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Extevng MepiAnyn

EKTENHZ NEPINHWH

I. NEPITPAM®H TOY NPOBAHMATOZ & :KOMNOZ THz AIATPIBHZ

O aVTIOELOULIKOG OXESLAOUOC KATAOKEUWY OE peucTomololpa €8ddn amoteAel €va aVIIKEIPHEVO HE
ONUOVTLKEC TIPOKANCELG yla T oUyxpovn Mnxavikn. Mapatnpnoslg mediovu Katd tn SLAPKELA LOXUPWY
oslopwv (Niigata, 1964; Luzon, 1990; Kocaeli, 1999; Christchurch, 2011; Durres, 2019) enibelkvUouV pLa
OELPA KATOOTPOPIKWY PALVOUEVWY OXETILOUEVWY LE TN peucTonoinon. Ta Gavoueva auTtd UmopouV va
TIPOKAAECOULV €ite emidaVELOKES EKONAWOELS (TL.X. TAsUpLKN e€amAwaon, avaduon appwdouc uALko) eite
ONUOVTIKEC KOTAOTPOdEC OTIG UTOSOUEC AOYWw amwAelog dhEépoucag Lkavotntag Twyv edpaldpevwy
Kotaokevwyv. Na tnv amoduyn mapopowwyv ¢alvopévwyv ol udlotauevol Avtioslopwkol Kavoviopol
(Eurocode 8, EAK2003, FEMA) amayopgUouV TNV KATOOKEUN KTLPLOKWV UTIOSOUWV OE PEUCTOTOLNOLUO
e6adn xwpic tnv mpoyevéotepn ANYN eldkwv pETpwyY, Onwg: (a) tnv gfuyiovon Tou UMOKEipEVOU
£6adoug (rm.x. pEow cupmikvwong f/kat tornoBstnong otpayylotnpiwv) kabwg kat (B) tnv kotaoksun

TOGOAAWV yLa TNV petadopd Twv erBarllopevwy poptiwv os BabBUTEPQ, UN-PEVUCTOTOLGLUA CTPWHLOTA.

Neodtepeg mapatnproslc medlov £xouv Sel€el OTL N UTIAPEN ULOC UN-PEVCTOTIOLOLUNG E8APLKAC KPOUOTAG
KATW armo tn Bepeliwon elval o B€on va meplopioel SPAOCTIKA T CUCCWPEUCH OELOKLKWY KaBWnoswy
OKOMA KOL O€ TIEPLTTWOELG eMLdAVELOKWY BepeAiwy. BAOEL TWV MAPATNPAOEWY QUTWY, KATA TN SLApKeLa
™G teAeutaiag Sekaetiag avamtuxBnke pia Kavotopog pebodoloyia oxedlacpoU TWV KATOUOKEUWY OE
pevotornolnolpa £6adn, n onoia avtkoBLloTd TNV MoPadOCLaKr) AVILLETWILON ToU TepAdppave thv
TomoBEtnon nacodAwy oe cuvSLOOoUO pe pLa Babid edadikr e€uyiavon. H véa peBodoloyia e€etalel Tnv
Kotaokeun emnipavelakwy Bspediwv pe tnv g€uyiavon pag pnxng oxetika edadikng kpovotag. Ot
BEWPNTLKEC KL TIELPAUATLKEG LEAETEG TTOU €X0UV TipayuatornotnOei (Liu kat Dobry 1997; Naesgaard et al.
1998; Adalier et al. 2003; Dashti et al. 2010; Sitar and Hausler 2012; Dimitriadi et al. 2017) kotadstkviouy
OTL oL OelopikéC KkoBllnoelc twv Ogpedwoswy odeilovtal Katd kUpLo AOyo OTIG SLATUNTIKEG
napapopdwWoeL Tou UTtokeipevou edddouc, evw Sdsutepelouca onupacio anodibetal os pavopeva
OTWG N OTeEPEONOINON Kal N WNUOTOMOINoN HETA TO TEPOC TNG PEUCTOMOINONG KABWG KOl OTLS
OYKOUETPIKEG eSADLKEG TaPAOPPWOELG AOYw TNG USATLKAG PONG. BACEL TWV QVWTEPW, N TIPOTELVOUEVN
peBodoloyia oxeSlaopol nepthapBavel Ty evioxuon pLog eSadkng KpoUoTAS KATW KAL TIEPLUETPLIKA TOU
Bepehiou [1.0-1.5B og BaBog kat 2-3B o€ mAdtog, 6mou B to mAdroc tou Bepeliou (Dimitriadi et al. 2018)]

MEOW SUVALKAG CUMMUKVWONG KoL TOTIOBETNONG KATAKOPUDWY OTPAYYLOTNPLWY LE OKOTIO TNV avénon
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NG AVIOXNG, TNG aVTioTaoNG o€ peuctomoinon Kal Tng Stamepatotntog tou edddoug Bepeiwong. O

OUYKEKPLUEVOG oXeSLAOUOC e€aodalilel Ta €€ MAgOVEKTLATA EVOVTL TNG CUMBATIKAG LeBOSou:

e Hauv&non tng avtoxng KaL Tng avtiotaong oe peuotonoinon tng BeATLWHEVNG ESadLKNG KpoUoTOG
e€aodpalilel Tnv achoin peTadopd TWV KOTACKEUAOTIKWY opTiwy oTo uTtokeipevo £édadog. H
QVATTUEN €VOC MPLOPOTOELS0UC-TUTIOU pnxaviopol aotoxiag Coulomb amotpémetal Adyw tng
e€aodAALoNG TNE SLOTUNTIKAC AVTOXNE TOU EVICXUMEVOU £6ddoUC TOOO KATW amd to BepéAlo 6oo
KOLL TLEPLUETPLKA AUTOU, OTIOU Kol avaSUETaAL TO Tiplopa aoToxiag.

e H Swatipnon twv peuctonolnuévwy edadwv KAatw amd tnv —pnxn— BeAtlwpévn Kpouota
Aeltoupyel euepyetika KaBwg n UTTAPEN TOUG KATA TN SLAPKELD TOU OELOMOU amoTeAEL évacg ei60¢
«pUOLKAC OELOULKAC HOVWONG». H PepLKn peuotomnoinon tou edddoug amooPével Tnv petadoon
TwWV SLHTUNTIKWY KUPATWV TPOG TNV €mLbAVELA HE QTIOTEAECUA TN MEIWON TWV OELOULKWY
QTALTACEWVY KOTA TO OXESLOOUO.

e AOYW TWV QVWTEPW EVEPYETIKWV SPACEWV, TO CUVOALKO KOTOOKEUAOTIKO KOOTOG KABWC Kal N

SLAPKELD TWV OLKOSOULKWY EPYACLWV UTTOPOUV VA HELWOOUV CNUAVTLIKA.

To IXAna 1 mapouclalel OXNUATIKA TOV OCUMPBATIKO KOl TOV VEO OXESLOOPO KATOOKEUWV OF

pevotornolnolpa edaodn.

Itpayylotipla

———
mr
T -

IxnMa 1: (o) ZupPBatikog kat (B) véog oxedLaopog BeeALWOEWY O peuaTonolioLua edadn.

YKomo TNG mapovoag AlatplBrg amotelel n Siepelivnon tn¢ oUUMEPLPOPAC TWV CUCTNHATWY aVWSOUAC-
Bepeliou-e6adoug oe KABEOTWE PEVCTOTIOINONG KAL TILO CUYKEKPLUEVA N OVATTTUEN WiotG OAOKANPWEVNG
peBoSoAoyiag yLa ToV AVILOELOULKO OXESLOOUO TWV DEPEALWOEWV BACEL KPLTNPLWY ETUTEAECTIKOTNTAG KLl
Aappavovtag moapdAAnAa unoPn tnv aAAnAenidpaocn edddouc-Bepeliov-avwdoung. Ta Kuplotepa

otolxeia tng Alatplpng ocuvoyilovral ota €€AG:

e M oslpd amd TPLoSLACTOTEG APLOUNTIKEC aVOAUOELS TPAYULOTOTMOLNONKE TIPOKELUEVOU va

SlepeuvnBoUV oL KUPLOTEPEG TTAPAUETPOL TIOU ETLEPOUV OTN SUVAULKH ATOKPLON TWV CUCTNUATWY
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avwbounc-Oepeliov-edadoug os kabBeotwg peuatomoinong. MPoyevESTEPEG EPEUVNTLKEC UENETEC
£xouv Slepeuvnoel 8Le€obika TN SuVALLK amoKplon cuotnudtwy Bepeliov-edadoug. Ma to Adyo
oUTO n Tapouoa ALaTpLPr ETUKEVTPWVETOL OTNV enidpacn NG adpavelag TG avwdoung otnv
OUVOALKA QmoKplon Tou ouotnpatog. Ol PBaolkEG TAPAUETPOL Tou OLEMouV To TPORANUa
g€etalovral 0To MAAIOL0 TWV ASLACTATOTONUEVWY TIOPAUETPWY TNG aAAnAenidpaong edadoug-
KOTOOKEUNG, BACEL TWV UPLOTAUEVWV SLASIKACLWY TWV CUYXPOVWY Kavoviopwy.

e HapBuntikn pebodoAoyia mou avamtuxbnke otnv mapovoa AlatpLpr) XpPNOLLOTOLEL TO TPONYUEVO
KOTAOTATIKO tpocopoiwpa NTUA-Sand yLa tTnv mpooopoiwaon TG LOVOTOVIKAG KoL TNG OVAKUKALKAG
ocupmnepldopds oppwdwv edadwv ylo Sadopec ouvbnkeg kopeopol Kal otpdyylong. To
OUYKEKPLUEVO Ttpooopoiwpa Baaoiletal otn Bewpela Kplowung Kataotaong kat n akpiBeld tou €xel
£MAANBeUTEL EKTEVWE HEOW SOKLUWY OTOLXEIOU Kol TTPOBANUATWY OPLAKAC KOTAOTOONG EVAVTL TWV
TELPOLLATWY TOU Tpoypappotog VELACS.

e T tn Slepelivnon tng emibpaong Twv YOPAKTNPLOTIKWY TNG avwdoung, Slevepyndnkav kat
ouykpiBnkav aplBuntikég avalloelg ya: (a) oAokAnpwpéva cuotnuata avwdopung-Beueliou-
edadoug (AGE), omou n avwdourn cuvictatal oe évav amAonolnuévo povoBadulo taAaviwth
(Single-Degree-of-Freedom system), kat (B) yta amhovotepa — LoodUvapa — cuotripata Bgpeliou-
edadoug (OF). Ta loodlvapa cuotipata OFE £xouv TiG 8Leg LOLOTNTEG £6APOUC UE T CUOTAOTA
AOE, ota omoia ot emPBarAOpeveg TUEDELG emadnG oTn oTABUN BepeAlwong aVTLOTOLXOUV OTLG
TUEOELG AOYW TOU cUVOALKOU Bdapoug Tou avtiotolyou cuothpatog AGE.

e BdAocsl TwWV OQMOTEASOUATWY TWV TOPAUETPIKWY OVAAUOEWY, OvamtuxOnke TEAKWG LA
amAomolnuévn pebodoloyia yla Tov MPWTOPABLLO UTIOAOYIOUO TWV OELCUIKWY KaBL{Noswv
ouoTNUATWY avwooung-Bepeliov-edadoug pe emipavelakeée OepeAlwoel; o€  KaBeoTwg
pevuotonoinong. H Stadikacia auth, mépav TG sUMPBOANG TG mapoloag StatpPhg mou adopd oTig
OUVETELEG TNG adPAVELAKNG TAAAVTWONG TNG avwdopn, Baciotnke oe udlotdueveg Sladlkacieg
yla tnv npoPAedn dMwv BaclKwY TAPAUETPWY TOU OXESLOOUOU OL Omoiol €X0UV ATOTEAECEL
QVTIKE(PUEVO TIpoyeveDTEPNG £peuvag, OMwG ol kabuwnoelg amAwv ocuotnuatwyv (Beueliou-
£6adoug), o xpovog ekbnAwaong Tng peuctomnoinong, N ektipnon Twv OepeAlwdwy Lolomeplddwv Tou
ocuotiuartoc edadoug-BepeAiovg-ovwSopng, KTA.

e [1lo CUYKEKPLUEVQ, N TIPOTEWVOLEVN Sladikaoia Baciotnke oTic akoAouBeg mapadoxEg:

i) H enibpaon eni twv kabwlnoswv twv adpavelakwyv SUVAHEWV NG avwdoung Beswpeltal
QoUTEUKTN UE QUTH TWV £8adIKWY XOPAKTNPLOTIKWY, N omoia £xel Sie€odika Slepeuvnbel ot

TIPOYEVEDTEPEG EPEUVNTIKEG TIPpoOoTIABeleG. Q¢ ek TOUTOU, N EMISPACN TWV MOPOAUETPWY TNG
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avwdoung elodyetal wG OlopBwTIKOG ouvieAeoTNC ot TpoUndpyxouocsg peBodoloyieg
UTLOAOYLOMOU TWV OELOULKWYV KaBLlNoswv.

ii) Kpilown mapApeTpog yla Tov UTIOAOYLOMO TWV CELOMKWY KABL(OEWV UTO PEUCTOTIOLOLUEG
ouvOnkecg amoteAel o Xpovog ekSNAWONG TNG PEUCTOMOLNONG, UETA TNV EVaPEN TNG OELOULKAG
dovnong, debopévou OtTL N SuVALKN amokpLon tou eAelBepou mediou Kal TNC KATOOKEUNC
S10p£POUV TIOLOTLKA KAL TTOCOTIKA TIPLV KOlL LETA TNV EKSAAWGN TNC peuocTtomoinon. Na tov Adyo
0UTO, N PoTeLVOpEVN peBodohoyia otnv mapouaoa Alatplpr dtadpopomoleital yia To TUAKO TNG

OELOULKAG 8OVNONG TIPLV KAl LETA TNV EKSNAWGN TNG peuoTtomnoinong.
Il. EMMEIPIA ANO NPOHIOYMENEZ EPEYNEZ2

H cuotnuatikn kataypadn tTwv kataotpodwv AOYw PEUOTONOLNCNC oTa £€pya UTTOSOUNG &EKivnoe T
Sekaetia Tou 1960 yla toug peydhoug oslopouc tng Niigata otnv lanwvia (1964) kat tou Prince William
Sound otnv AAdoka (1964). Kal ot Suo autol oelopol MPOoKAAECAV GNUAVTIKEG KABL{OEL KATOOKEUWY
oo oMALOUEVO OKUPOSea Kal Bepeiwy yepupwv AOyw EKTETAUEVNG PEVUCTOMOLNONG TOU UTIOKELEVOU
edadoug (Ross et al. 1969, Yoshimi and Tokimatsu 1977). Ot kataotpodikol oslopol otn Luzon twv
Outmvwy (1990), oto Kocaeli tng Toupkiag (1999), oto Tohoku tng lanwviag (2011), oto Sulawezi tng
Ivéovnoiag (2018) kat oto Auppdxto tng AABaviag (2019) sival ta mo mpocdarta mapadsiypata
ONUAVTLKWV KOTAOTPOodWV OTa £pya UTIOSOUNG AOYW PEVUCTOMOINONG. H OELOULKN QITOKPLON TWV KTLplwV
O€ PEUCTOTOLN OO £60adOCg EpELVNONKE APXLIKA LE TIELPOUATIKEG SOKIUEG Suvapkng ¢poptiong (Yoshimi
and Tokimatsu 1977; Liu kat Dobry 1997; Kawasaki et al. 1998; Acacio et al. 2001; Adalier et al. 2003;
Coelho et al. 2004; Deng and Kutter 2012; Hughes and Madabhushi 2019) kot apBuntikég avaAvoelg (Liu
and Dobry 1997; Naesgaard et al. 1998; Adalier et al. 2003; Dashti et al. 2010; Sitar and Hausler 2012;
Dimitriadi et al. 2017) BgpeAlwV Kol GKAUTTTWY KOTACKEU WV UTIOKELLEVWY 0€ SUVAULKEG PpopTioelg. Méow
QUTWV TWV EPEVVNTIKWV TIpooTtabelwv tpoadloplotnke pe peyoAutepn akpiBela o poAoG Twv BacKwV
TIAPAUETPWY TIOU SLEMOUV TO GaLVOUEVO, OTIWG N Tiieon emad KoL To TAAToC Tou Bepeliov, n mukvoTnTa
tou ebadoug, KTA. H amoktnBeica texvoyvwoia cuveTéAeos oTO va emektaboUv oL MPOUTMAPXOUTES
peboboloyisg mou umoAoyav tic kabilnoelc oto eAslBOepo medio, ATMOKAELOTIKA AOYW OYKOUETPLKWY
napapopdwoswv (Tokimatsu and Seed 1987, Ishihara and Yoshimine 1992), oe mio efeAlypéveg
OVOAUTIKEG OXEOELG TIOU TIPOPAETOUV TIG CELOUIKEG KAOLWNOEIC TWV KOTAOKEUWV AOYW SLATUNTIKWY
napapopdwWoswv KATw amod to Bspého (Bray and Macedo 2017; Dimitriadi et al. 2017; Bullock et al.
2019). Ot mpotelwvopeveg oxéoelg Paoilovtol oe avalvoelc moAvdpopnong (regression analysis) Twv

OPLOUNTIKWY OMOTEAECUATWY UTIOAOYLOMOU TwV KABWNOEWVY yLla pla Oelpd SLADOPETIKWY YEWTEXVLKWY,
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OELOULIKWY KOl KOTOOKEUQOTIKWY TIOPOUETPWY. 2€ TILO TTPOodATEC UEALETEG SlepeuvnONKe N SUVOUIKN
amoKpLoN TMANPWVY CUCTNUATWY avwdoung-Bepediwong-edddoug PEoW TELPAPATWY GUYOKEVTPLOTH
(Adamidis and Madabhushi 2017; Dashti et al. 2010a; Tokimatsu et al. 2019) ko aplOUNTIKWV avaAUoswy
(Chaloulos et al. 2020 ; Hughes and Madabhushi 2019; Karimi and Dashti 2016b; Macedo and Bray 2018).
Map’ 6Aa Autd, n MAELOVOTNTA TWV OVTIOTOLXWV EPEVVNTIKWY TipooTiafelwv dgv Aappavel umoyn tnv
OUOXETLON METOEL TOU XpOVOU €€KOAAWONG TNG PEUCTOMOLNONG KOL TWV XPOVIKA HETOPAAAOUEVWY

SUVAULKWY XOPAKTNPLOTIKWY TOU CUCTHHOTOC avwdoung-0epeliwonc-edadoug.

Nelpapatikeg SLEPeUVAOELS. MO OO TIG TIPWTEG EPEUVNTIKEG TIPOOTIABELEG TTOU £€Bg0av TIC BACELS YL
TNV KOTtovonon TG OELOULKAC amokplong Twv BepeAlwv o KOBeoTWE PEUCTOMOINONG OMOTEAECE N
nelpapatikn Stepevvnon twv Yoshimi kat Tokimatsu (1977), ol omolol payUaTonoinoay (o GEpd amno
SOKLUEC OELOULKAC Tpamelag akopuntwy Bepeliwv ov edpalovral emi KOpeOoUEVOU appwdoug edadikol
OTPWUATOG. TO MELPAPATLKO TIPpooopoiwpa UTIOBANONKE og 0pl{OVTLA OELOULK SLEYEPON KATA TN SLAPKELL
™G omolag LeTpnOnkav ol kabllnoelg Tou Bepeliou Kal oL TIECELS MOPWVY TOU vepol os Stadopa BAbn.

ATIO TO TIELPAUATIKA amoTeEAEopaTa TPoEKU vV Ta akoAouBa supruota:

e O AOYOC TNG UTIEPTTLEONG TOU VEPOU TWV TIOPWV r,=Au/c’vo akpBWC KATWw arnod to Bepélio sival
ONUAVTLKA KPOTEPOC amto 1.0 AOYyw TwV AUENUEVWY SLATUNTIKWY TAGEWV TTOU TIPOKUTITOUV Ao
™V empOPTLON TNG KATAOKEUNC. Mo auavopeveg TIHEG TNG edbappolopevng Tieong, o AGyog ry
Telvel vo amTOpELWVETOL.

o Ol OElOMIKEG KABLINOEL — KOAVOVIKOTIOLNUEVEG HE TO TAXOG TNG OUMWOOUG OTpwoNng —
cuoxetilovtal e TO TIOCOOTO TNG TMEPLOXNG KATW amo to BepéAo mou dlatnpel Adyoug tng
umeprieonc mopwv Hikpotepouc amo 0.60 (IxApa 2a). H tun 0.60 sival n kpilown T Tou Adyou
ry Mou TPOKaAel TNV ekdNAwaon NG peuctonoinong ot dedouéveg eSadilkéG ouVONRKEG Tou
TELPAPOTOC.

o [lapatnpnbnke OTL N CUCCWPEUON CEOUIKWY KaBlWnoswv elval avtlotpodwg avaioyn tng

OXETIKAG TTUKVOTNTAG (ZXAKA 2y) KAl TOU TTAATOUG TG Baong tou Bepeliov (ZxAua 26).
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IxAna 2: Melpopatikn Slepelvnon Twv Oeloplkwv kabuwnoswv BOepeliwv ouvaptioel (a) ™G avamtuéng
UTIEPTILECEWVY TOU VEPOU TWV MOPWV KATW armo tn Bgpeliwon, (B) tng emBarlopevng mieong emadric tou Bepehiou,
(y) Tng mukvdtnTog tou £6ddouc kal (8) tou Kavovikomotnpévou TAdtoug tou Bepeliou (Yoshimi and Tokimatsu

1977).

TNV To mpoodatn MEPAUATIKA Sdtepelvnon twv Liu kal Dobry (1997) pehetnBnke n emidpacn tng
TIUKVOTNTAG ToU €8ADOUC OTLG OELOMLKEG KABWNOELG KUKALKWY BgpeAiwv pHEOW OKTW TELPAUATWV
duyokevtploth, yla éva 6adiko mpodil mou amoteleitol and pecoiag MUKVOTNTOC PEUCTOMOLAGLLN
Quuo. Itnv mpwtn opada Soklpwv, To £6adog KATW amd 1o BepéAlo cUUTIUKVWONKE pe SOVNTIKN
CUUTUKVWON EVTOG oKTivag r Kal BaBoug D, dnwg mapouctdletol oto IXANA 3, evw otn SeUtepn opdada

oplotnkav Sladopetika enineda SlamepatotnTag ue puOuLon tou wWdoug Tou uypoU Twv Topwv. Ta
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o Ol UTIEPTILEDELG TOU VEPOU TWV OPWV TIOU HETPRBNKaV oTo eAelBepo mebio £6el€av OTL N OAKNA
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10 OgpéALo, OTIOU OL UTIEPTILECELG TTOPWV ATOV ONUOVTIKA ULKPOTEPEC.
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e Ol oslopikég Sovnoelg otnv emidavela Tou e5Adoug LELWVOVTAL GNUOVTLKA UETA TNV EMEKTACN
NG pevoTomnoinong ota UTIOKelpeva e5adIkd oTpwHATA.

e Ol kaBunoelg tou Bepeliov cuagowpeliovtal, we el To MAElOTOV, KATA TN SLAPKELA TWV LOXUPWV
OELOULKWY dovroswv Tou edadilkol oXNUATIOHOU, EVW LOVO £va UIKPO HEPOG TOUG amodidetal
OTLG OYKOETPLKES TIAPAMOPPWOELS TIOU TIPOKAAOUVTAL ATTO TLG USATIKEG POEC KATA TNV EKTOVWON
TWV UTIEPTILECEWV TOU VEPOU TWV MTOPWV TIOU TIPOKAAETE N OELOWLKA dOvNnon. AuTo utodnAwveL
OTL, U0 QUTEG TI{ ouvOnKeg, ol Bepellwoelg kabuwldvouv Kupiwg Adyw umépBaong tng
ATMOUELWHEVNG dEpouTAC LkavoTnTag Tou edadoug Bepeiwong.

e H ebadikn ocuunukvwon Pelwoe TIC oelopLkeg KaBIlNoelg £wg Kot 65%, SnAadn, and 58cm os
20cm, nepimou. AlamiotwBOnke OTL N eMidpaon TG CUUMUKVWONG OTLG KOO OELC Elval ONUAVTLKH
yla TiHEC BaBoug cupmikvwong €wg 1.5 dopad to mAdtoc Tou Bepeliou, evw yla peyalutepa Babn

OUMMUKVWONG Ta od£AN eival meploplopéva (Figure 2.16).

Compacted
soll P L Zc
~ — i Co;‘n cciingr Footing
points o
. —_“""r,‘.-:;c‘?Jr"o
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i ‘""'"“r"-{- cgm action
1"SB_"l I"_ diclmpeier
Profile Plan view

IXAMA 3: IXNUOTIK OvVamapdoTtoon Tou CUUMUKVWUEVOU e8ddouc ota melpapata ¢puyokevtplot twv Liu and
Dobry (1997).
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Ixnua 4: (a) Xpovoiotopieg osloplkwy kaBllnoswv Bepeliwv yia Stadopetikd Babn cupmukvwong zc kat (B)
StakUpovon NG TeEALKNC OELOULKAG KaBi{nong pe To BAB0G cUUMUKVWONG BACEL TWV MELPAATIKWY ATIOTEAECUATWY
Twv Liu kat Dobry (1997).

ApLOuNTIKEG SlepeUVAOELG. TIG TeAeuTaieg SeKaeTieg, avamtuXONKe Lo CELPA OO KATOOTATIKA LOVTEAQ

TIOU TIPOCOUOLWVOUV HE LKAVOTIOLNTIKY aKpiBela TNV avakUKALKA cupnepldopd TG AUUOU O KOBEoTWC
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pevotonoinong xpnowonolwvtag tn Bewpla tng Kplowwng Katdotaong (Cubrinovski and Ishihara 1998;
Yang Z. 2003; Byrne et al. 2004; Andrianopoulos et al. 2010; Boulanger and Ziotopoulou 2013;
Tasiopoulou and Gerolymos 2016; Yang M. et al. 2020; Cheng and Detournay 2021). H cUykplon Twv
MOVTEAWV OUTWV HE TEelpapatikd Sebopéva kol mapatnproelg nediou €8elke OtL pmopouv va
TipoPAedOOUV LKAVOTIOINTIKA Ol OELOUIKEC KOBWNAOEL TWV KOTOOKEUWV TIOU TPOKOAOUVTAL oo
SLOTUNTLKEG KOl OYKOUETPLKEG TTAPOUOPPWOELS AOYyw peuaTtomoinong. H ekTeTapévn pEUVNTIKN XprRon
QUTWV TWV KATOOTOTIKWY TIPOCOMOLWHATWY BEATIWOE ONUAVIIKA TNV KOTAVONGCN TNG MN-YPOLMLKAG

SUVAULKAG AmOKPLONG CUCTNUATWY BeeAiou-e8APOUC TIC TEAEUTALEG SEKAETIEC.

Mta amd TG TPWTEG CUCTNUATIKEG APLOUNTLKEG SLEPEUVAOELC TOU GALVOUEVOU SLeEveEPYNONKE MO TOUC
Karamitros et al. (2013), ot omolol MPayHATONOINCOV ULO CELPA ATIO UN-YPOALULIKEG SUVAULIKEG AVOAUOELG
Bepehlwoewy pe akoprmtn avwdopr] edpalopevwy oe edadikd mpodiA peuotonotiolung appou Nefada.
H ouykekplpévn HeAETn adevog avadelkvUEeL TOUC KUPLOUG UNXAVLOUOUE TToU SLEMOUV TO GaLvOUEeVO (TT.X.
UTEPBOALKA CUCOWPEUGN TileoNG MOPWV KATW amd to Bepéllo, cuoowpeuon kabilnong, umoBabuion g
dépouoag kavotntag, aAAnAenidpacn Bepeliou-edddouc), kal adetépou Slepeuvd To POAO HLOG
dUGLKAG HN-PEVCTOMOLOLUNG APYAKNG £8adIKNG kpoloTag wG HEBOSO TEPLOPLOUOU TWV OELOULKWY
KoBOLWNoEWV TNG KOTAOKEUNG XWwpIg mepaltépw pETpa e€uylavong (m.x. BeAtiwon e6ddoug i KoTaokeun

nacodAwv). Ta KUPLAL CUUITEPACIOTA TTOU TTPoEKuYav eival ta akolouba:

e OLAdGyolL UTEPTILECWYV TOU VEPOU TWV MOPWV KATW Ao To OepéAlo mapapévouy pkpoTepoL amd
r.=1.0 AOyw 1TNC Tapouciag ONUOVIKWY KatokOopudwv Taoswv. EmutAéov, petd Ttnv
peylotonoinon toug (ry = 0.8) — ota apykd otddla tg d6vnong — HELwvVOVTAL AOYyWw TNG
SL0.0TOA KNG cupTEPLPOPAG TOU UTIOKEIEVOU €8AdoUC (XA 5a). TO GUYKEKPLUEVO DALVOLEVO
erudelkvieTaL Pe TN SLadpopn TWV EVEPYWV TACEWY OTO XWPO g-p KoTd tn Stdpkela thg Sovnong
(ZxAua 5y-8). MNapatnpeital 6t n katakdpudn Mapapopdwaon &, Kal n oplovTia mapapopdwaon
&n elval mepinou loeg pe 1%, emopévwg, n amokAivouoa mapapopdwaon eival ion pe g4= &y, - €, =
2%. H Tyun auth ¢ anokAivouoag mapapopdwong ival EMOPKAG YL Vo TIPOKAAETEL aPXLKNA
OUOTOALKOTNTA (DETIKEG UTEPTUEDELS TIOPWV) Kal €MAKOAOUON SLACTOAKOTNTA (QAPVNTLKEC
UTLEPTILEDELG TIOPWV). OL EMUMPOCOETEG SLATUNTIKEG TMAPAUOPDWOELS KATW ATMO TA AKPO TOU
Bepehiou, mou odeirovtal otnv kabilnor tou, MPOKAAOUV ATOUEIWON TWV UTIEPTILECEWV TWV
MOPWV, UE QMOTEAECUA VA SNELOUPYELTAL EVOC UNXAVIOUOC OVTLOTABULONG TNG CUCCWPEUONG

kablnoswv.
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e JUpdwva pe Toug Karamitros et al. (2013) n oucowpeuon kabulnoswv amobibetal otov
OXNUATLONO KoL TNV o0AloBnon evog mplopartog aotoyiog und to Bepédlo, n omola cupBaivel Svo
dopEg ava kUkAo tahavtwong, SnAadn tnv mpwtn dopd otav n ddvnon KateuBUVeTAL TTPOC T
oplotepd Kat tn deltepn otav kateuBuvetal mpog ta de€Ld (ZxAua 6B). H ev Adyw Bewpnon eival
cupBartn mpog toug Richards et al. (1993) ot onoiot Atav oMo ToUG MPWTOUG TIOU GUGXETLOAV TLG
OELOULKEG KOBWNOELC Ue TN dnpoupyia evog pnxaviopou mpiopatog tumou Coulomb, o omolog
npokaAsital Adyw tng unépPaong tng Ppépouacag tkavotntog tng Bepeiwong. H mpoyevéotepn
Bewpnon cuoxEtile katd KUpLo Adyo TG KabLlnoelg Tou eAeUBepou MEeSIOU LIE TG OYKOUETPLKEC
napapopdwoelg Kabwg kot TN cupmikvwon tou edddoug Bepeliwong. T0udwva He TOug
Richards et al., n untépPacn tng p€poucag LkavoTnTag Kal n emakoAouBn oAicOnon tou npilopatog
tou edddoug mpokaAoUvTal TOCO Ao TNV AMOUEIWON TNG avioxng tou €dddoug AOyw NG
OELOULKAG GOPTLONG 000 KAl Ao TN HETAS00N TwV adpavelakwy SUVAUEWY TNG KOTOOKEUTNC OTO
umtedadog. ElSIka otnv meplntwon tng peuotonoinong, n paydaia amopeiwon Tng avioxng tou
£6adoug AOyw TN CUCCWPEUCNC UTIEPTILEGEWY TOU VEPOU TWV MOPWV EMLOELVWVEL TO OXNULATIOUO
KoL TNV oAlaBnon tou edadkou mplopartog.

® Y& CUVEXELX TWV Ttapatnpnoswv mediou, n mapapetplkn Sltepevivnon Katédelle OTL n mapouoia
NG KN-PEVUCTOTOLNGCLUNG €TMLPAVELOKAG KPOUOTAC Elval EUEPYETIKA yla TNV OTOKPLON TNG
BepeAiwong, KABWG oL OELOULKEG KABLINOELG LELWVOVTAL E TNV aUENoN TOU TTAXOUG TNG KPOUOTOC
(ZxAua 6B). EmutAéov, n Bewpnon ULAG AKOUITTNG KOTAOKEUNG €Ml Tou Bepeliou €xel apeAntéa

enidpaon oTNV AvATTUEn UTIEPTILECEWY TOU VEPOU TWV TIOPWV KAl 0T CUCCWPEUON KaBllnoswv

(Zxnpa 7).
(a) (B) {v) (8)
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IxAua 5: XpovoioTtopieg Tou AOyou UTEPTILECEWV TOPWV (a) KATw amd to Bepélo kal (B) otnv emudpavela tou
ebadoug, 5Ladpouég Taoewv edadikol oTolyelou KATW armod to Bepéllo oto medio g-p’ yia (y) oslopikn SLéyepaon kat
(6) povotovikr podption.
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IxAMaA 6: (a) IXNUATIKA avarmapdotoon Tou punxaviopou aotoxiag tumou Coulomb kal cucowpeuon kabHoewy
AOyw oAioBnong tng edadikng «odpnvag» (Richards et al. 1993), (B) dtaviopata TaxuTATWV TOU Selxvouv TO
OXNUOTIOUO Kat TNV oAicBnon tng edadikic «odprivac» oe ouvBrkeg peuotomnoinong (Karamitros et al. 2013c).
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IxAna 7: AtakOpaveon tou Adyou kaBuioswy pe to UPog thg Suokaumtng kataokeung (Karamitros et al. 2013c).

11l. MEGOAOAOTIA APIOMHTIKQN ANAAYZEQN

ApLOUNTIKO povtélo. H aplBuntikn Siepelivnon tng mapovoag AlatptBrg mepAoBAvel o oepad amo
TpLoblaoTateg aplBUNTIKEG avalloelg Tou mpaypatorodnkav pe tov Kwdika [Memepaopévwy
Aladopwv FLAC3D (Itasca 2012). To TpLodLAcTaTo aplBUnTKG MPOCOUOLWA TOU GUCTHLOTOC AVWOOUNG-
Bepeliov-ebadoug anekoviletal oto IXAUA 8. To aplBUNTIKO Mpocopoiwpa cuviotatal o éva eSadikd
oTpwHa amd peuctonmoliolun aupo Nevada Ugoug 20m Katl OXETIKAG Tukvotntag Dr = 45%. M

ermudavelakr] edadikn kpolvota mdaxoug 2m PBeAtwvetal pe edadikr) cupnukvwon (Dr = 60%) kat
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EYKATAOTOON KATAKOPUGWVY oTpayyloTnpiwv mpokelpévou va e€aodalloTel n eMApKAG avtiotaon oe
pevotornoinon tou edddoug Bepeliwong. OL SLHOTACELS TOU KavvABou eMAEXONKAV QPKETA UEYAAECG
wote va anodeuxBolV MPOBANUOTA CUVOPLAKWY CUVONKWY KATA TN OTOTIKN KAl Suvaptkr ¢option. Mo
OUYKEKPLUEVA, TO TIAATOC TOU TETPAYWVIKOU Bepeliou ntav 4.0m, evw To MAATOG TOU KavvaBou eival loo
pe Ly = 50m, to BdBog ival L, = 25m kat to uPog eivat H = 20m. H Slakpitonoinon tou kavvapou
nepAapBavel éva Aemto mAEypa, he Lwveg Im x Im x 1m katw amd 1o OgpéAio e otadlakd auEavopevo
uéyeBog edadkwv OTOLXEIWV TIPOC Ta MAEUPLKA cUVOPA TOU KavvaBou pe Aoyo avénong ico pe 1.15. To
XPOVLKO BrKA TwV SuvapKwy ovoAUoswv eivot Tng TdEng twv 107 sec Seuteporéntwy, Onwe Kabopiletat
oo TO Mo SUCKAUTITO OTOLXELD TOU aplOUNTIKOU MPOCOUOLWHOTOC — OTNV TIEPIMTWON AUTH amo ta

VPOUULKA OTOLXELOL 5OKOU TIOU XPNOLUOTIOLOUVTOL YL TNV TPOCOUOLWwoN TG avwSoUAG.

Ot SuVOHLKEG avaAUOELG TTPAYUATOTIOLOUVTAL e edappoyr] TNG XpovoioToplog TnG enttayuvong otn Bdaon
ToUu KavvaBou. la TNV MPOCOUOLWoN TWV TIAEUPLKWY 0plwv Tou eAelBepou Medlou XpNOLUOTIOLELTOL N
UEBobSo¢ «tied nodesy», n omoia emBANEL loeg 0pLIOVTLEG KOl KADETEC UETATOTILOELG OTOUC OVTIBETOUC Kot
ool Peic kOpBoug ou Bplokovtal eml Twv MAEUPLKWY cUVOPWV. H cuykekpLpévn nébodoc uloBeteital,
w¢ £l TO MAeloTOV, O£ MEPUTTWOELS SUVAULKWY TIPOPANUATWY TIOU oxetilovtal pe uPnAd enineda un-
YPOUULKOTNTAG. H LOVOTOVLKI KL aVOKUKALKA ouuTiepldopd TG AUUOU KoL N CUVETTOKOAOUON avAmtuén
UTIEPTILECEWY TOU VEPOU TWV TOPWV LOVTEAOTOLE(TAL PE TO KOATAOTATIKO Tpocopoiwpa Kpiowung

Katdotaong NTUA Sand.

To Mpooopolwua TNG AVWSOUNG cuvioTatal og €vay amAomnolnuévo povofaduto tadaviwtr (SDOF) mou
QVTLPOCWTEVEL HIKPOU Kal pecaiou peyéBoug Babpa yedupwv, pe TN PAlo TOU KATAOTPWATOG VO
Bewpeltal ouykevipwuévn otnv kopudr Tou BAaBpou. H emidoyr TOU CUYKEKPLEVOU TUTIOU KATAOKEUNG
TiNYAZEL oo TO YeYoVOC OTL adeVOC TIPOKELTAL YLIO PKETA OUVNOLOUEVN KOTOOKEUN OE PEUCTOTOLROLUA
e6adn (m.x. aAAouPLaKEC amoBECEL O€ KOITEG MOTAUWY KOl ALUVWY) Kal adeTEPOU KATAOKEUALETAL UE
UEUOVWHEVEG — KAl ACUVOETEC UE TNV UTIOAOLTN KATOOKEUN — OgUeAlWOELS, oL omoieg emnpedlovral
TMePLooOTEPO amo dawvopeva Atkviopol tou Babpou. Map 'OAa autd, TOo AvAAUTIKO TAQICLO TOU
XPNOLLOTIOLELTOL ETUTPETIEL LOL TILO YEVIKEUPEVN edappoyn Tng Stadikaciog o moAuBabula cuothpata
UE TNV TPoUnOBOson NG PEAALOTIKAC EKTIUNONG TwV SOMKWY TAPAUETpWY (m.X. tooduvapo UYPog
Kotaokeuncg, Bepehwdng &lomepiodog Tou cuothpatog K.AT.). Mo cuykekplpéva, n avwdoun €xet
petaBariopevo UPog h=3.0—5.1m Katl cuykevtpwuevn palo m = 108.8 — 228.8tn. EmumAéov, n avwdoun
KoL Ta oToLXElol BEpeAlWONG TIPOCOUOLWVOVTOL HE EAAOTIKA otolyeiat SokoU kot keAUdoug, avtiotolya. H

Kauretikr) Suokappia tou BdBpou eival El = 5.0-12.7-10° (kNm?2) kot avtiotoei otn Suokapio Tou
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pNYHATWHEVOU oTolyelou, n omola AapBAVETAL WG TO HLOO TNE OVTLOTOLXNG EAQOTIKNG Suokapuiag Tou pn
pNYHATWHEVOU oTolxelov, cUudwva pe Tov EC8-1 4.3.1 (7). ZNUELWVETAL OTL AUTO TO eMinedo anopeiwong
™¢ Suokaupiag avadepetal otnv évapén tng Sloapporng Tou OMALOHOU, EMOUEVWC, UTOTIUA TNV

TPAYHUOTIKN amopeiwon g Suokappiog Katd Tn SLApKELX LOXUPWY OELGHWV.

m=54.4-89.7tn D, =60%
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IxAKa 8: AplOpNTKS TPocopoiwpa Twv avaAUoEWY TTou Tpaypatorowiénkay oto FLACP.

Napapetpikn Stepelivnon. Ol BACIKEG KATAOKEUOOTIKES, YEWTEXVIKEG KOL OELOMLKEG TTAPAUETPOL TIOU
e€etalovral otnv mapovoa Alatplfr ekdpalovral pe tn popdr Twv adLOCTATONMONUEVWY TIOPOUETPWY
TIOU XPNOLUOTOoLoUVTaL 0TO MAALOLo TNG aAnAenidpaong edadoug-katokeung (soil-structure interaction -
SSI). Mo ouykekplpéva, efetalovial ol akOAlouBec mapdpetpol (Mivakag 1) Twv AVILCELOUIKWY
Kavoviopwv (r.x. NEHRP): (i) O Adyog mepldSwv KATaoKeUNG - SLEYEPONG Tsys/ Texe, (ii) 0 AdOyog Auynpotntag
h/r, 6mou h gival to tooduvapo LPog TG avwdSoung Kal r elval n aktiva Bspeliwong, (iii) o oxeTikog Adyog
paag y = m/(reps-h-r?), 6mou ps eivat n mukvotnta tov e8ddouc (iv) o Adyoc Suokapiog KATAOKEVAC -
edadoug s = h/(VsTsg), 0TOU Vs elval n TaxUTNTa TOU SLATUNTKOU KUUOTOG Kat Ty-selval n blomepiodog

NG MOKTWUEVNG KATAOKEUNG, KaBwg Kat (v) n uéylotn edadikn emtayuvon (PGA).

To €UPOC TWV MAPATAVW TOPAUETPWY oTov Mivaka 1 emAéxOnke €T0L WOTE VO QATOTUTIWVEL TOUG
MNXAVIOUOUC TIOU SLEMOUV TIG OELOULKEG KOOWNOELS, QVTOMOKPLVOUEVO, TAUTOXPOVA, OTa ouvhon
KOTOOKEVAOTLIKA dedopéva. OL YEWTEXVIKEG TIAPAPETPOL TTAPAUEVOUY, WG ETL TO MAElOTOV, AUETAPBANTES

OTNV MOPOUETPLKN €peuva TNG Ttapouoag Alatpipic. Auto odeiletal oe SUo KUpLoug Adyouq. Adevoc, n
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eMiSpaon TWV YEWTEXVIKWY TIOPOUETPWY OTNV ATNOKPLON TOU CUOTNHOTOG £xel e€etaotel Sle€obika ot
nmponyouueveg peléteg (Dimitriadi et al. 2017, 2018) kat, adetépou, N MOPAUETPLKY Slepelivnon eoTLAleL
oToUC AOyou¢ KaBIlnoswv PLETAY cuoTNUATWY avwdoung-Bepeliov-e6adoug katl cuoTtnuatwy Bepeliou-
£6adoug, mpokelévou N emibpaon Twv e5adIKWV XOUPAKTNPLOTIKWY Va KOTAOTEL deutepelouaa, av OxL

oUEANTEQ.

Nivakag 1: EUpog Twv e€eTalOPeVWY TTAPAUETPWY O0TO MAAioLo TG aAAnAenidpaong e6AdouUG-KOTAGKEUNG.

Parameters Range
Nbyog nepléSwv Tsys/ Texc 0.40-2.20
IXETIKOG AOYOC udlag y=m/(m-ps-h-1?) 2.40-5.10
AbGyogG Auynpotntag h/r 1.06-1.88
Noyog 5U0’|;C;Léliicc)quK$ata0K£UﬁQ- s = h/W;* Tyrp) 0.05-0.35
Méyiotn edadikn emtayuvon PGA (g) 0.15-0.40

MNpooopoiwon peucTonMooLUWY ocuvOnkwv. H mpotewvouevn pebBodoloyio ylia Tov UTOAOYLOUO
oElopKwY KaBllnoswv oe peuatonotrowo €dadog Baaciletol os mMPONYOUUEVEG LEAETEG TIOU ETULTPETOUY
ToV SLaXWPLOUO TNG OELoULKN SLEyepang og dU0 PAOELG: TPV (t < trgr) KAL META (t > trqr ) TNV EKENAWON
peuotomnoinong, OTou ty, ¢ ElvaL 0 XpOVOG Ao TNV Evapén TG OELOULKAG dAvnong LEXPL TNV ekOAAWGCN TwV
CUMTTTWHATWY TG peuctomnoinong tnv eAeuBepn emipavela tou edadouc (Youd and Carter 2005; Kramer
et al. 2016; Bouckovalas et al. 2017; Ozener et al. 2020). Katd tnv npwtn $don, n cupneplpopd Tou
£6Aadoug mpooeyyilleTal APKETA KAVOTIOINTIKA E TNV Ttapadoxr otpayyllOpevwy ocuvinkwv $optiong,

o€ avtiBeon pe Tnv SelTePn AN OMOU EMIKPATOUV QOTPAYYLOTEG CUVONKES hOpTILONC.

Kplowo mapayovta yla autov To Slaxwplopd amnoteAel To yeyovog OTL n ekdAAwaon TNg peuctonoinong
OUVOOSEUETAL AMO ONUAVTIKA amnopeiwon tou METpou AldTUNoNnG Kot tng SLOTUNTIKAG avioXng Tou
e6adoug, n omoia eivol OPKETA ONUOVTIKN WOTE va TPOKAAEoeL pla Eexwploty ¢paon ddévnong. Mo
OUYKEKPLUEVA, N Ao peuctonoinong xapaktnpiletal amd onUOVTLKE TPOTOTIOINUEVEG £60PIKEG
WBLOTNTEG (V5, Tsoir) 0 OUYKPLON UE TLG APXLKEG LOLOTNTEG, TIPO pEUCTOMOinonG. EmutAéoy, n petapacn anod
TIC OPXLKEC OTLC PEUCTOTIOLNUEVEG LOLOTNTEG Elval APKETA amoTtopn. Mo cuykekplpéva, n BepeAlwdng
6lomepiodog tng eSadikng oTAANG Tsoi EXEL TIOpaTNPNBOEel OTL auéavetal eAdylota yia Adyouc umeprmisong
TOPWV ry HIKpOTEPOUC aro mepinou 0.80, evw aufavetal paydaia yia Adyouc r, Tou mMANcLalouv TNV TN

1.0 (Kramer et al. 2016).
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AlddopeC UEAETEG EKTLLOUV TO XPOVO EVAPENG TNG PEVCTOTOLNONG t1,gr LECW APLOUNTIKWY AVAAUCEWVY TNG
OELOULKAG amoKplong Tng edadikng otnAng (Kramer et al. 2016; Bouckovalas et al. 2017). 2to mAaiolo tng
napovoag SlatpLfng, o xpovog ekSNAwoNg TG peuotomnoinong yla éva opolopopdo otpwpa edddoug
Tou UTIOBAAAETAL O appovikn Sléyepon pe Tiepiodo Tex UTIOAOYileTAL €UpeDa, amd Tov aplOpd Twv
KUKAWV poptwong N, mou amattouvtal HEXpL TNV ekdnAwaon tng peuotomnoinong (Ewg ry, = 0.80-1.0) emti

™V tepiodo tNG LooSUVANG OPUOVIKAG SLEYEPONG Texc:

tL = NL ' Texc (1)

ErumAéov, uloBeteital n amAoucteupévn CUOXETION Tou aplOpol KUKAWV ¢optiong N, Ue gUPEWG
Sl00€0lpua YEWTEXVIKA KoL OElopkd Sedopéva (mX. tov SlopBwpévo aplBud KTumwyv mPOTUTNG

Slelobuong Nygo Kat tnv péylotn edadikn emttdyuvon PGA) (Bouckovalas et al. 2017).

{a) (B) 4

onset of soil
softening 1 t,
,gr

—— Surface

Acc. (g)
o
(=]
Ratio

:lllllllllllllllllllllllllllllll
4 6 8 10 12 14 16 18 20
Time (sec)

0.0 02 04 08 0.8 1.0
Pore pressure ratio, 7,

Ixnua 9: (a) Xpovoiotopieg emtaylvoewv otnv emipavela tou £5adoug Katl otn BAcn TOU PEUCTOTOLAGLUOU
ebadikou mpodiA yia to oelopd tou Kobe 1995 (Port Island) (Bouckovalas et al. 2016) and (B) StakUpavon tou Adyou
™G Bepellwdoug t8lomeplodou tng e8adikAc oTAANG TTPLV Kol PETA TN pevoTtonoinon Ts/Tse ouvaptroeL Tou Adyou
UTIEPTILECEWV TIOPWV ru (Kramer et al. 2016).

IV. EKTIMHZH THZ IAIONEPIOAOY ZYZTHMATQN ANQAOMHZ-OEMEAIOY-EAADOYZ

H ouvnBbng pebodoloyia yla tnv ekTipnon Tng LOLOMEPLOSOU TWV CUOTNUATWY avwdopng-Ogpeliou-
e6adoug ypnoluorolel TG avaAuTikég Stabdikaoiec twv Avtioslopikwyv Koavoviopwy (r.x. NEHRP). Ot
Sladkacieg auTéC mapéxouv Uil akplBr ektipunon Tng €AAOTIKNAG MEPLOSOU TOU CUOTAMUATOS Tsys.el,
ekdpalopevn ouvnBéotepa wg o AOYog EMUAKUVONG TNG LOLOTEPLOBOU Tyysel/ Tetrs, OTOU Tyt f €lval N
16lomepiodog TNC MOKTWHUEVN KATAoKEUNC. Map ‘0Aa autd, ol Sladikaoiec autég ival avemopkeic ya va

mieplypaPouyv T XPOovikr HETOROAN TwV LSLOTATWY Tou 8ddoug, n omoia, Pe T oelpd TG, 06Nyl og pa
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N YPOLLLLLLKI ETILLAKUVGON TNG LBLOTEPLOSOU. TNV UTIOBABULOUEVN TOU KOTAOTAOHN, TO CUOTNUO MOPEL va
XOpOKTNPLOTEL oo pLol LoodUvVapn evepyd LOLOMEPIOS0 Tsysef TIOU EVOWMOTWVEL TNV XAAAPWGCN TOU

pevoTornolnuévou e5adoug Katd tn dLdpkela tng Seutepng daong tng Sovnong.

Me Bdon Ta MOPONMAVW, Ylo VA UTIOAOYLOTEL plol PEAALOTIKI LOLOTIEPI0S0G TOU GUOTAMATOC KATA TN
Slapkela tng ddvnong eival xpnoluo va yivel dLakplon TnG emunkuvong tg meplodou petafl Tou
€ANQOTIKOU TNG TUAMUATOS Toys.eif Tstrs KOL TOU OVEAACTIKOU Tyys.efrf Tsys.er. O UTIOAOYLOMOG TNG EMLUAKUVONG TNG
€ANAOTIKAG TIEPLOOOU Tyysel/ Tty akoAouBel tnv avoAutikr Stadikacia twv Kavoviouwv (r.x. NEHRP)
XPNOLOTIOLWVTAG TIG OPXLKEG ouVONKeg Tou eAactikol eddadoug, SnAadn autég mou mponyouvTal TG
OELOULKNG SléyeponG. Avadoplkd HPE TO QAVEAXOTIKO TUAMA TNG EMUUAKUVONG Tyyseq/ Toyse, N XPOVIKA
petafarlouevn anopeiwon tng edadikol MEtpou Aldtpnong G — Blwg KATw oo to BepéAlo — kablota
TOV QLECO UTIOAOYLOWO TNG EVEPYOU LOLOTIEPLOSOU Tyyscrr ECAPTWUEVO TG TNV KATAAANAN €TUAOYI €VOG
LoodUvapou Métpou Aldtunong yia to untédadog BepeAiwong. 2tnv mapoloa AlatpLPr, TPOKELUEVOU VOl
Eenepaotel n SuokoAia ektipnong plag PovasLkAg aVTUTPOCWIEVTIKNG TIUAC Tou Métpou Aldtunong, n
€VEPYOC LOLOTIEPLOSOG TOU CUOTNMATOG Tys o POCOLOPLETAL EUPETQ, HECW TNG ZUVAPTNONG MeTadopdg
(Transfer Function) petafd twv Poopdtwv emitayuvong £1c06ou (ehelBepou mebdiov) kal £€66ou
(avwdopnc) oto medio twv cuxvotATWy. XTo MAAIOLO AUTO, OL MAPAYOVTIEG TNEG AVEAXOTLKOTNTAG TOU
CUOTHHATOC UMTOPOUV VO CUCYXETLOTOUV LOKPOOKOTIKA LE ULa PEAALOTIKY — evepyo — LSlomepiodo tou

CUOTHUATOC.

Mn-pEVCTONOLAGLUEG CUVORKEG. TO OVEAAOTIKO TUAKUA TNG EMLUAKUVONG TNG LOLOTIEPLOOOU Tays.eftf Toys.el
EKTLULATAL OTNV Ttapoloa Alatplfr He pia oslpd aplOpnTikwy avaAUoswy. Mo avaAuTtikd, To cuoTnua
avwbounc-Oepeliov-edadoug Sieyelpetal otn Bdaon Tou kavvaBou He pla xpovoiotopia oplloviiag
CELOULKNAG ETUTAXUVONG, N OMOL0l TIPOCOUOLWVEL €va Katakopuda SLadldopevo SLatunTtikd kopa. To
ebadko mpodih meplypddetal avaluTikd otnv mponyouuevn Evotnta (IxAua 8), evw oL cuvOnKeg
TIAPOUG GTPAYYLONG TIPOCOUOLWVOVTAL LE TO UTIO Avwon el8Iko Bapog tou eddadoug. H edappolopevn
eSadikn Sléyepon ocuviotatal oe éva onpa Aeukol BopuPBou (white noise), To omoio MePLEXEL CUXVOTNTEG
long évtaong evidg evog peydhou eUpPoUG OTO TESIO TWV CUXVOTATWY HE OIMOTEAECHA HLa olovel otaBepn
daopotikr mukvotnta. Ot opl{OVTLEG EMITOXVUVOELC KataypddovTtol oto eAsUBepo nedio (oe amodotaon x
> 2B amd to akpo tou Bepeliov, 6mou B gival to mAdtog tou Bgpeliou, kot 0To UYPOC TNG CUYKEVTPWHEVNG

padag tng avwdounc.

To ZxAua 10a cuyKpivel Ta pAcuaTa EAACTIKAG ATOKPLONG LE 5% EWEN anmdoPeon OV AVTLOTOLXOUV OTLG

npoavadepBeloeg oeloUKEG SovNOELS TN avwdOUNG Kal Tou eAelBepou mediou. OL POOUATIKEC
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ETUTAYVVOELC TNG Kivnong Tou eAelBepou mediou evioylovtal Kupiwg oTo eUPOC TWV XAUNAWY TIEPLOSWVY,
6nhadn petatd T = 0.10-0.35sec. AvtiBeta, n &dovnon ¢ avwdoung mapouclalel evioxuon tng
daopaTIknG emtdyuvong oto gVpog meplddwy T = 0.40-1.00sec. H oxetkn evioxuon petall twv dUo
KLVNOEWV eKTIHATOL KOAUTEPQ e TNV e€€Taon TNG Zuvdptnong Metadopdc (TF) Twv EMITAYUVOEWVY TNG
avwdounc w¢ mpog to eAelBepo medio (ZxApa 10B). Adyw TNG Evtovng KN YPAUUIKOTNTOC TNG AVOKUKALKNG
amoKpLong Tou £8adoug Kat tTNG dtakupavong Twv eSadlkwy LOLOTATWY UE TO XPOVO, oL LOLOTLUEG ToU
ouoTNUaTog Sev avIloTolXoUV amapaitnta oe Hovadikég Kopudég twv TF, aAAd KaTavéUovTal O £va
Sleupupévo paopa meplodwv. JUYKEKPLUEVQ, TTapaTnpeital OtTL n enkpateéotepn kopudn TF Bploketal
EYYUC TNG «EAQOTIKNAG» LOLOTIEPLOSOU TOU GUOTHHATOC Tsys.ei= 0.46sec. Map 'OAA AUTA, CNUOVTLKEG KOPUDEG
daopatikng evioxuong mapatnpouvtal eniong oto gvpog meplédwv T = 0.46 — 1.00sec, yeyovog mou
UTTOSELKVUEL ONOVTLKN ETILUAKUVON TN TTEPLOSOU Tou oXeTileTal Ye TV amopsiwon tng Suokaupiog tou
e6adoug AOyw TWV SLOTUNTIKWY TapopopdWoswv Tou Tpokalovvtal amd (i) t Swddoon tou
SlotuntikoU KOpatog Kat (i) amd tov AKVIOUO TNG KATAoKeUNnc. To &v AOyw Sleupupévo elpog
Llomeplodwy avadépetal akoAoUBwWE we To «evepyd €UPOG LELOTEPLOSWV» TOU CUCTAUATOG KATA T

oslopLkn Sléyepon.

To ZxApa 11a mapouctalel TIC TUVAPTAOELG IXNLATOG TWV GACUATWY EAOCTIKNG ATTOKPLONG TNG OELOULKAG
ETULTAYUVONG TNG ovwSoUNG w¢ Tpog to ehelBepo medio. Ta eAaoTIKA PpACUATA TTPOKUMTOUV amod
apLOUNTIKEG avaAUOELG Yo SLADOPETIKA EMIMESA OELOWMLKNG EVTAONG, E LEYLOTEG E8ADIKEG ETUTAXUVOELS
eAevBepou nediou (PGA) petagu 0.01g kat 0.92g. Mapatnpeitat 6Tl N Kopudn TG ZUVAPTNONG IXAUATOG
— Tou avtiotolxel otn BepeAwdn Slomepiodo Tou cuoTApATOg — €lval Mo €vtovn yla XopnAotepa
eNineda OELOWLKNG EVTAONG, EVW N CUUBOAN TWV PACUOTIKWY EVIOXUOEWVY YLO TIEPLOSOUG LEYOAUTEPEG
anod tnv BepeAwdn neplodo evioxvetal pe TNV avénon tou PGA Kal TNV, CUVETAYOUEVN, EVIOVOTEPN
mAaotikonoinon tou edddoug. Elval xapaktnplotiko mwe ya enineda PGA > 0.72g, n BepeAwdng
lomnepiodog tou cuotnuotog dev pmopeil va mpoobloplotel pe cadnvela. H Stadopd petafd Tng
OmOKPLONG TOU cuoThUatog yia uPnAd (PGA = 0.72g) kat péco (PGA = 0.30g) eninedo OELOUKNG EVIAONG
napouctaletal ota IxApata IxApa 11B-y. Onwg daivetal oto IxApa 116, oL LEYLOTEG EMUITOXVUVOELC TNC
ovwSouAc ylo PGA = 0.72g sival mepimou SumAdaoteg and autec yio PGA = 0.30g, yeyovog mou odnyet og
ONUOVTLIKA HEYAAUTEPOUC UN-YPOUULKOUG UOTEPNTIKOUG BPOXOUC OTO SLaypappa pomnc-ywviag otpodng
oTo IXAna 11y.
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IxAua 10: (o) TUyKkpLon TWV EAACTIKWY GACUATWY AOKPLONES TG avwdoung Kal Tng entddvelag tou eddadouc (B)
Suvaptroelg Zxnuoatog (Transfer Functions) petal tou eAaotikol GAOUATOC amOKpLong TG avVwWEOUNG (Sa.mass) Kat
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IxAua 11: (a) ZuvapTtrnoEelg IXNUOTOC LETOEY TWV GACUATIKWY EMUTAXUVOEWV TNG AVWSOMAG Kal TNG eMbAVELAG TOU
€6adoug ya SladopeTikd TIHEG TG MEYLoTNG edadikng emttayuvong (PGA), (B) xpovoiotopia emitoxUvoewv TG
avwdoung ya vPnAn (PGA=0.72g) katL uéon (PGA=0.30g) oelouikn €vtaon Kat (y) xpovoiotopio pomng-otpodng
Bepeliou.
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H enidpaon Twv oelopkwY, e5adIKWV KOl KATOOKEUAOTIKWY TIAPAUETPWY OTN LN YPAUULKA EMLUAKUVON
NG TEPLOSOU  Tiyseff/ Toys.er OLEPEUVATOL TIOPOAUETPIKA HECW TWV TPOAVADEPOEVTIWY aPLOUNTIKWY
avaAuoswv. H péylotn edadikn emttayuvon (PGA) kat n BepeAlwdng tdlomepiodog tou edadikol mpodid
Tsoi TipOOSLOpilovTal w¢ oL BACLKEC TAPAKETPOL. [a TNV EKTIUNON TOU GUXVOTIKOU TIEPLEXOUEVOU TWV
JuVapPTHOEWV ZXAUATOC Xpnolpomnolouvtal pebodoloyieg mou npoteivovral otn BBAloypadia (Rathje et.
al, 1998) pe okomo ToV XapOKTNPLOUO TOU EUPOUG TWV EVEPYWV LOLOTIEPLOSWV HE Hia LOVO TTOPAUETPO. Ev

TPOKELEVW, €eTAlovTal oL E€QC MAPAUETPOL:

e H Oepedlwdng mepiodog Tyysp, N OMOLA €lval N TIEPLOSOG TIOU AVTLOTOLXEL OTN MEYLOTN TN TWV
ACUOTIKWY EMUTOYXUVOEWV.

e H efopaAupévn pacpatikn meplodog Tyyso, N OMOLA EVOWMATWVEL TI ONUAVTIKEG GOOUOTIKEG
gvIoYUOELC, WG £€AC:

_ YTy In[TF(Ty)] - H[TF(T;) — max [TF(T})]/2]
Tovso = =S T [TF (1] - ATF(T,) — max [TF(T)1/2] @

orou T; elval n Slakplt mepiodog i Tou dpacpatog andkpiong, TF (T) elval n Tl tg Zuvaptnong
IxAuartog yia epiodo T; kat H[x] eival n cuvaptnon «heaviside function» mou wooUtat pe 1 ya x > 0 kot

Oy x<0.

To ZxApa 12 napouoldalel To Adyo MepLOdwV Tou evepyol TMPOC TO EAACTIKO CUOTNUA Tsys.eff Toys.el WG
ouvaptnon Tou PGA kat yla tig Suo npoavadepBeioeg pebodohoyieg. Ot AOGYOL Tsys.of Tsys.el TAPOUCLATOUV
auénuéveg TEC €wg 30-40% oe oUYKPLON HE TOUG avtiotolyouG AOYOUG Teysp/Tsyse. EMUTAEOV,
TIPATNPELTAL TIEPLOPLOKEVN ETUUAKUVGN TOU AOYOU Tyys p/ Toys.e VIO TLUEC PGA pikpOTEPEG amtd 0.35g, evw
N EMUAKUVON QUEAVETOL [LE OXETLKA YPOLLLKO TPOTIO YLO LEYAAUTEPEG TIUEG Tou PGA. AvtiBeta, o Adyog
Toys.of Tsys.er OQUEGVETAL paydaio péxpl tnv T PGA = 0.20g, evw o puBuog avénong tou HPEeELWVETaL
ONUOVTIKA yla LEYOAUTEPEG TUMEG PGA. InUELWVETAL OTL N APLOUNTLKN EKTIHNON TNG LOLOTEPLOSOU TOU
CUOTHIATOC yLa TTOAU XAMNAEG TUUEG TOU PGA gudavilel onpavtikeg SUoKoALEG w¢ Ttpog TNV enetepyaocia
TWV OELOULKWY ONUATWY AOYWw TNG TOUTOXPOVNG tapeBOANG Tou aplBuntikou BopuBou oto uno ef€taon

onua.

To ZxAua 12 napouctalel aplOUNTIKA AMOTEAECUATA TOU AOYOU TIEPLOSWV Tyys.efff Tsys.el WG OCUVAPTNGCN TNG
Bepehwdouc mepltodou g eSadLkng oTAANG Tsoi, KAVOVLKOTIOLNUEVN WE TTPOC TNV EAOOTIKN TIEPL0S0 Tou
OLOTNMOTOC Tsyser. H BepeAlwdng mepiodog tng edadikng oTAANG EKTILATAL XPNOLLOTIOLWVTAG TN HEDN
EAAOTLKA TOXUTNTO TWV SLOTUNTIKWY KUPATWY Kad’ uog tou edadikol mpodid, xpnolponolwvrag thv

£kdpaon Tt = 4H/Vs,0. INUELWVETAL OTL N €MISPACH TNG KN-YPALMLKAC amtOKpLong tou £6ddoug otnv
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niepiodo enmunkuvong tou edadkol mpodiA eivat avaloyn TN OELOULKNG EVTAONG Kal pUmopet va AndOetl
UTIOY LV XPNOLUOTIOLWVTOC AVOAUTIKEC Sladikaoieg ou eival Stabéoiueg otn BLBAloypadia (Bouckovalas

and Papadimitriou 2003).

Ta amoteAéopata Selyvouv OTL O CUVTOVIOUOG UETAU TnG Sléyepong NG eAelBepng emipavelag Tou
€6adoug Kal tTNG EAAOTIKAG LOLOTIEPLOSOU Tyyser ETUNKUVEL CNUAVTIKA TNV €vepyo LSlomepiodo Ttou
OUOTAMATOC Toyser, EWG KL 70% O€ OUYKPLON WE TNV — APXIKA — €AAOTIKA TN TG Tepldodou. Eival
evbladépov OTL Ta Opla TOU ypadnUATOC TPOCOUOLA{oUV OTA TUTIKA GACHATA ATOKPLoONG: oTnv
neplmtwon SUoKAUTTWY 8adKkwV TPOod A (TT.X. LLKPEC TLMEG Tou UPoug tng avwdoung H), n emibavelaxn
Klvnon evioyVetal Aoyw twv UPIoUXVWY KUUATWY Kol KATA CUVETTELD OL AOYOL Tyys e/ Tsys.el TELVOUV 0TO 1.0,
EVW OTNV TEPIMTWON TWV EUKOUMTWY £6adplkwy TPodiA (T.X. HeYAAEG TWWEG H) ta KOpATA XAUNANG
ouXVOTNTAG EVIOXUOVTAL KAL KATA CGUVETELD OL AOYOL Tyys et/ Toys.el LELWOVOVTAL OTOSLOKA OE OXECON LE TN
MEYLOTN TLUN KOTA TO CUVTOVIOUO. ZNUELWVETOL OTL OL TUUEG Toys.eff YIVOVTAL UEYLOTEG VLA AOYO Tsou/ Tsys.el
kovta oto 1.25, dnAadn, pokpld amd tnv T 1.0 mou eival n cupPATIKA TIUA TOU «EAOOTIKOU»
OUVTOVLOMOU. AuTh N 51adopd OUCLACTLKA EYKELTAL OTN XPRON TNG EANOTIKAG TULAG TNG LOLOTIEPLOSOU Tys el
OTOV TIAPOVOUOOTH QVTL TNG — LEYOAUTEPNG — EVEPYOU LELOTIEPLOBOU Tyys.eff. ZTNV MPAYLATIKOTNTA, HULOL EK
TWV UOTEPWV KOVOVLKOTIOLNGN TWV TLUWYV TOU Tsoif UE TLG UTIOAOYLOMEVEG TWEG Tys B "ETOPEPEL" CWOTA
NV Kopudr akplBws oTov oUVTOVIOUO, SnAadn, 010 Tewi/Tsyserr= 1. Qotd00, N emloyn auth dev eivat
TPAKTLIKA EPaAPUOCLUN, SESOUEVOU OTL N TLUH TNG Tsys.efr OEV ELVAL EK TWV TIPOTEPWV YVWOTH, KOL ETIOUEVWC

Sev PeAeTATAL TEPALTEPW.

Me Baon tnv avaAucn MoAvdpoUnonG Twy aplBUNTIKWY ATTOTEAECUATWY TIOU TtapouaLdlovtal ota ZXAHa
12a kot B, £xouv MPOKUYPEL oL akOAOUBEC AVOAUTIKEG EKPPATELG YLa TOUG AOYOUG Tyyserf Toysel, N TIPWTN
(E§lowon 3) e xprion TG MAPAUETPOU Tyys o YLOL TOV UTIOAOYLOUO TOU Tyysefr KOL 1 S€UTEPN (ESlowon 4) pe

XPON TNG TTOPAUETPOU Tiysp

2
T, 1.53 + 0.94 (Ts03 /T.
sys.eff — (0.91 + 055 'PGAO'Zl) ( sml/ sys.el) (3)

T 2
et [2'05 - (Tsoil/Tsys.el)z] + 3'65(T50il/TSyS-el)2

2
T, 1.35 + 0.87 (Tepu /T,
—v5eff — max<{ 1.00; (0.57 + 0.54 - PGA®+%) (Tso/Toyser) (4)

T. 2
st [1-69 - (Tsoil/Tsys.el)z] + 3-24(Tsoil/Tsys.el)2
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IXAua 12: Adyol meplodwy Tou evepyol MPOG TO EAAOTIKO oUOTNUA Tsys.eff/ Toys.el WG oUVAPTNON: () TNG HEYLOTNG
ebadikic ermutdyxuvong Kat (B) tng Bepehwdoug Slomeplddou tou edadikol Tsoii KAVOVLKOTIOLNUEVNG WE TIPOG TNV
Aotk Tepiodo Tysel.

TuvOnkeg peuvotonoinong. H emidpoon Twv PEUCTOMOLNUEVWY OTPWHATWY OTNV QmOKPLoN TNG
KOTOOKEUNG elval SuTAR: (i) Ta peuotomolnuéva oTpwHATA AEITOUPYOUV WC GUOLKN «TELOULKH LOVWON»
LLE QIMOTEAECHA TN SPACTIK ATOUELWON TWV EMLITAXUVOEWV £6APOUC KAl KATAOKEUNG, Kal (ii) n dpactika
QTMOUELWHEVN avTtox Tou edadoug emibelvwvel Tn cupmneptdpopd tng Bepeliwong. Ooov adopd tnv
npwtn enidpaon, avadépetatl BLPAoypadkd Mwe "Eva pEUCTOMOINUEVO OTPWUA E6APOUC UTOPEL va
efaofevioel AMOTEAECUATIKA OPLOUEVEC CUXVOTNTEC TNG SLEYEPONC, SnAadn va MUPEXEL PUTLKN UOVWON
TNG OELOULKNG Kivnonc Tou €8d@oug, UOVo OTaV TO MAY0C TOU UMEPBAIVEL Eva LUEPOC TWV QVTIOTOLYWV
unkwv kouatog A" (Bouckovalas et al. 2016). Ot cuyypadeils cUCKETI{OUV TO KPLOLUO TIAXOG Hy ampl, TEEPAV
TOU OTOLOU OITOMUELWVETOL TO SLASLEOPEVO KU LA, LE TO AOYO TOU TIAXOUG TOU PEUCTOMOLACLUOU OTPWHATOC

QLo TTPOC TO TIAXOC TNG EMLPAVELAKNG LN-PEVCTOMOLAOLUNG Kpouotag Hi/H.: wg e€nc:

() —oars()” 5

ampl

JUVEMELDL QUTNG TNG OXEong OmoteAel TO PATPAPLOMA TWV OELOUIKWY KUHATWY HECW EVOG
PEUOCTOTIOLNUEVOU OTPWHATOC HE SeS0UEVO TIAXOG H.. ZUYKEKPLUEVQ, N Topanavw efiowon pmopel va
06nynoeL oTtov UTTOAOYLOMO TNG TEPLOSOU SLEyEPDNG Texc TTOU QVTLOTOLKEL OTNV Kplown epiodo Tiamp =
AL/ Vs LIKPOTEPEC TIUEC Ao TNV omoia oSnyoUv og SpaCTIKN AMopEeiwaon Tou eUpoug TG eBAANOUEVNC

ToAQvVTWong:
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HL)—O.SS HL
H) Vs, (6)

T, ampt = 3.64(
Itnv mopouoa Awatplpr, to £6adkd mpodid mou e€etaletal pHEOw TWV APLOUNTIKWY avVOAUCEWV
nephappavel pa BeAtiwpévn kpovota £6ddoug 2m eml evOG PEUCTOMOLNGLUOU OTPWHOTOC OULOU
mayoug 18m, SnAadn StabéteL Adoyo Hi/H: = 9. H apxkn TUA TNG HEONC TOXUTNTOC SLATUNTIKOU KUUATOG
gival Vs, = 125 m/s, evw N EKTILWEVN TR YLOL TO PEUCTOTOLNUEVO OTpWHO eivatl Vs = 27 m/s. Me Bdon
v E€lowon 8, ektipdtat 0Tl ol paoUATIKEG EMITAXVUVOELG 0TV emidAveLla Tou edddoug Ba amopsiwbouv
vl TeEPLOSOUG Texe <Ti,ampi = 1.10sec, S5nAadn, o€ 0AGKANPO TO €UPOG TtEPLOS WV TTIOU GUVABWG aravtaTal

OTO OELOHLKA YEYOVOTAL.

BAosl TwV avWTEPW, N EMISPACN TNC CELOULKAG EVTOONE OTLG EMLTOXUVOELG Tou eAsUBepou mediou kat kat’
ETEKTAON KAL OTNV €VEPYO LOLOTIEPIOG0 TOU CUOTHATOC Tsys.eff SLOPEPEL OUCLWOWG META TNV EKOHAWON
¢ peuaotonoinong. To yeyovog auto eival olaitepa spudaveg o MEPLTTWOELS HETPLWY EWC XOUNAWY
Yuvtedeotwv Aodaleiag €vavtl tng peuvctomnoinong (FS. < 0.4), 6mou o Xpovog ekdNAwong tng
pevuoTtonoinong elval ikpog kKo To cUVoAo tn¢ §6vnong KupLlapxeital— o peyaio Babpo —amno «kobapd»

PEUOTOTOLNUEVEG OUVONKEG.

MpoKeléVOU VO TTOOOTLKOTIOLNOEL N eMibpacn TWV OCELOULKWY, YEWTEXVIKWV KOl KOUTOOKEUQOTIKWY
TIOPOUETPWY OTNV EVEPYO LOLOTIEPIOSO TOU CUCTAUATOG Tsys eff TYPOLYLOTOTIOLELTAL LA OELPA APLOUNTIKWY
QVOAUCEWV  ouoTNUATWY  avwdoung-Bepeliov-eddadoug umod ouvBnkeg peuvcotomnoinong. Mo
OUYKEKPLUEVQ, TO cuoTnua avadopag AOE, drtwg eplypddnke mponyoupévwg, Sleyeipetal otn Baon tou
ME €va opllOVTLO KU ETILITAXUVONG, E To TipoavadepBEV cuXVOTIKO TEpLEXOEVO TUTIOU White noise. MNa
10 £€eTAlOUEVO EUPOG TNG OELOULKAG eTTdxuvong (a?ee ., = 0.05g-0.60g), oL avTioTOKEG LECEC TUUEG
Twv Zuvtedeotwy Aodaleiag EvavTl TnG peuotomnoinong Twv e5adIKwV OTPpWUATWY elval LIKPOTEPEG ATO
FS; = 0.4-0.5, urtoSelkviovTag OTL EMKPATOUV «KaBapA» PEVOTOMOLNOLEG CUVONKEG Katd tn dovnon. Ot
0pL{OVTLEC eMITOXVUVOELG KaTaypadovTal otnv eniddvela tou eAelBepou mediou (x> 2B) kabwe Kal oTo

£TIMeS0 TNC CUYKEVTPWHEVNG Halag avwSounc.

To IxAua 13a mapouactdlel ti¢ Juvaptnoslc Metadopdg mou POKUTTTOUV amo ta GAcpaTa EAAOTIKAG
anokpong (Ue amocPeon T = 5%) TNG XpovoioToplog TwV EMITAXUVOEWY UETAED TWV KWVNOEWV OTNV
CUYKEVTPWHEVN Uala TNC avwdoung Kal otnv eAelBepn emidavela tou e6ddoug, ylot HETABOANOUEVEG
TIHEC TNG HéyoTng edadLkng emttdyxuvong PGA. Mpwtov, mapatnpeital otL ot Juvoptioelg Metadopdg

eudaviletal, otnv neplmtwon autr, pla SLOKPLTH Kopudn KAl OXL Lol KOTAVOUN TWV EVIOXUCEWY EVTOG
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£VOC €UPOUG TEPLOSWY OMWC TAPATNPNONKE TIPONYOUUEVWE YLOL N PeUCTOMOLNoLlUeEG ouvBnkes. To
gupnua ouTo umodnAwvel OTL N OMOKPLON TOU CUCTAMATOC OLEMETAL KATA KUPLo AOYo amd pla
Seonodlouvoa dlonepiodo, kuplapyeital, SnAadn, amod Tig LBLOTNTEG TOU peucTomolnévou untedddoug, ot
avtiBeon pe tnv npoavadepOeioa MeplMTtwon TWV HUN-PEUCTONMOLCLUWY CUVONKWY OTIOU OL OVTIOTOLYEG
JuvapTHOEL] IXAMOTOC €xouv Oeifel pla SLEUPUUEVN KATAVOUN TWV GOOUOTIKWY EVIOXUOEWV YLO
aUEAVOUEVEG TIHEG TOU PGA. H mapatrpnon OTL n mapoucio EVvO¢ PEUCTOMOLNUEVOU UTIOOTPWHATOC SV
EMNPEALEL ONUAVTIKA TNV LOloEPioS0 TOU CUOTNUATOC UIMOPEL va epunveutel Baoel Twv €ENg: i) n
emipoption mou emiBaAletol AOyw ToUu BAPOUG TNC KATACKEUNG 08nyel og onuavtikn avénon Twv
EVEPYWV 0pBwV KL SLATUNTIKWY TACEWV KATW ard To BeUéAlo Kal, CUVETIWE, O AVTLOTOLXN amoueiwan
TWV UTIEPTILECEWVY TOU VEPOU TWV OPWV, Kal ii) To fabog emippong tng Bepeliwong otn otpodikn Kivnon
(mou kaBopileL TNV L8LoMEPLOS0 TNC KATAOKEUNG) £lval pla Taén peyeboug pikpoTtepn amd to TUTILKA BAbn
gnppong, dnAadn, = 0.2B (Gazetas 1991) kal, w¢ ek ToUTOU, omoLadnmote mapauopdwon tou e5adoug
TIOU TIPOKOAELTOL amd To Alkviouo Pploketal evidg tng mpoavadepBeicog «loyupne» lwvng Twv

UELWHEVWV TILECEWVY TOU VEPOU TWV TIOPWV.

AvadopLKA LE TN OELOWLK EVTAON, EMLONUALVETAL OTL TO TAGTOG TNG OELOMIKNG SLEyepanc otn Bdon tou
KavvaBou kupaivetal amod 0.05g £wg 0.60g, evw otnv emiddvelo Tou ehelBepou mediou n PEYLOTH
eSadikn emtayxuvon PGA kupaivetal and 0.08g £éwg 0.19g, umodnAwvovtag Spactikr e€acBévnaon g
CELOULKNAG KIvNong yla €Vioveg OeloUKEG Sleyépoels. Ta mapamavw katadsikviovtal eEetalovtag TNy
andkplon Tou cuoTAPAToq yio uPNAR (e . = 0.60g) kot péon (a?e? %, = 0.15g) oelopikr évtaon
(Zxua 13 kat y, avtiotolya). Kot otig U0 MepMTWOELG N Kivnon oto eAeUBepo medio elval onuavtka
QTOUELWMEVN AOYW TNG peucTtomoinong Tou unedAdpoug e TIG EMITAXUVOEL OTNV EMLPAVELA TOU va
eudavilouv TipéG PGA loeg pe 0.17g kat 0.11g yia tnv uPnAn Kat péon oELOPLKA €vtaon, avtiotolya. Ot
XpovoioTopleg TNG emttdyuvong ¢ avwdopng (ZxAuna 13) kot tng oxéong pomng-otpodng tou Bepeliou
(ZxApa 13y) cuvnyopoUV OTO CUUTEPACHO OTL OL OELOULKEG EVIACELS OTNV avwdopn lvol TTOPOUOLES
oave€dpTnTa ammod TO MAATOC TOU OELOULKOU KUPOTOG 0To Bpaxwdeg umtdPabpo. INUELWVETAL OTL N SLéyepon

vPnAnNg évtaong cuvodeletal amo KAMOLEG TApAUEVOUOEG 0TPOodEG Tou Bepeliou oto Téhog Tng SGvnong.
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Ixnua 13: (a) ZuvaptrnoeLg ZXNUOTOC LETOEY TWV PACHATIKWY EMUTAXUVOEWV TNG AVWSOMAG KaL TNG EMLAVELAG TOU
ebadoug yla SladpopeTikég TIHEG TNC Héylotng edadikng emttdyxuvang (PGA), (B) xpovoictopia emitayUvoewy TG
avwdopng yia uPnAn (@™ pedrock = 0.60g — PGA = 0.17g) ko péon (0™ pedrock = 0.15g — PGA = 0.11g) oelopIKN évtaon
kat (y) xpovoiotopia pomnrg-otpodng Bepeliou.

'OnMwc KaL oTNV MPOYEVESTEPN TEPIMTWON TWV N-PEUCTOMOLNCLLWY CUVONKWV, yLol TO XOPAKTNPLOKO TOU
€UPOUC TWV LOLOTEPLOSWY TOU CUOCTNUATOG HME Hia TIUPAPETPO, XPNOLULOTOLOUVTOL WG TOPAETPOL

ekTiunong n BepeAlwdng mepiodog Teysp KAl N e€opaAUUEVN PaopaTikh eplodog Teys.o (ESlowon 2).

To Ixnua 14 napouactdlel Toug Adyoug TepLodwv (evepyol TPoG EAAOTIKNG) Tsys.eff / Toys.el WG OUVAPTNON
™G péyLlotng eSadikng erutdyuvong PGA kat yla tig duo npoavadepBeioeg mapaUeTPouC Toys p KoL Toys.o.
Apxlka mapatnpeltal Ot n dlakVupavon Tou Tyso ME TO PGA Seiyvel onuavtikr Slaomopd, xwpig va
TIPOUGCLATEL KATIOLO CUYKEKPLUEVN GUCXETLON. AVTIOETQ, TO Tyysp SEIXVEL LOXUPOTEPN GUCXETLON WE TO PGA,
ME TOUG AOYOUG Toys eff / Tsys.el VO TIAPOUGOLALOUV aENON £WG Kat 20% e abénon tou PGA. To yeyovog auto
£pxetal og cupdwvio pe ta SlaypAPUATO TWV JUVOPTACEWY IXAMOTOG, TA onola yapaktnpilovral and
pLa deomolovoa kopudn. Auto odeiletol oTo yeyovoc OTL, OmwG EXEL 6N Teplypadel, N amokpLon TG
KOTAOKEUNG KuplapXeltal and tig edadlkeG CUVONKEG OTNV PEUCTOTOLNUEVN TOUG KATAOTOON Kal, WG €K

TouTou, xapaktnpiletal akpiBéotepa and tn Bepedwdn nepiodo Tyysp. ETOL, Yl aUTH TNV TeplmTwon,
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nipoteivovtal oL akOAoUBeg AVOAUTIKEG EKPPATELG YLA TOV UTTOAOYLOUO TOU AOYOU Tyys.eff / Tsys.el CUVAPTHOEL

™G HEyLoTnG edadikng emtdyuvong PGA:

T.
sysefl — 100 for PGA < 0.075g
Tsys.el

(7)

T
syseff _ .. pGAP for PGA > 0.075g
Tsys.el

onou a=1.69 kat b=0.20 (R?*=0.85).

1.8
- 4 lgyso
© 16 — ® Tsysp
[ A
5 s s
l_
= 14 = A
Q
é L
> A o 4
]
L °
= 12 °
| °
1.0 \. | | |
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PGA(g)

IXAna 14: Adyol eplodwv evepyol PG EAACTIKOU GUOTAMOTOG Tsys.efff Tsys.el WG OUVAPTNON TNG UEYLOTNG ESADLKAC
ETUTAXUVONG.

V. ENIPPOH THZ AAAHAENIAPAZHZ EAAQOYZ-KATAZKEYHZ ZTIZ ZEIZMIKEZ KAOIZHZEIZ:
PEY2ZTONOIHZIMEZ 2YNOHKEZ

Ol OELOULKEG KABOLOELG TWV KOTOOKEUWY OE peucTomolnuévo £€6adoc odeilovtal katd KUpLo Adyo otn
Snuloupyia pnxaviopou oAloBnong tumou mpiopatog Coulomb, o omoiog Snuoupyeital fattiag tng
cofoapng unmoBabuiong tng dpépoucag wavotntag Tou edddouc BepeAiwong (Karamitros et al. 2013).
Aevutepelovtag polog anodidetal otn Suvapkn cuvilnon KoL Th oTepEoToinon mou akoAouBolv tn
peuoTomnoinon, KoBwe Kal OTIC OYKOUETPLKEC TOPOUOPPWOELC AOYW TNG EKPONC TOU PEUCTOTOLNUEVOU
eSadougmpogtnyv emidavela (Dashti et al. 2010a). Oukpiotpeg mapdpetpol mou kaBopilouv Tig KabLlosLg
Twv Bepeliwy éxouv SlepeuvnBel Sie€odikd otn BLPAoypadia, pe Epdacn OTIC YEWTEXVIKEG TTUXEG TOU
TPOBAAUATOC, OMWCE TO TIAXOC KAl N OXETIKA TIUKVOTNTO TOU PEUCTOTIOLNUEVOU OTPWHATOG, TO TAGTOG TOU

Bepehiou, n edapuolopevn ieon kKA. Tnv tedevtaia Sekaetia, avormtixdBnkav avaluTikéG ekdpAOELG yLa
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™V MPOPAEYN TWV CELCUIKWV KABNOEWV TIOU TTPOKAAOUVTAL Ao SLaTUNTLKoU TUTOU MOPAUoPPWOELG
KoTd tn Sapkela tng dovnong (Bray and Macedo 2017; Dimitriadi et al. 2017; Bullock et al. 2019), ot
omnolec ouoxetilouv TN CUCCWPEUON TWV CELOULKWV KOBOWNoewv Ue TG TipoavadepBeloeg YEWTEXVLKES
napapétrpouc. H mapoloa AlatpLpr) OTOXEVEL OTNV EMEKTAON TwV HEBOSOAOYLWY QUTWV WE TN ElOAYWYH
OTOV UTTOAOYLOUO TWV OELOULKWY KABL{NOEWVY TN EMLpPONG TNG aAANAemiSpaong e6APOUC-KOTOOKEUNC.
Ma mpaKktikoUG Aowrtov Adyoug, KpiBnke okOTLUO va ekppacTtolv Ta anoteAéopata tng aAAnAenidpaong
HEOW TOU AOYOU pace/Por, SnAadr) Tou AOyou Twv CElOUKWY KOOWACEWY HETAEY TOU CUOTAUATOG
avwdounc-bepehiov-edadoug (AOE) kal tou cuothpatog Bepeliov-edadoug (OE). Me tov TpOTO AUTO, N
npo6oBetn cupBoAn tng aAAnAeTtidpaong uropei va ekdpaotel wE 0 SLOPOWTIKOC AP AYOVTAC Pask/Por ETIL

TWV KOOLEPWHEVWY OYECEWV YLa TIC KABWNOELC TwV cuoTNUATWY BepeAiov-edadouc.

H enidpaon tng avwdoung unelo£pyetal we adpavelakr) Suvapn mou dpa site evtog eite ektdC paong oe
oxéon He TNV Kivnon tou oAlwoBaivovtog mpiopatog tou edddoug Beupeliwong, evioxlovrag N
OTTOUELWVOVTOG, OvTioTol0, Tn ouoowpeuon Twv kKabulnoswv. Q¢ &k TOUTOU, TA SUVAULKA
XOPAKTNPLOTIKA TOoU cuoThpatog AOE Slémouv o peydlo Babud tn cucowpeuon twv kabllnoswy. H
TAPAUETPIK Slepelivnon TOU akOAOUBsl emIKeVIpWONKE OTIC TIO KPIOWEC TOPAUETPOUG TIOU
TOCOTIKOMOLOUV TNV aAnAeniSpaon €ddadoug-Beperiov avwdoung [Aoyog meplodwy Teys/Tex, AOYOG
Auynpotntog h/r, oxetikdg Adyog palag y, oxetiknp duokapdia tng avwdopng mpog¢ tnv edadikn
Suokaupia s=h/(VsTsf)] kaOwg kat n péylotn edadikn emitayuvon PGA. ZuvoAkd mpayuotonotionkay

191 aplBUNTIKEG aVAAUOELG YLO TO EUPOG TPAKTIKOU EVOLAPEPOVTOG TWV AVWTEPW TIAPAYOVIWV.

MnXaVLOoOG OUGCWPEUONG GELOUIKWVY KABWNoEWV. O UNXAVIOUOC CUCCWPEUCN G OELOULKWY KoBLWHoewyY
Bepeliwy, xwplic adpavetakrn aAAnAenidpacn pe TNV avwdoun, ixe apxikd avaAuBel and toug Richards
et al. (1993) oe ouvbnkeg Enpol edddoug. Asdopévou OTL ETUTOTIEG KAL EPYACTNPLOKEG TIOPATNPOELG
Selyvouv OTL n Slatuntik actoyia Tou edddoug BepeAiwong €xel WG AMOTEAECUA TN CUCCWPEEUOH
KoOLWNoEWV aKOUN KoL 0 PETPLEC evTdoelg oslopoU (Richards et al. 1990), oL cuyypadeic cucxETioav TIG
OEloUKEG KaBnoelg emidavelakwyv Oepediwv pe thv umoBabuilon g dpépoucag kavotntag, AOyw
gnaA\nAiag twv Suvapewv BapltnTtag Le Tic adpavelakég Aoyw oslopol. Oswpnaoav dnAadn otL amotelel
gvav €eXxwPLOTO pNXaviopo amod Ttig kobuwlnoeslg mouv amodidovtal otn ocupmukvwon Ttou edddouc.
ErunpooBeteg peléteg ylo peuotonoliotpa £6adn, mpoadlopilouv tnv umoBaduilon tng avtoxng tou
e6adoug Aoyw peuotomoinong Kot tov emakolouBo oxnuatiopd evog edadikol Tplopotog TUMOU
Coulomb w¢ ToV KUPLO PNXOVIOUO Yla TN CUCCWPEUCH CELOUKWY KaBLlnoswv cuotnudtwy Bepesliou-

edadoug (Dimitriadi et al. 2017; Karamitros et al. 2013 ).
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H napouoa AlatplLpr) oToxeUEeL OTNV EMEKTOON TOU £V AOYW HNXOVIoUoU KaBL{oewv Kol 0TNV MEPLTTWON
TOU TARPOUC cuoTHATOC avwSopnc-OepeAiov-edadoug (AOE). H amokplon Twv cuotnuatwyv AGE kal OF
Of PEUOCTOTOLNOLUEG OUVONAKEG aVOAUETOL EVOELKTIKA HECW TWV QAMOTEAEOUATWY TWV APLBUNTIKWY
OVaAUCEWV TOU TOPOUCLAloVTaL OTA EMOPEVO OXNUOTA. Ta XAPAKTNPLOTIKA KAl Ol TOPAUETPOL TWV
e€eTalOPEVWY CUCTNUATWY QVTLOTOLXOUV OE LA KATOOKEUH KOVIA OTO OUVTOVIOMO, SnAadn pe Aoyo
TEPLOOdWV Tyys/Texe = 0.90, e xapunAo mpog péoo Adyo Auynpotntag h/r = 1.04 kot péco Adyo palag y =

4.00. ZnUELWVETAL OTL N IEPLOGOG TOU OUOTAKATOG Tsys AVADEPETAL OTNV EVEPYO LOLOTIEPLOSO Tyys .

To IxAua 15 cuykpivel Tig xpovoloTopie Twv CEOUIKWY KABWACEWVY PETAEY TOU GUOTHMATOS AVWSOUAC-
Bepeliov-edadoug koL Tou avriotolyou cuotnpatoc Beuehiov-edadouc. Eival afloonueiwto OtTL oL
TeAkéC kaBLlnoelg tou cuotrnuartog AOE sival nepimou 30% PLIKPOTEPECG OO QUTEG TOU cuaotruartog OF,
EVW, avtiotolya, Kal oL SLATUNTKESG Tapapopdwoelg epdavilovtol HELWUEVES (EXAKa 15Y). ZnUelwWVETaL
OTL UETA TNV TANPN peuctomnoinon oto eAelBepo medio T xpovikn otyun t = 2.5sec (ZxApa 15B), ta
PEUOTOTOLNUEVA OTPWHATA AELTOUPYOUV WG GUGCLKA OELCULKN LOVWOT TIPOKAAWVTAS TNV AIMOElwan TG
OELOULKAG SLéyepong Tou Bepehiou (ZxApa 15B). InuavTikég otpodég Tou Bepeliou ekdnAwvovtal Povo
oTnV MepiMTwaon tou cuotipatog AOE Adyw Tng TAAAVTWONG TNG avwSoung, evw, avtiBeta, To cloThua

OE mapouolalel Lo HOVIUN — Tapapévouoa — oTpodn XwpPLic TOAAVTWOELS.
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IxAua 15: Xpovoiotopieg amokplong twv cuotnuatwv AOE kot OE: (a) oeslopwkn kabilnon, (B) opllovrtieg
UETAKIVAOELS Tou Bepeliou, (y) SlatunTikéG MopapopdWOoEL KATW amo T AGkpa tou Bepeliou, (8) Adyol
UTIEPTILECEWV TTOPWV KATW arod to Bepéllo (o Babog z=4.5m kat 8.5m).
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Bdaosl Twv avwTtépw mapatnpnoswy, SU0 BACIKA EpWTHOTA TPOKUTITOUV OXETKA E TNV AIOKPLoN TwY

cuotnudtwy AOE kal OF:

e [wati o cuotnua AOE kaBuavel Alyotepo amnod to cvotnua OF, evw —tnv idla otiyun — eivat auto
TIOU TIAPOUGCLALEL TIG LEYAAUTEPEC TAAAVTIWOELS;
e EivalL o poAog tng aAnAemibpaong e6AdOUC-KOTOOKEUNC, YEVIKA, WPEALUOG A eT{LOC OTNV

QTOKPLON TWV KATACKEU WV OE pEUCTOTOLNOLUO £€6adog;

Mpog anmavinon Twv EpWTNUATWY AUTWYV, TO IXAKA 16 TapouasLAlel TNV AmoOKpLon Tou cuotiuatog AGE
o€ OAO TO XPOVLKO gUpoG TNG dovnong (t = 0-8 sec), eotialovrag, MapAAANAA, OTIC BACLKEC TTAPAUETPOUC
aTOKPLONG KATA TN SLAPKELD EVOC KUKAOU TaAdvtwong (yia t = 1-2 sec). Mo avalutika, n xpovoiotopia
NG Katakopudng TaxuTnNToG 0To KEVIPO Tou Bepeliou, SnAadn o pubuog kabilnong, mapouolaletal ot
Seltepn oelpd Tou oxNpatog (c, d), evw oL opLlOVTLEG LETAKLVACELG KAL TAXUTNTEC TNG AVWSOUNG KAl TOU
Bepeliov mapouaialovtal otnv Tpitn Kol T€Taptn ospd avtiotowa (e, f kal g, h). Evag mAnpng KUKAOG
Klvnong tng ouykevipwuEVNg palag Tou povoBaduiou Tadaviwtr kot tng Bepeliwong npooblopiletal ota
okOAouBa oxAuata Ue Ta onuela a’-e ‘kal a-e, avtiotolya. EmAéyetal edw n eotioon 0TO MPWTO TETAPTO
Tou KUKAoU Tahaviwong, dnAadr amnd to onpeio a oto onueio b. To TUAMA TS Kivhong autrg cupPaivel
EVTOC TOU XpovikoL mapaBupou t = 1-2 sec OTOU Kal TapaTnpEeital To LEYaAUTEPO HEPOC TNG KaBIlnong

(ZxAuoa 16a).

ApXIKA, Topatnpeital OTL TO MPWTO TETAPTO TOU KUKAOU amo To onpeio a oto b avtiotolkel otnv kivnon
Tou edddoug (kalL tou Bepehiou) amno tnv oudétepn Bon tou (u = 0) TN KEYLOTN LETATOTILON TOU TPOG TA
apLoTEPA (U = Umin), OTIWG TIOPATNPELTAL OTO ZXAMA 16n. Tautoxpova, n avwdour, wg povoBaduiog
TOAQVTWTAG, UTOKELTAL Ot Mo €€avayKaoUEvn TaAAviwon He Suvapkn ¢option otn Bacn Ing.
Aedopévou OTL 0 AOYoG TIEPLOBWVY Tyys/Texc ELVAL KOVTA OTOV GUVTOVIOUO (icog pe 0.90), avapévetal
votépnon dpaong petafl Tng kivnong tou tahavtwth (Tng avwdoung) Katl tTng mNyng tne Stéyepong (kivhon
Bepeliwong) Kovtd oto éva TETOPTO Tou KUKAOU TaAdvtwong, yeyovocg Tou emiPefalwvetal pe tnv
£€£TOON TWV XPOVOLOTOPLWY OPL{OVTLOC HETATOMLONG KaL TAXUTNTOG TOU oXAHaToc IXANa 16n Kal ot. Mo
OUYKEKPLUEVQ, OTOV TO OepéALo BplokeTal otnv oubétepn B€on (onpeio a) n avwdopun votepel éva tétapto
TOU KUKAOU, EMOUEVWC, BPlOKETAL OTN UEYLOTN UETOTOTLON TNG TTPOC TA SEELA (Ustr = Umax). 2TO GNUELO @ TNG
MEYLOTNG HETOTOMIONG, N avwdoun €xel undevikn taxutnta (IXAna 166) (1t = 0) kot tn Héylotn — Ue
QPVNTLKO TPOONO — emtayuvon (il = iy, ). To IXARa 16a ancikovilel tn B€on tng avwdoung Kat tTnv
€S0Pk LETATOTILON TIOU QVTLOTOLXOUV OTO onpeio (a). 2to onuelo autd aokeital otnv avwdoun n

péylotn adpavetakn Suvapn n omoia, cupdwva e To SeUTEPO VORO Tou Nevtwva, givat on UE Finertia = -
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m - a Kol £XEL avTiOETO MPOONO E AUTO TNG EMLTAXUVONG. 2TN CUVEXELQ, KABWG To BeéALo KLVEiTaL TTpOg
TO aplotepd, SnAadr mPoC TNV EAAXLOTN LETATOMLON ToU (a -> b), n avwdoun emotpédel otnv oUSETEPN
Bon g (ZxAna 16B). O HodC KUKAOG TAAGVTWONG OAOKANPWVETOL KABWE To BepéALO ETLOTPEDEL OTNY
oub£tepn B£on tou (b->c) kal o pubudg kabilnong (6) undeviletal kabwg £xel oAokAnpwOeL n oAioBnon
Tou edadikol npiopatog. O PLedg KUKAOG Ao TO GNUELO € OTO ONUELO e aVIUTPOCWTTEVEL TN GUUUETPLKN
kivnon tng Bepeliwong mpog ta d&€la. To potifo NG cucowpeuong kabWloswv emavalaupavetal ava

MLoO KUKAO TAAGVTWONG.

Q¢ amotéAeopa TwY Tapamavw, n adpavelakn duvapn Tng avwdopung kateuBuvetal mpog ta Sefld tn
OTLyUN Ttou To BepéALo KIVeltal Tpog Ta aplotepd Kot kabilavel. Eival, emopévwg, n kabBuotépnon ¢aong
METOED TWV TAAQVTWOEWY TNG AVWOOUAG Kol Tou BepeAiou — oTnV TEPIMTWAON TOU GUVTOVIGHOU — TIOU
ovtiotaBbuilel ev pépel TIC adpavelakég duvdapelg tou edadoug kol tnv oAicBnon tou e£dadkol
nplopartog, e€nywvtag th UKPOTEPN cuoowWPEUOh KB oswV Tou cuoTApaTog AOE. ITnV MOPAUETPLKN
Slepelivnon mou akoAouBel, emiyelpeital n oe BaBog Slepelivnon Kol TOCOTLKOTIOLoN TG Midpaong Tou
gV AOYyWw pNXaVIOPOU OThn CUCCWPEUGCN OELOUIKWY KABWAOEWVY yla SOUKA CUOTAUOTA HE TOLKIAa

SUVOLKA XapaKTNPLOTIKA.
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EniSpacn tou Adyou NEPLOSWVY Toys/Texe. O AOYOG EPLOSWV Toys/ Texe AMOTEAEL T BACLKA TIAPAUETPO TIOU
KaBopilel tn cuoowpeuon KaBINoEWV TWV cucTnUATwyY ABE. 1o MAaiolo autAg TNG LEAETNC, N Ttepiodog
Tsys amoteAei tn BepeAlwdn 6Lomepiodo Tou cuoTripatog AOE, aVTLOTOLXWVTOG ETTLTNG 0UGCLAG OTNV EVEPYO
TEPLOB0 Tyyserr, KOL N TMEPLOBOG Texe amoteAel Tn BepeAlwdn meplodo Siéyepong otnv emdpavela Tou
e6adoug. Ta IxApa 17a-y mapouctdlouv t SlokUpaven tou AOyou KoOWAOEWY paee/Pos LE TO AOYO
TMEPLOdWV  Tyys/Texe. MapdAAnAa, mapouctdlovtol oL EMISPACEL TWV AOUMWV TOPOUETPWY TNG
oAANAeTtidpaonc, Kol CUYKEKPLUEVA TOU AOyou Auynpotntag h/r (xAua 17a), tou Adyou paloc y (Ixnuo

17B) KO TNG OELOULIKAG ETUTAXUVONG a°max (17y).ZUVOTTTIKA, TtapaTnpeital OtL:

e Ta «akaunta» cuothUata AOE (Tyys/Texe = 0.0) kaBwavouv otov 6o Babuod pe ta ovotrpata OF
(6nAadn), paee/per = 1.0). INUELVETAL OTL Kol Tat SU0 CUOCTHUOTA KIVOUVTOL WG AKOUITTEG KATAOKEUEC
KOlL OL OVOTITUGCGOUEVEC AOPAVELOKEG SUVALELG TNG AVWOOUNG eival, adevog pev (oeg HETAEL TOUG Kol
adetépou Spouv eviog paong HE TIG adpavelakeég SuVAUEL; Tou ebdadouc. H Stadopd twv duo
OUOTNUATWY £YKELTAL OTO YEYOVOG OTL TO TPWTO £XEL UPNAOTEPO GNUELO EdaAPUOYNC TNC ASPOVELOKNG
Tou duvapng, dnhadn epapudletal o UPog h = 3.0m Ko, EMOUEVWG, EIVOL EMPPETIEG OTO ALKVIOUO.

o «EUkaumrta» cuvotnuota AOE (Tys/Texe > 1.40) kaBulavouv mepimou 10-20% Alyotepo amo ta
ovothuota OF (paee/pes = 0.8-0.9). To yeyovdg autd amodidetal ot aSpavelokéS SUVANELS TG
ovVWOOUNC Ol OTOIEG, av Kol TOPAUEVOUV HIKPEG, Spouv eKTOG PAaong HE AUTEC tou edddoug
Bepeliwong, avtiotabuilovtag £€tol ev pépel TNV oAloBnon tng edadikig odprvac.

= 3TNV MEPUTTWON TOU GUVTOVIOMOU (Tyys/Texe = 1.00-1.25), n peiwon twv KaBL{oEWV TOU CUCTHUATOC
AOE maipvel tn PEYLOTN T TNG, WG KaL 35% (pace/por = 0.65). AUTO odelleTal 0TO yEYOVOG OTL OL
adpavelakeg SUVAUELS TNG avwdoung mapouctdlouv GOOUATIKE €VIOXUOH, EVW, TOUTOXPOVA, N
Sladopd daong Hetall TN Kivnong TNG KOTAOKEUNG KoLl ToU £86AdOUC TTOPAUEVEL CNUAVTIKN (éva
TETAPTO TOU KUKAOU TaAdvtwong). Q¢ ek Toutou, n adpavelakr Suvapn TG avwdoUnG avaoTEAAEL OTO

péyLloto BaBud tnv oAicBnon tou edadikol MplouaToc.

Enidpaon tou oXetikol Adyou palag y Kot tov Adyou Avynpotntag h/r. O oxetikdc Adyog Halag y Kot o
Aoyoc Auynpotntac h/r emnpedlouv tnv amokpLlon tou cuotipatog AGE, av Kal os pikpotepo Babuod oe
olyKPLON UE TOV AOYO TIEPLOSWVY Teys/ Texe. AUENCN TOU OXeTLKOU Adyou palog y obnyel o avénon Twv
odpavelakwv SUVAPEWV TNG KATAOKEUNC, evw avénaon tou Adyou Auynpdtntoag h/r os abénon Twv pomwv
avatpomnng, Adyw t¢ alénong tou poxAoBpayiova doknong twv aviiotowv Suvapewv. Kat ol U0 auTEg
emudpaoelg odnyoulv oe emdeivwon Tou AWKVIOUOU TNG KATAOKEUNG. H péylotn auv€énon tou Adyou

kabilnoswv eival mepimouv 40% yla TIPEG Tou Adyou Auynpotntog h/r =1.88 kal mapatnpeital otnv
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TLEPLOYN TOU CoUVTOVIoUOU. Emiong, ailel va onpelwBel OTL 0TNV MEPIMTWON NUL-OKAUTITWY KATAOKEU WV
(Tsys/ Texe = 0.55-0.80) pe uPnAoug Adyoug Auynpotntoag (h/r > 1.36), ol kaBlWnoelg Twv cuotnuatwy AOE
auéavovral £wg Kal 20% og oXEon E UTEC TWV avTiotolywv OF, yeyovog mou amnodidetal oto cuviuaouo

QUENUEVWV POTIWV AVOTPOTING KE eVTOC hAoNG Kivnon KaTtaokeung Kal edadouc.
Enidpaon ALyOTEPO GNLOVILKWYV TAPOAUETPWV.

H g€€toon Tng OELOULKNAC £VTAONG OTNV TTEPIMTWON TNC PEVOTOMOLNONG OXETI{ETAL, OUCLAOTLKA, LE TO XPOVO
ekbAwonc tng. Meta tnv gudavion tng, n S1Adoon TWV CELOULKWY KUUATWY, OWG KAl N avtiotown
Sléyepon tNG KaTAOKEUNG, €€aoBevouv onuavtikd. Autd umodelkvUetal oto IXAMa 15a omou
napatnpeitat 6t n dadopd otn cucowpeuon KaBWNOEwv UeETOED Twv cuotnuatwv AOE kot OF
apBAUvetal adou yevikeuBel n peuctomoinon ka®’ UYog tou edadikol mpodid. Q¢ ek ToUuTOU, OL
QUEAVOUEVEG TIMEG TNG MEYLOTNG EMLTAXUVONG TOU GELOUIKOU UTIOPBABPOU a’max €XOUV TIEPLOPLOMEVN
enidpaon otoug AOYOUC Paee/Poe. 2T0 £€etalOpevo TPOPBANUA, O HELWHUEVOG JUVTEAEOTAG AohAAELag
£VavTL TN peuotonoinong (FS, < 0.3-0.4) €xel WG AMOTEAECUA TNV TTARPN PEVCTOTOINGCN TWV CTPWUATWY
Tou umebadoug, SnAadn MPOKUMTOUV TLUEG TOU AOYOU UTIEPTILECEWV TOU VEPOU TWV TIOPWV ry KOVIA OTO

1.0, akOuUN Kal yla JKPA mimedo emitayuvong.

H Siepelivnon tng enidpacng tou Adyou duokapiag kataokeung-edadoug s=h/(Vs Targ) Baoiletal otnv
g€étaon cuoTNUATWY He PeTaBaropevn Suokapia ks kaL otabepr palo Ms: avwSounG Kal, ETTOUEVWC,
pe petaforiopevn 6omeplddo (Ttng makTwUevNG avwdopng) Tsrr. OL e§eTaldueveg TIHEG TOU AOYOU S
€xouv emheyel amookomwvtog va KOAUPOUV éva TPAKTIKA XPHOLLOo €UPOG TWUWV oUUdwva LE TOV
Kavoviopo NEHRP (2012), dnAadny s = 0.05 — 0.33. Ta QmMOTEAECUOTA TWV OXETLKWVY APLOUNTIKWY
avaAloswv moapouctdlovtal oto IXAua 178, to omolo Seixvel tn Sdlakupavon tou Adyou kabilnong
Paoe/Poe UE TO AOyo Suokapiag s, yia SLapopPETIKES TILEG TOU AOYOU TIEPLOSWV Tsys/Texe. T ATIOTEAECHOTA
Selyvouv otL ot Adyol kaBilnong dev emnpedlovtal CNUAVTIKA ard To AOYO S, EVW OL TLUEG TOUG lval gv
VEVEL OUVETIEIC e TA TIPONYOULEVA EUPHHOTA. JUYKEKPLUEVA, YO KATOOKEVEG KOVTO OTO CUVTOVIOUO,
KABWG Kal EUKOUTTEG KATOOKEUEG UE AOYOUC TEPLOSWYV Tyys/Texe Lo0UC pe 1.0 kat 1.3, avtiotowya, ta
ocvotnuata AOE kab{davouv cuotnuatika katd 10-20% Aydtepo amnod ta cuotruata O, SnAadn paes/por
= 0.8 - 0.9. AvtiBeta, ol SUOKAUMTEG KATOOKEVEG e AOYO TMEPLOSWVY Tyys/Texe =0.5 gudavidouvv pia mo

ONUAVTLKA SLaKUUAVON OTLG TIUEG TOU AOyou KaBNoewV (paee/pee = 0.75 — 1.00).
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Ixnua 17: (a)-(y) Awakdpavon tou Aoyou KabBunoewv paee/pee HE TO AOYO TEPLOSWVY Tsys/Texc ylo OHASEG
Sadopetikwv (a) Adywv Auvynpdtntag h/r, (B) Adyou oxetikng palag y kat (y) HéyLotng emtayuvong Bpaxwdoug
unoBdBpou a’max; (8) AlakUpavon tou Adyou kaBuficewv pace/per We TO Adyo Suokapiag s yia ouddeg
Sladopetikoy Adyou mepldSdwv Tsys/ Texc.

AVaAUTIKEG OXEOELS YLa TNV eMLppoR TG aAAnAcentidpaong e6Adouc-KaTtaoKeURG 6To AGyo KaOLl{AoEwWV

pAoE/ PoE.

ZTNV EVOTNTA AUTH TIAPOUCLAIOVTOL OL AVAAUTIKEG EKDPACELG TTOU avamTuxOnkav yia to Adyo kabujoswv
Paoe/Poe LETAEL ouoTnuATtwy AOE kat OF petd and avaiuon maAvdpopunong moAAATAWY LETABANTWV TWV
QMOTEAECUATWY TWV APLOUNTIKWY avaAUoewv. Me BAaon TV MOPAETPLKN SLEPEUVNON TIOU TIPONYNBNKE,
g€etaotnKkav oL akOAouBeg KUpLeg MapApeTpol arlnAenidpacn e5ADOUG-KOATAOKEUNG KOL OELOMLKNG

SLEyeponc: 0 Aoyog mepLddWV Tys/ Texe, 0 AOYOC AUynpoTNTOC h/r KOl 0 OXETIKOC AOYyOG palwy y.

H avamtuén twv oxéoewv autwv Slakpivel U0 GOOUATIKEC TTEPLOXEC: i) TV AKOIITN KOL NUL-OKOUTTTN
nieploxXn (Tsys/Texc < 0.80), 6mMoOU oL adpavelakéG SUVAUELG Kal, EMOMEVWGE, oL KaBLNoELg elval, apxKa,
TIAPOUOLEG VLo Ta ouoTrpaTa AQE Kal OF — elOIKA yLa TO Teys/ Texc < 0.45 — Kall, OTN OUVEXELQ, TELVOUV VO
vivovtal peyaAltepeg yla ta cuvothuata AGE, kat ii) n meploxn pe e0poc mou mepAapPAvel Tov
OGUVTOVLOMO KOl EMEKTEIVETAL UEXPL TA EUKOUTTTA OUOTAUATA (Tsys/ Texc > 0.80), Omou oL KaBllnoeLg Teivouv

va gival peyoAUTtepeg ylo ta cuotipata OF. Ev mpokelpévw, o Aoyog KaOWNOEWVY pace/pPor EkdpATETAL WC

e&ne:
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2
( I+ Ca ) (TSYS/TEXC) Tsys/Texc < 0.80

Psrs -1 (8)

Cl.b + (Tsys/Texc)2

[\/[Cz.b - (Tsys/Texc)z]z + C3.b (Tsys/Texc)2

Prs

Tyys/ Toxc = 0.80

Me Bdon ta dedopéva anod ta IXAua 17a-B, ot cuvteheoteg Cq, Cib, Cab Kal Csp ekdpalovial cuvaptroel

Twv AOywv h/r kat y wg €€ng:

0.00 h/r < 1.06
C, =077 (h/r) — 0.81 1.06 < h/r < 1.36 ©)
0.23 h/r > 1.36
0.16 h/r < 1.06
Crp = —0.70 - (h/7) + 0.90 1.06 < h/r < 1.36 (10)
~0.05 h/r > 1.36
Cpp = [0.82 + 0.24 - tanh(y — 2.95)] - [0.33 - (h/r) + 0.47] (1)
C3p = (0.85+ 0.31:e79307). g(h/7) (12)
1.00 h/r < 1.06
g(h/7r) = —1.07 - (/1) + 2.13 1.06 < h/r < 1.36 (13)
0.62 h/r > 1.36
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IxAua 18: Emibpaocn tou Adyou MePLOdwV Teys/Texc 0TO AOYO KOBWHOEWV paote/pee: ZUYKPLON TWV APLOUNTIKWY
OTTOTEAECUATWY HE TIG aVAAUTIKEG TIPOBAEPELC Yia SLadopeTIKEC Opddeg (a) Tou Adyou oXeTIKNG Lalag y kat (B) tou
Aoyou Auynpotntag h/r.

OL avWTEPW AVOAUTIKEG OXEOELC CUYKPIVOVTOL HE TO aplBUNTIKA amoTeAéopaTa oTo IxAua 18. EmumAgoy,
T(POKELEVOU va e€akplPwBel n aflomiotio Twv TTPOTEWVOUEVWY OXECEWY, YIVETAL oUYKPLON one-to-one
petatly Twv mpoPAéPewv (prediction) Kol TWV OVIIOTO(WVY TIHWV oo TIG OPLOUNTIKEG aVOAUOELS

(numerical). H akpiBela tng pebodoloyiag moootikomoleital Péow TOu OXeTkoU oddAuatog R otnv

npoBAedn Tou Adyou kabLloswv, opL{OUEVO WG:

R = SRpred - SRnum
SRnum

(14)

To avtiotolya OTATIOTIKA oTolxela (Méon TN Kol TUTIKA amtOKALOn Tou OXeTkol oddApatog R)
napouctalovral ota XA 19a-B. H Léon TN KaL n TUTILKI MOKALCN TOU 0 AALATOC TTOU TIPOKUTITEL yLal
TO GUVOALKO aplBuo twv dedopévwy eival -0.001 kat 0.07 avtiotoya. Ta anoteAéopata Seiyvouv OTL N

KOTOVOLN TWV OXETIKWY 0PaAUATWY glval apKeTA opoldpopdn yia ta SLadopeTIKA GUVOAA TAPAUETPWY

TIou e€eTACTNKAV.
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IxAua 19: AfloAdynon tou OXETIKOU OPAAUATOC OTOV OVOAUTIKO UTIOAOYLOMO TOu AOYyOoU pace/pee EVAVTL TWV
aplBunTikwyv mpoPAéPewv: (a) clykplon one-to-one kat (B) SLaKUUAVON TOU OXETIKOU OHAAUATOC UE TIG KUPLEG
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VI. ENIPPOH THZ AAAHAENIAPAZHE EAAQOYZ-KATAZKEYHZ 2TIZ ZEIZMIKEZ KAGIZHZEIZ: MH-
PEY2TONOIHZIMEZ ZYNOHKE2

Anotelel ouvnBOLlopEVO daVOUEVO KOTA TN SLAPKELA TWV OELOULKWVY Sleyéposwv, eSadkd mpodiA pe
Juvteheotr) Aodalelag Evavtl Tng peuotonoinong FS, PIKpOTEPO amd thn povada va epdavilouv pla
apxLKn Tteplodo 66vNoNng KATA TNV Omola oL UTIEPTILECELG TIOPWV TTAPAUEVOUV ULKPEC KAl N EMiSpoon TOUG
OTNV OELOULKI artokpLon tou €5adoug Kal tng BeUeALWOELG lval TIPOKTIKA OeANTEQ. TO HEPOG AUTO TNG
d0vnong evoEXeTaL VO ElvVaL ONUOVTLKO O SLAPKELA KOL OTTO TN OTLY A TIOU KUPLOPXELTOL OO GUVONKEG N
pevatonolnuévou edddoug, Mapouclalel eVIOXUUEVEG €8ADIKEC EMITAXUVOELS, O OUYKPLON HE TIG
PEUCTOMOLNUEVEC OUVONKEC. YTOXOC Tou KepaAaiou autoUu eival va amopovwBOel n andkplon TETolwy
OUCTNUATWY KOTA TO TPWTO HEPOG TNG SOvNOoNG Kal, wg emMOpevo Bripa, va StepeuvnBel o poAog NG
oAAnAemtibpaong edddouc-kataokeung ot kabilnoeslc. Na To okomMd QUTO, TA YOPOKTNPLOTIKA
oXe6l0opoU TwV cuoTnUATwy AOE avtamokpivovtal 0g QUTA TWV PEVCTOMOLACLUWY 6UVBNKWV, Ta omola
£€€TAOTNKAV TIPONYOUUEVWC. JUYKEKPLUEVQ, Ol KOTAOKEUOOTIKEG TIOPANETPOL Slotnpolvtol otabepEc,
EVW OL N PEVUCTOTOLACLUEG ouVONKeG Tou edddouc SlapopdwvovTal eV TIPOKELUEVW XPNOLLOTIOLWVTOG
To UTO avwon €8k0 Bapocg tng dupou. H emibpacn tng adpAvelag tng avwWSOOUNG OTIC CELOULKEG
kaBlnoelg Slepeuvartal ek véou efetalovtag TG KPLOLUEeG TapapeTtpouc arnAenidpaong eddadouc-
KATAOKEUAC, SnAadn To Adyo TepLOdWVY Tyys/Texe, TO AOYO Auynpotntag h/r kot To AOyo GXETIKAC Halag y,
KOBWE KAl TG ONUOVTLKOTEPEG OELOHLKEG TTAPAPETPOUG. OMwG KOl TPONYOUEVWG, oL KaBLlNOELS TwY
cuotnudtwv AGE ouykpilvovtoal pe TIG KABWNAOES TWV aviiotolwv ouctnuatwv OE. TEAog,
QVATTUOCOVTAL ATAOTIOINUEVEG EKDPACELG YLOL TOV OVOAUTIKO UTIOAOYLOUO TOou AOyou KaBuwlnoswv, HE
Bdon TNV MOAUTIAPAUETPLKY OTATLOTLKI) QVAAUCH TwV ApLOUNTIKWYV amoTeAeoUATwWY. AeSopévou OTL h
EKTLNON TWV OELOULKWV KaBWnoswy yla cuotnuata OE eival o dueca untoAoyiotun, T6o0 aplOpnTika
000 KoL AVOAUTLKA, LECW TNG TpoTomolnuevng pebodoloyiag twv Richards et al. (1993), oL TpoTEWVOUEVEG
oX£0elg otoxelouv va xpnotpomolnBolv w¢ SlopbwTikol ouVTEAEOTEC avodoplkd PE TO POAO TNG

oAANAeTtidpaoncg e5AdOUC-KATAOKEUNG OTLC OELOMLKEG KAUOLNOELG KOTOLOKEUWV.
MnXOWLOLOG CUCOWPEVONG CELCULKWV KAOWRoEWV.

ITa oXUOTA TToUu akoAouBoUv TaPOoUCLAIETAL CUYKPLTIKA N amoKkpLon evog cuothiuatog AGOE Kal Tou
ovtiotolyou OF eotidlovtag oto UnXoviopd cucowpeuong KaBWlnoswy. JUYKEKPLUEVA, TO IXAMA 20
OUYKpIVEL TQ QpPOUNTIKA OTOTEAECHATO TOU ouoThuotog avodopds AGOE, yla TapapéTpoug

oAAnAemtidpaonc eddadoug-kataokeung s = 0.07, y = 4.00 kot h/r = 1.06 kal tou avtiototyou OF. Kat otig
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600 aplBuntikég avaluoelg n Sléyepon tng BACNG TOU KavvABou cuviotatal oe £vo APHOVIKO CHUa
ETUTAYUVONG HE HEYLOTN ETUTAXUVON @Pmax = 0.15g, tepioSo S1éyepong Texe = 0.50sec kat aptBud KUkAwv N
= 12. H evepydg 81omeplodog Tysesr elval lon pe 0.68sec, yeyovog mou odnyel oe Adyoug meplodwv
Toys.eff/ Texe = 1.36. Zta Zxnpa 20a-B ouykpivovtal oL xpovoiotopieg Twv KaBLlNoEWV Kol TwV OTPodwV
Bepeliov, esvw ota IxAua 20y-8 ouykpivovtalt oL xpovoiotopleg SLOTUNTIKWY TACEWV Kol
napapopdwoewv oe Babog 0.5m kKATw amnod To akpo tou BepeAiou. Onwg daivetal, to cvotnua AGE
KaBLavel meplocOTEPO KATA TN SLapKeLa TG 6vnong o cUYKpLon e To LoodUvapo clotnuoa OE, pe tn
ouvoALKn kaBilnon Tou mpwTtou va gival epimou 2-3 popég peyaAutepn (6nAadn, 11cm évavtt 5cm). To
YEYOVOC auTto amodibetal oTLG TOAAVIWOELG TNG KATOOKEUNG OL OTIOLEG 08NYOUV O ONUOVTLKEG OTPODEC
¢ Bepeiwong (IxApna 20B), ev avtlBEoel pe TIG KOTA pia TAEn peyEBoug HKpOTEPEG OTPOodEG OTNV
nepintwon tou cuotriuotog OE. Q¢ ek toutou, To £€8adoc KATw amd Ta dkpa tou BepeAiou tou
cuoTAUATOC AOE UTTOKELVTOL OE ONUOVTIKEG SLAKUUAVOELG TWV SLATUNTIKWY TACEWY yUPpw aro Tn otabepn)
péon Tun g = 25 kPa, omwg mapatnpeital oto IxApa 20y kot 8. Agilel va onpelwBel Ot yla to cuotnua
AGE, n BUBLoN tou Bepeliov odnyel og pla otadlakd aUEAVOUEVN CUCOWPEUCH TAPAUOPOWOEWY, N
orola gudavilel XOPAKTNPLOTIKEG "ALXUEG" TIOU CUMTIMTOUV HE TIC UEYLOTEG OTPOdEC Tou Bepeliou

("xpovog ta" ota ZxAua 20b, c & d).

Bdosl Twv avwTtépw, KATASEWKVUETOL OTL N onuavtiky Sladopd OTn CUCOWPEUCH SLOTUNTIKWY
MAPAUOPDWOEWV KATW ATO T AKPa Tou BepeAiov PeTall Twv cuotnuatwyv AOE kat OE odnyel kat otn

Sladopd Tou TeEAKOU PeyEBOUG TNG OELOMKNG KaBilnonc.
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Ixnua 20: Xpovoiotopieg amokplong Twv cuotnudatwy AOE kat OE: (a) oelouikn kabilnon, (B) otpodég Bepeliovu,
SLaTUNTKEG (V) TAoELS Kal (6) mapapopdwoELg KATW Ao Ta AKpa Tou Oepeiiou.

Y€ CUVEXELO TWV AVWTEPW, 0TO ZXAKA 21c dailveTal OTL oTNV MEPIMTWON TOU CUOTAUATOG OF TN OTLYUN TNG
MEYLoTNG oTtpodn ¢ Bepeliou (XpOvoC ta) N KATAVOUN TWV SLATUNTIKWY TACEWV KATW armod to BepéAlo eivat
OPKETA OUOLOMOpPdN, YEYOVOG TIOU UTIOSNAWVEL OTL OL TPOCOETEG TACEL TTOU TPOKAAOUVTAL amd To
AKVIOMO €lval apeAntéeg o autn tnv nepimtwon. Emumpdobeta, oto IxAua 21d Sakpivetal o
OXNMOTLOMOC Tou e6adkol MPIoUATOC KATW KAl apLotepA Tou Bepeliou, uTtoSelkvuovtag Tnv UEpPaon
™M¢ dépoucag kavotntag tng BepeAdiwong. AvtiBeta, n KATAVOUN TWV SLOTUNTIKWY TACEWV OTNV
nepintwon tou cuotrpatoc AOE eival avopoldopopdn (IxAua 21a), Sedopévou OTL MAPATNPELTAL TOTIKN
CUYKEVTPWON TACEWV KATW aTto TO AKPO Tou OgpeAiou T OTIYUA TNG LEYLOTNG LETAKIVNONG TNG AVWSOUNG
KO, KOTA OUVETELQ, TNG 0TpodNG Tou Bepeliou. EmuTAov, oL eMMPOCOETEG SLATUNTIKEG TTAPAUOPDWOELG
ovamntuooovtal o pLa oAU 1o pnxn Lwvn, og cUyKplon Ue To cvotnua OF, umodewkviovtag £ToL T
ONUAVTLIKA CUPPBOAN TwV SLATUNTIKWY TOPOHOopPWOEWY TIOU TiPpoKaAoUVTOL amtd TO AWKVIOUO OTn
CUCOWPELON KAOWNOEWV. ZUVETTWCE, O OXNUATIOUOC TOU pnxoviopol edadikol mpiopatog Sev Umopel va

davel kabopd (ZxApa 21B), dnwg cuvéBatve ylo to cvotnua OE.
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IxAMa 21: TUyKpLon TwV amokpioswv petafd Tou cuotripatog AGE kat OF tn otiypur Tng HéyLlotng otpodrg Bepeliov
ta: Kotavoun SlaTpnTkwy mapapopdwoswy (a, y) and oplldvtiwy petakwvnoewvy (B, ).

EniSpacn tou AGYou MePLOSWV Tsys/ Texe. O AOYOG EPLOSWV Tiys/ Texc AMOTEAEL BAOLKN) TTAPAETPO YL TN
cuoowpeuon Kkobuwlnoswv Twv ouotnuatwv AOE. Ito IXAMa 22 mapoucldlovtol T aplOunTikda
anoteAéopata (He oUpBoAa SLadOPETIKOU OYXAUATOC KOL XPWHMOTOG) TNG SlakUpaveng Tou Adyou
KABWNOEWVY Pace/Por LE TO AOYO TIEPLOSWV Tsys/ Texe, TOAPAAANAQ LLE TNV TIAPARETPLKN ETIISpAON TOU Adyou
OXETIKNG MA&lac y (IxAua 22a), tou Aoyou Auynpotntag h/r (IxAua 22b), TG HEYLOTNG OELOWLKNG
grtayuvong PGA (Zxiua 22c) kal tou aplOpol KUKAwY ¢optiong N, (Zxnuoa 22d). Onwg €xel avadepbel
T(PONYOUUEVWG, N TEPLOBOG Teys AAUPBAVETAL WG N EVEPYOS LOLOTIEPLOSOG TOU CUCTHMATOC Teys.eff, EVW WG
Texe AapBavetal n meplodog Siéyepong oto eminedo tng emipavelag tou dadoug. Ta anoteAéopata
npootdtdlouv oe TuTKA ddopota evioyuong thg SUVOULIKAG amokplong povoBadulou talavtwrth.
AnAadn, otnv MEePIMTWOon ToU OUVTOVIOUOU (Tyys/Texe = 0.50-1.50), ta cuotrpata AOE umokewvtal o
QUENUEVEC DOOUATIKEG ETUTOXUVOELG Kol ALKVIOUO, Kol ETIOUEVWC KABOLWAVOUV GNUAVTIKA TIEPLOCOTEPO
armno ta cuothpota OF (paee/poe = 4.0-7.0). AvtiBeTa, TNV MEPIMTWAON TWV GKOUTTTWY CUCTNUATWVY (Tsys/ Texc
< 0.50) telvouv va kabiZavouv eficou pe ta Looduvapa cuotnuata OF, kabwg n paouatikni enttdyuvon

Twv 800 cuotnudtwy eival mapdpola. TéAog, ta euKapnta cUoTAROTA AOE (Tsys/Texe > 1.50) Teivouv va
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kaBwavouv efioou f Alydtepo amod ta cuothpata OF, and tn oTyUn TIoU ol GACUATIKEG ETITAXUVOELG

TOUG TELVOUV VO QTTOKELWVOVTAL OE OXECH LE TNV QITOKPLON TWV AKOUMTWY cUCTNUATWY OE.

Enidpaon tou oxeTikov Adyou palag y. O Aoyog palag y oxetiletal Kuplwg Pe TIG adpavelakEC SUVAUELS
™G avwdoung ou petadEpovtal othn Bepehiwon Kota tn SLdpKeLla Tou oslopol. YPNAOTEPEG TIUEG TOU Y
OVTLOTOLYOUV OE QUENUEVEG TOAAVTWOELC TNG KATAOKEUNG, OL OTIOLEG UE TN OELPA TOUG 0dnyouv os avénon
NG CUCOWPEVONG SLATUNTIKWY Ttapopopdwoewy oto £6adog Tng Bepediwonc. Mapatnpeital ot otnv
TLEPLOXI) OUVTOVIOUOU yla Vpog Tteplodwv 0.75-1.35sec, o Adyog kaBLloewv auEAVETAL CUGTNUATIKA

aro 3.0 og 5.2 (6nAadn €wg 70%) otav o y aufavetal amno 2.4 o 5.1.

Enidpaon tou Adyou Avynpoétntac h/r. Upudpwva pe TO KAVOVIOTIKO TAaiowo tng alnAsmidpaong
£6a¢doUG-KATOOKEUNC, T PNAd KTipla €lvol YEVIKA TILO EUKOUTITO KOl ETIOUEVWG ALYOTEPO ETUPPETH| OF
gTUAKLVON TG WOLoTePLOSoU Toug AOYWw TG evdoouotntag Tou edddoug Bepeiwong (NEHRP 1997).
Map '0Aa autd, otnv mepimtwon g aveAaoTikn ¢ cupnepldopdc tou edAdouc, TPEMEL VoL CUVEKTLUNBEL
TO YEYOVOG OTL OL AUENUEVEG POTIEC AVOTPOTING EMLEELVWVOUV TNV ATOKPLON TOU cUoTHOTOC Se6opévou
OTL 0 ALKVIOUOC TNG avwSOUNG aUEAVEL TN CUCCWPEUON SLATUNTIKWY Topapopdwoswy oto £6adog g
Bepeliwong. To ZxAMa 22 MapoucLAleL T SLOKU VG TOU AOYOU paot/Por L€ TO AOYO TEPLOSWV Tsys/ Texe,
yla Stadopetika enineda Adywv Auynpotntag (h/r = 1.06, 1.38 kat 1.88). Napatnpeitat 6tL N avénon tou
Aoyou kabilnoswv pe to Adyo Auynpdotntag ival evtovotepn o€ GUVONKEG CUVTOVIOUOU, UE TN UEYLOTN
av€non va eivat 21% kaBwg to h/r avéavetal ano 1.06 og 1.88. AvtiBeta, yLa NPL-AKAUTTTA TTPOG AKOUTTTA
ouoTAMATA HE Tsys/Texe < 0.5, oL AdyoL kabiljoswv Sev emnpedlovtal amnd to Adyo Auynpdtntag, evw yla

TA EUKAUITO CUOTHAATO UE Toys/ Texe = 1.5, mapatnpeitat pio pikpn, Lovo, adénon Tou paee/Pok.

EniSpoaon Twv XapaKTNPLOTIKWV TG SLEYEPONG. Ta XAPAKTNPLOTIKA TNG OELOWLKNG SLEyepanG emnpedlouy
TNV AmoKPLoN TOU CUCTAATOC KUPLWG HECW TNG LEYLOTNG eSadLknG erutdyuvong PGA kol — o€ KPOTEPO
BaBuod — péow tTou aplBpol Twv KUKAWV dpoptiong No. ZTo ZXAMa 22y Kal & mapouctaletal n Sltakuuovon
TOU AOYOU pace/Por HE TIG TUHECG TOu PGA kat tou N,, avtiotolya. Nopatnpeitat ot o Adyog kobllnoswy
au€avetal cuoTnUATtikd pe To PGA ot oAOkAnpo T0 dacua MePOSWY Tyys/Texe. H HéyloTtn al€non
napatnpeeital uTo cuVONKeg GUVTOVLOUOU (Tsys/ Texc = 0.80 - 1.20 sec) kol avépyetat mepinou os 110% otav
n PGA au€avetal ano 0.23g os 0.36g. O aplBpudc twv KUKAwV Stéyepong N, au€dvel To Adyo kablloswy
OTO OTEVOTEPO VPO MEPL TOV CUVTOVIOUO e mapatnpoUpevn avénon éwg kot 30% otav to N, auvavetal
ond 4 oe 12 kOKAoUG. H oxetikd pkpn emibpacn tou aplBuol Twv KUKAWV N, 0to Adyo kabuwlfoswy
UTTOSNAWVEL OTL TO PEYAAUTEPO HEPOC TNG cUCOWPELONG KABL(NoEWV Twv cuotnpdtwy AOE AapBadavel

XWpa oTa apXLKA oTadla tng S6vnong.
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AvVaAUTIKEG OXEOELG YLa TNV eMLppOon TG aAAnAenidpaong e6adouG-KaTaoKeURG o6To Adyo KaOl{Roswv

PAGE/ PoE.

TNV EVOTNTA QUTH MOPOUGCLAIOVTAL Ol OVAAUTIKEG OXEOELG TTOU avamntuxbnkav yla To Adyo Kablloswv
Pace/Por, HETA amd avaiuon TaASpounong MOAMAMAWY HETOPANTWY TWV OXETIKWV APLOUNTIKWY
bebopévwy. OL IPOTELVOEVEG OXEDELG amelkovi{ovtal oTo IXAMa 22 e cuvexeic ypapuég. Me Baon tnv
TOPAUETPIK Slepelivnon Kal TOUG MNXOQVIOUOUG Tou oulntnbnkav oe TPONYOUUEVEG EVOTNTEC,
gfetdotnkav ol akOAouBeg KUpleg TapApeTpol aAAnAeTidpacng e6APOUC-KATACKEUNG KOl OELCULKNG
SLéyepong: 0 AOyog TepLlOdwVY Tsys/Texe, 0 AOYOC Auynpdtntag h/r, 0 oxeTikdg Adyog palwv y, n KEYLOTN

gmtayuvon tou edadoug PGA kal o aplBuocg kukAwv Stéyepong No.

ZNUELWVETOL OTL N OTATLOTLKA AVAAUGH TIOU TtpayUatonol)Bnke dev elval «tudAn», aAAd amooKomel va
elval ouvemnng mpog toug duatkoUG pUnXaviopoUlg ou SLEmMouv To TIPORANUa. Ev mpokelpévw, eANdOn
unoyPn otL ot Adyol kabilnoewv epdavifouv SLOKUAVON TUTIOU KAUTAVOG LLE TO AOYO TEPLOSWV Tiys/ Texc.
Mo to Adyo auTtod, oL MPOTELVOUEVEG eKDPACELG TTOU Kataypddouv tn SLoKUUAVCN TOU Pace/Per UE TO
Tsys/ Texc BaoLloOVTaL OTLG OXECELG TIOU TUTILKA XPNOLULOTIOLOUVTAL Yla va Tteplypdouy To GpAacpa evioxuong

£VOC HovoPadpLou TaAavtwTh. EV MPoKelUEVW, 0 AOyo¢ KaBL(NOEWV Paoe/por ekdpaleTal WG EENC:

PSFS __ 1+Cy (Tsys/Texc)2

- 2 (15)

Prs \/ [1‘(Tsys/ TexC)z] +Ca(Toys/Texc)”

omou

C1 =) fa(h/T) (16)
f1(y) = max{a, + by - eV, 0} (17)
fo(h/r) =d; + ey (h/7) (18)
C; =91(¥) - g2(h/7) - g3(PGA) - g4(N,) (19)
91(y) =a; +by-y (20)
g2(h/7T) = c; +dy - (h/T) (21)
9g3(PGA) = e; + f, - PGA (22)
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ga(N,) =min{g, + h, - etz No, 0.3} (23)

Ol otaBepég otic mapandvw eElowoelg Aappavovtal and tnv avaiuon maAvdpopnong Twv SlabEoipwy
Sebopévwy kat opilovral we £€NG: a1=0.68, b;=-3.39, c;=-0.73, d1=0.82, e;=0.24, a,=1.78, b,=-0.19, c,=1.52,
d,=-0.53, e,=3.85, f,=-9.45, g,=0.11, h,=0.31, i,=-0.4.
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IXAua 22: Enidpacn tou Adyou Meplodwv Tsys/Texe 0TO AOYO KOBWHOEWV paoe/pee: TUYKPLON TWV APLOUNTIKWY
OUMOTEAECUATWY UE TLG AVAAUTIKEG TIPOPAEYELG yia SladopeTIKEG opadeg (a) Tou Adyou OXeTIKNG Halag y kat (B) tou
Aoyou Auynpotntag h/r, (v) tng néylotng edadikng emitdyxuvong PGA kat (8) tou aptBuol twv KUKAWV ¢poptiong No.
H mpotewopevn avaAutiky peBodoloylo aflohoyeitol oTn CUVEXELD OUYKPIVOVTOC TIG QVOAUTLKEC
TPOBAEYELG HE TA aVTIOTOLXO ATTOTEAECUATO TWV aAplOUNTIKWY avaAUoswy. To oXeTkO odaApo petafl
TWV AVaAUTIKWY TIPOBALPEWV Kal TwV 0pLOUNTIKWY 0VOAUCEWV XPNOLUOTIOLEITAL YL VO TTOGOTLKOTIOLOEL
v akpifela Twv mpwtwv. H otatiotikh aéloAdynon Twv oXeTkwy ohaApdtwy otnv ipoBAen tou Adyou
KOOLWNOEWV paoe/por TOPOLGCLALETAL OTO IXAMA 23. JUVOALKA, N oUYKPLoN SElXVEL £val OXETIKA LLKPO KoL
opolopopda KATAVEUNHEVO OAApA YLt OAEC TG LeTAPANTEC TTOU e€eTdoTNKAY. H HEGN TLUA KOL N TUTTIKN

omoKALoN TOu OXeTkoU oddApatog sivat -0.04 kat 0.18, avtictowya.
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IxAHa 23: AfloAOynon Tou OXETIKOU OhAAUATOC OTOV QVOAUTLKO UTIOAOYLOUO TOU AOYOU paece/pee EVOVTL TWV
aplOuntikwv mpoPAéPewv: (a) ouykplon one-to-one kat (b) Stakpavon Tou oxetikol oHAANATOC ME TV KUpLA
TAPAUETPO ToU TPOBAAKATOS (i) Teys/Texc, (i) A/r, (iii) v, (iv) @’max, (v) No.

VIl. MEOOAOAOTrIAZ ZXEAIAZMOY
NepiAnyPn g pedodoloyiog uMOAOYLOHOU GELOUIKWV KON oEWV

EKTOC amod TNV KOtavonon twv pnxoviopwyv oAAnAemidpaong edadouc-Bspuehiov-avwdoung Kat tng
onoudaldTNTAG TOUG OTNV MPAEN, OKOMOG AUTAC TNG MEAETNG €lval va MOPACYXEL €miong pLo TANPN
avVaAUTIKH peBoSoAoyia yLa TNV MPOKATAPKTLKA EKTILNGCN TWV CELCUIKWY KABL{NOEWV TWV KATOUOKEUWV OF

peuotornoliouo €6adog. Ta Baoikd Bripata tng pebodoroyiag cuvolilovral wg akoAoUBwWG:

" YrnoAoylopdg tou Xpovou ekSRAwong peuvotomnoinong tig. Me Bdon to amoteAéopota Twv
ETUTOTLWV SOKIUWY Kol Twv Wottwyv g edadikig kivnong (oe 0poug FS.) To tig MTOpel va
ekTLNBel Ypnowomowwvtag t Stadlkaocia mou meplypddetal oto Kepahaio 7.3 Tou MOPOVIOG

KELUEVOU. BAOEL TOU ti g, N 6OVNON XWpileTaL o€ SUO PEPN: TIPLV KAL LETA TN PEUCTOTIONON.

®*  YROAOYLOMOG TWV CELOULKWVY KAOWINOEWV OEUEAIWVY Pee.nL VIO N PEUCTOMOLNUEVEG oUVORKEG. H
tpononolnuévn Stadikacio Twv Richards et al. (1993), n omnola napouactaletal oto Keddhato 7.4.2,
uropel va xpnowuomoinBel ylo TNV avaluTik eKkTipnon Twv OEloMKWY KABWNOEWY Pornt
ouoTNUATWY OF O N pEUCTOTOLACLUES CUVONKEG, ayvowvtag SnAadr tnv enidpaon Tnc avwdounc.
Auti n dadikaoia anattel yvwon twv Pactkwy MAapapETpwY OXESLOOUOU, OTIWE TA XAPAKTNPLOTIKA

™G oeloKAG SLEyepanG (PGA, Texc), TwV edadikwy W8lothtwy (¢, y) kat tng Ogpeliwong (B, g, FS).

=" YROAOYLOHOG TWV GELCUIKWV KOO OEWV OEUEA LWV Pok.L YLOL PEUCTOTIOLNUEVEG CUVORKEG. ALddpopeC
peBodoAoyieg umopouv va xpnotomnotnBouv yla To okomo autd (Bray and Macedo 2017; Bullock et

al. 2019; Dimitriadi et al. 2017). 2to mapddelypa epappoyrg mou akoAouBel emAéyetal n avaAuTIKh
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Sladikaoia twv Dimitriadi et al. (2017), 6ebopévou OTL mapExel pia Bpa-rmpog-prua pebodoloyia

oxebloopoU yla emipavelakd Bepéhla os peuotomnolnolo £6adog. Emumpdobeta, to €0poOg TwWV

MapapeTpwy oxedlaocpol mou efetdotnkav (BeAtlwpévn kpolota, UToKeipevo duaikd £6adog

Aaupou Nefada k.Amm.) KaBwg Kal Ta XapaKTNPLOTIKA TNG apLlBUNTIKAG TPOoopoiwaong (KATaoTATIKO

povtélo, amooPfeon edadoug, oplakéC ouvbnkeg K.ATL) eival oupPfatd pe TO avtioTtowa

XQPOAKTNPLOTIKA TNG Tapoloag LEAETNC.

= YROAOYLGHOG TG EVEPYOU LELOTIEPLOSOU CUCTAUATOG Toys.eff.

ApXLK@, uloBetouvtal ol avaAuTkeG Stadikaoieg Twv Kavoviopuwv Ixedlaopol (m.x. NEHRP) yua
TOV UTTOAOYLOMO TOU EAOOTIKOU TUAMOTOC TNG EMLUAKUVONG TIEPLOSOU Teys e/ Tetrt. 2TO 0TASLO QUTO,
oL LotNTEC Tou £6adoug — ocuvnBwWE WG PO TO CUVTEAEDTH SLATUNONG G — ELOAYOVTAL UE TLG

OPXLKEC, LETPAOLUEG OTO TEdIO, TLUEG.

. ZTN OUVEXELD, TO MN YPOUMUIKO TUAUA TNG ETUUAKUVONG TNG TEPLOSOU Tsysefi/ Toysel MOPEL VL

UTLOAOYLOTEL YLOL TO N PEUCTOTIOLNUEVO PEPOG TNG SOVNONG XpnoLlomolwvtag tnv e€lowon 3 kal

YLOL TO PEUCTOTOLNEVO HEPOC XpNOLUOTIOlWVTAC TNV e€iowaon 7.

= EKTIHNON TWV XOPOAKTNPLOTIKWV SLEYEPONG:

ZUXVOTIKO TtepLEXOMEVO. NoLkiheg ekTIPnOELC TipoTeivovtal otn BLBAloypadia Kol pmopolv va
XpnoLpomnolnBouv yLo Tov MPoodLoplopd ToU CUXVOTLKOU TIEPLEXOUEVOU TNG edadLkn SlEyeponc.
TNV moapouca UeAETN, emhéyetal n Bepedlwdng nepiodog T, kat n e€opaAupévn BepeAlwdng

nepiodog To.

. Zelopkn Sudpketa. Ma va avamapooctabel n akavoviotn xpovoiotopla EMITAXUVOEWV TNG

ebadkng kivnong mpoteivetal €vag LooSUVOUOG OplOUOC ONUAVTIKWY KUKAWVY SLEyePONG Neg

(Bouckovalas et al. 2017):

2 [ v()|de
q=—— 5 (24)
Aefr * Texc

OTOU defr €lval n UEYLOTN evepyog edadikn emitayxuvon (ouviBwg AauBdavetal wg ta 2/3 TG
HEyLoTNG eSadLkn ¢ ertayuvong), Tex Elval n mpoavadepOeioa neplodog Tng edadikng dLEyepong

Kat v(t) n taxutnTd TNC.
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*  YrtoAoytopdg tou Adyou Ko oswV (Pace/Poe)nt YLOL TO L PEUCTOTOLNLEVO THAHKA TNG SLEYEPONG.
H enidpaon tng avwdoung oTIC OslopIKEG KOOWNOELG ELOAYETAL WG O OUVTEAEOTNC SL0pBwaong
(paoe/pPoe)nL OTNV  EUMELPIKA 1 OPLOUNTIKA UToAoylopévn KaBilnon peen. H TpOTELVOUEVN

peBodoloyia meplypddetal otig eflowoelg 15-23.

" YnoAoylopog tou AGyou KoBWNOEWV (Pace/Poee). YO TO PEUCTOTOLNMUEVO TUAUA TNG SLEyepONG.
Onwg Kol MPONYOUUEVWEG, N emibpacn TNG aVwOOUNG OTIG OELOUIKEG KAOL{NOELG ELCAYETAL WE O
ouVTeEAEOTAC 5LOPOWONG (Pace/Por)l OTNV EUTELPLIKA 1 aplOuntikd umoAoylwopévn kobllnon peer. H

npotelvopevn pebodoAoyia meplypadetal otic e€lowoelg 8-13.

Napadsiypa epappoyng tng pedodoloyiog oxediaopol

H mpotelwvopevn pebodoloyia yla ToV UTTOAOYLOUO TWV OELOULKWVY KABWNOEWY eMLOEIKVUETAL HEOW TNG
OELOULKAG amokplong duo cuotnuatwyv (AGE kot Tou avtiotolou OFE) MPoOCcOUOLWVTAG TIPAYUATLIKES
ouvOnkec oslopkng Stéyeponcg kat edadkol mpodiA. Mpaypatonolovvtal aplBUNTIKEG avaAUOELC YL TO
cuotnua avadopdg, dnhadn, pe WLotnteg alnAenidpaong edadoug-kataockeung h/r = 1.06, y = 4.00
kot s = 0.07. To edadiko mpodi\ Baociletal otig LOTNTEG TOU TMpaypatikou Tpodid eddadoug mou
Bploketal otnv Kkoitn tou motapol Itpupovo otn Bopela EANGSa kol amoteleital omd £va
PEUCTOTOLACIUO OTPpWHA Aupou BAaboucg 23 pétpwv. H osloplkn SLEyepon TOU XPNOLUOTOLETAL WC
kivnon tou Bpaxwdoug untofabpou eival n kataypadn tou ppdyuatog Matahima (083) Tou oelopoU TG
Néag ZnAavdiog (1987). MapdAAnAa pe T aplOPNTIKA anoteAéopata, ebpapUoletal Kal afloAoyeital n

Sladkaoia oxedLacOU ToU avantuxOnke o€ auTr TN LEAETN WG KLa BAua-Tpog-Brpa edbappoyn.

MPOKELUEVOU VA CUOXETLOTEL TO SUVOULKO PEUCTOMOLNONG UE TN CUCCWPEUON OELOULKWY KaBLlnoewvy,
efetalovral Tpla oevapla oELOULKAG Eviaong, KaBwe n LetafoAn TnG odnyel oe SLAPOPETIKEC TIUEG TOU
YuvteAeotn Aodaleiag évavtl peuotomnoinong FS,, n omolia pe Tn ogpd tng 06nyel og dtadopeTikod xpovo
ekbNAwonc tng peuctomnoinong t.. Exovrtag opiosL to ty, eival Suvato va Slakpivoups, wg emdpevo Brua,
N cucowpeuon KoOWNoewv oTo TUAKA TPV amd v évapén tg peuctomoinong (t <t) kot petd T
pevotornoinon (t > t1). O xpovog ekSAAWONC TNG PELOTOTOINCNC CUVSEETAL UE TNV TIUA TOU FSi, e TIC
£I0IKEC TIEPUTTWOELG KaBapd pn PEUCTOMOWACLUWY 1 KaBopd PEUCTOMOCWUWY CuUVONKWY va
ovtiotolyouv mepimou os FS. > 1.0 kat FS. < 0.30, avtictolya. To emheyuévo Upog FS, emLTpémel Thv
£€£TOON TWV OIMOKPIOEWV TOU CUOTAMATOG HE SLOPOPETIKO XpOvo ekSNAWONG TNG peuoTonoinong ti.

ETIOUEVWG, TTOLKIAEL KL N SLAPKELD TWV THNUATWY TIPLV KoL LETA TN pEvaTomnoinon.
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Ao WPLOOG TNG CELOWLKNAG SLEYEPONG: TIPLV KAl LETA TNV EKSAAWON TNG PEVCTOMOINONG

O Mpoodloplopdg Tou Xpovou ekEAAWGCNG TNG PEVOTOMOINONG OTNV emdAveLa Tou €6AdOUG g Kal N
SLaKkplon g SLEyepOoNG OTO TUAA TIPLV KAl LETA TN PEVOTOTONCN MapouoLaletal oTo IxApa 24. Ta tpla
S1aOpPETIKA CEVAPLA OELOHLKAG EVTAONG, LE HEYLOTN ETUTAXUVON 0TO Bpaxw8eg urtoBadpo a°max = 0.04g,
0.10g kot 0.40g, e€etalovtal pe BAon TIG XpovoioTopleg: i) TOU AOYOU UTIEPTILEGEWY TOU VEPOU TWV TOPWV
ry OTO LECO — Kol TAEoV Kpiolwo — BaBog z = 8.5m kat ii) Twv emtayxvvoewy enidpavelag kot Baong tou

edadkol mpodiA.

BiBAloypadika suprpata £xouv Seigel OTL T paLVOUEVA PEUCTOTIOINONG OTNV ETLPAVELX TOU £6AdoUg
gudavidovtal HOAG TO 00DeVECTEPO OTPWHA LKAVOU TAXouc Ttou umedadoug Tpooeyyloel T
pevatonoinon (Bouckovalas et al. 2017). Ot cuyypadei¢ katadelkvOouv OTL OVATITUEN UTEPTILECEWV
nopwv r, ion pe 0.6-0.8 ka®’ ULYog tou edadkol mMpodil apkel ylo v €vopén twv davopévwy
pevotornoinong otnv emidpavela. Mo to Adyo auto, o xpodvog ekdAAwaong Tng peuctonoinong otnv
erudavela tyg (6nAadn, otav apxilel n anopeiwon TnG emipavelakng kivnong) Aaupavel ywpa vwpitepa
oo Tov Xpovo &vapéng tng peuatomoinong tumin TOU aoBevéotepou otpwpatog unedddoug (dnAadn,

otav ry = 1.0 0TO GUYKEKPLUEVO CTPWUAL).

H epdavion tng peuctonoinong otnv enibavelag opiletol oTLg XpovoioTopleg emtdyuvong Tou IxAua 24
(2n otAN) WG TO XPOVLKO ONELD T g LETA TO OTTOLO N eMLPavELOKN Kivnon apyllel va amopelwvetat. Onwg
elval QVaUEVOUEVO, TO ti g LELWVETAL PE TNV AUENCN TOU @Pmax A - EVOANAKTIKE - pe TNV Heiwon Tou FS.
Ztnv nepintwon tou FS, = 1.05, oL untepmiécelg MOpwV GTAVOUV PEXPL TNV TIUA ry = 0.80 pHdvo oTo TEAOG
™¢ ddévnong, emopévwe, dawopeva peuctonoinong dev eudavilovtal otnv emudadvela. MNa TG
TIEPUTTWOELG TIANPOUG PEVCTOTIONONG, TIOPATNPELTOL OTL TO tigr (EKTILWHEVO WG N OTLYUN TIoU N €8adikn
Kivnon appAUVeTaL SpACTIKA) CUUTIITTEL [LE TN XPOVLKI) OTLYMI KATA TNV OTtola Ol UTIEPTILECELG TTIOPWY TOU
aoBevéotepou 6adkol oTPWHATOG TTpooeyyilouv TV T ry = 0.80, emiBefalwvoviag €Tol OTL tig <

tLmin. OLTIMEG TOU T g YIO SladopeTikd oevapla FS. cuvoyilovtal otov Mivaka 2.
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IxAua 24: (1" otnAn) Xpovoictopieg Tou Adyou UTIEPTILECEWV ru TOU aoBevéotepou edadikol otpwuatog (og Babog
z=8.5m) Kkat (2" oTAAN) XPOVOICTOPIEG TWV EMITAXUVOEWVY OTNV eMLPAVELA TOU €8APOUG YL TIG TPELS SLADOPETIKEG
TLUEG Tou Zuvteheotr Aodaleiag Evavtl peuotomnoinong FS:.

YNOAOYLOWOG TNG EVEPYOU LOLOTEPLOSOU CUGTANATOG Toys.eff

To clotnua avadopda¢ AOE mou ypnowomolsital otic aplOpunTikéG avaluoelg €xel Slomepiodo
TIAKTWHEVNG OVWOOUNG lon Pe Tss= 0.35 sec. Mpokelpévou va UToAoyLoTEL N eAaoTIKA Ttepiodog Tou
OLOTAMATOC Tsysel, EPapuoletal n avaAutikn Stadikaoia, mTou cuvABwWE XPNOLUOTOLE(TAL OTIC SLATAEELS
tou KavoviouoU (NEHRP - FEMA 1997). ZUudwva e aUTO, N EMLUAKUVON EAACTIKAC TEPLOSOU Teys.elf Tstrf

umoAoylletal pe Tnv akoAoudn ekdppaon:
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TsJIs.el _ \/1 + kstr + kstr - h? (25)

Tstr. fix

Ze avtiBeon pe tov UTIOAOYLOMO TNG €AAOTIKAG TEPLOSOU TOU CUOTAMATOS Tyyses PACEL TWV QAPXLKWV
OLOTATWY Tou €6A4POoUG, N evePYOs LOLOTEPLOSOG Tiys.cfr ECOPTATAL ATIO TG XPOVIKA UETABOAAOLEVEG
LLOTNTEG TOU £6AdOoUC KATA TN SLAPKELA TN OELOULKAG SLEyEPONG. EV mpokelévw, uTtoAoyileTal o Adyog
TEPLOOWV (Tsys.ef/ Tsys.el)nL YLOL TO [N PEUCTOTIOLNMEVO TUNAMA TNG SLEYEPONG CUVOPTNCEL TNG MEYLOTNG

e6adkng emtayxuvong PGA kal Tou Adyou MEPLOSWV Tt /Tsys.er EMOVAAAUBAVOVTOG TNV E¢lowaon 3:

2
T. 1.53 4+ 0.94 (Tspi1 /T

( sys.eff) — (091 + 055 'PGAO'Zl) ( sotl/ sys.el) (26)
NL

T 2
sys.el [2.04 _ (Tsoil/Tsys.el)z] + 3.65- (TSOil/TSyS.el)Z

TNV TEPLMTWON TOU PEUCTOMOLNUEVOU TUAMOTOG TNG UTIOAOYIETAL 0 AOYOG TEPLOSWVY (Tsys.eff/ Teys el

CUVOPTAOEL TNG LEYLOTNG edadLkAg emttayxuvong PGA, emavalappavovtag tnv e€lowon 7:

T
( sys-eff) 100 for PGA < 0.075g
Tsys.el L
(27)
T
< syS-eff> 1,69+ PGA®OM for PGA > 0.075g
Tsys.el L

Ta anoteAéopata Twv umtoAoyLlopwyv cuvolilovtal otov Nivakag 2.

EKTipnon tn¢ SUVAHLKAG AMOKPLONG TOU GUOTHHOATOG

Mo TNV ekTipnon tTng SUVAULKAG QmmOKPLONG TOU CUCTNUOTOG £ivol amapaltnTo vo mpocodloploTel To
OUXVOTIKO TIEPLEXOUEVO TNG OELOULKAC Oléyepong. To IXAMa 25 cuykpivel ta daopata AAOTLKAG
amokpLong TG Kivnong tng emudavelag katl tng Baong tou edadikol mpodiA pe Tnv evepyod L8Lomepiodo
Tou oUOTAMATOG (TVsysef VI TO N PEUCTOTOLNUEVO KAl Thsysefr YLOL TO PEVOTOMOLNUEVO €6adOg) yia
Slodopetikd oevapla tNG HEYLOTNG emitdyuvong tou Ppoxwdoug umoPabpou. [Mpokelpévou va
TLOOOTLKOTIOLNOEL N CUOXETION METAEU TOU Tyyser KAl TNG TiepLOdou Sléyepong (otnv emuddvela Tou

£6AP0oUG) Tex, OQMALTEITOL O XAPAKTNPLONOG TNG TeAeuTtalog pHEow HLaG TapapeTpou. OL akOAoUBEeG
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EKTLUNOELG TIEPLEXOUEVOU CUXVOTNTAG TTOU Xpnolpomnolouvtal otn BLBAloypadia mpoteivovtal edw (Rathje

et al. 1998):

o H Bepehwdng mepiodog Tp, n omoia eival n meplodog mou avtiotolel otn PEYLOTN TR TWV
GACUOTIKWY ETUTOYVVOEWV
e Hefopalupévn daopatikn epiodog opl{OHeEVN WG:

T - 2iTi - In[S(TH]]
° T YiIn[S,(Ty)] (28)

Zta anoteAéoparta tou Nivakag 2 opiletal n BepeAlwsdng neplodog SLEYEPONG WG Texep KAL N EEOUOAULEVN
OACHATIKN WG Texc.o. OLAOYOL TOU Typs.eff WG TIPOG TLG TIEPLOSOUG Texcp KOL Texe.o TAPOUGCLATOVTIAL CUYKPLTIKA
oTLG SUo tedeuTaieg otAAEC Tou MNivaka, TPOKELMEVOU VO TTOCOTIKOTIOLNB0UV TUXOV haLVOUEVO EVIOXUONG
N Qmopeiwong HETaty Tou cuoTUaTtog Kal the Sléyeponc. Ta amoteAéopata mapouataovtal yla To
TUAMA TIPLV KOLL LETA T PEVCTOTIONON KAL YLaL KABE GEVAPLO 0 max. ZNUEWWVETOL OTL N KATAAANAN emhoyn
NG MEYLOTNG QACUATLKAG TEPLOSOU — OTNV MEPUMTWON TOU Texcp — N TOU GOACUATIKOU €UPOUG — OTNV
TEPIMTWON TOU Texco — SlADEPEL, OUXVA, AVA TEPIMTWON. ITN OUYKEKPLUEVN Slepelvnon, n HEYLOTN
daopatikn nepiodog mou Bploketal MANGLEOTEPA OTNV evePYO Tepiodo SiEyepong (SNAASH Texcp = 0.50-
0.60sec) emAéyetatl wg n BepeAlwdng meplodog Texcp, AVTL yla TN CUVOAKA peyiotn (SNAASH, Texcp =
0.12sec), adol n tedeutaio aMEXEL CNUAVTLIKA OO TIG EVEPYEC TTEPLOSOUC TOU cUOTAUATOC. EmumALoy, yia

TOV UTTOAOYLOWO TOU Texc.0, TO GAOUATIKO EUPOG TWV EVEPYWV CUXVOTATWV Tieplopiletat oe T = 1.0-1.5sec.

To amoteAéopata KATASELKVUOUV OTL N BepeAlwdNnG eploS0G Texcp £XEL 0TOOEPN TIUN lon e 0.60sec yla
10 £UPOG TUUWV 0Pmax = 0.04g — 0.26g KA LELWVETAL OF Texcp = 0.55s5eC yLa a°max = 0.40g. Ta eupApata autd
uToSNAWvVoUV OTL N TaPAPETPOC T, SV KATAYPADEL EMAPKWE TO CUXVOTIKO TIEPLEXOUEVO TWV PACUATWY
anokplong. To GaALVOUEVO QUTO, LAALOTA, AVOUEVETOL VA EVTAOEL e TNV aUENON TNG OELOWLKNG €VTOong,
AOYw TNG HelOUUEVNG onpaciog Tng — povadikig — BepeAlwdoug meplddou. AvtiBeta, n e€opaAupévn
OACPATIKY TIEPLOBOG Texc.o OELXVEL KAAUTEPN CUOCXETLON LETALY TNG ETUUNKUVONG TNG TEPLOSOU KLl TNG

OELOULKAG évTaong, KaBwe KVelTal EVTOC TOU EUPOUG Texc.o = 0.52-0.90sec.
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IXAMa 25: EAaoTikd pdopata amokplong tTng enttayuovng tou e8ddoug kot tou Bpaxwdoug umoBdbpou yla thv
kotaypodr) Matahima Dam (083) tou oetopol tng Néag ZnAavsiog (1986). Tpia emineda a’max e€etdlovrar: 0.04g,
0.10g kot 0.40g. H evepydc L8LoMePioSo¢ TOU CUOTAUATOC OXESLATETAL SLAKPLTA YLOL UN-PEVOTOTOOLUEG TV sys eff
(UrtAe ypapun) Kol pEVOTOMOLAGUUES GUVORAKEG Thsys.eff (KOKKLVN yooruun).
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Nivakag 2: Tywég Tou xpdvou ekSAAWONG TNG peucTonoinong tug, TNG EVEPyoU LOLOMEPLOSOU TOU CUCTHMATOC Kol

NG OELOULKNAG Kivnong Tou edddoug yla S1adopeTIKEG TLUEG TOU FS:.
Scenario Es, tigr Part of Tsys.eff Texc.p Texc.o Tsys.eff / Tsys.eff/
No t (sec) motion (sec) (sec) (sec) Texc.p Texc.o
NL 0.64 1.06 1.23
1 1.05 - 0.60 0.52
L2 -
NL 0.66 1.10 1.39
2 0.59 8.8 0.60 0.55
L 0.46 0.76 0.83
NL 0.68 1.23 1.49
3 0.33 5.8 0.55 0.59
L 0.50 0.91 0.85

= EKT{PNON CELCUKWV KAOLNoEWV

‘Exovtag ndn kabopiosel ta SUVAULKA XOPOAKTNPLOTIKA TOU CUCTAUOTOG, O Opoug aMAnAemidpaocng
£6A¢doUC-KATAOKEUNC KABWCE Kol TOU AOYOU TTEPLOSWVY Tsys.eff Texe, ELVAL, TIAEOV, SUVATOC O TPOGSLOPLOUOG
NG cUGOWPEUONG KABWNOEWV KATA T SLAPKELD TNG OELOUIKNG SLéyepong. To IXAMUA 26 GUYKPILVEL TIG
Xpovoiotople¢ cuoowpeuong kabnoswv petaty cuotnuatwv AOE kal OFE mou mpoékupoav pEow
aplBunTikwy avaAlcewyv yilo To e€eTaldpeva oevapla HeToBarAdpevou FS; 1) —eVOAOKTIKA- aPmax (HE
OUVEXEIC YpapUEG). MapalnAa, mapouoidletal n avalutiki Avon tng kabilnong tou cuotiuotog AGE
(ue SLaoTiktn ypappn) n omoia £xel mpokU el moAamAaotalovrog Ty aplOuntikr) AUon TOU CUCTAUATOG
OE pe TI¢ TpOTEVOUEVEG OXEOELG TNG ALATPLBNG yLa To po-peucTonoinong (E€lowoelg 15-23) Kal PeTd TN
pevotornoinon (E€lowoelg 8-13) tuAua tng S6vnong. H cucowpeuaon -kabiloswv Slakpivetal oe dUo
dACELG, TIPLV KAl LETA TN PEVCTOMOLNGON, YLO TIG 0pOUNTIKEG avaluoelg pe FS, <1.0. Itnv mepinmtwon g
MPWTING aPLOUNTIKAC avAAUONG TOU OXAUOTOC IXAKO 260 EMLKPOTOUV LN PEUCTOTIOLNUEVEG GUVONKEG,
S6ebopévou otL ol Aoyol unepriieong mopwv oto unédadog eival ool 1 pikpotepol amo 0.8 (BAEne IxAua

24).

Ta anoteAéopata oto IXAKA 26 Seixvouv Tnv eldomold dadopd otn cucowpeuon kabilnong mpv Kat
META TN peuoTOmoinon. ZUYKEKPLULEVA, KATA TN SLAPKELD TOU [N PEUCTOMOLNMEVOU HEPOUG TNG Kivnong, n
enidpaon tng avwdoung eival kpiown He To poAo TNG va eival emBAafhg ywa tnv anodoon Tou
ouoTHUATOC, KaBWwE To cuotnua AOE KaBLWAveL ONUOVTLKA TEPLOCOTEPO Ao To OF. H dLdpkelo autou Tou
HEPOUC TNG SOVNONG ELVaL O TILO CNUOVTIKOC TIOPAYOVTOC YL TIG TEALKEG TIEG TWV AOYWV Pace/Poe, EVTOC
™¢ e€etalopevng meploxng (dnAadn yla SLApKeleg oelopKWY Sleyéposwv €wg 15-20 deutepodAental).
AUTEC OL TTOPATNPAOELS £PXOVTOL OE CUHPWVIA PE TA QMOTEAECUOTA TNG TPONYOUHEVNC GOOUATIKAC

ovVAAuoNG, OMOU N SUVALKI ATOKPLON TOU CUGTHMOTOC KATA Tn SLEPKEL TOU U PEUCTOMOLNUEVOU
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TUAMATOC TNG SOVNONG XOPOKTNPL(ETOL OO ONUAVTIKEG GACHUATIKEG EVIOXUOELS KAl avtiotown avénon

TOU AOYOU paoe/Poe YL AOYOUG TIEPLOSWV Tiys et/ Texc EVTOG TNG TIEPLOXNG 1.06-1.49 (Mivakag 2).

AvtiBeta, kotd TN SLAPKELA TOU PEUCTOMOLNUEVOU TUAKATOC TG dovnong, n enibpaon TnG avwdoung
elval pkpOTepn He To pOAO TNG va AMOSEIKVUETOL EUEPYETIKOG yla T cuoowpeuoh Kabunoswy. Ta
QIMOTEAEGHATA OTTO TIC TIPONYOUUEVEC GACHATIKEG avaAUoEeLg £€6el€av OTL n SUVOULKN QIMOKPLON TOU
CUOTAMOTOC EVTOG TNG NUL-AKAUTTTNG GOOUATIKAG TEPLOXAG, SNAASN YLat Toysef/ Texc = 0.76-0.81 (MNivakog
2), emdelkvUouV PEelwon tng cuoowpeuon kablwlnoswv yla to cvotnua AOE oe olykplon HE TO

LoodUvapo cvotnua OE.

JUMITEPAOHOTIKA, KATASEIKVUETAL OTL OL TEAWKEG TIMEC (0TOo TEAOG TtNg SOvnong) tou AOYOU paee/Per
LELWVOVTOL PE TNV avTioTtoln Helwaon Tou Juvteleot AodaAeiag Evavtl pevuotomnoinong FS.. To ebpnua
auTO anobidetal otn cuaXETion Tou FS, e To XpOVo eKSNAWONC TNG PEUCTONOINCNG tLgr N, SlapOPETIKA,
pe tn SldpKela Tou TUAHATOC 8OvNOoNG TPLY KoL PETA Th peuctomoinon. Map 'OAa autd, n CuvoAlkn

kaBilnon tou cuotruatog AOE aufdvetal pe T peiwon tou FS,.
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IXAMA 26: TUYKPLON TWV XPOVOICTOPLWY CELCUKWY KaBL{Noswv PeTatl cuotnudtwy AGE kat OF urtoBalldueva oth
oeloULKn SLéyepan Matahima Dam (083) tou oelopoU tng Néag ZnAavsiag (1986), yia Tpelg SLadopeTIKES TLUEG TOU
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Juvteleotn Aodahelag Evavtl peuotomnoinong FSe.

Ykomd NG Tapovoag AlatplBng amotehel n eméktaocn Kol olokAnpwon tng véag pebodoloyiag
oxeblaopol emipovelakwy Bepsdlwoewv os kabesotwg peuotomnoinong, Aaufavovrag umdyn tnv
adpavelakn oaAAnAenidpaon eddadoug-Bepehiov-avwdouns. Q¢ mpwto BAua, n Alatplpr) oToXeVEL oTN
Slepelivnon TWV HNXOVLIOUWY TIOU SLETOUV TN OELOULKN) CUUTEPLHOPA KOTOOKEUWY HUE EMLPOVELAKES

Bepehlwoels, e £udaon oTn CUCCWPEUON OELOULKWY KaBWnoswy. TeEAKOG oTdX0¢ TNG Alatplpng ival n
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i)

QVATTUEN UL OAOKANPWHEVNC OVAAUTIKNG peBodoloylag yla TNV eKTIUNGCN TWV CELOUIKWY KaBL{noswv

n omola va pnopet va xpnotpomnotnBel og MpoKTKEG ePpaplOYEG.

Metd TNV OAOKANPWON TWV €pyaclwv tng mapovoas Alatplpig, mpoékuPav ta akolouba kupla

EUPNHATO KOL CUUTIEPACUATA:

Avantuxbnke pia aplbuntikr pebodoloyia yla To OXESLOOUO E KPLTNPLOL ETUTEAECTIKOTNTAG TOU
ouotnuatog Bepeliwong oe peucTtomolnolpeg ouvOnkec. O Kwdikag Memepaopévwyv Altadopwy
FLAC3D (ltasca 2012) xpnowomownBnke yla TIG aplOunTikéG avaAUOELG, €vw N AVOKUKALKN
ouuneplpopd tTNG AUUOU TIPOCOUOLWONKE LLE TO KOTOOTOTIKO MPOCOUOLWHA KPIOLUNG KOTAOTOONG
NTUA-Sand (Andrianopoulos et al. 2010; Karamitros 2010). MpayUatonow0nKke pio GELpA SUVOLLKWV
oVOAUCEWV OUCTNUATWY avwOoung-Bepeliwong-edadoug TMpoKeWEVOU va  KatavonBouv ot
pnxaviopol mou SLEMouV TN SUVALKN ATIOKPLON TWV KOTOOKEUWY OE PEUCTOTOLACLUEG CUVONKEC.
A6BNKe WSlaltepn £udacn ota KPLOLWO XOPOKTNPLOTLKA TNC ATIOKPLONG TOU GUGTAKATOC, OTWG £ival
petaBoAn tng Bepehiwdouc LSloMEPLOSOU TOU cuoThHATOC AOE KAl N CUCCWPEUCH OELOHLKWV
kaBwnoswv katd t Stdpkela tng Stéyepong. H amotoun petafoln Twv e5adikwy LOLOTATWY UETA TV
ekbNAwon tng peuotonoinong Aappavetat unton pe tn Stakpilon tng dovnong os Svo paoelg, SnAadn
TPV KOL UETA TN peuctomoinon. Me BAon ta omoteAéopato TNG TMAPAUETPIKAG Slepelivnong
ovantuooovtal oxeoelg MOAamAwWY petafAntwy yia tv npdPAedin tng BepeAdwdoug 8lomepldodou
TWV OUCTNUATWY KABW¢ Kal ywo tnv emnibpacn tng aAAnAemiSpaong £6AdOUC-KATACKEUNG OTLS
kaBuwnoels. H epappoyn tng mpotewvopevng pebodoloyiag emdelkvUeTal HECW EVOG MOPASELYHATOC
oxedloopoU.

H Suvapikn amoékplon Twv cuotnudtwv AOE katd tn OlapKeld €VOG CUYKEKPLUEVOU OELOULIKOU
yeyovotoG cuoxetiletal oe peydAo Pabuod pe tov xpovo ekSAAwoNG tng peuctonoinong Ttou
uneSadous. MponyoUeveg HeAETEC €xouV SelfeL OTL N AMOPELWON TNG AVTOXAG Kal TNG Suokapiag
Tou €6Aadoug AdYwW TNG PEVCTOTOLNCNG ELVAL APKETA LEYAAN WOTE Vo TPOKAAEDEL pLa Egxwplotr) ddon
dovnong n omola yxapaktnpiletal and onpavtikd petaPAnbeiosg edadikeég 1610tNTEG (Vs, Tooil) OE
oUYKPLON HE TIC apXLKES LBLOTNTEC TTPO peucTomoinong. H Letdfoon otnv peucTonolnpévn Katdotoon
Tou £6ddoug eival apkeTd andtopun Kot cuvAbwc cupPBaivel yia AGyoug umepmieong mOpwV mepinmou
0.6-0.8.

O xpdvoc ekSAAWONG TWV AMOTEAECUATWY TG PEVCTOMOLNONG otnV emidavelo Tou eddadouc paivetal
va elval ehadpws UkpdTeEPOG (mepimou 15%) amod Tov XpOvo MOU QTOUTELTOL yla TRV TARPN

pevotonoinong (6nA., ry = 1.0) Tng acBevéotepng otpwong. Me Bdon ta euprnuata autd, N SUVOLKN
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vi)

QTIOKPLOT TWV KATAoKEUWV Slakpivetal og SUo GACELG, TPV Kol PETA T peuctonoinon. H Stdpkela
NG KABe AN eEAEYXETAL EUUEDA ATIO TNV TLUNA TOU TuvieAeot) ACHAAELOC EVAVTL TNG PEUCTOMOLNONG
FSi, LE TIC ELOIKEC TIEPUTTWOELG KABUPA N PEVCTOMOLOLUWY I KABapd pEUCTOTOLNUEVWV CUVONKWV
VoL avTLoToLyoLv, mepimou, og FS; > 1.0 ko FS. < 0.30 avtiotowya.

210 oupPatikd mAaiolo tng aAAnAemnidpaong eddadoug-katackeung, n lomepliodog Tou EVKAUTTOU
cuotAuatoc avwdoung-Bepeliov-e6Aadoug EVOWUATWVEL, EUUECQ, TNV AVEAAOTLKOTNTA TOU €8AdoUg,
MEOW TNG Pelwong Tou METpou AlATNGNC KAl TNG auénong Tou Adyou anooBeaonc, mapayvwpilovrag,
KOT QUTOV TOV TPOTIO, CNUAVTLKEC TTAPAUETPOUG TNG OVAKUKALKAG oL UIeEPLdOPAG Tou e6adoug, Omwg
N CUMIUKVWOH TOU, N amWAELa avToxAG AOYw CUCCWPEUONC UTTEPTILECEWY KATL. H OUYKEKPLUEVN UTIEP-
am\ouoteuon evoEXeTal av amofel eite UTIEP eite Katd TNC aopAAeLag, SeSOUEVOU OTL N ETULUNKUVON
™N¢ Wlomeplodou — mou oxetTileTal pe TNV amopeiwong tng Suokapuiag tov edadoug — pmopel va
odnynoesl eite o av€non eite oe peiwon Twv GacUATKWY emtayUvoswy. Katd tn SLapKeLo LOXUpWV
OEIOULKWY SOVAOEWV N —€LSLIKOTEPA — OE TEPUTTWOEL PEUCTOTIONGCNG, N XPOVIKA HETABOAAOUEVN
amnopeiwon tng duokapPiag tou £6ddouc KaBLOTA TOV AUECO UTTOAOYLOHMO TNG LOLOTIEPLOSOL ApeTa
efaptwpevo amd TNV KATta@AAnAn emhoyn evog LoodUvapou MéEtpou Aldtunong yla to £6adog
Bepeliwong.

MNa va ¢emepaotei n SuokoAla auth, n avehaoTiki TeEpiodog Tou cuoTratoc npoodlopiletal EUpEoa,
HEoWw TNG Zuvaptnong Metadopdg LETALY TWV ONUATWY EMLTAXUVONC el00dou (eAelBepou mediou)
Kol €£060u (avwdoung) oto medio Twv ouXVoTATWV. e AUTO TO TAALCLO, OL MOPAYOVIEG TNG
QVEAQOTIKOTNTAG TOU CUOTHMOTOG UMOPEL va OXETIOVTAL [E Lo TIPAYUATLKA — I EvepyO — Olomepiodo
Tou ouotnuatog AOE. Itnv mapovaoa AlatplPn, n evepydc L8lomepiodog unmoAoyiletal yla cuoThpaTa
nou unofdMlovtal o SiEyepon otn Baon tou edadikou mpodiA pe onpa Aeukol BopuBou (white
noise), yLo. PEUCTOTIOLCLILEG KL [N ouvOnkeg edadouc.

H cupPBOAA TNC LN YPOUULKOTNTACG TOU £6AdOUG OTNV EMLUAKUVON TNG MEPLOSOU Elval GNUAVTLKH 0TNV
MEPIMTWON N PEVCTOMOLAGLUWY CUVONKWY KoL AUTO UTIOSELKVUETAL QMO TG ZUVAPTICELG ZXNLOTOG
METAEL TWV GACHATIKWY EMLTOXUVOEWY TNG avwSOoUNG Kal TnG eruddavelag tou e6Adoug, oL omoleg
gudavilouv evioyloelg og peydho eVpog meplodwy. OL EKTILWHUEVEG EVEPYEC Tieplodol emnpealovTal
KUPlWG amd tnv €vtaon Tou Oewopol Kot Ta ¢GalvoueEvVa cuvtoviopol avwdoung-edddoug.
MeyaAUtepeg TIHEC PGA 0dnyouUv o emuunkuvon Tng evepyou LELomepLOS0U TOU GUOTHHATOC £WG KOl
80% oe cuykplon pe tnv "ehaotikn" meplodo. Eival afloonpelwto OTL, akOUn Kol yla PETPLEG WG
XaUNA£EC evtdoelc oslopwy (m.x. PGA = 0.20g), o oxeblaouog pe Bdaon tnv nepiodo tou “eAactikol”
ouoTHUATOC Ba glxe W AMOTEAECUA TNV UTIOTIUNON TNG evepyol MePLodou £wg Kal 40%. Aoyw NG

otadlakng umoBaduiong tg Sduokapdiag tou £6adoug, oL evepyég mePlodoL TOU GUOTHUATOC
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vii)

viii)

ix)

EKTLLWVTOL KOAUTEPQ OO EEOUOAUUEVEG PACHATIKEG TIEPLOSOUG GUCTAATOS Tsys.0 TIOU QITOTUTIWVOUV
TN XPOVIKA HeTaBaAAOUEVN GUGCN TWV UAKWV.

J TNV MEPIMTWON PEVOTOMOLACLUWY CUVONKWVY, N aOKPLON TOU CUCTAUATOC SLETETAL OO TLG LOLOTNTES
Tou £6APOUC OTN PEUCTOMOLNKEVN KATAOTAON. AUTO €kONAWVETOL HE TIG TUVOPTAOELG IXNAUATOC
METOED TV PACUATIKWY ETUTOXUVOEWVY TNG aVWOOUNG Kal TnG emidpavelag tou 8adoug, ol omoleg
gudavifouv pla povadiki kopudr TTou avVTLoToLXEL oTnV MepioS0 TOU CUCTHOTOC OE PEUCTOTOLNUEVN
Katdotaon. Q¢ ek TOUTOU, OL EVEPYEG TIEPLOSOL TOU CUCTNHATOG EKTILWVTAL KAAUTEPA e XPAON TNG
Bepehwdoug epiodou tou cuoTANATOC Tsys . H EMiSpacon TNG EVTOoNG TOU CELOLOU EXEL VA AVWTATO
oplo mepimou 20% oTNnV EMUNKUVON TNG AVEAOQOTLKAG TEPLOSOU O& oUYKPLON UE TIG "EAAOTIKEC" TLUEG,
AOYyw TOU yeyovotog¢ OTL TA PEUCTOTIOLNUEVA UTIOOTPWHATA A£lToUupyolV w¢ "PUOIKN OELOULKA
povwon" kat appfAvvouv tn S1Ad00N TWV CEOUIKWY KUHATWY otnv emidavela. To Babog tng
BeAtiwpévng Lwvng Himpe daivetal va €xeL pkpr) eMiSpaon oTNV EMUAKUVON TNG TEPLOSOU O GUYKPLON
LLE TO POAO TOU OTN GUVOALKH cupnepldopd tne BepeAiwonc.

OL oslopkeég KaBWNoelg Twy cuotnuatwy AOE cuykpivovtal HE TIC OVTIOTOWXEG TWV LooSUVAUWY
ouoTtnUatwyv OFE TPOKELUEVOU val amopovwBolv ol emdpAcelg TG adpAavelag TG avwSoung otn
SUVOUIKN QTOKPLON TWV KOTOOKEUWY. XXEOELC TOAAMAWY UeTABANTWY avamtyiooovtal yla thv
npoPAsPn Tou Adyou kaBlnoewv PeTAlL Twv poavadepBevtwy cuotnuatwyv AOE-OE, 6e6ouévou
otL mpoUmapyouosg BLBAloypadIKEC MEAETEG EKTIHOUV TN OUCCWPEUCHN OELOUKWV Kabllnoswv
cuoTnuatwv OFE pe emidavelakd Oepédla. Ol OvVAMTUCCOUEVEG OXEOELC ekdpalovtal pe Opoug
SL0pBWTIKWY OUVTEAEOTWV TIou TpooTiBevtal ot Kablepwpéveg Sladlkaoieg umoAloylouou
kaBuwnoswv. H enibpacn tg adpavelag TNG KATAOKEUNG OTN CUCOWPEUON KaBlloswv dlepsuvaral
HEow €€ETAONG TWV KPLOLWY TOPAUETPWY OTO TAALOL0 TNG aANAemiSpacng e6APOUG-KATOOKEUNG.
OL OtlOPIKEG KABWNOELS TWV KATOOKEUWY OFE PEUCTOTOLNUEVO £60¢dOg KuplapxouvTal amo Tn
Snuoupyla evog ohwoBaivovtog mplopatog tunmou Coulomb, to omoio AapPdvel xwpa Adyw Tng
Spactikng umoPabuong tng dépoucag kavotntag tou edddoug Bepeliwong. H emibpaocn tng
ovVWOOUAC UTIELOEPXETAL WG pLa adpavelakn Suvapn mou Spa os paon ) ektdg daong pe tnv oAicOnon
TOU TPLOMOTOG, €VIOXUOVTAG I} QUTOMELWVOVTAG TN CUVOALKN OELOUIKA KaBilnon. H mo kpiowun
TMAPAUETPOC OTNV amdKpLon Tou cuotnuatog AGE elval o Adyoc meplddwv petafl tng BepeAwdoug
TEPLOGOU TOU CUOTHUATOG KOL OUTAG TNG OELOMIKAG SLEYEPONG Toys/Texc. 2TNV TEPUTTWON TOU
GUVTOVLOMOU, N UoTEPNGN TNG 6OVNONG TNG AVWSOUNG KATA Vol TETAPTO TOU KUKAOU TOAQVTWONG OE
oxéon e tn Bspeliwon £xel we amotéleopa tn LéyLlotn peiwon tg oAloBnong tou mplopatog Kat, we
£k ToUTOU, TN MEYLOTN PElwoN TNE cucowpeuong kablnoswy, n onola propsi va Gtaoel £wg Kal To
40%. Ta SuoKaumTa cuotuata Teivouv va kabuwdavouv efioou pe Ta Wooduvapa cuothpata OE, evw

TO EUKOUITA KLVOUVTAL EKTOC HAONG LE AMOTEAECHA T HElwon TwV KaBLlnoswv, n omoia, OpwC, givatl
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ULKPOTEPOU UEYEBOUC OE OXEON HLE OQUTNV OTO CUVTOVIOUO. O OXETIKOC AOyoG palog Y Kal o Adyog
Auynpotntoc h/r emnpedlouv TNV AmoOKPLON TOU CUOTAHATOG, AV KAl O€ ULKpoTteEpo Babud os oUykplon
HE ToV AOYO TEPLOSWY Teys/Texc. Elval afloonueiwto OtL oTnV MePMTWon NUL-AKOUTTTWY KATAOKEU WV
(Tsys/Texc = 0.55-0.80) pe peyaloug Adoyoug Auynpadtntag (h/r > 1.36), ol kBN oelg av§avovtat Ewg Katl
20% o oxéon Ue ta cuotiuata OF Adyw tng emumpodobeTng Ppoptiong Tou e5adoug mou poKaAeitat
oo 10 ALKVIOUO TNG KATALOKEUNG.

AvtiBeta, oL OElOUIKEG KABLWNOELS TWV KATAOKEUWY OE KN PEUCTOMOLAGLUEG OUVONRKEG auEavovtal
ONUAVTLKA AOYyw TNG emumpoobetng ¢optiong tou £dddoug Bepehiwong mov mpokaAsital amo Tig
KOTOOKEUOOTLKEG TAAQVTWOELG. Q¢ €K TOUTOU, N KOTAVOUR TWV SLOTUNTIKWY TACEWV KATW amod TN
Bepehiwon daivetal va elval TOTMLKA CUYKEVIPWUEVN O oUyKplon He To Babltepo oxnuatiopd
£6adIKWV TPLOUATWY TWV PEUCTOTOLNCLUWY CUVONKWY Kal, ETMUMTPOCOETA, Ol UEYLOTEC TIUEG TOUG
OUYKEVIPWVOVTOL OCUMMETPIKA KATW OO T AKPEG Tou Bepehiou. AOyw TG OUOXETIONG TNG
CUOOWPELONG KABLINOEWV PE TIG TOAAVTWOELS TNG KOTAOKEUNG N TILO KPLoLN TMAPAUETPOG YLla TV
embeivwon twv kabufoswv eival o Aoyog TEepPLOdWY Teoys/Texe METALL TOU GCUOTAUATOG KOL TNG
Sléyepong. OL ouvbnKeg ouvTOVIOMOU WHMOpPel va odnynoouv ot evioxuon Twv (GOoHATIKWY
ETUTOYVUVOEWV KA, CUVETTOKOAOUOA, TwV AOYWV pace/Per £WCE Kal 2 Pe 6 dopEg, avtiotoya. O OYETIKOG
Aoyoc palag y kat o Aoyog Auynpotntac h/r emnpedlouv, €miong, CNUOVIIKA TN OUCOWPEUON
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Chapter 1

Introduction

1.1 Problem outline

The design of structures founded on soils susceptible to liquefaction poses a challenge for contemporary
engineering. Field observations during major earthquakes (Niigata, 1964; Luzon, 1990; Kocaeli, 1999;
Christchurch, 2011; Durres, 2019) have shown a variety of liquefaction-related phenomena which are
manifested either at the free field (e.g., sand boils and permanent ground displacements) or — more
importantly —through infrastructure damage due to settlement accumulation caused by bearing capacity
failure, as shown in Figure 1.1 (Cubrinovski et al. 2011; Ishihara et al. 1993; Tokimatsu et al. 1994; Yoshimi
and Tokimatsu 1977).

(@)
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(c) (d)

Figure 1.1: Liquefaction-related phenomena during major earthquakes. (a) Bearing capacity failure of shallow
foundations, (b) floating of light structures, (c) ground failure due to lateral spreading, (d) soil ejecta of the liquefied
soil to the ground surface and (e) sinking of heavy objects.

Design codes typically prohibit the construction of structures on such conditions without eliminating the
risk of liquefaction. Thus, the conventional design involves the construction of piles, in order to transfer
loads into deeper non-liquefiable layers, in combination with shallow or extended ground improvement.
However, recent field observations (Acacio et al. 2001; Bray et al. 2014; Ishihara and Yoshimine 1992)
showed that the presence of a non-liquefiable surface crust prevented the accumulation of excessive
settlements and, thus, ensured a feasible alternative to the conventional —and more expensive — design.
Based on this conclusion, a novel approach of designing structures with only shallow foundations — instead
of piles — has been investigated, in the last two decades, with a number of experimental and theoretical
studies (Liu and Dobry 1997; Naesgaard et al. 1998; Adalier et al. 2003; Dashti et al. 2010; Sitar and Hausler
2012; Dimitriadi et al. 2017). These studies have shown that seismic settlements of footings are primarily
attributed to the shear-induced deformation of the foundation soil, while secondary effects are attributed
to post-liquefaction sedimentation and consolidation, as well as volumetric strains due to drainage and
the outflow of soil-ejecta to the surface. This design concept involves a surficial ground improvement (i.e.,
up to approximately 4m) with vibrocompaction and installation of drains in order to increase soil’s

strength and permeability, respectively (Figure 1.2).
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Figure 1.2: (a) Typical foundation design in liquefiable conditions involving deep soil improvement and pile
construction, (b) novel foundation design involving shallow foundations with improvement of a surficial crust.

Seismic settlement accumulation was initially examined for foundation-soil (FS) systems — i.e., without
superstructure effects — in dry conditions and it was attributed to the exceedance of the foundation
bearing capacity and the subsequent sliding of the Coulomb-type soil wedge (Richards et al. 1993). In the
case of liquefied conditions, the severe degradation of soil’s strength further aggravates the wedge sliding.
Following the above, an improved soil crust with adequate strength, dimensions and drainage — in order
to prohibit pore pressure build-up — can limit settlement accumulation within the acceptable limits. It is
noteworthy that a sufficient ground improvement can be quite shallow since its principal operation is to
prohibit the formation of the passive — and reaching to the surface — soil wedge on the sideways of the
footing. Following the above, Dimitriadi et al. (2018) observed that a ground improvement with width and
depth 2 to 3 and 1 to 1.5 times the footing width, respectively, is sufficient to reduce settlements up to
90% compared to an improvement of infinite depth and width. Most recently, analytical relationships
have also been proposed to predict the shear-induced building settlements during shaking (Bray and
Macedo 2017; Dimitriadi et al. 2017; Bullock et al. 2019). These relationships correlate the accumulated

seismic settlements p with the key geotechnical parameters.

As a continuation of the foregoing studies, the dynamic performance of complete structure-foundation-
soil systems (SFS) in liquefiable conditions has been investigated lately with a number of centrifuge
(Adamidis and Madabhushi 2017; Dashti et al. 2010; Tokimatsu et al. 2019) and numerical (Chaloulos et
al. 2020; Hughes and Madabhushi 2019; Karimi and Dashti 2016; Macedo and Bray 2018) studies. The
effect of the superstructure is mainly introduced through the rocking-induced development of —
additional — shear straining. Compared to the formation of the — deep — soil-wedge failure mechanism,
shear strains due to rocking are localized under the footing edges. It is observed that seismic settlements

are mostly increased for heavier structures while the increase of the structural height leads to only
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marginal seismic settlement increase. Overall, the conducted research has shown the dependency of
seismic settlements on a wide variety of structural, soil and excitation parameters. Nevertheless, the
dynamic response of the structure depends on the time-varying properties of the SFS system, the soil
profile and the ground motion. Thus, it is important to employ the soil-structure interaction (SSl)
framework in order to estimate the vibrational characteristics of the system, usually expressed in terms
of the flexible-base system period T,s. Especially in the case of liquefiable conditions, and depending on
the soil susceptibility to liquefaction for the given ground motion, it is common to observe that the onset
of liquefaction distinguishes soil properties to prior- and post-liquefaction, neither of which can be ignored

(Bouckovalas et al. 2017; Kramer et al. 2016; Ozener et al. 2020; Youd and Carter 2005).

1.2 Scope of work

The scope of the present Thesis is to develop a design methodology for the construction of structures
founded upon liquefiable soil layers. The examined design concept assumes the presence of a surficial
non-liquefiable layer and the construction of shallow foundations — instead of piles. The surficial layer is
improved by means of densification and permeability increase following the vibrocompaction and
installation of drains, respectively, of the foundation soil. This concept is developed following abundant
field, experimental and numerical findings suggesting that the presence of a deeper non-liquefiable soil
layer acts as “natural isolation” for the upward propagation of seismic waves while the presence of the

non-liquefiable crust is able to ensure the integrity of the foundation system during the earthquake.

Following the above, the present Thesis aims to investigate the performance of structure-foundation-soil
(SFS) systems in liquefiable conditions and to propose a complete methodology for the performance-

based design of the foundation. The key elements of this study can be summarized in the following:

e A series of 3-dimensional numerical analyses are performed in order to parametrically investigate
the primary parameters that affect the dynamic performance of SFS systems in liquefiable
conditions. Due to the fact that an ample number of previous studies has investigated the dynamic
performance of foundation-soil (FS) systems in such conditions, the present study focuses on the
effect of structural inertia on the response of the system. The key structural parameters are
examined in the dimensionless framework of soil-structure interaction (SSI) which is typically
prescribed in the Codes.

e The numerical methodology employs the advanced constitutive model NTUA-Sand which is based

on Critical State soil plasticity theory and may capture soil nonlinearity in both monotonic and cyclic
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loading. The accuracy of this constitutive model has been extensively verified with element tests

and boundary value problems against the centrifuge experiments of the VELACS project.

e Based on the results of the parametric analysis a simplified methodology is proposed for the
prediction of seismic settlements of SFS systems. Its development is based on the following
assumptions:

i) Inertial effects of the superstructure are considered uncoupled with the effects of soil
characteristics which are thoroughly investigated in previous studies. As a result, structural
effects are introduced as a correction factor to the well-established procedures of estimating
seismic settlements for FS systems.

i) A key element in the calculation of seismic settlements in liquefiable conditions is the
accurate estimation of the liquefaction onset time, since the dynamic performance of
structures is fundamentally different before and after liquefaction of the subsoil. In this
study, the dynamic response of SFS systems is separately examined for soil conditions with
and without liquefaction. Therefore, the proposed relationships for the structural effects on

seismic settlements are also distinguished to those prior to and after liquefaction.

1.3 Methodology outline
The Thesis includes seven chapters with the following content:

In Chapter 2 an extended literature review is conducted regarding the dynamic response of buildings in
liguefiable conditions. This survey follows the progressive accumulation of related knowledge within the
engineering community. Namely, the initial acquaintance of engineers with liquefaction-induced damages
to infrastructure occurred during seismic events in the last half of the 20" century. A concise review of
such events in presented along with the findings that emerged after the renaissance surveys. As a
continuation of these findings, the results of a number of experimental and numerical studies on the

seismic response of FS and SFS systems are presented.

Chapter 3 focuses on modeling aspects of the numerical analysis of SFS systems. Various aspects of the
numerical methodology are discussed here, such as characteristics of the mesh, boundary conditions,
verification of the constitutive model and the foundation-soil interface, numerical stability of the
calculation scheme, modeling of the foundation and the structure, numerical modeling of the improved

zone.
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The dynamic characteristics of the SFS system play a key role in the seismic response of the overall system,
in general, and the foundation more specifically. Chapter 4 parametrically investigates the effect of the
significant soil, excitation and structural parameters on the natural period evolution of SFS systems during
shaking. Based on the foregoing findings multi-variable relations are proposed for the analytical prediction
of the system natural period. The developed relations treat separately soil conditions prior to and after

liguefaction.

Chapter 5 investigates the effect of structure inertia on the response of shallow foundations constructed
on liquefied ground with an improved non-liquefiable crust. The conducted parametric investigation
emphasizes on the effects of the significant structural and excitation parameters on the ratio of the
accumulated settlements between SFS and FS systems. Based on these results, multi-variable relations
are developed for the analytical prediction of the aforementioned settlement ratio. Chapter 6 repeats this

procedure for non-liquefiable soil conditions.

Finally, Chapter 7 describes a step-by-step procedure for the calculation of seismic settlements of
structures. As a first step, this chapter presents published analytical methodologies for seismic settlement
computation, under non-liquefiable and liquefied soil conditions, without any SSI effects. In the sequence,
literature studies that transform the earthquake motion into an equivalent harmonic signal are discussed.
Additionally, the most up-to-date methodologies that estimate the liquefaction onset time are presented.
Lastly, a design example of four SFS systems subjected to earthquake motions are presented in order to

demonstrate the proposed methodology.
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Chapter 2

Literature survey on seismic settlements of structures in liquefiable

conditions

2.1 General

Liquefaction-related phenomena that have been observed during major earthquakes in the last
century are manifested either at the free field (e.g., sand boils, permanent ground displacements)
or — more importantly — through infrastructure damage (e.g., settlement or tilting of structures,
floating of buried pipelines or tanks). A more systematic documentation of infrastructure damage
started during the decade of 1960 for the major earthquakes of Niigita in Japan (1964) and Prince
William Sound in Alaska (1964), where liquefaction-induced settlements of concrete buildings and
bridge foundations were recorded, respectively (Ross et al. 1969; Yoshimi and Tokimatsu 1977).
The devastating earthquakes of Luzon in Philippines (1990), Koaceli in Turkey (1999), Tohoku in
Japan (2011), Sulawesi in Indonesia (2018) and Durres in Albania (2019) are the most recent
records of the hazard that liquefaction poses for the infrastructure. The seismic response of
buildings on liquefiable soil was initially investigated by experimental shaking tests (Acacio et al.
2001; Adalier et al. 2003a; Coelho et al. 2004; Deng and Kutter 2012; Hughes and Madabhushi
2019a; Kawasaki et al. 1998; Liu and Dobry 1997a; Yoshimi and Tokimatsu 1977) and numerical
analyses (Adalier et al. 2003b; Dashti and Bray 2013a; Dimitriadi et al. 2017a; Liu and Dobry 1997b;
Naesgaard et al. 1998a; Sitar and Hausler 2012a) of footings and rigid structures subjected to
seismic excitations. The role of the key parameters — such as contact pressure, footing width, soil

density — was identified. The acquired knowledge helped to expand the volumetric-based
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methodologies for the estimation of free field settlements (Ishihara and Yoshimine 1992;
Tokimatsu and Seed 1987) and develop analytical relationships that predict the shear-induced
building settlements during shaking (Bray and Macedo 2017; Dimitriadi et al. 2017; Bullock et al.
2019). The proposed relationships are based on regression analysis of the numerical predictions
of settlements for a number of different geotechnical, earthquake and building characteristics. In
more recent studies, the dynamic performance of complete structure-foundation-soil systems has
been investigated with a number of centrifuge studies (Adamidis and Madabhushi 2017; Dashti
et al. 2010b; Tokimatsu et al. 2019) and numerical (Chaloulos et al. 2020; Hughes and Madabhushi
2019b; Karimi and Dashti 2016b; Macedo and Bray 2018).

2.2 Field observations
2.2.1 Niigata, Japan 1964

The earthquake of 1964 in the city of Niigata in Japan was the first major event where liquefaction-
induced structural damage was systematically recorded (Kishida 1966; Oshaki 1966; Seed and
Idrisss 1967; Yoshimi and Tokimatsu 1977). Oshaki (1966) reports that reinforced concrete houses
were damaged by the earthquake in a rate of 22%, i.e., 340 cases out of 1530 total number of
houses. Out of these cases of damage, the 2/3 were attributed to foundation failure in the form
of settlement, tilt or overturning of the building without any structural damage. Yoshimi and
Tokimatsu (1977) correlated the basic characteristics of 35 of these concrete buildings with the
accumulated settlement due to liquefaction. The depth of the liquefied soil D was estimated by
the standard penetration resistance to range from 4m to 20m in the affected region. The width B
of the structure was found to play a significant role, since for width ratios B/D < 1.5 (where D is
the depth of the liquefied sand) building settlements were drastically increased up to 2m (Figure
2.1). Other structural characteristics, such as the number of stories, the presence of basement or

the pile depth did not appear to affect building settlements significantly.
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Figure 2.1: Settlements of reinforced concrete buildings during the Niigata earthquake of 1964: (a) average
settlements vs building width B and (b) settlement ratio Sa/D vs width ratio B/D (Yoshimi and Tokimatsu
1977)

2.2.2 Dagupan, Philippines 1990

The earthquake of Dagupan City in the Philippines (1990) occurred in the north-central part of
Luzon Island and it caused extensive soil liquefaction along the southern coast of the Lingayen
Gulf. This resulted in numerous damages to infrastructure due to liquefaction, such as building
settlements and inclinations, ground lateral spreading, collapse of bridge decks etc. (Acacio et al.
2001; Adachi et al. 1992; Ishihara et al. 1993; Tokimatsu et al. 1994). Adachi et al. (1992)
documented 30 cases of reinforced concrete buildings that experienced significant liquefaction-
induced settlement and tilt. The authors estimated the depth of the liquefied layers by SPT tests
along Perez Boulevard where the most infrastructure damages were concentrated. Figure 2.2
summarizes the main findings of the investigation. Namely, accumulated settlements in the
majority of the affected buildings range between 25cm and 150cm, while the recorded inclination
was found to range between 0° and 7.5° (Figure 2.2a-b). Additionally, values of inclination seem
to increase for increasing settlements (Figure 2.2c). The number of stories does not appear to
affect the magnitude of settlements and tilt (Figure 2.2d-e). As in the case of Niigata earthquake,

the area of foundation is inversely correlated to the accumulated settlement (Figure 2.2f).
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Figure 2.2: Settlement and inclination angle of reinforced concrete buildings during the Dagupan City
earthquake of 1990 (Adachi et al. 1992)

2.2.3 Kocaeli, Turkey 1999

The Kocaeli earthquake of 1999 is one of the most devasting seismic events that took place in the
last decades. It had a magnitude of M,=7.8 and caused excessive damages in the Izmit bay area
and mostly in the cities of Izmit and Adapazari. The city of Adapazari is located within a plain of
fluvial deposits that is formed by the estuaries of Sakarya and Cark rivers. The earthquake caused
severe damage or collapse to a total number of 5078 buildings in the city of Adapazari and a large
number of buildings suffered from excessive settlements or tilting due to liquefaction. Yoshida et
al. (2001) identified the location of the liquefied sites to be at the riverbed of Sakarya river circling
the city center, i.e., the “ring” of Figure 2.3, whereas the non-liquefied sites are located at the
center of urban area. The site investigation of the liquefied areas revealed a 1m deep surface fill
which overlays a 1m silty clay layer and a 2.5m liquefiable non plastic silt with Nyt = 8. Below that,
there is a dense gravely sand with N, = 20-40. The water table lies, in general, 1m to 3m under
the ground surface. The authors identified that buildings located in the non-liquefied area mainly
suffered from structural damages, whereas buildings in liquefied areas experienced foundation

failure without exhibiting severe structural damages.

10



Chapter 2: Literature survey on seismic settlements of structures in liquefiable conditions

Sancio et al. (2002) conducted a detailed survey of soil conditions in the urban area of Adapazari
by performing 59 CPTs and 15 exploratory borings. They distinguished the four characteristic
types of soil profiles presented in Figure 2.4. The most susceptible to liquefaction profile is soil
type 1, which is formed by a 4m loose non-plastic silt underlain by a layer of low plasticity clay
and dense silt of about 5m in thickness. Below that, there is a layer of interbedded clays, silt and
sands. To evaluate the liquefaction potential of these soil profiles the authors used the soil
behavior index type I in combination with the Chinese criteria (Seed 1982). Figure 2.5 presents
the variation of the soil index I with depth for different soil profiles. Values of I. greater than 2.6
are indicative of liquefaction susceptibility. It is seen that soil profile 1 exhibits values of I. greater
or around the value of 2.6 to the greatest extend along its depth. Overall, ground failure, in terms
of building settlements and tilting, was principally observed in ground types 1 and 2. Figure 2.6
summarizes the recorded settlements of buildings for the aforementioned ground types as a
function of the building width and the number of stories. The accumulation of settlements seems
to be independent of the building width. On the other hand, it increases for increasing number of

stories, probably, as a result of the additional contact pressure of taller buildings.

® Borahale ste

Invessigated mpbng site
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Figure 2.3: Map of the urban area of Adapazari (Yoshida et al. 2001).
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Figure 2.4: Most common soil profile types in the urban area of Adapazari (Sancio et al. 2002).
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Figure 2.5: Soil behavior index Ic of the four types of soil profiles (Sancio et al. 2002).
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2.2.4 Christchurch, New Zealand 2011

The Canterbury earthquake sequence that occurred in 2010-2011 in New Zealand consisted of
several seismic events, including seven events with magnitude M,, greater than 5.5 and values of
PGA ranging from 0.09g to 0.44g. The most devastating event was the earthquake of the 22" of
February 2011 in Christchurch with a source-to-site distance R around 3 to 6 km. The most
affected area was the Central Business District were over 1.500 buildings out of the total number
of 4.000 were severely damaged. Several reconnaissance teams documented extensive
liguefaction in the Central Business District and in the eastern suburbs (Bray et al. 2014,
Cubrinovski et al. 2011b; a; Quigley et al. 2013). Figure 2.7 shows the spatial distribution of
liguefaction phenomena in the urban area of Christchurch, i.e., moderate-to-severe liquefaction
is depicted with pink color and low-to-moderate with yellow color. The primary zone of
liguefaction lies from west to east along the Avon River and the network of its tributaries. The
shallow alluvial soils consist of sands of various densities, sandy gravels, silts etc. A representative
soil profile within the liquefied area of the Central Business District is presented in Figure 2.8.
Surficial layers consist of either sandy gravels (i.e., in the southwest part) or loose silts and silty
sands (i.e., in the southeast part). Deeper layers up to 25m are dominated by clean sands of

increasing density with depth.

Damage to infrastructure due to liquefaction was extensive and took many forms. Severe ground
settlements were observed due to post-liquefaction volumetric strains which resulted in
infrastructure damage to roads, pavements etc. Lateral spreading took place towards the banks
of the Avon River which resulted in ground cracking, lateral movement of buildings and extensive

damage to the underground network of pipelines. The location of faults in the pipeline system is
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marked with red dots in Figure 2.7. Several buildings in the Central Business District suffered from
excessive settlements, including differential settlements and tilts, due to shear-induced
deformation of the foundation soil. Various foundation types are constructed in the urban area
of Christchurch reflecting the complexity of soil conditions. Overall, buildings with shallow
foundations suffered the most severe settlements while buildings founded on piles were left, in
general, intact. Notable examples of foundation performance during the Christchurch earthquake

are the following:

e The buildings of Figure 2.9 are multistory structures constructed with three different
foundation types. They are located in neighboring regions with similar soil conditions that
resulted in generalized liquefaction in all cases. The response of these buildings as well as the
soil conditions were investigated by Bray et al. (2014). Namely, the first (PILE-6) is a 6-story
building with a mat foundation in combination with piles and ground improvement. The
second structure (FTG-7) is a 7-story steel frame supported on a system of interconnected
strip footings with total dimensions in plan 29m x 32m. The third structure (FTG-4) consists
of a 4-story reinforced concrete frame founded on a similar with the FTG-7 foundation
system of strip footings but with smaller dimensions, i.e., 15m x 23m. As expected, seismic
settlements of the building PILE-6 were minimal, while the adjacent ground surface
experienced settlements due to post-liquefaction volumetric strains. On the other hand,
both buildings on strip footings experienced substantial settlements and tilting which
resulted also in structural damages. The taller FTG-7 building settled less than the FTG-4,
which might seem counterintuitive at first, but it is in accordance with previous field
observations indicating that buildings with wider foundations settle less (Yoshimi and
Tokimatsu 1977).

e The CTUC building was a 6-story reinforced concrete building supported on shallow
foundations which were connected with tie beams. The particularity of this case is that soil
conditions at the site vary significantly under the building. Six CPT tests were performed at
the CTUC building site by Bray et al. (2014) along with a simplified liquefaction evaluation.
The subsurface conditions along the east side of the building are depicted in Figure 2.10. The
liguefaction potential is estimated with the soil behavior type index /. (i.e., values of I. < 2.6
indicating susceptibility to liquefaction). The survey revealed that under the southeast corner
of the building liquefiable SM/ML layers at shallow depths were observed, which was not the

case near the center and under the northeast corner of the building. As a result, the
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southeast side settled 20cm to 25cm more compared to the northeast side, i.e., an angular
distortion of 1/50. Structural damage at the beam-column connections was observed due to

the differential settlement of the foundation.

Christchurch City
Water Supply Mains

Pipe Materials
—— Polyethylene
Polyvinyl Chande
Other

22 February 2011 Mains Faulls

22 February 2011 Liquefaction
Moderate 1o Severe

Low to Moderale

Road Liquefaction
Trace
: A
.
i
.
5
o 1hm
.
. ~
.
| S

Figure 2.7: Map of the urban area of Christchurch. Different colors depict the severity of liquefaction and
red dots indicate the locations of pipeline failures due to liquefaction (Cubrinovski et al. 2011b).
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Figure 2.8: Representative soil prolife layering in the Central Business District of Christchurch (Cubrinovski
et al. 2011a).
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{b)

Figure 2.9: Multistory buildings in the affected by liquefaction Central Business District of Christchurch with
different foundation systems (Bray et al. 2014).

o — CTUC Bldg Footprint —Jm
A 745 Z4-28 247 24-10 A
1 1 [ lc =26
. 5
—If - 1 e T ;
'E' 1‘._| |-"= h".g
- 1A= — == g
E ] == = =
5 — = ]
& -5
i i =
i o ]
| | ||
H= — 1
-15 1 = -15
25 15| 10 30 25 1.5 10 30 25 1.5 10 =0 25 1.5/ 10 30
e qt (MPa) Ic  gtiMPa) g gt (MPa) I gt (MPa)

EAE Liquetabin SN

Horizontal Scale
[ -

intarbecdnd
0 5 10m |.:.-n.-ﬂ:.-=qﬁu.m

Figure 2.10: Liquefaction potential of soil layers under the east side of the CTUC building in Christchurch
(Bray et al. 2014).

2.2.5 Durres, Albania 2019

The Albania earthquake of 2019 had a moderate magnitude M,,= 6.4 and its epicenter was located
approximately 30km west of the city of Tirana with an estimated 10km to 20km source depth. The
coastal city of Durres and the surrounding area experienced the heaviest damages, where severe
damages were documented in 29% and 14% of buildings constructed before and after 1993,
respectively (Hellenic Society of Earthquake Eng. 2020). Several liquefaction phenomena were
documented in the coastal region of Durres, including building settlement and tilting, ground
displacement, soil ejecta etc. (Blagov et al. 2020; Duni and Theodoulidis 2020; Hellenic Society of
Earthquake Eng. 2020). Site surveys prior to the earthquake of 2019 had already identified that

liguefiable soils extend in coastal area of the Adriatic Sea from Vlore to Ulgini (Daja et al. 2016;
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Kociu 2004). Figure 2.11 shows the assessment of liquefaction potential for the Durres city
conducted by Kociu (2004) based on empirical correlations of in-situ measurements. The city of
Durres is located within the highly susceptible to liquefaction area 1. Daja et al. (2016) performed
a series of CPT tests in order to evaluate the liquefaction potential of a representative region of
the Adriatic coast, near the city of Fier. The areas of the Adriatic coast with liquefaction potential
extend to the north and south of Durres city, marked with pink color in Figure 2.12, consisting of

sands, silty sands or clay sands. CPT tests confirmed the liquefaction hazard of soil close to coast.

Figure 2.11: Liquefaction susceptibility assessment of Durres city and the surrounding area: (1) highly, (2)
moderately and (3) less susceptible to liquefaction (Kociu 2004).

4525000
T
4525000

4520000
24
f
4520000

4515000

¥
4515000

4510000
T
4510000

; o> ; ) QAP S W A N
\_4355000 4360000 4365000 4370000 4375000 4380000 J

Figure 2.12: (a) Liquefaction potential of the coastal area in Albanian part of Adriatic Sea and (b), (c) study
area and borehole locations of the CPT tests.
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2.3 Experimental results

Yoshimi and Tokimatsu (1977) laid the ground for the investigation of the seismic response of
footings on liquefied conditions with the conducted experiments of 1977. The authors performed
a series of shaking table tests of rigid structures resting on top of a saturated sand deposit placed
within a wooden box. The model was subjected to horizontal vibrations during which the
settlements of the structure and the pore water pressures at various depths were measured. The
model configuration of the ground and structural details is presented in Figure 2.13. The

experimental results led to the following findings:

e Excess pore pressure ratios directly under the foundation are significantly smaller than 1.0
due to the presence of the footing’s overburden stresses. For increasing values of the applied
pressure these excess pore pressure ratios tend to decrease (Figure 2.14b).

e Footing settlements — normalized by the depth of the sand layer — are correlated with the
percentage of the area under the footing that maintains excess pore pressure ratios below
0.6 (Figure 2.1a). The value of 0.6 is the critical value of excess pore pressure ratio that
triggers liquefaction failure within the prescribed conditions of the experiment. This is
obtained by torsion tests that related the level of excess pore pressure ratios with the
dynamic shear ratio 14/0’v= 0.18 which corresponds to the horizontal acceleration during the
shaking table tests.

e Additional structural settlements were observed to decrease for increasing values of relative

density (Figure 2.14c) and footing width (Figure 2.14d).
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Figure 2.13: Model configuration of the shaking table tests performed by Yoshimi and Tokimatsu (1977).
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Figure 2.14: Effect of (a) pore pressure build-up below the foundation, (b) applied pressure, (c) soil density
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and (d) width ratio on structural settlements (Yoshimi and Tokimatsu 1977).

Liu and Dobry (1997) investigated the effect of foundation soil densification on the seismic
settlements of footing in liquefied conditions. They conducted eight centrifuge model
experiments of circular surface footings resting on a medium-to-dense liquefiable sand deposit.
In the first set of tests, the soil underneath the footing was densified by vibrocompaction within
a radius r and depth D, as presented in Figure 2.15, while in the second set different levels of soil

permeability were designated by adjusting the viscosity of the pore fluid used in the model setup.

The following conclusions were drawn by the authors:

Excess pore pressures measured in the free field indicated complete liquefaction which was
first observed in shallow depths and then propagated to deeper layers. Additionally, it was
observed that water flow was directed from the bottom layers to the surface and towards
the area under the footing, where excess pore pressure ratios were substantially smaller.

Ground shaking in the free field is significantly reduced after the onset of liquefaction due to

stiffness degradation of the underlying layers.
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e Footing settlements essentially accumulated during shaking, while only a small part was
attributed to the post-shake volumetric strains due to the dissipation of excess pore
pressures. This suggests that footings in such conditions principally settle due to a bearing
capacity type failure of the foundation soil.

e Soil compaction reduced footing settlements up to 65%, i.e., from 58cm to 20cm,
approximately. The effect of compaction on settlements is significant for values of

compaction depth up to 1.5 times the footing width and thereafter it is limited (Figure 2.16).
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Figure 2.15: Schematic representation of the soil compaction area in the centrifuge experiments of Liu and
Dobry (1997).
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Figure 2.16: (a) Recorded timehistories of footing settlements for different levels of compaction depth z./B
(normalized by the footing width B) and (b) variation of footing settlement with the compaction depth ratio
Zc/B.

Early experiments of foundation-soil systems were followed in the last decades by more elaborate
experimental setups that included the superstructure into the model. One of the first studies of
such structure-foundation-soil systems in liquefied conditions was conducted by Coelho et al.
(2004) with the centrifuge test of 2004 at Cambridge University’s Schofield Centre (Figure 2.17).
The examined model consisted of a bridge pier under a deck which was also supported at the
container sides with rollers (i.e. allowing horizontal displacements and rotations). The structure

was founded on a strip footing resting on a silica sand deposit with an average relative density of
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57%. The model was dynamically excited at its base. Experimental results confirmed that the
presence of significant vertical effective stresses under the structure resulted in reduced excess
pore pressure ratios. Structural vibrations, on the other hand, led to additional shear straining
under the footing edges, which in turn increases excess pore pressures, at first, and eventually

decreases them due to the soil’s tendency to dilate.
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Figure 2.17: Experimental model setup (Coelho et al. 2004).

Dashti et al. (2010b) conducted four centrifuge experiments of simplified structures on rigid mat
foundations resting on relatively thin deposits of liquefiable sand. The effects of two liquefaction
mitigation measures, i.e., the case of a perimetrical structural wall installed around the foundation
and the case of an impermeable vertical barrier that prohibits water flow towards the foundation
soil, were investigated and compared with the case of no remediation (Figure 2.18). The following

were observed by the authors:

o The effect of sand density on settlement accumulation is twofold. On one hand, denser sand
increases the foundation soil’s strength which in turn reduces settlements. On the other
hand, denser sand has greater resistance to liquefaction, thus, liquefaction is either delayed
or partially reached. This allows greater ground vibrations and, as a result, greater rocking-
induced shear straining of the foundation soil.

e Thein-ground structural wall reduced the deviatoric deformations adjacent to the structure.
As a result, the installation of the wall reduced seismic settlements of the buildings in all
tests.

e Overall, the installation of water barriers had a limited effect on footing settlements.

Timehistories of settlement accumulation in Figure 2.20 show that in the case of the
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Moderate Port Island earthquake the system with water barriers (Structure WB) settles
approximately 25% less than the system without any remediation (Structure BL), whereas in
the case of the TCUO78 earthquake both systems settle practically the same. That is because
the water barrier prohibits the water flow under the foundation and as a result the
volumetric component of strains due to drainage is reduced.

e The rate of the ground shaking intensity is related to the initiation, rate and amount of
settlement accumulation. Figure 2.19 shows that the rate of structural settlement during the
strong part of shaking increases for increasing shaking intensity rate and decreasing relative
density of the liquefiable layer.
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Figure 2.18: (a) Model configuration and (b) photographs of the examined systems: with a perimetrical
structural wall around the foundation, without any remediation and with a flexible water barrier around
the foundation (Dashti et al. 2010c).
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Figure 2.20: Timehistories of settlements and excess pore pressures for structures with water barrier (WB),
structural wall (SW) and without remediation (BL) for three earthquakes (Moderate Port Island, TCUO78
and Large Port Island) (Dashti et al. 2010c).

Olarte et al. (2018) performed a series of centrifuge experiments in order to evaluate the effect
of soil densification in the seismic performance of structure-foundation-soil systems in liquefiable
conditions. In total, four centrifuge tests were conducted for a 3- (Structure A) and a 9-story
(Structure B) inelastic structure. The soil deposit consists of Ottawa sand overlaid by a shallow
layer of denser Monterey sand. The densification area, as shown in Figure 2.21 with grey colour,
extends 6m under the footing and its width is one and a half times the improved depth. Two levels
of relative density are selected, i.e., D, = 40 and 90%. The looser sand layer exhibited greater
excess pore pressures leading to strength loss and increased structural settlements. Both
structures experienced significant reduction of settlement accumulation when ground
densification was performed. In general, Structure B with and without densification exhibits large

deformations and nonlinear response due to increased role of P-6 effects.
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Figure 2.21: Configuration setup of centrifuge experiments, dimensions are in prototype scale (m) (Olarte
et al. 2018).
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Figure 2.22: Timehistories of settlements, rotations and excess pore pressures for three earthquakes (Kobe-
L, Joshua-H and Northbridge). A: Structure A, Aps: Structure A with soil densification, B: Structure B, Bps:
Structure B with soil densification, FFps: Free field with densification (Olarte et al. 2018).
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Hughes and Madabhushi (2019) examined the results of three centrifuge experiments conducted
at the Schofield Centre of Cambridge University (Schofield 1980, 1981) aiming to investigate the
response of structures with wide basements in liquefied conditions. The model setup consists of
a simplified structure with a wide basement resting upon a homogenous layer of loose liquefiable
sand. Three structural systems are examined with varying applied pressure and point of

application of the structural weight (Figure 2.23). The following are observed:

e In the event of complete liquefaction, the presence of the wide basement creates an uplift
force which counteracts the structural weight and, thus, reduces overall settlements. This
effect is diminished for decreasing ratios of uplift force to total weight.

e Inthe case of symmetrical loading the accumulated rotations of the structures (Test A and B)
were negligible. However, P-§ effects due to the eccentrically applied weight resulted in
substantial rotations of the system (Test C). This is manifested with the contours of

displacement vectors in Figure 2.24.

Properties of structures (prototype scale).
Property Symbol  Test A Test B Test C
Total bearing pressure (kPa) q 68.1 55.0 55.0
Buoyancy force (static) (kN) Fuu 2860 2860 2860
Effective bearing pressure (static) (kPa) q 40.1 20.0 20.2
Ratlo of uplift to total welght during u/w 0.75 0.93 0.92
liquefaction
Symmetric superstructure Y Y N
CoG height above top of basement (m) YeoM — 0.044 0526 1.37
T 1‘3‘.3 %3 25 CoG horizontal distance from centreline XCoM 0 [1] — 0.184
) %5 ' (m)
Fixed base natural frequency (Hz) n 1 1 0.83

[Cemr < Acc & MENS -t |

Figure 2.23: Model configuration and structural properties of the conducted centrifuge experiments
(Hughes and Madabhushi 2019a).

25



Chapter 2: Literature survey on seismic settlements of structures in liquefiable conditions

(a) (b)
B e
Nt
R + t
-'I'l_?ff
- - —\J‘ - AT =
AR AN =
R R R R R R B RN b k:
:’/:’:'.'|:;'n‘-\\\‘:‘,.///‘/ffﬂ
Ca LU N NSNS
N it A A T I NI S
P S : A AT
‘ > |~ — - . T
im N
(c)
T —
10 A - \ Ne o
[ '\;‘;;.' / ,,,, /\-i- '”": .
MY T AL D
T U T IRR S L DN
-’} : i ‘_‘.-\-'\\_____.///f' ! |'\\\||\ .
RN ;fﬁ‘(\‘\\\‘_._._.///ffﬂ' LY R
SR~ L A VNN .|. Lo
......... :JI;.\\.:\._ Y N I
TN -'|||'f\\“-' '“.’./.:,./i/' T
RS | R N A S
A N
£ 0 15 20
)

Figure 2.24: Displacement vectors for Test A, B and C at the end of shake (failure mechanism depicted with
grey lines) (Hughes and Madabhushi 2019a).

2.4 Results from numerical analyses

In the last decades, a number of constitutive models have been developed that capture the cyclic
behavior of sands using the effective stress and critical state concepts (Andrianopoulos et al. 2010;
Boulanger and Ziotopoulou 2013; Byrne et al. 2004; Cheng and Detournay 2021; Tasiopoulou and
Gerolymos 2016; Yang et al. 2020, 2003). Comparison of these models with experimental data
and field observations has shown that shear- and volumetric-induced settlements of buildings due
to liquefaction can be adequately predicted. As a result, the nonlinear dynamic response of
structure-foundation-soil systems has been widely assessed in recent decades by means of

numerical analyses.

Namely, Karamitros et al. (2013a) performed a number of nonlinear dynamic analyses of footings
and rigid structures resting on a liquefiable Nevada sand deposit aiming, on one hand, to shed
more light into the emerging mechanisms (e.g., excess pore-pressure buildup under the
foundation, settlement accumulation, bearing capacity degradation, interaction of foundation-
soil inertia) and, on the other hand, to investigate the role of a natural or artificial non-liquefiable
soil crust as a method of reducing seismic settlements of the structure without additional

measures (i.e. ground improvement or construction of piles). The authors observed the following:

e Excess pore pressure ratios under the footing remain lower than 1.0 due to the presence of

substantial effective stresses. Additionally, after reaching their peak value — at the early
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stages of shaking —they decrease due to the tendency of the soil to dilate (Figure 2.25a). This
is manifested by the effective stress path in g-p’ of the foundation soil during shaking (Figure
2.25b). Shaking causes compressive strains €, in the vertical direction and tensile strains € in
the horizontal direction equal to 1%, thus, the deviatoric strains are equal to g, = €, — €, = 2%.
This level of deviatoric strains is adequate to cause initial contraction (i.e., positive excess
pore pressures) and subsequent dilation (i.e., negative excess pore pressures). This is
evidence that the additional shear straining due to the seismic settlements of the footing
causes excess pore pressures to decrease which serves as a counteracting mechanism to
settlement accumulation.

e Richards et al. (1993) were among the first to recognize that seismic settlements of footings
are primarily attributed to the formation of a Coulomb-type wedge mechanism, which is also
responsible for the bearing capacity failure in static conditions, rather than to the soil
densification. The bearing capacity exceedance and the subsequent sliding of the soil wedge
are caused by both the degradation of soil’s strength during shaking and the transmission of
structural inertial forces to the foundation soil (Figure 2.26a). Especially in the case of
liquefaction, the severe degradation of soil’s strength due to the excess pore pressure
buildup aggravates the formation and sliding of the soil wedge. Karamitros et. al observed
that the formation and sliding of the soil wedge occurs twice per cycle of oscillation, i.e., the
first time to the left and the second to the right (Figure 2.26b).

e Through parametric investigation it was shown that the presence of the non-liquefiable
surface crust is beneficial for the performance of the foundation, as seismic settlements
decreased for increasing thickness of the crust (Figure 2.27). On the other hand, the inclusion
of a rigid structure has only a minimal effect on excess pore pressures and settlement

accumulation (Figure 2.28).
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Figure 2.25: Time-histories of excess pore pressure ratios (a) under the footing and (b) at the free field,
stress path of a soil element under the footing in the g-p’ space (c) during shaking and (d) for monotonic
loading.
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Figure 2.26: (a) Schematic representation of the Coulomb-type soil wedge mechanism and of the
incremental footing settlement accumulation (Richards et al. 1993a) and (b) velocity vectors depicting the
formation of the soil wedge in liquefied conditions (Karamitros et al. 2013e).
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Figure 2.27: Variation of seismic settlements on soil crust characteristics ¢, and H/B, foundation applied
pressure g and seismic excitation parameters amaxand vmax (Karamitros et al. 2013c).
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Figure 2.28: Effect of structural height h/b on settlements, excess pore pressure ratios and degraded
bearing capacity of the foundation (Karamitros et al. 2013c).

The beneficial role of an improved soil crust in mitigating seismic settlements of footings is further
investigated by Dimitriadi et al. (2017). The authors considered a shallow crust (natural or
artificial) which is non-liquefiable. As a result, the soil layer under and around the footing does
not develop substantial excess pore pressures and, therefore, a significant portion of the
developing soil wedge under failure lies within the strengthened soil. The particular effect on the
development of excess pore pressures is presented in Figure 2.29. It is observed that maximum
excess pore pressure ratios during shaking are significantly reduced inside the non-liquefiable
crust (with thickness designated in the Figure as Himp), since the corresponding values are
approximately equal to 0.4 and 0.2 at the free field and under the footing, respectively. The
underlying sand layer experiences complete liquefaction with the exception of a narrow transition
zone between the liquefied layer and the improved crust where excess pore pressure ratios have

intermediate values around 0.5.

Based on the concept of bearing capacity failure due to the Coulomb-type wedge sliding, Richards
et al. (1993) correlated the seismic settlements of footings with the ground motion characteristics
(i.e., the peak velocity vmax and acceleration amay), the critical acceleration a.r required to trigger
the wedge sliding and the static Factor of Safety FS. Following this rationale, Dimitriadi et al.
developed the multi-variable relationship of Equation 2.1 for the assessment of the forgoing
settlements. The accumulated seismic settlements of the footing pa» are correlated with the
ground motion parameters (Omax, Texe, No) and the degraded Factor of Safety FSqeq, as follows:

1 \*
1+4+c3 <—in ) ] 21
f .
FSdeg

C2
1
Pdyn = c1max(Texe + aTsoil)Z(No +2) oinf
FSdeg
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This approach assumes that all the remaining soil and foundation parameters are introduced
through the degraded Factor of Safety FSqeq. Figure 2.30 presents the inverse relation between

seismic settlements of the footing payn and FSgeg.
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Figure 2.29: Contour of excess pore pressure ratios at the end of shake.
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Figure 2.30: Variation of the seismic settlements psqyn normalized by the excitation and soil period
characteristics with the degraded Factor of Safety FSdeg.

As a continuation of the previous study, Dimitriadi et al. (2018) investigated the effect of the
dimensions of ground improvement on the seismic settlements and the degraded bearing
capacity of strip footings during shaking with a series of numerical analyses. The superficial sand
layer is improved by means of vibrocompaction and installation of vertical drains, thus, both its
strength and permeability are increased. Based on experimental data, it is observed that excess
pore pressure ratios lower than 0.5 are adequate to ensure the integrity of the foundation soil.
Numerical and experimental results show that a ground improvement with depth 1 to 1.5 times
the footing width (z. = 1-1.5B) is sufficient to reduce settlements up to 90% compared to an
improvement of infinite depth, i.e., payn/p™an= 0.90. The beneficial role of ground improvement

essentially vanishes for improvement depths greater than approximately z.= 1.5B (Figure 2.31).
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Additionally, seismic settlement ratios payn/p™ayn are reduced for increasing values of the ground
improvement width ratio Binp/B (Figure 2.32). The remaining parameters examined in Figure 2.32

seem to have only a minor effect on footing settlements.

Based on the results of the parametric investigation the authors related the seismic settlement
ratio payn/p™ayn With the key parameters, i.e., the width ratio Bin,/B and the depth ratio Hm,/B of

the ground improvement, as follows:

pdyn _ 1
inf — ] -1 ,p. 0.30
Payn 1 — exp [— (Hgnp> (Blg"’) ] >2

In order to facilitate the cost-effective design of ground improvement, the authors constructed
the design chart of Figure 2.33. Namely, seismic settlement ratios payn/p"™ 4 are derived for the
normalized volume of ground improvement Viny/B?, where Vimp = Bimp-Himp per running unit length

of the strip foundation, for different values of Him,/B.
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Figure 2.31: Variation of seismic settlements pay» with the densification depth ratio z/B for numerical and
experimental results (Dimitriadi et al. 2018).
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Figure 2.32: Variation of seismic settlement ratios payn/0™ayn with the width ratio Bimp/B of the ground
improvement. Effect of: (a) footing width B, (b) initial density Dr,, (c) thickness of the underlying liquefiable
layer zijiq, (d) peak outcropping bedrock acceleration amax, (€) number of excitation cycles N and (f) excitation
period Texc (Dimitriadi et al. 2018).
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Figure 2.33: Design chart for the calculation of seismic settlement ratios payn/0™an as a function of the
volume of ground improvement ratio Vimy/B (Dimitriadi et al. 2018).

Bray and Macedo (2017) developed a simplified procedure for the estimation of seismic
settlements of structures on liquefied conditions based on a regression analysis of the numerical
results. The authors identified the principal earthquake, site, and building characteristics that

govern the shear-induced settlements during shaking and, thus, developed the following relation:
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In(D,) = a; + a, In(Q) + a3 In(Q)? + a,D, + asIn <tanh (%)) +a,B +
¢ 2.3
agHC + agIn(IM1) + a;oIn(IM2)

where D; designates the building settlements during shaking (in mm), Q is the applied pressure
due to the building’s weight, D, is the relative density of the foundation soil, B is the foundation
width, HL and HC are the respective depths of the liquefiable layer and the non-liquefied crust
and the parameters IM1 and IMZ2 represent intensity ground motion measures. In order to obtain
the intensity ground parameters that ensure the most accurate prediction of seismic settlements,
the researchers compared results of the regression analysis for the parameters shown in Figure
2.34, using free-field (Figure 2.34a) and outcrop bedrock (Figure 2.34b) motions. The IM
parameters with the greatest coefficient of determination R? were found to be the standardized
cumulative absolute velocity (CAV), the Arias Intensity (I.), and the spectral acceleration at a

period equal to 1s (i.e., So[T =1 s]).
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Figure 2.34: Values of R? for the examined intensity measures of the ground motion. Motion recorded (a)
at the free field and (b) at the outcropping bedrock.

Bullock et al. (2019) conducted a series of numerical analyses of soil-structure systems with
shallow foundations using a constitutive model that captures cyclic loading of sands in drained as
well as undrained conditions, i.e., PDMY02 (Elgamal et al. 2002). Numerical results are validated
with previously conducted centrifuge experiments (Karimi and Dashti 2015, 2016a; c). Based on a
regression analysis of the numerical data, the researchers developed a predictive model for
building settlements in liquefiable conditions during earthquakes. Namely, the structure’s

permanent settlements are expressed as:

In(S) = fso T+ ffnd + for + Soln(CAV) 2.4
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where f., fima and fi: are functions that capture the effects of the soil profile, foundation and

structural properties on seismic settlements. More specifically,

fso = (ZiH(Hs,i —1+¢) foifui + (co+ C1ln(CAV))> Fipc 2.5

ao,N1'60’i < 12.6
ficser) = § @0 + ayspr(Nyeos = 12:6),12.6 < Ny 6o, < 17.2 2
ap + 4.6a; spr, 17.2 < Ny g,

ag, qein,; < 112.4

fsiccery =3 o + a1,cpr(Qein; — 112.4),112.4 < gy < 140.2 2.7
aog + 27.8a1 cpr, 140.2 < qcqn ;i

fui = boHsexp [bl (max(Ds,i)z - 4)] 2.8

where Hs; is the thickness of the layer i, N16o,is the corrected SPT blow count of the i-th layer, gcin;i
is the corrected normalized CPT resistance of the i-th layer and D is the depth from the
foundation level to the i-th layer. H() is the Heaviside step function which takes the value of 1 for
values of Hy greater or equal to 1 and the value of zero for any other value. Fipc is a flag that is
equal to 1 if a layer of low permeability is overlaid ontop of the uppermost layer susceptible to
liguefaction. The function fs is equal to the function f4(SPT) or f4(CPT) in the case of SPT or CPT

results, respectively.

The function fmg representing the influence of the foundation is expressed as:

frna = fqg + fa.L 2.9

with
f, = [do + dyIn(min(CAV, 1000))]in(q)exp [dzmin (0,8 — max(Ds,1, 2))] 510
fa. = [eo + e1ln(max(CAV,1500))]in(B)? + e,(L/B) + e3Ds 211

where q is the applied pressure due to the weight of the building, B and L are the dimensions of
the foundation, CAV is the cumulative absolute velocity and D is the embedment depth of the

foundation.
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Lastly, the influence of the superstructure on seismic settlements is expressed with the function

fs, as:
fse = [fo + filn(min (CAV,1000))1hZ s + fymin[Mg,/10°,1] 212

where hef is the effective height of the structure and My is the inertial mass of the structure.

Figure 2.35 presents the seismic settlements obtained through the numerical analyses as well as

the predictions of the foregoing equations. Overall, the following trends are observed:

e The presence of a superficial, non-liquefiable crust is crucial for the limitation of seismic
settlements, since the top layer maintains its strength to a great extend during shaking. On
the other hand, seismic settlements were found to increase for increasing thickness Hs; of
the underlying liquefiable layer. Accumulated settlements reach a plateau for values of H;;
up to 8m. The researchers note that this plateau is attributed to numerical restrictions to
accurately capture volumetric strains and, thus, its replicability in reality is questioned.

e Seismic settlements are reduced for increasing foundation width B, as it is already observed
in past earthquakes. This is attributed to the increased strength of the foundation soil due to
the greater stress bulb under the footing, which in turn results in greater confining pressures
for a larger volume of soil. An exception to these findings constitutes the case of increased
seismic intensity (i.e., CAV = 35m/s), where the increased shear stresses under a larger area
result in greater deformations.

e The length-to-width L/B ratio of the footing’s dimensions affects the performance of the
foundation in a similar manner with the total area of the footing. Namely, greater L/B ratios
result in greater volume of soil in the transversal direction with greater confining pressures
and, as a result, seismic settlements are reduced.

e Structural height hes and structural mass Mg lead to increasing seismic settlements due to

the increased values of the applied moments and shear forces to the foundation soil.
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Figure 2.35: Seismic settlement predictions of the numerical analyses and the developed methodology of
Bullock et al. (2019) for a different soil, foundation, structure and excitation parameters.
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Chapter 3

Numerical Modeling of Soil-Foundation-Structure Interaction

3.1 General

The present chapter focuses on modeling characteristics of soil-foundation-structure interaction which is
numerically simulated in this study with the Finite Difference Code FLAC®®. Firstly, the numerical modeling
of the dynamic free field response is examined with reference to its main aspects, such as: the required
dimensions and discretization size of the mesh, the boundary conditions employed to represent half-
space conditions, the appropriate modeling of soil hysteretic damping etc. Additionally, the numerical
stability of the explicit calculation scheme used in FLAC?®is discussed, as well as the effect of the element
properties (soil zones and structural elements) on the minimum value of the critical dynamic timestep.
The modeling of the foundation and the superstructure is described, next, with respect to the
characteristics of the structural elements used and the behavior of the soil-foundation interface. Lastly,

the numerical modeling of the improved ground is analyzed.

3.2 Numerical methodology

The seismic performance of SFS systems with shallow foundations is investigated with 3-dimensional
numerical analyses performed with the Finite Difference Code FLAC?*. The numerical model configuration
of the reference system as well as the input parameters are illustrated in Figure 3.1. It consists of an
idealized Single-Degree-of-Freedom (SDOF) superstructure and a square foundation, resting upon a
uniform layer of liquefiable Nevada sand with relative density D,= 45%. A thin crust of improved sand has
been created at the top of the liquefied sand layer. Namely, vertical drains are installed for the dissipation
of excess pore pressures towards the surface and the relative density is increased to D,= 60%. A sinusoidal

seismic excitation of N=14 cycles with amplitude a®y.x = 0.15g is applied at the base of the model.
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Figure 3.1: Numerical model and input parameters used for the parametric analyses performed with FLAC®.

Mesh. _ Mesh dimensions were selected sufficiently large in order to avoid any boundary effects during
static and dynamic loading. More specifically, mesh width is equal to L, = 50m, mesh depthis L, = 25m and
mesh height is H = 20m. The selection of width dimensions needs to ensure that the failure mechanism of
the footing lies within the mesh lateral boundaries. Typical methodologies of bearing capacity estimation
correlate the width of the failure soil wedge with the footing width and the soil angle of friction ¢. For
instance, according to DIN 4017 (Figure 3.2), in the most extreme scenario of friction angles (= 40°) the
failure wedge extends laterally 8.5 times the footing width. In the problem considered here, soil strength
and the corresponding friction angle is significantly degraded due to liquefaction and as a result the
requirements for lateral mesh width are also reduced. For the selected dimensions of mesh and footing
width, the ratio L,/B is equal to 6.25, which corresponds to a friction angle = 35° according to DIN 4017,

hence, boundary effects are not expected.
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Figure 3.2: Failure wedge width of shallow footings on cohesionless soil as a function of friction angle, according to
DIN 4017.

Mesh discretization involves a total of 32 x 32 x 20 = 20480 3-dimensional zone elements and 20472
gridpoints. A fine mesh, i.e. 1m x 1m x 1m, was used under the footing in order to capture more accurately
stress and strain distribution in the area of interest. The zone size was gradually increased horizontally
towards the mesh boundaries with a ratio of increase equal to 1.15 (i.e., horizontal length is increased
15% for each zone moving from center to the edge of the mesh). Mesh discretization in the vertical
direction keeps a constant zone element size of 1m to ensure accurate modelling of vertically propagating
waves. More specifically, accurate modeling of wave transmission through the discretized mesh requires
element size Al sufficiently smaller than the wave length A. According to Itasca (2012) an adequately small

element size would be:

3.1

A consequence of the above is that modeling of seismic waves with small wave length A necessitates a
proportional reduction in element size resulting in, often, prohibitively time-consuming numerical
analyses. This limitation applies, thus, principally to high frequency waves in combination with a soil
medium characterized by small shear wave velocity, since wave length is defined as A = Vs :Tex, Where Texe
is the excitation period of the propagating waves. In the examined problem, for the given element size of
1m and soil profile average shear wave velocity Vi, = 125 m/s, the cut off period excitation of the

propagating waves would be approximately Texo = 8:A/V;s= 0.06 sec.

Boundary conditions. _ Different boundary conditions are applied for static and dynamic loading in order
to adequately represent half-space conditions at the bottom of the mesh and free field conditions at the
sides of the mesh. For static loading, horizontal displacements are restrained in all vertical boundaries
(represented with horizontal rollers in Figure 3.3a) and vertical displacements are restrained in the
bottom surface (represented with vertical rollers). For dynamic loading, tied-node conditions are used as
boundaries for the mesh sides, which are commonly used in cases of dynamic problems associated with
high levels of nonlinearity, such as liquefaction (Ghosh and Madabhushi 2003; Elgamal et al. 2005;
Karamitros et al. 2013; Dimitriadi et al. 2017). This method imposes identical movement of nodes at the
same elevation on both sides of the mesh in order to simulate the “free-field” movement at the

boundaries. In more detail, horizontal (vi) and vertical (v;) velocities of gridpoints with equal elevation are
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summed and the average velocity is commonly applied to the corresponding gridpoints. The applied

velocity for x and z direction is calculated as follows:

~ ?:1(vleft+vrifqht)

v x,i x,i
x N
3.2
N left right
- i=1(vz,i + vz,i )
z N

The response of the examined mesh is shown in Figure 3.3b. Namely, horizontal accelerations are applied
at the soil base whereas the boundaries at the left and right side are subjected to tied-node conditions.
The presented contour shows the horizontal displacements obtained from the numerical analysis of the
soil profile in the absence of structural elements. It is seen that horizontal displacements uy are evenly

distributed at gridpoints of equal elevation representing, thus, free-field conditions.

Other methods to simulate free-field boundary conditions include the use of absorbing boundaries, such
as dashpots, or free-field boundaries. Concerning the former, the particular method involves the
attachment of normal and shear viscous dashpots to the gridpoints of the mesh sides. The application of
absorbing boundaries is more appropriate when the dynamic source lies within the bounding surfaces of
the mesh, since the application of the dynamic loading at a boundary surface would result in energy
seepage at the absorbing boundary (Itasca 2012). Free-field boundaries, on the other hand, consist of 1-
dimensional soil columns which are numerically solved in parallel with the numerical analysis of the mesh.
They are connected to the lateral boundaries with dashpots and they exert their inertial forces as reaction
forces to the connected gridpoints. The 1D column adopts the soil properties of the mesh enabling, thus,
a nonlinear numerical analysis. In the case, though, of user defined constitutive models, such as NTUA-
Sand, FLAC 3D reads an estimation of the actual tangential shear modulus of the UDM, the latter being
always lower due to the elasto-plastic model behavior. As a result, the free-field boundaries become
stiffer resulting in reflection of the incoming waves. Additionally, free-field boundaries cannot provide the

lateral support required in cases of lateral spreading due to liquefaction (Karamitros 2010).

Based on the above, the application of tied-nodes at lateral boundaries is deemed preferable in this study.
It should be noted that tied-nodes are mostly suitable for problems with significant material damping and

an adequately large mesh, as the one examined herein, in order to ensure negligible wave reflections.
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Figure 3.3: Boundary conditions: (a) rollers during static loading and (b) tied-node boundaries during dynamic
loading at the sides and applied acceleration at the bottom (contour of horizontal displacements).

The NTUA-Sand constitutive model. _ The monotonic and cyclic response of non-cohesive soils is
captured in the presented numerical methodology with the constitutive model NTUA-Sand, which is
introduced as a User-Defined model in the Finite Difference Code FLAC3D (Itasca 2012). This model is
principally developed to simulate the cyclic response of sands and the associated pore water pressure
build-up under seismic excitation. The formulation of the model incorporates the critical state theory of
soil mechanics and it relies on the bounding surface plasticity. The current version of the model is based
on the formulation of Andrianopoulos et al. (2010) and is constituted by a three-surface model platform
(i.e., dilatancy, critical and bounding surface). The initial version of the model was developed by
Papadimitriou et al. (2001), which in turn employed the state parameter ) concept introduced by Manzari
and Dafalias (1997). The initial model by Papadimitriou et al. included an additional yield surface in p-g
space, which is removed in the current version, thus, a zero elastic range is adopted. This modification

was performed in order to reduce numerical computation time rather than to increase the accuracy of
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the model. The hysteretic response of non-cohesive soils is simulated for all levels of cyclic strains with
the same set of values of the model constants. In particular, shear modulus degradation and hysteretic
damping increase for small-to-medium level of shear strains is governed by a Ramberg-Osgood type of
non-linear hysteretic formulation, whereas medium-to-great level of shear strains are captured with a
scalar multiplier K, of the plastic modulus. The calibration of the model is based on the properties of
Nevada sand, which is a uniformly graded, fine sand. The particular soil material is selected since it is
widely used in many testing programs (Arulmoli et al. 1992; Kammerer et al. 2001; Kutter et al. 1994;
Trombetta et al. 2013; Yamamuro and Lade 1998). The accuracy of the model is evaluated by comparing
results of the numerical analyses with the ones from the laboratory testing program of VELACS (Arulmoli
et al. 1992). Initially, comparisons of simulations to data were performed for a large number of element
tests on Nevada sand by Papadimitriou et al. (2001) and Papadimitriou and Bouckovalas (2002), including
resonant column tests, cyclic triaxial and cyclic direct simple shear tests. In extension to the these model
comparisons, Andrianopoulos et al. (2010) investigated the accuracy of the model by additionally
conducting two boundary value problem comparisons between the simulations and the results from the
VELACS tests of Models 1 and 12 (Arulmoli et al. 1992). These problems include the earthquake-induced
liguefaction of a free-field model consisting of liquefiable Nevada sand as well as the seismic response of

a rigid foundation on the same sand profile.

In more detail, the particular model has three open conical surfaces that intersect at the origin of the

stress space, as depicted in Figure 3.4:

i)  The Dilatancy Surface which designates the transition from contractive to dilative behavior.

ii)  The Critical State Surface at which the void ratio corresponds to the constant density at large
strains, (i.e., the critical void ratio) and deviatoric deformations are accumulated for constant
stresses.

iii)  The Bounding Surface which is the locus of points with the peak deviatoric stress ratios.

The shape of these model surfaces is determined by the deviatoric stress ratios for triaxial compression
(i.e., MS MP, M) and triaxial extension (i.e., M5, M, M), which are interrelated via the state
parameter (¢, as defined in Equations 3.7-3.9 of Table 3.1. The critical state surface slopes M., are
constant model parameters. On the contrary, M..>? are functions of the varying value of the state
parameter ¢, thus, they do not remain constant during loading. Following the dependency of the surfaces
slope on ¢, they can be outside or inside the Critical State Surface for contractive or dilative soil response,

respectively. The multiaxial generalization of these surfaces is presented in the n-plane (i.e., perpendicular

42



Chapter 3: Numerical Modeling of Soil-Foundation-Structure Interaction

bed 3re a function of the Lode angle 8,

to the hydrostatic p axis) in Figure 3.4. The model surfaces M.,
which is defined in the p-plane as the angle between the deviatoric stress-ratio space r=s/p (where s is

the deviatoric stress tensor) and the principal axis r1, according to the relevant equations in Table 3.1.

The “elastic” strain rate & of the model is governed by the nonlinear hysteretic “elastic” response defined
in Equation 3.12 which constitutes a modification of the nonlinear hysteretic model of Ramberg and
Osgood (1943). Thus, in the absence of a yield surface, the term “elastic” refers to the part of stress and
strain accumulation that are governed by the modified Ramberg-Osgood formulation. The tangential
“elastic” shear modulus G: is given based on the generalized Ramberg-Osgood formula of Table 3.1, where
the degradation of G; is described by the scalar variable T. The load increment contributes to the
tangential shear modulus degradation by the difference of the deviatoric stress-ratios r - reer, Where rees
refers to the last load reversal stress state. This formulation entails that radial loading in the mt-space (i.e.,

r is constant) results in zero reduction of G..

The calculation of the plastic component of stresses and strains is based on the correlation of the current
state with the distance from the model surfaces. As observed in Figure 3.4, the distance from the

corresponding surface is defined as:

debd = (rf’b'd —r)n 3.3

Where r is the current stress state and ric'b'd are the conjugate (image) points on the critical state,
bounding and dilatancy surface, respectively, which are determined by the projection of the n vector on

the corresponding surface:

3
robd = EMg'b'dn 3.4
The vector nin this version of the model is calculated with a radial mapping rule and the surface inclination

My“b9 for the particular Lode & according to Equation 3.11.

The calculation of the plastic strain and stress increments follows Equations 3.15-3.16. The model employs
the non-associated flow rule of Equation 3.18. The plastic modulus Kp, as defined in Equation 3.21, is a
function of the dimensionless positive function hy, and hs, while the previously defined distance d® from

the bounding surface controls the sign of K,. The parameter hy is defined by the interpolation rule:
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3
hy = hy 1% 35
< dfnax - |db| >

The parameter hs is a scalar function that macroscopically expresses the effect of fabric evolution during
shearing on the plastic modulus K,. It takes into account experimental data suggesting that loading
reversals for contractive soil response (i.e., within the dilatancy surface) result in a stiffer response due to
the rearrangement of the sand particles, while they result in softer response for dilative soil response (i.e.,
outside the dilatancy surface). It is expressed with the following formula:

1< FI>? 14< [y >?

= = 3.6
1+<F:I> ~1+< f:in>

where the numerator represents the summation of the plastic volumetric strain rate (i.e., the stiffening
response) and the denominator the history of loading reversals in dilation (i.e., the softening response).
The particular formulation entails that hs increase results in greater values of the plastic modulus K, and,

thus, the contribution of plastic strains is reduced.

Bounding surface
~//

r,=8,/p rs=S;/p

Critical surface

Figure 3.4: Model surfaces (Dilatancy, Critical State, Bounding) and adopted mapping rule for the determination of
the vector n in the n-plane of the deviatoric stress ratios space.

Table 3.1: Summary of the adopted equations of the constitutive model NTUA-Sand.

Description Equation Constant
Deviatoric stress ratio on
bounding surface in MP =MS+ kP <y > (3.7) M2, kP
triaxial compression
Deviatoric stress ratio on M& = M¢ + k&Y (3.8) kg
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dilatancy surface in
triaxial compression

Critical State Line in [e,p] Y=e—es=e—I,+AIn(p) (3.9) I, A

Multiaxial generalization
of model surfaces on the
basis of the Lode angle ¢
and ¢

Shape of model surfaces
on the nt- plane of the 4c (14 ¢)+ (1 —c)cos(36)
deviatoric stress ratio 9= (1+c)— (1 —c)cos(36) 2

space

Lode angle ¥ on the basis
of the deviatoric stress V3 (bubal

ratio tensor r on the cos(36) = 7(0-(&3(r5’=n”)))3/2 (3.11)
bounding surface

“Elastic” strain rate
estimation, on the basis of ce _ se 5e _ 8 (4

the effective stress g =t (&/3)1= et ( /Kt) I (3.12)
increment o = § 4+ pl

Mg = g0, M5 (3:10)| ¢ = ME/M¢

Tangential “elastic” shear _ Gmax _ BPa p 1
modulus Ge === = | Savore? /pa T (3.13)
Scalar variable introducing 1 [1/z(r—rfef);(r—rn3f)
tangential shear modulus T=1+ (a— - 1) oTer (3.14)
K 1 max
degradation al(,ﬂe )Vl
. . D
Plastic strain increment & =¢eP 4 (€,/3)I=<A>R (3.15)
Lo
Loading index A= K—: (3.16)
Loading direction L=n-27p (3.17)

Plastic strain rate
direction (non-associated R=n+D/3)I (3.18)
flow rule)

Effective stress o

increment 6 =26+ K e, I-< A > (2G,n+ K,DI) (3.19)

Loading index, in terms of ) )
_ 2Gpme—(nr)Kegy,

the applied strain T Kp+2Gi—(mur)KeD (3.20)
increment
Plastic modulus K, = phyhgd® (3.21)

The model requires the calibration of 11 dimensionless parameters for monotonic loading and 13
parameters for cyclic loading. Table 3.2 summarizes the values of the model parameters used as
well as the typical range of these parameters for Nevada sand. The particular set of values is used for the

evaluation of the model performance according to Andrianopoulos et al. (2010), who conducted
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comparisons of the model simulations against the laboratory testing program of VELACS (Arulmoli et al.
1992). Figure 3.5 - Figure 3.8 present results of these comparisons for a number of element response
tests. Namely, results from monotonic drained (Figure 3.5a) and undrained (Figure 3.5b) triaxial tests on
Nevada sand are presented for density values of 40% and 60%, in the case of the drained test, and for
initial effective stress p, = 80 and 160 kPa, in the case of the undrained test. The model’s predictions of
the cyclic response at the element level are evaluated with a series of resonant column tests, presented
in Figure 3.6. The pertinent comparisons examine the maximum shear modulus Gmax (Figure 3.6a), the
degradation of the secant shear modulus G/Gmax (Figure 3.6b) and the hysteretic damping increase €
(Figure 3.6c) with the amplitude of the cyclic shear strain. The response of a soil element subjected to
large cyclic shear strains is examined in Figure 3.7 with a cyclic undrained simple shear test on Nevada

sand with relative density D, = 40%. Finally, Figure 3.8 compares the resistance to liquefaction from cyclic

simple shear tests for D, = 40 and 60%.

Table 3.2: NTUA-SAND model constants: physical meaning and values for Nevada sand.

# Physical meaning Typical Range Value
McS Deviatoricf stress ratio at critical state in triaxial 1.20-1.37 195
compression (TC)
Ratio of deviatoric stress ratios at critical state in
¢ triaxial extension over triaxial compression 0.68-0.80 0.72
lcs Void ratio at critical state for p=1kPa 0.77-1.03 0.910
A Slope of critical state line in the [e-Inp] space 0.01-0.03 0.022
B Elastic shear modulus constant 550-950 600*
v Elastic Poisson’s ratio 0.10-0.40 0.33
kcb Effect of Y on peak deviatoric stress ratio in TC 0.5-4.0 1.45
kcd Effect of Y on dilatancy deviatoric stress ratio in TC 0.1-3.0 0.30
R f |. h . f |- . f " | )
Vi eference cyclic shear strain for nonlinearity of “elastic 0.0065%-0.025% 0.025%
shear modulus
o1 Nonlinearity of “elastic” shear modulus 0.45-0.85 0.6*
Ao Dilatancy constant 0.5-1.5 0.8
ho Plastic modulus constant 3.000-100.000 15,000
No Fabric evolution constant 30.000-80.000 40,000

* for monotonic loading of Nevada sand: B =180, a; = 1.0.
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Figure 3.5: Comparison of the model predictions with data from the testing program VELACS (Arulmoli et al. 1992)
for: (a) drained and (b) undrained triaxial tests on Nevada sand.
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Figure 3.6: Comparison of the model predictions with data from the testing program VELACS in terms of (a) the

maximum shear modulus Gmax, the degradation of the secant shear modulus G/Gmax, and the hysteretic damping
increase ¢ with the amplitude of the cyclic shear strain.
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Damping. _ Soil damping during dynamic loading originates from the hysteretic response of the
constitutive formulation of the User-Defined-Model NTUA-Sand. The principal source of hysteretic
damping is the nonlinear soil response of sand during cyclic loading. The constitutive model incorporates,
also, the Ramberg-Osgood formulation which captures the non-linear hysteretic response of sands for
low-to-medium levels of shear strains. In general, the level of damping invoked by the model is
proportional to the shear strain amplitude y.,, following the experimental data from the VELACS research
program (Arulmoli et al. 1992). In addition to the inherent damping of the constitutive model, local
damping of 2% is employed in dynamic analyses. The formulation of local damping in FLAC®®is similar to
that for hysteretic damping. Namely the damping force that opposes motion at each gridpoint is related

to the inertial force of the gridpoint lumped mass, in the form:

, 3.22
Fa; = —a- Finertiari - Sign(v;)

where:

Fa.; Finertiori are the damping and inertial forces, respectively, at the gridpoint i
v; is the velovity of the gridpoint i
a is the local damping coefficient

and the function sign(x) provides the sign (positive, negative or zero) of the variable x.

In essence, the function of local damping is to subtract kinetic energy AW from the gridpoint during every
cycle of oscillation following the sign of velocity. The amount of the subtracted energy is AW =
1/2 AM;v? , where AM; is the equivalent mass that corresponds to the inertial force Fipertiqui-
Consequently, the normalized subtracted energy AW/W is independent of the rate and frequency of
loading, a fact that makes the selection of local damping advantageous compared to Rayleigh damping.
The particular method exhibits limitations in modelling waveforms with a wide frequency content as well

as motions where the velocity sign remains constant, such as the steady-state phase of pulse excitations.

Based on the above, the modelled sand response during cyclic loading and the associated damping can be

summarized as follows, with respect to the cyclic shear strain y..level:

e For small strains (po. < yu, With yybeing the linear cyclic threshold shear strain = 5-107 for sands)
soil response is practically linear visco-elastic since i) the secant shear modulus G is virtually equal
to the initial value Gmex and ii) experimental data indicate the presence of a minimum value of

damping &min =0.5-5% (Vucetic and Dobry 1991), related to viscous damping. Due to the fact that
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the constitutive model predicts values of hysteretic damping that tend to zero for decreasing
values of yg., local damping serves as the primary source of damping at this y.,crange.

o For medium strains (yu < Ve < Vo, With yw being the volumetric cyclic threshold shear strain =
10*-107 for sands) soil response is non-linear purely-hysteretic, since shear modulus degradation
and damping are increased, yet strain accumulation is not significant especially for a small number
of loading cycles N. At this range of yqc the hysteretic damping of the Ramberg-Osgood
formulation has the most significant contribution.

e For large strains (¢ 2 yw) soil response is principally elasto-plastic, since strain accumulation
becomes significant, while shear modulus G and damping deviate considerably from their initial
values. Thus, at this stage, damping is principally associated with energy dissipation in the larger

stress-strain loops predicted by the soil plasticity formulation.

Critical timestep. _ As previously mentioned, the explicit calculation scheme used in FLAC 3D for solving
the finite difference equations is conditionally stable as it requires “the speed of the calculation front (to)
be greater than the maximum speed at which information propagates” (Itasca 2012). Thus, in order to
ensure numerical stability, the timestep must be smaller than the time needed for the propagating
wavefront (with maximum speed C) to travel through the solid medium that is discretized in elements of

size Ax. The critical timestep At for stability is given by the Courant-Friedrichs-Lewy condition:

3.23
Aterir <

For discretization of the soil continuum in zones of volume V and with maximum face area Aﬁwx, the

calculation of the critical timestep results in the following equation:

] 1%
Atcrit =min {—f} 3.24

P Amax

where C, is the speed of the p-wave which is the maximum speed that information can propagate and it

is given as a function of the bulk modulus K, the shear modulus G and the soil density p:

K+4G/3
Cp = [—— 3.25
p
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where K and G are the soil bulk and shear moduli, respectively, whereas p represents the soil density.

By transformation of equation 3.24), the system of interconnected masses and springs can be associated

with the smallest natural period of the system Tpinin the following manner (Bathe and Wilson 1976):

Tmin 3.26

Atcrit <

In the case of static analyses, a pseudo-timestep At = 1 is selected by default in the program. Given this
selection and in order to provide a numerically stable scheme, the lumped mass of each gridpoint is
adjusted to be greater or equal to the spring stiffness. In more detail, the local stiffness matrix k of
gridpoint n includes the stiffness contribution k;; in the degree-of-freedom i due to unit force in the
direction j, where the directions i refer to the 3 translational degrees-of-freedom in space. The diagonal

term (i,i) of the stiffness matrix is expressed in FLAC® as:

_K+4G/3 3.27

ii oV [n;S]?

where n;is the unit normal to the surface of the zone and S is the area of the surface. The upper-bound

value of the nodal stiffness is, thus:

3.28
ky = max (ki1, ka2, k33)
The adjusted lumped mass at gridpoint n is, thus, for At = 1 according to equation 3.28):
_K+4G/3 3.29

my max ([n;5]%,i = 1,3)

9V

In the case of dynamic analyses, the critical timestep is a modification of equation 3.26) based on

Belytschko (1983):

Tmi 3.30
Atgrap = —2(J1+ 22 = 1)

T

where the value of A depends on the damping scheme; in the examined case A is the local damping

coefficient.

It is evident that, in essence, it is the minimum eigenperiod of the system that determines the dynamic

timestep of the analysis. Since, the explicit finite difference method used in FLAC?® solves the equations
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of motion without the formation of the mass and stiffness matrices, the eigenvalue solution is also not
performed. As a result, the minimum eigenperiod of the system is estimated using equation 3.26) as Trmin
=0.5m-At,;, where 0.5 serves as a safety factor. Additionally, when structural elements are used, the
maximum eigenfrequency is estimated by applying the Gerschgorin Theorem (Isaacson and Keller 1963),

which is formulated as:

3.31
wrznax < max (Gi/Mi)

where G; is the stiffness sum for ith row of the stiffness matrix and M; is the lumped node mass.

Thus, in a numerical model containing soil and structural elements the stiffest (i.e. greater k)- or lightest
(i.e. smaller m) elements of the model will be decisive for the determination of the critical timestep. To
illustrate this, we assume a typical model consisting of soil with the following elastic -or initial- properties:
maximum shear modulus G = 98MPa, maximum bulk modulus K = 255MPa and density p = 2.0 Mgr/m?3.
The soil mesh is discretized in cubic -brick- elements of volume V = 1m? and face area A/ = 1m2
Additionally, structural beam elements have length / = 0.3m, modulus of elasticity £ = 26GPa, moment of
inertia / = 0.01m* and density p = 2.5 Mgr/m3. Finally, the foundation is modelled with triangular shell
elements with plan dimensions 1m x 1m x 1.4m, thickness 0.6m, density p = 2.5 Mgr/m? and modulus of
elasticity £ = 30GPa. The critical timesteps for the soil brick zones, shell elements and beam elements are
deduced by performing dynamic analysis of the free-soil profile, soil-foundation system and structure-
foundation-soil system, respectively. The results summarized in Table 3.3 indicate that the inclusion of

shell and structural elements reduces the critical timestep one and two orders of magnitude, respectively.

Table 3.3: Critical timestep for the dynamic analysis of the i) soil mesh, ii) soil-foundation mesh and iii) soil-
foundation-structure mesh.

Soil mesh FS mesh SFS mesh
Type of element:
(brick zones) (with shell elements) (with beam elements)
At (sec) 5.4-10% 6.7-10° 7.8-10°

Structural elements. _ The surface foundation is numerically modelled with shell-type finite elements
rigidly connected to the underlying soil gridpoints. The shell elements of FLAC?® are 3-noded triangular
elements that resist both bending and membrane loading. Each node contains 6 degrees-of-freedom, i.e.

3 translational and 3 rotational, as seen in Figure 3.9a. The reference footing examined in this study is
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square with dimensions 4m x 4m x 0.6m, modelled, though, as a 4m x 2m x0.6m footing since the mesh is
symmetrical with respect to the direction of horizontal shaking. Rotation and out-of-plane translation are
fixed at the footing edge on the axis of symmetry in order to appropriately simulate the physical model of
the square footing. Discretization of the foundation with shell elements adopts the underlying soil mesh
dimensions in order to ensure the connection of structural and soil nodes without the use of a redundant
interface. Shell material properties follow typical elastic properties of concrete footing, i.e. Young's

modulus E = 30MPa, Poisson’s ratio v = 0.2 and density p = 2.5 Mgr/m3.

The superstructure is modelled with the linear beam element shown in Figure 3.9b. FLAC 3D beam
elements employ Euler-Bernoulli beam theory which assumes that the rotation of the cross section is
always perpendicular to the bending line. Shear deformations are neglected and as a result the modelled
beam is relatively stiffer compared to the physical model. Euler-Bernoulli beams are, thus, better suited
for flexible elements with high length-to-thickness ratio. The modelled structure is a single degree-of-
freedom system with the mass concentrated on the top of the column, as in the case of a bridge deck
connected to the pier. Since the nodal masses of structural elements in FLAC® are derived from the
adjacent element densities, the concentrated top mass originates from the distributed density of the top
beam element. It is evident that the single degree-of-freedom approximation requires small element
length in order for the mass to be considered concentrated, yet by reducing the element length the critical
timestep is significantly decreased since it is reciprocal to the element stiffness, i.e. k = EI/h3, as described
previously. In order to balance the above, the structure is discretized in elements of 0.3m in length.
Additionally, the column cross section has an area A = 0.245m? and moment of inertia around the strong
axis /=0.01m*. Young’s modulus is E = 26MPa while the density of beam elements under the top element
is artificially increased to p = 5.4 Mgr/m?in order to reduce the dynamic timestep of the numerical

integration scheme.
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Figure 3.9: Configuration of (a) shell and (b) beam elements used for numerical analyses in FLAC®.

3.3 Numerical simulation of gravel performance

Crust improvement. _ In the present study the surface crust is assumed to be improved by i) densification
of the natural soil with vibrocompaction and ii) gravel drains used to accelerate excess pore pressure
dissipation. This improvement alters the mechanical characteristics of the top soil crust in the following

ways:

e Gravel drains increase the overall system permeability. As a result, excess pore pressures are
dissipated through vertical and horizontal flow of the water under and around the installed drains,
respectively.

e Vibrocompaction results in an increased soil relative density D, of the soil around the axis of the
vibrocone. This effect is reduced with the radial distance from the vibrocone, but leads to an

overall increase of the shear strength of the improved surface crust.

The detailed numerical modelling of such mechanisms is possible by utilizing the capabilities of FLAC" for
simulating the coupled fluid-solid interaction, as well as, in the complex stress-strain-pore pressure
response of liquefiable sand. Nevertheless, the computational time required for such detailed analyses
prohibits their use in the present study. Instead, the concept of the equivalent uniform improved ground
was employed herein. According to this approach, the improved crust is modelled as a uniform layer with
uniform soil properties (permeability, relative density etc.), which refer to an estimation of average values
between the gravel drains and the surrounding soil. The applicability of the particular procedure has been

thoroughly investigated by (Dimitriadi et al. 2017).
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In more detail, the improved ground is characterized by a single value of the replacement ratio as, which
is defined as the ratio of the total gravel drain area (in plan view) over the area of the surrounding ground
around the drain. Typically, values of a5 vary between 0.05-0.20. In the examined problem the
intermediate value of a;= 0.08 is selected. The corrected Nsprvalue of the improved ground is computed,
next, as the weighted average of the SPT values between the gravel drain Nyie and the surrounding ground

after improvement Nground, as follows:

3.32
Nimp = aszile +(1- as)Nground

where
Npile is the corrected Nsprblow count of the gravel drain,

Nground is the corrected Nsprblow count of the surrounding ground at the mid-distance between
consecutive gravel drains.
The values of Npile and Ngroung are given as a function of the corrected Nservalue for the natural soil (N,) and
the replacement ratio as according to the Japanese Geotechnical Society (JGS, 1998) guidelines (Figure
3.10). Next, relative density D, can be related to the blow count number of the improved zone (Ni)eo -

corrected with depth, applied pressure and fines- by the empirical formula of Tokimatsu and Seed (1987):

3.33
(N1)go = 4‘4Dr2
Regarding the permeability of the improved zone, the weighted average approximation between the
respective permeability coefficients of the gravel drains and the surrounding ground is employed, as

follows:

3.34

keq = askgrain + (1 — as)ksana
The variation of permeability with relative density D,for Nevada sand is plotted in Figure 3.11, according
to Arulmoli et al. (1992). It is observed that initial values of D,around 40% are related to permeability
coefficients equal to k = 6.5-:10° m/s. Permeability values are vastly decreased for D, levels greater than

60%, with final values of permeability reaching k = 1.2-10° m/s.

Table 3.4 summarizes the selected values No of the natural soil, the replacement ratio as, as well as the

final values of relative density and permeability coefficient of the equivalent uniform improved zone.
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Figure 3.10: Design charts of Nsprvalues of (a) the improved ground after vibrocompaction Nground and (b) the gravel
drain Npile as a function of the natural soil SPT value Noand the replacement ratio as.

Table 3.4: Summarized values of soil properties before and after improvement.

D, (%) No ds Nground Npile Nimp.zone Dimp.zone Kdrain (m/s) Knat (m/s) Kimpr.zone (m/s)

45 8.9 0.08 17 22.2 16.5 60 1.2:10° 6.5-10° 2.0-10°

57



Chapter 3: Numerical Modeling of Soil-Foundation-Structure Interaction

10
A Arulmoli et al. (1992)

_ TR
3 ™
)
= N
o \
=

"I 111 111 111 111 111 111 111

30 40 50 60 70 80 90 100
Dr (%)

Figure 3.11: Permeability coefficient k of Nevada sand as a function of the relative density D (Arulmoli et al. 1992).

3.4 Numerical verification
3.4.1 Seismic response of shallow foundations on liquefiable soil

The ability of the constitutive model NTUA-Sand to model the seismic response of shallow foundations on
liguefiable soil is validated through a number of comparisons between the model predictions and the
experimental results of the VELACS testing program (Arulmoli et al. 1992) by Andrianopoulos et al. (2010).
The experimental setup of the pertinent Model test No 12 is depicted in Figure 3.12. In prototype scale,
the soil profile consists of a 7m deep liquefiable Nevada sand with 60% relative density and permeability
coefficient equal to 2.1-10°m/s which is overlaid by a 1m surficial crust of Bonnie silt with low permeability
(5-10°m/s). The water table lies 1m above the surface. The structure consists of a rigid block of 4m in total
height, 3m in width and 0.5m in embedment depth which corresponds to a total bearing pressure of
150kPa. The soil profile lays within a rigid box with planar dimensions 28m x 8m and subjected to a
centrifuge acceleration equal to 100g. The response of the soil profile and the structure are recorded with
three accelerometers (AccB, AccC and AccD), four pore pressure transducers (PPT1, PPT2, PPT3 and PPT4)
and the structural settlement recorder LVDT. The location of the foregoing recorders is depicted in Figure

3.12.

The finite element mesh used in the numerical analyses is shown in the same Figure and consists of soil
zones with sizes varying from 0.75m x 0.5m in the vicinity of the foundation to 1.5m x 1.0m far from the

foundation. The surficial crust of Bonnie silt was modeled with the hysteretic Ramberg-Osgood model in
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order to capture the shear modulus degradation and the hysteretic damping for the observed range of
cyclic shear strains. The structure is modeled with linear-elastic soil elements of increased stiffness in
order to represent a rigid structure. The input motion is applied as a horizontal acceleration at the base

and the sides of the rigid box.

The described experimental setup of the Model No 12 was employed in three different testing programs
that were conducted at Princeton University (PRNU, Krstelj and Prevost 1994), at Rensselaer Polytechnic
Institute (PRI, Carnevalle and Elgamal 1994) and at the University of California at Davis (UCD, Farrel and
Kutter 1994). The aforementioned model was subjected to a harmonic base input motion with constant
amplitude and ten, more or less, cycles of excitation. The maximum and average values of the input
accelerations, i.e., dmax and daver, as well as the duration of ground motion t, varied in the performed tests,

as presented in Table 3.5.
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Figure 3.12: Schematic illustration of experimental setup of VELACS centrifuge Model No. 12. The location of the
accelerometers (AccB, AccC, AccD), pore pressure transducers (PPT1, PPT2, PPT3, PPT4) and structural settlement
recorder (LVDT) are indicated in the figure.
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Table 3.5: Characteristics of the base input motion and corresponding structural settlement measured during the
centrifuge tests and the numerical simulation.

Source # test Omax (8) Qaver (8) ta (sec) settlement (cm)
1 0.30 0.26 6.65 27
3 0.40 0.34 6.70 47
Princeton University
PRN
( u) 5 0.21 0.18 5.40 22
6 0.24 0.21 5.50 21
University of 2 0.37 0.31 7.50 18
California at Davis
(UCD) 3 0.25 0.21 6.40 9
Rensselaer
Polytechnic Institute 1 0.26 0.21 5.70 13
(RPI)
1 0.24 0.21 5.75 10.8
Numerical
2 0.32 0.30 7.25 15.2

Comparisons between numerical simulations and the respective recordings from the testing programs are
presented in Figure 3.13, Figure 3.14 and Figure 3.15. Namely, Figure 3.13 compares numerical
predictions and experimental results from the centrifuge test at Rensselaer Polytechnic Institute (RPI) of
the horizontal accelerations time-histories at the base of the soil profile (Figure 3.13a) and at the locations
B (Figure 3.13b) and C (Figure 3.13c). Numerical predictions are sufficiently close to experimental results
during the strong part of shaking, while afterwards, there is a deviation between them which is attributed
to residual oscillations of the experimental setup. Figure 3.14 presents the time-histories of the excess
pore pressure ratios Au/o,, from the three conducted testing programs (PRNU, RPI and UCD) and the
respective numerical results. The transducers PPT1, PPT2 and PPT3, which are located in the vicinity of
the foundation, show that Au/o,, ratios never exceed the value of 0.5-0.6, indicating partial liquefaction,
whereas the transducer PPT4, which is located at the free-field, shows complete liquefaction. Overall,
comparisons between experimental data and numerical predictions show satisfactory agreement. It is
noted that the recorded excess pore pressure ratios are smoothed in these Figures (Prevost et al. 1994).

Lastly, Figure 3.15 compares structural settlements between numerical predictions and the three testing
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programs, namely, PRNU tests #5 and #6, UCD test #3 and RPI test. Both numerical and experimental
results show that structural settlements are accumulated during the strong part of shaking. Numerical
simulation predicts a total value of structural settlement equal to 10.8cm, which is close to the lower limit
of the experimentally obtained values, i.e., 9cm to 22cm. The variation of structural settlements in the
performed tests is significant (i.e., 9 to 47cm), with greater values of settlement being observed for greater
values of base input acceleration. Figure 3.16 presents the variation of structural settlements with the
foregoing acceleration amex. Numerical results compare well with experimental data from the testing
programs of Rensselaer Polytechnic Institute and University of California at Davis, whereas data from the

Princeton University exhibit consistently increased values of settlements (upper solid line).
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Figure 3.13: Comparison between time-histories of numerical predictions and recorded data from the RPI test of the
horizontal accelerations at (a) the base, (b) location b and (c) location C of the soil profile.
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Figure 3.14: Comparison between time-histories of numerical predictions and recorded data from the three testing
programs (PRNU, RPI, UCD) of the excess pore pressure ratios at various locations (PPT1, PPT2, PPT3, PPT4).
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Figure 3.15: Comparison between time-histories of structural settlements obtained from numerical predictions and
recorded data from the three testing programs (PRNU, RPI, UCD).
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Figure 3.16: Variation of structural settlements with the maximum base acceleration amax of the VELACS Model No.
12 based on numerical predictions and experimental data from the testing programs PRNU, RPI and UCD.

3.4.2 Nonlinear response of soil-foundation interaction in lateral loading

The nonlinear soil-foundation interaction is simulated in FLAC 3D with the use of an interface, which
permits uplift of the foundation, i.e., it has zero tension cut-off. Sliding of the foundation is not allowed in
the model, taking into account that, in practical applications, even a small embedment of the foundation
is enough to activate passive earth resistance and prevent sliding, assuming a well-compacted backfill.
The particular modeling configuration is able to capture the principal aspects of the rocking behavior of

the structure, namely:

e Soil nonlinearity due to the strength and stiffness degradation of soil during cyclic loading. More
pronounced soil nonlinearity is mainly concentrated at the footing edges where SSI-induced strains
are accumulated as well as in cases of pore water pressure build up.

e Geometric nonlinearity due to gapping between the foundation and the soil. Foundation uplift and
separation between the foundation sidewalls and the soil embedment are such cases of geometric

nonlinearity.

In order to evaluate the nonlinear soil-foundation interaction of the numerical model developed in FLAC
3D, the present section examines the performance of the particular model in lateral loading and compares
the results with limit-state analytical predictions. Rocking of a shallow footing subjected to combined
loading of vertical force and moment (N-M) is depicted in the following figures. The moment-rotation (M-
9) relationship of such a footing is presented in Figure 3.17. The figure distinguishes the following

scenarios of soil-foundation response:
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e Flastic soil conditions are designated with the path 1-2-3-5a. In this case, foundation uplift initiates
at point 2 and, as a result, a reducing part of the footing area is in contact with the soil as the loading

increases (i.e., 3-5a branch). The limiting value of the applied moment is N-B/2, upon further —

displacement controlled — loading it reduces due to P-6 effects.

e Soil yielding after foundation uplift is depicted with the path 1-2-3-4-5b. In this case, also, foundation

uplift initiates at point 2, whereas soil yielding occurs at point 4.

e Soil yielding before foundation uplift is depicted with the path 1-2-3c-5c-6c. In this case, soil yielding

initiates at point 2c, whereas foundation uplift occurs at point 4c.

Figure 3.17: Possible scenarios of soil-foundation response examined through the moment-rotation (M-9)

(al

(yield initiates before uplifi)

relationship of a shallow footing subjected to lateral loading.

A closed-form relation for a simplified analytical modeling of the soil-foundation interaction at limit state
can be provided by examining the limit equilibrium of the rigid footing (Figure 3.18). In this case, a rigid
strip footing of width 2b is considered resting on top of an inelastic soil medium. Soil response assumes
elastic-perfectly plastic behavior and zero tensile strength, thus, allowing footing uplift. The applied loads

include the structural weight W and a lateral force F, both of which have a position of application at height
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h above the soil surface. The examined force equilibrium considers P-§ effects and, as a result, the induced
moment at the footing is derived by both the structural weight W and the lateral force F. Namely, the
pertinent force equilibrium of the rigid footing at the limit state (i.e., assuming full soil yielding and footing

uplift) is expressed as follows:

= Moment equilibrium about point O’:

XM, =0 => F[h-cosf + (b—p)-sinf]—W;[(b—B)—(b—p)-
(1 —cos@) —h-sinf] —W,(b—B)-cosf =0 =>
Flh-cos® + (b — ) -sin@] — W, [(b— B) - cosd — h - sinb] 335
—Wo(b—pB)-cosf =0

= Force equilibrium in the vertical direction: 336

XE, =0 => W=gqu;"2"b-p-cosb
where W; and W, decompose the total structural weight to foundation and top structural weight (i.e., W
= W:+ W,), respectively, 28 is the footing length in contact with the soil, gur is the limit-state bearing
capacity of the footing and & is the footing inclination angle. By combining Equations 3.35 and 3.36, the

following expression for the applied moment is derived as a function of the inclination angle U:

w
2-quu"b-cosb

M(9)=W-(b )-cosB—Wl-h-sinB

3.37

M(9)=W-b-(1— )'COS@-Wl'h'Sine

Ny - cos@
The ultimate moment capacity of the foundation M,, in this case, serves as an upper-limit which includes
the compliance of the soil (in terms of N/N,, where N, refers to the total bearing capacity of the
foundation qu+A) and the P-6 effects. Namely, the maximum moment of Equation 3.37 is derived by

setting:

W2 N 3.38
6=0 => Myy;=F-h=W,,-|b— =N-b-<1——) ’
e o4 < qfutb> Ny

The ultimate angle of rotation ¥, at which the moment capacity of the foundation becomes zero is

obtained as:
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N'b'(l_N/Nu) 3.39
N, - h

M=0 => tanbly; =

Comparatively, the ultimate angle of rotation in the case of elastic soil, i.e., assuming N, = o=, refers to
the critical value of the rotation angle J.. The exceedance of J. signifies the toppling of the structure and
is typically used in correlation with &,, which is a fraction of O, since it additionally depends on soil

yielding. The critical angle of rotation . is derived as:

N-b
M =0 kat N/N -0 => tan9C=N : 3.40
u 1°
_hF

Figure 3.18: Schematic illustration of the force equilibrium of a shallow footing at limit-state.

Based on the foregoing limit-state analysis of the foundation-soil interaction, it is, thus, possible to
evaluate the soundness of the proposed numerical model which is developed in FLAC 3D. To that end, a
number of numerical analyses of structure-foundation-soil systems subjected to lateral loading is
performed. The numerical model configuration of section 3.2 is employed here. Namely, the examined
SFS system, as illustrated in Figure 3.1, has mesh width equal to Ly = 50m, depth L, = 25m and height H =
20m. The superstructure is modeled as a SDOF of height h=3.0m and fixed-base fundamental period T s
=0.35sec. A square shallow foundation is selected with dimensions 4m x 4m. In contrast to the soil deposit
of Nevada sand, which is generally used in the present Thesis, a non-cohesionless soil profile is employed
in this section. The Mohr-Coulomb constitutive model is used to simulate the response of soil in
monotonic loading, since the elastic-perfectly plastic formulation of the particular model is in accordance
with the foregoing limit-state analytical formulation. The numerical analyses are performed for undrained
soil conditions with the undrained shear strength of clay being c, = 50 kPa. The application of the

horizontal force is schematically depicted in Figure 3.18.
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Figure 3.19a—f presents the resulting moment-rotation curves of the described SFS system. The particular
Figure examines six different systems with varying structural mass, i.e., M = 44tn — 280tn, and, thus, with
varying Static Factors of Safety (FSs = 1.25 - 5.50). Results are presented in terms of the normalized
moment M/c,B3, where B is the footing width, and the normalized footing rotation 9/9., where O is the
previously discussed critical angle of rotation. Results show that the limit-state predictions of the ultimate
angle of rotation ¥, are in agreement with the numerical results. On the other hand, the limit-state
predictions of the ultimate moment capacity M, serve as an upper-bound solution of the numerically
obtained one. It is observed that the reduction of the numerically predicted M, compared to the analytical
value increases for decreasing values of FS,. This reduction is attributed to the increased role of P-5 effects
(Apostolou 2011). This is further elaborated in Figure 3.20, which presents the variation of the normalized
ultimate moment capacity M/c,B® with FS,. Results show that the aforementioned reduction of the
moment capacity is observed for values of FS, greater than 0.5. Apostolou (2011) further notes that the
tendency for “bulging” of the numerical values as FS, tends to 1.0 is attributed to the passive forces that

develop under the footing corner point.
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Figure 3.19: Moment-rotation curves of a rigid footing for varying values of FS subjected to monotonic lateral
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Figure 3.20: Comparison between the monotonic failure envelope in the M-N space calculated by analytical limit-
state relations and predictions of the numerical analyses in FLAC 3D.
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Chapter 4

Natural Period Estimation of Structure-Foundation-Soil Systems

4.1 General

The natural period is a key-role parameter for the dynamic response of a structure. In its most common
use, it is employed in design procedures to estimate seismic demands for a given seismic hazard and
geotechnical profile through a pseudo-acceleration design spectrum. Simplified approaches often
consider a fixed-base structural system which implies infinite stiffness of the supporting soil. More
accurate design procedures (NEHRP, FEMA 440), though, model flexible-base systems that take also into
account soil compliance and propagating seismic waves. As such, typical soil-structure interaction (SS/)
procedures regard equivalent linear soil-structure systems that replace soil continuum with (vertical,
lateral and rocking) springs connected to the foundation. Dynamic impedance functions of soil springs
have been rigorously developed and are able to capture a wide range of related design factors, such as
foundation embedment, depth to the rigid bedrock, horizontal-rocking motion coupling, etc. (Gazetas
1991b; Mylonakis et al. 2006; Pais and Kausel 1988a). The equivalent system is characterized by a single
natural period and damping ratio both of which are calculated through analytical procedures (Veletsos,
A.S., & Meek 1974). In general, higher soil compliance results to greater increase of the flexible system

natural period and damping compared to the fixed-base system.

In this framework, soil nonlinearity is introduced indirectly, in terms of shear modulus reduction and
damping ratio increase, neglecting dominant patterns of cyclic behaviour of soil such as densification, loss
of strength due to pore water pressure build up, load induced anisotropy etc. Shear modulus and damping
ratio curves are derived by stress-strain behavior at free field conditions and as a result the development

of shear strains and the subsequent soil softening, i.e., G reduction, due to structural vibration is
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essentially overlooked. It is noteworthy that this over-simplification can either be on the safe or on the
unsafe side depending on whether period elongation — related to soil softening — may lead to an increase
or decrease of seismic spectral demands, depending on the initial reference period (without soil
softening). During strong seismic events or in the presence of liquefaction, soil and structural nonlinearity
becomes significant, rendering a nonlinear SSI/ approach mandatory. Related research has addressed the
response of structure-foundation-soil systems on realistic conditions by field or real scale studies (de
Barros and Luco 1995; Stewart et al. 1999b; Tileylioglu et al. 2011; Todorovska 2002; Trifunac et al. 2001a),
centrifuge experiments (Chen et al. 2013b; Dashti et al. 2010; Gajan and Kutter 2008; Ghosh and
Madabhushi 2007; Trombetta et al. 2013) and numerical analyses (Dashti and Bray 2013b). These studies
correlate system ductility with period elongation and identify seismic intensity as the primary source of
nonlinearity. Nevertheless, an explicit correlation between soil nonlinearity and period elongation is not
established since both structural and soil yielding are simultaneously examined and also the parametric

investigation is mostly focused on the seismic intensity.

The first step in the present study is to use the analytical procedure for flexible-base systems employed in
design codes (NIST 2012) for the calculation of the elongated natural period of structure-foundation-soil
systems assuming elastic soil conditions, i.e., prior to the seismic event. Next, a characteristic natural
period of the system during shaking is assessed. During the earthquake motion, the time-varying
degradation of soil stiffness renders the direct calculation of the system natural period dependent on the
appropriate selection of an equivalent shear modulus for the supporting soil. To overcome this difficulty,
the nonlinear system period is identified indirectly, through the Transfer Function between the input (free
field) and output (structural) acceleration signals in the frequency domain. Within this framework the
factors of system nonlinearity can be related to an actual — or effective — natural period of the system.
Finally, analytical expressions are developed that correlate the aforementioned numerical predictions of
effective system periods with the readily obtained — in practice — elastic system periods prescribed in

design codes.

4.2 Overview of natural period estimation
4.2.1 Analytical relations of linear elastic SSI theory

Analytical SS/ procedures simulate a flexible-base system as an equivalent single-degree-of-freedom
oscillator with structural stiffness ks supported by a set of springs representing soil compliance against a

rigid foundation (i.e., the horizontal spring stiffness ky in the direction of motion and the associated
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rotational spring stiffness k). The elongated period of the flexible system Ty is thus related to the period

of the fixed-base structure T six with the widely used expression of (Veletsos, A. S., & Meek 1974):

4.1

Tsys - 1+ kstr + kstr - h?
Tstr.fix kx kry

The influence of soil and structural parameters on period elongation is usually expressed in terms of
specific SS/ dimensionless parameters. The governing parameter is identified as the structure-to-soil
stiffness ratio s=h/(VsTsfx), Where h is the structural height and V; is the shear wave velocity of the soil
profile, with the period elongation increasing with s (Figure 1.1). Typically, stiff structures (e.g. shear walls,
braced frames) have large values of h/(Tsrsx) resulting in greater period elongations (Figure 4.1). Soil
stiffness is introduced through the shear wave velocity Vi and has the opposite effect, i.e., structures on
soft soil experience the greatest period elongation. According to Stewart et al. (1999b), buildings on soil
and weathered rock sites exhibit s < 0.1 in the case of moment frame structures and s =0.1 to 0.5 in the

case of shear walls and braced frame structures.

The effect of structural height on period lengthening is twofold (Figure 4.1a). According to (Federal
Emergency Management Agency (FEMA) 1997) “all other factors being equal, period lengthening
increases with the slenderness ratio h/r, (r is the radius of the foundation) due to increased overturning
moments and foundation rotation 8. This implies that inertial SSI effects would be more significant in tall
buildings. However, this is not the case, as tall buildings typically have low structure-to-soil stiffness ratios
s=h/(VsTsrsix), Which is more important for controlling inertial SSI effects. Hence, the overall period

lengthening in tall buildings is near unity (i.e., little or no period lengthening).”

According to equation 4.1, structural mass does not directly affect period lengthening. Nevertheless, it is
indirectly introduced through the mass ratio y=m/(ps:r)? so that “period lengthening could be related to
easily recognizable characteristics such as structural first mode period, T, and soil shear wave velocity, Vs,
rather than structural stiffness, k, and soil shear modulus, G” ((Federal Emergency Management Agency
(FEMA) 1997). The effect of mass ratio on period lengthening has been found in literature varying from
modest ((Federal Emergency Management Agency (FEMA) 1997)]) to significant (Maravas et al. 2014;
P.Wolf 1985) (Figure 4.1b). It is worth to be mentioned that Mylonakis and Karatzia (2019) have proposed

an alternative formalism of nondimensional SSI parameters to avoid the redundancy of mass ratio.
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Figure 4.1: Plot of period elongation Tsys/Tstr.fix versus structure-to-soil stiffness ratio s=h/(VsTst.si) for varying values
of (a) slenderness ratios h/r and (b) relative mass ratio y (system properties: v=0.45, {=5%)

In typical formulations, dynamic stiffness and damping characteristics of the soil-foundation interface are expressed
through complex-valued impedance functions, in the form:

Ei = ki + i(L)Cl' 4.2

where k; and c¢; denote the frequency-dependent stiffness (spring) and damping (dashpot) coefficients,
respectively, for the mode of oscillation i and w is the circular frequency of vibration. There are abundant
analytical solutions in literature for the impedance of rigid footings on an elastic half-space, dependent
on various design factors such as footing shape, embedment depth, bedrock depth and soil heterogeneity,
among others (Dobry and Gazetas 1986; Gazetas 1991a; Mylonakis et al. 2006; Pais and Kausel 1988b;
Wong and Luco 1985).

In this study, the spring stiffnesses for horizontal translation and rocking, which are necessary for the
calculation of period elongation, are derived from the code specifications of (Federal Emergency
Management Agency (FEMA) 1997), summarized in Table 6. It is important to note that during strong
seismic events, and especially in the case of liquefied soil, the shear wave velocity Vs of the foundation
ground varies with time. Due to the dependency of the described analytical procedures on the selection
of a single (equivalent) value of shear modulus G, these procedures are merely employed for the
evaluation of the initial — elastic — properties of the system when the value of G is known. Note that the
frequency dependency of spring stiffness mostly affects the rotational impedance in the high frequency
range (Gazetas 1991a). In the examined case, the range of frequencies is such that its effect is marginal.

For example, the dynamic stiffness modification required for the examined soil profile of V= 125m/s, a
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rectangular footing with width B=4m and for an average excitation with T, = 0.25sec has approximately
a factor of 0.97 and 1.00 for the rocking and translational mode, respectively (NEHRP). Therefore, only
the static part of the spring stiffness is considered in this study. Moreover, it is noted that the numerical
model that is used in this study (see Chapter 3) considers only one half of the physical model due to
geometrical symmetry with respect to the (horizontal) direction of the applied seismic motion. As a result,
for a square BxB footing, stiffness values k; are computed for a rectangular Bx(B/2) footing whereas the

respective footing shape factors assume the square footing of the physical model.

Table 6: Elastic solutions for the static stiffness of rigid footings at the ground surface [(Federal Emergency
Management Agency (FEMA) 1997)]

Degree of freedom Pais and Kausel (1988) Gazetas (1991); Mylonakis et al.(2006)
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Notes: i) Axes should be oriented such that L = B, with B along the x-axis.

i) li = area moment of inertia of soil-foundation contact, i denotes the axis of foundation rotation

4.2.2 Period estimation in nonlinear SSI

As mentioned before, the response of structure-foundation-soil systems during strong seismic events
naturally exhibits nonlinear behavior and therefore the aforementioned analytical solutions for linear
elastic systems are often deemed inadequate. Inherent inelasticity may be attributed to the cyclic soil
response (e.g. residual settlement, rocking or sliding), as well as to the structural yielding and P-§ effects.
At its degraded state, the system can be characterized by an effective period T;ys s Which incorporates soil
and structural ductility and is related to the elastic system period Tsys.e by the system ductility parameter

Usys (“FEMA 440 Improvement of Nonlinear Static Seismic Analysis Procedures” 2005):
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T.
Syeelf - f(.usys) 4.3
Tsys.el

The most widely used procedure for estimating the effective period of systems employs Transfer
Functions (TF) that relate the acceleration of the structural mass (output motion) to the foundation or
free-field ground acceleration (input motion). More specifically, the frequency content of each
acceleration signal is analyzed using Fourier Transformation or Elastic Response Spectra and, thus, the
peaks of the related Transfer Function can be used to identify the respective eigen-frequencies. The ratio
of output-to-input motion may take into account the various modes of vibration in a particular SSI system,
provided that the excitation signal has an adequately wide frequency content. These vibration modes
include the (relative) structural deformation u, as well as the translation and rocking deformations of the
footing, urand 9 respectively. In a dynamic analysis, the characteristic frequencies of the various modes of
vibration are identified by a proper selection of the input and output signals used to compute the TF, as

shown in Table 7:

Table 7: System flexibilities based on input/output signal selection

Type of System Input Output
Flexible-Base U us+ us+h-0 +u
Pseudo Flexible-Base uff + Uf usf+ U+ h-0 +u
Fixed-Base uff + ur +hO usf+ U+ h-0 +u

Symbols refer to the following motions: free field ug, foundation uys, rocking & and
structural distortion u.

An application example of the particular procedure for the estimation of flexible systems’ period can be
found in the centrifuge tests of (Karimi and Dashti 2016a)), presented in Figure 4.2. These tests examine
the response of the single-degree-of-freedom (SDOF) structure A with a fixed-base natural frequency =
2.5Hz founded on two sets of layered soil profiles. The soil deposits, designated as T3-30 and T3-50, consist
of a liquefiable intermediate layer of Nevada sand with (prototype scale) thickness of H,= 3m and relative
density D, = 30 and 50%, respectively, both of which are laid in between denser sand layers non-
susceptible to liquefaction. The base of the soil profile is excited with a number of earthquake motions
with values of PGA ranging from 0.04g to 0.58g. Experimental and numerical findings of the particular
study indicated that the liquefied sublayer greatly affects the structural response, in terms of residual

settlements and system characteristics. Namely, Figure 4.2a, b and c present the TFs of the mass-over-
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foundation motions which correspond to the eigenfrequency of the pseudo-flexible system f,s (Table 6),
previously designated as the effective system period, (continuous lines) as well as the eigenfrequency of
the fixed-base structure fs:six (dotted lines) for two earthquake motions: i) the weak Port Island 1995 Kobe
(SM PI) record with PGA=0.04g (Figure 4.2b) and the ii) strong Port Island 1995 Kobe (LG PI) record with
PGA=0.38g (Figure 4.2c). It is noteworthy that, in the case of the large PGA event the observed period
elongation has a factor of = 2.0, as fis = 1.25Hz and fs-fsix = 2.5Hz, whereas during the small PGA event

period elongation is minimal and around 1.10, i.e., fss = 2.2Hz and fs.fix = 2.5Hz.
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Figure 4.2: (a) Centrifuge test setup of SSI experiments by (Karimi and Dashti 2016b)) and transfer functions (TFs) of
accelerations (structure-to-foundation) obtained from numerical analysis (black line) and experimental results (grey
line) for (b) small intensity (SM Pl) and (c) large intensity (LG Pl) earthquake motions. The dotted line represents
fixed-base TF.

System identification of existing buildings during earthquake motions has been an area of research in the

last decades due to the advance of structural monitoring technology and system identification techniques.
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Most notably, Stewart et al. (1999c¢) have evaluated SSI effects for 77 strong motion recordings at 57 sites
and estimated period lengthening and damping values by analyzing the recordings of structural motion
with the analytical system identification procedures described in Stewart et al. (1999a). Period
lengthening has been thus estimated for a variety of seismic intensities as well as structural, foundation
and geotechnical characteristics. Figure 4.3 presents the effect of structure-to-soil stiffness factor s =
h/VsTs.fon period lengthening for different cases of earthquake events, sites and buildings. These results
confirm the importance of structure-to-soil stiffness on period elongation. In general, in this or similar
field and real-scale studies (Todorovska 2002b; Trifunac et al. 2001b) structural and soil nonlinearity are

indirectly identified as factors contributing in period elongation.
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Figure 4.3: Period lengthening Tsys.eff/ Tsyss ratio for sites (Stewart et al. 1999c¢) and analytical estimation from Veletsos
and Nair (1975)

A more firm correlation of period elongation with earthquake intensity is found in the study of Chen et al.
(2013a), which is based on centrifuge experiments on two structure-foundation-soil models subjected to
a number of seismic motions. The centrifuge experiments were performed with two configurations; in the
first experiment, the two structures were sufficiently apart (Test 1), whereas in the second the two
structures were next to each other in order to simulate structure-soil-structure interaction (Test 2). The
time-varying system characteristics were extracted by time-domain identification procedures based on

the work of Stewart and Fenves (1998).

Period elongation, aPLR, is defined in this study as the ratio of the period of the nonlinear flexible-base

system Tss over the period of the fixed-base structure T Figure 4.4a presents the time-variation of
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aPLR during the high intensity earthquake motion SCS-H for Test 1. It is observed that elastic aPLR values,
which correspond to the initial (i.e. prior to shaking) system properties are below 1.1. During strong
shaking peak values of aPLR reach 1.35 and by the end of shaking aPLR values tend to return to their initial
— elastic — state. These results indicate that period elongation due to soil softening during a high intensity
earthquake may become greater than the analytically estimated for the flexible system within the linear
elastic SSI framework which is equal to aPLR=1.09 (ordinate value for t=0 sec in Figure 4a). Dynamic
compaction and densification of the underlying soil during shaking contributes to the return to the initial
soil properties after the end of the shake. This is not the case when nonlinear period elongation is caused
by, e.g., concrete nonlinear behavior, since concrete softening due to cracking is irreversible. Figure 4.4b
quantifies the effect of peak ground acceleration (PGA) on peak period lengthening in the centrifuge
experiments (white symbols) and the corresponding lumped system analytical computations (black
symbols). A direct correlation of PGA with period elongation is thus established, while maximum aPLR

values seem to reach a plateau for PGA > 0.50g.
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Figure 4.4: (a) Time-varying period elongation (aPLR) during the strong shake event (SCS-H Test 1) and (b) correlation
of peak aPLR values (white cirles) with peak ground acceleration (PGA).

Concluding this selective review of published studies, it is seen that the estimation of the effective period
for shallow foundation-structure systems resting either on dry or on liquefiable soil is at the center of
research interest. Principally, period elongation is correlated to the seismic intensity and to the structure-
to-soil stiffness factor s=h/V,T. Nevertheless, it should be acknowledged that the scarcity of data for
intense shaking, combined with the complexity of the SSI mechanisms, prohibits a systematic quantitative

identification of all important SSI parameters and their effect on the system response.
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4.3 Numerical estimation of characteristic system periods of vibration
4.3.1 Estimation of the “elastic” (pre-shaking) system period, Tsys.e/

Estimation of shear wave velocity in the foundation soil. _ The analytical procedure described in
paragraph 4.2.1 is employed for the estimation of the natural period of system at their elastic state, i.e.,
prior to any seismic shaking and damage accumulation, designated as Ts,s.. Following the analytical
procedure of (Federal Emergency Management Agency (FEMA) 1997), soil properties are introduced in
the rotational and horizontal stiffness springs of Table 6 in terms of the shear modulus G of the foundation
soil, which depends on the stress state and relative density. In this case, the soil properties that need to
be determined concern the soil layers under the footing area influenced by the building weight. From a
practical point of view, a direct calculation of the soil modulus using geotechnical data under such
conditions is essentially impossible without experimentally obtaining the associated stress-strain
relations. As far as the numerical analyses are concerned, the formulations of the constitutive model
NTUA-Sand, which is employed in the present study, also prohibit the direct estimation of shear modulus.
More specifically, this model follows the classical constitutive formulation of elasto-plasticity, in which
strains are decomposed into an “elastic” and a “plastic” part. As mentioned in Chapter 3, the “elastic”
stress-strain relation is that of a non-linear hysteretic “elastic” form and the corresponding maximum

shear modulus Gy is given from the well-established Hardin (1978) formula:

Bpq p

G =— |— 4.4
Max 03 +0.7e |pq

where:
B model parameter
e void ratio
p isotropic stress

Pa atmospheric pressure (=98.1kPa)

The maximum shear modulus serves, thus, as an upper limit value of the actual stiffness obtained through
stress-strain loading cycles. Since it is a function of the average effective normal stress, its variation with
depth under the footing compared to the one at the free-field is a useful tool to estimate the foundation

influence depth. As observed in Figure 4.5, the overburden pressure of the 4m x 4m footing considered
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in this study, and a total super-structure weight of 179.4kN, leads to increased values of Gmqx for a depth

of approximately 8-10m, i.e., about twice the foundation width.
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Figure 4.5: Maximum shear modulus Gmax variation with depth under the footing and at the free field (numerical
analysis results).

Given the difficulties in the direct estimation of the foundation soil shear modulus, the “pulse method” is
used in this study, as it is schematically described in Figure 4.6. Specifically, a sinusoidal pulse is applied
at the soil base and the time difference At between the first arrival times of the pulse at the footing level
and at depth of influence H under the footing is estimated. Thus, the average shear wave velocity is

estimated as:

VS=— 45

The examined soil stratum is selected in the proximity of the footing and has a thickness of H = 10m which
is the estimated influence depth from Figure 4.5. It is noted that engineering practice would typically
involve: i) measurement of Vs profiles near the building of interest using crosshole and downhole testing,
or ii) correlation of free-field soil properties with V; values according to Code provisions and literature
investigations. The latter is widely used in practice and would either derive values of Vi based on the
ground type, e.g., as specified in CEN (European Committee for Standardization) 2004) (2004), or correlate
them with corrected Nspr values (corrected for soil profile non-uniformity, structure weight etc.)

measured at the free field (NIST 2012a). Nevertheless, in the present study shear wave velocities are
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measured near the building as in the former scenario, since it provides more accurate soil properties with

reasonable ease of application.

The “elastic” shear wave velocity Vs, of the foundation soil is obtained by applying a pulse at the base of
the model prior to the earthquake excitation. The maximum acceleration and the excitation period of the
pulse is set at amax= 0.15g and Tex = 0.25 sec, respectively. First arrival times are determined as the time
when propagating wave amplitudes — at the footing and at the z=10m level —first exceeded 0.05g in their
respective acceleration time-histories. The same procedure is also used for the estimation of post-shake
values of shear wave velocities Vs, for the soil stratum under the footing, as explained above. For that
purpose, two cases are considered; one where liquefaction occurs and another where soil conditions are
non-susceptible to liquefaction. A “quiet” period of 2-3sec follows the end of shaking so that soil and
structural vibrations cease. In the case of liquefaction, excess pore water pressure drainage is not
permitted during the “quiet” period in order to ensure liquefied soil conditions. A single pulse is applied
at the soil base with acceleration amplitude (amax = 0.30g) chosen as such in order to ensure incoming

waves at the surface with sufficient — and measurable — amplitude.

Table 8 summarizes average values of shear wave velocities V;, under footings with different levels of
overburden pressure. It is seen that shear wave velocity for the reference soil and foundation parameters
(Dr=45/60%, H.= 2m, BxB = 4mx4m) has an average value of approximately 125m/s, while the effect of
overburden pressure within the examined range is minimal. The post- to pre-shaking shear wave velocity
ratios Vi sin/Vso calculated under the footing are presented in Figure 4.7a and b for liquefied and non-
liguefiable soil conditions respectively. In the first case, ratios average = 0.30 indicating a severe — overall
— stiffness degradation of the foundation soil, despite the fact that r, ratios at the improved crust are
approximately zero. For comparison, Vis,/Vs, ratios at free field conditions after complete liquefaction
were calculated equal to 0.2 (dotted red line in Figure 4.7a), while literature suggests values in the range
0.10-0.23 (yellow shaded area in Figure 4.7a) (Tsiapas 2017a). In the non-liquefiable case Vi ./Vs . ratios

average more than unity (=1.2), a fact that is attributed to soil densification due to seismic settlements.
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Figure 4.6: Example of the “pulse method” for the shear wave evaluation of “elastic”, i.e. prior to shake, and post-

shaking foundation soil.

Table 8: Initial “elastic” (pre-shake) values of average shear wave velocities Vs, under footings with different

overburden pressure.

Overburden pressure (kPa)
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Figure 4.7: Average post- to pre-shake shear wave velocity ratios Vs i/ Vs,0 foundation soil (up to =2B) for (a) liquefied

and (b) non-liquefiable conditions.
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Analytical calculation of Ty values ._The incentive of this chapter is to estimate “elastic” values of
system periods Ts,s.. from an engineering practice perspective, thus, utilizing the prescribed soil-structure
interaction framework of code provisions (Equation 4.1) and employing realistically computed (with the
foregoing procedure) values of shear wave velocity Vs for the initial (pre-shaking) foundation soil

conditions.

The analytical approach of soil-structure interaction is illustrated by examining the reference structure of
Figure 4.8 which simulates a typical design of a single bridge pier modeled as a simplified single-degree-
of-freedom system on a flexible base, with translational spring stiffness kx and rotational spring stiffness
kry. The structure is h = 3.0m in height, has an uncracked cross-section area of 0.49m?and concentrated
deck mass of 179.4tn. It is supported upon a shallow square footing with width B = 4m and thickness d =
0.6m. The soil profile consists of a 20m deep sand deposit with the water table 1m over ground surface.
Under the structure, an improved shallow crust with depth Him, = 2m and relative density D, = 60% lays
on top of a natural sand deposit of D, = 45% with an average pre-shake shear wave velocity Vs, = 125m/s
under the footing, as described previously. The resulting values of structural stiffness ks and static spring
stiffnesses kx and k,, are summarized in Table 9 along with values of the corresponding soil-structure
interaction parameters. Namely: (a) structure-to-soil stiffness ratio is s = 0.07, thus, indicating a relatively
flexible structure compared to soil compliance, (b) slenderness ratio h/r = 1.06, indicating an average-to-
short structure, and (c) mass ratio y = 4.00 indicating a medium-to-light mass structure. The corresponding
period elongation of the structure-foundation-soil system is Tyse/Tstrs = 1.32. All computations are

summarized in Table 9.

It is noteworthy that Code provisions characterize structural systems with structure-to-soil stiffness ratio
5§<0.1 as “typical building structures on soil and weathered rock sites” and suggest small values of period
elongation, i.e., smaller than 1.10 ((Federal Emergency Management Agency (FEMA) 1997)). The
particular discrepancy in period elongation between the examined structure and code guidelines is
attributed to differences in the structural characteristics between the bridge pier and typical structures
considered in codes. More specifically, bridge piers are essentially cantilever structures and as a result
they are considerably more flexible for their given height than framed buildings. Typical frame structures,
on the other hand, with equivalent structural stiffness h/T s and, thus, s = h/V T« s ratio would most
probably be designed with greater mat foundation dimensions B. As a result, it is expected that horizontal

and rocking spring values Ky and K, will be increased and period elongation Tsys.//Tst-f of frame structures
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will be decreased compared to the examined bridge piers. The above considerations are better illustrated

in Figure 4.8.

Table 9: System properties and soil-structure interaction parameters of the reference SDOF system.

System Properties SSI Parameters
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Figure 4.8: Bridge-pier (reference structure) and typical frame structure of equivalent flexibility.

The effects of soil-structure interaction on period elongation are examined, next, by parametrically
varying the structural characteristics of the reference single-degree-of-freedom structure so that the
aforementioned dimensionless SSI parameters (i.e., structure-to-soil-stiffness s, slenderness ratio h/r and
mass ratio y) remain within the typical working range. An important consideration of the particular effort

is to modify system characteristics while ensuring soil-structure interaction soundness and realistic
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properties of the physical models at the same time. To this end, parametric investigation primarily focuses

on modifying structural instead of geotechnical parameters, since the highly-nonlinear soil response may

introduce secondary effects on the dynamic response of systems which are not easy to assess a-priori.

More specifically:

a)

b)

The effect of structure-to-soil-stiffness ratio s is examined for dynamic systems with different structural
stiffness ksrand constant structural mass, thus, with varying fixed-base structural period Tst.r. The rest
of the soil-structure interaction parameters, i.e., h/r and y, are kept constant.

Regarding the effect of relative mass ratio y, dynamic systems with different structural mass m were
examined. In order to ensure equivalent fixed-base structural period Tsrrand, thus, structure-to-soil-
stiffness ratio s = h/VsTsf, structural stiffness ks varied along with the variation of structural mass.

Lastly, concerning systems with varying slenderness ratio h/r two scenarios are considered:

Scenario A (h/T.rs constant): The structural height h is increased while structural flexibility, in terms

of h/T.«s, remains constant. In this manner the remaining soil-structure interaction parameters (s, y)
are kept moderately constant. Nevertheless, the significant increase of Tssix — and of the associated
Tsys.ei— for greater heights h, requires similarly significant increase of the excitation period Tex in order
to capture the working spectrum of period ratios Tsys.e/Tex. Consequently, although this scenario is the
most methodologically sound, its application in soil dynamic problems is a difficult task. Hence, it is
examined in this chapter only for completeness reasons.

Scenario B (T constant): The structural height h is increased along with the cross-section area, i.e.

with El, aiming at maintaining the “elastic” system period Tsse constant. As a result, for the given
design specifications, the variation of structure-to-soil-stiffness ratio s is minimal. This scenario proves
to be the most suitable one for the problem at hand in order to focus on the effects of slenderness

ratio and at the same time to isolate the effects of the remaining factors.

Cumulative results from the parametric study are presented in Figure 4.9. It is noted that:

(a) The effect of structure-to-soil stiffness ratio s on period elongation (Figure 4.9a) is examined for
the range of s = 0.0-0.25, which extends from stiff structures with fixed-base period Ty = 0.01sec
to very flexible structures with T.s = 1.80sec. All structures examined are founded on loose-to-
medium cohesionless soil, i.e. Vs = 125m/s. Period elongation increases for increasing s ratios or,
alternatively, for decreasing structural periods Tsrg from Tsys.e/Tstrr = 1.0 for stiff structures to
Teysel/Tstrs = 2.8 very flexible structures.

(b) The mass ratio y has only moderate effect on period elongation, as shown in Figure 4.9b. The

examined range of mass ratios, i.e. y = 0.1-3.5, varies from light systems with structural mass equal
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to 5tn to heavy systems with mass equal to 155tn. In this case, period elongation increases almost
linearly from Tgys.er/Tetrs = 1.0 for light systems to Tsys.er/Tstrf = 1.4 for heavy systems. As mentioned
earlier, structural mass is not introduced in Equation 4.1 and therefore it does not directly affect
period elongation. In fact, period elongation in this case is the outcome of structural stiffness ks
increase, which follows the increase in structural mass m, as explained earlier in this chapter.
Essentially, heavier structures experience increased period elongation since they constitute
systems with greater structural stiffness.

(c) Slenderness ratio h/r effects are examined for scenario A (i.e. for constant structural stiffness
expressed in terms of h/Ts) in Figure 4.9¢c and for scenario B (constant Tyys.) in Figure 4.9d. The
two scenarios examine fundamentally different dynamic systems and their characteristics are
inverse. In scenario A, structures with increased slenderness ratio are more flexible, i.e. Ty fis
larger, and consequently they experience less period elongation. On the contrary, in scenario B
structures with increased slenderness ratio are stiffer, i.e. Tais larger, in order to maintain Tyys.e
constant and consequently they experience smaller period elongation. It is noted that the former
findings are compatible with the findings of P.Wolf (1985) while the latter agree with the results
presented in (NIST 2012; Veletsos, A. S., & Meek 1974).
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Figure 4.9: Period elongation of the “elastic” system according to analytical calculations (NIST 2012) as a function of

(a) structure-to-soil stiffness, (b) mass ratio y and slenderness ratio h/r for (c) constant h/Tst.f ratio (scenario A) and
(d) constant system period Tsys (scenario B).
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4.3.2 Estimation of effective (non-linear) system period during shaking, T e

The use of Transfer Functions._ As previously mentioned, nonlinear soil-structure response during strong
earthquakes cannot be based on linear elastic theory for capturing the dynamic system properties.
Increased levels of soil nonlinearity, more pronounced in the case of liquefaction, result in time varying
soil properties and, consequently, system periods. The proposed procedure to estimate system periods
employs Transfer Functions (TF) that relate horizontal accelerations of the structural mass and at the free
field in the frequency domain, as shown in the schematic Figure 4.10. In more detail, the soil model is
dynamically excited at its base with a horizontal acceleration wave, which physically simulates a vertically
propagating shear wave in the underlying bedrock. The input motion applied is a white-noise signal, i.e.,
a random signal containing frequencies of equal intensity resulting in — theoretically — constant spectral
density (Figure 4.11e). Horizontal accelerations are recorded at the free-field (x>2B) and at the structural
mass level as shown in Figure 4.11a and c for non-liquefiable and in Figure 4.11b and 11d for liquefied soil
conditions. It is observed that the onset of liquefaction takes place at approximately t = 3.5-4.0sec, at

which point free-field and structural accelerations start to attenuate.

» Lot : OUtputsignal

Tigroung: iNPUtsignal

Upase: Whitenoise signal

Figure 4.10: Schematic representation of signal monitoring in the structure-foundation-soil numerical model.
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Figure 4.11: Horizontal acceleration time-histories for non-liquefiable (first column) and liquefied conditions (second
column), at structural mass level (first row) and at ground level (second row). White-noise signal used as base
excitation for both conditions with PGA = 0.15g (figure e).

Figure 4.12a and b compare the elastic response spectra with 5% viscous damping corresponding to
structural and free-field recordings for both non-liquefiable and liquefied conditions. The structure-
foundation-soil system for both cases is described in detail in chapter 3. Recorded motions are subjected
to lowpass filtering of frequencies higher than 10 Hz in order to address numerical noise issues which are
common for highly-nonlinear problems, such as liquefaction (Tsiapas and Bouckovalas 2018). It is
observed that spectral amplifications of the structural motion occur around period values greater than
approximately 0.35sec, which corresponds to the fixed-base structural period T..s. Regarding the free-
field motion, spectral accelerations are mostly amplified in the low period range 0.10-0.35sec for non-

liguefiable conditions and in the higher period range 0.40-0.80sec in the presence of liquefaction.

The frequency response characteristics of the structural system are estimated by examining the Transfer
Function of structure-to-free-field accelerations in the frequency domain for non-liquefiable (Figure
4.12c) and liquefied conditions (Figure 4.12d). Due to the intense nonlinearity of the cyclic soil response,
system eigenvalues do not necessarily correspond to singular peaks of the TFs. On the contrary, time-

varying soil properties result in distribution of TF peaks in a wider range of periods, more pronounced in
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the case of non-liquefiable soil conditions. Thus, focusing first on Figure 4.12c for non-liquefiable soil, it
is observed that the predominant TF peak occurs is in the proximity of the previously discussed “elastic”
system period Tsyse = 0.46 sec. Nevertheless, significant spectral amplifications are also observed in the
period range T = 0.46 - 1.00sec, indicating significant period elongation related to soil softening due to the
horizontal translation and rocking-induced shear straining under the footing. This extended range of

periods is thus defined as the effective range period of the system Tsys.fr during shaking.

In the case of liquefied conditions (Figure 4.12d) the TF graph exhibits a more or less singular peak instead
of the previously observed wide range distribution of peaks. The period of this singular peak is T = 0.52sec,
i.e., about 12% higher than the “elastic” system period Tss.e1= 0.46 sec, indicating significant soil softening.
The above findings are indicative of the structure-foundation-soil system dynamic response under the
prescribed conditions. More specifically, low values of the Factor of Safety against liquefaction (FS,) result
in swift pore-pressure built up and therefore ground motions are drastically attenuated. Moreover, the
presence of the improved shallow crust and the increased shear stress offset under the structure result
in decreased pore-pressure ratios compared to the free-field. Consequently, the dominant properties of
the foundation soil are essentially constant in time and the associated liquefaction-induced softening is
significant but less than in the free field. The above explain the presence of a single peak in the computed
TF, as well as the moderate (by 12%) elongation of the system period. The range of effective system
periods T =0.40-0.65sec, shown with the shaded area in Figure 4.12d, is much narrower in the presence

of liquefaction and it is practically centered on the singular peak of the TF graph.
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Figure 4.12: (a)-(b) Comparison between structural and free-field spectral accelerations, (c)-(d) Transfer Functions
(TF) of structural (SM) and free-field (FF) motion in the frequency domain, for non-liquefiable (a, c) and liquefied (b,
d) conditions (Results for reference system: Tsrsr=0.35 sec, h/r=1.06, s =0.07, y =4.00)

Simplified frequency content estimates of Transfer Functions. _ The frequency content characterization
of spectra with a single parameter is not straightforward, especially when the spectral response is
characterized by nonlinearity. The most relevant field that has received wide attention so far is that for
the frequency content characterization of seismic ground motions. For instance, various simplified
estimates have been proposed for the single-parameter characterization of ground motion response

spectra, such as (Rathje et al. 1998a):

e The predominant period T, which is the period corresponding to the maximum value of spectral
accelerations

e The mean period T,, defined as

X CPTy

where Cjis the Fourier amplitude corresponding to a discrete period T;

89



Chapter 4: Natural Period Estimation of Structure-Foundation-Soil Systems

e The smoothed spectral predominant period T, defined as
Ty I [So(T)] - H[Sq(T)) — 1.2MHA]
© i [So(T)] - H[Se(T;) — 1.2MHA] 47

where T; is the discrete period of the response spectrum, Sq(T;) is the spectral acceleration at period T,
MHA is the maximum ground acceleration and H[x] is the “heavy-side” function that equals 1 for x>0

and 0 for x< 0.

The above simplified estimates (descriptors) of ground motion frequency content can be used for the
determination of a single-valued system period that best characterizes the frequency content of Transfer
Function (TF) spectra. Essentially, the particular estimate represents an “effective” system period Tsys.ef
which is an approximation of the varying period of the structure-foundation-soil system during a seismic
event. The framework employed herein for the calculation of Ty focuses on the aforementioned

estimates found in literature. Specifically:

o The predominant system period Tsspis utilized in Transfer Functions derived from Fourier amplitude
spectra (Figure 4.13a-b) as well as from elastic response spectra with 5% viscous damping (Figure
4.13c-d). T,y is the most straightforward estimate since it directly calculates the period at which the
peak spectral amplification is observed.

e The mean system period T,smis used in the case of Fourier spectra and weights the contribution of TF
amplifications by the square of C; at each period following the definition of Equation 4.6. In this case,
Gi (Ti) is defined as the TF amplitude at period T;. Necessary adjustments in Tssm determination
constitutes the inclusion of C; contributions greater than unity, i.e., representing structural motion
amplification, and filtering high frequency amplifications by considering TF amplifications for T;> T .

e lastly, the smoothed spectral predominant system period Ty, modifies Equation 4.7 in order to

incorporate TF amplifications of significant spectral contributions, as follows:
. 2Ty In [TF(Ty)] - H[TF(T;) — max [TF(T;)]/2]
50 FIn [TF(TY] - HITF(T;) — max [TF(T)]/2] +8

Figure 4.13 presents T, estimation by considering the reference system examined before, i.e. Tsf =
0.35sec, h/r=1.06,5s=0.07, y =4.00. Predominant system period Tsys ,is the most commonly used estimate
of spectra frequency content due to its simplicity. Nevertheless, its applicability is limited in cases with
spectral contributions concentrated around a single frequency. In that way, two spectra peaking at the
same frequency but with drastically different frequency content will exhibit identical Tsys . Additionally, in

cases where multiple spectral peaks are present, arbitrary selection of the maximum value does not
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necessarily characterize the frequency content. T, estimates evaluated in Figure 4.13 exemplify the
above considerations. In the case of non-liquefiable conditions and for TF derived from Fourier amplitude
spectra (Figure 4.13a), T, appears to overestimate system period, i.e. Tssp = 0.57 sec, due to the
presence of consecutive spectral peaks. On the contrary, in the case of TF derived from response spectra
(Figure 4.13c) T,y ,is equal to 0.48sec, for non-liquefiable conditions, a value that underestimates system
period since it does not account for spectral amplifications other than the predominant. The use of Ty,
seems most suited for the case of liquefaction where TF spectra are dominated by a single peak that
corresponds to the liquefied subsoil properties (Figure 4.13b and d). In this case T, values are equal to

0.49sec and 0.52sec for Fourier and response spectra, respectively.

Next, the application of the mean system period Tssmis evaluated as an estimate of Fourier spectra TFs
(Figure 4.13a,b). In the case of liquefied conditions Tsys.m equals 0.52sec, i.e. slightly greater than Ty,
since period elongation due to soil softening through time is accounted for. However, in the case of non-
liquefiable conditions Ts,sm equals to 0.51sec which is lower than the respective value of Ty, This is
primarily attributed to the aforementioned potential overestimation of system period by Ty, in the
presence of multiple peaks. Overall, the use of mean system period may prove equivalent, as in Figure

4.13b, or advantageous, as in Figure 4.13a, compared to that of predominant system period.

Lastly, smoothed spectral predominant system period Ty, is used for TFs derived from elastic response
spectra with 5% damping (Figure 4.13c and d). As expected, T, estimates predict greater values of
system periods compared to Ty, 0nes, since spectral contributions for the whole spectrum of periods are
accounted for. This is more pronounced in the non-liquefiable case, in which Ty, = 0.68sec, compared to
the liquefied one, in which Ty, = 0.63sec. Concludingly, the use of Tys, estimates provides a better
characterization of the TF frequency content, a fact that is more pronounced in the case of systems with

significant spectral amplification at a wide period range.
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Figure 4.13: Comparison of system period estimates Tsys.p, Tsys.m for TF derived from Fourier Spectra (a, b)

and Tsysp, Tsys.o for TF derived from elastic response spectra with = 5% (c, d).

4.3.3 Results of parametric investigation

The procedure followed herein aims, at first, to shed more light into the mechanisms of nonlinear period
elongation during seismic events and, additionally, to explicitly express the effect of certain parameters
on the effective system period Tss.5. Based on the methodology mentioned above, the effective system
period Ty is assessed as a function of different excitation, structural and soil parameters. Specifically,
the varying excitation characteristics of the incoming seismic waves, in terms of amplitude and frequency
content, are controlled by the underlying soil profile characteristics (i.e. profile height on top of stiff
“bedrock”, soil dynamic properties, soil strata spatial distribution) in combination with seismological
characteristics (i.e. distance from the epicenter, orientation and type of the fault). In this study, the peak
ground acceleration (PGA) and the soil profile natural period (Tsi) are examined by controlling the input
motion amplitude and the profile height, respectively. Regarding structural parameters, the governing

soil-structure interaction (SS/) parameters, examined before, are investigated herein, i.e. slenderness ratio
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h/r and relative mass ratio y. Additionally, geotechnical parameters affecting foundation bearing capacity,

i.e. factor of safety (FS) and depth of improved zone (Himp), need also to be considered.

The smoothed spectral predominant system period Ty, and the predominant system period Ty, are
employed comparingly in order to assess their applicability as measures of the effective system period.
Transfer functions (TF) are derived from elastic response spectra with { = 5% since the latter provide
smoother distribution of amplifications compared to Fourier Spectra, as it is seen in the foregoing section.
The obtained effective system period Tsys.f is correlated to the elastic system period Tsys., calculated in
paragraph 4.3.1, since analytical relations of “elastic” period elongation are widely used in practice
according to code provisions (NIST 2012a). Moreover, the particular formulation enables the direct

identification of nonlinearity sources in the response of structure-foundation-soil systems.
4.3.3.1 Non-Liguefiable soil conditions

Overview._In this section, effective system periods Tssef of structure-foundation-soil systems are
assessed parametrically for non-liquefiable soil conditions. The following parameters controlling the
structural response and, in extent Ty, are examined: the peak ground acceleration PGA, the period
ratio Tsoi/Tsys.el, the Factor of Safety FS, the relative mass ratio y and the slenderness ratio h/r. The effect
of soil-to-structure stiffness ratio s is not considered herein, since this parameter is directly related to

Tsoit/ Tsys.er ratio and the associated soil-to-structure resonance phenomena.

Itis noted that, for customary soil and seismic conditions, the seismic motion characteristics at the ground
surface (PGA and T.) are typically computed through numerical 1-D seismic ground response analyses,
although analytical solutions may be also used for preliminary estimates. For instance, assuming a uniform
visco-elastic soil layer resting on rigid bedrock, i.e. T»/Tsoi = 0, soil amplification of a harmonic motion
amplitude may be expressed in terms of the ground surface-to-outcropping bedrock amplitude ratio A,

as:

1
|As| = *

T[ Tsoil) P (T[ Ts*oil)
cos| s +ia*sin|5—
(2 Texc 2 Texc

4.9

where T denotes the excitation period, T is the fundamental vibration period of a layer of outcropping

bedrock with the same thickness H, Tep;; = Tsoi1(1 — i&s) and a® = a(1 + i&) /(1 — i&;), a=ps/pe.
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In the above equation soil nonlinearity is implicitly introduced through the elongated period of the soil
column T, and the associated critical damping ratio &. In a more direct analytical approach, the
earthquake magnitude, in terms of the peak bedrock acceleration aZ,,, and the number of significant
cycles n, is explicitly introduced into relations of soil amplification formulated via statistical analysis of a
large number of numerical seismic ground response analyses (Bouckovalas and Papadimitriou 2003).
Namely, the relative amplification ratio for the peak ground acceleration A, is expressed as a function of
the normalized soil period Tsoi/Tex, the peak bedrock acceleration a?,,, and the number of significant

cycles n, as:

|A | _ 1+ Cl,a(Tsoil/Texc)2
al =
\/[1 - (Tsoil/Texc)Z]Z + Cz,a (Tsoil/Texc)2

4.10

d

with Cra = du o (“22) ™ g(m)

)

ndS,a

gn) = Tt ndon

Ty
Cz,a = d4,a + dS,a Teoil
soi

with d1,,=1.20, dz,=-0.17, d3,=0.50, d4,=1.05 and ds,=0.57.

Similarly, the soil period T, is affected by the nonlinear soil response during shaking. Thus, the elongation
of the nonlinear soil period Tsiis correlated to the average elastic shear wave velocity of the soil profile

Vs, and the peal acceleration at the outcropping bedrock a2, as:

dsr
T. . _ d ab 3,
soil — 1+d1,T(Vs,o) 2,T( max> 4.11
Tsoil,o g

with d1,T: 5330, dz,r= -1.30 and dg,T:1.04.

The above expressions enable the decoupling of the earthquake intensity and the soil parameters that
govern soil amplification from the structural response identification process, reducing, thus, ground
response parameters, merely, to PGA and Tsi/Tsse. The practical application of Bouckovalas and
Papadimitriou (2003) methodology, is illustrated here for the reference soil profile with depth H =20 m,
shear wave velocity Vs, = 125 m/s and a rigid underlying bedrock, i.e. Tuo/Tsoi > 0. Equation 4.11 is then

solved for the excitation period Te considering two levels of peak bedrock acceleration aZ,,,, i.e. 0.15g
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and 0.60g and n=2 number of significant cycles. Regarding the small seismic intensity, Equation 4.11
results to A; 2 1.0, i.e. soil amplification, for excitation periods Tex = 0.05 sec, which practically implies
that the vast majority of the signal harmonics will result to soil amplification. In the case of greater seismic
intensity, soil amplification takes place for a narrower spectrum of harmonics, i.e. for excitation periods

Texe 2 0.25 sec. Figure 4.14 shows the discussed effect of seismic intensity on soil amplification.
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Figure 4.14: Variation of soil amplification A, with the period ratio Tsoil/ Texc for two levels of peak bedrock acceleration

abmax.

Next, the above reference soil profile was subjected to base excitation using white-noise acceleration
signals with amplitude a®n. = 0.15g (seen in Figure 4.11e). Figure 4.15a presents the elastic response
spectra TFs from these numerical analyses, for different levels of earthquake intensity, with free-field peak
ground acceleration PGA ranging from 0.01 g to 0.92 g. It is observed that the peak of the TFs —
corresponding to the predominant system period Ty, — is more pronounced for the lower levels of
seismic intensity, while the contribution of spectral amplifications for periods greater than the
predominant period is enhanced with increasing intensity and more intense soil softening. For levels of
PGA > 0.72g, the predominant system period is not clearly identifiable. The difference between the
structural response for high (PGA= 0.72g) and medium (PGA=0.30g) intensity levels is presented in Figure
4.15b-c. As shown in Figure 4.15b maximum structural accelerations for the high intensity level (about
0.50g) are approximately double than those for moderate intensity level (approximately 0.25g). As a
result, softening of the foundation soil is more significant during the high intensity shaking, as it is also

indicated by the associated highly nonlinear moment-rotation loops shown in Figure 4.15c.
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Figure 4.15: (a) Transfer functions of structural-to-free field acceleration response spectra for different levels of peak
ground accelerations (PGA), (b) structural accelerations for high (PGA=0.72g) and medium (PGA=0.30g) intensity
earthquakes and (c) corresponding moment-rotation response of the foundation.

Parametric Investigation._ The following parametric investigation focusses on the elongation of the
effective system period T;sef, utilizing two frequency estimates, i.e. the smoothed spectral predominant
system period Ty, and the predominant system period Tsysp, as defined in previous paragraphs. Figure
4.16 presents ratios of effective-to-elastic system periods Tiys.eq/Tsys.er as functions of PGA for both the
aforementioned effective period measures. Tyso estimates appear up to 30-40% greater than Ty,
estimates. Moreover, there is only minimal elongation of the predominant system periods Ty, for PGA
values up to 0.35g, while the elongation increases more or less linearly for greater PGA values. On the
other hand, using the T, estimate, period ratios increase rapidly to Tys.ef/Tsys.er = 1.45 for PGA = 0.20g
while the rate of increase is considerably reduced for larger PGA values. It is noted that the numerical
estimation of system period for PGA - 0 stumbles upon the difficulty of processing signals with

amplitudes small enough to be close to numerical noise.
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Figure 4.16: Ratios of effective-to-elastic system periods as a function of PGA obtained using the smoothed spectral
predominant system period Tsys.o (black dots) and the predominant system period Tsys, (grey dots) estimates.

In addition to the amplitude of ground motion, soil profile characteristics affect the frequency content of
the incident waves propagating from the underlying bedrock to the ground surface. As a result, wave
periods that are compatible with the natural period of the soil deposit are amplified, whereas other wave
periods are de-amplified. It is, thus, expected that structures with system periods close to soil natural
periods will exhibit the greatest motion amplification, as it is systematically observed in earthquake

recordings (Garini et al. 2019; Vlachakis et al. 2020).

In this study, the effect of soil profile characteristics on the frequency properties of surface motion is
examined by varying the height H of the soil deposit overlying the rigid bedrock. The reference soil profile
examined, also, before, assumes a soil profile of Nevada sand with height H = 20m, relative density of the
natural soil D, = 45% and an improved zone with 2m depth and relative density D, = 60%, whereas the
parametric investigation includes values of H in the working range 14m-50m. The elastic soil period is
estimated using the average elastic shear wave velocity of the soil profile 175,0 with the expression Ty =
4H/Vs,. To account for nonlinear soil response during shake, the fundamental nonlinear soil period is
b

calculated by employing equation 4.11 for the given VS'O and peak bedrock acceleration a4y, in this case

ab, . = 0.15g.

Figure 4.17 presents numerical predictions of Ts.ef/Tsyser ratios as a function of the ratio Tsoir/Tsyse, i.€.,
the fundamental nonlinear soil period T normalized with the elastic system period Tsyse. Toyses
predictions are obtained using the smoothed spectral predominant system period Ty, as well as the
predominant system period Tsys.p, as previously discussed. The fundamental nonlinear soil period Tsj is
computed for every soil profile (with varying height H) using Equation 4.11. Results indicate that soil-to-

excitation resonance significantly elongates the system period Tss.f, i.€., up to 70% compared to the —
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initial — elastic value of system period. Interestingly, the extremes of the graph are reminiscent of typical
response spectra: in the case of rigid soil profiles (small values of H) surface motion is governed by high
frequency waves and Tiys.q/Tsys.e ratios tend to 1.0, whereas in the case of flexible soil profiles (great
values of H) low frequencies waves prevail and the Tsys.ef/Tsyser ratios are gradually reduced. It is noted
that Ty values peak for Tsoif Tsyser ratio around 1.25, i.e. beyond 1.0 which is the “elastic” resonance
condition. This difference is, essentially, attributed to the introduction of the smaller — elastic — value of
system period in the denominator instead of the actual — effective — value Ty Additionally, a possible
inaccuracy in the computation of T is also factoring in the deviation of the T/ Tsys.e ratio from unity. It
should be underlined that an a posteriori normalization of the computed T, values with the obtained
Tsys.ef values would “correctly” shift the peak exactly at resonance, i.e. T.i/Tsyser = 1. Nevertheless, since

this option would not be practical for design applications, it is not presented here.
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Figure 4.17: Ratios of effective-to-elastic system periods Tsys.ef/Tsyser @s a function of the natural period of the soil
deposit Tsoir normalized with Tsys.er.

For the sake of practical applications, the data presented in Figure 4.16 and Figure 4.17 have been fitted
with regression analyses to give the following analytical expressions for the elongation of the smoothed

spectral predominant system period Ty, and the predominant system period Tsys p:

i)  Smoothed spectral predominant system periods Tsys.o (with R?=0.71)

2
Tsys.eff — (0.91 + 055 - PGAO'Zl) 1.53 +0.94 (Tsoil/Tsys.el)

Tsys.el

) — ) - 4.12
[1-4’3 - (Tsoil/Tsys.el) ] +191 (Tsoil/Tsys.el)
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ii) Spectral predominant system periods Tss, (with R?=0.92)

For PGA <0.35g:

2
Tsys.eff =1.03 1.35 +0.87 (Tsoil/Tsys.el)

Tsys.el 2 212 2 2 4.13
[1-30 - (Tsoil/Tsys.el) ] + 1.80 (Tsoil/Tsys.el)
For PGA 2 0.35g:
T 1.35 + 0.87 (Tsour/Tsyser)
sys.eff — (057 +054- PGA0'44) . . soil/ !sys.el 414

T 2
sys.el [1.302 _ (Tsoil/Tsys.el)z] + 1.802(']"50”/7"5},5.8!)2

Overall, results show that due to the gradual degradation of soil stiffness during shaking, effective system
periods are better estimated by smoothed spectral predominant system periods Ts,s. that better capture
the time-varying nature of periods rather than by using the spectral predominant system periods Ts,s, that
only depict the fundamental period of the spectrum. Thus, for simplicity, the effect of the remaining — less

influential — variables (FS, y, h/r) on system period is examined using the Tys, estimate.

The Factor of Safety (FS) against static bearing capacity failure of the foundation affects the structural
response by controlling the level of the initial plastification in the foundation soil invoked and, in extent,
the additional plastification due to shaking-induced rocking of the structure. Thus, Figure 4.18a correlates
the Tsys.efr/ Tsys.el ratios — obtained for Tyys, estimates — to the FS of the corresponding system. Note that FS
was varied by applying an additional overburden pressure to the footing, so that the structural mass is
not affected. As expected, systems with greater FS values exhibit less plastification of the foundation soil
and consequently less elongation of the effective system period. In the FS range examined herein, the
effect on effective period elongation is moderate to low, as the Tyysef/Tsyse ratio decreases from about

1.40 for FS=1.00 to 1.25 for FS = 6.0.

The effect of the SSI parameters y and h/r on effective system period is examined in Figure 4.18b and c,
respectively. The variation of relative mass ratio y (Figure 4.18b) involves systems with varying structural
mass, therefore being — in principle — reciprocal to the variation of the Factor of Safety discussed above.
Nevertheless, this case also includes the effect of rocking-induced soil softening due to the additional
structural mass and the resulting overturning moments applied to the foundation. Taking this into

account, the examined relative mass ratios y correspond to the range of Factors of Safety FS > 3.0 where
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the effect of FS on Tyys.efr/Tsyser is minimal. Thus, Figure 4.18b essentially shows the effect of varying the
foundation shear force and overturning moment on the effective period elongation. In any case, the effect
of y on period elongation is not significant as the Ts.ef/Tsys.er ranges from 1.40 to 1.50 when y increases
from 1 to 2.5. To compare with previous findings, it is noted that in the transition from a “light” system
(v = 1.0) to a “heavy” one (y = 2.5) structural mass corresponds to an increase of the inertial force equal
to the ratio of the respective masses, i.e. 2.5/1.0. This is similar as to keep the structural mass constant

and increase of PGA from 0.20g to 0.50g. In doing so, the effect on period elongation obtained from Figure

4.16 is practically the same as varying y from 1 1o 2.5.

Lastly, the effect of slenderness ratio h/r is examined by increasing the height h of the structure and
keeping the “elastic” system period Tsse constant (scenario B in section 4.3.1). Figure 4.18c plots
computed Teys.efrf/ Tsys.erratios against slenderness ratios within the range h/r = 0.88-1.70. It is thus observed,

that this parameter has a minimal effect of the system period elongation which can be readily overlooked.
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relative mass ratio y and (c) slenderness ratio h/r.
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The accuracy of the proposed analytical relationships is evaluated by comparing the predicted values of
Tsys.eft/ Tsyser ratios with the corresponding predictions of the numerical analyses. The relative error
between the numerical (observed) and the analytical (predicted) values is used herein to quantify the

accuracy of the proposed methodology. It is defined as:

Observed—Predicted 4.15

Relative error =
Observed

Figure 4.19 presents the statistical evaluation of relative errors for the independent variables Tsoi/Tsys.el
and PGA. Overall, results show that relative errors remain small for both the estimates used herein, i.e.
Tsys.0 and Tyys0, With the aggregate standard deviation and the average value of relative errors being 0.03
and -0.006, respectively. Additionally, the distribution of relative errors is, on the whole, quite uniform for

all the examined variables.
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Figure 4.19: Relative error evaluation in the analytical calculation of Tsys.ef/Tsys.er against numerical predictions by
separate examination of the variables: (a) period ratio Tsoii/Tsys.el, (b) peak ground acceleration (PGA).
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4.3.3.2 Liquefied soil conditions

Overview._ In this section, effective system periods T Of structure-foundation-soil systems are
assessed for liquefaction conditions. The effect of liquefied sublayers on structural response is twofold: i)
the liquefied layer acts as a natural “seismic isolation” and therefore ground and structural accelerations
are drastically attenuated and ii) the drastically reduced shear strength of the subsoil deteriorates the
foundation performance. Regarding the former, it is shown in literature that “a liquefied soil layer may
effectively attenuate certain harmonic excitation components, i.e., provide natural isolation of the seismic
ground motion, only when its thickness exceeds a portion of the corresponding wave lengths A"
(Bouckovalas et al. 2016a). The authors correlate numerical predictions of limiting thickness Hyamp with

the liquefied wave length A; and the ratio of liquefied sand over the non-liquefied crust H,/H. as follows:

Hi, Hi\"™
L = 0.275 (=
( AL) 0.275 ( HC) 416

A practical consequence of this relation regards the filtering of propagating seismic waves through a
liguefied layer with a given thickness H,. Specifically, the above equation can, be solved for the excitation
period Tex Which corresponds to the limiting period T, amp = A1/ Vs below which the harmonic excitation

components are drastically de-amplified:

T = 3.64 (HL)_O'SS H,
Lampl — ©- H, VS,L 4.17

The reference soil formation in this study, includes an improved soil crust of 2m on top of an 18m thick
liquefiable sand layer, i.e. H, / H: = 9. The initial value of the average shear wave velocity is Vs,= 125m/s,
while the estimated value for the liquefied soil is Vi, = 27m/s (for V;./Vso= 27/125 = 0.21). Thus, based
on Equation 4.17 it is estimated that spectral accelerations at ground surface will be de-amplified for

periods Texc< T,ampr= 1.10 sec, i.e. for the entire range of significant periods in common seismic excitations.

Following the above, the effect of earthquake intensity on system effective period Tsysesis intrinsically
different in the presence of liquefied sublayers, since PGA will be drastically reduced, compared to
acceleration amplitudes at the bedrock, especially for moderate to low Factors of Safety against
liguefaction when the onset of liquefaction precedes the peak time of the seismic excitation. Figure 4.20a

presents Transfer Functions of structure-to-free-field elastic response spectra (with Z=5%) for varying PGA
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values, obtained with the procedure described in section 4.3.2. Firstly, it is observed that, in contrast to
TFs obtained for non-liquefiable conditions, in the particular case TFs exhibit a distinct peak rather than a
distribution of amplifications within a period range. This finding suggests that structural response is
governed by a single set of properties, i.e., the properties of the liquefied subsoil. Regarding the
earthquake intensity, it is remarked that the input motion amplitudes at bedrock range from 0.05g to
0.60g, while the ground surface PGA ranges from 0.08g to 0.19g, suggesting drastic attenuation of the
seismic motion. The former is exemplified by examining the structural responses for earthquakes with
high (a°max= 0.60g) and medium (a®na= 0.15g) intensities (Figure 4.20b and c); during both seismic events
natural subsoil is liquefied. In both cases motion is de-amplified and the resulting surface accelerations
exhibit PGA values equal to 0.17g and 0.11g for the high and low intensities, respectively. Time-histories
of structural acceleration (Figure 4.20b) and moment-rotation (Figure 4.20c) agree to the conclusion that
structural responses are relatively similar irrespectively of seismic intensity, while peak structural
accelerations are substantially smaller compared to the non-liquefiable case examined in Figure 4.15b. It

is noted that high intensity shaking is accompanied by some residual rotations at the end of shaking.
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Figure 4.20: (a) Transfer functions of structural-to-free field acceleration response spectra for different level of peak
ground accelerations (PGA), (b) structural accelerations for high (a’max= 0.60g — PGA = 0.17g) and medium (a’max =
0.15g — PGA = 0.11g) intensity earthquakes and (c) corresponding moment-rotation response of the foundation.
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Parametric Investigation._ As for the non-liquefiable soil conditions, the smoothed spectral predominant
system period Ty, and the predominant system period Ty, are used comparatively as measures of the
effective system periods Tsser in order to effectively characterize the frequency content of the
numerically obtained TFs. Figure 4.21 presents ratios of effective-to-elastic system periods Tsys.ef/ Tsys.eras
a function of PGA for both the aforementioned frequency estimates. It is noted that Ty refers to the
initial — prior to liquefaction — conditions. It is initially observed that the variation of Ty, with PGA shows
significant scatter and no particular trend seems to emerge. On the other hand, Ty, shows a better
correlation with PGA, which is consistent with the TFs of Figure 4.20, namely, peak values of the TFs
appear to moderately increase with PGA. This is because, as previously explained, the structural response
is governed by soil at its liquefied state and, as a result, it is best characterized by a single system period

estimate, i.e. Tgs.p, rather than one that is derived within a period range, i.e. Tyys.o.

For completeness, analytical relationships are derived for both the aforementioned frequency estimates.
Values of Tsys /Tsys.erratio show an increase with PGA up to 20%, while they are equal to unity for PGA <

0.075g. As a result, the following relations are proposed:

i) Smoothed spectral predominant system periods Tsys.0
T.
—Sysefl _ 4 0 for PGA < 0.075g
Tsys.el
4.18
T.
_SYsell _ g . pGAP for PGA > 0.075g
Tsys.el
with ¢=1.69 and b=0.20 (R?=0.85).
i) Spectral predominant system periods Tys.0
T.
sys.eff =qa- PGAb 4.19

Tsys.el

with a=1.40 and b=0.014 (R?=0.51).
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Figure 4.21: Ratios of effective-to-elastic system periods as a function of PGA obtained using the smoothed spectral
predominant system period Tsys.o (black dots) and the predominant system period Tsys, (grey dots) estimates.

The depth of the improved zone Himp is a crucial parameter in the design of structures on liquefiable
conditions, since an increased Himp reduces foundation settlements and increases the degraded Factor of
Safety FSqeq (Dimitriadi et al. 2017c; Karamitros et al. 2013d). As such, the impact of the improved zone
on system period is examined herein for the range of practical interest Himp = 0-3m. Figure 4.22 shows that
Himp effect on Tysp/Tyys.e ratios is minimal, starting from a ratio of Tsysp/Tsys.er = 1.15 for zero improvement
and decreasing to slightly below 1.10 for Hinp=3.0m. The observation that the presence of an improved
zone does not significantly affect system period may draw upon two facts: i) the structural overburden
pressure results in increased effective stresses under the footing and, thus, reduced excess pore pressure
ratios, and ii) the influence depth of footings in the rocking mode of vibration is an order of magnitude
smaller than typical influence depths, i.e. =0.2B, (Gazetas 1991b) and, therefore, any rocking-induced soil
straining lies well within the aforementioned “strong” zone of reduced pore pressures. Consequently, the
increase of Himp does not significantly affect Ty conversely to its role regarding foundation settlements

and FSgeg (Dimitriadi et al. 2017; Karamitros et al. 2013a).
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Figure 4.22: Ratios of effective-to-elastic system periods Tsys.efi/Tsys.el @s a function of the depth of the improved zone
Himp.

Similarly to the findings of the parametric investigation for non-liquefiable conditions, the effect of
relative mass ratio y and slenderness ratio h/r on system period is minimal within the examined range
and, thus, not presented here. Regarding the factor of safety FS, it is noted that the proposed design
concept of structures on liquefiable conditions requires for FS to remain on the safe side, i.e., significantly
greater than unity. What is more, the numerical problem that needs to be addressed for a fully coupled
nonlinear dynamic analysis using an effective stress constitutive model requires numerical convergence
that cannot be met in the case of reduced bearing capacities. As a result, the effect of FS on system period
is not addressed in liquefied conditions. Lastly, the effect of soil period Ts.iis not examined here, since the
fundamental period of the soil profile increases significantly during liquefaction, i.e. Tsi = 4H/V; = 5-10
Tsoilo, due to the severe stiffness degradation of the ground and as a result values of T,/ Ty tend to the

flexible end of Figure 4.17.

The accuracy of the proposed analytical relationships is evaluated by comparing the predicted values of
Tsys.eft/ Tsys.er ratios with the corresponding predictions of the numerical analyses. The statistical evaluation
of relative errors is presented in Figure 4.23 for the independent variable PGA. Overall, results show that
relative errors remain small for both the estimates used herein, i.e., Tss0and Ty, With the aggregate

standard deviation and average value of relative errors being 0.06 and -0.005, respectively.

106



Chapter 4: Natural Period Estimation of Structure-Foundation-Soil Systems

—_ PGA St. deviation
(0] - [
o N o Toyso:0.05
o 3 020 |-
g - g ° Tsys.p30-07
= » — Y
g .. ® Y [} = s *
L =~ &
» 5 0.00 e . . <%
c g ¢ . °
L & [~
32 . M e
(] | [
s | 2 5 020
o - L
- | |
1.0 -0.40 ! \
1.0 1.2 1.4 1.6 0.05 0.10 0.15 0.20
Numerical (Tsys eff / Tsys.el) PGA (g)

Figure 4.23: Relative error evaluation in the analytical calculation of Tsys.ef/Tsys.eragainst numerical predictions.

4.4 Summary and conclusions

The importance of period elongation due to soil-structure interaction is widely discussed and
systematically addressed in studies and Code provisions utilizing a linear elastic framework. Soil
nonlinearity is indirectly introduced in this methodology by appropriately modifying soil properties based
on dynamic analysis of the soil profile, but neglecting any soil-structure interaction effects. Field and real-
scale studies as well as numerical analyses have shown the significance of nonlinearity for the elongation
of the structure-foundation-soil system period. Nevertheless, a systematic parameter identification is

overlooked in the bulk of literature.

In the present study, the linear elastic framework is employed, at first, in order to estimate the “elastic”
— initial — periods of the examined systems. Next, the effective period is estimated for systems excited at
the soil base with white-noise signals, for both liquefied and non-liquefiable soil conditions, employing
the widely used frequency content estimates of predominant period and smoothed spectral predominant
period. Subsequent parametric identification aimed to correlate the numerically predicted effective
system periods with the readily obtained —in practice — “elastic” system periods and to develop simplified

expressions for design purposes.

A. Non-liquefiable conditions
e The contribution of soil nonlinearity in period elongation is significant in the case of non-
liquefiable conditions and this is manifested by TFs of structure-to-surface motion that exhibit
amplifications in a wide range of periods. The estimated effective periods are mostly influenced
by earthquake intensity and soil-structure resonance phenomena.
e Greater values of PGA lead to an increase of the effective system period up to 80% compared to

the “elastic” system period. It is noteworthy that, even for moderate to low earthquakes
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intensities (e.g. PGA = 0.20g), consideration of the “elastic” system period would result in
underestimation of the effective period to the magnitude of 40%.

Resonance of soil-to-system natural period leads to a corresponding 60% increase of period.
Due to the gradual degradation of soil stiffness, effective system periods are better estimated by
smoothed spectral predominant system periods T, that capture the time-varying nature of

periods.

B. Liquefied conditions

Structural response in the presence of liquefaction is governed by soil properties at the liquefied
state. This is manifested by TFs of structure-to-surface motion that exhibit a singular peak
corresponding to the system period at the liquefied state.

The effect of earthquake intensity has an upper limit of about 20% in nonlinear period elongation
compared to “elastic” values, due to the fact that liquefied sublayers act as “natural seismic
isolation” and attenuate surface motion.

The depth of the improved zone Himp has a minor effect on period elongation compared to its role
in the overall foundation performance (e.g., settlement accumulation and bearing capacity
degradation).

Due to the single-phase nature of structural response after the onset of liquefaction, effective

system periods are better estimated by the predominant system period Tyys p.
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Chapter 5

Soil-Structure Interaction Effects on Seismic Settlements: Liquefied Soil

Conditions

5.1 General

The primary objective of the present chapter is to investigate the effect of structure inertia on the
response of shallow foundations constructed on liquefied ground with an improved non-liquefiable crust.
The simulation of purely liquefied conditions in this chapter assumes Factors of Safety against liquefaction
FS; < 0.3, in order to minimize the non-liquefied part of shaking, i.e., prior to liquefaction triggering. Firstly,
the numerical response of SFS systems is investigated and the mechanisms of excess water pore pressure
generation and settlement accumulation are identified for the foundation-soil (FS) system, as well as the
structure-foundation-soil (SFS) system. The effect of structural inertia on seismic settlements is
investigated through parametric consideration of the critical soil-structure interaction (SSI) parameters,
i.e. system-to-excitation period ratio Tsys/Tex, slenderness ratio h/r, relative mass ratio y and structure-to-
soil stiffness ratio s. Settlements of SFS systems are then compared with the respective settlements of
equivalent foundation-soil systems (FS) in order to isolate the effects of structural inertia on the dynamic
response of systems. Lastly, simplified expressions are developed in order to analytically predict
settlement ratios between SFS and FS systems, based on a multi-variable statistical analysis of the
available numerical predictions. These expressions may be used to form a correction factor for seismic
settlements, that are estimated on the basis of existing methodologies in literature (e.g., Dimitriadi et al.

2017) for the simpler case of vertically loaded foundations without any SSI effects.
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5.2 Dynamic response of SFS and FS systems
5.2.1 Mechanism of excess pore water pressure generation

The profound differences of soil response between the near field of structures and the free field has been
frequently observed in earthquake recordings (Niigata 1964, Luzon 1990, Kocaeli 1999) and later
confirmed by extensive shake table and centrifuge experiments (Coelho et al. 2004; Kawasaki et al. 1998;

Liu and Dobry 1997). Most notably, the following observations have been made:

e The soil under and near the structure develops reduced excess pore pressure during the seismic
event in comparison to the free field soil, i.e. rufoot < rug. In more detail, the excess pore pressure

ratio at the free field is expressed as:

Auff 5.1

Tuff =————
wff OJv,o,ff

where Aug expresses the excess pore pressure during shaking and o’y expresses the vertical
effective stress, both at the free field. Under the footing, the excess pore pressure ratio can be
expressed as:

AUfound _ Aufound 5.2

Tu.found = == 7
o v,0,found o v,0,ff + 4o v,0,found

where Augung expresses the excess pore pressure under the footing and Ac’.,o found €Xpresses the
surcharge of the vertical effective stress at the same location due to the footing. The
interconnection of the above equations has been thoroughly investigated by Karamitros et al.
(2013) and it will be briefly discussed here. An important characteristic of the liquefied soil,
derived from soil mechanics principles, is that — due to the constrain of lateral strains at the free
field —the horizontal total stresses on g will increase and become equal to the vertical total stresses

ovf, at the onset of complete liquefaction, since:

5.3
O nr=0vpr=0 => Ohff = Oppf =Upp =V Z

The above imply that the total geostatic vertical stress serves as the upper limit of the pore
pressure at the free field, but also of the horizontal total stress (in the most common case that

the coefficient of earth pressures at rest K, < 1 at geostatic conditions). Additionally, if loss of soil
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shear strength during shaking appears in both the free field and under the footing, this eventually
equalizes horizontal total stresses in the two regimes, i.e.:
Ohfound = Onff = Urf 5.4

Consequently, under the footing the pore pressures usungs Will also have as an upper limit the free
field pore pressures (i.e., Uspund < Ug), While the overburden pressure of the building adds to the

vertical stresses, as follows:

Gv,found ~ Gv,ff + Aav,found

5.5
U,v,found ~ (Uv,ff + Aav,found) — Ufound = OJv,ff = Oy ff — Usr
As a result
_ Myouna _ Augs Augy 5.6
ru.found - <

’ - - 7
0 v,0,found (Gv,ff + Aav,found) — Ufound 9 v,foundmin

In essence, the additional vertical effective stresses Ao’ funa due to the structural weight in
combination with the upper limit of pore pressures usund result in considerably reduced excess

pore pressure ratios under the building:

ru.found < ru.ff

e Furthermore, excess pore pressure reduction is frequently attributed to soil dilation. Shear
straining due to the propagation of shear waves is, naturally, common for free field and near field
conditions and, therefore responsible for the dilation spikes observed in the time-histories of
excess pore pressure ratios (Liu and Dobry 1997). Moreover, building settlement (Elgamal et al.
2005) and rocking (Karamitros et al. 2013a; Karimi and Dashti 2016b) cause additional shear-
induced dilation of the foundation soil, which results to larger dilation spikes in the foregoing
time-histories and — depending on the stress state — a gradual decrease of the overall r,.

e Water flow is observed from areas with high r, to areas with lower r, values during and after
shaking. This, mostly, results to upward flow towards the zero pressure surface zone, whereas a

secondary flow towards the area under the footing is also observed (Adalier et al. 2003a).

The above literature findings are also observed in the present examination. Emphasis is put at Locations
A and B that lie under the footing, whereas location C lies at the free field, as shown in Figure 5.1. More

specifically, excess pore water pressure ratios r, are examined in Figure 5.2 for the numerical analysis of

111



Chapter 5: Soil-Structure Interaction Effects on Seismic Settlements: Liquefied Soil Conditions

the previously described (Chapter 2) structure-foundation-soil system with the following main
characteristics: a liquefiable natural deposit of thickness H, = 18m overlaid by an improved zone of H¢ =
2m, square footing of width B = 4m and overburden pressure g = 80kPa, structure with fundamental
period Tsrs= 0.35sec and SSI parameters s = 0.07, h/r = 1.06 and y = 4.00. The described system is excited
with a harmonic acceleration signal at its base with peak bedrock acceleration a’max = 0.15g and period of
excitation Tex = 0.35sec. The liquefiable layers have a Factor of Safety against liquefaction FS; < 0.3 for the
examined range of seismic intensity. Concerning the free field, it is shown that r, values gradually increase
and suggest complete liquefaction (r, = 1.0) after approximately 3 seconds of shaking. Shear-induced
dilation due to the wave propagation is suggested due to the spikes of the r, time-histories that initiate
after the first 1.5 seconds. Conversely to the free field, r, values underneath the footing are lower than
1.0in both locations (A and B). Additionally, larger additional effective stresses Ao’ st due to the building
weight at location A (at depth equal to one footing width B underneath the footing) result in more intense
reduction of excess pore pressures (maximum r, = 0.28), in comparison with the r, time-history at the
deeper location B (maximum r, = 0.90). Similarly to the free field, dilation spikes are observed in both
locations underneath the footing during shaking. Interestingly, a permanent drop of the excess pore
pressure ratio takes place at location B after 2.0 seconds of shaking. This behavior can be attributed, on
one hand, to the dilative response of soil at the particular depth, where additional vertical effective
stresses due the structure weight are small whereas deviatoric straining due to building settlement is
significant. Additionally, water flow to the surface is also responsible for the reduction of r, values,

although to a lesser extent (Karamitros 2010).

v | M [ocation W location C

Figure 5.1: Schematic illustration of analyzed problem and locations A, B and C of interest in the numerical model.
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Figure 5.2: Time-histories of excess pore pressure ratios at locations A, B and C.

Contours of pore pressures u and the corresponding r, ratios are presented in Figure 5.3 at two stages: i)
at the onset of liquefaction in the free field (set at t=1.8sec, i.e. when r, = 0.8) and ii) when shaking is
complete (t=5.4sec). Results from the presented Figures are in qualitative agreement with the general
trends described previously. Namely, pore pressures at the free field are always larger or equal to the
corresponding values at the same depth under the footing. Specifically, at the onset of liquefaction
(t=1.8sec) free field pore pressures are clearly larger (Usuna < Ug), whereas when liquefaction is complete
(t=5.4sec) pore pressures tend to equalize (Upund = Ug). On the contrary, pore pressure ratios exhibit
fundamentally different evolution at the free field and underneath the structure, where they never
exceed the value of 0.2 for depths smaller than one footing width. Moreover, the presence of the
improved shallow crust (of 2m thickness) results in reduced r, values for the whole area of improvement.
Nevertheless, it is observed that the effect of overburden pressure on r, extends deeper than the depth
of the improved zone. Figure 5.4 presents the water flow vectors at the same two instances with respect
to liguefaction occurrence. In both of them it is observed that the water flows from areas with increased
pore pressure towards areas with smaller pore pressures. As such water flows mainly towards the free-

draining surface, while secondarily there is also flow towards the area of lower r, under the structure.
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Figure 5.3: Contours of excess pore pressure ratios r. (top row) and pore pressures u (bottom row) at the onset of
liquefaction (first row) and at the end of shaking (left row).
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Figure 5.4: Qualitative illustration of water flow vectors at the onset of liquefaction (/eft) and at the end shaking
(right).

5.2.2 Settlement mechanism of Foundation-Soil Systems

The problem of excessive footing settlements in the case of liquefaction is widely assessed in literature.
Experimental (Adalier et al. 2003, Liu and Dobry 1997, Dashti et al. 2010b), as well as, numerical (Elgamal
et al. 2005; Karamitros et al. 2013b; Karimi and Dashti 2016a; Dimitriadi et al. 2017) studies have shown
that building settlements accumulate mainly during the shaking period and they are attributed to
deviatoric strains caused by the foundation contact pressure and the developing soil and structure inertial
forces. Post-liquefaction volumetric strains, due to excess water pore pressure dissipation, account only
for a small portion of the accumulated seismic settlements. The aforementioned deviatoric-type
mechanism of settlement accumulation is affected by the presence of liquefied soil layers in two
counteracting ways. Firstly, liquefied soil layers prohibit shear wave propagation to the ground surface,

creating a natural seismic isolation effect (Karamitros et al. 2013b; Bouckovalas et al. 2016). Thus, seismic
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ground accelerations and spectral accelerations are significantly reduced after the onset of liquefaction.
Consequently, shear-induced settlements are de-amplified. The second implication of liquefaction is that
the severe shear strength degradation caused by the excess pore-pressure generation, amplifies the

settlements associated with bearing capacity degradation in the subsoil.

To demonstrate the above, Figure 5.5 and Figure 5.6 present numerical results of the reference
foundation-soil (FS) system, i.e., the equivalent FS system of the previously examined SFS system. Thus,
the examined system has an overburden pressure g = 80kPa, Factor of Safety against liquefaction FS; <
0.3 and it is subjected to a harmonic base excitation with Tex = 0.50 sec and a°n. = 0.15g. The other
characteristics of the FS system are: a liquefiable natural deposit of thickness H; = 18m overlaid by an
improved zone of Hc = 2m, square footing of width B =4m. In more detail, Figure 5.5 shows time-histories
of (a) the footing settlement, (b) the respective settlement rate and (c) the deviatoric strain g = 2/3 (g1 -
€3) under the footing edge. The horizontal motion time-histories of the foundation and the soil base, in
terms of acceleration, velocity and displacement, are presented in Figure 5.6. It is seen that while the total
duration of the input motion is 7.5 seconds (Figure 5.5) the strong part of the ground motion lasts up to
3 seconds, until liquefaction is complete, as depicted indirectly by the essential nullification of the
accelerations. During the particular period, the largest part of settlement accumulation takes place, as
observed in Figure 5.5a. At the same time, the vertical settlement rate of the footing (Figure 5.5b) exhibits
strong oscillations, indicative of the footing downward motion. As a result, deviatoric strains under the

footing edge accumulate mostly during the same period (Figure 5.5c).
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Figure 5.5: Typical time-histories of the FS system response; (a) footing settlement, (b) settlement rate and (c)
deviatoric strain under the footing edge.
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Figure 5.6: Horizontal (a) acceleration, (b) velocity and (c) displacement time-histories at the soil base and at the
foundation level of the FS system.

The pattern of footing settlement accumulation during an earthquake was initially identified by Richards
et al. (1993) for dry soil conditions. The authors related seismic settlements of shallow foundations to the
bearing capacity degradation as a separate mechanism from settlements attributed to soil densification.
Field and laboratory observations show that shear failure of the foundation soil and the subsequent
seismic fluidization result in settlement accumulation even in moderate earthquake intensities (Richards
et al. 1990). On this basis, a Coulomb-type mechanism was used for the limit state analysis of the degraded
bearing capacity. In addition to the static components of foundation and soil forces, the suggested analysis
included inertial forces in the soil, thus, resulting to a reduced bearing capacity. Footing settlements were

calculated by the authors with a sliding block procedure, that is similar to the procedure for the calculation
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of lateral seismic displacements of retaining walls. Namely, the sliding of the Coulomb wedge is calculated

as the distance it travels on the failure surface when the critical acceleration is exceeded.

The effect of the particular mechanism on the accumulation of dynamic settlements is, naturally, more
pronounced in the case of liquefied subsoil, due to the associated severe shear strength degradation of
the sand. An example of this mechanism is presented in the following by examining the dynamic response
of the aforementioned FS system. The principal function of the Coulomb sliding block theory relies on the
oscillation of the involved masses, i.e., of the foundation soil and the footing itself, presented in Figure
5.6. In order to shed more light into the movement characteristics, Figure 5.7 zooms into the vertical (/eft
column) and horizontal (right column) motion of the foundation and soil base during the strong part of
shaking, namely for t = 1-3 sec. The transition from point a to point b corresponds to foundation horizontal
movement from the center of oscillation (x=0) to the minimum displacement X=Xmin (Or maximum — in
absolute terms —to the left), as seen in Figure 5.7b and 5.7d. At the same period, settlement rate increases
from its minimum value (point a) to its maximum (point b), as observed in Figure 5.7a and 5.7c. To
rephrase the above, settlement accumulates as the footing moves from its neutral position to the right
and it is associated with the formation and sliding of the soil wedge. Next, as the foundation returns to its
neutral position (x=0), i.e., transition from point b to c, settlement rate is reduced to its minimum level
since wedge sliding is reversed. The same half-cycle of oscillation and settlement accumulation is repeated
as the foundation moves to the right and back to its neutral position, i.e., transition to points c-d-e. The
suggested formation and sliding of a Coulomb wedge are validated by the displacement contours and the
velocity vectors of Figure 5.8. At point b, the displacement contour shows the clear formation of the

Coulomb wedge while the velocity vectors direction to side and upward suggest the sliding of the wedge.
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Figure 5.7: Detail of vertical and horizontal velocity and displacement time-histories at the foundation and soil base
level of the FS system.
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Figure 5.8: Displacement contours and velocity vectors at the momement of the maximum (point b) and minimum
(point c) settlement rate of the FS system.

5.2.3 Settlement mechanism of Structure-Foundation-Soil Systems

Section 5.2.2 identified soil strength degradation due to liquefaction and the subsequent formation of a
Coulomb-type wedge as the principal mechanism for the accumulation of seismic settlements of single
footings, i.e., FS systems. In this section, the described framework is extended in order to investigate the
seismic response of structures founded with a single footing, i.e., modeled as SFS systems. The importance
of soil-structure interaction (SSl) in structural settlements is widely discussed in literature (Dashti et al.

2010a; Kourkoulis et al. 2012), since rocking of the foundation during strong vibrations creates significant
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shear straining and, thus, soil softening under the foundation edges. Through this mechanism, building

settlements are accumulated every half-cycle, when rocking occurs.

In this section the response of SFS and FS systems in liquefied conditions is comparatively examined. The
selected model configuration characteristics and the system parameters correspond to the reference
case, described previously Chapter 3. To outline the model details, an improved zone is constructed with
thickness H = 2m, relative density D, = 60% and permeability k = 2.0-10 m/s on top of the natural soil of
Dr =45% and thickness z;,=18 m. A square 4m x 4m footing is selected that applies an average pressure of
80kPa. The structural characteristics, expressed in terms of SSI parameters, correspond to a system close
to resonance, namely Ts/Texc = 0.90, with average relative mass ratio y = 4.00, and low to average
slenderness ratio h/r=1.04. It is noted that the system period T, refers to the effective system period

Tsys.ef, i.€., during shaking (in the context of Chapter 4).

Figure 5.9 compares settlement accumulation time-histories for the foregoing SFS and the equivalent FS
system. It is noteworthy that the final settlements of the SFS system are about 30% smaller than those of
the FS system. Following the greater settlement of the FS system footing into the liquefied soil, the
corresponding deviatoric strains are also greater (Figure 5.9f). Note that, following complete liquefaction
at the free field at about t=1.8 sec (Figure 5.2), the liquefied soil deposit acts as a natural seismic isolator
and therefore horizontal vibrations of the foundation are de-amplified (Figure 5.9b). For this reason,
settlement accumulation in SFS and FS models will be compared separately for the following two time-
windows: i) before the onset of complete liquefaction (i.e., for t < 1.8sec) and ii) after it (i.e., for t > 1.8sec).
Observe that, during the first time-window, the FS system accumulates settlements faster than the SFS
system, while during the second time window settlements accumulate with the same rate, which is
significantly lower than the initial for both systems (Figure 5.9d). Significant rocking-induced footing
rotation is only present in the SFS system (Figure 5.9c) and for the time period before the onset of
liguefaction. On the contrary, the FS system experiences only a permanent foundation tilt, i.e., without
oscillations. The de-amplification of structural vibrations results in reduced deviatoric stresses under the
footing edges for the SFS system, which now become comparable to the deviatoric stresses of the FS

system (Figure 5.9e).
Two main questions need to be answered concerning the response of SFS and FS systems:

e  Why does the SFS system settle less than the FS one, while — at the same time — it is the former

that experiences greater oscillations?
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e |s the role of SSI, in general, beneficial or detrimental for the performance of structures on

liquefiable ground?
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Figure 5.9: Structural response time-histories of the SFS and the FS system in terms of the footing’s : a) settlement,
b) horizontal displacements, c) rotation, d) settlement rate and deviatoric e) stresses and f) strains under the footing
edge.

To answer the above questions, Figure 5.10 presents the response of the SFS system during the whole
period of shaking (t = 0-8 sec), but also focusing on the basic response parameters during a single cycle of
oscillation (for t = 1-2 sec, specifically). In more detail, the vertical velocity time-history of the footing, i.e.,
the settlement rate, is presented in the first row of the Figure (subplots a, b), while horizontal
displacement and velocity time-histories of the structural mass and at the free field level are presented in
the second and third row, respectively (subplots c, d and e, f). A full cycle of motion is identified in the
following figures with the markings a’-e” and a-e regarding the structural mass and footing oscillations,
respectively. It is selected here to focus mostly on the quarter cycle from point a to point b of the full cycle
of interest, which occurs within the time window t = 1-2 sec when settlements accumulate at the highest

pace (Figure 5.10a).
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At first, it is observed that this quarter of cycle from point a to b corresponds to movement of the ground
(and of the foundation) from its neutral position (u = 0) to its maximum displacement to the left (u = Umin),
as observed in Figure 5.10f. At the same time, the structure, being a single degree-of-freedom oscillator,
is subjected to a forced vibration with dynamic loading at its base. Since the ratio Tsys/Tex is close to
resonance (equal to 0.90), theory of vibrations predicts phase lag between the motion of the oscillator
(the structure) and the excitation source (the foundation motion) equal to 90 degrees, or, in other words,
a quarter cycle phase lag of the structural movement. The above theoretical observations are confirmed
by examining the horizontal displacement and horizontal velocity time-histories of Figure 5.10h and 5.10f.
More specifically, when the foundation is at the neutral position (point a) the structure lags a quarter
cycle, therefore, it is located at its maximum displacement to the right (Ustr = Umax). At this point (a’) of
maximum displacement, the structure experiences zero velocity (Figure 5.10d) (it = 0) and minimum
acceleration (ii = ii,,;,). The snapshot of the structural position and horizontal displacement pattern of
the foundation soil is depicted in Figure 5.11a. Observe that at this point the maximum inertial force is
exerted upon the structure, according to Newton's second law, equal to Finertio = -m-a and having opposite
sign to that of the acceleration. Next, as the foundation moves to the left, towards its minimum
displacement (a -> b), the structure returns to its neutral location (Figure 5.10h), while the snapshot of
the structure location and horizontal displacement pattern of the foundation soil is depicted in Figure
5.11b. The half-cycle of oscillation is concluded as the foundation returns to its neutral position (b -> c)
and the settlement rate (d) is reduced to zero due to the nullification of the Coulomb-wedge sliding. The
half-cycle from point c to point e represents the symmetrical motion of the foundation to the right. The

pattern of settlement accumulation is identical for every half-cycle.

As a result of the above, the structural inertial force is directed to the right at the time when the foundation
moves to the left and settles, and vice versa. It is, therefore, the phase lag between the structural and the
foundation vibrations — in the case of structural resonance — that counteracts soil inertia forces and sliding
of the failure wedge (to the left), explaining, thus, the reduced — overall — settlement accumulation of the

SFS system.

Thus, the examination of the resonant system underlines the correlation between phase lag and
settlement accumulation. In the parametric investigation that follows it possible to investigate in depth
and quantify settlement accumulation of systems with varying vibrational characteristics, in terms of

phase lag and spectral acceleration.
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Figure 5.10: Time-histories of SFS system and free field vibration: (a, b) footing settlement, (c, d) footing vertical
velocity, (e, f) horizontal velocities (structural mass and free field), (g, h) horizontal displacements (structural mass
and free field); (a), (c), (e), (g) for the whole time range t = 0-8 sec, (b), (d), (f), (h) for specific time range t = 1-2 sec.
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Figure 5.11: Schematic representations of horizontal displacements of the foundation soil and the structure at points
a and b of a vibration cycle of an SFS system.

5.3 Parametric investigation
5.3.1 Input data and assumptions

The response of structure-foundation-soil (SFS) and foundation-soil (FS) systems is parametrically
investigated in this chapter. The main focus of this investigation is to examine the effect of critical
structural and excitation parameters, which are explicitly described in the following and also summarized
in Table 5.10. Input structural parameters are correlated with the corresponding SSI dimensionless
parameters within the soil-structure interaction (SSI) framework. The geotechnical model parameters are
also described in the following, although they do not constitute the main aim of the parametric study.
This is due to two main reasons. The first is that the effects of geotechnical parameters on system
response have been thoroughly examined in previous studies (Dimitriadi et al. 2017, 2018). The second
reason is that the parametric investigation is performed for the SFS-to-FS response ratio for which soil

effects become of secondary importance, if not insignificant.

e |n particular, structural mass is concentrated at the top of the structure for SFS systems and at the
foundation level for FS systems. The selected values are My, = 54.4, 74.4, 89.7, 114.4Mgr which
correspond to average applied contact pressure at the foundation equal to g = 52, 68, 80, 100kPa,
since the width of the square foundation is 4.0m. The corresponding relative mass ratios are y =
Mg/ (y-r®) = 2.40, 3.30, 4.00, 5.10, where y is the soil unit weight and r is the equivalent radius of the
footing, i.e., r = 2.82m herein.

e  The structural heightis h = 3.0, 3.9, 5.1 m, corresponding to slenderness ratios h/r = 1.06, 1.38, 1.88.

e The examined values of fixed-base natural period of the structure are Ts.r = 0.05, 0.07, 0.10, 0.15,
0.20, 0.29, 0.35sec, which correspond inversely to structure-to-soil stiffness ratios s = 0.05, 0.06, 0.08,
0.11, 0.16, 0.24, 0.33. It is reminded here that the structure-to-soil stiffness ratio s is defined as s =
h/(Vs Tstrs).
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The excitation periods of the acceleration input motion are T.x = 0.25, 0.35, 0.45, 0.50, 0.60, 0.70,

0.80, 0.90, 1.10sec, with number of cycles N=12.

e  Peak ground acceleration values (at the base of the mesh, i.e., at depth of 20m) are a®n.= 0.15, 0.20,
0.25 and 0.40g.

e  The basic geotechnical parameters of the model include relative density D, = 45% and 60% of the
natural and the improved soil, respectively, improved zone thickness H. = 2m and thickness of the
liquefiable sand layer ziq = 18m. These were not varied in the hereby performed analyses.

e  The Factor of Safety against liquefaction of the soil layers is FS; < 0.3 for the examined range of seismic

intensity, therefore, soil conditions may be assumed as purely liquefied. The liquefaction onset time

t,, thus, is adequately small to ensure that the non-liquefied part of shaking — and the associated

seismic settlements — are negligibly small compared to the liquefied part of shaking.

The differentiation of the aforementioned input parameters is summarized in the Table 5.1 below, where
these parameters are categorized as structural, excitation and SSI parameters. A total of 191 analyses was

performed, namely 83 for FS systems and 108 for SFS systems.

Table 5.10: Input data of 3-dimensional parametric analyses (colored cells indicate the examined parameter).

Structural Parameters Excitation SSI Parameters
Parameters
No -System
Mstr (tn) | Tsre(sec) | h(m) | Texc(sec) | a’max(g) | h/r v s Tsys.el / Tstrf

1 SFS 54.4 0.35 3 0.25 0.15 1.06 2.40 0.05 1.20
2 SFS 54.4 0.35 3 0.30 0.15 1.06 2.40 0.05 1.20
3 SFS 54.4 0.35 3 0.35 0.15 1.06 2.40 0.05 1.20
4 SFS 54.4 0.35 3 0.40 0.15 1.06 2.40 0.05 1.20
5 SFS 54.4 0.35 3 0.45 0.15 1.06 2.40 0.05 1.20
6 SFS 54.4 0.35 3 0.50 0.15 1.06 2.40 0.05 1.20
7 SFS 54.4 0.35 3 0.60 0.15 1.06 2.40 0.05 1.20
8 SFS 54.4 0.35 3 0.70 0.15 1.06 2.40 0.05 1.20
9 SFS 54.4 0.35 3 0.80 0.15 1.06 2.40 0.05 1.20
10 SFS 54.4 0.35 3 0.90 0.15 1.06 2.40 0.05 1.20
11 FS 54.4 0.35 3 0.25 0.15 - - - -
12 FS 54.4 0.35 3 0.30 0.15 - - - -
13 FS 54.4 0.35 3 0.35 0.15 - - - -
14 FS 54.4 0.35 3 0.40 0.15 - - - -
15 FS 54.4 0.35 3 0.45 0.15 - - - -
16 FS 54.4 0.35 3 0.50 0.15 - - - -
17 FS 54.4 0.35 3 0.60 0.15 - - - -
18 FS 54.4 0.35 3 0.70 0.15 - - - -
19 FS 54.4 0.35 3 0.80 0.15 - - - -
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Structural Parameters Excitation SSI Parameters
Parameters
No -System
Mstr (tn) | Tetes(sec) | h(m) | Texc(sec) | aPmax(g) | h/r v s Tsys.el / Tstrf

20 FS 54.4 0.35 3 0.90 0.15 - - - -
21 SFS 74.4 0.35 3 0.25 0.15 1.06 3.30 0.05 1.27
22 SFS 74.4 0.35 3 0.30 0.15 1.06 3.30 0.05 1.27
23 SFS 74.4 0.35 3 0.35 0.15 1.06 3.30 0.05 1.27
24 SFS 74.4 0.35 3 0.40 0.15 1.06 3.30 0.05 1.27
25 SFS 74.4 0.35 3 0.45 0.15 1.06 3.30 0.05 1.27
26 SFS 74.4 0.35 3 0.50 0.15 1.06 3.30 0.05 1.27
27 SFS 74.4 0.35 3 0.60 0.15 1.06 3.30 0.05 1.27
28 SFS 74.4 0.35 3 0.70 0.15 1.06 3.30 0.05 1.27
29 SFS 74.4 0.35 3 0.80 0.15 1.06 3.30 0.05 1.27
30 SFS 74.4 0.35 3 0.90 0.15 1.06 3.30 0.05 1.27
31 SFS 74.4 0.35 3 1.10 0.15 1.06 3.30 0.05 1.27
32 FS 74.4 0.35 3 0.25 - - - - _
33 FS 74.4 0.35 3 0.30 - - - - -
34 FS 74.4 0.35 3 0.35 - - - - -
35 FS 74.4 0.35 3 0.40 - - - - -
36 FS 74.4 0.35 3 0.45 - - - - -
37 FS 74.4 0.35 3 0.50 - - - - -
38 FS 74.4 0.35 3 0.60 - - - - -
39 FS 74.4 0.35 3 0.70 - - - - -
40 FS 74.4 0.35 3 0.80 - - - - -
41 FS 74.4 0.35 3 0.90 - - - - -
42 FS 74.4 0.35 3 1.10 - - - - -
43 SFS 89.7 0.35 3 0.25 0.15 1.06 4.00 0.05 1.32
44 SFS 89.7 0.35 3 0.30 0.15 1.06 4.00 0.05 1.32
45 SFS 89.7 0.35 3 0.35 0.15 1.06 4.00 0.05 1.32
46 SFS 89.7 0.35 3 0.40 0.15 1.06 4.00 0.05 1.32
47 SFS 89.7 0.35 3 0.45 0.15 1.06 4.00 0.05 1.32
48 SFS 89.7 0.35 3 0.50 0.15 1.06 4.00 0.05 1.32
49 SFS 89.7 0.35 3 0.60 0.15 1.06 4.00 0.05 1.32
50 SFS 89.7 0.35 3 0.70 0.15 1.06 4.00 0.05 1.32
51 SFS 89.7 0.35 3 0.80 0.15 1.06 4.00 0.05 1.32
52 SFS 89.7 0.35 3 0.90 0.15 1.06 4.00 0.05 1.32
53 SFS 89.7 0.35 3 1.10 0.15 1.06 4.00 0.05 1.32
54 SFS 89.7 0.35 3 1.20 0.15 1.06 4.00 0.05 1.32
55 FS 89.7 0.35 3 0.25 - - - - -
56 FS 89.7 0.35 3 0.30 - - - - -
57 FS 89.7 0.35 3 0.35 - - - - -
58 FS 89.7 0.35 3 0.40 - - - - -
59 FS 89.7 0.35 3 0.45 - - - - -
60 FS 89.7 0.35 3 0.50 - - - - -
61 FS 89.7 0.35 3 0.60 - - - - -
62 FS 89.7 0.35 3 0.70 - - - - -
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Structural Parameters Excitation SSI Parameters
Parameters
No -System
Mstr (tn) | Tetes(sec) | h(m) | Texc(sec) | aPmax(g) | h/r v s Tsys.el / Tstrf

63 FS 89.7 0.35 3 0.80 - - - - -
64 FS 89.7 0.35 3 0.90 - - - - -
65 FS 89.7 0.35 3 1.10 - - - - -
66 FS 89.7 0.35 3 1.20 - - - - -
67 SFS 114.4 0.35 3 0.25 0.15 1.06 5.10 0.05 1.39
68 SFS 114.4 0.35 3 0.30 0.15 1.06 5.10 0.05 1.39
69 SFS 114.4 0.35 3 0.35 0.15 1.06 5.10 0.05 1.39
70 SFS 114.4 0.35 3 0.40 0.15 1.06 5.10 0.05 1.39
71 SFS 114.4 0.35 3 0.45 0.15 1.06 5.10 0.05 1.39
72 SFS 114.4 0.35 3 0.50 0.15 1.06 5.10 0.05 1.39
73 SFS 114.4 0.35 3 0.60 0.15 1.06 5.10 0.05 1.39
74 SFS 114.4 0.35 3 0.70 0.15 1.06 5.10 0.05 1.39
75 SFS 114.4 0.35 3 0.80 0.15 1.06 5.10 0.05 1.39
76 SFS 114.4 0.35 3 0.90 0.15 1.06 5.10 0.05 1.39
77 SFS 114.4 0.35 3 1.10 0.15 1.06 5.10 0.05 1.39
78 FS 114.4 0.35 3 0.25 0.15 - - - -
79 FS 114.4 0.35 3 0.30 0.15 - - - -
80 FS 114.4 0.35 3 0.35 0.15 - - - -
81 FS 114.4 0.35 3 0.40 0.15 - - - -
82 FS 114.4 0.35 3 0.45 0.15 - - - -
83 FS 114.4 0.35 3 0.50 0.15 - - - -
84 FS 114.4 0.35 3 0.60 0.15 - - - -
85 FS 114.4 0.35 3 0.70 0.15 - - - -
86 FS 114.4 0.35 3 0.80 0.15 - - - -
87 FS 114.4 0.35 3 0.90 0.15 - - - -
88 FS 114.4 0.35 3 1.10 0.15 - - - -
89 SFS 89.7 0.35 3.9 0.25 0.15 1.38 4.00 0.06 1.49
90 SFS 89.7 0.35 3.9 0.30 0.15 1.38 4.00 0.06 1.49
91 SFS 89.7 0.35 3.9 0.35 0.15 1.38 4.00 0.06 1.49
92 SFS 89.7 0.35 3.9 0.40 0.15 1.38 4.00 0.06 1.49
93 SFS 89.7 0.35 3.9 0.45 0.15 1.38 4.00 0.06 1.49
94 SFS 89.7 0.35 3.9 0.50 0.15 1.38 4.00 0.06 1.49
95 SFS 89.7 0.35 3.9 0.60 0.15 1.38 4.00 0.06 1.49
96 SFS 89.7 0.35 3.9 0.70 0.15 1.38 4.00 0.06 1.49
97 SFS 89.7 0.35 BES) 0.80 0.15 1.38 4.00 0.06 1.49
98 SFS 89.7 0.35 3.9 0.90 0.15 1.38 4.00 0.06 1.49
99 SFS 89.7 0.35 BES) 1.20 0.15 1.38 4.00 0.06 1.49
100 SFS 89.7 0.35 5.1 0.25 0.15 1.88 4.00 0.08 1.74
101 SFS 89.7 0.35 5.1 0.30 0.15 1.88 4.00 0.08 1.74
102 SFS 89.7 0.35 5.1 0.35 0.15 1.88 4.00 0.08 1.74
103 SFS 89.7 0.35 5.1 0.40 0.15 1.88 4.00 0.08 1.74
104 SFS 89.7 0.35 5.1 0.45 0.15 1.88 4.00 0.08 1.74
105 SFS 89.7 0.35 5.1 0.50 0.15 1.88 4.00 0.08 1.74
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Structural Parameters Excitation SSI Parameters
Parameters
No -System
Mstr (tn) | Tetes(sec) | h(m) | Texc(sec) | aPmax(g) | h/r v s Tsys.el / Tstrf

106 SFS 89.7 0.35 5.1 0.60 0.15 1.88 4.00 0.08 1.74
107 SFS 89.7 0.35 5.1 0.70 0.15 1.88 4.00 0.08 1.74
108 SFS 89.7 0.35 5.1 0.80 0.15 1.88 4.00 0.08 1.74
109 SFS 89.7 0.35 5.1 0.90 0.15 1.88 4.00 0.08 1.74
110 SFS 89.7 0.35 5.1 1.20 0.15 1.88 4.00 0.08 1.74
111 SFS 89.7 0.35 3 0.25 0.20 1.06 4.00 0.05 1.32
112 SFS 89.7 0.35 3 0.35 0.20 1.06 4.00 0.05 1.32
113 SFS 89.7 0.35 3 0.45 0.20 1.06 4.00 0.05 1.32
114 SFS 89.7 0.35 3 0.50 0.20 1.06 4.00 0.05 1.32
115 SFS 89.7 0.35 3 0.60 0.20 1.06 4.00 0.05 1.32
116 SFS 89.7 0.35 3 0.70 0.20 1.06 4.00 0.05 1.32
117 SFS 89.7 0.35 3 0.90 0.20 1.06 4.00 0.05 1.32
118 FS 89.7 0.35 3 0.25 0.20 - - - -
119 FS 89.7 0.35 3 0.35 0.20 - - - -
120 FS 89.7 0.35 3 0.45 0.20 - - - -
121 FS 89.7 0.35 3 0.50 0.20 - - - -
122 FS 89.7 0.35 3 0.60 0.20 - - - -
123 FS 89.7 0.35 3 0.70 0.20 - - - -
124 FS 89.7 0.35 3 0.90 0.20 - - - -
125 SFS 89.7 0.35 3 0.25 0.25 1.06 4.00 0.05 1.32
126 SFS 89.7 0.35 3 0.35 0.25 1.06 4.00 0.05 1.32
127 SFS 89.7 0.35 3 0.45 0.25 1.06 4.00 0.05 1.32
128 SFS 89.7 0.35 3 0.50 0.25 1.06 4.00 0.05 1.32
129 SFS 89.7 0.35 3 0.60 0.25 1.06 4.00 0.05 1.32
130 SFS 89.7 0.35 3 0.70 0.25 1.06 4.00 0.05 1.32
131 SFS 89.7 0.35 3 0.90 0.25 1.06 4.00 0.05 1.32
132 FS 89.7 0.35 3 0.25 0.25 - - - -
133 FS 89.7 0.35 3 0.35 0.25 - - - -
134 FS 89.7 0.35 3 0.45 0.25 - - - -
135 FS 89.7 0.35 3 0.50 0.25 - - - -
136 FS 89.7 0.35 3 0.60 0.25 - - - -
137 FS 89.7 0.35 3 0.70 0.25 - - - -
138 FS 89.7 0.35 3 0.90 0.25 - - - -
139 SFS 89.7 0.35 3 0.35 0.40 1.06 4.00 0.05 1.32
140 SFS 89.7 0.35 3 0.45 0.40 1.06 | 4.00 0.05 132
141 SFS 89.7 0.35 3 0.50 0.40 1.06 4.00 0.05 1.32
142 SFS 89.7 0.35 3 0.60 0.40 1.06 4.00 0.05 1.32
143 SFS 89.7 0.35 3 0.70 0.40 1.06 | 4.00 0.05 132
144 FS 89.7 0.35 3 0.25 0.40 - - - -
145 FS 89.7 0.35 3 0.35 0.40 - - - -
146 FS 89.7 0.35 3 0.45 0.40 - - . -
147 FS 89.7 0.35 3 0.50 0.40 - - - -
148 FS 89.7 0.35 3 0.60 0.40 - - - -
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Structural Parameters Excitation SSI Parameters
Parameters
No -System
Mstr (tn) | Tetes(sec) | h(m) | Texc(sec) | aPmax(g) | h/r v s Tsys.el / Tstrf

149 FS 89.7 0.35 3 0.70 0.40 - - - -
150 SFS 89.7 0.05 3 0.19 0.15 1.06 4.00 0.33 3.60
151 SFS 89.7 0.07 3 0.19 0.15 1.06 4.00 0.24 3.30
152 SFS 89.7 0.10 3 0.19 0.15 1.06 4.00 0.16 3.16
153 SFS 89.7 0.15 3 0.19 0.15 1.06 4.00 0.11 2.26
154 SFS 89.7 0.20 3 0.23 0.15 1.06 4.00 0.08 1.80
155 SFS 89.7 0.29 3 0.27 0.15 1.06 4.00 0.06 1.43
156 SFS 89.7 0.35 3 0.31 0.15 1.06 4.00 0.05 1.32
157 FS 89.7 0.05 3 0.19 0.15 - - - -
158 FS 89.7 0.07 3 0.19 0.15 - - - -
159 FS 89.7 0.10 3 0.19 0.15 - - - -
160 FS 89.7 0.15 3 0.19 0.15 - - - -
161 FS 89.7 0.20 3 0.23 0.15 - - - -
162 FS 89.7 0.29 3 0.27 0.15 - - - -
163 FS 89.7 0.35 3 0.31 0.15 - - - -
164 SFS 89.7 0.05 3 0.50 0.15 1.06 4.00 0.33 3.60
165 SFS 89.7 0.07 3 0.50 0.15 1.06 4.00 0.24 3.30
166 SFS 89.7 0.10 3 0.50 0.15 1.06 4.00 0.16 3.16
167 SFS 89.7 0.15 3 0.50 0.15 1.06 4.00 0.11 2.26
168 SFS 89.7 0.20 3 0.60 0.15 1.06 4.00 0.08 1.80
169 SFS 89.7 0.29 3 0.70 0.15 1.06 4.00 0.06 1.43
170 SFS 89.7 0.35 3 0.80 0.15 1.06 4.00 0.05 1.32
171 FS 89.7 0.05 3 0.50 - - - - -
172 FS 89.7 0.07 3 0.50 - - - - -
173 FS 89.7 0.10 3 0.50 i _ _ _ R
174 FS 89.7 0.15 3 0.50 - - - - -
175 FS 89.7 0.20 3 0.60 - - - - -
176 FS 89.7 0.29 3 0.70 - - - _ _
177 FS 89.7 0.35 3 0.80 - - - - -
178 SFS 89.7 0.05 3 0.25 0.15 1.06 4.00 0.33 3.60
179 SFS 89.7 0.07 3 0.25 0.15 1.06 4.00 0.24 3.30
180 SFS 89.7 0.10 3 0.25 0.15 1.06 4.00 0.16 3.16
181 SFS 89.7 0.15 3 0.25 0.15 1.06 4.00 0.11 2.26
182 SFS 89.7 0.20 3 0.30 0.15 1.06 4.00 0.08 1.80
183 SFS 89.7 0.29 3 0.35 0.15 1.06 4.00 0.06 1.43
184 SFS 89.7 0.35 3 0.40 0.15 1.06 4.00 0.05 1.32
185 FS 89.7 0.05 3 0.25 0.15 - - - -
186 FS 89.7 0.07 3 0.25 0.15 - - - -
187 FS 89.7 0.10 3 0.25 0.15 - - - -
188 FS 89.7 0.15 3 0.25 0.15 - - - -
189 FS 89.7 0.20 3 0.30 0.15 - - - -
190 FS 89.7 0.29 3 0.35 0.15 - - - -
191 FS 89.7 0.35 3 0.40 0.15 - - - -
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5.3.2 Effect of Tsys/Texc

The influence of SSI on seismic settlements is investigated with the aid of Figure 5.12a, b and c. The aim
of these figures is to examine the role of the vibrational characteristics of the structure on settlement
accumulation and also to correlate the associated effects with the spectral amplification acceleration and
phase lag of the structure. In more detail, Figure 5.12a correlates the settlement ratio between the SFS
and the FS system, i.e. pses/prs, to the period ratio Tsys/Tex, Whereas Figure 5.12b and 5.12c¢ present similar

correlations for two key vibrational parameters of the SFS system, namely:

i The normalized absolute acceleration of the structural mass S,/PGA, which determines directly
the magnitude of inertial forces.
ii.  The phase angle ¢ between the vibration of structural mass and the vibration of the foundation,

defined as:

At [tmass_¢found, 5.7

max —lmax
@ =21 =27
exc Texc

The phase angle determines, essentially, the synchronization between the structural inertial force and the
movement of the soil surface. For small values of phase angles, the inertial force acting on the structural
mass is in-phase (¢ < 1/2) with soil movement and therefore it aggravates phenomena of soil wedge
sliding, since it is concurrent with soil inertial force. For large values of phase angles (¢ > 1/2), the inertial
force on the structural mass is out-of-phase with the inertial force on the soil and therefore it counteracts

soil wedge sliding.

At this point it should be noted that the magnitude of the system period T is calculated using the
effective system properties, namely T as defined in Chapter 4. In this case, the reference system has
SSI parameters s = 0.07, h/r = 1.06, y = 4.00 and corresponding elastic period Ty = 0.46sec. The peak
ground acceleration PGA (at the surface level) for the reference soil profile and excitation is measured
equal to 0.14g (Figure 5.6a). Thus, for PGA = 0.14g, the effective system period is calculated, from
Equation 4.18 as:

Toysers = @ PGAP - Toyg o = 1.69 - 0.14%2° - 0,46 sec = 0.52 sec >-8

Based on Figure 5.12, which includes results from analyses No 43-66 of Table 5.1, the correlation of
settlement ratio psrs/prs to the vibrational characteristics of the structural response can be summarized

as follows:
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Stiff SFS systems (Tsys/Texc = 0.0) settle equally with FS systems (i.e., pses/prs = 1.0). It is noted that
both systems move as rigid blocks and the developed inertial forces of the structural mass are
equal for both systems and act in-phase with soil inertial forces (Figure 5.13c). There is a
difference, though, in that the former has a higher point-of-application of its structural inertial
force, i.e., applied at h=3.0m, and is prone to rocking. Thus, in essence, the above observation
indicates that rocking-induced deviatoric strains under the footing do not contribute significantly
to any additional settlement accumulation.

Flexible SFS systems (Tss/Texc > 1.40) settle approximately 10% less than FS systems (i.e., pses/prs =
0.9). This is because structural inertial forces, even though they are small (Figure 5.13b), act out-
of-phase with soil inertial forces (Figure 5.13c), thus counteracting the failure wedge formation
and sliding below the foundation.

At resonance (Tsys/Texe = 1.00), the reduction of settlements for SFS systems becomes maximum
(pses/prs = 0.75). This is because structural inertial forces are amplified (Figure 5.13b), while they
still experience considerable phase lag (¢ = 90 deg, i.e., quarter cycle) relative to the soil inertial
forces (Figure 5.13c). As a result, the increased structural inertial force inhibits wedge sliding to

the greatest extent.

The described rationale suggests that the primary mechanism of settlement accumulation in liquefied

conditions is the Coulomb-type wedge sliding. On the other hand, rocking-induced shear straining

under the structure has, merely, a secondary contribution.
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Figure 5.12: Effect of Tsys/Texc Of SFS systems on: (a) Seismic settlement ratio of SFS-to-FS systems, (b) response

spectra of the normalized absolute acceleration of the structural mass Sa/PGA, (c) phase angle ¢ between the
vibration of structural mass and the vibration of the foundation.
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Figure 5.13: Schematic representation of wedge formation in the soil and phase difference between structural and
soil inertial forces for three characteristic cases, i.e., a) rigid structure: concurrent inertial forces, b) structure close
to resonance: = quarter cycle difference between inertial forces, c) flexible structure: opposite inertial forces.

5.3.3 Effect of slenderness ratio

The effect of slenderness ratio h/r on the dynamic response of SFS and FS systems is parametrically
examined in this section. Table 5.2 summarizes the numerical analyses performed for that purpose as well
as the corresponding structural and SSI properties examined (Analyses No. 43-66, 89-110). The variation
of slenderness ratio was materialized by examining structures with varying height h in the context
described in Chapter 4. More specifically, structural height h is increased while the structural period Ts.¢
is kept constant in order to maintain variations of the other SSI parameters (s, y) fairly constant. Elongated

structural periods are calculated and introduced herein using the methodology in the previous section.
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Namely, the elastic part of period elongation, Tise/Tsrs is analytically calculated by the procedure
described in Design Codes with the measured shear wave velocity Vs used as an input value (Section 4.3.1).
The inelastic part of period elongation, i.e. Tsys.ef/ Tsys.el, is calculated with the use of Transfer Functions, as
described in Section 4.3.2. In the particular case of liquefied soil, the frequency content measure used is
the predominant period Ty, (for more details see Section 4.3.2.2). Results suggest that the elastic part of
period elongation Tyys..// Tt is greatly affected by slenderness ratio ranging from 1.32 to 1.74 (Table 5.11).
Nevertheless, the inelastic part of period elongation, i.e. Tsysef/Tsys.el, is only minimally affected by the
slenderness ratio, as previously discussed. Table 5.11 summarizes values of the aforementioned
components of period elongation, as well as the final values of effective system periods Ty These
values are used as the numerator input value of the ratio T;,s/Tex in the parametric investigation that

follows.

Table 5.11: System period elongation data from the numerical analyses for varying slenderness ratio h/r

h (m) h/r Tsys_el/Tstr.f Tsys.eff/Tsys.eI Tsys.eff (SEC)
3.0 1.06 1.32 1.13 0.50
3.9 1.38 1.49 1.09 0.57
5.1 1.88 1.74 1.05 0.63

Figure 5.14 presents the main vibration responses of the SFS and FS systems, in the same context as in

the previous section, but for different slenderness ratios h/r. The following observations can be noted:

e The principal mechanism of settlement accumulation, as described in the previous paragraph,
appears for all slenderness ratios. Namely, a resonant area is identified where the ratio pses/prs
experiences its minimum value. For rigid systems, i.e., when Tys/Texe = 0, pses/prs ratio tends to 1.0,
while for flexible systems, i.e., Ty,s/Texe = 2.0, it tends to a constant value approximately equal to 0.8.

e Increasing slenderness ratio reduces minimum values of pses/prsratio up to 15%, namely from 0.76 to
0.66 in the range of period ratios Tsys/Texc= 1.0 + 1.2.

e Interestingly, increased values of slenderness ratio may lead to psrs/prs ratios significantly greater
than unity for relatively “stiff” systems. Maximum values reach up to psrs/prs= 1.2 in the semi-rigid

spectral region Tys/Texc= 0.60-0.80. The particular increase in SFS system settlements is attributed to
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soil softening due to rocking, which is observed in “slender” structures with greater overturning
moments. Soil softening is mainly localized under the footing edges, where shear strain accumulation
(e.g., see Figure 5.5c) leads to decreasing values of the associated shear modulus G.

e The aforementioned soil softening, introduced due to increased values of structural height, is also
responsible for the increased phase lag, which is observed in Figure 5.14c as an upward shift of phase
lag curves for increasing h/r ratios.

e Minimum values of pses/prs ratios occur for Tye/Texc = 1.0 in the case of h/r = 1.04 and shift to higher
period ratios for increasing levels of slenderness ratio. As previously mentioned, the maxima and
minima of settlement ratios are sensitive to the vibrational characteristics of every system, i.e., to

the combination of spectral acceleration and phase lag.
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Figure 5.14: Effect of Tsys/Texc Of SFS systems with different slenderness ratios h/r on: (a) Seismic settlement ratio of
SFS-to-FS systems, (b) response spectra of the normalized absolute acceleration of the structural mass Sa/PGA, (c)
phase angle ¢ between the vibration of structural mass and the vibration of the foundation.

5.3.4 Effect of relative mass ratio

The effect of the relative mass ratio y on the dynamic response of SFS and FS systems is parametrically
examined in this section. Structural and SSI properties of the examined systems are summarized in Table
5.10 (numerical analyses No 1-88). As discussed in the Section 4.3.1, varying relative mass ratios are
obtained by considering systems with different structural mass. To ensure equivalent fixed-base structural
period Tsrrand, thus, structure-to-soil-stiffness ratio s (=h/V;Ty), structural stiffness ks was varied along

with the variation of structural mass.
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The influence of relative mass ratio y on both the elastic and inelastic parts of period elongation, i.e.
Toys.ei/ Tstry and Tsys.eef Tsys.e respectively, is moderate with the corresponding ratios ranging from 1.20 to
1.39 for the former and 1.11 to 1.28 for the latter (Table 5.12). The above entail that the elastic period
Tsys.eris moderately increasing with y, whereas the effective period Tsys.eq, essentially, remains constant
around the value 0.52-0.54 sec. The latter is attributed to the frequency content estimate for Ty efwhich
is the predominant system period Ty, as previously described. The particular estimate designates the

highest spectral amplification as the system period, underestimating, thus, any secondary amplifications.

Overall, an underestimation of the effective system period T is observed with the use of the
predominant system period Ty, that also results in reducing values of Ty ef/ Toys.er ratio (3™ row, Table

5.12).

Table 5.12: Systme period elongation data from the numerical analyses for varying relative mass ratio y.

Mstr (tn) Y Tsys.eI/Tstr.f Tsys.eff/Tsys.el Tsys.eff (SEC)
544 2.40 1.20 1.28 0.54
74.4 3.30 1.27 1.17 0.52
89.7 4.00 1.32 1.13 0.52
114.4 5.10 1.39 1.11 0.54

The main vibrational characteristics of the examined SFS and FS system response are presented in Figure

5.15. The following remarks can be made:

e In contrast with the previously examined effects of slenderness ratio h/r, where psrs/prs ratios
significantly greater than 1.0 were observed, varying the relative mass ratio y does not significantly
affect the performance of SFS systems.

e Specifically, for low relative mass ratios (e.g., y = 2.40, 3.30), the effects of superstructure on
settlements are small and the observed psrs/prs ratios range between 0.9 and 1.0 mostly (Figure
5.15a).

e Asinall examined cases, maximum settlement reduction is observed for resonant SFS systems (Figure
5.15a). In this particular spectral region, there is a lower limit for the settlement ratio, which appears
for SFS systems with y equal to or greater than 4.00 (e.g., y =4.00, 5.10). This lower limit of psrs/prs

ratio is approximately equal to 0.75.
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e Spectral accelerations S,/PGA decrease for increasing relative mass ratios (Figure 5.15b), thus
suggesting increase of system damping. This is associated with greater levels of soil hysteretic
damping due to increased structural inertial forces exerted upon the foundation system for greater
y values.

e Based on all the above, it may be inferred that the lower limit in settlement ratios is introduced due
to the additional soil hysteretic damping and the associated reduction in structural inertial forces
developed during shaking.

e lastly, the effect of relative mass ratio y on the phase lag between the structural and foundation

motion is minimal, i.e., slightly increasing with y (Figure 5.15c).
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Figure 5.15: Effect of Tsys/Texc of SFS systems with different relative mass ratios y on: (a) Seismic settlement ratio of
SFS-to-FS systems, (b) response spectra of the normalized absolute acceleration of the structural mass Sq«/PGA, (c)
phase angle ¢ between the vibration of structural mass and the vibration of the foundation.

5.3.5 Effect of structure-to-soil stiffness ratio

The effect of structure-to-soil stiffness ratio s on the system response is parametrically investigated in the
present section with the structural and SSI system properties summarized in Table 5.10 (numerical
analyses No 125-166). The investigation of s ratio effects is performed, as described in Section 4.3.1, by
considering systems with varying structural stiffness ks and constant structural mass My, thus, with
varying fixed-base natural period Ty The examined range of s ratio values covers the engineering

practice according to NEHRP (2012), namely s = 0.05 - 0.33. Due to the necessity of capturing the particular
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wide range of s values, numerical predictions of settlement ratios are correlated directly to the s ratio
here. Additionally, the effect of period ratio Tsys/Tex, Which is the governing settlement mechanism, is
introduced by examining 3 sets of s ratios for 3 different levels of period ratios, i.e., Tss/Texc= 0.5, 1.0 and
1.3. The aforementioned values were selected as such in order to capture the response of rigid, resonant

and flexible systems, as described in paragraph 5.3.2.

Results of the pertinent numerical analyses are presented in Figure 5.16, which shows the variation of
settlement ratio psrs/prs With the structure-to-soil stiffness ratio s. Results indicate that settlement ratios
are essentially not affected by s, while their values are consistent with previous findings, as discussed in
paragraph 5.3.2. Namely, for resonant and flexible systems with period ratios Tys/Texcequal to 1.0 and 1.3,
respectively, SFS systems settle 10-20% less than FS systems, i.e., the pses/prs ratio ranges between 0.8
and 0.9. On the contrary, rigid systems with period ratios T;,s/Texc €qual to 0.5 exhibit a more significant
variation in settlement ratios values, i.e., psrs/prs= 0.75 - 1.0. The particular behavior in the rigid spectral

region was also discussed in paragraphs 5.3.2 and 5.3.3.
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Figure 5.16: Variation of settlement ratio pses/prs with the stiffness-to-soil ratio s for different levels of the period
ratio Tsys/Texc of SFS systems

5.3.6 Effect of earthquake intensity

The effect of earthquake intensity is investigated for the reference system with SSI parameters s = 0.07,
h/r = 1.06 and y = 4.00. Four cases of earthquake intensity are considered for the harmonic base input
motion, i.e., peak bedrock acceleration a®nex= 0.15g, 0.20g, 0.25g and 0.40g. The first three levels of
earthquake intensity were systematically examined by numerical analyses in the whole period spectrum,
whereas the level of 0.40g was indicatively examined in order to ensure compliance of the developed
methodology to extreme values of earthquake intensity. Concerning the range of intensities selected

herein, the following are remarked:
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i.  The base input motion corresponds to the bedrock acceleration, which is reduced compared to
the amplified ground acceleration.

ii.  The harmonic input motion has a constant peak amplitude a’ma Which is realistically equivalent
to the effective peak acceleration of the recorded seismic motion, usually calculated as the 2/3 of

the actual recorded peak value.

In order for the selected earthquake intensities of input accelerations to correspond to the actual peak
ground accelerations of engineering interest, the aforementioned remarks need to be considered. Thus,
the four selected intensities of the effective input motion correspond to actual peak values, equal to 0.23g,
0.3g, 0.38g and 0.60g (after multiplication by 3/2). Additionally, soil amplification effects for the reference
soil profile were estimated by performing ground response analyses using as a base input motion the
previously discussed white-noise signal (see Chapter 4). Numerical analyses were performed for non-
liguefiable ground conditions, at first, in order to avoid any seismic isolation of the motion due to
liquefaction. Results showed that peak bedrock accelerations in the range a’max = 0.23g — 0.60g were
amplified at the surface of the soil profile in the range 0.30g — 0.72g. On the other hand, in the case of
liguefied soil conditions peak ground accelerations did not exceed the value of 0.20g due to the swift

initiation of liquefaction, regardless of the a’max value.

Figure 5.17 plots the effect of period ratio Tsys/Texc Of SFS systems on the settlement ratio pses/prs for

different levels of peak bedrock acceleration. The following points can be remarked:

e The examination of the acceleration intensity in the case of liquefaction is essentially correlated
with the time of liquefaction onset. After its occurrence, seismic wave propagation is substantially
attenuated and the response of the system is practically unaffected. As a result, increasing values
of a’maxhave a marginal effect on pses/prsratios.

e For the same reason, the value of o’ is essentially correlated to the extent of liquefaction that
takes place. In the present problem definition, the reduced Factor of Safety against liquefaction
(FS:) results in complete liquefaction of the subsoil layers, i.e., r, values close to 1.0, even for small
levels of acceleration.

e An additional reason for the negligible acceleration level effects is related to relative mass ratio
effects (also discussed in paragraph 5.3.4). Namely, inertial forces Fi=mS, of the structure result
to an increase of hysteretic soil damping and, thus, the particular mechanism imposes a lower

limit on settlement reduction of SFS systems.
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Figure 5.17: Variation of settlement ratio psrs/prs with the period ratio Tss/Texc for different levels of input
acceleration intensity a®max.

5.4 Multi-variable relations for SSI effects

In the present section, multi-variable relations are developed in order to express the numerical
predictions for the settlement ratio pses/prs as a function of the problem parameters, on the basis of the
parametric investigation of the previous sections. The main parameters affecting the settlement ratio are
introduced in the multi-variable relations that follow, namely the period ratio Tsys/Tex, the slenderness
ratio h/r and the relative mass ratio y. Concurrently, for reasons of simplicity, the structure-to-soil stiffness
ratio s and the earthquake intensity (via d®na) are not included due to their minimal effect. The
development of these approximate relations is based on a statistical analysis of the numerical predictions;
however, the rationale and the general form of these relations is grounded on physical representation of

the emerging phenomena.

Following the discussion in previous sections, the formation of these relations distinguishes two spectral
regions: i) the rigid and semi-rigid region (Tss/Texc < 0.80), where inertial forces and, hence, settlements
are, initially, identical for SFS and FS systems — especially for Tsys/Texc< 0.45 — and, subsequently, they tend
to become greater for SFS systems, and ii) the resonant-to-flexible region (Tsys/Texc > 0.80), where
settlement ratio variations are milder and they tend to be greater for FS systems. Namely, the following

piecewise function is formulated:

2
1+C,- (Tsys/Texc) Tsys/Texc <0.80

PSFs _ -1 59

PFs 2
R Toys/Texe = 0.80
J[C3.b_(Tsys/Texc) ] +Cap (Tsys/Texc)
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The first part of relation 5.9 predicts settlement ratios that start from unity for perfectly-rigid systems and
they gradually increase to a peak value for semi-rigid systems. The numerical data suggest that the
coefficient Cq is primarily affected by the independent variable h/r, while Tss/Texcand y do not play an
important role (see also Figure 5.20a and Figure 5.20a). Appropriate values of the coefficient C, for each

value of h/r and y are summarized in Table 5.13:

Table 5.13: Values of coefficient Ca, (applied for the rigid and semi-rigid spectral region Tsys/Texc< 0.80).

h/r Y (psrs/prs), average Ca
1.06 4.00 0.96 0.00
1.36 4.00 1.12 0.23
1.88 4.00 1.06 0.23
1.06 2.40 0.99

1.06 3.30 0.99 0.00
1.06 5.10 1.02

The proposed expression concerning coefficient Cy as a function of h/r ratio, on the basis of the data from

Table 5.4, reads:

0.00 h/r <1.06
C,=1 077 (h/r)— 081 1.06 < h/r < 1.36 5.10
0.23 h/r > 1.36

The second part of Equation 5.9 draws upon amplification relations used in vibration theory of structures.
It introduces four coefficients (Cib, Czp, Cab, Cap) in order to capture the four boundary conditions of
interest: the left and right end-of-spectra values, the minimum value (point of zero curvature) and the

point where the minimum value takes place (abscissa). Namely, the characteristic values are the following:

 Cq Tsys/Texc =0.80
PSFs m
ors o Teri/Tor. =C
PFs 3 C3p'CaptCip sys/ exc 3.b .
"~ Czp Tsys/Texc -
d(pPsrs/PFs) _ ~
A(Tsys/Texc) 0 Tsys/ Texc = Csp

143



Chapter 5: Soil-Structure Interaction Effects on Seismic Settlements: Liquefied Soil Conditions

The described coefficients are, in general, functions of the remaining variables h/r and y. Based on the
available data and, at the same time, grounded on physical rationale, it is expected that settlement ratios
tend to 1.0 for period ratios Tss/Texc that tend to infinity, i.e., for structures with very large flexibility.
Following the 3™ boundary condition, this, also, implies C2, — 1.0. The resulting system of 3 boundary
conditions (1%, 2" and 4™") and 3 coefficients (Cip, Cab, Casb) is further simplified by the fact that the 1
boundary condition equates pses/prs to Co, Which is a single-variable function, i.e., of h/r. On the other
hand, in the 2"¢ and 4™ boundary conditions both variables remaining variables (h/r , y) are introduced,
since the data indicate that minimum settlement ratios are affected by these variables (Figure 5.19a and
Figure 5.20a). As a result of the above, the variable y is considered in the relations of two of the remaining

coefficients (Czp, Cap), While the h/r is considered in all three of them (Ci1., Ca, Cap).

The analytical expressions of the aforementioned coefficients are presented in Equations 5.12 — 5.14. The
extreme values of the formulations correspond to the physical restrains of the described phenomena.
More specifically, for relative mass ratio y reducing to zero, the settlement ratio psrs/prs tends, naturally,
to 1.0. The particular response is modelled by calibrating coefficient C3, = 0.45 for y = 0 (Figure 5.18c). For
increasing levels of relative mass ratio y, related effects are gradually attenuated and the proposed
coefficients are calibrated to the residual values C3 = 0.95 and C4= 0.85. Regarding slenderness ratio h/r,
as described in section 5.3.3, its influence is minimal for an increase of h/r from 1.36 to 1.88 (Figure 5.20a-
d). Thus, for simplicity constant values of the respective coefficients Ci1, Cs and Cap are designated for
values of h/r greater than 1.36, as seen in equations 5.12, 5.13 and 5.14. On the other hand, the
parametric investigation followed herein entails that fixed-base natural periods are kept constant even
for h/r tending to zero. Thus, in theory, settlement ratios psrs/prs do not necessarily tend to unity, as it was
stipulated in the case of relative mass ratio y. Nevertheless, in practice, structures with reduced height
are rigid enough to be assumed that pses/prstends to 1.0. Consequently, coefficient Csy, is also calibrated

to 0.45 for h/r = 0.

Based on the above the following expressions are formulated:

0.16 h/r<1.06
Cip = —0.70- (h/r) + 0.90 1.06 <h/r<1.36 5.12
—0.05 h/r>1.36
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Csp = [0.82 + 0.24 - tanh(y — 2.95)] - [0.33 - (h/r) + 0.47] >13
.14
Csp = (0.87 +0.31:e79307) . g(h/1) >
with
1.00 h/r<1.06
gh/r) = —-1.07-(h/r) +2.13 1.06 <h/r<1.36 5.15
0.62 h/r>1.36

The relevant plots of the aforementioned coefficients are presented in the subplots of Figure 5.18.
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Figure 5.18: Plots of coefficients Cq, Cib, Cab, Cap utilized in the proposed multi-variable relations, as function of the
slenderness ratio h/r and the relative mass ratio y.
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Figure 5.19: Effect of Tsys/Texc On settlement ratio psrs/prs: (a) Summary of numerical data for different values of
relative mass ratio y; Comparison of numerical data to predictions for: (b) y = 2.40, (c) y = 3.30, (d) y =4.00, (e) y =

5.10.
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Figure 5.20: Effect of Tsys/Texc On settlement ratio psrs/prs: (a) Summary of numerical data for different values of
slenderness ratio h/r; Comparison of numerical data to predictions for: (b) h/r=1.06, (c) h/r=1.36, (d) h/r = 1.88.

In order to ascertain the reliability of the proposed multi-variable relations (Equations 5.9 — 5.14) for
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guantified via the relative error Rin the prediction of the settlement ratio, that is defined as:
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_ SRpred = SRnum
SRnum

R 5.16

The corresponding statistics (average and standard deviation of the relative error R) are presented in a
one-to-one comparison is made between predictions (SRprea) and their respective values from numerical
analyses (SRnum) and b) the variation of the relative error with the main problem parameter Tsys/Tex.. Three
values of L/B ratios are examined here [/B =1.0, 1.5 and 2.0. Results show that relative errors do not

appear to have any systematic correlation with /B ratio.

Table 5.14 and Figure 5.21a-c for the — separately examined — independent variables, i.e., the period ratio
Tsys/Texe, the slenderness ratio h/r and the relative mass ratio y. The standard deviation derived for the
total number of predictions is 0.07. Results indicate that the distribution of relative errors is quite uniform

for different sets of the examined parameters.

The accuracy of the proposed methodology is, additionally, evaluated by conducting a sensitivity analysis
for the role of the footing’s length-to-width ratio L/B, which is a key-role parameter for the accumulation
of settlements. Figure 5.22 presents the results of the sensitivity analysis in the same format as the
foregoing Figures, i.e., in terms of: a) a one-to-one comparison is made between predictions (SRpreq) and
their respective values from numerical analyses (SRnum) and b) the variation of the relative error with the
main problem parameter T,/Tex. Three values of L/B ratios are examined here L/B =1.0, 1.5 and 2.0.

Results show that relative errors do not appear to have any systematic correlation with L/B ratio.

Table 5.14: Relative error of the proposed methodology against numerical predictions for separate sets

of variable examination.

h/r y Rrs average (%) Rrs st.deviation (%)

1.06 4.00 -0.3 7.4

1.36 4.00 -0.8 8.1

1.88 4.00 0.1 8.6

1.06 2.40 -0.7 37

1.06 3.30 0.1 5.3

1.06 5.10 1.0 5.7
Cumulative: -0.1 7.0
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Figure 5.22: Sensitivity analysis for the evaluation of the effect of footing’s length-to-width ratio L/B.

5.5 Summary and conclusions

The present chapter studies SSI effects on the proposed methodology of designing structures on
liquefiable conditions with the construction of shallow foundations and the improvement of a superficial
soil crust. The effects of the superstructure on the dynamic response of structure-foundation-soil (SFS)
systems are examined for varying structural characteristics, which are expressed in terms of the
dimensionless parameters of the soil-structure interaction framework. Results are expressed in terms of
settlement ratios between the SFS system and the equivalent FS system, isolating, in this way, the
influence of structural inertial on system response. In particular, the end goal of this effort is to develop
multi-variable relations for the prediction of the settlement ratio, in order to take advantage of existing
literature studies for estimating seismic settlement accumulation of FS systems with shallow foundations
(e.g., Karamitros et al. 2013; Dimitriadi et al. 2017). These relations are expressed in terms of correction
factors that add up to the established procedures of settlement calculation for FS systems. Based on the

analyses of this Chapter, the following can be remarked:

e Seismic settlements of SFS systems on liquefied ground are controlled by a Coulomb-type wedge
sliding, which takes place due to the severe degradation of the bearing capacity of the foundation
soil. The effect of the superstructure is mainly introduced as an inertial force that acts in-phase or
out-of-phase with the wedge sliding, thus amplifying or de-amplifying the overall seismic
settlement.

e The most crucial parameter in the SFS system response is the period ratio Tsys/Tex, Where Tss and
Texc are the fundamental period of the system and the predominant period of the excitation. In
the case of resonance, the — quarter cycle — lag of the structural vibration with respect to the

foundation results in the greatest reduction of the wedge sliding and, hence, the greatest
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reduction of settlement accumulation. Rigid systems tend to settle equally with the equivalent FS
systems, whereas flexible systems experience out-of-phase motion which, also, results in
settlement reduction, but less intense than that at resonance.

e Relative mass ratio y and slenderness ratio h/r affect the SFS system response, although to a lesser
degree compared to the period ratio Tys/Tex. In the case of relative mass ratio y the effects are
principally due to increased structural inertial forces, while in the case of slenderness ratio h/r the
effects are due to overturning moments. Both of these effects lead to increased system damping
and structural rocking. In general, increased inertial forces further inhibit the wedge sliding and,
thus, they tend to reduce settlements for resonant SFS systems, with the maximum reduction
being approximately 40% with respect to the FS systems. It is noteworthy here that in the case of
semi-rigid structures (Tss/Texe = 0.55-0.80) with high slenderness ratios (h/r > 1.36), the
settlements are increased by up to 20% with respect to the FS systems due to the additional
rocking-induced soil softening.

e  Multi-variable relations were developed for the ratio of seismic settlement of the SFS system over
that of the equivalent foundation-soil (FS) system on the basis of 191 numerical analyses. The
proposed relations consider the critical SSI parameters (i.e., the period ratio Tss/Tex, the
slenderness ratio h/r and the relative mass ratio y) as independent variables. The physical
restrains of the examined phenomena (e.g. extreme values, upper and lower limits) are
introduced in the formulations by incorporating appropriate boundary conditions. Overall,
predictions of the proposed relations agree well with the numerical predictions. A statistical
analysis showed that the standard deviation of the relative errors has an aggregate standard
deviation equal to 0.07 and a quite uniform distribution for the different variables. SSI parameters
in the numerical analyses were considered within a range of variation, namely: Ty/Texc = 0.4 — 2.5,
h/r = 1.04 — 1.88, y = 2.40 — 5.10. This range of variation may also be considered the range of

application of the foregoing conclusions and the proposed relations.

Finally, it is important to mention that the examined soil conditions refer to purely liquefied ground,
i.e., after the onset of liquefaction, and not a soil that is merely liquefiable. In practice, this applies to
cases of severe liquefaction, which appears for factors of safety against liquefaction significantly
smaller than 1.0 (FS; < 0.40 - 0.50). This entails that the liquefaction onset time t, is adequately small
to ensure that the non-liquefied part of shaking — and the associated seismic settlements — are

negligibly small compared to the liquefied part of shaking.
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Chapter 6

Soil-Structure Interaction Effects on Seismic Settlements: Non-Liquefiable

Soil Conditions

6.1 General

The present chapter examines the response of the previously examined structure-foundation-soil
systems, but on non-liquefiable soil conditions. In practice, it is common that sites with factor of Safety
against liquefaction FS, moderately less than unity experience an initial shaking period, i.e. prior to
liquefaction, during which excess pore pressures remain negligible. As a result, this part of shaking will be
governed by non-liquefied soil conditions, which are characterized by amplified ground accelerations, as
well as, sufficient foundation bearing capacity, compared to the subsequent liquefied conditions. Thus,
the objective of this chapter is to isolate the response of such systems during the first part of shaking and,
as a next step, to investigate the role of soil-structure interaction on the system settlements. To that end,
the design characteristics of the examined SFS systems adhere to the previously examined concept of
designing structures in liquefiable conditions, which involves the use of a shallow foundation and the
improvement of a superficial soil zone. Namely, structural and the corresponding soil-structure
interaction parameters are kept constant, while the non-liquefiable soil conditions are modelled herein
by using the buoyant unit weight of sand. The effect of structural inertia on seismic settlements is, once
more, investigated through parametric investigation of the critical SSI parameters, i.e. the system-to-
excitation period Ts/Tex, the slenderness ratio h/r and the relative mass ratio y. As previously,
settlements of SFS systems are compared with the respective settlements of equivalent foundation-soil
systems (FS). Finally, simplified relations are developed for the analytical calculation of settlement ratios,
based on a multi-variable statistical analysis of the available numerical predictions. Since the estimation

of seismic settlements for FS systems is readily accessible both numerically and analytically (Richards et
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al. 1993), the obtained relations aim to serve as correction factors for the role of SSI on foundation

settlements.

6.2 Dynamic response of SFS and FS systems
6.2.1 Numerical methodology

The dynamic response of SFS systems with shallow foundation is investigated in the present chapter with
3-dimensional numerical analyses performed with the Finite Difference Code FLAC 3D. The numerical
model configuration followed in the previous chapter for liquefied conditions is also adopted with the

following differences:

e The non-liquefiable ground conditions were simulated by performing numerical analysis without
water flow simulation. The unit weight was set equal to the buoyant unit weight of the saturated
sand so that the effective consolidation stresses remain the same with those of the saturated soil
profile, used in the previous chapter.

e An interface is introduced in order to model the foundation-to-soil connection. In the case of
liguefaction conditions, the rigid connection between the nodes of the shell elements and the nodes
of the underlying soil zones is reasonable due to the attenuation of any significant structural rocking
on the onset of liquefaction. On the other hand, uplift of the foundation is possible during shaking in
non-liquefiable conditions due to the increased levels of rocking and as a result a rigid connection
between footing and soil does not model the response accurately. Thus, the introduced interface
permits uplift of the foundation, i.e., has zero tension cut-off. More details on the subjected are

described in Chapter 3.
6.2.2 Settlement mechanism of SFS systems
6.2.2.1 General

The seismic response of SFS systems considering inelastic soil behavior has received wide attention in
literature recently, both experimentally (Gajan et al. 2005; Knappett et al. 2006; Paolucci et al. 2008;
Kokkali et al. 2015) and numerically (Drosos et al. 2012; Kourkoulis et al. 2012; Zamani and El Shamy 2012;
Paolucci et al. 2013; Pecker et al. 2014). Studies have addressed soil inelasticity through soil plastification
and foundation uplift by analyzing systems with various design parameters, such as footing width,
structural height, soil density, static Factor of Safety, excitation properties etc. Reported results refer to

footing settlement and rotation, overturning moment capacity, as well as to the degraded rotational

153



Chapter 6: Soil-Structure Interaction Effects on Seismic Settlements: Non-Liquefiable Soil Conditions

stiffness and damping of the inelastic soil-footing system (Pecker et al. 2014). These studies have indicated
the aggravating — through structural rocking — role of SSI on settlement accumulation. Most interestingly,
Gajan et al. (2005) directly related the magnitude of the footing cycling rotation to the accumulated

settlements suggesting great dependance of the former to the latter.

Nevertheless, the aforementioned studies do not provide analytical relationships that can be used for the
estimation of seismic settlements for systems with varying characteristics. In fact, the only analytical
method than can be used for this purpose is that of Richards et al. (1993) that estimate seismic
settlements of shallow foundations by calculating the sliding of the Coulomb active-passive wedge
mechanism that is formed due to the seismic bearing capacity failure of the foundation. Nevertheless, the
particular study considers shallow foundations without any SSI effect. Thus, the purpose of the present
section is to estimate the aggravating effects of SSI on settlements and provide analytical relationships

that can be used as correction factors for the Richards et al. (1993) analytical predictions.
6.2.2.2 Numerical response

To demonstrate the SSI effects on system response under non-liquefiable conditions, Figure 6.1 compares
numerical results of the reference SFS system and the equivalent FS system, for the same base excitation.
It is reminded that the reference case is an SFS system close to resonance, i.e. with period ratio Tsys/Texc =
1.37, overburden pressure g = 80kPa and with the SSI parameters being y = 4.00 and h/r = 1.06. The base
excitation is a harmonic acceleration signal with peak acceleration amex = 0.15g and N = 12 number of
cycles. In Figure 6.1 the comparison is made in terms of the time-histories of (a) the footing settlement
and (b) rotation, (c) the horizontal displacements of the structural mass and the footing of the SFS system
as well as of (d) the FS system footing. The supporting soil response is described by time-histories of (e)
the deviatoric stresses and (f) strains under the footing edge at the depth of 0.5m. In addition, Figure 6.2

shows the (a) moment-rotation (M-6) and (b) settlement-rotation graphs.

These results highlight the aggravating role of SSI on settlement accumulation and reveal the main
mechanism of settlement accumulation. More specifically, the SFS system settles more compared to the
equivalent FS system during shaking, with the total settlement of the former being approximately 2-3
times larger than that of the latter, (i.e. 13cm against 5cm). The main difference between the two systems
lies on the structural vibration which translates to significant footing rotation for the SFS system (Figure
6.1e), as compared to the negligible footing rotations of the FS system, i.e., one order of magnitude
smaller. As a result, the soil underneath the footing edges of the SFS system is subjected to significant

shear straining, as observed in Figure 6.1e and f, which results in soil softening as manifested in the
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hysteretic response of the footing moment-rotation loops in Figure 6.2a. It is interesting to note that for
the SFS system, while footing rocking results in oscillations of the deviatoric stresses around the constant
value of g = 25 kPa, the immersion of the footing during shaking results in a steady deviatoric strain
accumulation, which exhibits characteristic “spikes” that coincide with the maximum footing rotations.
Figure 6.2b shows that the rate of footing settlement decreases with time as strain accumulation
increases (Figure 6.1f). Additionally, the positive settlement rate during shaking, observed in the same

Figure, indicates that significant uplift of the footing edges does not occur.

Consequently, the vast difference between deviatoric strains under the footing edge in the SFS and the FS
systems indicates that settlement accumulation due to rocking-induced soil softening is the governing
mechanism in the case of the SFS system. Contours of shear strains and horizontal displacements in Figure
6.3 shed more light in the aforementioned phenomena. In the case of the FS system, Figure 6.3c shows
that at the moment of maximum footing rotation, shear strain distribution under the footing is quite
uniform, suggesting that rocking-induced strains are negligible in this case. Additionally, Figure 6.3d shows
the formation of a soil wedge under and to the left of the footing, thus, implying bearing capacity failure.
On the contrary, the shear strain distribution under the footing, in the case of the SFS system, is uneven,
since local concentration is observed under the footing edge at the moment of maximum structural
deflection and, consequently, footing rotation (Figure 6.3a). Furthermore, maximum shear strains
develop in a much shallower zone, compared to the FS system, thus, indicating the important contribution
of rocking-induced soil softening in settlement accumulation. As a result, the formation of the soil wedge
mechanism cannot be clearly seen (Figure 6.3b), as it was the case for the FS system. Concluding, it can
be asserted that only a smaller portion of the overall settlements can be attributed to wedge sliding due

to the soil inertia and bearing capacity degradation.
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Figure 6.3: Contours of shear strain (a, c) and horizontal displacement (b, d) for the SFS (1% row) and FS system (2"
row) at the moment of maximum footing rotation.

6.3 Parametric investigation
6.3.1 Input data and assumptions

This section focuses on the comparative parametric investigation of the structure-foundation-soil (SFS)
and foundation-soil (FS) system response. The procedure implemented herein is similar to the procedure
of Chapter 5. Specifically, numerical analyses are performed in order to examine the effects of the crucial
SSl and excitation parameters, summarized in Table 6.1. The examined structural parameters (highlighted

with blue) are also expressed in terms of the SSI framework (highlighted with green). In particular, the

examined parameters are:

157



Chapter 6: Soil-Structure Interaction Effects on Seismic Settlements: Non-Liquefiable Soil Conditions

The mass Mg — concentrated at the top of the structure for the SFS systems and at the foundation

level for the equivalent FS system — is Mg, = 54.4, 74.4, 89.7 and 114.4Mgr. These values of mass

correspond to overburden pressures equal to g = 52, 68, 80, 100kPa and relative mass ratios equal

toy=2.40, 3.30, 4.00, 5.10.

The structural height is h = 3.0, 3.9, 5.1m, corresponding to slenderness ratios h/r = 1.06, 1.38, 1.88,

with r being the equivalent foundation radius, i.e. r =2.82m.

The excitation periods of the input motion are Texc=0.25, 0.35, 0.45, 0.50, 0.60, 0.70, 0.80, 0.90, 1.10,

1.20, 1.30, 1.40sec, with N=4, 8, 12 number of cycles.

Peak ground acceleration values are PGA= 0.23, 0.30, 0.36.

The basic geotechnical parameters of the model are identical to the previous case of liquefied soil

conditions, i.e., the relative density of the natural and the improved soil is D, = 45 and 60%, respectively,

improved zone thickness is H = 2m and thickness of the liquefiable sand layer is zjq = 18m. Furthermore,

the SSI parameter structure-to-soil stiffness ratios s was examined in the previous chapter and its effect

on system response was found minimal, given that all other parameters are kept constant. As a result, in

the present chapter the basic s ratio equal to 0.05 is considered, which corresponds to the value of fixed-

base natural period of the structure T s= 0.35 sec.

Table 6.1: Input data of 3-dimensional parametric analyses (colored cells indicate the examined parameter).

Structural Parameters Excitation Parameters SSI Parameters
No | System
Tsys.el/

Mstr (tn) Tsrf(sec) | h(m) | Texc(sec) | PGA(g) N h/r Y 3 s
1 SFS 54.4 0.35 3 0.25 0.30 12 1.06 2.40 0.05 1.20
2 SFS 544 0.35 3 0.30 0.30 12 1.06 2.40 0.05 1.20
3 SFS 54.4 0.35 3 0.35 0.30 12 1.06 2.40 0.05 1.20
4 SFS 544 0.35 3 0.40 0.30 12 1.06 2.40 0.05 1.20
5 SFS 544 0.35 3 0.45 0.30 12 1.06 2.40 0.05 1.20
6 SFS 54.4 0.35 3 0.50 0.30 12 1.06 2.40 0.05 1.20
7 SFS 544 0.35 3 0.60 0.30 12 1.06 2.40 0.05 1.20
8 SFS 54.4 0.35 3 0.70 0.30 12 1.06 2.40 0.05 1.20
9 SFS 54.4 0.35 3 0.80 0.30 12 1.06 2.40 0.05 1.20
10 SFS 544 0.35 3 0.90 0.30 12 1.06 2.40 0.05 1.20
11 SFS 54.4 0.35 3 1.10 0.30 12 1.06 2.40 0.05 1.20
12 FS 544 0.35 3 0.25 0.30 12 - - - -
13 FS 544 0.35 3 0.30 0.30 12 - - - -
14 FS 54.4 0.35 3 0.35 0.30 12 - - - -
15 FS 544 0.35 3 0.40 0.30 12 - - - -
16 FS 54.4 0.35 3 0.45 0.30 12 - - - -

158




Chapter 6: Soil-Structure Interaction Effects on Seismic Settlements: Non-Liquefiable Soil Conditions

Structural Parameters

Excitation Parameters

SSI Parameters

No | System
Tsys.el /

Mstr (tn) Tsrf(sec) | h(m) | Texc(sec) | PGA(g) N h/r Y s Tt
17 FS 54.4 0.35 3 0.50 0.30 12 - - - -
17 FS 54.4 0.35 3 0.60 0.30 12 - - - -
18 FS 544 0.35 3 0.70 0.30 12 - - - -
19 FS 54.4 0.35 3 0.80 0.30 12 - - - -
20 FS 544 0.35 3 0.90 0.30 12 - - - -
21 FS 544 0.35 3 1.10 0.30 12
22 SFS 74.4 0.35 3 0.25 0.30 12 1.06 3.30 0.05 1.27
23 SFS 74.4 0.35 3 0.30 0.30 12 1.06 3.30 0.05 1.27
24 SFS 74.4 0.35 3 0.35 0.30 12 1.06 3.30 0.05 1.27
25 SFS 74.4 0.35 3 0.40 0.30 12 1.06 3.30 0.05 1.27
26 SFS 74.4 0.35 3 0.45 0.30 12 1.06 3.30 0.05 1.27
27 SFS 74.4 0.35 3 0.50 0.30 12 1.06 3.30 0.05 1.27
28 SFS 74.4 0.35 3 0.60 0.30 12 1.06 3.30 0.05 1.27
29 SFS 74.4 0.35 3 0.70 0.30 12 1.06 3.30 0.05 1.27
30 SFS 74.4 0.35 3 0.80 0.30 12 1.06 3.30 0.05 1.27
31 SFS 74.4 0.35 3 0.90 0.30 12 1.06 3.30 0.05 1.27
32 SFS 74.4 0.35 3 1.10 0.30 12 1.06 3.30 0.05 1.27
33 FS 74.4 0.35 3 0.25 - 12 - - - -
34 FS 74.4 0.35 3 0.30 - 12 - - - -
35 FS 74.4 0.35 3 0.35 - 12 - - - -
36 FS 74.4 0.35 3 0.40 - 12 - - - -
37 FS 74.4 0.35 3 0.45 - 12 - - - -
38 FS 74.4 0.35 3 0.50 - 12 - - - -
39 FS 74.4 0.35 3 0.60 - 12 - - - -
40 FS 74.4 0.35 3 0.70 - 12 - - - -
41 FS 74.4 0.35 3 0.80 - 12 - - - -
42 FS 74.4 0.35 3 0.90 - 12 - - - -
43 FS 74.4 0.35 3 1.10 - 12 - - - -
44 SFS 89.7 0.35 3 0.25 0.30 12 1.06 4.00 0.05 1.32
45 SFS 89.7 0.35 3 0.30 0.30 12 1.06 4.00 0.05 1.32
46 SFS 89.7 0.35 3 0.35 0.30 12 1.06 4.00 0.05 1.32
47 SFS 89.7 0.35 3 0.40 0.30 12 1.06 4.00 0.05 1.32
48 SFS 89.7 0.35 3 0.45 0.30 12 1.06 4.00 0.05 1.32
49 SFS 89.7 0.35 3 0.50 0.30 12 1.06 4.00 0.05 1.32
50 SFS 89.7 0.35 3 0.60 0.30 12 1.06 4.00 0.05 1.32
51 SFS 89.7 0.35 3 0.70 0.30 12 1.06 4.00 0.05 1.32
52 SFS 89.7 0.35 3 0.80 0.30 12 1.06 4.00 0.05 1.32
53 SFS 89.7 0.35 3 0.90 0.30 12 1.06 4.00 0.05 1.32
54 SFS 89.7 0.35 3 1.10 0.30 12 1.06 4.00 0.05 1.32
55 FS 89.7 0.35 3 0.25 - 12 - - - -
56 FS 89.7 0.35 3 0.30 - 12 - - - -
57 FS 89.7 0.35 3 0.35 - 12 - - - -
58 FS 89.7 0.35 3 0.40 - 12 - - - -
59 FS 89.7 0.35 3 0.45 - 12 - - - -
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Structural Parameters

Excitation Parameters

SSI Parameters

No | System
Tsys.el /

Mstr (tn) Tsrf(sec) | h(m) | Texc(sec) | PGA(g) N h/r Y s Tt
60 FS 89.7 0.35 3 0.50 - 12 - - - -
61 FS 89.7 0.35 3 0.60 - 12 - - - -
62 FS 89.7 0.35 3 0.70 - 12 - - - -
63 FS 89.7 0.35 3 0.80 - 12 - - - -
64 FS 89.7 0.35 3 0.90 - 12 - - - -
65 FS 89.7 0.35 3 1.10 - 12 - - - -
66 SFS 114.4 0.35 3 0.25 0.30 12 1.06 5.10 0.05 1.39
67 SFS 114.4 0.35 3 0.30 0.30 12 1.06 5.10 0.05 1.39
68 SFS 114.4 0.35 3 0.35 0.30 12 1.06 5.10 0.05 1.39
69 SFS 114.4 0.35 3 0.40 0.30 12 1.06 5.10 0.05 1.39
70 SFS 114.4 0.35 3 0.45 0.30 12 1.06 5.10 0.05 1.39
71 SFS 114.4 0.35 3 0.50 0.30 12 1.06 5.10 0.05 1.39
72 SFS 114.4 0.35 3 0.60 0.30 12 1.06 5.10 0.05 1.39
73 SFS 114.4 0.35 3 0.70 0.30 12 1.06 5.10 0.05 1.39
74 SFS 114.4 0.35 3 0.80 0.30 12 1.06 5.10 0.05 1.39
75 SFS 114.4 0.35 3 0.90 0.30 12 1.06 5.10 0.05 1.39
76 SFS 114.4 0.35 3 1.10 0.30 12 1.06 5.10 0.05 1.39
77 FS 114.4 0.35 3 0.25 0.30 12 - - - -
78 FS 1144 0.35 3 0.30 0.30 12 - - - -
79 FS 1144 0.35 3 0.35 0.30 12 - - - -
80 FS 114.4 0.35 3 0.40 0.30 12 - - - -
81 FS 1144 0.35 3 0.45 0.30 12 - - - -
82 FS 114.4 0.35 3 0.50 0.30 12 - - - -
83 FS 114.4 0.35 3 0.60 0.30 12 - - - -
84 FS 114.4 0.35 3 0.70 0.30 12 - - - -
85 FS 114.4 0.35 3 0.80 0.30 12 - - - -
86 FS 1144 0.35 3 0.90 0.30 12 - - - -
87 FS 114.4 0.35 3 1.10 0.30 12 - - - -
88 SFS 89.7 0.35 3.9 0.25 0.30 12 1.38 4.00 0.06 1.49
89 SFS 89.7 0.35 3.9 0.30 0.30 12 1.38 4.00 0.06 1.49
90 SFS 89.7 0.35 3.9 0.35 0.30 12 1.38 4.00 0.06 1.49
91 SFS 89.7 0.35 3.9 0.40 0.30 12 1.38 4.00 0.06 1.49
92 SFS 89.7 0.35 3.9 0.45 0.30 12 1.38 4.00 0.06 1.49
93 SFS 89.7 0.35 3.9 0.50 0.30 12 1.38 4.00 0.06 1.49
94 SFS 89.7 0.35 BES) 0.60 0.30 12 1.38 4.00 0.06 1.49
95 SFS 89.7 0.35 3.9 0.70 0.30 12 1.38 4.00 0.06 1.49
96 SFS 89.7 0.35 BES) 0.80 0.30 12 1.38 4.00 0.06 1.49
97 SFS 89.7 0.35 BES) 0.90 0.30 12 1.38 4.00 0.06 1.49
98 SFS 89.7 0.35 3.9 1.10 0.30 12 1.38 4.00 0.06 1.49
99 SFS 89.7 0.35 5.1 0.25 0.30 12 1.88 4.00 0.08 1.74
100 SFS 89.7 0.35 5.1 0.30 0.30 12 1.88 4.00 0.08 1.74
101 SFS 89.7 0.35 5.1 0.35 0.30 12 1.88 4.00 0.08 1.74
102 SFS 89.7 0.35 5.1 0.40 0.30 12 1.88 4.00 0.08 1.74
103 SFS 89.7 0.35 5.1 0.45 0.30 12 1.88 4.00 0.08 1.74
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Structural Parameters Excitation Parameters SSI Parameters
No | System
Tsys.el /

Mstr (tn) Tsrf(sec) | h(m) | Texc(sec) | PGA(g) N h/r Y s Tt
104 SFS 89.7 0.35 5.1 0.50 0.30 12 1.88 4.00 0.08 1.74
105 SFS 89.7 0.35 5.1 0.60 0.30 12 1.88 4.00 0.08 1.74
106 SFS 89.7 0.35 5.1 0.70 0.30 12 1.88 4.00 0.08 1.74
107 SFS 89.7 0.35 5.1 0.80 0.30 12 1.88 4.00 0.08 1.74
108 SFS 89.7 0.35 5.1 0.90 0.30 12 1.88 4.00 0.08 1.74
109 SFS 89.7 0.35 5.1 1.10 0.30 12 1.88 4.00 0.08 1.74
110 SFS 89.7 0.35 5.1 1.20 0.30 12 1.88 4.00 0.08 1.74
111 SFS 89.7 0.35 5.1 1.30 0.30 12 1.88 4.00 0.08 1.74
112 SFS 89.7 0.35 5.1 1.40 0.30 12 1.88 4.00 0.08 1.74
113 SFS 89.7 0.35 3 0.25 0.23 12 1.06 4.00 0.05 1.32
114 SFS 89.7 0.35 3 0.35 0.23 12 1.06 4.00 0.05 1.32
115 SFS 89.7 0.35 3 0.40 0.23 12 1.06 4.00 0.05 1.32
116 SFS 89.7 0.35 3 0.50 0.23 12 1.06 4.00 0.05 1.32
117 SFS 89.7 0.35 3 0.60 0.23 12 1.06 4.00 0.05 1.32
118 SFS 89.7 0.35 3 0.70 0.23 12 1.06 4.00 0.05 1.32
119 SFS 89.7 0.35 3 0.80 0.23 12 1.06 4.00 0.05 1.32
120 SFS 89.7 0.35 3 0.90 0.23 12 1.06 4.00 0.05 1.32
121 SFS 89.7 0.35 3 1.10 0.23 12 1.06 4.00 0.05 1.32
122 FS 89.7 0.35 3 0.25 0.23 12 - - - -
123 FS 89.7 0.35 3 0.35 0.23 12 - - - -
124 FS 89.7 0.35 3 0.40 0.23 12 - - - -
125 FS 89.7 0.35 3 0.50 0.23 12 - - - -
126 FS 89.7 0.35 3 0.60 0.23 12 - - - -
127 FS 89.7 0.35 3 0.70 0.23 12 - - - -
128 FS 89.7 0.35 3 0.80 0.23 12 - - - -
129 FS 89.7 0.35 3 0.90 0.23 12 - - - -
130 FS 89.7 0.35 3 1.10 0.23 12 - - - -
131 SFS 89.7 0.35 3 0.25 0.36 12 1.06 4.00 0.05 1.32
132 SFS 89.7 0.35 3 0.35 0.36 12 1.06 4.00 0.05 1.32
133 SFS 89.7 0.35 3 0.50 0.36 12 1.06 4.00 0.05 1.32
134 SFS 89.7 0.35 3 0.60 0.36 12 1.06 4.00 0.05 1.32
135 SFS 89.7 0.35 3 0.70 0.36 12 1.06 4.00 0.05 1.32
136 SFS 89.7 0.35 3 0.80 0.36 12 1.06 4.00 0.05 1.32
137 SFS 89.7 0.35 3 0.90 0.36 12 1.06 4.00 0.05 1.32
138 SFS 89.7 0.35 3 1.10 0.36 12 1.06 4.00 0.05 1.32
139 FS 89.7 0.35 3 0.25 0.36 12 1.06 4.00 0.05 1.32
140 FS 89.7 0.35 3 0.35 0.36 12 - - - -
141 FS 89.7 0.35 3 0.50 0.36 12 - - - -
142 FS 89.7 0.35 3 0.60 0.36 12 - - - -
143 FS 89.7 0.35 3 0.70 0.36 12 - - - -
144 FS 89.7 0.35 3 0.80 0.36 12 - - - -
145 FS 89.7 0.35 3 0.90 0.36 12 - - - -
146 FS 89.7 0.35 3 1.10 0.36 12 - - - -
147 SFS 89.7 0.35 3 0.25 0.30 8 1.06 4.00 0.05 1.32
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Structural Parameters Excitation Parameters SSI Parameters
No | System
Tsys.el /

Mstr (tn) Tsrf(sec) | h(m) | Texc(sec) | PGA(g) N h/r Y s ot
148 SFS 89.7 0.35 3 0.30 0.30 8 1.06 4.00 0.05 1.32
149 SFS 89.7 0.35 3 0.35 0.30 8 1.06 4.00 0.05 1.32
150 SFS 89.7 0.35 3 0.45 0.30 8 1.06 4.00 0.05 1.32
151 SFS 89.7 0.35 3 0.50 0.30 8 1.06 4.00 0.05 1.32
152 SFS 89.7 0.35 3 0.60 0.30 8 1.06 4.00 0.05 1.32
153 SFS 89.7 0.35 3 0.70 0.30 8 1.06 4.00 0.05 1.32
154 SFS 89.7 0.35 3 0.80 0.30 8 1.06 4.00 0.05 1.32
155 SFS 89.7 0.35 3 0.90 0.30 8 1.06 4.00 0.05 1.32
156 SFS 89.7 0.35 3 1.10 0.30 8 1.06 4.00 0.05 1.32
157 FS 89.7 0.35 3 0.25 - 8 - - - -
158 FS 89.7 0.35 3 0.30 - 8 - - - -
159 FS 89.7 0.35 3 0.35 - 8 - - - -
160 FS 89.7 0.35 3 0.45 - 8 - - - -
161 FS 89.7 0.35 3 0.50 - 8 - - - -
162 FS 89.7 0.35 3 0.60 - 8 - - - -
163 FS 89.7 0.35 3 0.70 - 8 - - - -
164 FS 89.7 0.35 3 0.80 - 8 - - - -
165 FS 89.7 0.35 3 0.90 - 8 - - - -
166 FS 89.7 0.35 3 1.10 - 8 - - - -

6.3.2 Effect of Tsys/Texc

The present section examines the effect of period ratio Tss/Texc ON the settlement ratio between the
structure-foundation-soil (SFS) and foundation-soil (FS) system. To that end, Figure 6.4 presents the
response characteristics of the two systems. In more detail, Figure 6.4a examines the SFS-to-FS system
seismic settlement ratio, while Figure 6.4b shows the elastic response spectrum of the normalized
absolute acceleration of the structural mass S;/PGA and Figure 6.4c shows the phase difference ¢

between the vibration of the structural mass and the vibration of the foundation.

In contrast to the previously examined liquefied soil conditions, for non-liquefiable soil conditions the
numerical predictions show that SSI aggravates the performance of the SFS system. More specifically, the

following observations can be remarked:

o Stiff SFS systems (Ts,s/Texe >0) settle more than FS systems (oses/prs = 1.4). The reason for this is

that although spectral accelerations are not amplified (S,/PGA —>1.0), they act in-phase with the
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foundation movement ($=0°) and consequently foundation rocking and associated seismic
settlements are aggravated.

e Flexible SFS systems (Ts,s/Texc > ©°) settle equally with the FS systems (pses/ors =1.0). In this case,
spectral accelerations are de-amplified (S,/PGA < 1.0) and they also act out-of-phase ($p—->180°)
with the foundation movement. Thus, although rocking is still evident, it is out-of-phase with the
translation of the footing and sliding of the mobilized soil wedge, thus, counteracting rocking-
induced settlements.

e At resonance (Tss/Texc= 0.50-1.50) SFS systems settle considerably more than FS systems (0srs/0rs
= 4.0). This is attributed to the considerable increase of spectral accelerations (S,/PGA = 2-2.5),
while the phase difference between mass and foundation displacement is not high enough (¢ =
50-110°). Thus, the large inertial forces render rocking the governing mechanism of settlement
accumulation for the SFS system, with relatively minor counteracting effects due to the

asynchronous mass versus foundation vibration.

Concluding, the vast difference between shear strains under the footing edge in the SFS and the FS
systems indicates that rocking-induced settlement accumulation is the governing mechanism in the case
of the SFS system. Only a small percentage of the excessive settlements can be attributed to wedge sliding
due to the degradation of bearing capacity, which is the governing mechanism of seismically-induced

settlements in the case of single footings (FS systems).
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Figure 6.4: (a) Seismic settlement ratio of SFS-to-FS systems and (b)-(c) response spectra of the normalized absolute

acceleration of the structural mass Sa/ag and phase angle ¢ between the vibration of structural mass and the
vibration of the foundation.

6.3.3 Effect of slenderness ratio

This section examines the effect of slenderness ratio h/r on the dynamic response of SFS and FS systems,
i.e., in terms of the settlement ratio pses/prs, as well as the SFS system spectral accelerations and phase

difference (Figure 6.5). The structural, excitation and SSI properties of the examined systems are
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summarized in Table 6.1 (Analyses No 44-65, 88-112). The variation of slenderness ratio is performed
using the same framework as in Chapter 4, i.e., by varying the structural height, while keeping the fixed-

base natural period T constant.

The effective system period Tsys.efis a key-role parameter for the characterization of the system response.
The developed methodology of Chapter 4 provides estimates of Ts,s s for different values of slenderness
ratio, which are calculated in the case of non-liquefiable soil conditions using the smoothed spectral

predominant system period Ty, as defined in Section 4.3.2 and the obtained values are summarized in

Table 6.2 (5" column). The linear part of period elongation Tsyse,/Tstrs, is calculated with the use of the

analytical procedures of Design Codes and the resulting values are summarized in the 3™ column of Table
6.2. The nonlinear part of period elongation Tss.ef/Tsysel is calculated with the use of Transfer Functions
with the previously described procedure of chapter 4.3.2. The obtained results are shown in Table 6.2 (4"

column). Overall, the effective system period Ty is significantly affected by the slenderness ratio, with

computed values ranging from Tys. = 0.68sec to 0.76sec. The increase of Tyysef is primarily attributed to
the increase of the elastic part of period elongation Tsys.e,/Tstr. The aforementioned procedure of system
period estimation is described herein in order to provide a further insight on the procedure used to
compute the system period Tss. Nevertheless, the values of T in the following numerical predictions of

Figure 6.5 are calibrated so that peak values of settlement ratios are presented for a period ratio Tsys/Texc

equal to unity.

Table 6.2: Period elongation data of the numerical analyses for varying slenderness ratio.

h (m) h/r Tsys.el/Tstr.f Tsys.eff/Tsys.el Tsys.eff (sec)
3.0 1.06 1.32 1.48 0.68
3.9 1.38 1.49 1.39 0.71
5.1 1.88 1.74 1.28 0.76

The aforementioned vibrational characteristics of the examined SFS and FS system response are

presented in Figure 6.5a-c. The following can be noted:

e Rocking-induced soil shearing is the principal mechanism of settlement accumulation for SFS systems
irrespective of the slenderness ratio. Specifically, at resonance, i.e. Tss/Texc = 1.0, peak settlement

ratios psrs/prs are increased up to 21% when h/r increases from 1.06 to 1.88. On the other hand, for
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stiff systems, i.e. Tss/Texc < 0.5, settlement ratios are not affected by the slenderness ratio, while for
slender systems, i.e. Tsys/Texc2 1.5, only a minimal increase of psrs/prs values is observed for larger
values of slenderness ratios.

e Spectral accelerations Sq/PGA are rather not sensitive to the slenderness ratio. Since all the examined
systems have the same structural mass, the aforementioned observation implies that the shear force
and overturning moment transmitted to the foundation also remain constant. The overturning
moment developed on the foundation level is directly proportional to the structural height, hence, it
is directly proportional to the slenderness ratio.

e The phase difference ¢ between the motion of the structural mass and the one of the foundation is
related to the magnitude of rocking-induced soil softening. As a result, the greatest levels of phase
difference are observed for larger values of the slenderness ratio, i.e. h/r = 1.88. It is noted that the
discussed phase difference is mainly kinematically affected by the additional plastic deformation of
the foundation soil, rather than the typical damping forces that oppose the mass movement as

described in the theory of vibrations.
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Figure 6.5: Variation of settlement ratio psrs/prs, normalized spectral accelerations So,/PGA and phase difference ¢
with period ratio Tsys/Texc for different data sets of slenderness ratio h/r.

6.3.4 Effect of relative mass ratio

The effect of relative mass ratio y on the dynamic response of SFS and FS systems is parametrically
investigated with the aid of Table 6.3 and Figure 6.6. Structural, excitation and SSI properties of the

examined systems are summarized in Table 6.1 (numerical analyses No 1-87). To ensure equivalent fixed-
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base structural period Ts.rand, thus, structure-to-soil-stiffness ratio s (=h/V;Tsy), structural stiffness ks

was varied along with the variation of structural mass.

As shown in Table 6.3, the effect of relative mass ratio on both the elastic part Tsys.e,/Tstrf and the inelastic

part Tsys.eff/Tsys.el of period elongation is moderate. Namely, elastic period elongation Tsysel/Tstrfis only

marginally increased, i.e. up to 6%, with the relative mass ratio (Table 6.3, 3™ column). The particular
increase is related with the greater values of the measured shear wave velocity Vs under the footing due
to the increased Shear Modulus G associated with the applied overburden pressure. The procedure

followed to obtain the aforementioned elastic system period is described in detail in section 4.3.1.

Similarly, the inelastic part of period elongation Tsys.ef/Tsysel is only mildly affected by the relative mass

ratio (Table 6.3, 4" column). The maximum increase in the examined range of relative mass ratios is up to

9% and is attributed to additional soil softening due to the increased inertial forces of the structure.

Table 6.3: Period elongation data of the numerical analyses for varying relative mass ratio.

Mstr (Mgr) Y Tsys.el/Tstr.f Tsys.eff/Tsys.el Tsys.eff (sec)
54.4 2.40 1.25 1.40 0.59
74.4 3.30 1.29 1.49 0.66
89.7 4.00 1.32 1.48 0.68
114.4 5.10 1.32 1.53 0.71

Figure 6.6a-c evaluates the effect of relative mass ratio on the vibration characteristics of the SFS and FS

systems, using the same format as the previous section. The following remarks can be made:

e Settlement ratios are significantly and systematically affected by relative mass ratio values. Namely,
in the central (resonant) spectral region Tsys/Texc = 0.75+1.35 settlement ratios increase up to 70%
when relative mass ratio increases from 2.40 to 5.10. Irrespective of the value of the relative mass
ratio, settlement ratios tend to the value of 1.5 for stiff SFS systems (T,s/Texc < 0.5) and to 1.0 for
flexible systems, while the corresponding ratios for flexible systems (T,s/Texc2 1.5) tend to unity.

e Spectral accelerations S,/PGA at resonance exhibit a slight decrease with increasing values of the
relative mass ratio due to increase of the system damping.

e Qverall, the significant increase of settlements with relative mass ratio is directly related with the

increase of structural inertial forces and the associated rocking-induced soil softening. For example,
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a system with y = 5.10 experiences maximum spectral acceleration S,/PGA = 1.8 and, therefore, the

corresponding inertial force of the structure —assuming ag= 1 m/s’—is Fi= m- S,=114.4 Mgr-1.8 m/s?

= 206kN, whereas a system with y = 2.40 experiences maximum spectral acceleration S,/PGA = 2.2

and the corresponding inertial force of the structure in this case is Fi = m-Sa =54.4 Mgr-2.2 m/s* =

120kN.
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Figure 6.6: Variation of settlement ratio psrs/prs, normalized spectral accelerations Sa/PGA and phase lag ¢ with the
period ratio Tsys/Texc for different data sets of relative mass ratios y.

169



Chapter 6: Soil-Structure Interaction Effects on Seismic Settlements: Non-Liquefiable Soil Conditions

6.3.5 Excitation characteristics effect

The present section examines the effects of the excitation characteristics on the SFS system response. The
characteristics of interest are i) the peak ground acceleration PGA and ii) the number of cycles N, of the
harmonic input motion. The range of the examined acceleration amplitudes PGA is such that it
corresponds to the range of engineering interest. As mentioned in section 4.5.2, to relate the actual peak
ground acceleration PGA with the amplitude of the input base motion a’mex , it is considered that: i) The
surface motion is amplified with respect to the bedrock motion, and ii) the constant amplitude of the
harmonic motion is equivalent to the effective amplitude of an actual record which is typically assumed
to be 2/3 of the peak ground acceleration for earthquake magnitudes of about 6 to 7 [based on the
empirical estimate (M-1)/10]. Figure 6.7a-b present results of the aforementioned parametric numerical
analyses performed for the reference system with SSI parameters s = 0.07, h/r =1.06 and y = 4.00. It may

be observed that:

e The intensity of seismic acceleration PGA is a significant factor that aggravates settlement
accumulation of SFS systems. Namely, at resonance, i.e. Tss/Texc = 1.0, the increase of the input
motion magnitude PGA from 0.23g to 0.36g results to a corresponding increase of settlement ratios
from psrs/prs= 3.4 10 6.8, i.e. up to 100%. For both stiff, i.e. Tss/Texc > 0.0, and flexible systems, i.e.
Tsys/Texc > 2.5, the effect of earthquake intensity on settlement ratios is minimized.

e The number of cycles of the harmonic input motion N, affects the settlement of SFS systems but to
a lesser degree compared to PGA. Specifically, at resonance settlement ratios are increased by 30%
with increasing number of cycles from 4 to 12. On the other hand, settlement ratios of stiff and
flexible systems seem to be unaffected by the number of cycles N.

e The relatively small effect of the number of cycles N, on settlement ratio suggests that most of the
settlement accumulation of SFS systems takes place in the first part of shaking. Literature studies on
cyclic loading of sands have shown that the rate of volumetric strain accumulation gradually
decreases with the number of cycles, up to a point where volumetric strains approach a constant
value (Silver and Seed 1971; Bouckovalas et al. 1984). As a result, settlement accumulation is not

proportional to the number of cycles and further settlement is prohibited.
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Figure 6.7: Variation of settlement ratio pses/ors with the period ratio Tsys/Texc for different data sets of (a) the peak
outcropping bedrock acceleration PGAxand (b) the number of excitation cycles No.

6.4 Analytical relationships for SSI effects

This section aims at the development of analytical expressions for the settlement ratio pses/prs between
SFS and FS systems by exploiting the numerical analysis results. The main parameters that affect the
problem have been identified by the parametric investigation of the previous sections and they are
explicitly introduced in the analytical relationships that follow. The parameters under consideration are:
the period ratio Tsys/Tex, the slenderness ratio h/r, the relative mass ratio y, the peak ground acceleration
PGA and the number of excitation cycles No,. Multivariable approximate relationships are developed

following a multi-variable statistical analysis of the numerical results.

The developed expressions are not statistically “blind” but consistent with the physical mechanisms that
govern the problem. Namely, following the discussions in the previous sections, settlement ratios exhibit
a bell-type variation with the governing SSI parameter, i.e. the period ratio Tsys/Tex.. For this reason, the
proposed relation to capture the variation of pses/ors With Tyys/Texc is based on the relationships that are
typically used to describe the amplification spectrum of a single-degree-of-freedom system. In its general
form, the expression of the settlement ratio pses/prs is written as a function of the period ratio Tsys/Texc

through the use of 4 coefficients, i.e.:

2
PSFS __ C1+C; (Tsys/Texc) 6.1

2
ors \/[C32_(TSYS/TEXC)2] +C4-2(Tsys/Texc)2

As it was also described in the previous chapter, the determination of the four independent coefficients

(Cy, Cy, G5, C4) was based on some characteristic conditions: the limit values at the right- and left-end of
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the spectrum, the peak value of the curve and the point of zero curvature. The following equations emerge

by substituting the aforementioned boundary conditions to Equation 6.1:

 G/Cs Tsys/Texc -0
Psrs _ VC3Ca —
Prs < C3:C+Cy Tsys/Texc =10
C, Tsys/Texc - ®
—
d(psFs/PFs) _ 0 Tsys/Texc ~10

d (Tsys/ Texc)

The above coefficients are functions of the remaining variables, i.e. h/r, y, PGA and N,. Based on the
available numerical predictions and in order to simplify the proposed expressions, it can be reasonably
assumed that for stiff systems (Tsys/Texc > 0) the settlement ratio tends to unity. On the other hand, for
flexible systems (Tys/Texc > ©°), it is assumed - that the limiting value of settlement ratios depends only on
the variables y and h/r, while it tends to a constant value (0.8) for different values of PGA and N,. Based

on the aforementioned conditions, the derived coefficients are presented in Table 6.4.

Table 6.4: Values of the coefficients (C1, C2, C3, C4) used in the proposed methodology.

Variables Coefficients

h/r 1% PGA No C: C C: Cs

1.06 4.00 0.30 12 0.53 0.11
1.36 4.00 0.30 12 0.58 0.09
1.88 4.00 0.30 12 0.63 0.06
1.06 2.40 0.30 12 0.09 0.15
1.06 3.30 0.30 12 0.34 0.13
1.06 5.10 0.30 12 1.00 0.58 1.00 0.09
1.06 4.00 0.23 12 0.53 0.20
1.06 4.00 0.36 12 0.53 0.06
1.06 4.00 0.30 4 0.53 0.17
1.06 4.00 0.30 8 0.53 0.12

The coefficients in Equation 5.10 are determined with a multi-variable statistical analysis of the available
data in order to capture the working range of the examined variables. According to this, the following

relationships are proposed for the coefficients C,, Ca:

172



Chapter 6: Soil-Structure Interaction Effects on Seismic Settlements: Non-Liquefiable Soil Conditions

C, = 1.0 62
6.3
C; =) - fa(h/T)
with
o . 6.4
f1(y) = min{a, + b, - e, 0}
6.5
f2(h/r) =dy + ey~ (h/T)
Cy = 1.0 66
6.7
Cs = 91(y) - 92(h/7) - g3(PGA) '94(No)
with
6.8
g1(y) =as+byy
6.9
g2(h/1) = cy +dy - (h/T)
6.10
g3(a£’nax) =ey+ fo PGA
6.11

ga(N,) = min {g, + hy - e%+No,0.3}

The constants in the above equations obtained from the regression analysis of all available data are:
a:=0.68, b,=-3.47, c1=-1.46, d1=0.82, €:=0.24, a,=1.79, b,=-0.40, c,=1.52, d,=-0.53, e,=3.85, ,=-9.45,
g,=0.11, h,=0.31, i,=-0.40. The relevant plots of the aforementioned coefficients are presented in the
subplots of Figure 6.8. Figure 6.9,Figure 6.10,Figure 6.11 and Figure 6.12 present in detail the numerical
predictions of settlement ratios pses/prs as a function of the period ratio Tsys/Texc as well as the associated
proposed relationships of Equations 5.10 (with the coefficient values shown in Table 6.4) for each of the
examined variables, namely, the relative mass ratio (Figure 6.9), the slenderness ratio (Figure 6.10), the

peak bedrock acceleration (Figure 6.11) and the number of cycles of the input motion (Figure 6.12).
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Figure 6.8: Plots of coefficients used in the proposed methodology as a function of the slenderness ratio and relative
mass ratio.

174



Chapter 6: Soil-Structure Interaction Effects on Seismic Settlements: Non-Liquefiable Soil Conditions

6.0
Relative mass ratio
L]
o B . 'S
Q e 510
"o -
540 o« " 4.00
% | *e + + 330
= - + 240
S e
£ | * ™ *
® 2.0 o + M .
© ¢ ++ ¢ "
%) + + [ ] o
B E L ¥
0_0 1 | L | 1 | 1 | 1
00 05 1.0 1.5 20 25
Tsyszexc
6.0 6.0
=2.40 =3.
Qf? | ¥ | y=3.30
"t
&40 |
o
©
5
£ 20
K]
=
w
"
0.0 .
0.0 0.4 08 1.2 1.6 20 0.0 0.5 1.0 1.5 20 25
6.0 6.0
&
"t
&40
o
©
5
£ 20
K]
=
w
"
00 1 | 1 | 1 | 1 | 1 00 1 | 1 | 1 | 1 | 1
0.0 05 1.0 15 20 25 0.0 0.5 1.0 1.5 20 25

TsysTexc Tsys/Texc
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Figure 6.12: (a) Numerical predictions and (b)-(d) analytical expressions for the prediction of settlement ratio psrs/prs:
effect of the number of excitation cycles.

The proposed analytical methodology is evaluated in the following by comparing its predictions with the

corresponding numerical analyses results. The relative error between the analytical and the numerical

predictions is employed to quantify the accuracy of the predictions, defined as:
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Observed—Numerical 6.12

Relative error =
Observed

The statistical evaluation of relative errors in the prediction of settlement ratios psrs/prs for every —
separately examined — independent variable is presented in Table 6.5 and Figure 6.13. Statistical analysis
showed that the standard deviation and average value of relative errors for the aggregate of predictions
are 0.18 and -0.04, respectively. Overall, results show a relatively small concentration of errors both for
the total as well as for the separate examination of the independent variables. Additionally, the

distribution of errors is quite uniform for all the examined variables.

Table 6.5: Relative error of the proposed methodology against numerical predictions for separate sets of variable
examination.

: R e
4.00 1.06 0.30 12 58 14.1
4.00 1.36 0.30 12 -9.6 19.1
4.00 1.88 0.30 12 -4.6 17.0
2.40 1.06 0.30 12 -04 29.5
3.30 1.06 0.30 12 -7.9 19.8
5.10 1.06 0.30 12 3.0 19.1
4.00 1.06 0.23 12 -13.6 18.8
4.00 1.06 0.36 12 5.0 16.3
4.00 1.06 0.30 4 0.4 12.4
4.00 1.06 0.30 8 -5.7 12.9
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6.5 Summary and conclusions

The present chapter examines the effect of SSI on structural settlements under non-liquefiable soil
conditions. The critical factors affecting settlements are examined as dimensional parameters within the
framework of SSI. In order to quantify the effect of structural inertia on settlements, the dynamic response
of structure-foundation-soil (SFS) systems is examined comparatively with the response of equivalent
foundation-soil (FS) systems. Finally, analytical relationships are developed for the settlement ratio
psrs/prs following a statistical analysis of the numerical results. These relationships may serve as correction
factors that can be applied to established procedures for the estimation of seismic settlements of single
footings (e.g. Richards et al. 1993) without the effect of SSI. Overall, the following conclusions can be

drawn:

e Seismic settlements of SFS systems are profoundly increased due to rocking-induced softening of

the foundation soil. As a result, shear strain distribution under the structure appears to be
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swallower compared to the typical — and deeper — formation of Coulomb-type wedges and
additionally maximum strains are symmetrically concentrated under the footing edges.

e Due to the correlation of settlement accumulation with foundation rocking the most crucial
parameter for SSI settlement aggravation is the period ratio Tsys/Texc between the system and the
excitation. Resonance conditions may lead to amplification of spectral accelerations and
settlement ratios pses/prs Up to 2 and 6 times, respectively.

e The relative mass ratio y and slenderness ratio h/r also affect significantly settlement
accumulation of SFS systems. The associated effects are related with the aggravated structural
rocking for increasing levels of these ratios. In the case of relative mass ratio, structural rocking is
aggravated due to the increase of structural inertial forces, whereas in the case of slenderness
ratio due to the increase of overturning moments. Overall, settlement ratios are increased quite
uniformly in the period range 0.75+1.35 sec from 3.0 to 5.2 (i.e. up to 70%) when y increases from
2.4010 5.10. On the other hand, the settlement ratio increase with slenderness ratio is foremostly
concentrated in the spectral region of resonant systems, with the maximum increase being 21%
as h/r increases from 1.06 to 1.88.

e The seismic excitation characteristics affect system response mostly through the peak ground
acceleration and — to a lesser degree — through the number of excitation cycles No. Regarding the
former, settlement ratios appear to increase uniformly with peak ground acceleration, in the
whole Ts/Texe Spectrum, with the maximum increase being approximately 110% when PGA
increases from 0.23g to 0.36g. The number of excitations cycles increases the settlement ratio
over a narrower Ts/Texcrange, i.e. around 0.80+1.20 sec. The increase is up to 30% when N, is
raised from 4 to 12.

e Llastly, analytical relationships were developed based on the statistical analysis of the available
numerical results. These relationships aim to serve as correction factors for the prediction of
seismic settlements of SFS systems based on existing procedures for FS systems (e.g. Richards et
al. 1993). The proposed relationships include the key-role SSI parameters (slenderness and
relative mass ratio), as well as the excitation parameters (peak ground acceleration, number of
excitation cycles). The evaluation of the proposed methodology showed sufficient accuracy with

the aggregate standard deviation of the relative errors being equal to 0.18.
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Chapter 7

Design Methodology

7.1 General

The previous chapters focused on the effect of SSI on the accumulation of seismic settlements of
footings on sand, either under non-liquefiable or under liquefied conditions. As a result, correction
factors are proposed which should be multiplied with settlement estimates for footings without
any interaction-induced shear and moment loading in order to give the anticipated settlements
for the complete structure and foundation system. It is thus realized that, from a design point of
view, the final settlement computation requires analytical estimates of the reference settlement
values, i.e., for footings under a uniform vertical pressure representing the dead load of the

structure.

In view of the above, the present Chapter will initially present published analytical methodologies
for seismic settlement computation, under non-liquefiable and liquefied soil conditions, without
any SSl effects. As it is discussed in the following, these methods have been mainly developed for
the simper 2D case of strip footings, and not for the rectangular footings examined herein. For
this reason, they will be evaluated and, when necessary, modified in order to fit the results of the

reference numerical analyses of this study for rectangular footings without SSI effects.

In the sequel, it will be demonstrated how the proposed correction factors may be applied in
design practice. The general case will be examined where the foundation lays on a liquefiable
sand deposit with an improved non-liquefiable crust, where liquefaction is triggered some time
after the initiation of shaking. In this case, it may be assumed that “non-liquefied” soil conditions
prevail until the onset of initial liquefaction (i.e until r,= 0.60-0.70) and liquefied soil conditions
prevail thereafter, until the end of shaking. The duration of non-liquefiable and liquefied soil

conditions is controlled by the value of the Factor of Safety against liquefaction FS;, with the
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special cases of purely non-liquefiable or purely liquefiable conditions corresponding
approximately to FS; > 1.0 and FS; < 0.30 respectively. A method relating the time of liquefaction

onset to FS,, for actual soil and seismic excitation conditions, will be also presented and evaluated.

7.2 Equivalent harmonic excitation

In engineering practice, the irregularity of seismic ground motions is typically overcome by the
identification of the most important ground motion characteristics, namely the: i) amplitude, ii)
frequency content and iii) duration of the actual seismic event. Various methods have been
proposed in literature for this purpose. Regarding the amplitude of the ground motion, an

"

effective acceleration is proposed which is related to the “... structural response and to the
damage potential of an earthquake” (Newmark and Hall 1982). This reduction of the acceleration
magnitude accounts for the fact that the actual peak ground acceleration recorded during the
event is usually related to high frequency pulses and, as a result, it does not induce response from
the structures that typically have much lower eigen-frequencies. (Tokimatsu and Yoshimi 1983)
relate the effective acceleration with peak ground acceleration ams and the earthquake
magnitude My, as follows:

M, —1

aeff = 10 Amax 7.1

Regarding the frequency content of the ground motion, a variety of parameters has been
proposed in literature in order to better characterize the distribution of spectral frequencies. The
most commonly used frequency idealization is to adopt the predominant excitation period T,
which corresponds to the peak amplitude of the elastic response spectrum or the Fourier
amplitude spectrum of the actual seismic ground motion. More sophisticated spectral parameters
use various methods in order to consider the distribution of spectral amplitudes (Rathje et al.

1998b).

The duration of the ground motion constitutes a crucial parameter in earthquake engineering,
since it is directly related to some important soil response features, such as stiffness and strength
degradation, plastic strain accumulation, as well as pore water pressure increase and liquefaction.
Most frequently, the duration of an irregular seismic acceleration history is approximated by the
an equivalent number of significant cycles Ney and the corresponding total duration of the seismic

event Ty, expressed as:
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Ty = Neq " Texc 7.2

where Tex is the period of the equivalent harmonic excitation. Based on the requirement that the
harmonic wave has the same amount of kinetic energy with the actual ground motion, the

equivalent number of cycles Ne, can be computed by solving the following equation:
Td
Qe Neg Toxc” = T[ZI lv(t)|dt 7.3
0

where v(t) denotes the time-history of the seismic velocity.

7.3 Time of liquefaction onset
7.3.1 Available methodologies

The proposed methodology for the calculation of building settlements on liquefiable soil is
necessarily based on previous studies which enable the separation seismic motions in two parts,
i.e. prior to (t < ti4,) and after (t > t,4) liquefaction (Bouckovalas et al. 2017; Kramer et al. 2016;
Ozener et al. 2020; Youd and Carter 2005). The key for this separation lies in the fact that soil
softening due to liquefaction is severe enough to induce a distinct phase of shaking which is
characterized by significantly altered soil properties (Vi, Tsoi) compared to the initial, pre-
liguefaction, properties. Moreover, the transition from the initial fundamental site period Tsi0 to
the liquefied one T, is quite abrupt. Namely, T is only slightly affected for pore pressure ratios
r, less than about 0.80, but it increases rapidly as pore pressure ratios approach the value of 1.0
(Kramer et al. 2016). This is shown in Figure 7.1, which presents the variation of the fundamental

site period elongation Tsi/ Tsoio With the excess pore pressure ratio ry.
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Figure 7.1: Liquefaction-induced site period elongation ratio Ts/Tso (or frequency shortening ratio fs/fs,0)
Versus excess pore pressure ratio ru (Kramer et al. 2016).

Various approaches are proposed in literature for the estimation of the liquefaction onset time t,.
(Kramer et al. 2016) proposed the identification of site period evolution in recorded ground
motions in order to relate the onset of liquefaction with the elongation of site period due to soil
softening. For this purpose, the authors developed a Stockwell spectrum-based procedure which
captures the changing frequency content of ground motion by decomposing a signal into time-
windows consisting of wavelets with a particular frequency range. Figure 7.2 presents the ground
acceleration time-history and the normalized (by the peak Stockwell amplitude at each time-
window) Stockwell spectrum of the Kawagishi-cho record from Niigita earthquake (1964). Results
show that after 8-10 sec of seismic motion the frequency content of the signal shifts from high-
frequency to low-frequency components. For the last 30 seconds of motion the Stockwell
spectrum maintains a stationary frequency value of approximately 0.2 Hz, thus, indicating

liguefaction.
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Figure 7.2: (a) Ground acceleration time-history and (b) normalized Stockwell spectrum of the Kawagishi-
cho record from the Niigita earthquake (1964) (Kramer et al. 2016).

(Bouckovalas et al. 2017), on the other hand, estimated the liquefaction onset time t; by visual
comparison between acceleration recordings at the ground surface and at different depths in the
subsoil. This procedure draws upon the fact that the presence of one or more liquefied layers in
the subsoil may act as a natural seismic isolation that prevents the propagation of shear waves to
the free ground surface (Bouckovalas et al. 2016b). To demonstrate this, Figure 7.3 presents the
effect of liquefaction onset on the surface motion and the corresponding elastic response
spectrum recorded at the Wild Life Array (WLA) site during the Superstition Hills earthquake
(1987). It is observed that the liquefaction onset, signified by the elimination of high frequencies
in the acceleration recording of Figure 7.3a, corresponds to excess pore pressure build up ratios
r, = 0.4-0.5 in Figure 7.3b. In addition, the elastic response spectrum of Figure 7.3c shows that
liguefaction-induced soil softening results in the amplification of long-period (i.e. T > 1.2 sec)

amplitudes, and de-amplification of short-period (i.e. T> 1.2 sec) amplitudes.

Based on parametric numerical analyses for varying relative density and thickness (H;) of the
liquefiable layer, the onset time of liquefaction at the ground surface t, g was correlated with: i)
the average onset time of liquefaction over the entire liquefiable soil depth t, ., (Figure 7.4a), and
ii) the minimum with depth liquefaction time t,min for all liquefiable soil layers (Figure 7.4b).

Results show that the correlation between t, 4 and the minimum liquefaction time t,mi» has
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significantly reduced scatter, in contrast to the large scatter of the correlation with t .. Hence,

the following best-fit relationship was proposed for the estimation of t, 4-(Figure 7.4b):
tL,gT = 0.84 : tL,min 7.4

These findings indicate that for the initiation of liquefaction effects on the ground surface, it is
sufficient that the most weak layer in the subsoil liquefies. The fact that t. 4-is somewhat less than
tumin implies that liquefaction effects are first evidenced at the ground surface a little before

excess pore pressure ratios reach the critical value of r, = 1.0.
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Figure 7.3: (a) Acceleration time-history at the ground surface, (b) excess pore pressure ratios within the
liquefiable soil layers and (c) elastic response spectra of the total ground motion as well as of the pre- and
post-liquefaction time-windows (Tsiapas 2017b).
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Figure 7.4: One-to-one comparison between onset of surface liquefaction t,av versus (a) average over
depth onset time ti,ov and (b) minimum onset time t,min (Tsiapas 2017b).

7.3.2 Application in practice

The aforementioned procedures estimate the liquefaction onset time t, based on numerical
analyses of the seismic ground response. Therefore, it is possible, in the particular studies, to
estimate directly the initiation of liquefaction phenomena on any given soil sublayer by
monitoring the excess pore pressure ratio r, or the fundamental soil period T However, in
practical applications, the liquefaction potential of different sites is not evaluated from numerical
soil response analyses but from the empirically computed Factor of Safety against liquefaction
FS.. Therefore, Bouckovalas et al. (2017) proposed to correlate the liquefaction onset time t; with

FS.. To that end, the liquefaction onset time for a uniform soil layer subjected to a harmonic
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excitation with period T... may be computed as the number of loading cycles to liquefaction N,

(i.e. until r, = 1.0) times the harmonic excitation period (Tex):
tL = NL " Texc 75

Laboratory and model experiments have shown that the resistance of sands to liquefaction,

expressed in terms of the Cyclic Stress Ratio (CSR)

T
CSR = =X 7.6

0-1.7 C

is principally dependent on the number of loading cycles N, the relative density and the confining
stress. For instance, Figure 7.5 shows results from shaking table tests on liquefiable sand (De Alba
et al. 1976) which demonstrate the effect of the number of cycles and relative density for initial
overburden stress of 100kPa. In general, such experimentally determined liquefaction resistance

curves may be analytically described as:
CSR=a K, N, 7.7

with coefficients a and b being functions of the soil type and loading conditions and K; =1 —

0.26In(0,0/D0a)-
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Figure 7.5: Variation of cyclic stress ratio with the number of cycles required for liquefaction triggering,
obtained from simple shear tests (De Alba et al. 1976).
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In essence, Equation 7.7 can be used inversely to estimate the number of loading cycles N;
required to cause liquefaction under harmonic cyclic loading with a given CSR. Alternatively, given
the number of loading cycles Neg, Equation 7.7 provides the threshold CSR values required for
liguefaction, denoted as Cyclic Resistance stress Ratio CRR. Hence, Equation 7.7 can be

transformed to:
CRR=a"N," 7.8

Combination of Equations 7.7 — 7.8 results to the following definition of the Factor of Safety

against liquefaction:

b
CRR (N
FS, == (-5 7.9
CSR ~ \ N

Hence, in practical applications the estimation of the liquefaction onset time t, is possible by
calculating N, from Equation 7.7, for the given soil profile and seismic excitation properties. For
practical applications, FS; is obtained empirically in terms of the Nspr values. On the other hand,
based on Equation 7.3, Neg may be analytically computed as:

Td
_ m? fo lv(t)|dt 210

eq 2
Aeff Texc

7.4 Analytical computation of seismic settlements for footings in non-liquefiable

conditions
7.4.1 Overview

Seismic settlements of footings on granular soils are principally attributed to the shear strength
degradation of the foundation soil during shaking, as well as, to the lateral inertial forces that act
upon the structure and the foundation soil. The bearing capacity reduction has been widely
examined in literature, typically with upper limit analyses that use a Coulomb-type mechanism
(Budhu and Al-Karni 1993; Knappett et al. 2006; Paolucci and Pecker 1997; Soubra 1999). More
recent studies have additionally introduced the effect of structural inertial forces, by means of

moments acting upon the foundation (Knappett et al. 2006). Nevertheless, the estimation of the
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associated seismic settlements has not received equal attention. In fact, the only available
analytical method is that of Richards et al. (1993), which draws upon the “sliding-block” approach
used for the calculation of lateral displacements of retaining walls and slopes. According to that
method, the footing is replaced by a uniform overburden pressure g, thus, neglecting any effects

of the superstructure inertia in terms of shear forces or overturning moments.

In the following, the aforementioned analytical methodology is briefly presented and then used
for the calculation of footing settlements for FS systems. The accuracy of the analytical predictions
is evaluated against the results of the relevant numerical analyses presented in Chapter 6. It is
worth noting that the analytical methodology of Richards et al. (1993) has been developed as an
upper bound prediction method for strip foundations. Hence, before comparing with the results
of numerical analyses, the simplest possible modifications were introduced in an attempt to

account for the rectangular shape of the foundations examined herein.
7.4.2 The methodology of Richards et al (1993)

According to this method, seismic settlements are correlated to the sliding of the Coulomb-type
wedge which occurs below a footing in the case of bearing capacity failure. It is assumed that
there is a critical acceleration level, referenced as critical acceleration a.., above which the active-
passive wedge sliding initiates. Footing settlements follow the lateral sliding of the active wedge
with angle pac (see Figure 7.6) and the subsequent movement of the passive wedge to the side.
The sliding of the wedge continues as long as the relative velocity of the wedge remains greater
than zero. Thus, the cumulative wedge sliding can be computed as the integration of the positive
relative velocity during every shaking cycle. To this end, various studies provide solutions for the
computation of wedge sliding along the failure surface using this “sliding-block” approach. In the
case of footings, the sliding wedge displacement that is responsible for the seismic settlement is
shown in Figure 7.6 as the movement from point d to point f. The most common relationships for

the computation of the sliding wedge displacement are the following:

-2

VTYZLaX aCT
A=050——— (Newmark 1965a) 7.11
Amax " 9 1Amax
_ VrrzLax acr |74 .
A =0.087 (Richards et al. 1993b) 7.12
Amax " 9 1Omax
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where A = the sliding wedge displacement, Vimax and amex are the peak velocity and acceleration

coefficients of the seismic motion and a, is the critical acceleration coefficient.
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Figure 7.6: Seismic settlement mechanism according to the “sliding-block” approach (Richards et al. 1993a).

In the case of retaining walls and slopes, the critical acceleration a.r is obtained by setting the

pseudo-static Factor of Safety against sliding equal to one, as at the initiation of sliding. In the

present problem of footing settlements, Richards et al. (1993) correlate the critical acceleration

with the Static Factor of Safety FS;. This correlation is shown in Figure 7.7, for different levels of

the soil friction angle ¢ and the embedment depth ratio d/B of the footing, where d is the

embedment depth and B is the width of the footing.
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Figure 7.7: Design charts that correlate the critical acceleration acr with the static Factor of Safety FSs for
different values of the soil friction angle ¢ and the embedment depth ratio d/B (Richards et al. 1993b).

For practical applications regarding surface foundations (i.e. with D/B=0), the correlations of

Figure 7.7 were fitted with the following analytical expressions:
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7.13
acrza'(FSs_l)b a
with
7.13b
a = 0.083 4+ 0.0016 - ¢ (deg) 7.13c
b= {0.75 —0.0047 - ¢ (deg) for ¢ < 30°
~10.61 for ¢ = 30°

The actual footing settlement is, then, calculated as a function of the sliding wedge displacement

A and the active wedge angle pag, as follows:
Payn = 24 - tanp,g 7.14

Figure 7.8Error! Reference source not found. presents the variation of the active wedge angle par
with the critical acceleration a.- for different levels of soil friction angle ¢ according to (Richards
et al. 1993). It is thus shown show that decreasing values of the friction angle ¢ or increasing
values of the critical acceleration a.r result in a shallower formation of the wedge mechanism. To
simplify computations, the graphs in Figure7.8 were fitted with the following analytical

relationships:

tanpyg = c+d - agr 7.15a

with
¢ = 3.75—-0.028- ¢ (deg) 7.15b
d =0.39 + 0.035 - ¢ (deg) 7 15¢
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Figure 7.8: Variation of the active wedge angle with the critical acceleration a.r for different values of the
soil friction angle ¢ (Richards et al. 1993b).

7.4.3 Comparison with numerical predictions

The accuracy of Richards et al. (1993) analytical methodology, described above, is evaluated
through comparison with the numerical predictions of seismic settlements for foundation-soil (FS)
systems presented in Chapter 6 (i.e. numerical analyses No 55-65, 77-87 in Table 6.1). The
examined numerical analyses have different ground motion characteristics (Omax, Vmax), contact
pressures (i.e. q = 80kPa and 100kPa), and corresponding static Factors of Safety (i.e. FS = 3.00
and 3.75).

Concerning the analytical computation of seismic settlements, the properties of the numerical
configuration (Gmax, Vmax, Go, @) are used as input data for the calculations. The steps of the

analytical procedure can be summarized as follows:

i.  The static bearing capacity of the footing qur is calculated using the typical solutions of
Limit Analysis (Terzaghi 1943, Meyerhof 1963, Vesic 1973). Namely, in the examined case

of granular soils with zero surcharge, qui is computed as:

1
Quit = EVBNySy 7-16

where

y is the soil unit weight
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B is the footing width
sy is the footing shape coefficient (=1-0.2B/L)

N, is the dimensionless bearing capacity factor according to Meyerhof:
N, = (N, — 1) tan(1.4¢p) = [e™"*tan?(45 + ¢/2) — 1] tan(1.4¢) 7.17

The corresponding static Factor of Safety is calculated as FS; = qut/ q.

ii.  The critical acceleration a.r -required to trigger wedge sliding- is obtained for the given
Static Factor of Safety FS; and the soil friction angle ¢, using either the design charts of
Figure 7.7 or Equation 7.15.

iii.  The displacement of the sliding wedge A is calculated using Newmark (1965) and Richards
and Elms (1979) analytical relationships, which provide solutions for the seismic
settlement estimation of retaining walls. The particular solutions are described by
Equations 7.11 and 7.12.

iv.  The inclination of the failure surface pae is estimated with the use of Figure 7.8 or
Equation 7.15.

V. Finally, Equation 5.10 is used to calculate the footing settlement p, given the

displacement A of the sliding wedge and the wedge inclination pac.

Table 7.1 and Figure 7.9 compare numerical and analytical predictions of footing seismic
settlements. The examined systems have embedment ratio d/B equal to zero while the friction
angle was set to ¢ = 32°, based on triaxial element test simulations with the NTUA constitutive
model, for fine Nevada sand with relative density D, = 45% (Dimitriadi 2014). The ground motion
characteristics (amax, Vmax) Used for the analytical calculations are predicted numerically for the
free ground surface. It is noted that the harmonic base motions used in the numerical analyses
are characterized by a constant amplitude, i.e. a°,,=0.15g, and a varying excitation period Tex.
As a result, the peak ground acceleration, denoted here as dmay, is obtained from the numerical
analyses, while the peak ground velocity, denoted here as Via, is computed as Vo = Gmax
T,.c/2m. Additionally, it should be noted that, in order to focus on the accuracy of the analytical
prediction method per se, the bearing capacity of the footing g.r was that computed numerically

and not analytically Equation 7.13.
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Figure 7.9: Variation of the footing seismic settlements pg4y» with the peak ground acceleration
using analytical [Richards et. al. (1993), Newmark (1965)] and numerical predictions, for Static

Factor of Safety FS; = 3.00 and 3.75.

It is observed that the analytical and the numerical predictions are in good agreement when
(Newmark 1965) relation (Eg. 7.1) is used for the computation of the wedge sliding displacement
A. In the case of FSs = 3.00 (Figure 7.9a), the standard deviation of relative error is 0.32 and the
corresponding average is -0.03 indicating that the prediction bias is insignificant. In the case of FS;
=3.75 (Figure 7.9b), the standard deviation of relative error is even smaller, i.e. equal to 0.22, but
there is a systematic under-prediction (negative bias) as the average value of relative erroris 0.26.
Regarding the analytical predictions obtained with the (Richards and Elms 1979) methodology (i.e.
Eg. 7.2), the comparison shows a systematic and quite significant under-prediction. The only
exception occurs for high critical acceleration ratios amax/ac >2.0 and FSs = 3.00, where the

analytical predictions are much larger than the numerical.
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Table 7.1: Input data and seismic settlement predictions of the analytical panaiyticas and numerical prumericar procedures. (Analyses No 55-66, 78-
88, see Table 5.1)

Input Data Analytical calculations Comparison with Numerical results
Relative Error (%)
Gmox Vi Panalytical [cm] Panalytical [cm]
0 FS a tan Richards et al. Newmark .[cm .
[m/s?] [m/s?] a r(9) PaE ( 1993b) ( 1965a) prum. [cm] (Richards et (Newmark
al. 1993) 1965)
6.0 0.33 22.9 15.8 14.4 -58.8 9.1
5.1 0.32 13.2 12.6 11.7 -12.5 -7.3
4.5 0.32 8.6 10.7 8.9 3.4 -20.4
3.9 0.31 5.2 8.6 6.8 23.8 -26.2
3.2 0.13 100 3.00 0.21 1.01 0.5 1.2 4.6 89.5 74.1
2.9 0.27 1.7 5.0 4.9 66.0 -3.0
2.3 0.25 0.7 3.4 4.2 82.8 17.8
2.2 0.28 0.9 4.2 3.9 78.0 -8.9
2.0 0.29 0.6 3.9 3.7 83.3 -3.1
st.dev. : 51.3 32.2
average: 43.3 -3.1
6.0 0.33 9.2 9.3 12.2 24.3 234
5.1 0.32 53 7.4 9.8 46.1 24.3
4.5 0.32 3.4 6.3 7.3 52.7 13.2
3.9 0.31 2.1 5.1 5.6 62.7 9.0
3.2 0.13 80 3.75 026 0.88 0.2 0.7 3.5 94.6 80.3
2.9 0.27 ' ' ' 0.7 3.0 4.0 83.4 25.7
2.3 0.25 0.3 2.0 3.5 91.7 41.8
2.2 0.28 0.3 2.5 3.2 89.4 22.2
2.0 0.29 0.3 2.3 3.1 91.8 25.4
2.0 0.34 0.3 3.2 3.1 89.1 -3.4
st.dev. : 25.1 22.2
average: 73.2 26.1

(1) Relative Error:(pnum'panalytical)/pnum
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Finally, Figure 7.10 shows a one-to-one comparison between the numerical and analytical predictions
using the Newmark’s (1965) and Richards and Elms’ (1979) analytical relationships for the computation of
A. No distinction is made for data points with different static Factors of Safety. In this way, it appears that
the analytical predictions with Newmarks’s analytical relations are within +25% of the corresponding
numerical predictions, while those obtained with the Richards and Elms’ analytical relations are

significantly lower.
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Figure 7.10: Evaluation of the analytical predictions for footing seismic settlements panaiytical With regard to the
numerically obtained value pnumerical N @ one-to-one basis.

Concluding, it appears that the Richards et al. (1993) analytical methodology, modified in order to take
into account the effect of foundation shape (square instead of strip) on the static Factor of Safety, matches
the numerical predictions of seismic settlement on the condition that sliding wedge displacements A are
computed with Newmark’s (1965) theory. Nevertheless, it should be noted that Newmark'’s theory is well
known to over-predict sliding block displacements A for seismic acceleration ratios amax/acr less than
about 2.5, as is the case with all numerical analyses compared in Figures 7.9 and 7.10. Thus, the good
agreement witnessed in Figures 7.9 and 7.10 is rather accidental, as it is the result of two counter-acting
approximations: over-prediction of A with Newmark’s analytical relationship and under-prediction of
tanpae with the Richards et al. (1993) methodology and the static Factor of Safety for square (instead of
strip) foundations. Hence, the analytical methodology presented and evaluated in the previous
paragraphs has not general use, but should only be employed for the range of soil and foundation

parameters adopted in the examined numerical analyses, most importantly for amax/acr = 1.0-2.5.
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7.5 Analytical computation of seismic settlements for footings in liquefiable soil
7.5.1 General

The conventional design of structures on soils susceptible to liquefaction involves the construction of
piles, in order to transfer loads into deeper non-liquefiable layers, in combination with ground
improvement. The contemporary approach of designing structures with only shallow foundations —
instead of piles — has been investigated, in the last two decades, with a number of experimental and
theoretical studies (Adalier et al. 2003; Dashti et al. 2010; Dimitriadi et al. 2017; Liu and Dobry 1997,
Naesgaard et al. 1998; Sitar and Hausler 2012). Settlement accumulation of footings is primarily attributed
to shear-induced deformation of the foundation soil, while secondary effects are attributed to post-
liguefaction sedimentation and consolidation, as well as volumetric strains due to drainage and the

outflow of soil-ejecta to the surface.

The critical parameters controlling footing settlements have been thoroughly investigated, with emphasis
on the geotechnical aspects of the problem, such as the liquefied layer thickness and relative density, the
footing width, the applied pressure, etc. Most recently, analytical relationships have been also proposed
to predict the shear-induced building settlements during shaking (Bray and Macedo 2017; Bullock et al.
2019; Dimitriadi et al. 2017). The proposed relationships are based on regression analysis of the numerical
predictions of settlements for a number of different geotechnical, earthquake and building characteristics.
Among them, the present section employs the aforementioned methodology of Dimitriadi et al. (2017)
which proposes a clearly defined step-by-step computation sequence for shallow foundations on
liguefiable ground. The range of the examined design parameters (improved crust, underlying natural soil
of Nevada sand etc.), as well as the numerical modelling characteristics (constitutive model, soil damping,
boundary conditions etc.) are compatible with the corresponding features of the present study. Following
a brief methodology outline, this section evaluates the accuracy of the corresponding analytical
predictions against the results of the relevant numerical analyses of this Thesis, presented in detail in

Chapter 5.
7.5.2 Methodology outline

Dimitriadi et al. (2017) developed an analytical methodology for the performance-based design of shallow
strip foundations on liquefiable ground. The particular design procedure ensures the safety of the
foundation by improvement of a superficial soil zone which involves: i) increase of the relative density

with vibrocompaction, and ii) enabling the quick dissipation of excess pore water pressures with the
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installation of gravel drains. More specifically, the proposed methodology for the performance-based

design of foundations on liquefiable soil includes in the following stages:

e The replacement ratio a; is selected for the non-liquefiable crust, based on i) the initial relative
density of the improved soil D, ii) the thickness of the improved zone Himp and iii) the maximum
excess pore pressure ratio r,mex permitted to develop within this zone, i.e. rymex= 0.3-0.5.

o The determination of the —increased — relative density D;.imp, and permeability k., of the improved
zone based on the previously selected replacement ratio as. Thus, it is possible for the numerical
model to simulate the improved zone using as input parameters the aforementioned D, jmp, and
Keg.

e Given the specified equivalent properties and thickness of the improved soil crust, the seismic
settlements of footings (FS systems) for the described two-layered soil formation are computed
analytically. The particular methodology relates seismic settlements pg4» and the degraded post-
shaking bearing capacity quideqg to @ number of basic problem parameters, namely:

i. The excitation characteristics, i.e. the peak bedrock acceleration amex (g), the number of
significant cycles N, and the excitation period Tex.
ii. The footing characteristics, i.e. the contact pressure g and the footing width B.

iii.  The elastic fundamental natural period of the soil deposit T

In the case of laterally infinite soil improvement, in terms of the horizontal area around the foundation,

Payn is computed from the following relations:

Cy Cy
1 1
— 2
Pdyn = €1 (Texc + aTsoil) (No + 2) (F.Sinf) [1 tc3 (Fsinf) ‘ 7.18

deg deg

with ¢;=0.019, ¢,=0.45, ¢3=0.25, c,=4.5 and a=0.633. In the case of rectangular foundations, the authors
proposed the recalibration of this expression based on the results of 3D numerical analyses of rectangular
footings (Bouckovalas et al. 2017b). The proposed coefficients in this case are: c¢; = 0.011-
(1+4+0.067B/L) <0.015,c, = 0.5,c3 = 0.15,c, = 5. The degraded Factor of Safety (i.e. FSseq =
Quitdeg/q) in Equation 7.18 is an idealized evaluation of the footing’s bearing capacity at the end of shaking,
based on the Meyerhof and Hanna (1978) composite failure mechanism for footings on a two-layer
(strong-over-weak) sand profile. According to this, the original relationships proposed by Meyerhof &
Hanna for the computation of the bearing capacity are modified as follows for the degraded bearing

capacity quit.deg:
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1/2y'BNy,
pp— y'HZK, —tanprLdeg +7'[(1 + a)? — 1]H? KSWTZ-W 16
+2)/%NVS +¥' (1 + a)H;Ny3
Coefficients N, and N, are given as:
Ngs = tan®(45 + @3 geq/2)e™ " ¥3deg
7.20

Ny; = Z(Nq + 1)tango3ldeg

Coefficient a refers to the thickness of the partially liquefied layer which lies underneath the improved
crust. It depends on the improved zone properties (keq, Himp) as well as the excitation characteristics (Texc,
N,). Following the statistical processing of the numerical predictions the coefficient C, is set to 3.76 and

the expression of coefficient a is:

0.256
a=_C, [M] 7.21

H imp

The initial friction angle @i, depends on both soil properties and loading conditions. As a result, values of
the friction angle vary spatially under the footing. The authors propose considering the average value
between the one-element tests of Triaxial Compression, Triaxial Extension and Direct Simple Shear
obtained numerically for Nevada Sand with the NTUA Sand model (Annex B of (Dimitriadi 2014):

_ @itx—c T Pirx-E T Pipss
Piini = 3

7.22

Typical results of the above simulation tests, shown Figure 7.11, present the variation of the peak friction
angle dpeak as well as of the residual friction angle ¢res with the relative density D, for three different sets

of non-isotropic consolidation vertical stress o’y (i.e. 10, 50 and 100kPa).
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Figure 7.11: Undrained test simulations of the peak (solid lines) and residual (dashed lines) values of the friction
angle as a function of the relative density D (%) for different sets of non-isotropic consolidation vertical stresses o’vo.
Three types of tests were modeled: (a) triaxial compression, (b) triaxial extension and (c) simple shear.

The parameter U;refers to the average excess pore pressure ratios that develop in the improved zone at

the end of shaking. It is expressed as a portion of the allowable excess pore pressure ratio Ugesign as follows:
Ul = 0-54‘Udesign 7.23

The parameter U, refers to the excess pore pressure ratios that develop in the transition zone between
the improved zone and the underlying natural soil. It is expressed as the average value of the two,

assuming complete liquefaction of the latter.

C14U;  1+0.54Uge0n

- 7.24
2 2 2

The parameter Us; refers to the excess pore pressure ratios that develop over a representative area under

and around the footing. The estimated values of Us are expressed (for Cy3=0.86 and p.=98.1kPa) as follows:
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<1.0 7.25

Qult.deg)_o'ls

a

U3 = Cu3<

The degraded friction angle ;4. refers to the reduced friction angle of the foundation soil due to
development of excess pore pressures during shaking. The subscript i denotes the values of friction angle

in the improved zone (i=1), in the transition zone (i=2) and in the liquefied natural deposit (i=3).
Pigeg = tan ' [(1 — U)tang; ;] 7.26

The coefficient Ks represents the shear strength of the foundation subsoil, i.e. including the improved zone

and the underlying natural soil. It is expressed as follows (with Cxs=1.0):

Qult.deg>_0'18
Pa

Ks = CKS( 7.27
The correlation of normalized seismic settlements with the inverse of the degraded factor of safety is

shown in Figure 7.12, for the numerical predictions as well as the described analytical procedure.

0.15 T T T T
-y = 0.06%(1/F.8,, P45*[1+0.4*(1/F.S F] | ©

0.1

0.05

A Normalized g, "™
Best Fit

0 L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
1/F.S

Payn/[Omax” " (Texc +0.633* T )" 47 (N, +2)]

deg

Figure 7.12: Variation of normalized seismic settlements pay» with the inverse of the degraded factor of safety 1/FSdeg
(Dimitriadi et al. 2017b).

7.5.3 Comparison with numerical predictions

The described analytical methodology of Dimitriadi et al. (2017) and Bouckovalas et al. (2017b) is

evaluated by comparing the predicted values with the corresponding values from numerical predictions
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of this study, described in detail in Chapter 5 (Table 5.1). The accuracy of the analytically calculated seismic
settlements payn predictions is evaluated in Figure 7.12, via one-to-one comparison with the corresponding
numerical predictions. It is observed that the bulk of the analytical predictions falls in the £25% range of
the numerical ones, while the analytical predictions seem to underpredict (negative bias) settlements in
the low value range, i.e. pgyn < 15cm. A statistical analysis of these data an aggregate value of standard

deviation equal to 8.2%.
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Figure 7.13: Evaluation of the analytical procedure by Dimitriadi et al. (2017) with regard to the numerically obtained
seismic settlements payn.

7.6 Design application
7.6.1 General

The present section demonstrates the design application of the developed methodology for the
estimation of seismic settlements of SFS systems. For this purpose, numerical analyses are performed for
SFS systems with SSI properties selected within the described framework of the previous chapters. In
parallel with the numerical results, the design procedure developed in the present Thesis is implemented
and evaluated as a step-by-step application. In more detail, the simulated soil profile is based on the
properties of the actual soil profile located within the riverbed of Strymonas river in Nothern Greece
consisting of a 23m deep liquefiable silty sand layer. The seismic excitation used as an input base motion
is the Matahima Dam (083) recording of the New Zealand earthquake (1987). In order to correlate the
liguefaction potential with seismic settlement accumulation, four scenarios of varying earthquake
magnitude are considered, in terms of peak bedrock acceleration a’mex. Variation of the earthquake
magnitude results in different values of the Factor of Safety against liquefaction FS;, which in turn leads

to varying liquefaction onset time t,. Having defined t,, it is possible to distinguish, as a next step,
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settlement accumulation into the part prior to liquefaction onset (t < t;). which is compatible with “non-
liguefiable” conditions, and the part post-liquefaction onset (t > t;), which is compatible with liquefied

conditions.
7.6.2 Soil profile and liquefaction potential

In this design application, the properties of the actual liquefiable soil profile of Strymonas river were
selected for the numerical simulation of SFS systems, instead of the custom profiles used for the
parametric numerical analyses of previous chapters. Following the proposed concept of designing
structures under liquefiable conditions, a superficial soil crust with thickness H,=2m is selected to be
improved by means of gravel drains. The improved zone is simulated as an equivalent uniform improved
zone with increased relative density (i.e. D,= 60%) and permeability (k = 2:103m/s). The design procedure
for the crust improvement is described in detail in Section 3.2. The corrected SPT blow counts N e 0f the
examined soil profile are presented in Figure 7.14. The coefficient of permeability was set equal to k =
5.5x10° m/sec for the whole liquefiable soil profile, which is a typical value for sands with some silt
content. In the case of the improved crust, the coefficient of permeability was set equal to 5.5x10* m/sec,
using the procedure of Chapter 3 for the numerical simulation of the gravel performance. Table 7.2

summarizes the selected soil profile properties.

Table 7.2: Variation of soil properties with depth for the soil profile of Strymonas river.

Permeability

Depth Interval (m) Dr (%) Ko (m/sec)
0.0-2.0 (improved crust) 60 0.5 5.5x10*
0.0-3.0 40 0.5 5.5x107°

3.0-7.0 50 0.5 5.5x107°
7.0-11.0 60 0.5 5.5x10°
11.0-14.0 65 0.5 5.5x10°
14.0-16.5 50 0.5 5.5x10°
16.5-19.0 50 0.5 5.5x10°
19.0-23.0 75 0.5 5.5x107°
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Figure 7.14: Soil profile and SPT results in the riverbed of Strymonas river.

Liquefaction potential of soil deposits is typically evaluated in engineering practice by procedures that
correlate the results of SPT and CPT tests with soil’s resistance to liquefaction (Boulanger and Idriss 2014;
Seed and Idriss 1971; Youd et al. 2001). For the purposes of this study, though, the evaluation of
liguefaction potential can be directly estimated with the use of numerical analyses. In this way, both the
resistance to liquefaction and the applied stress can be directly and, thus, more accurately assessed
compared to the empirical correlations. More specifically, the Factor of Safety against liquefaction FS; can
be directly calculated as the ratio of the soil’s resistance to liquefaction — or the minimum cyclic shear

stress required to trigger liquefaction CRR — to the applied cyclic stress ratio CSR, i.e.:

CRR
FS, = —— 7.28
St CSR

In the case of a soil layer approaching complete liquefaction, i.e. r, = 1.0 and FS, < 1.0, FS, is essentially
equal to the ratio of the maximum cyclic shear stress developed during shaking, i.e. the maximum
resistance CRR, over the cyclic stress that the earthquake motion would apply in the absence of
liquefaction, i.e. CSR. As a consequence, the former is measured as the maximum ratio t4/0’ that
develops during shaking when liquefaction takes place. In order to calculate the maximum applied cyclic

stress ratio CSR, though, conjugate numerical analyses without liquefaction need to be performed. These
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analyses are identical in terms of seismic excitation and soil properties, but they are artificially hindered
from developing excess pore pressures by assuming water bulk modulus equal to zero. The comparison
of the shear stress time-histories between the numerical analyses with and without liquefaction is
presented in Figure 7.15. The examined time-histories are obtained at an intermediate depth equal to
z=8.5m, where the build-up of excess pore pressures is most critical. Four different scenarios of peak
bedrock acceleration (i.e. a’max = 0.04g, 0.10g, 0.26g and 0.40g) were considered, thus, representing four
different levels of applied cyclic stress ratio CSR. The earthquake motion used is the Matahima Dam (083)
record from the New Zealand earthquake (1987), which was appropriately scaled to represent the four
different levels of seismic intensity. The estimation of CSR and CRR values from the shear stress time-
histories is presented in Figure 7.15 for varying a’max values. Table 7.3 summarized the obtained CSR and
CRR values as well as the corresponding FS; values. It is noted that in order to better represent the
magnitude of the earthquake-induced CSR, a representative value equal to 65% of the peak cyclic shear
stress is typically introduced (Seed and Idriss 1971). This approach is followed herein, therefore values of

CSRes= 0.65-CSR are presented in the sequence.

In cases where only partial liquefaction takes place during shaking, i.e. r, < 1.0 and FS; > 1.0, soil resistance
to liquefaction, in terms of CRR, has not been reached and as a result FS; cannot be directly calculated as
previously. It is possible, though, to correlate the factor of safety against liquefaction FS, with the
maximum value of excess pore pressure ratio r, during shaking using empirical relations (Bouckovalas et
al. 2011; Kalogeraki and Zontanou 2014; Tokimatsu and Yoshimi 1983). The methodology of Tokimatsu

and Yoshimi (1983) is based on the empirical relationship of Seed et. al (1976) for the calculation of r,:

N <N>1/(2A) 7.29
= —¢si J—
Y orr N,
or
N o 24
N_L = [sm (ETu,max)] 7.30

where N is the number of excitation cycles, N, is the number of cycles required for liquefaction triggering
and A is an empirical coefficient. By modifying Equation 7.30, the Factor of Safety against liquefaction can

be calculated as:

FS, = [sin (gru,max)]_uﬂ 7.31
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The values of coefficients A and B are estimated for sand with relative density D, =

0.15, respectively (Bouckovalas et al. 2011; Kalogeraki and Zontanou 2014).

Table 7.3: Results of FS; values for different levels of seismic intensity.

45% equal to 1.60 and

Scenario P max (g) CSRess CRR FS.
No
1 0.05 - - 1.05%
2 0.10 0.17 0.10 0.59
3 0.30 0.26 0.10 0.382
4 0.45 0.30 0.10 0.33@

(1): FS. for partial liquefaction is calculated using Equation 7.31.

(2): FS. for complete liquefaction is calculated from the numerical analyses of Figure 7.15.
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Figure 7.15: Time-histories of the applied shear stress ratio t4/c’vo (at the intermediate depth z=8.5m) with
liquefaction (black line) and conjugate time-histories of t4/0’vo Without permitting liquefaction (gray line).

7.6.3 Detailed examination of the SFS system subjected to earthquake excitation
= Separation of earthquake motion: non-liquefied and liquefied part

The present section examines the dynamic response of the reference SFS system subjected to the seismic
acceleration recording of Matahima Dam (083) during the New Zealand earthquake (1987). The soil
conditions vary with regard to the liquefaction potential, with the Factor of Safety against liquefaction
being within the aforementioned range, i.e., FS, = 0.33-1.05. The selected range of FS, enables the
examination of system responses with varying liquefaction onset time t. 4. As a result, the duration of the

pre- and post-liquefaction parts of shaking also vary along with FS,.

The determination of liquefaction onset time t.4 and the distinction of shaking into pre- and post-
liguefaction part is presented in Figure 7.16. Namely, the four different scenarios of earthquake intensity,
i.e. a’nax = 0.04g, 0.10g, 0.26g and 0.40g, are examined in terms of the following time-histories: i) the
excess pore pressure ratio r, at the intermediate — and most critical — depth z=8.5m and ii) the surface

and base accelerations.

Literature findings have shown that liquefaction phenomena on the ground surface emerge as soon as
the weakest subsoil layer approaches liquefaction (Bouckovalas et al. 2017a). In fact, the authors suggest
that the development of average excess pore pressure ratios r, in the range 0.6-0.8 along the soil profile
suffices for the initiation of liquefaction phenomena on the ground surface. For this reason, the surface
liguefaction onset time t. 4 (i.e. when surface motion starts to de-amplify) takes place earlier than the
liguefaction onset time t; min of the weakest subsoil layer (i.e. when r, = 1.0 in the particular layer). The
above are presented in Figure 7.16. The emergence of surface liquefaction is designated in the
acceleration time-histories of Figure 7.16 (2" column) as the point in time, i.e. t.4, after which surface

motion starts to de-amplify. As expected, t.q is reduced with increasing a’m. or -alternatively- with
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increasing FS;. In the case of FS; = 1.05, excess pore pressure ratios reach up to r, = 0.80 only at the end
of shaking, thus, liquefaction phenomena do not emerge on the surface. For the cases of complete
liquefaction, it is further observed that t. 4 (estimated by the surface motion) coincides with excess pore
pressure ratios of the weakest soil layer around r, = 0.80, thus, confirming that t,g- < t.min. Results of t, g

for different scenarios of FS; are summarized in Table 7.4.

Table 7.4: Values of liquefaction onset time t.4 for different scenarios of FS..

Scenario No FSt tigr (sec)
1 1.05 -
2 0.59 8.8
3 0.40 6.6
4 0.33 5.8
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Figure 7.16: (1° column) Time-histories of excess pore pressure ratios r. of the weakest soil sublayer (depth z=8.5m)
and (2" column) accelerations for varying Factors of Safety against liquefaction FS..

= Calculation of the effective system period Tsys.cf

In the described design problem, the dynamic characteristics of the examined systems depend on the

structural, geotechnical and seismic excitation properties; thus, they vary for different analyses as well as
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for the pre- and post-liquefaction part of each dynamic analysis. In more detail, the reference SFS system
(see Chapter 3) is used in the numerical analyses of the present section, with SSI properties h/r = 1.06, y
= 4.00, s = 0.07 and natural period of the fixed-base structure Tss= 0.35sec. In order to calculate the
elastic system period T, the analytical procedure, typically, used in Code Provisions ((Federal
Emergency Management Agency (FEMA) 1997) is implemented here, as described in Section 4.2.1.

According to this, the elastic period elongation T/ Tt is calculated with the following expression:

Tsys.el - 1+ kser  Kser - h?
Tstr.fix kx kry

Next, the nonlinear part of period elongation Tiys.qs/Tsser Can be estimated using the proposed
methodology of Section 4.3.2. Contrary to the dependency of the elastic system period Tsys.e On initial soil
properties, effective system period Tsser depends on the time-varying soil properties during shaking.
Therefore, Tysef is considered separately for the non-liquefied and for the liquefied part of shaking.
Regarding the first, Tsys e predictions are obtained using Equation 4.8, which utilizes the smoothed spectral
predominant system period T, as an estimate for the characterization of the Transfer Function
frequency content. Statistical analysis of the numerical predictions led to the following expression for the

non-liquefied (NL) part, i.e.:

2
1.53 + 0.94 (Tsou1/Tsys.er)

Tsys.eff
7.33

) = (0.91 4 0.55 - PGA°21)
Tsys.el NL

2
[2-04 - (Tsoil/Tsys.el)z] +3.65- (Tsoil/Tsys.el)2

In the case of liquefied conditions, Equation 4.18 is employed here, which uses the spectral predominant

system period Ty, for the estimation of Ty The following expression is used:

T.
<—Sys'eff> = 1.00 for PGA < 0.075g
Tsys.el L
7.34
T.
< SJ/S-eff> = 1.69 - PGA0-014 for PGA > 0.075g
Tsys.el L

Therefore, the calculation of Tsys.ef using Equations 7.33 and 7.34 requires as input parameters the elastic

system period Ty, as already discussed, the peak ground acceleration PGA and, in the case of non-
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liguefiable conditions, the fundamental soil period Ts.i. Values of PGA can be readily obtained using the
analytical framework of seismic ground response analysis. In the present section, the more accurate data
of numerical predictions are obtained from the surface acceleration time-histories of Figure 7.15 and they
are summarized in Table 7.5. Lastly, the fundamental soil period Tsi refers to nonlinear soil properties
and therefore it depends on the properties of the soil profile as well as of the earthquake excitation. The
nonlinear soil period elongation has been correlated to the average elastic shear wave velocity Vs, and
the peak acceleration at the outcropping bedrock a?nax by Bouckovalas and Papadimitriou (2003), as

explained in Chapter 4. The proposed expression is repeated here:

dsT
Tsoi _ \dyr (O] *
soil — 1+d1,T(Vs,o) 2,T< max> 7.35
Tsoil,o g

with the coefficients being di,r= 5330, d2r=-1.30 and ds=1.04.

Table 7.5 summarizes results of the aforementioned procedure for the calculation of Tsys..5 Calculations
refer to the different scenarios of peak bedrock acceleration a’mux (see Table 7.3). Results are
separately reported for each analysis and for each part of shaking, i.e. before (NL) and after (L) the onset

of liquefaction.

Overall, the described methodology proposes values of Ty that are greater for the pre-liquefaction part
of shaking (i.e. TV, = 0.64-0.68sec) compared to the post-liquefaction part (i.e. T sys.f = 0.46-0.50sec).
As previously discussed, this finding confirms that the combination of i) small r, values under the footing
and ii) de-amplified structural motion due to the presence of liquefied layers, ensures that nonlinear
period elongation remains small even for swallow soil improvement. On the other hand, in the absence
of liquefied layers, rocking-induced soil softening of the foundation soil leads to greater nonlinear period
elongation. Additionally, it can be remarked that the narrow range of the recorded PGA values (i.e. PGA =
0.048g-0.115g) leads to limited increase of Ty, Which is up to 6.3% and 8.4% for the pre- and post-

liguefaction parts, respectively.

214



Chapter 7: Design Methodology

Table 7.5: Result of the proposed methodology (Chapter 4) for the calculation of the effective system period Tsys.eff
for the numerical analyses with varying FS..

sceﬁg’ o part of motion PGA(g) Tsoil / Tsoil.o Tsys.eff/ Tsys.el Tsys.eff (sec)
1 NL 0.048 1.17 1.40 0.64
L - - - -
NL 0.098 143 1.45 0.66
2 L 0.068 - 1.00 0.46
NL 0.110 1.35 1.46 0.67
3 L 0.070 - 1.00 0.47
NL 0.115 1.44 1.47 0.68
! L 0.102 - 1.09 0.50

Notes: NL refers to the the non-liquefied part of shaking. L refers to the liquefied part of shaking.

(1): The particular numerical analysis with FS. = 1.05 exhibits only partial liquefaction (i.e. r, < 0.8).

= Estimation of SFS system dynamic response

Following the separation of shaking into two parts (i.e. pre- and post-liquefaction) and the determination
of the corresponding effective system period Ty s for these parts, it is possible, as a next step, to identify
the dynamic response of the SFS system subjected to an earthquake excitation. To that end, it is necessary
to identify the frequency content of the seismic excitation (at the ground surface level). Figure 7.17
compares the elastic response spectra of the surface and base motion with the effective system period of
the non-liquefied T (blue color) and liquefied Tty (red color) part of shaking for different scenarios
of peak bedrock acceleration @’ In order to quantify amplification effects between T and the
excitation period (at the ground surface) Tex, a single-parameter characterization of the ground motion
response spectrum (black color) is required. The following frequency content estimates of Section 4.3.2

are repeated and utilized here:

e The predominant period T, which is the period corresponding to the maximum value of spectral
accelerations

e The smoothed spectral predominant period T, defined as

2Ty - In[So(T)]]
° T ¥ In[S(T)] 7.36

Results in Table 7.6, designate the predominant excitation period as Tex.p and the mean excitation period

aS Texco. Ratios of Teysefr OVEr Texep and Texco are presented comparatively in the last two columns of the
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Table in order to quantify any amplification or de-amplification effects between the system and the
excitation frequency content. Results are presented for the pre- and post-liquefaction part of shaking
considering the aforementioned scenarios of a®ma. It is noted that the appropriate selection of the peak
amplitude, in the case of Texp, Or of the spectral range, in the case of Tex.0, is often case-specific and relies
on engineering judgement. In the particular investigation, the amplitude peak closer to the effective
system period (i.e. Texep = 0.50-0.60 sec) is selected as the predominant period T, rather than the
absolute spectral maximum (i.e. Texp = 0.12 sec), since the latter would lead to misleading results.
Additionally, for the calculation of T, the spectral range of the contributing frequencies needs to be

limited to T= 1.0-1.5 sec.

Overall, results show that the predominant period Tex, has a constant value equal to 0.60sec for a”max =
0.04g - 0.26g and it is reduced to Texc, = 0.55sec for a°max = 0.40g. These findings suggest the T, does not
adequately capture the frequency content of the response spectra; a phenomenon that is intensified for
increasing earthquake intensity, due to the diminishing importance of a single — predominant — period.
On the other hand, the smoothed spectral predominant period Tex.o Shows a better correlation of period

elongation with seismic intensity, i.e. Texco = 0.52-0.59 sec.
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Figure 7.17: Elastic response spectra of the surface and base motion for the Matahima Dam (083) recording of the
New Zealand earthquake (1986). Four levels of peak bedrock acceleration a’max are considered: 0.04g, 0.10g, 0.26g
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and 0.40g. The effective system periods of the non-liquefied T ss s (blue line) and liquefied Ttsys.ef (red line) part of
shaking are plotted comparatively.

Table 7.6: Frequency content estimation of the surface motion and corresponding period ratios between the system
and the excitation.

Scenario , Tsys.eff Texc.p Texc.o
Part of motion Tsys.eff / Texc. Tsys.eff / Texc.o
No f (sec) (sec) (sec) ys-eff / P ys.eff /
NL 0.64 1.06 1.23
1 0.60 0.52
L - - -
NL 0.66 1.10 1.39
2 0.60 0.55
L 0.46 0.76 0.83
NL 0.67 1.16 1.48
3 0.60 0.53
L 0.47 0.78 0.89
NL 0.68 1.23 1.49
4 0.55 0.59
L 0.50 0.91 0.85

=  Seismic settlement estimation for the SFS system

Having already determined the dynamic characteristics of the system, in terms of SS/ and period ratio
Tsys.eff/ Texe, Settlement accumulation during the actual earthquake motion can be assessed next. Figure
7.18 compares settlement accumulation time-histories between SFS and FS systems for the discussed
scenarios of varying FS, or, alternatively, a’nax. Settlement accumulation is distinguished into two phases,
i.e. pre- and post-liquefaction, for the numerical analyses with FS; < 1.0. In the case of the first numerical
analysis of Figure 7.18 non-liquefied conditions prevail, since excess pore pressure ratios in the subsoil

are equal or smaller than 0.8 (see Figure 7.16).

Results in Figure 7.18 show the profound difference in settlement accumulation before and after
liguefaction. Namely, during the non-liquefied part of motion the effect of the superstructure is significant
and its role is detrimental for the performance of the system, since the SFS system settles considerably
more than the FS one. The duration of this part of shaking is a most influential factor for final values of
psrs/prs ratios, within the examined range (i.e. for durations up to 15-20sec). These observations come in
agreement with results from the preceding response spectra analysis, where the dynamic response of the
system during the non-liquefied part of shaking is characterized from resonant up to flexible behavior,
with period ratios Tsys.eq/ Texc being within the range 1.06-1.49 (Table 7.6). The parametric investigation of
Chapter 6 has identified significant increase of settlement accumulation for the SFS system compared to

the equivalent FS system in the particular period range.
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On the contrary, during the liquefied part of motion the effect of the superstructure is smaller and its role
proves to be beneficial for settlement accumulation, as it is discussed in Chapter 5. Results from the
preceding response spectra analyses showed that the dynamic response of the system lies within the
rigid-to-resonant spectral region, i.e. Tsys.eff/ Texe = 0.76-0.81 (Table 7.6). The parametric investigation of
Chapter 6 has identified reduction of settlement accumulation for the SFS system compared to the

equivalent FS system.

The overall conclusion is that final (end-of-shake) values of pses/prs ratios decrease for decreasing FS,. This
finding is attributed to the correlation of FS, with the liquefaction onset time t, 4 or, alternatively, with the
duration of pre- and post-liquefaction part of shaking. Nevertheless, the total settlement pses of the SFS

system increases with decreasing FS..

To demonstrate the application of the proposed design methodology for the calculation of pses/prs ratios,
results from the numerical analyses are compared with analytical predictions developed in previous
Chapters 5 and 6. Settlement ratios at the end of the non-liquefied part are evaluated with the use of
Equation 6.1 of Chapter 6, that predicts settlement ratios in non-liquefiable conditions, denoted as

(psrs/prs)ni. It is repeated here:

2
(M) _ 1+C; (Tsys/Texc) 237

. = 2
o J[l_(Tsys/TexC)z] +C42(T5y5/TexC)2

This expression is a function of the independent variables Tys/Tex,, h/F, ¥, @°maxand N. The values of these
variables for the particular design example are: Tsys/Texe = 1.06-1.53, h/r = 1.06, y = 4.00, a°mex = 0.04g,
0.10g, 0.26g, 0.40g and N =11, 5.5, 3.9, 1.0. It is noted that for the calculation of the period ratio Tsys/Texc,
both frequency estimates of the excitation response spectrum (i.e. Texcp and Texc.0) are considered here for
comparison reasons. Additionally, to ensure the compatibility between the duration of the non-liquefied
part of shaking and the variable N (number of excitation cycles), the equivalent number of cycles Neg is

introduced, derived from Equation 7.3:

Td
2 [ v@®ldt 7.38
eq — 2
Aeff - Texc

Results of the described analytical procedure are summarized and compared with the corresponding

results of the numerical analyses in Table 7.7. Values of (psrs/prs)ni refer to the end of the non-liquefied
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part, i.e. at the time t. 4. Overall, it is observed that both procedures predict decreasing values of pses/prs
for decreasing FSy, i.e. (psrs/prs)ni ratios are in the range 4.02-1.44 and 5.58-1.78 for numerical and
analytical analyses, respectively. Better agreement between analytical and numerical predictions is found
when employing the smoothed spectral predominant period T, as the frequency estimate of the

excitation response spectra (better agreement is marked with green color in Table 7.7).

Next, the numerical and analytical predictions of settlement ratios during the liquefied part of shaking are
compared. The particular settlements are calculated by deducing the non-liquefied part of settlement
from the total settlement, i.e. at the end of shaking. Thus, the “liquefied” settlement ratio is denoted here

as (psrs/prs). and defined as:

(PSFS) _ (psrs)Totai=(PsFs)NL 239
L

prs/);  (PES)Tota—(PsFSINL

The analytical procedure of Chapter 5 is employed here for the calculation of (oses/prs); ratios in liquefied

conditions. Equation 5.9 is repeated here:

2
1+C,- (Tsys/Texc) Tsys/Texc < 0.80

(pSF.S‘) o

_ 5 7.40
C,p +C T. T,

Prs/ 1.b 2.b ( sys/ exc) Tsys/Texe = 0.80

\/[CS.b - (Tsys/Texc)z]z + C4.b ’ (Tsys/Texc)z

The values of the independent variables for the particular design example are: Tys/Texe = 0.76-0.91, h/r =
1.06 and y = 4.00, with T, being estimated with both frequency estimates of the excitation response

spectrum (i.e. Texcp and Texco).

Results of the described analytical procedure are summarized and compared with the corresponding
results of the numerical analyses in Table 7.7. Overall, values of (osrs/prs). range from 0.70 to 0.88 in the
case of numerical predictions and from 0.88 to 1.00 in the case of analytical predictions. As in the non-
liguefied case, better agreement of the predictions is found with the use of the smoothed spectral
predominant period T.«.o for two out of three cases. In contrast to the non-liquefied case, though, the
variation of (pses/prs). ratios with FS; is minimal; a finding that is related to the, also, minimal effect of the

duration of shaking to settlement ratios.
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Figure 7.18: Time-histories of settlement accumulation for SFS and FS systems subjected to the Matahima Dam
recording (083) of New Zealand earthquake (1986), for different scenarios of Factors of Safety against liquefaction
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FSi. Numerical (dark red line) and analytical (dashed line) predictions of the SFS system settlement accumulation are
compared.

Table 7.7: Analytical and numerical predictions of settlement ratios psrs/prs.

Analytical
Scenario Part of motion psrs/prs Numerical
No Psrs/Prs
Pre-liquefaction 4.02
! Post-liquefaction” -
5 Pre-liquefaction 2.03
Post-liquefaction 0.70
3 Pre-liquefaction 1.56
Post-liquefaction 0.74
4 Pre-liquefaction 1.44
Post-liquefaction 0.88

Note: green color marks the best agreement between analytical and numerical predictions.

7.6.4 Summary of the design procedure

The analytical methodology described in the present Chapter is summarized in this section. The purpose
is to provide a detailed description of the necessary stages for the performance-based design of structures

in liquefiable conditions. The following stages are proposed:

e Calculation of the footing’s seismic settlements prsn. for non-liquefiable conditions. The modified
procedure of Richards et al. (1993), described in Section 7.4 (Equations 7.11-7.15) is employed. The
proposed expression of Newmark (1965) was found to provide more accurate predictions of seismic
settlements, especially for values of PGA close to the critical acceleration ac.

e Calculation of the footing’s seismic settlements pis, for liquefied conditions. The procedure of
Dimitriadi et al. (2017) can be used for this purpose, as described in Section 7.5.

e Calculation of the effective system period Tiys.ef.

=  Firstly, the analytical procedures of Design Codes (NIST 2012b) are employed for the calculation
of the elastic part of period elongation Tyys.//Tss. At this stage, soil properties -usually in terms
of shear modulus G- are introduced with the initial -measured- values (Section 4.3.1).

= Next, the nonlinear part of period elongation Ty s/ Tsys.e Can be computed for the non-liquefied

part of shaking using Equation 4.12 and for the liquefied part using Equation 4.18.
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e Calculation of liquefaction onset time t.g. Based on results of in-situ tests -in terms of FS;- and the
properties of the excitation motion, t. g can be estimated using the procedure described in Section
7.3.2. Thus, shaking is distinguished into the pre- and post-liquefaction parts.

e Estimation of the excitation motion frequency content. Various estimates are proposed in literature
and can be used for this purpose. In this study, the predominant period T, and the smoothed
predominant period T, are opted for (Section 7.6.3).

e Calculation of (psrs/prs)m ratios for the non-liquefied part of shaking. The effect of superstructure
on seismic settlements is introduced as the correction factor (psrs/prs)n to the analytically calculated
prs.i. The proposed methodology is described in Chapter 6 (Equations 6.1-6.11).

e Calculation of (psrs/prs). ratios for the liquefied part of shaking. The effect of superstructure on
seismic settlements is introduced as the correction factor (psrs/prs). to the analytically calculated prs..

The proposed methodology is described in Chapter 5 (Equations 5.9-5.14).
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Chapter 8

Summary, Conclusions and Recommendations for Future Research

8.1 Summary and conclusions

The aim of this Thesis is to expand the novel design concept, which has been developed in recent
studies, of designing structures founded on liquefiable soils with only shallow foundations. As a
first step, the Thesis aims to investigate the mechanisms that govern the seismic response of
structures with shallow foundations, especially with respect to the accumulation of seismic
settlements. A primary goal of this Thesis is to develop a robust as well as simplified procedure
for the estimation of seismic settlements of structures, which is realistically applicable from an

engineering point of view.
The core assumptions of the study can be summarized in the following:

i)  The design concept involves the construction of only a shallow foundation along with the
improvement of a surficial zone. The improved zone has increased density and is non-
liqguefiable due to vibrocompaction and the installation of vertical drains. The benefit of
this design concept is the exploitation of the “natural isolation” of the liquefied sublayer
while, at the same time, the integrity of the foundation soil is ensured.

ii)  The developed methodology for the simplified calculation of seismic settlements in
liguefiable conditions includes the effects of the superstructure in the form of correction
factors. Thus, it assumes that the engineer will employ established procedures for i) the
estimation of settlements of simple foundations (i.e., FS systems) and ii) the estimation
of the liquefaction onset time in order to distinguish shaking into prior to and after

liquefaction.
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iii)

Within the employed framework of performance-based design, emphasis is given to the
estimation of seismic settlements, since other design parameters are either correlated
with settlements or require different modeling of the physical problem. For example, the
estimation of structural parameters (such as interstory drifts or bending moments of the
column) would require a more detailed modeling of the superstructure including the
realistic incorporation of material nonlinearity (i.e., of the concrete pier as well as the
reinforcement bars). Concerning other geotechnical parameters of design (such as
rotations, horizontal displacements and uplifting), it is selected not to be further
discussed in this study, since they are correlated to the magnitude of settlements and,
additionally, they are usually restrained in engineering practice, where a number of
construction details (connecting beams, foundation embankment etc.) aims to prevent
excessive foundation rotation, horizontal displacements and uplifting.

The effects of various geotechnical aspects are examined in previous studies with a similar
modeling setup. Thus, emphasis in this study is given to the properties of the SFS system
within the typical SSI framework. Thus, the underlying assumption in the present study is
that the structural effects on the accumulation of seismic settlements act in an uncoupled
manner with the corresponding effects of other geotechnical parameters.

The calculation of seismic settlement of structures incorporates the effect of the rocking-
induced shear strains as well as the volumetric strains due to the partial drainage during
shaking. Yet, the post-shaking volumetric strains due to excess pore pressure drainage is
ignored in this study since, on one hand, structural settlements due to these strains are
found to be negligible and, on the other hand, such settlement between the structure and
the free field are comparable in magnitude, thus, the relative settlement between the

foundation and the free field is minimal.

Following the completion of the Thesis tasks, the main findings and conclusions are summarized:

i)

A numerical methodology has been developed for the performance-based design of the
foundation system of structures in liquefiable conditions. The Finite Difference Code
FLAC3D (ltasca 2012) was employed for the numerical analyses, while the cyclic behavior
of sand was modeled with the user-defined critical state constitutive model NTUA-Sand
(Andrianopoulos et al. 2010; Karamitros 2010). A series of dynamic analyses of structure-

foundation-soil systems was performed in order to shed more light into the mechanisms
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i)

iv)

that govern the dynamic response of structures in liquefiable conditions. Emphasis is
given to the key elements of the system response, i.e., the natural period of the SFS
system and the seismic settlements during shaking. The abrupt change of soil properties
after the onset of liquefaction is taken into consideration by distinguishing shaking into
two phases, i.e., prior to and post liquefaction. Based on the results of the parametric
investigation multi-variable relations are developed for the prediction of the natural
period of the SFS systems during shaking as well as the effect of SSI in settlement
accumulation. The proposed methodology is demonstrated with a design example where
a SFS system is subjected to a set of ground motion recordings along with a step-by-step
application of the procedure for the calculation of seismic settlements.

The dynamic response of SFS systems during a particular seismic event is greatly
correlated with the liquefaction onset time of the subsoil. Previous studies have shown
that soil softening due to liquefaction is severe enough to induce a distinct phase of
shaking which is characterized by significantly altered soil properties (Vs, Tsi) compared
to the initial, pre-liquefaction, properties. This transition to the liquefied state of soil is
rather abrupt and typically occurs for pore pressure ratios less than about 0.8. The onset
time of liquefaction effects on the ground surface is shown to be slightly less (about 15%)
than the time required for complete liquefaction (i.e., r,=1.0) of the weakest sublayer.
Based on these findings, the dynamic response of structures is distinguished into two
phases, i.e., prior to and post liquefaction. The duration of non-liquefiable and liquefied
soil conditions is controlled by the value of the Factor of Safety against liquefaction FS,,
with the special cases of purely non-liquefiable or purely liquefiable conditions
corresponding approximately to FS; > 1.0 and FS; < 0.30 respectively.

In the typical SSI framework, the natural period of the flexible-base structure-
foundation-soil system incorporates soil nonlinearity indirectly, in terms of shear modulus
reduction and damping ratio increase, neglecting dominant patterns of cyclic soil
behavior such as densification, loss of strength due to pore water pressure build up etc.
This over-simplification can either be on the safe or on the unsafe side depending on
whether period elongation — related to soil softening — may lead to an increase or
decrease of seismic spectral demand. During strong seismic events or — especially —in the

case of liquefaction, the time-varying degradation of soil stiffness renders the direct
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vi)

vii)

viii)

calculation of the natural period dependent on the appropriate selection of an equivalent
shear modulus for the supporting soil.

To overcome this difficulty, the nonlinear system period is identified indirectly, through
the Transfer Function between the input (free field) and output (structural) acceleration
signals in the frequency domain. Within this framework the factors of system nonlinearity
can be related to an actual — or effective — natural period of the SFS system. In this study,
the effective period is estimated for systems excited at the soil base with white-noise
signals, for both liquefied and non-liquefiable soil conditions, employing the widely used
frequency content estimates of the predominant period T, and smoothed spectral
predominant period To.

The contribution of soil nonlinearity in period elongation is significant in the case of non-
liquefiable conditions and this is manifested by TFs of structure-to-surface motion that
exhibit amplifications in a wide range of periods. The estimated effective periods are
mostly influenced by earthquake intensity and soil-structure resonance phenomena.
Greater values of PGA lead to an increase of the effective system period up to 80%
compared to the “elastic” system period. It is noteworthy that, even for moderate to low
earthquakes intensities (e.g. PGA = 0.20g), consideration of the “elastic” system period
would result in underestimation of the effective period to the magnitude of 40%. Due to
the gradual degradation of soil stiffness, effective system periods are better estimated by
smoothed spectral predominant system periods T, ,that capture the time-varying nature
of periods.

In the case of liquefied conditions, structural response is governed by soil properties at
the liquefied state. This is manifested by TFs of structure-to-surface motion that exhibit a
singular peak corresponding to the system period at the liquefied state. As a result,
effective system periods are better estimated by the predominant system period Tsys.p.
The effect of earthquake intensity has an upper limit of about 20% in nonlinear period
elongation compared to “elastic” values, due to the fact that liquefied sublayers act as
“natural seismicisolation” and attenuate surface motion. The depth of the improved zone
Himp has a minor effect on period elongation compared to its role in the overall foundation
performance.

Seismic settlements of SFS systems are compared with the respective settlements of
equivalent foundation-soil systems (FS) in order to isolate the effects of structural inertia
on the dynamic response of systems. Multi-variable relations are developed for the

prediction of settlement ratios between the aforementioned SFS-to-FS systems, in order
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to take advantage of existing literature studies for estimating seismic settlement
accumulation of FS systems with shallow foundations. These relations are expressed in
terms of correction factors that add up to the established procedures of settlement
calculation for FS systems. The effect of structural inertia on settlement accumulation is
investigated through parametric consideration of the critical soil-structure interaction
(SSI) parameters, i.e., system-to-excitation period ratio Ts/Tex, slenderness ratio h/r,
relative mass ratio y and structure-to-soil stiffness ratio s. These relations are expressed
in terms of correction factors that add up to the established procedures of settlement
calculation for FS systems.

Seismic settlements of SFS systems on liquefied ground are controlled by a Coulomb-type
wedge sliding, which takes place due to the severe degradation of the bearing capacity
of the foundation soil. The effect of the superstructure is mainly introduced as an inertial
force that acts in-phase or out-of-phase with the wedge sliding, thus amplifying or de-
amplifying the overall seismic settlement. The most crucial parameter in the SFS system
response is the period ratio between the fundamental period of the system and the
predominant period of the excitation. In the case of resonance, the — quarter cycle — lag
of the structural vibration with respect to the foundation results in the greatest reduction
of the wedge sliding and, hence, the greatest reduction of settlement accumulation,
which can be up to 40%. Rigid systems tend to settle equally with the equivalent FS
systems, whereas flexible systems experience out-of-phase motion which, also, results in
settlement reduction, but less intense than that at resonance. Relative mass ratio y and
slenderness ratio h/r affect the SFS system response, although to a lesser degree
compared to the period ratio Tss/Tex. It is noteworthy that in the case of semi-rigid
structures (Tys/Texc = 0.55-0.80) with high slenderness ratios (h/r > 1.36), the settlements
are increased by up to 20% with respect to the FS systems due to the additional rocking-
induced soil softening.

On the other hand, seismic settlements of SFS systems in non-liquefiable conditions are
profoundly increased due to rocking-induced softening of the foundation soil. As a result,
shear strain distribution under the structure appears to be swallower compared to the
typical — and deeper — formation of Coulomb-type wedges and additionally maximum
strains are symmetrically concentrated under the footing edges. Due to the correlation of
settlement accumulation with foundation rocking the most crucial parameter for SSI
settlement aggravation is the period ratio Tys/Texcbetween the system and the excitation.

Resonance conditions may lead to amplification of spectral accelerations and settlement
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ratios pses/prs Up to 2 and 6 times, respectively. The relative mass ratio y and slenderness
ratio h/r also affect significantly settlement accumulation of SFS systems. The associated
effects are related with the aggravated structural rocking for increasing levels of these
ratios. In the case of relative mass ratio, structural rocking is aggravated due to the
increase of structural inertial forces, whereas in the case of slenderness ratio due to the
increase of overturning moments. The seismic excitation characteristics affect system
response mostly through the peak seismic acceleration and, to a lesser degree, through

the number of excitation cycles No.

8.2 Recommendations for future research

This Thesis aims to further develop the novel concept of designing structures in liquefiable

conditions with shallow foundations, which can decidedly change the current engineering practice

in liquefiable soils to the benefit of cost and construction duration of the project. Pertinent

research has extensively investigated the effect of various geotechnical, excitation and structural

parameters on the response of foundations in such conditions. Nevertheless, the state of current

understanding is not mature enough to enable a generalized application in practice. This is due to

a number of simplifying assumptions that might be typical in research stages, yet they are often

violated in engineering practice. In order to overcame such limitations, the following areas of

further research are proposed:

i)

ii)

The constitutive model NTUA-Sand employed in the numerical analyses of the present
Thesis models the monotonic and cyclic response of Nevada sand. This type of soil is a
uniformly graded, fine sand and its properties have been experimentally investigated in
many tests. In order to enable a generalized application in practice of the developed
procedure, it would be important to include the effect of a wider range of liquefiable soils
into the numerical methodology, such as sands with different gradation and particle
shape, nonplastic cohesionless silts as well as other representative soil composition
derived from field experience. This procedure is, undoubtably, time-consuming since it
requires the repetition of model parameters calibration. Although the qualitative findings
of the present Thesis are not expected to change for different soil types, such a procedure
is necessary for the quantitative precision of the methodology.

Pertinent studies on the subject, including the present, have focused on various aspects

of the foundation design, e.g., soil profile layering, soil properties, foundation type and
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i)

embedment depth, structural properties, improved zone dimensions. Thus, the current
level of investigation on the subject covers an adequately detailed range of parameters.
Nevertheless, the application of this methodology in engineering practice would require
in many cases to separately include the effects of the aforementioned parameters, thus,
assume a coupled relation between them. In order to increase the accuracy of the
methodology a validation of this simplified assumption would be necessary.

The vast majority of the experimental and numerical studies assumes soil profiles with
uniform distribution of sand properties, i.e., in terms of relative density and gradation,
within the liquefiable soil layers. Under these conditions, liquefaction initiates from the
top layers due to the combination of increased applied shear stress and reduced
resistance to liquefaction and propagates to the bottom of the soil profile. Nevertheless,
in actual field conditions it is often the case that a “weak” layer (e.g., of low relative
density) is interlaid within the soil profile. This “weak” layer will liquefy first and thereafter
it will possibly act as a natural isolation preventing the upper layers from liquefying. Thus,
a more elaborate consideration of the soil formation may ensure the feasibility of the
upper — surficial — soil layers and eliminate the need of ground improvement.

The main focus of this Thesis as well as the bulk of literature studies in evaluation the
foundation performance are the liquefaction-induced building settlements. On the other
hand, footing rotations, which are equally important for the integrity of the foundation,
are grossly overlooked. This has happened for a number of reasons. Most importantly,
the simulation of settlements requires a deterministic approach regarding soil properties
whereas the simulation of rotations demands a probabilistic approach that includes
accidental imperfections of various soil conditions (e.g., layer distribution, surface
inclination, angle of the incoming wave). Except for the simulation difficulties, footing
rotations are overlooked since they are often considered i) to be restricted due to

construction details and ii) to be correlated with the magnitude of settlements.
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