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1. Eiwocaywyn

H moapodoa epevvntiky] epyacion d1EpELVE TNV GEIGUIKY OTOKPIOT] TOL KEVIPIKOV
npoPAnta tov Apéva tov BoAov Mayvnoiog. O kevipikdg kpnmidodTOL)0c, 0moiog
aneikoviletar oto Zynua 1, éxet dwaotdoeig 475 m X 153 m, kot e&uanpetel kuping
Aol OKTOTAOTKAOV YPOUU®V Kol Kpovallepodmiowa. XTov KEVIPIKO TpoPAnTa
eopdletan 10 Aevapyeio BoOAov, evd o vrmaifplog y®pog ypnoipomoteitor yio
napKvyK Kot yo avapovny emBifaonc tov LX. avtokivitov ota mhoia. H diepedvnon
NG GEOUIKT] CLUTEPLPOPAS TOV KPNTIO0TOlYoVv mePAapuPdvel TV TPOPAeYN NG
CEICUIKNG OmOKPIoNG, TOV HOVIL®V optllovTImV HETOKIVACE®DY, TV Katloemv Kot
™G GTPOPNG TOL TOiYov, AauPdvovtag VIOYN TV avATTLEY VYNADV VTIEPTIECEMV

VO0TOC TOPOV KL TO EVOEYOUEVO PEVGTOTOINGTG TOL EOGPOVG,.

Yypa 1.1 Kevipkodg kpnmddtoryog oto Apéva tov BoOlov Mayvnoiog.

O xpnmodToryog PoapdtnTog Tov KEVIPIKOD TPoPANTa amoteAeiton amd Kipdtio-
KOTOoKEVEG (Caissons) mov edpdlovtal o€ emioTpwon AMOOPPUTHG Kol OUUOYOATK®V
otov mubuéva tov Apéva. Zto Zynua 1.2 mapovoudleton pio Tuomiky SlTopn TOL
KPNTOOTOLYOL TOV KEVIPIKOL Ttpofinta. O kpnmddtoryog anotereitor and 9 kipdTio-
KOTOOKELEG GLVOAMKOD Vyovg 14.3 m. Xy Bdon tov kpnmddtoryov €xer yivel
exokon ¢ apyihov o BdBog 6 M, kot £yel TomobBetnOeil AMbBoppurn eEvyiavong, KaTo

amd TNV ool LVILAPYEL appoydAko e&vyiavong Kot appog eéuylavong (Eynqua 1.2). H



MBoppun) Tov avaKoveloTikoD mpicuatog £xel kMon 1:1. H teyvnt eniymon kovtd
OTOV KPNTOOTOYO OMOTEAEITOL OO OUUOYAAKO HE KPOKAAEG, OAAA KoTd OEcELC
EUTEPLEYEL OTPMOEIS OPYROiIADOG. Xe Kdamown (Gyvwmotn) omdotoon omd Tov
KPNTOOTO0 1M eniymomn EYEl TAYXOG 9 M, evd KAT® amd TNV EMiY®ON LIAPYEL Eval
oTpOU HOAAKAG apyilov mhyovg 4.3 m (Tyfua 1.2).

Ta dedopéva yio TV ye®UETpia TOV KPNTIOATOLYOV, TNV CTPOUATOYPOPIL, KOl TG
W10 TEG TOV VAKAOV €rovv ANebel amd ta apyeio tov Alpevapyeiov avagopikd e

™V HEAETN eMEKTAOTG TOL KevTpikoy tpofAnta (Owovopov, 2003).

0.0

¥

i

CppOXEALKD

13.3

MBopputh

9.0

[T ey TN L]

apythoc

sssssssssssssss

| 7.0 | 12,0 | 17.5 |

Xypa 1.2 Tomkn datopn KIPAOTIO-KATAGKELNG TOL KPNTOOTOLYOV TOV KEVIPLKOV

wpoPAnta Tov Apéva Borov.

2. Ap1Buntiko mpocouoivua

H opiOuntikr avdivon mpoypatomoleitor pe mmv péBodO TV MEMEPAGUEVMV
dapopmdv Kavovtog yprion tov mpoypaupatog FLAC (Itasca 2014). H dwaxprromoinon
™G YeoueTpiog Kot ot {dvEG TV LAIKOV didoviar oto Zymua 2.1. O kdvvapog tov
TPOGOUOIONATOG Exel pnKog 170 m kot vyog 39.3 m.

O kpnmdoTOoLY0C amotedeital amd 9 KIP®OTIOL GKLPOJEUATOC TOL OTTOl0L £Vl GE ETOLQT|
petalh Toug Kot pe To £00.00g £3paonG N AVIIGTHPIENG LE KOTAAANAEG SIEMPAVELEG Ol
omoieg mpocopowvouy TV TP Kol TV duvatdtTe SdvolEng Kevov KOTd TNV
SlapKe TG CEOUIKNG dovnone. Ta Kokkddn €daen OBepeiioong Kot avtioTpiEng

TPOGOUOIDVOVTOL [LE TO TPOTOTOUUEVO EAOGTOMANCTIKO KOTOGTOTIKO TPOCOUOIMUOL




tov Pastor et al. (1990), 1o omoio meprypdgetor kototépw. Ot (dveg un
PEVGTOTMOMCIU®V VAIKOV TPOCOUOLDVOVTIOL TPOGEYYICTIKA HE TO EANGTOMANCTIKO
npocopoiope Mohr-Coulomb, Aoufdavovtag vadyn v enidpoaocn Tov TAATOVG TNG
OVOKVKAMKNG OLOTUNTIKNG TOPAUOPO®ONS 6TV amopeimon g pétpov ddtunong G
Kol 0TV aENoT Tov AOYOV VOTEPNTIKNG amoOGPeonc & UECH 1GOSVVOUNG YPOUUIKNG
aviAvoNG, He YPNON KATAAANAOL VOTEPNTIKOD HOVTELOL OVOKVKAIKNG GUUTEPLPOPAC
EVOOUATOUEVOL 6TOV KOdtka FLAC.

Ytov ITivaxa 2.1 didovtat ot 110TTEG TOV EGUPIKMV VAKDOV T®V S10pdpwv (ovdv.
Ytov Ilivoka 2.2 6idovion o1 1010TNTEG TV OEMPOVEIDV HETAEHD GKLPOJEUATOC KOl
€00(POVG 1] CKLPOOEUATOG KOl GKVPOIELATOG,

Onwg eénysital KatoTépm® 610 KEPAAAO 3, Yoo TNV XPNON TOL TPOTOTOUNUEVOD
npocopotdpatog tov Pastor et al. (1990), omotteitor M oyeTIKN TLKVOTNTA TOL
KOKK®OOVS VAKOV. AVLTH| TPOKVMTEL WHE EUTMEIPIKY] GLOYETION TOL dopbwpévov

aplOpoy KTOT®V NG KPOLOTIKNG dleiodvuong N1,60 Kot TG SopuETpov kOkKmV  Dsp,

Ytov Xynuo 2.2 dideton gumelpikn ocvoyétion tov Cubrinoski and Ishihara (1999)

neta&d g oyxetkng mokvotntog D, kot tov kovovikomompévov apBpod Krdmmv
derodvoemg N, g = (98/0V' )1/2 N yia dbpetpo koékkmv Dso= 0.15, 0.35, 0.5, 1, 2, ko

10 mm (o), =98 kPa, tocootd evépyetag SPT = 60 %).

Mivakog 2.1 1616t 1EG VAIKOV.

Ynueioon: O aoctepiokog (*) vrodnAdvel 0Tl TO PETPO EANCTIKOTNTAG N 1 YOVia
STUNTIKNG avToyng vtoloyilovtol amd T0 KATOCTUTIKO Tpocopoiope pe Baon v
OYETIKN TUKVOTNTOL.

Enpn ITopmodeg Métpo Métpo k
Yo TLKVOTNTO n Awdykoong | Aldtunong
p (kg/m?) B, (MPa) | G, (MPa) | (m/s)
1 TrupOdepa 2400 0.01 20000 10000 10°
2 Appoyéiiko 1625 0.375 * * 410°
3 | Appoyéiwo | 1625 0.375 * * 410°
4 Appoydiiko 1625 0.375 * * 410°
5 Aoppun 1725 0.375 * * 4107
6 Aoppun 1725 0.375 * * 4107
7 Appoydiiko 1725 0.375 * * 1107
8 Apyhoc 1525 0.375 477 49 107
9 Apythog 1625 0.375 1414 146 107
10 Nepo 1000 - 2000 0.020 -




Yo Dr (%) Su @
A B r A (kPa) (noipec)
1 2KVPOOEU - - - -
2 AppoyaAko 38 38 38 60 - *
3 AppoyaAko 38 38 38 60 - *
4 Appoydaiko 38 38 - - - *
Apythog - - - - 20 0
5 ABoppum 40 70 70 70 - *
6 A1Boppunn 40 70 70 70 - *
7 Appoydiiko 40 70 70 70 - *
8 Apythog - - 120 0
9 Apythog - - 120 0
MMivakag 2.2 1610TTEg SIEMPAVELDV
Kn Ks (0]
(MPa/m) | (MPa/m) | (noipec)
KiBodtio 1-"Edapog 300 30 30
KiBotio 2-"Edagpog 500 50 30
KiBodtio 3-"Edapog 700 70 30
Kipodtio 4-"Edapog 700 70 30
KiBodtio 5-"Edapog 1000 100 30
KiBodtio 6-"Edapog 1000 100 30
KiBotio 7-"Edagpog 1200 120 30
Kipodtio 8-"Edapog 1200 120 30
KiBodtio 9-"Edapog 1200 120 30
Kpnmdotoryoc-Edapog 1000 100 26
Oeperioong
Aempdvero petali 1000 100 26
Kipotiov




1. Kpnmddroryog
2. Appoydiko
3. Appoydiiko
4. Appoydiiko M Gpythog
5. Aoppurn avriotpiEng
6. ABoppurn Edpaocng
7. Appoybéiuco £6pacmg
8. Apythog
9. Apyihog
10. Nepo
) 50m - 55m 114.5m >
1 2
om
0 5 =
-11.3m 4
(8) 6 7 5/
9
9
9
-37.3m

Yyqpe 2.1 Atakprromoinon g Yeopetpiog kot {OVES SIPOPETIKMY DAK®MV TOV ALUEVIKOD KpNTdoToiyov oto BOAo



ovo’'= 98 kPa, Energy Ratio = 60% (Cubrinoski and Ishihara, 1999)
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Yyna 2.2. Eunepikn ovoyétion tov Cubrinoski and Ishihara (1999) peta&d g
oYETIKNG TUKvOTNTOG D, KO TOL KOVOVIKOTOMUEVOL OptOpod KTOT®V SEIGIVCEDG

N, o = (98757 )" N yuo Stépetpo koxkmv Dso=0.15, 0.35, 0.5, 1, 2, ko 10 mm (o/, =
98 kPa, mocooto evépyetag SPT = 60 %).



3. Kataocratiké mpocouoiouo yio.  OVAKVKAIKY  GOUTEPLPOPd

KOKKWO®V E00PODV

To KATOGTOTIKO TPOGOUOIMO Y10 TNV OVOKVKAIKY] GUUTEPIPOPH KOKKOIMV £60(POV
Booileton og tpomomoinon tov Tpocsopotdpatog twv Pastor et al. (1990) oto nhaicio
™ Bempiag e yevikevuévne mhaotikotntog (Dakoulas and Gazetas, 2005, 2008). To
npocopoiope PBaciletar oTic apyéc g KPIoIUNG KOTAGTAONG KOl XPNCLOTOLEL [n-
ovoyeTlOueVo vopo Tlootikng pons. H oyxéon tdoemv-moapapopdceny dev omottel
ToV oKpif] HaONUOTIKO TPOGOIOPICUO TMV EMPAVEIDV OlPPONG Kol TAUCTIKOV
duva Ko, Topd Lovov Temv 01evfiveemy TV KafETomv entl Tov emeavel®V avtdv. ['a
TOV KOOOPIGUO TOV TOPOUETP®V TOV TPOGOUOIDOUOTOS, AAUPAVOVTOG VITOYN TIC VEEG
Bedtidoelg, £ytve pia cvotnuatiky fabpovounon pe Baon dNUocIevUEVa TEIPOUOTIKA
dedopéva. H emainBevon kot fabpovounon 1ov KotaoTtoTikod TPOGOUOUDUATOS EYIVE
pe plo poxpd celpd €PYOSTNPOKAOV OOKIUADV, Ol omoieg mepthapufdvouv (a) nv
ootpomikn OAlym, tpra&ovikny OAiyn/epelkuopd, amAn Sidtunon yio dSeopes TIES
™ meplPdAlovcoc evepyod Tlomg, VIO GLVONKEG GTPAYYIONG KOL HOVOTOVIKNG
eoptiong (B) v tpra&ovikn OAIYN-epeAvoPd, AmAN SIATUNOT Yo SLAPOPES TIHES TNG
nePPAALOVGOS EVEPYOD TAGNG VIO OCTPAYYIGTEG GLVONKEG Y10l LOVOTOVIKT] GOPTION
(y) v avakvokAk? Tplagovikny 00K, omAn SldTUnon Yo, SAPOPES TIMEG TNG
nepPdrirovcag evepyod Tdong vmod aoctpdyyloteg ovvOnkeg. EmumAéov, vy v
onpovpyia evdg peaMoTKoD «OTOAOYIGTIKOD» €0dpovg £ytve Pabuovouncn Tov
KOTOGTOTIKOD TPOGOUOIDUATOS HECH TNG AVAOTEP® O1AdIKAGIOG GE Eva VPY Kot TUKVO

eaopo oxetikov mokvotitov D, émwg my. amd 20% wg 100%. o pio toyovoa

oxetikny mokvommto D, ot mapdperpot Tov TPOCOHOUOHATOS TPOKOTTOVLV  ATd
ypopkn mopepfoin petald tov mapapétpov Mon Pobpovounuévav TukvoTHTOV.
[Tepiocotepeg TANpOPOpPiES Yia TO KaTAoTATIKO Tpocopoimpa didovtal ota apdpa TV
Pastor et al. (1990) «on Dakoulas and Gazetas (2005, 2008).



4. Zeouixn oiéyepon

O N. Mayvnoiag yapaxtnpiletal oand vynin cetopkodtta. Koatd tov tedevtaio aumva, dddeka
(12) woyvpoi oetopoi peyébovg amd 5.8 £wg 7.0 Eminav v mOAN Tov BOAov pe evidoelg otny
KAipaka Mercalli peta&o V ko VI Katd v woyvpdtepn oeiopikn akorovdio 1955-1957 pe
emikevtpo mOAD kovtd otov BoAo (Agydvio, Beleotivo), mpokAnOnkav moAd OMUavVTIKEG
KOTAoTPOPES. Mia evdeleyng HeAETn TG GeloKOTNTAG TG TOANG Tov BOAOL KO TNG gVpvTEPNS
nepLoyng mapovotaletar oy Mikpolmvik) Melétn tov IToAgodoutkov Xvykpotipatoc Boiov-
Néoag loviag (AIIO, 2000). Metalh Tov anoTteAeoUATOV TNG LEAETNG GEIGIKNG EMKIVOLVOTNTOG
glval 1 TpOTAGN TOL «GEIGUOV oYedlacoD» pe mBavotnta vrépPacng 10% ota 50 ypdvia. Me
Baon ™V LVYNAN GEICUIKOTNTA TNG TEPLOYNG KOL TN HEAETN OCEIGIKNG EMKIVOLVOTNTOC, O
«GEWUOG oYedOGOD» Yo TO TOAEOJOUIKO cvykpotnTa Bolov — N. loviag, cOpeova pe Tig

npodaypaees tov EAK2000 6nwg kot tov ECS, €xet ta €€1g xopakTnptoTiKd:

o Méyebog oelopod M= 6.5

o  Méyiom avopevopevn €00QIKN ETITAYLVON GE EMPAVEINKT EUPAVIOT TOL PPaydOOVS

vrofafpov PGA = 0.27g (outcrop rock).

H extipmon mg emtdyvvong ot Pdon tov £6apikov mpopid oe kdbe Béon perétng yivetan
HE TN TEYVIKN TNG OmMOGLVEMENG TNG OEICUIKNG kivnong o€ ouvvinkeg Ppdyov. Me v
amoocvveéMEN avt) 1 PGA oto Bpaymdeg vofadpo mov voketor o kibe B€on pehétng sivan
g téENg Tov 0.14g €mg 0.17g, avarioya pe 10 cLYVOTIKO TEPIEXOIEVO TOV GEIGHKOD KPAOAUGLLOV

OTNV EMPAVELQ.

Xmv mopovco UEAETN TNG GEIGHUKNG CLUTEPIPOPAS TOV KPNTIOOTOLYOL TOL KEVIPIKOV

npoPAnta Tov Apévog Bolov ypnoyomotovviol 3 GEICUIKES O1EYEPTELC:

o Xeopdc Korapdrog (1986)
o Xewopog Asvkaodag (2003)
o Yewopog Koume (1995)

Ot 1peig deyépoelg emPaiiovtal vwd HopeN GECUIKNG TovTnToS o Pdbog -37.3 m. Ot
deyépoelg Padpovoundnkav €161 dote N PEYIOTN TN TG emtdyvvong oto Pdbog avtd va etvan

ton mpog 0.17¢g. H Ty awtn aviiotorel pe v HEYIOTN EMTAYLVOT MOV TPOKVLATEL ANO TNV



amocVVEMEN 0T0 Ppoymdoeg voPabpo, dtav Ge EMPAVEINKT ELPAVION TOV Ppdyov 1 HEYIOTN
emrdyvvon eivan PGA = 0.27g.

Yto Zynuoto 4.1, 4.2, ko 4.3 didovtar ot Pobpovounpéveg CEIGHIKEG KATAYPOQPES TMV
oewopv Korapdtag (1995), Agvkadog (2003) ko Koume (1995) yio PGA=0.17g. Inueiodveton
ot o1 TpeLg dieyépoelg £xovv vootel 010pbwon Paong (base line correction). Eniong, oto Zynua

4.4 apovotalovtol To QACUOTO ATOKPIoNG EMLTAYLVONG TOV TPLOV PabLoVOUNUEVOV GEIGLUK®V

deyépoemv yio Adyo andoPeong f = 5%.

(o) 0.2
0.1
o
[}
i)
<
5 0.0
©
o
Q
<
-0.1
-0.2
0 5 10 15 20
Time, s
B
0.2
0.1
v
= w /\
>
T "\,\ \1 W\ \f v\ Y
-0.1
-0.2 . . .
0 5 10 15 20

Time, s

Yypo 4.1 BoaBpovounuévn oeiopikn kotaypagn tov ceiopov Korapdrtag (1995) ot 6éon
OTE, (a) Xpovoioctopia emtdyvvong (PGA=0.179) ko (B) ypovoictopia ToyydTnTag.
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Yypo 4.2  Boabpovounuévn  cewopkn Kotaypagn tov ogiopod Agvkddag (2003): (o)
Xpovoioctopio emitdyvvong (PGA=0.17g) ko (B) ypovoictopia ToydTnTaC.

10



(@) 0.2

Acceleration, g

5 10 15 20 25
Time, s
)
0.2
0.1
v
S
>
£ 0.0
i)
(]
>
-0.1
-0.2
0 5 10 15 20 25
Time, s

Yympo 4.3 BoBuovounuévn osiopukn kataypoaen tov ostopod Kobe (1995) oty 6éon Port
Island: (o) Xpovoiotopia emitdyvvong (PGA=0.17g) ko (B) ypovoictopio TaydNToC.
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Ypoe 4.4  Odopoata amdKPoNg EMTOYLVONG TOV POV PabUovounpéveoy  GEICUIKOV
deyépoewv o Adyo andoPeong B = 5%. (PGA=0.17Q)
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5. Amoteléouato mapauETPIKNS aAvaioens

H diepgdvnon ¢ GEICUIKNG GLUTEPIPOPAS TOV KPNTIOOTOLYOV TOV KEVIPIKOV TPOPANTQ
yivetal pe ypnom KOmolwv PBaciKdv cevapimv OYeTIKE HE TIG WO0TNTES TOV VAIKOV Ol 0Toieg
CUVEKTIUMOVTOL OO TIG YEOTEYVIKEG TANPOPOPIES, KLPI®G amd 000 VIAPYOVGES YEMTPNOELS GTOV
KeVTIpKO mpoPAnta. Agdopévov 0Tt vIapyel pio yoPKy UETAPANTOTNTA TV WOIOTHTOV TOV
VAMK®V TNG EMiy®oNG, OAAG Kol OVETOPKN OedopEva Yoo To VAIKG g Abopputig (Kot
CLULLLOYAAKOD) £5pOOTIG TOV KPNTIOOTOLYOV, SIEPEVVATAL 1) EXLOPACT] TNE CYETIKNG TUKVOTNTOC Ko
Tov €l00VC TOL €JAPOVE (TMEPLEKTIKOTNTO. GE GPYIAO) OTNV GCEIGUIKT] CLUTEPIPOPE TOV
OLGTHATOG E6GPOVE KPNTLOOTOLYOV.

I'o tov okomd avto, eEetdlovtan téooepig meputmoslg (BAEne Ilivaka 5.1):

1. Hepintoon A: H oxetkn mokvomta g ABoppimng £€5pacmg kot ovTioTtnpiEng
AopPaveral covinpntkd ion mpog 40%, evd N GYETIKN TUKVOTNTO TOL AVTIGTNPLLOUEVOL
appoydikov ({oveg 2, 3, ko 4, Zynua 2.1) AapPaveton ion mpog 38%, pe Paon v
pkpdTepn TP ToL apBpov mov €xel Kotaypagel (petd v oWOpH®oN Y TOGOGTO

Aemtokokkwv kol gvepyod Thomg N, = 17). Zmv  mpaypatikdmto  vmdpyet
petofAntomra tov Ny 6T0 TAYOG TOV OVTIGTNPILOUEVOD OUUOYOAIKOD, UE EUPAVIOT

OPKETE LEYOADTEP®OV TILMV TOV 0p1Opov KTvmwv N.

2. Ilgpintoon B: H mepintoon avt Poaciletar oty mapadoyn 6Tl 11 GYETIKN TUKVOTNTA
MBoppung €0paomg Ko avtioTpiEng sivan ion mpog 70% AdY® KoANG cuumdkvmong,
EVD 1| GYETIKTN TLKVOTNTA TOV avTioTnPopevoy appoydiikov Aappdvetor ion mpog 38%,

Om®G oTNV mepinTmon A.

3. Ilgpintoon I': H nepintwon avty givarl mapopoto pe tny nepintwon A, pe v doupopd
otav €va oTpdpa TAYovg 4.3 M 610 KAT® TUNU TNG eniymong ({ovn 4, Zynua 2.1) dev

etvat ooy Ao aAAG poAakn pythoc.

4. Tepintmon A: H oyetikn mokvoétnta MBoppnng £0pacng Kot avTioTpEng AapPaveton
ton mpog 70% pe TV mopadoy] KOANG GUUTVKVMOONG, EVA 1 GYETIKN TLUKVOTNTO TOL
avtioTpopevou appoyaiukov ({oveg 2 kot 3 Zynqua 2.1) Aappdavetor ion mpog 60%.
Eniong, éva otpopa mayovg 4.3 m oto kdto tunipa ™ eniymong (Covn 4, Zynua 2.1)

amoteleiton omd pHoAakn Gpytro.
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MMivaxag 5.1 Tlapopetpikn depehvnomn Tov KpNTdOTOL( oL

IMopadoyég PGA (9) ZYETIKN ZYETIKN ITéryog Apyilikd
Avdivong Bpoymoeg TLKVOTNTO TLKVOTNTO GTPMONG GTPOU
vroPabdpo MBoppurng OLLLLLOYAATKOV OUUOYAATKOV EMiymONG
eniymong avTIoTAPIENG 9m-13.3m

A 0.17g 40% 38% 13.3m oy

B 0.17g 70% 38% 13.3m oy

r 0.17g 40% 38% 9 m vat

A 0.17g 70% 60% 9 m vat

Koatotépm mapovcsialovtol To KuploTepa AmTOTEAEGUATO TOV CEICUIKDOV OVOADGEDV Y10l TIG

AVOTEPW TEPUTTOCELS KO TIG TPELS GEICUIKES OLEYEPTELC.

5.1 Hepinrwon A
5.1.1 Xaouos Kalaparag

H ypovoictopia g emtdyvvong oty emedvela tov avtioTplopevou appoydiikov (onueio
H oto Zynupa 5.1) d6ideton oto Zynua 5.3. H péyrom tun g etvan 0.4g, vmooniovovtog pio
dvvapkn peyéBovvon mepinov 2.3. H ypovoictopio g opilovtiag petoatdmions oto onueio H
otdetanl oto Zynua 5.4 kot Exer péytom tun 0.12 m. H xataxopven petatdmion tov onueiov H
etvat ToAD pkpn.

H xoatavopr] g pévyung optldvtiog HETOTOMONG TOV KPNTOOTOL(OL KOl OVTIGTNPLLOUEVOL
ApUOYEATKOV VIO TNV O1€yepoT Tov GEGHOL TS Koahapdtog koatd tnv ypovikn otypr ypoévo t =
10 s didetan oto Zynua 5.5. T Adyovg gukpivelng Tov oyuatog, n Halo Tov vepol &xet
agatpedel amd 10 oynuo (Kot OAC To AVTICTOLO GYNLOTA KATOTEP®). XTO ZyNua 5.6 dideton
avtioToryo M katovour ¢ Kabilnong katd v ypovikn otiypun xpovo t = 10 s. H péyiom
puoviun oplovra petatomion Tov toiyov ivail 0.15 m mpog v BdAacoa, evd 1 Kabilnon poAg
0.03 m. O1 ypovoictopieg ™G opllOVIIOL KOl KATOKOPLENG UETOTOMIONG OTIV Ve 0aploTeEPA
yovia tov Toiyov (onueio A, Zynua 5.1) didovtor 6to Zynua 5.7. Avtictorya, ypovoictopia TG

OTPOPNG TOL Toiyov Oidetan oto Xynua 5.8. IMapatnpeitor 6TL 1 0TPOPN TOL TOlYOL Elvar
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puikpotepn amd 0.3°, omdTE M KOTAKOPLEN UETATOMION TOL TOlYOVL GTO onueiov A o@eideton

OYEOOV ATOKAEIGTIKA GTNV GTPOPH.
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C

Xypa 5.1 Oéon tov onuei®v VITOAOYIGLOV YPOVOIGTOPLOV ETITAYLVONG KOl LETATOTICNG

16



Yype 5.2 Oéon tov onuei®vV VTOAOYIGHOD YPOVOTCTOPLOV AOYOL TGN TOPWV

17
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0.4

®éon H

0.2 | n

) | |

-0.4
0

Acceleration, m

Time, s

Yympa 5.3 Opilovtia emtdyvvon Tov onueiov H oty empdvela tov aviiotptiopevon £669poug
WG TPOG TOV YPpOVO VIO TNV d1€yepor Tov celopod ¢ Koarapdroag.

0.15
0.10 —— Horizontal
Vertical
®éon H
E_ 0.05 n
I=
% 0.00 f———_ | { /\ | O /\ /\
: ~ VAVAY;
o
wn
O -0.05
-0.10
-0.15
0 2 4 6 8 10

Time, s

Yympae 5.4 Oplévtio kot kotakdpvuen petotdmon tov onueiov H oty emedvein tov
avTioTPLOUEVOL £6GPOVS MG TPOS TOV YPOVO VIO TNV d1€yepon Tov celopol s Kolapdtog.
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Hprizontal t=10's
Displacement, m

-2.00E-01
-1.50E-01
-1.00E-01
-5.00E-02
0.00E+00 ==
5.00E-02

Xympa 5.5 Katavoun g povipung oplovtiag HeTatdmiong tov Kpnmddtoyov vrd v di€yepon
Tov oeopov g Korapdrtag kotd v gpovikn otiyun ypdévo t =10 s.

Vertical
Displacement, m
-2.00E-01
-1.50E-01
-1.00E-01
-5.00E-02 I
0.00E+0C ——
5.00E-02

t=10s

Xympa 5.6 Katovoun g poviung kabilnong tov kpnmddtoryov vd v S€YEPCT TOV GEIGUOV
g KoAapdrtag katd v ypovikn otiyun ypdévo t =10 s.
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-0.15 ®éon A

-0.20
0

Displacement, m

2 4 6 8 10
Time, s

Xympa 5.7 Oplovrio Kot KatakOpuen LETATOTIOT TOV onpeiov A Tov KpNIO0TolYoV MG TPOG
TOV ¥pOVO VIO TNV 01€yepon Tov ceopov s Koiapdroc.

0.3
0.2
®
o 0.1
(@)
: A
= vV
&
e 0.1
-0.2
-0.3
0 2 4 6 8 10
Time, s

Xympa 5.8 F'ovia 6tpoeng Tov kpNmdoToiyov ¢ TPOS TOV ¥POVO VO TNV SEYEPGCT TOV GEIGLOV
™m¢ Kaiapdroc.
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H vreprieon nopov ekppdletar pe Tov Adyo I, o onolog opiletar e v oyéon

. (5.1)

omov AU = vmepmieon Kot O';n N APy pHéom evepyos tdomn. Xto Zynua 5.9 dideTon 1 Kotovoun

T0V AOYOL vmepmieong mOpwv I, vrd Vv déyepon tov cewopov g  Kohopdrtoag xatd tnv
xpovikn oty ypoévo t = 10 s. [Mopatnpeitar 6Tt avOTTUGGOVTOL CNUAVTIKEG VIEPTIECELS GTO
avuiepiopevo appoydiuco, pe tov Adyo I, va @Bdver v tipm €wg 0.8 ya 0 cuvINPNTIKO

oeviplo A. Tlopd 10 yeyovog avtd, mn poviun oploviia UETOTOMON TOL KPNTIO0TOiYOoL

npoPArémetor apketd pukpr| (< 0.15m) kot givon BePaing eviog avektdv opilwv.

O Loyog vrepmieong I, kGt® and v Baon tov toiyxov oto onueio P2 (BAéme Zynpa 5.2) givon
OPKETO WIKPOTEPOS AOY® NG MEYOADTEPNG dlamepotdTTag TG Abopputne. Xto Zynua S.11
didetau 1 ypovoictopio tng e&EMENG Tov Adyov I, ota onueia P1, P2, P3 kou P4. Iopatnpeita
6t oto Znpeio Pl o Adyog r, AapPdver apvnrikég Tyég €€ artiag TG SAGTOATIKOTNTOG TG
MBopputng o pikpn mepiaiiovoa téon. Eniong, oto onueio P3 micw and tov kpnmddtoryo
avanTOCoOVTOL UEIOWUEVES LIEPTIESES AOY® NG pelwong Tov Tdcewv katd v opldvTia
HeTaToOmIoN TOL Toiyov TPog TV Bdracca. H avdntuén apvntikadv Adyov I, £ng -1 micw and

TOV KpNdoToyo £xel emPefaindel ko mepapaticd oe dokuég puyokevtplot oto Rensselaer

Polytechnic Institute (Lee 2005).
Y10 Zyfua 5.10 mapovcsidletal 1 KOTAvoU TG GUCCOPEVUEVNG OTOKAIVOLGOS TAOGTIKNG

TAPALOPPMOTNG TOV EOAPOVGE, OTTO10 EIVOL GYETIKA UIKPN KOl GUYKEVTPOVETOL TG® KO KAT® 0o

TOV KpNTOOTOLYO.
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Pore pressure
ratio r,

-6.00E-01

-4.00E-01

-2.00E-01 t=10s
0.00E+00

2.00E-01

4.00E-01

6.00E-01
8.00E-01
1.00E+00

Zmpoe 5.9 Katavopn tov Adyov vmepmicong moépwv I, vwd v S€yepoT TOV GEIGUOD NG

Kolapdrog xatd v ypovikn otrypun xpovo t =10 s.

Eq. deviatoric
plastic strain t=10s

0.00E+00
1.00E-02
2.00E-02
3.00E-02
4,00E-02
5.00E-02

Yypo 5.10 Koatavoun g 160d0voung omokAivousog TANGTIKN Topapdppmong vad v
di€yepon tov oelopov g Koahapdrtag kotd v gpovikn otiypn ypoévo t =10 s.
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Time, s

Zympa 5.11 Adyog vreprieong mopwv I, vd v S1€yepon Tov GEGHOL TG oTa onpeia (a) P1,
P2 xan (B) P3, P4 (BAéme EZynpa 5.2).
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5.1.2 Xeouocs Asvkaoag

[Mapopoimg, m ypovoictopice NG EMTAYLVONG OTNV EMPAVEIDL TOVL OVTIGTNPLLOUEVOL
appoydikov (onueio H) dideton oto Zynua 5.12. H péyotn tyun g eivan 0.329, opog n
dupketa g di€yepong avtg etvar 30 S. H ypovoictopio tng oplévTiog LETATOTIONG GTO GNUELD
H didetar oto Zynua 5.13 ko €xel péyrotn tiun emiong 0.12 m, eved 1 KatakdpLen HETOTOTION
elvatl ToAD pukpn.

H xoatoavour g péviung optldvtiag HETOTOMIONG TOV KPNTOOTOL(OL KOl OVTIGTNPLOUEVOL
OLLULOYOAKOD VIO TNV S1EYEPTT TOV GEIWGUOV TNG AEVKASOG KATH TNV YPOVIKY OTIypn ypovo t =
30 s didetan oto Zymua 5.14, eved oto Zynua 5.15 dideton avtictoryo 1 katavour g kadilnong.
H péyriom poviun opilovrio petotdmon tov toiyov mpog v Bdhacca gival apketd peyordtepn
and v mepintmon tov cecpov Koume kot eivar iom mpog 0.59 m, evad n kabilnon ¢@Bdavet ta
0.08 m. Ot ypovoictopieg TG 0p1lOVTIOG KOl KOTOKOPLONG UETATOMIONG OTNV Yovia A TOv
KpnmodToL oL didovror 6to Zynua 5.16. Avtictoya, 1 ypovoictopia TG GTPOPNS TOL TOlXOL
dtdeTan oto Lynpa 5.17, pe péyrotn T ion mpog 0.3°.

210 Zynupa 5.18 didetor n Katavoun Tov AOyov vrepmieong mOpwv I, vd TNV dEYEPCN TOV

oo poL G Agvkdoag Katd tnv xpovikn ottyun xpévo t = 30 s. Tlapatmpeitar 61t 6To TEAOG T™NG
OEYEPONG GLOCMPEVOVTOL CTUOVTIKES VIEPTIEGELS GTO OVTIGTNPWLOUEVO OLLLOYOALKO, LE TOV

AOyo I, va eBdver v Tipég petaly 0.8 xkar 0.9 y 10 OHOAOYOVUEVOG OPKETE GLVTNPNTIKO
oevaplo A. Tto Zynuo 5.20 dideton n Tun tov Adyov I, ota onueio P1, P2, kou P3. Avti n

ONUOVTIKY LIEPTiESN ©T0 avTIOTNPWOUEVO £€30(Q0C ©E GLVOLOGHO e TNV  OvATTLEN
AOPAVELOK®V OVVALE®V GTOV TOTYO Kot Pict GYETIKN YOAAP®OON 6TO £30¢p0¢ BepelMmong odnynoe
o€ oplovtieg petartonioelg ioeg mpog 0.59 m.

Y10 ZyMua 5.19 mapovcsidletar  KATAVOU NG GLCCOPEVUEVNS OTOKAIVOLGOS TAUGTIKNG

TOPAUOPPMONG TOL EOGPOVS, OTOIN GVYKEVIPMOVETOL TIGM KOl KAT® Ao TOV KpNTOOTOLYO.
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Yympae 5.12 Opuovria emtdyvvon tov onueiov H oty emodveln tov avtiompilopevov
€04PpOVC ™G TPOG TOV YPOVO VTG TNV JEYEPCT) TOV GEIGUOV NG AEVKAdAGC.

0.05
®éon H
0.00
e
<]
£
o -0.05
o
©
o
2
[m)]
—— Horizontal
-0.10
—— Vertical
-0.15 . . . . .
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Time, s

Yypoe 5.13 Oploviio kot katakOpven petatomion tov onueiov H oty emodvein tov
avTIoTNPLLOUEVOL EXAPOVE MG TTPOS TOV XPOVO VIO TNV O1EYEPCT TOV GEIGUOV NG AgVKAdaC.
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Horizontal
Displacement, m

-1.00E+00
-8.00E-01
-6.00E-01
-4.00E-01
-2.00E-01
0.00E+00 H
2.00E-01 THES
4.00E-01 !

t=30s

Xympa 5.14 Kotavoun g poviung oplovtog HETATOmIoT TOV KpNmdOToLYov vid TV dEyEPoN
TOV GEIGHOV TNG A&VKAdOG KAT TNV XpoviKn otryun xpovo t =30 s.

Vertical
Displacement, m

-4.00E-01 t=30s
-3.00E-01

-2.00E-01

-1.00E-01

0.00E+00

1.00E-01

2.00E-01

Yympe 5.15 Koatavoun g poviung kabilnong tov kpnmiddtoryov vd Ty SEYEPGCT) TOL GEIGLOV
™G Agvkadog katd TV ypovikn otryun xpovo t =30 s.
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-0.1

-0.2 — Horizontal

Vertical

-0.3

Displacement, m

-0.4

05 ®éon A

-0.6 . . . . .
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Time, s

Xympa 5.16 Opldvtia Kot KatakOpuen HeTATOTIoN TOV oNUeiov A Tov KpNmdoToiYoL MG TPOG
TOV ¥pOVO VIO TNV O1EYEPCT TOV GEGHOV TNG AEVKAIOG.

0.2

0.1

0.0 AU AL

Rotation, Degrees

-0.4 : : - - .
0 5 10 15 20 25 30
Time, s
Yympo 5.17 Tovia otpoeng Tov KpNIOOTOLYOV MG TPOG TOV ¥POVO  LIO TNV OEYEPST| TOV
o1 pov g Agvkddog.
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Pore pressure
ratio r,

-4.00E-01
-2.00E-01 t=30s
0.00E+00
2.00E-01
4.00E-01
6.00E-01
8.00E-01
1.00E+00

Zympoe 5.18 Koravour) tov Adyov vrepnicong mopmv I, vad v S€yEPCT TOL GEIGUOV NG

Agvkddag Katd tnv ypovikn otiyun ypdévo t =30 s.

Eq. deviatoric

plastic strain t=30s

0.00E+00
4.00E-02
8.00E-02
1.20E-01
1.60E-01
2.00E-01

Yypo 5.19 Koatavoun g 160d0voung omokAivousog TANGTIKN Topapdppmong vad v
d1€yepon Tov GEIGHOV TNG A&VKAdNS KATA TNV Xpovikn oTiyun ypovo t = 30 s.
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Zympa 5.20 Adyog vrepricong nopwv I, VIO TNV S1EYEPGT TOL GEIGUOV TNG 6T GMUEin
(o) P1, P2 ko (B) P3 (BAéme Zymua 5.2).
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5.1.3 Xeaouocs Koune

H omdxpion tov ovotiuatog toiyov-£ddeovg otn di€yepon tov oelopod Koume, diver
AmOTEAEGUOTO T OTTOT0L Elvart TapOpOLoL Le VT TOV Gelpol g Agvkddag. H ypovoictopio g
EMTAYVVONG OTNV EMPAVELN TOV avTIoTNPLOHUEVOD appoydikov (Zynpa 5.21) €xet péytom Ty
0.289. H opilovtia petatdmon (mAevpikn eEdmimon) €xet péytomn Ty 0.40 m xon 1 kabilnon
0.15 m (ZyMua 5.22).

Ot katovopés T povipmg oplovtiag petatdmiong Kot g kadilnong tov kpnmiddToov Kot
avTioTPLOpeEVoL appoydikov oto téhog g déyepong (t = 30 S) didovton ota Zynqua 5.23 kot
5.24, avtictoyo. H péyiom péviun opldévria petatodnion tov toiyov mpog v Bdlacoa sivat
eniong 0.40 m, evéd 1 kabilnon @Baver ta 0.05 m (Eynua 5.25). H ypovoictopia ¢ otpoeng
TOV TOiyoL £xel péytotn Tun ion wpog 0.45° (Zynua 5.26).

210 Zynpa 5.26 dideton  KoTavour| Tov Adyov vrepmieons mopwv I, vwd TV S1€yEPSN TOL

ogopov tov Koume katd v ypovikn otryun ypoévo t = 30 s. Tlapatnpeitar 6t1 610 TEAOG TNG
OEYEPONG GLGGMPEVOVTOL GNUOAVTIKEG VIEPTIEGELS GTO OVTIGTNPILOUEVO OUUOYOAKO, UE TOV
Aoyo I, va eBaver v Tipég petagv 0.8 kan 0.9. Xto Zynpoa 5.28 didetan 1) T tov Adyov I, vmod
™V S1€YEPGT TOL GEIGUOV TG oTta onpeia P1, P2, won P3.

Y10 ZyMua 5.27 mopovcstdleTal 1 KOTAVOUN TNG GLCCOPEVUEVNS OTOKAIVOLGOS TAUGTIKNG

TOPALOPPMOTNG TOV EGGPOVG, OTOIN GLYKEVIPOVETAL TIGM KOl KAT® At TOV KPNTIOOTOLYO.
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Yypo 5.21 Opovria emitdyvvon tov onueiov H oty emodveln tov avtiompilopevov
€04POVC MG TTPOG TOV YPOVO LTTO TNV JEYEPCT) TOL GEIGHOL Tov Koume.

0.2
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e
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e
(3]
(&)
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o
2}
o
-0.3
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-0.4 —— Vertical
-0.5
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Time, s

Yyqpo 5.22 Opiloviio Kot Katakopuen HETOTOMIoN Tov onueiov H oty emodveio tov
avTIoTNPLLOUEVOL EXAPOVS MG TTPOS TOV XPOVO VIO TNV O1€YEPCT] TOL GEGHOV Tov Koume.
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Horizontal
Displacement, m

-5.00E-01 t=30s
-4.00E-01
-3.00E-01
-2.00E-01
-1.00E-01
0.00E+00
1.00E-01

Xympae 5.23 Katoavopun g povipung oplovtiag HETOTOMION TOV KPNTOOTOL(OL VO TNV O1€yepon
Tov celopov Tov Koume koatd v ypovikn otiyun ypdévo t =30 s.

Vertical
Displacement, m

-2.00E-01 t=30s
-1.50E-01

-1.00E-01

-5.00E-02

0.00E+00

5.00E-02

1.00E-01

Yympe 5.24 Koatavoun g poviung kabilnong tov kpnmiddtoryov vd Ty SIEYEPGCT) TOL GEIGLOV
tov Koéume katd v ypovikn otiyun ypdvo t =30 s.
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Xympa 5.25 Opildvtia Kot KatakOpuen UeTatdOmon Tov onpeiov A Tov KpNmIdoToiyov MG TPOG
TOV ¥pOVO VIO TNV 01€YEPON TOL GEGHOV Tov Koume.
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Yypa 5.26 T'ovio 6Tpo@nig Tov KpNTIS0TOiXoL ¢ TPog Tov YPOGVo VIO TNV JIEYEPCT] TOL
cewlopov tov Koume.
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Pore pressure
ratio r,

-4.00E-01
-2.00E-01 t=30s
0.00E+00
2.00E-01
4.00E-01
6.00E-01 e e e e e e e e e e e e
8.00E-01
1.00E+00

Zympe 5.27 Katavoun tov Adyov vrepmicong mopwv I, vwd v 61€yepon TOV GEIGHOV TOL
Koume xotd v ypovikn otiyun ypoévo t =30 s.

Eq. deviatoric

plastic strain t=30s
0.00E+00
2.00E-02

4.00E-02

6.00E-02

8.00E-02

1.00E-01

Yypoe 5.28 Kotavoun g 160d0vaung omokAivousog TANCTIKY Topapdpemong vmnd v
d€yepon tov oelspov tov Koume katd tnv ypovikn otiyun ypdévo t =30 s.

34



0.4

|

_0:2 | '"W\'{'v ——

7

P Ny
.

=
~0.4
-0.6
~0.8 —
— P2
-1.0
0 5 T = . _ |
Time, s
0.6
0.4
0.2
> A
0.0 M\( W V
B — P3
-0.4
S 10 " 20 . |

Time, s

Zympa 5.29 Adyog vrepricong mopwv I, Vo TNV S1EYEPGT) TOL GEIGUOV TNG 6T GUEin
(o) P1, P2 xou (B) P3, P4 (BAéne Zynpa 5.2).
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5.2 Ilepintwon B
5.2.1 Zeaouog Kadauaroag

H mepintoon avt) Paciletor oty mopadoyn 6Tt 1 oxeTikn mokvotnTa ABoppimng £6paocng
Kot avTiotpiEng etvan iom mpog 70% AOY® KOANG CLUTVKVMOGNG, EVA 1 CXETIKN TUKVOTNTA TOV
appoydikov avtiompiEng Aapfavetat ion mpog 38%, 0nmg oty mepintwon A.

H ypovoictopia g emtdyuvons oy emQavelo ToV avTIoTNPILOUEVOL OUUOYAAKOV (Zymua
5.30) éxer péyrom Ty g eivan 0.4g, 6mmwg oy avtictoyn nepintwon A. H ypovoictopio g
optlovtiag petatodmiong oto idto onueio H (Zynua 5.31) £xet péyrom tyun 0.12 m.

Ot katavopés g poviung oplovrog petatdmong kot kKafilnong tov kpnmiddToyov Kot
avtioTpopevoy appoybiitkov vmd v di€yepon tov cewopod s  Koiopdtog xatd v
xpovikn otiyun xpovo t = 10 s didovror ota Zynuata 5.32 ko 5.33, avtictoyya. H péyiom
puévun oplovtia petatomion tov toiyov givar 0.08 m mpog v BdAacca, evod 1 kabilnon poAlg
0.03 m. Ot ypovoictopieg g opllovTlog KOl KATAKOPLONG UETATOMIONG GTNV AVE® 0PloTEP
yovia tov Tofyov didovror oto Zynua 5.34. Avtictorya, N xpovoictopio TS GTPOENS TOL TOiYOoL
dideton oto Zynua 5.35. H atpon| tov toiyov givatl 0.28°, omdte 1 KATAKOPLEN UETATOTIOT TOL
TO10V 670 onpeiov A o@eileTon OMOKAEIGTIKA GTN GTPOPT).

210 Zynpa 5.36 dideton n Kotavour Tov Adyov vrepmicong mOpwv I, Vo TNV S1€YEPGT TOL
oewopov ¢ Kolopdtog xatd v ypovikn otiyun ypoévo t=10 s. Tlapatnpeiton 0Tt
OVOTTOOCOVTOL ONUOVTIKEG VTEPTIEGES OTO OVTIGTNPILOUEVO OUUOYAALKO, OAAG 1 HOVIUN
opildvtio petatdmion Tov kpnmidotoiyov TpoPAéneton apketd pikpn (0.08 m).

210 Zynuo 5.38 d6ideton n ypovoictopia e eEEMENG Tov AdOYoVL I, ota onueia P1, P2 ko P3.

Y10 Zymua 5.39 mopovctdleTol M KOTAVOUN TNG GUCCMPELUEVNG OTOKAVOVOOS TAACTIKNG

TOPALOPPMOTNG TOV €04POVS, omoia efvat TOAD pukp).
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Yypo 5.30 Oplovria emitdyvvon tov onueiov H oty emodvelon tov avtiompilopevov
€04POVGC ™G TPOg TOV YPOHVO VTG TNV d1€YEPOT) TOV GGV TG KoAapdrag.
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Yypo 5.31 Opiloviio kot KatakOpven HETOTOTION Tov onueiov H oty emodveio tov
avTIoTNPLLOIEVOL EXAPOVE MG TTPOS TOV XPOVO VTG TNV 01€yepon ToL GelGpov g Kalopdtog.
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Horizontal

Displacement, m t=10s
-1.50E-01
-1.00E-01
-5.00E-02
0.00E+00
5.00E-02
1.00E-01

Zympa 5.32 Koatavoun g poviung oplovrog LETATOmIoT TOV KpNmdOToLYov vid TV dEyepon
Tov ceopov g Korapdtag kotd v gpovikn otiyun ypdvo t =10 s.

Vertical t=10s
Displacement, m
-1.50E-01
-1.00E-01
-5.00E-02
0.00E+00 ,
5.00E-02 Inns
1.00E-01 1111

T . i

Xympa 5.33 Katavoun g povipng kabilnong tov kpnmiddtoryov vd v SIEYEPGT] TOL GEIGLOV
g KoAapdrtag katd v ypovikn otiyun ypdvo t =10 s.
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Yypa 5.34 Opilovtia Kot KatakOpuen HETATOMION TOV GNUEIOV A TOV KPNTIOOTOTYOV MG TPOG
TOV ¥pOvo VIO TNV d1€yepon Tov celopol ™ Kolapdroc.

0.3
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0.1

oLl

T A

Time, s

Rotation, Degrees

Yypa 5.35 T'ovio 6Tpoeng Tov KPNTIS0TOIX0L G TPOg ToV YPOGVO VIO TNV JIEYEPCT] TOL
oewopov g KoAapdrag.
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Pore pressure
ratio r,
-8.00E-01
-6.00E-01
-4.00E-01
-2.00E-01
0.00E+00
2.00E-01
4.00E-01
6.00E-01
8.00E-01
1.00E+00

t=10s

Zype 5.36 Kotavour| tov Adyov vreprnieong mopwv I, vad v SEYEPCN TOL GEIGHOV NG

Kolopdtog katd v ypovikn otrypn xpovo t =10 s.

Eq. deviatoric
plastic strain

[ 0.00E+00 t=10s

5.00E-03
1.00E-02
1.50E-02
2.00E-02
2.50E-02
3.00E-02

Yypoe 5.37 Kotavopn g 160d0vaung omokAivousog TANCTIKY Topapdpemong vmd v
d€yepon tov oelspoL g Koahopdrog kotd v gpovikn otiypr ypoévo t =10 s.
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Time, s

0.4

— P3

0.2

-0.2

-0.4

Time, s

Zympae 5.38 Adyog vrepmieong mopwv I, vod v S1€yepon Tov GelsHov TG ota onpeia (o) P1,
P2 ka1 (B) P3 (PAéme Zynua 5.2).

41



5.2.2 Xeaouocs Asvkaoag

Y10 Zynuo 5.39 odidetar M ypovoicTopio TNG EMTAYLVONG OTNV  EMPAVEID TOL
avTioTPOpevo appoydiikov pe péytotn tiun ion mpog 0.38g. H ypovoictopia g oplovrtiog
petatomiong oto onpeio H 8idetar oto Zynua 5.40 kot £xel péyrot tiun eniong 0.08 m.

Kotavopn g puéviung optldévtiog HETATOTIONG TOL KPNAIOOTO(OL Kol avTIoTnpliOUeEVOD
AUUOYEAIKOV VIO TNV SLEYEPCT] TOV GEIGUOV TNG AEVKASOC KATA TNV XPOVIKY OTIyun xpovo t =
30 s didetar oto Zynua 5.41. H péyiotn pévyun optldvtio HETATOMION TOL TOLYOL PO TNV
Odlacoo elval apkeTd peyoAlvtepn omd TV mepintmon tov oelcpov Koume kot eivar ion mpog
0.38 m. Ot ypovoictopieg ¢ opllovTiag Kot KATAKOPLPNG UETATOTIONG GTNV Yovia A TOv
KpnmodToL oL didovror 6to Zynua 5.43. Avtictolya, n ypovoictopio ™S GTPOPNS TOL TOTXOV
dtdoetan oto Zynua 5.44, pe péyrotn tyun ton mpog 0.35°.

210 Zynpa 5.45 dideton n Koravour| Tov Adyov vrepmicong mopwv I, vd TV S1€yEPoN TOL
oo poL G Agvkdoag Katd tnv xpovikn otryun xpdévo t = 30 s. Tlapatnpeitar 611 6To TEAOG T™NG
OEYEPONG GLGGMPEVOVTOL CNUOVTIKEG VTEPTIEGELS GTO OVTIGTNPILOUEVO OUUOYOAKO, LE TOV
Aoyo 1, va eBaver v tipég petalv 0.8 ko 0.9 yua 1o oevaplo B, 610 omoio to appoyditko g
eniymong £yel oyetikn mokvomto 38%. Xto Zynua 5.47 didetar n T tov Adyov I, vwd v

di€yepon Tov celopov g ota onpeia P1, P2, kai P3. Téhog, oto Zynqua 5.46 mapovoidleton 1
KOTOVOUT TNG GLVGGMPEVUEVNG OTOKAIVOLGOG TAOGTIKNG TAPALOPPMONG TOL €£06POVS, omoia

GLYKEVIPAOVETOL TG® Kol KAT® ard TOV KPNTOTOLYO.
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Yympo 5.39 Opdvria emtdyvvon tov onueiov H oty emoedvein tov avtiotplopevov
€04POVC MG TTPOG TOV YPOVO VIO TNV JEYEPOT) TOV GEIGHOV NG AgVKAdOC.
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Time, s

Yypoe 5.40 Oploviio kot katakOpven petotomon tov onueiov H oty emdveln tov
avTIoTNPLOUEVOL £0GPOVE MG TPOS TOV YPOVO VIO TNV SLEYEPST TOV GEIGHOV TG AELKAJOC.

43



Horizontal

Displacement, m
-1.00E+00
-8.00E-01
-6.00E-01
-4.00E-01
-2.00E-01
0.00E+00
2.00E-01
4.00E-01
6.00E-01

t=30s

Yype 5.41 Katovopn g poviung optlovtiag HETOTOTION TOV KPNTOOTOL(0L VIO TNV d1€yepon
TOV GEIGHOV TNG AgVKAdOG KAT TNV XpoviKn otiyun xpoévo t =30 s.

Vertical
Displacement, m

-6.00E-01
-5.00E-01
-4.00E-01
-3.00E-01
-2.00E-01
-1.00E-01
0.00E+00
1.00E-01
2.00E-01

t=30s

Yype 5.42 Koatavoun g poviung kabilnong tov kpnmiddtoryov vd Ty SEYEPGT) TOV GEIGLOV
™G Agvkadog katd TV ypovikn otryun xpovo t =30 s.
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Yypa 5.43 Oplovtia Kot KatakOpuen UETATOMTION TOV GNUEIOV A TOV KPNTIOOTOIYOV MG TPOG
TOV ¥pOVO VIO TNV S1EYEPCT TOV GEIGHOV TNG AEVKASOG.
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Yympo 5.44 Tovio otpoeng Tov KPNIOOTOLYOV MG TPOG TOV ¥POVO  LIO TNV OEYEPST| TOV
oelopob g Agvkadog.
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Pore pressure

ratio r,

-8.00E-01

-6.00E-01

-4.00E-01 t=30s
-2.00E-01

0.00E+00

2.00E-01

4,00E-01

6.00E-01

8.00E-01

1.00E+00

Zympo 5.45 Koravour) tov Adyov vreprnieong mopmv I, vrd v S€yEPCT TOL GEIGUOV TNG
Agvkddag Katd tnv ypovikn otiyun ypdévo t =30 s.

Eq. deviatoric
plastic strain

t=30s

0.00E+00
4.00E-02
8.00E-02
1.20E-01
1.60E-01
2.00E-01

Yympo 5.46 Koatavoun g 160d0VOUNG OTOKAIVOLGOG TAMGCTIKY TOPAUOPP®ONG VIO TNV
d1€yepon Tov GEIGHOV TNG A&VKAdNS KATA TNV Xpovikn oTiyun ypovo t = 30 s.
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Xyfqpa 5.47 Adyoc vrepricong mOpwv I, VIO TNV OLEYEPCT] TOL GEIGHOV TNG GTO oNpeia
(o) P1, P2 ko (B) P3 (BAéme Zynpa 5.2).
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5.2.3 Xaiocuos Koure

H omdxpion tov cvotiuatog toiyov-£ddeovg otn di€yepon tov oelopod Koume, divet
amoteAéopato o omoio gival TapdUole pe VTl Tov oelGpobL G Agvkddas. H ypovoictopia
NG EMTAYLVONG OTNV EMPAVELL TOV AvTIOTNPILOUEVOL appoydAtkov (Zynua 5.48) £yl péyom
Tiun 0.38g. H opilovtio petatdmion oto onueio H éxet péyrom tiun 0.20 m (Zynua 5.49).

Ot xotavopég g noviumg optlovtiag Hetotdmions Kot g kabilnong tov kpnmddToyov Kot
avTioTPLOpeVoL appoydikov oto téhog g déyepong (t = 30 ) didovton ota Zynqua 5.50 ko
5.51, avtictoyo. H péyiom poéviun opiloévrio petatdmion tov toiyov mpog v BdAacoa sivat
0.22 m. H ypovoictopia TG 6TPOoP1 TOL Toiyov €xel puéyiotn Tun ion mpog 0.3° (Zyxnua 5.52).

210 Zynpa 5.54 dideton  Koravour Tov Adyov vrepmicong nopwv I, vwd TNV S1€YEPGT TOL

oelopov tov Koume katd v ypovikn otiyun xpoévo t = 30 s. Tlapatnpeiton 6TL 610 TEAOG TNG
OEYEPONG GLOCMOPEVOVTAL CTUOVTIKES VIEPTIEGES OTO AVTIGTNPWOUEVO OUUOYEAKO, LLE TOV
Aoyo I, va eBd&ver v Tinég petagv 0.8 war 0.9. Xto Zyfpa 5.56 6ideton ) Tiur tov Adyov I, vmod
™V S1€YEPGT TOL GEIGHOV TG oTa onpeia P1, P2, P3, ko P4.

210 Zynua 5.55 mopovcidleTon 1 KATOVOUN TNG GCLGGMOPEVUEVIG OTOKMVOLGOS TANGTIKNG

TAPALOPPMCNG TOL £0GPOVGS, 1| OToin Elval GYETIKE k.
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Yypo 5.48 Opulovrio emitdyvvon tov onueiov H oty emodveln tov avtiompilopevov
€04POVC MG TTPOG TOV YPOGVO LTTO TNV JEYEPOT) TOL GEIGHOL Tov Koume.
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Typoe 5.49 Oploviio kot katakOpven petatomion tov onueiov H oty emodvein tov
avTioTNPLOUEVOL £6GPOVE MG TPOS TOV ¥POVO VIO TNV d1€yEPON Tov GeloHov Tov Koume.
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Horizontal
Displacement, m
) t=30s
-3.00E-01
-2.00E-01
-1.00E-01
0.00E+00
1.00E-01
2.00E-01

Yympe 5.50 Katovoun g poviung optloévtiag HETOTOTION TOV KPNTOOTOL(0L VIO TNV d1€yepon
Tov celopov tov Koume koatd v ypovikn otiyun ypdévo t =30 s.

Vertical
Displacement, m

-3.00E-01
-2.00E-01
-1.00E-01
0.00E+00 H T T T B
1.00E-01 — ' !

2.00E-01 ==

t=30s

T 111
|

Yympe 5.51 Katavoun g poviung kabilnong tov kpnmiddtoryov v Ty SIEYEPCT) TOV GEIGLOV
tov Koéume katd v ypovikn otiyun ypdvo t =30 s.
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Yypa 5.52 Oplovtia Kot KatakOpuen HETATOMTION TOV GNUEIOV A TOV KPNTIOOTOIYOV MG TPOG
TOV ¥pOVo VIO TNV d1€yEPon Tov GelGHoD Tov Koume.
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Yyqpe 5.53 T'ovio 6Tpo@ng ToL KPNTIO0TOIXOL ®C TPOG TOV YPOVO VIO TNV JIEYEPCT] TOL
oelopov tov Koume.
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Pore pressure

ratio r,

-8.00E-01

-6.00E-01

~4.00E-01

-2.00E-01 S
0.00E-+00

2.00E-01

4.00E-01

6.00E-01

8.00E-01
1.00E+00

Zympe 5.54 Katavoun tov Adyov vmepmicong mopwv I, vwd v O1€yepon TOV GEIGHOV TOL

Koume xotd v ypovikn otiyun ypoévo t =30 s.

Eq. deviatoric

plastic strain t=30s

0.00E+00
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

Yype 5.55 Koatavopn g 160dvvaung omokAivousog mANCTIKY Topapdpemong vmnd v
d€yepon tov oelspov tov Koume katd tnv ypovikn otiyun ypdévo t =30 s.
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Zympa 5.56 Adyog vrepmicong nOpwv I, VIO TNV S1EYEPGT) TOL GEIGUOV TNG 6T GUEia
(o) P1, P2 ko (B) P3 (BAéme Zymua 5.2).
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5.3 Iepintwon I
53.1 ZXeaouos Kaiaudrag

H mepintoon avt) eivon mapdpola pe v mepintwon A, pe v d0Qopd 0Tt £vo. GTPOL
méyouvg 4.3 M 010 Kdte TN TG Enlywong (Covn 4 oto Zynua 2.1) dev etvar appoyaAKo oAAd
HOAOKY) APYIAOC.

H ypovoictopio g emtdyvvong oy entpdvelo Tov avtioTpilopevon appoyditkov (onueio
H) dideton oto Zynua 5.57. H péyiom tiun g sivon 0.39. H ypovoictopion g opiloviioag
petatdmiong oto onueio H didetan oto Zynua 5.58 ko €xel péyromn Ty 0.11 m.

H xoatavour| g poviung opiloviiog HETATOTIONG TOL KPNTOOTOTYOV KOl avTIoTnPiOUEVOD
appOYdAKOV VIO TNV d1EyEPoT ToL GEGHOL TS Koaiapdrtog katd tnv ypovikn otiypr] ypoévo t =
10 s didetan ot0 Zynua 5.59. Xto Zynua 5.60 didetar avtictoyo 1 katavoun g Kabilnong
Katd v ypovikn otiyun ypoévo t = 10 s. H péyrotn poviun opldévrtia petatdmion tov toiyov
gtvon 0.21 m mpog v Bdhacca, evad n kabilnon poAlg 0.03 m. Ot xpovoictopieg TG oplovTiog
KOl KOTOKOPLPNG HETATOTIONG GTNV Gve aplotepd yovia Tov toiyov (onueio A) didovian o6to
Yymua 5.61. Avtictoro, ypovoictopio TG OTPOPNG TOL TOiXOL OideTOl GTO XyMuo S5.62.
[Hapatnpeitar 6TL | 6TPOEN TOL TOlYOL Elvon LikpdTEPN amd 0.3°.

210 Zynpa 5.63 dideton n Kotavour Tov Adyov vrepmicong mopwv I, vwd TNV S1€YEPGT TOL
oewopov g Kolopdtrog katd tv  ypovikny otiypn xpovo t=10s. Tlapatnpeitor 0Ot
aVamTOGGOVTOL OTUOVTIKEG VREPTECELS OTO OVTICTNPILOUEVO OPUOYOAKO, OAAG M pHOVIUT
oplovtio petatdmion Tov kpnmdotoiyov TpoPAéneton pkpn (0.21 m).

210 Zynua 5.65 8ideton ) ypovoictopia e eEEMENG ToL AOYoVL I, ota onpeia P1, P2 ko P3.

Y10 Zymua 5.64 mopovotdleTol M KOTAVOUN TNG GUCCMPELVUEVNG OTOKAIVOLGOS TANGTIKYG

TAPAUOPPMONG TOL £0GPOVS, omoia £ivorl TOAD pkpn).

54



0.4

0.2 H

A--AA/\A \ A A

o | A
u\ [ Ww\/\/

Acceleration, m
o
o

|

o

N
——

Time, s

Yympo 5.57 Opldvria emtdyvvon tov onueiov H oty emoedvein tov avtiomplopevov
€04POVGC ™G TPOg TOV YPOHVO VTG TNV d1€YEPOT) TOV GGV TG KoAapdrag.
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Yyqpo 5.58 Opiloviio kot KatakOpven HETOTOMION ToL onueiov H oty emodveio tov
avTIoTNPLLOIEVOL EXAPOVE MG TTPOS TOV XPOVO VTG TNV 01€yepon ToL GelGpov g Kalopdtog.
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Horizontal
Displacement, m

-2.00E-01 LS

-1.50E-01
-1.00E-01
-5.00E-02
0.00E+00
5.00E-02
1.00E-01
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Yympae 5.59 Katoavoun g poviung oploévtiag LETOTOTION TOV KPNTdOTOL(ov vtd v d€yepon

Tov ceopov g Korapdrtag kotd v gpovikn otiyun ypdévo t =10 s.

Vertical
Displacement, m

-1.50E-01
-1.00E-01
-5.00E-02
0.00E+00 '
5.00E-02
1.00E-01

T

t=10s

R amm 4 r*‘

Yympe 5.60 Koatavoun g poviung kabilnong tov kpnmiddtoryov v Ty SIEYEPGT) TOV GEIGLOV

¢ KoAapdrtag katd v ypovikn otiyun ypdévot =10 s.
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Yypa 5.61 Oplévtia Kot KatakOpuen HETATOTION TOV GNUEIOV A TOL KPNTIOOTOIYOV MG TPOG
TOV ¥pOvo VIO TNV d1€yepon Tov celopol ™ Kolapdroc.
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Yyqpa 5.62 T'ovio 6Tpo@ig Tov KPNTIO0TOIX0L ¢ TPOg ToV YPOGVO VIO TNV JEYEPCT] TOL
oewopov g KoAapdrag.
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Pore pressure
ratio r,
-8.00E-01
-6.00E-01
-4,00E-01
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Zympe 5.63 Kotavour| tov Adyov vreprnieong mopwv I, vad v SEYEPCT TOL GEIGHOV NG

Kolopdtog katd v ypovikn otrypn xpovo t =10 s.

Eq. deviatoric
plastic strain

0.00E+00
5.00E-03
1.00E-02
1.50E-02
2.00E-02
2.50E-02
3.00E-02

t=10s

Yypo 5.64 Kotavoun g 160d0vaung omokAivousog TANCTIKY Topapdpemong vmd v
d€yepon tov oelspov g Kohapdrog kotd v gpovikn otiypr ypoévo t =10 s.
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Time, s

Zympae 5.65 Adyog vrepmieong mopwv I, vod v S1€yepon Tov GelGov TG ota onpeia (o) P1,
P2 xan (B) P3 (PAéme Zynua 5.2).
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5.4 Hepinrwon A
5.4.1 Zaouogs Koaiouadrog

2V TEPINTOOT VTN 1] CXETIKNY TLUKVOTNTO ABoppuTng £dpacnS Kot avTiotnpiEng Aapfavetot
ton mpog 70% pe Vv mopadoyn KOANG CLUTOKVOGONG, €VA 1 GYETIKY TLUKVOTNTO TOL
appoydikov aviiotpiEng Aappaveror ion mpog 60%. Emniomng, éva otpodua mayovg 4.3 m oto
Kato TpuMpo g eniyoong (Covn 4 oto Zynua 2.1) anoteleitol amd polokn apytro.

H ypovoictopia g emttdyvvong oy endvela Tov avtioTpllopevon appoydiikov (onueio
H) didetar oto Zynqua 5.66. H péyiom tiun g eivon 0.359. H ypovoictopia tg oploviiag
petotdmiong oto onueio H didetan oto Zynua 5.67 kou £xel péytomn Ty 0.10 m.

H xotoavour g péviyung optldvtiag HETOTOMIONG TOV KPNTOOTOL(OL KOl OVTIGTNPLOUEVOL
apLOYEAKOV VIO TNV d1EyEPoT TOL GEGHOL TS Koahapdrog katd tnv ypovikn otiypr] ypoévo t =
10 s didetan oto Zymua 5.68. H péyiotn poviun opildviio LETOTOMION TOV TOYOV TTPOG TNV
Odracca etvar 0.15 m, evod n kabilnon poiic 0.03 m. O ypovoictopiec g oplovTag Kot
KOTAKOPLONG LETATOTIONG OTNV Ave aptotepd yovia Tov Toiyov (onueio A) didovtatl 6To Zynua
5.69. Avrtictoya, 1 ypovoictopia TG GTPOPNG TOL ToiyoL didetan oto Zynua 5.70, pe péylot
TN pkpotepn amod 0.3°.

210 Zynpa 5.71 dideton  Koravour, Tov Adyov vrepmicong nopwv I, Vo TNV S1€YEPGT TOL
oewopov g Kolopdtrog katd tv  ypovikny otiypn xpovo t=10s. Tlapatnpeitor 0Ot
aVOTTOGGOVTAL VIEPTIEGELS GTO AVTIGTNPWLOUEVO IOy OAKO e Adyo I, mepimov 0.6, oArd M

povyun oplovrio petatdmion tov Kpnmootoiyov etvan pikpn (0.15 m). Zto Zynua 5.72 dideton

n yxpovoictopia TG e£EMENS Tov Adyov I, ota onpeia P1, P2 won P3.
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avTioTPLOUEVOL £6GPOVE MG TPOS TOV YPOVO VIO TNV d1€yepon Tov celopol ¢ Kolapdtog.
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Horizontal
Displacement, m
-2.00E-01 t=10s
-1.60E-01
-1.20E-01
-8.00E-02
-4,00E-02 5 -
0.00E+00 —
4.00E-02 N

Yype 5.68 Katovoun g poviung optlovtiag HETOTOTION TOV KPNTOOTOL(O0L VIO TNV d1€yepon
Tov ceopov g Korapdrtag kotd v gpovikn otiyun ypdévo t =10 s.

Vertical
Displacement, m
-1.00E-01
-8.00E-02
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-4,00E-02
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2.00E-02
4.00E-02

t=10s

Yympe 5.69 Katavoun g poviung kabilnong tov kpnmidodtoryov vd Ty SEYEPGCT] TOL GEIGLOV
¢ KoAapdrtag katd v ypovikn otiyun ypdévo t =10 s.
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6. Zourepacuarta

2V Tapovoa £PEVVO JEPEVVINONKE 1N GEICUIKT] CLUTEPLPOPE TOV KPNTLOOTOIYOV TOV
KEVIPIKOV 7poPAnta otov Aéva tov BoAov pe ypnon opBuntikng mpocopoiowone. H
aplOunTiKn avaAvon mpaypotonomdnke pe v péHodo TV TENEPACUEVOV SOPOPADOV KAVOVTOG
xpron tov mpoypaupatog FLAC (Itasca 2014). To mpocopoiopa tTov kpnmddToryov amoTeAeiTol
and 9 xipdtio oKvpodERaTog To omoin €lvol og emapn UETAED TOVG Kol HE TO £00OG HE
KOATAAANAEG SIEMPAVELIEC Ol OTMOIEG TPOGOUOIDOVOVY TNV TP Kol TNV duvaTdTnTe. S1AvoiENg
KEVOL Katd v Oudpkeld NG oswopkng dovnong. To kokkddn €ddon Oepedimong kot
avTiopiEng  mPocopomONKaY HE TO  TPOMOTOUMUEVO  EAOGTOMANCTIKO  KOTOOTOTIKO
npocopoimpo twv Pastor et al. (1990). Ot {dveg pUn pELOTOTOMGIU®Y VAKOV TPOGOHOIMONKIY
pue 10 glootomAacTikd mpocopoimpe Mohr-Coulomb pe ypnon koatdAiniov votePNTIKOD

LOVTEAOV OVOKVKAIKNG CUUTEPLPOPAS EVempaT®pUEVoD atov kmduko FLAC.

Aoyo ¢ afePardtnrag 1 ool TPokVHTTEL Omd (L) TNV GVOLOLOYEVELL TV VAIK®V TNG EMIYMONG,
(B) v eAam yvoon g muKVOTNTOG GLUTOKVEOONG ota AbBopputn Oepedoong Kot
AVOKOVQLIGTIKOV TTPIGLOTOG, Kal (Y) TNV EMIOPACN TOV GUYVOTIKOD TEPIEXOUEVOV TNG SE€YEPONC,

exmovnOnkKe pio GEPE TOPAUETPIKAOV OVOADGEDV.

Ta BacikdTEPO GCLUTEPACUOTO TOV TPOKVTTOLY OO TIG TOPOUUETPIKES OVUAVGELS AVAPOPIKA LE

TNV GEIGUKT GUUTEPLPOPE TOL KPNTLOATOLYOV KO TOV avTIoTNPLLOUEVOL £dAPOVGS fvar T ENG:

1. To mAéov cuvinpnTiKd GeVAPLO Yo To VAIKE avTioTipiEng kot Bepedioong (mepintmon
A) 61del 6TL M poviun opovTio LETATOMION TOL KpNmddtorov eivan mepimov 0.60 m. To
TAE0V EVLVOTKO GEVAPLO Y1a Ta. 110 VAIKA TpoPAEmEL pia povipm op1lovTio LETATOTIOT TOV
kpnmodToyov ion mpog 0.15 M. Me Bdon v cuVOMKN €KOVO TOV TPOKVTTEL Ol TIG
VILAPYOVOEG YEWTPNOELS, TNV CULVEKTIUNGT] NG UETAPANTOTNTOS TOL €0GPOVS KOl TOL
TOGOGTOV OPYIMK®V TPOSiEemy, eKTndtor OTL N O mOAV OVOUEVOLEVT) HOVIUN
opllovTa PETOTOMION 0TOV GEIOUO oyedacpov eivon mepimov 0.30 m. H tun avtr givon

070 OP1lO TOV ATOOEKTAOV LOVILL®V 0pLLOVTI®V LETOTOTIGEMV.
2. Toa amoteléopoto OAMV TOV TOPAUETPIKAOV OVOADGE®V (CUVINPNTIKOV Kol Un)

wpoPAETOVY pHiKkpEG poviues kabilnoelg tov tolyov avtiet)piEng, g téEng tov 0.05 m.

Eniong, mpoPAémovtarl pikpéc oTpo@Eg Tov Kpnmootoiyov ioeg mepimov wpog 0.3°.
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IMa ta cuvtpnTikd cevdpla A, B kot I' ota omoia 10 avtiotnpilopevo appoydiko £xet
oyetikn mokvotto 38%, o Adyog vrepmieong I, PETE TO MEPAG TNG GEGUKNG 6OVNONG
etvar vynAog (amd 0.6 éoc 0.9) kot Bo umopovce vo. SNUIOVPYNGEL CNUOVTIKA
TpoPAqUaTe o€ KOTAOKEVEG otV KeVTpikn wpoPAnta. Ouwg n mbavotmta evog 1060
PEVGTOMOCLUOV CUUOYAAKOV givor pikpn. Avtifeto, Adym G UeTaPANTOTNTOG TNG
TokvoTToG HE To PABog Kot TG mapovsiog apyMkdv tpocuiéemv, ektipdtol 6t n TAEoV
mlavn ovumepipopd mpoceyyilel avty mov moapovoldleTon oy mepintwon A. Xtnv
nepintoon avtn n péomn tiun Tov Adyov I, etvar mepimov 0.5. Ze pia tétola nepintwon, o

Kivouvog PLaPOV OTIC KATAOKEVEG GTNV KEVIPIKN TPOPANTO EIVOL CNUOVTIKAE PKPOTEPOC.

[No tov mepropiopd g afefatdtrog avoeopikd Le TNV GEICUIKY] GLUTEPLPOPH TV
KTIPLOK®OV KOTOUCKELVMOV OGTOV KEVIPIKO TpoPAnta, Bewpeitor okOmun mn mepotépm
JlEPELYNON TNG GEICUIKNG GLUTEPIPOPAS TOL GLGTHUOTOS KPNTIOOTOlYOV—E0APOVE e
OLALOYY| TEPIGGOTEPMOV YEMTEYVIKAOV OESOUEVOV TOV OVTIGTNPLLONEVOL £60POC KOl TOV

€0dpovg Bepelmdoemg.
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Part B'. Seismic Vulnerability of Piraeus Port
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Chapter 1
Introduction




1.1 Gravity Quay Walls in seismic incidents

Watching and analyzing the devastating effects on constructions of Civil Engineers,
which large earthquakes caused during the preceding decades, it could be easily
noticed that there have been many cases of failure of gravity quay walls. These
failures are often associated with significant horizontal spreading of liquefiable soil
deposits.

Gravity quay walls are the most common type of construction for docks because of
their durability, ease of construction and capacity to reach deep seabed levels. The
design of gravity quay walls requires sufficient capacity for three design criteria;
sliding, overturning and allowable bearing stress under the base of the wall.
Although the design of gravity quay walls is reasonably well understood for static
loads, analysis under seismic loads is still being developed. Throughout strong
ground shaking, the pore water pressure of cohesionless saturated soils builds up.
This increase in pressure not only causes the lateral forces on the walls to increase,
but also reduces the effective stress of the soil foundation and backfill, which may
result in liquefaction.

The occurrence of liquefaction in both the saturated backfill and in the foundation
was the main reason for the devastating effects to gravity quay walls in a number of
past earthquakes . Damage to port facilities in Kobe, Japan during the 1995
Hyogoken-Nanbu earthquake, is another example of failure of gravity quay walls due
to liquefaction. Furthermore, observations of 24 marine structures in the 1999
Kocaeli earthquake in Turkey revealed that the backfill of quay walls liquefied
resulting in seaward displacements of the quay walls. The same observations were
reported during the 1999 Chi Chi earthquake in Taiwan.

The seismic coefficient method consisting of the Mononobe-Okabe’s formula is
usually adopted in the structural design of gravity type quay walls to resist
earthquake damage, but this design method does not take into account the
liquefaction of the backfill soil or the foundations. Gravity quay walls failures have
stimulated much progress in the development of a deformation-based design
method of geotechnical structures. Significant experimental and theoretical research
work (Sugano et al. 1996; Inagaki et al. 1996; lai 1998; lai et al. 1998; lai and Sugano
2000; Ichii et al. 2000; Inoue et al. 2003; Nozu et al. 2004; Mostafavi Moghadam et
al. 2009 and 2011).

Predicting the response of a structure retained a liquefiable soil during an
earthquake is highly dependent on adequately accounting for the effects of pore
water pressure development, stress-strain softening and strength reduction in the
soil on the system behavior. Thus, it is required to perform dynamic analyses that



account for the saturated soil-structure interaction effects using numerical modeling
techniques.
[M. Alyami, M. Rouainia, S.M. Wilkinson]
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Figure 1.1 : Quay walls displacement and incline to the sea at Kobe, Japan 1995 earthquake

Figure 1.2 : Substantial damages in the pavement, placed in the foot of quay walls during Kobe, Japan
1995 earthquake



Figure 1.4 : Overturn and great extent of quay wall’s incline in Kobe 1995 earthquake



Figure 1.5 : Settlement behind caisson-type quay wall in the port of Taichung, who suffered large
displacement in 1999 Chi Chi earthquake

Figure 1.4 : Damaged quay walls at Navy Seals’ base of Golclk in the 1999 Kocaeli earthquake in
Turkey



Figure 1.5 : Soil deformation behind quay Figure 1.6 : Damages at the waterfront because
wall at the port of Taichung during the 1999 of quay wall’s displacement in 1999 Chi Chi
Chi Chi earthquake earthquake

1.2 Scope

In this report, the dynamic response of a typical caisson quay wall in Greece is
studied and the respective vulnerability curves are extracted.

Utilizing the Byrne's elastoplastic constitutive model, an effective stress dynamic
analysis is performed using as seismic excitation fifteen recorded motions. These
excitations are applied at the base of three different types of the backfill soil
regarding the relative density (Dr). Primarily, the results emphasize the role of
relative density and time history of excitation on the horizontal displacement and
the tilt of a typical quay wall. Supplementary results demonstrate secondary
deformations of a caisson-type quay wall, like the settlement of the backfill soil and
the heave of the soil surface at the sea bottom, in front of the toe of the wall. The
excess pore-water pressure, positive or negative, build-up during shaking is also
examined in extent, shedding light on the liquefied or non-liquefied regions of the
soil profile and the ensuing deformation of the adjacent quay-wall, in sight of
interaction.

The numerical modeling is performed using the two-dimensional finite element
program Plaxis2D.



Chapter 2
Aspects of earthquake engineering




2.1 Type of Dynamic Loading on Soils

2.1.1 Intoduction

The type of dynamic loading in soil or the foundation of a structure depends on the
nature of the source producing it. Dynamic loads vary in their magnitude, direction
or position with time. More than one type of variation of forces may coexist. Periodic
load is a special type of load that varies in magnitude with time and repeats itself at
regular intervals, for example, operation of reciprocating or a rotary machine. Non
periodic loads are those loads that do not show any periodicity, for example, wind
loading on a building. Deterministic loads are those loads that can be specified as
define functions of time, irrespective of whether the time variation is regular, for
example, the harmonic load imposed by unbalanced rotating machinery.
Nondeterministic loads are those loads that can be described as define functions of
time because of their inherent uncertainty in their magnitude and form of variation
with time, for example, earthquake loads (Humar 2001). Cyclic loads are those loads
which exhibit a degree of regularity both in its magnitude and frequency. Static loads
are those loads that build up gradually over time, or with negligible dynamic effects.
They are also known as monotonic loads. Stress reversals, rate effects and dynamic
effects are the important factors, which distinguishes cyclic loads from static loads
(Reilly and Brown 1991).

The operation of a reciprocating or a rotary machine typically produces a dynamic
load pattern, as as shown in Figure 2.1a. This dynamic load is more or less sinusoidal
in nature and may be idealized, as shown in Figure 2.1b.

The impact of a hammer on a foundation produces a transient loading condition in
soil, as shown in Figure 2.2a. The load typically increases with time up to a maximum
value at time t = t1 and drops to zero after that. The case shown in Figure 2.2a is a
single-pulse load. A typical loading pattern (vertical acceleration) due to a pile-
driving operation is shown in Figure 2.2b.

Dynamic loading associated with an earthquake is random in nature. A load that
varies in a highly irregular fashion with time is sometimes referred to as a random
load. Figure 1.3 shows the accelerogram of the E1 Centro, California, and earthquake
of May 18, 1940 (north-south component).



ANV

(a) (b)

Dynamic load
Dynamic load

Figure 2.1 : (a) Typical load versus record for a low-speed rotary machine;
(b) Sinusoidal idealization for (a)

ru | |, ———————— Time, ¢

Dynamic load
Vertical acceleration

h Time, ¢

(a) Y (b)

Figure 2.2 : Typical loading diagrams: (a) transient loading due to single impact of a hammer;
(b) Vertical component of ground acceleration due to pile driving

10



0.4

=
(]

o=

Acceleration (g)

0.4

i

mM,W' I|fu'f Wi

Peak Acceleration=0.318 g
Predominant Period = 0.515 s
Duration = 26 s

Mju"

il
‘I '| “‘W 4“#1(%

|
d

i

10 15
Time (s)

20 25 30

Figure 2.3 : Accelerogram of E1 Centro, California, earthquake of May 18, 1940 (N-S component)

For considerations of land-based structures, earthquakes are the important source of
dynamic loading on soils. This is due to the damage-causing potential of strong
motion earthquakes and the fact that they represent an unpredictable and
uncontrolled phenomenon in nature. The ground motion due to an earthquake may
lead to permanent settlement and tilting of footings and, thus, the structures
supported by them. Soils may liquify, leading to buildings sinking and lighter
structures such as septic tanks floating up (Prakash, 1981).

Dynamic load

| AI J/ll fq || fﬂ II I,"II||I +a F  Load due to
L{_',H_ - —".—||"- AV A machine
Y II.\1| \ \I \J '\H,' T operation

Static load due to weight
of foundation and machine

r

1

4

Time, ¢

Figure 2.4 : Schematic diagram showing loading on the soil below the foundationduring machine

operation
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For offshore structures, the dynamic load due to storm waves generally represents
the significant load. However, in some situations the most severe loading conditions
may occur due to the combined action of storm waves and earthquakes loading. In
some cases the offshore structure must be analyzed for the waves and earthquake
load acting independently of each other (Puri and Das, 1989; Puri, 1990).

The loadings represented in Figures 2.1, 2.2 and 2.3 are rather simplified
presentations of the actual loading conditions. For example, it is well known that
earthquakes cause random motion in every direction. Also, pure dynamic loads do
not occur in nature and are always a combination of static and dynamic loads. For
example, in the case of a well-designed foundation supporting a machine, the
dynamic load due to machine operation is a small fraction of the static weight of the
foundation (Barkan, 1962). The loading conditions may be represented schematically
by Figure 1.4. Thus in a real situation the loading conditions are complex. Most
experimental studies have been conducted using simplified loading conditions.

2.1.2 Ground vibration

The vibration of the soil layers due to an earthquake is due to the upward
propagation of shear waves from the underlying rock or rocklike layer. The response
of a horizontal soil layer with linearly elastic properties, developed by Idriss and Seed
(1968), is presented in this section.

Homogeneous Soil Layer

Figure 2.5 shows a horizontal soil layer of thickness H underlain by a rock or rocklike
material. Let the underlying rock layer be subjected to a seismic motion ug that is a
function of time t. Considering a soil column of unit cross sectional area, the
equation of motion can be written as

12
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Figure 2.5 : Cross section and boundary conditions of a semi-infinite soil layer subjected
to a horizontal seismic motion at its base

o%u ou o au o’u
P(y)¥+c(y)a—5{6(w 5} =-p(y) atgg (2.1)
Where u = relative displacement at depth y and time t

G(y) = shear modulus at depth y
c(y) = viscous damping coefficient at depth y
p(y) = density of soil at depth y

The shear modulus can be given by the equation
B
G(y) = Ay (2.2)
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Where A and B are constant depending on the nature of the soil.

Substituting Eq. (2.2) into Eq. (2.1), we obtain

% au a{ Bau} 0°u,
~ |7 P (2.3)

CALESCLENCA DN
P T ™Y or

For the case of B # 0 (but < 0.5), using the method of separation of variables, the
solution to Eq. (2.3) can be given in the form

u(y!t)zzy:Yn(y)Xn(t) (2.4)
n=1
Where
1 b b 1
y |? y |
Y =| — r'i-b) =1 J -
(2.5)
and
X, +2D,@, X, + & X, =—R, U,
(2.6)

J—_p is the Bessel function of first kind of order — b, Bn represents the roots of

J_p(Bn)=0,n=1, 2, 3...,, and the circular natural frequency of nth mode of vibration

JA/l p
@, = B, I (2.7)

The damping ratio in the nth mode is

IS

(2.8)
and I is the gamma function,
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1

| (34] TE-0)3.0) as

The terms b and 0O are related as follows:

BO—-0+2b=0 (2.10)
and
BO-20+2=0 (2.11)

For detailed derivations, see Idriss and Seed (1967).

Special Cases

Cohesionless Soils: In the case of cohesionless soils, the shear modulus
[Eq. (2.2)] can be approximated as

G(y) = Ay1/2 or Gly) = Ayi/s
Assuming the latter to be representative (i.e., B=1 3), Egs. (2.10) and (2.11)
can be solved, yielding

b=04andB6=1.2

Hence, Egs. (2.5)—(2.7) take the following form:

Lo =15 )D'41~(0_6}(%]1;3 T o4 {ﬁ‘,. (é] 6 |

(2.12)
) ) P 14 B
Xﬁ‘ + ED.I‘IHJ.PI‘Y?‘J B mrT‘er = _ﬁg |7(§] l-{ﬂ'ﬁ) JU.E {JHJ‘I }I“
(2.13)
and
m, = P AP
n 5/6
L2H° (2.14)
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(Note: B1 = 1.7510, B, = 4.8785, B3 = 8.0166, B, = 11.1570....)

Cohesive Soils: In cohesive soils, the shear modulus may be considered to be
approximately constant with depth; so, in Eq. (2.2), B=0and

Gly)=A (2.15)

With this assumption, Egs. (2.5)—(2.7) are simplified as

¥,(y) = CU‘-‘E(E” = (éﬂ

(2.16)
- . ) . 4 -
;L” + _DHFHHJY” + !'Unﬁﬁ, = (—1} m h’g
- (2.17)
and
(2n-1)n | [G
%= E W
= !
(2.18)

2.1.3 Response Spectrum Analysis

The response spectrum method (RSM) was introduced in 1932 in the doctoral
dissertation of Maurice Anthony Biot at Caltech. It is an approach to finding
earthquake response of structures using waves or vibrational mode shapes. The
mathematical principles of oscillations in n-degree-of-freedom systems were taken
largely from the theories of acoustics developed by Rayleigh. Biot stated “...[a]
building...has a certain number of so called normal modes of vibration, and to each
of them corresponds a certain frequency. Biot utilized the Fourier amplitude
spectrum to find the maximum amplitude of motion of a system: the sum of
amplitudes for each separate mode of oscillation

(Trifunac and Todorovska, 2008).

The concept of the “response spectrum” was applied in design requirements in the
mid 20th Century, for example in building codes in the state of California (Hudson,
1956; Trifunac and Todorovska, 2008). Itcame into widespread use as the primary
theoretical tool in earthquake engineering in the 1970s whenstrong-motion
accelerograph data became widely available (Trifunac and Todorovska, 2008).
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Using a mathematical model of a building, for example with given masses, stiffness
values, and dimensions for each storey, earthquake acceleration records can be
applied to evaluate how the given structure behaves (Clough, 1962). System
response is represented as the linear superposition of singledegree-of-freedom
systems for various mode shapes and corresponding natural frequencies (Trifunac
andTodorovska, 2008).

The system used for analysis consists of a mass, m, spring with constant k, and

dashpot with viscous damping constant, ¢ (with units of force x time per length)
(Figure 2.6).

—)(1)

@WVV\_

O O O

Figure 2.6 : Simple damped mass -spring system with forcing function z(t)
The system responds to a ground displacement z(t) with absolute displacement y(t).
Given the ground motion, or input, the response of the system can be determined
using Newton’s second law (de Silva,2005) :

m(y+Z)=-ky—cy (2.19)
i tural, und d, radial f dd i ti <
or using natural, undamped, radial frequency, w , and damping ratio, ¢ = Wik

¥ + 26wy +w2y = -Z (2.20)

If Z = 0, this is the unforced, homogeneous equation of motion (de Silva, 2005). The
free response of a damped simple oscillator is

y = CeM (2.21)
Considering the homogeneous situation and substituting (2.21) into (2.20) provides

(A2 + 26w +w2)CeM =0 (2.22)

17



which depends only on the characteristics of the mass-spring system, not the
excitation. The roots, A; and A, are the eigenvalues, or poles, of the system and
define the frequencies of vibration. Modal shapes are defined by the eigenvectors
(Trifunac and Todorovska, 2008; Clough, 1962). A system’s linear response (i.e.
without brittle deformation) to excitation is a linear combination of modal vibrations
and failure is more likely if resonance occurs. Modal vibrations are due to naturally
preferred configurations (and associated frequencies). Nontrivial solutions for the n-
dimensional form of (4) exist when the determinant is equal to zero (Trifunac and
Todorovska, 2008). For the underdamped system (€ <1) the eigenvalues in (2.22) are

A=—bw+ jafl—cfa) (2.23)

Substituting wy =4/1 — &w , known as the damped natural frequency, and taking
the general form of (2.21) gives a response

y =g ! [Clej“’dt + Cze‘j“’dt] (2.24)

Knowing that complex exponentials can be expressed in terms of sines and cosines
and assigning constants A; = C; + C; and A, = (C; -C;, ) (de Silva 2005), (2.24) can be
rewritten as

y=e"*"[A cosa,t+A,sinw,t] (2.25)

In terms of initial position and velocity, xo and vg,

Vv, + Sox
A =xyand A4, =2 =10
@4 (2.26)
For A=,/A% + A% , (2.25) can be written in the form
y = Ae™ sin(ew ,t + ¢)
' at v e (2.27)

with When there is forcing input, as with an earthquake, the

A
sing = —t .
/A§+ AZ

equation becomes non homogeneous and the solution is a sum of the homogeneous
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solution and the particular integral for the equation of motion in (2.20). The behavior
can be studied in either the time domain or the frequency domain (de Silva 2005).
For a physical system with an input z(t) attimet =T,

y(t-t)=2z(t-t)=0 fort<t (2.28)

where y is the total response of the system. h(t —t ) will be taken as the delayed
response. An arbitrary input z can be divided into a series of pulses with magnitude
z(t )At and width At. In a linear system with constant parameters, the total response
is

y = jh[r - 1)z(T)AT
=0

(2.29)

and taking the limit as At -0 gives the convolution integral,

y(1) = _]‘;h(f - Dn)dr (2.30)

This is the final solution for (2). Substituting (9) for h and making the appropriate
substitutions for terms of w and &, the absolute acceleration of the system takes the
form of the Duhamel integral equation (Clough, 1962):

I = .
Vy=w I‘n e =" sine(t — T)dt
. (2.31)

This is using the assumption of small damping, € < 0.2 so that/1 — &2 =1 (Hudson,
1956). It is straightforward to find comparable expressions for velocity and
displacement.

Of interest in response spectrum analysis is the maximum displacement, velocity, or
acceleration and a plot of any of those maximum values versus natural, undamped
frequency is considered the response spectrum (de Silva, 2005; Hudson, 1956)
(Figure 2.7 (a)). The maximum value of the integral in (2.31) will be denoted S, ,
which is termed the spectral velocity (Clough, 1962). The maximum values for
relative displacement, relative velocity, and absolute acceleration of the system are
thus, respectively,
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1
(Y= 2)max=—35v
W

(V= Z )max = Sv (2.32)

Ymax= WSy

The importance of S, is apparent, as it is proportional to the maximum energy per

unit mass,

L)

m

-

_1g
2 (2.33)

and because relative displacement, given in (2.32), is proportional to the strains
within a system. The easiest measurement to make in a moving structure is its
absolute acceleration so the calculated maximum acceleration of the system, also
given in (2.32), can be compared with empirical results (Hudson, 1956). For design
purposes, an envelope of spectra for varying earthquakes is determined (de Silva,
2005).
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Figure 2.7 : (a) example of a relative velocity response spectrum for various damping ratios (from

Hudson, 1956), (b) Acceleration response spectrum for El Centro 1940 earthquake and a range of
damping ratios between 0-20% (Modified from de Silva, 2005)

Given a ground acceleration or ground motion record, the integral in (2.31) must be
evaluated for various values of w and ¢ (Hudson, 1956). However, for design
purposes, calculation of the Duhmel integral is not always necessary. Often, the
spectral response for a range of periods is available for a local historical earthquake
(Clough 1962) or, based on the seismic history of an area, an acceleration spectrum
envelope is developed for use in structural design. Figure 2.7(b) shows the
acceleration response spectra calculated for the El Centro 1940 earthquake for
various damping values.
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2.2 Liquefaction

2.2.1 Introduction

During earthquakes, major destruction of various types of structures occurs due

to the creation of fissures, abnormal and/or unequal movement, and loss of strength
or stiffness of the ground. The loss of strength or stiffness of the ground results in
the settlement of buildings, failure of earth dams, landslides and other hazards. The
process by which loss of strength occurs in soil is called soil liquefaction. The
phenomenon of soil liquefaction is primarily associated with medium — to fine-
grained saturated cohesionless soils. Examples of soil liquefaction-related damage
are the June 16, 1964, earthquake at Niigata, Japan, the 1964 Alaskan earthquake,
and also the 2001 Republic Day earthquake at Bhuj, India. Most of the destruction at
port and harbor facilities during earthquakes is attributable to liquefaction. Classical
examples are Kobe Port, Japan (1995 earthquake) and at Kandla Port, India (2001
earthquake).

One of the first attempts to explain the liquefaction phenomenon in sandy soils was
made by Casagrande (1936) and is based on the concept of critical void ratio. Dense
sand, when subjected to shear, tends to dilate; loose sand, under similar conditions,
tends to decrease in volume. The void ratio at which sand does not change in volume
when subjected to shear is referred to as the critical void ratio. Casagrande explained
that deposits of sand that have a void ratio larger than the critical void ratio tend to
decrease in volume when subjected to vibration by a seismic effect. If drainage is
unable to occur, the pore water pressure increases. Based on the effective stress
principles, at any depth of a soil deposit

0 =a—u (2.34)

where o’ = effective stress
o = total stress
u = pore water pressure

If the magnitude of s remains practically constant, and the pore water pressure
gradually increases, a time may come when o will be equal to u. At that time, o’ will
be equal to zero. Under this condition, the sand does not possess any shear strength,
and it transforms into a liquefied state. However, one must keep in mind the
following facts, which show that the critical void ratio concept may not be sufficient
for a quantitative evaluation of soil liquefaction potential of sand deposits:

1. Critical void ratio is not a constant value, but changes with confining pressure.
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2. Volume changes due to dynamic loading conditions are different than the one
directional static load conditions realized in the laboratory by direct shear and
triaxial shear tests.

2.2.2 Fundamental Concept of Liquefaction

Figure 2.8 shows the gradual densification of sand by repeated back-and-forth
straining in a simple shear test. For this case drainage from the soil occurs freely.
Each cycle of straining reduces the void ratio of the soil by a certain amount,
although at a decreasing rate. It is important to note that there exists a threshold
shear strain, below which no soil densification can take place, irrespective of the
number of cycles. Decrease in volume of the sand, as shown in Figure 2.8, can take
place only if drainage occurs freely. However, under earthquake conditions, due to
rapid cyclic straining this will not be the condition. Thus, during straining gravity
loadings is transferred from soil solids to the pore water. The result will be an
increase of pore water pressure with a reduction in the capacity of the soil to resist
loading.

This is schematically shown in Figure 2.9. In this figure, let A be the point on the
compression curve that represents the void ratio ( ey ) and effective state of stress
(o’ ) at a certain depth in a saturated sand deposit. Due to a certain number of
earthquake related cyclic straining, let AB = Ae be the equivalent change of void ratio
of the soil at that depth if full drainage is allowed. However, if drainage is prevented,
the void ratio will remain as eg and the effective stress will be reduced to the level of
o’c, with an increase of pore water pressure of magnitude Au. So the state of the soil
can be represented by point C. If the number of cyclic straining is large enough, the
magnitude of Au may become equal to 0’4, and the soil will liquefy.
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Figure 2.9 : Mechanism of pore water pressure generation due to cyclic loading in undrained
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2.2.3 Laboratory Studies to Simulate Field Conditions for Soil
Liquefaction

If one considers a soil element in the field, as shown in Figure 2.10a, when
earthquake effects are not present, the vertical effective stress on the element is

equal to o’, which is equal to o, , and the horizontal effective stress on the element
equals Ky o, , where Ky is the at-rest earth pressure coefficient. Due to ground-

shaking during an earthquake, a cyclic shear stress t, will be imposed on the soil
element. This is shown in Figure 2.10b. Hence, any laboratory test to study the
liquefaction problem must be designed in a manner so as to simulate the condition
of a constant normal stress and a cyclic shear stress on a plane of the soil specimen.
Various types of laboratory test procedure have been adopted

in the past, such as the dynamic triaxial test (Seed and Lee, 1966; Lee and Seed,
1967), cyclic simple shear test (Peacock and Seed, 1968; Finn, Bransby, and Pickering,
1970; Seed and Peacock, 1971), cyclic torsional shear test (Yoshimi and Oh-oka,
1973; Ishibashi and Sherif, 1974), and shaking table test (Prakash and Mathur, 1965).
However, the most commonly used laboratory test procedures are the dynamic
triaxial tests and the simple shear tests.

(b}

Figure 2.10: Application of cyclic shear stress on a soil element due to an earthquake
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2.2.4 Cyclic Simple Shear Test
General Concepts

Cycle simple shear tests can be used to study liquefaction of saturated sands by
using the simple shear apparatus. In this type of test, the soil specimen is
consolidated by a vertical stress o, . At this time, lateral stress is equal to Ky 0, (Ko =
coefficient of earth pressure at rest). The initial stress conditions of a specimen in a
simple shear device are shown in Figure 2.11a; the corresponding Mohr’s circle is
shown in Figure 2.11b. After that, a cyclic horizontal shear stress of peak magnitude
Ty is applied (undrained condition) to the specimen as shown in Figure 2.11c. The
pore water pressure and the strain are observed with the number of cycles of
horizontal shear stress application.

Using the stress conditions on the soil specimen at a certain time during the cyclic
shear test, a Mohr’s circle is plotted in Figure 2.11d. Note that the maximum shear

stress on the specimen in simple shear is not t;, but

¥

» |1 -
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Figure 2.11: Maximum shear stress for cyclic simple shear test
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Typical Test Results

Typical results of some soil liquefaction tests on Monterey sand using simple shear
apparatus are shown in Figure 2.12. Note that these are for the initial liquefaction
condition. From the figure the following facts may be observed:

1. For a given value of u s and relative density Rp, a decrease of 1, requires an
increase of the number of cycles to cause liquefaction.

2. For a given value of Rpand number of cycles of stress application, a decrease of u s
requires a decrease of the peak value of 1, for causing liquefaction.

3. For a given value of o, and number of cycles of stress application, t, for causing
liqguefaction increases with the increase of the relative density.

Another important factor — the variation of the peak value of t;, for causing initial
liquefaction with the initial relative density of compaction (for a given value of o,
and number of stress cycle application) —is shown in Figure 2.13.

For a relative density up to about 80%, the peak value of t, for initial liquefaction

increases linearly with Rp. At higher relative densities (which may not be practical to
achieve in the field, particularly if fines are present), the relationship is nonlinear.

&0
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_ density
2 60f —— = 90% |
= B
5
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Figure 2.12: Initial liquefaction in cyclic simple shear test on Monterey sand (redrawn after Peacock
and Seed, 1968
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Figure 2.13: Effect of relative density on cyclic shear stress causing initial liquefaction of Monterey
sand (redrawn after Peacock and Seed, 1968)

Influence of Test Condition

In simple shear test equipment, there is always some nonuniformity of stress
conditions. This causes specimens to develop liquefaction under lower applied
horizontal cyclic stresses as compared to that in the field. This happens even though
care is taken to improve the preparation of the specimens and rough platens are
used at the top and bottom of the specimens to be tested. For that reason, for a
given value of o, Rp, and number of cyclic shear stress application, the peak value of

T4 in the field is about 15% - 50% higher than that obtained from the cyclic simple
shear test. This fact has been demonstrated by Seed and Peacock (1971) for a
uniform medium sand (Rp = 50%) in which the field values are about 20% higher than
the laboratory values.
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Influence of Overconsolidation Ratio on the Peak Value of t, Causing
Liquefaction

For the cyclic simple shear test, the value of T, is highly dependent on the value of
the initial lateral earth pressure coefficient at rest (Kp). The value of Ky, is in turn,
dependent on the over consolidation ratio (OCR). The variation of 1,/ g,

0.4 ! !

=
B2
T

i . T
e rat oot
Stress ratio G,

0.1

'D | |
1 Lo 100 1000

Number of cycles cansing initial liquefaction

Figure 2.14: Influence of overconsolidation ratio on stresses causing liquefaction in simple shear tests
(redrawn after Seed and Peacock, 1971)

for initial liquefaction with the overconsolidation ratio as determined by the cyclic
simple shear test is shown in Figure 2.14. For a given relative density and number of
cycles causing initial liquefaction, the value of 1, / 0, decreases with the decrease of
Ko. It needs to be mentioned at this point that all the cyclic triaxial studies for
liquefaction are conducted for the initial value of Ky = 1.

Rate of Excess Pore Water Pressure Increase
Seed and Booker (1977) and DeAlba, Chan, and Seed (1975) measured the rate of

excess pore water pressure increase in saturated sands during liquefaction using
cyclic simple shear tests. The range of the variation of pore water pressure
generation ugy during cyclic loading is shown in Figure 2.15. The average value of the
variation of ug can be expressed in a nondimensional form as (Seed, Martin, and
Lysmer, 1975)
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1 (2.36)

where ug = excess pore water pressure generated

o, = initial consolidation pressure
N = number of cycles of shear stress application
Ni = number of cycles of shear stress needed for initial
liguefaction
o = constant (= 0.7)

Hence, the rate of change of uy with N can be given as

\
r)ug: 20, ‘ 1
N a N, Y — \
‘ i1/ sm?* 7 25 | cos —ruJi
- (2.37)
where
u
ruz_g
o
v (2.38)

The preceding relationship is very useful in the study of the stabilization of
potentially liquefiable sand deposits.
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Figure 2.15: Rate of pore water pressure build up cyclic simple shear test
[after Seed and Booker,1977]

2.2.5 Zone of Initial Liquefaction in the Field

There are five general steps for determining the zone in the field where soil
liquefaction due to an earthquake can be initiated:

1. Establish a design earthquake.

2. Determine the time history of shear stresses induced by the earthquake at various
depths of sand layer.

3. Convert the shear stress—time histories into N number of equivalent stress cycles.
These can be plotted against depth, as shown in Figure 2.16.

4. Using the laboratory test results, determine the magnitude of the cyclic stresses
required to cause initial liquefaction in the field in N cycles (determined from Step 3)
at various depths. Note that the cyclic shear stress levels change with depth due to
change of o0,. These can be plotted with depth as shown in Figure 2.16.

5. The zone in which the cyclic shear stress levels required to cause initial
liquefaction (Step 4) are equal to or less than the equivalent cyclic shear stresses
induced by an earthquake is the zone of possible liquefaction. This is shown in Figure
2.16.
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Figure 2.16: Zone of initial liquefaction in the field

2.2.6 Liquefaction Analysis from Standard Penetration Resistance

Another way of evaluating the soil liquefaction potential is to prepare correlation
charts with the standard penetration resistance. After the occurrence of the Niigata
earthquake of 1964, Kishida (1966), Kuizumi (1966), and Ohasaki (1966) studied the
area in Niigata where liquefaction had and had not occurred. They developed
criteria, based primarily on standard penetration resistance of sand deposits, to
differentiate between liquefiable and nonliquefiable conditions. Subsequently, a
more detailed collection of field data for liquefaction potential was made by Seed
and Peacock (1971). These results and some others were presented by Seed, Mori,
and Chan (1971) in a graphical form, which is a plot of 7, /o, versus N’. This is shown
in Figure 2.17. In this figure note that N’ is the corrected standard penetration
resistance for an effective overburden pressure of 100 kPa. Figure 2.18 shows the
lower bounds of the correlation curve causing liquefaction in the field. However,
correlation charts such as this cannot be used with confidence in the field, primarily
because they do not take into consideration the magnitude of the earthquake and
the duration of shaking.
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Figure 2.17: Correlation between 1,/ o, and N’ (after Seed, 1979)

In order to develop a better correlation chart, Seed (1979) considered the results of
the large-scale simple shear test conducted by DeAlba, Chan, and Seed (1976). These
results were corrected to take into account the significant factors that affect the field
condition, and they are shown in Table 2.1. It is important to realize that the (t,/
Ou)test Values listed in Table 2.1 are those required for a peak cyclic pore pressure
ratio of 100% and cyclic shear strain of +5%. Also, the correlation between Rp and N’
shown in columns 1 and 2 are via the relationship established by Bieganousky and
Marcuson (1977).

Excellent agreement is observed when the values of N’ and the corresponding (t,/

0u)field Values (columns 2 and 6) shown in Table 2.1 are superimposed on the lower-
bound correlation curve shown in Figure 2.17. Hence the lower bound curve of
Figure 2.17 is for an earthquake magnitude M = 7.5. Proceeding in a similar manner
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and utilizing the results shown in Table 2.1, lower-bound curves for M = 6, 7.5, and
8.25 can be obtained as shown in Figure 2.18.

Also shown in this figure is the variation of the limited strain potential in percent
(for effective overburden pressure of 100 kPa). Figure 2.18 can be used for

determination of the liquefaction potential in the field. In doing so, it is important to

remember that

N"=CyNg (2.39)

Table 2.1 : Data from Large-scale Simple Shear Tests on Freshly Deposited Sanda

M=5-8 M=7-75 M=8-825
5 eyeles 15 eyeles 25 cycles
i T | i A { ’ { i i { ’
Relative N’ &) (m) (@ -&J &l (@
density, o (blows/30 em) Ty q,)m lq, la;, ek %,}m lq,
(1) (2) (3) (4) (5) (€) (7) (8)
54 13.5 0.22 0.25 0.17 0.19 0.155 0.175
68 23 0.30 0.34 0.24 0.27 0.210 0.235
82 33 0.44 049 0.32 0.37 0.280 0.315
a0 30 0.59 0.66 0.4 0.46 0.360 0.405

Note: N* = standard penetration resistance corrected to an effective overburden
pressure of 100 kPa; M = magnitude of earthquake.
* After Seed (1979).

where
Nr = field standard penetration test values

Cy = correction factor to convert to an effective overburden pressure

(0”y) of 100 kPa

The correction factor can be expressed as (Liao and Whitman, 1986)

|| 1
C_y..r = 9?8 —
{T?J

(2.40)

where o’ is in kPa
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A slight variation of Figure 2.18 is given by Seed, Idriss, and Arango (1983) and Seed

and Idriss (1982). It can be seen from this figure that, if N’ is more

liquefaction is unlikely to occur, in general.

Limited strain potential (%)

Estimated

\/ field behavior

10 ~—_ .

i

0.6

0.2 -

0.1

N (blows/30 cm)

Figure 2.18: Variation of (t,/ 0, )sieiq With N’ and M (after Seed, 1979)

than 30,

Discussion regarding soil liquefaction has so far been limited to the case of clean
sands; however liquefaction can, and has been observed in silty sands, mine tailings
and silts. It is generally reported that mine tailings behave similar to clean sands
under seismic loading. Information regarding the liquefaction of silty sand is
somewhat limited and there is no consensus among the researchers as of date. In
general, it is observed that liquefaction resistance of silty sands, up to certain silt
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content, is more than that of clean sands. It may be due to the fact that, voids in
clean sands are occupied by silt particles and thus these may inhibit a quick volume
change behavior. Seed et al. (1984) presented limited correlations between (t,/
ou)field, N’ and percent fines (F) for an earthquake magnitude M = 7.5, which can be

summarized as follows:

Lower bound of (7, /&, )5

Percent of fines, for which liquefaction 1s
F N’ likely (M=17.5)
=5 5 0.055
10 0.115
15 0.170
20 0220
25 0.295
30 0.500
10 5 0.098
10 0.160
15 0.225
20 0.295
25 0.500
35 5 0.130
10 0.185
15 0.260
20 0.400
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2.3 Interaction of Soil and caisson quay wall

2.3.1 Mononobe-Okabe Active Earth Pressure Theory

In 1776, Coulomb derived an equation for active earth pressure on a retaining wall
due to a dry cohesionless backfill, which is of the form

1 2
Py=-YyHK,
(2.41)
'q{_l_,_.-.-g il
Ky Unit weight of soil = ¥
Friction angle = ¢
H
F"_. :'.:u'.- & T A

Figure 2.19: Coulomb’s active earth pressure (Note: BC is the failure plane; W = weight of the wedge
ABC; S and N = shear and normal forces on the plane BC; F = resultant of S and N)

where PA = active force per unit length of the wall
Y = unit weight of soil
H = height of the retaining wall
KA = active earth pressure coefficient

cos’ (9= f9)

3
sin(5+g)sin(g—1) | |
cos(d + ) cos(ff —1) I

(B

cos’ feos(d + fF) 1|— {
(2.42)
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where ¢ = soil friction angle
6 = angle of friction between the wall and the
B = slope of the back of the wall with respect to the vertical
i = slope of the backfill with respect to the horizontal

Coulombs’ active earth pressure equation can be modified to take into account the
vertical and horizontal coefficients of acceleration induced by an earthquake. This is
generally referred to as the Mononobe-Okabe analysis (Mononobe, 1929; Okabe,
1926). The Mononobe-Okabe solution is based on the following assumptions:

1. The failure in soil takes place along a plane such as BC shown in Figure 2.20
2. The movement of the wall is sufficient to produce minimum active pressure.
3. The shear strength of the dry cohesionless soil can be given by the equation

s = o'tang (2.43)

where o0’ is the effective stress and s is shear strength.

4. At failure, full shear strength along the failure plane (plane BC, Figure 2.20) is
mobilized.

5. The soil behind the retaining wall behaves as a rigid body.

Figure 2.20 shows the forces considered in the Mononobe-Okabe solution. Line AB is
the back face of the retaining wall and ABC is the soil wedge which will fail. The
forces on the failure wedge per unit length of the wall are

a. weight of wedge W,

b. active force Py,

c. resultant of shear and normal forces along the failure plane F, and

d. kyW and k, W, the inertia forces in the horizontal and vertical directions,
respectively, where,

_ horiz. component of earthquake accel.

kn
g
E o= vert. component of earthquake accel.
T
g

and g is acceleration due to gravity.
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Figure 2.20: Derivation of Mononobe—QOkabe equation

The active force determined by the wedge analysis described here may be expressed
as

P = %J’Hz{l—h}x‘iﬁ

(2.44)

39



where K¢ is the active earth pressure coefficient with earthquake effect:

cos” (g—0— )
K.-J'_E = ]
5 . sin(@+ dsin(g— 0 —1) |
cosfcos” ffeos(d+ fF+ m[l_\jms T ﬂ)ms[z’—p’)—‘ s
f = tan 1[ i ]
1-k, (2.46)

Equation (2.44) is generally referred to as the Mononobe-Okabe active earth
pressure equation

The design seismic coefficient is not necessarily equal to the design level PGA/g due
to the transient nature of the earthquake motions. The ratio of equivalent seismic
coefficient k. to PGA/g has been studied in the Port and Harbour Research Institute
based on case histories (e.g., Noda et al., 1975; Nozu et al., 1997). In these studies,
the threshold seismic coefficients obtained by back analyses of a damaged and non-
damaged structure at sites of non-liquefiable soils provide a lower and upper bound
estimate for an equivalent seismic coefficient. The roots of the arrows in the figure,
rather than the points, show the exact values. The arrows pointing up indicate lower
bound estimates; those pointing down indicate upper bound estimates. The
equation for an upper bound envelope was given by Noda et al. (1975) as

k, = ”:x a _ <02lg
o
(2.47)
1 a__ 3
o <~ max vy 3
k,=—( A =0.2g

3 g
Below the water level, apparent seismic coefficient ky’, could be substituted in the
above formulae to calculate 6. It is allowed to calculate the earth pressure acting
below the residual water level during an earthquake according to the procedure

stated before by using the apparent seismic coefficient that is determined by
(PIANC,2001):
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(2.47)

where: H; Thickness of soil layer below the residual water level
H; Thickness of the i-th soil layer above the residual water level

Hsat Thickness of soil layer to calculate earth pressure below the
residual water level

vt Unit weight of backfill above the residual water level

Vsat Unit weight of saturated soil layer below the residual water level
y' Buoyant unit weight of backfill below the residual water level

Jsur Uniform surcharge on the backfill

ki, Horizontal seismic coefficient

Finally, the horizontal earth pressure acting on back-face of vertical wall during
earthquake could be calculated by the following equation:

pﬂb“ = kﬂ'{‘ [Z}H + Q:ur ] (2.48)

2.3.2 Effective Stress Numerical Analysis

Kobe Case History

The 1995 Hyogo-ken Nanbu (Kobe) Earthquake brought great damage to structures
in the Port of Kobe, which is one of the primary ports in Japan (Figure2.21).

Most quay walls in Kobe were of the caisson type. They had been designed pseudo-
statically, with seismic coefficients ranging from 0.10 to 0.25, depending on site
conditions, year of construction, and the importance of the facility. They had been
placed on top of gravelly fill consisting of decomposed granite (called locally
‘Masado’), which had completely replaced the soft clay layer beneath the caisson for
improving the bearing capacity and reducing settlements. The most severe damage
occurred in those caisson walls of Port and Rokko Islands that: (a) were nearly
parallel to the coastline (and thus parallel to the causative fault), and thereby
experienced the stronger fault-normal accelerations (Somerville, 1998); and/or (b)
had been designed with a small seismic coefficient, of 0.10 to 0.15. By contrast, the
caisson wall of the main wharf at Maya Futo, designed conservatively with a large
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seismic coefficient of 0.25 and running almost perpendicular to the fault (and
thereby having been subjected to some less severe accelerations parallel to the
fault), did not experience any visible damage or substantial deformation, remaining
operational after the earthquake. It is worth mentioning that, despite the large
deformations, the caissons did not overturn. Their overall performance can be
judged as better than that of the alternative quay wall system, the anchored sheet-
pile wall, which in earlier earthquakes that were much less devastating than the
Kobe 1995 earthquakes were frequently experiencing collapsing failures.

After the 1995 Hyogo-ken Nanbu (Kobe) Earthquake, it has been recognized that,
although the pseudo-static analysis for caisson quay walls is effective for the
serviceability-level design ground motion, it is not applicable for the level Il design
ground motion, which is a safety-level design ground motion, because of its
intensity. Thus a need was recognized for a more sophisticated analysis, in which
seismic performance of a quay wall beyond the limit of force-balance can be
assessed. For this reason, the effective-stress analysis for quay walls was
incorporated in the latest version of the technical standards for port and harbour
facilities in Japan (Ministry of Transport, Japan, 1999). Effective-stress analysis,
generally using a finite element technique, involves coupled soil-structure
interaction wherein the response of the foundation and backfill soils is incorporated
in the computation of the structural response.

While the stress-strain behavior of the soil is idealized with an effective-stress
constitutive model (e.g., lai et al., 1992), modeling of a caisson itself is generally
accomplished using a linear model. Fairly comprehensive results can be obtained
from the effective-stress analysis, including failure modes of the soil-structure
systems and extent of residual deformation of the system.
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Figure 2.21: Damage to a quay wall at the Port of Kobe during the 1995 Hyogo-ken Nanbu Earthquake

The case history corresponds to the typical quay wall section of Rokko Island, in
which both the foundation and backfill soils are liquefiable. A cross-section of the
quay wall with its deformation recorded after the earthquake is reproduced from lai
et al. (1998) in Fig. 2.22. The finite-difference discretisation and the material zones
used in our analyses are shown in Fig. 2.23. During the earthquake the wall top
displaced approximately 4 m seaward (exceeding 5 m in a few locations). It settled
about 1-2 m and tilted about 40 outwards. Despite these significant movements, the
site investigation showed no collapse of the wall along its entire length. Also, no
evidence was observed of liquefaction either within a zone extending about 30 m
behind the wall or near the toe of the wall in the sea. However, evidence of
liquefaction was abundant farther away in the free field. Investigation by divers cited
by Inagaki et al. (1996) revealed substantial heaving of the foundation rubble at a
distance of 2-5 m in front of the toe of the caisson— indicative of ‘squeezing out’ of
the soil underneath the edge (toe) of the tilting caisson. [Dakoulas, P. & Gazetas, G.
(2008)]
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Figure 2.22: Cross-section of caisson quay wall RC-5 in Rokko Island and its residual deformation

observed after Kobe 1995 earthquake(from lai et al., 1998)
[Dakoulas, P. & Gazetas,G. (2008)]
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Interaction between caisson quay wall, seismic earth and water

pressures
Comprehensive theoretical and experimental research has shed light on the

complicated behavior of the quay wall-soil system. Among the most significant

findings of the research so far are the following.

The displacement of the wall could be attributed to two factors:

o the significant lateral pressures from the backfill and the large inertia of
the wall itself, as the driving forces

o the strongly inelastic deformation of the foundation soil, allowing the
caisson to move and tilt, as the supporting soil beneath the caisson was
‘pushed out’ (lai et al., 1998).

Liquefaction occurred only in the free field away from the wall, not in the
backfill next to the wall. In the foundation soil, on the other hand, very
substantial excess pore water pressures developed, undermining its stiffness
and strength. This facilitated the lateral translation and rotation of the wall,
even though ‘complete’ liquefaction did not develop.

Of the two driving forces, the wall inertia played the most detrimental role,
whereas the earth and water pressures from the backfill were of lesser
importance

The outward movement of the caisson stopped at the end of shaking—an
analytical and experimental finding consistent with the previous conclusions.
This provides further evidence that the whole phenomenon is driven mainly
by wall inertia and not by liquefaction flow. In fact, use of the term ‘lateral
spreading’ for the deformations observed behind the quay walls may not be
suitable for describing the whole phenomenon.

For the quay walls that are of interest here, in particular, the situation becomes far
more complicated because of the following four phenomena that occur
simultaneously:

The development of oscillatory wall inertia loading, which tends to produce
outward displacement and rotation of the wall due to the compliance of the
supporting soil.

The simple-shear deformation of the backfill from the (incident and reflected)

vertically propagating shear waves, which tends to generate positive excess
pore water pressures +Au in the (usually loose) underwater placed soils. In
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the free field, the accumulated build-up of such pressures may lead to
liguefaction.

e Extensional normal deformation of the backfill soil adjacent to the wall, as
the wall moves outwards. This tends to generate negative excess pore water
pressures -Au, which may or may not overshadow the positive seismic pore
water pressures, depending on the amount and speed of the wall movement,
as well as on the density of soil. (Dense dilatant soil in extension may develop
exceedingly large negative water pressures.)

e The tendency to continuous dissipation and redistribution of pore water
pressures (flow in two dimensions), eventually resulting in a detrimental
‘contamination’ of the regions of negative excess pore water pressure (which
therefore become neutralized or even change their sign to positive) towards
the end of shaking.

Evidently, the whole problem is very complex, and with the present state of
knowledge there is no clear understanding of how sensitive each of the above
simultaneous phenomena is to variations in soil characteristics (imperfectly known in
reality) such as the relative density and the coefficient of permeability of the various
constituent soils. [Dakoulas, P. & Gazetas, G. (2008)]

2.4 Fragility Curves

2.4.1 Fragility definition

Evaluation of the seismic risk at a port requires a thorough assessment of the
vulnerability of a wharf, which can be most effectively done through the use of
fragility curves. Using the information on the demand and capacity of the systems,
fragility curves provide the probability that the structure under consideration will fail
to satisfy a performance limit or a set of limits at a given intensity measure of
earthquake disturbance. In this study, analytical fragility curves for typical pile
supported wharves on the west coast of the United States are developed using
nonlinear time-history analysis on detailed foundation-wharf models for various
seismic hazard scenarios.

In general, fragility functions are probability distributions that indicate the
probability that a structural system or component will be damaged to a predefined
damage state as a function of an engineering demand parameter (EDP). Herein,
fragility functions take the form of lognormal cumulative distribution functions,
having a median value a and logarithmic standard deviation, 8. The mathematical
form for a fragility function, which associates the probability that the structural
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own

component may be damaged to damage state “i” with the maximum ground

acceleration, is:

. 1 . (PGAY]
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Where

@( _) : is the standard normal cumulative distribution function.

(2.48)

PGA : is the maximum ground acceleration whose value gives a corresponding

probability of failure referring to particular damage states

A; :is the median value of the probability distribution.

8. : is the logarithmic standard deviation.
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Figure 2.23: Fragility Curve Example for Multi-Span Bridges (Basoz and Kiremidjian, 1997)
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2.4.2 Fragility criteria for Quay Walls

PIANC, the World Association for Waterborne Transport Infrastructure, distinguishes

four degrees of damage criteria for gravity quay walls:

Degree |: “Serviceable”, where the residual horizontal displacement should
be less than 1,5% of the height of the quay wall and the residual tilt should be
less than 3°

Degree II: “Repairable”, where the residual horizontal displacement should
be 1,5%-5% of the height of the quay wall and the residual tilt should be 3°-5
Degree lll: “Near collapse”, where the residual horizontal displacement
should be 5%-10% of the height of the quay wall and the residual tilt should
be 5°-8°

Degree IV: “Collapse”, where the residual horizontal displacement should be
larger than 10 % of the height of the quay wall and the residual tilt should be

(o]

larger than 8°
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Chapter 3
Numerical Modeling
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3.1 Finite Element Program

PLAXIS 2D is a special purpose two-dimensional finite element program used to
perform deformation and stability analysis for various types of geotechnical
applications. Real situations may be modeled either by a plane strain or an
axisymmetric model. The program uses a convenient graphical user interface that
enables the user to quickly generate a geometry model and finite element mesh
based on a representative vertical cross section of the situation at hand.

The user interface consists of two sub-programs (Input and Output)

Wk The Input program is a pre-processor, which is used to define the problem
geometry, to create the finite element mesh and to define calculation phases.

The Output program is a post-processor, which is used to inspect the results of
calculations in a two dimensional view or in cross sections, and to plot graphs
(curves) of output quantities of selected geometry points.

A general overview for starting the input program, i.e. general model properties and
the layout of the input program is perfectly composed in the PLAXIS2D Reference
Manual.

General overview of Input program

The soil stratigraphy is defined in the soil mode using the Borehole feature of the
program (Figure 3.1). When a new project is created, the soil contour defined in the
Project properties window is displayed in the draw area. Otherwise, the soil
stratigraphy can be defined in the Structures mode by selecting Create soil polygon
option, which creates a general polygon by specifying the points that define the
polygon (Figure 3.2).

In order to define distributed prescribed displacements, the Create line displacement
option should be selected from the menu appearing as the Create prescribed
displacement button is selected. The options for the components of line prescribed
displacement are Free, Fixed and Prescribed. These options can be selected in the
Model explorer (Figure 3.2).
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Figure 3.1: View of a new project in the Soil mode
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Figure 3.2: View of the Structures mode (ground modeling and load modeling)

Soil properties and material properties of structures are stored in material data sets.

There are four different types of material sets grouped as data sets for soil and

interfaces, plates, geogrids, embedded pile rows and anchors (Figure 2.3). The

material properties and model parameters for soil clusters are entered in material

data sets. The properties in the data sets are divided into five tabsheets: General,

Parameters, Flow parameters, Interfaces and Initial (Figure 2.4).
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Figure 3.4: General and Parameters tabsheet from Soil Window

When the geometry model is fully defined, the geometry has to be divided into finite
elements in order to perform finite element calculations. A composition of finite
elements is called a mesh. The mesh is created in the Mesh mode (Figure 2.5). The
mesh should be sufficiently fine to obtain accurate numerical results. On the other,
very fine meshes should be avoided since this will lead to excessive calculation times.
The generation of the mesh is based on a robust triangulation procedure. The mesh
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generation process takes into account the soil stratigraphy as well as all structural
objects, loads and boundary conditions.
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Enhanced mesh refinements [V
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Jvery fing

(1 Expert settings Very coarse

L+ Cancel

Figure 3.5: Mesh options window

The Global water level can be used to generate a simple hydrostatic pore pressure
distribution (Phreatic calculation type) for the full geometry (Figure 2.6). The global
water level is by default assigned to all clusters in the geometry.

Figure 3.6: Global water level

Finite element calculations can be divided into several sequential calculation phases.
Each calculation phase corresponds to a particular loading or construction stage. The
construction stages can be defined in the Staged construction mode and the
calculation phases are listed in the Phases explorer.

In the Initial phase (Figure 3.7), all the soil clusters are activated and all the
interfaces are deactivated. It is crucial to mention that in this phase there are soil
clusters activated even in front of the quay walls. In this phase the KO procedure is
used to define the initial stresses for the model, taking into account the loading
history of the soil. The parameters required in the initial stresses development
procedures are defined in the Initial tabsheet of material data sets for soil and
interfaces (Figure 3.8).
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Figure 3.7: Initial phase
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Figure 3.8: Parameters for the Initial phase

In the first phase (Phase 1) the soil clusters in front of the quay walls are deactivated
in order the water to replace them (Figure 2.9) and all the interfaces remain
deactivated. The Plastic calculation is used to carry out an elastic-plastic deformation
analysis in which it is not necessary to take the change of pore pressure with time
into account. An elastic-plastic deformation analysis where undrained behavior
(Undrained (A) or Undrained (B)) is temporarily ignored, can be defined be selecting
the Ignore undrained behavior (A, B) parameter. In this case the stiffness of water is
not taken into account.
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Figure 3.10: Parameters for the First phase (Phase 1)

In the third phase (Phase 3) the soil clusters in front of the quay wall remain
deactivated and the interfaces in the back and the base of the quay wall remain
activated. In this last phase the prescribed line displacement is activated (Figure
3.13). In this phase the Dynamic calculation is selected in order to consider stress
waves and vibrations in the soil. As far as the ignorance of the undrained behavior is
concerned, the Ignore undrained behavior (A, B) option has to be deselected (Figure
3.14). As for the time step used in a Dynamic calculation, it is constant and equal to
6t = At / (m*n), where At is the duration of the dynamic loading (Dynamic time
interval), m is the value of Max steps and n is the value of the Number of sub steps
parameter. The Max steps parameter specifies the number of the steps that are
stored which can be used in plots in the Output program. A higher value of the Max
steps parameter provides more detailed plots and animations, however the
processing time required by the Output program is increased as well (Figure 3.15).
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Figure 3.14: Parameters for the Third phase (Phase 3)

The Model explorer displays information related to the physical entities composing
the model.

In the Dynamics option, the model conditions for a dynamic analysis can be defined
at the extreme boundaries of the model. The options available for the X-axis
boundaries are None, Viscous, Free-field and Tied degrees of freedom. The options
available for the Y-axis boundaries are None, Viscous and Compliant base. (Figure
3.15)
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Figure 3.15: Model explorer

The Selection explorer displays information about the selection made in the draw
area.

Although the input values of prescribed displacements are specified in the Structures
mode, the activation, deactivation or change of values may be considered in the
framework of Staged construction in the Selection explorer. For a dynamic prescribed

displacement representing an excitation, Displacement, should be Prescribed and
Displacement, should be Fixed (Figure 3.16).

Dynamic multipliers can be assigned to a prescribed displacement. The dynamic
multipliers to be applied in the model can be defined in the DynLineMultiplier
subtree under the Line displacement in the Selection explorer (Figure 3.16). The
definition of the multipliers is made in the Multipliers window. Besides the harmonic
signal, there is also the possibility to define a signal by specifying the values in the
table that appears when the corresponding option is selected in the Signal drop-
down menu. Besides defining the signal in the table, there is also the possibility to
read data from a file with a digitized load signal using the Open button in the toolbar
(Figure 3.17).
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Figure 3.17: Dynamic multipliers window

After the calculation phases have been defined and before the calculation process is
started, some points may be selected by the user for the generation of load-
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displacement curves or stress paths by clicking the Select points for curves button

4
(Figure 3.18).
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Figure 3.18: Example of points selected for pre-calculation
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Finally, the calculation process can be started by clicking the Calculation button in
the tool bar. As a result the program first performs a check on the ordering and
consistency of the calculation phases. When a calculation phase is selected that has
been executed, the tool bar will show the View results button. Clicking this button
will directly display the results of the selected phase in the Output program (Figure

3.19).
L _
P _
3 32.00
o]
Calculate I
0.00 |

™ 32.00
Jav _
= 1 [
Y A l View calculation results
n Y
P —

0.00

Figure 2.19: Calculation and View results buttons
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3.2 Boundaries

With the ultimate purpose to define the boundary conditions that would be selected
for the model, a dynamic calculation has been processed by PLAXIS2D on a soil
column (Figure 3.20), in which two Material models have been used, the linear
elastic and the Hardening Soil small (HSsmall) (non-linear). This layer is based either
on a Rigid base or on a Compliant base. As far as the X-axis is concerned, Free field
and Tied degrees of freedom options have been tested.

The dimensions of the soil column are 2m * 20m, the damping that has been used is
€ = 5% and the parameters of the soil is presented in Figures 3.21 and 3.22.
Regarding the linear elastic model, the main parameters that are inserted in the
Parameters tabsheet, according to which the others are defined is the velocity

V=140m/s and the Poisson ratio v=0,3. As for the HSsmall model, the main

fpref f
parameters are Eqy , Egpand E[Y

ur » aswellas yg7.

The fundamental frequency of both models is given by f; = Vs / (4*H) and the next

frequencies are given by fi=i * f1, i.e. f, = 2 * Vs / (4*H) etc. The Mode shapes of the
first four frequencies are given in Figures 3.23 and 3.24 for the linear elastic and the
Hssmall model, respectively. This is the first evidence that the dynamic response of
the soil column is in the right direction.

When using the Free field boundary condition we need to create so called node pairs
along the boundary of the model (for this we manually need to create an interface
along the boundary). Between the two nodes of a node pair a viscous damper is
created which allows for transfer of the input and/or free field motion but also
allows for absorbing the incoming waves. Currently however we can by default only
see one side of this node pair in the Output program: this is the side of the viscous
damper that also moves due to absorption of incoming waves. So in general the
motion of this node is not equal to the input motion. To be able to see and to
explicitly check our input motion we should make the other node of the node pair
visible in Output. To do so we can make use of a trick with a "dummy plate". This is
why between the X-axis boundaries Free field and Tied degrees of freedom, the later
is selected herein as the simpler one.
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Figure 3.20: Soil column
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Figure 3.23: Mode shapes for the linear elastic model
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Figure 2.24: Mode shapes for the HSsmall model
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The calculation of the Transfer functions follows in order to prove that the
boundaries conditions used are adequately functional. In Figure 3.25 and 3.26 the
amplification functions of the linear elastic and the HSsmall models, respectively, are
presented. In both soil columns Tied degrees of freedom boundary condition is
selected for the X-axis and the Y-axis boundaries are either Rigid base or Compliant
base.

In the case where the Free field boundary condition is selected, the soil column has
exactly the same dynamic response

It can be observed that when compliant base boundary is selected, there is no
amplification of the amplitude of the base, due to the fact that the compliant base
absorbs the downward travelling stress waves so that they are partially reflected,
thus part of their energy will be transmitted through the boundary to continue
travelling downward through the base.

Elastic model: rigid base -compliant base
14
=== F|astic model: rigid base
12 - boundary condition
” e==F|astic model: compliant
10 - base boundary condition
8 -
6 -
4
2 .
0 T T T T T T 1
0 2 4 6 8 10 12 14

Figure 3.25: Transfer functions for linear elastic model (rigid base-compliant base)
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Figure 3.26: Transfer functions for HSsmall model (rigid base-compliant base)

In Figure 3.27 Transfer functions for rigid base for both linear elastic and HSsmall
model are compared to show the lower amplification of the HSsmall model, because
it is non-linear and the mitigation of the amplification is obvious especially in the
frequencies of resonance.
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Figure 3.27: Transfer functions for rigid base (linear elastic-HSsmall model)

Eventually, in Figure 2.28 there is a comparison between the Amplification functions
calculated by PLAXIS2D and Amplification functions calculated based on the
equation:

1
\fcos2 kH +sinh® £kH

“:2(60)‘ =

(3.1)

[Kramer S. L. (1996)]

It is obvious that there is a perfect agreement between the two calculations.

Consequently, the boundary conditions of the finite element program PLAXIS2D,
which are constantly improved, are of adequate precision. In the X-axis boundary
Tied degrees of freedom is selected as the simpler one and the Y-axis boundary Rigid
base is selected because there is a bedrock in the geometry profile of the quay wall
at Piraeus Port.

14 - Amplification functions (PLAXIS2D - Kramer)

12 - Amplification function of linear elastic layer on
rigid base (PLAXIS2D)

10 - Amplification function of linear elastic layer on
comliant base (PLAXIS2D)

g - = == » Amplification function of linear elastic layer on
rigid base (Kramer)

6 - = a= » Amplification function of linear elastic layer on
compliant base (Kramer)

Figure 3.28: Transfer functions for linear elastic model (PLAXIS2D-Kramer)
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3.3 Constitutive Model

2.3.1 UBCSAND

An elastic plastic formulation for the constitutive model UBCSAND has been
incorporated into PLAXIS2D in which the yield loci are radial lines of constant stress
ratio and the flow rule is non-associated. This represents a fully coupled effective
stress dynamic analysis procedure for modeling seismic liquefaction.

The simplest realistic model for soil is the classic Mohr-Coulomb elastic-plastic model
as depicted in Figure 3.29. Soils are modeled as elastic below the strength envelope
and plastic on the strength envelope with plastic shear and volumetric strains
increments related by the dilation angle, Y. This model is really too simple for soils
since plastic strains also occur for stress states below the strength envelope. The
UBCSAND stress-strain model described herein modifies the Mohr-Coulomb model
to capture the plastic strains that occur at all stages of loading. Yield loci are
assumed to be radial line of constant stress ratio as shown in Figure 3.30. Unloading
is assumed to be elastic. Reloading induces plastic response but with a stiffened
plastic shear modulus.

>

Strength Envelope

Plastic Strain
Increment Vector

Shear Stress, T
Plastic Shear Strain Increment, dy®

Normal Effective Stress, &
Plastic Volumetric Strain Increment, de.F

Figure 2.29: Classic Mohr-Coulomb model [P. M. Byrne & S. S. Park, M. Beaty]
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Figure 2.30: UBCSAND model [P. M. Byrne & S. S. Park, M. Beaty]

The plastic shear modulus relates the shear stress and the plastic shear strain and is
assumed to be hyperbolic with stress ratio as shown in Figure 3.31. Moving the yield

locus from A to B in Figure 3.30 requires a plastic shear strain increment, Ay, as
shown in Figure 3.31, and is controlled by the plastic shear modulus, G". The

associated plastic volumetric strain increment, devP, is obtained from the dilation

angle y:
Agl =AyPsiny (3.2)

The dilation angle is based on laboratory data and energy considerations and is
approximated by:

siny =sing, —sing,, (3.3)

where ¢, is the phase transformation or constant volume friction angle and ¢4
describes the current yield locus. A negative value of ¢ corresponds to contraction.
Contraction occurs for stress states below ¢., and dilation above as shown in Figure
3.32.

Elastic and plastic properties for the model are defined as follows. [P. M. Byrne & S.
S. Park, M. Beaty]
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Figure 3.31: Classic Mohr-Coulomb model [P. M. Byrne & S. S. Park, M. Beaty]
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Figure 3.32: Classic Mohr-Coulomb model [P. M. Byrne & S. S. Park, M. Beaty]

Elastic Properties

The elastic bulk modulus, B, and shear modulus, Ge, are assumed to be isotropic and
stress level dependent. They are described by the following relations where kB and
kG are modulus numbers, PA is atmospheric pressure, and o’m is the mean effective

stress:
, 0.5
Gm
B=kg*P,* B (3.4)
A
, 0.5
Gm
G*=ks "Ry o (3.5)
A
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Plastic Properties

The plastic properties used by the model are the peak friction angle ¢,, the constant

volume friction angle ¢, and plastic shear modulus Gp, where

0.5
T
G =G *|1-—R, (3.6)
Ty
Gip =a*G and a depends on relative density, T is the current shear stress, Tyis the

projected shear stress at failure, and Ryis the failure ratio used to truncate the
hyperbolic relationship.

The position of the yield locus ¢4 is known for each element at the start of each time
step. If the stress ratio increases and plastic strain is predicted, then the yield locus
for that element is pushed up by an amount A@, as given by Equation (3.7).

Unloading of stress ratio is considered to be elastic. Upon reloading, the yield locus is
set to the stress ratio corresponding to the stress reversal point.

GP
A, :( , j*AyP (3.7)

Onm

The elastic and plastic parameters are highly dependent on relative density, which
must be considered in any model calibration. These parameters can be selected by
calibration to laboratory test data. The response of the model can also be compared
to a considerable database for triggering of liquefaction under earthquake loading in
the field. This database exists in terms of penetration resistance, typically from cone
penetration (CPT) or standard penetration (SPT) tests. A common relationship
between (N1)g values from the SPT and the cyclic stress ratio that triggers
liquefaction for a magnitude 7.5 earthquake is given by Youd et al. (2001).
Comparing laboratory data based on relative density to field data based on
penetration resistance relies upon an approximate conversion, such as that
proposed by Skempton (1986):

35 < (N)eo _ g (3.8)
DI’
Model parameters based on penetration resistance and field observation may be
useful for field conditions where it is very difficult to retrieve and test a
representative sample. However, this indirect method is not appropriate for
simulation of centrifuge models. Calibrations for this case should be based on direct
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laboratory testing of samples that are prepared in the same manner as the
centrifuge model.

3.3.2 Parameters

The PLAXIS2D liquefaction model differentiates the elastic bulk modulus B, and the
shear modulus G, [PLAXIS Liguefaction Model]

The elastic behavior which occurs within the yield surface is governed by a non-linear
rule. Two parameters control this non-linear behavior, the elastic bulk modulus K
and the elastic shear modulus G. These two modules are stress-dependent and the
relationships are given in the following equations (3.9), (3.10):

me

. P
K=Kg*P,*| — (3.9)

ref

ne

cokirm A £

ref

(3.10)

where K§ and Kce; are the bulk and the shear modulus respectively, at a reference

stress level. The factors n. and m. are parameters define the rate of stress

dependency of stiffness. In the literature, the reference stress level p,efis commonly
taken as the atmospheric pressure P,=100 kPa.

The hyperbolic hardening rule (Beaty and Byrne, 1998) relates the increment of the
sine of the mobilized friction angle to the plastic shear strain increment as follows
(Puebla et al., 1997):

1 )
Sy" =( *j*5*5ln(ﬂnod (3.11)
G
P)" sin i
G =K&* —| * 1—&*& (3.12)
I:)A SIn@peak
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where K¢ is the plastic shear modulus number, np is the plastic shear modulus
exponent, @mep is the mobilized friction angle, which is defined by the stress ratio,
dpeak is the peak friction angle and Rt is the failure ratio ng/n,;, ranging from 0.5 to

1.0, where ns is the stress ratio at failure and n,; is the asymptotic stress ratio from
the best fit hyperbola.
The input parameters of the UBCSAND are summarized below:

® (. is the constant volume friction angle

® (@, is the peak friction angle

e cisthe cohesion of the soil

o K; is the elastic bulk modulus of the soil in a reference level of 100 kPa. It

can be derived from a drained triaxial test with a confining pressure of 100
kPa.

o Ké is the elastic shear modulus of the soil in a reference level of 100 kPa. It

can be related with the Kg using the Poison ratio as shown in Equation:

Ke  2(1+V)
KE  31-2v)

(3.13)

o Ké) is the plastic shear modulus and has to be extracted after curve fit

e m,is the elastic bulk modulus index and has a default value of 0.5

® n,isthe elastic shear modulus index and has a default value of 0.5
® npis the plastic shear modulus index and has a default value of 0.5
e Ryis the failure ratio ng/nyt

e P, isthe atmospheric pressure

o facharq is the densification factor. It is a multiplier that controls the scaling of

the plastic shear modulus during secondary loading. Above 1 the Kg

becomes higher and the behavior stiffer and bellow 1 the Kg becomes

lower and the behavior softer
e N1l is the corrected SPT value of the soil.

e facpostis a fitting parameter to adjust post liquefaction behavior
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3.3.3 Undrained behavior

The undrained behavior of the soil is treated implicitly by the UBCSAND constitutive
model. Therefore, the increment of the pore water pressure is computed at each
step of the analysis. Considering a saturated soil specimen, the increments in total
stress during loading is given by the following equation:

dp =K, *de, (3.14)

where K, is the bulk modulus of the undrained soil and de, the volumetric strain of

the soil as a whole

The effective stress increment can be computed as follows:
!/ ’
dp’=K'*dg, (3.15)

where K’ is the bulk modulus of the soil skeleton and dg, its volumetric strain.

The increments of the pore water pressure are computed with the following
equation:

K
dp,, =Tw*d8v (3.16)

where K,, is the bulk modulus of the water, n is the soil porosity and de, is the
volumetric strain of the fluid.

The relationship between the total stresses, the effective stresses and the pore
pressure is assumed according to Terzaghi's theory (Equation 3.17). Moreover, the
volumetric compatibility under undrained conditions requires that the equivalent
fluid volumetric strain must be equal to the volumetric strain of the soil skeleton.
Equation 16 is finally derived.

dp =dp’+dp,, (3.17)
K ,
TW = (K, —K") (3.18)
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Once K,, is determined, then the excess pore pressures can be computed in each
increment using Equation 3.16. The Poisson's ratio for undrained condition is set as v
= 0.495 implicitly by the model. This value is close to the upper limit (of 0.5) as water
is almost incompressible. Using a value of 0.5 is to be avoided as this is known to
cause numerical instabilities. Based on this Poisson's ratio the bulk modulus of the
undrained soil is computed as follows:

e
_2G*(1+v,)
T (3.19)
31-2v,)
e
where G is the elastic shear modulus.
The drained bulk modulus of the soil skeleton K’ is computed in the same way using

the drained Poisson's ratio which is based on the stress dependent stress module
(Equation 3.20).

 3K®-2G"
+= 6K+ 26° 620
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3.3.4 Rayleigh

Material damping in dynamic calculations is caused by the viscous properties of soil,
friction and the development of irreversible strains. All plasticity models in PLAXIS2D
can generate irreversible (plastic) strains, and may thus cause material damping.
However, the damping is generally not enough to model the damping characteristics
of real soils, especially in cases of low deformations. For example, most soil models
show pure elastic behavior upon unloading and reloading which does not lead to
damping at all. When using these models, the amount of damping that is obtained
depends on the amplitude of the strain cycles and so, these models do not show
material damping. Hence, additional damping is needed to model realistic damping
characteristics of soils in dynamic calculations. This can be done by means of
Rayleigh damping.

The use of additional damping, i.e. Rayleigh a and 8, can also lead to numerical
convergence. Rayleigh damping is a numerical feature in which a damping matrix C is
composed by adding a portion of the mass matrix M and a portion of the stiffness
matrix K:

C=aM + 8K

The parameters a and 8 are the Rayleigh coefficients and can be specified in the
corresponding cells in the Parameters tabsheet of the Soil window (Figure 3.33).

Soil - Mohr-Coulomb - <NoMName>

3 B & [

Genera | parameters | Flow parameters | Interfaces | Intial

Property Unit Value

= kfm 0.000 -
-/ Advanced

Void ratio

Dilatancy cut-off

B 0.5000
e 0.000
= (
Damping -
Rayluiyh w 0,000
Rayleigh B 0.000 =

Next | | Cancel

R
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Figure 3.33: Damping parameters in the General tabsheet

3.4 Interfaces

Interfaces are joint elements to be added to plates or geogrids to allow for a proper
modeling of soil-structure interaction. Interfaces may be used to simulate, for
example, the thin zone of intensely shearing material at the contact between a plate
and the surrounding soil. Interfaces can be created next to plate or geogrid elements
or between two soil volumes.

3.4.1 Interfaces between the blocks of the quay wall

The parameters selected for the interface between the blocks of the multi-block
qguay wall are shown in the Figure 3.34.

Analyses that have been done indicate that the Effective Young’s modulus should be
larger than 100 *10° kN/m2.

Material set
Identification number
Identification

Material model

Drainage type Drained

Colour B res 51, 47, 249
Stiffness

E kNjmz 300.0E3

v (nu) 0.2500
Alternatives

G kNjm?2 120,0E3

Eoed kNjm? 360.0E3
Strength

Crt Khjmz 1.000

@ (phi) = 35.00

v (psi) = 0.000

mfs 217.0

v mfs 375.9

Figure 3.34: Interfaces between the blocks of the quay wall

3.4.2 Interfaces at the back and the base of the quay wall

The parameters selected for the interface at the back and the base of the quay wall
are shown in the Figure 3.35 and 3.36.
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Analyses that have been done indicate that the Effective Young’s modulus should be

larger than 50 *10° kN/m?2.

Material set
Identification number
Identification
Material model
Drainage type
Colour

E kMNfm2
G kNjm?
Eoed kiNfm?2

cref kamZ

mfs

v mfs

Figure 2.35: Interfaces at the back of the quay wall

7

g.interface, wall-soil

Mohr-Coulomb
Drained
e 11, 23,91

80.00E3

0.2500

32.00E3

96.00E3

1.000
15.00

0.000

112.1

194.1
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Material set

Identification number 10

Identification g.interface.wall-soil(base)

Material model Mohr-Coulomb

Drainage type Drained

Caolour RGB 183, 180, 254
Stiffness

E kM/m2 80.00E3

v (nu) 0.2500
Alternatives

G ki/m? 32.00E3

E codl kM/m2 98.00E3
Strength

Cref kh/m? 1,000

@ (phi) ° 30.00

v (ps) ¢ 0.000
Velocities

U5 m/s 112,1

V mfs 194.1

Figure 2.36: Interfaces at the base of the quay wall

3.4.3 Interfaces on the frontage of the quay wall

It is obvious that there is not any adjacent soil in the frontage of the quay wall, thus
there is no need for an interface. However, it was observed that the lack of interface
in the front of the quay wall did not let the blocks to move the one along the other
and the quay wall to move along the base soil. This becomes clear by observing the
relative displacement of the blocks in the case without interface (Figures 3.38, 3.39)
and the case with interface on the frontage (Figures 3.41, 3.42).

In Figures 3.40 and 3.43 it is also observed that the Relative shear stress trel in the
frontage is eliminated in the case without interface, while in the case with interface
the Relative shear stress trel in the frontage is finite. This leads to the fact that
interface should be used in the frontage of the quay wall.

Nevertheless, since there is not any adjacent soil, the interfaces can be deactivated
when modeling soil-structure interaction is not desired (Figure 3.37).
Nodes generated for interfaces in mesh generation process are still there. They have
stiff elastic behavior and they are fully permeable.
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B activate
|‘ "_'I Deactivate

‘|$ Positive interface Dl L] Positivelnterface_42_2
+ Negative interface b !I Activate

€
I Groundwater flow BC “'j S

E i Regenerate
|

Set material b
@ Preview phase

. Calculate

e View calculation results

Figure 3.37: Interface in the frontage of the quay wall

A P\/,4\1/T/\/\/\/\X\/\/\/ l/\ AVAVAVAWA

Figure 3.38: Relative displacement of quay wall blocks (without interface)
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Relative shear stress T, (scaled up 100 times) Relative shear stress @ (scaled up 20.0 imes)
Madmum vabe = 0.1221 (Hement 112 at Node 7BS6) Maiamum valus = 0.457L (Element 133 atMode 7713)
Pinimum valu= = 0,01003%10 2 (Element 114 st Node 5943) Winimum value = 0,0927610 2! (Hement 136 at Node 8523)

Figure 3.40: Relative shear stress trel in the frontage of the quay wall (without interface)

Figure 3.41: Relative displacement of quay wall blocks (with interface)
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Figure 3.42: Relative displacement of quay wall blocks (with interface)

Relative shear stress © ) (scaled up 50.00 Hmcs) Relative shear stress €, [scaled up 20.0 times)
Mawimum valus = 0.2472 {Flement 154 at Node 8506) Maximum value = 0.6724 {Element 181 at Node 7503)
Minmum valus = D.0STS8 (Eement 151 at Mods 7768) Minimum value — 5.583<10 7 (Element 182 at Node 8011)

Figure 3.43: Relative shear stress T, in the frontage of the quay wall (with interface)
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Chapter 4
Quay wall at Piraeus Port
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4.1 Geometry — Profile

A typical section of pier Il comprising the geometry of the block-type gravity quay
wall and the idealized soil profile is shown in Figures 4.1, 4.2. The distances of the
boundaries from the quay wall are also shown in Figure 4.1.

The layers that constitute the soil profile are the following:

e Om -20,5m: sandy gravel, $=35°, Dr=80%

e 20,5m - 25,5m: silty sand, $=30°, Dr=60%

e 25,5m - 32m: gravelly sand, $=35°, Dr=80%
e 32m - 37,5m: soft marl, Su=120 kPa

The examined soil profile does not indicate significant liquefaction potential, apart
from the silty sand layer of medium density situated 3m below the base of the quay
wall. Consequently, in order to examine the interaction of the quay wall — soil system
and the potential liquefaction of the soil included, three types of models were
dynamically analyzed, changing only the backfill soil (Om —20,5m) in each type:

e Model 1: with a significant liquefaction potential, backfill soil with Dr=40%
e Model 2: with a mediocre liquefaction potential, backfill soil with Dr=65%
e Model 3: with a minor liquefaction potential, backfill soil with Dr=80%

The aforementioned Model 1, Model 2 and Model 3 are shown in the Figures 4.3, 4.4
and 4.5, respectively.
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D, = 80%
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Silty sand, ¢ = 30°, D, = 60%
25.5m
Gravelly sand, ¢ = 35°, D, = 80%
2m
Soft marl, 5,=120 kPa
37.5m
TR

Figure 4.1: |dealized soil profile of pier Il of Piraeus Port [Tasiopoulou P., Gerolymos N., Gazetas]

= 5m —

2im

35m

im

Figure 4.2: Geometry of the block-type gravity quay wall [Tasiopoulou P., Gerolymos N., Gazetas]
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Figure 4.3: Idealized soil profile of pier Il of Piraeus Port (Model 1)
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Figure 4.4: Idealized soil profile of pier Il of Piraeus Port (Model 2)
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Figure 4.5: Idealized soil profile of pier Il of Piraeus Port (Model 3)



4.2 Input values

4.2.1 Material properties

The first layer of the soil profile has been divided into tree sub-layers, in order to
have a better discretisation of the features of the first layer, i.e. the backfill soil.
Therefore, the ultimate stratigraphy is composed of six layers:

e sandy gravel 1
e sandy gravel 2
e sandy gravel 3
e silty sand

e gravelly sand
e soft marl

The sandy gravel (1,2,3), the silty sand and the gravelly sand Material model has
been selected to be User defined, i.e. UBCSAND model, and their Drainage type has
been Undrained(A). The soft marl Material model is HSsmall and Drainage type
Undrained(B).

The concrete of the blocks of the quay wall has as Material model the Linear elastic
and as Drainage type Non-porous.

The interfaces have as Material model the Mohr-Coulomb and as Drainage type
Drained.

4.2.2 Parameters

The parameters that have been selected for the layers of the soil profile for each
backfill soil type, i.e. Dr=40%, Dr=65% and Dr=80%, are arrayed in the Figures 4.6 to
4.18

Only the backfill soil layers, i.e. sandy gravel (1,2,3), should alternate their
parameters depending on the backfill soil type, i.e. Dr=40%, Dr=65% and Dr=80%.

Silty sand, gravelly sand and soft marl remain the same at all backfill soil types.

Of course, concrete and interfaces parameters remain as they are.
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Dr=40%

User-defined model
DLL file ubc_sand.dll
Model in DLL UBCSM
bey ° 33.00
" ° 33.71
c kN/m?2 0.1000E-3
kot 834.0
ke? 226.5
kg 583.8
me 0.5000
ne 0.5000
np 0.4000
R¢ 0.8200
Pa kN/m?2 100.0
o, kN/m?2 0.000
faCha 1.000
N gy 7.111
facu 0.01000
Figure 4.6: Parameters of sandy gravel 1 (Dr=40%)
User-defined model
DLL file ubc_sand.dll
Model in DLL UBCSM
ey ° 33.00
" ° 33.71
c kN/m?2 0.1000E-3
kot 834.0
kP 226.5
ks 583.8
me 0.5000
ne 0.5000
np 0.4000
R¢ 0.8200
Pa kN/m2 100.0
o, kN/m?2 0.000
faChamg 1.000
N1 gp 7.111
FaC g 0.01000

Figure 4.7: Parameters of sandy gravel 2 (Dr=40%)
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DLL file ubc_sand.dll

Model in DLL UBCSM

Oey ° 33.00
'R ° 33.71
c kN/m2 0.1000E-3
k.* 834.0
kP 226.5
kg® 583.8
me 0.5000
ne 0.5000
np 0.4000
R¢ 0.8200
Pa kN/m?2 100.0
a kNjm? 0.000
faChard 0.7390
N g 7.111
faC s 0.01000

Figure 4.8: Parameters of sandy gravel 3 (Dr=40%)
Dr=65%
User-defined model
DLL file ubc_sand.dl
UBCSM

Pa kN/m2
G, kiNfm?

33.00
35.63
0.1000E-3
1152
1319
806.7
0.5000
0.5000
0.4000
0.7050
100.0
0.000
1.000
18.78
0.01000

A

Y

ANAVAvAVATAT

Figure 4.9: Parameters of sandy gravel 1 (Dr=65%)
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DLL file ubc_sand.dll

Model in DLL UBCSM

Pev 4 33.00

[ ° 35.63

c KkN/mz2 0.1000E-3

kg® 1152

- e e
N - A ¢l - —

> i NA%AVA@@V&Y

np 0.4000

R¢ 0.7090

Pa KkNjm? 100.0

G, kiNjm2 0.000

faChard 1.000

NDgp 18.78

fac e 0.01000

Figure 4.10: Parameters of sandy gravel 2 (Dr=65%)

ubc_sand.dl
UBCSM
° 33.00
° 35.63
c kNjm? 0.1000€-3
kg™ 1152 1
kP 1318 ‘; -

kg ® 806.7  ——

AVAVAVAYAra A7

me 0.5000
ne 0.5000 ¢
np 0.4000
R¢ 0.7090
Pa kN/m2 100.0
a, kN/m?2 0.000
faChag 0.8440
ND gy 18.78
facm 0.01000

Figure 4.11: Parameters of sandy gravel 3 (Dr=65%)
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Figure 4.13: Parameters of sandy gravel 2 (Dr=80%)

User-defined model
DLL file ubc_sand.dll
Model in DLL UBCSM
» Ve ° 33.00
'R ° 38.53
c kNjm2 0.1000E-3
Ks® 1323
ke® 3312 2l 1
kg® 926.3 - ‘r‘
me 0.5000 Nb"‘
ne 0.5000
np 0.4000
R¢ 0.6660
Pa kNjm2 100.0
o, kNjm2 0.000
faCharg 1.000
NDgp 28.44
faC e 0.01000
Figure 4.12: Parameters of sandy gravel 1 (Dr=80%)
User-defined model
DLL file ubc_sand.dl
Model in DLL UBCSM
ber ° 33.00
" ° 38.53
c kNjm2 0.1000E-3 :
ka® 1323 T
e? 2 .,;MHI
Kt 926.3 %
me 0.5000 A'A A"“""A'
ne 0.5000
np 0.4000
R¢ 0.6660
Pa kN/m2 100.0
o kN/m? 0.000
faCharg 0.7830
(N gy 28.44
faC ey 0.01000
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DLL file ubc_sand.dl

Model in DLL UBCSM

ber ' ° 33.00

0 ° 38.53

c kNjm? 0.1000E-3

ks* 1323 — R

kg? 3312 A I ;

G A‘ J AL
kg® 926.3 — L
i -~ L'A%AV‘KI]_AV’AVA
ne 0.5000 N ™ i
np 0.4000

R¢ 0.6660

Pa kN/mz2 100.0

o kN3 0.000

faciey 1.000

NDgp 28.44

faCpoee 0.01000

Figure 4.14: Parameters of sandy gravel 3 (Dr=80%)
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Dr=40%, 65% & 80%

ubc_sand.dl
UBCSM
° 33.00
° 34.80
c kN/m2 0.1000€-3
ks* 1093
kg? 939.1
kg® 764.8
me 0.5000
ne 0.5000
np 0.4000
R¢ 0.7260
Pa kNjm2 100.0
5, kN/m2 0.000
faChaa 0.7470
N1 gy 16.00
faC sy 0.01000
Figure 4.15: Parameters of sandy silty sand (Dr=40%, Dr=65% and Dr=80%)
User-defined model
DLL file ubc_sand.dll
UBCSM
° 33.00
° 38.53
¢ KNjm2 0.1000E-3
e 1323

- = ngﬁi il
- e "‘i‘i’mn

ne 0.5000 N
np 0.4000
Rs 0.6660
Pa kN/m2 100.0
o, kN/m2 0.000
faChams 0.5660
ND gy 28.44
fac o 0.01000
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Figure 3.16: Parameters of gravelly sand (Dr=40%, Dr=65% and Dr=80%)

Egp™

Eoud™
= ref
power (m)
Alternatives
Use alternatives

C

c
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kN/m2
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10.00E3
10.00E3
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0.01035 |
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0.3000E-3
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Figure 4.17: Parameters of soft marl (Dr=40%, Dr=65% and Dr=80%)

Material set
Identification number
Identification
Material model
Drainage type
Colour

kN/m2

kNjm?2

kNjm?

mfs
mfs

5

i
ie.concrete

Linear elastic

Non-porous
P ree 147, 147, 149
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0.2500
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Figure 4.18: Parameters of concrete (Dr=40%, Dr=65% and Dr=80%)
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Chapter 5
Excitation
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5.1 Input excitations

The following figures reveal the horizontal ground motions, which have been used in

the numerical dynamic analyses.
They have been selected fifteen excitations, recorded from notable seismic incidents

throughout the world.

Kalamata(1986), Greece
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Figure 5.1: Excitation of Kalamata(1986), Greece
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Figure 5.2: Excitation of Kalamata_04g(1986), Greece
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Leflada(2003), Greece
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Figure 5.4: Excitation of Lefkada(2003), Greece
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Figure 5.5: Excitation of Aegion(1995), Greece
Izmit-Kocaeli(1999), Turkey
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Figure 5.6: Excitation of Izmit-Kocaeli(1999), Turkey
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Erzincan(1992), Turkey
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Figure 5.7: Excitation of Erzincan(1992), Turkey
Gilroy-Loma Prieta(1989), Northern
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Figure 5.7: Excitation of Gilroy-Loma Prieta(1989), Northern California
Pyrgos-Trans (1993), Greece
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Figure 5.8: Excitation of Pyrgos-Trans (1993), Greece
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Rinaldi-228(1994), Northridge California
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Figure 5.9: Excitation of Rinaldi-228(1994), Northridge, California
Sakarya(1999), Turkey
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Figure 5.10: Excitation of Sakarya(1999), Turkey
Loma-Prieta, Gilroy array(1989)
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Figure 5.11: Excitation of Loma-Prieta, Gilroy array(1989), Northern California

Duzce-180(1999), Turkey
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Figure 5.12: Excitation of Duzce-180(1999), Turkey
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Figure 5.13: Excitation of Temblor-295
Pacoima Dam(1971), southern California
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Figure 5.14: Excitation of Pacoima Dam(1971), southern California
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San Fernando(1971), southern California
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Figure 5.15: Excitation of San Fernando(1971), southern California

5.2 Reduction of excitations

In order to derive the Fragility Curves hinged on the maximum ground acceleration,
it has been required to discretize the input accelograms by placing their maximum
value on the scale of 0.1g, 0.2g, 0.4g and 0.6g. An example of this reduction is shown
in Figure 5.16.

As a consenquence, besides the fact that the appropriate discretization of ground
acceleration is succeeded, as well the influence of shear amplitude in saturated soil it

is figured.
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Figure 5.16: Application of excitation reduction on Aegion(1995), Greece earthquake

5.3 Direction of base excitation

As already mentioned before, in this model the X-axis boundaries were chosen to be
Tied degrees of freedom. This resulted in the development of a model symmetrical to
the vertical axis as is revealed in Figure 5.17 [Plaxis2D, Knowledge Base].

Despite the fact that the number of finite elements has been doubled, likewise the
calculation time, an importand benefit has been gained. The direction of the base
excitation can be of great significance. Figure 5.17 portrays for two excitation
directions (+) and (-) the response of a sliding block subjected to a directivity-
affected ground motion

[Gazetas G., Garini E., |. Anastasopoulos and T. Georgarakos].

The fifteen excitations, which were used in the analyses, cause a comletely different

responce of quay wall, based on the direction of ground motion and therefore,
information is obtained from aparently thirty excitations.
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Figure 5.17: Symmetrical to the vertical axis model
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Fig. 17. Acceleration, velocity, and displacement time histories for the Rinaldi record (228°
component) when imposed parallel to the sliding interface (inclination angle B=25° and ac/az=0.1).
Notice the asymmetric response of the block when the excitation is inverted (plots in right) the well-
shaped forward-directivity pulse, shown between the dotted lines, now causes a major slippage of 2
m [Gazetas G., Garini E., |. Anastasopoulos and T. Georgarakos].
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Chapter 6
Numerical results
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6.1 Fragility Curves

6.1.1 Introduction

Quay wall's Fragility Curves are presented in order to evaluate its seismic
dispacements according to the already operational damage critiria for port
structures, likewise to obtain an overlook in the way, parameters as the relative
density and the amplitude of the peak ground acceleration, affect its dynamical
response.

They are revealed Fragility Curves for quay wall's horizontal displacement, tilt and
backfill settlement behind the wall.

Attaching the former damage levels, which are meantioned in the paragragh 2.4.2,
to the Piraeus Port quay wall, the fragility criteria according to PIANC are the

following:

e Degree | - “Serviceable” : the residual horizontal displacement level of
exceedance should be 0,25m and the residual tilt level of exceedance should
be 3°

o Degree Il - “Repairable” : the residual horizontal displacement level of
exceedance should be 1,0m and the residual tilt level of exceedance should
be 5°

o Degree Il - “Near collapse” : the residual horizontal displacement level of

exceedance should be 1,7m and the residual tilt level of exceedance should

be 8°

o Degree |V - “Collapse” : the residual horizontal displacement level of
exceedance should be 3,5m and the residual tilt level of exceedance should

be 12°

In order to figure the curves more comprehensively, lower fragility levels have been
selected for for the Degrees |, II, lll and IV, which are 0,25m, 0,75m, 1,5m and 2,5m

for the residual horizontal displacement, correspondingly, and 1°, 2°, 3° and 4°,

respectively, for the residual tilt.
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6.1.2 Fragility curves according to PIANC criteria

6.1.2.1 Backfill soil with Dr=40%
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Backfill soil settlement
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6.1.2.2 Backfill soil with Dr=65%
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Quay wall tilt
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6.1.2.3 Backfill soil with Dr=80%

Horizontal displacement
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6.1.3 Fragility Curves with lower fragility levels

6.1.3.1 Backfill soil with Dr=40%
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Backfill soil settlement
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6.1.3.2 Backfill soil with Dr=65%
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Quay wall tilt
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6.1.3.3 Backfill soil with Dr=80%

Horizontal displacement
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6.2 Results of dynamic analysis and discussion

6.2.1 Displacements

Data of the dynamic process could arguably verify that quay walls suffered
detrimental displacements, alike with them, which were caused from real seismic
insidents. Figures 6.1-6.3 portrays the contours of horizontal displacement of quay
wall at the Models 1, 2 and 3 correspondingly, caused by four powerful ground
motions, at the end of shaking.

Obviously, the enxtent of quay wall's and soil's deformations varied throughout the
different relative density of backfill soil and the value of peak ground acceleration
because of the range that liquefaction occurs at the retained soil behind the wall and
at the foundation zone.

Therefore, it is vitally importand to performe a more closer look at these two
parameters, relatively with their role at soil-quay way interaction
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Figure 6.1: Contours of horizontal displacements of quay wall and soil - Model 1(Dr=40%) at (a)
Lefkada(2003)_0.4g, (b) Erzincan(1992)_0.4g, (c) Gilroy-Loma Prieta_0.4g and (d) Izmit(1999) 0.4g

114



R
EI00 T T T I I - I

(d)

Figure 6.2: Contours of horizontal displacements of quay wall and soil - Model 2(Dr=65%) at (a)
Sakarya_0.4g, (b) Templor_0.6g, (c) Rinaldi_0.2g and (d) Lefkada_0.6g
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(d)

Figure 6.3: Contours of horizontal displacements of quay wall and soil - model 3(Dr=80%) at (a) San
Fernando_0.4g, (b)Kalamata(1986)_0.6g, (c) Rinaldi_0.6g and (d)Loma-Prieta_0.6g
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6.2.2 Influence of Relative Density

The relative density of the backfill soil reveals a major role in quay wall's horizontal
displacement and tilt, since it is responsible for its liquefaction potential and as a
consequence for significan soil deformation. Figures 6.4 -6.6 plot the excess pore
water pressure ratio r,=Au/c'sm - where Au is excess pore water pressure and o' is
the initial mean effective stress - in relationship with the increasing relative desity of
backfill soil during the same ground motion.

The loose soil, which has high trend to expand its volume, face a considerable
increase of excess pore water pressure ratio ry, and, as it is liquefied, develope
substaintially strong horizontal pressures, which cause lange displacement and tilt on
quay wall. The dense soil moderates the extent of liquefaction and therefore quay
wall does not deformed at a high level.

Furthermore, it is also importand to define the provenance of the quay wall's
displacements, referencially with the relative density of backfill soil. From the
contours of horizontal displacements of Figures 6.1-6.3 has already been shown that
the significant horizontal displacements and tilts of quay wall, in loose soil cases,
were caused by the backfill soil due to its liquefacton. An completely opposite
picture it is shown in dense soil cases. Since the foundation material has the same
relative density with the backfill soil, the applied increased forces upon the wall
could be easily supported by the dense foundation but they weaken the above soil
layer - Silty Sand - which undergo liquefaction and develop minute deformations (red
contours of Figure 6.3 and ratio of excess pore water pressures of Figures 6.4-6.6 at
dense soils).

Computed distributions of excess pore water pressure ratio for the backfill soil with
Dr=40% and Dr=80% throughout time, during the same earthquake are ploted in
Figure 6.7. From the figure it could be noticed a coprehensive view of the
development of liquefaction through the maximum pore pressures, at various times,
in these two different cases.
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Figure 6.4: : Contours of excees pore water pressure
same excitation (Rinaldi-228 - 0.2g).

AV A E v e
AAvAvAVA?&‘AvA-

Figure 6.5: Contours of excees pore water pressure ratio, while relative density increases, for the
same excitation (Erzincan, 1992 - 0.4g).
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Figure 6.6: : Contours of excees pore water pressure ratio, while relative density increases, for the
same excitation (Lefkada,2003 - 0.4g)
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(a)

Figure 6.6: Time history of excees pore water pressure ratio for backfill soil with (a) Dr=40% and (b)
Dr=80% in Duzce-180_0.4g
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6.2.4 Influence of excitation

The dynamic response of quay wall-soil also varied, at high rank, throughout the
amplitude of accelograms. In all likelihood, it could be expected that, for the same
earthquake, the reduction of excitation would produce the more detrimental
displacements on quay wall the higher the value of peak ground acceleration would
be. Nevertheless, in cases of backfill soil with Dr=40% and Dr=65%, diverse
accelograms caused the largest horizontal diplacement and tilt when their maximum
value was weakened at 0.2g, instead of demonstrating the highest at 0.4g or 0.6g.
Representional examples of this paradox are the backfill soil with Dr=40% in
Erzincan(1992) and backfill soil with Dr=65% in Izmit-Kocaeli(1999), which are
portrayed in Figures 6.7 and 6.8 in relationship with the rise of acceleration
amplitude.

This extraodinary phenomenon could be determined along with a more closer look
at contours of excees pore water pressure ratio. In cases of maximum acceleration
0.1g and 0.2g liquefaction occures at backfill and foundation layer due to their loose
relative density, with the already acquainted detrimental consequences . On the
other hand, stronger seismic loads cause the below soil layer to lose their shear
strenth and undergo liquefaction as well.

Hence, the retained soil layer is slightly isolated from the strong vibration and the
extent of liquefaction is considerably expanded in a scale that the amplitude of
strong shear waves is weakened. This is further confirmed by the recorded responce
acceleration of the same point in amplitude 0.2g and 0.6 g of the same accelogram,
as it is presented in Figure 6.9. Despite the fact that the base acceleration differs by
300%, the responce acceleration of free field it's almost equal in both cases for T=0,
likewise for T =2, in 0.6g, the nonlinear behavior, due to liquefaction, becomes
obvious with the amplification of acceleration to 0.55g.

Furthermore, considerably stong vibrations subject the soil to incurs liquefaction at

initial stages of dynamic loading. Therefore, the energy, which is transfered by shear
waves as inetria force to quay wall, is lowered.
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Figure 6.7: Contours of excees pore water pressure ratio, for relative density 40%
(Erzincan, 1992).
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Figure 6.8: Contours of excees pore water pressure ratio, for relative density 40%
(Izmit-Kocaeli,1999)

123



. %
I} g
W 5 il
] }Iﬁ A /N
4 JEATSAN
o N ~
.
01 — o
T ——
1 ’ nmp;nn(s) ’ " Tm\ep:noa[s) ’ ! "
(a) (b)
Izmit-Kocaeli(1999), Turkey
0.3 -
0.2 -
E‘) 0.1 -
g
5 0
£
8 01 -
3
E 0.2 -
-0-3 T T T T T T 1
0 5 10 15 20 25 30 35
Time(sec)
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6.3 General notes

6.3.1 Influence of boundaries' type

A commonplace boundary condition which is used for the dynamic stage of
numerical modeling is the Free field boundaries. For operating reasons and for
higher precision, this type of X-axis boundry should be accompanied with an elastic
soil collumn next to them as Figure 6.10 displays. Investigating how they affect the
deformations of the model, it is assumed that they overestimate quay wall's
displacements over 10% , in comparison with Tied degrees of freedom boundary
condition, as it is shown in figure 6.11. In order to consider a correlation between
these two types of boundaries, the damping ration of Free field model was increased
from 0.03 to 0.05. However, a notable difference has still remained (Figure 6.11)
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Figure 6.10: Free field procedure with soil column in the boundaries
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Figure 6.11: Analysis with (a) Tied degrees of freedom , (b) Free field with §=3% and (c) Free field with
§&=5% , boundaries in Kalamata_0.6g excitation

6.3.2 Quay wall's tilt for dense backfill soil

This Report does not conclude fragility curves for quay wall's tillt for backfill soil with
relative density 80% because of their infinitesimal or, in many cases, negative-inward
(Figure 6.12) value.

The cause which triggered the opposite rotation of quay wall was the strong
amplitude of 0.6g. As it could be noticed from the time history of excess pore water
pressure ratio, which is displayed in Figure 6.6 for dense backfill soils, the soil layer
below the foundation layer is liquefied at the early stages of vibration, while the
excess pore water pressure behind and in base of quay wall becomes negative.
Therefore, quay wall is consider to be displaced horizontally - sliding lengthwise the
silty sand layer - as it may rotated or not, depending on the undrained conditions
(settlement on foundation-heaving in front of its toe).
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Figure 6.12: Example of quay wall's inward tilt in Izmit_0.6g earthquake
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Chapter 7
Conclusion
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Upon completing the numerical analyses and designing the fragility curves, for all the
simulations of the dynamic interplay between the quay wall and the backfill soil, we
summarise the following conclusions.

» The dynamic behaviour of gravity quay wall is a complicated phenomenon,
which demonstrates significant differentiations in the residual displacements,
referentially with the soil materials' relative density, the peak ground
acceleration and the circles of loading.

» Materials with low relative density produced significant horizontal displacement
and tilt on quay wall as it was expected. The combination of loose backfill soil
and foundation layer, since they have the same properties, is considerably
detrimental, as the developed displacements overcome all the allowance
damage states.

» Loose materials evolve high possitive excess pore water pressures, which trigger
liquefaction initially in the free field and in the foundation of quay wall. The
range of liquefaction is expanded, with the circles and the amplitude of loading,
in a large area behind the quay wall and in the silty sand below the backfill.
While the relative density increases from a loose to a dense soil for the same
excitation, the range of liquefaction is moderated, likewise it is contained only
in silty sand for Dr=80%

» The provenance of the quay wall's displacements is profoundly connected with
the backfill soil's relative density. The highest values of its horizontal
displacement and tilt are forced by the significant deformation of the liquefiable
soil behind the quay wall and the compliant foundation soil. On the other hand,
the lowest values comes from the horizontal displacement of silty sand, which is
the only liquefiable layer in cases with Dr =80%. Quay wall, apparently, sliding
on silty sandy and occasionally is rotated inwards, especially for amplitudes of
0.6g.

» The amplification of peak gound acceleration, in loose soils, occures more
intensively for ground motions with maximum acceleration 0.1g and 0.2g.
Stronger amplitudes of 0.4g and 0.6g cause significant strains, mainly, in the
surface soil layers and therefore their responce value is weakened.
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