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Me enipUAagn navtog SIKaIWUATOG.

AnayopeUeTal n avTiypagr, n anobrKeuon Og apxeio NAnpogopiwv, n diavoun, n
avanapaywyr, n METappaocn r HeTadoon TnG napouoacg epyaaciac, €€’ oAokAfRpou 1
TUAKATOC AUTNG, YIa EMNOPIKO OKOMO, Und onoladrnoTe Hopgr Kal e ornolodnnoTe HECO
EMNIKOIVWVIAG, NAEKTPOVIKO 1) INXAVIKO, XWPIC TNV nponyoUMEvn £yypagpn adesia Tou
ouyypagéa. EmirpgneTal n avanapaywyr, anobrkeuon kai 8iavopr) yia okono [n
kepdoaKoNIKO, EKNAIDEUTIKAC ] EPEUVNTIKAC GUONG, uno Tnv npolndBeon va avagepeTai n
NNynNPogAEUONG kai va diaTnpeiTal To Napov Pnvupd. EpwThiuara nou apopolv aTn Xprion
TNG €pyaciag yia kepdookonikd okonod Npénel va aneubuvovTal NPogG To GUYYPaPEa.

H &ykpion Tng d1dakTopikng diaTpiBnG and Tnv AvwTaTn ZXoAr MoAITIkov Mnxavikwv Tou
EBvikoUMeTa0OBIoU MoAuTeyveiou Sev uNodnAwvel anodoxn Twv andYEewy ToU ouyypagpea
(N. 5343/1932, ApBpo 202).






MpoAeyoueva

Me tnv oAdokAnpwaon t¢ tdaktopiknc diatptBng uou, Ba ndeda va ekppaow TIC ELALKPLVEIC
UOU EUXApPLOTIECG, O OAoUG Oo0U¢ oUVEBaAAQV oTnV Mpoonadeia oU auTr).

Mpwta art’ oAa, da ndeAa va euyaptotiow tov AvanA. Kad. k. Niko 'epoAuvuo, entBAsnovra
™N¢ SLatplBrig, yia t SLapkn EMLOTNUOVIKY Kaedodnynon KaL TNV avUToAOYLOT! CUVELCPOPA
TOU, TNV OKEPALN EUTILOTOOUVN TIOU oU EO€lée o kATEe MTUXN TNC MTOAUETOUC OUVEPYAOLOG
Hagc, yla tnv eAevPepia ko To 0eBaouo mou eMESEIEE OTIC EPEVVNTIKEG ETIIAOYEG LOU KAl YLa
™ yevvaiodwpn dtadeon Tou xpovou Tou, moU APELOWS LUOU TTAPEIXE.

Emtiong, Oepuéc suyoaplotiec opeilw otov Ouotiuo Kad. k. I Mkaléta kat tov Kad. k. |.
Avaotaoonouvdo, w¢ UEAN TNG TPLUEAOUG €MITPOMAC, Ylo TIC TOAUTIUEG oUUBOUAEG, TNV
EUTTLOTOOUVI KAL TNV QUED AVTATIOKPLON KAYE popd rtou xpetalououy tn Bondeta touc.

Tic tLaitepec euyaplotieg pov Ja ndeda va ansudovw ota UEAN TNG ENTAUEAOUC EEETACTIKIG
emtpornrg- tov Kab. k. . MmoukoBala, tnv Kad. ka. B. Fewpytavvou, tov Kal. k. 1. NtakoUAa
kot tov AvarA. Kad. k. A. MNMamadnuntpiou, yLa tnv T Tou HoU EKAVAV VO CUUUETEXOUV OTNV
emutponn eéétaong te Stdaktopiknc StatplBric. Ou emotkodountikee umodeifelg kat ot
EUOTOXEC MapATNPHOELG TOUG urtnpéav moAUTIUEG yLa To BEATLOTO ammotédsoua tnG SLtatptBric.

Oa nYeda akoun vo EKPPACW TIC EUXAPLOTIEC UOU TIPOC ToU¢ SuvadéApouc tou Touea
lewteyvikng touc Navvn Towana, Kwvotavtivo Mnalaio, TaélapyoUAa Anuvaiou, EAEvn
Mavdomovdou, @idutmo Xoptn kat Anuntpn [lewpyiou, ue toug omoiou¢ umnpéaue
ouUVoSOLTTOPOL KAl CUUTTOPAOTATEG, OE QUTNV TNV EMimovn npoonavela.

Euxaplotw Ti¢ ayamnueves uou @ilec kat ouvadeApouc KeAAu Kouvidakn kat BaAla Zwvtavou,
TIoU mavtote amAoxepa pou xaptlav tn otnpién, thv evdappuvaon kat tnv ndikn tovwon, yLao
va 0AokAnpwow To yxeipnua pou.

Eva BaGutato euyaptotw Ja ndeda va ekppacw otov Ayyedo Todton yla TNV EUTTPOKTN
ouuBoAn Tou otnv mpayuaTonoinon autoU TOU OKOMOoU, TNV aVISIOTEAN Kol aVUIOAOYLOTH
urootnptén, ™ OTWIKOTNTA TIOU ETLOEIKVUE O SUOKOAEC OTIYUEG Kot T SUvaun Tou
KaOnUePLVA LUOU EVETIVEE Vo CUVEX(OW TNV TTPOooTTAdeLd W TO TEAOG.

Tédog, Ya n¥eda va euxaploTNOwW TNV OLKOYEVELX LIOU Yl TNV QUEPLOTN UTOOTHPLEN Kal
evBdppuvon toug oe kade pou Brua kat LSlaitepa Toug yoVveic uou, Supo Kot Zapelpia, ylo
TNV QVEKTIKOTNTA, TNV UTTOUOVH, TNV adlampayUdTeuTn ayann kal tn Badia nmiotn toug os
UEVa, xwpic tnv onola Fa ntav eaipetika SUoKOAO va pTaow w¢ edw. To EUXAPLOTHPLO AUTO
onueiwua ekppalel Eva EAAYLOTO UEPOG TNG EVYVWLOCUVNG TTOU aloddvoual YL EKEIVOUC...






EOGNIKO METZOBIO MNMOAYTEXNEIO
2XOAH MOAITIKQN MHXANIKQN - TOMEAZ NEQTEXNIKHZ

NEPIAHWH
NG AIBakTOpPIKNG A1aTPIBAG
NG Avln Mapiag

216x0¢ TNG ALSaKTOPIKNAG AlatpLBng eival n avamntuén evog oAoKANPWHEVOU HOBNUATIKOU
mAaLciou yla TNV avaAuon TnG cupnePLdopas KOKKwWdwY 5adwv Kal CUUUKTWY eSabLKWV
OXNUOTIOMWY, OMOTEAOUHUEVWY Ao KOKKWEN Kol apyAlka e5Addn, evioxUuEva Le eSadka
otpayylotipla / xoAikormoaoodloug. Mo to okomd auto, aflomolibnke TO KATOOTATLKO
npocopolwua Ta-Ger yla appwsdn e6adn, To onoio ekppAotnke oTo SLOSLACTATO XWPO TWV
TACEWV P-q, Evo-€q KL TPOTIOTOLHONKE LABNUATIKA WOTE va e§uUTnpPeToeL tn puebodohoyia
BaBuovounong. EEExovta XapaKkTnPLOTLKA TOU HOVTEAOU QmOTEAOUV N CUMPBATOTNTA LE TNV
Bewpla KPLOLUNG KATACTAONG YlA HOVOTOVLKN KOl OVOKUKALK $OPTLON, O OVIOOTPOTIKOG
TIAQLOTLIKOC VOLOC PONG KAl O EUMVEUCMEVOC ATo Ttou¢ Bouc — Wen vopog kpdtuvong,
npoodEpovtag afloonueiwtn eveAdila otnv avamapdotocn OUVOETWY UNXAVICUWY
OVAKUKALKAG oUMTEPLPOPAG TNG ApUOoU, Owe N pelwaon TG SuokapPlog Kot n anmwAsLa TG
QVTOXNG AOYW QVATITUENC UTIEPTILECEWY TIOPWV.

H BaBuovounon tTwv MopapETPWY TOU TIPOCOUOLWHATOC TIPAYLATOTOLNBNKE e OTOXO TNV
TOUTOXPOVN AVATIOPAYWYH TIELPALOTLKWV KAUTTUAWY Yo TO TEUVOV UETPO SLatunong (G-y) kal
NV UoTePNTIK amooPeon (&-y), ouvaptnosl TG SLATUNTIKAG TAPAPOpdwWong, Kol Twv
NULEUTIELPIKWY KAUTTUAWY avtlotaonG o peuctomnoinon katd NCEER. H BaBuovopnon
TIPOYHOTOTOINONKE yLlo €UPOG OXETIKWV TIUKVOTATWY Kol oTABuewv ¢optiong. Ymo
oTpayyLlOEeVEG ouvBnKeg doptiong, aglomolBnkav oL akOAouBeg opadeg KOUMUAWY (G-y),
(&-y) ano tnv BLBAloypadia: i) Ishibashi kot Zhang (1993), ii) Vucetic kot Dobry (1991) kat iii)
Darendeli et al. (2001). Kata tn Stadikacia Babpovounong umd aoTpayyloTeG ouVONKEG
dopTIONG, N CUCXETLON YLa TNV avToXN O€ peuotonoinon avadpopds CRR,, e
S6ebopéva amd Sokipég SPT mou mpotdbnke amd toug Idriss & Boulanger (2004, 2008)
ocuvbuaotnke pe: (a) tnv epumelptki doppouvAa twv Seed & Idriss (1982), mou cuoxetilel To
OELOULIKO péyeBog pe Tov Looduvapo oplBud opoldopopdwv KUKAwv doptiong, (B) tov
ouvteleoth 8L0pOwaong Adyw pey£Boug oslopLkn g Eviaong (MSF) ou mpotdBnke amd Toug i)
Idriss (1995) kat ii) Andrus kat Stokoe (1997) kat (y) tov cuvteAeotr) §16pBwong Adyw misong
UTepKeLpEVWY K, katd NCEER (1996, 1998). EmumAfov, avamtuxbnke pia amAomolnpévn
£k60XN TOU KATOOTOTIKOU TIPOCOUOLWHATOC, YO TNV avamapaywyn tng ocuumnepldopdg
opylhwdoug edadoug umd avakukAlkn ¢option, pe Baon v mapadoxr] HUNSEVLKNG
EMAUENTIKAG OYKOUETPLKNG Tapapdpdwong Kol cuoxetiloviag Ty MOPAUETPO aVIOXNG M
TOU MOVTEAOU HE TNV aoTpayylotn StatpnTtkn avtoxn Sy tng apyilou. H BaBuovopnon tou
KOTALOTOTLKOU TIPOCOUOLWHATOC YLa apyLALKA UALKG TtpaypatornollOnke Baost KaumuAwy (G-
v), (&-v) tng BLBAloypadiag kata: i) Ishibashi kot Zhang (1993) kau ii) Vucetic kot Dobry (1991).
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To nmpooopoiwpa aflomoliBnke yla tTnv avamtuén aplbuntikol aAyopiBuou emiluong aueong
uebodou nenepacpévwy dladopwy, otn yAwooa mtpoypaupaticpot MATLAB, pe otdxo tnv
QVAAUON TNC KUMOTLKAG amtOKPLong TOAUCTPWTOU £8adLkoU oXNUATIOUOU TOOO YLa CUVONRKEG
TANPOUC OTPAYYLONG OCO KOL Yl 0OOTPAyyloTte¢ ouvOnkeg ¢optiong. H emiluon tng
Stadopkng e€lowonc tng povodiaotatng S1adoong oeloULKOU KUUATOC eMaAnBeUTnKE HECW
oUYKpPLONG HE TNV OovaAUuTIKA AUon (Gazetas, 1982), yia SLAPopeG YPOAUULKEG KATAVOUEG
SlatunTtikAg TaxutnTag pe to Baboc. To poviédo emaAnBeltnke HEOw oOUYKPLONG HE
TELPAATIKA amoteAéopata duyokeviploth (Hashash et al., 2015), o edadiko mpodiA UPoug
26m (oe mpwtotumn KAipaka) amotehovpevo amd &€npn aupo (Nevada sand) OXETIKAG
nukvotntag D,=60%, mou umoPAnBnke os U0 oTABUEG oEloKNC SLEyepang otn Baon Tou. H
olyKplon NG umoloyloBeicag pe tn petpnBeloa cupmepidpopd KPIBNKE LKOVOTIOLNTLKA.
EmutA€ov, yLa tnv emkUpwon Tou alyopiBuou aflomolnBnkav ol kataypadeg oto Port Island,
TOU oelopol Tou 1995 oto Kobe tng lanmwviag. Xpnowwomowibnke n kotaypadn Ttwv
ETUTOYUVOEWV 0 BAB0oG 83m Kal To PO TwV SLATUNTIKWY TAXUTATWVY Tou £8ddoug tng
neploxng, dedopéva mou avtAnBnkav anod tn diebvn BiBAloypadia. MNa Tig Aoueg edadikeg
TIAPAPETPOUG, XPNoLomoLBnke n Babuovounon mou npotddnke. EkteAwvtag avaluon umo
aoTPAyyLoTEG oUVONKeg hOpTLONG, MapnxOnoav oL xpovoioTopleg Twy eMiTayUVoswv o Babog
32m, 16m Kkal otnv eMLPAVELX TOU OXNUOATLOMOU. H oUYKALON UE TLG KATAYEYPOUUEVEC OTa (Sla
Babn emitayvVoeLg, KPIONKE APKETA LKAVOTIOLNTLKY. AKOLLO, ONUELWBNKE peucTonoinon oto
000eVEG OTPWHA TNG AUUOU, O CUPGWVIA LE TIC ETLTOTIOU MAPATNPNOEL.

O alyoplBuog oslopknG amokplong ebadikol oxnUaTIopoU emektdbnke, wote va AndOet
umoyn n TOUTOXPOVN QMOTOVWON TWV UTIEPTILECEWV TWV TIOPWV TIOU AVOTTTUCO0VTAL KOTA TNV
OELOMIK  OLEYEPON KOPEOHUEVOU | OUVEKTIKOU edddoug, PEOW TNG Katakopudng
otepeomnoinong tou. H enihuon tng Stadopikng €lowong Tng Katakopudng otepeomoinong
edadkol oxnUATIOpoU emMoAnBelTnKe UEOW OUYKPLONG HE TNV avaAuTiki AUon Kotd
Terzaghi. H emukUpwon Tou PovtéAou, HECW avaTapaywyrng TOU LOTOPLKOU TIEPLOTATLKOU TOU
oelopoU Tou Kobe 1995, emavaindOnke AapBdavovtag umoLv TV TaUTOXpovn oTepeomnoinon
TWV OXNUATIOHWV.

TN OUVEXELX, TO MOVTEAO €PapUOOTNKE, PE OTOXO TN ouvBeon eAAOTIKWV GACUATWY
OmOKPLONG KATAAANAWY YLOL TOV QVTLOELOULIKO OXESLOOUO KATAOKEUWV OE PEUCTOTIOLNGLUO
£6adog katnyoplag S, katd EC8. Aflomowwvtag tn Baon dedopévwv PEER Ground motion
database, emAéxBnkav 63 emitayuvoloypadnuata, yio Stadopeg TIHEG peyeBoug My, Kal
andéotacng ano To pAyua R (9 cuvduaopol My, Ris Kol 7 emitoyuvoloypadnpata yia Tov
KaBe cuvduaouo) kot ddacpo andokplong cupPato pe to Gpacuo amdKpLonG MOU TIPOKUTITEL
oand Slabéolpeg otn PBLBAloypadia oxéoelg e€aocbévnong ylo iSlo péyeBog ocelopol Kot
andotacn amno to pnyua. Ta enttoyuvaoloypadnuato xpnotponotnénkay yio tn Stéyepaon tng
Baong 10 edadkwv KATATOUWY eUTtaBwY O PEUCTOMOLNON Kol UTTOAOYIOTNKAV Ta EAACTLKA
ddopata otnv emipAveld TwV CXNUOTIOUMWY, O 3 CUVONKEG OTPAYYLONG: oTPAyYL{OUEVEG,
00TPAYYLOTEG Kol Aappavovtag urogn TNy Katakopudn OTEPEOTOLNCN TWV CXNUOTIOUWY,
rtot 1890 oelopLkeC avaAloels. Ma kaBe katnyopia My, R tapnxon éva ddopa anokplong,
WG UECOC OpOC OAWV TWV GACUATWY TN Katnyoplag autng. To HECO KAVOVIKOTIOLNUEVO
e\aotiko ddaopa emipaveiag mou mapnxdn ypappLkonoltnke cuubwva He TNV TPOCEYYLON
tou EC8, oe ¢daopa amoteholpevo amod 4 KAASOUG Kol TPOTAONKAV TIUEG ylo TIG
XOPOAKTNPLOTIKEG TIOPOUETPOUG TOU KaBopilouv To oxApA TOU &V AOYyw ¢AoHATOC
oxedloopou, yia edadikolg TUToUC S, KoL A.



T€Aog, To povTélo aflomolnOnke yla TNV MPooouoiwaon TNG OELOULKAG amokpLong dadikol
OXNUOTLOMOU EVIOXUHEVOU HE KaTakopuda otpayylotipla / XaALKkomaoodAoug, e oKomd thv
QIMOTOVWON TWV UTEPTILECEWV TWV TIOPWV Tou 6adoud. H dtadopikn efiowon tng edadukng
otepeonoinong emavadlatunwonke wote va AndBel umtdPn kat n oplovtia udaTikn por os
0€OVOOUHUETPLKO HOVTEAD, BEWPWVTAG TOV YEWUETPLKO HLECO OPO TNC TileoNnC MOpwWV otV
oKTiva €MPPONG TOU OTPayyLoTNplou, WC OVIUTPOCWTEUTIKA TIUA yld TV povodlaotatn
Katakopudn Stadoon Tou SLatunTikoU KUPOTOC. To HoVTEAD eMaAnBeltnKe pEow oVYKPLONG
pe Tplodldotatec aplOuntikég avaAvoelg (FLAC3D, Itasca 2006) AemtAG OTPWONG
PEVUCTOTOLNGLUNG AUOU, TIEPLRBAANOUEVNC A0 APYIAKEG OTPWOELG WOTE VO OTTOTPETETAL N
KOTaKkopudn otpayyLon, Ue aktiva emippong 6adouc Re=1.4m Kal XAALKOTIAGOAAO AKTLVAG
Rg=0.5m, uTtoBaAAOLEVNG OE NULTOVOELST) SLEyepon 12 kUkAwv (Bouckovalas et al., 2011). H
oUYKPLON TWV ATMOTEAECUATWY KPLONKE LKAVOTIOLNTIKH.
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ABSTRACT

of the Doctoral Dissertation
of Anthi Maria

The scope of the doctoral dissertation is the development of a macro-element model for the
mechanical response of granular soil and layered sites improved with granular columns.The
model is based on the plasticity constitutive model for sand Ta-Ger expressed in a one
dimensional p-q, €v0-€4 Space form, slightly revised from its initial formulation, which exhibits
remarkable versatility in representing complex patterns of sand cyclic behavior, such as
stiffness decay and decrease in strength due to build-up of pore-water pressure.

The calibration of the model parameters was based on a procedure that targeted to the
optimum performance in both drained and undrained load conditions by simultaneously
matching the response in terms of: (a) the cyclic resistance ratio curves as per the NCEER/NSF
methodology, and (b) widely-used experimental shear modulus and damping ratio curves
available in the literature. The calibration was executed for various sand relative densities and
under various levels of effective stress. The methodology under drained loading conditions
was based on matching model response with the (G-y), (£&-y) curves suggested by: i) Ishibashi
and Zhang (1993), ii) Vucetic and Dobry (1991) and iii) Darendeli et al. (2001). Under undrained
loading conditions, the correlation for the reference cyclic resistance ratio
CRRMW . from SPT data by Idriss & Boulanger (2004, 2008) was combined with (a)

the empirical formula of Seed & Idriss 1982), that relates the earthquake magnitude to the
equivalent number of uniform cycles of the seismic motion, (b) the magnitude scaling factors
(MSFs) proposed by i) Idriss (1995) and ii) Andrus and Stokoe (1997), that associates the
reference cyclic resistance ratio with the actual one and (c) the correction factor for
overburden stress K, suggested by the NCEER (1996, 1998) workshops. A simplified version of
the developed p-q version of Ta-Ger model was used to represent the behavior of clay in cyclic
loading, based on the assumption of zero incremental volumetric strains and relating M; with
the undrained strength S,. The calibration procedure was based on matching two families of
(G-y), (&-y) curves: i) the Ishibashi and Zhang (1993) and ii) the Vucetic kat Dobry (1991).

_ ’
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The model was then implemented through an explicit finite difference algorithm into an in-
house computer code which performs integration of the wave equations to obtain the non-
linear response of the soil, under both drained and undrained conditions of loading. The
accuracy of the algorithm was verified through comparison with analytical solutions for the
amplification function of soil deposits with linearly increasing V. (Gazetas, 1982), subjected to
vertically propagating shear waves. The capability of the model in simulating the seismic



response of horizontally layered deposits was validated against two centrifuge experiments
(Hashash et al, 2015). The tests involved a 26m thick profile of dry stiff Nevada sand with
D=60%, subjected to two levels of seismic excitation at its base. The computed response was
reasonably compared to the measured one. The case history of Port Island vertical array
records in the 1995 Kobe earthquake was then employed to verify the versatility of the model
to predict the dynamic response of saturated soil. The accordance of the model response and
the in situ records in terms of acceleration time histories at Om, -16m, -32m and -83m and
surface spectrum was quite satisfactory. Field investigations along with previous simulations
of the seismic response of the site indicated that liquefaction must have occurred at the
gravelly sand layer above the shallow alluvial clay and the sandy layer below it. This was
confirmed by the present analysis, where pore water pressure generation took place at the
specific layers. Thus, it can be inferred that the developed model was satisfactory in
reproducing the observed response.

The developed numerical non-linear ground response analysis algorithm was then
reformulated in order to take into consideration the simultaneous dissipation of the excess
pore water pressure through soil grains. The differential equation that describes the one-
dimensional, vertical, soil consolidation was approached with the finite differences technique
and its solution was verified against Terzaghi’s analytical solution. The model validation
against the case history of the Port Island array from the Kobe 1995 earthquake was repeated,
considering the simultaneous vertical soil consolidation.

The model was then applied to estimate the elastic response spectra at the surface of soil
profiles with liquefiable layers (ground type S,) as per EC8:2004. The investigation study
involved the ground response analysis of diverse soil profiles, all including a liquefiable zone,
excited with a suite of earthquake motions at their base. The acceleration time histories were
extracted from the PEER Ground Motion Database having characteristics compatible with the
NGA-estimated response spectrum at the bedrock and with key seismological parameters
such as the earthquake magnitude M, and horizontal distance from the fault R;s. Two different
methods were applied regarding the selection of base excitations: amplitude scaled records
(to match a target response spectrum) and spectral matched records. From the results an
idealized response spectrum was deduced in terms of the design spectrum parameters S, n,
Ts and Tc. It was shown that the idealized ground surface response spectrum was marginally
sensitive to the method of base excitation selection.

Finally, the developed numerical algorithm was applied for the simulation of the seismic
response of liquefiable sandy sites improved with vertical drains. The differential equation of
soil consolidation was reformulated to account not only for the vertical water flow up to the
ground surface, but also for the axisymmetric water flow, through the ground towards the
drain. The mechanical interaction between the drain material and the surrounding soil in case
of stone columns / gravel piles, is possible to be taken into consideration, by increasing the
overall strength of the composite gravel pile-surrounding soil material. The proposed
numerical algorithm was validated against a set of non-linear, dynamic, three dimensional,
numerical analyses that were carried out in the finite differences program FLAC3D (Itasca,
2006) and concerned a thin liquefiable sand layer of D,=60% encased between clayey layers,
in order to establish purely horizontal flow towards the drains, improved with drains of radius
Rs+=0.5m and a center-to-center distance (2 R.) equal to 2.8m (Bouckovalas et al., 2011). The
comparison of the results was satisfactory.









EOGNIKO METZOBIO NMOAYTEXNEIO
2XOAH MOAITIKQN MHXANIKQN - TOMEAZ NEQTEXNIKHZ

EKTENHZ NEPINHWH
NG A1dakTopIknG AlaTpiBng
NG AvOn Mapiag
eniBAénwv: AvaniAnpwrng Kaényntng N. FrepoAupog

Ofua: «Avantun HAKPOOTOIXEIWV yIa THV avaAucn TnG HNXAVIKIAG CUHNEPIPOPAG
KOKK®WO®MV £3AP®MV Kdl CUHHIKTOV CXNHATICH®OV >

Eicaywyn

H ektipnon tng oeloplkng e8adIkAG amoKpLlong Katéxel e€€xovoa onpaoia oTn OELOULKN
UNXaVLKN, KaBwg amoteAel cuvnOwE To MPWTO B yLa TNV EKTLUNON TNG CUUMEPLPOPAG TWV
Kataokeuwv og poPAnpata alnAemnibpaong edddoug — KATAOKEUNG. ITo MAAiolo auTo, N
naykoopLa BLpAloypadia €xel adlepwoel GNUOVTLKN TPOOTIABELA TIG TEAEUTOLEC SEKAETIES
otnv avamntuén avoAluTikwy PHeBOdwY Kal aplBuntikwy gpyaleiwv yia tnv mpoPAedn g
e5adknNg oupmepLdhopd UTIO LOXUPEG OELOWULKEG SLEYEPOELG. TAl KATAOTOTIKA LOVTEAQ Kal Ol
oplBuntikol kKwdlkeg mou £xouv mpotabel yla T povodlaotatn avaAucn TOAUCTPWTWY
£60PLKWV OXNUOTIOUWY EMLROAAOUEVWYV Ot KOTaKopUDWE SLadLldoueva SLATUNTKA S KUpaTa,
uropouv va dlatpeBolv otig e€NG Katnyopleg: (o) LooSuvapa LEwSoeAaoTIKA LoVTERQ, (B) pn

YPOUULKA UOTEPNTIKA (1] doLvopeVOAOYLKA) HOVTEAQ Kal (Y) LOVTEAQ TTAQCLUOTNTOG.

JTNV TapoUoa €Pyaciot TO KATAOTOTIKO Tipoocouoiwpa Ta-Ger yia apuwdn £dadn
(Tasiopoulou and Gerolymos, 2016 a & b) dltatunwvetal oto SL68LACTATO XWPO TWV TACEWV
P-q, Evoi-Eg, A€ OKOTIO TNV ELOAYWYN TOU OE OPLOUNTIKO KWOLKA TTEMEPATUEVWY SLadopwy Tou
ektedel  Suvaplky, Hn  ypauplky avaAuon edadikol  oxnuatiopol  optloviiag

otpwpatoypadiag mou umoBaletal os Katoakopudn dtadoon SLATUNTIKWY S KUPATWY. H



poOnuatiky SOU TOU TIPOCOUOLWHOTOC TPOTomoleital wote: (i) va gEumnpetnosl tnv
TIPOTELVOLEVN EVOTIOLNUEVN SladLkaoio BaBuovounong yLo aoTpayyLoTEG Kal oTpoyyL{OUEVES
ouvbnkec ¢poptiong pe Eudoaon oto PalvopeVo TNG peuotomoinong Kat (ii) va meptypd et tnv
UOTEPNTLKA CUMTEPLPOPA TNG apyilou o avakukALK GOpPTLon, UTO TARPWC OLOTPAYYLOTEG
ouvOnkec. EEExovta XapaKTNPLOTIKA TOU HOVTEAOU amoteAoUV n cupBatotnta Ue Th Bewpla
KPLOLUNG KOTAOTOONG VLA IOVOTOVLKN KoL AVOKUKALKF $OPTLON, O OVIOOTPOTILKOG TTAQLOTLKOG
VOUOG PONG KOL O EUMVEUCHEVOG Ao Toug Bouc — Wen vouog Kpatuvong, TpoodEpovTag
afloonuelwtn evelifla otnv avamapaywyrp OUVOETWV UNXAVIOUWY  OVOKUKALKNG
oupmnepLldpopdg Onwe N peiwon tng Suokaudiog Kal n anwALa TG AVToxng AOyw avartuEng

UTIEPTILECEWV TIOPWV.
To kaTtaoTaTiko npocopoiwpa Ta-Ger

To kotaotatikd mpocopoilwpa Ta-Ger yla AMUOUC £xel BepeAlwdws ekdppactel otov
£€adLA0TATO YWPO TWV TACEWV. Z€ OPOUC LESNC EVEPYOU TAONG p — AIMOKALVOU GO TAONC g, TO

MOVTEAO SLATUTIWVETOL WG TIPOG TLG EMOUENTIKEG TLEC TACEWV — TOAPAUOPOWOEWV WG

akoAoUBwWG :

_ _K?Msd , n _3KGd . =n
[dp _ K -KMgd+3G Sa —KMd+3G Ca [dsp] "
dq =1 —3KGMj " 36 — 062 o de,

~KMsd+36 >% ~KMd+3G >%

, OTou K Kall G glval To EAAOTLKA (ULKPpWV TIOPOUOPPWOEWV) HETPA CUUTILEGNC Kol SLATUNONG
avtiotolya, d glval o AOyog TnNG EMAUENTIKAG TTAQOTLKIG OYKOUETPLKNG Tapauopdwong dep,?
TPOG TNV EMAUENTLKI TTAACTLKN armokAlvouoa mapaudpowaon deg” kat Baciletal otn Bewpla
SlaotoAkoTnTag Tou Rowe KaBwg e€aptdatal amod tnv amdoTacn Tou TPEXOVTOC AOYOU TACEWY
g/p amo tn ypapuun arlayng ¢aong. To M, and M eival ol mapapetpol aAhayrg ¢aocng Kat
oavtoxns. To ¢, (Tasiopoulou and Gerolymos, 2016a) sivalL pla uvotepntiky adldototn
TIAPAPETPOC TIOU TIAPEXEL TO VOHO GOpTIonG — amodoptiong Kal elval ocuvaptnon tng
napapétpou { tou Bouc—Wen (Gerolymos and Gazetas 2005, Gerolymos et al. 2007), evw o
£KOETNG N eAEyxeL TO pUBUO peTdBacong amd TNV EAACTLKI) KATAOTOON OTNV TANPWC TAQCTLK.
TéNog, o mapdyovtoc n Tou TOANAMAACLAlEL TO EAAOTO-TIAQCTIKO UNTPWO KPATUVONG
ekdpalel tnv amoAecBbeioa VOTEPNTIKN eVEPYELA. Mol TO €AAOTIKO HETPO SLATUNONG Gmax

uloBeteital n akoAouBn ékdppaon:



’ m
Gmax = 1592.6 p, Dr0-6454 (;,_a) ]

, OTIOU p, €lval n atpoodalplkr mieon, D, €lvol n GXETLKA TIUKVOTNTA TNG GUUOU KoL p’ lval n
UEDN EVEPYOG TACNC cupTtieon . To HETpo ouumieong Sivetal amno:

_2(1+v)
T 3(1-2v)

(3]

, OTIoU vV elvat o Aoyog tou Poisson. O ekBETNG n ekdpdletal w¢ ABPOLOUA TWV CUVLOTWOWV
TOU UTIO OOTPAYYLOTEG KOl UTLO OTPayyL{OUEVEG OUVONKEG POPTLONG, Ny KAL Ny OVTLOTOLXO, WG

akoAoubwc:
_Pr=Dro _2Pr=Dro
n=nye Pro +ny (1 —e 17Pro ) (4]

, OTIoU Do £lval n apytkn TN TNG OXETIKAG TIUKVOTNTOG Kal A évag Heydlog aplbuoc (my. A=
100). H ocuviotwoo UMO OOTPAYYLOTEG OUVONKEG N, €lval cuvaptnon Ttng abpOoLoTIKAG

enauvinTikig anokAivouoag tapapdpbwons, cUpdwva pe v akodroudn oxéon:
Ny =ne + [npeak + (Tlo - Tlpeak)e_bzdeq — nf]e—gEdeq (5]

, OTIOU N, ELVAL 1 APXLKI) TLUH TOU N, Npeak VAL N QCUMITTWTLKA LEYLOTN TLUN, Ny ELVOL N TEALKN
TLUN TOU N Ko 2deg lval n aBpoloTikn emaugnTikn anokAlvouoa napapudpdwon. H cuviotwoa
ng elval otaBepn KoL OUCLOOTIKA gvePYOTIOLELTAL PE TNV €EEALEN TNG OXETIKAG TIUKVOTNTAG
(otpayyLlopeveg ouvbnkeg). TENOG, N TOPAUETPOG amoAecBeloag UOTEPNTLKNG EVEPYELAG N,
TIOU EVEPYOTIOLEITOL QMOKAELOTIKA UTIO oTpayyLl{OUevee ouvBnKeg GOPTLONG Kol ixe apyLlKa

nipotaBel ano toug Gerolymos and Gazetas (2005) kat Drosos et al. (2012), Statunwvetal wg:

n=—= (6]

- Sl+[,tsz

, OTIOU TO U EKPPALEL TNV MAACLUOTNTA avaPOPAs 6 OPOUC SLATUNTLKAC MTapAUopdwong Kot

TO S1, S2 ATIOTEAOUV GUVAPTAOELG TNG LEONG EVEPYOU TAONC CUUTTiEONG P’

MovT£Ao via apyiloug

Mpokelpévou va TPooopolwBel n avoKukALK ocuumepldopd Tou apylAtkol edddoug
OVAMTUOOoETOL HLO. amAoTolnpévn €k80X TOU KATOOTATIKOU Tpocopolwpatog Ta-Ger

ekppaocpévo oe O0poug p-q, Paoel NG mMapadoxng HUNSEVIKNG EMOUENTIKAC TIAAOTLKAG



SLaTUNTIKAG mapapopdwaong kol cuaXetilovtog to Ms e TNV aoTPAYYLOTN SLOTUNTIKA avToxn

S, TNG apyirou. O ekBETNC n ekppaleTal CUVAPTACEL TOU SELKTN MAACLUOTNTAS WG:
n=fIn(PI)+h [7]

, OTou f Kal h €xouv otaBepég TLHEG. H popdn TNG MO pauUETPOU amoAecBeloaG UOTEPNTIKAG
gvépyelag n Slatnpeital 6nwg otnv E¢lowon [6], ue to s; va elval otaBepod Kal to S; va
amnoteAel ouvaptnon tou Oeiktn MAaoLUOTNTAC. M TO €AACTIKO PETPO SLATUNONG Gmax
uloBeteital n mapakdtw £kdppaon, Bacel dedopévwy amd MePAUATIKEG SOoKLUEG (Kramer,

1996):
Gmax = 625 F(e) OCR*(p, 0" 1) (8]

, 0rtou OCR elval o 8eiKTNG UTIEPOTEPEOTOINGNG KOl 0’ 1 LEOH KUPLAL EVEPYOC TAON:

’ ol1+oly+0ol3
Om = 3

(9]

, Pa N otpoodalplkr mieon ot (Sleq povadeg Ue TA 0'm KOl Gmax KOL TO F(e) amotelel
ouvaptnon Tou Seiktn Mopwv TG apyilou e (Hardin, 1978):

1
0.340.7 e?

F(e) = [10]

OL TIpéG TOu ekBETN Tou Seiktn unepotepeonoinong k, mpotddnkav amd toug¢ Hardin kot
Drnevich (1972) yia StakpLtég TIpEG Tou Seiktn mAaowpotntog (P/=0, 20, 40, 60, 80 kat =100).
Me 8£60UEVO TO Gmax (E€lowon [8]), n aoTpdyylotn SLOTUNTIKA AvToXr Sy EKTIUATOL KATA TOV
Weiler (1988), o omolog HETPNOE TO S, O OVAKUKALKEG, OLOTPAYYLOTEC, TPLAEOVIKEG SOKLUEC
CUUTiEONG KOL CUOXETLOE TO AOYO Gpmax / Su HE TO Seiktn mAaopuotnTag Pl kol tov Seiktn

unepotepeomnoinong OCR (Kramer, 1996).

BaOuovopnon KaraoTatikoU nPpoOCOHOI®OHUATOG
ApHOG - OTPAYYI{OHEVEG OUVONKEG POPTIONG

H BaBpovopnon Tou KaTtaoTaTikoU TPOCOUOLWHATOC YLia oTpayyL{OHEVEG ouvOnKeg dOpTIONG
Baoiletal otnv avomapaywyr MELPOUATIKWY KAUMTUAWY HEIWOoNG TOU HETPOU SLATUNONG Kal
avénong tng amooPeong, mou kotadsikviovtal and tn Stebvr BiBAoypadia. To povtédo

BaBuovounbnke ylo TPELC OLKOYEVELEGC SNUOCLEUMEVWY KOUMUAWY G:y , &y : (i) amd toug



Ishibashi kat Zhang (1993), (ii) and toug Vucetic kat Dobry (1991) kau (iii) amnoé toug Darendeli
et al. (2001). Ta amoteAéopoata mapouolalovtal oto IXAUa 1, HOVO yLa TIG KAUTTUAEC KOTA
Ishibashi and Zhang (1993) 6mou £xetL untoteBei Seiktng mMAaoipotntag Pl = 0, yia 7 otabueg
uéong evepyol taong p’(=20, 50, 100, 200, 300, 400, 500 kPa). H cUykAlon pe OAEG TIG
OLKOYEVELEG TIELPAUATIKWY KAUTTUAWY KPLVETOL LKAVOTTOLNTIKY. QOTO00, N MPOCEYYLON TWV
KOUMUAWY Helwong Tou PETPOoU SLatunong yivetatl Alyotepo akpLBhg kabwg auvfavetal n taon
ouprieong, avtiBeta and TNV KAUmUAN TG andoBeong OoOU oL ATOKALCELG auEdvovTal e Th

pelwon ¢ tdong.

ApYIAOG — AOTPAYYIOTEG CUVONKEG (POPTIONG

ExteAwvTtag aplBUnTkEG SOKLUEG amneuBeiag anmAng SLATUNONG, N ATAOTIOLNUEVN EKSOXH TOU
MOVTEAOU yla apyiloug PBobuovounbnke woTe va TPOCOUOLAIEL TNV TELPAUATLKA
oupmnepLlpopd o€ OPOUC KAUTTUAWY LETPOU SLATUNONG KoL amOoBecnG, OCUVAPTIOEL TN TAONG
KoL Tou deiktn mMAaoLpotnTog Pl. XpnoLomoLBnKkav 2 oLKOYEVELEG TIELPOLATIKWY KOUTTUAWY
Gy, &y : (i) ot kapmUAeg kata Ishibashi and Zhang (1993), (ii) ko Vucetic and Dobry (1991). H
oUYKALON yLa TNV mepintwon (i) mapouotaletal oto Ixnua 1, yia deikteg mhaoipotntog: 0 <

PI <15, 15 < PI <70kaL 70 < PI.

AHHOG - AOTPAYYIOTEG OCUVONKEG (POPTIONG

H KaumuAn avakukALKAG OVTOXNG O peucTomnoinon TG kabapng AUUoU TIoU POoTABNnKe amno

toug Idriss and Boulanger, (2004, 2008):
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Ixnua 1. Npooéyylon amno to Babpovounpévo HOVTEAD TwV KAUTTUAWY HETPOU SLATUNONG Kal
andoBeonc katd Ishibashi & Zhang (1993) yia aupo (P/=0) kot @pytho (0<Pl<15, 15<PI<7 0 & 70<PI)
UTTO Katakopudeg taoelg 20, 50, 100, 200, 300, 400 kot 500 kPa.

(N1)60cs+ (N1)60Cs]2 _ (N1)6OCS]3 + (N1)60cs]4_28 [11]
14.1 126 23.6 25.4 ’

CRRy,,=750,=1atm = exp{

TIAPEXEL TO AOYO OVAKUKALKNG avToxn ¢ avadopdg, untd katakopudn evepyo taon lon pe 1 atm
KoL péyebog oglopou 7.5, cuvaptioel tou Slopbwuévou aptBuol SPT, (N1)soes. H avtoxn yla

OELOULKA LeYEON SladopeTikd Tou 7.5, urtohoyiletal Baosl twv cuvtedeotwv S16pBwong Adyw

Vi



OELOMLKOU pey€Boug “magnitude scaling factors” (MSFs). Katd autdv tov TpOmo, o
OUVTEAEOTN G aodaAelag Evavtl peuotomnoinong opiletal wg:

CRR; 5

FS =( CSR

) MSF [12]

, OTou CSR eivat N AOyog avakKUKALKIC TAONG TTOU TIPOKOAELTAL oo T OELopLKA SLEYEPON Kol
CRR75 elval 0 AGyoC 0VOKUKALKAG QVTOXNC YLt OELOUOUG HeyEBoug 7.5. Tla Toug okomoug TG
napovoag Stadikaociag Babuovopnaonc, emAéyovtal ol KOUIMUAEG MSF mou mpotdbnkav amno
toug: (i) Idriss (1995) kau (ii) Andrus kat Stokoe (1997), oL onoieg Bewpolvtal wg To KATW Kot
TO MAVW Oplo avtioToLya, TOU amodeKTOU €UPOUG TWV EKTIUACEWV TNG QVIOXNG OE
peuotornoinon, cUpdwva e TG emitayég tou 1998 NCEER/NSF workshop (Youd, 2001).
YwoBetwvrag tnv E¢lowon [11] kat ekdpalovtag To (N1)socs. WG TTPOC TN CXETLKI TWUKVOTNTA TNG

Aappou (Idriss and Boulanger, 2010):
(N1)6ocs = 46D, [13]

n KOUMUAN aviiotaong oe peuotornoinon yla M,=7.5, SlaTUNWVETAL CUVAPTHOEL Tou D,
Eneta ocuoyxetilovtag to péyebog oslopoly M, pe Tov LooSuvapo aplBud ouolopopdwv

KUKAWV TNG OELOULKAG SLEYEPONG (EUmeLpLK) pOpUoUAa Katd Toug Seed and Idriss, 1982):
Neyere = 0.0034M,, 18 [14]

Kat ToMamiaoidloviac tov Aoyo avtiotaong avadopd¢ (CRRm=7.5, o'v=iatm) HE TOV
ouvteheoty MSF, n avtiotaon otn peuctomnoinon umopel va umoloylotel ameuBeiag wg
OUVAPTNON TNC OXETLKNC TIUKVOTNTAC KOl TOU aplBpoU Twv opolopopdwv KUKAWY $opTLon .
Oewpeltal mwe, N avtiotaon avadopdc kabwe PaocileTal os MapaATNPNOELS, OvabEPETAL O
OVLOOTPOTILKEG OUVONKEG otepeomoinong pe Ko = 0.5. Antatteital EMOUEVWG N LETOTPOTIA TNG
KOUTUANG CRR wote va avadEpeTal o LOOTPOTIKEG CUVONKEC, e BAon T cUCXETLON:

1+2K,
3

CRRyye1 = (F252) CRRyp—s [15]

, N omola £€xelL ouxvég edpapuoyég otn PLBAoypadia (m.y. Idriss kat Boulanger, 2010). H
ETAOYN LOOTPOTILKWV OUVONKWV oTepeomoinong €ival oKOMLUN, KABwC n avICOTPOTILKN
otepeomnoinon dev eival cupBaty Ue TNV KATAOTATLKY TTPOCOUoilwaon o 6poug p-qg. Eival
cadég, O6tL n enibpacn tou cuvteAeotr oudeTEpWY wWONoewv Ky amodidetal Hovo sPHECWS

omd to povtélo Ta-Ger, ekppacpévo ag 6poug p-q.
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H un ypopuikn oxéon Hetagy tou CRR Kal TNG evepyol TAONG TWV UTIEPKELUEVWY YOLWV
amnokaBiotatal péow Tou cuvteAeotn 810pBwaong Adyw TAoNG UTIEPKELUEVWY Ko, YL TILECELC

peyalutepec and 1 atm, wg akoAoUBwg (NCEER 1996, 1998 workshops, Youd 2001):
CRR;1,,2100 = KsCRR/,, =100 [16]

H kapmUAn avtiotaong avadopds yla LOOTPOTLKEG oUVONKeg otepeomoinong (Mw=7.5,
o’w=1atm kat Ko=1) mou amnobidetal amod 1o Babupovounpévo HovtéAlo, CuUVAPTHOEL TOU
Slopbwpévou aplBuou kpouoswv SPT, MAPOUCLAETAL OTO IXNAMO 2, O GUYKPLON LE TV
KOUITUAN oxeblaopou kata Idriss and Boulanger (2004, 2008) tpomomnolnpévn oUudwva pe
Vv E€lowon [15]. Mo OYETIKEG IUKVOTNTES PeyaAUTeEPeS amd 60% n oUykALon eival Alyotepo

LKOVOTTOLNTLKN KOOWE TO LOVTEAO ALVETAL VA UTIEPEKTLUA TNV TILBavOTNTA peUCTONOinONG.

0.8
B o= model
-2 0.6 + Idriss & Boulanger (2004, 2008)
¥
°
N
s
(2o
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o
0.0 ; | : : :
0 5 10 15 20 25 30
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IxNua 2. NpOBAePn Tou MPOTELVOUEVOU UOVTEAOU Og GUYKPLON E TIG TIUEG KaTd Idriss and Boulanger
(2004, 2008) yLa To Adyo avakukALKA G avtiotaong os peuotonoinon ( My=7.5, o’,=1atm),
Tpomnomnotnuévo cupudwva pe thv E€lcwaon [15] wote va avadEPETaLl 08 LOOTPOTILKEG GUVONKEG

oTeEpeOMOLnNoNG, we mpog to Stopbwpévo SPT.

H olykplon PETAY TwV TPOTEWVOUEVWY TLUWY Kol Twv TpoPAEPewv Tou Pabuovounuévou
HMOVTEAOU YLOL TO AOYO OVAKUKALKAC OVTLOTAONG OE OXE0ON HE ToV aplBuod tTwv Looduvauwy
KUKAWV woTe va ipokAnBel apxikr peuotonoinon, mopoucLlAleTal oTo IXNUa 3, ylot 5 TIHEG
NG OXETIKAG TIUKVOTNTAG. H oUykpLon mapouactaletal emiong kot o 0poug MSF w¢ mpog M.
H enidpaocn tng tdong tTwv UTEPKEIMEVWY yalwv otnv mpoPAedn tng avtoxng amd To
BaBuovounuévo LoVTEND ATELKOVIIETAL OTO IXAMA 4. TNUELWVETAL, TIWG TA ATIOTEAECGLOTA TIOU

mapouaotalovtal ota IxApata 2, 3 kol 4 €xouv mapaxOel Bswpwvtag TIG TIHEG yLo TIC
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TIOPOUETPOUC TOU HOVTEAOU Tou emAéxOnoav yia tnv Babuovouncn cUpdwva HE TV

KOUMUAN MSF kata Idriss (1995).
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IxNnua 3. [aplotepd] AdyoL avakuKALKHG aVTIOTOONG OE PEUCTOTOLNGN CUVAPTHOEL TOU LoOSUVALOU
aplBuoU opolopopdwv KUKAWY WOTe va TIPokANBel apxLk peucTtomoinon, yLo ETIAEYUEVEG TLUEC TNG
OXETIKAG ukvoTnTag (D, = 20%, 30%, 40%, 50%, 60%). Z0yKpLoN UETOEL TwV TPOoPAEP EWV TOU
BaBuovounuévou HOVTEAOU Kal TwV KAUTTUAWY TTOU TIPOKUTITOUV Ao TV KapmuAn MSF katad Idriss
(1995) oe cuvbuaouo pe To CRRMw=7.5,6'vo=1atm KATA Idriss & Boulanger (2004, 2008) kat tnv E€icwon
[15]. [6€€1a] ZuvteheoTrg 810pBwWONG yLa TO CELOULKO péyeBog MSF katad Idriss (1995) cuvaptroet Tou

OELOULKOU UeyEBOUG TTOU amalTeital waoTe vo TPokANBEeL apyLkr peuatomnoinaon.
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olvo / Patm

Ixnua 4. T0ykpLon Tou mapayovta K, mou TPoBAEMETAL amo To Babpovounpévo HovTENO YLl
ETUAEYUEVEG TLUEG TNG OXETLKNG TUKVOTNTAS (D, = 30%, 40%, 50%, 60%) yLa apXLKr peuotonoinon o
15 opotdpopdoug kUkhoug pdpTiong, o cUYKPLON LIE TLC TIPOTELVOUEVEG OXEOELG KOTA TO 1996

NCEER/1998 NCEER/NSF workshop (Youd, 2001).
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Avantuin apiOunTiIkoU daAyopiOpou vyia TR HovodidoTarn, Hn

YPAHHIKER, OEICHIKN AnoKpIon ToUu £3aPoug

H amokplon &vog moAloTpwtou £6adlkol oxNUATIOMOU UTIOBAAAOUEVOU OE OELOULKN
Sléyepon otn Baon tou, SLENeTal amo tnv akoAoudn dtadopikn fiowon mou ekppalel T
povodiaotatn Kkatakopudn Stadoaon Tou SlaTUNTIKOU KUOTOG:

V2u(tz) _ 9t(t,z) 93u(t,z)
9tz Oz 9229t

[17]

, OTou z eilval To BAabog amo tnv emidavela, t eival o xpovog, u sival n oplovria edadikn
petakivnon, T elval n SLatunTikg Tdon Tou €6Adoug, p N TUKVOTNTA TOU KOL TO € OMOTEAEL
LEwdoelaotikn otabepd. Ol cuvoplakeg cuvBnkeg otn Baon z=H (Bpaxwdeg untdPabpo) kot

otnv eAeUBepn enudpavela Tou edadikol mpodiA z=0, eival avriotolya:

92u(t,H du(t,H dug(t)
) + o) [0 S 15
Ko
du(t,0)
2z =0 [19]

, Omou pr Kot V, glval n mukvotnTa Kot n toxutnta Slatuntikol KUPOTOG aviiotolya Tou
Bpdxou, H eivar to BdBog tou ebadikol mpodih kal ug=u,(t) n xpovoictopia Twv
UETAKLVAOEWV TNG eloayBeloog kivnong tou Bpaxwdoug umoBdbpou (rock outcrop motion). H
eniAvon tng dadopikng E€iowong [17] mou Pploketal oe oUleUEn PE TNV KOTOOTATLKA
E¢lowon [1] kot Tic ouvoplakeg cuvOnkeg [18] kat [19] Baoiletal otnv KevIpLkA dpeon pébBodo
TWV TEMEPACUEVWY SLadpopwv Kol ekTeleital eviog aplBuntikol alyopiBuou, otn yAwooa

Tipoypappatiopol MATLAB.

Katom, o avamntuxBeic alyoplBpog KUUATIKAG amoKkpLlong tou e8adoug enektelveTal wWote
va AapBdvetal umoPv n TAUTOXPOVN ONMOTOVWON TWV UTEPTILECEWV TWV TIOPWV TIOU
OVAMTUOOOVTAL KOTA TNV OELOULKN SLEYEPCN KOPECUEVOU N CUVEKTIKOU £6Ad0oUC, HECW TNG
KoTakopudng otepeomoinong tou. H aotpdyylotn ¢HOpTIOn UN CUVEKTIKOU KOPECUEVOU
£6adoug odnyel oTNV AVATTUEN UTIEPTILEGEWVY TOU VEPOU TWV MOPWV, TIOU TIPOKAAEL TN pon
ToU vepoU Slapéoou Twv opwv tou edddouc. H kivnon tou vepol emidEpel TRV aAAayr Tou

OyKOU TwV eSadpLkwv Mopwv, SnA. MPoKaAel oyKOUETPKES PO opdWOELS TTou 0dnyouv Kot



EMEKTAON O HUETAPBOAN TwV evepywv TACEWV. To ¢dawvopevo autd ovopadaletal edadikn

otepeomnolnon.

AapBavovtag uroPv Ttnv apxn Statripnong tng LAlog Tou VEPOU OTOUG TOPOUG Tou 64 douc,
TO VOO ponG Tou Darcy kal urtoB£tovtag OTL N Por) ToU VEPOU AaBAVEL XWPA LOVO KOTA TOV

katakopudo afova, mpokUTtel n e€iowon ¢ povodiaotatng (katakdpudng) edadikig

otepeomnoinong:
iﬁzu,,(t,z) _ _ Yeoutz) [20]
Yw 922 vt

, TIOU OUCXETL(EL TNV UTtEPTIiEON TOU VEPOU TWV TIOPWV U, ME TNV €8ADLK OYKOUETPLKN
APAPOPPWON v/, OTIOU k 1 SlamepatdTnTa TOU £6AdOUG KaL Yy TO €LOLKO BAPOC TOU vePOU.
H enfluon tng OSladopikng e€iowong tng katakopudng otepeomoinong edadikou
oxnuotopol Aoyw emiBolng eéwrteplkol emudavelakol ¢optiou g, He T MEBOSO TwWV
TMeENePAoPEVWY Sladopwy, emaAnBeltnke HEOW OUYKPLONG HE TNV aAVOAUTIKA AUCh Katd

Terzaghi.
EnaAnOsuon He avaAuTikEG AUOEIG

H eniluon tng Stadopikng e€lowong tng povodlaotatng Katakopudng SLadoong oELoULKOU
KUHOTOG e TN HEBO0SO TwV Memepaopévwy Sladopwv eMaAnBelTnKe LECW CUYKPLONG LE TNV
avaAuTiky Abon (Gazetas, 1982), yia SLAdOpPeC YPOUULIKEG KOTOAVOUEG TNG SLATUNTLKAG

Toxutntog Vs e to fabog:
Vs = Vso(1 + b2z) [21]

, Omou Vi glval n taxvtnta otnv enudavela, z eivat to Babog amnod tnv enidavela kat b ivat o
BaBuog avopoloyévelag. Eloayetal o adiaotatog Babudc avopoloyévelag b (Gazetas, 1982)

we 8ne:
b =bH [22]

H oUykplon petatd twv mpoPAEéPswv TOU HOVTEAOU KOl TwV aVOAUTIKWY AUCEWV
amnelkovileTal oTo ZXNUa 5 yia Adyoug uoTEPNTLKN G amooBeong 5% kat 10%, yLa 4 MEPUTTWOELG

VPOUULKWY Katovopwy Vs pe to Babog, yia edadikd mpodih Poug H=20m Kol TTUKVOTNTAG
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p=2t/m3. Aidetat emiong, o cuvteleotrig eSadikAG EVioYUONE TOU OpOLOYEVOUC Tpodil,

OUVOPTNOEL TOU CUVTEAEDTN:

Ao = (UH/VSO [23]

MNapatnpeital OtL n amokAon HeTafld OVOAUTIKWY KOl OpLOUNTIKWY QTOTEAECUATWY
av&avetal, auéavopévou Tou BaBuol avouUoLoyEVELOG b Kal YIVETAL GNUAVTLKI Yo TLUEG TOU

b HeyaAUTEPEG TOU 6, KATLTIOU UIMOPEL val LETPLAOTEL e PELWON TOU XPOVLKOU KoL TOU XWPLKOU

Bripatog 1§ BApOG TOU UTIOAOYLOTLKOU KOOTOUG.

18
b=1
15 K=o V,,=150
V;=220 m/s F 5
g1 s b 2P
© I 1
i
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£ 9 hy i\
£ : ! ': t I}
= V10% ¢ SN 5N
€ 6 At A,
<C " W
[} \\ f" \\'._.'
U N
3 ’ . &+,
-,
- - ol d \""-u
0
0 2 4 6 8 10

IXNUa 5. Tuvteheotég e6adLki evioxuong 4 edadikwv MPodiA pe ypapkwe aufavouevn taxutnta
Statuntikol KUpatog Vs pe to BABog Kat Tou opoloyevolg mpodiA, yla uotepnTiky) anocPfeon 5% kot

10%, o oUyKpLoN LE TIG AVOAUTIKEG AUOELG Katd Gazetas (1982).
EnikUpmon Tou apiOunTikoU aAyopiOpou
EmnkUpwon BACEl NEIPAPATWV (PUYOKEVTPIOTH)

H amodoon TOU TPOTELVOUEVOU HOVTEAOU ETIKUPWVETAL Pdost U0 TMELPOUATWY OFE
duyokeviplotrj, mou ekteAéotnkav oto Mavermotipo tou Colorado Boulder amd toug
Hashash et al. (2015) kat avadépovtat otn Siepelivnon TNG KN YPOAUULIKAG OMOKPLONG
eSadkol mpodiA, umtoBal\OpeVOU s OELPA CELOULIKWY SLEYEPCEWY oTh Bdaon Tou. MpdKeLtoat
yla pia otpwon 26m (oe mpwtotunn KAlpaka) €npng appou Nevada #120, yia tnv omoia

HETPABNKaV Ta EEAC XAPAKTNPLOTIKA: D,=60%, €min=0.586, €max=0.852, Ya min=14kN/m> Kol Y4 max
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=16.39kN/m3. Mpokelpévou va uTtapEeL Eva PETPO CUYKPLONG WOTE va eKTLUNOEel To péyeBog
TwWV amokAloewv petafl Twv MPOoPALEYPewWV TOU POVTEAOU Ta-Ger Kol TWV TELPAUOTLKWY
QMOTEAEOUATWY, TapouclalovTol OKOPO Ta OmoTEAECUATA TNG TPOOOMOLwoNG Tou
TIELPAATOG E XPrion Tou aAyopiBuou yia tnv mpoPAedn TNG OELOULKAG amokpLlong e6adoug
DEEPSOIL v5.0 rtou ekteAéotnke amnod toug Hashash et al. (2015).

H Stadikacia BabBuovounong tou poviédou Ta-Ger epopudletal OMwWG MAPOUCLACTNKE OTN
OXETIKN Tapaypado. MNa Tov UTTOAOYLOUO TOU EAACTIKOU UETPOU SLATUNONG EPOAPUOCTNKE N
E¢lowon [2], evw n BaBpovounon twv umtdAouwy MOPOUETPWY BACLOTNKE OTLG KAUTTUAEG Gy,

&:y kata Vucetic et. al (1991).

E¢etaotnkav duo MEPUTTWOELS OELOUIKWY Sleyéposwv Baong: (i) n kataypacdr Loma Prieta
1989 (station name: Santa Cruz Lick Observation) kat (ii) n kataypadr Kobe 1995 (station
name: Takatori). MNa tnv avaAuon pPe TO Hovtédo Ta-Ger w¢ Oleyépoelg Paong
xpnolgomnowibnkav oL kataypadég mou eival Stabéolpeg oto Strong motion virtual data
center VDC, evw otnv avaiuon pe to DEEPSOIL (Hashash et.al, 2015) yxpnotuomnoln6rkav

eKelveg Tou Kataypddnkav otn BAcn Tou GpUYOKEVTIPLOTH, OTN SLAPKELO TOU MELPAUATOC.

ITa IXAMOTA 6 KOl 7 TOPOUGCLALETAL N CUYKPLON TWV TIELPAUATIKWY ATOTEAECHATWY UE TLG
TiPpoPAEPELC TwV HOVIEAWV Ot Opouc: (i) MPOPIA UEYLOTWY HETAKLVACEWY, SLATUNTIKWY
napapopPwoswy Kol emtayOvoswv Kot (ii) Gaopatwy omoKpLong EMITOXUVOEWV Kal
XPOVoloTOopLWV Tou pey€Bouc Arias Intensity otnv emidpadvela. H cUYKALON TwWV KATAVOUWVY Ko’
Oy og yla tnv acBevr) Sléyepon (IxNua 6) kpilvetat Kal yia Ta SU0 HOVTEAD LKAVOTOLNTLKA. To
povtélo Ta-Ger mpoBAETEL pe peyaAUTepn OKPIPELA TG LEYLOTEG LETAKLVAOELG KO SLATUNTIKEG
napapopPwoels os pKpotepa AN evw to DEEPSOIL mapouotdlel kaAUtepn anoddoon otig
MEYLOTEG eTTA)XUVOELG O ULKPA BABON Kal OTLG HEYLOTEC SLATUNTLKEG TOPOUOPDWOELS oTa
pecaia Badn. Avadoplkd pe TIC PACUATIKEG eMITAXUVOELS emidaveiag Kol Ta Suo HOVTEAQA
anodidouv eMOPKWE, EVW MOPOTNPELTOL UTIOEKTINGON TN OMOKPLONG OTLG UPNAEG oUXVOTNTES
KOl UTIEPEKTIUNON OTLC XOUNAEG OUXVOTNTEG, Kal amo ta SUo povtéla MNapatnpeital eniong,
ONUOVTLKA UTIEPEKTIUNON TwV GOOUATIKWY EMITAXUVOEWY Kal oto SU0 HOVTEAQ, yla TLG
niepldSoug amd 0.3s €wce 0.6s mepimnou, Tou sival meploodtepo évtovn (oxedov Sumhdola) otnv
ovaluon pe to povtélo Ta-Ger. TEAoOG, To HeTpnBév péyeboc Arias Intensity avamapdyetal pe

g€atpetikni okpiPela kat amo ta SUo povtEAa.
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H akpiBela Twv mpoPAEPewv Twv poviéAwv otnv Loxupn Stéyepon (Zxnua 7) Bploketal péoa
ota amodeKTA Opla, HE To poviéAo DEEPSOIL va onuelwvel KaAUTePN anddoon oxeS0V o€ OAEC
TLC TEPUTTWOELG, EKTOG ATTO TNV KOTAVOL TWV UEYLOTWV SLATUNTIKWY TtapapuopPwoewv, Omou
n UTEpoxf Tou HovtéAou Ta-Ger eival gpdavic. H kataysypappévn HEYLOTN GOOUATLKN
gmtayuvon eripoaveiag onuewwvetal yia T= 1.2s kot toovtal pe 2.3g, €vavtl 3.2g mou
nipoBAEnovtal and to MoviéAo Ta-Ger kat 2.5g amd to DEEPSOIL. To &Sidypappa twv
GACUATIKWY ETUTOYUVOEWVY TOU povtélou Ta-Ger spdavilel mepimou tnv 6o popdr LE T
KOTOYEYPOUHUEVO, WOTOCO ATIOSISEL CUCTNUATIKA LEYOAUTEPEG ETUTAXUVOELG YL EVAl LEYAAO
€UpOG TEPLOSWV. AVTLiOTOLYOL CUUMEPACHOTA TIPOKUTITOUV KALL ATTO TLG TLUEG TOU Arias Intensity,
TIOU EEMEPVOUV TLG KOTAYEYPOUMEVEG KATA 35% oTnv Mepimtwon tou povtélou Ta-Ger kal

Katd 29% otou DEEPSOIL.

Y€ VEVIKEC YPAUUEC, TO LOVTEAO Ta-Ger eMLSEIKVUEL TILO SUCKAUMTN CUUNEPLPOPA OE GXEDN HUE
to DEEPSOIL, KATL TMOU QMOTUTIWVETAL OTLC UPNAOTEPEC POOUATIKEG ETUTAXVUVOELS OTNV
emudavela, kot ota uPpnAdtepa PGA Kal TG TEPLOPLOPEVES SLATUNTIKEG TTOPAUOPDWOELG OF
MLKpA BAON. AvtiBeta, To povtélo DEEPSOIL umepeKTIUA TNV ATTOKPLON G€ OPOUC SLOTUNTIKWY
TMAPAPOPPWOEWY KOVIA OTNV emLdAVELD, eVvw TIPOPAEMEL Pe akpifela TIC PACUATLKEC
ETUTOYUVOELC OTNV €MLPAVELA KAl TIG TLUEG Tou PGA. Ou amokAloslg autég petafd twv duo
HovTéAwy Ba prmopoucayv va anodoboulv, mépa amnod tn SladopeTiki Habnuatikr dtatunwaon
TOUG, OTO Yeyovog OTL evw Kal oL dU0 Tpooeyyioelg cuppopdwvovtal e Ta edadikd
XOPAKTNPLOTIKA TIOU HETPABNKAV 0To £pyaoTtnPLo (Dr, €min, €max, Vamin, Vdmax), OTN OUVEXELQ
£€xouv epappootel Stadpopetikeg Sladikaaoieg fabuovounong kot uloBetolvtal SLOPOPETLKES
OUCYXETIOELG YL TNV KATAVOWN] TOU Vs KO TWV KOUMUAWY LETPOU SLATUNONG Kol armocBeong.
EmutAéov, untevBupiletal otL n akpifela Twv mpoPAéPewv tou povtéhou Ta-Ger petplaletol
and To yeyovog OTL n Sléyepon Bdaong mou xpnotpomnotndnke Nrav eAadpwe Stadopetikn,
6ebopévou OTL N MpaypaTKA Kivnon mou emPAnBnke wg Sléyepon otn Bdon Tou
dUYOKEVTPLOTH KaL Xpnolponotidnke yla tnv avaluon pe to DEEPSOIL Sev tav Stabéotun.
Qotooo, otnv mapoloa spyacia §gv eMELWKETAL N CUYKPLON METAED TwV 2 HOVTEAWV, OAAA N
TLAPOX N EVOG PLETPOU CUYKPLONG YLOL TNV EKTLLNGCN TWV AMOKAICEWV HETAED TWV TIELPOUATIKWY

OMOTEAEOUATWY Kal TwV TpoBAEP WV Tou povtélou Ta-Ger.
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IxNUa 6. Metpnoelc dpuyoKevTpLoTr o€ oUyKpLon LE TG IPOPBAEPELC TwV HoVTEAWVY Ta-Ger Kat

DEEPSOIL (61éyepon Baong: Loma Prieta).
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IxNua 7. Metpnoelc puyoKevtpLoTr] o€ oUyKpLon e TG PoPAEPELC TwV HovTEAWVY Ta-Ger Kat

DEEPSOIL (61éyepon Baonc: Kobe Takatori).
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EnikUpwon HE BAcNn TO ICTOPIKO MEPICTATIKO TOU CEICHOU TOoUu 1995 oTo
Kobe TnG Ianwviag

O aAyoplOUOG KUMATIKNAG QTOKPLONG ETILOTPATEVETAL TIEPALTEPW YLa TNV TPOPAePn NG
OELOULKAG amoKplong Tou mediov otn votla neploxn tou Port Island, oto Kobe tn¢ lanwviac,
oto oslopd tou 1995 (lwasaki, 1996). H katakopudn oelpd ond oelopoypddoug mou
Katéypaav ™mv edadukn Klvnon ota Om, -16m, -32m Kal
-83m otn &ldpkela tou oeslopol Hyogo-ken Nanbu, oe cuvduacud pe TNV evdeAexn
YEWTEXVIKN £peUVA TIOU SLEEAXON TPLV Kal LETA atd TO CUKPBAV, XPNOLUOTOLOUVTAL WG ONKELO

avadopdg yLa Tov EAEYX0 TNG EYKUPOTNTOG TOU TIPOTELVOLEVOU LOVTEAOU.

H &lakpironoinon tou edadikol mMPodiA 6e OTPWOELG KOL TO XOPOAKTNPLOTIKA TNG KABe piag,
mou Oeswpnbnkav ywo TV oplBUNTIK oavaAuon ouvoyilovtal otov Mivaka 1. H
otpwuatoypadia Tou mediou otn BEon MoOu ATAV EYKATECTNHUEVOL OL OELopoypddol, oL
TaXUTNTEG TV KUMATWVY Vs kat V,, (amo PS logging mou 51e€nxOn oto nedio) kat o aplOuog twv
KpoUoswv SPT avtAnbnkav amd tn PBipAloypadia (lwasaki 1995, 1996). O udpodopog
opilovtac Bpednke o Baboc 3m. H oxetikr mukvotnta D, umoAoylotnke and tnv E€lowon [13]
yla TG OHMWOEL; OTPWOELG KL N KOTOWOUNR TOU €AXOTIKOU HETPOU SLATUNONG Gmax

umoAoylotnke cUUPWVA LIE TN OXEDN:
Gmax =P VSZ [24]

, OTIOU p €lval n mukvoTNTA Tou £6AdouUg cUUPWVA LE TO KOPESHEVO £LELIKO Bapog Tou MNivaka
1. H aotpdyylotn SLATUNTLKI avVToX TwV OPYLIALKWY OTpWHATWY #4 Kal #8 ekTiunOnke Baoel
TOU Gmax (Weiler, 1988), unoBétovtag Seiktn unepotepeonoinong OCR oo pe 1 kal Seiktn
mAaolpotntag Pl oo pe 25. H BaBuovounon twv UTIOAOLTIWY TOPAUETPWY TOU HOVTEAOU
Baociotnke otig KAUMUAEG G:y, &y katad Ishibashi and Zhang (1993) kat otnv KaumuAn MSF katd
Idriss (1995). H kupatiky avaluon ekteAéotnke: (i) Bewpwvtag MANPWG ACTPAYYLOTESG
ouvlnkeg poptTLoNnG yla Ta oTpwpata #3 £wg #9 kot MANPWCE oTpayyL{OPEVEG CUVONRKEG yLO TO
erupavelakd otpwpota #1 kol #2 kat (i) Aappavovtog umodn TNV TAUTOXPOoVN KATaKOpUdn

otepeomnolnon Twv oxnUATIopWY cUUdwva pe TIG Stamepatdtnteg k tou Mivaka 1.

H oUyKpLON TWV KATAYEYPAUUEVWY KIVAOEWVY LE TIG TTPOBAEPELG TOU HOVTEAOU TOpOoUCLATETAL

oTO XxAUa 8 yla TNV emidpavela, to -16m, -32m kot -83 m. Ektog and tnv nepintwon tTwv -16m
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OTIoU 0 OAYOPLOUOG UTIOTIHA ONUAVILKA TNV oupmepldopd, N OUYKALON €lval apKeTA
LKOVOTIOLNTLKA. AKOUN, SLoToTWVETAL OTL OL AMOKAIOELS METaty Twv U0 aplBuUNTIKWY
Tpooeyyloewv TIoU ekTEAEOTNKAV €ival apeAnTEEC. H évtovn e€acBévion Twv emiTtayUVoswy
otnv eMLPAVELD TIOU KATASEIKVUOUV OL KataypadEG, Kal avarmapayeTal Pe aflocnUelwTn
akpiBela amod to poviélo, Bewpeital OTL odelleTal OTn PEVUOTOMOLNGN OV UNMECTN TO UALKO
gfuylavong oe Babog -19m (mpokeLtal yia ™ Bacn tng appwdoug otpwaong #3), cuudwva pe
tov lwasaki (1995). To yeyovog Tn¢ PEVCTOMOLNONG TEKUNPLWVETOL ETLONC KL OO ETULTOMOU

UETPNOELC TWV TUECEWY

Mivakag 1. Atakpitomoinon edadkwv oTpwoswv: TaxUTNTA P Kat S KUpATwy amno PS-logging kat
apLBu6C kpouoewv (N1)so Katd Iwasaki (1995). Aidovtal emiong ot utoAoyLoOeioeg/ EKTIUWUEVES TLUES
TNG OXETLKAC TIUKVOTNTAC Dy, TOU EAACTIKOU UETPOU SLATUNONG Gmax, TNG AOTPAYYLOTNG SLATUNTIKAG
QVTOXNG Sy, TOU KOPECHEVOU €LELKOU BAPOUG Ysqr KOL TNG SlaepaTOTNTAG k TTOU BEwprBnKav yLa Tnv
QVAAUON HE TO MIPOTELVOUEVO HOVTEAO. (*reclamation soil: xaAlkoappuwdng otpwaon uPnAng

SlamepatotnTag Kal TOAU XOUNANRG EKTLLWHEVNE QVTOXNG).

yers SO ST (B M OGN By i) (o
1 0-5 Gravel* 305 170 4 0.29 57.8 - 20 104
2 5-13 Gravel* 780 210 4 0.29 88.2 - 20 104
3 13-19 Gravelly sand 1480 210 6 0.36 88.2 - 20 104
4 19-27 Alluvial clay 1180 180 - - 58.32 82 18 109
5 27-33 Sand 1350 245 25 0.74 120.1 - 20 106
6 33-50 Sand/ Gravelly Sand 1530 305 40 0.93 186.1 - 20 106
7 50-61 Sand 1610 350 45 0.99 245.0 - 20 10-6
8 61-79 Stiff alluvial clay 1610 303 - - 165.3 233 18 10-°
9 79-83 Gravelly sand 2000 320 60 1.00 204.8 - 20 10-6

nopwv o€ €va medio votlotepa amnod To onueio Omou Rtav TomoBeTnéVoL oL GElopoYpadOL,
OAAQ E TTOPOUOLEG YEWAOYLKEG OUVONKEG. TNV TIEPLOXN €KEIVN, OL UETPNOELS TWV TUECEWVY
MOpWV OTO OTPWHA OAOUBLOKAG Appou (mou Bswpeital MOpOUOL0 HE TO oTpWHA #5 Tou
npodih TNG mopoloag avaluong) umodesikvuav TWG TO OTPWHA aUTO ,Bavwg,
peuotonolnOnke emniong. EmumAéov, cUUGWVA PE OELOULKEC AVAAUOELG TTOU EKTEAECTNKAY ATIO
toug Yamazaki et al. (1995), n peuotonoinon mpmnet va £é\afe xwpo os Babog -27 £wg -33m
KoL oTNV XoAapr GUUO TIou UTIEPKELTAL TG alouBLakng apyilov os Babog -10 éwg -16m. H

olyKpLoN TwV GUCUATWY oMOKPLONG TWV ETLTAXUVOEWVY eTiLdaveiag mou kataypddnkay Kot
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gKelvwv TOU mpoékuav amo T avaAloelg yla Tt dvo mpoavodepbeiosg pebddoug
avaAuong, anelkoviletal oto IxNpa 9. Kal oTig TPELG TIEPUTTWOELS, TOPATNPELTAL EVIOXUON TWV
OUVLOTWOWV XOUNARG cUXVOTNTAG EVW N PEYLOTN GACUOTLKA EMLTAXUVON LOOUTOL UE TIEPLTOU

1g, yla meplodouc petalu 1s kat 1.5s.

Ta amoteAéopato 08 OPOUC KATAVOUWY UE TO BABOC TwV UEYLOTWY TLLWV TNC EMLTAXUVONG ,
NG WETAKivnong, TNG SLOTUNTIKAG TAONG, TNG SLOTUNTIKAC Tapapopdwonc Kal Tou Adyou
umeprnieong mopwv mapouctdalovtal oto IxAua 10. Ita ortpwpata mou Bswpeltat ot
peuotonolnBnkav cUpdwva pe 60a culntROnKav MAPATIAVW, TIAPATNPOUVTAL TUUES Fymax
KOVTA OTn Hovada, oe cUVOUACHO LE PEYAAEG SLATUNTLKEG TapaopdwoELS (TG TAfEwC Tou
4% pe 5%). Map’ otL n cuuneplpopd Twv Suo PeBOSwWV avaAUoNG TAPOUGCLALEL OE YEVLKEG
YPOUUEG TTOAAEC OUOLOTNTEG, N pooopolwan TG (mudavrg) Slamnepatdtntag KABe UALKOU, Kal
OUYKEKPLUEVA TWV ETULPOAVELAKWY XOUAKOAUUWSWV OTPWHATWY XAUNAAC AVTOXNG, EMLTPETEL
TNV PON TWV UTIEPTILECEWV TOU VepPOoU TIoU SnLoupyolvtal o Babltepa auuwdn oTPWHATA
TPOG TNV eTLPAVELQ, O avTiBeon e TNV MePIMTWON KOTA TNV omoia Bswpolvtal MANPWG
OTPAYYL{OUEVEG CUVONKEG YL TO ETILHOVELAKA OTPWHATO. AUTO ATOTUTIWVETAL OTNV KATOVOLNA
TOU HEYLOTOU r, KOVIA otnv emiddvela, Omou ToAU UPNAEG TIHEC UTEpPTIiEONC €XOUV
ONUELWOEL, e oCUVETIAYOUEVN AUENON TWV TAPAUOPPWOEWY KAL TWV LETAKWVAOEWY ota (Sl
Babn. TéAog, N KOTAVOUN TWV OXETLKWV WE TPOG TN Baon PeTAKWVAoEWY GavEPWVEL OTL O
MEYAAOG OYKOG TWV METAKLWVAOEWV €AaPE Xwpo O WUIKPA PABn, evw oL HUETOKLVAOELG
TMAPEUELVOY O XaunAd emimeda yla Babn peyalutepa twv -30 m mepimou. Mapopola
ocupmneplpopd mMapaTNPNONKE KOL OTL( CELOULIKEG QVAAUGCELC TIOU EKTEAECTNKOV ATO TOUC
Elgamal et al. (1995), mou katéAn&av oOtL To £€8adog cuumnepldEpOnKe ypauUlka os Badn

peyaAUTepa TWV -32m, OTOU N Pelwon TG Suokapiag NTav MeEPLOPLOUEVN.

XiX



- Surface
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I -16m

a:m/fs?

I -32m
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]
o

8 T Time:s

a :m/s?

Time:s

record model- consolidation ==== model- undrained

Ixnua 8. Kataypad£g emtaxvvoewv T NS cuvictwoog oto Kobe Port Island (1995), o oUykplor| e
TIG TPOPAEWPELG TOU TIPOTELVOUEVOU LOVTEAOU BEWPWVTAG AoTPAYYLOTEC cUVONKeG ddpTiIoNng
(6lakekoppEVES YpaUUEC) Kal AauBavovTag ultoyLy TNV Katakdpudn otepeonoinon tou edddoug
KOTa th SLapkela TnC SLEyepong (CUVEXELS YpaUUECS) otnVv emidavela kol o€ BAOn -16m, -32m Kal -

83m.
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Period T:s

IxNUa 9. EAaotiko dpdaopa anokplong endaveiag tng kataypadrg tng NS cuviotwoag oto Kobe Port

Island (1995), oe cUykpLon e TG TPOPAEYPELG TOU TTPOTELVOUEVOU LOVTEAOU DEWPWVTACG OLOTPAYYLOTEG

ouvOnkeg doptLong (SLAKEKOUUEVN YPOUN) Kal AapBAvovTag ultoyy TNV Katakopudn
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otepeomnoinon tou eSAadoug Kata tn SLapkeLla TG SLEyepaong (CUVEXAG YPOUUN).
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YxNnua 10. Katavopég kad’ UPog Twv HEYLOTWY TLULWVY TWV MAPAUETPpWV: (i) emtdayuvon, (ii) oxetikn

UETaKivnon wg Ttpog tn Baon, (iii) Statuntikn taon, (iv) dtatuntiki mapapdpdwon Kat (v) umeprmieon

opwv yla To £6adikd mpodiA tou MNivaka 1, BewpwWVTAG AoTPAYYLOTEC GUVONKES GOPTLONG

(6lakekoppEVES YpaUUEC) Kal AauBavovTag ultoyty TNV Katakdpudn otepeonoinon tou edddoug

KaTa th SLapkeLa TnC SLEyepong (ouvexeig ypapupeg) (Stéyepon Baong: NS cuvictwoa TG Kataypadrg

oto Kobe Port Island, 1995).
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Eqpappoyn Tou aAyopiOpou yia Tnv npoBAeWn PACHATWV ANOKPIONG

o€ €34 HE PEUCTONOINCIHEG OTPWOEIG
Meprypa®pn pebodoAoyiag

H evotnta aut adopd TNV TPOKATAPKTIK £dappoyry TOU TPOTELWVOUEVOU aAyopiBuou
OELOULKAG €8aPLKNC amoKpLong, UE OKOTIO TN oUVBeon eAAOTIKWY GACUATWY ATIOKPLONG VLo
pevotonolnolpa  edadikd mpodiA, ota mAaiola NG ovAAUoNng KoL TOU OXESLAOUOU
OVTLOELOUIKWY KOTAOKEUWV. To Kplolpo B€pa Tou avtloelopkol oxeSLaopol o€ SUVNTIKWG
peuotonolnolua edddn Sev KAAUTITETAL EVOEAEXWE ATIO SLEBVELG KAl EYXWPLOUG KAVOVLIOHOUG,
evw 0 EC8 umobelkvUeL OTL O QUTEC TIG €6APLKEG OUVONKEG ELOLIKEG LEAETEG TPEMEL VAl
Sle€axBouv yLa tov TMPoadloplopd TG OEOULKAG 6pdong. 2tn Stebvr BLBAloypadia €xouv
npotaBel Sladopetikég peBodoloyieg ylwa tnv ekTipnon Tou ¢GACUOTOG AnOKpLoNG o€
peuctonolnolpa e6adn’ avdueoa Toug ot Tsiapas and Bouckovalas (2019) mpotewvav tov
UTIOAOYLOMO, ME LoodUVOUn €AAOTIK HEB0SO, TOU GACUATOC ATIOKPLONG HE TO OPXLKA
XOPOKTNPLOTIKA TOU £6ADOUG KOl €V CUVEXELD E T XOPOKTNPLOTLKA TOU PEUCTOTOLNLEVOU
e6adoug kal Katomw TNV edappoyn KAataAAnAng pebodou mopepdPoAng petafl autwv. H
napovca epyaocia emyelpel va mpoosyyioel To BEUa auTO, EKTEAWVTAG Eval LEYAAO aplBUO
OELOMIKWY  ovalloswv oe Sladopa mpodilh SuvnTikd peucTtomololpwy  edadwv,
UTIOBOAAOUEVWY OE TIPAYUOTLKEG OELOULKEG KotaypoadEG otn PAcn TOug, HE OTOXO TNV

TIAPAywyr) Tou eAACTIKOU GACHATOC AMOKPLONG ETUTAXUVOEWV OTNV eMLdAveLa.

Mo to oKomo auto cuvtédnkav 10 edadika npodiA, Ta onola mepthapBdavouv pia Suvntikd
PEUCTOMOLNOLUN OTpwon, dNA. L OTpWon KOPEOUEVNC XOAAPAG GUpoU e Dy =35%. O
Baoikég mapapetpol BacsL Twv omolwv eTuhéxBnoav ta Stadopetikd mpodiA eivat: (i) To oAlko
OYog H, (ii) o TUmog (AUpog N ApYLAOG) KOl TO XAPAKTNPLOTIKA (Dy, Su, k) Tou TepLlBAaAAovTog
e6adoug, dnA. tou edadoug mou TEPLKAELEL TN pEUCTOMOLAOLUN otpwon, (iii) To Tdxog tng
PEUCTOMOLAOLUNG oTpwong h, kot (iv) To BaBog tNg PEUCTONMOLOLUNG OTPWONG Ao TNV

emdavela hy.

Ol oslopLkEG KaTaypad£g Tou xpnotpomnolnonkav we Steyépoelg Baonc aviAndnkav amd tnv
BBALOBNKN Tou PEER Ground Motion Database (Pacific Earthquake Engineering Research
Center Ground Motion Database, Ancheta et al. 2013). Aivovtog TIHEC OE CUYKEKPLUEVEC
OELOMOAOYIKEG TAPAUETPOUC, UToAoyiletal to “ddopa otdxoc” PAcEL TwV OXECEWV

e€ao0eviong NGA — West2 GMMs (Next Generation Attenuation Relationships for Western US
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Ground Motion Models). Itn ocuvéxela, o xprnotng AoUBAVEL OEIOULKEG KaTAypAdEC TIOU
taplalouv e Ta oslopoAoyLKA Sedopéva o £xel eTAEEEL Kal amobibouv dpaoua cupBato
pe to Ppaocpa otoxo. Mo TOuG OKOTIOUG TNG MEAETNG QUTAG, €AEXONoAvV 9 OELOUIKES
Katnyopieg pe Bdon to HEyeBOC TOU OELOMOU KOL TNV amootocn amd To phAyUd, ToU
TIPOKUTITOUV IO 6AoUG Tou¢ TibBavoug cuvduaopolg HeTaty TwV TIHWV: My=7.5, 7 kaL 6.5 kat
R;5=5km, 10km kat 15km. lNa tnv kaBe katnyopia, emAéExOnoav 7 OeLOULKEG KaTAYPADEG UE
daopa cuppato, Kot To SUVOTOV, E EKELVO TIOU TIPOKUTITEL Ao TLG OXEOELG e€0aBEviong
NGA — West2 yla TQ OELOMLKA XAPAKTNPLOTIKA TNG Katnyoplag autnig, Kat péyeBog Kal
andoTacn arno To pAyMaA Loa ) mepimou loa pe Ta avtioTola Tou GpACUATOC TNG KaTnyoplag.
EmutA€ov, ol OELOULKEG KIVAOELG amalthBnke va €xouv Kataypadel oe Bpaxwdn oxnuatiopd

pe puéon Statpntikn taxvtnta Vs 30> 800m/s (€8adoc katnyopiag A katd tov EC8).

Mpokelpévou va emiteuxBet n oUyKALON, e AoyLKN akpiBeLa, TWV GACUATWY TWV ETUAEYUEVWV
kataypadwyv Le to Ppacua otdxo TG KABe Katnyopiag, akohouBnOnKkav duo SLOPOPETLKEC
npooeyyloelg. Apxikd, Ta emtayuvaloypadnuata umofAnBnkav os mpoocappoyn KAlpakag (n
Sladikacio mapexetal amno to PEER), Statnpwvtag cuvteAeoTEG KALLAKAG EVTOG ETUAEYUEVOU,
MLKpoU gUpoug yUupw amod tn povada wote va dlatnpnBel n “puatkn peadiotikotnta” Twv
kotaypadwyv. Katd tn &Seltepn mpooéyylon, oL kataypodEG Tpomomolnbnkav mANpwe
(KAlpaKa KoL CUXVOTIKO TIEPLEXOMEVO) MECW HABNUATIKNAG Sladlkaoiag wote va mMPoKUYeL
akplpéatepn oUykALon. KaBe avaiuon 61e€nxOn: (i) untd otpayyllopeveg cuvbnkeg doptTLong
(ii) umo aotpdyyloteg ouvOnkeg doptiong kat (iii) Aappavovtag umoyn tnv katakdépudn
oTEPEOTOLNGN TWV OXNUATIOUWY KATA TN SLAPKELD TNE SLEYEPONG. TUVETWG, YLla KABe pla and
TIg mpoavadepBeioeg Mpooeyyioel (EmtayxuvoloypadpnaTa Le TPOCAPHOYH KALLAKAG Kot
AN PWC TpoTomnolnuéva) ekteAéotnkav 70 avaAUoelg yla KaBe oelopLkn Katnyopio [My, Ris)
(10 mpodiA x 7 Sieyépoelc Baong), UTIO 3 CUVBNAKEG OTPAYYLONG CUVOALKA 3.780 SUVOLULKEG

avaAUoeLc.

AnoTeAéopara

Ta IxAuata 11 kot 12 amodidouv Ta AMOTEAECUATA TWV CELOULKWY AVAAUCEWY, OE OPOUC
eAaoTikWV GACUATWY amoKkpLong emidpavelag ylo TIG TPELC OUVONKEC OTPAyYYLONG TOU
peletnBnkav. Kabe ddopa amotelel To péco 6po 70 daopdtwy (10 mpodil x 7 Sleyépoelg
Baong). NepthapBavovrtatl emionc ta paopato Twv dleyEpoewv BAong (LEoeg TLUES). To IxAua
11 avadépetal otn Bswpnon Katd thv omoia to ¢acuota Baong umoPAROnkav povo os

ipocappoyn KAlpoKkag evw to XxAua 12 os ¢pacpota BAcng TANPWE TPOTOMOLNUEVAL.
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Mpokelpévou va avadelyBel n emppon NG peBOSdou avaiuong (otpayyl{OUEVEG,
O0lOTPAYYLOTEG I OUVONKEG OTEPEOMOLNONG) OTO OUXVOTIKO TIEPLEXOUEVO TwV (GACUATWY
QTIOKPLONC, OL ETULTAXUVOELG £X0UV KAVOVIKOTIOLNBEL w¢ pog tn YEyLotn edadikr emLTayuvon
(PSA ywa T=0). fuvormtikad, die€ayovrtol ta KAtwbL cupnepdopata: (i) ol amokAioslg ota
daopata mou umoAoyiotnkav pe tTn Bewpnon aoTPAYYLOTWY CUVONKWY Kal UTIO CUVONKEG

otepeonoinong eival apeAntéeg Sladopeg UTIAPXOUV KUPLWG

Scaled motions

-

M,=7.5 M,=7.5
Rjg=5km R g=10km

=0

PSA/ PSA
N
\\\

M, =7

M,=6.5 M,=6.5
Rg=10km Rig=15km
0 1 20 1 20 1 2
Period:s Period:s Period:s
drained consolidation ---- undrained base

Ixnua 11. EAaotikd pacpota emttayuvong entdaveiag (LEoeC TLUEC) yia 9 cuvSuaououc (My, Ris)
Bewpwvrag (i) cuvBnkeg MANpoug otpayylong, (ii) aotpdyyloteg cuvOnkeg kau (i) katakdpudn
ebadikn otepeomnoinon katad tn Sldpkela tng Stéyepaonc. Emiong, mapouaoidlovral ta péoa paopata
Bdaong Twv oeloUIKWY Kataypadwv Tou £Xouv UTIOCTEL mpocappoyrn KALHaKaG wote va amodidouv

£\AOTLKO PACHA OOLO LE TO PACUA TTOU TIPOKUTITEL Ao TIG OXECEL AAANAETiSpaonG.

METaEY OUTWV Kol TNG oTpayyl{opevng ocupumepldopadc. ITIC TIEPLOCOTEPEC TEPLTTWOELG N
oamdkplon umd ouvbnKeg otepeomoinong oploBeteital amod TNV AOTPAYYLOTN Kal TN
otpoyyLlopevn cupmepldopd. (ii) Onwg NTav avapevopuevo, n otpayyLlOUeVn cuunepLdopd

gudavilel peyoAUTEPEC HEYLOTEC KOVOVLIKOTIOUNMEVEC DAOUATIKEG ETLTOXVUVOEL, KAOWC N
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avamtuén UMEPTMLECEWY AMOSUVOUWVEL TIG ETUTOXUVOELG ToU oxetilovtal pe uPnAég
ouxvotnteg. (iii) Ztnv meploxi uPNAWV cuUXVOTATWYV ToU GACKATOC (OKLOOUEVN TIEPLOXI TWV
SLaypaUUATWY) oL OoTpOyYL{OUEVEG €TUTAXUVOELG €ival HeYOAUTEPEG O OUYKPLON ME TIG
0LOTPAYYLOTEG KL TIC UTIO OUVONKeG otepeomoinong. Qotooo, UTIAPXEL Hial KPLOLUN TLUA TNG
TepLOdou T, OU mapatnpeital LETA TNV eUdAvVION TNC HEYLOTNG EMLTAXUVONG, OTNV Omola n
otpayyllouevn cuunepipopa $Oivel ypnyopodtepa amo Tig umolowneg. Etol, mopoAo mou n
KOWVOVLKOTIOLNUEVN QOTPAYYLOTH cUUnEPLdOpA £lval TILO TIEPLOPLOPEVN O OPOUG HEYIOTWY
TLLWV, UTEPLOXVEL TNG OTPAYYLIOMEVNG YLa TtepldSoug LeyaAltepeg amo To T H péon tun

Tou Trelvat 0.57s yLa tnv nepimtwon tou Ixnuatog 11 kat 0.51s yia ta ¢AopaTa TOU I LOTOG

12.
Spectralmatched motions
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o Rjs=15k
& g=15km
4
=2
<
W
a
0
4
<
-4
= 2
<
[¥a]
o
0
4
M, =6.5 M, =6.5 M, =6.5
i ¢ R,5=10km R,g=15km
<
2 -
~ 2 \
<
W)
a
& N&::
0
0 1 20 1 20 1 2
Period:s Period:s Period:s
drained consolidation ---- undrained base

Ixnua 12. EAaotikd pacpota emitayuvong entdaveiag (LEoEC TLUEC) yia 9 cuvSuaopuouc (My, Ris)
Bewpwvtag (i) ouvBnkeg MANpoug otpayyLong, (ii) aotpdyyloteg cuvOnkeg kau (i) katakdpudn
ebadikn otepeomnoinon katd tn Stdpkela tng Stéyeponc. Emiong, mapouaoialovtal ta péoa paopata
Bdong Twv CELOUIKWY Kataypadwv TTou TpomomnoBnkayv mARpwE Wote va anodidouv eAaoTikod

ddopa opoLo pe to ddopa mou PoKUTTEL amod TI¢ oxEoelg alMnAenidpaonc.
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Me Baon tn ouunepludopd UMO OUVONKeG otepeomoinong, adou Bswpeital n O
OVTUTPOCWTEUTLKA TWV TIPAYUATIKWY ouvBnkwv tou mediou, To HECA KOVOVLKOTOLNUEVQ
daopata OAWV TWV CELOULKWY KATNyoplwv mapouctalovtal oto Ixnua 13. Ta ¢daopota
anoKpLonG 0€ OPOUG S, /ay AMEKOVITOVTAL UE YKPL SLAKEKOUUEVEG YPAUUEG KOL HE HaUPN
OUVEXN YPOAUMN O LECOG OPOG QUTWYV, OMoU a, eival n kopudaio edadikn emtdyuvon
oxeblaopou oe €dadog katnyopiag A (Se yla 7=0 tou péoou dpaocpartog T Baong). Elvat
evbladépov TO yeyovog OTL, QVAUECO OTIC OUO OLOPOPETIKEC TIPOOEYYIOELC TIOU

edapuootnkay ta TeAka pdopata eppavitlouv EAAXLOTEG AMOKALCELG.

Katd tov EC8, n edadikn kivnon ot éva Sedopévo onpelo TNG emibavelag avamapiotatol and
€va eAaoTkO PAopa eMITOXUVOEWY, amoteAOUEVO amnd 4 kKAadoug, n popdr Tou omoiou
KoBopileTal amod TG TIHEG TWV MAPAUETPWY: edadikr emtdyxuvon oxedlacuol yia £€6adog
wrnou A, ag, mepiodol Tg, T, Tp, €6adikdg mapdyoviag S kal mapdyovtag 616pbwong

anooPeong n (n =1 ywa 5% andoPeon), pe ta Ty, T, Tp kAL S va

Scaled motions Spectral matched motions
8
S, /ag
4
0
0 1 20 1 2

----  normalized surface elastic spectra for the 9 M,, R,; combinations
average spectrum

Ixnua 13. EAaotikd pacpota anokplong enidaveiog, Aappdavovtag umoyv Tnv katakopudn
otepeomnoinon tou €6adoug, KAVoVIKOTIONUEVA WG TIPOG TNV kKopudaia edadikn emtdyxuvon ag Kat

HEoO pAoUa AUTWV.

g€aptwvtal and tov tUmo tou eddadouc. MNa toug edadikouc tomoug A, B, C, D kat E
KoBopillovtal CUYKEKPLUEVEG TIUEC VLA TLG TIOPOUETPOUG OUTEG, VW yla TUTo edddouc S»

omalteitot eL6LKN LEAETN yLa Tov KABOPLOUO TNG CELOULKNG Spaong.

Y10 mAaiolo aUTO, TO HECA GACHATA ATIOKPLONG TOU IXAMATOC 13 OMwC KL Ta ovVTioToL o HECQ

ddopata otn Baon nepypddovtal cuudwva Pe To EAaoTKO ddoua 4 kKAadwv tou EC8 kot
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napouotalovral oto IxNua 14. 3to oxAua autod, N YKPL CUVEXNG YPAUUN AVILTPOCWTEVEL TO
ghaotiko ¢paoua yia £6adog katnyopiog A, n Havupn CUVEXAC YPAUUn €lval to ¢doua
amoKpLoNG yla €8a¢og e PEVUCTOTOLAOLUN OTPWaON Katnyopiag S;, evw oL SLOKEKOUUEVES
VPOUUEG ammOTEAOUV TN YPOULLKOTIOINGON TOUC Katd To ¢pacpa oxedlaopol tou EC8. Ou
TapApETPOL TTou Kabopilouv To oXAUA TWV YPOUULKOTIOLNUEVWY GACUATWY A Kal S £Xouv

umoloylotel oto IxNua 15.

5
S./a,

normalized surface spectrum

2.5 normalized base spectrum

linearization according to EC8

IxNua 14. M£€oo eAaoTLKO Kavovikomolnpévo dacpa emibaveiag (Léon TR Twv SUo mpoaoeyyioewv
TIOU akoAouBrnBnkav — Lo peg YpaUEG Tou Ixruatog 13) kat Baong (E6adog katnyoplag A) Kat

YPOLLLKOTIOINON TOUG KATA TO EAACTLKO AU amokpLong 4 kKAaSwv mou mpoteivetal otov EC8.

S./a
/0 ---- ground type S,
S*Ac ............}..----‘\ R grOUnd type A AC S TB [5] Tc[s]
/ “\ SoilA 25 1 0.15 0.21
I Ay
I A Y .
AL N, Soils, 142 019  0.59
L ~ \
S / \\ ‘\\
1 4 ~ - - \“"—.___
Ta(a) T
Tea

Tesa) Teis2)

IxNua 15. TIHEG TV MAPAUETPWV A, S, Tp, Kat Te (cUpdwva pe To EAaoTkO dpaopa 4 KAASwV Ttou
EC8) twv daopdtwv anokplong edddoug katnyoplag S, kot A Tou MPOKUTITOUV ATIO TNV TIPOTELVOUEVN

uebodohoyia.

Oa MPEMEL va TOVLOTEL, OTL N Tipotelvopevn peBodoloyia dev otoxelel otny Tpomoloyia f ™
CUUTARPWON TOU KOVOVIOUOU, oUTE amoPAEMEL OTNV  OVTIKOTAOTAON TWV ELSLKWV

eSadpoduvapikwy avaAUoEWV TIOU amaltouVTaL ord ToV Kavoviopd, aAAd anoteAel éva Brpa
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TIPOG TN OTOLXELOBETNON KateuBuVTAPLWY odnNylwv oTo EMiMedo TOU TPOKATOPKTLKOU
oxeblaopou. EmumAéov, ev e€etaotnkav OAEC OL UTIOTIEPUTTWOELG SUVNTLKA PEUCTOTIOLGLUWY
npodpiA aA\d peAetnOnkav katd kKUplo Adyo Tpodil UE PEUCTOMOLNCLUN OTPWON
TIEPLOPLOPEVOU TTAXOUC, KaBwe BewpnBnkav TLO OAVILMTPOOWTEUTIKA amd €KElva TOU
amoteholvTal €€ OAOKANPOU AT PEUCTOMOLNGLUO €8adLkd UALKO. Qotdo0o, TO €AAOTLKO
daocpa TETOlwV TPOdIA PE OXETIKA AETTH PEUCTOMOLACLUN OTPWON €£lval €v YEVEL TILO

OUVTNPNTIKO, 0 CUUGWVIA LIE TO TIVEU O TOU KAVOVLOUOU.

EnékTaon TOU aApPIOUNTIKOU aAyopiOpgou yia TRV nNPoCoOHoiIiwoNn

€30aPIK®WV OTPAYYIOTNPIOV
Mepiypa®n TnG HeBodoAoyiag

O avamntuyBeic aplBuntikdg alyoplBuog aflomoleital yia TNV MPocopuolwaon TNG CELOWLKNG
anodkplong eSadLlkol oXNUATIOUOU, TIoU £XEL EVIOXUBEL LEOW TOTOBETNONG OTPAYYLOTNPLWY
LUE OKOMO TNV ONMOTOVWON TWV UTIEPTILECEWV TWV TOPwWV Tou edddouc. H tomoBEtnon
OTPAYYLOTNPLWY 08 CUVOUACHO HE TNV SOVNTIKH CUUNMUKVWON T teplBailovcag xaAaprg
QUUOU £Xouv XpnolpomolnBel €eUPEwWC yLo TOV TEPLOPLOMO TWV EMUTTWOEWY TNG
peuotonoinong, mou AapfBdvel xwpa katd tn Sldpkela evog oslopol. Eva otpayyLotnplo -
XAALKOTIAOOAAOG UETPLALEL TNV AVATITUEN TWV UTIEPTILECEWY PECW TIOAAATIAWY LNXOVLIOHWV'
EVEPYOTIOLEL TNV QKTWVIKN OTpAyylon Tou e8ddoug, aUEAVEL TNV CUVOALKN avtoxf Tou
OUUULKTOU oXnuotopol £6adog- xaAlkomdooalog, evw ouviABwg n TomoBftnon Tou
ouvodleUeTal ano cupmukvwon tou TeptBarloviog edddouc. Qotdoo, eival onUAVTIKA n
£KTLUNON TG BeATiwong Tou MPoodEPETAL ATMOKAELOTIKA OO TNV OKTLWVLKI OTPAyYLoN, OTNV
TepMTWON MPOKATACKEVOOUEVWY OTpayyLotnpiwv PVDs, Tou avtAoUv Ta 0dEAN TOUC KUPLWG
oand TNV aKTWIKA otpayylon. O oxedlacuog evOg CUCTHUATOG OTPAYYLONG EYKELTAL KUPLWG
otnNV emAoyn TG SLOUETPOU TWV OTPOYYLOTNPLWY Kol TNG amdotacng PeTafd Toug, WOoTe va
SlatnpnBel n péyLoTn TLUN TNC UTEPTILEONC KATW amo €va mpokaboplopévo 6plo, yla To
oclop0 oxedlaopou. Itnv katelBuvon autr, urtapxouv Slabéotueg otn Siebvn BLBAloypadia
Sladopec mpotdoelg, omwg Sdlaypappata oxediaopol (Seed and Booker (1977), Onoue
(1988)) aM\a kat aptBuntikeég 2D kat 3D mpooeyyloslg (Pestana et al. (1997), Bouckovalas et
al. (2009, 2011b, 2012), Seid- Karbasi and Byrne (2007), Vytiniotis and Whittle (2013)).
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Jtn mapoloa epyaocia, n Swadopky etiowon NG  edadlkng otepeomoinong
enavadlatuniwvetal wote va AndOel umtdPn kat N opl{OvTLa 0§OVOCULETPLKN USATLKY PON.

‘EToL, N UTLEPTLEDN TOU VEPOU TWV OPWV Uy = Uy, (8, 2, 7) uTtodoyiletal wg akoAouBwg:

ﬁ(azup lau,,) N kg 9%up _ _ 9%val

Yw \ 912 r or Yw 022 at [25]

, OTIoU r gival n akTiva Kat ky, k; oL SLOTEPATOTNTEG KATA TNV QKTLVLKI KOL TV KATAKOpudn
SlevBuvon avrtiotowa, pe tov 1° 6po TG e€lowong va avadEépetal otnv opLlovILa, aKTVIKA
pon KaL to 2° otnv Katakopudn por). H emiluon ¢ dtadopikig e€lowaong [25], oe ouleuén ue
™V Kataotatikn eélowon [1], ekteleital pe TNV €upeon HEBOSO TWV TEMEPAOUEVWV
Stadopwv. Mia oxnuatiki amelkovion tng pebodou Slakpironolinong tou kavaBou otnv
optovtia SlevBuvon, mapouolaleTal oto IXNUa 16 YL OTPAyYYLOTAPLO OKTIVOC Ry KoL aKTiva
KUKAOU Tou ennpealopevou edadoug R.. Ao TIG e§lowoelg [25] kat [1] untoAoyileTal n Tl
TOU U, o€ KABe onpeio Tou kavdBou kab’'vPog kat katd PRKoG piag aktivag, oto TEAog kdbe
XPOVIKOU Brnuatog dt. Qotdco, kabwg n Slddoon Tou SlatunTikol KUMATOC eKTeAeital
povodlaotata Katd tnv Katoakopudn StevBuvon, oL MAPAUETPOL TOU CUPUETEXOUV OTNV
gflowon ¢ dtadoong tou KUpATog uTtoAoyilovtal BACEL PLOG XOPOKTNPLOTIKAG TLUNG TNG
niieong mépwv u,* = u,*(t, z), TOU AVTLOTOLXEL OTOV YEWHETPLKO HEGO OPO TNG THiEONG TTOPWV

KOTA KOG piag aktivag:

2
* Zzlf—l (;_k) ui'j'k
Upij= ¢ 2 [26]

yM+1 (T_k)

=1 Re
, ekteAeital 6nAadn CUUMUKVWON TOU OKTWLIKOU BaBuou eleuBepiag. OL oUVOPLAKEC
ouvlnkeg katd tnv opllovtia dlevBuvon (IxNua 16) sival n adtamépatn mepldbépela Tou
edadoug ywa r =R, kalL n OSlamepatr TePLPEPELOl TOU OTpayylotnplou ya r =
R;.(loobuvaypel Le oTpayyLOTNPLO ATELPNG SLATIEPATOTNTAG) EVOAAAKTIKA, TIPOCOLOLWVETAL N
TIPOYLLOTLKY, TIEMEPACHEVN SLATIEPATOTNTA TOU OTPAYYLOTNPilou, emekteivovTag Tov Kavapo
MEXPL TO KEVIPO TOU OTPOYYLOTNPLOU KoL TOTE 1N QVILOTOLXN OUVOPLAKA GUVONKN
ovtikabiotatal and to adlanépato (yia AOyoug cUUUETPLaG) KEVIPO TOu oTpayylotnpiou. H
pnxoviky oAAnAemibpaon petafl £6ddoug kal otpayylothpiov / xoAwomacocdAou
AapBavetat unoPv oto oodSuvapo MPETPO SLATUNONG TOu ocuotApatog £6adog -

XaALKOTIAOoOOAOG, TO oOmoio ocUpdwva pe TNV UMOBson NG eviaiag  SLOTUNTIKAC
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napapopdpwong Uetafl xaAlkomaoodlou kot meptBarlovtog eddadoug (Baez and Martin,

1993) exdpaletal wg akoAoUuBwC:
Gsystem =(1- as)Gsoil + asGarain [27]

2

. R , . .

, OTov ag = (—Rd) 0 ouvteAeoTn g avtikataotaong edadouc.
e

EvoAAOKTIKA, 1N ooduvapn UNXOvikh oupmepidpopd TOU ocuotuatog  £6adog-
XOALKOTIAooaAOG pmopel va AndBel umoPwv ocUpdwva pe TNV UMoBson NG eviaiag
SLOTUNTIKAG TAoNG oTov XaAlkondooalo kot to meptBaliov €dadog (Bouckovalas et al., 2006),

we €&nG:

1

Gsystem =(1- as)Gsoil_1 + asGarain (28]

EmkUpwon Tou aAyopibupou

O aAyoplBuog emaAnBeleTal HECw OUYKPLONG HE UN YPOUULKES, SUVAULKEC, TPLOSLACTATECG
opLOUNTIKEG avaAUOELG TTIOU €KTEAECTNKOV OTO Tipoypappa m.6. FLAC3D (ltasca, 2006) amo
tou¢ Tsiapas and Tsioulou (2009) kat Bouckovalas et al. (2011a) kot adopoUv Aemtr| oTpwaon
Aupou D=60%, mepBAAAOLEVN ATIO APYIALKEG OTPWOELG WOTE VA OTTOTPETETAL N KATOKOpUDN

OTPAYYLON, EVIOXULEVN LLE KATAKOPUDO
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Square grid Triangle grid
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A . boundary -

IxNUa 16. TETpAyWVLKI KAl TPLYWVLKN SLATOEN OTPayyLOTNplwY aKTivag Ry UE aKTiva ETLPPONC
£6A4douG Re KL OYNUOTIKI ATIELKOVLON TNG SLAKPLTOTOLNONG KAl TWV CUVOPLOKWY CUVONKWY KoTd

UAKOG HLaG aKTivag mou BewpouvTal amo ToV MPOTELVOUEVO aAyopLOpo.

YXaAlkonmdooalo oaktivag R,=0.5m oe aktiva emppong eddadouc R.=1.4m. H Pdon tou
povtéhou UTEPARON ot nuitovoeldr) xpovoiotopla emtaxUvoewv 12 kKUKAwWvV, TAATOUC
Omax=0.08 g Kkat meplodou T=0.2s Kal Kateypadn n eEEAEN ToOU ry e TO XPOVO OTO UECO TNG
OUUWE0UC OTPWONC, VLo 5 TLUEC SLamepaTOTNTOC Kk TNG ARUOU. TO KATAOTATIKO TPOCOUOlwa
TIOU XPNOLUOTIOINONKE NTAV TO €AOOTOMAQOCTIKO HOVTEAO HE Oplakr €MLPAVELD AOTOXLOC

NTUA-SAND amno toug Andrianopoulos et al. (2010).

H BaBpovounon tou povtélou Ta-Ger £ywve e OKOTO N amdKPLon TOU Vo TipooeyyilelL ekeivn
™M¢ apduntikng avdailuvong pe to FLAC3D, yla aotpdyyloteg ouvOnkeg GpoptTiong, yla tn
Sedouévn Auuo pe D=60% UTO apyLKn HECn E€vepyOd TAON po’=66.6 kPa. To Ixnua 17
omelkovilel tn cupnepldopd Tou appwdous eSadLkol oToLXELOU UTIO TIG CUVONKEG AUTEC, Ot
DSS Sokuun mou ekteAéotnke pe To Babuovounuévo Ta-Ger umd smPaAlopevn SLATUNTIKNA
taon otabepol MAATOUG Tmax=8kPa. & cupdwvia Pe TIC £pyOoTNPLAKEG TOPATNPROELG
0OTPAYYLOTWY, AVAKUKALKWY DSS SokLpwv emBarAopevng tdong, ol ap)tkoi kUkAoL doptiong

yapaktnpilovral and paydaia peiwon tng LEon evepyoUl TAONC, EVW OTN CUVEXELA 0 pUBUOC
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UElWONG TNC TAONC LELWVETAL LEXPL EVA KPLOLUO onpelo Omou N pelwon emtayvveTal Eava Kat
obnyel teAika otn peuotormnoinon. Ot petaPfolrég oto pubuo peiwong tou p’ meplypadovtal
amno tnv napdpetpo n, (E€lowon [5]), H€ow TG PeTAPBaoNG TN ATIO ULa apXLKH TLUH Ng, OTNV
OLOUUITTWTLKA PEYLOTN TN TNG Npeak, EVW OTN CUVEXELA ELWVETAL EQVA PEXPL TNV TEALKN TLUA

ng.

H oUykALon Twv MPoBAEYPEWV TOU LOVTEAOU LIE TIG TPLOSLAOTATEG AVAAUCELG AmEeLKOVI{ETOL OTO
IxApa 18, yia tig e€etaldpeveg Stanepatdtnteg k= 5 10°°, 10>, 2 10°, 5 10° kot 10* m/s.
Mepthappavetal akopa, n cupnepltdopd UNO aotpdyyloteg ouvlnkeg doptiong (k=0). H
oUYKALON WG TPOG TN MEYLOTN TLUH TNG UTIEPTILEONG ELVOL LKAVOTIOLNTLKY, EVW TAUTOXPOVA
QTTOTUTIWVETAL N XAPAKTNPLOTIKA Hopdh Twv KaumuAwy eEEALENG TOU 1, Tapouaia AKTLVLKAG
OTPAYYLONG, KOTA TNV OTola N LEYLOTN TLUN ETUTUYXAVETAL OE €va ap)Lko otddlo TnG dopTiong
KOL OTn ouvéxela PBaivel peolpevn Tapd tn ouvexlopevn emiBaAdopevn Siéyepon. O
MNXOVIOUOG TNG oUMPMepLdOopAg aUTAC Ttapoudtdletal avalutikd oto Bouckovalas et al.

(2011a).

TEAOG, N KATAVON TWV HEYLOTWV UTIEPTILECEWV KATA UNKOG Hiag aKTivag amo tnv nepldépela
Tou £6ddoug £wg TNV TEePLdEPELA TOU OTPOYYLOTNPLOU, yla TIG SLomePATOTNTEG TOU
peAetnBnkav, €xel amotumwBel oto IxNua 19. Ito (Sl0 oxApO CNUELWVETOL €Miong, o
VEWUETPLKOC LECOC OPOG TWV UTIEPTILECEWVY KATA UAKOC TNG OKTLVOC, TIOU XPNOLUOTIOLELTAL WG

XAPAKTNPLOTIKA TLUN Yl TN Katakopudn dtadoon tou SlatunTikol KUUATOC.
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Ixnua 17. Zuunepidopd edadikol otolxelov pe D=60% o DSS Sokiun emBarOpeVNG SLATUNTIKAG
TAon¢ otabepol MAATOUG Tmax=8kPa, cUUPwva pe TN Babuovounacn Tou KATooTATIKOU TToU
ETUAEXONKE LE OKOTIO TNV ETILKUPWON TOU avarntuxBévtog alyopiBuou pe Baon TpLodLAoTATEG
avaAloelg (Bouckovalas et al. 2011a) oto mpoypappa m.6. FLAC 3D Itasca og 6poug: (i) péang evepyoul
TAoNC — SLATUNTLKAC Taong, (ii) Statuntikng mapapopdwaong — SLoTUNTIKAC Taong, (iii) péong evepyou
Taong — ekBEtN n, (iv) aBpolLoTIkAC amokAivouoag Taong — eKBETN n, (V) NULTOVOELS WV KUKAWV

doptTIoNC — mieong Mopwv.
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IxNua 18. Emkupwon tou avarmtuxBévtog alyopiBuou pe Baon tplodldotateg avaAUoELg

(Bouckovalas et al., 2011a) oto mpoypappa m.8. FLAC 3D Itasca, o 6poug xpovoiotoplag umepmieong

TIOPWV TOU KEVIPOU AETTI G OTPWONG AUUOU AVAUESA O APYLALKA OTPWHATA, UE KATAKOpUdA

otpayylotripla He Rg=0.5m Kot Re=1.4m yia Ti¢ €A ¢ Sramepatdtnteg dupou k: (i) 5 10° m/s, (i) 10°

ru,ma\)c

0.8

0.6

0.4

0.2

m/s, (iii) 2 10° m/s, (iv) 5 10° m/s kaw (v) 10* m/s.

\ eq. [26]

Keang =5 x10%m/s

Keang = 10°m/'s
Keand = 2 x10°m/s
Ksang = 5 x 10°m/s

IxNua 19. Katavopr twv HeyloTwy TLHWVY TG UTIEPTILEONG TIOPWYV KATA PNKOG ULaG aktivag edddoug

LE KEVTPO TO KEVTPO TOU OTPAYYLOTNPLOU HE Rg=0.5m Kal Re=1.4m yLa TI¢ €€ G SLamepaTOTNTEG AUUOU

k: (i) 5 10° m/s, (ii) 10° m/s, (i) 2 10° m/s, (iv) 5 10> m/s kot (v) 10* m/s. Mapouotdletol emiong, o

VEWUETPLKOC HECOC OPOG TWV TLUWV KOTA UAKOG HLOG OKTIVAG, WE AVIUTPOOWITEUTLKA TLUN TNG

UTIEPTILEONC YLOL TN povodLldoTtatn Katakopudn Stadoon Tou Slatuntkol KUUATOC.
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Eqpappoyég

OuoLOLOP PO AUUWOEC TTPOYIA UTTO nuLToVoELSn StEyepon

Exteleital pia amAn epappoyn tou alyopiBuou yia tv mpoBAedn tng pelwong, xprost
OTPAYYLOTNPLWVY, TWV LEYLOTWY UTIEPTILEGEWV Iy, max KOB' U OC amoBeang H=15m opolopopdng
aupou D=50%, urtoBaAAOUEVNC OE NULTOVOELST OeLloKn SLéyepan 15 KUKAwWV otn Baon Tng.
Ou meputtwoelg mou e€etalovrol eivatl ol &g (i) aotpayyloteg ouvBnkeg doptiong, (ii)
KOTAKOPUGN oTEpPEOTOiNGN TOU oXNUATIOHOU £6palouevou oe dlamepato Bpaxo kat (iii)
TOUTOXPOVN KaTOoKOpudn Kal OKTWIKA otepeomnoinon pe XaAlkomdooalo oktivag Ry
tonoBsTnuévo péxpl tn Baon tou Bpdxou os £6adog aktivag Re=1m, yio Adyouc Ry / Re= 0.1,
0.2, 0.3 kat 0.4. E€etdlovtal Slamepatotnteg Appov and k=2 10°m/s éwc¢ k=2 10°m/s. H
enidpaon ¢ Katakopudng oTpayyLong ival apeAntéa (oL SLAMePATOTNTEG TNG AUUOU TTOU
g€eTAOTNKAV ElVOL OXETIKA ULKPEC) Kal elval opath otn Bdon Tou oxnuatiopou (Stamepatd
oUVOpOo) O€ GXEDN LE TLG TTANPWE AoTPAYYLOTEG cUVONKeC. To HéyeBog tng BeTikn g emidpaong
and TV TomoBETnon Twv oTpayylotnpilwv Kupaivetal avdloyo He tn OSLAPETPO TOU
oTpayyLoTnplou Kat tn Slamepatdtnta TG AUpou. Mot HeyaAlTepn amno Tig SLamepatdTtnTES
k=2 10°m/s ol TIpég KAAUPNG TIou e€eTAOTNKOV EMTAPKOUV yla Th Slatipnon TN HEYLoTng
UTLEPTILEDN G O€ TTOAU YaUNAQ eTtimeda, evw oTASLOKA e TNV HElWON TNG SLamePATOTNTAS TG
QUUOU TOL LEYLOTA Fy AUEAVOVTAL, LEXPL TIOU N ATIOKPLOT OPLALKA GUTTLTITEL LIE TNV AOTPAYYLOTN

oupnepldopd yia k=2 10°m/s.

To ripoiA tou Port Island oto ostouo tou Kobe, 1995 svioyuugvo UE YaAlkomooodAoug

TENOG, peletdtal n BewpnTikA Tepimtwon Katd tnv onola to edadiko mpodiA Tou Port Island
(Mivaxag 1) oto oslopod tou Kobe (1995) evioyUetal pe XAALKOTACOAAO PAKOUG 16 m, pe
OKOTIO TO HETPLACUO TWV EMUTTWOEWVY TNG peuctomnoinong. Ta anoteAéopata ThG avaluong
6idovtal oto IxNua 21 oe 6poug KATAVOUWV Peyiotwv pe to BdBog. O HETPLOOUOC TNG
HEYLOTNG umEpTieonC amnod mv emdpavela £W¢ Kol Ta
-16m ouvendystal ™ pelwon Twv SLATUNTIKWYV TIHPAROPPWOEWY Kal TwV 0pLlOVTLWY
MEeTaKVRoEwV ota (&la Badn. MpokUMTeL OTL N eAdLoTn KAAUYN WOTE VA ETUTEVXOEL 17, 1max <
0.5 ka®’ 6Ao to UPocTwv 16m, givat R4/ R.=0.67. H Tiur auth ival davopevikd moAl peyain,
unevBuUIleTal OPWCG OTL TPOKELTOL yla Ml TOAU xoAapr duuo pe D=30% nepinou,
urmoBal\dpevn os pia opodpotatn SiEyepon. YO aUTEC TIC cUVORKEG, Ba ATaV OKOTILUN N

dovntk ocupmUkvwon tou £8dadoug oe cuvduaouo pe TomoBETnon oTpAyYLOTNPLWY,
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TIPOKELUEVOU va HELWBOEL N amattoUpevn KAAUPN. INUELWVETAL OTL yLa TIG AVAAUCELG QUTEC,
Sev €xel AndBel umoPv n unxovikn alnAsenidpacn petal tou xohapol £56Aadoug Kal Tou
UEYAAUTEPNC avTOXNG UALKOU TOU oTtpayylotnpiov ocvudwva pe tnv E€lowon [27-28],
T(POKELEVOU va 600el éudaon otnV Helwon TOU rymax AOYW TNG EMLPPONG TNG OTPAYYLONG Kall
pOvo. Oa TPETEL va TOVLOTEL, OTL Yyl TIG aVOAUOELS aUTEG (OMWE KAl OTnV Mepimtwon
nponyoUlUevNng mapaypddou omou to mpodid tou Kobe Port Island peAetatal xwpig tnv
uTapén otpayylotnpiwv), n Babuovounon €xel StatnpnBel OMWC MAPOUCLACTNKE OpPXLKA
(ueBoboloyla kal TIHEG Mapapétpwy), avtAwviag Sedopéva amd tn BLBAloypadia to
XAPAKTNPLOUO TNG oTpwaToypadiag Kal TG KATAVOUES TwV V), Vs kal SPT tou e€etaldpevou

nipodiA.
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Zxnua 20. Katavouég kad’ Uog Tng LEYLOTNG TLUNAG TNG UTIEPTILEON G TIOPWV Iy, max BEWpPWVTAC: (i)

00TPAYYLOTEG CUVONKEC, (i) katakopudn otepeomnoinan, (iii) katakdpudn kat oplloviia otepeomoincn

pe Seiktn Ry/Re=0.1, (iv) R4/ Re=0.2, (V) R4/ Re=0.3 ka (vi) Rs/Re=0.4, 610U Ry N QKTiVA TOU

otpayylotnpiou kal R. n edadikn aKtiva emppong.
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IxNua 21. Katavopég kab’ 0o Twv HEYLOTWY TLLWV TwV MApapETpwV: (i) emtayuvon, (ii) oxetikn
UETaKIVNON W Ttpog tn Hetakivnon og Babog 16m, (iii) dtatuntiki Tdon, (iv) dtatuntikn
napapopdwaon kal (v) uneprieon mopwv yia to £6adikd mpodiA tou Nivaka 1 (€wg BaBog 16m) kat
yla to 6o mpodil Bewpwvtag katakopudo otpayyLotrplo UPoug 16m, ue Ry=1m Kat R.=1.5m

(61éyepon Baong: NS cuvictwoa TN Kataypadng oto Kobe Port Island, 1995).

H Yxpovoiotopia Ttwv emroyUvoewv otnv emdavelo, He Kal xwplc ™ Bewpnon
oTpayyLOTNPLWY, TapoudLldleTal oto oxnua 22. To MPWTO TUAUA TG amdKpLlong (oKlaouévn
TepLoX OXNUOTOG) lval oSOV OUOLO KAl OTIG SUO MEPUTTWOELG KOL AVIUTPOCWIEVEL TNV
oandkplon mpLw TNV peuctomnoinon. Katd tn Sldpkela autol TOU TUNUOTOG TG Kivnong
dawopeva edadLknc evioxuong eveExeTal vo eudavioTolV, OTWE TEKUNPLWVETAL KL ard Tn
S1e0vn BLBAoypadia (Tsiapas and Bouckovalas, 2019). To evamopeivayv TUAHA TG AOKPLONG
elval otnv mepintwon pPe TO OTPAYYLOTAPLO TIOAU TEPLOCOTEPO EVIOVO OE OXECN HE TNV
g€aoBbevnuévn ocuunepldpopd mou onuotodotel TNV ekdNAwaon Galvopévwy peuotomnoinonc.

MaPOUOLEG ETONUAVOELC TIPOKUTTOUV Kal omd ta avtiotolya eAooTikd ¢Aacpata Tou
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IXAUaTog 23, 6Mou oTnV nepintwon mou Aaupavetal umtdyn To OTPAYYLOTAPLO TTAPATNPELTAL
gvioxuon twv UPnAwv Kol omodUVAPWON TWV XOUNAWV GCUXVOTATWY, &VW aviiBetn

oupmneplpopd mapoucLaleL To ap)Lko TPodiA.
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IxNua 22. Xpovoiotopia emttayvoewy otnv enipavela ylo to edadiko mpodiA tou Mivaka 1 kat ya
To (610 MpodiA Bewpwvtag Katakopudo oTpayyLoTipLo UPoug 16m, pe Ry=1m kat R.=1.5m

(61éyepon Baong: NS cuvictwoa TN kataypadng oto Kobe Port Island, 1995).
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Ixnua 23. EAaoTiko pacpa emtayxuvong otnyv emidaveta yia to e6adikd mpodiA tou Mivaka 1 Kat yo
To (610 MpodiA Bewpwvtag KaTakopudo oTpayyLoTipLo UPoug 16m, pe Ry=1m Kat R.=1.5m

(61éyepon Baong: NS cuviotwoa TN Kataypadng oto Kobe Port Island, 1995).
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Chapter 1

Introduction

Evaluating soil response to strong earthquake motions, has always been a major issue in
earthquake engineering, since it provides essential information in case of constructing an
earthquake resistance structure in seismically active areas. Modelling the seismic wave
propagation, usually precedes the calculation of the structure response during an earthquake
event, since the latter is directly affected by the propagation of seismic waves through the soil
deposit. Furthermore, the performance-based design method has increasingly drawn the
attention of academic community and thus, a substantial effort has been devoted in the last
decades in developing analytical techniques and numerical methods for evaluating the

response of soil deposits to strong earthquake motions.

Several constitutive models and numerical codes have been proposed for 1D seismic response
analysis of horizontally layered soils subjected to vertically-polarized S waves. In general, they
can be categorized into three major groups: (a) The equivalent linear viscoelastic models (e.g.
Schnabel 1972, Rathje et al. 2006, Bardet et al. 2000, Asimaki and Kausel 2002), (b) the
nonlinear hysteretic (or phenomenological) models (e.g. Lee 1978, Ishihara and Towhata
1980, Hashash and Park 2001, Gerolymos and Gazetas 2005, Bonilla et al 2005, Lo Presti et al.
2006, Drosos et al. 2012, Tropeano et al. 2016, Shi and Asimaki 2017), and (c) the plasticity-
based models (e.g. Prevost 1989, Yang et al. 2004, lai et al. 1990, Elgamal et al. 1998, Borja et
al. 2002, Modaressi and Foerster 2000, Pisano and Jeremic 2014).

Equivalent linear models are the most popular owing to their computational convenience and

simplicity. Their main limitations include their inability to efficiently predict the behavior of a



nonlinear system under strong ground motions where large cyclic shear strains dominate the
response and the violation of the principle of physical causality (Ching and Glaser, 2001). Well
identified features of cyclic soil behavior, such as: densification, cyclic mobility, stiffness decay
and loss of strength due to pore pressure generation and asymmetric response with loading

direction are inherently impossible to be reproduced.

Hysteretic models are plausible alternatives to plasticity-based models, but, while capable of
overcoming most of the aforementioned limitations, the calibration process is often an
arduous task in which the physical meaning of the model parameters is often jeopardized in
favour of case-specific accuracy. The absence of a physical law for relating volumetric with

shear strains is the main source of this drawback.

In this paper a downscale version of the Ta-Ger model by Tasiopoulou and Gerolymos (201643,
b) is developed and is implemented into a finite difference code for performing dynamic
nonlinear analysis of horizontally layered soil deposits subjected to vertically propagated S
waves. Ta-Ger model for sand is based on a new theoretical framework that combines features
of perfect elasto-plasticity and smooth hysteresis. It provides remarkable versatility in
capturing complex patterns of sand behavior such as cyclic mobility, static liquefaction and
densification (Tasiopoulou and Gerolymos, 2016a). The one-dimensional version of the Ta-Ger
model is reformulated (a) to provide a unified calibration procedure for both drained and
undrained response analysis of sand emphasizing on liquefaction and cyclic mobility, and (b)
to describe the hysteretic behavior of clay by assuming fully undrained loading conditions. The
calibration of the model parameters for sand is based on a procedure that targets to the
optimum performance in both drained and undrained load conditions by simultaneously
matching the response in terms of: (a) the cyclic resistance ratio curves as per the NCEER/NSF
methodology, and (b) widely-used experimental shear modulus and damping ratio curves
available in the literature. For the clay-like soil the calibration involves only the second step

under the assumption of fully undrained conditions

Consequently, a finite differences algorithm for conducting nonlinear seismic ground
response analyses of horizontally layered sites, including liquefaction effects, is developed.
Seismic base excitation is assumed to be the result of exclusively vertically polarized S waves,
and hence the analysis is reduced to 1-D wave propagation. The developed numerical
algorithm involves the 1D consolidation equation to simultaneously account for the

generation of excess pore water pressures within sandy layers due to cyclic loading, their
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distribution and dissipation during and after earthquake shaking and their impact on the
transmitted waves. The developed wave-propagation algorithm is verified against analytical
solutions for soil amplification of homogeneous and linearly increasing shear wave velocity
profiles (Gazetas, 1982). The versatility of the model to calculate the seismic soil response is
tested against two centrifuge tests in dry Nevada sand specimens (Hashash et al., 2015). It is
then applied to reproduce the case history of Port Island array in 1995 Kobe earthquake

(lwasaki, 1995, 1996).

The model is then applied to estimate the elastic response spectra at the surface of soil
profiles with liquefiable layers (ground type S;) as per EC8:2004. The prediction of the
response spectra of liquefiable soil deposits is not rigorously investigated in the literature
(Gingery et al. 2015) and not adequately covered by the national and global codes, since
constructing in such conditions should be generally avoided according to the code guidelines,
unless special measures are taken, such as soil reclamation, piles, etc. However, a number of
studies evince that such precautions may not be inflicted, on condition that a surface non
liquefiable soil layer will be used to mitigate structure settlements (Ishihara et al. 1993, Acacio
et al 2001, Cascone and Bouckovalas 1998, Naesgaard et al. 1998, Dashti et al. 2010,
Karamitros et al. 2013, Dimitriadi et al. 2017) Thus, estimating the seismic response in prone
to liquefaction sites has recently arouse academic interest, since the evaluation of ground
response is usually the first step in the calculation of structural response in soil-structure
interaction problems. To this direction, as a preliminary application, the proposed model is
employed to investigate the calculation of the ground surface elastic response spectra for type
S, soil profiles (with liquefiable layers), by analyzing the seismic response of an ensemble of
idealized, susceptible to liquefaction configurations, submitted to a considerable number of
actual seismic records with varying characteristics covering a variety of seismological
conditions. Similar to previous studies for non-liquifiable soils (e.g. Rey et al. 2002, Pitilakis et
al. 2013, Anastasiadis and Riga 2014), processing of the results leads to the recommendation
of an idealized ground surface response spectrum in terms of the design spectrum parameters

S, Ts and Tg, as per the EC8.

The developed numerical algorithm is finally employed for the simulation of the seismic
response of liquefiable sandy sites improved with vertical drains. The differential equation of
soil consolidation is reformulated to account not only for the vertical water flow up to the

ground surface, but also for the axisymmetric flow of water, through the ground towards the



drain. The placement of gravel columns and the vibration compaction of the surrounding soil
have traditionally been used to mitigate liquefaction hazardous effects. More recently, an
alternative preventive measure has been applied; the use of prefabricated vertical drains
(PVDs), an environment friendly solution that causes less site disruption than other soil
improvement methods (Rollins et al. 2004, Harada et al. 2006, Marinucci et al. 2008). Among
their other benefits, PVDs are better protected against clogging inflicted by thin, silty soil, that
can diminish their permeability. The simulation of drain improved sites and the prediction of
drains mitigation effects have long been studied in the literature; Seed & Booker (1977) were
the first to propose design charts that predict 73, ;45 Within the unit cell around a single drain,
for a specified geometry, soil characteristics and a given earthquake shaking. These design
charts were repeatedly modified and improved by several investigators, such as Onoue (1988),
Matsubara et al. (1988), lai and Koizumi (1986) and Bouckovals et al. (2009, 2011b). Numerical
modelling has also been employed to model liquefiable sites improved with drains, e.g.
Pestana et al. (1997), Bouckovalas et al (2011a), Papadimitriou et al. (2007), Seid Karbasi &
Byrne (2007) and Vytiniotis and Whittle (2013) along with experimental approaches, e.g.
Howell et al. (2012), Marinucci et al. (2008), Indraratna et al. (2009) and Parsa-Pajouh et al.
(2016).
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Chapter 2

The p-g version of the
plasticity - based

constitutive model Ta-Ger

2.1. Model description

2.1.1. Cyclic response of sand

Ta-Ger model for sand behavior (Tasiopoulou and Gerolymos, 2016 a & b) is fundamentally
formulated in the 6-dimenional stress space. The p-g version of this model can be written in
the following incremental stress-strain form (Gerolymos et al. 2018, Anthi and Gerolymos,

2019):

_—K*Md 3KGd

— " — "
[d ] T _KM.d+3G —KMgd+3G >% [dfp] 21
d 77 -3KGM; , n 962 a|lde (2.1)
et SR (Rl A ki
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in which K and G are the elastic (small strain) bulk and shear modulus respectively, d is the
ratio of the plastic volumetric strain increment de, ? over the plastic deviatoric strain

increment de,? and is based on Rowe’s dilatancy theory as it depends on the distance of the



current stress ratio g/p from the phase transformation line. M, and M; are the phase
transformation and failure stress ratio representing the ultimate strength. Parameter {,
(Tasiopoulou and Gerolymos, 2016a) is a hysteretic dimensionless quantity that provides the
loading and unloading rule and is a function of the Bouc—Wen parameter { (Gerolymos and
Gazetas 2005, Gerolymos et al. 2007), while the exponent n controls the rate of transition
from the elastic state to the perfectly plastic one. Finally, n is inserted as a multiplier of the
hardening elastoplastic matrix expressing the dissipated hysteretic energy. The following

formulation for the elastic shear modulus G is adopted:

' m
G = 1592.6 p, D,*6*6* (;’—) (2.2)

where p, is the atmospheric pressure, D, is the sand relative density and p’ is the mean
effective confinement pressure. The expression is based on the empirical relationship for the

maximum shear modulus of sand:
Gmax = 1000 Koy plo's (2.3)

where the parameter K;mox is directly determined from relative density D, or void ratio e and
p’is in Ib/ft?. (Seed and Idriss, 1970). Following a curve fitting procedure, equation (2.2) for
Gmax arises (Souliotis, 2015). The bulk modulus is given by:

__ 2(1+v)

T 3(1-2v) (2.4)

in which v stands for the Poisson’s ratio. In equation (2.2) exponent m is expressed as a

function of the excess pore water pressure ratio r, according to:
m = Mpeqr + (mo - mpeak)e_ru (2.5)

The initial value of m, my, is 0.5 for zero r, (drained conditions), and it tends asymptotically to
Mpeak €qual to 1, when r, approaches unity. Exponent n can be expressed as the sum of an

undrained n, and a drained loading component ny as:

_ADr—Dro _ 2Dr=Dyo
n=nye 1 DPro +ny (1 —e 17Dro ) (2.6)
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in which Dy is the initial value of the relative density, and A a large number (e.g. A = 100). n,
is a function of the cumulative deviatoric strain increment according to the following

relationship:
n, =ns + [npeak + (no — npeak)e‘bzdeq - nf]e‘gzdeq (2.7)

where n, is the initial value of n, nyeqx is a potentially reached peak value, n¢is the final value
of n and 2dg, stands for the cumulative deviatoric strain increment. ny is a constant and is
practically activated when the relative density evolves (drained conditions). b is a constant
and g is expressed as a function of the relative density D, and the initial mean effective stress

p’o, according to:
g =91+ 92D + gsn(@’ ) (2.8)

where g1, g> and gs are constants. The bounding stress ratio has been slightly revised from its

original version (Tasiopoulou and Gerolymos, 2016a) according to:
Mg = M + [M, + (M, — M) e72¢Edea — | e=2¢E deq (2.9)

where My is an initial value, M is the critical state value and My, is a maximum value that can

be potentially reached depending on the model parameter c. The latter is given by:
c=6+4In, (2.10)
in which Iro represents the initial Bolton’s relative dilatancy index:

Ity = Dro(Q —In(po)) — R (2.11)

where Q=9.15 and R=0.77. In the same context, the phase transformation stress ratio is

revised as follows:
Mpe = Mes + (Mp,, — Mg )e 0¢24¢ (2.12)

with its initial value My according to the following relationship:

Mpe, = (Mg, 0 — —o) g (2.13)

Speak 34031,
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Parameter R4 was extended to account not only for drained but also for undrained loading as

a function of AD, and ry:
R; = e *ue —a2(Dr—Dro) (2.14)
in which a; and a; are constant values.

Finally, the dissipated hysteretic energy parameter n, which is activated only under drained
conditions of loading, initially proposed by Gerolymos and Gazetas (2005) and Drosos et al.

(2012):

n=—2 (2.15)

- S1+us2

where  is a reference ductility defined in terms of the shear strain and s3, s, are functions of

the effective confinement pressure p”:

s, = Bp'k (2.16)
s, =Cp'™ (2.17)
2.1.2. Simplified version for clayey soils

A simplified version of the developed p-g version of Ta-Ger model is used to represent the
behavior of clay in cyclic loading, based on the assumption of zero incremental volumetric
strains and relating M; with the undrained strength S,. Numerical simulations of direct simple
shear tests were conducted in order to match the model response with the experimentally
measured pressure and plasticity dependent shear modulus reduction and damping curves.

Exponent n is expressed as a function of the plasticity index according to:
n=fmPl)+h (2.18)

The dissipated hysteretic energy parameter n, is preserved as it was presented in equation

(2.15), with s; taking constant values and s, being function of the plasticity index:
s, = qln(PI) +1 (2.19)

For the elastic shear modulus Gmex the following expression derived from laboratory test data,

is adopted (Kramer, 1996):
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Gmax = 625 F(e) OCR*(pg 0')°> (2.20)

where OCR is the overconsolidation ratio, o’» is the mean principal effective stress:

1] ol1+aly+0l3

' m = - (2.21)

, Pa is the atmospheric pressure at the same units as 0’ and Gmax and F(e) is related with clay
void ratio e (Hardin, 1978):

1

F(e) - 0.3+0.7 e2

(2.22)

The proposed by Hardin and Drnevich, (1972) values of the overconsolidation ratio exponent
k for discrete values of the plasticity index (Pl = 0, 20, 40, 60, 80 and >100) are employed
herein. Given the Gmax (equation 2.20), the undrained strength S, can be estimated after
Weiler (1988), who measured the S, in CU triaxial compression tests and related the Gmax/Su

ratio to the plasticity index Pl and overconsolidation stress ratio OCR (Kramer, 1996).

2.2. Calibration methodology

2.2.1. Drained conditions of sand

The calibration of the model for drained loading was based on matching some established
experimental shear modulus and damping ratio curves from the literature. Three published
families of G:y , &y curves have been utilized: (a) the Ishibashi and Zhang (1993), (b) the
pressure (p’)-independent curves of Vucetic and Dobry (1991) and (c) the Darendeli et al.
(2001) curves. Starting from the Ishibashi and Zhang (1993) curves and assuming a plasticity
index Pl =0 for sand, comparison with the predictions of the model for four levels of the mean
effective stress p’(=50, 100, 200, 500 kPa) is presented in figure 2.1. Similarly, figure 2.1 shows
comparison between the computed G:y, £y curves and those suggested by Vucetic and Dobry
(1991) for a unique p’=80 kPa and Darendeli et al. (2001) curves for p’ =25, 100, 400, 1600
kPa. The agreement between computed and experimental results is quite satisfactory.
However, the approximation of the shear modulus curves becomes generally less accurate as
the confining pressure increases. The inverse picture is observed for the damping curves,

where the deviation is increases with increasing o¢’,.
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The hardening exponent n has been expressed as a function of nys and n, (equation 2.6) to
model soil response for intermediate drainage conditions, i.e. when water dissipation is taken
into consideration. For the two extreme conditions of drainage, n is trivialized to n4 or n,, for
drained and undrained condition respectively. Calibration under drained conditions is mainly
based on the calibration of the exponent ng and the hysteretic parameter n (equation 2.15).
The smaller the ny the milder the transition from the elastic branch to the perfectly plastic
one. In terms of the shear modulus curve, ny shifts the G/Gax curve upwards or downwards
in the y axis, with a more intense impact for small values of the cyclic shear strain. Very large
values of ng will result in a G/Gmax = 1 for a wide range of cyclic shear strains. ny has also an
impact on the damping curve, which is however less prominent, making ¢ values to decrease
for small shear strains and increase for large shear strains, as nq increases. The hysteretic
parameter n, and essentially the parameters s; and s, controls the volume of the hysteretic
loop and has a strong effect on the damping curve, mainly for large strains. To better
reproduce the impact of the confining pressure on curves, s; and s, are expressed as functions
of p’s. Then, following a curve fitting procedure, the parameters B, k (equation 2.16), Cand m
(equation 2.17) are estimated. The exponent a, that contributes to the formulation of Ry
(equation 2.14) controls the densification that builds up after each load cycle in drained
conditions and has a negligible effect on the shape of the shear modulus and damping curves.
Setting a, equal to 10, proved to achieve reasonable results regarding the accumulated
volumetric strain, in accordance with experimental observations. The calibration procedure is
briefly presented in Figure 2.2 along with the qualitative influence of ny and n on the cyclic

response in terms of the stress-strain curve.

2.2.2. Undrained conditions of sand

The clean — sand based liquefaction resistance CRR curve that was composed by Idriss and

Boulanger, (2004, 2008):

(Nsocs (Nl)ﬁocs]z _ (Nl)ﬁocsr +
14.1 126 23.6 (2 23)

CRRu,,=7.5,0,=1atm = €XP 4
(Ny)socs]”™
—= 2.8

25.4
provides the reference cyclic resistance ratio, under vertical effective stress equal to 1atm and
magnitude 7.5 earthquakes, with the corrected SPT number (Ni)sos. To adjust the

aforementioned reference curves to magnitudes smaller or larger than 7.5, Seed and Idriss
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(1982) and several investigators afterwards introduced correction factors termed “magnitude
scaling factors” (MSFs), (Youd et al., 2001). These factors are used to scale up or down the
reference curves on CRR versus (Ni)socs, gan or Vi plots. The factor of safety against
liquefaction is then defined according to:

CRR; 5

FS =( CSR

)MSF (2.24)

where CSR is the calculated cyclic stress ratio generated by the earthquake shaking and CRR7s
is the cyclic resistance ratio for magnitude 7.5 earthquakes. Magnitude scaling factors
proposed by Idriss (1995) and Andrus and Stokoe (1997) are considered as a lower-bound and
upper-bound estimation of the liquefaction resistance, respectively, according to the
recommendations by the 1998 NCEER/NSF workshop participants. They are thus formed the
basis of the developed calibration procedure. The values of MSF for magnitudes from 5.5 to

8.5 are provided in table 2.1.

Adopting equation (2.23) and assuming that (Ni)socs is related to the sand relative density

according to (Idriss and Boulanger, 2010):
(N1)6ocs = 4'6Dr2 (2.25)

the liquefaction resistance curve can be obtained as a function of the relative density. Then,

by using the following curve fitting function (Seed and Idriss, 1982):
N = 0.0034M,,*® (2.26)

, that associates the earthquake magnitude M,, with the equivalent number of uniform cycles
of the seismic motion and multiplying the reference cyclic resistance ratio (CRRm=75, o'v=1atm) bY
the magnitude scaling factor, the liquefaction resistance curve can be explicitly determined as

a function of both the relative density and the number of uniform cycles.

Since it is arbitrarily assumed that the “observed” CRRmw=750v0-1atm refers to anisotropic
consolidation conditions with K, = 0.5, it is necessary to convert the anisotropic CRR values to
equivalent isotropic (Ko = 1) ones. The adopted transformation expression:

1+2K,
3

CRRyye1 = (F252) CRRyp—s (2.27)
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has been frequently applied in the literature (e.g. Idriss and Boulanger, 2010) and is also used
for the purposes of this calibration study. Isotropic consolidation condition was arbitrarily
chosen as anisotropic consolidation is not compatible with p-g constitutive modeling.

Evidently, the p-q version of Ta-Ger model can only indirectly capture Ky effects.

To account for the nonlinearity between CRR and effective overburden pressure, the

correction factor K, is introduced for overburden pressures over 1 atm, as follows:
CRRg1,,2100 = KsCRRg1, =100 (2.28)
The expression for K, factor by the NCEER (1996, 1998) workshops is:

K, - (m)(f—l)

e (2.29)

in which o’y is the effective overburden pressure, p, is the atmospheric pressure and fis an

exponent that is a function of the relative density D, of sand:
f=1- 5 <08 (2.30)

The comparison between computed and suggested values for the cyclic resistance ratio is
given in figure 2.3 against the number of uniform cycles to cause liquefaction, for five values
of relative density. The results refer to undrained cyclic direct simple shear tests with uniform
stress-controlled loading, under an initial mean effective stress of p,=100 kPa. The onset of
liquefaction for the computed CRR curves is deliberately assumed when the excess pore water
pressure ratio r, exceeds 0.98. Comparison in terms of MSF vs M,, is also depicted in figure
2.3. According to the literature, the magnitude scaling factors are supposed to be D
independent. However, the MSF vs M, curves predicted by the calibrated model (Figure 2.3b.)
exhibit a mild D, dependence. The steepest curve (Andrus and Stokoe, 1997) is better
reproduced by the calibrated model for high values of the relative density, contrary to the less
steep curve (ldriss, 1995) which is matched for lower values of the relative density. In any
case, however, the predictions of the model regarding MSF are bounded by the lower and

highest values suggested by NCEER.

The effect of the overburden stress on the predictions of the calibrated models is illustrated
in figure 2.4. It is noted that the CRR value is determined as the cyclic stress ratio required to

cause liquefaction in 15 uniform loading cycles.
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The performance of the model in terms of the reference cyclic resistance ratio (M,=7.5,
o’w=1atm and Ky=1) as a function of the corrected SPT value is depicted in figure 2.5 in
comparison with the design curve by Idriss and Boulanger (2004, 2008) transformed according
to equation (2.28). For D, values greater than 0.6, the approximation of the suggested curve

becomes less reliable and the model tends to overpredict the liquefaction potential.

Calibration for undrained conditions, is mainly based on the estimation of model parameters
n, and its auxiliary parameters nog, Npear, N, b and g. In an undrained cyclic direst shear test
under a constant amplitude of imposed shear stress, the first loading cycles are characterized
by a rapid decrease of mean effective stress followed by a gradual decrease at a decreasing
rate, until a critical cycle threshold marked by an abrupt decrease, eventually leading to
liquefaction. The transitions in the rate of the p’ reduction are described with the evolution of
n, from an initial value ny, to a potentially reached maximum value npesk down to a final low
value nf when the effective stress gets close to zero (figure 2.2). The evolution of n, is a
function of the cumulative deviatoric strain increment Zde, and is controlled by the two
exponents b and g. A genetic algorithm-based optimization procedure, implemented in
MATLAB, was applied for the best estimate of the aforementioned model parameters. The
performed optimization targeted to the best fit on the CRR curve for a wide range of number
of uniform cycles required to cause liquefaction (i.e. to achieve r,> 0.98) and for various initial
conditions in terms of the relative density and mean effective stress, by minimizing the mean
squared error (the objective function) of the model predictions with respect to the literature

suggestions.

In summary, the constitutive model parameters are grouped into two weakly-coupled sets;
those activated for drained load conditions and those when the response is undrained. The
results of the calibration regarding the two aforementioned extreme load conditions are

summarized in table 2.2.
2.2.3. Calibration of model version for clayey soils

The calibration procedure was based on matching two families of G:y and &y curves; the
Ishibashi and Zhang (1993) and the Vucetic and Dobry (1991). They are presented in figures
2.6 and 2.7 respectively, in comparison with the prediction of the model. The values of the
calibrated parameters are shown in table 2.2. Similarly to what has been discussed for the

calibration of the drained response of sand, the most suitable values of n, s; and s, are
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determined to better approximate the literature G:y, &y curves for clay, for a reference
plasticity index. Finally, n and s, are expressed as functions of P/ to better reproduce its

influence on the curves and f, h (equation 2.18), g and / (equation 2.19) are estimated.
2.3. Microscale response

The capability of the model to reproduce the phenomenological response of the soil in terms
of the shear modulus—damping ratio curves does not guarantee a realistic prediction at the
stress-strain level. On the contrary, the successful performance at both response levels is
often a very difficult task. To demonstrate that the calibrated model yields physically
meaningful results at the stress-strain level, consistent with the observed behavior of sand,
indicative model predictions are shown in figure 2.8a regarding the numerical simulation of a
drained strain-controlled (ymax = 1%) cyclic direct simple shear test of a sand with relative
density of D, =50 % and po’ =100 kPa. The results correspond to the calibrated parameters for

the Ishibashi and Zhang (1993) shear modulus-damping ratio curves.

Similarly, to check the validity of the calibrated model in terms of the stress-strain response,
the same sand specimen is tested against stress-controlled undrained cyclic direct simple
shear loading of constant amplitude Tmax= 18 kPa (figure 2.8b). The results correspond to the
calibration process according to the Idriss (1995) magnification scaling factor. The model
reproduces salient details of the effective stress evolution. Indeed, a rapid increase of the
excess pore water pressure is observed in the first two cycles followed by a gradual increase
at a decreasing rate for the next few cycles. The pore water pressure builds up continuously
at an increasing rate up to a cycle threshold marked by an abrupt increase, eventually leading

to liquefaction.
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Figure 2.1. Approximation of the shear modulus and damping curves for sand published by
Ishibashi & Zhang (1993), Vucetic & Dobry (1991) and Darendeli et. al (2001) for various

levels of confinement pressure.

Table 2.1. Magnitude scaling factor values recommended by Idriss (1995) and Andrus and
Stokoe (1997). (Source: Youd and Noble 1997a, Summary report from the 1996 NCEER
and1998 NCEER/NSF workshops on evaluation of liquefaction resistance of soils, Journal of
Geotechnical and Geoenviromental Engineering, October 2001.127:817-833).

Magnitude Scaling Factor

Magnitude My
Idriss (1995)
Andrus and Stokoe (1997)

5.5 6 6.5 7
2.2 1.76 1.44 1.19
2.8 2.1 16 1.25

7.5 8 8.5
1 0.84 0.72
1 0.8 0.65
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Figure 2.2. Schematic depiction summarizing the model calibration procedure and the basic
parameters effects on soil response, for drained and undrained conditions.
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magnitude scaling factors as functions of the earthquake magnitude in order to trigger
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Figure 2.5. Computed versus suggested by Idriss and Boulanger (2004, 2008) reference cyclic
resistance ratio, transformed according to equation 2.27, against the corrected SPT number.

Table 2.2. Values of the calibrated model parameters.

Calibrated Model Parameters

B k C m ng az
Vucetic et.al (1991) 5.3 0 1.06 0 * 10
51’;‘;;’_ | parendelietal (2001) | 3613 -03 168 -0.06 07 10
Ishibashiet. al(1993) |19.16 -02 114 0 074 10
no Npeak ng b ag: gz gs az
sand- undr. | Idriss (1995) 04 25 02 30 288 424 27 06
cond. | Andrus et. al (1997) 0.4 42 02 30 372 433 27 07
51 f h q 1
clay - undr. | Ishibashiet. al(1993) | 22 -0.63 428 003 094
cond. | yycetic et.al (1991) 20 1 0 08

*0.0022 p + 0.7, p=effective pressure

26




30
g 20
WS
10
0
30
£ =
0 05 & 20
~ wr
© Clay 10
0<Pl<15
0 0
1 -
30
=
O 05 x 20
-~ wr
© Clay 10
15<PI<70
0 0
1
30
: =
0 0.5 £ 20
~ “ws
© Clay 10
70 < Pl
0 0
10 103 107 101 1 10 10 103 102 10 1 10
Cyclic shear strain [%] Cyclic shear strain [%]
Ishibashi et. al (1993)

»- =20 50 X 100 200 300 +--400 50
model 0
—»%— 20 —@—50 —%— 100 —4— 200 —A— 300 —+— 400 —=— 50

0

Figure 2.6. Approximation of the Ishibashi & Zhang (1993) shear modulus and damping
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Figure 2.8. Numerical simulation of a cyclic direct simple shear test of a sand with D, =50 %
and pinitier =100 kPa with the developed constitutive model. [a] Drained shear strain-
controlled test, under ymax = 1%. The response is plotted in the form of stress-strain

hysteretic loops and volumetric strain evolution with shear strain. The calibration of the
model has been based on the Ishibashi & Zhang (1993) shear modulus and damping ratio
curves. [b] Undrained shear stress-controlled, under tmex = 18kPa. The response is illustrated
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Chapter 3

Numerical algorithm for one
dimensional ground

response analysis

3.1. One dimensional shear wave propagation through a

continuous medium

3.1.1. Elastic soil

In a continuous medium two types of waves can be primarily developed:

e Transversal or Shear waves: S
e Longwise or Dilative waves: P
The remaining types of waves (e. g. the surface waves) are generated through the combination
of P and S waves, when the existing boundaries impose kinematic or dynamic restrictions

incompatible with the primary types of waves.

The problem studied in the present section is that of a layered soil profile subjected to a

seismic excitation at its base (Anthi et al. 2017, Anthi and Gerolymos, 2021). If seismic base
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excitation is assumed to be the result of exclusively vertically polarized S waves, and hence
the analysis is reduced to 1-D wave propagation, as is described in Figure 3.1 the dynamic

equilibrium is (Kramer, 1996):

=, = Plx (3.1)

, Where z is the vertical height from column base, u is the soil displacement, t is soil shear

stress and p is soil density. Assuming linear elastic soil response:

_ o 0uy 0Tz . 0%uy
Tox =GV =G 6_z:> 6; = 922 (3.2)

, Where G is the soil shear modulus and y the soil shear strain, by substituting into equation

(3.1) we obtain:

Clx _ LT Ux (3.3)

, Which is the differential equation that describes the vertical propagation of shear waves on

linear elastic soil.

According to the finite differences method for solving differential equations, derivatives are

approximated by finite differences, as follows:

1% order derivative

(Z_Z)i - uijx_ =+ 0(4x) forward difference
(Z_Z)i - ui_;;i_l +0(4x) backward difference
(Z_Z)i - uH;;Z =+ 0[(4x)]? central difference

2" order derivative

92 i—2Uj4+1+ U i

(ﬁ)i = % +0[(4x0)]? forward difference
az_u _ Uj—p—2Uj_ 1+ Uy 2 .

(axz)i =T amz T 0[(4x)] backward difference
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02U\ Uy 20U+ Uiy 2 .
(axz)i ="zt ol@n] central difference

A discretization error arises, since the terms of (n+1) order or bigger have been excluded from

the Taylor’s series.

Time t is discretized in N steps, of At = k size, so that typtq; = N * k:
ti=0—-1Dk fori=1:N+1

Soli deposit is vertically discretized in Z steps, of 4z = h size,sothat H = Z * h:
zi=(G—1Dh forj=1.Z+1

Considering that horizontal displacement of the soil is a function of time t and height z: u; , =

u; j ,and according to the central difference of 2" order derivative, we obtain:

0%\ Upjer—2u ¢ Ui
(azz)i] - h? (3.4)
and:
O*u\ Ui, — 20U+ Uiy
(atZ)i_j - k2 (3.5)
By substituting equations (3.4) and (3.5) into equation (3.3), we obtain:
Uija1— 22U j+ Wij—1 _ p Ui, j—2Uj j+ Uiq,j
h2 TG k2
_ k% . .
ul-+1'j = E (ui,j+1 - Zui,j+ ui,j_l) + Zui,j - ui—l,j fOT'] =2:Zandi=2:N (36)

Thus, horizontal displacements along the soil profile u;,q ; at time t = t;;, are calculated
based on their values at time t = t; and t = t;_;. This approximation of solving the dif. eq.

(3.3) represents the explicit finite differences technique.
The initial conditions of the problem are:

e Zeroinitial displacement:
U ;=0 forj=1:Z+1 (3.7a)

e Zeroinitial velocity:
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(%)1,-:0 forj=1:.7+1

which according to the 1* order forward difference becomes:

Uz,j~Uq,j

& =0$u2’j=u1’j=0 fOT]=1Z+1 (37b)

The boundary conditions of the problem are:

e Zero shear stress at the soil surface:
Ti,Z+1:O fOTl:1N+1

and assuming a non-zero shear modulus at the soil surface:

du

Yiz+1 = 0= (a_z) =0

i,Z+1 -
Employing the 1* order backward difference:

w =0=>uUjz41 = Uiz fori=1:N+1 (3.8a)
e Displacement history of the input “rock outcrop” motion ug=u,(t), assuming an

incompliant base rock:

U1 = Ug, fori=1:N+1 (3.8b)
3.1.2. Soil with viscous damping ¢

In the previous section no dissipation of energy, or damping was assumed in the soil. Since
damping is present in all materials, the dynamic equilibrium described in Figure 3.1 that was

expressed according to equation (3.3), is reformulated accordingly:

0Tz . 3uy
9z PUx ™ Cozp, (3.9)
and assuming linear, elastic soil:
%u . a3u %u p 9%u c 3%u
G—==pil, —c—= L% = 3.10
9z2  PUx dz20t dz? G dt2 G dz?dt ( )

, which is the differential equation of the vertical shear wave propagation in an elastic soil,

with viscous damping c.

Employing the backward difference for the 1% order time derivative and the central difference

for the 2™ order derivatives:
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1%t order backward & 2"

(63ux) Wi 1T 20 U o1 Uiy 1 20—y T U1,
0z29t/ h2k

order central difference

aZu Ui ; —2U;i i+Ui i .
. ( ") = L "L Lo central difference
9z2 ij h2
0%uy Ui b1 —2U4 j UG j—1 .
. = central difference
at2 ij k2
and by substituting into equation (3.10), we obtain:
U j+1—2U j* U j—1  p Uipr,j—2Uj j U j c
2 = ¢ K2 ~ GhZk (ui,j+1 = 2Ujj F U jog — Uimgjer T 22U —
Uim1jo1) =
k2G+kc kc
Uiprj = o (Ui en = 20+ Uijma) = 2 (Uima jun = 2oy + Uimg jor) + 255 —
ui_l'j (311)

The same initial and boundary conditions are valid, as were presented for the case of the

elastic soil, in equations (3.7) and (3.8) respectively.
3.1.3. Hysteretic damping soil

In the present section, the one-dimensional, vertical, shear wave propagation described by
the differential equation (3.9), is solved according to the finite differences technique,

employing the explicit and the implicit method, for the case of a hysteretic damping soil.

Explicit method

Employing the backward difference for the 1% order time derivative and the central difference

for the remaining derivatives of equation (3.9):

1%t order backward & 2"

(a3ux ) U= 20 U g~ U g 1~ 2 U1 U1
9z%at/ j h2k

order central differences

Jt Tij+1~Tij-1 .
° (—) =W L7 central difference
0z/jj 2h
aZu u.+1’._2u.’.+u._1’. )
( x) =L ") ) central difference
at2 ij k2

and by substituting into equation (3.9), we obtain:
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k2 ck
Uiv1j = 30 (Tijer — Tijo1) + w2y (i jer — 2us; + U joq — Uimgjon + 2Uimgj —

ui—l,j—l) + 20 ; —uiq fori=2:Nandj=2:7 (3.12)

The initial and boundary conditions of equations (3.7) and (3.8) respectively, are valid. Thus,
horizontal displacements along the soil profile u; 4, j at time t = t;,4 are calculated based on
their values at time t =t; and t = t;_4, as well as the soil shear stresses 7; ; which are

calculated trough the constitutive relation (2.1).

Implicit method

If the central difference for the 1** order time derivative of equation (3.9) is employed:

1t and 2™ order

(63ux ) Wi, j41 72U 41, j Ui jo1 U1, j41 21, j~ U1, j—1
9z%at/ 2h2%k

central differences
and the remaining derivatives of equation (3.9) are calculated as was presented in the

previous paragraph, by substituting into equation (3.9), we obtain:

( _ )< = w4 ) -2 ( _9 n _
Tij+1 — Tij-1 2hp Uit1,j Ujj T Uj—1,j 2ph? Uitr1,j+1 Uit1,j T Uit1,j-1

Ui—qjpr + 2Uim1; — Uim1,jo1) (3.13)
Assuming that:

ck hk 2 1
T=c and  Kiyr,j == (Tijue1 = Tijor) =gty + 3 uionj + (Wimnjon —

2Ui_qj + Ui1,j-1)
, we finally obtain:
1 . .
Uipq,j+1 T (—2 - ;) Uipr,j + Uiy, j—1 = Kig1)j Jfori=2:Nandj=2:Z (3.14)

The initial and boundary conditions of equations (3.7) and (3.8) respectively, are written in

matrix form:
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heightj —*

. . 1 2 3 Z-1Z27Z+1
fimel — _
l 1 0 0 0 0 0 0
2 0 0 0 0O 0 0
3 ugs Uz z
N—1| Udy-—1 Uy-1,z
N | ugn S Un,z
N+1| UGN+ uN+1,z_
Matrix 3.1

Thus,attime t =t; ,for i > 2 ,asystem of (Z + 1) linear equations has to be solved, with

unknown variables the soil horizontal displacements u; ;, for j = 1:Z + 1. The system is

written in matrix form as follows:

heightj —»

) . 2 3 4 Z-2 Z-1 Z ZI+1
height j
l 1 1 0 0 0 0 0 0 0 U g ug;
1
2 1 —-2- T 1 0 L 0 0 0 0 Uiz K!“z
30 1 -2 _% | 0 0 0 0 U Kis
X =
Z-1 0 0 0 0 1 -2 —? 1 0 ui,Z—l KE,Z—I
1
z 0 0 0 0 0 R Uiz Kiz
z+1 0 0 0 0 0 0 -1 I U741 0
Matrix 3.2

According to what has been discussed in this chapter, a rigid rock was assumed at the base of
the soil column. If soil lays on a compliant rock of density p, and shear wave velocity V,, then
the boundary condition at the base of the soil column is reformulated accordingly (Gerolymos

& Gazetas, 2005 and Joyner and Chen, 1975):
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du; 4 _ dugi

e (28), = o (-2 o1

, Which is approximated according to:

. (62u) _ Uiz —Uj1—Uj—12F+Ui—11
i1 hk

5500) = backward diff. for time derivative & forward

diff. for spatial derivative

° (—) — it Tt forward difference
at/i1 k
ou ug .—ug - .
. (a_f)- = ’Tll backward difference
l

By substituting into equation (3.15), we obtain:

¢ PV
Tiat o, (w2 =g =i +Uiq) = " (ui+1,1 — U1~ Ug, T ugi_l) =

k c
U; =—T1; — (U, —U; 1 —U;_ U;_ U; Uy, — U 3.16
i+11 = Tt + hprVr( i2 i1 i-1,2 T U; 1,1) T U1+ Uy, 91 ( )

Thus, for a compliant base rock, the system of linear equations is written in matrix form as

follows:
heightj —»
2 3 4 Z—-2 Z-1 Z Z+1
heightj _
i 1 1 0 0 0 0 0 0 0 U; 4 B;
1
2 1 _2_ ?_~ 1 0 . . . 0 0 0 0 ut“z Kj‘z
3 0 1 -2 _% 1 0 0 0 0 Uj3 Ki.3
X =
1
z-1] 0 0 0 0 1 —2-7 1 0 Uiz -1 Kiz_1
20 0 0 0 -0 1 ol Uiz Kiz
Z+1| 0 0 0 0 0 0 -1 L Ui z+1 0
Matrix 3.3
k c

, Where B;; = oo Lim1t + (ui—1,2 —Uj—1,1 — Uj—22 T+ ui—2,1) FU-—11t U, |~

hprVr

U .
9gi-2
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3.2. Verification against analytical solutions

3.2.1. Homogenous soil profile

The developed algorithm is verified against analytical solutions for soil amplification due to a
vertically propagating shear wave. For a homogeneous soil deposit (constant velocity or shear

modulus), the amplification function and mode shapes are given respectively by:

1

Alw) = —F—r— (3.17)
COS(V5(1+if))
Un(2) = cos &2 (3.18)

, wWhich is in accordance with model predictions, for &=5%, 10%, 15% and 20% and n=1,2,3 and

4 (first four eigenmodes) as shown in figures 3.2 and 3.3.
3.2.2. Inhomogenous soil profile

For the case of an inhomogeneous soil profile, deposits with linearly increasing shear wave

velocity were examined, with Vs varying with depth according to:
Vs = Vso(1 + b2z) (3.19)

where Vg is the velocity at the surface, z is soil depth from surface and b is the rate of
heterogeneity. The dimensionless rate of heterogeneity b (Gazetas, 1982) is being introduced

according to:
b = bH (3.20)
The soil amplification function is given by (Gazetas, 1982):

2q
A = = - 3.21
(aO) (-0.5+q)(1+b) 05 q+(—0.5+q)(1+5) 0.5+q ( )

1 w2 1/2
= (Z N V502b2(1+2i§)) 8:22)

(XO = (UH/VS() (323)
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For a 20 m thick soil deposit with density p=2t/m?3, four cases of linear V; distribution with
depth are examined. The corresponding shear modulus profiles are depicted in figure 3.4 in
comparison with that of a homogeneous profile with V=220 m/s. To serve as a benchmark,
the Gmax distribution (according to eq. 2.2), of a sand deposit with D, =0.5 y =20kN/m?* and
Ko=0.5 is also portrayed in this figure. The amplification factors at the surface are calculated
for each case for two values of the hysteretic damping ratio: 5% and 10%. The comparison
between the model prediction and the analytical solution is presented in figure 3.5. It is
observed that the deviation between numerical and analytical solution increases with
increasing rate of heterogeneity b, becoming notable for values of b greater than 6. A
discussion on this divergence has been provided by Towhata (1996). Reducing the time and
spatial steps in the dynamic analysis of such highly inhomogeneous profiles attenuates the

discrepancy at the cost of extra computational time.

3.3. One dimensional vertical soil consolidation

3.3.1. Uniform surface load q

3.3.1.1 Linear elastic soil

The undrained loading of cohesionless saturated soils generates excess pore water pressure,
that forces the water to flow through the pores of soil. The water movement changes the
volume of the pores, i.e. causes volumetric strains that consequentially lead to effective
stresses change. The phenomenon is called soil consolidation and is discussed in the present

section.

The principle of water mass conservation inside the pores of soil is expressed as follows:

Yepol

where v is water velocity, €, stands for the volumetric strain and t for time. By deploying

Darcy’s law:
B =—kVh (3.25)

in which k is the soil permeability and h is the hydraulic gradient:
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h=z+ :—p (3.26)

with z being the soil depth and y. the water special weight, and assuming that water flow
takes place only across the vertical axis, one can obtain the following equation that relates the
pore water pressure u, with the soil volumetric strain gyor:

LﬁZup (tz) _ _ﬁfvol(t,z)
Yw 9z2 ot

(3.27)

which expresses the one dimensional (vertical) soil consolidation.

By replacing the pore water pressure up, with respect to the cumulative mean effective stress

increment Xdp, we obtain:

Laz—ldp(t'z) _ aevol(t,z) (3 28)

Yw 922 9t ’

In one dimensional compression of an isotropic, linear elastic soil:

681;01(:,2) _ lap(trz) (3 29)
9t K Ot ’

, Where K is the soil bulk modulus. Thus, by substituting into equation (3.28):

82-3dp ¢,z 1 0D(t,2)
9z2 K ot (3.30)

The implicit technique for solving equation (3.30) is presented in the following section.
Employing the central difference for the 2" order spatial derivative and the backward

difference for the 1% order time derivative of equation (3.30):

82(-xd 2dp; j41-25dp; (+Edp; i )
(—( - p)) _ _ (i f Ly 24pj) central difference
9z ij h

a Lj=Di-1,j .

o (—p) = PujPiz1j backward difference
9t/ j At

and by substituting into equation (3.30), we obtain:

k (Zdpijs1—22dpij+Zdpij-1) _ 1Pij~Pi-1j N

Y h2 T KAt

KAtk

TohZ (pijr1 = Poje1 = 2pij + 2P0 + Pij1—Poj-1) = Pij = Pi-1,j (3.31)
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Assuming that:

K Atk
m =F (3.32)

, we finally have:

E(=pijs1+2pij — Dij-1) + Pij = Pi—1j + E(=Pojs1 + 2P0 —Poj-1) =

1 Pi-1j .
—Dij-1t (2 + E) Dij — Pij+1 = lT“ + —Do,j+1 + 2P0, j—Po,j-1 fOrj=2:Z (3.33)
The initial conditions of the problem are the geostatic stresses at the field:

® p,j=Do; forj=1.Z+1 (3.34)
The boundary condition at the soil column surface, which is loaded with a uniform load g of

infinite length, is:

® DPiz+1 =Poz+1+q fori=1LN+1 (3.35)

and at the soil column base is:

® Di1 =Do1tq fori=1:N+1 (3.36a)
, in case of a permeable base rock or:

Yepo i .

S0 fori=1:N+1 (3.36b)

for a non permeable base rock.
Thus, at time t = t;, a system of (Z + 1) linear equations has to be solved, with unknown

variables the mean effective stresses along the soil profile: p; ; for j = 1: Z+1. The system is

written in the following matrix form (under the assumption of a permeable base rock):
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height j —»

heightj 2 3 4 Z-2 -1 2z x+1_
i 1 | 0 0 0 0 0 0 0 Pia Po1t+q
2 -1 D -1 0 S 0 0 0 0 Piz Li 42
3 0 -1 D -1 0 0 0 0 Pi3 Hi 13
b4 =
Zz-1] 0 0 0 0 -1 D -1 0 Piz—1 L1z
z 0 0 0 0 S 0 -1 D -1 Piz Li1z
z+1 0 0 0 0 0 0 0 1| Piz+1 | |Poz+1 4
Matrix 3.4
. _1 __Pi-1j
,where: D =—+2 and Li_y; ==+ =Poj+1 + 2Po,j—Po,j-1-

Assuming a uniform, isotropic, linear elastic soil, Terzaghi ‘s theory provides the analytical
solution of the one dimensional consolidation equation for a saturated soil column of height
2H, permeable on its base with a uniform load g of infinite length on its surface. The
isochronous curves of Figure 3.6a provide the consolidation ratio U with the depth, for values

of the time factor T,, from 0.1 to 1. It is noted that:

U1t (337)
and

kD
T, = m t (3.38)

in which k is soil permeability, D is the soil uniaxial compression modulus, y. is the water

special weight, H is the half height of the soil profile and t is time.

Markers of figure 3.6, stand for the solution of the set of equations (3.33) to (3.36) with the
implicit finite differences technique, that was presented above. The convergence is also noted

in figure 3.6b in terms of the evolution of the dimensionless rate of consolidation:

)
U(t) = 5(%0) (3.39)
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against the time factor T,. U(t) expresses the evolution with time of the surface soil

settlements 6(t) in respect of the full soil settlement when consolidation has ended §(t=):
6(t =) =2H q/D (3.40)

It is noted, that the case that was examined with the f.d. algorithm is referred to a 2H=10m
deep soil profile, permeable on its base, with k=10*m/s, D=30MPa, soil effective special
weight y.:=10 kN/m3, initial relative density D,;=0.5, surface load g=200kPag and water special

weight y,=10 kN/m3. Time step At was set equal to 5-10%s and spatial step h equal to 0.1m.

3.3.1.2 Hysteretic damping soil

The one dimensional, vertical, soil consolidation described by the differential equation (3.28),
is solved with the finite differences technique, according to the implicit method, for the case
of hysteretic damping soil. Employing the central difference for the 2" order spatial derivative

and the backward difference for the 1% order time derivative:

02(—21127)) (2dpijr1—22dp; j+2dp;j-1) .
—_— = — . . . central difference
( 9z2 ij h? ff

de Evolij j~€volj—1 j .

( ”"’) = 0 backward difference

9t /i At

and by substituting into equation (3.28), we obtain:
L(Edpi']q.l—ZEdpi,j+Edpi,j_1) __ &voljj~8voli—1,j (3 41)

Yw h2 At

The constitutive relation (2.1), assuming zero deviatoric strain increment deg, is used in order

to calculate the volumetric strain increment:

dp;,;
devoli_j = gvoli,j ~&volj_q,j = ey (3.42)
By substituting into equation (3.41), we obtain:
k (Zdpijs1—2Zdpij+Zdpij-1) _  dpij
Yw h? - Ai_llet
Aj—1,j Atk
T (pij1 = Poje1 = 2pij + 2P0 + Pij1=Poj-1) = Pij = Pi-1,j (3.43)

Assuming that:
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Aj-q,jAt k

oz = Ve (3.44)

, we finally have:

View,j(=Pij+1 + 200 — Pij-1) + Pij = Pi-1j + Vi-1,j(—Po j+1 + 2P0 —Poj-1) =

b
_pl] 1+(2+ )pl] pl}+1 Vt—1]+ p0}+1+2p0] pO} 1 fOT] =2:7Z (3-45)

The initial and the boundary conditions are the same as were presented for the case of the

elastic soil, namely equations (3.34), (3.35) and (3.36).

Thus, at time t = t;, a system of (Z + 1) linear equations has to be solved, with unknown
variables the mean effective stresses along the soil profile: p; ; for j = 1: Z+1. The system is

written in the following matrix form (under the assumption of a permeable base rock):

heightj —»

o 2 3 4 Z-2 Z-1 Z Z+1
height |
l 1 1 0 0 0 0 0 0 0 Pit Pox t+q
2 -1 Gigp o -l 0 . 0 0 0 0 Piz2 Hi 12
500 <1 Gy -l 0o 0 0 0 Pis Hi s
x —
Z-1 0 0 0 0 -1 G z-1 -1 0 Piz-1 Hi_17.4
z| 0 0o o 0o - - . 0 -1 Gz -I Piz Hi_1z
z+1 0 0 0 0 0 0 0 1| Piz+1 | |Poz+1tq |
Matrix 3.5
__ Dbi- Pi-1,j
, where: G;_,; = Vi ——+2 and H;_,;= + —Po,j+1 T 2Po,j—Po,j-1-

3.3.2. Model response in one dimensional deformation soil element test

The one dimensional soil deformation is a condition very commonly encountered in
geotechnical engineering, e. g. consolidation, sedimentation, road embankments, large layout
structures resting on mat foundation etc. The extensive applications in addition to the

simplicity of the laboratory implementation make the oedometer test one the most common
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geotechnical investigations in soil mechanics. A typical laboratory layout provides conditions
similar to those previously described. Figure 3.7 renders qualitatively the typical experimental
response of saturated cohesionless soil in oedometer testing (Wils et al. 2015, Pestana and
Whittle 1995, Amundsen et al. 2015) in comparison with model response under one
dimensional compression loading. It is noted that in one dimensional deformation loading,
soil element is imposed to normal deformation in the vertical axis, while preventing the
normal horizontal and shear deformations, e. g.: €,#0, while €4 = €y = Yy = Vxz = Vy= 0.
According to experimental observations, the vertical effective stress vs corresponding normal
strain (or volumetric strain or void ratio) curve, is characterized by the following; as vertical
stress increases the sand specimen is condensed, it gets denser and therefore less
compressible. If a critical stress is exceeded, grain crush is observed, the soil “yields” and
becomes less stiff, though with the continuously increasing vertical stress hardening soil
response is reacquired. The “yield” region that is attributed to the grain crush is not captured
by the model, however its contribution to the deformation is considered to be limited in
practical consolidation problems, since the stresses between the grains remail small. Since the
lateral expansion is restricted, as the vertical normal stress increases horizontal compressive
stresses are developed. A number of laboratory tests evince that the horizontal over the

vertical stress ratio Ko remains constant, which is also reproduced by the model.

3.3.3. Implementation of the consolidation equation into the wave

propagation algorithm

Inthe present section, the developed numerical algorithm for the one dimensional shear wave
propagation is extended to simultaneously account for the dissipation of the excess pore
water pressure, that is generated within sandy layers due to cyclic loading. The sets of
equations that refer to the vertical soil consolidation and those that describe the one
dimensional shear wave propagation, are treated with the finite difference method. The
procedure followed by the algorithm is that one set of equations is solved first and the
obtained results are used for the solution of the second set of equations (at a certain pointin
time t = t;). These results in turn, are fed back into the first set of equations to calculate the
response at the next point in time t = t;, ;. Figure 3.8 gives a schematic depiction of the
algorithm procedure. Forward, backward or central finite differences technique is used
contextually, resulting in an implicit or an explicit solution method. The alternative solution

techniques drawn in Figure 3.8 that were examined (f.d., b.d. or c.d. at certain positions)
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display insignificant deviations, however attention must be given when deciding the size of
time and spatial step of the analysis, e.g. if the explicit technique is applied, the discretization
should be adequate enough when modelling high soil permeabilities (i.e. k > 1 m/s). In what
follows, the implicit, the explicit and the Crank-Nicolson technique for solving the

consolidation equation (3.28) are presented.

Implicit method

The central difference is employed for the 2™ order spatial derivative and the backward

difference is employed for the 1* order time derivative of equation (3.28):

92 (-zdp) Zdp; j+1—22dp; j+2dp; j—1 )
(_217) — _20Pij AR central difference
0z ij h
o¢ Eyoli,j~Evoli-1,j .
° ( ”Ol) = 2ob ol backward difference
at ij At
By substituting into equation (3.28), we obtain:
k Zdprij+1-22dpr j+2dpri i1 Evolij—Evoli-1,j _ 4Evolij (3.46)

Yw h2 At At

The constitutive relation (2.1) is used in order to calculate the volumetric strain increment:

deyol i j — dpij—Bi-1,jdeqij (3.47)
At Aj-q,jAt

, Where the deviatoric strain increment deqij, is calculated by the solution of the wave

propagation diff. eq. (3.9). Thus:

Aj—1j4tk

o 12 (de’i,j+1 —2Zdp',  + de’i,j—l) —Pij = —Pi-1j — Bi-1jdeq; (3.48)

Assuming that:

Ai_lletk _ )% h? _
o Fie & —Ai_rjmk (Pic1,j + Bi—1,jdeq ;) = Giyj
, We obtain:
’ ’ ' Plij
—de ij+1 + 22dp ij — Edp ij—-1 + le = Gi—l,j (349)
, Where
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Zdp'ij=p'ij — Do
Assuming that:

1

Fi—lj + 2 = Hi_l'j & _po’j.'.l + po,] - pO,j—l + Gi—l,j = Si—l,j

, we finally have:
—Dij-1+ i—1,jpij — Pije1 = Si-1,j forj=2:2
The initial conditions of the problem are the geostatic filed stresses:

® p1,j=Do; forj=1Z+1

The boundary conditions of the problem are:

o The free surface permeable boundary:
Diz+1 = Doz+1 fori=1:N+1
e if soil column base is assumed a permeable boundary:

Pi1 =Do1 fori=1N+1

(3.50)

(3.51)

(3.52)

(3.53)

(3.54a)

If soil base is considered a non permeable boundary, zero volumetric strain increment is

assumed at this point and employing the constitutive relationship (equation 2.1):

Yepol; 1
3 = 0=deyorin =0=dp;y = Bi_11déqi1 = Dig = Pi—11 +
Bi_l'ldeq i1 fOTi = 2: N + 1

(3.54b)

Initial and boundary conditions (for the case of a permeable base rock) are written in the

following matrix form:
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heightj —*

time i 1 2 3 ZI—1 ZI ZI+1

l 1 Po1 Poz2 Pogs Poz-1 Poz Po,z+1

2 Po,1 L Po,z+1

3 Po,1 Po,z+1

N-1]| Poa1 Po,z+1

N Po,1 T Po,z+1

N+1| Poa Po,z+1
Matrix 3.6

Thus, at time t = t;, a system of (Z + 1) linear equations has to be solved, with unknown

parameters the mean effective stresses along the soil profile: p; ; for j = 1: Z+1. The system

is written in the following matrix form (under the assumption of a permeable base rock):

heightj —
height j 2 3 4 -2 Z-1 Z Z+1
l 1 1 0 0 0 0 0 0 0 Pis
2| -1 My, -1 0« - - o0 0 0 Pi2
3 0 -1 IL-_Lg -1 1] 0 0 0 pi,3
X
z-1 0 0 0 0 Al My 221 -1 0 Piz-1
z 0 0 0 0 e 0 -1 Mgz -1 Piz
z+1 0 0 0 0 0 0 0 L] Piz+1

Matrix 3.7

and for the case of a non permeable base rock:
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heightj —

) . 2 3 4 Z-2 Z-1 Z Z+1
heightj .
l 1 | 0 0 0 0 0 0 0 Pi1 Iio11
2 -1 ni,ljz -1 0 ot 0 0 0 0 Pi,2 51—1,2
3 0 -1 I'L-_Lg -1 0 0 0 0 Pi3 S£—1,3
X =
z-1 0 0 0 0 -1 Mg z-1 -1 0 Piz—1 Si—1,7-1
z 0 0 0 0 S 0 S U | PR Piz Si—1,z
z+1 0 0 0 0 0 0 0 ] Piz+1 P1z+1
Matrix 3.8

,where [;_y1 =pi_11+ Bi_11deq 1.

Schematically, the implicit method can be depicted as follows:

I step i-1
° e stepi

i, j-1 i,j i, j+1

Explicit method error: Au = 0(At) + 0(h?), is linear over time step and quadratic over
spatial step. The implicit method is always numerically stable and convergent but more
numerically intensive than the explicit method, as it requires solving a system of numerical

equations on each time step.

Explicit method

The central difference is employed for the 2" order spatial derivative and the forward

difference is employed fir the 1% order time derivative of equation (3.28):

9%(-zdp) Zdpi—1,j+1=22dp—1,j+Zdpi_1,j-1 ;
(—p) = Ty i) - central difference
922 Ji—qj h?
de EvolijtEvoli-1,j .
. (_l) — Evolij*Evoliz1j forward difference
ot Jij_1j At

By substituting into equation (3.28), we obtain:
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k 2dpi-1,j+1722dpi—1,j+2dPi-1,j-1 _ Evolij”Evoli-1,j _ 4Evolij
Yw h2 At At

(3.55)

The volumetric strain increment is calculated according to Equation (3.47). Thus:
Fiv; (Zdpi_yjs1 —2Zdpi_yj + 2dpi—1j—1) = Pij — Pi-1,j — Bi—1jdeqi; =

Pij=Fi_yjPi1je1 + (1= 2Fi_y ;) pic1j + Fie1 Pic1,j-1 + Bi1j degij — Dojs1 +
2po,j — Po,j-1 (3.56)

Equation (3.56) is solved in conjunction with the initial condition (3.52) and the boundary

conditions (3.53) and (3.54). Schematically, the implicit method can be illustrated as follows:

i-1,j-1 i1, j i-1, j+1
. I ® step il

stepi
ij

Explicit method error: Au = 0(At) + 0(h?), is linear over time step and quadratic over
spatial step. The explicit method is least accurate and can be unstable, but is easy to
implement and least numerically intensive. The explicit method is generally numerically stable
and convergence if:

At < - (3.57)

Crank — Nicolson method

Equation (3.28) is expressed at time t = t,_1as follows:
2

e, e |-, -

By calculating the central differences:

9%(~zdp) Zdpi—1,j+1=22dp—1,j+Zdpi_1,j-1 ;

(—p) = Ty =L - central difference
92> Ji-1j h?

92(-xdp) Zdp; j41—22dp;j+Zdp;j-1 .

(—p) = b LJ Ly central difference
0z2 i h2

de Evoli,j*+Evoli-1,j .

o (fw) | = Dottt central difference
ot Ji_Zj At

2
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and substituting into equation (3.58), we obtain:

Fi_qj
%(dei—l,j—l —25dp;—yj + Zdpi—y j41 + Zdp;j_1 — 22dp;j + Dijs1) = Dij —

Pi-1j ~ Bi-1,jdeqi; =

F._ . F_ . F_ .
lTIin,j—l +(=1=Fi_yj)pi; + lTl']Pi,jﬂ = _lTupi—l,j—l + (=14 Fiy)pi-1) —

Fi_q,
%pi—l,j+1 — Bi_yjdeqij + 2poj—1 — 4Po,j + 2P0, j+1 = (3.59)

Assuming that:

2

+2 = Ni—l,j and

Fi_1,j

2 4 8
Pi-1,j-1 + ( - 2) Pi-1j + Pi—1,j+1 + 57— Bi-1,jdeqij — 5 ——Poj-1 + 7 Poj —
i—-1,j i—-1,j i-1,j

Fi_q,j
4

Fry, PO+ = Wi_1,j
, we finally have:
—Dij-1+ Ni—1,jDij — Pij+1 = Wi—gj for j=2:Z (3.60)

, in conjunction with the initial condition (3.52) and the boundary conditions (3.53) and (3.54).
The solution of a system of (Z + 1) linear equations is required at each time step t = t;. For

the case of a permeable base rock, the system is written in matrix form as follows:

height j —

) . 2 3 4 Z-2 Z-1 Z Z+1
heightj .
J' 1 1 0 0 0 0 0 0 0 Pi1 P11
2 -1 Nf,Lz -1 0 ot 0 0 0 0 Pi,2 VVE—I.Z
3 0 -1 Nij3 -1 0 0 0 0 Pi3 Wi i3
x =
Z-1 0 0 0 0 -1 Nj_g,z-1 -1 0 Piz—1 Wi—1,z-1
z 0 0 0 0 Coe 0 -1 Nz -I Piz Wi 1z
Z+1 0 0 0 0 0 0 0 I Piz+1 | P1z+1
Matrix 3.9
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, while for the case of a non permeable base rock:

heightj —
hg{gh[} B 2 3 4 Z—-2 Z-1 zZ Z+l_

l 1 1 0 0 0 0 0 0 0 Pi1

2 -1 Niogo -l 0 e 0 0 0 0 Piz

3 0 -1 Ni—],3 -1 0 0 0 0 pi,S

X

Z -1 0 0 0 0 -1 Ni—l,z—l -1 0 Piz-1

Z 0 0 0 0 - . - 0 -1 NE—I,Z -1 Piz
z+1 0 0 0 0 0 0 0 1| Piz+1

Matrix 3.10

The Crank — Nicolson method is schematically depicted as:

i-1,j-1 i-1, i1, j+1
[ I ® step k1
[ ] stepi
i,j-1 ij i,j+1

I/V!‘fl,Zfl
Wiz

P1.z+1

Crank — Nicolson method error: Au = 0(At?) + 0(h?), is quadratic over time and spatial

step. Crank — Nicolson method is numerically stable and convergent but usually more

numerically intensive as it requires solving a system of numerical equations at each time step.

3.3.4. Considering the coupling term on the consolidation differential

equation

According to equation (3.27) that describes the one dimensional vertical soil consolidation, a

constant coefficient of permeability k, was assumed along the soil profile. In case that a non

uniform stratigraphy, consisted of consecutive soil layers of different permeability is

examined, the equation of vertical consolidation is reformulated as follows:

kg 192up (t,2) i% Ouyp (t.2) — Iepol(t,z)
Yw 9z2 yw 9z 9z It

53

(3.61)




, Where k; is the variant coefficient of soil permeability in the vertical axis. By substituting with

respect to the mean effective stress, we obtain:

&192_2(177 (tz) , 1 0k, 0-2dp(tz) _ _ Depol(t,2) (3.62)
Yw 9z2 Yw Uz 9z 9t ’
Following the implicit finite differences technique to solve eq. (3.62):
(M) S b R e A i N central difference
d9z2 ij h2
. (ag""’) = Zvolij”fvoliz1) backward difference
ot Jij At
ak k . _k. i .
. (—) = central difference
0z/ j 2h
o (a):dp) = Zij1—2dPijos central difference
0z /i 2h

and by substituting to eq. (3.62),we have:

(Firj = F'ic1j)Pijo1 + (=2Fi—yj — 1)pij + (Fic1j + F'i1)Pije1 = Ric1j  forj=

2:Z (3.63)
, Where:
Ai_q i Atk; Aj_1; At (kjp1—ki_q)
Fi—lj — -1 ] , F,i—lj — -1 ] J and
g Yw h? g 4y h?

Ri_1j=—Di1j— Bi—l,jdeqi’j + Fi_1,(Poj+1 — 2P0, + Poj-1) + F'i—1,;(Poj+1 — Po,j-1)

The initial are boundary conditions are described in eq. (3.52) and (3.53) — (3.54) respectively.

The system is written in matrix form (for the case of a permeable bae rock) as follows:
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heightj —»

. 2 3 4 7-2 Z-1 Z Z+1
heightj

l 1 1 0 0 0 0 0 0 0 Pt P11
2 |F=F —2F—=1 F+F S 0 0 0 0 Piz Ri_iz
3 0 F—F —2F—-1 F+F 0 0 0 0 Dpi3 Ri 13

x =

Z-1 0 0 0 0 F—F —2F-1 F+F Piz-1 Ri—1z-1
z| 0 0 0 0 .+ . o 0 F—F —2F—1 F+F Piz Rioiz
Z+1 0 0 0 0 0 0 0 1| Piz+1 | Ry 741

Matrix 3.11

, which for F' = 0 equals to Matrix 3.7 that stands for the case of constant k; along the soil
profile. The non-diagonal term F' considerably adds to the computational cost, especially

when modelling profiles with substantially varying permeabilities.

The 10m deep soil profile of Figure 3.9, consisting of a 5m sandy layer encased between 2.5m
clayey layers of permeability keoy =108 m/s, will be examined in order to provide an example
of the effect on model predictions of equation (3.61), compared to the originally presented
consolidation equation (3.27), according to which zero coupling term is assumed. However,
the analysis according to eq. (3.27) was executed assuming a varying k, = k; for j = 1: Z +
1 along the soil profile. A sinusoidal excitation of total duration equal to 3s is applied on the
base of the soil column. The sand permeability is parametrically examined starting from ksang
=10® m/s (homogenous profile) to ksns =10 m/s and the results in terms of maximum excess
pore pressure r,mex With depth are provided in Figure 3.10, for the two aforementioned
approaches. The deviations between the two approaches are negligible for ks;ns =10® m/s to
10° m/s, while for ksun¢ =10* m/s variation in the predictions is observed. The excess pore
pressure at the interfaces between sandy and clayey layers attains a peak value of r,=1, while
the distributions within the sandy layer follow broadly the same pattern, i.e. greater r, values
at the middle of the layer that decrease towards the boundaries. This type of response,
namely a high r, value that is locally detected at the interface between a non permeable layer
and a layer of high permeability has been observed in the literature (Kokusho 2000, El Shamy

& Sizkow 2021). designated as “thin water film”.
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The mean effective stress time histories of each sub-layer during the ground shaking of Figure
3.11 illustrate more descriptively the response of the sublayers at the interfaces, which has
been modelled according to the constitutive relation and the soil characteristics of the clay.
The r, snapshots of the same figure at t =1s ,2s and 3s of ground shaking, indicate that at t =2s
approximately an increase in the r, values at the interfaces has been developed that rapidly
escalates up to 3s. Finally, model predictions for the response at the middle of the sand layer
for 17s after the end of shaking is depicted in Figure 3.12, for the two above discussed
approaches. In case that the coupling term is omitted, a quick dissipation of the excess pore
pressures is noted, while r, remains undiminished after the end of shaking in case that the
coupling terms is included in the diff. equation. Therefore, it can be deduced that the
subtraction of the coupling term plays a significant role in case that a layer of high permeability
is encased between two practically impermeable layers, since only when this term is taken
into consideration the response resembles the expected one, i.e. no dissipation of pore

pressure generated in the liquefied sand, through the impermeable top and bottom layers.

However, due to the massive time and computational cost that is required in order to include
the coupling term in the analysis (compared to the analysis with zero coupling term with
varying k, = k; for j = 1. Z + 1 along the soil profile) the simplification of using eq. (3.27)
instead of eq. (3.61), frequently encountered in the literature (Hashash et al. 2016, Wang et
al. 2005), could be adopted, at the expense of accuracy. However, significant inaccuracy could
arise when modelling soil profiles of high heterogeneity (with regard to the permeability) and

relatively high permeabilities are involved.
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Figure 3.1. Shear wave propagation on a continuous medium.
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Chapter 4

Numerical algorithm

validation

4.1. Comparison with centrifuge experiments

The performance of the model is validated against experimental data from two centrifuge
experiments. Hashash et al. (2015) reported on a series of tests in the centrifuge facility of the
University of Colorado Boulder, investigating the nonlinear response of a soil deposit to
ground shaking. A 26 m thick in prototype scale layer of #120 dry Nevada sand (388 mm thick
in model scale) with an estimated relative density of approximately 60% and estimated unit
weight of 15.34 kN/m? was installed in a flexible-shear-beam (FSB) container (Chayoomi et al.,
2013) (container inner dimensions: 30.48cm x 69.85cm x 33.8cm; width x length x height, in
model scale). The soil specimen was dry-pluviated into the container using a barrel hopper at
a constant drop-height to achieve the aforementioned D, and spun to a centrifugal
acceleration of 77 g. Then, it was subjected to a series of one-dimensional earthquake input

motions.

The instrumentation included a vertical array of horizontal linear variable displacement
transducers (LVDTs), adjusted on the container frames in order to record their horizontal
movement, that yielded the shear strain and the lateral displacement profiles. Additionally,

three vertical arrays of accelerometers were used; the central array (6 accelerometers placed
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inside the soil in the center of the container), the side array (4 accelerometers placed inside
the soil close to the boundary of the container) and the box array (5 accelerometers placed
externally on the container frames). Their recordings were used to estimate the PGA profile
and the center array of accelerometers was also used to estimate the shear strain profile
according to Zeghal et al (1995). Two LVDTs placed on the soil surface measured the surface
settlement during the earthquake events. The resulting volumetric strain after the end of each
excitation appeared to be relatively small. Thus, soil density is considered equal to D,=60% in
all numerical analyses included in this paper. More details regarding the experiment
configuration and instrumentation and the recordings processing procedure can be found at

the original publication by Hashash et al. (2015).

Table 4.1, summarizes the sand properties measured by the investigators (relative density,
min and max void ratio, min and max dry unit weight) along with critical model parameters
used in the analyses with Ta-Ger model. Its calibration procedure was the same as was
presented in chapter 2. Equation (2.2) was applied to calculate the shear modulus at small
deformations while the calibration of the rest of the model parameters was based on

matching the Vucetic et. al (1991) G:y, &:y curves (figure 2.1 and table 2.2).

Two cases were examined, each corresponding to a different seismic excitation as input
motion at the base of the container: (i) the Loma Prieta 1989 record (station name: Santa Cruz
Lick Observation) and (ii) the Kobe 1995 record (station name: Takatori). The time histories of
the actual records and those of the actually imposed motions at the base of the centrifuge
container are contrasted in figure 4.1. The records, as derived from the Strong motion virtual
data center VDC, were used as inputs for the site response analyses with the developed p-q
version of the Ta-Ger model. Characteristic features of all acceleration time histories involved

in the study are summarized in table 4.2.

The computed and measured seismic soil response by means of: (a) peak displacement, shear
strain and ground acceleration profiles and (b) acceleration response spectra and
corresponding Arias Intensity at ground surface are presented in figures 4.2 and 4.3, for the
Loma Prieta and the Kobe Takatori input base motions respectively. Broadly, for the weakest
excitation (figure 4.2), the p-qg version of Ta-Ger reproduces the distributions satisfactorily.
The model predicts more accurately the peak displacements, the maximum shear strains at
shallow and large depths and the peak accelerations at mid and large depths, whereas

performs less satisfactory in terms of maximum shear strain at mid-depths and peak
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accelerations at shallow depths. Specifically, the top LVDT record (-2.7m) of the minimum
displacement is by 10% overestimated, while a reverse picture is observed for the maximum
displacement which is by 15% underpredicted. The maximum shear strain based on the ACC
recording at -2.7 m (in prototype scale) is exceeded by 68% by the model. An overestimation
of the peak surface acceleration by 30% is also noticed in the analysis with Ta-Ger model.
Regarding the spectral accelerations at ground surface, model depresses the high-frequency
components and over-predicts the long-period pulses. A considerable exaggeration in spectral
accelerations is observed for periods from 0.3 s to 0.6 s approximately. The peak in spectral
accelerations that appears at around 0.17s is only slightly overestimated by approximately
8%. Finally, the measured Arias intensity is reproduced with remarkable accuracy by the wave

propagation algorithm.

The results for the strongest input motion are portrayed in figure 4.3. From an engineering
point of view, the calculated response is within acceptable margins. It is reminded, however,
that the predictability of Ta-Ger is compromised by the divergence between the used input
motion and that actually imposed as base excitation in the centrifuge tests. Ta-Ger model has
underpredicted the minimum and maximum displacements at -2.7m, by 28% and 37%
respectively. Deviations are also observed in the PGA profile where Ta-Ger model predicts a
maximum surface acceleration 22% larger than the experimental one. The maximum spectral
acceleration at surface is observed in both cases at T= 1.2s and equals to 3.2g for the Ta-Ger
model against 2.3g recorded at the centrifuge. Ta-Ger model systematically predicts greater
spectral accelerations for a wide range of periods. Similar conclusions can be drawn from the

calculated Arias intensity values which exceed the measured ones by 35%.

To better evaluate the deviations between Ta-Ger predictions and centrifuge measurements,
the analyses results of several 1D site response analysis techniques, that were presented in
Hashash et al. (2015) are included in this section. Specifically, the numerical tools that were
used to simulate the experiments were (i) the DEEPSOIL Nonlinear, (ii) the DEEPSOIL
Equivalent Linear (iii) the OpenSees Nonlinear (class C predictions) and (iv) the OpenSees
Nonlinear (class C; predictions). A prediction is categorized as class C if it is made after the
event but without knowing the results at the time the prediction is made, whereas a class C;
prediction is made after the event and the results are known at the time of prediction (Lambe,

1973).
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In Nonlinear site response analysis with DEEPSOIL, a hyperbolic constitutive model is used to
describe the soil backbone response. The hysteretic behavior is modeled using the four
extended unload — reload Masing rules with the modification proposed by Phillips and
Hashash (2009). The soil profile was subdivided into 16, 1m-thick layers from the surface to
16m depth and five, 2m-thick layers from 16 m to 26 m depth. Taking into consideration the
measured sand properties listed in table 4.1, the calibration methodology included the
estimation of the shear wave velocity as the average distribution between Bardet et al. (1993)
and Seed and Idriss (1970) proposed correlations. The Darendeli’ s (2001) shear modulus
reduction and damping curves were adopted, modified for the top layer following the
procedure described by Hashash et al. (2010), to approximate the target shear strength of the

soil at large strains.

The results of the nonlinear finite element site response analysis with OpenSees (Mazzoni et
al., 2006) that incorporates a multiyield surface plasticity constitutive model (Elgamal et al.
2002, Parra 1996, Yang 2000), are also presented. A shear beam approach was used with 21
elements to define the 26 m soil column, following the same discretization as was decided for
the analysis with DEEPSOIL Nonlinear. Several of the parameters required to execute the
analysis were estimated and others were selected according to the recommendations of the
OpenSees manual. The shear modulus curves were then automatically generated. The shear
wave velocity profile was the same with the one that was considered in the analyses with
DEEPSOIL. After comparing OpenSees prediction with the experiment measures the authors
repeated the finite element analysis recalibrating certain parameters (class Ci predictions).
Whereas the soil Vs profile was maintained the same, the modulus reduction curves were
updated to match the strength- corrected Darendeli’ s curves used in the DEEPSOIL Nonlinear
analysis, and were manually incorporated in OpenSees. The acceleration records measured at
the base of the container during centrifuge testing served as input to the analyses with all the
aforementioned techniques. For detailed information regarding all the site response analysis
that serve as a yardstick herein and the calibration of the constitutive models employed, the

reader is referred to the original publication (Hashash et. al, 2015).

Figures 4.4. and 4.5 present the comparison, in the same terms with figures 4.2 and 4.3,
between the four types of analyses executed by Hashash et al (2015), the centrifuge
experiment measures and the predictions of Ta-Ger model, for the Loma Prieta and the Kobe

Takatori base motions, respectively. For the majority of the examined parameters, models
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perform well during the Loma Prieta motion. Maximum displacements are in accordance with
the centrifuge experiments as well as the minimum displacements predicted by Ta-Ger model,
DEEPSOIL Equivalent Linear and OpenSees - class C. The maximum shear strain profiles
predicted by all numerical models is in very good agreement with the LVDT and the ACC
measures below 9m, except for the Ta-Ger model which overpredicts the response between
17m and 6m depth. However, above 9m DEEPSOIL Nonlinear and DEEPSOIL Equivalent linear
considerably overpredict the response. The predictions of the PGA values of DEEPSOIL Non
linear are very competent along the whole soil profile, while Ta-Ger model and DEEPSOIL
Equivalent Linear perform very well from the column base up to 6m. The exaggeration of the
surface spectral accelerations between 0.3s and 0.6s approximately that was observed in the
analysis with Ta-Ger model is also reproduced by the DEEPSOIL Equivalent Linear and the
OpenSees - class C, and less significantly by the DEEPSOIL Non Linear and the OpenSees — class
C1 models. Finally, the biggest deviations from the experimental Arias Intensity values are
observed for the OpenSees — class C model, in contrast to the DEEPSOIL Non Linear and Ta-

Ger remarkable performance.

For the strongest base excitation, comparisons depicted in Figure 4.5 evince that while
DEEPSOIL Non Linear and Equivalent Linear perform better than the rest models in terms of
maximum and minimum displacements, they greatly overpredict the near-to-surface
maximum shear strains. The same trend was observed for the case of the weakest excitation.
DEEPSOIL Non Linear and Ta-Ger model present the smallest deviations from the experimental
values for the PGA profile, except for the PGAs at shallow depths that are slightly
overpredicted by Ta-Ger. It is interesting, that all five models generally predicted greater Arias
Intensity values and in the most cases greater surface spectral accelerations than the
experimentally recorded, with DEEPSOIL Non Linear, OpenSees — class C; and Ta-Ger models
having the most accurate predictions. The last-mentioned parameters obtained from the

OpenSees Class C; analysis improved noticeably compared to the Class C predictions.

Accordingly to what has been presented in Hashash et al. 2015, numerical predictions against
experimental measures are evaluated in terms of residual values, calculated for each

parameter according to the following:

X
Residual X = log <M>

Xpredicted
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Residual X < 0: Underestimation

Residual X > 0: Overestimation

where X refers to a given response parameter of interest. Figures 4.6 and 4.7 depict the
residuals of the maximum and minimum displacements, maximum shear strains, PGAs,
surface spectra and Arias intensity values for the Loma Prieta and the Kobe Takatori base
motions respectively, for the five presented ground response analysis techniques. In general,
Ta-Ger model appears to be consistently in good agreement with the centrifuge
measurements compared to the rest models employed, for all the examined parameters,
except for the case of the maximum displacements at the strong earthquake motion (Figure
4.7), where Ta-Ger presents the maximum deviations between -6m and -13m approximately.
Considerably competent performance is provided by the DEEPSOIL Non Linear model
especially for the Arias Intensity values, while the DEEPSOIL Equivalent Linear shows relatively
large deviations from the experimental measurements, especially for the strong earthquake
motion, a performance within expectations. The overestimation of the surface spectral
accelerations and Arias intensity values by OpenSees - Class C predictions that implied a stiffer
soil response, was mildly attenuated by the modification of the modulus reduction curves, as
is shown by the class C; analyses results. Deviations between Ta-Ger and the other models
could be attributed to the fact that, besides their different mathematical formulation, the two
approaches complied with the soil properties measured at the laboratory (D;, €min, €max, Vd min,
Vdmax) but followed different calibration methodologies, adopting different V; correlations and
shear modulus reduction and damping curves available in the literature. Furthermore, as has
already been mentioned, the numerical analyses with Ta-Ger were executed using two slightly
different base excitations, since the actual centrifuge base records that were used in the
numerical analysis executed by Hashash et al. (2015) were not available. It is pointed out,
however, that the authors’ scope is not to make a comparison between the models, but to
provide the reader a yardstick to evaluate the magnitude of deviations between the Ta-Ger

predictions and experimental results.

Finally, the stress-strain hysteretic loops computed with Ta-Ger model at two depths of 4m
and 17m are portrayed in figure 4.8 for both base excitations. High non-linear response is
observed in the case of the strong base motion of Kobe Takatori. In this case, the loops are
much broader evincing the substantial amount of the dissipated energy associated with

double-amplitude mobilized shear strength.
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4.2. Validation against the case history of Port Island

4.2.1. Analysis of the case history

The developed model is further used to predict the seismic response of a site at the northern
area of Kobe’s Port island (lwasaki, 1996), in the 1995 earthquake (figure 4.9). During the
Hyogo-ken nanbu earthquake a vertical array of instruments recorded the shaking at Om, -
16m, -32m and -83m. The detailed geotechnical investigation carried out before and after the
event along with the seismographic instrumentation that recorded the shaking provide a

benchmark for testing the validity of the developed wave propagation algorithm.

The boring log for the borehole where the vertical array was installed is shown in figure 4.10
along with the standard penetration blow counts and the shear wave velocity distribution,
after P-S logging that was carried out at the field. The water table was found at -3m. The shear
modulus distribution considered in the analysis is also depicted in the same figure. Table 4.3
summarizes characteristic soil properties along with associated borehole depths at the
location of the seismographic array. They were either estimated based on empirical
correlations or drawn directly from the literature. The idealized soil profile was sectioned in 9
layers. Soil characterization, P and S wave velocity profiles are according to lwasaki (1995) and

the associated shear modulus distribution are according to:

=p Vs’ (4.1)

Gmax

in which the soil density p is calculated according to the saturated specific weight listed in the
same table (20kN/m? for sandy soils and 18kN/m?3 for clays). The (N;)so values of the standard
penetration blow counts distribution of figure 4.10 are employed in equation 2.20 to calculate
the relative density D, for each sandy soil layer. The undrained shear strength of the clayey
layers # 4 and # 8 is estimated according to Weiler (1988), who provided the undrained
strength measured in CU triaxial compression tests, depending on the plasticity index and the
over-consolidation ratio. For the specific layers an OCR equal to 1 and a Pl equal to 25 were
assumed. Ground response analysis was executed assuming: (i) undrained loading conditions
for all soil layers, apart from the gravelly layers # 1 and # 2 at near surface level for which fully
drained conditions were considered. Reclamation layers #1 and #2, according to the literature,

consisted of sandy gravel soil of high permeability and very low estimated strength. (ii)
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Consolidation conditions during shaking, according to what has been presented in chapter 3.
Permeability k was estimated according to soil type and was assumed k=10 m/s for the close
to surface reclamation soil, k=10 m/s for sand/ gravelly sand and k=10 m/s for the alluvial
clay (Table 4.3). Model base at -83m is considered a permeable boundary. The model
parameters for all layers (clays and sands) were calibrated against the Ishibashi and Zhang
(1993) shear modulus reduction and damping curves, while the undrained response of sand

was based on the Idriss (1995) MSF curve (table 2.2).

Figures 4.11, 4.12 and 4.13 provide comparison between seismographic instrumentation
records and model results for the two aforementioned approaches of drainage conditions. It
can be concluded, that the convergence with the measured response is broadly sufficient for
engineering accuracy, excluding certain cases, while divergence between numerical results
considering consolidation or undrained conditions is generally negligible. Specifically, Figure
4.11 shows comparison between recorded motions at the ground surface, -16m, -32m and -
83 m and calculated response Except for the case of -16m, where the model has significantly
underestimated the response, the agreement is satisfactory. Specifically, PGAs equal to 3.34
m/s?> and 2.63 m/s?> were predicted at the surface for drainage conditions (i) and (ii)
respectively, against the recorded 3.41 m/s?, 2.20 m/s* and 2.75 m/s? were predicted against
the recorded 5.65 m/s? at -16m and 4.34 m/s? and 4.47 m/s* against 5.44 m/s? at -32m. One
can observe that according to the records, accelerations are strongly de-amplified at the
ground surface level which is remarkably reproduced by the model. According to Iwasaki
(1995), the reclaimed fill material in the Portisland at the depth of -19m (the base of the sandy
soil layer #3 in the analysis) is believed to have liquefied and the liquefaction caused de-
amplification of the higher frequency components. The fact that liquefaction must have
occurred at the field was also supported by the measured pore water pressure profile at a site
of similar geological conditions that is located south of the area of the seismographic array. In
this area, the pore pressure measurements in the alluvial sand layer (which is considered to
be similar to the one designated as layer # 5 in the studied profile) indicated that liquefaction
probably took place at this layer also. Furthermore, according to Yamazaki et al. (1995) who
analyzed the seismic response of the site, liquefaction may have had occurred in both the

layer at -27 to -33m depth and in the loose sandy layer above the alluvial clay at -10 to -16m.

The acceleration response spectra of Figure 4.12, present in all three cases an amplification of

the low frequency components and a maximum spectral acceleration of about 1g, for periods
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between 1 and 1.5 second. The “weak” response of the surface along with the amplification
of the low frequency spectral accelerations, evince an intense non-linear response,

conceivably accompanied by liquefaction phenomena.

Figure 4.13 portrays the numerical results for the two types of analysis, in terms of
distributions with depth of the peak values of acceleration, horizontal displacement, shear
stress, shear strain and pore water pressure ratio. Both analyses predict that liquefaction took
place to the sandy layers #3 and #5, with values of r,msx close to unity, associated with large
shear strains (of the order of 4 % to 5%). While the response predicted by the two different
approaches is generally very similar, the simulation of the actual permeability of the surface
gravelly layers, instead of considering drained conditions for the same layers that
fundamentally prohibit the development of the r,, allow the excess pore pressure generated
to the lower sandy layers (with r, max very close to unity) to dissipate up to the surface. This is
illustrated in the near to surface maximum r, distribution, where very high r, values are
observed, consequently leading to increased shear strains and displacements at the same
depths. According to Elgamal et al. (1997), the soil behaved quasi linearly below -32m with
limited reduction in stiffness, which is in agreement with the present analysis since

displacements are accumulated in shallow depths, above -30m approximately.

Finally, Figure 4.14 shows comparison between the two types of analysis in terms of shear
stress-strain loops at -10m and -16m. The left figures (undrained conditions except for layers
#1 and #2 where drained conditions were considered) are indicative of liquefaction only for
the case of gravelly sand (z=-16m) with the gravel (z=-10m) responding almost linearly,
whereas the right figures, that correspond to consolidation conditions, denote that the

surface layers were affected by the dissipated pore pressures.
4.2.2. Sensitivity analysis

To investigate in more detail how the diffusion of the excess pore water pressure is performed
by the model, the seismic response of Port Island site in the 1995 Kobe earthquake is
presented in terms of the evolution with time of the mean effective stress, developed in each
soil sub-layer. Along with the original configuration as was considered in the previous
paragraph (case #1), three alternative cases are examined (Table 4.4) for different
permeability conditions. Each layer is designated with a different color, according to the first

column of Table 4.4. Each soil profile is subdivided into 83, 1m-thick sub-layers.
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In accordance with the rymax distribution of Figure 4.13, the highest values of the excess pore
pressure were accumulated in layers #3 and #5, as is denoted in Figure 4.15a by the
corresponding curves of p’ that tend to zero at approximately 5s and 10s of shaking,
respectively. The effective stress of #2 layer is also decreased to zero, following almost the
same pattern with its underlaying layer. The clayey layers #4 and #8 undergo practically zero
decrease of the effective stress, since no pore pressure is assumed to be generated in the
clayey layers and their very small permeability (k=10° m/s) prevents the drainage within them.
A very modest decrease in p’is observer for the deeper sandy layers #6, #7 and #9 most likely
due to their significantly high relative density (Table 4.3). Figure 4.16 provides the evolution
of p” up to 30s. Since the earthquake motion lasts only 12s, after the end of shaking no more
pore pressures are generated and the already developed pressures are diffused within the soil
layers. According to figure 4.16a, the relatively small permeability of the surface layers #1 and

#2 causes a slow increase of p’ of the liquified soil up to 19m.

In case #2 of Table 4.4, a profile with permeability k=10 m/s for the first two surface layers is
examined. Compared to case #1, it is observed that the response is quite similar up to 12s
(Figure 4.15b), though it is observed that due to the greater permeability of the surface layers
the post-earthquake rate of pore-pressure dissipation is more prominent in case #2. In case
#3, the increased permeability of the deeper layers (#4 to bottom) allows for the pressures of
the liquified sand #5 to dissipate rapidly within its underlying layers, which is designated by
the disturbance of the effective stress propagated to the deeper layers (Figures 4.15c and

4.16c).

It would be interesting to identify, whether the decrease of the effective stress of layers #1
and #2 is caused by the pressures generated inside these layers (sandy soil of very low D;) or
they are affected by the dissipation up to the surface of the pressures generated in the
underlain liquified layer #3. Thus, case #4 is examined, where the first two surface sandy layers
are replaced with clayey soil, in which pore pressures are not generated due to cyclic loading.
The permeabilities of the soil layers are the same as in case #1. Figures 4.15d and 4.16d
suggest that these layers are affected by the dissipated pressures of the underlaying liquefied
layer, but the decrease of p’ is milder. Consequently, it can be deduced that both processes
(dissipation and generation) of pore water pressure evolution contribute to the resultant

response.
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Figures



Table 4.1. Measured properties of Nevada Sand used in the centrifuge experiment (Hashash
et al., 2015) and estimated sand properties used in the analyses with Ta-Ger model.

Variable Value Unit
Measured sand properties

Relative density,D, 0.6 -
Minimum void ratio,e,, 0.586 -
Maximum void ratio,e__. 0.852 -
Minimum dry unit weighty, .. 14 kN/m3
Maximum dry unit weighty, .., 16.39 kN/m3

Estimated sand properties used in the analysis

Low strain shear modulus,G equation [2.2]

max

Bulk modulus,K .. elastic relashionshipG, . - v
Poisson's ratio,v 0.25 -

n cal. ag. Vuceticet. al (1991)
n cal. ag. Vuceticet. al (1991)
Dry unit weight,y, 16 KN/m3

Dry density,p, 1.63 Mg/m3

Relative density,D, as measured

Minimum void ratio,e as measured

min

Maximum void ratio,e ., as measured
Critical state friction angle,@,, 32 degrees
Dynamic analysis properties

time step 10 s
height step 0.5 m
viscoelastic constantc 200 t/(m-s)
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Figure 4.1. Acceleration records used in the analyses ( data from Strong motion virtual data
center VDC) [left] in comparison with recorded container base motions [right].

Table 4.2. Properties of the ground motions used as input into the analyses in comparison
with corresponding variables of the recorded container base motions.

Loma Prieta SCLO Kobe Takatori

Centrifuge  Analysis  Centrifuge  Analysis

PGA (g) 0.33 0.40 0.76 0.62

T, (s) 0.16 0.16 0.4 0.18
Al (m/s) 2.12 2.04 9.16 8.45
D, o5 () 11.34 9.7 25.78 9.93
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Figure 4.10. Soil profile, SPT values of the borehole and V distribution by PS logging (after
Iwasaki, 1995) and estimated initial shear modulus distribution used in the analysis.

Layer # Dﬁg;h Soil Type (rr:/;s) (mv;s) (N1)so Dr Gma (KPa) (KSI;a) (Kﬁs;’:ﬁ) k (m/s)
1 0-5 Gravel* 305 170 4 0.29 57.8 - 20 104
2 5-13 Gravel* 780 210 4 0.29 88.2 - 20 104
3 13-19 Gravelly sand 1480 210 6 0.36 88.2 - 20 104
4 19-27 Alluvial clay 1180 180 - - 58.32 82 18 109
5 27-33 Sand 1350 245 25 0.74 120.1 - 20 106
6 33-50 Sand/ Gravelly Sand 1530 305 40 0.93 186.1 - 20 106
7 50-61 Sand 1610 350 45 0.99 245.0 - 20 10¢
8 61-79 Stiff alluvial clay 1610 303 - - 165.3 233 18 10
9 79-83 Gravelly sand 2000 320 60 1.00 204.8 - 20 106

Table 4.3. Discretization of soil layers: velocity of P and S waves by PS-logging [boring log at
the site, K.P.: Kobe Peil (Reference level for marine work in Kobe)] and standard penetration
blow counts (N values) (lwasaki, 1995). Calculated / estimated values of relative density D,,
elastic shear modulus Gmay, undrained shear strength S,, saturated specific weight ysq: and
permeability k are also listed (*reclamation soil: sandy gravel soil of high permeability and
very low estimated strength).
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Figure 4.11. Recorded motions of NS component at Kobe Port Island against model
predictions assuming consolidation conditions and undrained loading conditions during

shaking, at the surface, -16m, -32m and -83m.
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Figure 4.12. Recorded acceleration spectrum of NS component at Kobe Port Island at the
surface, against model predictions assuming consolidation conditions and undrained loading
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Figure 4.13. Distributions with depth of the peak values of acceleration, pore pressure ratio,
shear strain, shear stress and displacement, predicted assuming consolidation conditions
and undrained loading conditions during shaking (base excitation: NS component at Kobe

Port Island).
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Figure 4.14. Shear stress — strain loops computed with Ta- Ger model atz=-10mand z = -
16m assuming consolidation conditions [right] and undrained loading conditions during
shaking [left] (base excitation: NS component at Kobe Port Island).

Table 4.4. Alternative examined profiles of the Port Island site in the 1995 Kobe earthquake.

Depth from case #1 case #2 case #3 case #4
Layer #
surface (m)| soil type | k(m/s) | soil type | k(m/s) | soil type | k(m/s) | soil type | k(m/s)
0-5 sand 10* sand 10! sand 10! clay 10
5-13 sand 10* sand 10? sand 10? clay 104
13-19 sand 10" sand 10" sand 10* sand 10"
19-27 clay 107 clay 10° clay 10 clay 107
27-33 sand 10° sand 10° sand 10" sand 10°
33-50 sand 10° sand 10°® sand 107 sand 10
50-61 sand 10°® sand 10°® sand 10* sand 10°®
61-79 clay 107 clay 10° clay 10° clay 10°*
79-83 sand 10° sand 10° sand 10" sand 10°

94



0
[

P

depth

E increasing

-

T
2,

p’[kPa]

p’[kPa]
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Chapter 5

Seismic response of S, type

soil profiles

5.1. Introduction

The prediction of the response spectra of liquefiable soil deposits is not rigorously investigated
in the literature (Gingery et al. 2015) and not adequately covered by the international and
domestic codes, since constructing in such conditions should be generally avoided according
to the code guidelines, unless special measures are taken, such as soil reclamation, piles, etc.
However, a number of studies evince that such precautions may not be inflicted, on condition
that a surface non liquefiable soil layer will be used to mitigate structure settlements (Ishihara
et al. 1993, Acacio et al 2001, Cascone and Bouckovalas 1998, Naesgaard et al. 1998, Dashti
et al. 2010, Karamitros et al. 2013, Dimitriadi et al. 2017) Thus, estimating the seismic
response in prone to liquefaction sites has recently arouse academic interest, since the
evaluation of ground response is usually the first step in the calculation of structural response
in soil-structure interaction problems. EC8 indicates that, the antiseismic design in potentially
liquefiable soils, requires special studies that should be carried out in order to define the
seismic action. Different methodologies to estimate the response spectra at liquefaction sites
have been proposed , e. g. Tsiapas and Bouckovalas (2019) suggested computing the soil
response spectrum for the native soil properties and for the properties of the liquified sail,

using the equivalent linear method, and then applying an interpolation method between
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them; Gingery et al. (2015) proposed a model in order to adjust the NGA-estimated (Next
Generation Attenuation) acceleration response spectra to account for the effects of

liquefaction.

This section concerns the preliminary application of the developed ground response analysis
algorithm, aiming at composing elastic response spectra for soil profiles with liquefiable layers
(Anthi and Gerolymos, 2021). The present work is an attempt to approach this subject, by
executing a large number of seismic analyses to various potentially liquefiable soil profiles,
excited with actual seismic records at their base. For each analysis the elastic acceleration
response spectrum at the surface will be attained. Similar to previous studies for non-
liquifiable soils (e.g. Rey et al. 2002, Pitilakis et al. 2013, Anastasiadis and Riga 2014),
processing of the results leads to the recommendation of an idealized ground surface

response spectrum in terms of the design spectrum parameters S, Ts and T¢, as per the EC8.

5.2. Methodology description

5.2.1. Selection of soil profiles with liquefiable layers

Ten soil profiles were composed, each one including a potentially liquefiable layer, e. g. a layer
of saturated loose sandy soil, and two meters deep clayey zones at the surface and the base
of configuration. The varying parameters of the examined idealized soil profiles are: total
thickness H, soil type, relative density D, for sands or undrained shear strength S, for clays,
and permeability k. The liquefiable layer is a D, =35% sand with k=10>m/s, for which different
thicknesses h; and distances from surface hsare examined. Surface and bottom clayey layers
are 2m thick, with k=10° m/s and varying S.. From all combinations available, certain cases
were advisedly selected to create a sample as uniform as possible (using an appropriate
sampling algorithm) but remain physically meaningful. The selected profiles are listed in Table

5.1.
5.2.2. Selection of earthquake motions as base excitation

The selection of the recorded earthquake motions that served as base excitations, was made
through PEER Ground Motion Database (Pacific Earthquake Engineering Research Center
Ground Motion Database, Ancheta et al. 2013), which includes a considerable amount of

ground motions recorded worldwide. Selecting the desirable values for certain earthquake
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parameters (such as the earthquake magnitude M,, the region, the fault type, the closest
distance to rupture plane Ry, the Joyner-Boore distance to rupture plane Ry, the average
shear velocity of top 30m V30 and others), PEER provides the target spectrum, calculated by
employing the NGA — West2 GMMs (Next Generation Attenuation Relationships for Western
US Ground Motion Models) (Abrahamson et al. (2014), Campbell and Bozorgnia (2014), Boore
et al. (2014), Chiou and Youngs (2014), Idriss (2014)). Consequently, the user can obtain
records that match the desired seismological parameters and yield a response spectrum
compatible with the target, a process in accordance with the current practice (e.g. Katsanos
et al. 2010, Sextos 2014). In the framework of the presented study, the following 9 seismic
categories were assigned depending on the earthquake magnitude and the distance from
rupture, making all possible combinations among the values: M,=7.5, 7 and 6.5 and R;s=5 km,
10 km and 15 km. For each seismic category, a list of 7 earthquake motions was selected, with
response spectrum compatible with the corresponding spectrum calculated by the NGA —
West2 attenuation relationships. Furthermore, there was the requirement that the selected
earthquake motions should be recorded on rocky formation with average shear wave velocity
V30> 800 m/s (ground type A, according to EC8). Regarding accelerogram’s magnitude and
distance to rupture, they should be equal or similar with the corresponding parameters of the
response spectrum derived via NGA — West2 GMMs attenuation relationships. Figure 5.1
reflects the variety of the selected records in respect of intensity and durance, in a qualitative

manner, presenting some representative earthquake motions that were used.
5.2.3. Analysis methodology

As has thoroughly been discussed in the previous, the selected motions should yield a
response spectrum compatible with the target spectrum of the corresponding category,
derived via the attenuation relationships. In order to achieve this with acceptable engineering
accuracy, two different approaches were adopted. Initially, the accelerograms were only
scaled to match the target spectrum (scaling is provided by PEER), keeping the scaling factor
in a certain, small range close to unity (from 0.7 to 1.4 in most cases and between 0.4 and 2.5
in others) to promote the “physical realism” of earthquake excitations, maintaining
compatibility with their frequency content. The second approach was to fully modify the
motions through a mathematical procedure (Zafeirakos and Gerolymos, 2013) that performs
spectral matching. Figure 5.2 illustrates the target spectra of the 9 seismic categories, along

with the spectra calculated with scaling and spectral matching procedure (mean values out of
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7 accelerograms). The Earthquake motions were used as rock outcrop motions for the
dynamic analyses. Each analysis was conducted under either fully drained conditions or fully
undrained, or, considering consolidation during shaking. Therefore, for each one of the two
aforementioned approaches (fully modified & only scaled accelerograms), 70 analyses were
conducted for each M., R;s category (10 liquefiable profiles x 7 base excitations), each one for

3 drainage conditions; 3.780 analyses in total.

As an example of the performed analyses, some characteristic results of the seismic response
of a 30 m deep soil profile (profile #4 in Table 5.1), including a 5m liquefiable layer are
illustrated in figures 5.3 to 5.6. The configuration presented in Figure 5.3 is excited with the
Irpinia, Italy (1980) record on its base, multiplied with a scaling factor equal to 1.18 to
approximate the target spectrum of the M,=7 and R;=5km seismic category. The surface
acceleration time histories under drained, undrained, and consolidation conditions during
shaking are given in Figure 5.4, along with the base excitation. The first stage of the response
(shaded area in the figure) is quite similar in all three cases, and represents the pre-
liquefaction phase. During this part of motion, amplification effects can occur as has been well
documented in the literature (Tsiapas and Bouckovalas, 2019) The remaining part of the
drained response is way more intense than the weak undrained and consolidation response,
that signifies the liquefaction phenomena that took place. Similar remarks arise from the
elastic spectra in Figure 5.5, where high frequency components have been amplified by the
drained analysis and depressed by the analyses in which excess pore pressure was generated,
while the opposite is observed for the low frequency components. Finally, the profile of the
maximum values of the excess pore pressure (Figure 5.6) indicates that if fully undrained
conditions are assumed, r,max€quals 1 inside the liquefied zone and less than 0.25 outside of
it. If water flow phenomena are modelled, the surrounding soil layers seem to be affected by
the liquified zone and high values of r,m. are observed until they turn to zero close to the
boundaries. It is noted, that in all the analyses the water table is placed at the surface of the

soil profile.

5.3. Results

Figures 5.7 and 5.8 depict the ground response analysis results, in terms of the elastic
acceleration spectra at the surface, considering all three different drainage conditions

(undrained, fully drained, partially drained). Each spectrum is calculated as the mean elastic
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response spectrum out of 70 analyses (10 soil profiles x 7 accelerograms). The spectra of the
base excitations are also drawn (mean values as were presented in Figure 5.2). Figure 5.7
refers to the scaled base excitations and Figure 5.8 refers to the spectrum matched input
motions. To elucidate the effect of drainage conditions on the frequency content of the
response spectrum, the spectral accelerations are normalized with respect to the maximum
ground acceleration (PSA for T=0). The following generic observations can be drawn: (i) For
fully undrained and partially drained (consolidation) conditions only minor differences are
observed; the divergence mainly appears when comparing with the drained response. In most
cases, the response accounting for consolidation is delimited by the drained and the
undrained response. (ii) When fully drained conditions are assumed the maximum spectral
accelerations increase compared to the other drainage conditions. (iii) In the high frequency
region of the spectra (denoted in figures with shaded area), drained analyses accelerations
are higher compared to undrained and consolidation analyses, since excess pore water
pressure build up causes de-amplification of the high frequency acceleration components.
However, there is a critical period T that appears after the maximum acceleration is observed,
at which the drained response degrades more rapidly compared to the undrained (or
consolidation) response. Thus, while undrained response exhibits smaller maximum spectral
acceleration values compared to the other drainage conditions, it shows greater normalized
spectral values for periods greater than T. This critical period has a mean value of 0.57s for
the spectra of figure 5.7 and 0.51s for those of figure 5.8. Based on the ground response with
consolidation, since it is the most representative of the actual field conditions, the normalized
mean spectra proceeding from all the seismologic conditions are illustrated in figure 5.9. The
response spectra in terms of S. /ay are presented with grey dotted lines and the mean
spectrum with solid black line, where a, is the design ground acceleration of ground type A
which is equal to S for T = 0 at the mean base spectrum. It is observed that the final spectra
are very similar both in shape and amplitudes, regardless of the type of the applied input

motion (scaled or spectrum matched).

The elastic response spectra calculated for each My, R;s combination, soil profile and base
excitation are summarized in the Appendix. The seismic base motions are named as per the

PEER Ground Motion Database.
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5.4. Proposed elastic response spectrum for ground type

57

According to EC8, the ground motion at a given point on the surface is represented by an
elastic ground acceleration response spectrum S, (T), which consists of four branches defined

by the following expressions:

0ST<Tg: S;(T)=ayS [1+i(nAC—1)] (5.1.1)
Tp ST <Tc: S(T)=aySnAc (5.1.2)
TeST<Tp: ST =aySnAc | =] (5.1.3)
Ty ST <4s: S(T) =agSn A | 52 | (5.1.4)

where S. (T) is the elastic response spectrum, T is the vibration period of a linear single degree
of freedom system, A¢ is the spectral amplification parameter, equals 2.5, a4 is the design
ground acceleration for ground type A (ag =yr agR ), Ts is the lower limit of the period of the
constant spectral acceleration branch, T¢ is the upper limit of the period of the constant
spectral acceleration branch, Tp is the value defining the beginning of the constant
displacement response range of the spectrum, S is the soil factor and 7 is the damping
correction factor (n =1 for 5% viscous damping). The values of T, T¢ and Tp and of the soil
factor S describing the shape of the elastic response spectrum, depend upon the ground type.
Specific values are defined for ground types A, B, C, D and E, whereas for ground type S; special

studies are required to define the seismic action.

In this framework, the mean spectrum of the average spectra of figure 5.9 (mean spectrum of
figure 5.9 solid black lines), along with the corresponding mean spectrum at the base, are
described via the four-branch curve of equation 5.1 (Figure 5.10). The grey solid curve
represents the elastic spectrum for ground type A, the black solid curve the response of
profiles with liquefiable soil layers (ground type S;) and dotted lines are their linearization
according to EC8. The parameters that define the shape of the spectrum for ground types A
and S;, are described in figure 5.11. The best-fitted values of these parameters, to better

approximate the mean response spectra, are listed in the same figure. Both approaches
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regarding the type of the input motion (scaled or spectral matched) converged to a similar soil
factor S, with a mean value equal to 1.42. Regarding the key periods, the ratios of ground type
S, spectral periods over the corresponding periods for ground type A, e.g. Ts(S,) / Ts(A) and
Tc(S2)/ Tc (A) equal to 1.3 and 2.8 respectively. Thus, if a reference ground type A spectrum
is defined in terms of A¢, Ts and T¢, then the response spectrum of ground type S, could be

determined.

It has to be mentioned, that the proposed methodology does not aim at revising or adding to
the antiseismic codes, but consist an effort to provide some directions at the level of
preliminary design. Thus, the special studies and ground response analysis that are suggested
by the codes when dealing with such prone to liquefaction profiles, cannot be replaced by the
proposed methodology. Furthermore, the liquefiable soil profiles that were examined formed
a limited sample, mainly consisting of soil profiles including a thin liquefiable layer, and thus
did not cover all the possible ground conditions that can be encountered at a site. However,
it is the author’s belief that profiles including a relatively limited liquefiable zone are more
likely to be encountered, rather that profiles that are almost totally consisting of liquifiable
soil material. Moreover, the elastic spectra resulting from profiles with liquefiable zone of
limited thickness, are conceivably more detrimental, which is in accordance with the

conservatism principally promoted by the codes.
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Figures



Table 5.1. Examined potentially liquefiable soil profiles; parametric investigation regarding
the surrounding soil, the liquefiable sandy layer and the top and bottom clayey layers.

Soil Profile | #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Type sand clay
_ H (m) 15 20 25 30 35 15 20 25 30 35
sum:t?ld' ne D, [%] 40 50 60 70 80 - - . . .
S, [kPa] - - - - - 40+5z 45+5z 50+5z 55+5z 60+5z
k [m/s] 10° 10® 10* 10* 10* 10°®
liquefiable layer: hy [m] 1.5 5 1.5 5 7 1.5 5 1.5 5 7
D:=35%, k=10"m/s e [m] 2 2 7 7 7 2 2 1 1 71
h=;::f2z;'i:'n /s s, [kPa] 40 45 50 55 60 40 45 50 55 60
bottom clay: s, [kPa] 105 135 165 195 225 105 135 165 195 225
h=2m, k=10 *m/s
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Figure 5.1. Indicative recorded earthquake motions that were used as base excitations (data
from Peer Ground Motion Database).
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Figure 5.2. Target spectra, derived via the NGA — West2 attenuation relationships, calculated
for 9 (Mw, Rz ) combinations in comparison with acceleration response spectra ( mean
values) of the recorded earthquake motions that were used as base excitations at the

ground response analyses.
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Figure 5.3. Soil profile and V; distribution with depth used in the example analysis. (profile #4
in Table 5.1).
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Figure 5.4. Ground response analyses results in terms of the computed acceleration time
history, considering drained, undrained and consolidation conditions during shaking. Base
motion used in the example analysis: Irpinia Italy 1980, Station name Bagnoli Irpinio,
Magnitude 6.9 (scaling factor 1.18).
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Figure 5.5. Ground surface elastic response spectra predicted by the example analysis
considering drained, undrained and consolidation conditions during shaking. Base motion:
Irpinia Italy 1980, Station name Bagnoli Irpinio, Magnitude 6.9 (scaling factor 1.18).
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Figure 5.6. Profile of the maximum excess pore water pressure ratio rumay distribution with
depth predicted by the example analysis considering undrained and consolidation conditions
during shaking.
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Figure 5.7. Elastic acceleration response spectra at ground surface (average values) for 9
(Mw, Ris) combinations, calculated assuming drained, undrained and consolidation
conditions during shaking. Mean spectra at the base (only scaled earthquake motions to
approximate the target base spectrum) are also included.
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Figure 5.8. Elastic acceleration response spectra at the surface (average values) for 9 (M,
R,;s) combinations calculated assuming drained, undrained and consolidation conditions
during shaking. Mean spectra at the base (spectral matched earthquake motions to

approximate the target base spectrum) are also included.
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Figure 5.9. Ground surface elastic response spectra (considering consolidation conditions)
normalized to gy, i.e. S. value for T=0 at the mean base spectrum, along with their average
spectrum.

—— normalized surface spectrum
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Figure 5.10. Average normalized to a, surface elastic response spectra in comparison with
the corresponding base spectra (ground type A). Linearization according to EC8 four-
branches elastic spectrum also provided.
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Figure 5.11. Selected values of A, S, Ts, and T to express the response spectrum at ground
type S; and ground type A according to EC8 four-branches elastic spectrum.
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Chapter 6

Numerical modeling of

drainages

6.1. Introduction

The occurrence of soil liquefaction under earthquake loading has always been one of the most
critical issues in Geotechnical Earthquake Engineering. Thus, in the last decades several
techniques have been used to mitigate liquefaction and lateral spreading hazardous effects.
One of the most commonly used practice worldwide is the placement of stone columns or
gravel piles in the susceptible non cohesive soil and the simultaneous vibrating compaction of
the surrounding loose sand. This preventive measure provides benefits through multiple
mechanisms. It accelerates drainage by activating radial water flow through the much more
permeable, compared to the native ground, drains and thus attenuates the developed excess
pore pressures and it improves the overall soil strength and liquefaction resistance by
increasing its density. Moreover, the process of placing the gravel drains is usually
accompanied by vibrating densification of the surrounding soil. However, in certain cases
vibration might be prohibited, if limitations are imposed by near-to-the-field structures. The
presence of a relatively stiffer material may also cause redistribution of earthquake induced
shear stresses and strains that would have otherwise been received by the ground
(Bouckovalas et al. 2011b, Priebe 1989 and Adalier et al. 2003), however this mechanism

probably does not have considerable effects due to the replacement ratios commonly used in
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practice. Besides, the stiffer material of gravel piles may lead to amplification of the seismic
motion that will diminish the positive effects of the redistribution (Bouckovalas et al. 2006,
Papadimitriou et al. 2006). An alternative, more recently applied solution, is the placement of
prefabricated vertical drains (PVDs) made of plastic or metal material, that can be used instead
of the traditional gravel piles as they have numerous advantages. They cause limited
environmental impact and they are beneficial thanks to their less demanding placement
process (Rollins et al. 2004, Harada et al. 2006, Marinucci et al. 2008). Although the
performance of the traditional gravel drains may be attenuated by clogging due to thin soil
material drifted by the water flow that decreases the permeability, PVDs are much more
permeable than gravel drains and protected against clogging. Since PVDs draw their benefits
exclusively from radial flow, developing tools that can calculate the effects in the response

that arise exclusively from radial drainage, is important.

Designing a drainage system basically requires the selection of the drain diameter and the
drain spacing (drains center-to-center distance) usually aiming at keeping the maximum
excess pore water pressure ratio under a specified threshold for the design earthquake; e.g.
Tumax < 0.6 (Onoue 1988, Japanese Geotechnical Society 1998). To this purpose, Seed &
Booker (1977) were pioneers to propose design charts that predict 7, ;4 Within the unit cell
around a single drain, given the drain characteristics, the soil properties and the
characteristics of earthquake shaking, under the assumptions of exclusively axisymmetric flow
towards the uniform soil, a constant overall stiffness of the ground and an infinitely
permeable, compared to the surrounding soil, drain. Several researchers afterwards proposed
modifications and improvements, e.g. Onoue (1988) introduced the dimensionless parameter
of drain resistance L, that allowed to take into consideration the actual drain permeability and
accordingly its potentially decreased effectiveness and the simultaneous horizontal and
vertical water flow through the soil. Further refinements were also suggested by Matsubara
et al. (1988) and lai and Koizumi (1986). Bouckovalas et al. (2009, 2011b) revisited Seed and
Brooker (1997) design charts by reformulating the mathematical assumption for the
generation of pore water pressures under earthquake loading, considering sand fabric
evolution effects. The conventional designh methodology at a site prone to liquefaction
consists in selecting the diameter and drain spacing according to the aforementioned design
charts, calculating the developed pore pressure, determining the reduced shear modulus or
shear wave velocity for the developed r, and finally executing site response analysis for the

reduced Go.
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The forementioned design charts are user friendly and convenient for practical use, but fail to
provide information about the response in terms of lateral deformation and settlements of
the drain improved ground. Conversely, numerical modelling can predict the response in more
details, at the cost of computational time and complexity. A 3D finite element program
(FEQDrain) was developed by Pestana et al. (1997) to model the 3D unit cell around a single
drain, capable of simulating prefabricated drains. Bouckovalas et al (2011a) used a 3D fully
coupled finite differences model under advanced constitutive modelling, to examine the
seismic response of a thin sand layer, treated with gravel drains. The case of a sloping ground
improved with drains was examined by Seid Karbasi and Byrne (2007) in a 2D unit cell under
fully coupled constitutive modelling. Finally, Vytiniotis and Whittle (2013) studied the
response in terms of deformations, of slopes improved with PVDs in a 2D finite element model
under fully coupled constitutive modelling. More recently Howell et al. (2015) used 3D and 2D
finite element analysis to evaluate their performance with respect to centrifuge experiments

described by Howell et al. (2012) and Howell (2013).

In the present section, the developed numerical algorithm is applied for the simulation of the
seismic response of liquefiable sandy sites improved with vertical drains. The differential
equation of soil consolidation is reformulated to account not only for the vertical water flow
up to the ground surface, but also for the axisymmetric flow of water, through the ground
towards the drain. The drain can be simulated as a “perfect drain” of infinitely large
permeability compared to the surrounding soil (usually applies to PVDs) or simulated
according to its actual permeability. The mechanical interaction between the drain material
and the surrounding soil in case of stone columns / gravel piles, is possible to be taken into
consideration, by increasing the overall strength of the composite gravel pile-surrounding soil
material. The comparison between the proposed model and the described conventional
methodology for designing a drain system is not included in the present study, but is an

author’s future scope.
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6.2. Three-dimensional axisymmetric flow due to uniform

surface load g

The continuity equation for saturated soils, takes the following form as it was established by

Lambe and Whitman (1969):

62h+k 62_h+k 62_h=_1 de _ _ O&yol

— = A
X 9x2 Y ay2 Z9z2  1+edt ot (6.1)

where ky, ky, k, are the invariable coefficients of permeability in x,y,z directions
respectively, h is the piezometric head, e is the soil void ratio, €,,; is the volumetric strain and

tistime. Eq. (6.1) converted with respect to polar coordinate system, is expressed as follows:

9°h  10h 1 62h) a%h depol
ke (6r2 + T or + 72 992 +k; 9z2 at (6.2)

and considering axisymmetric water flow:

10%h _
2962

(6.3)

Thus, the differential equation governing the excess pore pressure in the soil specimen u,. , ;

is given as follows:

kr (0%u  10u k, 0%u de
fo (P, 100) ko 2 __ ot 64
yw \0r2 1 or Yw 022 at

kr (0%u  10u . .
—r(— = ): horizontal — radial flow

Yw \0r2 ror
k, 9%u .

= —Z—" vertical flow
Yw 022

6.2.1. Isotropic linear elastic soil under purely radial flow

The problem studied herein is the radial water flow that is caused in a saturated soil deposit
of isotropic, linear, elastic soil by the imposition of a uniform surficial load g, through the soil
along a vertical drain with infinitely permeable surface. By abstracting the term that refers to
the vertical flow from equation (6.4), continuity equation takes the following form:

ky (0%u  10u de k. (8%p" 108D’ de
_r(_+__):__vol=>_r(_p+_i)=_vol (6.5)
yw \or?2 = ror at Yw \ 012 r ar at
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, Where p’represents the mean effective stress. In one dimensional contraction of an isotropic,
linear, elastic soil:

Ogvor _ 197’
at K at (6.6)

, Where K stands for the soil bulk modulus.
Thus, combining equations (6.5) and (6.6):

kr (0%p'  10p’ 10p’ krK (9%p’  10p’ ap’ a%p’  10p’ ap’
_r(_v _L) _lov _(_p _L) LN (_P _L) _ o (6.7)
yw \0r2  r or K at Yw \9rZ2  r or ot or? r or ot

, with G, = k;—K, sothat C, = l}i—r C,. Differential equation (6.7) that governs the radial flow in
w v

an isotropic, linear elastic soil can be solved according to the finite differences approached.
Figure 6.1 gives a schematic depiction of the discretization of the grid along a soil radius R., of
a unit cell around a single drain Rs. Symmetry imposes that soil unit cell circumference is a non
permeable boundary. Drain circumference is assumed to be fully permeable and thus the
surface of the drainis notincluded in the grid. The examined radius R = R, — R is discretized
into M steps of size equal to w, so that M = R/w, and the radial distance of each node k from
the center, is 1, = R, + w(1 — k), for k = 1: M + 1. Considering the central difference for
the 2" order radial derivative and backward difference for the 1% order radial and time

derivatives of the mean effective stressp’,, ... =D’

a2p’ P,'k _Zp,'k"'p,'k_ .
. ( p ) = Lkt L Lol central difference
i,k

or? w2
ap’ P kP k-1

° (—) =—bf 0T 2 backward difference
ar ik w
ap’ PP i1k

° (—) = _bLE L% backward difference
ot/ ik At

and by substituting to equation (6.7), we obtain:

C P k1720 i +P gy + ip,i,k_p,i,k—l _ PP ik (6.8)
r w2 Tk w At ’
Assuming that:
Cr At
= 6.9
w2 Tk Qk ( )
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, we finally have:

QuTip’;jq + (=2QTi + Qw — 1)P'i,k + (Qxri — QkW)P'i,k_l =—P'i_1x
fork=2:M (6.10)

Initial conditions are the geostatic pressures at the field:

e p' =D, fork=1M+1 (6.11)
The boundary conditions are the permeable circumference of the drain for r = R; and the

non-permeable soil circumference for r = R,:

* Plimsr =P mer 4 (6.12a)
6_u _ 0_1)' _ p,i,z_p,i,i _ ’ Y
y (6r)i_1 =0= (6r)i'1 =0=>—"—=0=2p",,=p, (6.12b)

Thus, at time t =t;, M + 1 linear equations are solved, in order to calculate the mean

effective stresses p’ik. The linear system of equations (6.10) along with the initial conditions

of eq. (6.11) and the boundary conditions of eq. (6.12), can be written in matrix form as

follows:
radiusk —»
2 3 4 M—2 M-1 M M+1
radiusk
l L 00 0o 0 0 0 P 0
2 F, G, H, 0 oo 0 0 0 0 p':‘,z _pr;q,z
3 0 F Gy Hs 0 0 0 0 Pis 7?’!{—1,3
> =
M=1 0 0 0 0 Fy_y Gy-1 Hy_y O p‘i,M—l _pii—l,M—l
M 0 0 0 0 S 0 Fy Gy Hy p’i,M _p'l—LM
el 0 0 0 0 0 0 0 1 | [P |Piwatal
Matrix 6.1
k, K At k, K At k, K At
where Fj, = —* ., —w), G, =— w—2r,)—land H, ==
’ k YWWZrk( k )I k YWWZrk( k) k '}’WWZ
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6.2.2. Hysteretic damping soil

6.2.2.1. Purely radial flow
Considering the constitutive equation (1.1), and by assuming zero deviatoric strain increment,

the volumetric strain derivative can be expressed using the backward difference, as follows:

!
(68,,01) __ Evoljk—€voli—1k __ dsvoli,k _ dap’; (6 13)
ot Jik At At Aj_1) At ’

According to equation (6.5) for the purely radial flow, the central difference for the 2" order

radial derivative and the backward difference for the 1% order radial derivative are used:

central difference

! ! !
(3277') _ Pk 2P kP i
i,k

or? w?
ap’ P kP k-1 .

° = =2 2 backward difference
or /g w

Thus, by substituting to equation (6.5):

kr (P'i,k+1—2P'i,k+P'i,k—1 + ip,i,k_p,i,k—l) — PP ik (6.14)

Yw w2 Tk w Aj_1k At

Assuming that:

ky Aj_q At %
Swwine ~ o)

We finally obtain:

Q" TP jesr T (—2Q"me + Q" w - 1)p’i,k, +(Q" i = Q*kw)p’i,k—l =P i1k
fork=2:M (6.16)

Initial conditions are the geostatic pressures at the field (equation 6.11) and the boundary
conditions are the permeable circumference of the drain for r = R; and the non-permeable
circumference for r = R, (equations (6.12a) and (6.12b) respectively). Thus, at time t = t;,

M + 1 linear equations are solved, in order to calculate the mean effective stresses p’i K The

system of linear equations (6.16), (6.11) and (6.12) can be written in matrix form according to

Matrix 6.1, by substituting:

ky Aj_q At

Yww2rg

_ ky Ai—l,k At

Fp=F_ 1= (rk—w), Gy =G"i_1x = . w—=2n)-1
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% _krAj_qp At
and Hk =H i-1,k = #

6.2.2.2 Combined radial and vertical flow

If the case of combined radial and vertical flow through the soil deposit towards the

boundaries is examined, according to equation (6.4), the governing equation would be:

ky (02(—77’)) 1 (6(—20’)) ) ks (52(—26110')) (afuoz)
—N\\— +—\— +—=\— =—\—= = 6.17
Yw ( a2 Jijk Tk or Jijk Yw 0z2 ijk at Jijk ( )

, Where: parameter; ;; = parameterime, height, radius- Accordingly to what has been
discussed in chapter 3 where purely vertical flow was examined, the soil deposit of total height
H is discretized into Z steps of size equal to h, so that Z = H/h, and the vertical distance of
each node j from the base, is z; = h(j —1),forj = 1:Z + 1. Differential equation (6.17) is
solved according to the finite differences approach. Two different techniques are employed;

the implicit and the explicit method.

Implicit method

Considering the central difference for the 2" order radial derivative, the backward difference
for the 1 order radial derivative, the central difference for the 2" order height derivative and

the backward difference for the 1% order time derivative:

a2(-p’ a%p’ P'ika1=2P 1 tP’ i jkma .
° ( (grz )) == (a:;) = ——= ng]' = central difference
iL,jk i,j.k
a _pl a ! p,',',k_p,',',k—l .
(_( )) = — (l) = _ _Lik 7 bjkot backward difference
o Jijk or/Jijk w
(62(—2dp')) _ (32(Edp')) _ Zdp'y iy =28dp’jt Edp' o
0z Jijk 0z%  Jijk h?

! ! ! ! ! !
Pij+1k™2P i jktP ij-1k | “P oj+1kT2P 0k~ P 0,j-1k i
_( Lj Lj ik 4 J 2 J central difference
h2 h?
de Evolj j k" €voli-1,jk H
o ( vol) — volijk” "voli-1jk backward difference
ot Jijk At

and by substituting to equation (6.17), we obtain:

! ! ! ! ! ! ! !
kr (1’ Ljk+172P 1 jktD 1 j -1 n 1P jkP i,j,k—l) n k_z(p Lj+1k 2P 1 jtD o1k n
Yw w? Tk w Yw h?
! ! !
P 0,j+1,kT2P 0,j,k"P 0,j-1k _ Evoljjk~Evoli-1,jk (6.18)
h2 At ’
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Considering the constitutive equation (1.1), and by assuming zero deviatoric strain increment,

the volumetric strain derivative can be expressed using the backward difference, as follows:

€volj jk~Evoli-1,jk _ d£1;oli,j,k _ dp'i,j,k _ p,i,j,k_p,i—l,j,k (6 19)
At At Aj-1,j kAt Aj-1,jk At ’
) Ky Ai—yjj At kg Ai_1jx At .
Thus, assuming that ——2~—=F.._ ., and =——2%~—=F,._, ., and by substituting to
Yw W Tk =17 Yw h i-1,j,

equation (6.18), we finally obtain:

! ! ! ! ! !
Bri 1)k [’"k (p Lkt 2P TP i,j,k—1) tw (p ik P i,j,k—l)] tFi 1k (p Ltk T

! !

1 1 I I I _ _
20" ik TP i,j—1,k) + FZi—l,j,k( Pojerk T2P gjx —P 0,j—1,k) =P ik D i1k

(6.20)
Assuming that:
* My qjp=Figjkk
o oy =28 et B W T 2E e — 1
o Moy =Fyjpe—w)
o Mgy =5 =g
e Giq1jk= —Pi—1,j,k+in_1,j,k(Po,j+1,k — 2pojk + Poj-1k)
, equation (6.20) can be written in the following form:
14 ! ! !
iy P ijesrtT2ig jic P et I3 1 jre P ijp1 t Maigjue Pijage T
Ms;_y p’i_j_lyk =Gi_1jk fork=2:Mandj=2:Z (6.21)

Thus, at time t=1t; we have (Z—1)X(M —-1)=ZM —Z — M + 1 linear equations
deriving from equation (6.21) and (Z+1)XxM+1)=ZM+Z+M+1 unknown
parameters; the stresses p’l.jk fork=1:M+1andj=1:Z+1. Thus, 2Z+2M

equations are required at each time step dt that will be provided by the boundary conditions.
The boundary conditions are:

e Permeable base (M + 1 equations):p’, ., =p',, tq fork=1M+1 (6.22a)

e Freesurface (M + 1 equations): p’ +q fork=1:M+1 (6.22b)

o
iz+1k — P oz+1k

e Drain circumference — permeable boundary (Z + 1 equations):
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!

Piimer = ;r)’OJ.M+1 +q forj=1Z+1 (6.22¢)

e  Soil unit cell circumference — impermeable boundary (Z + 1 equations):

u , oy .
(a_r)i‘jJ =0=p';, =0, forj=LzZ+1 (6.22d)

In total, the boundary conditions are 2M + 2Z + 4 equations. The additional 4 equations,
correspond to the 4 points of the grid j, k that a vertical and a horizontal boundary meet and

thus two boundary conditions co-exist. These points are:

e Drain circumference Ry —soil surface: (j,k) =(Z+1,M + 1)

e Drain circumference R; —soil base: (j, k) = (1,M + 1)

e Unit cell circumference R, —soil surface: (j, k) = (Z + 1,1)

e Unit cell circumference R, —soil base: (j, k) = (1,1)

These 4 equations came up because these points have been concluded in both horizontal and
vertical boundaries. If two co-existing boundary conditions are different, the permeable
boundary condition is chosen; in this case the (Z + 1,1) point where the free surface meets
the impermeable boundary of R, circumference and the (1,1) point where the permeable

base meets the R, circumference.
The initial conditions are the geostatic pressures at the field:

p’ljk=p’0jk fork=1:M+1andj=1:Z+1 (6.23)
The linear system of equations (6.21), along with the boundary conditions of equations (6.22)

and the initial conditions of equations (6.23), can be written in the following matrix form:
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Matrix 6.2
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used for the 2" order radial derivative, the backward difference for the 1% order radial

Explicit method
The differential equation (6.17) is solved according to the following: the central difference is



derivative, the central difference for the 2" order height derivative and the forward difference

(backward difference was used in the implicit method) for the 1* order time derivative:

62 ! 62 14 p,- ik —Zp,- -k+p,' ik— .
o ( (-p )) _ _( p ) — _ T bjk+1 L Lpk=1 central difference
oz Jijk ar2 Jijk w?
a_ 4 6 ! p’..k—p’..k_ .
( (-» )) - _ (L) = Lik  Lik-1 backward difference
or Jijk or/ijk w
(62(—2dp’)) _ APy 22"t Edp e (P 2P et ok +
022 Jijk n "

! ! !
P o,j+1kt2P 0k P 0,j-1k ;
J J J = central difference

hZ

de Evoliy1,jk~Evolijk ;
( vol) — voliv,jk"volijk forward difference
i,j,k

at At

By substituting to equation (6.17):

! ! 14 14 14 ! ! !
ke (Plijk+172P ik tP ijk—1 AP kTP k1) | kg (P ij+1k” 2P ikt ij-1k n
Yw w2 Tk w Yw h?
—p! . +2 r £ . ., —& ..
P o,j+1,kT4P 0,k P o,j-1,k\ _ Evolit+1,jk volijk 6.24
h2 - At (6.24)

The volumetric strain derivative from constitutive equation (1.1), assuming zero deviatoric

strain increment, can be expressed as:

! ! !
€volit1,j,k Evolijk _ Avoliyy jk _ v’ iv1jk _ D i1,k P ik (6.25)
At At Aj j kAt Ajji At )

. Ky Ay j At Ky Ap j i At
Thus, assuming that % = and ——
w

. we finally obtain:
w21y Ti,jk Yw h2 Y

= Feijicr

! ! ! ! ! li
Frijk [rk (p ki1 " 2P j P i,j,k—l) tw (p ijk P i,j,k—l)] tFjk (p Lj+1k
! ! ! ! ! —_ ! _ !
2p it i,j—1,k) + FZi,j,k( Pojire T2P gjx —P 0,j—1,k) =Pisijk " Pijk™
!

_ l _ — !
Pivije = Brijeme? i,j,k+1+( 2Py jp T+ Fryjuw — 28 5, + 1) P ik

Tk—F

! ! !
+ (Fr Tijk W) Pijk-1t Eijk (p ij+1k TP i,j—1,k)

ij.k

~ ik (plo,j+1,k - 2p,0,j,k + pIO,j—l,k)
forj=2:7Z and k=2:M (6.26)
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The boundary and initial conditions are the same with those that were valid for the implicit

method, i.e. equations (6.22) and (6.23) respectively.

6.2.2.3 Modelling the finite drain permeability

According to what has been discussed in this chapter so far, a unit cell was examined around
a single drain, with the drain - soil interface being modelled as a permeable boundary. Thus,
a drain of infinite permeability was implied (“perfect drain”). In order to model the actual,
finite drain permeability, the following reformulations have to be made. The examined radius
which in this case is R = R, is discretized in M steps of size equal to w, sothat M = R/w, and
the radial distance of each node k from the center,is7, = R, + w(1 — k), for k = 1: M + 1.
Two different areas are identified along a radius 7y:

Re—Rg
w

o fork=1: =1, =R.:Rg+w

° fork=%+1:M+1=>rk =R;:0

For 1, = R,: R4 + w, the vertical and horizontal coefficients of permeability involved in the

calculations equal to the soil coefficients, k, = k;, soi1 & kp, = kp goi1 ,» While for 1, = R;: 0,

drain permeabilities are considered: k, = k; grqin & kn, = kp grqin - The new boundary

condition is, by symmetry, the impermeable center of the drain, at r;, = 0.

(5)
a

e =0=>p M1 =P ijm forj=2:Z (6.27)

, while the boundary condition at the soil circumference remains unchanged (equation 6.22d).

6.3. Seismic response of a site improved with drains

6.3.1. Numerical modelling

The problem examined herein, is the prediction of the seismic response of a site improved
with vertical drains, under combined vertical and axisymmetric horizontal water flow. The one
dimensional, vertical, shear wave propagation, that was expressed according to the diff.
equation (3.12), is solved in conjunction with the consolidation equation (6.4). The last is
solved according to the finite difference technique, employing the implicit and the explicit

method. In what follows, the implicit method is presented.

Implicit method
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Considering the central difference for the 2" order radial derivative, the backward difference
for the 1% order radial derivative, the central difference for the 2" order height derivative and

the backward difference for the 1% order time derivative:

62 ! 62 ! p,- ik —Zp,- -k+p,' ik— .
o ( (-p )) _ _( p ) — _ T bjk+1 L Lpk=1 central difference
oz Jijk a2 )i jk w?
a_ 4 6 ! p’..k—p’..k_ .
( (-p )) __ (L) = bk T Lik-1 backward difference
or Jijk or/ijk w
(62(—):dp’)) _ APy 22"t EdD e (P 2P P ok +
022 Jijk n "

central difference

! ! !
P o,j+1kt2P 0k P 0j-1k
hZ

de Evolj j k" €voli-1,jk i
( vol) — Zvolijk—"voli-1jk backward difference
i,j,k

at At

The volumetric strain time derivative is expressed according to the constitutive equation (1.1):

at -

! . . P . —R: .
(6evol) _ Evolijk~Evoli-1,jk _ dsvoli,j,k _ dp i,j,k_Bl—l,Jdgqi,j _ Pijk=P i-1,jk Bl—l.}dgqi,j
i,j.k At At Aj-1,j At Aj-1,j At

Thus, by substituting to equation (6.17):

! ! ! ! ! ! / /
kr (P LiJer1 2P kP ko1 1P kP i,j,k—1) s (P L1k~ Pk

Yw w2 Tk Yw h?

(6.28)

! ! ’ Iyl . —B: .
=P o,j+1,kT2P 0,k P 0,j—1,k> _ Dijk~Pi-1jk Bl—l;]dgqi’j
h2 Aj-1,j At

_ Ky Ai_yj At ky Ai_1j At
and assuming that ;’—] =F and ——1—
w

W2 g Ti—1,jk wh? F

i—1,jk » We obtain:
E. . [r (p’ — 2p’ +p’ )+w(p’ —p' )]+F. . (p’ —
Ti-1,jk [Tk \P ijk+1 ijk ijk—1 ijk ijk—1 zi-1,jk \P ij+1k
’ ’ ’ ’ ’ ’ Y _
2p it i,j—1,k) + FZi—l,j,k( Pojsrk T 2P ojx—P 0,j—1,k) Pijk="Pi1jk
! ! ! !
Bi1jdeq; ; = My yj Py jpert iy jpc P . Igi 1P ijp—s t Moy jie P ijange T

!

! !
Plicyje ~ Bimnjdeq Hhaiy (Poerse = 2P o +

!
Os; 4 s joap =

p’oj_lk) fork=2:Mandj=2:7 (6.29)

Thus, at time t=t;, (Z—1)x (M —1)=ZM —Z — M + 1 linear equations arise. The

boundary conditions are:
e Permeable base (M + 1 equations):p’,,, =p'y,, fork=1M+1 (6.30a)
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e Freesurface (M + 1 equations): p’ =041k fOTk=1M+1 (6.30b)

i,Z+1,k
e Drain circumference — permeable boundary (Z + 1 equations):

forj=1:Z+1 (6.30¢)

I o
Pijm+1 =P ojm+1

e Soil unit cell circumference — impermeable boundary (Z + 1 equations):

ou , o L
(a_r)i‘jJ =0=p';, =0, forj=LzZ+1 (6.30d)

In case that the finite drain permeability is modelled, instead of equation (6.30c), the
boundary condition would be the impermeable center of the drain, at 1, = 0, expressed by
equation (6.27). Accordingly, when a non-permeable base rock is examined the boundary
condition at the base would be expressed according to equation (3.25). The problem initial
conditions are the geostatic pressures at the field (equation 6.23). The linear system of
equation (6.29), along with the boundary conditions of equations (6.30) and the initial
conditions of equations (6.23), can be written in matrix form according to matrix 6.2, by
substituting:

— _n. . ’ _ ’ ’ —
Gimvje = 7P 1y ji ~ Bi-1jdeq, ;tFyy (p 0j+1k " 2P ok P o,j—l,k) and q = 0.

6.3.2 Condensing the radial degree of freedom

According to the presented methodology, at the end of each time step dt, the mean effective

stresses p' = p’ are calculated at every node j, k of the grid. However, the shear wave

ik’
propagation is executed in the (one dimensional) vertical axis. Thus, wave propagation is
calculated according to a characteristicc mean value of the mean effective stress p’* =
p'"(t,z) along an examined radius of the model. This value corresponds to the geometric

mean value of the mean effective stresses along a radius and is calculated according to the

following equation:
M+1 (Tk 2 ’
2=t (R_e) Pijk
P’ = 2 (6.31)
J yM+1 (T_k)
=1 R,

A schematic depiction of the discretization of the grid, according to the presented
methodology, of a unit cell R. and height H, improved with a drain Ry is given in Figure 6.2. In
sum, within each time step dt, a linear system of (Z + 1) - (M + 1) equations is solved and

the mean effective stresses p’ijk, at every point of the grid (along each model column and
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radius), are calculated. The geometrical mean values of the mean effective stresses p’*l.j

along each radius are estimated. These mean values of stresses are used in order to execute
to one dimensional vertical shear wave propagation. The horizontal displacements and shear
stains that arise, are fed back into the equations of consolidation to estimate the mean

effective stress 1o’i+1 ik of the next time step and so on.

6.3.2. Soil -drainage mechanical interaction

When a site is improved with gravel columns, the presence of a material different from the
native soil affects the response under the seismic loading. In the present study, the mechanical
interaction between the native ground and the gravel pile is taken into consideration by
analyzing the soil-drain system, as an equivalent single-phase material. The equivalent shear
modulus of the soil - gravel pile system, is formulated under the assumption of equal shear

stresses in the gravel pile and the surrounding soil (Baez and Martin 1993), as follows:
Gsystem =(1- as)Gsoil + a5Garain (6.32)

2
Ra\“. . .
, Where ag = (R—d) is the soil replacement ratio.

e

An alternative approach, would be to express the equivalent shear modulus of the system
according to the assumption of equal shear strains between the gravel pile and the
surrounding soil (Bouckovalas et al. 2006). The equivalent shear modulus of the system would

then be calculated by the following relation:

Gsystem t= 1- as)Gsoil_1 + asGdratin_1 (6.33)

The investigation of the effect on the performance of the algorithm of the alternative
equations (6.32) and (6.33) through comparison with detailed numerical analyses, is beyond

the scope of the thesis but is a topic for author’s future research.
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6.4. Numerical algorithm validation

The proposed numerical algorithm is validated against a set of non-linear, dynamic, three
dimensional, numerical analyses that were carried out in the finite differences program
FLAC3D (ltasca, 2006), by Tsiapas and Tsioulou (2009) and by Bouckovalas et al. (2011a). A
thin liquefiable sand layer of D,=60%, improved with vertical drains with radius Rs=0.5m and
a center-to-center distance (2 R.) equal to 2.8m, was examined. The sand was encased
between clayey layers, in order to establish purely horizontal flow towards the drains. The
constitutive model that was employed for the numerical analyses was the bounding surface

plasticity model NTUA-SAND by Andrianopoulos et al. (2010).

A draft of the model that was analyzed by the proposed algorithm is drawn in Figure 6.3. The
water table was placed at the surface of the model. In accordance with the numerical analyses
(Tsiapas and Tsioulou (2009) and Bouckovalas et al. (2011a)) at which the vertical effective
stress in the middle of the sand layer was equal to 0’9=100kPa, a mean effective stress equal
to p’o=66.6kPa was applied at the same depth. Clay layers were assumed to be elastic, with
the material properties listed in Figure 6.3. The mechanical drain - soil interaction (Equations
6.32 & 6.33) was not taken into account and the drain — soil interface was analyzed as a
permeable surface (drain of infinitely large permeability). The model was excited with a
sinusoidal acceleration time history of 12 uniform loading cycles on its base, with maximum
acceleration amex=0.08 g and period T=0.2s. Five values of sand permeability k were examined
and for each one of them the evolution with time of the excess pore water pressure at the

center of the sand layer was attained.

The calibration of Ta-Ger model was based in the undrained response of the sand and was
attained by analyzing the configuration of Figure 6.3, considering zero permeability for the
sand. According to Bouckovalas et al. (2011a), initial liquefaction was achieved after Ncyce=5-
6 uniform loading cycles. The approximation of the numerical response by the model is
depicted in Figure 6.4. The undrained cyclic response in DSS element test predicted by the
calibrated model is depicted in Figures 6.5 and 6.6, under constant stress amplitude Tma=8kPa
and tmax=16kPa respectively. The calibration concerned the specified sand with D,=60%, under
initial mean effective stress po’=66.6 kPa. In accordance with what has been discussed in the
relevant section, the response observed in the laboratory is reproduced by the calibrated

model. Specifically, the first undrained loading cycles of constant stress amplitude are
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associated with a rapid decrease of effective stress, followed by a decrease in the rate of stress
reduction, until a critical threshold is reached where the reduction accelerates again, to finally
achieve liquefaction. This behavior is more obvious in the moderate stress element test,
where a large number of cycles is required to cause liquefaction (Figure 6.5). The evolution of
the undrained component of n, n, (Equation 2.7), that controls the changes in the rate of p’
reduction (ng = Nyeqr — Nf) is alsoillustrated in the same figures against the mean effective

stress and the cumulative deviatoric strain.

The convergence between 3D numerical analyses and model predictions is presented in Figure
6.7, for the 5 examined sand permeabilities: k= 5 10°, 10>, 2 10®°, 5 10° and 10®* m/s. The
undrained response is also included in the figure. The approximation of the Bouckovalas et al.
(2011a) curves is adequate in terms of the maximum value of r,, while the same trend is
observed in both approximations; i.e. the maximum value is obtained at an early stage of
loading and consequently excess pore water pressure decreases, even though the applied
external loading continues. The driving mechanism behind this response is rigorously

described in Bouckovalas et al. (2011b).

The numerically predicted excess pore pressure time histories of Figure 6.7 refer to the mid-
distance between the drains, i.e. for r = R,. However, because of limitations imposed by the
proposed model, in order to maintain consistency, curves calculated by the model refer to the
characteristic mean value of r, across a soil radius (according to equation 6.31). However, the
deviation between this mean value and the maximum value observed at the soil
circumference r = R, is not substantial, as is pointed out in Figure 6.8. Figure 6.8 illustrates
the distributions of the maximum value of r, across a soil radius around the drain, predicted
by the proposed model. As expected, r,max attains its maximum value at the soil circumference
and decreases close to the drain, until it becomes zero at the circumference of the drain, r =
R;. Itis reminded, that the drain is modelled as infinitely permeable. While Figures 6.7 and
6.8 represent the response in the mid-depth of the sand layer, the range of mean effective
stresses evolution within the sand layer, is illustrated in Figure 6.9. The observed trend is that
the range decreases as the maximum attained r, decreases and that the response in the center
of the layer (red line) approaches the upper limit of the range. In all cases, the upper limit
represents the sand area close to the interface with the base clayey layer and the bottom limit
the sand close to the top clayey layer. Initially geostatic conditions are almost restored by 3s,

for permeabilities greater than 2 10° m/s. Finally, the variations of the mean effective stress
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are elaborately captured by Figures 6.10 and 6.11. After the rapid decrease of p’ observed
during the first loading cycles, the reduction decreases until a critical point where horizontal
drainage dominates the response and p’ begins to recover. In the same figure, the diagram of
the exponents n, n, and nq against Xde, is given. One can observe that as the amount of p’
reduction gets more limited the cumulative deviatoric strain at the end of shaking decreases,
a performance within expectations. Calibrated parameters n,, ns and n were calculated

according to the following:

n, — according to eq.[2.7] for: ng = 0.4, Npeqr = 4,nr = 0.2,b = 120, g = 150
ng — according to eq.[2.7] for: ng = 0.4, Npeqr = 35,n =35,b =31, =0

n — according to eq.[2.6] for: A =200

It is noted that for the scope of the presented analyses, the drained component of n, ng, has

attained its initial form (Tasiopoulou and Gerolymos, 2016).

6.5 Applications

6.5.1 Uniform sandy soil profile under sinusoidal base excitation

In what follows, an application of the developed model is presented, that concerns a soil
profile with total height H=15m, of uniform sand with D,=50%, under a sinusoidal base
excitation of 15 uniform loading cycles. The objective of the application is to examine model
predictions of the mitigation of the maximum r,, provided by the horizontal drainage through
soil drains. The following cases are examined: (i) fully undrained conditions, (ii) vertical water
flow during earthquake shaking; base rock is considered permeable and (iii) simultaneous
vertical and horizontal flow during shaking, using a drain of diameter 2Ry, spacing 2R. and
height h=15m, for Ry / Re= 0.1, (iv) R4 / Re=0.2, (v) Ry /Re=0.3 and (vi) R4 / Re= 0.4. Three cases
of Re are examined; (i) Re =1m, (ii) Re =2m and (iii) Re =4m and for each one of them, five values
of sand permeability are examined; (i) from k=2 10°m/s to k=2 10°m/s, (ii) from k=2 10*m/s
to k=2 10°m/s and (iii) from k=2 103m/s to k=2 10*m/s respectively. The results are depicted
in Figures 6.12 to 6.14 in terms of maximum r, distributions with depth. The r, values
correspond to the geometrical mean value of r, along a soil radius and were calculated

according to the equation 6.10.
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Overall, the following observations can be made; (i) the distributions of Figures 6.12 and 6.13,
evince that the effect of solely vertical flow in comparison to the fully undrained response, is
negligible in the specified cases (the permeabilities examined are relatively small) and is
apparent only at the base of the soil profile, close to the permeable rock. Exclusively vertical
flow has prominent results in the r, mitigation, for sand permeabilities k=2 10“*m/s or larger
(Figure 6.14). (ii) The shape of the maximum r, distributions in the case of exclusively vertical
flow of Figure 6.14, denotes that the “bulge” of maximum values has been lightly shifted to
more shallow depths compared to the undrained response and in some cases values of rymax
exceed the corresponding undrained values, as we move along to the surface. Furthermore,
the part of the curve that corresponds to depths bigger that the depth where the maximum
rumax is Observed is steeper compared to the close to the surface part of the curve. This
response is most likely attributed to the fact that the elastic shear and therefore the bulk
modulus are increasing with depth (according to Equation 2.2 for the small strains bulk
modulus) which leads to quicker water flow and more rapidly pore pressure dissipation at
greater depths. (iii) In general, the effects on mitigating liquefaction depend on the radius of
the drain, the drain spacing and the permeability of the sand. For the greatest of the
permeabilities examined in each figure (k=2 10°m/s, k=2 10*m/s and k=2 103m/s in Figures
6.12, 6.13 and 6.14 respectively) all the studied replacement ratios are sufficient to maintain
the maximum pore pressures in very modest values. Maximum r, distributions gradually
increase as the sand permeability decreases, and the response almost coincides with the
undrained response for the cases of Figures 6.12 and 6.13, for the lowest of the examined

permeabilities.

It is noted that, in the presented analyses no mechanical interaction between soil and drain
was considered and the drain was modelled as a “perfect drain”, i.e. drain with fully
permeable surface. The constitutive model calibration was selected according to what has
been discussed in chapter 2, based on Ishibashi and Zhang (1993) G:y, £y curves for the
drained response and Idriss (1995) MSF curve for the undrained response. Parameter A of

equation 2.7 was set equal to 50.
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6.5.2 The Port Island array in the 1995 Kobe earthquake, improved with

vertical drains

In this section, the case of the Port Island array in the 1995 Kobe earthquake improved with
vertical drains to mitigate liquefaction effects, is studied. The soil profile of Table 4.1,
enhanced with a 16m deep drain is analyzed and a drain diameter and drain spacing are
selected, aiming to keep the peak excess pore-water pressures below a specified threshold,
for the specified earthquake motion. In order to achieve a maximum excess pore water
pressure 'y max < 0.5, @ Rs=1m and a R.=1.5m are required, according to the analysis. The
required coverage ratio Ry /R.=0.67 seems to be exceptionally large, however it is reminded
that the surficial 19m of the profile consist of a very loose sand of D,=30% approximately,
subjected to a very intense excitation. In view of that, gravel piles accompanied by vibratory
compaction of the surrounding loose sand deposits, would be necessary in order to reduce to
required replacement ratio. It has to be mentioned, that the foresaid analysis was conducted
without taking into consideration the mechanical interaction between the surrounding soil
and the stiffer soil material of the drain (Equations 6.32 & 6.33), in order to examine the
benefits of the radial drainage exclusively. Finally, it is noted that as in the case of a previous
section where the original Port Island profile was examined, the calibration (methodology and
parameter values) was maintained as it was initially presented in chapter 2 of the dissertation,

adopting the stratification and V,, Vs and SPT distributions abstracted from the literature.

The results of the improved analyzed profile compared to the original one, are presented in
Figures 6.15 to 6.17. The distributions with depth of Figure 6.15 evince that the abatement of
the maximum pore pressure from soil surface to -16m results in limited shear strains and
horizontal displacements at the same depths, while the accelerations and shear strains
distributions are not widely affected. The surface accelerations time histories of the improved
and the original profile are given in Figure 6.16. The first part of the response (shadowed area
at the figure) is almost identical in both cases examined and represents the pre-liquefaction
part of the response. During this part, as has been previously discussed, soil amplification
phenomena can be observed, as has been documented in the literature (Tsiapas and
Bouckovalas, 2019). The rest part of the response, is way more intense in the case of the drain
improved profile compared to the “weak” original response, a fact that signalizes the
liquefaction phenomena that tool place. Similar remarks can be made for the elastic response

spectra at the surface of Figure 6.17, where the high frequency components have been
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amplified and the low frequencies have been suppressed by the drain improved profile, while

the opposite behavior is observed for the original profile.
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Figure 6.1. Squared and triangular configuration of vertical drains of radius Rs.Schematic
depiction of the discretization and boundary conditions (drain of infinite permeability)
across a soil radius R., according to the proposed algorithm.
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algorithm.
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Figure 6.3. Schematic depiction of the configuration of drain improved liquefiable sand
encased between two impermeable clay layers, that was analyzed in order to validate the
proposed algorithm against 3D numerical analyses with FLAC 3D Itasca (Bouckovalas et al.

2011a).
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Figure 6.4. Excess pore water pressure time history of the undrained response of the
configuration presented in Figure 6.3, in the middle of the sand layer.
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Figure 6.5. Computed undrained cyclic DSS response of a sand specimen with D,=60% and
p’0=66.6kPa, under maximum imposed shear stress Tm.=8kPa. The response is illustrated in
terms of: (i) mean effective stress — shear stress, (ii) shear strain — shear stress, (iii) mean
effective stress — exponent n,, (iv) cumulative deviatoric strain - exponent n, and (v)
sinucoidal loading cycles — excess pore pressure. The calibration of the model has been
based on matching the response with the undrained response of the sand in the 3D f.d.
analyses with FLAC 3D Itasca (Bouckovalas et al. 2011a).
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Figure 6.6. Computed undrained cyclic DSS response of a sand specimen with D,=60% and
p’0=66.6kPa, under maximum imposed shear stress Tma=16kPa. The response is illustrated
in terms of: (i) mean effective stress — shear stress, (ii) shear strain — shear stress, (iii) mean
effective stress — exponent n,, (iv) cumulative deviatoric strain - exponent n, and (v)
sinucoidal loading cycles — excess pore pressure. The calibration of the model has been
based on matching the response with the undrained response of the sand in the 3D f.d.
analyses with FLAC 3D Itasca (Bouckovalas et al. 2011a).
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Figure 6.7. Validation of the proposed algorithm based on 3D f.d. analyses in FLAC 3D ltasca
(Bouckovalas et al. 2011a), in terms of the evolution with time of the excess pore water
pressure in the center of a thin sand layer set between clayey layers, with vertical drain of
R4=0.5m and R.=1.4m for sand permeability k: (i) 5 10 m/s, (ii) 10> m/s, (iii) 2 10> m/s, (iv) 5
10° m/s and (v) 10 m/s. Curves refer to the geometric mean value of r, across a soil radius
(equation 26).
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Figure 6.8. Distribution of the maximum excess pore water pressure along the soil radius
Re=1.4m and drain radius R4=0.5m for sand permeability k: (i) 5 10 m/s, (ii) 10° m/s, (iii) 2
10° m/s, (iv) 5 10° m/s and (v) 10 m/s. The geometric mean value of r, along the radius
according to equation [26], that is used to execute the one dimensional vertical wave
propagation, is also depicted.
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layer) for soil radius R.=1.4m and drain radius R;=0.5m, for sand permeability k: (i) 5 10
m/s, (i) 10 m/s, (iii) 2 10° m/s, (iv) 5 10° m/s and (v) 10* m/s.

150



20

T:kPa
10

-10

-20

20
T:kPa

-10

-20

20

1:kPa
10

-10

-20

20 40 60 80
p:kPa

20 40 60 80
p:kPa

20 40 60 80
p:kPa

1.5

14
12
10

o N O

14
12

O N B O

ksand = D
u
0 0.02 0.04 0.06
Zdeq
1 Kepna=510°m/s
J Ng
l - n
nU
0 0.005 0.01 0.015 0.02
Zdeq
1 Kena=10°m/s
J Ny
| n
nu
0 0.005 0.01 0.015 0.02
2de

q

Figure 6.10. Sand response in terms of the evolution of the mean effective stress with the
shear stress and the evolution of the exponent n and its components n, and ng with the
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Figure 6.14. Model predictions of the distributions with depth of the maximum excess pore
water pressure r,mex considering: (i) undrained conditions, (ii) vertical flow, (iii) combined
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Figure 6.15. Distributions with depth of the maximum: (i) acceleration, (ii) horizontal
displacement relative to the displacement at -16m, (iii) shear stress, (iv) shear strain and (v)
excess pore water pressure, for the soil profile of Table 1 and for the same profile enhanced
with a vertical drain up to -16m, with Ry=1m and R.=1.5m (base excitation: NS component

of the Kobe Port Island, 1995 record).
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Figure 6.16. Acceleration time history at the surface of the soil profile of Table 1 and for the
same profile enhanced with a vertical drain up to -16m, with Rg=1m and R.=1.5m (base
excitation: NS component of the Kobe Port Island, 1995 record).
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Figure 6.17. Elastic acceleration response spectrum at the surface of the soil profile of Table
1 and for the same profile enhanced with a vertical drain up to -16m, with R;=1m and R.
=1.5m (base excitation: NS component of the Kobe Port Island, 1995 record).
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Chapter 7

Conclusions

A plasticity-based model was developed for site response analysis of horizontally layered soil
deposits. The model is a p-g version of Ta-Ger constitutive law for sand (Tasiopoulou and
Gerolymos 201643, b) after modifications to allow for flexibility in reproducing the response in
both drained and undrained load conditions without re-adjusting the values of the
parameters. The calibration was based on matching the response in terms of the liquefaction
resistance ratio and experimental shear modulus and damping ratio curves available in the
literature. It was shown that the calibrated model reproduced the macroscopic response in
terms of the aforementioned design curves with sufficient engineering accuracy, while at the
same time maintained its capability to yield physically meaningful results at the stress-strain

level, consistent with the observed response.

The model was then implemented into a finite difference computer code to perform 1D
nonlinear site response analysis. The accuracy of the model’s prediction was tested against
analytical solutions of the amplification function for non homogenous shear wave velocity
profiles as derived by Gazetas, 1982. It was observed that as soil inhomogeneity increases, the

deviation between model predictions and analytical results escalates.

The capability of the model in simulating the seismic response of horizontally layered deposits
was then validated against two centrifuge experiments and through comparison with several
ground response analysis techniques (Hashash et al., 2015) The tests involved a 26 m thick
profile of dry stiff Nevada sand with D, = 60%, subjected to two levels of seismic excitation at

its base. The computed response was reasonably compared to the measured one, though the
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accuracy of the prediction was compromised by the divergence between the original input

motion and that actually imposed as base excitation.

Integrating the one dimensional consolidation equation into the developed computer code,
the dissipation through soil grains of the excess pore water pressure, that is generated due to
cyclic loading of sand, is taken into account. Its numerical solution with the finite difference
method was tested against Terzaghi’s analytical solution. The accuracy of model predictions
in simulating the seismic response of saturated soil was validated against the case history of
Port island vertical array records, in 1995 Kobe earthquake (lwasaki 1995 & 1996). The
convergence was tested against acceleration time histories at Om, -16m, -32m and -83m and
surface spectrum, calculated under undrained conditions and considering vertical
consolidation during shaking, and proved sufficient for engineering accuracy, except for that
at - 16 m where the model considerably underpredicted the measurements. Field
investigations (lwasaki, 1995) along with previous simulations of the seismic response of the
site (Yamazaki et al. 1995, Elgamal et al. 1997) indicated that liquefaction must have occurred
at the gravelly sand layer above the shallow alluvial clay and the sandy layer below it. This was
confirmed by the present analysis, where pore water pressure generation took place at the
specific layers. Thus, it can be inferred that the developed model was satisfactory in
reproducing the observed response. Although the predicted undrained site response was
quite similar with the one calculated considering consolidation conditions, in the last case the
surface gravelly layers seemed to be affected by the vertical water flow that took place, since

high values of the r,mex Were observed at these surficial layers.

Consequently, the model was applied to estimate the elastic response spectra at the surface
of soil profiles with liquefiable layers. The methodology concerned the ground response
analysis of diverse soil profiles, all including a liquefiable zone, excited with a suite of
earthquake motions at their base, recorded on rocky formations of ground type A. The
normalized mean surface response spectrum was linearized to a four-brunch curve, as per the
EC8 approach. Specific values for the key parameters that define the shape of the design
spectrum were suggested for ground types S; and A. Although this work is a preliminary
application, it is believed that the presented approach, fleshed out with a bigger and more
representative ensemble of soil profiles and base excitations, can form the basis to develop a
veridical methodology for estimating the design ground surface response spectrum for soil

deposits with potentially liquefiable layers.
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Finally, the developed numerical algorithm is applied for the simulation of the seismic
response of liquefiable sandy sites improved with vertical drains, by reformulating the soil
consolidation differential equation to account for the horizontal axisymmetric water flow.
Model validation against 3D numerical analysis in FLAC3D (Tsiapas & Tsioulou, 2009 and
Bouckovalas et al., 2011) proved that, given that Ta-Ger model is appropriately calibrated
against the undrained response of the system, the effect of the sand coefficient of
permeability in the seismic response in terms of the excess pore water pressure evolution
with time, is adequately reproduced by the model, qualitatively and quantitatively. A set of
parametric analyses in a sandy soil profile of uniform D,, indicated that the effects on
mitigating liquefaction generally depend on the radius of the drain, the drain spacing and the
permeability of the sand. In order to demonstrate the performance of the algorithm, the
seismic response of the Port Island array improved with vertical drain up to 16m deep, is
examined. A replacement ratio a/b =0.67 is required in order to maintain the maximum value
of excess pore pressure r,me below 0.5, along the top 16m. The expected attenuation of the
shear strains and horizontal displacements at the same depths as well as the more intense
accelerogram at the surface compared to the original profile response, are well reproduced

by the model.
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Figure B1. Elastic response spectra at the surface of the 10 soil profiles of Table 5.1, for the seismic
category My=7.5 and R;s=5km, calculated according to the proposed methodology.
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Figure B2. Elastic response spectra at the surface of the 10 soil profiles of Table 5.1, for the seismic
category M,=7.5 and R;s=10km, calculated according to the proposed methodology.
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Figure B3. Elastic response spectra at the surface of the 10 soil profiles of Table 5.1, for the seismic
category M,=7.5 and R;zg=15km, calculated according to the proposed methodology.
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Figure B4. Elastic response spectra at the surface of the 10 soil profiles of Table 5.1, for the seismic
category My=7 and R;g=5km, calculated according to the proposed methodology.
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Figure B5. Elastic response spectra at the surface of the 10 soil profiles of Table 5.1, for the seismic
category My=7 and R;g=10km, calculated according to the proposed methodology.
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Figure B6. Elastic response spectra at the surface of the 10 soil profiles of Table 5.1, for the seismic
category My=7 and R;g=15km, calculated according to the proposed methodology.
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Figure B7. Elastic response spectra at the surface of the 10 soil profiles of Table 5.1, for the seismic
category M,,=6.5 and R;z=5km, calculated according to the proposed methodology.
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Figure B8. Elastic response spectra at the surface of the 10 soil profiles of Table 5.1, for the seismic
category M,,=6.5 and R;z=10km, calculated according to the proposed methodology.
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Figure B9. Elastic response spectra at the surface of the 10 soil profiles of Table 5.1, for the seismic
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