e pia amdomotntik oAAQ EUPEWC XPNOLUOTIOLOUMEVN UTIOBEON €va CUOTATLKO UEPOC TNG
védbupag, onwe to BaBpo, Bewpeital AVILMTPOCWITEUTIKO TNG OUVOALKNC TPWTOTNTAC TNG YEDUPAC.
Av ul0BetnBel n ouykekpluévn uTOBeon n TpoTewOuevn eflowon HUmopel va meplypddel tn
ouuneplpopad NG Yédupag oto cUVOAO TNG. TN CUVEXELA TNG Epyaciag Ba eAeyxBel n opBoTNTA TNG

unoBeonc dlepeuvwvtag TNV eNMidpaon TwV UNIOAOLTWY CUCTATIKWY MEPWV TNG YEPUPAC.

e Kpurmypuo Isodvvapiag MovoBaduiwv cueTpaATOV

Me otO)0 TtV enéktacn TnG xpriong tng eiowong mou npoékue oto 2° kepdhato eEeTACTNKE N
Sduvatotnta Slatumwong Kkpittnpiou ooduvapiog avaueoca o povoBabuia cuotipata. H
Stepelivnon mou mpaypatonow|dnke oto 3° kedbdhawo Baociletar otn Aoyl unodBeon ot SUo
povoBaduia cvothuata pe dla Wblomepiodo, emitayuvon Slappong kot mMAaoTiuotnTa Ba €xouv
mapopola oeloplky ouumnepidpopd. H kown dlomepiodog e€aodalilel otL n kabe Siatapayxn Oa
anattnosL tnv dla emtdyuvon eAaoTIKA amo Ta U0 CUCTAUATO EVW N KO ETLTAXUVON SLappong
e€aodalilel OtL Ta 2 cuotipota Ba €l0€ABoOUV OTNV MAAOTIKN TIEPLOXN TNV (6L XPOVIKA OTLYUN.

ErunpooBeta €xovtag tnv idla mAaotipdtnta e€aodaliletal OTL KAl n TEAKA aotoxia Ba cCUMMEDEL.

Mpokelpévou va e€eTaoTel N opBOTNTA TNG Mapamavw UTtoBeong Snuoupyndnkav 2 cuothpaTa TO
omola €xouv tnv ibla Wblomepiodo, emttayxuvon Slappong Kal MAACTILOTNTA PE TO HovoBabulo
oVotnua mou e€etdotnke oto 2° kebdhato pe t Stadopd OtL otn pia mepimtwon n pdala ival
Suthdola evw otnv GAAn to LY og Tou povoBadulou sival To ULod. ZTIG SUO QUTEG TIEPUTTWOELS N
Slatoury tou OTUAOU TOU MOVOPBABUIOU OCUOTAUATOG QUEAVETAL Kol MELWVETAL oavtioTol o

TIPOKELUEVOU N LOloTtepiodog va mapapeivel otabepn.

2Tn ouvéxela e€eTAlETAL N OELOULKA CUUTTEPLPOPA TWV 2 AUTWV HOoVOBABULWY CUCTNUATWY OTLC 29
kotaypadéc mou xpnoworowtnkav oto 2° kepdAalo Kol CUyKpIVETAL HE TNV aAVTiOTOLXN TOU
opxtkol povoBaduiou cuotipatoC. To CUUMEPOOHO TIOU EAYETAL €lval OTL TO 3 CUOTAUOTO OF

o€lopoug mou dev efdaviAnoav tn SloTBépevn TMAQOTILOTNTA TOU cuoTthuatog eixav blaitepa



Kovtwvp ouumeplpopd. Mpokelwévou va efnynbouv oL omoleg Sladopég mapatnpndnkav

payuatonolionke dlepevivnaon oTLS KataypodEG EKELVEG OTIOU oL aTtoKALOELG ATV HEYOAUTEPEC.

To cupnépaopa oto omoio 0drynoe n Slepevvnon NTav OtL ol anokAloelg opeilovtal Kuplwg oTLg
UN YPOUULIKOTNTEG TNG avwdoun (patvopeva P-6) aAld kat otn pala Twv oTUAWV n omoia dev ixe
AndBel uoYn otov UTIOAOYLOUO TWV LELOTIEPLOSWV TWV CUCTNUATWY. H enidpaon Twv pavopévwy
P-6 €€aptatal téco amnd ) pala 6co Kalt and 1o UPo¢ Tou HovoBABULIOU CUOTAUATOC, EVW Ol
Sladopég yivovtal mo €vtova avTANTTEG ot Kataypadeg mou efaviAolv tn SlatiBépevn
TAQOTLIUOTNTA TOU cuotipatog. H pala tou otuAou alAalel Tnv LGLOTEPIOS0 TOU CUOTAUATOC HE
QMOTEAECHO VO TIApATNPOUVTAL UIKPEC OSladopég ot LSLlomeplodoug Twv UovoBABuULWY Tou

e€etaotnkav.

Q¢ TEAIKO CUUTEPAOCMA YO TOUC OKOTOUG €VOC CUCTHHOTOG AUEONG QTOKpLong HovoPaduia
ocuvotnuata pe dla lomepiodo, emtayuvon Slappong Kot MAACTIHOTNTA Unopouv va Bswpolvral
tooduvapa. AUECN OCUVEMELD OUTOU TOU CUMMEPACUATOC €lval N €MEKTAON TNG XPNONG TNG
TIPOTEWOHEVNG e€lowang Onwce mpoékue oto 2° keddlalo oe Loodvvapa cuoTipaTa. H 1oxV¢ tTng

e€lowonc eAéxOnke ota 3 LoSVvapa cuUCTAMOTA Kot tapouotdletat oto téAog Tou 3°Y kedalaiov.

e EmaAn0cvomn Kpitnpiov Ieoduvapiag - Enidpacn Etatikov ZuoTHatog

310 4° kepdAaio TG epyaciag cuykpivovtat mpaypotikd BaOpa yebupwv tou EAANVIKOU aoTikol
autokwvntodpopou «ATTIKH OAOI» TpoKeLéVOUu va emaAnBeutel To TMPOTEWVOUEVO KPLTHPLO

tooduvapiag povoBaduLwyv cuoTnUATWVY.

Apxwka emAéyovtal 2 PaBpa kat efetalovral otnv eykapola SlevBbuvon. Onwg kol ota
niponyoupeva KepaAata yivetal Bswpnon mpoBolou. Ta Suo BabBpa £xouv mapopola Wolomepiodo
KOl OXETLKA KOVTvr emitayuvon Stappong kot StatiBéuevn mlaotipotnta. MNa ta 2 autd Babpa
eAEYXETAL N OEWOUIKA TOUG oupmepldopd ot 29 kataypadEG Tmou xpnolpomolndnkav ota

Tiponyoupeva KebaAala.

Amoé tn olykplon ™G cupnepldopds twv 2 BaBpwv mpokuTtel emiBePfaiwon Tou MPOTELVOUEVOU

Kpttnpiou. OL amokALoELC TTOU Ttapatnpouvtal opeilovtal otig Stadopég mou napouatalouy ta SUo



BaBpa w¢ mpog tnv erutayuvon Slappong kot tn StatiBépevn mAaotiudtnTa. Mapola autd o€

VEVIKEG YPOUMEG Ta BaBpa tapouaotalouv mopouoLa cUpepLPOopa.

ITn ouvéxela efetaletal n SuvatotnTa EMEKTAONG TOU Kpltnpiou kat otn Siapnkn Stevbuvon.
EmAéyetal kat maAt BaBpo amd yédupa tou autokvntodpopou «ATTIKH OAOZI» mou €xel
napaninola wdlonepiodo otnv Stapnkn dtelBuvon pe TV avtiotowyn Twv MponyoLUeVwY BaBpwv
otnv gykapota. Xtn dtapnkn StevBuvon yivetal Bewpnon audinaktov oTtUAOU, TOU ATOTEAEL TOV
mAéov Sladedopévo Tpomo e€€taong evog Babpou otn Siapnkn dievBuvon. H opbBotnta tng

OUYKEKPLUEVNC UTIOBEONC EAEYXETOL OE EMOUEVO KEDAAALO.

E€etaletal n oeswopikn ouumneplpopd tou apdimaktou Pabpou ot 29 kataypadEC Kal otn
OUVEXELXL OUYKpIVETAL PE TNV avtiotolyn Twv Pabpwv otnv €ykdpola. TO CUUMEPACUA TIOU
TIPOKUTITEL ATO TN OUYKPLON €lval OTL N CELOULKY cupmepldopd Sev e€aptdtal amd TO OTATLKO
ocvotnua. Emopévwe duo ocuotiuata pe dla Wlomepiodo, emtayuvon dtappong Kat dtatiBEpuevn
TAQOTLUOTNTA Ba €Xouv TOPOUOLA OELOULKN CUUTIEpLPOPA €lTe TPOKELTAL yia TIPOPBOAO €ite yla
opdimaKkto oloTNUO KoL KAT EMEKTOON Yla EVOLAUETEG KATAOTAOEL, OTPOdLKAG SECUELONG OTNV

kKopudn Tou oTUAoU.

Q¢ €k TOUTOU N LOoXUC TOOO TOU TPOTELVOUEVOU KpLTnpilou 600 Kal tng avtiotolxng eflowong pmopet

va enektaBel kat otn dtapnkn dtevBuvon.

e Emnidpacn Empuépovg Tvotatikmv TG Fé@upag otn Luvodikn TpwtotnTa

310 5° kedpdhawo e€etdletal TO00 0TV EyKApola 600 Kal otn Stapfikn StevBuvon n enidpacn Twv
UTTOAOLTIWY CUCTATIKWY HEPWV OTN OELOULKN cupmeplpopd TN yEPupag. XTOXOC eival va efetaoTel
og molo Babuod éva cuoTtatiko PEPOC TNG YEdupACg, OMwE To BAabpo, lvol AVIUTPOCOWIEUTIKO TNG
OUVOALKAG TpwTtotnTag. Emiong e€etdletal oe mowo Babud n Bewpnon nmpoBolou kot apdimaktou
OTUAOU €lvoill QVTUTPOOWTIEUTIKA TNG CUUTEPLPOPAG Tou Babpou tng yEPupag oTNV EyKAPOLA Kall

otn Stapnkn dtevBbuvon avtiotola.

Na to okomd autd avamtuxdnke éva TARPEG MOVIEAO WHLAC TIPOYHOTIKAG YEébupag Tou

oautokwvntodpopou «ATTIKH OAOI», oto omolo OnMwE KoL OTIC TIPONYOUUEVEC TEPUITWOELS

Vi



Bewpeital maktwon otn Baon Twv pecofabpwv kat otn Baon Twv edpedpdvwyv ota akpoBabpa
ayvowvtag tnv alAnAenidpaon £6ddoug kataokeun¢. H oelopiky ocupmepidopd tnG YEdupag

e€etaletal otig 16Leg 29 kataypadeg kat otig SUo SleuBuvoEeLg.
A) Awaunkng Atevduvon

H oelopikn ouumnepldpopd tng yépupag otn Stapnkn dlevBuvon apxlkd cuyKpivetal pe apdimakto
olOoTNUA TIOU €XEL TIG (BLEG LOLOTNTEG KOl XOPAKTNPLOTIKA UE To BABpo tng yédupag. Aoyw Twv
ONUAVTIKWYV ONMOKAIOEWV TIOU TapaTnPEABNKaV TPOKUTTEL TO CUUMEPACUA OTL N €midpacn Twv
UTIOAOIMTWY CUCTATIKWV HEPWV TNG YEdUpAG elval LELalTEpA ONUOVTLKN Kal 8 pmopel va ayvonBet.
Eniong ocupmepaivetal ot n Bswpnon audimaktou otvlou Sev TEPLYPADEL LKAVOTIONTIKA TN

ocuuneplpopa Tou Babpou.

Apxwka e€etaletal n enidpaon twv edpedpavwy. H enidpaon auth €ykewtal 1oco otn Suokappia
000 Kal otnv amnoofeon mou mpoodidouv oto cuotnua. Aladoxikd ol SU0 AUTEG MOPAMETPOL
npootiBevtal oto apdimakto cUoTnUO KoL EAEYXETOL N OELOULKA TOU oupmepldpopd. Amod TN
ouyKplon Ue To BaBpo Tou MARPOUC LOVIEAOU TOPATNPELTAL ONUOVTLIKA HeyaAUTEPN oUYKALON o€

ox£0Nn UE TIPLV.

To eMOPEVO OUOTATIKO UEPOG TO omoio Aaufdvetal umoyn eival To KatdoTpwpa TNG Yédupag.
Yroloyiletat 1600 n Kopmuikn SuokauPia 600 Kal n omooPecn TOU KATOOTPWUATOC EVW
avtikaBlotatal n mAaktwon otn kopudry Tou otUAoU HE avAaloyo oTPodlkO €AATAPLO KAl
amooBeotripa. EAEyxovtag TN OEOULK OUUMEPLPOPA TOU VEOU OUCTAHOTOC Tapotnpeitatl

ONUAVTLKA CUYKALON UE TN ouunepldopd tou BaBpou tng yédupac.

Onwg mpokUTTEL and ta nmapandavw n Bswpnon apdimaktov otvlou dev pmopel va Bewpnbel
oKpLBNC mpooéyylon tng ocuumnepldopag tou Babpou otn Slaunkn StevBuvon kat n cuvelodopd

TWV UTIOAOITIWY HEPWV NG Yédupag ev umopet va ayvondel.
B) Eykapoia Ateuduvon

Onwcg otn dtapnkn €tol Kal otnv eykapotla dtevBuvon e€etdotnke o fabudg otov omoio n Bswpnon
nipoBoAou mpooeyyilel tn oslopkn cupneplpopd tou BABpou NG YEPupag. AmMO tn oUYKPLON
TPOEKUYPAV ONUAVTIKEC OTOKALOELG YL QUTO Kol €EETAOTNKE n OUVELOPOPA TwV UTIOAOLWV

OUOTOTLKWY HEPWV TNC YEDUpPAC.
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Ta epébpava otnv gykapola StevBuvon EPA Ao TN HETAKLVNOLaKY duokapia ou mpoohEpouv
oTo0 cuoTtnua TpoodEpouv Kal oTtpodikr Adyw tng B€ong touc. Kabe pila am’ autég omwe Kal n
anooPfeon Twv edpebpavwyv Aappavetal unoPn Sladoxikd HE TN TPOCONKN  YPOUULKWVY
HETAKLVNOLAKWV Kal 0Tpodlkwy eAatnpiwv Kot anooBeotripwyv. Mapatnpeital onuavtiky cUYKALON,

HE TNV enidpaon tng otpodikng duokauiag va Seomolel.

To KOTAOTPWHA CUUUETEXEL OTNV gyKApaola SlevBuvon péow tng Suokapudiag tou (OTPEMTIKA) Kol
™G andéoPeong tou. Me TNV MPooBnKn Tou avtiotolyou otpodlkol sAatnpiou Kal anocBeotnpa

TIAPOUCLAETOL LKAVOTIOLNTLKN) CUYKALON UE TN cupnepldopd tou Babpou.

Onwg kot otn OSwapnkn O8evbuvon, n Bewpnon mpoPolou Sev pmopel va Bewpnbel
OVTUTPOOWTIEUTIKN TNG oupmepldopdg tou Babpou otnv eykapola dtevBuvon Kal n cuvelopopa

TWV UTIOAOLTIWV SOULKWV PHEAWV TNG YEbupag ev pumopet va ayvonBel.

‘Eva OKOHQ OCUUTIEPAOCMO TIOU TIPOKUTITEL QMO TNV QVAAUCN TIOU Tponynbnke eival OtL €va
HUEUOVWUEVO CUOTATIKO UEPOC TNG YEPUPAG, OTWC Eval UecOBabpo, Sev mpooeyyilel pe akpifela
TNV TPWTOTNTA TOU OUVOALKOU OUOCTAUATOC. EMOMEVWG TPOKUTITEL N OVAYKN YlO OVATTTUEN

ouoTNUATWY TIou Aappavouv unoyn tn cuveloPopd Kol TwV UTIOAOLUTWY CUCTOTIKWY UEPWV TNG

vVEdupag.

e AMnAenidpaon Edagovc-Kataokeung

Exovtag efetdoel tn ouvelopopd Twv Slopopwv SOUKWV OCUCTOTIKWY TNG Yyédupag Kot
kotaAfjyovtag OtL Sev umopel va ayvonBei, enduevog otdyog oto 6° kedpdlato eivat va eETaoTel N
opBotnTa TNG Bewpnong MAKTWHEVNC BAoNC Twv pecoBaBpwv Kot Twv akpoPBabpwv. MNpokelpévou
va efetaotel n empporn ¢ alnAenidpaong £6adoUG-KATACKEUNE avantuxOnke tplodlaotato
TMANPEG HOVTEAO TNG YVEPupag He emudpavelakn Oepeliwon. Ou edadkég ouvbnkeg eival
OVTUTPOOWTIEUTIKEG yLa To £(60¢ Bepeiwong tng yépupag. AKpLBNC lval Kal n avamopactacn Twv
TolYWwVv avtlotApLlEng Twv akpoPabpwv mPokelEVOU va eEeTAOTEL KATA TTOOO N Bewpnon MAKTWONG
ota akpoBabpa eival peaAtotikny. H povn Stadopd pe Tn mpaypatiky yépupa tng Attikng Odou

elval otL 6ev mpooopoLlaoTNKaY Ta stoppers ToOU UTIAPXOUV ota akpOoBabpa. Auto €ywve SLOTL n
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enidpaon Toug otn CELOULK cupunepldopd TNG Yedupag eival Seomdlouoa Kal [E TOV TPOTIO AUTO

OKUPWVEL TNV eNiSpaon TwV UTIOAOTWY SOULKWY CUOTOTIKWY TNC.

H oelopikn ocupmeptdpopd Tou MANPOUG HOVTEAOU TNG YEPUPACG AOYW TOU MEYAAOU UTIOAOYLOTLKOU
KOoTtoug efetaletal oe 3 Kataypadec otn Slapnkn Kot gykapolo dlevBbuvon. Itn OUVEXELa
OUYKplVETaL PE TNV avtioToln cuumneplpopd TnG yédupag pe Bewpnon mMAKTwonG ota pecoBabpa
Kal Ta akpoBaBpa. Amo Tn OUYKPLON TMPOKUMTIEL OTL N Bewpnon mMaktwong otn Bdaon Twv
ededpavwy ewal peoAlotik). Ol UIKPOUETOKLVAOEL TOU TOLXOU QVTLOTAPLENG MUIopouV va

ayvonBouv.

AvtiBeta n aAAnAenidpaon edddoug-Bepehiov odnyel 0e ONUAVTIKEG ATIOKALOELG KAl SEV UTTOPEL va
ayvonBel. Npokewévou va AndBel umodn xwpic va auénbel oNUAVTIKA TO UTTOAOYLOTIKO KOOTOC
TWV avaAUCEWY, YLot TOL OTTAOTIOLNTIKA HOVTEAD TTou avamtuxOnkav oto 5° kedpdAato n mdktwon
otn PBdaon twv povtédwv avikoBiotatal pe elatrpla Kot amoofeotrpec. Mpokeltal ya
HETAKLVNOLOKA Kol oTpodIlkd eAatrplo Kol amooBeotipeg mou dlactacloloyouvtol Ye Baon Tig
ueBodoloyieg (o) G.Gazetas (1983) «kat (B) I.Anastasopoulos & T.Kontoroupi (2013). H
ouuneplPopd TwWV VEWV HOVIEAWV OUYKPlONKE We TNV avtiotolxn tou Pdbpou Ttou TARpPoOUG

HOVTEAOU Kal mapatnpnOnke onUavtiky cUYKALON Og ox€on Ue TV Bewpnon MAKTwaong.

e IIpotewvopevn MeBodoroyia

Onw¢ mapouotdletol ektevwg oto 1° kepdlato ot 1o SladeSopévol TPOMOL EKTIUNONG TNG CELOMKAG
TpwToTNTAG pLag yédupag sival ol Kapmuleg tpwtotntag (fragility curves) kat ot KOUTTUAEG «UENTLKNAC
Suvauikng avaluonc» (Incremental Dynamic Analysis curves). Kot otig U0 TEPUTTWOELS OL
KOUTTUAEG Xpnolpomolouv éva péyeBog évtaong (IM), evw OTI( TEPLOCOTEPEG TEPUTTWOELS €val
OUOTOTLKO PEPOC TNG VEPUpPOG (BABpo) Bewpeitol AVIUTPOOWTEUTIKO TNG CUVOALKNG TPWTOTNTAC.
Otav emAéyetal n xprion MARPOUG HOVTIEAOU TO UTIOAOYLOTIKO KOOTOG QUEAVETOL CNUAVIKA WE

OTTOTEAECLLO VAL XPNOLLLOTIOLOUVTAL TIEPLOPLOUEVES KATAYPADEC.

AapBavovtag untodn tig uebodoug mou eival dtabéoipeg otn BBAloypadia kot To amoteAéopata

TwWV ovoAUCEWV ota TMAailolo NG mapoloas SUTAWUATIKAG €pyaciag TMPoTelveTal n akoAoudn



amAomnotnuévn pebodoloyia UTOAOYLOMOU TNG OELOWLKNG TPWTIOTNTAG Yebupwv He Beswpnon

oAnAenidpaong e6adoug KATAUOKEUNAG:

MPOKELWEVOU VA UTTOAOYLOTEL N OELOULKN TPWTOTNTA Miag YEPupag SnUloupyouvTaL ArAOTOLNUEVA
povtéla otic SUo SleuBuvoelg, dnwe meplypddetal avalutikd oto 5° keddlato, mou AapBdvouv

urnoyn tn cuvelopopd OAWV TWV CUCTATIKWY LEPWV TNG YEPUPAC.

H avamntuén tétowwv povtéAwv npolmnobetel (i) tTnv availuon tng SLOTOUNG VOGS XAPAKTNPLOTIKOU
BaBpou tng védupag kal (ii) TN yvwon TG YEWUETPLAC TOU KATACTPWHATOS Kol Twv epedpavwv
TPOKELPEVOU va SlaotacloAoynBolv HECw OVAAUTIKWY TUTMWV TO avtiotowa eAatrnplo Kol ot

amooBeoTNPEC Kal va UTIOAOYLOTEL N LAla TOU KOTAOTPWUATOG.

H aMnAenibpaon edadouc-katackeung Aappavetal umodn péow eAatnpiwyv Kal amocBeothpwy
Tou tomoBeTolvTal avti MAKTwong otn BAacn Twv amAononpévwy povtéAwyv. H Staotactohoynon
Toug yivetal pe Bdon toug avalutikoug Ttumoug (Gazetas, 1983) mou mepiypddovtal oto 6°

kedaAalo.

H oelopikr) cupnepldopd TwV MPOTEVOUEVWV HOVTEAWV EEETATETAL OE €va XOPAKTNPLOTIKO EUPOC
OELOULKWY ogvaplwv Omwe ol 29 kataypadEG mou xpnaotponotiénkav otnv napolod SUTAWUATIKN
gpyaoia n emloyn Twv omoiwv attioloyeital oto 2° kepdAalo. Onwg akolouBeital kot otnv
pneBodoloyla avamtuéng KAUMUAWY TPWTOTNTAC KOl KAUMUAWY «aUENTIKAC SUVOULKAG avaAUCNC»
oL kataypadEg mou eMAEYOVTOL KALLAKWVOVTOL CUVOPTHOEL TOU PGA MpOKeLEVOU YLa KABE oTdBun

£€VTOONG VA UTIAPXEL LEYAAO UpOC KaTaypadwy He SLadOopPETIKA XOPAKTNPLOTIKA.

Amo tnv Bdon Se6ouévwy TIOU TIPOKUTITEL HE XPNON TPOXWPNUEVWY OLKOVOUETPLKWY HOVTEAWV
napayetal e€lowon mou cuvdualel mepLocOTEPO OO €val UeyEDn évtaonc (IM) Kot EKTIHA pE
LkavormolnTtik akpifela éva péyebog mpoodloplopol tng doutkng PAAPNG (DI) pe tov TPOmo mou

avarttvooetol oto 2° kepaato.

e IMAszovexktpata MeBodoroyiag

H npotewvopevn pebodoloyia ulobetel otolxeia amo tig avtiotoes peBodoroyieg mou SatiBevral

otn BBAloypadia, mapouolalel Opwc U0 onUAVTIKEG SladopEg:



H mpwtn €ykettal oto yeyovog otL dev avalnteital katdAAnAo péyeBog €viaong tng OELOULKAG
Slatapaxnc yla TG UTO €EETOON KATAOKEUECG. AvTiBeta emIAéyeTal oUVOUAOUOG CUYKEKPLUEVWY

HeyeBwv mou avadépovtal o€ SLaPOPETIKA XOPAKTNPLOTIKA TNG Slatapaxic.

H 8eltepn avadEpPeTal OTO HOVTEAO TIOU ETUAELYETOL WE OVTUTPOOWTIEUTIKO TOU CUCTHUATOC TNG
véPupag. ITig Aeov Sladedopéveg peBOSoug eTtAEyeTaL ELTE va XpnoLomonBel éva GUCTATIKO TNG
védbupag, Omwe to BABPO, WE AVTUTPOOWTIEUTIKO TNG CUVOALKAG TPWTOTNTAC (UE TNV ATTAOTOLNTLKA
Bewpnon mpoPorouv/audinaktou ot Suo SlevuBuvoelg) elte avamtuooovtal TARPN HOVTEAQ
YEbUPWV. ITNV TPWTN MEPIMTWON Xpnoldomnoleitatl mMARBo¢ Kataypadwy Pe KALLAKWON, EVW OTNn
SeUTePN AOYW HEYAAOU UTIOAOYLOTIKOU KOOTOUG OL KaTaypadEC elval eploplopEVEG. AvtiBeta otnv
npotewvopevn pebBodoloyia ta amAomolnuéva poviéda ot dvo SleuBuvoelg mpooeyyilouv
LKOVOTIOLNTLKA TN OELOMLKN CUUTIEPLPOPA TOU MANPOUC CUOTHUOTOG EVW TO UTIOAOYLOTIKO KOOTOG

TIOLPOLULEVEL LLKPO.

EvSelkTika yla TnVv 6la kataypadn amo to oo Tou Alylou n avaAucn Tou TARPOUG HOVTEAOU
SNPKNOE GUVOALKA 8 WPEG EVW TOU TIPOTEWVOUEVOU HOALG 5 Aemtd. Emopévwg eival eplkto va
npaypatomnotnBouv oAU eEPLOCOTEPEG AVAAUCELG O 0XEON KE TO MANPEG cuoTNUA. Me Tov Tpomo
outo ot afePfaldtnteg oe oxéon pe TNV avwdoun alAd kat tnv aAAnAemidpacn edadouc-
KATAOKEUNG avtlotabuilovtal os éva Babud amnd 1o mAR60G TwV CELCUIKWY CEVAPLWY TTOU UITopouV

Va XpNOoLUoTolnBoUV 0To POTELVOUEVO HOVTEAO.

e Ildio E@apuoyng

H mpotewvopevn pebodoloyia eival Suvatodv va xpnotponolnBet yla Toug oKomou g EVOG ZUOTHUOTOC
Apeong Amtokplong (Rapid Response System). Zta mAaiola tou epsuvntikol mpoypappatog RA.RE.
(Rapid Response) oe ocuvepyacia tou epyaoctnpiou Edadounyavikic tou EBvikou Metooflou
MoAutexveiou, TOU epyaoctnpiov OepeAdlwoewv & TEWTEXVIKAG JEWOUIKAG MnYavikng Tou
AplototeAeiou MNavemnotnuiov @ecoalovikng , TNG etalpeiag “Opuhog Texvikwv MeAetwv’’ Kot Tou
autoklvnTodpopou “Attikég Aladpoueg”’ mpoteivetal va e€etaotel n dSuvatotnta epapuoyng e v
AOyw peBodoloyiac oe £va cuvolo 180 yedpupwv KATA HKOC TOU SIKTUOU TOU aAUTOKLVNTOSPOUOU

«Attikry 0606¢».
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Mo TOuG OKOTOUG TOU TPOYPAUUATOC oTa TAaiola tng mapoloag SUTAWMOATIKAG EPYAoLag
Kataypadnkav oto oUVOAS Toug Ta 180 texvikd €pya yedUPwWYV, KATNYOPLOTIOONKAV LIE TIOLOTLKA
Kpltpla (MARB0G aVOoLyUATWY, CGUVEXELO KOTOOTPWHATOC, ocUvdeon BABPOU-KATAOTPWUATOC) Kal
oTn ouvéxela dnuloupyndnke pntpwo mou meplAapBavel 6Aa Ta BACIKA YEWUETPIKA OTOLXELD TWV

vepupwv aAAG Kol oTolxeia ou adopouv Tn BeUeAlWON KaL TOV AVILOELOLKO TOUG OXESLACGHO.

Me Bdon to untpwo mou Snuoupyndnke eivat duvatd va avamtuxbolv TA TPOTEWVOUEVA
QUITAOTIOLNTIKA LOVTEAQ KAl 0TN CUVEXELA va TtapaxBouv e€lowoelg yia Tig 180 yépupeg Tou SikTUoU

TO00 otn Slapnkn 600 Kal otnv eykapaota dtevbuvon.
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Scope of the thesis

1. Earthquake Rapid Response System for Metropolitan Motorways

The consequences of a strong seismic event in a metropolitan motorway network can be
distinguished in: (a) structural damage of motorway infrastructures, and (b) deterioration of
serviceability. The latter can either be due to a decrease of motorway capacity due to damage of
critical infrastructures, or to the increase of demand due to damage within the neighbouring urban

environment.

Although the direct consequences of a strong earthquake cannot easily be avoided, the indirect
consequences can be effectively mitigated through timely development and implementation of a
rapid response system. Such a system aims to: (a) ensure the safety of motorway users and avoid
panic, (b) minimize closure of the motorway, and (c) optimize system serviceability after the

earthquake.

Evidently, emergency inspection of motorway infrastructures will be essential after a strong
seismic event. However, prior knowledge of the seismic vulnerability of critical structures is
necessary: (i) to rationally decide whether there is a need for emergency inspection, and (ii) to
rationally allocate inspection teams, allowing for minimum disruption of traffic operations. Such
prior knowledge of the seismic vulnerability of the motorway will enable prediction of potential
damage distribution, facilitating the detection of sensitive areas within the network. This way,
realistic seismic damage scenarios can be devised before-hand, to estimate the potential capacity
deterioration of the motorway network, as well as the increased demand due to damage in
neighbouring urban areas. Such scenarios can then be utilized to test before-hand (through traffic

analysis simulation) the effectiveness of possible emergency response actions.

The development of such a system requires knowledge of: (a) of the accurate evaluation of the
seismic hazard (b) the seismic vulnerability of critical motorway infrastructures, such as bridges,

cut-and-cover and bored tunnels, retaining walls, cut slopes, and embankments; and (c) knowledge
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of the typology and all necessary information regarding the geometric and material “properties of

the network system and its subsystems.

1.1 Seismic Hazard Assessment

Various methods have been proposed to characterize the seismic hazard broadly categorized in
deterministic and probabilistic. A significant amount of empirical correlations (broadly known as
attenuation relationships or recently Ground Motion Prediction Equations—GMPE) can be found in
the literature for estimation of ground motion characteristics, commonly expressed through
spectral acceleration or displacement with regard to earthquake magnitude, distance from the

source, soil and geologic site conditions (Figures 1.1, 1.2).

To model the consequences of failure to a motorway it is important to define seismic scenarios in a
coherent and realistic manner. Traditional seismic hazard analysis, whilst effective in translating the
hazard into a probabilistic formulation, is limited in the extent to which it can incorporate spatial
coherency of the form needed for estimation of loss to spatially distributed portfolios. This
approach becomes computationally and theoretically more complex when considering more than a
few correlated sites or ground motions. So an alternative approach is the use of seismic scenarios,
from which it is possible to create fields of expected ground motions, which are then input into

seismic risk models.

The performance of a motorway network may be conditional upon failure of different elements,
each responding differently to the ground motion. Certain components may respond adversely to
strong accelerations, whilst other elements or larger structures may be sensitive to low period
motions and ground displacements. Other may be mainly affected by permanent displacements
(fault crossing, landslides). Hence, the characterization of ground motion and the associated
permanent ground displacements constitute a crucial element for the assessment of the risk of
isolated structures. Many intensity measures (IM) have been developed and are readily available in

the literature.
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1.2 Seismic Vulnerability of critical Motorway Infrastructures

A widely used way to express vulnerability of a motorway infrastructure , especially referring to
bridges, are fragility curves, which describe the probability of an element at risk, to be in or to
exceed different damage states for a given seismic intensity. They can be classified as : (a) generic—
based on expert judgment [e.g., ATC-13, ATC-25], (b) empirical-based mainly on surveys after
earthquakes [Basoz et al., 1999; Shinozuka et al., 2000a], and (c) analytical-based on numerical
simulation [Shinozuka et al., 2000b; Elnashai et al., 2004; Nielson & DesRoches, 2007]. Although
such a plethora of fragility curves for bridges is readily available in the literature, they typically refer
to a single bridge component as representative of the overall fragility. Another more recent
approach to express vulnerability is Incremental Dynamic Analysis (IDA) curves, which express the
correlation between an IM and a Damage Measure (DM) for a specific accelerogram while the

intensity increases.

Bridges represent a particular challenge in the analysis of seismic risk of motorways. Failure of a
bridge may occur due to either strong seismic shaking or ground deformation, or a combination of
both. The response of a bridge due to strong shaking may vary according to many different factors
including span and skewness, in addition to the common situation whereby the fundamental period
of a column differs in the longitudinal and transverse direction. For a portfolio of bridges within a
region, the vast disparity in bridge geometry, construction type and method (including design code
level) limit the extent to which the structural models can be adequately described. Consequently
the gain in efficiency for using complex spectral IMs may be offset by the uncertainty in the
structural model. Modeling infrastructure and complex systems presents a challenge in this

approach (Figure 1.3, 14).

One of the main purposes of the analysis is to highlight the most crucial parameters affecting the
vulnerability, including (but not limited to): the typology of the structural system, P-A effects, the

characteristics of the ground motion, and the magnitude of ground-induced deformation.
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2. Proposal of the thesis:

A simplified method to estimate the seismic vulnerability of bridges
considering soil-structure interaction

The number and the variety of bridges of a metropolitan motorway make the computational effort
to estimate precisely the seismic vulnerability of each one of them, unprofitable. In addition to this,
the necessity to take into account the contribution of each component of a bridge as well as the
interaction between them to the seismic response of the whole bridge, leads to very complicated
models. Hence the need for classification of bridges and subsequently the creation of a simplified
model which has the similar seismic performance with the original bridge is one of the key

objectives of the present thesis (Figure I.5).

In order to examine the seismic performance of a bridge, it is very important to keep in mind that
the structural damage due to different records from different earthquakes might be different even
having the same IM. This is due to the characteristics (frequency contents, phase, duration, etc.) of
the input ground motion. In order to take into account the effect of each one of these
characteristics, a variety of real records of varying intensity and characteristics has to be selected.
On the other hand the fact that each IM may describe different characteristics of the motion, some
of which may be more adverse for the structure or system under consideration indicates the need

to explore the effectiveness of each of the different IM’s or a combination of some specific.

2.1 Main Structure of the Thesis

One common way to estimate the fragility of a bridge is to consider a single bridge component as
representative of the overall fragility. In most cases a bridge pier is considered as a SDOF system
and its seismic performance is thought to be a close representation of the performance of the

whole bridge in the transverse direction.
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The scope of this thesis is to examine numerically the possibility to estimate the seismic
performance of such a system when a seismic event occurs but also the impact of each component

of the bridge that a SDOF doesn’t include.

At first to a SDOF system of a single bridge pier that has been examined in the past [Marianna Loli
2008] from 29 real records, on which PGA was normalized to different excitation levels, non-linear
time history analyses were performed, in order to obtain the damage indices. This task aims to
show if it is possible to estimate the damage of the pier using a single IM or a combination of some

specific.

The next step was to compare this model to another two concept bridge piers with different
geometry, stiffness and mass at the top, but the same natural period (T), design acceleration (Sa)
and ductility (u). The purpose of this investigation is the development of a criterion by which two

systems will be considered equivalent in order to extend the results of the previous analysis.

In order to validate the results of the above analysis three real piers from different bridges of the
Greek metropolitan motorway “Attiki Odos”, with close natural period, design acceleration, and
ductility were modeled and non-linear time history analyses were performed, in order to compare

their performance. Another objective was to examine the way that static system affects.

The following challenge is to examine at what level a SDOF system represent the bridge pier at the
longitudinal and transverse direction. To examine this, a real bridge is modeled and tested in order
to compare the performance of the bridge pier with the SDOF system. In the same vein the effect of
each component of the bridge (bearings, deck) is measured and more complicated models are

created and examined in both directions.

The last parameter to be taken into account was Soil-Structure Interaction. For this purpose a
complete 3D model of a bridge was developed and examined in ABAQUS finite element code.
Comparing this model with the fixed base bridge and the relevant systems the impact of SSI is

guantified.

The final conclusions of the work preceded are summarized in a simplified method to estimate the
seismic vulnerability of bridges. This method is tested in a variety of bridges of the Attiki Odos

motorway.
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Figure 1.1 Soil typologies of the municipalities of the Friuli-Venezia Giulia Region [Seismic risk
assessments and GIS technology: applications to infrastructures in the Friuli-Venezia Giulia region
Codermatz, Nicolich, Slejko 2003]
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Figure 1.2 Soil dependent seismic hazard map of Italy in terms of PGA with a 475-year return
period [Seismic risk assessments and GIS technology: applications to infrastructures in the Friuli—
Venezia Giulia region Codermatz, Nicolich, Slejko 2003]
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Figure 1.3 Fragility curves for a bridge (d1, d3 damage states), fragility curve for a tunnel (d1
damage state), hazard curve, in terms of a 50-year exceedance probability [Seismic risk
assessments and GIS technology: applications to infrastructures in the Friuli-Venezia Giulia region
Codermatz, Nicolich, Slejko 2003]
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Figure 1.5 (a) Whole Bridge and simplified systems in (b) longitudinal and (c) transverse direction
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Literature Review: Fragility Curves - IDA Curves

1.1 Fragility Curves

A widely used way to express vulnerability of a motorway infrastructure , especially referring to
bridges, are fragility curves, which describe the probability of an element at risk, to be in or to
exceed different damage states for a given seismic intensity. They can be classified as: (a) generic—
based on expert judgment [e.g., ATC-13, ATC-25], (b) empirical-based mainly on surveys after
earthquakes [Basoz & Kiremidjian, 1997; Yamazaki et al., 1999; Shinozuka et al., 2000b; Kiureghian,
2002], and (c) analytical-based on numerical simulation [Shinozuka et al., 2000b; Karim &
Yamazaki, 2002; Elnashai et al., 2004; Nielson & DesRoches, 2007;]. Although such a plethora of
fragility curves for bridges is readily available in the literature, they typically refer to a single bridge

component as representative of the overall fragility.

1.1.1 Fragility functions

One of the key links in the risk assessment methodology is to estimate the damage to the lifeline
components. This is done by estimating the performance of the various highway bridges in the
network as a function of a ground motion intensity parameter. This bridge performance is

commonly represented in either a damage probability matrix or a fragility function.

A fragility function is a conditional probability that gives the likelihood that a structure will meet or
exceed a specified level of damage for a given ground motion parameter. This conditional

probability is given in the following equation:
Fragility = P[S> LS | IM =y] (1)

where S is the response measure of the bridge or bridge component, LS is the limit state or damage
level of the bridge or bridge component, IM is the ground motion intensity measure and y is the
realization of the chosen ground motion intensity measure. One can see from this formulation that
given a scenario earthquake, a prediction of the damage level may be made for each bridge for

which a fragility function is defined.
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This probabilistic way of estimating structural damage was used in the evaluation of nuclear facility
vulnerabilities in the late 1970’s and early 1980’s and since then has expanded into other areas of
structural engineering. The 1985 ATC-13 report presented this probability of damage in the discrete
form of damage probability matrices which were later followed by the introduction of continuous
cumulative distribution functions or fragility curves in the 1991 ATC-25 report as well as the first
release of the FEMA funded HAZUS software in 1997. There are many different methodologies that
have been employed in the determination of these structural fragilities, a synopsis of which will be

given in the following sections.

1.1.2 Generic fragility curves

Generic fragility curves are based on expert judgment. A typical example of developing generic
fragility curves is the ATC-13 report (ATC, 1985) developed by the Applied Technology Council (ATC)
of California, USA. In October 1982 the Federal Emergency Management Agency (FEMA) awarded
Applied Technology Council (ATC) a contract to develop earthquake damage evaluation data for
facilities in California. FEMA was planning to use these data and companion loss estimation and
inventory methodology to estimate the economic impacts of a major California earthquake.
Because the required earthquake damage, loss and inventory data were not available in the
literature, ATC and FEMA agreed that the best way to develop the required data was to draw on
the experience and judgment of seasoned earthquake engineers. The ATC put together a panel of
42 experts, four of which were for bridges, whom they could query concerning the various

components of a typical Californian infrastructure.

The questionnaires that were created queried the experts on the probability of a bridge being in
one of seven damage states for a given Modified-Mercalli Intensity (MMI) value. They also asked
the experts to rate themselves on their experience in the field on a scale from zero to ten. After the
guestionnaires were completed and analyzed, the results were given back to the experts for a
second look. They were permitted to consider the overall results and compare them with their
initial responses and make any modifications they felt were necessary. These results were then
compiled and reported as the probability damage matrices (DPM) for bridges in the ATC-13 report
(ATC, 1985) and were subsequently used in the ATC-25 report (ATC, 1991). (Table 1.1, Figures 1.1)
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1.1.3 Empirical fragility curves

Empirical fragility curves are based mainly on surveys after earthquakes. Following the 1989 Loma
Prieta and 1994 Northridge earthquakes empirical bridge fragility curves became more common as
a direct result of more complete ground motion and bridge damage data. Empirical fragility curves
are generated from actual earthquake data. This methodology has been presented and
demonstrated by several groups of people for the Loma Prieta and Northridge earthquakes such as
Basoz and Kiremidjian (1997), Kiureghian (2002), Shinozuka et al. (2000b) and by Yamazaki et al.
(1999) for the 1995 Kobe earthquake.

Although there are some slight variations in the methods used by the aforementioned groups they
are conceptually the same. The procedure requires that a post-earthquake assessment be
performed where a damage state would be assigned to all the bridges that belong to the bridge
class being considered. A shake map, that geographically defines the ground motion in terms of
some intensity measure, such as peak ground acceleration (PGA) is used to assign each bridge to a
damage state and a given ground motion intensity in a damage frequency matrix. Table 1.2 is an
example of a damage frequency matrix that was assembled by Basoz and Kiremidjian (1997) for all
multi-span bridge types as they performed in the Northridge earthquake. Thus a percentage of the
overall bridge class inventory may be displayed for each damage state at each ground motion

intensity level as shown in Table 1.3.

This information can be used in any number of ways. Basoz and Kiremidjian (1997) used a logistic
regression analysis to generate the fragility curves shown in Figure 1.2 from the damage matrices
shown in Tables 1.2, 1.3. Shinozuka et. al (2000b) recommends using the Maximum Likelihood
method in conjunction with hypothesis and goodness of fit tests to estimate the parameters of the
two parameter lognormal probability distribution while Kiureghian (2002) used a Bayesian

approach and the Likelihood function to accomplish this task.

Although this method is relatively straight forward it has limitations. The first limitation is that it is
difficult to get an adequate number bridges belonging to one bridge class that lie in a particular
damage state to get statistically significant results (Shinozuka, 2000b). Thus it is often required to
group classes together to get enough bridges in a given damage state and hence reduces the

usefulness of the fragility curves. However, these empirical fragility curves can still be used to
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calibrate/validate analytical fragility curves which will be discussed hereafter (Basoz and

Kiremidjian, 1999).

Another limitation that Basoz and Kiremidjian (1997) noted in their generation of fragility curves for
several classes of bridges in both the Loma Prieta and Northridge earthquakes was that the ground
motion intensity (Shake maps) were different depending upon who generated them. They received
two different maps with different values for the Northridge earthquake (USGS and WCFS) and three

different maps for the Loma Prieta earthquake (observed, Boore and Joyner, Campbell).

Yet another limitation of empirical fragility curves is that when post-earthquake assessments of
bridges are made and damage levels assigned, there is often a discrepancy between the damage
levels that any two different inspectors would assign (Basoz and Kiremidjian, 1997). Thus another

source of uncertainty is entered into the curves.

1.1.4 Analytical fragility curves

Analytical fragility curves are based on numerical simulation. When actual bridge damage and
ground motion data are not available, analytical fragility curves must be used to assess the
performance of highway bridges. There have been many researchers that have developed analytical
fragility curves for bridges. As previously mentioned, a fragility curve is a conditional probability
that specifies the likelihood of a structure or structural component reaching or exceeding a damage
state for a specified ground motion intensity. Since damage states are related to structural capacity
and the ground motion intensity parameter is related to structural demand, the fragility can then
be described as the probability that the seismic demand will exceed the structural capacity. This

probability of failure is represented in the following equation (Melchers, 1999):
pr =P [— > 1] (2)

where pf is the probability of exceeding a specific damage state, Sd is the structural demand and Sc

is the structural capacity or damage state.

This probability is generally modeled as a lognormal probability distribution. This model is chosen
because it has shown to be a good fit in the past and is convenient for manipulation using

conventional probability theory (Wen et al., 2003). In addition, when the structural capacity and
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demand roughly fit a normal or lognormal distribution, using the central limit theorem, it can be
said that the composite performance will be lognormally distributed (Kottegoda and Rosso, 1997).
Thus the fragility curve can be represented by a lognormal cumulative distribution function which is

given in the following equation (Melchers, 1999):

n(54/s)

pr=®|7T7— (3)
/ﬁéﬂ%&

where Sc is the median value of the structural capacity defined for the damage state, Bc is the
dispersion or lognormal standard deviation of the structural capacity, Sd is the seismic demand in
terms of a chosen ground motion intensity parameter, Bd is the logarithmic standard deviation for

the demand and @©[e] is the standard normal distribution function.

Using the above equation it can be seen that the structural demand and capacity must be modeled
to generate analytical fragility curves. Figure 1.3 presents the basic flow of analytical fragility curve
generation using non-linear time history analysis. Although there are some variations to this
methodology that are used, this represents the basic overall procedure. The first step is to obtain a
suite of ground motions that is appropriate and representative of the target geographic area and
captures the uncertainty inherent in ground motions such as the magnitude and the epicentral
distances. Next, the structural properties (material strengths and geometric values) are
probabilistically sampled for a base bridge model. This will be done N times thus generating N
nominally identical but statistically different bridge samples. Then the ground motions are paired
with the bridge simulations and a non-linear time history analysis is performed. For each
simulation, the peak structural responses for key elements (i.e. column’s ductility, bearing
deformation, abutment displacement, etc.) are collected. Using the peak bridge component
responses, a probabilistic seismic demand model is generated by using a regression analysis of the
ground motion parameters and the peak structural response. The capacity or limit state of each
component is combined with the seismic demand in the above equation to generate the fragility

curves. The next few sections will discuss each of these steps in more depth.

Typical analytical Fragility curves from the work of Karim & Yamazaki (2001) are shown on Figure

1.4 while analytical fragility curves from the work of Choi & Nielson are presented on Figure 1.5.
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1.1.4.1 Selection of ground motion time-histories

As part of the probabilistic seismic demand analysis (PSDA), a suite of ground motion time histories
must be obtained for use therein. The composition of this suite is a function of the requirements of
the PSDA methodology chosen. For instance, if the PSDA is being performed for bridges in Southern
California then a suite of time histories may be assembled from strong ground motion records from
the area. In work done by Mackie and Stojanovic (2003), they assemble four suites of 20 ground

motions each having different magnitudes and epicentral distances.

When the PSDA is being used for regions where little or no strong ground motion records are
available, such as the Mid-America region of the U.S., it becomes necessary to use outside records
or create synthetic time histories by sampling on ground motion parameter random variables.
There have been a number of groups that have generated synthetic ground motions for use in this

region (Wen and Wu, 2001; Herrmann and Akinci, 1999; Hwang et al., 2000c).

The number of ground motions required for the analysis also varies depending on the methodology
used. In work done by Hwang et al. (2000c) and Choi (2002) a suite of ground motions containing
100 records was used. Shome et al. (1998) state that the lognormal assumption for the model
allows suites containing 20 ground motions are sufficient to achieve the required confidence levels,
while Wen et al. (2003) assert that suites with as few as ten ground motions are adequate to

capture the structural response.

Another issue that arises is the question of what ground motion intensity parameter best captures
the response and minimizes the dispersion of that response. The traditional intensity parameters
that have been used are MMI (ATC, 1985) and PGA (FEMA, 1997), but Mackie and Stojanovic (2003)
point out that there are up to 22 different ground motion intensity parameters that could be used.
These parameters range from geometric properties (epicentral distance) to peak motion quantities
(PGA, PGV, PGD) to spectral quantities (Sa, Sv, Sd) to energy based quantities (Mw). However, they
state along with others, that the spectral quantities at the fundamental period of the structure,
such as spectral acceleration, velocity and displacements, produce better results than do peak
ground motion quantities such as peak ground acceleration, velocity and displacement (Wen et al.,

2003; Mackie and Stojanovic, 2003; Hwang et al., 2000b).
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It is interesting to note that although most fragility work done now with respect to buildings is done
using spectral quantities, the bridge community is still predominantly using PGA as the intensity
measure. This reluctance of the highway bridge community to switch to spectral values is in part
due to the challenges associated with their use. One of these challenges is the difficulty in
comparing the fragility of various bridges types. When the bridge types have different fundamental
periods, the fragility comparisons must be done at a specific ground motion. Also to use the fragility
curves in a risk assessment program it is imperative that the fundamental period of the structure be
known. This is not always possible when the bridge information is pulled out of the NBI database. In
addition to the challenges of implementation, some in the transportation arena assert that there is
very little difference in the transportation network loss calculations as well as the dispersion of the

results when the use of PGA and Sa is compared (Tri-Center Workshop, 2003).

1.1.4.2 Bridge model simulation

A base bridge analytical model needs to be created that is representative of the target structure. It
should be noted that this not a trivial task. In fact, Song and Ellingwood (2001) recommended that
less time should be spent developing more efficient Monte Carlo sampling techniques and more
time should be focused on generating better models, indicating that the modeling procedure plays
a very important role in the outcome of the model. Different structural properties that define the
bridge model, such as concrete compressive strength, yield strength of the reinforcing steel, deck
mass, deck gap width, column height and span length will need to be defined probabilistically.
These structural properties should each be assigned a probability distribution to account for their
uncertainty. Then using a sampling technique such as Importance Sampling (Melchers, 1989) or
Latin Hypercube sampling (Ayyub and Lai, 1989), these structural parameters can be sampled based
on their distributions to create a required number of nominally identical but statistically different
bridge samples. Not all structural properties need to be treated probabilistically. A sensitivity
analysis of the various structural properties is generally performed to indicate which ones should be

treated probabilistically and which ones may be treated deterministically.

As previously mentioned, the model generation is not a trivial task. Whenever an analytical model
is created the assumptions and modeling format are a major concern. The general consensus in the
field of structural engineering is that the simpler the model the better off you are. However,

caution must also be used so as not to oversimplify.
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1.1.4.3 Transverse vs. Longitudinal

When generating the analytical models for bridges, assumptions and simplifications are often made
to make the analyses more feasible. A full three dimensional model of a bridge may be generated
but the analysis becomes extremely computationally expensive when it is used in a Monte Carlo
simulation. Therefore much of the work done to date has simplified the models by modeling the
bridges in two dimensions. This requires the bridges to be modeled in both the transverse and
longitudinal directions. In an attempt to cut down further on the amount of work required to
adequately quantify a bridge response, it is advantageous to explore whether or not one loading

direction controls the response of the bridge.

There have been a number of studies that indicate that the longitudinal direction controls the
response of the bridge (Choi, 2002; Rashidi and Saadeghvaziri, 1997) while others maintain that the
loading in the transverse direction controls the damage of the bridge (Cheng et al, 1998;
Saadeghvaziri and Rashidi, 1998). There are yet others that believe that a bridge must be modeled
in three dimensions and have the longitudinal and transverse responses combined in some fashion
to adequately represent the system (Jernigan and Hwang, 2002; ATC, 1991; Yashinski, 1999; Hwang
et al, 2000b). It is clear from the many different views on this issue that there is no definite

methodology that should be used for the analytical modeling of bridges.

1.1.4.4 Vulnerable bridge components

There are a number of different vulnerable components in a bridge system which include the
columns/piers, fixed and expansion bearings, abutments and foundations. Almost all of the
previous work for fragility analysis of bridges has assumed that the columns/piers are the only
vulnerable component (ie. the fragility of the column is equivalent to the fragility of the entire
bridge system) (Dutta and Mander, 1998; Hwang et al, 2000b; Hwang et al, 2000c; Mander and
Basoz, 1999; Shinozuka et al, 2000a; Shinozuka et al, 2000b). However, previous work has shown
that the steel fixed bearing is the most fragile component for the multi-span simply supported steel
girder bridge at all of the damage states. This trend varies for different bridge types. For example,
the columns for the multi-span continuous pre-stressed concrete girder bridge typical to Mid-
America are the most fragile bridge component in the moderate, extensive and complete damage

states (Choi, 2002). This indicates that it is important to include all major vulnerable components

24



Literature Review: Fragility Curves - IDA Curves

when doing a fragility analysis of a bridge. If the assumption was made that the column damage
states were representative of the damage states of the entire bridge, it is likely that this would

result in an underestimation of the overall bridge system fragility.

1.1.4.5 Seismic demand

There are several different methodologies that have been proposed for the analysis of the seismic
demand of a structure ranging from simplistic in nature to labor intensive. Some of these methods
are using probabilistic response spectra in conjunction with the NBI data (Dutta and Mander, 1998;
FEMA, 1999), using an elastic spectral analysis couched in a capacity/demand ratio formulation
(Jernigan and Hwang, 2002; Hwang et al., 2000b), using a reduced response spectrum (Shinozuka et
al., 2000b), using non-linear time history analysis in incremental dynamic analysis (IDA) (Mackie and
Stojanovic, 2003) and using non-linear time history analysis to perform a probabilistic seismic
demand analysis (Hwang and Huo, 1998; Hwang et al., 2000c; Choi, 2002; Mackie and Stojanovic,
2001; Song and Ellingwood, 2001; Wen et. al, 2003). It appears that the majority of the seismic
demand modeling work to date has been using non-linear time history analyses using Monte Carlo

simulation techniques. It is also the most reliable method available (Shinozuka et al., 2000a).

As shown in Figure 1.3, a probabilistic seismic demand model (PSDM) must be generated if the non-
linear time history approach is to be used. This is done through a probabilistic seismic demand
analysis (PSDA) which relies heavily upon the first three steps in Figure 1.3. As previously
mentioned these steps would be to combine a suite of ground motions with a suite of bridge
samples to create ground motion-bridge pairs. These pairs are then analyzed using a finite element
analysis package. For each analysis, the maximum response quantities of interest, such as column
curvature ductility (u8) and the bearing and abutment deformations (b, 6a), are recorded and
plotted versus the ground motion intensity parameter value, as seen in Figure 1.6. A linear
regression of the form shown in Equation 4 is then performed to determine the seismic demand,
Sd, as a function of the ground motion intensity measure (IM) for each of the bridge components.

This is shown in Equation 5, where a and b are the unknown regression coefficients.
In(S,) = bin(IM)+ a (4)

Sy = IMPe® (5)

25



Chapter 1

This seismic demand, Sd, is the first half of the input to the fragility function, Equation 3. The

structural capacity or limit states must also be acquired as will be addressed in the next section.

1.1.4.6 Structural capacity and damage states

As previously mentioned, the other part of fragility modeling requires something to be known
about the capacity or limit states of the structure. To facilitate further discussion about the
structural capacity a brief discussion on damage or limit states is required. A limit state is defined as
the capacity that a structure or structural component has before reaching a specified level of
damage or deformation. These limit states, which have traditionally been given in qualitative terms,
are defined and discretized differently by various researchers. For example, the ATC-13 and ATC-25
reports list seven damage states (ATC, 1985; ATC, 1991). HAZUS reports five damage states (FEMA,
1997) and Hwang and Huo (1998) used two. It should be noted that it appears as if the majority of

users appear to use the qualitative damage states as given by HAZUS.

The qualitative limit state descriptions work well for fragility curves that are based on expert
judgment and empirical methods, but quantitative descriptions are needed for use in analytical
models. The question of what response quantities (deformations, ductilities, material response etc.)
will result in the qualitative description for the various damage states needs to be answered. There
have been a number of tests and analytical procedures implemented to address this issue. Dutta
and Mander (1998) in addition to Akkari and Duan (2000) used static pushover with plastic analysis
to get deterministic capacity values with assumed dispersion values with many others following
similar paths (Choi, 2002; Shinozuka et al., 2000b; Hwang and Huo, 1998; Hwang and Jaw, 1990;
Hwang et al., 2000c). Shinozuka et al. (2000a) used a capacity spectrum analysis while others
recommended the use of an incremental dynamic analysis (IDA) to calculate the capacity against
collapse (Wen et al., 2003). An example of a quantitative equivalent to the qualitative descriptions
of the bridge component limit states is presented in Table 1.4. These are the limit states that Choi
(2002) used in his work for developing fragility curves for bridges in Mid-America. This table shows
the median values of the limit states that were used in conjunction with the dispersions that were

recommended by HAZUS 97.

There have been numerous studies done on the behavior of reinforced concrete bridge piers and

columns to assist in the quantification of pier/column limit states (Kowalsky, 2000; Park et al., 1982;
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Ghosn and Chen, 1991). However, there have not been many studies on the response of other
vulnerable bridge components, such as bearings (Mander et al.,, 1996) and abutments (Goel and
Chopra, 1997). Therefore expert or professional judgment is still required in defining the capacity

limit states of bridge components.

1.1.4.7 Component vs. System fragility

The process that is explained in Figure 1.3 is the process to generate fragility curves for the
individual bridge components. It is necessary, however, to obtain an overall bridge or system
fragility for use in the risk assessment process. This can be performed through a crude Monte Carlo
simulation but is considerably more computationally expensive. An alternative would be to
combine the component fragility curves to get the system (bridge) fragility curve. This, however,
requires information about the stochastic dependence between the damage states of the various
bridge components. Using first-order reliability theory, an upper and lower bound on the system
fragility can be easily determined. The lower bound is the maximum component fragility while the
upper bound is a combination of all of the component fragilities. These bounds are given in
Equation 5 where P(Fi) is the probability of failure for each component and P(Fsys) is the probability

of failure for the entire system.

max| P(F)] < P(F,,) <1 ~TT0- 2] (6)

These first-order bounds are valid for a series type system where a failure of one the components
constitutes a failure of the system (Melchers, 1999). When a bridge is modeled in the longitudinal
direction, it in fact behaves like a series system. The lower bound represents the probability of
failure for a system whose components are all fully stochastically dependent and provides an un-
conservative estimate for the fragilities of the subject bridges. The upper bound assumes that the
components are all statistically independent and provides a conservative estimate on the overall
bridge fragility. The upper bound estimate to the system fragility gets better as the difference
between the upper and lower bound decreases. When the bridge is modeled in the transverse

direction, it is no longer solely a series system but rather a combination of parallel and serial
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components. Therefore if transverse analysis is required, the implementation of more complex

second-order reliability techniques will be required.

1.2 Incremental Dynamic Analysis (IDA) Curves

In the wake of the damage brought by the 1994 Northridge earthquake, the SAC/FEMA project was
launched to resolve the issue of poor performance of steel moment-resisting frames due to the
fracturing beam-column connections. Within the creative environment of research cooperation, the
idea of subjecting a structure to a wider range of scaling emerged. Initially, the method was called
Dynamic Pushover and it was conceived as a way to estimate a proxy for the global collapse of the
structure. It was later recognized that such a method would also enable checking for multiple limit-
states, e.g. for life-safety, as is the standard for most seismic design methods, but also for lower
and higher levels of intensity that represent different threat levels, such as immediate-occupancy
and collapse-prevention. Thus, the idea for Incremental Dynamic Analysis was born by researchers
Vamvatsikos & Cornell (2002) at the John A. Blume Earthquake Research Center of Stanford

University.

Incremental Dynamic Analysis (IDA) is a computational analysis method for performing a
comprehensive assessment of the behavior of structures under seismic loads. It has been
developed to build upon the results of probabilistic seismic hazard analysisin order to estimate
the seismic risk faced by a given structure. It can be considered to be the dynamic equivalent of

the static pushover analysis.

IDA involves performing multiple nonlinear dynamic time history analyses of a structural model under
a suite of ground motion records, each scaled to several levels of seismic intensity. The scaling levels
are appropriately selected to force the structure through the entire range of behavior, from elastic
to inelastic and finally to global dynamic instability, where the structure essentially experiences
collapse. Appropriate post processing can present the results in terms of IDA curves, one for each
ground motion record, of the seismic intensity, typically represented by a scalar Intensity Measure

(IM), versus the structural response, as measured by an Engineering Demand Parameter (EDP).
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Possible choices for the IM are scalar (or rarely vector) quantities that relate to the severity of the
recorded ground motion and scale linearly or nonlinearly with its amplitude. The IM is properly
chosen well so that appropriate hazard maps (hazard curves) can be produced for them by
probabilistic seismic hazard analysis. Possible choices are the peak ground acceleration, peak ground
velocity or Arias intensity, but the most widely used is the 5%-damped spectral acceleration at the first-

mode period of the structure.

The EDP can be any structural response quantity that relates to structural, non-structural or
contents' damage. Typical choices are the maximum (over all stories and time) interstorey drift, the

individual peak storey drifts and the peak floor accelerations.

IDA grew out of the typical practice of scaling accelerograms by multiplying with a constant factor
to represent more or less severe ground motions than the ones that were recorded at a site. Since
the natural recordings available are never enough to cover all possible needs, scaling is a simple, yet
potentially problematic method (if misused) to "fill-in" gaps in the current catalog of events. Still, in
most cases, researchers would scale only a small set of three to seven records and typically only

once, just to get an estimate of response in the area of interest.

Typical IDA curves from the work of Vamvatsikos & Cornell (2002) are shown in Figure 1.7.
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Modified Mercalli Intensity

Damage State VI VII  VIII IX X X1
1-None ~0 ~0 ~0 ~0 ~0 ~0
2-Slight 023 002 ~0 ~0 ~0 ~0
3-Light 078 098 083 028 003 0.01
4-Moderate ~0 ~0 0.16 072 085 045
5-Heavy ~0 ~0 ~0 0.01 0.12 054
6-Major ~0 ~0 ~0 ~0 ~0 ~0
7-Destroyed ~0 ~0 ~0 ~0 ~0 ~0

Table 1.1 Damage Probability matrix for C1 building class from ATC-13 (class 20,high-rise concrete

Housner Intensity - 5% damping (cm/sec)
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Figure 1.1 Fragility curves for C1 buildings, ATC-13 damage states and parameters /H and Imv




USGS Peak Ground Acceleration (g)
Observed | 15 45 102.03 |03-04 |04-05 |05-06 |[06-07 |07-08
Damage
None 194 262 150 31 10 15 17
Minor 2 8 16 2 6 4 2
Moderate 1 8 8 9 6 5 1
Major 0 6 0 5 5 3 1
Collapse 0 0 0 0 0 0 0
Total 197 284 174 47 27 27 21
USGS Peak Ground Acceleration (g)
Observed | ¢ 09 | 09-1.0 | 10-11 | 1.1-12 | 12-13 | 1.3-14 | Total
Damage
None 18 7 9 1 0 1 717
Minor 0 5 1 1 0 0 47
Moderate 4 7 3 0 0 0 52
Major 1 9 0 0 0 0 30
Collapse 2 1 1 0 0 0 4
Total 25 29 14 2 0 1 848

Table 1.2 Damage Frequency Matrix for Multi-Span Bridges (Basoz and Kiremidjian, 1997)

USGS Peak Ground Acceleration (g)
Observed |6 15 45 02-03 |03-04 |04-05 |05-06 |0.6-07 |0.7-08
Damage
None 98.48 92.25 86.21 65.96 37.04 55.56 80.95
Minor 1.02 2.82 9.20 4.26 22.22 14.81 9.52
Moderate 0.51 2.82 4.60 19.15 2222 18.52 4.76
Major 0 0 10.64 18.52 11.11 4.76
Collapse 0 0 0 0 0 0
USGS Peak Ground Acceleration (g)
Observed | ¢ 9 | 09-10 | 10-11 | 11-12 2-13 | 13-14
Damage
None 72.00 24.14 64.29 50 0 100
Minor 0 17.24 7.14 50 0 0
Moderate 16.00 24.14 21.43 0 0 0
Major 4.00 31.03 0 0 0 0
Collapse 8.00 345 7.14 0 0 0

34

Table 1.3 Damage Probability Matrix for Multi-Span Bridges (%) (Basoz and Kiremidjian, 1997)
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Figure 1.3 Analytical Fragility curve Generation using Non-linear Time History Analysis
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Figure 1.4 Typical analytical Fragility curves from the work of Karim & Yamazaki (2001) with
respect to (a) PGA and (b) PGV obtained from the records of Kobe earthquake
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Figure 1.5 Typical analytical Fragility curves from the work of Choi & Nielson (2004) for (a) slight
damage, (b)moderate damage, (c) extensive damage and (d) complete damage
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Figure 1.6 Probabilistic seismic demand model (PSDM) using Sa at the fundament period of the

bridge
Slight Moderate Extensive Complete
Damage State Damage Damage Damage Damage
Columms () 1.0<u<2.0 2.0<u<4.0 4.0<p<7.0 7.0<p
Steel Bearings (8. mm) 1<8<6 6<6<20 20<8<40 40<3
Expansion Bearings (8, mun) 3<50 50<56<100 100<6<150 150<3<255
Fixed Dowels (3, mm) 8<d3<100 100<8<150 150<8<255 255<8
Expansion Dowels (3, mm) 8<30 30<8<100 100<8<150 150<8<255

Table 1.4 Definition of Limit States for Bridge Components (Choi, 2002)
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Figure 1.7 Typical Incremental Dynamic Analysis (IDA) curves from the work of Vamvatsikos and
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Seismic Performance of S-DOF System - Effectiveness of IM’s & DPI’s

2.1 Seismic Hazard

2.1.1 Selection of acceleration time histories

The fact that the structural damage due to different records from different earthquakes might be
different even having the same IM indicates the importance of various characteristics of the input
ground motion. Frequency contents, phase, duration etc. have such a significant effect on the

performance of the structure that they cannot be ignored.

In order to take into account the effect of each one of these characteristics, 29 real records from
earthquakes of varied intensity and characteristics are used as input excitation. Additionally in each
one of these records Peak Ground Acceleration (PGA) is scaled from 0.1g to 1.2g. Finally a range of
377 acceleration time histories is used in order to examine a Single Degree of Freedom (SDOF)

system to different excitation levels but also to time histories with different characteristics.

2.1.2 Selection of Intensity Measures (IM) and Damage Potential Indexes (DPI)

The Peak Ground Acceleration (PGA) and Peak Ground Velocity (PGV) are commonly used indices to
describe the severity of the earthquake ground motion. However, it is well known that a large PGA
is not always followed by severe structural damage, especially for long period structures. Similarly,
a large PGV is not always followed by severe structural damage, especially for input motions which
include permanent fault displacements. Other indices of earthquake ground motion, e.g., Peak
Ground Displacement (PGD), time duration of strong motion (Td), spectrum intensity (SI) , and

spectral characteristics, can be considered in damage estimation.

In this direction, a total of nineteen IM’s and DPI's were selected each of which describes a
different characteristic of the earthquake. Ten of them (PGA, PGV, PGD, IA, ARMS, VRMS, DRMS, IC,
SMA, SMV) which are directly correlated to the acceleration, velocity and displacement time history

were calculated first and then were compared and validated with the results of the software
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SEISMOSIGNAL. Furthermore another nine DPI’s (IH, SE, CAV, ASI, VSI, A95, TP, TMEAN, Dsig) were
extruded from SEISMOSIGNAL in order to take into account more parameters of the ground

motion. All these parameters are presented in detail and are listed in Table 2.1.

2.2 Seismic Performance of a bridge pier

2.2.1 Model used

A single-degree-of-freedom (SDOF) model of a bridge pier similar to the Hanshin Expressway Fukae
bridge [M.Loli 2008], is used to calculate the seismic excitation applied at the level of the deck. This
is a rational approximation as the mass and the stiffness of the pier are significantly lower than the
mass and the stiffness of the deck. Both the calculation of the natural period of the system and the
static and dynamic loading assume fixed base conditions. With reference to Figure 2.1 the

equivalent oscillator has the following characteristics:

v' 'm=1200 Mgr
v h=12m
v o=
64
v d=3m
v T=0.48s

2.2.2 Method of Analysis

A total of 377 series of two dimensional finite element analyses are performed for the S-DOF model
using the ABAQUS code. The mass point (m = 1200 Mgr) is located 12 m above the foundation level
and is connected to the footing with linear beam elements of circular section (r = 1.5 m) in order to

take into account the flexural deformation of the superstructure.

The response of the SDOF system to static and dynamic loading is investigated in terms of
nonlinear behavior. For all stages of analysis, P-& effects are taken into consideration. The
elastoplastic pier behavior is described with Von Mises yielding criterion with nonlinear kinematic

hardening and associative plastic flow rules. This model is originally used to stimulate the inelastic
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behavior of metals subjected to cyclic loading. Although the aforementioned elastoplastic model is
not appropriate for the stress—strain relationship of reinforced concrete, its parameters can be
calibrated to match the pier response in the macroscopic moment-curvature level. To simulate the
softening behavior of the reinforced concrete section after ultimate capacity is reached a special
user subroutine is encoded in ABAQUS. The parameters of the model are calibrated using the

following methodology:

2.2.3 Pier Behavior

e Pier Section Reinforcement

The reinforcement of the pier base circular section (D = 3 m) was calculated according to the
provisions of the Greek Code for Reinforced Concrete (EKQZ, 2000) for columns with large capacity
demands. For acceleration A = 0.24 g, considering a (ductility-based) behavior factor g = 2 with an
elastic (fixed-base) vibration period T = 0.48 s and soil conditions characterized as “B” the design
spectral acceleration is SA = 0.3g. The computed reinforcement [M.Loli 2008] of the pier section for

concrete C30 and Steel S400 is:
longitudinal 100 @32

transverse (¥13/8.

e Moment-Curvature Analysis

The section is also analyzed using the USC_RC program (Moment-Curvature, Force-Deflection, and
Axial Force-Bending Moment Interaction Analysis of Reinforced Concrete Members”. University of
South California, 2001). The geometric characteristics and the reinforcement of the section used in

the analysis are depicted in Figure 2.2.

The Mander model (Mander et al., 1984) is used to simulate the stress—strain relationship of
confined concrete. The analysis doesn’t take into account the hardening behavior of steel and the

material strength values refer to the design values (fcd, fsd). The moment curvature relationship for
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the pier section as derived from the analysis with the USC_RC program, considering the softening
behavior of concrete, is shown in Figure 2.3. The point of “failure”, when the ultimate moment
capacity is reached, is highlighted in the diagram as well as the point when yielding initiates (ey =

fy/Es =0.002).

e (Calibration of the Kinematic Hardening Model for the Pier Elements

The nonlinear kinematic hardening model provided by ABAQUS with Von Mises yield surface is used
to simulate the nonlinear elastoplastic behavior of the pier elements. The parameters of the model
are calibrated in order to match the moment—curvature relationship of the concrete section as

derived from the analysis with the USC_RC program.

The bending moment of a circular section is by definition related to the normal stresses o with the

following expression:

d/2

I
M= ij or?sin @ drdf
00
For the maximum vyield stress oy this relationship gives:
T
r? dj/2
M, =2 g, f?sm9 | 0do
0

1 3
My = EO'yd

The maximum vyield stress according to the kinematic hardening model is given by the following

expression:
c
o, =-+ 0
In which the initial kinematic hardening modulus C is equal to the modulus of elasticity E.

The calibration of the model parameters (oo, C, y) is implemented with regard to the
aforementioned constitutive relationships for monotonic loading of the pier elements. Figure 2.4

shows the comparison between the moment curvature relationship derived from the monotonic
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loading of the pier elements with the calibrated kinematic parameters and the moment curvature

relationship calculated with USC_RC.

2.2.4 Dynamic Loading

A nonlinear dynamic time history analysis is conducted to the S-DOF system, using 29 real
earthquake records. The records are presented in Figure 2.5. In all cases the excitations are applied
at the fixed base. Each record is scaled by PGA from 0.1g to 1.2g in order to examine the
performance of the pier to different excitation levels. The results obtained from the analysis are the
displacement both at the base and the top of the pier but also the moment and curvature time

history at the fixed base of the SDOF system.

In order to quantify the structural damage of each excitation, the maximum and the residual drift
and drift ratio were calculated but also the ductility demanded in terms of curvature. (Lgemana)-
The drift time history is calculated by abstracting from the displacement at the top of the pier, the
displacement at the fixed base. The maximum and the residual drift ratio are calculated by dividing
the maximum and the residual drift respectively, to the height of the SDOF system. It is widely
accepted that the maximum and the residual drift and drift ratio can be representative of the
structural damage depending on the typology of the bridge tested. Ductility is extracted from the
moment-curvature curve of each analysis by dividing the maximum value of curvature demanded

with the value of curvature when yielding initiates. An alternative way to express the structural

Hdemand

damage in terms of ductility is the ratio . This is the way that is considered to be more

Hcapacity
appropriate because it takes into account the ductility capacity of the system. Ductility capacity
(Hcapacity) is calculated by dividing the curvature at the point of “failure”, when the ultimate

moment capacity is reached, with the curvature when yielding initiates. In this case the ductility

capacity of the system in terms of curvature is Ldemand _16 6.

Hcapacity

Finally the maximum drift, residual drift, maximum drift ratio, residual drift ratio and Zd"’ﬂ are
capacity

selected as Damage Indexes (DI) to describe the structural damage of the S-DOF system while the

19 IM’s and DPI’s selected “capture’” the characteristics and the excitation level of each record.
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The model used in ABAQUS code is presented on Figure 2.11 at the end of Chapter 2 as its
deformed shape for IMA_000 record.

2.3 Effectiveness of IM’s and DPI’s

2.3.1 Database

The results of the previous analysis are aggregated and classified in a database that includes all of

the 19 IM’s and 6 DI’s for each one of the 377 acceleration time histories. (Table 2.2)

2.3.2 Effectiveness of a single IM and DI

Having completed the whole set of the analyses, the next step is to compare the effectiveness of
each IM to estimate a single DI. The graphs, exported for each IM, aim to show the correlation
between a specific IM and a specific DI. Some indicative graphs are presented in Figures 2.6, 2.7 and
show the correlation between 2 DI’s (max drift ration and pd/uc) with 4 IM’s (PGV, Al, HI, ASI). It is
observed that each individual IM is unable to predict the expected structural damage as there is no
satisfactory correlation between an IM and a DI. So the previous analysis leads to the conclusion

that you cannot predict the structural damage of a SDOF system by considering only one IM.

2.3.3 Correlation between IM’s and DI's

The fact that an individual IM cannot be used to estimate the structural damage of every structure
was expected and is generally accepted. In most cases investigation aims to show which one of the
IM’s is more suitable for the particular structure under consideration. On this task a different

approach is attempted.

In an effort to deal with this fact it was attempted to correlate more than one IM’s using advanced
econometric methods. Thanks to the work of P. Anastasopoulos, Assistant Professor at the
Department of Civil, Structural and Environmental Engineering at State University of New York at

Buffalo, the following equation was generated:
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Driftmax ratio =

1 1
1.68068703+0.00000203935¢PGV 2+0.2 1425116-\/1A—0.59155881-#+0.06021123n/VSI+0.00475847-——1.36230326-
e VASI [Tp2 VTmean

—0.13138765,/Dsig

The deviations between the results of the analysis and the one predicted from the equation are

presented in Figure 2.8 as well as the spread of these results.

With a closer look, it is noticed that the seven Intensity Measures used in the equation are related
with different characteristics of the ground motion. More specific, PGV and Arias Intensity are
related with the velocity and acceleration time history while ASI and VSI are related with the
spectral acceleration and velocity respectively. Predominant Period (Tp) , Mean Period (Tmean) and
Significant Duration (Dg;,) are also a part of the equation, considering the parameter of the
duration of the ground motion in an attempt to provide correlation between the various Intensity
Measures. This enhances the belief that all the characteristics of the ground motion affect in a

different way the performance of the structure and therefore cannot be ignored.

2.3.4 Efficiency of the equation

It is important to keep in mind that this equation is only a first attempt to estimate a specific
Damage Index using a combination of IM’s. Also the database used in order to extrude this
equation includes results of records that demanded ductility much larger than the capacity of the
system. Therefore it is possible to achieve an even better approach excluding the results that are

not part of our interest (Lgemana > ,ucapacity).

The following step was to examine the effectiveness of the developed equation. For this purpose
for another 5 real records a series of non-linear time history analyses were performed, in order to
obtain the damage indices and compare them with the relevant results of the equation. Figures 2.9,
2.10 present the deviations between the observed results of the analysis and the predicted one of

the equation while the results are collected on Table 2.3.

In general terms such an equation is considered to be a very satisfactory way to estimate the
structural damage of S-DOF systems when a seismic event occurs, as far as a rapid response system

is concerned. For the purposes of a rapid response system, structural damage is characterized by
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some specific damage states (No damage, Slight damage, Moderate damage, Extensive damage,
Complete damage). As a result it is not so important to estimate precisely the structural damage

but it is satisfactory to be close enough to it.

As a next step it will be attempted to extend the use of the equation to equivalent systems but also

to improve the equation in order to take into account the effect of each component of the bridge.
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Seismological Definiti
Index efinition
Peak Ground Acceleration, . . . . .
PGA Highest absolute peak in the acceleration time-history.
Peak Ground Velocity,
PGV V Highest absolute peak in the velocity time-history.
Peak Ground Displacement, . . . . .
PGD Highest absolute peak in the displacement time-history.
) [A2(t)dt
RMS Acceleration, RMS = |—————
Anws Tp
TD =length of record, A(t) = ground acceleration.
fv2(t)dt
RMS Velocity, Vems = |——
Tp
VRMS
TD =length of record, V(t) = ground acceleration.
[ D2(t)dt
RMS Displacement, Drys= |————
Tp
D rwms
TD = length of record, D(t) = ground acceleration.
Arias Intensity, Iy = 2—7; [A2(t)dt
Ia
A(t)=ground acceleration.
Character/sltlc Intensity, Ic= (Arms)2/Tp
C
To =length of record.
Specific Energy Density, S = Vsps f v2(dt
Se 4
VS =wave velocity, pS = mass density.
N Lits
CAV = Z H(PGA; — Apmin) f |A(D)ldt
Cumulative Absolute =1 ti
Velocity, N =number of 1-second time windows in the time series, PGAi = PGA
CcAvV of time window i, ti = start time of window |,
Amin = acceleration threshold (user-defined but commonly 0.025g),
and H(x) = Heaviside step function (unity for x>0 and 0 otherwise).
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Acceleration Spectrum

ASI=[ S4(5%, T)dT

Intensity,
ASI SA(5%,T) = spectral acceleration for 5% damping, T =natural
period.
Velocity Spectrum V_g/:f Sy (5%, T)dT
Intensity,
Vsl SA(5%,T) = spectral acceleration for 5% damping, T =natural
period.
2.5
Housner Intensity, Iy = f S, (T,& =5%) dT
0.1

I

SV (T, &) = pseudo-velocity spectrum.

Sustained Maximum
Acceleration,
SMA

The third highest absolute peak in the acceleration time-history.

Sustained Maximum
Velocity,
SMvV

The third highest absolute peak in the velocity time-history.

Acceleration Parameter
A 95

The level of acceleration which contains up to 95% of the Arias
Intensity.

Predominant Period,
Tp

The period of the maximum spectral 5% damping acceleration

Mean Period,
Tmean

2
(%)
mean = y Ciz

Ci = Fourier amplitude for frequency fiin the range 0.25-20 Hz.

Significant Duration,
Dsig

is the interval of time between the accumulation of 5% and 95 % of
Arias Intensity.

Table 2.1 List of Intensity Measures and Damage Potential Indexes
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Figure 2.1 SDOF approximation and estimation of the design seismic acceleration developed at
the center of mass
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Figure 2.2 The geometric characteristics and the reinforcement of the bridge pier section
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Figure 2.3 Moment-Curvature relationship for Figure 2.4 Comparison of the moment-
the pier section as derived from the analysis curvature curves using the USC_RC program
with the USC_RC and calibrated finite element model with

kinematic hardening law
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Figure 2.5 Real earthquake records used for analysis of the two bridge systems, along with their
elastic spectra and the design spectrum of the investigated bridge
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IM-DPI
REALRECORDS | PGA - PGV |PGD  Arms Vrms  Drms | IA . SE AV | Al | e SMV | A5 5 Tmean | Dsig
(9) | (cm/s) |(cm) | (g) (cm/s)  (cm) | (m/s) (cm*2/s) | (cm/s) | (g*s) (em/s) (g) (s) (s)
TAKATORI 000 | 061 127 36 015 31 10 863 029 2353 2399 053 580 586 0.48 70 060 12 11 113
TAKATORI 090 | 062 121 33 014 27 9 809 028 18263 2114 071 505 511 0.57 77 060 02 10 99
JMA_000 0.82 81 18 014 16 4 838 027 7582 2021 072 417 362 0.62 55 080 03 06 81
JMA_090 0.60 74 20 012 14 4 542 021 5047 1681 054 292 262 0.56 39 05 04 06 95
TAKARAZUKA_090 | 0.69 85 17 011 14 4 393 017 3935 1103 069 312 298 0.53 50 069 05 06 36
MNSA 0.51 15 4 008 3 2 075 006 86 347 027 51 40 0.34 14 051 02 02 30
PYRGOS 0.44 20 2 005 3 1 033 003 82 226 028 64 37 0.09 4 04 03 03 36
AEGIO 0.39 38 5 008 8 2 052 005 324 247 027 106 86 0.19 13 038 05 05 15
KALAMATA 0.27 24 6 007 7 2 073 006 451 421 030 103 93 0.20 21 027 03 05 37
LEFKADA 2003 | 0.43 36 51 011 10 33 397 017 1914 1461 050 149 126 0.39 31 042 05 05 92
LEFKADA 1973 [ 0.53 55 2 007 8 2 135 008 1145 610 041 206 154 0.09 12 05 05 06 49
TCU_052EW 035 175 476 008 52 291 265 012 71112 1416 021 317 377 027 136 035 11 16 147
TCU_052NS 044 220 787 008 62 601 278 012 118132 1439 027 381 414 016 171 043 11 15 156
TCU_O68EW 049 273 716 008 67 516 3.02 013 129572 1467 046 301 346 045 137 048 04 15 118
TCU_068NS 035 289 891 009 97 589 298 013 20389 1528 025 260 286 028 115 034 08 13 127
RINALDI_228 08 166 28 020 30 10 731 031 10769 1575 065 510 457 0.62 46 08 07 07 70
RINALDI_318 0.47 73 20 015 21 7 38 019 5404 1282 051 299 297 0.41 60 047 03 06 73
JENSEN_022 042 106 43 009 24 12 261 012 11701 1200 029 284 309 0.29 74 041 08 12 110
JENSEN_292 0.59 99 24 013 24 6 556 022 11316 1522 045 504 462 0.44 71 058 11 10 56
SYLMAR_090 0.60 78 17 012 19 7 254 014 4358 932 042 259 261 0.35 49 060 05 08 57
SYLMAR_360 08 129 32 018 29 11 48 024 8398 1084 0.8 390 388 0.28 42 08 04 07 46
DUZE-BOLU_000 | 0.73 56 24 011 14 9 368 016 3762 1282 064 235 211 0.44 41 072 03 05 84
DUZE-BOLU_0%0 | 0.82 62 13 009 13 5 237 012 3192 933 048 255 237 0.33 26 08 04 07 79
LUCERNE_000 0.70 31 34 012 7 19 516 020 1344 1937 038 111 92 0.59 29 069 01 02 131
YARIMCA 060 | 0.23 9 198 006 26 151 131 007 17757 9% 022 150 156 0.19 8 023 05 13 133
YARIMCA 330 | 0.32 87 149 006 22 105 132 007 12357 1010 022 169 175 0.23 47 032 04 13 150
SAKARYA_TRANS [ 0.33 8 211 007 27 170 114 007 11883 724 026 134 129 0.23 57 032 03 05 79
IV#04_140 0.49 37 20 005 8 7 134 006 2470 827 036 188 177 0.27 34 048 02 07 67
1V#04_230 0.36 77 59 004 16 13 093 005 9556 758 024 148 180 0.24 43 036 02 13 103
Damage Indexes
REAL RECORDS Driftmax ratio | Driftres ratio i udemand

Dmax Dres (%) (%) @ ud/uc

TAKATORI_000 0.57 0.55 4.8 46 43.19 2.57

TAKATORI_090 0.45 0.35 3.8 2.9 39.37 2.34

JMA_000 0.32 0.22 2.6 18 15.82 0.94

JMA_090 0.28 0.26 23 2.2 14.89 0.89

TAKARAZUKA_090| 0.16 0.02 13 0.2 7.76 0.46

MNSA 0.01 0.00 0.1 0.0 0.22 0.01

PYRGOS 0.03 0.01 0.2 0.1 0.59 0.03

AEGIO 0.06 0.00 0.5 0.0 1.59 0.09

KALAMATA 0.07 0.03 0.6 0.2 2.11 0.13

LEFKADA_2003 0.07 0.03 0.6 0.2 2.36 0.14

LEFKADA_1973 0.16 0.13 1.4 1.0 7.76 0.46

TCU_052EW 0.14 0.04 11 0.3 8.12 0.48

TCU_052NS 0.26 0.22 22 1.8 14.74 0.88

TCU_O68EW 0.31 0.23 2.6 19 19.00 113

TCU_068NS 0.12 0.06 1.0 0.5 5.18 0.31

RINALDI_228 0.34 0.29 2.8 2.4 15.80 0.94

RINALDI_318 0.10 0.02 0.8 0.1 4.61 0.27

JENSEN_022 0.25 0.20 2.1 16 16.26 0.97

JENSEN_292 0.33 0.29 2.7 2.4 13.34 0.79

SYLMAR_090 0.20 0.17 1.6 14 12.10 0.72

SYLMAR_360 0.20 0.08 17 0.7 10.53 0.63

DUZE-BOLU_000 | 0.09 0.05 0.7 0.4 4.25 0.25

DUZE-BOLU 090 | 0.24 0.17 2.0 14 13.41 0.80

LUCERNE_000 0.05 0.02 0.4 0.1 0.95 0.06

YARIMCA_060 0.05 0.02 0.4 0.1 1.50 0.09

YARIMCA_330 0.07 0.02 0.6 0.2 2.78 0.17

SAKARYA_TRANS |  0.05 0.00 0.4 0.0 1.07 0.06

IV#04_140 0.11 0.04 0.9 0.3 5.03 0.30

1V#04_230 0.06 0.02 0.5 0.1 1.71 0.10

Table 2.2 Results of the dynamic analysis for 29/377 acceleration time histories including all of
the 19 IM’s and 6 DI’s
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Figure 2.6 Max drift correlated with (a) PGV, (b) Arias Intensity, (c) Housner Intensity, (d) ASI
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Figure 2.7 Max drift correlated with (a) PGV, (b) Arias Intensity, (c) Housner Intensity, (d) ASI

57



18 -

16 4

max drift ratio (%)
predicted

14

max drift ratio (%)
observed

Figure 2.8 Deviations between the observed results of the analysis and the predicted of the
equation in terms of maximum drift ratio

1.8 1 <
1.6 1
1.4 4
1.2 4

predicted
[y

0.8 -
0.6 -
0.4 4 &
0.2 -

0 T T T 1
0 0.5 1 15 2

max drift ratio (%)

max drift ratio (%)
observed

Figure 2.9 Deviations between the observed results of the analysis and the predicted of the
equation in terms of maximum drift ratio for 5 real records out of the database
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Figure 2.10 Deviations between the observed results of the analysis and the predicted of the
equation in terms of maximum drift ratio for 5 real records out of the database.

real records Results Observed ( Analysis ) Results Estimated ( Equation ) ! Deviations |
used Drift ratio (%) Dmax (m) Drift ratio (%) Dmax (m) Drift ratio (%) Dmax (m) |
1ZMIT_090 0.35 0.04 i 0.38 0.05 0.03 0.00
KARAKYR_000 0.76 0.09 : 0.87 0.11 0.11 0.01
NAHANNI_010 0.47 0.06 : 0.47 0.06 0.00 0.00
PAC_164 1.61 0.19 | 1.80 0.22 0.19 0.02
TABAS_LN 1.25 0.15 : 1.47 0.18 0.22 0.03
Deviations
Drift ratio (%) Dmax (m)
max 0.22 0.03
average 0.11 0.01

Table 2.3 Comparison between the results of the analysis and the estimations of the equation



m =1200Mgr

Y

™

l " JMA_000

(a) (b) (c)

Figure 2.11 (a),(b) Model used in ABAQUS code (c) Deformed shape for JMA_ 000 record
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Criterion of Equivalence between S-DOF Systems

3.1 The main concept

The previous analysis proved that it is possible to estimate the structural damage of a bridge pier
due to an earthquake considered as S-DOF system, by correlating some specific IM’s of the ground
motion. Assuming that a single component of the bridge, such as a pier, can be representative of
the seismic performance of the whole bridge, it is possible to estimate the structural damage of the

whole system.

Due to the high number of bridges of a metropolitan motorway, it is necessary to categorize them
and analyze some of them as representative of the others. In the same vein if a single bridge pier
can be considered as representative of the overall fragility, arises the need to develop a criterion of

equivalence between two piers of different bridges.

This task aims to compare the system that was examined previously with other S-DOF systems of
different geometry, stiffness and mass, obtain the results and examine the way that each of these
parameters affects. The main purpose is the development of equivalent S-DOF systems if possible

in order to extend the results of the previous analysis.

The following investigation is based on the logical assumption that two S-DOF systems with the
same Natural Period (T), Design Spectral Acceleration (SA) and Ductility in terms of curvature

(Hcapacity), are expected to have close enough seismic performance.

3.2 Impact of Mass

3.2.1 Model used

In S-DOF systems with a fixed base the natural period depends only on the mass at the top and the
stiffness of the pier. The latter in the case of circular pier depends on the height of the pier and the

diameter of the section of the pier. In this case in order to examine the impact of mass, an extreme
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case is selected. The mass of the system is doubled while the height of the pier and the natural

period remain the same. This leads to an increase of the diameter of the section from 3m to 3.57m.

The selected system has the following characteristics:

v' 'm=2400 Mgr
v h=12m

v D=3.57m
v T=0.48s

The system used is presented on Figure 3.1(b).

e Pier Section Reinforcement
The reinforcement of the pier base circular section (D = 3.57 m) was calculated according to the
provisions of the Greek Code for Reinforced Concrete (EKQZ, 2000) for columns with large capacity
demands. Design spectral acceleration depends only on Natural Period, soil conditions and behavior
factor g. So assuming the same soil conditions and behavior factor with the previous case, the

design acceleration remains: SA=0.3g. The fact that the design spectral acceleration and the height

of the pier remain the same while the mass is doubled leads to double Ultimate Moment as well.

The computed reinforcement of the pier section for concrete C30 and Steel S400 is:

longitudinal 98 @41

transverse (@13/5.

The geometric characteristics and the reinforcement of the section used in the analysis are

depicted in Figure 3.2.

e Section Analysis

The same constitutive model is calibrated to match the pier response in the macroscopic moment—
curvature level. The moment curvature relationship is derived from static concrete section analysis
using the USC_RC software, which uses the Mander model (Mander et al. 1988) to simulate the

stress—strain relationship of confined concrete. The moment-curvature curve derived from section

64



Criterion of Equivalence between S-DOF Systems

analysis is compared with the calibrated one and is presented on Figure 3.3. For a better overview
and comparison of the two systems, the normalized moment-curvature curve and Force-

Displacement curve of both systems is presented on Figure 3.4.

3.2.2 Dynamic analysis

e Results of the Analysis - Comparison of the two Systems

The selected system was tested under nonlinear dynamic time history analysis using the same 29
real earthquake records. The seismic performance of the system is compared with the relevant of
the system with half a mass. This task aims to examine the impact of mass on two systems with the

same natural period, design spectral acceleration and ductility in terms of curvature.

The results can be divided into two parts. The first one includes the 26 of 29 records in which the

ductility demanded did not exceed the ductility capacity of the system. In these records the

f Hdemand

average deviation of the two systems in terms o is 4% while the maximum is 11% and so it

Hcapacity
can be deduced in general terms that the two systems are equivalent. In the other 3 records both
systems exceed their ductility capacity and the deviations observed are higher than before but in
this case they are less important due to the fact that the damage-state of both systems will be

Severe Damage or Collapse. Graphs of the performance of the two systems in terms of: (i) max

drift (ii) residual drift and (iii)M , are presented on Figure 3.5 while the relevant deviations are

HKcapacity

collected on Table 3.1.
e Interpretation of deviations observed
In an attempt to adopt natural period, design spectral acceleration and ductility as a criterion of

equivalence of S-DOF systems, arises the need to explain the deviations observed even if they do

not appear to be prohibitive for our purpose.

For two of the cases that the greater deviations were observed, (takatori_ 000 record and
takatori_090 record) the factors that explain the deviations between the two systems were

investigated. The deviations of the two systems, in these two records, in terms of drift time history
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are presented on Figures 3.6(a), 3.7(a). At first in an attempt to give an explanation both systems
were tested under these specific time histories but the analysis did not take into account the P-6
effects. The impact of P-§ effects in a case of a ground motion that exceeds the ductility capacity of
the system seems to be an explanation. The new drift time histories are presented on Figures
3.6(b), 3.7(b). As a first review the two systems now have a much closer performance but still seem

to be affected by another factor.

The second attempt to explain the deviations was to test both systems under these two records but
the analysis does not take into account the mass of the pier itself. The calculation of the natural
period of both systems took into account only the mass at the top of the pier and ignored the mass
of the pier itself. As a result these two systems do not have precisely the same natural period and
also the axial force at the base of each pier is not exactly the same. The results of the analysis are

presented on Figures 3.6(c), 3.7(c).

The final step was to ignore both P-6 effects and the mass of the pier for the two systems. The
results of this approach are presented on Figures 3.6(d), 3.7(d) and show that the seismic
performance of the two S-DOF systems is almost the same for these two strong records that

exceeded system’s capacity.

So the impact of mass lies mainly in the different P-6 effects observed on the two systems. Also it
can be deduced that the different mass of the pier (due to the increase of the diameter of the
section) between two S-DOF systems leads the natural period and the axial load at the base of the
pier to be slightly different. These two factors explain the deviations to the seismic performance of
these systems. However these deviations are of no particular significance for the purpose of

assessment of structural damage when a seismic event occurs and as a result they can be ignored.

3.2.3 Effectiveness of the equation

From the previous analysis it can be deduced that two S-DOF systems with the same natural period,
design spectral acceleration, ductility capacity and height have equivalent seismic performance
even if the mass at the top of the pier is doubled. In order to extend the results of the previous
analysis and examine the effectiveness of the equation, the obtained results of the system with the

double mass are compared with the relevant results of the equation. The deviations are presented
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on Table 3.2. Figure 3.8 shows graphically the effectiveness of the equation on the systems

examined.

3.3 Impact of Height

3.3.1 Model used

Since mass was proven not to have a significant impact on the seismic performance of two
“equivalent” systems, the next step was to investigate the impact of height. In this direction the
third S-DOF system was selected to have half the height of the previous two while the mass and the
natural period remained the same, which of course is an extreme case. This assumption leads to a

decrease of the diameter of the section from 3m to 1.78m.

The selected system has the following characteristics:

v 'm=1200 Mgr
v h=6m

v D=1.78m
v T=0.48s

The system used is presented on Figure 3.1(c).

e Pier Section Reinforcement

The reinforcement of the pier base circular section (D = 1.78 m) couldn’t be calculated according to
the provisions of the Greek Code for Reinforced Concrete (EKQZ, 2000) for columns with large
capacity demands. This is due to the fact that the axial load exceeds the permitted value by the

code for the cross-sectional area.

Therefore the chosen model is an ideal case which has the same natural period, design spectral
acceleration and ductility capacity as before. The moment-curvature curve was calibrated to match

the pier response using the same constitutive model. For a better overview and comparison of this
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system with the two systems analyzed before, the normalized moment-curvature curve and force-
displacement curve of the three systems, derived from pushover analysis, is presented on Figure

3.9.

e Impact of meshing - Sensitivity analysis

The two systems compared in the previous section had the same height. Therefore there was no
need to take into account the impact of meshing. In this case, that the system’s height is half the
height of the previous two, there was a need to investigate whether or not meshing affects the
results of the analysis. So for the first system examined, four series of pushover analyses were
performed. On these four cases the length of the pier’s beam element was 0.125m, 0.25m, 0.5m
and 1m in order to examine the effect of the length and the number of the elements. The results
are presented on Figure 3.10. It can be deduced that the number and the length of the elements of
the pier doesn’t affect the results of the analysis in the area of our interest. The main impact of
meshing lies in the length of the plastic hinge at the base of the pier and as a result in the final
curvature of the system. However up to the point that the ductility capacity of the system exceeds,

meshing doesn’t affect at all.

3.3.2 Dynamic analysis

e Results of the Analysis - Comparison of the three Systems

The selected system was tested under nonlinear dynamic time history analysis using the same 29
real earthquake records. The seismic performance of the system is compared to both the previous
systems. This task aims to examine the impact of height on S-DOF systems with the same natural

period, design spectral acceleration and ductility capacity in terms of curvature.

In comparison with the first system (m=1200Mgr, h=12m, d=3m) the results can be divided into two
parts. The first one includes the 24 of 29 records on which the ductility demanded did not exceed

the ductility capacity of the system in both systems. In these records the average deviation in

f Hdemand

terms o of the two systems was 4% while the maximum was 15% and so it can be deduced

Hcapacity
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in general terms that the two systems are equivalent. On the other 5 records both systems almost
exceeded their ductility capacity and the deviations observed were higher than before but in this
case they are less important due to the fact that the damage-state of both systems will be Severe
Damage or Collapse. Graphs of the seismic performance of the two systems in terms of:

(i)max drift, (ii)residual drift and (jii)j=2em"e  are presented on Figure 3.11 while the relevant
u
capacity

deviations are collected on Table 3.3.

In comparison with the second system (m=2400Mgr, h=12m, d=3.57m) the results can be divided
into two parts as well. The first one includes the 22 of 29 records on which the ductility demanded

did not exceed the capacity of the system in both systems. In these records the average deviation

f Hdemand

interms o of the two systems was 2% while the maximum is 19% and so it can be deduced

Hcapacity
in general terms that the two systems are equivalent. On the other 7 records both systems almost
exceed their ductility capacity and the deviations observed were higher than before but in this case
they are less important due to the fact that the damage-state of both systems will be Severe

Damage or Collapse. Graphs of the seismic performance of the two systems in terms of: (i)max

drift, (ii)residual drift and (iii):deﬂ are presented on Figure 3.12 while the relevant deviations
capacity

are collected on Table 3.4.

e Interpretation of deviations observed

Exactly as the previous case, arises the need to explain the deviations observed even if they do not
appear to be prohibitive for our purpose. For the case with the greater deviations (takatori_000

record) the factors that resulted in them were investigated.

Following the same approach as before, P-6 effects were ignored for the first system and the one
with the half height. The results of this approach are presented on Figure 3.13 and show that the
seismic performance of the two S-DOF systems is almost the same for this strong record that

exceeded system’s capacity.

So the impact of height lies mainly in the different P-6 effects observed in the two systems. Also it
can be deduced that the different mass of the pier (due to the decrease of the diameter of the

section) between two S-DOF systems leads the natural period and the axial load at the base of the
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pier to be slightly different. In this case the impact of axial load is even more important than before
due to the decrease of the diameter of the section. These two factors explain the deviations to the
seismic performance of these systems. However these deviations are of no particular significance
for the purpose of assessment of structural damage and as a result these three systems can be

considered as equivalent.

It is important to be mentioned that equivalent behavior doesn’t mean same destructiveness. For
example same drift for these piers means half drift ratio in one case. However it seems possible to

estimate a specific damage index for both cases and extrude destructiveness separately.

3.3.3 Effectiveness of the equation

Such as before the obtained results of the system with the half height are compared with the
relevant results of the equation in order to examine the effectiveness of the equation. The
deviations between the obtained and the estimated results are presented on Table 3.2 and

graphically on Figure 3.8.

3.4 Criterion of equivalence

The aim of all the previous tasks was to compare S-DOF systems with different mass, geometry and
stiffness but the same natural period, design spectral acceleration and ductility capacity, in order to
examine whether or not these three parameters can constitute a criterion of equivalence. In
general terms the seismic performance of these three S-DOF systems was quite the same. The
deviations observed do not seem to be of great importance as far as a rapid response system is

concerned.

Moreover it is important to keep in mind that the systems examined are extreme and ideal cases.
For example to consider double mass or half height to a S-DOF system would probably lead to a
change in most of cases of the natural period of the pier, due to the regulations of the code for
reinforced concrete (EKQZ, 2000). However these systems were selected this way in order to
extend this criterion even in extreme cases. So the deviations are expected to be smaller in more

realistic cases.
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From the previous analysis it can be deduced that two S-DOF systems with the same:

v Natural Period (T)
v’ Design Spectral Acceleration (Sa)

v Ductility capacity in terms of curvature (Ucqpacity)

are expected to have almost equivalent seismic performance. In addition if the pier is
considered to be a close representation of the overall fragility of the bridge, the above

conclusion can be extended to the whole bridge.

At the end of the chapter are presented the three models examined in ABAQUS code and their

deformed shape for Rinaldi_228 record (Figure 3.14).
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Figures






T=0.48s, SA=0.38, licapacity =16.6

Figure 3.1 Three S-DOF Systems with the same natural period (T) , design spectral acceleration
(SA) and ductility in terms of curvature (Lcapacity)

Steel S400
Confined Concrete longitudinal 98041
€30 transvers $13/5

Unconfined concrete
cover 0.05m

d=3.57m

Figure 3.2 The geometric characteristics and the reinforcement of system’s (b) section
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Figure 3.3 Comparison of moment—curvature curves using USC_RC program and calibrated finite
element model with kinematic hardening law for system (b)
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Deviations between System A - System B

max Drift (m) maxDrift ratio (%) Drift res (m) Drift res ratio (%) udemand upd/puc
TAKATORI_000 0.06 0.52 0.16 1.29 8.35 0.50
JMA_090 0.02 0.18 0.02 0.21 0.70 0.04
MNSA 0.00 0.00 0.00 0.00 0.01 0.00
KALAMATA 0.01 0.06 0.00 0.02 0.28 0.02
TCUG8NS 0.03 0.26 0.03 0.22 1.74 0.10
RINALDI_228 0.01 0.10 0.03 0.24 0.97 0.06
SYLMAR_360 0.03 0.24 0.05 0.39 1.72 0.10
TAKATORI_090 0.06 0.46 0.13 1.07 5.75 0.34
JMA_000 0.01 0.08 0.01 0.07 1.00 0.06
TAKARAZUKA_090 0.02 0.17 0.01 0.08 0.85 0.05
PYRGOS 0.00 0.00 0.01 0.05 0.02 0.00
AEGIO 0.00 0.02 0.00 0.04 0.01 0.00
LEFKADA_2003 0.01 0.08 0.00 0.02 0.82 0.05
LEFKADA_1973 0.01 0.07 0.01 0.08 0.35 0.02
TCUS52EW 0.02 0.15 0.04 0.31 1.34 0.08
TCUS52NS 0.02 0.18 0.02 0.19 0.86 0.05
TCUBBEW 0.01 0.09 0.01 0.06 0.70 0.04
RINALDI_318 0.01 0.05 0.01 0.09 0.13 0.01
JENSEN_292 0.01 0.06 0.01 0.06 1.79 0.11
JENSEN_022 0.01 0.07 0.01 0.07 0.02 0.00
SYLMAR_090 0.00 0.01 0.01 0.04 0.01 0.00
DUZE_000 0.00 0.02 0.00 0.01 0.47 0.03
YARIMCA_060 0.00 0.03 0.01 0.11 0.07 0.00
YARIMCA_330 0.01 0.12 0.01 0.06 0.87 0.05
SAKARYA 0.01 0.10 0.00 0.01 0.34 0.02
LUCERNE_000 0.00 0.03 0.00 0.01 0.04 0.00
IV#04_140 0.01 0.07 0.00 0.04 0.46 0.03
IV#04_230 0.01 0.09 0.01 0.08 0.44 0.03
DUCE_090 0.01 0.09 0.03 0.22 0.48 0.03

max Drift (m) maxDrift ratio(m) Drift res(m) Drift res ratio(m) udemand ud/uc

max 1 006 0.52 0.16 1.29 8.35 0.50
I
average 1 0.01 0.12 0.02 0.18 1.06 0.06
1
max 103 0.26 0.05 0.39 1.79 0.11
|
average |
| 001 0.09 0.01 0.11 0.61 0.04
(ud/uc<1)

Table 3.1 Deviations between System A and System B




0.2 1 (a)

drift (m)

system A systemB
e ‘

A
m 2m

drift (m)

-0.8 T T T T 1

0.2 H

drift (m)
S o
s N o
g

3
v %
8y
S
2
o
o
o

0.2 - (d)

system A

-0.6 - system B

_0.8 T T T T 1
0 5 10 15 20 25

time (sec)
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DEVIATIONS BETWEEN OBSERVED AND PREDICTED DRIFT
Drift ratio Drift ratio
Drift maximum f . Drift average f
deviation (m) maximum deviation (m) average
deviation (%) deviation (%)
0.12 0.98 0.04 0.32
System A

System B 0.10 0.81 0.04 0.33
System C 0.18 3.00 0.04 0.34

Table 3.2 Deviations between the observed results of the analysis and the predicted ones
of the proposed equation

0.6 - 0.6 -
-~
g g
£y
£ 04 . S 04 - .
Q x
3 5]
£ g
S 3
5 02 S o024
5 3
Q e
s Q
Q
System A System B

0.0 T T 1 0.0 L] L] L]
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
observed max Drift (m) observed max Drift (m)
0.6 1
-_—
3
:§' 0.4 4
3
g
S
g 02
S
g
2 System C

0.0 0.2 0.4 0.6
observed max Drift (m)

Figure 3.8 Deviations between the observed results of the analysis and the predicted ones of the
proposed equation
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Deviations Betwenen System A - System C
max Drift (m) maxDrift ratio (%) Drift res (m) Driftres ratio (%) pudemand ud/puc

TAKATORI_000 5.19 43.28 0.40 3.37 1160.23 | 69.06
JMA_090 0.06 0.52 0.08 0.63 2.44 0.15
MNSA 0.00 0.01 0.00 0.00 0.02 0.00
KALAMATA 0.00 0.02 0.00 0.03 0.18 0.01
TCUG8NS 0.02 0.16 0.01 0.11 1.67 0.10
RINALDI_228 0.03 0.24 0.06 0.49 1.48 0.09
SYLMAR_360 0.02 0.18 0.02 0.14 1.65 0.10
TAKATORI_090 0.28 2.35 0.38 3.18 38.89 2.31
JMA_000 0.12 1.03 0.22 1.79 7.70 0.46
TAKARAZUKA_090 0.02 0.16 0.00 0.03 1.05 0.06
PYRGOS 0.00 0.00 0.00 0.02 0.01 0.00
AEGIO 0.00 0.02 0.00 0.03 0.09 0.01
LEFKADA_2003 0.01 0.08 0.01 0.12 0.57 0.03
LEFKADA_1973 0.01 0.06 0.01 0.05 0.53 0.03
TCUS2EW 0.01 0.05 0.03 0.28 0.12 0.01
TCU52NS 0.04 0.29 0.01 0.12 2.18 0.13
TCUGSEW 0.02 0.17 0.02 0.16 2.20 0.13
RINALDI_318 0.00 0.04 0.01 0.08 0.39 0.02
JENSEN_292 0.08 0.69 0.10 0.87 6.02 0.36
JENSEN_022 0.02 0.16 0.05 0.42 0.62 0.04
SYLMAR_090 0.01 0.08 0.02 0.13 0.01 0.00
DUZE_000 0.00 0.01 0.01 0.11 0.54 0.03
YARIMCA_060 0.00 0.02 0.01 0.08 0.14 0.01
YARIMCA_330 0.01 0.07 0.00 0.04 0.56 0.03
SAKARYA 0.01 0.06 0.00 0.01 0.25 0.01
LUCERNE_000 0.00 0.02 0.00 0.03 0.04 0.00
IV#04_140 0.01 0.05 0.01 0.08 0.56 0.03
IV#04_230 0.01 0.07 0.01 0.06 0.44 0.03
DUCE_090 0.01 0.05 0.02 0.16 0.59 0.04

pd/uc< 1 max Drift (m) maxDrift ratio (%) Driftres (m) Driftres ratio (%) udemand ud/uc
max 0.12 T 1.03 -,r 0.22 -[ 1.79 -,r 7.70 -[ 0.46
average 002 | 0.16 I 003 | 0.23 I 115 1 007

Table 3.3 Deviations between System A and System C




Deviations Betwenen System B - System C
max Drift (m) maxDrift ratio (%) Drift res (m) Driftres ratio (%) pudemand ud/puc

TAKATORI_000 5.26 43.80 0.56 4.66 1168.58 69.56
JMA_090 0.08 0.69 0.10 0.84 3.13 0.19
MNSA 0.00 0.01 0.00 0.01 0.02 0.00
KALAMATA 0.00 0.04 0.01 0.06 0.11 0.01
TCUB8NS 0.01 0.10 0.01 0.11 0.07 0.00
RINALDI_228 0.04 0.34 0.09 0.73 2.46 0.15
SYLMAR_360 0.01 0.06 0.03 0.24 0.07 0.00
TAKATORI_090 0.34 2.81 0.51 4.25 44.64 2.66
JMA_000 0.11 0.94 0.21 1.71 6.70 0.40
TAKARAZUKA_090 0.00 0.01 0.01 0.05 0.19 0.01
PYRGOS 0.00 0.00 0.00 0.03 0.03 0.00
AEGIO 0.00 0.00 0.00 0.00 0.09 0.01
LEFKADA 2003 0.00 0.00 0.02 0.14 0.25 0.01
LEFKADA_1973 0.00 0.01 0.02 0.13 0.18 0.01
TCUS52EW 0.01 0.10 0.00 0.03 1.22 0.07
TCUS52NS 0.01 0.11 0.01 0.07 1.32 0.08
TCUGSEW 0.07 0.60 0.03 0.24 5.74 0.34
RINALDI_318 0.00 0.02 0.00 0.02 0.26 0.02
JENSEN_292 0.08 0.63 0.11 0.93 4.23 0.25
JENSEN_022 0.03 0.22 0.06 0.49 0.61 0.04
SYLMAR_090 0.01 0.07 0.02 0.17 0.00 0.00
DUZE_000 0.00 0.01 0.01 0.12 0.08 0.00
YARIMCA_060 0.00 0.01 0.00 0.03 0.08 0.00
YARIMCA_330 0.01 0.06 0.00 0.03 0.32 0.02
SAKARYA 0.00 0.04 0.00 0.00 0.09 0.01
LUCERNE_000 0.00 0.00 0.00 0.02 0.00 0.00
IV#04_140 0.00 0.02 0.00 0.04 0.10 0.01
IV#04_230 0.00 0.02 0.00 0.02 0.00 0.00
DUCE_090 0.00 0.04 0.04 0.37 0.11 0.01
pud/uc< 1 max Drift (m) maxDrift ratio (%) Driftres (m) Driftres ratio (%) udemand pud/uc
max “omn T oea T o2 Vaizm TT670 1 040 |
average 0.02 H 0.14 I 003 | 0.25 I 08 | 005

Table 3.4 Deviations between System B and System C
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CHAPTER 4

COMPARISON BETWEEN THREE REAL PIERS
VALIDATION OF THE CRITERION






Comparison between three real piers - Validation of the Criterion

4.1 Validation of the proposed criterion

The results of the previous analysis proved that three ideal S-DOF systems with extremely different
geometry and mass at the top, but the same natural period, design spectral acceleration and

ductility capacity, have almost the same seismic performance.

The following step was to compare real piers of bridges of the Greek metropolitan motorway
“ATTIKI ODOS” with close natural period, design spectral acceleration and ductility capacity in order
to validate the above conclusion. In addition, the impact of the static system had to be examined in

order to see whether or not this criterion can be used for any static system.

4.2 1st Pier - Transverse Direction

4.2.1 Model Used
e Equivalent Oscillator

The first pier selected was the 1° pier of the bridge: A01_TE20, of the Greek metropolitan
motorway “ATTIKI ODOS”. The impact of the deck corresponds only on the mass at the top of the
pier. The stiffness of the deck in both directions is ignored. Both the geometry of the bridge and
the section of the deck are presented on Figure 4.2. The pier is examined in the transverse direction

and is considered as SDOF system. The final system has the following characteristics:

m =1166 Mgr
h=8.8m

v
v
v D=2m
v

T=0.636s

The system used is presented on Figure 4.1(a).
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e Pier Reinforcement

The reinforcement of the pier base circular section (D = 2 m) was calculated according to the
provisions of the Greek Code for Reinforced Concrete (EKQZ, 2000) for columns with large capacity
demands. For an elastic (fixed-base) vibration period T=0.636 s and soil conditions characterized as

“B”, the design spectral acceleration is estimated according to the following formula (E.A.K. 2000):

2/3

4(T) = y;A r

nop (TZ) = 0.13g

assuming the following parameters:

e A=0.16g

e =3

e y;=1.00

e B,=25

e 06=1.00

e (=5%, n=1

The computed reinforcement [DOMI OE-STATHOPOULOS-FARROS & all.] of the pier section for
concrete C25 and Steel S500 is:

longitudinal 64@25

transverse (¥13/8.6

The section of the pier is presented on Figure 4.3.

e Section Analysis

The moment curvature relationship is derived as before from static concrete section analysis using

the USC_RC software. The same constitutive model that was used in all the previous cases is
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Comparison between three real piers - Validation of the Criterion

calibrated to match the pier response in the macroscopic moment—curvature level. The moment-
curvature curve derived from section analysis is compared with the calibrated one and is presented

on Figure 4.4.

From this moment-curvature curve it can be deduced that the specific designer has overdesigned
the pier. As a result the acceleration on which yielding initiates is larger than the design spectral
acceleration and is equal to 0.18g. This fact may leads to a modification of the proposed criterion.
It is more appropriate to use the acceleration on which yielding initiates for each pier than its
design spectral acceleration due to the fact that it is very common the designers to overdesign the

pier. Ductility capacity of the system in terms of curvature was calculated pegpqcicy = 11.8.

The computation of the acceleration on which yielding initiates is based on section analysis of the
pier which implies the knowledge of the longitudinal and transverse reinforcement of the pier. So
for a long list of bridges the computational effort may be prohibitive. On the other hand the
hypothesis that design spectral acceleration is close enough to the actual acceleration that yielding

initiates is not the most accurate approach.

On this task the actual yielding acceleration is used in order to compare the piers examined.
However the hypothesis that design spectral acceleration is close to the actual yielding acceleration

is adopted, due to the high computational effort of the latter.

4.2.2 Dynamic Analysis

The selected pier was tested under nonlinear dynamic time history analysis using the same 29 real

earthquake records. The seismic performance of the system is expressed in terms of maximum

drift, residual drift and Ldemand The regylts are presented on Table 4.1.
Hcapacity
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4.3 2nd Pjer - Transverse Direction

4.3.1 Model Used

e Equivalent Oscillator

The second pier was selected in order to have approximately the same natural period with the first
one. Eventually the 1% pier of the bridge: A07_TE11, of the Greek metropolitan motorway “ATTIKI
ODOS” was selected. The impact of the deck corresponds only on the mass at the top of the pier. As
before the stiffness of the deck in both directions is ignored. Both the geometry of the bridge and
the section of the deck are presented on Figure 4.5. The pier is examined in the transverse direction

and is considered as a SDOF system. The final system has the following characteristics:

v' 'm =356 Mgr
v h=6.5m
v D=12m
v T=0.643s

The system used is presented on Figure 4.1(b).

e Pier Reinforcement

The reinforcement of the pier base circular section (D = 1.2 m) was calculated according to the
provisions of the Greek Code for Reinforced Concrete (EKQZ, 2000) for columns with large capacity
demands. For acceleration A = 0.16 g, considering a (ductility-based) behavior factor g = 3 with an
elastic (fixed-base) vibration period T = 0.643 s and soil conditions characterized as “B” the design

spectral acceleration is estimated to be: @; = 0.13g as in the previous case.

The computed reinforcement [OMETE AE] of the pier section for concrete C35 and Steel S500 is:
longitudinal 40025
transverse (¥13/5.5

The section of the pier is presented on Figure 4.6.
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e Section Analysis

The moment curvature relationship is derived as before from static concrete section analysis using
the USC_RC software. The same constitutive model that was used in all the previous cases is
calibrated to match the pier response in the macroscopic moment—curvature level. The moment-
curvature curve derived from section analysis is compared with the calibrated one and is presented

on Figure 4.7.

Exactly as in the previous case the designer has overdesigned the pier. As a result the actual
yielding acceleration is a,, = 0.21g even larger than in the previous case. Ductility capacity in terms
of curvature was calculated Hcgpacicy = 17.1 which is almost 45% larger than in the previous
case. Even if it is a small sample, a trend to overdesign the piers is observed and also a deviation in
the ductility capacity of the piers. Due to the provisions of the Greek Code for Reinforced Concrete
(EKQZ, 2000) for columns with large capacity demands, capacity IS NOt expected to be less than 11.
Also in most cases the ductility capacity is not expected to be larger than 18. So these two piers

illustrate the highest deviation expected in terms of ductility.

4.3.2 Dynamic Analysis

The selected pier was tested under nonlinear dynamic time history analysis using the same 29 real
earthquake records. The seismic performance of the system is expressed in terms of maximum

drift, residual drift and Ldemand The regylts are presented on Table 4.2.

HKcapacity

4.4 Comparison between the two piers

The seismic performance of the two piers was compared and the results in terms of maximum drift,

i
d demand

residual drift an are presented on Figure 4.8 while the relevant deviations are collected

Hcapacity

on Table 4.3.

It can be deduced from these results that the two systems have a close enough seismic

performance. The first one for each of the ground motions seems to be more vulnerable. This was

93



Chapter 4

expected due to the fact that the first pier’s yielding acceleration is less than the relative of the
second pier. Moreover the ductility of the first pier is also lower than the ductility of the second.
These two factors have the greatest impact on the deviations observed between the two piers. In
this case that the yielding acceleration of the second pier is 17% higher than the first one and the

ductility of the second pier is 45% higher than the relative of the first one, the average deviation

u
f demand

observed in terms o was 22%. However in cases of piers with closer ductility it is

Hcapacity

expected to have even closer seismic performance.

It is important to be mentioned that in records of low and medium intensity (records that

demanded up to 50% of the ductility capacity of the piers) the deviations observed were much

lower. More specific the maximum deviation observed in terms of :“ieﬂ was 19% while the
capacity

average was 7%.

The previous analysis proved that the two piers examined cannot be considered as equivalent and
that the deviations in yielding acceleration and ductility capacity have a significant effect in the
seismic performance of the pier. However the deviations observed are not prohibitive for the
purposes of a rapid response system in which the destructiveness of a ground motion is described

through damage states, even in this case that the ductility of the two piers is quite different.

4.5 Impact of static system

In order to examine the impact of the static system another pier was selected and tested, but in
this case in the longitudinal direction. Due to the stiffness of the deck in this direction it is widely
accepted to represent the pier not as a SDOF system but as a system in which the rotational degree

of freedom at the top of the pier is fixed.

In order to test the effectiveness of the proposed criterion in such a system, a pier with a natural
period in the longitudinal direction close to the natural period of the previous cases in the

transverse direction was selected.
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4.5.1 3rd Pier - Longitudinal Direction

The third pier was selected in order to have approximately the same natural period with the
previous two piers but this time in the longitudinal direction. Eventually the 1° pier of the bridge:
A04_TE12, of the Greek metropolitan motorway “ATTIKI ODOS” was selected. The impact of the
deck corresponds both on the mass at the top of the pier and on the fixity on the rotational degree
of freedom at the top of the pier. Both the geometry of the bridge and the section of the deck are
presented on Figure 4.9. The pier is examined in the longitudinal direction and is represented as a
system with fixed rotational degree of freedom at top. The final system has the following

characteristics:

v’ m=296.4 Mgr
v h=11m
v D=12m
v T=0.65s

The system used is presented on Figure 4.1(c).

e Pier Reinforcement
The reinforcement of the pier base circular section (D = 1.2 m) was calculated according to the
provisions of the Greek Code for Reinforced Concrete (EKQZ, 2000) for columns with large capacity
demands. For acceleration A = 0.16 g, considering a (ductility-based) behavior factor g = 3.5 with an

elastic (fixed-base) vibration period T = 0.65 s and soil conditions characterized as “B” the design

spectral acceleration is estimated to be: @; = 0.08g, lower than the previous cases.

The computed reinforcement [OMETE AE] of the pier section for concrete C35 and Steel S500 is:
longitudinal 28@25
transverse @13/11.5

The section of the pier is presented on Figure 4.10.
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e Section Analysis

The moment curvature relationship is derived as before from static concrete section analysis using
the USC_RC software. The same constitutive model that was used in all the previous cases is
calibrated to match the pier response in the macroscopic moment—curvature level. The moment-
curvature curve derived from section analysis is compared with the calibrated one and is presented

on Figure 4.11.

As in the previous case the designer has overdesigned the pier. As a result the actual yielding
acceleration is a,, = 0.23g which is 28% larger than the first pier and 9% larger than the second
pier. Ductility capacity in terms of curvature was calculated K qpacity = 13.3 which is almost 12%

larger than the one of the first pier and 34% lower than the one of the third.

The characteristics of the third pier are closer to the second pier in terms of acceleration that
yielding initiates. Therefore it was considered more appropriate to compare the seismic

performance of these two piers.

4.5.2 Dynamic Analysis

The selected pier was tested under nonlinear dynamic time history analysis using the same 29 real
earthquake records. The seismic performance of the system is expressed in terms of maximum

drift, residual drift and Ldemand The regylts are presented on Table 4.4.
Hcapacity

4.5.3 Comparison between the two piers

The seismic performance of the two piers was compared and the results in terms of maximum drift,

[
d demand

residual drift an are presented on Figure 4.12 while the relevant deviations are collected

Hcapacity

on Table 4.5.

From the comparison between the two piers examined, it is observed that in this case the seismic

performance of these systems is much closer than in the previous case. Due to this fact it can be
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deduced that static system has almost no impact in the seismic performance of two systems with

approximately the same natural period, yielding acceleration and ductility capacity.

The decrease on the deviations was expected. The fact that the third pier has less ductility capacity
than the second is hedged by the acceleration on which yielding initiates that in the case of the
third pier is 9% larger than the relative of the second. This seems to be the most appropriate

explanation for the similar seismic performance of the two systems.

4.6 Validation of the proposed criterion

In addition to the comparison of three ideal and extremely different (in terms of mass, geometry
and stiffness) piers, the comparison of three real cases of bridge piers proved that natural period,
yielding acceleration and ductility capacity can be used as a criterion of equivalence between two
piers. In addition it was shown that this criterion can be used both in longitudinal and transverse

direction.

Furthermore, if a single bridge pier can be considered as representative of the overall fragility of
the bridge, this criterion could be the basis for the classification of a portfolio of bridges. In this
direction, one of the key objectives of this study is to examine whether or not the impact of the rest
components of the bridge to its seismic performance can be ignored. Therefore in the following
tasks it will be examined on which level a single pier can be representative of the overall fragility of

the bridge.

At the end of the chapter are presented the three piers examined in ABAQUS code and their

deformed shape for Yarimca_060 record (Figure 4.13).
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Figure 4.1 Three piers examined (a) AO1_TE20 (b) AO7_TE11 (c) AO4_TE12
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Figure 4.2 (a) geometry of the bridge and (b) section of the deck

— USC_RC

= =
= [sa]
1 1

=
[xS]
—1

Steel S500
Confined Concrete longitudinal 64025
25 transvers $13/8.6 8 1

Moment (MNm)
o

Unconfined concrete
cover 0.05m

4 -
«~— d=2m —F—”
2 -
O T - T 1
0 0.05 0.1 0.15
Curvature (1/m)
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reinforcement of pier’s section curves using USC_RC program and calibrated

finite element model
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SEISMIC PERFORMANCE

max Drift (m) maxDrift ratio (%) Driftres (m) Driftres ratio(%) udemand pud/uc
TAKATORI_000 8.20 93.23 5.16 58.59 2199.26 184.81
JMA_090 2.72 30.95 2.72 30.95 438.17 36.82
MNSA 0.02 0.28 0.00 0.01 0.44 0.04
KALAMATA 0.07 0.81 0.05 0.62 1.92 0.16
TCUG8NS 8.19 93.07 3.86 43.88 2077.64 174.59
RINALDI_228 0.36 4.05 0.20 2.29 15.98 1.34
SYLMAR_360 0.31 3.53 0.06 0.73 13.55 1.14
TAKATORI_090 8.20 93.23 5.66 64.36 2245.35 188.69
JMA_000 0.20 2.26 0.05 0.55 8.98 0.75
TAKARAZUKA_090 0.18 2.09 0.05 0.60 9.27 0.78
PYRGOS 0.03 0.29 0.00 0.04 0.46 0.04
AEGIO 0.05 0.62 0.00 0.03 1.24 0.10
LEFKADA_2003 0.10 1.15 0.06 0.74 3.06 0.26
LEFKADA_1973 0.15 1.73 0.13 1.52 6.46 0.54
TCUS52EW 8.18 93.01 2.96 33.62 1854.96 155.88
TCU52NS 0.36 4.13 0.01 0.11 19.02 1.60
TCUGSEW 8.18 92.95 0.30 3.36 2955.09 248.33
RINALDI_318 0.28 3.16 0.13 1.51 17.75 1.49
JENSEN_292 8.16 92.73 3.05 34.66 2009.33 168.85
JENSEN_022 0.38 4.33 0.38 4.26 42.86 3.60
SYLMAR_090 0.27 3.03 0.23 2.58 16.19 1.36
DUZE_000 0.15 1.67 0.11 1.23 7.04 0.59
YARIMCA_060 0.16 1.77 0.14 1.60 7.92 0.67
YARIMCA_330 0.22 2.44 0.20 2.27 12.47 1.05
SAKARYA 0.07 0.74 0.01 0.12 2.57 0.22
LUCERNE_000 0.05 0.55 0.01 0.06 1.01 0.08
IV#04_140 0.17 1.89 0.16 1.82 8.61 0.72
IV#04_230 0.27 3.05 0.24 2.74 15.43 1.30
DUCE_090 0.17 1.95 0.16 1.82 7.68 0.65

Table 4.1 Seismic performance of pier of bridge AO1_TE20
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Figure 4.5 (a) geometry of the bridge and (b) section of the deck
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Figure 4.7 Comparison of moment—curvature
curves using USC_RC program and calibrated
finite element model
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SEISMIC PERFORMANCE
max Drift (m) maxDrift ratio (%) Drift res (m) Driftres ratio(%) wdemand ud/uc
6.26 104.29 1.89 31.47 2784.30 162.82
0.61 10.12 0.60 9.97 38.44 2.25
0.02 0.31 0.00 0.02 0.36 0.02
0.07 1.09 0.03 0.51 1.75 0.10
6.27 104.47 4.69 78.15 1733.70 101.39
0.31 5.25 0.03 0.49 16.01 0.94
0.30 4.99 0.18 2.98 15.08 0.88
6.25 104.25 4.45 74.09 1661.83 97.18
0.25 4.12 0.19 3.20 12.87 0.75
0.19 3.12 0.10 1.68 10.56 0.62
0.03 0.45 0.00 0.07 0.54 0.03
0.06 0.96 0.00 0.06 1.47 0.09
0.09 1.47 0.06 1.04 3.05 0.18
0.17 2.89 0.16 2.70 8.45 0.49
0.40 6.75 0.32 5.29 23.79 1.39
0.31 5.23 0.11 1.84 18.45 1.08
6.25 104.19 0.81 13.49 3505.06 204.97
0.21 3.58 0.01 0.22 13.45 0.79
6.26 104.37 3.38 56.37 2341.83 136.95
0.33 5.45 0.29 4.85 19.35 1.13
0.24 3.99 0.21 3.50 15.70 0.92
0.14 2.37 0.12 1.93 8.03 0.47
0.15 2.58 0.13 2.24 8.19 0.48
0.14 2.40 0.09 1.52 8.51 0.50
0.07 1.10 0.02 0.31 1.83 0.11
0.04 0.72 0.01 0.09 0.96 0.06
0.15 2.50 0.13 2.17 8.54 0.50
0.21 3.48 0.16 2.67 13.07 0.76
0.19 3.09 0.17 2.91 9.13 0.53

Table 4.2 Seismic performance of pier of bridge AO7_TE11
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Figure 4.8 (a), (b), (c) Deviations in terms of max Drift, residual Drift and Ugemana /Kcapacity

ud < uc |max Drift (m) Driftres (m) udemand ud/uc
max 0.07 0.17 4.30 0.71
average 0.02 0.05 1.20 0.20

Table 4.3 Deviations between the two piers
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max Drift (m) maxDrift ratio (%) Drift res (m) Driftres ratio(%) udemand ud/uc
TAKATORI_000 0.54 4.94 0.51 4.65 20.92 1.57
JMA_090 0.31 2.79 0.28 2.57 13.16 0.99
MNSA 0.02 0.21 0.00 0.00 0.35 0.03
KALAMATA 0.06 0.58 0.04 0.35 1.24 0.09
TCUB8NS 0.35 3.19 0.23 2.14 21.54 1.62
RINALDI_228 0.32 2.94 0.09 0.78 13.16 0.99
SYLMAR_360 0.29 2.67 0.12 1.07 11.70 0.88
TAKATORI_090 0.50 4.50 0.48 4.39 18.44 1.39
JMA_000 0.19 1.76 0.00 0.01 7.71 0.58
TAKARAZUKA_090 0.18 1.65 0.04 0.35 8.21 0.62
PYRGOS 0.03 0.24 0.00 0.04 0.40 0.03
AEGIO 0.05 0.50 0.00 0.03 0.99 0.07
LEFKADA_2003 0.09 0.82 0.05 0.48 2.16 0.16
LEFKADA_1973 0.16 1.44 0.13 1.15 6.03 0.45
TCUS2EW 0.40 3.63 0.02 0.18 19.24 1.45
TCU52NS 0.32 2.90 0.18 1.61 15.46 1.16
TCUG8EW 0.84 7.67 0.84 7.65 57.01 4.29
RINALDI_318 0.24 2.14 0.02 0.17 11.53 0.87
JENSEN_292 0.47 4.24 0.41 3.75 25.27 1.90
JENSEN_022 0.32 2.91 0.27 2.47 16.01 1.20
SYLMAR_090 0.22 1.96 0.17 1.57 11.51 0.87
DUZE_000 0.14 1.32 0.08 0.69 6.21 0.47
YARIMCA_060 0.14 1.30 0.11 1.04 5.87 0.44
YARIMCA_330 0.15 1.35 0.08 0.70 7.12 0.54
SAKARYA 0.07 0.60 0.02 0.15 1.32 0.10
LUCERNE_000 0.05 0.44 0.00 0.02 0.83 0.06
IV#04_140 0.13 1.21 0.10 0.87 5.39 0.41
IV#04_230 0.21 1.94 0.14 1.26 10.53 0.79
DUCE_090 0.17 1.57 0.14 1.26 6.59 0.50

Table 4.4 Seismic performance of pier of bridge A04_TE12
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ud < uc

max Drift (m) Drift res (m)

u demand ud/uc

max
average

0.05 0.19
0.01 0.03

5.16 0.17
1.94 0.03

Table 4.5 Deviations between the two piers
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Impact of each Component of a Bridge to the Overall Fragility - Development of Equivalent Systems

5.1 Introduction

One of the key objectives of the current study is to examine whether or not the impact of the
various components of a bridge on its seismic performance can be ignored. Therefore it had to be
examined on which level a single pier can be representative of the overall fragility of the bridge. For
this purpose a specific bridge was chosen in order to compare the seismic performance of the

whole bridge with the performance of its pier, both in transverse and longitudinal direction.

5.1.1 Selected bridge

The bridge selected was the AO1_TE20 bridge of the Greek metropolitan motorway “ATTIKI ODOS" .
The reason that led to this choice was that it is a simple and at the same time common case. Its
simplicity lies in the symmetry of the bridge and the circular section of the pier. Also each pier
consists of a single column which is monolithically connected to the deck while there are bearings

at the abutments.

e Model Used

Three-dimensional analytical model was generated using the finite element platform ANSYS. Typical
details taken from examined bridge plans were used to generate this model. The superstructure of
the bridge is modeled using linear elastic beam elements in a lumped centerline model as shown in
Figure 5.1. The piers are modeled using also nonlinear beam elements. The hysteretic behavior of
the piers is described through the moment-curvature curve. Truss elements of one meter length
are used to model the behavior of the bearings in both the transverse and longitudinal direction
while linear springs and dampers are used in the vertical direction. The abutments are ignored in
this case and the bearings are considered to be fixed. In order to place the bearings in their exact
position, rigid elements were used with selected nodes in the exact place of each bearing.
Furthermore in this task the base of the pier is considered fixed and the impact of foundation and

soil-structure interaction (SSI) is ignored.
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As far as bearings are concerned both in longitudinal and transverse direction truss elements were
chosen. The fact that truss elements have both stiffness and damping make them more appropriate
solution in comparison to springs and extra dashpots. Moreover by using truss elements it is
possible to simulate the nonlinear behavior of the bearings after a certain deformation. Also
dashpots are designed with a damping coefficient appropriate for a specific deformation, so truss

elements simulate better the behavior of the bearings. Truss elements work with an axial force that

Axial deformation

depends on their axial strain, so while the value of increases, after a while

Length of truss element

they do not perform in the expected way. In order to be sure for the results of our analysis it had to
be examined whether or not the expected deformations affects the performance of the truss
elements used. For this purpose a pushover analysis was performed in order to extrude the Force-
Displacement curve of the truss element. The curve is presented on Figure 5.3. It can be deduced
that even for the maximum expected displacements (Takatori records) truss elements of one meter

length work appropriately.

e Piers Reinforcement

The reinforcement of the piers base circular section (D = 2 m) was calculated according to the
provisions of the Greek Code for Reinforced Concrete (EKQZ, 2000) for columns with large capacity
demands. For acceleration A = 0.16 g, considering a (ductility-based) behavior factor g = 3 with an
elastic (fixed-base) vibration period T = 0.55s and soil conditions characterized as “B” the design
spectral acceleration is estimated to be: ®; = 0.13g.

The computed reinforcement of the pier section was taken from the examined bridge plans [DOMI

OE-STATHOPOULOS-FARROS & all.] and for concrete C25 and Steel S500 is:

longitudinal 64@25
transverse (¥13/8.6

The section of the pier is presented on Figure 5.2.
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e Section Analysis - Moment Curvature curve

The behavior of the pier with the computed reinforcement is described through the moment-
curvature curve. This curve is derived from static concrete section analysis using the USC_RC

software. The moment curvature curve is presented on Figure 5.4.

5.1.2 Aims of this task

This task aims to test both in longitudinal and transverse direction the seismic performance of this
specific bridge and to compare it with the performance of a single pier of the bridge. At first the
seismic performance of the bridge is compared in transverse direction with a S-DOF system that
represents a single pier and in longitudinal with a pier with fixed rotational degree of freedom at
the top to considerate the stiffness of the deck. Therefore new models are created in order to take

into account the impact of each of the bridge components.

5.2 Longitudinal Direction

5.2.1 Performance of the bridge under low, moderate and strong seismic shaking

The seismic performance of this bridge was tested under nonlinear dynamic time history analysis
using the same 29 real earthquake records as before. The seismic performance of the system is

expressed in terms of maximum drift, residual drift and Edeﬂ. Still only 9 of these records were
capacity

finally used. This is due to the fact that the rest of the records demanded twice or even more the
ductility capacity of the system. In order to have a wider variety of records 16 of the rejected
records were scaled based on PGA to 50%. Finally the results of the 25 records used to describe the
seismic performance of the whole bridge in the longitudinal direction are presented on Table 5.1.

The chosen records demanded up to 125% of the ductility capacity of the system.
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5.2.2 First Model used to represent bridge’s pier in Longitudinal Direction

e Model Used

At first a pier with fixed rotational degree of freedom at the top and fixed base was chosen. This
assumption is the most common way to represent a bridge pier in the longitudinal direction and is
based on the fact that the stiffness of the deck is much higher than the pier’s, so it limits the

rotation at the top of the pier.

The mass of the deck is distributed at the top of the pier according to the stiffness of the pier. In

longitudinal direction the stiffness of the bridge is calculated according to the following equation:

KBridge = Kleft Bearings + Kleft Pier + Kright Pier + Kright Bearings
So the mass that is distributed to the pier is:

Lrier Kpier = % )
Finally the system of the pier with fixed rotational degree of freedom at the top has the following
characteristics:

v’ m=1361 Mgr

v h=8.8m

v D=2m

A very important factor, in order to achieve the right comparison between the bridge’s pier and this
system that aims to represent pier’s behavior, is the correct placement of the mass. So placing the
mass at the top of the pier (8.8m height) would be an important mistake because moment at the
base of the pier would be dramatically different in the two cases. Therefore the mass is placed at
the actual height of deck’s center of mass (9.67m height). Rigid elements are used to connect the
mass element with the top of the pier. However the rotational fixity is still imposed at the top of

the pier. The system used is presented on Figure 5.5(a).
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e Pushover Analysis

Static pushover analysis is performed in order to compare this model with the pier of the whole
system in terms of Force-Displacement at the top of the pier. The relevant curves are presented on

Figure 5.6.

e Seismic Performance

The seismic performance of this system was examined under nonlinear dynamic time history
analysis using the 25 records (9 real records, 16 scaled real records) selected before. The results of
the analysis are compared with the performance of the relevant pier of the model of the whole
f Hdemand

bridge and are presented on Table 5.2. The maximum deviation observed in terms o ,in

Hcapacity
23 of the 25 records that demanded less ductility than the capacity of the system, is 32% while the
average is 11%. In the other two records the deviations observed are dramatically larger. A first
conclusion from this specific analysis is that it seems that ignoring the impact of the rest

components of the bridge, the deviations observed are of high importance.

d Hdemand

The deviations in terms of maximum drift, residual drift an are graphically presented on

Ucapacity
Figure 5.7 while their maximum and average values are collected on Table 5.3. From these graphs
another fact of great importance is observed. The impact of the rest components of the bridge
cannot be characterized as beneficial or adverse in general. Their impact depends on the specific
ground motion and its characteristics and this is another reason that proves that these components

should be taken into account.

Therefore the following step is to examine one by one the impact of the rest components of the

bridge.

5.2.3 Second Model used - Impact of bearing’s stiffness

The first component of the bridge that is taken into account is the bearings. As in the model of the
whole bridge the abutments are fixed, the impact of bearings is specified on their stiffness while

damping will be examined in the following section.
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e Model Used

The model used is similar to the previous one with two differences. The first one is the adding of a
linear elastic displacement spring at the top of the pier. The stiffness of the specific spring is equal

to the stiffness of the four bearings of the one abutment.
KN
Kspring =4 x KBearing =5200 P

The second difference with the first model used is the mass at the top of the pier. Also, in this case
as before the mass is distributed according to the stiffness of the model. The stiffness of this model

is higher than the previous one and equals to:

Ksystem = Kpier + Kabutment
The stiffness of the bearing is calculated by the following equation:

G*A
t

Kbearing =nx*

assuming the following parameters:

o n:number of bearings
o G:1MPa
o A :section area of bearing

o t:thickness of elastic part of bearing

It is obvious that the stiffness of this system is half the stiffness of the whole bridge. So the mass at
the top of pier is half the mass of the deck and this is the second difference. As in the previous case,

mass element is placed at the right position at deck’s mass center.

On the other hand the displacement spring is placed at the top of the pier (8.8m height) while the

rotational degree of freedom at the top of the pier remains fixed.

Finally the system of the pier with fixed rotational degree of freedom at the top has the following

characteristics:
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v' m = 1408 Mgr
v h=8.8m
v D=2m

The system used is presented on Figure 5.5(b).

e Pushover Analysis

Static pushover analysis is performed in order to compare this model with the pier of the whole
system of the bridge in terms of Force-Displacement at the top of the pier. The relevant curves are

presented on Figures 5.8.

e Seismic Performance

The seismic performance of this system was examined under nonlinear dynamic time history
analysis using the same 25 records (9 real records, 16 scaled real records) as before. The results of
the analysis are compared with the performance of the relevant pier of the model of the whole
bridge and are presented on table 5.4. In this case, in the 23 of the 25 records that demanded less

ductility than the capacity of the system, the maximum deviation observed in terms of ~demand

HUcapacity
was 30%, only 2% less than before, while the average deviation remains 11%. However in the two

records that demanded ductility higher than the capacity of the system the results are far different

than before. In the record of JMA_000, l’f‘ieﬂ is decreased from 365% to 26% while in the record
capacity

of LEFKADA_2003 from 71% to 22%.

e Impact of bearing’s stiffness
From these results it can be deduced that bearings offer an important overstrength to the system
when the ductility capacity of the system is exceeded, which points out the important impact of the

bearings to the seismic performance of a bridge as bearings may prevent the total collapse of the

bridge.
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The deviations in terms of maximum drift, residual drift and Edeﬂ between the second system
capacity

and the whole bridge are graphically presented on Figure 5.9 while their maximum and average
values are collected on Table 5.5. From these graphs it can be deduced as before that the impact of
the rest components of the bridge cannot be characterized as beneficial or adverse in general. Their
impact depends on the specific ground motion and its characteristics and this is another factor that

should be taken into account.

Therefore it is important to considerate the rest components of the bridge. This investigation aims
to minimize the deviations to the seismic performance of the whole bridge and the proposed

system.

5.2.4 Third Model used - Impact of bearing’s damping

This task aims to examine the impact of bearing’s damping. This is the second parameter of the
bearings that may affect the seismic performance of the bridge.

e Model Used

The model used is similar to the previous one with the addition of a horizontal dashpot at the top of
the pier (8.8m height). The model is presented on Figure 5.5(c). The damping coefficient of the
dashpot that represents the damping of the four bearings of the abutment is calculated by the

following equation:

B Z*k*f

Cbearing w

assuming the following parameters:

o K: stiffness of bearings
o £€:5%

o wbridge : 2n/Tbridge long
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The stiffness of the system remains half the stiffness of the whole bridge. So the mass at the top of
pier is half the mass of the deck as previously. The rotational degree of freedom at the top of the
pier remains fixed while the system has the same deformational-spring and the same

characteristics.

e Pushover Analysis

Static pushover analysis is performed in order to compare this model to the pier of the whole
system in terms of Force-Displacement at the top of the pier. The relevant curves are presented on

Figure 5.10.

e Seismic Performance

The seismic performance of this system was examined under nonlinear dynamic time history
analysis using the same 25 records (9 real records, 16 scaled real records) as before. The results of
the analysis are compared with the performance of the relevant pier of the model of the whole
bridge and are presented on Table 5.6. The deviations are graphically presented on Figure 5.11
while their maximum and average values are collected on Table 5.7. It is observed that they are
almost the same with the previous case. Comparing the second to the third model the maximum

deviation in terms ofﬁdeﬂ is 1.3%, so it can be concluded that these two systems are equivalent.
capacity

e Impact of bearing’s damping

The addition of bearing’s damping to the system was not proven to be of great importance. The

seismic performance is almost the same with the previous case in which damping was ignored.

5.2.5 Fourth Model used - Impact of deck’s rotational stiffness

The following step was to take into account the deck of the bridge. The deck of the bridge affects
the seismic performance of the whole system both with the damping of its material and its
rotational stiffness. At first the rotational stiffness of the deck is examined to find out on what level

the fixed rotational degree of freedom that was assumed in the previous cases is close to reality.
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¢ Rotational stiffness of the deck in longitudinal direction - Rotational Spring

In order to estimate the rotational stiffness of the deck in longitudinal direction a rotational
pushover analysis is performed to the entire system of the bridge. An angle of 0.01 rad is applied on
the top of the two piers. In order to exclude the effect of the pier’s stiffness, each pier is replaced
with a vertical spring that represents its axial stiffness. The results of the analysis are expressed in a
moment-angle curve that is presented on Figure 5.12. From this curve the rotational stiffness of the

deck is extruded which equals to: K;otqtiona=21990200 KNm/rad.

e Literature Formulation

The rotational stiffness of the deck can also be calculated with one of the known methods of
structural analysis if you consider the deck of the bridge as a continuous beam with simply supports
at the top of the piers and the bearings of the abutments. In this case that the deck is considered as
a three equal span continuous beam, the rotational (bending) stiffness of the deck is calculated by
the following formula:

9E]

Krotational = I

assuming the following parameters:

o E=30000000 KPa, the Young's elastic modulus
o 1=2.72m?*, the I;;moment of inertia of the deck

o L=31m, the length of each span

The rotational stiffness of the deck using the above formulation equals to K,,tqtionai=23690323
KNm/rad which is very close to the one extruded by the pushover analysis of the deck of the bridge
model. This small deviation is due to the consideration of simply supports at the top of the piers
and the bearings of the abutments, instead of vertical springs which stiffness is the axial stiffness of

the piers and the bearings respectively. Finally the stiffness of the rotational spring that is added to
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the top of the simple model is the one calculated by the literature formulation. In this way the

development of the complete model of the bridge in a finite element code is avoided.

e Model Used

The 4™ model used is similar to the 3™ one with the addition of a rotational spring at the top of the
pier (8.8m height). The horizontal spring of the previous system remains at the top of the pier while

the dashpot is removed as it was proven not to have a significant impact.

The stiffness of the system remains half the stiffness of the whole bridge. So the mass at the top of

pier is half the mass of the deck as previously. This system is presented on figure 5.5(d).

e Pushover Analysis

Static pushover analysis is performed in order to compare this model with the pier of the whole
system in terms of Force-Displacement at the top of the pier and Moment-Curvature at the base of

the pier. The relevant curves are presented on Figures 5.13.

e Seismic Performance

The seismic performance of this system was examined under nonlinear dynamic time history
analysis using the same 25 records (9 real records, 16 scaled real records) as before. The results of
the analysis are compared with the performance of the relevant pier of the model of the whole
bridge and are presented on Table 5.8. The deviations are graphically presented on Figure 5.14
while their maximum and average values are collected on Table 5.9. In this case the deviations
observed are smaller than in the previous one. Comparing the fourth model to the whole bridge the

maximum deviation in terms of Ltdeﬂ is 26%, while the average is 7% in 23 cases that didn’t
capacity

exceed system’s ductility capacity. Compared to the relevant deviations of the previous system, the

maximum deviation decreased in this case by 8%, while the average by 5%.
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e Impact of deck’s rotational stiffness

From the previous results it is obvious that adding the actual rotational stiffness of the deck in the
top of the pier instead of fixity on the rotational degree of freedom, decreases the deviations
between the pier of the whole system and the system that aims to represent it. Another factor that
has to be examined is the computational effort to “build”’ each of the examined system. This factor
has to be considered, in addition to deviations, in order to select the most appropriate model to

represent the bridge’s pier.

5.2.6 Fifth Model used - Impact of deck’s damping

The last parameter that was taken into account was the damping of the material of the bridge’s
deck. The damping coefficient of the dashpot that represents the damping of the material of the

deck is calculated by the following equation:

2xkx¢&

Cdeck rotational =
eck rotationa w

assuming the following parameters:

o K :rotational stiffness of deck
o £€:5%

O Wpridge - 271-/Tbridge_long

The rotational dashpot is placed at the top of the pier in addition to the rotational spring.

e Model Used

The 5" model used is similar to the 4™ one with the addition of a rotational dashpot at the top of
the pier (8.8m height).Rotational and horizontal springs of the previous system remain at the top of
the pier while the dashpot that represents the damping of the bearings is added as to have an even

more complete model.
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The stiffness of this system remains half the stiffness of the whole bridge. So the mass at the top of

pier is half the mass of the deck as previously. The system is presented on Figure 5.5(e).

e Pushover Analysis

Static pushover analysis is performed in order to compare this model to the pier of the entire
system of the bridge in terms of Force-Displacement at the top of the pier and Moment-Curvature

at the base of the pier. The relevant curves are presented on Figures 5.15.

e Seismic Performance

The seismic performance of the last system was examined under nonlinear dynamic time history
analysis using the same 25 records (9 real records, 16 scaled real records) as before. The results of
the analysis are compared as previously with the performance of the relevant pier of the model of
the whole bridge and are presented on Table 5.10. . The deviations are graphically presented on
Figure 5.16 while their maximum and average values are collected on Table 5.11. Comparing the

fifth model to the entire model of the bridge, the maximum deviation in terms of Z‘“”M is 15%,
capacity

while the average is 5%. Compared to the relevant deviations of the previous system, the maximum

deviation is decreased in this case by 11% while the average by 2%.
e Impact of deck’s damping

The adding of the rotational dashpot at the top of the pier decreases the deviations between the
pier of the whole system and the system that aims to represent it. However adding the rotational

dashpot at the top increases the computational effort to “build”’ the equivalent model.
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5.3 Transverse Direction

5.3.1 Performance of the bridge under low, moderate and strong seismic shaking

The bridge A01_TE20 of the Greek metropolitan motorway ATTIKI ODOS is also examined in the
transverse direction using the same three-dimensional analytical model. The same 25 records are
used in order to test the seismic performance of the bridge under nonlinear dynamic time history
analysis in the transverse direction. The chosen records demanded from 2% up to 160% of the

ductility capacity, so they are a representative sample. The seismic performance of the system is

expressed in terms of maximum drift, residual drift andﬁdeﬂ. The results of the analysis are
capacity

presented on Table 5.12.

5.3.2 First Model used to represent bridge’s pier in Transverse Direction

e Model Used

A single-degree-of-freedom (SDOF) model of the bridge pier is used to estimate the seismic
excitation applied at the level of the deck in the transverse direction. This is a very common and
rational approximation as the mass and the stiffness of the pier are significantly lower than the

mass and the stiffness of the deck.

The mass of the deck is distributed at the top of the pier according to the stiffness of the pier. In

transverse direction the stiffness of the bridge is calculated according to the following equation:

KBridge = KleftBearings + Kleft Pier + KrightPier + KrightBearings

So the mass that is distributed to the pier is:

Finally the SDOF system that represents the bridge’s pier has the following characteristics:

124



Impact of each Component of a Bridge to the Overall Fragility - Development of Equivalent Systems

v' m=1237.5 Mgr
v h=8.8m
v D=2m

As in the previous tasks a very important factor, in order to have the proper comparison between
the bridge’s pier and this S-DOF system is the correct placement of the mass. Mass is placed at the
actual height of deck’s center of mass (9.67m height). Rigid elements are used to connect the mass

element to the top of the pier. The system used is presented on Figure 5.17(a).

e Pushover Analysis

Static pushover analysis is performed in order to compare this SDOF model to the pier of the whole
system in terms of Force-Displacement at the top of the pier. The relevant curves are presented on

Figure 5.18.

e Seismic Performance

The seismic performance of this S-DOF system was examined under nonlinear dynamic time history
analysis using the same 25 records. (9 real records, 16 scaled real records) that were selected
before. The results of the analysis are presented on Table 5.13. In 8 of the 25 cases S-DOF system

totally collapsed while the pier of the bridge has barely or even not exceeded its ductility capacity.

f Hdemand

The average deviation observed in terms o , in the rest 17 records is 29%. The results of

HKcapacity
this specific analysis show that S-DOF system cannot itself represent the seismic performance of the
pier in transverse direction. By ignoring the impact of the rest components of the bridge the
deviations observed are great.

The deviations in terms of terms of maximum drift, residual drift and Edeﬂ are graphically
capacity

presented on Figure 5.19 while their maximum and average values are collected on Table 5.14.

Therefore the following step is to include one by one the impact of the rest components of the

bridge.
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5.3.3 Second Model used - Impact of bearing’s stiffness & damping

As in the longitudinal direction, the first component of the bridge that was taken into account was
the bearings. In this case both the stiffness and the damping of the bearings in transverse direction

are examined.

e Model Used

The second model used is the same S-DOF system with the previous case only with two added
components. The first one is the adding of a linear elastic displacement spring at the top of the pier.
The stiffness of the specific spring equals to the stiffness of the four bearings of the one abutment

as in longitudinal direction.
KN
Kspring =4 Kbearing =5200 o

As a result:

_ Kbridge

Ksystem = Kpier+ Kabutments 2

The second component that was added is a horizontal dashpot in the transverse direction. The
damping coefficient of the dashpot that represents the damping of the material of the bearings is

calculated by the following equation:

2%k *&

Cpearing = w

assuming the following parameters:

o K: stiffness of bearings
o £:5%

O  Wpridge * 27":/Tbrl'dge trans

The increase of system’s stiffness results in the mass that is distributed at the top of the pier. As a

result the mass of the second system is half the mass of the deck.
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Both spring and dashpot are placed on the top of the pier (8.8m height) while the rotational degree

of freedom at the top of the pier remains unrestrained.

Finally the system has the following characteristics:
v' m = 1408 Mgr
v h=88m
v D=2m

The system used is presented on Figure 5.17(b).

e Pushover Analysis

Static pushover analysis is performed in order to compare this model to the pier of the whole
system in terms of Force-Displacement at the top of the pier. The relevant curves are presented on

Figure 5.20.

e Seismic Performance

The seismic performance of this system was examined under nonlinear dynamic time history
analysis using the same 25 records. The results of the analysis (Table 5.15) are compared to the
performance of the relevant pier of the model of the whole bridge. In this case, although total
collapse is prevented in most cases because of the spring, the maximum deviation in terms of

Ldemand ;¢ 500%, while the average is 100%.
Hcapacity

e Impact of bearing’s stiffness

It is evident that this system cannot describe the seismic performance of the pier. Nevertheless the
adding of the horizontal spring and the dashpot prevents the system from total collapse that was
observed in the previous case.

The deviations in terms of terms of maximum drift, residual drift, :deﬂ between this second
capacity

system and the whole bridge, are graphically presented on Figure 5.21 while their maximum and
average values are collected on Table 5.16. Therefore it is important to take into account the rest
components of the bridge such as the deck. In transverse direction the bearings, because of their

position, also offer significant moment stability to the system.
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5.3.4 Third Model used - Impact of bearing’s moment stability & deck’s
torsional stiffness

This task aims to examine on which level the assumption of unrestrained rotational degree of
freedom at the top of the pier represents the pier in transverse direction. For this purpose both the
horizontal spring and the dashpot are removed from the system in order to ignore their impact and

a rotational spring and a dashpot are added.
e Model Used

This model is similar to the S-DOF system that was examined at first, with the difference of adding a
rotational spring and a dashpot at the top of the pier (8.8m height). The rotational spring
represents both the rotational stiffness of the bearings and the torsional stiffness of the deck. The
bearings add rotational stiffness to the system due to their position. The axial loading of the
bearings in the transverse direction leads to an important stability moment that should be taken
into account. Also the rotational dashpot at the top of the pier represents the impact of deck’s

rotational damping.

e Rotational Pushover of the deck

As in longitudinal direction, a rotational pushover analysis is performed to the entire system of the
bridge in order to extrude the rotational stiffness that has to be added to the examined system. An
angle of 0.01 rad is applied on the top of the two piers. In order to exclude the effect of the pier’s
stiffness, piers are replaced with vertical springs that represent their axial stiffness. The results of
the analysis are expressed in a Moment-Angle curve that is presented on Figure 5.23. From this
curve the rotational stiffness that has to be added to the examined system is extruded which is
equal to: Kyorationai=2655080 KNm/rad. This rotational stiffness includes the effect of both the

bearings and the deck.

e Literature Formulations

The torsional stiffness of the deck can be calculated using the following literature formulation:

_ ]
T = Ktorsional * 0 ’ Ktorsional - Z * G
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assuming the following parameters:

(@]

T: torque (KNm)

O

0: angle of twist (rad)
J = 8.183m* : Torsion constant of deck’s section

o G =12.5GPa : Shear modulus

(@]

o L=31m: Length of the element the torque is being applied to or over

As far as the bearings are concerned their actual position is presented on Figure 5.22. The
rotational stiffness that is added to the system due to the position of the bearings can be calculated

by the following equation:
— 2 2
KRotationalBearmgs =2+ Kv * (Ll +L2 )

assuming the following parameters:

o Ky:Vertical stif fness of bearings

o L4, L,:Transverse distance of bearings from the center of gravity of deck

The overall rotational stiffness of the system can be calculated by the following equation:

1 1 1
= +

Krotational KTorsional—deck Krotational—bearings

Kpearings* Kdeck

2 Korational = =2728633 KNm/rad

Kbearings + Kdeck

As far as damping is concerned, a rotational dashpot is added at the top of the pier as in
longitudinal direction. The damping coefficient of the dashpot is calculated by the following
equation:

2xk*¢&

Cdeck rotational =
eck rotationa w
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assuming the following parameters:

o K :rotational stiffness of deck
o &:5%

O  Wpridge * 27T/Tbridge_trans

Finally the rotational stiffness that was calculated by the equations is used and not the one from
the rotational pushover analysis. It is obvious that by using equations instead of pushover analysis
the computational effort to “build”’ the model is minimized.
The system has the following characteristics:

v' m=1237.5 Mgr

v h=8.8m

v D=2m

The system used is presented on Figure 5.17(c).

e Pushover Analysis

Static pushover analysis is performed in order to compare this model to the pier of the whole
system in terms of Force-Displacement at the top of the pier. The relevant curves are presented on

Figures 5.24.

e Seismic Performance

The seismic performance of the system was examined under nonlinear dynamic time history
analysis using the same 25 records. The results of the analysis (Table 5.17) are compared to the
performance of the relevant pier of the model of the whole bridge. In this case, the maximum

deviation in terms of £4emand s 509 while the average is 13%.
HUcapacity

¢ Impact of system’s rotational stiffness
The deviations in terms of terms of maximum drift, residual drift and Edeﬂ between this third
capacity
model and the whole bridge are graphically presented on Figure 5.25 while their maximum and

average values are collected on Table 5.18.
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Compared to the previous two models it is obvious that the seismic performance of this model is
much closer to the one of the pier. However the deviations in some cases remain significant, which

implies the need to take into account the impact of the rest components of the bridge.

Although it can be deduced that system’s rotational stiffness are of great importance compared to

the horizontal stiffness and it cannot be ignored.

5.3.5 Fourth Model used - Combination of 2rd & 3rd model

In the previous task it was proven that bridge’s rotational stiffness affects significantly the seismic
behavior of the pier in transverse direction. For this reason the 4™ model takes into account both

the horizontal and rotational stiffness of the bridge combining the two previous models.

e Model Used
This model is a combination of the two previous ones. At the top of the pier (8.8m height) a
horizontal spring and a dashpot are placed but also a rotational spring and a dashpot as they were

calculated before. The mass as in the second case is half the mass of the deck.
The system used is presented on Figure 5.17(d).
e Pushover Analysis

Static pushover analysis is performed in order to compare this model to the pier of the whole
system in terms of Force-Displacement at the top of the pier. The relevant curves are presented on

Figure 5.26.
e Seismic Performance

The seismic performance of the system was examined under nonlinear dynamic time history
analysis using the same 25 records. The results of the analysis (Table 5.19) are compared to the
performance of the relevant pier of the model of the whole bridge. In this case, the maximum

deviation in terms of Z‘ieﬂ is 26%, while the average is 7%. It is important to be mentioned
capacity

that in cases that didn’t exceed the system’s ductility capacity the maximum deviation is 16% while

the average is 5%.
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e Impact of system’s horizontal & rotational stiffness

The deviations in terms of maximum drift, residual drift and ::deﬂ between this fourth model
capacity

and the whole bridge are graphically presented on Figure 5.27 while their maximum and average

values are collected on Table 5.20.

It can be deduced that a system that takes into account both the horizontal and the rotational
stiffness but also the horizontal and rotational damping added to the system by the bearings and

the deck of the bridge, has a similar seismic performance to the pier.

5.3.6 Fifth Model used -Impact of deck’s vertical stiffness & damping

e Model Used

The 5™ model is similar to the previous one, with the difference of adding a vertical spring and a
vertical dashpot at the top of the pier (8.8m height). The vertical spring represents the vertical

stiffness of the deck while the vertical dashpot the damping of the material of the deck.

e Vertical Pushover of the deck

A vertical pushover analysis is performed to the entire system of the bridge in order to extrude the
vertical stiffness that has to be added to the examined system. A displacement of 0.05 m is applied
on the top of the two piers. In order to exclude the effect of the pier’s stiffness, piers are replaced
with vertical springs that represent their axial stiffness. The results of the analysis are expressed in
a Force-Displacement curve that is presented on Figure 5.28. From this curve the vertical stiffness

that has to be added to the examined system is extruded which equals to: K, ¢;ticqi=15658 KN/m.
e Pushover Analysis

Static pushover analysis is performed in order to compare this model to the pier of the whole
system in terms of Force-Displacement at the top of the pier. The relevant curves are presented on

Figure 5.29.
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e Seismic Performance

The seismic performance of the system was examined under nonlinear dynamic time history
analysis using the same 25 records. The results of the analysis (Table 5.21) are compared to the
performance of the relevant pier of the model of the whole bridge. In this case, the maximum

deviation in terms of Z‘”ﬂ remains 26%, while the average 7% as well.
capacity

e Impact of deck’s vertical stiffness & damping

The deviations in terms of maximum drift, residual drift and £demand petween the fifth model and

Hcapacity
the whole bridge are graphically presented on Figure 5.30 while their maximum and average values

are collected on Table 5.22.

The results are almost the same to the previous case so the vertical stiffness of the deck and the

damping of its material don’t seem to affect the seismic performance of the pier.

At the end of the chapter are presented both bridge and five systems examined in ABAQUS code
and their deformed shape for Takarazuka_ 000 record (scaled by PGA 50%) in longitudinal and

transverse direction (Figures 5.31, 5.32).
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SEISMIC PERFORMANCE

max Drift (m) maxDrift ratio (%) Driftres (m) Driftres ratio(%) udemand pud/uc
JMA_090 0.08 0.95 0.06 0.64 10.10 0.89
MNSA 0.01 0.14 0.01 0.06 0.47 0.04
KALAMATA 0.04 0.45 0.02 0.18 2.69 0.24
TCUG8NS 0.02 0.20 0.00 0.02 0.51 0.05
SYLMAR_360 0.05 0.61 0.03 0.30 6.89 0.60
JMA_000 0.11 1.28 0.02 0.18 14.15 1.24
TAKARAZUKA_090 0.05 0.62 0.03 0.30 6.25 0.55
PYRGOS 0.03 0.30 0.01 0.07 0.91 0.08
AEGIO 0.05 0.57 0.01 0.07 4.59 0.40
LEFKADA_2003 0.09 1.05 0.01 0.07 12.32 1.08
LEFKADA_1973 0.05 0.52 0.01 0.08 3.22 0.28
TCUS52EW 0.03 0.30 0.01 0.08 0.86 0.08
TCUS52NS 0.02 0.23 0.00 0.03 0.78 0.07
TCUG6SEW 0.09 0.98 0.06 0.74 9.63 0.84
RINALDI_318 0.03 0.33 0.00 0.04 2.92 0.26
JENSEN_022 0.03 0.39 0.02 0.18 2.67 0.23
SYLMAR_090 0.06 0.70 0.04 0.49 7.61 0.67
DUZE_000 0.04 0.43 0.00 0.03 4.84 0.42
YARIMCA_060 0.05 0.57 0.02 0.18 7.77 0.68
YARIMCA_330 0.01 0.17 0.00 0.05 0.55 0.05
SAKARYA 0.04 0.43 0.01 0.12 3.48 0.31
LUCERNE_000 0.03 0.33 0.01 0.08 2.89 0.25
IV#04_140 0.03 0.30 0.00 0.05 0.95 0.08
IV#04_230 0.04 0.47 0.02 0.21 4.14 0.36
DUCE_090 0.06 0.70 0.01 0.15 5.84 0.51

Table 5.1 Seismic performance of pier of bridge AO1_TE20 in longitudinal direction
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Figure 5.5 Five systems examined
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Figure 5.6 Force-Displacement curve from Pushover analysis for Bridge Pier and System A

SEISMIC PERFORMANCE

max Drift (m) maxDrift ratio (%) Drift res (m) Driftres ratio(%) udemand ud/uc
JMA_090 0.11 1.26 0.10 1.15 12.04 1.06
MNSA 0.01 0.17 0.01 0.09 0.49 0.04
KALAMATA 0.04 0.40 0.00 0.02 2.37 0.21
TCUBSNS 0.02 0.22 0.02 0.20 0.68 0.06
SYLMAR_360 0.09 0.99 0.04 0.49 10.54 0.92
JMA_000 0.45 5.08 0.44 5.04 55.69 4.89
TAKARAZUKA_090 0.05 0.55 0.02 0.28 4.67 0.41
PYRGOS 0.03 0.30 0.00 0.01 1.14 0.10
AEGIO 0.05 0.54 0.02 0.20 4.25 0.37
LEFKADA_2003 0.15 1.74 0.15 1.68 20.38 1.79
LEFKADA_1973 0.04 0.46 0.01 0.06 2.65 0.23
TCUS2EW 0.04 0.43 0.03 0.31 2.62 0.23
TCU52NS 0.02 0.24 0.00 0.05 0.99 0.09
TCUGBEW 0.07 0.82 0.06 0.69 7.50 0.66
RINALDI_318 0.06 0.65 0.04 0.42 4.86 0.43
JENSEN_022 0.02 0.28 0.00 0.05 1.81 0.16
SYLMAR_090 0.05 0.59 0.04 0.47 5.73 0.50
DUZE_000 0.03 0.36 0.01 0.16 2.21 0.19
YARIMCA_060 0.05 0.52 0.00 0.04 5.42 0.48
YARIMCA_330 0.03 0.35 0.01 0.10 2.32 0.20
SAKARYA 0.03 0.33 0.01 0.11 3.22 0.28
LUCERNE_000 0.03 0.36 0.01 0.06 1.85 0.16
IV#04_140 0.02 0.23 0.00 0.05 1.01 0.09
IV#04_230 0.06 0.68 0.05 0.53 5.84 0.51
DUCE_090 0.06 0.73 0.02 0.26 6.15 0.54

Table 5.2 Seismic performance of system A
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Figure 5.7 (a), (b), (c) Deviations in terms of max Drift , residual Drift and Ugemana/Hecapacity
between bridge’s pier and system A (longitudinal direction )

ud < uc |max Drift (m) Driftres (m) udemand ud/uc
max 0.03 0.04 3.65 0.32
average 0.01 0.01 1.20 0.11

Table 5.3 Deviations between bridge’s pier and system A
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Figure 5.8 Force-Displacement curve from Pushover analysis for Bridge Pier and System B

SEISMIC PERFORMANCE

max Drift (m) maxDrift ratio (%) Driftres (m) Driftres ratio(%) updemand ud/uc
JMA_090 0.07 0.84 0.02 0.27 7.14 0.63
MNSA 0.02 0.19 0.01 0.14 0.56 0.05
KALAMATA 0.04 0.40 0.00 0.03 2.53 0.22
TCUG8NS 0.02 0.24 0.02 0.18 0.77 0.07
SYLMAR_360 0.09 0.97 0.02 0.17 10.31 0.90
JMA_000 0.13 1.53 0.01 0.07 16.10 1.41
TAKARAZUKA_090 0.05 0.55 0.02 0.23 4.62 0.41
PYRGOS 0.03 0.30 0.01 0.07 1.14 0.10
AEGIO 0.05 0.54 0.02 0.22 4.33 0.38
LEFKADA_2003 0.11 1.25 0.01 0.15 14.80 1.30
LEFKADA_1973 0.04 0.47 0.01 0.11 2.72 0.24
TCUS52EW 0.04 0.42 0.03 0.30 2.47 0.22
TCU52NS 0.02 0.25 0.01 0.08 0.82 0.07
TCUGSEW 0.07 0.81 0.06 0.64 7.23 0.63
RINALDI_318 0.06 0.64 0.04 0.41 4.71 0.41
JENSEN_022 0.02 0.28 0.01 0.15 1.82 0.16
SYLMAR_090 0.04 0.48 0.03 0.30 4.64 0.41
DUZE_000 0.03 0.36 0.00 0.04 2.37 0.21
YARIMCA_060 0.05 0.58 0.02 0.19 5.98 0.52
YARIMCA_330 0.03 0.33 0.01 0.06 2.00 0.18
SAKARYA 0.03 0.34 0.00 0.04 3.30 0.29
LUCERNE_000 0.03 0.34 0.00 0.01 1.57 0.14
1V#04_140 0.02 0.22 0.01 0.09 0.93 0.08
IV#04_230 0.06 0.70 0.02 0.22 6.01 0.53
DUCE_090 0.06 0.73 0.02 0.19 6.31 0.55

Table 5.4 Seismic performance of system B
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Figure 5.9 (a), (b), (c) Deviations in terms of max Drift , residual Drift and Ugemana/Hcapacity
between bridge’s pier and system B (longitudinal direction)

ud <uc | max Drift (m) Driftres(m) udemand ud/uc
max 0.03 0.03 3.42 0.30
average 0.01 0.01 1.25 0.11

Table 5.5 Deviations between bridge’s pier and system B
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Figure 5.10 Force-Displacement curve from Pushover analysis for Bridge Pier and System C

SEISMIC PERFORMANCE

max Drift (m) maxDrift ratio (%) Drift res (m) Driftres ratio(%) udemand ud/uc
JMA_090 0.07 0.84 0.04 0.40 7.24 0.64
MNSA 0.02 0.18 0.01 0.14 0.55 0.05
KALAMATA 0.04 0.40 0.00 0.03 2.53 0.22
TCUG8NS 0.02 0.23 0.02 0.18 0.73 0.06
SYLMAR_360 0.08 0.96 0.02 0.18 10.29 0.90
JMA_000 0.13 1.53 0.01 0.07 16.11 1.41
TAKARAZUKA_090 0.05 0.55 0.02 0.24 4.59 0.40
PYRGOS 0.03 0.30 0.01 0.07 1.14 0.10
AEGIO 0.05 0.54 0.02 0.22 4.30 0.38
LEFKADA_2003 0.11 1.24 0.01 0.16 14.71 1.29
LEFKADA_1973 0.04 0.46 0.01 0.09 2.70 0.24
TCUS2EW 0.04 0.41 0.03 0.29 2.32 0.20
TCU52NS 0.02 0.24 0.01 0.08 0.73 0.06
TCUGSEW 0.07 0.81 0.06 0.63 7.16 0.63
RINALDI_318 0.06 0.63 0.04 0.40 4.60 0.40
JENSEN_022 0.02 0.28 0.01 0.14 1.78 0.16
SYLMAR_090 0.04 0.49 0.03 0.30 4.63 0.41
DUZE_000 0.03 0.36 0.00 0.05 2.38 0.21
YARIMCA_060 0.05 0.57 0.01 0.17 5.92 0.52
YARIMCA_330 0.03 0.34 0.01 0.08 2.04 0.18
SAKARYA 0.03 0.34 0.00 0.04 3.26 0.29
LUCERNE_000 0.03 0.34 0.00 0.00 1.59 0.14
IV#04_140 0.02 0.22 0.01 0.10 0.92 0.08
IV#04_230 0.06 0.69 0.02 0.25 5.93 0.52
DUCE_090 0.06 0.72 0.02 0.19 6.27 0.55

Table 5.6 Seismic performance of system C
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Figure 5.11 (a), (b), (c) Deviations in terms of max Drift , residual Drift and Ugemana/Hcapacity
between bridge’s pier and system C (longitudinal direction)

ud <uc | max Drift (m) Driftres(m) udemand ud/uc
max 0.03 0.03 3.40 0.30
average 0.01 0.01 1.24 0.11

Table 5.7 Deviations between bridge’s pier and system C
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Figure 6.13 Force-Displacement curve from

Angle curve Pushover analysis for Bridge Pier and System D
SEISMIC PERFORMANCE
max Drift (m) maxDrift ratio (%) Drift res (m) Driftres ratio(%) pdemand ud/uc
JMA_090 0.11 1.22 0.02 0.17 12.46 1.09
MNSA 0.01 0.15 0.01 0.08 0.44 0.04
KALAMATA 0.04 0.44 0.01 0.14 2.54 0.22
TCUG68NS 0.02 0.26 0.01 0.16 1.06 0.09
SYLMAR_360 0.06 0.71 0.02 0.28 7.83 0.69
JMA_000 0.12 1.33 0.02 0.23 14.14 1.24
TAKARAZUKA_090 0.06 0.65 0.03 0.36 6.63 0.58
PYRGOS 0.03 0.31 0.01 0.07 1.10 0.10
AEGIO 0.05 0.60 0.01 0.06 4.95 0.43
LEFKADA_2003 0.12 131 0.01 0.06 15.29 1.34
LEFKADA_1973 0.05 0.56 0.01 0.14 3.63 0.32
TCUS52EW 0.03 0.34 0.01 0.07 1.18 0.10
TCUS52NS 0.02 0.26 0.00 0.05 0.76 0.07
TCUG8EW 0.09 1.01 0.06 0.68 9.58 0.84
RINALDI_318 0.03 0.38 0.00 0.02 4.04 0.35
JENSEN_022 0.04 0.42 0.01 0.09 3.74 0.33
SYLMAR_090 0.08 0.86 0.04 0.50 9.89 0.87
DUZE_000 0.04 0.47 0.01 0.15 4,97 0.44
YARIMCA_060 0.05 0.59 0.01 0.11 7.61 0.67
YARIMCA_330 0.01 0.16 0.00 0.02 0.48 0.04
SAKARYA 0.05 0.51 0.01 0.15 4.61 0.40
LUCERNE_000 0.03 0.32 0.01 0.11 2.58 0.23
IV#04_140 0.03 0.31 0.01 0.14 1.56 0.14
IV#04_230 0.06 0.67 0.03 0.30 6.60 0.58
DUCE_090 0.07 0.81 0.00 0.04 7.24 0.63

Table 5.8 Seismic performance of system D
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Figure 5.14 (a), (b), (c) Deviations in terms of max Drift , residual Drift and Ugemana/Kcapacity
between bridge’s pier and system C (longitudinal direction )

ud<uc | max Drift (m) Driftres(m) udemand ud/uc
max 0.02 0.04 2.97 0.26
average 0.01 0.01 0.78 0.07

Table 5.9 Deviations between bridge’s pier and system D
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Figure 5.15 Force-Displacement curve from Pushover analysis for Bridge Pier and System E

SEISMIC PERFORMANCE

max Drift (m) maxDrift ratio (%) Drift res (m) Driftres ratio(%) udemand ud/uc
JMA_090 0.10 1.13 0.02 0.20 11.44 1.00
MNSA 0.01 0.14 0.01 0.08 0.42 0.04
KALAMATA 0.04 0.43 0.01 0.16 2.51 0.22
TCUG8NS 0.02 0.21 0.01 0.08 0.72 0.06
SYLMAR_360 0.06 0.70 0.03 0.36 7.76 0.68
JMA_000 0.12 1.33 0.02 0.20 14.07 1.23
TAKARAZUKA_090 0.05 0.62 0.03 0.32 6.09 0.53
PYRGOS 0.03 0.31 0.01 0.07 1.05 0.09
AEGIO 0.05 0.58 0.01 0.07 4.72 0.41
LEFKADA_2003 0.11 1.29 0.01 0.07 14.99 1.31
LEFKADA_1973 0.05 0.55 0.01 0.09 3.55 0.31
TCUS2EW 0.03 0.32 0.01 0.07 1.05 0.09
TCU52NS 0.02 0.24 0.00 0.01 0.74 0.07
TCUGSEW 0.08 0.96 0.06 0.66 9.32 0.82
RINALDI_318 0.03 0.35 0.00 0.05 3.79 0.33
JENSEN_022 0.04 0.41 0.02 0.20 3.49 0.31
SYLMAR_090 0.07 0.83 0.05 0.54 9.25 0.81
DUZE_000 0.04 0.46 0.01 0.14 4.57 0.40
YARIMCA_060 0.05 0.55 0.00 0.02 6.87 0.60
YARIMCA_330 0.01 0.16 0.00 0.04 0.46 0.04
SAKARYA 0.04 0.46 0.01 0.11 3.90 0.34
LUCERNE_000 0.03 0.31 0.00 0.00 2.54 0.22
IV#04_140 0.03 0.31 0.00 0.01 1.36 0.12
IV#04_230 0.05 0.62 0.03 0.34 5.84 0.51
DUCE_090 0.07 0.77 0.01 0.06 6.69 0.59

Table 5.10 Seismic performance of system E
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Figure 5.16 (a), (b), (c) Deviations in terms of max Drift , residual Drift and Ugemana/Kcapacity
between bridge’s pier and system E (longitudinal direction)

ud < uc | max Drift (m) Driftres(m) udemand ud/uc
max 0.02 0.04 1.70 0.15
average 0.00 0.01 0.53 0.05

Table 5.11 Deviations between bridge’s pier and system E
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SEISMIC PERFORMANCE

max Drift (m) maxDrift ratio (%) Drift res (m) Drift res ratio(%) udemand ud/uc
JMA_090 0.10 1.15 0.02 0.27 13.34 1.17
MNSA 0.01 0.16 0.00 0.03 0.25 0.02
KALAMATA 0.05 0.60 0.01 0.12 4.30 0.38
TCUB8NS 0.06 0.63 0.00 0.05 4.60 0.40
SYLMAR_360 0.08 0.88 0.02 0.27 6.08 0.53
JMA_000 0.14 1.61 0.06 0.63 18.12 1.59
TAKARAZUKA_090 0.06 0.73 0.01 0.08 5.76 0.51
PYRGOS 0.02 0.25 0.00 0.04 0.57 0.05
AEGIO 0.05 0.54 0.02 0.26 3.02 0.26
LEFKADA_2003 0.05 0.53 0.01 0.07 6.37 0.56
LEFKADA_1973 0.06 0.71 0.01 0.14 4.70 0.41
TCUS2EW 0.05 0.52 0.00 0.01 3.43 0.30
TCU52NS 0.11 1.20 0.03 0.29 13.92 1.22
TCUGSEW 0.08 0.95 0.01 0.11 7.04 0.62
RINALDI_318 0.06 0.73 0.02 0.23 6.84 0.60
JENSEN_022 0.09 0.97 0.00 0.02 12.46 1.09
SYLMAR_090 0.09 1.02 0.02 0.26 11.69 1.03
DUZE_000 0.04 0.50 0.01 0.12 3.45 0.30
YARIMCA_060 0.07 0.78 0.01 0.10 9.21 0.81
YARIMCA_330 0.04 0.46 0.01 0.11 2.70 0.24
SAKARYA 0.05 0.55 0.00 0.03 4.05 0.36
LUCERNE_000 0.04 0.43 0.00 0.01 2.47 0.22
IV#04_140 0.04 0.46 0.00 0.03 3.72 0.33
IV#04_230 0.08 0.93 0.02 0.17 7.78 0.68
DUCE_090 0.09 1.04 0.01 0.16 9.86 0.86

Table 5.12 Seismic performance of pier of bridge AO1_TE20 in transverse direction
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Figure 5.17 Five systems examined

149




5.0 -

4.0 A

3.0 1

Force (MN)

1.0 A1

0.0 <

=== Bridge pier
— System A

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Displacement (m)

Figure 5.18 Force-Displacement curve from Pushover analysis for Bridge Pier and System A

SEISMIC PERFORMANCE
max Drift (m) maxDrift ratio (%) Drift res (m) Drift res ratio(%) udemand pd/uc
JMA_090 0.09 1.03 0.07 0.85 9.08 0.80
MNSA 0.03 0.36 0.01 0.11 0.58 0.05
KALAMATA 0.08 0.94 0.08 0.93 5.02 0.44
TCUG8NS 8.69 98.70 8.60 97.78 6130.60 537.77
SYLMAR_360 0.12 1.40 0.07 0.79 8.09 0.71
JMA_000 0.08 0.92 0.08 0.87 10.28 0.90
TAKARAZUKA_090 0.12 1.32 0.09 1.01 12.05 1.06
PYRGOS 0.02 0.24 0.01 0.08 0.33 0.03
AEGIO 0.05 0.59 0.00 0.02 0.98 0.09
LEFKADA_2003 0.74 8.39 0.74 8.39 90.85 7.97
LEFKADA_1973 0.06 0.70 0.02 0.23 3.28 0.29
TCUS52EW 8.69 98.70 7.91 89.93 5938.66 520.94
TCU52NS 8.68 98.69 8.67 98.52 6031.81 529.11
TCUGSEW 8.68 98.69 7.82 88.87 5993.58 525.75
RINALDI_318 0.16 1.84 0.16 1.84 19.05 1.67
JENSEN_022 8.69 98.70 6.46 73.45 4380.22 384.23
SYLMAR_090 0.11 1.27 0.09 0.99 10.30 0.90
DUZE_000 0.06 0.64 0.01 0.14 5.67 0.50
YARIMCA_060 8.69 98.69 8.04 91.34 5924.78 519.72
YARIMCA_330 0.09 1.00 0.08 0.93 5.41 0.47
SAKARYA 0.10 1.13 0.08 0.94 10.62 0.93
LUCERNE_000 0.06 0.63 0.04 0.50 4,78 0.42
IV#04_140 0.06 0.72 0.02 0.21 3.31 0.29
1V#04_230 8.68 98.69 2.69 30.61 6045.00 530.26
DUCE_090 0.17 1.95 0.17 1.95 21.67 1.90

Table 5.13 Seismic performance of system A
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Figure 5.19 (a), (b), (c) Deviations in terms of max Drift , residual Drift and Ugemanda/Hcapacity
between bridge’s pier and system A (transverse direction)

ud < uc max Drift (m) Driftres(m)  udemand ud/uc
max 8.64 8.64 6126.01 537.37
average 2.46 2.07 1621.42 142.23

Table 5.14 Deviations between bridge’s pier and system A
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Figure 5.20 Force-Displacement curve from Pushover analysis for Bridge Pier and System B

SEISMIC PERFORMANCE

max Drift (m) maxDrift ratio (%) Driftres (m) Driftres ratio(%) updemand ud/uc
JMA_090 0.07 0.83 0.00 0.02 5.75 0.50
MNSA 0.03 0.31 0.02 0.17 0.51 0.04
KALAMATA 0.06 0.72 0.04 0.46 2.67 0.23
TCUG8NS 0.28 3.19 0.01 0.06 36.90 3.24
SYLMAR_360 0.12 1.37 0.00 0.05 18.40 1.61
JMA_000 0.09 0.98 0.00 0.02 12.01 1.05
TAKARAZUKA_090 0.15 1.69 0.04 0.45 17.25 1.51
PYRGOS 0.02 0.25 0.00 0.00 0.32 0.03
AEGIO 0.05 0.58 0.02 0.17 0.95 0.08
LEFKADA_2003 0.09 1.00 0.03 0.30 8.26 0.72
LEFKADA_1973 0.06 0.70 0.00 0.02 3.33 0.29
TCUS52EW 0.48 5.43 0.01 0.12 61.05 5.36
TCU52NS 0.37 4.22 0.03 0.32 45.27 3.97
TCUGSEW 0.35 4.00 0.01 0.12 46.28 4.06
RINALDI_318 0.13 1.44 0.03 0.30 14.72 1.29
JENSEN_022 0.15 1.68 0.01 0.08 21.82 191
SYLMAR_090 0.10 1.09 0.04 0.45 7.40 0.65
DUZE_000 0.06 0.67 0.01 0.09 6.01 0.53
YARIMCA_060 0.24 2.74 0.02 0.22 27.47 2.41
YARIMCA_330 0.08 0.96 0.03 0.32 4.69 0.41
SAKARYA 0.10 1.10 0.01 0.07 9.93 0.87
LUCERNE_000 0.06 0.68 0.01 0.08 4.97 0.44
IV#04_140 0.05 0.59 0.00 0.01 2.70 0.24
1V#04_230 0.45 5.15 0.00 0.00 57.39 5.03
DUCE_090 0.10 1.10 0.00 0.00 10.89 0.95

Table 5.15 Seismic performance of system B
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Figure 5.21 (a), (b), (c) Deviations in terms of max Drift , residual Drift and Ugemand/Ucapacity
between bridge’s pier and system B (transverse direction)

ud < uc max Drift (m) Drift res (m) udemand ud/uc
max 0.43 0.03 57.62 5.05
average 0.09 0.01 11.96 1.05

Table 5.16 Deviations between bridge’s pier and system B

—\ 000 /
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Figure 5.22 Actual position of bearings
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Figure 5.23 Rotational Pushover Moment- Figure 5.24 Force-Displacement curve from

Angle curve Pushover analysis for Bridge Pier and System C
SEISMIC PERFORMANCE
max Drift (m) maxDrift ratio (%) Drift res (m) Driftres ratio(%) updemand ud/uc
JMA_090 0.11 1.26 0.04 0.41 14.47 1.27
MNSA 0.01 0.15 0.00 0.02 0.25 0.02
KALAMATA 0.07 0.82 0.02 0.18 6.55 0.57
TCUB8NS 0.04 0.43 0.02 0.22 3.38 0.30
SYLMAR_360 0.07 0.76 0.02 0.27 5.47 0.48
JMA_000 0.17 1.94 0.10 1.08 21.85 1.92
TAKARAZUKA_090 0.05 0.56 0.00 0.05 4,52 0.40
PYRGOS 0.03 0.33 0.01 0.09 1.18 0.10
AEGIO 0.05 0.62 0.00 0.04 3.86 0.34
LEFKADA_2003 0.05 0.62 0.01 0.12 6.40 0.56
LEFKADA_1973 0.07 0.74 0.00 0.04 4.96 0.43
TCUS2EW 0.04 0.48 0.01 0.11 2.71 0.24
TCU52NS 0.09 0.99 0.02 0.24 10.75 0.94
TCUBSEW 0.08 0.87 0.01 0.07 6.04 0.53
RINALDI_318 0.06 0.64 0.01 0.07 6.19 0.54
JENSEN_022 0.08 0.93 0.00 0.05 11.56 1.01
SYLMAR_090 0.05 0.60 0.00 0.05 5.68 0.50
DUZE_000 0.05 0.54 0.00 0.02 3.29 0.29
YARIMCA_060 0.08 0.92 0.02 0.20 11.03 0.97
YARIMCA_330 0.03 0.36 0.00 0.04 1.58 0.14
SAKARYA 0.04 0.47 0.01 0.15 2.68 0.24
LUCERNE_000 0.04 0.46 0.01 0.13 1.97 0.17
IV#04_140 0.04 0.50 0.01 0.09 1.91 0.17
IV#04_230 0.06 0.72 0.01 0.15 5.29 0.46
DUCE_090 0.08 0.87 0.02 0.18 7.54 0.66

Table 5.17 Seismic performance of system C
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Figure 5.25 (a), (b), (c) Deviations in terms of max Drift , residual Drift and Ugemana/Hcapacity
between bridge’s pier and system C (transverse direction)

ud < uc max Drift (m) Drift res (m) udemand ud/uc
max 0.04 0.02 6.01 0.53
average 0.01 0.01 1.37 0.12

Table 5.18 Deviations between bridge’s pier and system C
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Figure 5.26 Force-Displacement curve from Pushover analysis for Bridge Pier and System D

SEISMIC PERFORMANCE

max Drift (m) maxDrift ratio (%) Drift res (m) Drift res ratio(%) udemand ud/uc
JMA_090 0.10 1.17 0.02 0.26 13.54 1.19
MNSA 0.01 0.15 0.00 0.02 0.25 0.02
KALAMATA 0.07 0.79 0.01 0.17 6.15 0.54
TCUG8NS 0.04 0.47 0.01 0.09 2.84 0.25
SYLMAR_360 0.08 0.86 0.02 0.27 7.32 0.64
JMA_000 0.16 1.78 0.00 0.04 19.99 1.75
TAKARAZUKA_090 0.06 0.71 0.00 0.03 5.66 0.50
PYRGOS 0.03 0.32 0.01 0.16 0.89 0.08
AEGIO 0.05 0.62 0.01 0.08 3.93 0.34
LEFKADA_2003 0.05 0.57 0.00 0.05 7.29 0.64
LEFKADA_1973 0.07 0.77 0.01 0.13 5.43 0.48
TCU52EW 0.04 0.46 0.01 0.16 3.13 0.27
TCU52NS 0.10 1.17 0.03 0.34 13.26 1.16
TCUGSEW 0.08 0.89 0.00 0.02 6.35 0.56
RINALDI_318 0.06 0.72 0.01 0.12 7.16 0.63
JENSEN_022 0.10 1.18 0.01 0.13 15.46 1.36
SYLMAR_090 0.09 1.01 0.02 0.27 11.88 1.04
DUZE_000 0.05 0.53 0.00 0.04 3.78 0.33
YARIMCA_060 0.08 0.92 0.01 0.12 10.84 0.95
YARIMCA_330 0.04 0.47 0.00 0.05 2.83 0.25
SAKARYA 0.04 0.50 0.01 0.12 3.88 0.34
LUCERNE_000 0.04 0.48 0.00 0.03 3.06 0.27
IV#04_140 0.05 0.53 0.00 0.01 2.84 0.25
IV#04_230 0.08 0.91 0.02 0.23 7.66 0.67
DUCE_090 0.09 1.00 0.01 0.12 9.31 0.82

Table 5.19 Seismic performance of system D
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Figure 5.27 (a), (b), (c) Deviations in terms of max Drift , residual Drift and Ugemana/Hcapacity etween bridge’s pier

and system D (transverse direction)

ud <uc | max Drift (m) Drift res (m) udemand ud/uc
max 0.02 0.02 1.85 0.16
average 0.01 0.01 0.68 0.06

Table 5.20 Deviations between bridge’s pier and system D
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SEISMIC PERFORMANCE

max Drift (m) maxDrift ratio (%) Driftres (m) Driftres ratio(%) updemand ud/uc
JMA_090 0.10 1.18 0.02 0.26 13.57 1.19
MNSA 0.01 0.15 0.00 0.02 0.25 0.02
KALAMATA 0.07 0.79 0.02 0.17 6.19 0.54
TCUG8NS 0.04 0.47 0.01 0.09 2.84 0.25
SYLMAR_360 0.08 0.86 0.02 0.27 7.32 0.64
JMA_000 0.16 1.77 0.00 0.04 19.94 1.75
TAKARAZUKA_090 0.06 0.72 0.00 0.04 5.74 0.50
PYRGOS 0.03 0.32 0.01 0.16 0.89 0.08
AEGIO 0.05 0.62 0.01 0.08 3.93 0.34
LEFKADA_2003 0.05 0.57 0.00 0.05 7.36 0.65
LEFKADA_1973 0.07 0.77 0.01 0.12 5.43 0.48
TCUS2EW 0.04 0.46 0.01 0.16 3.13 0.27
TCUS52NS 0.10 1.17 0.03 0.34 13.27 1.16
TCUGSEW 0.08 0.90 0.00 0.02 6.35 0.56
RINALDI_318 0.06 0.72 0.01 0.12 7.16 0.63
JENSEN_022 0.10 1.18 0.01 0.13 15.45 1.36
SYLMAR_090 0.09 1.01 0.02 0.28 11.88 1.04
DUZE_000 0.05 0.53 0.00 0.04 3.76 0.33
YARIMCA_060 0.08 0.93 0.01 0.12 11.02 0.97
YARIMCA_330 0.04 0.48 0.00 0.04 2.84 0.25
SAKARYA 0.04 0.50 0.01 0.12 3.87 0.34
LUCERNE_000 0.04 0.48 0.00 0.03 3.06 0.27
IV#04_140 0.05 0.53 0.00 0.00 2.81 0.25
1IV#04_230 0.08 0.91 0.02 0.23 7.65 0.67
DUCE_090 0.09 1.00 0.01 0.12 9.31 0.82

Table 5.21 Seismic performance of system E
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Figure 5.30 (a), (b), (c) Deviations in terms of max Drift , residual Drift and Ugemand/Kcapacity
between bridge’s pier and system E (transverse direction)

ud<uc | max Drift (m) Drift res (m) udemand ud/uc
max 0.02 0.02 1.89 0.17
average 0.01 0.01 0.69 0.06

Table 5.22 Deviations between bridge’s pier and system E
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Figure 5.31 (a),(b) Systems compared in ABAQUS code in longitudinal direction (c)
Deformed shape for Takarazuka_000 record
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Development of 3D Model - Effect of Soil-Structure Interaction

6.1 Development of 3D model

In the previous chapter the impact of the various components of a bridge on its seismic
performance was examined and simple models were developed to describe the seismic
performance of a whole bridge both in longitudinal and transverse direction. However in all the
previous analyses the base of the piers was considered fixed so as the connection of the bearings to
the abutments. In this way the effect of soil-structure interaction (SSI) was ignored so as the impact
of the retaining walls and the embankments at the abutments to the performance of the whole
bridge system. In this chapter a three-dimensional analytical model of the whole bridge system
(soil, footings, piers, deck, bearings, retaining walls, access embankments) is generated (Figure 6.1)
in order to examine the effect of the previous factors and to develop if necessary new simple

models that take into account all the above.

6.1.1 Modeling bridge’s deck and piers

The bridge selected was the AO1_TE20 bridge of the Greek Metropolitan Motorway “ATTIKI ODOS”
the same that was used at the previous analyses in order to compare the results. The reason that
led to this choice at the first place was that it is a simple and at the same time common case. Its
simplicity lies in the symmetry of the bridge and the circular section of the piers. Also each pier
consists of a single column which is monolithically connected to the deck while there are bearings

at the abutments. The model of the bridge used is the same and is described in detail at chapter 5.

6.1.2 Modeling bridge’s footings

Unlike the approach of chapter 5 that the base of the bridge’s piers is considered fixed, in this
chapter the soil-foundation system is taken into account. The piers of the bridge are connected at

their base to a shallow foundation. More specific a square footing of 8 m width and 2 m height is
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considered for the base of each pier which was taken from the examined bridge plans. The footings
of the piers are modeled in the finite element code ABAQUS using elastic (8-node) continuum

elements (C3D8) and are shown in Figure 6.2 (c).

6.1.3 Modeling retaining walls at the abutments

The abutments of the bridge system consist of retaining walls that retain the access embankments,
the exact dimensions of which were taken from the examined bridge plans. More specific each wall
is of 9 m height and 1.5 m thickness. It is also connected to two side walls of 0.6 m thickness that
retain the sides of the embankment. In addition each wall is founded on a rectangular footing of 7
m x 10.4 m and 1.5 m height. Both the retaining walls of the abutments and their footings are
modeled in the finite element code ABAQUS using elastic (8-node) continuum elements (C3D8) and
are shown in Figure 6.2 (b). The only component of the constructed bridge of Attiki Odos that has
not been modeled is the stoppers at the abutments. The reason for this choice is that their impact
on the seismic performance of the bridge is dominant and as a result the effect of the rest

structural components cannot be examined properly.

6.1.4 Modeling subject soil and embankments

The main objective of this chapter is to examine the effect of soil-structure interaction on the
seismic performance of a certain bridge. As a result it is necessary to model the soil subject to the
bridge as well as the soil of the embankments at its abutments. For this purpose an idealized
homogeneous 20 m stiff clay layer, of undrained shear strength Su=150 kPa is used which is
representative soil conditions for which a surface foundation would be a realistic solution. The
properties of the soil used are shown on Figure 6.3. The same stiff clay is also used for the
embankments, which is not a very realistic approach but it is not of great importance for our
purpose. The subject soil and the soil of the embankments are modeled in the finite element code

ABAQUS using nonlinear (8-node) continuum elements (C3D8) and are shown in Figure 6.2 (a).
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Development of 3D Model - Effect of Soil-Structure Interaction

e Soil behavior

Soil behavior is modeled through a nonlinear kinematic hardening constitutive model, with a Von
Mises failure criterion and associated plastic flow rule (Anastasopoulos et al., 2011). According to

the Von Mises failure criterion, the evolution of stresses is described by the relation:
oc=0y+a (1)

where g, is the value of stress at zero plastic strain, assumed to remain constant. The parameter a
is the “backstress”, which defines the kinematic evolution of the yield surface in the stress space.
An associated plastic flow rule is assumed:

:pl ~Dpl oF

gt =g — (2)

do
pl . . . . ~pl .

where éP! is the plastic flow rate (obtained through the equivalent plastic work), € the equivalent

plastic strain rate, and F a function defining the pressure-independent yield surface:
F=f(c—a)—o, (3)

The evolution law of the model consists of two components: a nonlinear kinematic hardening
component, which describes the translation of the yield surface in the stress space (defined
through the backstress a), and an isotropic hardening component, which describes the change of
the equivalent stress defining the size of the yield surface g, as a function of plastic deformation.
The kinematic hardening component is defined as an additive combination of a purely kinematic
term (linear Ziegler hardening law) and a relaxation term (the recall term), which introduces the

nonlinearity. The evolution of the kinematic component of the yield stress is described as follows:
. 1
a= Ca—(a—a) —ya (4)
0

where C the initial kinematic hardening modulus (C =0y/£y = E) and y a parameter that
determines the rate at which the kinematic hardening decreases with increasing plastic
deformation. The evolution of the kinematic and the isotropic hardening components is illustrated

in Figures 6.4 (a), (b) and c for unidirectional and multiaxial loading, respectively. The evolution law
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for the kinematic hardening component implies that the backstress is contained within a cylinder of

/2 — |2¢
gas—\/;y (5)

where a® is the magnitude of « at saturation. Since the yield surface remains bounded, this implies

radius:

that any stress point must lie within a cylinder of radius /2/3 o,,. At large plastic strains, any stress

point is contained within a cylinder of radius /2/3 (a® + 6°) where ¢° is the equivalent stress
defining the size of the yield surface at large plastic strain. The maximum vyield stress (at saturation)

is:
Cc
o, =—++ 0 6
y y 0 ()

According to the Von Mises yield criterion this ultimate stress is:
oy, =V3S, ()

From Egs. 6 and 7 we have:

‘y_\/gsu_o_o ( )

Model parameters are calibrated (Anastasopoulos et al., 2011) to fit published G—y curves of the
literature, following the procedure described in Gerolymos & Gazetas (2005). Figure 6.4 (c)
illustrates the validation of the kinematic hardening model (through simple shear finite element

analysis) against published G—y curves by Ishibashi and Zhang (1993).

e Mesh of the soil model

The final 3D model of the subject soil is of 155 m length, 40 m width and 20 m depth. The soil
model is divided into three volumes: The first volume is a very fine mesh under both footings of 16
m (2B) length and width and 20 m (2.5B) depth, where B is the width of the footing. The elements

of this volume are of 0.8 m length and width and 1 m height for the upper 10 m depth of the soil
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model and of 2 m height for the rest 10 m depth of the first volume. The second volume is an also
very fine mesh under the two embankments of the abutments of 37 m length, 16 m width and 20 m
depth. The elements of this volume are of 1 m length, 0.92 m width and 1 m height for the upper
10 m depth of the soil model and of 2 m height for the rest 10 m depth of the second volume. The
third volume contains the rest of the subject soil model and consists of cubic elements of 2 m
length, width and height. As far as the soil of the embankments is concerned, a 3D soil model is also
generated in the finite element code ABAQUS of 30 m length, 9.2 m width and 10.5 m depth for
each embankment. The elements of this model are of 1 m length, 0.92 m width and 1 m height. The
whole 3D soil model as generated in ABAQUS consists of about 50000 elements and is shown in

figure 6.1.

e Boundaries of the soil model

The boundaries of the soil model are placed far enough from the bridge model in order not to
affect the results of the analysis. In particular “free-field” boundaries responding as shear beams
are placed at each lateral boundary of the subject soil model and of the embankments, to
reproduce free-field conditions. In addition reflections at the base of the formation are avoided by
utilizing absorbing boundaries. More specific dashpots are placed under the base of the soil model

which damping coefficient is calculated by the following equation:

Chase = P ¥ A*Vs

assuming the following parameters:

o p=1.6 Mgr/m3, the density of the clay layer
o A, the area of each element of the base

o Vs=255m/s, the shear wave velocity

Due to the fact that for the calculation of the damping coefficient of the dashpot you need to know
the area of each element of the base, two different kind of dashpots are used, one for the very fine
mesh where the area of each element of the base is A=0.64 m? and one for the rest of the soil base

where the area of each element is A=4 m?. The kind of dashpots used are node to node ones and
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are connected to the nodes of the soil base and to some extra nodes defined which are placed 1 m
lower from the soil base. All degree of freedoms of the latter are fixed, while at the nodes of the
soil base only the vertical displacement degree of freedom is fixed. The seismic excitation is

imposed at the fixed nodes of the dashpots of the soil base.

¢ Soil-footing and retaining wall-embankment interfaces

At the soil-footing and retaining wall-embankment interfaces contact elements are placed. The
coefficient of friction at these interfaces is u=0.7 that allows only small sliding of the foundation

and the wall.

6.2 Effect of soil-structure interaction

6.2.1 Seismic performance of 3D model

The seismic performance of the 3D model of the entire bridge-soil system as developed in the finite
element code ABAQUS was tested under nonlinear dynamic time history analysis using 3 real
earthquake records: One of low intensity (Aegio record), one of moderate intensity (Lefkada_2003
record) and one severe earthquake excitation (Rinaldi_228 record). The 3D model was tested in
both longitudinal and transverse direction. The results of the seismic performance of the different

components of the 3D model are presented below for the Rinaldi_228 record in both directions.

e Soil amplification

There are two alternative ways to impose the seismic excitation. The first is to consider a fixed soil
base (bedrock) and impose the seismic excitation there. The second is to consider dashpots at the
soil base and to impose the seismic excitation at the fixed nodes of the dashpots below the soil
base. The acceleration time histories for the Aegio record for both considerations at the fixed base
and at the surface of the soil layer are presented in Figures 6.5 (a), (b), (c), (d) for both longitudinal

and transverse direction. From the comparison of the two alternatives it is concluded that the most
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realistic approach is the one with the dashpots at the soil base so this is the one that is finally used.
In addition from the comparison of the acceleration time histories for the Rinaldi_228 record at the
surface of the subject soil and the surface of the embankment that is shown in Figures 6.6 (a), (b),

the additional soil amplification is obvious.

o Effect of SSI in the natural period of the bridge

In the previous chapter the base of bridge’s piers so as the connections of the bearings at the
abutments were considered fixed. The natural period of the bridge system with the fixed base
consideration is T=0.55 sec in the longitudinal direction and T=0.66 sec in the transverse. However
taking into account the soil-structure interaction it increases to T=0.69 sec in the longitudinal
direction and to T=0.78 sec in the transverse. The natural period of the bridge considering soil-

structure interaction can be calculated using the equation:

KStT KStT

+

H?2
Kn — Kg

Tss = Tfixed 1+

assuming the following parameters:
0 Trixeq: the natural period of the superstructure with the fixed base consideration
o K, the stiffness of the superstructure
o Kjy: the stiffness of the horizontal spring that replaces the soil-foundation system
o Kj: the stiffness of the rotational spring that replaces the soil-foundation system

o H:the height of the superstructure

e Seismic performance of soil-foundation system

The seismic performance of the whole bridge system depends greatly on the seismic performance
of the soil-foundation system. In this case each pier of the bridge is connected at its base to a
square footing of 8 m width which is designed according to the provisions of the Greek Code for

Reinforced Concrete (EKQZ, 2000). The factor of safety (Fs) of the particular soil-footing system
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against vertical loading is Fs=6.7. Its seismic performance for the Rinaldi_228 record in both
directions is described by the Moment-Rotation and Settlement-Rotation curves that are shown in
Figures 6.7 (a), (b) , 6.8 (a), (b). These curves refer to the center point of the soil-footing interface.
In addition from the relative horizontal displacement time histories between the footing and the
soil that are shown in Figures 6.7 (c), 6.8 (c) for both directions, it is obvious that there is practically

no sliding of the footing.

e Seismic performance of retaining walls

Each abutment of the 3D bridge-soil model consists of a retaining wall that retains the access
embankment. One of the key objectives of this chapter is to examine the effect of the seismic
performance of the retaining wall to the performance of the whole bridge system. The seismic
performance of each retaining wall for the Rinaldi_228 record in both directions is described by the
Settlement-Rotation curves that are shown in Figures 6.9(a), 6.10(a). These curves refer to the
center point of the subject soil - retaining wall interface. In addition the relative horizontal
displacement time histories between the wall and the deck of the bridge in both directions are
shown in Figures 6.9(b), 6.10(b). From these curves it is concluded that both retaining walls don’t
have significant displacements in comparison to the deck, so the consideration of fixed abutments

is a logical and realistic approach.

e Seismic performance of superstructure

The present thesis focuses mainly on the structural damage of the superstructure. For this reason
great emphasis is given to the seismic performance of the bridge and its components (deck, piers
and bearings). The performance of bridge’s piers is described for the Rinaldi_228 record in both
directions by the Moment-Curvature curve at the base of each pier and the Relative Displacement
time histories at the top of each pier, which are shown in Figures 6.11, 6.12. In these figures it is
also shown the drift limit at which the stoppers of the bridge at the abutments begin to affect its
seismic performance. The structural damage of the piers is expressed in terms of Maximum Drift,

Hdemand

Residual Drift and in terms of ductility which can be extruded from the above curves.

Hcapacity

These values for the Rinaldi_228 record and for both piers and directions are presented in Table
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6.1. The deck’s seismic performance for the same record in both directions is described by the
Moment curves at the time of maximum drift, which are presented in Figures 6.13 (a) and (b), while
the performance of the bearings is described by the Relative Displacement time histories of the

truss elements that represent the bearings and are shown in Figures 6.13 (c) and (d).

e Contact pressures at the retaining wall-embankment interface

The contact pressure time histories at each retaining wall-embankment interface and at different
heights for the Rinaldi_228 record in the longitudinal direction are presented in Figure 6.14. These
curves refer to the center point of the wall-embankment interface. From the above curves it is
obvious that the soil of the abutment is cohesive (clay) as at certain moments and heights the
contact pressures drop to zero, which means that the contact between the soil of the embankment
and the wall is lost. This is a classic cohesive soil behavior. If the soil of the embankment was sand
(noncohesive soil) then these zero values would be less and would appear mainly at the highest
points of the interface (top of the wall) as the sand “follows” the movement of the wall and “fills”
the gaps. From the above curves it is also obvious that the two retaining wall-embankment systems
at the abutments of the bridge perform different during the earthquake. The observed differences
are expected due to the fact that the seismic excitation is imposed in the horizontal direction and
as a result the soil layer behind the wall develops passive earth pressure in one abutment and at

the same time active earth pressure at the other.

6.2.2 Comparison between fixed base simple models and complete 3D model

Effect of soil-structure interaction

In the 5% chapter simple models were developed for both longitudinal and transverse directions
that have similar seismic performance to the entire 3D bridge system with the consideration of
fixed base conditions. So in this chapter in order to examine the effect of soil-structure interaction
the seismic performance of the entire 3D bridge-soil model is compared directly to these simple
models and not to the whole 3D bridge system. More specific the simple model that was proven to

be the most accurate approach of the 3D bridge model in each direction is chosen to be compared
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to the complete 3D bridge-soil model. In both longitudinal and transverse directions the simple
model consists of a rotational spring, a rotational dashpot, a horizontal spring and a horizontal
dashpot at the top of the pier (8.8m height) that represent the stiffness and the damping of the

deck and the stiffness and the damping of the bearings at the abutments as well.

Both the simple models and the complete 3D model were tested under nonlinear time history
analysis using three real earthquake records: One of low intensity (Aegio record), one of moderate
intensity (Lefkada_2003 record) and one severe earthquake excitation (Rinaldi_228 record). The
seismic excitation imposed at the fixed base of the simple models is the acceleration time history at
the surface of the soil as resulted from the analysis of the complete model. Finally the same input
acceleration time history is imposed to both the base of the pier and the fixed node of the
horizontal spring and dashpot. In this way the abutments of the bridge are considered fixed. This is
a logical assumption, as explained before, due to the fact that the retaining walls don’t have
significant displacements in comparison to the deck of the bridge.

As shown in Figures 6.11, 6.12 in the complete model both piers have the same seismic
performance in terms of Relative Displacement time history at the top of the pier and Moment-
Curvature curve at the base of the pier. So one of them is selected and compared to the simple
model. The results of the analysis and the comparison between the simple fixed base model and

the complete one in each direction are presented below.

e Longitudinal direction

The seismic performance of both the complete model and the simple one is described by the
Relative Displacement time histories at the top of the pier and the Moment-Curvature curves at the
base of the pier. The above curves for each earthquake record and for both models are presented
in Figures 6.15, 6.16. Structural damage of the piers is expressed in terms of Maximum Drift,

Hdemand

Residual Drift and in terms of ductility which are extruded from the above curves. These

Hcapacity
values for each earthquake record and for both models are shown in Table 6.2. In this case for the 2

of the 3 records that demanded less ductility than the capacity of the system, the maximum

deviation observed in terms ofﬁdeﬂ is 27%, while the average deviation is 19%.
capacity
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e Transverse direction

The seismic performance of both the complete model and the simple one in the transverse
direction is also described by the Relative Displacement time histories at the top of the pier and the
Moment-Curvature curves at the base of the pier. The above curves for each earthquake record

and for both models are presented in Figures 6.17, 6.18. Structural damage of the piers is expressed

Hdemand

in terms of Maximum Drift, Residual Drift and in terms of ductility which are extruded

Hcapacity
from the above curves. These values for each earthquake record and for both models are shown in

Table 6.3. In this case for the 2 of the 3 records that demanded less ductility than the capacity of

the system, the maximum deviation observed in terms of Ll‘ieﬂ is 15%, while the average
capacity

deviation is 9%.

e Effect of soil-structure interaction

From the comparison of the fixed base simple model with the complete 3D bridge-soil model in
both directions it can be concluded that the effect of soil-structure interaction in the structural
damage of the piers and in general in the seismic performance of the superstructure is important
and cannot be ignored. More specific it is observed that its effect is beneficial for the
superstructure in comparison to the fixed base approach, as it reduces the structural damage of the
piers and the ductility demanded by the earthquake. Therefore the following step is to extend the
previous simple models in each direction in order to take into account the soil-structure interaction

by using springs and dashpots to replace the soil-foundation system.

6.2.3 Use of linear elastic springs and dashpots to consider SSI

The simplest way to take into account the soil-structure interaction is to replace the soil-foundation
system by using linear elastic springs and dashpots (Gazetas, 1983). More specific at the base of the
simple model horizontal, vertical and rotational springs and dashpots are added to represent the

horizontal, vertical and rotational stiffness and damping of the soil-foundation system.
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The stiffness of the vertical linear elastic spring is calculated by the following equation (Gazetas,
1983):
4.54Gb

K., =
v 1—v

assuming the following parameters:

e G=103846 KPa, the shear modulus of elasticity of the soil
e b=B/2=4m, where B is the width of the footing

e v=0.3, the Poisson’s ratio

The damping coefficient of the vertical dashpot is calculated by the following equation (Gazetas,
1983):
2Ky ¢
v =

w

assuming the following parameters:

e K;=2694066 KN/m, as calculated using the previous equation
[ ] E:S%
o w=2m/Tss;, Where Tsg; is the natural period of the bridge system in the examined

direction considering SSI

The stiffness of the horizontal linear elastic spring is calculated by the following equation (Gazetas,
1983):

_9Gb
H™=9 vy

assuming the following parameters:

e (G=103846 KPa, the shear modulus of elasticity of the soil
e b=B/2=4m, where B is the width of the footing

e v=0.3, the Poisson’s ratio
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The damping coefficient of the horizontal dashpot is calculated by the following equation (Gazetas,
1983):

| 2Kyé

H =

w

assuming the following parameters:

e K;=2199095 KN/m, as calculated using the previous equation
o &=5%
o w=2m/Tss;, Where Tsg; is the natural period of the bridge system in the examined
direction considering SSI
The stiffness of the rotational linear elastic spring is calculated by the following equation (Gazetas,
1983):

_ 3.65Gb°

R 1—v

assuming the following parameters:

e (G=103846 KPa, the shear modulus of elasticity of the soil
e b=B/2=4m, where B is the width of the footing

e v=0.3, the Poisson’s ratio

The damping coefficient of the rotational dashpot is calculated by the following equation (Gazetas,
1983):
2Kpé

C
R w

assuming the following parameters:

e Kr=34654945 KNm/rad, as calculated using the previous equation
o (=5%
o w = 2m/Tss;, Where Tsq; is the natural period of the bridge system in the examined

direction considering SSI
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Due to the change in the natural period of the bridge system considering soil-structure interaction,
the damping coefficients of the dashpots that are used in the simple model to represent the

different components of the superstructure are also changed.

Both the new simple models and the complete 3D model are tested in both directions under
nonlinear time history analysis using the same three real earthquake records. The seismic excitation
is imposed at the fixed nodes of the springs and the dashpots that replace the soil-foundation
system and the fixed node of the horizontal spring and dashpot that represents the stiffness and
damping of the bearings. The input seismic excitation is again the acceleration time history at the
surface of the soil as resulted from the analysis of the complete model. The results of the analysis
and the comparison between the simple model and the complete one in each direction are

presented below.

¢ Longitudinal direction

The seismic performance of both the complete model and the simple one is described by the
Rotation time histories of the footing, the Relative Displacement time histories at the top of the
pier and the Moment-Curvature curves at the base of the pier. The above curves for each

earthquake record and for both models are presented in Figures 6.19, 6.20. Structural damage of

the piers is expressed in terms of Maximum Drift, Residual Drift and in terms of ductility Ldemand

Hcapacity
which are extruded from the above curves. These values for each earthquake record and for both

models are shown in Table 6.4. In this case for the 2 of the 3 records that demanded less ductility

than the capacity of the system, the maximum deviation observed in terms of :j‘ieﬂ is 18%, while
capacity

the average deviation is 12%. The maximum deviation is 9% less than the fixed base approach,
while the average is 7% less.

e Transverse direction

The seismic performance of both the complete model and the simple one in the transverse

direction is also described by the Rotation time histories of the footing, the Relative Displacement
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time histories at the top of the pier and the Moment-Curvature curves at the base of the pier. The
above curves for each earthquake record and for both models are presented in Figures 6.21, 6.22.
Structural damage of the piers is expressed in terms of Maximum Drift, Residual Drift and in terms

Hdemand

of ductility which are extruded from the above curves. These values for each earthquake

HUcapacity
record and for both models are shown in Table 6.5. In this case for the 2 of the 3 records that

demanded less ductility than the capacity of the system, the maximum deviation observed in terms

of :deﬂ is 9%, while the average deviation is 8%. The maximum deviation is 6% less than the
capacity

fixed base approach, while the average is 1% less.

¢ Evaluation of the use of linear elastic springs and dashpots to consider SSI

From the previous analysis it can be concluded that the use of linear elastic springs and dashpots to
replace the soil-foundation system is considered a satisfactory approach for the particular soil-
foundation system and for the purposes of the present thesis. The deviations in the structural
damage of the superstructure between this approach and the analysis of the entire 3D bridge-soil
model are insignificant in comparison to the uncertainties in the properties of the subject soil.
However for the sake of completeness a more accurate approach of replacing the soil-foundation

system with springs and dashpots is considered in the following section.

6.2.4 Combination of linear elastic and nonlinear springs and dashpots to
consider SSI

One more accurate way to take into account the soil-structure interaction is to replace the soil-
foundation system by using a combination of linear elastic and nonlinear springs and dashpots
(Anastasopoulos & Kontoroupi, 2013). More specific at the base of the simple model horizontal,
vertical and rotational springs and dashpots are added to represent the horizontal, vertical and
rotational stiffness and damping of the soil-foundation system as before. The horizontal and
vertical springs and dashpots are considered linear elastic and have the same stiffness and damping

coefficient as in the previous approach, while a nonlinear rotational spring accompanied by a linear
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rotational dashpot is added to the simple model calculated according to the methodology described

in Anastasopoulos & Kontoroupi (2013). The basic steps of this methodology are presented below.

6.2.4.1 Moment-Rotation Relations

To define the necessary relations to implement this methodology, the M- response of the soil-
foundation system is divided in three characteristic phases, which are described in detail in the next
sections: (a) quasi—elastic response (for very small rotation ¢ = 0), (b) plastic response (referring to
the ultimate capacity, for large rotation &) and (c) nonlinear response (which is the intermediate

stage between the quasi-elastic and the plastic phases).
¢ (Quasi-elastic response

The first phase of response refers to very small rotation 9. The effective (secant) rotational stiffness
is a function of ¢ and Fs: Kz = f(6, F). For a given factor of safety Fs, the initial (i.e., for & = 0)

rotational stiffness can be defined as:

KR,O == KR(O, Fs) (1)
As shown in Figure 6.23, for the lightly-loaded (Fs= 10) footing, Kg is very close to the purely

elastic rotational stiffness (Gazetas, 1983):

3.65Gb3
Kretastic = ——— (2)

1-v
where b = B/2, G is the small strain shear modulus of soil, and v the Poisson’s ratio. In stark
contrast, a substantial difference is observed for the heavily-loaded (Fs = 2) footing. This reduction
of Kro is directly related to the initial soil yielding due to the imposed vertical load N (before
application of moment loading). Based on the 3D FE analysis results, Kz, can be (approximately)

expressed as:

1
KR,O = KR,elastic(1 - 0.8 F_S) (3)
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e Plastic response

This phase refers to the ultimate capacity of the footing, and is quite straight-forward to define. As
thoroughly discussed in Gazetas et al. (2012), the failure envelope can be defined as follows (Figure
6.24):

e — 055 (N—“O) (1-—22) (4

N‘IJ.OB Nu N‘LLO

where N,,, is the bearing capacity for purely vertical loading (Meyerhof, 1953; Gourvenec, 2007):

N,, ~ (m + 3)S,B® (5)

e Nonlinear response

This corresponds to the intermediate phase, bridging the gap between the quasi-elastic and plastic
response. If the soil behaved as an ideally elastic—plastic material, there would be no need to
consider this intermediate phase of response, and the previously described solutions would be
enough to completely define the necessary M- relations. However, as revealed by Figure 6.23, the
soil-foundation system exhibits strongly nonlinear response long before reaching its ultimate
capacity. Hence, there is a need for a “connection” between the quasi-elastic and the plastic part of
the M-U relations. This is performed on the basis of 3D FE analysis results, following the
dimensional formulation presented in Kourkoulis et al. (2012a) and Gazetas et al. (2012).

As shown in Figure 6.23, the initiation of the nonlinear phase is a function of Fs. While the lightly-
loaded (Fs = 10) footing starts exhibiting nonlinear response for & = 0.02 x 10-2 rad, in the case of
the heavily-loaded (Fs = 2) nonlinearity becomes observable much later, for ¢ = 0.08 x 10-2 rad. This
difference is due to the vertical load N acting on the foundation, the increase of which tends to
hinder separation and uplifting. In the absence of soil nonlinearity, considering a footing (of any
shape) rocking on elastic half-space, the overturning moment to initiate uplifting would be

(Apostolou & Gazetas, 2007):

NB
Muplift ~ T (6)
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where B is the width of the footing in the direction of rocking. Therefore, the uplifting rotation
Yuplift can be defined as:

NB

Oupiife =~ ———— (7
upllft 4KR,elastic ()

As previously discussed, the initial quasi-elastic rotational stiffness Ky, decreases with the
decrease of Fs due to the increasingly important initial soil yielding (due to the vertical load N,
before application of moment loading). Therefore, when considering soil inelasticity it is reasonable
to assume that the equivalent “uplifting” rotation will be a function of Ky o rather than Ky, ¢4stic-

Hence, combining Eqg. 3 and Eq. 7, a characteristic rotation 6s is defined:

b ~ NB NB @)

~ - 1
4KRo 4KR,elastic(1_0-8§)

As shown in Figure 6.25 (a), 85 can be used to normalize the rotation U, allowing the expression of
the M- relations in non-dimensional form: M,,/S,, B3= f (9/65). Thanks to the normalization of &
with 6s, the shape of the moment—rotation curves is almost identical for all cases examined,
irrespective of Fs. Hence, if we normalize M, /S,, B3 with the moment capacity M,,/S,, B3 of each
curve, the moment-rotation curves of Figure 6.25 (a) “collapse” in the single non-dimensional
curve of Figure 6.25 (b). The latter is simplified further, being approximated by piecewise linear
segments. The resulting non-dimensional M- relation encompasses: (a) a quasi-elastic branch, for
/65 < 1/3; (b) a plastic branch, for /85 > 10; and (c) an intermediate nonlinear branch, for 1/3 <

U/05 < 10, consisting of four segments, as illustrated in Figure 6.25 (b).

6.2.4.2 Damping-Rotation Relations

For the rocking-dominated systems considered herein, the damping comprises three different
components: (a) radiation damping, (b) hysteretic damping, and (c) damping due to impacts. In the
idealized case of elastic soil response (without uplifting or soil inelasticity), radiation is the main
source of damping: waves emanating from the dynamically oscillating foundation disperse to

infinity, “absorbing” energy from the rocking system (Gazetas, 1983). However, when considering
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strongly inelastic response due to material (soil) and geometric nonlinearities (uplifting), radiation
damping is practically negligible compared to hysteretic damping. Under strong seismic shaking,
which is the main target of the proposed simplified method, the fundamental period Tsoil of the
soil layer will be significantly lower than both the predominant period Tp of the earthquake and the
natural period Tn of the rocking system—especially in view of the fact that the latter increases
substantially due to uplifting. As a result, the system will respond below its “cutoff” frequency
(Gazetas, 1983), and radiation damping will be of the order of 1% to 2%. Damping due to impacts is
also considered negligible compared to hysteretic damping, being important only when soil
inelasticity is limited.

Based on the above, emphasis is placed on the hysteretic component of rotational damping. The
latter is computed on the basis of displacement—controlled cyclic pushover analyses, utilizing the
rigorous 3D FE model. The FE analyses are conducted for the previously discussed factors of safety
against vertical loading Fs = 2, 2.5, 3.3, 5, and 10. The rotational damping coefficient is a function of
the effective (secant) rotational stiffness Ky, the hysteretic damping ratio & and a characteristic

frequency w:

2K
Cr = ZE (g

While the effective (secant) stiffness Kg is computed utilizing the previously discussed M-
relations, the hysteretic damping ratio € is computed through the M-8 loops of the cyclic pushover
analyses. For this purpose, the SDOF is subjected to cyclic rotation of increasing amplitude. The

hysteretic damping ratio € is calculated according to its standard definition:

where AE is the area of the M—0 loops, representing the energy consumed during one cycle of
loading, and E is the corresponding elastic energy. As discussed in the sequel, the selection of the
characteristic frequency w is not that straightforward.

The results of the analyses are summarized in Figure 6.26 (a), where the hysteretic damping ratio
is plotted as a function of the dimensionless cyclic rotation amplitude 9/65 and the factor of safety
against vertical loading Fs. As expected, £ increases with the decrease of Fs, since energy dissipation

increases with soil nonlinearity (the area enclosed by the M= loops becomes larger). Exactly for
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the same reason, £ is an increasing function of 9/6s. Exactly the opposite is observed for the
normalized effective (secant) rotational stiffness Kz/Kg c14stic » Which (as also expected) increases
with Fs, while being a decreasing function of 8/6 (Figure 6.26 (b)): the increase of soil inelasticity
leads to a decrease of the secant stiffness. As a result, being the product of Kz and £ (Eq. 10) the
damping coefficient Cy is not that sensitive to §/6s (assuming a constant value of w). As shown in
Figure 6.26 (c), the normalized damping coefficient Cr/Kg e1aseic@w ™" plotted with respect to 9/6s is
a “bell shaped” curve, with its maximum at 9/85 = 1. Interestingly, if we plot CR/KR,elastica)‘l asa
function of the absolute value of & (Figure 6.26 (d)), the maximum is observed for roughly 1073 rad,
for all cases examined. The value of the maximum Cgr/Kg e1ascicw ™" increases with the decrease of

Fs.

As revealed by the derived Cz—0 relations, a nonlinear dashpot would ideally be required.
Nevertheless, since most commercial FE codes accept a single value of Cg, a simplifying
approximation is proposed in order to maintain simplicity. As discussed in the sequel, the numerical
prediction using the simplified model compares well with the results of the rigorous 3D FE model,
when the maximum value of the normalized Cr—0 curve is adopted. Therefore, in terms of a
reasonable simplifying assumption, it is recommended to directly use this value to compute the

necessary Cg as a function of Fs only, as indicated in Figure 6.26 (d).

Following the previous methodology, to the final simple model used in each direction a nonlinear
rotational spring and a linear rotational dashpot are added. The stiffness of the rotational spring is
described by the Moment-Angle curve shown in Figure 6.27 for both directions and for Fs=6.7. As
far as the rotational dashpot is concerned, its damping coefficient is calculated as described in the
previous paragraph. The horizontal and vertical stiffness and damping of the soil-foundation system
is considered with the use of the same linear elastic horizontal and vertical springs and dashpots as

before.

6.2.4.3 Dynamic Analysis

Both the new simple models and the complete 3D model are tested in both directions under

nonlinear time history analysis using the same three real earthquake records. The seismic excitation
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is imposed at the fixed nodes of the springs and the dashpots that replace the soil-foundation
system and the fixed node of the horizontal spring and dashpot that represents the stiffness and
damping of the bearings. The input seismic excitation is again the acceleration time history at the
surface of the soil as resulted from the analysis of the complete model. The results of the analysis
and the comparison between the simple model and the complete one in each direction are

presented below.

¢ Longitudinal direction

The seismic performance of both the complete model and the simple one is described by the
Rotation time histories of the footing, the Relative Displacement time histories at the top of the
pier and the Moment-Curvature curves at the base of the pier. The above curves for each

earthquake record and for both models are presented in Figures 6.28, 6.29. Structural damage of

the piers is expressed in terms of Maximum Drift, Residual Drift and in terms of ductility £demand

Hcapacity
which are extruded from the above curves. These values for each earthquake record and for both

models are shown in Table 6.6. In this case for the 2 of the 3 records that demanded less ductility

than the capacity of the system, the maximum deviation observed in terms of l’:deﬂ is 19%, while
capacity

the average deviation is 13%. These deviations are practically the same with the previous approach

of using the linear elastic springs and dashpots by Gazetas (1983).

e Transverse direction

The seismic performance of both the complete model and the simple one in the transverse
direction is also described by the Rotation time histories of the footing, the Relative Displacement
time histories at the top of the pier and the Moment-Curvature curves at the base of the pier. The
above curves for each earthquake record and for both models are presented in Figures 6.30, 6.31.

Structural damage of the piers is expressed in terms of Maximum Drift, Residual Drift and in terms

Hdemand

of ductility which are extruded from the above curves. These values for each earthquake

Hcapacity
record and for both models are shown in Table 6.7. In this case for the 2 of the 3 records that

demanded less ductility than the capacity of the system, the maximum deviation observed in terms
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of ::d"’ﬂ is 9%, while the average deviation is 9%. These deviations are practically the same with
capacity

the previous approach of using the linear elastic springs and dashpots by Gazetas (1983).

e Evaluation of the use of nonlinear rotational spring and linear dashpot

From the previous analysis it can be concluded that the use of a nonlinear rotational spring and a
linear dashpot according to the methodology described in Anastasopoulos & Kontoroupi (2013)
instead of the linear elastic ones by Gazetas (1983) has practically no impact in the deviations to the
seismic performance between the simple models and the complete 3D model. In addition the
computational effort demanded is significant. As a result the simple model that is finally
recommended is the one with the linear elastic springs and dashpots by Gazetas (1983) as it
combines the simplicity with the effectiveness in achieving similar seismic performance to the

entire 3D bridge-soil model, at least for the purposes of the present thesis.

At the end of the chapter are presented both the complete 3D bridge-soil system and the rest
systems examined in ABAQUS code (Figures 6.32-6.36).
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Figure 6.1 . Complete 3D Bridge-Soil Model
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Figure 6.2 . (a) Soil Model , (b) Model of Retaining Walls, (c) Model of Footings
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Figure 6.5 Soil amplification with (a),(c) and without (b),(d) Dashpots at the bottom of the model
for Aegio record in longitudinal and transvers direction
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Figure 6.6 Soil amplification for Rinaldi_228 record in (a) Longitudinal and (b) Transverse
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Figure 6.7 (a) Moment-Angle, (b) Settlement — Angle and (c) Horizontal drift curve of surface
foundation for Rinaldi_228 record in Longitudinal direction
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Figure 6.8 (a) Moment-Angle, (b) Settlement — Angle and (c) Horizontal drift curve of surface
foundation for Rinaldi_228 record in Transverse direction
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Figure 6.9 (a) Settlement-angle for both retaining walls and (b) drift of right retaining wall and
displacement of deck for Rinaldi_228 record in Longitudinal direction
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Figure 6.10 (a) Settlement-angle for both retaining walls and (b) drift of right retaining wall and
displacement of deck for Rinaldi_228 record in Transverse direction
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Figure 6.11 (a) Moment-Curvature and (b) drift time history for both piers for Rinaldi_228 record
in Longitudinal direction
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Figure 6.12 (a) Moment-Curvature and (b) drift time history for both piers for Rinaldi_228
record in Transverse direction

. . Longitudinal Transverse
Rinaldi_228 - : X :
Max Drift Res Drift ud/puc |Max Drift Res Drift  ud/uc
Pier M1 0.45 0.02 5.1 0.46 0.03 5.2
Pier M2 0.45 0.02 5.1 0.46 0.03 5.2

Table 6.1 Seismic Performance of the two piers on Rinaldi_228 record
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Figure 6.15 Drift time histories of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Longitudinal direction
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Figure 6.16 Moment-Curvature curves of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Longitudinal direction

3D Complete Bridge-Soil Model Simple Model Fixed Base
max Drift (m) Driftres(m) pdemand pud/ uc |max Drift (m) Driftres(m) pdemand pd/pc
AEGIO 0.05 0.01 2.85 0.25 0.05 0.01 4.00 0.35
LEFKADA_2003 0.09 0.00 10.70 0.94 0.10 0.00 13.82 1.21
RINALDI_228 0.45 0.02 58.38 5.12 0.53 0.02 67.06 5.88
Deviations
max Drift (m) maxDrift ratio (%) Drift res (m) Driftresratio (%) pdemand pud/puc

0.00 0.00 0.00 0.00 1.15 0.10

0.01 0.11 0.00 0.01 3.12 0.27

0.08 0.91 0.00 0.02 8.68 0.76

Table 6.2 Seismic Performance and deviations observed between the two Models in Longitudinal
direction
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Figure 6.17 Drift time histories of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Transverse direction
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Figure 6.18 Moment-Curvature curves of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Transverse direction

3D Complete Bridge-Soil Model Simple Model Fixed Base
max Drift (m) Driftres(m) pdemand pd/uc |max Drift (m) Driftres(m) pdemand pd/puc
AEGIO 0.04 0.00 1.81 0.16 0.05 0.02 3.55 0.31
LEFKADA_2003 0.06 0.00 7.35 0.64 0.05 0.00 7.52 0.66
RINALDI_228 0.46 0.03 59.42 5.21 0.56 0.01 71.70 6.29
Deviations
max Drift (m) maxDrift ratio (%) Driftres(m) Driftresratio (%) pdemand pd/pc

0.01 0.10 0.02 0.18 1.74 0.15

0.01 0.09 0.00 0.02 0.17 0.02

0.10 1.14 0.01 0.13 12.28 1.08

Table 6.3 Seismic Performance and deviations observed between the two Models in Transverse
direction
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Figure 6.19 Drift time histories of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Longitudinal direction
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Figure 6.20 Moment-Curvature curves of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Longitudinal direction

3D Complete Bridge-Soil Model Simple Model Fixed Base
max Drift (m) Drift res (m) pdemand ud/ pc |max Drift (m) Driftres(m) pdemand upd/pc
AEGIO 0.05 0.01 2.85 0.25 0.05 0.01 3.43 0.30
LEFKADA_2003 0.09 0.00 10.70 0.94 0.11 0.01 12.82 1.12
RINALDI_228 0.45 0.02 58.38 5.12 0.52 0.01 66.22 5.81
Deviations
max Drift (m) maxDrift ratio (%) Drift res (m) Driftresratio (%) pdemand pd/puc

0.00 0.00 0.00 0.00 0.58 0.05

0.02 0.23 0.01 0.09 2.12 0.18

0.07 0.80 0.01 0.09 7.84 0.69

Table 6.4 Seismic Performance and deviations observed between the two Models in Longitudinal

direction
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Figure 6.21 Drift time histories of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Transverse direction
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Figure 6.22 Moment-Curvature curves of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Transverse direction

3D Complete Bridge-Soil Model

Simple Model Fixed Base

max Drift (m) Driftres(m) pdemand pd/ uc |max Drift (m) Driftres(m) pdemand pd/uc
AEGIO 0.04 0.00 1.81 0.16 0.05 0.02 2.81 0.25
LEFKADA_2003 0.06 0.00 7.35 0.64 0.05 0.01 6.46 0.57
RINALDI_228 0.46 0.03 59.42 5.21 0.54 0.02 69.46 6.09
Deviations
max Drift (m) maxDrift ratio (%) Driftres(m) Driftresratio (%) pdemand pd/pc

0.01 0.08 0.02 0.25 1.00 0.09

0.01 0.07 0.01 0.08 0.89 0.07

0.08 0.93 0.01 0.09 10.04 0.88

Table 6.5 Seismic Performance and deviations observed between the two Models in Longitudinal

direction
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Figure 6.23 Square shallow footing

subjected to monotonic pushover loading
[Anastasopoulos, Kontoroupi 2013]
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Figure 6.24 Comparison of FE analysis results
[Anastasopoulos, Kontoroupi 2013] with
published failure envelopes [Meyerhof 1952 ;
Gouvernec 2007 ]
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Figure 6.25 (a) Normalized moment-rotation response for different FS and (b) non-dimensional
unique moment-rotation (M-6) relation and simplified piecewise approximation [Anastasopoulos,

Kontoroupi 2013]
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Figure 6.26 (a) Damping ration ¢ (b) normalized rotational stiffness (c), (d) dimensionless
damping coefficient with respect to the dimensionless rotation 6/8s and FS and 6 and FS
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Figure 6.27 Moment-angle curve of the nonlinear rotational spring
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Figure 6.28 Drift time histories of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Longitudinal direction
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Figure 6.29 Moment-Curvature curves of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Longitudinal direction

3D Complete Bridge-Soil Model Simple Model Fixed Base
max Drift (m) Driftres(m) pdemand pd/ uc | max Drift (m) Driftres(m) pdemand pd/puc
AEGIO 0.05 0.01 2.85 0.25 0.05 0.01 3.51 0.31
LEFKADA_2003 0.09 0.00 10.70 0.94 0.10 0.01 12.90 1.13
RINALDI_228 0.45 0.02 58.38 5.12 0.52 0.01 66.23 5.81
Deviations

max Drift (m) maxDrift ratio (%) Driftres(m) Driftresratio (%) pdemand ud/puc

0.00
0.01
0.07

0.00
0.11
0.80

0.00
0.01
0.01

0.00
0.09
0.10

0.66
2.20
7.85

0.06
0.19
0.69

Table 6.6 Seismic Performance and deviations observed between the two Models in Longitudinal

direction
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Figure 6.30 Drift time histories of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Transverse direction
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Figure 6.31 Moment-Curvature curves of the two models for (a) Aegio, (b) Lefkada_2003 and (c)
Rinaldi_228 records in Transverse direction

3D Complete Bridge-Soil Model

Simple Model Fixed Base

max Drift (m) Driftres(m) pdemand pd/ uc | max Drift (m) Driftres(m) pdemand pd/pc
AEGIO 0.04 0.00 1.81 0.16 0.05 0.02 2.84 0.25
LEFKADA_2003 0.06 0.00 7.35 0.64 0.06 0.01 6.35 0.56
RINALDI_228 0.46 0.03 59.42 5.21 0.54 0.02 69.25 6.07
Deviations

max Drift (m) maxDrift ratio (%) Driftres(m) Driftresratio (%) pdemand pd/pc

0.01 0.08 0.02 0.24 1.03 0.09
0.00 0.05 0.01 0.09 1.00 0.08
0.08 0.91 0.01 0.09 9.83 0.86

Table 6.7 Seismic Performance and deviations observed between the two Models in Longitudinal

direction
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Figure 6.32 Models examined
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Figure 6.33 Rigorous 3D finite element model comprising the entire soil-foundation—structure
system, taking account of material (soil) and geometric nonlinearities (uplifting and P-§ effects).
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Proposed Methodology - Conclusions

7.1 Proposed Methodology

As presented thoroughly in the 1% chapter the most common way to estimate the seismic
vulnerability of a bridge are the Fragility Curves and the Incremental Dynamic Analysis (IDA) Curves.
In both cases these curves have been developed using a specific intensity measure (IM), while in
most cases a structural component of the bridge (pier) is considered representative of the overall
fragility. In the case that the complete model of the bridge is developed, the computational effort

increases significantly and therefore limited acceleration time histories are used.

Based on the methodologies available in the literature and the results of the analyses performed in
the present thesis, the following simplified methodology is proposed to estimate the seismic

vulnerability of bridges considering soil-structure interaction (SSI):

e Simple Models

In order to estimate the seismic vulnerability of a bridge, simple models are developed in both
directions, as described thoroughly in the 5t chapter, that take into account the contribution of all

the structural components of the bridge and the soil-structure interaction.

The development of these simple models requires: (i) a section analysis of the most vulnerable pier
of the bridge and (ii) the knowledge of the geometry of the deck and the bearings in order to
calculate the relevant springs and dashpots as well as the mass of the deck. Both springs and
dashpots can be calculated using the analytical formulations that are presented on Chapter 5. The
mass of the deck is distributed to the simple systems according to the final stiffness of the proposed

system compared to the overall stiffness of the bridge.

The soil-structure interaction is taken into account using springs and dashpots that are added at the
base of the simple models instead of fixed support. The calculation of the above is based on the

analytical formulations by Gazetas (1983) and is described in the 6" chapter.
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Chapter 7

e Method of analysis

The seismic performance of the proposed models is examined in a wide range of acceleration time
histories of real earthquakes (29 in the present thesis) of varying characteristics. The criterion of
selection of these particular 29 acceleration time histories is mentioned in the 2™ chapter. As in
most methodologies for the development of Fragility Curves and Incremental Dynamic Analysis
(IDA) Curves available in the literature, the chosen accelerograms are scaled by PGA in order to
have for each intensity level a wide range of acceleration time histories with different

characteristics.

From the above analyses a database is created for the proposed models. Using advanced
econometric models it is possible to generate an equation that correlates different intensity
measures (IM’s) and predicts satisfactory a specific damage index (DI) as described in the 2"
chapter. This equation is the proposed way to express seismic vulnerability of a bridge in both
directions taking into account both the impact of each structural component and soil-structure

interaction.

e Advantages of the proposed methodology

The proposed methodology is based on the relevant methodologies available in the literature, with

two main differences:

The first is the fact that it is not tried to specify which intensity measure (IM) is the most
appropriate for the examined type of structure. On the contrary a correlation of specific intensity

measures that refer to certain characteristics of the seismic excitation is chosen.

The second refers to the model that is chosen as representative of the bridge system. Usually either
a certain structural component of the bridge (for example a pier) is selected and is considered as
representative of the overall fragility either complete 3D models are developed. In the first case the
pier is considered as a cantilever beam (with or without fixed rotational degree of freedom at the
top) and a wide range of seismic excitations is used scaled by PGA in most cases. On the contrary in

the second due to the significant computational effort the acceleration time histories used are
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Proposed Methodology - Conclusions

limited. In the proposed methodology the simplified models in both directions have close seismic

performance to the complete 3D model, while the computational effort remains little.

Indicatively for the Aegio record the analysis of the complete 3D bridge-soil model lasted 8 hours,
while the analysis of the proposed simple one only 5 minutes. As a result it is possible to perform
much more analyses in comparison to the complete model. In this way the uncertainties related to
the superstructure but also to the soil properties and the soil-structure interaction are

compensated by the wide range of seismic excitations that can be used to the proposed model.

e Field of application

The proposed methodology can be used for the purposes of a Rapid Response System for a
Metropolitan Motorway. Within the framework of the research program RA.RE. (Rapid Response) in
cooperation of Laboratory of Soil Mechanics of National Technical University of Athens (LSM-
NTUA), Laboratory of Soil Mechanics, Foundation and Geotechnical Earthquake Engineering of
Aristotle University of Thessaloniki (GEO-AUTH), OTM enterprise and Greek metropolitan
motorway “Attiki Odos” the applicability of the proposed methodology to a portfolio of about 180

bridges of the Greek metropolitan motorway “Attiki Odos’ can be examined.

For the purposes of the research program within the framework of the present thesis the 180
bridges of the Greek metropolitan motorway “Attiki Odos’ were recorded, classified with certain
criteria (number of spans, continuity of deck, pier-deck connection) and finally a database was
created. The whole network is separated in 22 geographical areas and for each bridge the database
contains all the basic geometrical data and soil properties as well as data that refer to the type of

foundation and seismic design.

Based on the database created it is possible to develop in a straight-forward way the proposed
simplified models and thereafter to generate equations for the 180 bridges of the network both in

longitudinal and transverse directions.
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7.2 Conclusions - Suggestions for further research

A rapid response system is a very useful tool for the operator of a motorway network when a
seismic event occurs. Motorway networks consist of a variety of infrastructures and as a result it is
very difficult or even impossible in some cases to estimate the seismic vulnerability of each one.
Additionally, modeling and testing under a wide range of acceleration time histories complicated

structures such as bridges, is difficult due to the high computational effort.
From the previous facts lies the need for:

» Classification of bridges in order to examine some as representative of the others
» Development of simple models representative of the overall fragility of a bridge in order to

reduce the computational effort and increase the number of records used

These were two key objectives of the present thesis and the work that followed led to the following

conclusions:

» Asingle pier of a bridge cannot represent precisely the overall fragility of the bridge

» The impact of the rest structural components in the seismic performance of the bridge is
significant and therefore cannot be ignored

» The consideration of fixed abutments is a logical and realistic approach

» The consideration of fixed base piers is not a satisfactory approach in this case

» Soil-Structure Interaction cannot be ignored but can easily be considered in this case using

elastic springs and dashpots
Another key objective of the present thesis was to examine whether or not a specific Intensity
Measure can be used to estimate the seismic vulnerability of S-DOF systems. The results from 377

time histories analyses for the 19 IM’s examined led to the following conclusions:

» None of the 19 IM’s presented on its own satisfactory correlation with any of the 6 Damage

Indexes used
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» An attempted correlation of some specific IM’s related to different characteristics of the
ground motion showed promising results for the purpose of estimating the seismic

vulnerability of a S-DOF system, especially for records that didn’t exceed system’s capacity

As far as classification of S-DOF systems is concerned it was proven that:

» Two S-DOF systems with the same :
o Natural period (T)
o Design Spectral Acceleration (SA)

o and Ductility Capacity (Ucapacity)
have very close seismic performance and can be considered as equivalent.

» A S-DOF system cannot represent precisely the seismic performance of a bridge pier and

therefore the above conclusion cannot be extended for the entire system of a bridge

e Suggestions for further research

Based on the previous conclusions the following steps would be:

» To investigate the possibility of extending the proposed criterion of equivalence between S-
DOF Systems to the simplified models proposed in the present thesis that represent the
overall fragility of the bridge

» To examine the applicability of the proposed methodology to a portfolio of bridges of the
Greek metropolitan motorway “Attiki Odos”

» To examine further the effect of soil-structure interaction to the seismic performance of a

bridge considering different soil conditions and types of foundation and using more records

in both directions

In addition the selected bridge in the present thesis is a common but simple case. Its simplicity lies

in the symmetry of the bridge and the circular section of the piers. Therefore the proposed
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methodology has to be extended to more complex cases. More specific the impact to the seismic

performance of a bridge of different factors like:

The asymmetry of the bridge

The existence of bearings in the middle piers of a bridge
The effect of different geometries of the section of the deck
The existence of stoppers at the abutments

The skewness of the bridge

The type of the piers (single column or multiple column piers)

YV V.V V V VYV V

The section of the piers (circular, rectangular, etc.)

has to be examined in the future.
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