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Extevig NepiAnn

Extevng NepiAnyn

(Ot BiBAloypapikéc avapopes mapaméumouvv otnv mAnpn Texvikn ExGeon n onoia

akodoudei)
EIZATQrH

H moapoVUoa Texviky ExkBeon amotedel 1o 40 Mapadotéo (MN4) tou Epsuvntikou

MpoypAuUaATOC HE TiTAO:

OAAHZ-EMN (MIS 380043)
Npwtdtunog Zxediaopoc Babpwv Mredpupwv o Peuotonouroipo Edadog pe Puaoikn
Zeloptkn Movwon

pe uvrovioth (Epeuvntikd YrieuBuvo) tov Mlewpylo MmnoukoBaia KaBnyntr EMI.
JUYKeKpLUEVQ, Ttapouatalovtal Ta anoteAéopoata tng Apdong A4, pe titho:
"EAaotika pacuata oxedlaouou yLa pevotonolioua edapn”.

To avrtikeipevo TG Apdong A4 TeplypAPETAL OTNV EYKEKPLUEVN EPEUVNTLKN TIPOTAON WC

okoAoUBwG:

“Me oapetnpia ™MV TPONYOUUEVN OXETIKN EUTEIPI TNG EPEUVNTIKNG OUddAC Ylo Un
pevotonowjowua ebapn (Bouckovalas & Papadimitriou 2003, 2005a, 2005b), Ba yivet
SLaTUNWOonN AVOAUTIKWY CYECEWV YLA TOV UTTOAOYLOUO TNG EMISPAONG TOU PEUCTOMOLOLUOU
£6AMOUC OTN UEYLOTN OELOULKI) ETILTAYUVON KOl OTO EAQOTIKO (PACUA aTTOKPLonG (f/kat to
@doua Fourier) tn¢ octoutkng kivnone tou ebapoug. la Ttov okomd auto Ja

npayuatornotndouv ot akoAouFec SpaoTnpLOTNTEG:

(a) 1-A, un ypoUUIKES AVAAUCELS OELOULKNG QTTOKPLONG UE TO AoyLoLko mou Ja mpokUeEL

artd t A.2.

(8) >tatiotikn emefepyaoia TwWV AMOTEAECUATWY TWV AVWTEPW AVUXAUCEWV Kol SLATUTTWON
AVAAUTIKWY OYECEWV YL TOV «OUVTEAEOTH £60QIKNG EVIOYUONC TNC KOPUQAIOG OELOULKIC

emtayuvong (PGA) kaBwc ka Tou avnyuevou (w¢ mpog tnv PGA) pdouatoc amokpLong.

(v) H aéoniotia twv avadutikwv Avocswv Ba aflodoyndei oe ouykplon UE SNUOCLEUUEV
QITOTEAECUATO OO TIELPAUATA UTO KAlUaKO (OE (QUYOKEVTIPLOTH) N OE OELOULKN Tpamelo
UEYOAWYV SlaoTdoewV), KAFwWE KAl TIPAYUATIKEC KATAYPAPEC OELOULKWY SovnoewV o€ JE0EIg

ue eéakplBwuévn ekbrnAwon pevotomnoinong tou unedapouc.”
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MPOTEINOMENH MEGOAOAOTIA

Jta mAaiola ™G Apdong A4 avomtuxdnke pla avoAutiky pebodoloyia ekTipnong twv
eAaotikwv  pacudtwy amokplong o peuctonmolnuévo £6adog. Ta PAuata TG

TPOTELVOUEVNC LeBodoloyiag elval Ta €Ac:

1. Ymoloylopog, amnd emni tonou Sokiueg (SPT | CPT), Tou cuvteleoth aodAAelag Evavtl

pevotonoinong FS; Tng edadikng meEPLOXNG Tou e€eTAleTal.

2. Mpayuatonoinon LlooSUVAUWY YPAUUKWY 0VOAUCEWV LE KATAAANAO AOYLoULKO (TL.X.
tumou “SHAKE”), ayvowvtag tTnv ek6RAwon peuctonoinong, Kat mpooSlopLopog TG
daopaTIKng emITA)UVONG XwpPLg peuotomoinan, Say,.

3. EmAoyn t¢ Kat@AAnAng taxutntog peuctomotnpévou e6adoug amo to IXAHa 1, pe

Baon tnv T Tou cuvteheoth FS,.

4. Mpaypatonoinon LooSUVAaUWY YPOUULKWY aVOAUCEWY YL TIANPWG PEVCTOTOLNUEVO
£60dog Pe TayVTNTO PEVCTOTIOLNUEVOU OTPWHATOC (0N LE QUTH TIOU UTIOAOYLoTNKE
oto Brpa 3 Kal T G/Gmax = 1. ATO TIC avaAUOELG QUTEG TTPOKUTITOUV Ol GOCHATIKEG

erutayVVoeLS (Sa,) yla MARpw¢ peuotomnotnuévo £8adog.

5. YMOAOYLoPOC TOU GUVTEAECTH “Qpga” amo tnv E§lowon 1 pe Baon tnv Tun tou FS,

OpGp Zl{1+COS|:E( 5, J | :l} (1)
2 210.65

“,

6. EUpeon g TG Tou ocuvieheot “a” yla kaBe T tng Wblomepiodou T amod tnv

E€iowon 2.

oT) :(1+;¥m j+(1—gm jtanh[lO(T—O.S)] (2)

7. Ymoloylopog Tng GpacUaTIKNG EMTAXUVONG TOU PEUCTOTOLNUEVOU £6ddOUC amo Tnv

E€iowon 3, yla kaOe TiuA tne dlomeplodou.

Sppep (T) = Say, (T)—a(T)-[ Say, (T)—Sa,(T)] (3)
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IXAMa 1: JUOXETION TOU UEWWTIKOU ouvtedeoti tng  toxVtnTag Satuntikol  KUPATOC
peuotononpévou e6adoug Vs i/Vs e To FS,

2XOANIA - ZYMMNEPAZMATA

Amo emokonnon tng Siebvouc BiLBAloypadioc (Kedahalo 2), PpEBnke OtL €xouv mpotabel
peBoboAoyisg mpoPAedng Tou eAaoTIKOU GACHATOC ATIOKPLONG peucTomoLnpévou eddadoug,
pHEow LooSUVAUWY Ypapuikwy avaAloswy (Miwa & lkeda, 2006). Ot peBoboloyiec autég
otnpilovtal otn mapadoxn OTL N PEVUCTOMOLNCN MPAYHOTOMOLE(TAL oTNV apxn thg S6vnong,
YEYOVOC TO ormolo mapatnpeital povo oe moAl LOXUPEG OELOULKEG SOVNOELC KOl OE TIOAU

ULKPOUG CUVTEAEOTEC A0hAAELOC EVAVTL PEUCTOMOLNONG.

A6 avAAUOHN LOTOPLKWY TIEPLOTATIKWY OE TIEPLOYEC TIOU €XOUV PEUCTOMOLNOEL KAl OTL
ormoleg umapyxouv Kataypadeg Twv entayvoewyv (oelopol “Elmore Ranch” kat “Superstition
Hills” otnv meploxn “Wildlife Liquefaction Array” kal oglopog tou “Koume” otnv meploxn
“Port Island”) mpoékuPe OTL N pACUATIKA EMLTAXUVON YLA HKPEG Tteplddouc kabopiletal o
peyaAo Babuo amd to TuRpa tng dévnong nptv to €dadog peuatonolnBel (Kedpdaiaio 3). Oa
TPETEL VAL TOVLOTEL OTL TO PaLVOUEVO QUTO £xel eTuonuavOel kot amd AAouC epeuvnTEC
(Youd & Carter, 2005). H emnidpacn tou ¢aAVOUEVOU AUTOU OXETI(ETOL AUECA HE TOV
ouvteheoty acdaleiog €vavtl peuotomoinong, kKobw¢ 000 HEYAAWVEL N TIUA TOU, TOOO
koBuotepel n ekdAAwon tng peuctomoinong. Emopévwg, ol umdpyouosg pebBodoloyieg
propolV va Swoouv aflOTLoTA AMOTEAECUATA HOVO Yla HIKPOUG OUVTEAEOTEG aodAleLag
£vavtlL peugtomnoinong, omou dnAadn n peuctomnoinon ekSNAWVETAL OTO APXLKO oTASL0 TNG
Sléyepong. Xe avtiBetn mepimtwon, pmopel va amodexbBolv AKPWE KN CUVTNPNTLKEG,
Sebopévou OtL ayvoouv TRV MLBavr evioxuon Tou GEloULIKOU KpadaopoU Tou tponyeital tng

pevuotonoinong tou edddoug.
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Me Baon ta MOPATAVW CUUMEPACHUATA QIO TNV OVAAUCN TWV LOTOPLKWY TIEPLOTATLKWY,
SnAadn tn onuavtikn enidpacn tou xpovou Evapéng Tng peuatomnoinong, dtatunmwonkav ot
Boowkég apxeg tng véag peBodoloyiag (KedbdAawo 3). Mo CUYKEKPLUEVA, TO TPAYUATIKO
daopa andkplong peuctomnolnuévou e5adoug Umopel va eKTLUNOEL pe ypa LKA TapeBOAN
Twv Gacudtwy omoKpoNg yla HUn  PEUCTOTIOINUEVO Kol Yyl TARpws (g€ apxnc)
pevotorolnuévo €dacdocg, Ta omola umoloyilovtal HECW LOOSUVAUWY  YPOAUUIKWY
avaAloswv. T tn Oeltepn meplmtwon, xpnolgomolouvtol oL [én  UTIAPYOUOCES

pueBodoloyisg (Miwa & lkeda, 2006).

MNa ™ Pabuovopncn twv cuvtedeotwyv cuoxEtiong (KeddAato 6) aflomolibnkav toco ot
KoTaypadEG TwV 3 LOTOPIKWY TIEPLOTATIKWY OCO KoL TO OTTOTEAECUATO TIOPOUETPLKWY,
TIANPWG OUTEVYUEVWY, UN-YPOUULIKWY, aplOUNTIKWY avaAUoEwyY, TToU Tpaylatonow)tnkayv
oTo TIpOYpappa Tenepacpeévwy Stadopwv FLAC. OL ev AOyw avaAuoelg s€etdlouv T
OELOWLKA AmOKpLon VO Tipaypatikol edadikou podid, otn Béon Bepehiwong tng yédupag
Tou motapol Itpupova (Eyvatiag 0806¢), yia 13 oslopkeg dieyépoelg pe Sladopetiky PGA

Kol SLapopeTIKA GOOUATIKA XOpaKTNPLOTIKA (KeddAalo 5).

Ma tv mpooopoiwaon TG GELCUIKAG OIMOKPLONG TNG PEVUCTOMOLACLUNG AUUOU £YLVE XPNoN
TOU KOTQOTATLKOU TIPOCOMOLWHATOC Kploung katdotacng NTUA-Sand (Papadimitrou et al.
2001, Andrianopoulos et al. 2010), 6nw¢ autd Tpomonoltdnke ota mAaiola tng Apaong A2
(Bouckovalas et al. 2012) kat evowpotwdnke oto FLAC. H emdpkela tng OpLOUNTLKAG
pebodoloyioc otnv mpPoPAedn TNC OELOUIKAG QMOKPLONG PEUCTOMOLNOLWWOU £6Adoug
£MAANBEVUTNKE PHECW TNG TIPOCOUOLWONG TWV 3 AVWTEPW LOTOPLKWY TIEPLOTATIKWVY KOL TNG

LKOVOTTOLNTLKAC GUYKPLONG TIOU TIAPATNPELTAL E TG PAYUATIKEG KaTtaypadEg (Kedahalo 4).

TéAog, n mpotewvopevn peBodoloyia afloloyeital pEow TNG CUYKPLONG TWV EKTILWUEVWY
GACUATWY ATMOKPLONG LLE TLG TIPAYHATLKEG KaTaypad£EG aAAd Kal TG TpoBAEPELs Twv Miwa &
Ikeda (2006). Mapatnpeitot OtL n véa peBodoloyia MPoPAENEL e LKAVOTIONTIKA aKpiPeLal,
0€ OA0 10 EUPOG TWV LELOMEPLOS WV, TNV GELOLLLKN ANMOKPLON TWV 3 LOTOPLKWV TIEPLOTATIKWY
(ZxNpa 2) kKabwe kot Twv 12 (oo tig 13) aplOunTikwv avaAvcewv (ZxAua 3 & 4). Mdvo oe
plo meputtwoelg mopatnpeitol anmdkALon oTa AMOTEAECUATA, N OOl OPWG ElvaL UTIEP TNG
aodalelag, kabBwg mpoPAémovral peyaAUtepe AOMOTIKEG ETUITAXUVOEL QMO  TIG
TIPAYMOTIKEG. ZUYKPLTIKA avadépetal OtL n pebodoloyia twv Miwa & lkeda (2006) Sivel
aflomiota amoteAéopata, oe OAo To Upog LSLoMEPLOSdwY, Hdvo otnv Tiepintwon tou “Port
Island”, evw OTI UTTOAOLTIEG TIEPUTTWOELG UTIAPXEL ONUOVTIKI QTTOKALON OTA OIMOTEAECHATOL

0€ UIKPEG LOLloTeEPLOSOUC, N omola eival katd tng acdaleiac.
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Chapter

Introduction

This Technical Report constitutes Final Deliverable 4 of the Research Project with title:

THALIS-NTUA (MIS 380043)
Innovative Design of Bridge Piers on Liquefiable Soils with the use of Natural Seismic

Isolation

performed under the general coordination of Professor George Bouckovalas (Scientific

Responsible).

Namely, it presents the actions taken and the associated results of Work Package WP4,
entitled:

“Design spectra for liquefiable ground”.

The Scope of Work Package WP4, has been described in the approved Research Proposal as

follows:

“The main effect of the proposed “natural” seismic isolation system is to reduce drastically
the intensity of seismic motion at the surface of the liquefiable ground, relative to the free
surface of the seismic bedrock (stiff soil and rock formations, or Soil Category A of EAK 2002
and EC-8). Hence, based on previous relevant experience of the research members for non-
liquefiable soils (Bouckovalas & Papadimitriou 2003, 2005a, 2005b), multivariable analytical
relations will be established to compute the effects of liquefied soil layers on the peak ground
acceleration and elastic response spectra. The following work tasks will be employed in order

to meet these objectives:

(a) 1-D, non-linear numerical analyses of seismic ground response, performed parametrically
with the upgraded software developed in Work Package WP2. The analyses will use seismic

excitations with various intensities and spectral characteristics, including near field
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recordings, as well as various geometrical and geotechnical characteristics of the liquefiable

soil layer and the non-liquefiable crust covering the ground surface.

(b) Statistical analysis of the numerical predictions aimed at the development of analytical
relations for quantitative evaluation of the peak seismic motion parameters (acceleration
and velocity) and the elastic design spectra at the ground surface (for 5% structural
damping).

(c) The accuracy of the proposed analytical relations will be evaluated and calibrated against

published results from:

e model tests performed in centrifuge or large shaking table facilities in Japan, U.S.A.

(e.g. U.C. Davis and R.P.I.) and the United Kingdom (e.g. University of Cambridge),

e qactual seismic recordings from extensively liquefied sites [e.g. recordings from the
seismic arrays in Port Island of Kobe (Japan), Wildlife Liquefaction Array (U.S.A.),
Treasure Island (U.S.A.)].”

Work Tasks (a), (b) and (c) above have been successfully executed, as described in the

following Chapters.
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Chapter

Literature Review

2.1 Introduction

Despite that liquefiable soils are considered as “restricted” by seismic codes, their seismic
response has been the subject of quite interesting research until today. In more detail, the
relevant research can be grouped in three major categories. The first category includes field
case studies, from liquefiable areas, with available soil properties as well as reliable seismic
acceleration records. In fact, in some of these areas, seismic accelerations have been
recorded both at the base and the surface of liquefiable layer. The second category includes
experimental simulations, mainly from centrifuge experiments, which aim to replicate the
seismic response of liquefiable sites. Finally, the third category includes numerical analyses
where the response of the liquefied soil is simulated through dynamic non-linear solution

algorithms and effective stress constitutive soil models.

The present literature survey will cover all previous research categories, while the emphasis

will be to provide answers to the following questions of practical interest:

a) What is the effect of liquefaction on the seismic design parameters (peak seismic
acceleration and normalized response spectra) for above ground structures? To what
extent this effect is related to the soil properties and the seismic excitation

characteristics?

b) Are there any credible proposals for the simplified definition of seismic design
parameters (peak seismic acceleration and normalized response spectra) in liquefiable

sites?
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c) Is it possible to simulate approximately the seismic response of liquefiable sites using
simple numerical means (e.g. SHAKE type analyses) and common soil properties from the

literature (e.g. G/Gmax— Vv & € —y relations)?

d) Is it possible to predict the detailed seismic response of liquefied sites using advanced

numerical analyses and constitutive models?
2.2 Field Case Studies

Well documented, from a geotechnical and a seismological point of view, field case studies
are fairly limited. In fact, these requirements were satisfied only in the following four areas:
Wildlife Liquefaction Array, Treasure Island and Alameda Naval Air Station in the U.S.A., as
well as Port Island in Kobe, Japan. In the following, the available data for all these sites are

initially presented, followed by the findings of the relevant studies.
2.2.1 Geotechnical and seismological data

The first area of interest, widely known as the “Wildlife Liquefaction Array” (WLA), is shown
in the map of Figure 2.1. It belongs to the Imperial Valley, located 160 km east of San Diego,
in California (U.S.A.). Figure 2.2 shows a plan view and a cross section of the seismic array
site, with the location of the recording instruments and the in situ geotechnical
investigations. In order of increasing depth, the soil profile consists approximately of 2.5m
silty-clayey fluvial deposits, 4m of loose liquefiable silty sand, and 20m of alternating layers

of over-consolidated silt and clay. The ground water table is located at 1.5m depth.

The wider area is characterized by high seismicity, since earthquakes which can trigger
liguefaction have an average return period of only 12 years. This was the reason why the
United States Geological Survey (USGS) has selected this site in 1982 for the installation of
two accelerometers (at the ground surface and at 7.5m depth) and six piezometers at
different depths. The geotechnical soil profile was investigated with the aid of Cone

Penetration (CPT) and Standard Penetration (SPT) tests by Bennett et al. (1984).
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Figure 2.1: Map of Imperial Valley with the location of WLA and the epicenters of major recorded
earthquakes (Holzer et al. 1989)

IXAHa 2.1:  Xdptng tng meploxnic Imperial Valley pe t 6éon tou WLA kol Ta emikevipo Twv
Katayeypapupévwy oslopwyv (Holzer et al. 1989)
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Figure 2.2:  Plan view (a) and cross section (b) of WLA site with position of recording instruments
(Bennett et al. 1984)

Ixnua 2.2:  Katoyn (a) kot topn (B) tou WLA kat Béoelg Twv kataypadikwyv opydvwy (Bennett et
al. 1984)
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Two strong motion recordings were obtained following installation of the recording

instruments:

e Elmore Ranch earthquake, on Nov. 23, 1987, of M = 6.2 magnitude and 23 km
epicentral distance. The recorded accelerograms at the ground surface and at 7.5 m
depth are shown in Figure 2.3. It is noted that no excess pore pressures built up has
been reported for this event.

e Superstition Hills earthquake, on Nov. 24, 1987, of M = 6.6 magnitude and 28 km
epicentral distance. In this case, the loose silty sand layer was liquefied, with recorded
excess pore pressure ratios reaching the maximum r, = 1 value, under a peak ground
acceleration of 0.21g. Figure 2.4 and Figure 2.5 show the time histories of recorded

accelerations and excess pore pressure ratios.
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Figure 2.3:  Acceleration time histories from Elmore Ranch, 1987 (Mw = 6.2) earthquake at WLA
(Holzer et al. 1989)

IxnHa 2.3:  Xpovolotopieg emttayVvoewyv oto WLA and to oelopd tou Elmore Ranch, 1987 (M,, =
6.2) (Holzer et al. 1989)
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Figure 2.4:  Acceleration time histories from Superstition Hills, 1987 (M,, = 6.2) earthquake at WLA
(Holzer et al. 1989)

IxnHa 2.4: Xpovolotopieg emtaxvvoewyv oto WLA amo to oslopd tou Superstition Hills, 1987 (M,, =
6.6) (Holzer et al. 1989)
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Figure 2.5: Time histories of recorded excess pore pressure ratios from Superstition Hills, 1987 (M,,
= 6.6) earthquake at WLA (Holzer et al. 1989)

IxAua 2.5: Xpovolotopieg Adyou uneprieong mopwv oto WLA amnod to oslopd tou Superstition Hills,
1987 (M,, = 6.6) (Holzer et al. 1989)
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Another site where we had liquefaction and the seismic motion has been recorded at the
ground surface and at depth is Port Island in Kobe, Japan. Following the construction of this
artificial island, in 1991, four accelerometers were installed at the ground surface and at 16,

32 and 83 m depth (Figure 2.6). Figure 2.7 shows the recorded acceleration time histories at

these depths.

The soil profile at the recording site consisted of 4 m of compacted sand and gravel above
the sea level, followed by 15 m of loose sand and gravel, 8 m of alluvial clay, 34m of
alternating dense sand and clay layers, and finally 20 m of over-consolidated clay. Kobe 1995
(M= 6.9) earthquake occurred at just 5km epicentral distance from Port Island and resulted
in liquefaction of the 15 m thick loose sand and gravel fill. No excess pore water pressure
measurements were taken during this event. Still, liquefaction became evident due to the

extended subsidence and the sand boils which emerged on the ground surface.
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Figure 2.6:  Soil profile at Port Island with location of seismographs (Ishihara et al. 1996)
IxAna 2.6:  Edadukn topn tou Port Island kat Béoelg Twv kataypadéwv (Ishihara et al. 1996)
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Figure 2.7:  Acceleration time histories at Port Island (lwasaki & Tai 1996)

IxAua 2.7:  XpovoloTopieg enttayvvoswyv oto Port Island (lwasaki & Tai 1996)
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Loma Prieta 1989 (M,, = 6.8) earthquake severely hit the San Francisco area in USA and
caused extensive liquefaction. Seismic motion recordings are available for two liquefied
sites: “Treasure Island” and “Alameda Naval Air Station” (Figure 2.8). Contrary to the
previous case histories, the seismic recordings correspond to the free ground surface and
cannot be compared directly to the excitation at the underlying bedrock. Still, it is possible
to make indirect comparison with a nearby recording obtained at the surface of rock, at
“Yerba Buena Island” (2.4 km away from “Treasure Island” and 7.2 km from “Alameda Naval
Air Station”). The soil profiles at all above recording sites are shown in Figure 2.9 and Figure
2.10, while the corresponding seismic recordings are shown in Figure 2.11 — Figure 2.13. The
thickness of the liquefiable soil layer is 4.5 m in “Treasure Island” and 5 m in “Alameda Naval

Air Station” (see colored layer in Figure 2.9 and in Figure 2.10).

N ' v
wse

Emeryville

a2

Oakland

I
ANAS Alameda

SAN FRANCISCO
BAY

26

394 B4%0

0 5 10 Kildmeters
o)

e B

Figure 2.8: Map of San Francisco area showing the sites of Treasure Island (TI), Alameda Naval Air
Station (ANAS) and Yerba Buena Island (YBI) (Brady & Shakal 1994)

IxNua 2.8:  Xdaptng tou Zav Dpavoioko otov omolo €xouv emonuavOel n B€on tou Treasure Island
(T1), tou Alameda Naval Air Station (ANAS) kat Tou Yerba Buena Island (YBI) (Brady &
Shakal 1994)
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Figure 2.9:  Soil profile at Treasure Island (Rollins et al. 1994)

IxAna 2.9:  ESadikn tour) tou Treasure Island (Rollins et al. 1994)
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Figure 2.10: Soil profile at Alameda Naval Air Station (Carlisle & Rollins 1994)
IxAna 2.10: Edadikr topr tou Alameda Naval Air Station (Carlisle & Rollins 1994)
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Figure 2.11: Acceleration time history at Yerba Buena Island

IxAMa 2.11: Xpovolotopia emtayvvoswy oto Yerba Buena Island
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Figure 2.12: Acceleration time history at Treasure Island

IXAMa 2.12: Xpovolotopia emitayVvoewv oto Treasure Island
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Figure 2.13: Acceleration time history at Alameda Naval Air Station

IxAua 2.13: Xpovolotopia emtayUvoswv oto Alameda Naval Air Station
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2.2.2 Analyses by Zeghal & Elgamal (1994)

Zeghal and Elgamal (1994) used the seismic recordings of the “Wildlife Liquefaction Array”,
in order to estimate the shear stress-strain relationship and the effective stress path during
seismic shaking. Shear stresses and strains were computed from linear interpolation

between the ground surface and the depth of 7.5m, according to the following approximate

relations:
T, =%pz(a2+az) (2.1)
a, :a2+(al—a2)% (2.2)
y=% ;dz (2.3)
where:

a4, 0 : are the recorded accelerations at 7.5 m depth and at the ground surface respectively
d,, d, : are the corresponding displacements (obtained from double integration of a; and a,)
h: is the verical distance between the recordings

p: is the mass density of the soil

Figure 2.14 shows the time histories of shear stresses at the depth of piezometer P5 (2.9 m)
and the average shear strains during Superstition Hills (1987) earthquake. Figure 2.15
combines the above to obtain the shear stress-strain loops at the same depth, for the entire
seismic motion. Finally, taking into account the readings of piezometer P5, Figure 2.16
provides the evolution of the effective stress path (shear stress vs effective vertical stress)

during shaking.

In the sequel, based on the above Figures, they computed the equivalent elastic (secant)
shear modulus G for various average shear strain values in the time interval 0-13.5 sec when
excess pore pressures were nearly zero. The G-y relation thus obtained was found in fairly
good agreement with the results of “Resonant Column” tests on samples from the liquefied
sand reported by Haag (1985) (Figure 2.17a). Further than that, the seismic recordings were
used in order to compute the average shear wave velocity Vs within the top 7.5 m of the soil
profile (Figure 2.17b), according to the methodology proposed by Chang et al. (1991), i.e. by
measuring the time lag between “same points” in the two recordings. Observe that Vs is
drastically reduced after 13 — 20 sec, i.e. when excess pore pressures become significant (see

Figure 2.5) and ends up to 10 — 20 % of the initial value.

17
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Figure 2.14: Time histories of (a) shear stress at 2.9m depth and (b) average shear strain during
Superstition Hills 1987 earthquake (Zeghal & Elgamal 1994)

Ixnua 2.14: Xpovolotopieg (a) Satuntikwy tdoswv o Babog 2.9m kat (B) pEowv SLATUNTIKWY
napapopdwoewWV aTov oelopo Superstition Hills 1987 (Zeghal & Elgamal 1994)
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Figure 2.15: Shear stress-strain loops at 2.9m depth, during the Superstition Hills 1987 earthquake
(zeghal & Elgamal 1994)

IXAHa 2.15: ALOTUNTIKEG TACELG CUVAPTAOEL SLATUNTIKWYV Tapapopdwoewv os Pabog 2.9m otov
OELoUO Superstition Hills 1987 ywa 0An tn S1€yepon (Zeghal & Elgamal 1994)
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Based on the previous presentation, it may be first observed that excess pore pressure build
up initiated after the average cyclic shear strains crossed the 0.04% threshold and led to
gradual degradation of the secant shear modulus. In addition, at the peak ground
acceleration, shear strains become large while shear stresses decrease considerably. Finally,

at large shear strains, soil response is dilative.

According to the Authors, the analysis of WLA recordings, although innovative, is based on a
number of necessary assumptions and simplifications. Namely, recorded seismic motions
have been baseline corrected, while the piezometer P5 recordings have been corrected to
give a maximum excess pore pressure ratio of 1.00. We add to the above comments that
Equations (2.1) — (2.3) are also very approximate. In addition, the methodology which was
adopted for the estimation of the average Vs, based on the time difference between "same
points" on the surface and the base recordings, assumes that the frequency content of the
two recordings does not change during seismic wave propagation through the soil column.
On the contrary, we expect that the frequency content of the seismic ground response has
been reduced relative to the seismic excitation and consequently the shear wave velocity
values have been under-estimated. This is the reason why the in situ seismic wave velocity
measurement (e.g. via Crosshole & Downhole tests) is based on the difference between

“first arrival” times and not at the time lag between “same points” on the recordings.

2.2.3 Analyses by Davis & Berrill (2001)

Davis and Berrill (2001) revisited the analyses by Zeghal and Elgamal (1994) with the aim to
refine the computations. Thus, they computed average seismic wave velocities using the
“same point” technique, but corrected the seismic recording on the ground surface for soil
effects, based on the methodology of Davis (2000). More precisely, the time increment of
the ground surface recording was reduced in order to account for the non-linear ground
response (reduction of G, increase of fundamental response period). The cumulative time
scale compression and the associated new average seismic wave velocities are shown in
Figure 2.18. Observe that the shear wave velocity of the liquefied ground shows minor
fluctuation, stabilizing in the range of 105 m/sec, which is close to the values computed by
Zeghal and Elgamal (1994). Next, they refined the computation of shear stresses and strains
(Figure 2.19a) assuming a two layer system, i.e. the top 2.5 m of silt and the underlying 4 m
of liquefiable sand. As a result, computed cyclic shear strains increased somewhat relative to
the solution for uniform soil (Figure 2.19b), but did not change the overall prediction of soil

response.
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It should be noted that, due to the applied time scale reduction, the shear wave velocity of
the liquefied ground should increase (and not decrease) relative to the earlier predictions.
One possible reason for this apparent inconsistency is the higher value of the initial (dry)
shear wave velocity that was used for the refined computations (i.e. 125 m/sec instead of

110 m/sec).
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Figure 2.18: (a) Total time scale compression, and (b) average shear wave variation during
Superstition Hills earthquake (Davis & Berrill 2001)
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2.2.4 Analyses by Elgamal et al. (1996)

Elgamal et al. (1996) repeated the analyses presented earlier for WLA, for the case of Port
Island, Kobe. In more detail, using Equations (2.1) — (2.3), they computed shear stresses and
strains over the soil profile of Port Island, based on the four available seismic acceleration
recordings (located as in Figure 2.7). Figure 2.20 shows the time history of computed shear
stresses and strains at depths 8, 24 and 57.5 m. The associated stress — strain loops at
selected time instants are shown in Figure 2.21. Observe that, upon liquefaction at 8 m
depth, short after the initiation of shaking, shear strains increase abruptly to 1.2 % and shear
stresses remain fairly small. The opposite is observed at larger depths, where the soil does
not liquefy. Namely, shear strains remain small while shear stresses are one order of

magnitude larger than in the liquefied shallow layers.
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Figure 2.20: Time histories of (a) shear stresses and (b) shear strains at different depths (Elgamal et
al. 1996)

IxAua 2.20: Xpovoiotopieg (a) Statuntikwv Tacswv kot (B) Slatuntikwv mapapopdwoswv o€
Stadopetika Babdn (Elgamal et al. 1996)

In the sequel, the methodology that was used for WLA recording site was also used here to
compute the average shear wave velocity between the accelerometers (Figure 2.22). It was
thus found that the shear wave velocity of the liquefied top 16 m of loose sand and gravel
was reduced early during shaking, from 200 m/sec to 20 — 50 m/sec, i.e. to 10 — 25% of the

initial value.
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Figure 2.21: Selected shear stress-strain loops between accelerometers (Elgamal et al. 1996)
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IXAHa 2.22: AlakUpavon ThG HEong taxuTnTag Slatuntikol Kupatog (Elgamal et al. 1996)
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2.2.5 Analyses by Pease & O’Rourke (1997)

Pease and O’Rourke (1997) did similar analyses as Elgamal et al. (1996) and Davis & Berrill
(2001), for the case of the “Treasure Island” recording site, where the seismic motion during
Loma Prieta (1989) earthquake has been recorded on the ground surface, as well as at the
outcropping bedrock of the nearby Yerba Buena site. The acceleration time history at the
base of the liquefied site, i.e. at 11 m depth, was estimated indirectly from an equivalent
linear (SHAKE type) analysis using the Yerba Buena recording as the outcropping seismic

bedrock excitation.

Shear stresses and strains at the middle of the liquefiable soil layer were computed using
Equations (2.1) — (2.3) (Figure 2.23) and consequently used to compute the corresponding
shear modulus G. It was thus found that G was reduced due to liquefaction from 6 — 9 MPa
(Vso = 55 — 65 m/s) to 80 — 400 kPa (Vs, = 6 — 14 m/s). Next, the average shear wave velocity
Vs was estimated independently based on the time difference between the peaks of the
actual recording at the ground surface and the estimated excitation at 11 m depth (Figure
2.24). The resulting time history has been smoothed, using a 1sec running average, although
at the expense of reduced accuracy due to this smoothing process. It is again observed that
liquefaction leads to drastic change of the shear wave velocity, from 160 m/sec to
approximately 5 — 10 m/sec, similar to what was concluded from the evaluation of the shear

moduli G.

Note that the Vs and G values for the liquefied soil in “Treasure Island” are lower than the
values computed from Zeghal and Elgamal (1994) for the “Wildlife Liquefaction Array” (Vs =
20 m/sec and G = 450 — 1300 kPa). According to the Authors, this difference reflects the
different relative densities of the loose sand in “Treasure Island” and the medium dense
sand in WLA. Anyhow, these two set of data indicate that a possible range of variation for

the shear wave velocity following liquefaction is 5 — 20 m/sec.

Following the computation of average shear wave velocities, the fundamental site period
was computed from the following analytical relation, for a two-layer profile without

damping:
27h 27h V, 7,
tan| 222 |tan| <70 | = L (2.4)
[AA TV, ) Vo7,

Vs,, hy, vs2 : denote the velocity, the thickness and the unit weight of the liquefied soil, and

where:

Vsy, hy, vs1 : denote the velocity, the thickness and the unit weight of the non-liquefied soil.
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Figure 2.23: Shear stress-strain loops from Treasure Island: (a) complete excitation, (b) 8 — 14 sec, (c)
14 - 22 sec, (d) 22 — 32 sec (Pease & O’Rourke 1997)

IXAHa 2.23: ALATUNTIKEG TAOELC — Ttapapopdwoslg oto Treasure Island: (a) mArpng Siéyepon, (B) 8 —
14 sec, (y) 14 — 22 sec, (6) 22 — 32 sec (Pease & O’Rourke 1997)
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Figure 2.24: Time history of average shear wave velocity (Pease & O’Rourke 1997)
IxnHa 2.24: AlakOpavon thg Héong TaxuTnTag Statuntikol KUpatog (Pease & O’Rourke 1997)

Assuming a post-liquefaction shear wave velocity Vs, = 10 m/sec, the fundamental site
period has been estimated as 6 sec (Figure 2.25a), a value which is consistent with the
predominant period of recorded displacement time histories. Furthermore, the estimated
ground surface to base amplification ratio was fitted with analytical solutions for a two layer
damped soil system and led to hysteretic damping ratios for the liquefied soil in the range of

20 —30%, i.e. similar to experimental values for sands at large cyclic strain amplitudes.
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The methodology used for “Treasure island” was then extended to the computation of
fundamental site periods at “Marina District”, an area with 2.5 — 7.0 m of liquefied sand and
severe damages to buildings during the same earthquake. One part of this area consists of
loose soil deposits, so that the analytical computations were carried out for the shear wave
velocity values back-figured from “Treasure Island” (i.e. Vs = 2 — 10 m/sec). The remaining
area consist of compacted fill, assumed to have the shear wave velocity values obtained
from WLA (i.e. Vs = 15 — 30 m/sec). Computed site periods were equal to 6 — 8 sec for the
loose fill area and 0.8 — 1.5 sec for the compacted fill area (Figure 2.25b). According to the
Authors, this finding explains why the concentration of damage was higher in the area of

compacted fill, despite that liquefaction was more intense for the loose fill sites.
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Figure 2.25: Theoretical variation of fundamental site period following liquefaction: (a) Treasure
Island, (b) Marina District (Pease & O’Rourke 1997)

IXAMa 2.25: AtakOpavon tg tSlomeplodou pevotomolnuévou eddadoug: (a) Treasure Island, (B)
Marina District (Pease & O’Rourke 1997)

2.2.6 Analyses by Youd & Carter (2005)

Youd and Carter (2005) examined the effect of liquefaction on seismic ground response and,
in extend, the adequacy of common design spectra proposed by seismic codes for
application in the case of liquefied sites. For this purpose, they considered the following five
sites with available recordings of the liquefied seismic ground response: “Wildlife
Liquefaction Array”, “Port Island”, “Treasure Island”, “Alameda Naval Air Station” and
“Niigata”, Japan. As mentioned earlier, the available recordings in the first two sites refer to
the ground surface and the base of the liquefied soil layer, while in the next two sites they
refer to the surface of the liquefied ground and the nearby outcropping bedrock (at Yerba

Buena). Finally, the Niigata recordings refer to the surface of the liquefied ground.
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As a first step, the seismic response of each site was computed analytically, ignoring
liquefaction, and the results were compared with the recorded seismic ground motions. The
analyses were performed with the equivalent linear method and computer code PROSHAKE
(Schnabel et al. 1972), using as seismic excitation the recordings at the base of the liquefied
layer or at the surface of the outcropping bedrock. The soil properties were obtained from
free field measurements prior to or long after the seismic excitation which caused
liguefaction, while the average Idriss & Seed (1970) G/Gn.x — logy and D - logy curves (D is
the hysteretic damping ratio) were used to describe the non-linear hysteretic response of

the liquefiable sand layers.

The equivalent linear analyses for WLA were first calibrated against the seismic recordings
for EImore Ranch (1987) earthquake which did not cause soil liquefaction and consequently
repeated for the much stronger Superstition Hills (1987) earthquake, using exactly the same
soil properties. The actual (with liquefaction) and the computed (without liquefaction)
acceleration time histories at the ground surface, for the second earthquake, are compared
in Figure 2.26. Observe that actual and computed accelerations are similar until the arrival
of the peak seismic excitation (at 13.5 sec), while excess pore pressures remain low, but
deviate after that time instant. Note that the excess pore pressure ratio has increased to r, =
0.40 — 0.50 at the end of shaking, but continued to increase for some more time due to the
free vibration of the ground. On the other hand, spectral accelerations are de-amplified (as
much as 3 times) in the low period range of T= 0.20 — 0.50 sec, while they are amplified in

the period range above 1.0 sec.

The same analysis was repeated for Port Island, Kobe, Japan, using the seismic recording at
the depth of 16 m as excitation. The comparison between actual (with liquefaction) and
computed (without liquefaction) acceleration time histories and elastic response spectra are
shown in Figure 2.27. Contrary to WLA, the actual acceleration time histories start deviating
from the computed ones very early during shaking, an indication that liquefaction was quick.
It is also observed that spectral accelerations are severely de-amplified due to liquefaction
(as much as 4 times) for periods less than about 1 sec, while they are not significantly

affected for higher periods.
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Figure 2.26: Actual and computed accelerations (a) and elastic response spectra (b) at the ground
surface of WLA during the Superstition Hills, 1987 earthquake (Youd & Carter 2003)
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Figure 2.27: Actual and computed accelerations (a) and elastic response spectra (b) at the ground
surface of Port Island during the Kobe, 1995 earthquake (Youd & Carter 2003)

IxAMa 2.27: TMpayUOTIKEG KOl EKTLUWHEVES (o) emttaxVvoelg Kal (B) dpaopata anokplong amokpLong
otnv embavela tou Port Island amd to oeloud tou Kéume, 1995 (Youd & Carter 2003)
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The back-analysis for “Treasure Island” and “Alameda Naval Air Station” was performed in a
similar way, only that now the seismic excitation was obtained from de-convolution (with
PROSHAKE) of the seismic recording at the outcropping bedrock “Yerba Buena” station. The
effects of liquefaction on the seismic ground response may be appreciated through the
comparisons between actual and computed accelerations and elastic response spectra in
Figure 2.28 and in Figure 2.29. For both sites the deviation between actual and computed
acceleration time histories starts at the later stages of shaking, while the respective spectral
accelerations are fairly comparable. According to the Authors, the above trends indicate that
liguefaction occurred only after the strong motion part of the shaking, and consequently had

a minor effect on seismic ground response.

In the second stage of their research, Youd & Carter performed several analyses for each
site, by gradually increasing the time span of the excitation (always starting from the time of
the first arrival of the seismic waves) and compared with the elastic response spectra of the
recorded seismic ground motion. Although this process was performed for all sites, the
results are presented next only for the WLA where the seismic motion recordings are
accompanied by credible excess pore pressure measurements in the liquefied soil and

consequently, leading to more clear conclusions.

Figure 2.30 compares the actual spectra for Superstition Hills earthquake at WLA for the first
13.6 sec, 15 sec and 20 sec of shaking (actual) with the corresponding computed spectra
(predicted) as well as the actual spectrum for the complete shaking (full actual). Observe

that for the first 13.6 sec of shaking, when there is no excess pore pressure built up, the

III III

“actual” and the “predicted” sprectra practically coincide. On the contrary, the peak “actua
spectral acceleration during the first 15 sec (including the strong motion part of shaking) is
less than the “predicted”, despite that excess pore pressures are still low (r, = 0.20). In
addition, the “actual” spectral accelerations coincide with the “full actual” spectral
accelerations in the low period range (T < 0.80 sec) and with the “predicted” spectral
accelerations in the large period range (T > 0.80 sec). The last observation underlines the
importance of the pre-liquefaction part of shaking on the response spectrum of the liquefied
ground. Finaly, the comparison for the first 20 sec of shaking, where excess pore pressures

become high (r, = 0.70) is similar to that for the first 15 sec, only that now the bound

between the low and the high period range has increased to about 1.5 sec.
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Finally, it was examined whether the design spectra proposed by seismic codes could be

eventually

extended to liquefiable sites. For this purpose, Figure 2.31 and Figure 2.32

compare the actual response spectra from all examined sites to the design spectra of the

various seismic codes in USA (UBC 1997, IBC 2000, AASHTO 1998, NEHRP 2000) for “average

to soft” soi

Is (denoted as CSPT Ill) and “soft” soils (denoted as CSPT V). It is thus observed

that the code spectra overpredict significantly spectral accelerations for the low period

range (T < 1sec), while the code spectra for “soft” soils provide a reasonable upper bound to

the spectral accelerations of the recorded motions at the higher period range (T > 1sec).
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2.2.7 Analyses by Lopez (2002)

Lopez (2002) had performed a similar study with Youd and Carter (2005) in order to examine
whether liquefaction in the subsoil always acts as seismic isolation. His results and the
associated conclusions are in gross agreement with those presented earlier for all recording
sites except from Port Island. The acceleration time histories and the elastic response
spectra corresponding to the recorded (with liquefaction) and the predicted (without
liguefaction) seismic motion are compared in Figure 2.34. It should be noted that Lopez
predictions are significantly different than Youd & Carter, to the extent that the conclusions
regarding the effect of liquefaction are now reversed: spectral accelerations seem to be
amplified due to liquefaction at the low period range of T < 1.5 sec and slightly de-amplified
for the higher period range T > 1.5 sec. It is possible that these differences are due to the
assumptions adopted for the numerical analysis of seismic ground response, as Youd &
Carter used the recording at -16m as seismic excitation while Lopez (2002) used the
recording at -32m. In addition, to simulate the non-linear hysteretic response of the top
sand layer, Lopez (2002) used the G/Gn.x — logy and D — logy curves of Figure 2.33, obtained

from site specific laboratory tests by Suetomi & Yoshida (1998).

G/Go
Damping Ratio (%)

.01 0.1 . .
Shear Strain (%) Shear Strain (%)

Figure 2.33: G/G.x — logy (a) and D - log y (b) curves for the top layer of sand fill at Port Island
(Suetomi & Yoshida 1998)

IxnHa 2.33: Kaumuleg (a) G/Gpax — logy kat (B) D - log y yla Thv appwdn enixwon tou Port Island
(Suetomi & Yoshida 1998)
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Figure 2.34: Comparison between recorded and computed (a) accelerations and (b) response
spectra at the surface of Port Island during Kobe, 1995, earthquake (Lopez 2002)

IXAMa 2.34: JUyKPLON TIPOYUOTIKWY KOl EKTIHWHEVWY (a) emtayUvoswv kot (B) daopdtwv
amoKpLong otnv enipavela Tou Port Island oto oglopud tou Koume, 1995 (Lopez 2002)

2.2.8 Analyses by Miwa & lkeda (2006)

Miwa and lkeda (2006) explored whether the response of a liquefied site can be predicted
by equivalent linear (SHAKE type) analyses with properly reduced, as a result of liquefaction,
soil stiffness. Initially, they gathered all different proposals for the reduced shear modulus of
the liquefied sand layer at Port Island, during Kobe earthquake (Table 2.1). These estimates
were obtained from analysis of the time lag between the seismic recordings at the ground
surface and indicate that, following liquefaction, the shear modulus has been reduced to
1/20 — 1/100 of the initial Gn., value. In the sequel, they used this range of reduced shear
modulus to perform equivalent linear analyses with SHAKE for the “East Kobe Bridge” where
we also had extensive liquefaction, while the seismic motion has been recorded at 2 and
34m depth (Figure 2.35). These analyses have shown that the best fit to the seismic

recordings is obtained when G,,,, is reduced to 1/50 — 1/100 of the initial value (Figure

34



Chapter 2: Literature Review

2.36a). The same procedure was repeated for WLA and the Superstition Hills earthquake
using 1/100 of the initial maximum shear modulus. However, the agreement in this case was
not equally good as spectral accelerations are systematically under-predicted for periods
less than about 1 sec (Figure 2.36b). The comparison is slightly improved when it focuses
upon the part of seismic excitation that follows liquefaction. In that case, spectral

accelerations are under-predicted for a more narrow period range, up to 0.7 sec.

Table 2.1:  Summary of liquefaction-reduced shear modulus values proposed Port Island (Miwa &
Ikeda 2006)

Nivakag 2.1: EKTUAOELG TNG Helwong Tou PETPOU SLATUNGONG OTO PEUCTOMOLNKEVO OTpWHA Tou Port
Island (Miwa & Ikeda 2006)

No. Ref. Author Reduction ratio of  Shear strain Method
No shear modulus
1 2 Kazama & 0.04~0.06 1~2 Stress strain relationship of soil is
Yanagisawa estimated from vertical array records
2 3 Kokusho et al. 0.04~0.06 1~223 Identified from wvertical array records
by backward analysis
3 4 Yoshida & 0.01~0.02 1~3 Identified from wvertical array records
Kurita by backward analysis
Shear wave velocity is estimated by the
4 5 Kawase et al. 0.06 4 propagation time of peak of coefficient
of cross-correlation
5 6 Suzuki 0.01 - Identified from wvertical array records

by backward analysis

Propagation velocity from  Phase

6 7 Morio et al. 0.05 — spectrum and cross-correlation, stress
strain relation
7 8 Miyata et al. 0.01~0.015 — propagation velocity of peak of
observation records
8 9 Mochizuki et al. 0.05 — Cross-correlation analysis
i i Nonlinear Equivalent Liquefied Model
Depth Solil _ SPT N-value ["% vg | G |carace FL Damping Ratio
(G.L-m) Profile 0 10 20 30 40 60 | WY | m/sec) | wowme fistcs 1.0 s mwama] h
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Figure 2.35: Soil profile at “East Kobe Bridge” (Miwa & lkeda 2006)
IxnHa 2.35: ESadko mpodil tou “East Kobe Bridge” (Miwa & Ikeda 2006)
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Figure 2.36: Comparison of response spectra at the ground surface of (a) “East Kobe Bridge” and (b)
“Wildlife Liquefaction Array” (Miwa & lkeda 2006)

IxnHa 2.36: ZUyKpLon daopdTwy anokplong otnv enwdavela (a) tou “East Kobe Bridge” kat (B) Tou
“Wildlife Liquefaction Array” (Miwa & lkeda 2006)

Finally, Miwa & lkeda estimated the reduction factor for G,., for a number of case studies
(Table 2.2), using the above described methodology or actual seismic recordings at the base
and the top of the liquefied soil layers, and correlated it to the factor of safety against
liguefaction (Figure 2.37a). It was thus concluded that the reduction factor is reduced as the
factor of safety decreases. For instance, the reduction factor is equal to 1/50 for dense
sands, where cyclic shear strains may increase up to 1 — 1.5 %, while it becomes equal to
1/100 for loose sands where cyclic shear strains may reach 2 — 6 %. Based on these findings,
the Authors propose the use of Figure 2.37b for the selection of the proper reduction factor

in terms of computed factors of safety against liquefaction.

Note that there is a number of uncertainties related to the study of Miwa & lkeda (2006).
Namely, they do not specify how they computed the hysteretic damping ratio in the
equivalent linear seismic response analyses and also whether the reduced G,,.,, was kept
constant or was related to the cyclic shear amplitude during shaking. In addition, the
proposed methodology provides reasonable results in the case of “East Kobe Bridge”, where
liguefaction came early during shaking, but failed for the small period range in the case of

“Wildlife Liquefaction Array” where liquefaction was late. This is possibly due to the pre-
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liquefaction part of shaking which is essentially neglected by the proposed methodology.

Hence, further study and refinement is required before the findings of Miwa & lkeda are

adopted for practical applications.

Table 2.2:

Summary of reduction factors of the maximum shear modulus of liquefied sites (Miwa

& lkeda 2006)

Nivakag 2.2: EKTUAOELG TG pelwong Tou
(Miwa & lkeda 2006)

HETPOU SLATUNONG OE TIEPLOXEG TIOU €XOUV peuoTomolnOel

Obs?n::l Eg'}‘)j_‘[_f:m Shear | Reduction of
Site Earthquake Soil velocity | Vil | TR shear FL Evaluation Method
(cm"s)- M=) ) modulus
. |1995 Hyogoken-Nambu ~ |Decomposed granite N (Observed record, effective stress analysis and
East Kobe Bridgq @~ 1e <oil 89 1 3-6 [1/50-1/100] 0.3-0.5 equivalent linear analysis considering liquefaction
) y : Damage investigation, Observed record, effective
Fukaehama 1995 I;Ij;gckeu-Nambu Dgcomposed granite (102) 14 4-6 1/100 0.3-0.5 [stress analysis and equivalent linear analysis
earthquake soil considering liquefaction
4 . (Observed record, effective stress analysis and
1995 Hyogoken-Nambu  |Decomposed granite - - equivalent linear analysis considering liquefaction
Port Lslaad earthquake soil 1 14 2-5 [1/50-1/100] 0.3-0.5 (shear stramn is estimated only for liquefied layer,
so shear strain Is different from the value on P2)
1995 Hyogoken Nambu  |Decomposed granite Effactive stress analysis and equivalent linear
- f40- .
Nishinomiya han N ke soil (Improved) (121) 18 5 1/40-1/50] 0.6-0.9 analysi considering liquefaction
1995 Hyogoken-Nambu Effective stress analysis and equivalent linear
oo I YO8 ' - /! - . S .
Rokko Island earthouake Mud rock (74) 13 3-5 1/40 0.8-09 analysis considering liquefaction
. 1987 Superstitions Hill e (Observed record, effective stress analysis and
Wildiife earthquake Loose silty sand 31 1 2-3 11100 0.4-0.6 equivalent linear analysis considering liquefaction
g - 2000 Tottoriken-Seibu - - - (Observed record, effective stress analysis and
Saaiminato 1 earthquake Medium sand 57 15 25 1/100 0.5-06 equivalent linear analysis considering liquefaction
. 2000 Tottoriken-Seibu B (Observed record, effective stress analysis and
1 5 - Il -
Sakaiminato 2 | Dense medium sand 57 22 1-15 1/40 08-09 equivalent linear analysis considering liquefaction
1993 Kushiro-Oki H (Observed record, effective stress analysis and
3 2 130-1/- _
Kushiro Port earthquake Dense sand 61 23 1 1/30-1/40 | 0.9-1.0 equivalent linear analysis considering liquefaction
. 1994 Holdeaido Toho-oki . (Observed record and equivalent linear analysis
i 3 I -
Kusiro west port earthquake Loose sand 19 11 1 1/50 0.6-0.8 | iden ¢ liquefaction

(): analysis
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Figure 2.37: Reduction factor for the maximum
liquefaction (a) field data, (b) design (Miwa & lkeda 2006)
Ixnua 2.37:

JUOXETION MELWTIKOU GUVTEAEOTH TOU METPOU SLATUNONG KOL OUVTEAEOTH aohAAELAC
£€vavtL peuotomnoinong: (a) and avaiuon kataypadwv, (B) tuég oxedlaouol (Miwa &

Ikeda 2006)
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2.2.9 Analyses by Zhang & Yang (2011)

To evaluate liquefaction effects on seismic ground motions, Zhang and Yang (2011)
compared the seismic response of two neighboring sites: one liquefiable and the other non-
liguefiable. Namely, they selected borehole sites BH1 and BH3 in “Marina District” of

California, USA on the grounds that:

e they are only 500m away and have equal elastic site period (1.31sec and 1.32sec
respectively), but

e their response during Loma Prieta (1989) earthquake was distinctly different (only
BH3 liquefied).

Table 2.3:  Soil profile of BH1 and BH3 borehole sites (Zhang & Yang 2011)
Nivakag 2.3: ESadikd mpodiA twv yewtprioewv BH1 kat BH3 (Zhang & Yang, 2011)

No. of BH1 BH3
layers Soils Shear wave velocity 75 (m/s) Depth (m) Soils V. (m/s) Depth (m)
1 Loose sand 138 31 Loose sand 138 6.9
2 Dense sand 179 7.2 Younger bay mud 141 10.7
3 Younger bay mud 141 10.7 Very dense sand 378 16.9
4 Very dense sand 378 13.1 Silty clay - 174
5 Sandy clay/silty clay - 14.6 Very dense sand 378 241
6 Very dense sand 378 229 Older bay mud 252 79.5
7 Older bay mud 252 79.5 - 800 >79.5
8 - 800 >795

The analyses were performed with computer code SUMDES (Li et al. 1992) which performs
effective stress dynamic analyses for water saturated soils, and can predict excess pore
pressure build up and liquefaction. The soil layering and shear wave velocities that were
used for the analyses are summarized in Table 2.3. The seismic excitation was applied at the
base of the two sites, and consisted of 16 actual rock site recordings from strong
earthquakes with similar seismological characteristics (M,, = 7.1 — 7.9 and 40 — 55 km

epicentral distance).

Figure 2.38 compares the acceleration time histories at the surface of the two sites,
obtained from a typical analysis. Observe that there is fairly good agreement for the first
32sec of shaking, but accelerations at the liquefiable borehole site BH3 are drastically
reduced thereafter. In addition, Figure 2.39a compares the average response spectra for all
16 excitations at borehole sites BH1 and BH3, as well as the empirical spectrum for the non-

liqguefiable site computed according to Boore, Joyner and Funal (BJF). All spectra agree for
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periods larger than about 3sec, while the spectrum for the liquefiable borehole site BH3 is
significantly reduced relative to the two other for the lower period range. Finally, Figure
2.39b shows that predicted peak seismic ground accelerations without liquefaction (i.e.
borehole site BH1) are 20% to 140% higher than the values predicted in the case of

liguefaction (i.e. borehole site BH3).
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Figure 2.38: Comparison of predicted acceleration time histories for non-liquefiable borehole site
BH1 and liquefiable borehole site BH3 (Zhang & Yang 2011)

IXAMHa 2.38: IUyKpPLON EMITAXUVOEWV Xwpic peuotomoinon (BH1) kat pe peuctomnoinon (BH3) (Zhang

& Yang 2011)
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Figure 2.39: Comparison of (a) average response spectra and (b) peak seismic ground accelerations
at the non-liquefied borehole site BH1 and the liquefied BH3 (Zhang & Yang 2011)

IxAua 2.39: 30ykplon (o) péowv GoopdTwy amokplong Kal (B) péylotng edadikng emtayxuvong
Xwpl¢ pevotomnoinon (BH1) kat pe peuotonoinon BH3 (Zhang & Yang 2011)

2.2.10 Analyses by Kramer et al. (2011)

Kramer et al. (2011) performed an extensive parametric analysis of the liquefaction effects
on the seismic ground response, using various non-linear numerical codes. Initially, they
simulated the WLA response to the Superstition Hills earthquake using computer codes “D-
MOD2000” and “WAVE”. Both codes perform non-linear effective stress analyses, while the
dilative soil element response is simulated only by “WAVE”. Predicted accelerations and

response spectra are compared to recordings in Figure 2.40 — Figure 2.41. The agreement is
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good only in the case of WAVE predictions, for accelerations in the initial 17 sec of shaking

and spectral accelerations for periods larger than 0.7 sec.
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Figure 2.40: Comparison of acceleration time histories at the ground surface of WLA: (a) recording,
(b) D-MOD2000 prediction, (c) WAVE prediction (Kramer et al. 2011)

IXAMa 2.40: IUykplon erutaxUvoewv otnv emibavela tou WLA: (a) kataypadn, (B) mpopAredn D-

MOD2000 kat (y) mpopAedn WAVE (Kramer et al. 2011)
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Figure 2.41: Comparison between predicted and recorded response spectra at the ground surface of

WLA (Kramer et al. 2011)

IXAMa 2.41: IUykplon GaopdTwyY anokplong otnv entdadvela tov WLA (Kramer et al. 2011)

In the sequel, they performed non-linear parametric numerical analyses with and without

excess pore pressure build up. The examined soil profile was 20 m thick, with 4, 9 or 14 m of

loose sand resting on dense gravel. The water table is at 2 m depth, so that the thickness of

the liquefiable layers is 2, 7 and 12 m. Three different values of the SPT blow counts were

considered for each soil profile, equal to 8, 16 and 24. Each soil profile was subjected to the

same set of 139 seismic shakings.

The numerical predictions were sorted according to the ratio of spectral accelerations with

and without excess pore pressure build up, i.e.:
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RSR(T)=ST(T)/s(T) (2.5)
as well as, the inverse factor of safety against liquefaction, i.e.:

CSR 1
L — —

== (2.6)
CRR FS,

computed according to the methodology of Youd et al. (2001).

Figure 2.42 shows the variation of spectral response ratio RSR with period for three distinct
ranges of L: 0.4 < L < 0.6 (i.e. no liquefaction), 1.0 < L < 1.2 (i.e. limited liquefaction) and 1.8 <
L < 2.0 (i.e. extensive liquefaction). Observe that, upon liquefaction (i.e. L > 1 and FS, < 1)
spectral accelerations are reduced for low period values and amplified for higher period
values. As the intensity of liquefaction increases (i.e. the FS, decreases), the small period
reduction becomes more pronounced while the large period amplification seems to remain

more or less constant.
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Figure 2.42: Variation of response spectra ratio (RSR) with period for (a) 0.4<L< 0.6, (b) 1.0<L<1.2
and (c) 1.8 < L < 2.0 (Kramer et al. 2011)

IxnHa 2.42: MetaBoAn tou Adyou daopatikig anokplong (RSR) pe tnv nepiodo yia (a) 0.4 < L < 0.6,
(B) 1.0<L<1.2 kat(y) 1.8 <L< 2.0 (Kramer et al. 2011)

The Authors acknowledge the large scatter of data points in Figure 2.42 and admit that the
associated findings are qualitative and should not be used for detailed predictions of the

liqguefied ground response.
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2.3 Experimental Studies
2.3.1 VELACS centrifuge experiments

Research project VELACS (Arulmoli et al. 1992, Arulanandan and Scott 1993) aimed at the
creation of a data bank regarding the seismic response of liquefied sites, as well as
foundations and geotechnical works on liquefiable soil. All experiments were performed
with liquefiable “Nevada” sand. In all, nine configurations were examined in different
laboratories over the U.S. and University of Cambridge (U.K.), with three of them

(experiments No. 1, 3 and 4a & 4b) aiming at the free field response.

Experiment No. 1 examined the seismic response of a 10m thick, saturated single sand layer
with relative density Dr = 40% (Figure 2.43). The basic experiment was performed at the
centrifuge facilities of R.P.1., U.S.A,, at 50g centrifugal acceleration, and was also repeated at
the universities U.C. Davis and Colorado. The excitation consisted of 20 harmonic cycles of
uniform acceleration equal to 0.235g and 2Hz frequency (Figure 2.44a). The recorded
acceleration at the ground surface is shown in Figure 2.44b, while Figure 2.45 shows the
excess pore pressure build up at the middle of the liquefiable layer. Observe that
liguefaction was initiated early during shaking (after about 2.5sec of shaking), accompanied
from large excess pore pressures (r, > 0.50) and a sudden drop of the seismic acceleration
amplitude at the ground surface. Prior to that stage, ground surface accelerations are

practically equal or somewhat lower than the excitation at the base of the liquefied layer.
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Figure 2.43: Setup of basic VELACS experiment No. 1
IxAua 2.43: Awatagn dokiung No. 1 tou mpoypdppatog VELACS
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Figure 2.44: Acceleration time histories (a) at the base, and (b) at the ground surface of experiment
VELACS No. 1

IXNHa 2.44: Kataypadég emutdyuvong enttaxuvoewy (a) otn Baon kat (B) otnv eAevBepn enidavela
™¢ dokiung VELACS No. 1
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Figure 2.45: Excess pore pressure build up at the middle of the liquefiable sand layer in experiment
VELACS No. 1

IxNHa 2.45: Xpovoiotopia tou OelkTn UMEPTILECEWV TOPWV OTO HMECO TNG OTPWONG TNG SOKLUAG
VELACS No. 1

Experiment No. 3 is similar to experiment No. 1, only that now the container has been split
to two vertical columns, one with relative density Dr = 40% and the other with Dr = 70%
(Figure 2.46a). The experiments were performed at the centrifuge facilities of Caltech kat
RPI in U.S.A., using the base excitation shown in Figure 2.46b. Recorded accelartion time
histories of the Caltech experiment, at the surface of columns with Dr = 40% and Dr = 70%
relative density, are shown in Figure 2.47, while the corresponding recorded excess pore
pressure ratios are shown in Figure 2.48, together with a set of numerical predictions

performed later by the University of Southern California.

As expected, liquefaction for the Dr = 40% relative density column came earlier than for the
Dr = 70% columns (at about 13sec instead of 16sec). Furthermore, ground surface
accelerations are generally reduced relative to the base excitation. The reduction is
relatively minor at the pre-liquefaction stage of shaking but becomes more pronounced
after the onset of liquefaction. Post liquefaction peak ground accelerations are about 70% of
the respective base excitation for the Dr = 40% column and about 90% for the Dr = 70%

column. Note that the post-liquefaction reduction of the PGA in experiment Nol with Dr =
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40% was one order of magnitude larger. We believe that this dramatic difference in
recorded ground surface accelerations over the Dr = 40% column is due to the constraints

imposed to the loose sand column by the adjascent dense (Dr = 70%) soil column.
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Figure 2.46: (a) Setup of experiment VELACS No. 3 and (b) imposed (base) acceleration time history
IXNHa 2.46: (a) Awdtaén tng Sokung No. 3 tou VELACS kat (B) xpovoiotopla enttayxuvoewy otn acn
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Figure 2.47: Recorded ground surface accelerations of experiment VELACS No. 3 at Caltech, over the
(a) Dr=40% and (b) Dr=70% sand columns

IXAMa 2.47: Xpovoiotopieg emttaxVvoewy otnv kopudr tng Sokipng No. 3 ato Caltech, otnv mAeupd
pe (a) Dr=40% kat (B) Dr=70%
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Figure 2.48: Excess pore pressure build up at mid-depth of experiment No. 3, over the (a) Dr=40%
and (b) Dr=70% sand columns

IxAua 2.48: XpovoloTopieg uTepTIECEWVY TIOPWV 0To pPEao BAabog tng dokiung No. 3, otnv mMAsUpA Ue
(o) Dr=40% kau (B) Dr=70%

44



Chapter 2: Literature Review

Experiment Nos. 4a & 4b examined the liquefaction response of a two layer profile: a 3m
thick layer low permeability silt on top of a Nevada sand layer with Dr = 60% and equal
thickness (Figure 2.49). Experiment No. 4a used a laminar box to simulate free field
conditions, while experiment No. 4b used a conventional rigid box. The base excitation of
both experiments consisted of 20 harmonic cycles of 1Hz frequency and 330 cm/sec?
acceleration amplitude. Figure 2.50 shows the the timehistories of accelerations,
settlements and excess pore pressures recorded at different depths during experiment No.

43, at the centrifuge center of UC Dauvis.
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Figure 2.49: Setup of experiment VELACS No. 4a
IxnHa 2.49: Awdtagn dokiung No. 4a tou mpoypappatog VELACS

The observed trends are quite similar as in experiment No. 1. Namely, upon the onset of
liquefaction (after about 2sec of shaking) there is significant de-amplification of recorded
accelerations at the top of the liquefied sand layer and at the ground surface. What is new,
and not straightforward to explain, is that recorded accelerations at the middle of the
liquefied sand layer decrease abruptly after liquefaction but start gradually increasing
afterwards, and reach approximately the base excitation amplitude at the end of shaking
while the excess pore pressure at that depth is r, = 1.0 (liquefaction). Note that this peculiar
response was observed at 3 more No. 4 experiments, performed at other (than UC Davis)

centrifuge installations.
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Figure 2.50: Time histories of (a) accelerations, (b) settlements and (c) excess pore pressures
recorded at different depths during experiment VELACS No. 4a (Zeghal et al. 1999)

Ixnua 2.50: Xpovoiotopieg otnv eAelBepn emudavela kat oe dtadopa Badn (a) emtayvvoewv, (B)
kaBLlnoswv Kat (y) umepmiécewv moépwv, otnv dokiun VELACS No.4a (Zeghal et al. 1999)

2.3.2 Experiments by Gongalez et al. (2002)

Gonzalez et al. (2002) performed three centrifuge experiments at R.P.l. in order to examine
the free field liquefaction response under large surcharge. All experiments used Nevada
sand, under 50 harmonic cycles of base excitation with 0.20g amplitude and 1.5 Hz
frequency. The soil profile in the 1st experiment consisted of 38 m of uniform sand with Dr =
55% relative density (Figure 2.51a). In the 2nd experiment the sand thickness is reduced to
24 m but a uniform surcharge of 140 kPa is applied at the free surface. Finally, in the 3rd
experiment, the soil profile consists of 8 m of liquefiable sand with Dr = 55% relative density
covered by 16 m of the same sand with Dr = 75% relative density, subjected to a uniform

surcharge of 140 kPa (Figure 2.51b).

The time histories of accelerations and excess pore pressures which were recorded at
different depths, during experiments No.1, No.2 and No.3 are shown in Figure 2.52 — Figure
2.54. During experiment No. 1, accelerations are abruptly and significantly reduced when
the excess pore pressure ratio at the corresponding depth approaches 1.0 (liquefaction). The
same trends are observed in experiment No. 2 (Figure 2.53), only that now liquefaction close

to the ground surface is delayed due to the applied surcharge. The main difference in the
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3rd experiment is that the top 13 m of sand do not liquefy, while liquefaction in the

underlying

layers is delayed relative to the two previous experiments. The variation of

recorded accelerations in the lower liquefied layers follows grossly the trends described

above. The acceleration response is peculiar in the shallow non-liquefied layers. For

instance, surface accelerations decrease steadily during shaking, from a maximum of about

0.15g at the beginning of shaking to nearly zero at the end of shaking. In addition, recorded

accelerations at 7.4 m depth are reduced abruptly after about 20 sec of shaking, despite that

the excess pore pressure ratio at that depth has stabilized well below r, = 1.0 (liquefaction).
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Figure 2.51: Setup of experiments (a) No.1 and (b) No.3 (Gonzalez et al. 2002)
IxAna 2.51: Awdtaén twv netpapdtwy (o) No.1 kat (B) No.3 (Gonzalez et al. 2002)
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2.3.3 Experiments by Yasuda et al. (2004)

Yasuda et al. (2004) performed torsional shear tests on samples from different liquefiable
sands. Namely, under undrained conditions, all samples were initially subjected to 20
uniform cycles of cyclic loading and consequently were sheared monotonically. Figure 2.55
presents typical shear stress-strain results from tests at different relative densities. Observe
that the shear resistance to post cyclic monotonic shearing is initially low, but increases
significantly after a certain shear strain value, y,, (resistance transformation point). This
response transformation is attributed to the development of negative excess pore pressures

due to shear induced dilation, and is related to the soil relative density Dr (y, decreases as Dr

increases).
£ 1.0 -
I o (c)
< . p= D,=53.9%
2 65.9%
£ ost D/=32.6%
T = Di=-5.2%
= | |
w |
0 0 10 20 30 40

Shear strain (%)
Figure 2.55: Shear stress-strain curves for liquefied Toyoura sand (Yasuda et al. 1999)

IXAMa 2.55: KapmUAeg SLATUNTIKWY TACEWVY — mapapopdwWoswyY yla peuctonotnuévn aupo Toyoura
(Yasuda et al. 1999)

Static

T / Liquefied
Turning point
Gy G,
]_;’:0.100 7L ¥
P Small resistant region _l

Figure 2.56: Proposed shear stress — strain relationship for liquefied sand (Yasuda et al. 1999)

IxAua 2.56: TMpoTewvOUevn OxEon SLATUNTIKWY TACEWV — TOPOUOPPWOEWV YLO PEUCTOTOLNUEVN
Aupo (Yasuda et al. 1999)
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The above trend is expressed via a bi-linear stress — strain relationship, as follows (Figure
2.56):
=G,y for y<7, (2.7)
=G, ¥, +G,(r—7) for y>y, (2.8)
where G; and G, is the shear modulus of the liquefied sand before and after y, respectively.
Furthermore, Figure 2.57a correlates the shear modulus ratio G;/Gg, Gy is the shear modulus
without liquefaction at y = 0.1%, and the factor of safety against liquefaction F,. The trend
observed in this figure reminds what has been suggested by Miwa & lkeda (see Figure 2.37),
namely that the liquefaction-induced reduction of the shear modulus is larger at lower
values of the factor of safety. In addition, Figure 2.52b, correlates G; with the limiting shear
strain value y_ in a double logarithmic scale. Observe that G; is drastically reduced with

increasing y, fory.=1-20% (i.e. G; is reduced with decreasing relative density).
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Figure 2.57: Correlation of (a) G;/G, with F_ and (b) G; with y, (Yasuda et al. 1998)
IXAMa 2.57: Juoxétion (a) G1/Gg pe Fy kal (B) Gy pe vy, (Yasuda et al. 1998)

Based on these findings, the authors propose the following analytical expression for G; in
terms of the isotropic consolidation stress, o', the liquefaction resistance ratio, R;, and the

factor of safety against liquefaction F, (Figure 2.58a):
G,/o.'=a- gl el -b(a-c)) (2.9)

where the a, b and c coefficients are expressed as:

a=23.6F, +0.98 (2.10)
b=9.32F-10.8F’ +13.27F, —0.806 (2.11)
c=-1.40F’ —3.87F +4.14F, +1.95 (2.12)
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Figure 2.58: Correlations (a) Gy/d’. vs F, and R, and (b) G,/G, and G;/G, vs F_ and FC (Yasuda et al.
2004)

IXAMHa 2.58: Juoyxétion (a) G,/o’. ue F  kat Ry, (B) G1/Gg kat G1/G, pe F, kat FC (Yasuda et al. 2004)

In parallel, the shear modulus ratios G;/Gy and G;/G, are correlated in Figure 2.58b with the
factor of safety against liquefaction, F,, and the fines (silt) content of the sand, FC, although
no analytical relations are proposed. Observe that the shear modulus of the liquefied sand
increases with the factor of safety F_ and the fines content FC. It is also noted that the values
of G,/G, proposed by Yasuda et al. (2004) are lower than the values proposed directly or
indirectly (through Vs i,/Vs) by Miwa & lkeda (2006) and others based on the back-analysis of

actual field case studies.

2.3.4 Experiments by Dashti et al. (2010)

Dashti et al. (2010) performed four centrifuge experiments at U.C. Davis University (U.S.A.)
in order to explore the seismic response of three buildings with rigid mats, all with different
dimensions, based on thin layers of liquefiable sand. The thickness and the density of the

liqguefiable layer were different in each test.

In the first experiment (T6-30), the soil profile consisted (with increasing depth) of 2 m of

non-liquefiable Monterey sand (Dr = 90%), 6 m of liquefiable Nevada sand (Dr = 30%) and 18

m of non-liquefiable Nevada sand (Dr = 90%). In the second experiment (T3-30), the

thickness of the liquefiable layer is reduced to 3 m with equal increase in the thickness of the
underlying dense sand layer. In the third (T3-50-SILT) and the fourth (T3-50) experiment, the

thickness of the liquefiable sand layer remained 3m but its density increased to Dr = 50%. In
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addition, in experiment T3-50-SILT the top Monterey sand layer was partially replaced by 0.8
m of silica flour. Figure 2.59 shows the arrangement of the fourth experiment T3-50, where
the soil under the side buildings has been reinforced with metallic structural walls and an
impermeable water barrier in order to check the efficiency of these measures in liquefaction

mitigation.

The first three experimental setups were subjected to the same seismic excitation: twice the
acceleration time history of the “Port Island” recording of Kobe (1995) earthquake, with the
first motion calibrated to PGA = 0.13g and the second motion to PGA = 0.55g. In the fourth
experiment, the above excitation has been calibrated to PGA = 0.15g (first motion) and 0.38g
(second motion), and supplemented by the TCUO78 recording of Chi-Chi, Taiwan (1999)
earthquake, with lower PGA (= 0.13g) but larger duration.

Monterey
WT: SW BL ws Sand
Jamimmig g fmigon mgou ]
3.m o= 01 o= o= O o= o= o

o o Lo —0o

- Water Liquéﬁable
Barrier Nevada
Sand

©
Mm Stru'cth)r_al
wall Dense
Nevada Sand

SHAKING DIREGTION
Figure 2.59: Setup of centrifuge experiment T3-50 (Dashti et al. 2010)

IXAMa 2.59: Aildtagn nepapotog puyokevrplotn T3-50 (Dashti et al. 2010)

Despite that the experiments were aimed at the seismic performance of the buildings, they
were included to this survey for any clues on the free-field seismic ground response, taking
into account that the buildings were 4-5B (B is the width of the foundation) apart from each
other and away from the container walls, while accelerations and excess pore pressures
have been recorded at different depths, in between adjacent buildings. Figure 2.60
compares recorded acceleration time histories at the base and at the top of the liquefied
sand, as well as at the free ground surface, for experiments T3-30 kat T3-50-SILT, and the
second part of Port Island excitation with the largest PGA (0.55g). Contrary to previous
experimental findings, peak seismic accelerations at the top of the liquefied sand do not
decrease, but remain high. This effect may have to do with the dilative effect of the sand,

since it becomes more pronounced when the relative density increases from 30% to 50%.

The Authors do not elaborate on the potential effect of liquefiable soil thickness, but report
that the results for experiment T6-30, i.e. with 6 m instead of 3 m thickness of the liquefied
sand, the recorded seismic motions at the top of the liquefied sand are de-amplified as in all

previously reported experiments.
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Figure 2.60: Acceleration time histories at different depths, in the free field of experiments (a) T3-30
and (b) T3-50-SILT under the Port Island (PGA=0.55g) excitation (Dashti et al. 2010)

IXNHa 2.60: Xpovolotopleg Twv emtayxuvoewv oe Sladopa Padn oto eAevBepo medlo Twv
nepapdtwy (a) T3-30 kat (B) T3-50-SILT otnv kataypadn Port Island (PGA=0.55g)
(Dashti et al. 2010)
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Figure 2.61: Acceleration and excess pore pressure time historiesat different depths, in the free field
of experiment T3-50 under the (a) Port Island and (b) TCUO78 seismic excitations (Dashti
et al. 2010)

IXNHa 2.61: XpoOVvOLOTOPIEG TWV EMITAXUVOEWV KOL TWV UTIEPTILECEWV TIOPWV og Sladopa Badn oto
e\evBepo mebdio tou T3-50 ot kataypadég (a) Port Island (B) TCUO78 (Dashti et al.
2010)
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Figure 2.61 shows the free field excitation and the excess pore pressure time histories, at
different depths (base-middle-top of liquefied sand, free ground surface) recorded in
experiment T3-50 under the weak excitations of Port Island (PGA = 0.15g) and TCU078 (PGA
= 0.13g). The conclusions are the same as before, i.e. liquefaction leads to acceleration
amplification. This is more clearly shown in Figure 2.62, which compares the elastic response
spectra at the base and at the free ground surface of experiments T3-30, T3-50 and T3-50-
SILT. Observe the amplification of the seismic motion at the low, as well as the high period

range.

A= 5% .
I Soil Surface;
"% T3-50-SILT
0.8 X \
= ‘ / X Soil Surface; T3-50
(=}
E 0.6
% Soil Surface; T3-30
g 0.4 ,— Base; T3-30 &
= X T3-50-SILT
8
a
0.2
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Figure 2.62: Free field elastic response spectra, at the base and at the top of experiments T3-30, T3-
50, T3-50-SILT, under the Port Island (PGA=0.13g) seismic excitation (Dashti et al. 2010)

IxNHa 2.62: Qdopata anokplong «eAevBepou medilou», otn BAcn Kal TV Kopudn TWV MELPAUATWY
T3-30, T3-50, T3-50-SILT, ywa tnv oclopikny kataypadr tou Port Island (Dashti et al.
2010)

In conclusion, Dashti et al. (2010) show clearly that thin liquefiable sand layers may lead to
amplification rather than de-amplification of the incoming seismic motion, an effect that
becomes more pronounced with increasing relative density of the sand. In evaluating this
important finding, one should also consider the potential effect of the buildings which were
placed at the top of the soil layers. This issue should be definitely resolved before arriving to

any final conclusions.
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24 Numerical Analyses

It is clarified that this section refers only to elasto-plastic analyses with advanced
constitutive models and software, and aims to answer the following question that was set at
the beginning of the chapter: "Is it possible to simulate realistically the liquefied seismic

ground response with advanced numerical algorithms and constitutive soil models?"

2.4.1 Numerical analyses by Byrne et al. (2004)

Byrne et al. (2004) simulated numerically the experiments by Gonzalez et al. (2002),
described earlier in section 2.3.2, with the Finite Difference software FLAC. The response of
the liquefiable sand was simulated with the UBCSAND constitutive model (Puebla et al. 1997
and Beaty & Byrne 1998). The analyses used a single column of elements and “tied” lateral
nodes in the vertical and the horizontal directions, so that static and dynamic stresses were
uniform in the horizontal direction while displacements were purely horizontal (no sloshing
effects). Slip elements were used on both lateral boundaries, with friction angle equal to 25°,
in order to simulate the complementary shear that develops along the walls of the
centrifuge experiments, thus affecting the respective normal stresses (silo effect). The
gravity acceleration was increased gradually to the final centrifugal acceleration that was
used for the experiments. Furthermore, the relative density was varied with depth as in the

three experiments by Gonzalez et al. (2002).

Figure 2.63 and Figure 2.64 compare predicted and experimental acceleration and excess
pore pressure time histories in tests 1 and 3. Focusing first on the experiment 1, it is
observed that excess pore pressures are predicted fairly well. The same applies to the
acceleration time histories, except for the depth of 30.8 m where recorded accelerations
drop suddenly at the onset of liquefaction (as in all previous depths) while the numerical
predictions continue undiminished until the end of shaking. The comparison is similar but

not as good for the third experiment.

55



Chapter 2: Literature Review

| i [ 1 [ ]
04 @] . - —_— I - i | 14%”)' 1L - -
= 021 Mdepth = 1.3 m} | P(dopth = 1.3 m), Flot - R PPR e
‘: 0 ‘nvl| W']WWWAMILMW E g: & 1
o2t | ] &80 epth = 13,1 m]
04 ; ' } } ; ; ; 8 28 s . ; ) ]
04 : ; ; ; . ; 10 20 30 40
2 M(depth = 6.3 m) P(depth = 8,3 m)
Chedl 11 . 1 300 . . .
2 ol ’ﬂm ! 2250 - —_ o _ ]
<024 1 { =iaT ]
04 + t ; ; + ; t & 1004+ Depth = 24.8 m
04 B 501 -
; ' " M(depth = 13.1 m) ' " P(depth =131 m) 0 | } L
s 02+ el ' T 10 20 30 40
$a) il -
024 Els -
0.4 + + I 4 } +
04 . . . . ;
M(depth = 24.8 m) P{depth = 24,8 m)
2% 1l '
g 0 JM lw“wwmmww
<02 H ’
04 + + t t t t ,;4()0_ _____ '_____ Y T —_ 1
. . . . . . 3004
04 M(depth = 30,8 m) ) Pf = 30.8m) 3
~ 02 g ‘ I l 4 e 200+ Depth = 37.0 m |
' W ' I Hih ' . | o
: : ; , ! ; ] 10 20 30 40
) Time (s)

Figure 2.63: Comparison between predicted and recorded seismic ground response in experiment 1
(Byrne et al. 2004)

IXAHA 2.63: JUYKpLON OPLOUNTIKWY Kal TIPOYUATIKWY XPOVOIOTOPLWV TWwV EMITOXUVOEWV TOU
nelpdpartog 1 (Byrne et al. 2004)
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Figure 2.64: Comparison between predicted and recorded seismic ground response for experiment 3
(Byrne et al. 2004)

IXAHA 2.64: JUYKpLON OPOUNTIKWY KAl TIPOYHUATIKWY XPOVOIOTOPLWY TWwV EMTOXUVOEWV TOU
nelpapartog 3 (Byrne et al. 2004)
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2.4.2 Numerical analyses by Andrianopoulos et al. (2010)

Andrianopoulos et al. (2010) simulated experiment VELACS No. 1, using 2D elasto-plastic
numerical analyses with Finite Difference code FLAC combined with the NTUA-Sand
constitutive model (Papadimitriou & Bouckovalas 2002, Andrianopoulos et al. 2010) for the
monotonic and the cyclic response of liquefiable soils. The soil mass was discretized into
1.0m x 1.0m zones, while “tied nodes” (in the vertical and the horizontal directions) were

used to simulate the free field lateral boundaries imposed by the laminar box container of

the centrifuge.

Avlo,,
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Figure 2.65: Comparison between predicted and recorded excess pore pressure ratio at different

depths of experiment VELACS No. 1 (Andrianopoulos et al. 2010)

IXAMa 2.65: IUyKPLON apLOUNTIKWY KOl TIPAYHUATIKWY XPOVoloToplwy Tou Oeiktn umepmiéoswy
nopwv oe dladopa Badn tng Sokiung No. 1 tou VELACS (Andrianopoulos et al. 2010)
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Figure 2.66: Comparison between predicted and recorded seismic ground response in experiment
VELACS No. 1(Andrianopoulos et al. 2010)

IXAHA 2.66: IUYKPLON APLOUNTIKWY KaL TIPAYLOTIKWY XPOVOIOTOPLWY TWV ETITAXUVOEWY TNG SOKLUNAG
No. 1 tou VELACS (Andrianopoulos et al. 2010)

Figure 2.65 and Figure 2.66 compare the predicted and the recorded acceleration and
excess pore pressure time histories at different soil depths (the locations of the measuring
instruments can be found in previous Figure 2.43). The overall comparison is fairly good,

with the following exceptions: (a) the delayed dissipation of excess pore pressures predicted
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for pore pressure transducers PPT 5 and PPT 6, and (b) the amplification of the seismic

motion following the onset of liquefaction (i.e.r,=1.0), predicted for accelerometer AH 5.

2.4.3 Numerical analyses by Taiebat et al. (2010)

Taiebat et al. (2010) used the “OpenSees” 3D Finite Element framework, combined with the
critical state plasticity model “SANISAND” (Taiebat & Dafalias 2008), in order to simulate the
seismic wave propagation in liquefiable. In more detail, they examined the seismic response
of a 10 m deep sand column, with Dr = 47% relative density, subjected to the excitation of
experiment VELACS No. 1 (see previous Figure 2.44a). All analyses were performed for a
single column of 1m x 1m x 0.5m elements, while the lateral nodes were tied in order to
ensure the same displacement in the horizontal and the vertical directions (x, y and z) of
nodes at the same elevation. The analyses were repeated after creating a very loose

intermediate zone of sand with Dr =27% in 8 — 9 m depth and Dr=7% in 9 — 10 m depth.

Figure 2.67 — Figure 2.69 show the mesh discretization, the predicted acceleration time
histories at different depths (z = 0 m corresponds to the base) and the predicted contours of
excess pore pressure ratio r,. The accelerations as well as the excess pore pressures are
significantly lower when the zone of very loose sand is inserted between 8 and 10 m depth.
According to the Authors, this is because the zone of very loose sand acts as natural seismic

isolation for the soil above it.
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Figure 2.67: Finite Element mesh, (a) for uniform soil, (b) for loose layer at the base (Taiebat et al.
2010)

IXAHa 2.67: Kavvopog tng avaiuong ue (a) opolopopdo kat (B) diotpwto €dadog (Taiebat et al.
2010)
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Figure 2.68: Predicted acceleration time histories, (a) for uniform soil, (b) for loose layer at the base
(Taiebat et al. 2010)

IxAHa 2.68: Xpovoiotopieg emtoyUvoswv otnv avaluon (a) opowdpopdou kot (B) Siotpwtou
ebadoug (Taiebat et al. 2010)
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Figure 2.69: Contours of excess pore pressure ratio, (a) for uniform soil, (b) for loose layer at the
base (Taiebat et al. 2010)

Ixnua 2.69: MetofoAr Tou AOyou UTEPTILECEWY TIOPpWY oTnv avaluon (o) opoldpopdou kot (B)
Slotpwrtou edadouc (Taiebat et al. 2010)

The quantitative accuracy of these predictions cannot be verified, as there is no direct
comparison with experimental results or field measurements. Nevertheless, there is good
gross agreement with the results of experiment VELACS No. 1 which has the same thickness
of sand and the same seismic excitation but little lower relative density Dr = 40% (instead of

Dr = 47% used in the numerical analyses).
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2.4.4 Numerical analyses by Ziotopoulou et al. (2012)

Ziotopoulou et al. (2012) simulated the seismic response of WLA (Superstition Hills
earthquake) and Port Island (Japan, Kobe earthquake) using the Finite Difference code FLAC,
combine with three different elasto-plastic constitutive models for the liquefiable sand:
PM4-Sand (Boulanger 2010), UBCSAND (Byrne et al. 2004) and URS-Counting Cycles (Dawson
et al. 2001). The analyses were performed for a single column of elements and “tied lateral
nodes”, in the vertical and in the horizontal directions, in order to simulate free field
conditions. The parameters of the constitutive models were estimated through calibration
against the liquefaction resistance (CRR) obtained empirically from the results of the in situ
SPT tests. The seismic response of the non-liquefiable soil layers was simulated through
standard non-linear hysteretic constitutive models in-built to FLAC, following calibration
against in situ shear wave velocity measurements and experimental curves for the
degradation of shear modulus and the increase of hysteretic damping with cyclic shear strain

|ll

amplitude. A 2% “stiffness-proportional” Rayleigh damping was added to all soil layers.

Predicted and recorded acceleration time histories are compared in Figure 2.70 for Port
Island and in Figure 2.71 for WLA. Observe that the Port Island response is captured mainly
by the UBCSAND constitutive model, while the WLA response is also captured by the PM4-
Sand model. In addition, Figure 2.72 compares predicted and recorded elastic response
spectra in WLA. In this comparison, the best overall agreement, over the entire period
range, is provided by the PM4-Sand model, while the other two constitutive models fail to
predict the amplification of spectral accelerations for T > 0.40 — 0.50 sec. Increasing the

shear wave velocity by 20% improves the PM4-Sand predictions for T < 0.5 sec.
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Comparison of predicted (red line) and recorded accelerations at the ground surface of
WLA (Ziotopoulou et al. 2012)
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Figure 2.72: Comparison of predicted and recorded elastic response spectra at the ground surface of
WLA (Ziotopoulou et al. 2012)

IXAMa 2.72: IUykplon ¢GoopdTwY amokplong otnv emidpdvela tou WLA amd ta 3 KATOOTATIKA
T(POCOUOLWHATO UE TTAPAUETPLKA LeTABOAR Tou V, (Ziotopoulou et al. 2012)
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2.5 Conclusions

This chapter is devoted to the survey of existing literature related to the seismic response of
liquefied sites, with emphasis on field studies, centrifuge experiments and advanced
numerical analyses. The main conclusions are listed below, with reference to the basic

guestions which were stated at the introduction.

a) What is the effect of liquefaction on the seismic design parameters (peak seismic
acceleration and normalized response spectra) for above ground structures? To what
extent this effect is related to the soil properties and the seismic excitation

characteristics?

The majority of field studies, centrifuge experiments and numerical analyses show de-

amplification of the peak ground acceleration (PGA), e.g. Port Island recording, Lopez (2002),

Youd & Carter (2005), VELACS No. 1 & 4 experiments, Gonzalez et al. (2002), Taiebat et al.
(2010), Zhang & Yang (2011), Kramer et al. (2011). However, there is evidence for the
opposite in cases where liquefaction occurred after the strong motion part of the seismic
excitation (e.g. WLA under Superstition Hills earthquake, Alameda Naval Air Station and
Treasure Island) or in the presence of relatively thin liquefiable soil layers (e.g. Dashti et al.
2010). The relative density Dr of the liquefiable soil seems to be related to the PGA (VELACS
No. 3 experiment, Dashti et al. 2010, Taiebat et al. 2010), for one at least reason: the
resistance to liquefaction increases with Dr and consequently the onset of liquefaction may
occur after the strong motion part of the seismic excitation, thus leading to amplification of

the PGA.

Liguefaction effects on spectral accelerations are different for small and large structural

periods. In the low period range, the effect is similar to what has been described above in
connection with the PGA. For the large period range (approximately for Ty, > 0.8 — 1.0 sec),
liqguefaction of the subsoil generally leads to amplification of spectral accelerations (e.g.

Youd & Carter 2005, Dashti et al. 2010, Kramer et al. 2011).

b) Are there any credible proposals for the simplified definition of seismic design parameters

(peak seismic acceleration and normalized response spectra) in liquefiable sites?

The literature survey did not reveal any standard or adequately documented proposals for

the definition of design spectra for liquefied soils.
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Note that Kramer et al. (2011) proposed numerically established spectral acceleration
correction curves (ratio of liquefied over non-liquefied site response) in terms of structural
period and factor of safety against liquefaction FS,. Nevertheless, they accept that these
curves should not be applied in practice due to the uncertainty created by the large scatter

of the associated numerical predictions.

In addition, Youd & Carter (2005)suggest that the design spectra proposed by seismic codes
for very soft soils may be used to estimate spectral accelerations of liquefied sites for large
structural periods (e.g. T > 1sec), but may significantly overestimate spectral accelerations at
lower structural periods. These suggestions are based on the analysis of sites with extensive
liqguefaction (low FS, values) and large thickness of liquefied soil deposits. Hence, they should
be also checked against case studies with different soil conditions (i.e cases of limited

liguefaction and thin liquefiable soil layers).

c) Is it possible to simulate approximately the seismic response of liquefiable sites using
simple numerical means (e.qg. SHAKE type analyses) and common soil properties from the

literature (e.qg. G/Gnex— v & € —y relations)?

This procedure has been proposed by Miwa & lkeda (2006), who propose to perform
simplified site response analyses using the liquefaction-reduced value of the elastic shear
modulus or the equivalent shear wave velocity Vs ;. This parameter has drawn the attention
of other research groups as well (Davis & Berrill 2001; Elgamal et al. 1996; Miwa & lkeda
2006; Pease & O’Rourke 1997; Zeghal & Elgamal 1994), who have used inverse analyses of
actual recordings and propose that Vs, = 0.10 — 0.25 Vs, (Vs, = shear wave velocity without

liguefaction).

Apart from Vs, the Authors do not provide more details for their analyses (e.g. hysteretic
damping ratio or effect of cyclic shear strain amplitude), but focus upon the range of Vs
and its dependence on FS,. To fill this gap, we note that Pease & O’Rourke (1997) have found
that the hysteretic damping ratio of liquefied sands, obtained from reverse analysis of
relevant seismic recordings, is 20 — 30%. Furthermore, Yasuda et al. (2004) proposed a bi-
linear shear stress-strain relation for liquefied soils which takes into account the effect of
liguefaction-induced degradation for small shear strains and dilation-induced hardening at

larger shear strains.

Based on the conclusions for (a) above, it is realized that the methodology of Miwa & lkeda

is sound only in the case of extensive liquefaction and (e.g. FS, < 0.40), when the liquefaction
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onset occurs well before the peak of the seismic excitation. In the opposite case, it may
prove significantly non-conservative since it totally ignores the possible amplification of the
seismic excitation segment preceding the onset of liquefaction (e.g. Wildlife Liquefaction

Array, VELACS No. 3).

d) Is it possible to predict the detailed seismic response of liquefied sites using advanced

numerical analyses and constitutive models?

The seismic response of liquefied sites, recorded in centrifuge experiments and also in the
field, has been successfully re-produced by a number of research groups (Andrianopoulos et
al. 2010; Byrne et al. 2004; Taiebat et al. 2010; Ziotopoulou et al. 2012), using non-linear
effective stress numerical analyses and advanced constitutive soil models founded upon soil
plasticity theory. It should be noted that all these analyses were performed in order to
calibrate or validate the specific numerical analysis procedure against pre-existing (and
known in advance) experimental recordings, i.e. they do not have the vigor of a-priori (type
A) predictions. Still, they provide credible support to the reliability and the potential of this

kind of numerical analyses.

It is also important to acknowledge that predictions for liquefiable soils are much more
demanding in terms of accuracy relative to predictions for “stable” soils. For instance, an
otherwise innocent overestimation of the rate of excess pore pressure build up may lead to
premature liquefaction of the subsoil and result in the un-conservative prediction of
unrealistically small spectral accelerations for common low period structures (refer to

conclusions a and b above).
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Chapter

Simplified Estimation of Elastic Response Spectra for Liquefied

Ground

3.1 General

Miwa & lkeda (2006) proposed a methodology to predict the seismic response of liquefied
ground by conducting equivalent linear analyses, assuming essentially that liquefaction
occurs at the beginning of the seismic excitation. Nevertheless, this methodology may prove
significantly un-conservative as it overlooks the important effect of the pre-liquefaction
segment of the seismic excitation. To remedy this shortcoming, a new analytical
methodology is initially developed in this chapter, which will allow a simplified prediction of
the elastic response spectra of liquefied ground while taking consistently into account the
pre- as well as the post-liquefaction segments of the seismic excitation. The basic
assumption of the new methodology is that the response spectra for non-liquefied and for

totally liquefied ground constitute upper and lower bounds to the actual spectrum.

At this stage of development, the proposed methodology is calibrated against seismic
motion recordings from 3 liquefaction case histories, namely the response of the “Wildlife
Liquefaction Array” during ElImore Ranch and Superstition Hills earthquakes (1989), as well
as the seismic response of the “Port Island Array” during Kobe earthquake (1995). At a later
stage, the proposed methodology will be calibrated (and refined) through comparison with

numerical predictions for actual site and seismic excitation conditions.

3.2 Geotechnical Investigation

Estimation of the basic soil properties and site characteristics is the first step for the

evaluation of the seismic response in each case history. For this purpose, the Cone
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Penetration Tests (CPT) and the Standard Penetration Tests (SPT) results which are available
for the examined sites are utilized herein in order to estimate the factor of safety against
liquefaction, FS,, the shear wave velocity, Vs, profile and the relative density, D, of the

various soil layers.

3.2.1 Methodology outline

The factor of safety against liquefaction, FS,, defined as the ratio of the cyclic resistance ratio

(CRR) against liquefaction over the cyclic stress ratio (CSR) induced by earthquake, i.e.:

_CRR

FS, =
CSR

L

(3.1)

is calculated following the pseudo-static methodology of Youd et al. (2001). According to this
methodology, the cyclic stress ratio (CSR) is defined as the cyclic shear stress, 1, that
corresponds to the peak ground acceleration of the seismic motion, a,,,, normalized by the
initial effective overburden stress, o’,,, and can be approximately computed by the following

equation:

g
CSR=| ¢ =o.65(ﬁ]#rd (3.2)
o g Jo

Vv

o Vv,

where g is the acceleration of gravity, o, is the vertical total overburden stress and ry is an
empirical stress reduction factor (Youd et al. 2001) that denotes the reduction of the

average ground acceleration with depth, z:

(3.3)

1-0.00765- 7 2<9.15m
¢ 11.174-0.0267-z 9.15m<z<23m

On the other hand, the cyclic resistance ratio (CRR) against liquefaction is defined as the
cyclic shear stress 14, that is required to cause liquefaction during a seismic motion of

magnitude M,,, normalized by ¢, i.e.:

T T
CRR= [i] = MSF - (iJ (3.4)
O-V OV
o /M, ° /M,=175

where (t,,/00)mw =75 is the cyclic resistance ratio for an M,,=7.5 earthquake and 15 cycles of
equivalent uniform loading. MSF is the magnitude scaling factor that is approximately

expressed as (see Figure 3.1):

1022
MSF :MO— (3.5)

2.56
w
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In the case of CPT results, the cyclic resistance ratio for M,, = 7.5 is estimated in terms of the

corrected CPT tip resistance, q.n, from Figure 3.2. This Figure was developed from the back-

analysis of CPT case histories and is valid for M,, = 7.5 earthquakes and clean sands (fines

content < 5%). The corrected value of CPT tip resistance, q.iy is calculated as follows:

Figure 3.1:
Ixnna 3.1:

Figure 3.2:

Ixfna 3.2:
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where g, is the tip resistance, p, is the atmospheric pressure (1atm = 98.1 kPa), K. is the
grain characteristic (soil type) factor, which is calculated from Figure 3.3 as a function of the

soil behavior type index I, and Cq the overburden pressure correction factor:

1

C, = {p—J <1.70 (3.7)
[0}

o

In Equation (3.7), exponent n varies from 0.5 to 1.0, depending on the soil type. More
specifically, n = 1.0 for clayey soils, n = 0.5 for clean sands, while 0.5 < n < 1.0 for silts and
sandy silts. The soil type is determined in terms of the soil behavior type index /. that is

expressed as:

I, =/(3.47-10gQ)’ +(1.22 +logF)’ (3.8)

where Q represents the normalized CPT tip resistance:

qC _OV
Q :_[p_j (3.9)
pa O-vn
while F stands for the normalized friction ratio:
__ L o
F= 100% (3.10)
qc _va
where f; is the sleeve friction.
The computation of |. is iterative:
(a) The first step is to differentiate soil types characterized as clays from soil types

characterized as sands and silts by assuming that n =1.0. If | 2 2.6 then the soil is classified as

clayey and is considered as non-liquefiable.

(b) If I. < 2.6 then the soil is most likely granular in nature and may liquefy. Therefore, in

the second step, I  is recalculated for n = 0.5.

(c) If the re-calculated I. becomes 2 2.6 then the soil is likely to be very silty and possibly
plastic, hence possibly liquefiable. In this case, an intermediate value of the exponent n is

finally adopted (n=0.7).

The original methodology of Youd et al. (2001) has been slightly modified by Bouckovalas et
al. (2006), to account for the differences between the cyclic resistance ratios against
liguefaction, as estimated from SPT and CPT results. In particular, the empirical curve of
Figure 3.2 (CPT results) is shifted to the right by 20%, in order to become consistent with the
respective curve for SPT results (Figure 3.5), which is derived from a larger field data base

and has been used for a much longer time period (about 40 years).
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AlopBwWTIKOG CUVTEAEDTHG KOKKOWETPLAG Tou edddoug, K (Youd et al. 2001)

Zone Soil Behaviour Type I,

1 Sensitive, fine grained N/A

2 Organic soils — peats >3.6

3 Clays - silty clay to clay 295-36

4 Silt mixtures — clayey silt to silty  2.60 — 2,95
clay .

5 Sand mixtures — silty sand to  2.05-2.6
sandy silt

6 Sands — clean sand to silty sand ~ 1.31 -2.05

7 Gravelly sand to dense sand <1.31

: Very stiff sand to clayey sand* N/A

9 Very stiff, fine grained* N/A

* Heavily overconsolidated or cemented

Normalized CPT soil behavior type chart (Robertson 1990)

Awdypappa tuou edadoug and anoteAéopata CPT (Robertson 1990)

Note that, prior to the aforementioned soil classification as liquefiable - possibly liquefiable -

non liquefiable from CPT results (Youd et al. 2001), Robertson (1990) had provided the more

detailed characterization of soil type to the I, of Figure 3.4, while Muromachi (1981) had

used the friction ratio, Ry = f./q. for the same purpose (see later Figure 3.9).
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In the case of SPT results, the cyclic resistance ratio (CRR) for an M,, = 7.5 earthquake is

estimated from Figure 3.5, as a function of the corrected SPT blow count, (N;)s, Which is

calculated as follows:

ER
N, . =N, -C, | — 3.11
1,60 SPT "“N (60) ( )

where Ngpr is the measured blow count, ER is the energy correction factor that depends on
the way that SPT was conducted in-situ (Table 3.1) and Cy is the overburden pressure

correction factor:

Pq
o

C:

N

<1.70 (3.12)

The clean-sand equivalent blow count, (Ny)sss is calculated as a function of the corrected
blow count, (N;)s, and the fines content, FC, according to the following relationship:
(Nyeo )CS =a+6(N,g) (3.13)

where a and 8 coefficients are computed as:

0 FC<5%
a= exp[1.76—(190/FC2)] 5% < FC <35% (3.14)
5 FC>35%
1 FC<5%
8=10.99+(FC"*/1000) 5% <FC<35% (3.15)
1.2 FC>35%

It must be finally stated that a soil layer is considered as not liquiefiable if (a) (N1)so,s 2 30 or
(b) the plasticity index P/ and the liquid limit LL are greater than 7% and 25 — 32%
respectively.

Table 3.1: Energy ratios for common SPT procedures (Seed et al. 1986)
Nivakag 3.1: AlopBbwon evépyelag Kpouong yLa TIG ouvnBelg cuokeuEg SPT (Seed et al. 1986)

Hammer Hammer
Country Type Release ER/60
Free-Fall 1.30
Japan Donut
Rope & Pulley with special throw release 1.12
Safety Rope & Pulley 1.00
USA
Donut Rope & Pulley 0.75
Free-Fall 1.00
China Donut
Rope & Pulley 0.83
Argentina Donut Rope & Pulley 0.75

72



Chapter 3: Simplified Estimation of Elastic Response Spectra for Liquefied Ground

0.6 o3,
2 250)
Percent Fines = 35 15 <5
i
0.5 A ;
! ! )
! I [
| ] I
| 1 I
I 1
I ! Ay
N 1 1
é 0.4 T 0
1 1
-~ 1 ]
> [ 1~/
N4 . H JTTCRR curves for 5,15, and
S " gl A 35 percent fines, respectively
b= 2 /@, /
x O 3 - 5 II L 3
2 us0 i P
g /I 4 °I7
w &7 A
= w® = 2 e 4
3) 20410
> 107 o9 20 10
O 02 50 w92 s A
10.°2 (
FINES CONTENT > 5%
Modified Chinese Code Proposal (clay content = 5%) @
Marginal No
< Liquefaction Liquefaction Liquefaction
|— <o''|| Adjustment || Pan - American data = o
— Recommended || Japanese data L] o o
3 By Workshop Chinfse data i A i a
0 10 20 30 40 50

Corrected Blow Count, (N))e

Figure 3.5:
2001)

Ixfua 3.5:
pevaotornoinon (Youd et al. 2001)

Correlation between corrected SPT blow count and cyclic resistance ratio (Youd et al.

Juoyétion tou SlopBwpévou aplBuol kpoloewv SPT e To cuvteheoTr avtiotaong os

Published correlations between the relative density D, to the SPT or CPT results are

numerous. In this study, the following relations are used in order to estimate the relative

density from CPT results:

e |driss & Boulanger (2008):
D, =0.478(q,,,

)0.264

-1.063

e Jamiolkowski (1985):
q.

!

O

Vv,

D =-98+66log

o

where g. and ¢’y , in tons/m”>.

e Baldiet al. (1986):

_t In 9
" 241 |157(0))

0.55

where g, and ¢’, in kPa.
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Similarly, estimation of the relative density from SPT results is achieved using the following

empirical relationships:

e Tokimatsu & Seed (1987):

D = Nﬁ“ (3.19)
e |driss & Boulanger (2008):

D = Aﬁgf’ (3.20)
e Cubrinovski & Ishihara (1999):

D, = /\/31;0 (3.21)

Finally, the shear wave velocity is related to the maximum shear modulus of the soil as:

V, =G, /P (3.22)

(p is the soil mass density), and consequently it is estimated indirectly, using the following

empirical relationships for Gy

e Rix & Stokoe (1991):

G, =1634(q.)"" (c))""” (3.23)
(gc and o’y in kPa)
e Ohta & Goto (1978):
Gy =20,000(N, g0 )™ (a3, )°° (3.24)
(Gmax and o’ in psf)
e Imai & Tonouchi (1982):
Gy =325(Ngy )™ (3.25)

(Gmax in kips/ft?)
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3.2.2 Characterization of Wildlife Liquefaction Array

The first case history involves the “Wildlife Liquefaction Array” (WLA) site, consisting of 2
accelerometers, one at 7.5m depth and the other at the ground surface, and 6 piezometers
installed as shown previously, in Figure 2.2. Two intense seismic motions have been
recorded at this site: Elmore Ranch (1982, M = 6.2), without soil liquefaction, and
Superstition Hills (1982, M = 6.7) with documented liquefaction in the subsoil (see previous

Figure 2.3 — Figure 2.5).

This site has been characterized with the aid of the exploratory boreholes, as well as the CPT
and the SPT tests located as shown in Figure 3.6 (Bennett et al. 1984). It was thus found that
the soil profile consists of approximately 2.5 m of silty and clayey flood sediment, overlying 4
m of liquefiable silty sand, resting upon a 20 m thick bed of over-consolidated silt and clay.
The basic soil data and properties for these formations are summarized in Figure 3.7. The
ground water table is met at 1.5 m depth. In addition to standard geotechnical tests,
Bierschwale & Stokoe (1984) measured in-situ the shear wave velocity, Vs, using the
“Crosshole” and the “SASW” (Spectral Analysis of Seismic Waves) techniques. The locations

of the aforementioned tests are plotted in Figure 3.6.
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Figure 3.6:  Arrangements of the in-situ testings at Wildlife Liquefaction Array (Bennett et al. 1984)
Ixnna 3.6:  Katoyn Boewv emtomou okipwyv oto Wildlife Liquefaction Array (Bennett et al. 1984)
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Figure 3.7:  Estimated soil properties at WLA from in-situ testing (Bennett et al. 1984)
IXAHa 3.7:  Extipwpeveg edadikég 161otnTeg oto WLA amo emitonou Soklpeg (Bennett et al. 1984)

As shown in Figure 3.6, 15 CPT tests (1Cg — 10Cg) were conducted in the surrounding area.
However, based on the distance of each CPT from the accelerometers, it was decided to
utilize only the results of five tests (2Cg — 6Cg) and estimate the soil properties based on the
corresponding average tip resistance, q., and average sleeve friction, f,, shown in Figure 3.8.
In the sequel, following the methodology of Youd et al. (2001), as modified by Bouckovalas
et al. (2006), the factor of safety against liquefaction during ElImore Ranch (M,, = 6.2, @ =
0.13g) and Superstition Hills (M, = 6.7, amax = 0.21g) earthquakes was calculated based on
the average CPT measurements. The results are shown in Figure 3.9, along with the

associated soil behavior type index I¢, and the friction ratio R;.

Observe that, during Elmore Ranch earthquake, the factor of safety against liquefaction
between 2.5m and 7m depth varies in the range FS, = 1.2 — 2.0 (average FS, = 1.5), while for
the Superstition Hills earthquake it varies in the range FS, = 0.7 — 1.1 (average FS, = 0.8).
Values of FS, > 1 are calculated between 4.5 — 5.5m and 6.5 — 7m depth, denoting a stiffer

response between those depth intervals.

Table 3.2 summarizes the soil classification according to Robertson (1990), the assumed unit
weight for each layer (based on the investigation of Bennett et al. (1984), as well as the
computed FS, values during the critical Superstition Hills earthquake. Figure 3.10 shows the

variation with depth of relative density D, in the liquefiable layer and shear wave velocity Vs
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along the entire profile. Observe that relative density values, computed according to
Equations (3.16) — (3.18), increase from D, = 30£10% in the shallow sandy silt layer to about
D, = 50£10% to the deeper silty sand layer. Shear wave velocity values increase linearly with

depth, with the Vs profile estimated from the CPT results [Equation (3.23)] being about 50%

larger than the in-situ measurements.
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Figure 3.8:  Average values tip restistance and sleeve friction from CPT tests: 2Cg — 6Cg (data from

Bennett et al. 1984)
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Table 3.2: Soil Classification, unit weight and FS; at WLA from CPT results
Nivakag 3.2: Tomog edadouc, eldiko Bapog kat FS, oto WLA pe Baon tig Sokiuég CPT

Depth Soil Y FS,
Interval (m) | Classification | (kN/m?) | (Superstition Hills)
0.0-1.5 Silty Sand 16.0 Non Liquefiable
1.5-25 Silty Clay 17.5 Non Liquefiable

25-35 Sandy Silt 17.5 0.70-0.80
35-7.0 Silty Sand 17.5 0.70-1.10
7.0-7.5 Clayey Silt 20.0 Non Liquefiable
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Figure 3.10: Relative density and Vs profile at WLA estimated by CPT results
IxAMa 3.10: AtakOpavon oXETIKAC TUKVOTNTOC Kat Vs e To BaBog oto WLA pe Bdaon TG Sokiuég CPT

The WLA site was also characterized on the basis of SPT measurements at 5 borehole
locations (2Ngl1, 2Ng2, 2Ng3, 3Ns and 5Ng), which are the closest to the installed
accelerometers. No energy correction is applied to the SPT results (ER/60 = 1) and the fines
content at each depth is determined based on the data presented in Figure 3.7. The factor of
safety against liquefaction for EImore Ranch and Superstition Hills earthquakes is calculated
individually for each SPT test, according to Youd et al. (2001), and plotted against depth in
Figure 3.11. The scatter of computed FS, values is considerable for both earthquakes,
reflecting the scatter in the respective Nspr values, but the average predictions are in fairly
good agreement with the CPT based predictions. To this extend, the final estimates for the
factor of safety against liquefaction at WLA are FS, = 1.50 for EImore Ranch and FS, = 0.8 for

Superstition Hills earthquake.

Figure 3.12 shows the variation with depth of relative density Dr in the liquefiable layer and
shear wave velocity Vs along the entire profile. Observe that relative density values,
computed according to Equations (3.19) — (3.21), are higher than the CPT based estimates,
as they increase from Dr = 50 — 60% in the shallow sandy silt layer to about Dr = 65£15% to
the deeper silty sand layer. Shear wave velocity values increase again linearly with depth,
with the Vs profile estimated from the SPT results [Equations (3.24) & (3.25)] being about

50m/sec larger than the in-situ measurements.
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3.2.3 Characterization of Port Island Array

The seismic response at the borehole array of Port Island during Kobe earthquake (1995) is
the next case history considered in this study. As already mentioned in paragraph 2.2.1, the
soil profile at this array consists of 4 m of compacted fill, followed by 15 m of loose
liguefiable fill (sand and gravel), 8 m of alluvial clay and finally a thick layer of
overconsolidated clays and dense sands. Figure 2.6 shows the location of 4 accelerometers
which have been installed at the site (one on the ground surface and three in 16, 32 and 83

m depth), as well as, the in-situ measured SPT and Vs profiles.

The factor of safety against liquefaction is calculated from the SPT profile, following the
methodology of Youd et al. (2001), for a.x = 0.35g (Figure 2.6), ER/60 = 1.30 (Table 3.1) and
FC = 0% (Ishihara et al. 1996). The computed values are plotted against depth in Figure 3.13;
observe that they are practically constant over the 3m — 16m deep liquefiable fill, with an
average equal to FS_ = 0.40. This figure shows also the variation with depth of the estimated
relative density D, and the shear wave velocity V.. Observe that D, increases systematically
with depth, from about 30%, at the top of the liquefiable layer, to 60% at the bottom.
Estimated shear wave velocities show relatively small variation with depth (from about
150m/s at the top, to 200m/s at the bottom of the liquefiable fill), being in fair agreement

with reported field measurements.
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Figure 3.13 Variation of FS,, D, and Vs with depth at Port Island from SPT results
Ixnna 3.13  MetaBoAn tou FS,, D, kal Vs pe to Babog oto Port Island pe Baon tn Sokiun SPT
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3.3 Equivalent Linear Analyses of Site Response
3.3.1 Analysis methodology

The seismic ground response at WLA and Port Island seismic arrays will be computed
analytically, assuming that the seismic excitation can be simulated as a series of horizontally
polarized shear waves (SV), which are transmitted vertically, from the seismic bedrock to the
ground surface. On the basis of the previous assumption, seismic ground response
computations can be reduced to the equivalent, simpler problem of one-dimensional
transmission of shear waves through the ground. This problem is solved numerically with the

“equivalent linear” method (Schnabel et al. 1972). More specifically:

¢ the random seismic excitation is analyzed into a finite number of harmonic components

using the Fast Fourier Transform (FFT) algorithm,

¢ the response of the soil column is calculated analytically for each harmonic component of

the excitation, and

e the outcome for each harmonic component is combined using the inverse Fast Fourier

Transform in order to provide the seismic response of the ground surface.

The previous methodology is strictly applicable to linear visco-elastic media, i.e. for constant
shear modulus G and hysteretic damping ratio €. The actual, non-linear soil behavior, where
G and € are functions of the cyclic shear strain amplitude vy, is simulated by applying the
aforementioned methodology iteratively. Namely, the values of G and § are corrected,
following each iteration cycle, until they finally become compatible with the values of y

resulting from the analysis.

The aforementioned analysis methodology was employed for the interpretation of the

seismic recordings at each array site, following three (3) steps:
Step 1: Equivalent linear analyses for “non-liquefied” ground
Step 2: Equivalent linear analyses for (totally) “liquefied” ground

Step 3: Correlation of the predicted elastic response spectra for “non-liquefied” and
“liquefied” ground to the actual spectrum of the recorded seismic motion using linear

interpolation

The seismic response in absence of liquefaction (“non-liquefied”) is estimated in step 1
based on the same assumptions as in Youd & Carter (2005), reviewed in Chapter 2. The

equivalent linear analyses in step 2, for the totally liquefied (“liquefied”) ground, are
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conducted according to Miwa & lkeda (2006), assuming that liquefaction occurs at the
beginning of the seismic excitation. In particular, the elastic shear modulus, G,,.,, is reduced
to a prescribed value and remains constant regardless of the applied shear strain amplitude
(i.e. G/Gnax = 1), whereas the hysteretic damping ratio is related to cyclic shear strain

amplitude, using common empirical relations for sands.

As reported in the literature review of Chapter 2, Miwa & lkeda (2006) have proposed design
charts for the selection of the shear modulus reduction ratio as a function of the factor of
safety against liquefaction (Figure 2.37). To examine the validity of the proposed reduction
ratios, a parametric investigation is conducted. For each case history, the equivalent linear
analyses are repeated for 6 different ratios of the shear wave velocity of the liquefied
ground, Vs, to non-liquefied ground, Vs. Based on the range of Vs/Vs that was found in
the literature survey (Chapter 2), the examined values are: Vs,/Vs = 0.075, 0.10, 0.125, 0.15,
0.20 and 0.30. Finally, for each period value, T, the computed spectral acceleration (5%
damping) for “non-liquefied” and “liquefied” ground, Say, and Sa_ respectively, are

correlated with the recorded one, Sagea,, using linear interpolation:

SOpen (T) =5ay, (T) _a(T) 'I:SGNL (T) —3a, (T):I (3.26)

Saty, (T) = Sagen (T)
)= 5, ) sa,(T) 3.27)

where « is the correlation coefficient.

In absence of liquefaction, namely when FS_ > 1, it is evident that the recorded response
spectra, Sagear, is equal to the spectra for the “non-liquefied” ground, Say, and hence a = 0.
On the other hand, when the factor of safety is close to zero, the ground liquefies
immediately and the real spectra become equal to the liquefied response spectra, so that a
= 1. As a result, the values a = 0 and a = 1 represent the 2 extreme limits of FS, and

consequently the results of Equation (3.27) are restricted to the range: a =0—1.

3.3.2 Wildlife Liquefaction Array — EImore Ranch earthquake

The first case history to analyze is Elmore Ranch earthquake at WLA, starting with the
equivalent linear analysis for “non-liquefied” ground. The recorded acceleration time-history
at 7.5 m depth (Figure 2.3) is used as the input motion. The soil profile is discretized in 15
layers of 0.5 m thickness, whereas soil properties are selected based on the aforementioned

geotechnical investigation and on the study of Youd & Carter (2005). The input values are
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summarized in Table 3.3 and the shear wave velocity profile is plotted in Figure 3.15. The
average shear modulus reduction and damping ratio curves for sands, as proposed by Seed
& Idriss (1970), are considered for the liquefied layers (layers 6 — 14). The curves of Vucetic
& Dobry (1991) for plasticity index, Pl = 7.5 and 15% are considered for the upper 2.5 m
(layers 1 —5) and for the lower 0.5m (layer 15) respectively (Figure 3.14). The Plasticity Index
was estimated as PI=7.5%, based on the investigation of Bennett et al. (1984) and the data
shown in Figure 3.7. It must be noted that the Vucetic & Dobry (1991) modulus reduction
and damping curves are defined for Pl = 0 and 15%,; therefore, the curves for Pl = 7.5 % are

calculated as the average of these 2 curves.
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Figure 3.14: Modulus reduction and damping versus shear strain curves (Seed & Idriss 1970; Vucetic
& Dobry 1991)

IxAMa 3.14: KapmUAeg amopeiwong HETPOU SLATUNONG KoL ArOGBEONG oUVAPTHOEL TNG SLATUNTIKAC
napapdpdwong (Seed & Idriss 1970; Vucetic & Dobry 1991)

Taking into account that liquefaction has not occurred during this earthquake (FS, = 1.50),
the results for “non-liquefied” ground should match with the recorded ones. The
comparison in terms of acceleration time-histories and response spectra on the soil surface
is shown in Figure 3.16 and in Figure 3.18 respectively. The agreement between predicted
and recorded response is indeed good, thus verifying overall the assumptions of the

conducted equivalent linear analyses.

Although it is known in advance that the ground was not liquefied during this seismic event,
the equivalent linear analyses were repeated for “liquefied ground”, so that the values of
correlation coefficient a could be computed and evaluated. The new G, values for the 6
different Vs;,/Vs ratios are summarized in Table 3.4, whereas the range of the new shear
value velocity profiles is plotted in Figure 3.15. The respective acceleration time histories are

plotted in Figure 3.17 while the elastic response spectra and the associated values of the
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correlation coefficient “a” are plotted in Figure 3.18. Observe that the values of

practically zero for the entire period range, for all Vs,/Vs ratios considered in this study.

Comparing the response spectra for “liquefied” ground (Figure 3.18), it is observed that the
response for Vs,/Vs = 0.30 differs from the other 5 examined cases, as significantly bigger
spectra acceleration values are predicted. In addition, the peak ground acceleration is only
slightly smaller than the recorded one, which is expected to occur only in sites with small
FS.. For this reason, it is decided to exclude this ratio from any further statistical processing.

The rest analyses for “liquefied” ground exhibit a similar response and, hence, the proper

Vs o/ Vs ratio will be selected at the next stages of the statistical processing.

Table 3.3: Input parameters of the equivalent linear analyses at WLA for “non liquefied” ground

Nivakag 3.3: AeSopéva twv avaAloswv oto WLA yla “pn pevotonolnuévo” €6adog
Soil Layer Thickness Y Gnax Vs

Type # (m) (kN/m®) | (MPa) | (m/sec)
. 1 0.5 15.7 23.1 120
;;’;’; 2 0.5 15.7 23.1 120
3 0.5 15.7 23.1 120
Silty 4 0.5 15.7 23.1 120
Clay 5 0.5 15.7 23.1 120
Sandy 6 0.5 17.3 25.4 120
Silt 7 0.5 17.3 34.5 140
8 0.5 17.3 34.5 140
9 0.5 17.3 34.5 140
_ 10 0.5 17.3 34.5 140
SSC’% 11 0.5 17.3 21.3 110
12 0.5 17.3 21.3 110
13 0.5 17.3 63.6 190
14 0.5 17.3 63.6 190
Clayey 15 0.5 20.4 75.2 190
Silt 16 oo 20.4 75.2 190
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Figure 3.15:

IxAua 3.15:

Table 3.4:
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Shear wave velocity profile used at the equivalent linear analyses of WLA for (a) “non-
liquefied” and (b) “liquefied” ground

MetaBoAn tn¢ Taxvtntag Stadoong SLATUNTIKWY KUPATWY PE To BABo¢ oTig avalloEeLg
Tou WLA yia (a) “pn peuotomotnpévo” kat (B) “ peuotomnotnuévo” €dadog

Input G Values at the equivalent linear analyses of WLA for “liquefied” ground

Nivakoag 3.4: TIHEC TOU Gpay OTIC avalloelg Tou WLA yia “peuctonotnuévo” é6adog

Layer Initial New G.x (MPa)
# Gmax | Vsiig/Vs= | Vsiia/Vs= | Vsjia/Vs= | VsiafVs= | Vsiia/Vs= | Vsji/Vs=
(MPa) 0.075 0.10 0.125 0.15 0.20 0.30
1 23.1 23.1 23.1 23.1 23.1 23.1 23.1
2 23.1 23.1 23.1 23.1 23.1 23.1 23.1
3 23.1 23.1 23.1 23.1 23.1 23.1 23.1
4 23.1 23.1 23.1 23.1 23.1 23.1 23.1
5 23.1 23.1 23.1 23.1 23.1 23.1 23.1
6 25.4 0.14 0.35 0.40 0.78 1.02 2.29
7 34,5 0.19 0.35 0.54 0.78 0.85 3.11
8 34.5 0.19 0.35 0.54 0.78 0.85 3.11
9 34.5 0.19 0.35 0.54 0.78 0.85 3.11
10 34,5 0.19 0.35 0.54 0.78 0.85 3.11
11 21.3 0.12 0.21 0.33 0.48 0.85 3.11
12 213 0.12 0.21 0.33 0.48 0.85 3.11
13 63.6 0.36 0.64 0.99 1.43 2.55 5.73
14 63.6 0.36 0.64 0.99 1.43 2.55 5.73
15 75.2 75.2 75.2 75.2 75.2 75.2 75.2
16 75.2 75.2 75.2 75.2 75.2 75.2 75.2
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Figure 3.16: Recorded acceleration time-histories and “non-liquefied”— Elmore Ranch earthquake
IxAMa 3.16: MNpaypaTikeS Kal yla “pn pevotonotnuévo” édadog — Ielopog Elmore Ranch
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Figure 3.17: Acceleration time-histories on soil surface of “liquefied” ground assuming that Vs /Vs =
0.075, 0.10, 0.125, 0.15, 0.20 and 0.30 — Elmore Ranch earthquake

IxAua 3.17: XpovoloTopieg EMITOXUVOEWV OTNV eMLdaveLla “pevotomnotnpévou” edadoug Bewpwvtag
Vs,io/ Vs = 0.075, 0.10, 0.125, 0.15, 0.20 and 0.30 — Zetop6g Elmore Ranch
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Figure 3.18: (a) Computed and recorded response spectra on soil surface and (b) coefficient “a” —
Elmore Ranch earthquake

IxNHa 3.18: (a) MMpoyUHaTIKO Kol EKTLUWHEVA ¢AouaTa amokplong otnv emdavela kat ()
ouvteheotng “a” — Zelopog Elmore Ranch
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3.3.3 Wildlife Liquefaction Array — Superstition Hills earthquake

Superstition Hills earthquake in Wildlife Liquefaction Array is the next case history to study.
The equivalent linear analyses for “non-liquefied” and “liquefied” ground are conducted
using as input motion the recorded downhole acceleration time history of Figure 2.4. The

soil parameters were those verified for the EImore Ranch earthquake.

Computed acceleration time-histories for “non-liquefied” and “liquefied” ground conditions
are plotted in Figure 3.19 and Figure 3.20, whereas the corresponding response spectra and
coefficients “a” in Figure 3.21. It is observed that the peak ground acceleration of the
“liquefied” ground with Vs ,,/Vs = 0.30 is larger than the recorded one, which violates a basic
assumption of this new methodology. It is reminded that the response spectra for “non-
liqguefied” and “liquefied” ground should bound the real response. For this reason, this
analysis is excluded from any further statistical processing. In addition, the PGA for Vs ,/Vs =
0.20 is slightly smaller than the recorded one and differs significantly from the rest 4

analyses, which predict smaller PGA values, and it was decided to exclude this analysis too.

Commenting on the rest of the results (Vs,/Vs = 0.075 — 0.15), it is observed that the “a”
curves (for the different Vs,/Vs values) are widely scattered for short periods (T < 1 sec), but
gradually stabilize at a = 1 for larger periods. The selection of the appropriate Vs i,/Vs will be
done in the next stages of the statistical processing, based on the comparison of the

predicted response for each Vs ,/Vs ratio.
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Figure 3.19: Recorded acceleration time-histories and “non-liquefied”— Superstition Hills earthquake
IxAMa 3.19: MNpayuaTikeg Kal yla “pn pevotonotnuévo” édadog — Zelopdg Superstition Hills
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XpovoloTopleg emitayuvoswy otnv entdavela “peuctonotnuévou” edadoug Bewpwvtag

Vs, i/ Vs = 0.075, 0.10, 0.125, 0.15, 0.20 and 0.30 — Zelopog Superstition Hills
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Figure 3.21: (a) Computed and recorded response spectra on soil surface and (b) coefficient “a” —
Superstition Hills earthquake

IxAna 3.21: (a) Mpaypatikd Kal eKTIUWHEVA GAcUOTa amokplong otnv emdavela kat ()
ouvteleotng “a” — Zelopog Superstition Hills
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3.3.4 Portisland - Kobe earthquake

The last case history to be examined is the seismic response at Port Island during Kobe
earthquake (1995). In this case, the recorded acceleration at 16 m depth (Figure 2.7) is used
as the input excitation. The soil profile above this depth is discretized in 12 layers, with
thickness 1.3 — 1.5 m, while the initial G,,., values are selected based on the in-situ measured
Vs profile (Figure 3.22) and the empirical relations of Seed & Idriss (1970) (Figure 3.14) are
used to describe the shear modulus reduction and the associated hysterestic damping ratio
curves for sands. The input parameters for the equivalent linear analyses of “non-liquefied”
ground are summarized in Table 3.5. The initial elastic shear modulus of layers 3 — 12 is
parametrically reduced for the parametric analyses of “liquefied” ground as listed in Table

3.6 and shown in the Vs profile of Figure 3.22.

The acceleration time-history for “non-liquefied” ground is plotted in Figure 3.23, for
“liquefied” ground in Figure 3.24, whereas the response spectra and the corresponding
coefficients “a” are shown in Figure 3.25. It is observed that for Vs,/Vs > 0.15 the PGA
values exceed the recorded one and, consequently, these results are rejected. Taking into
account that the value of FS, is small (FS, = 0.40), the response for “liquefied” ground should
match with the recorded one at the entire period range. This criterion is satisfied only for
Vsio/Vs = 0.125, which is selected as the most representative for Port Island and it will be

used in the following statistical processing.

Table 3.5: Input parameters at Port Island for “non liquefied” ground
Nivakag 3.5: AsSopéva twv avalloswv oto Port Island yla “pn pevotomnownuévo” £6adog
Layer Thickness v Gmax Vs
# (m) (kN/m3) | (MPa) (m/sec)
1 13 20.6 60.69 170
2 1.3 20.6 60.69 170
3 1.3 20.6 60.69 170
4 1.3 20.6 60.69 170
5 13 20.6 92.61 210
6 1.3 20.6 92.61 210
7 13 20.6 92.61 210
8 1.3 20.6 92.61 210
9 1.5 20.6 92.61 210
10 1.5 20.6 92.61 210
11 1.5 20.6 92.61 210
12 1.5 20.6 92.61 210
13 oo 20.6 92.61 210
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Table 3.6: Input G, Values at the equivalent linear analyses of Port Island for “liquefied” ground
Nivakag 3.6: TUWEG TOU G,y OTIG AVAAUGCELG TOU Port Island yla “peuctomnoinpévo” édadog
Layer Initial New Ginax (MPa)

# Grmax Vsjio/Vs= | Vsjio/Vs= | VsjiofVs= | Vsjio/Vs= | Vsig/Vs= | VsiofVs=
(MPa) | 0.075 0.10 0.125 0.15 0.20 0.30
1 60.69 60.69 60.69 60.69 60.69 60.69 60.69
2 60.69 60.69 60.69 60.69 60.69 60.69 60.69
3 60.69 0.34 0.61 0.95 1.37 2.43 5.46
4 60.69 0.34 0.61 0.95 1.37 2.43 5.46
5 92.61 0.52 0.93 1.45 2.08 3.70 8.33
6 92.61 0.52 0.93 1.45 2.08 3.70 8.33
7 92.61 0.52 0.93 1.45 2.08 3.70 8.33
8 92.61 0.52 0.93 1.45 2.08 3.70 8.33
9 92.61 0.52 0.93 1.45 2.08 3.70 8.33
10 92.61 0.52 0.93 1.45 2.08 3.70 8.33
11 92.61 0.52 0.93 1.45 2.08 3.70 8.33
12 92.61 0.52 0.93 1.45 2.08 3.70 8.33
13 92.61 92.61 92.61 92.61 92.61 92.61 92.61
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Figure 3.22: Shear wave velocity profile used at the equivalent linear analyses of Port Island for (a)
“non-liquefied” and (b) “liquefied” ground

Ixnua 3.22: MetaBoAn Tng taxutnTag S1adoong SLATUNTIKWY KUUATWY UE To BdBog oTig avaluaoelg
tou Port Island yia (a) “un peuctonotnpévo” kat (B) “ peuctomoinuévo” £6adog
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Figure 3.23: Recorded acceleration time-histories and “non-liquefied”— Port Island

IxAMa 3.23: TpaypaTiKES Kal yla “Un pevotonotnuévo” édadog — Port Island
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XpovoloTopleg emitayuvoswy otnv entdavela “peuotonotnuévou” edadoug Bewpwvtag

Vs, i/ Vs = 0.075, 0.10, 0.125, 0.15, 0.20 and 0.30 - Port Island
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Figure 3.25: (a) Computed and recorded response spectra on soil surface and (b) coefficient “a” —
Port Island

IxAMa 3.25: (a) Mpaypatikd Kal eKTIUWHEVA dAcuoTa amokplong otnv emdavela kat ()
ocuvteheotng “a” — Port Island
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34 Statistical Analyses

The concept of the proposed methodology is to conduct 2 equivalent linear analyses, one for
“non-liquefied” and one for “liquefied” ground and then predict the liquefied ground
response through interpolation between these two response spectra using the period
dependent interpolation factor "a". To achieve that, 2 key parameters need to be
determined: the proper value of Vs,/Vs for the seismic response analyses for “liquefied”
ground and the variation of coefficient “a” with period. The parametric results of the

examined case histories will be utilized to calibrate these 2 parameters.

Initially, the values of “a” for peak ground acceleration, apga, are plotted versus the factor of
safety against liquefaction for all the selected Vs)/Vs ratios. As already mentioned, when
the factor of safety is small, the value of “a”, and hence of “apgs” t00, is expected to reach a
= 1, whereas when FS, is very big (FS, > 1) and no liquefaction occurs, “a” (and “0pga”)
approaches zero. Based on the “apga” values that correspond to the Vs ,/Vs ratios and taking
into account the limiting values for FS, =0 and FS_ > 1, the variation of “apga” with the factor

of safety can be adequately predicted from Equation (3.28), as shown in Figure 3.26.

1 FS,
Qpe, =—| 1+cos| — (3.28)
2 2 0.85
12
1 u haadiE
- T~ V.. IV
| ~ sliq” Vs
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I~ ~
_ - ~ 0.10
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Figure 3.26: Selected data and fitting curve of the coefficient “a” for PGA versus FS,

“, n

IXAHa 3.26: EMAEYOUEVEG TUUEG KOL TIPOOEYYLOTLKI) KAUTTUAN Tou “a” yla to PGA cuvaptrosL tou FS,
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The next parameter that needs to be determined is the proper Vs ,/Vs ratio for the analyses
of the “liquefied ground”. For Port Island, the selected ratio is Vs),/Vs = 0.125, as the rest
analyses have been already rejected. Figure 3.26 cannot provide any insight for the selection
in WLA cases, as for both Superstition Hills and ElImore Ranch, the recorded “apgs” value is
fairly well predicted for all examined Vs ,/Vs ratios (Vsje/Vs = 0.075 — 0.15 and Vsio/Vs =
0.075 — 0.20 respectively). To determine the appropriate Vs,/Vs ratio in each site, a trial-
and-error procedure was followed and the selection was based on the best matching of the
predicted and the recorded results. In this way, the analyses with Vs ,/Vs = 0.15 and Vs iq/Vs
= 0.20 are selected for the WLA-Superstition Hills and WLA-Elmore Ranch case studies
respectively. It is observed that the reduction in shear wave velocity is smaller, as the factor
of safety increases, which is in the accordance with other scientific studies in the literature

(Miwa & Ikeda 2006; Yasuda et al. 2004).

The range of Vsi,/Vs, as proposed by Miwa & lkeda (2006), is compared in Figure 3.27 with
the selected Vs ,/Vs ratios for each sites and a good agreement is observed for Port Island
(FS. = 0.4) and WLA-Superstition Hills (FS, = 0.8). As a result, the chart of Miwa & lkeda
(2006) would be employed to the new methodology for the selection of the appropriate
Vsio/Vs ratio. To incorporate sites with FS, > 1 (e.g. WLA-Elmore Ranch) in the new
methodology, the chart needs to be expanded. Having only one available data point in this
FS, range (i.e. Vs,io/Vs = 0.20 for FS_ = 1.5), it is decided to use it as the average value of the
proposed range, which would be Vs ;,/Vs = 0.17 — 0.22 (shear modulus reduction of G,/ G =
0.03 — 0.05). It should be stated that this chart will be revised at the next chapters of this
Report, when the proposed methodology will be calibrated against the numerical

predictions, which will include sufficient results with FS, > 1.
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Figure 3.27: Comparison between the selected Vs ,/Vs ratio with the range of Miwa & lkeda (2006)
Ixnua 3.27:  20ykpLon TAEYOUEVWV AOYWV Vs o/ Vs e To Stdypappa Twv Miwa & lkeda (2006)

To suggest a smooth unique curve for the variation of “a” with period, the coefficients “a”
for the selected Vs ,/Vs ratios of WLA - Superstition Hills and Port Island are plotted in the
same graph (Figure 3.28). It is observed that both curves start from their “apgs” values (for
T=0) and then, as the period increases, they are reduced to smaller “a” values, until they
gradually increase again up to the value a = 1 when T = 0.9 and 1.3 sec respectively. In the
case of WLA-Superstition Hills, the curve stabilizes at unity, whereas in the case of Port
Island, “a” drops to zero for T > 2 sec. However, this decrease has no physical meaning and is
exclusively caused by the fact that the real and the “non-liquefied” response spectra are

practically matched in this period range

The selection of the final curves for “a” prediction is based on 2 criteria: (a) the peak ground
acceleration must be adequately predicted and (b) the shape of the fitting curve must be
simple due to the limited number of the available case histories. Based on these

considerations, the proposed “a” curves are constant (o = apga) for T < 1 sec and become

equal to a =1 for larger periods (T>1.0), i.e.:

o T <1sec
a= { Peh (3.29)

] 1 T>1sec
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Figure 3.28: Actual and fitting curves of the coefficient “a” for each earthquake

Ixnua 3.28: TPayUaTIKEG KL TIPOCEYYLOTIKEG KAUTTUAEG TOU “a” yla KAOE OELoUO

To evaluate the overall accuracy of the new methodology, the predicted response spectrum
on the surface of the examined case histories, Sapgep, Will be compared with the recorded
one and with the predictions of Miwa & lkeda (2006). To calculate Saprep, Equation (3.30) is

used, following the “a” variation of Equation (3.29):
SOpgep =S50y, _a'(saNL _SaL) (3.30)

The predicted and the recorded response spectra on the soil surface of Port Island are
compared in Figure 3.29. It is observed that the predicted response spectrum is practically
equal to Miwa & lkeda predictions and that both are in good agreement with the recorded
one. This implies that the benefit from the new methodology is marginal when FS_ is very
small, since liquefaction occurs almost at the beginning of the excitation and consequently

the assumptions of Miwa & lkeda (2006) for initially liquefied ground are valid.

The corresponding comparison for Superstition Hills is plotted in Figure 3.30. In this case, the
Miwa & lkeda approach under-predicts significantly the response in periods T < 1sec. On the
other hand, the new methodology provides a more realistic prediction of the real response
in short periods, predicting also adequately both the peak ground acceleration and the
maximum spectral acceleration. This comparison underlines the contribution of the new
methodology for medium values of the FS,, i.e. for the common cases when liquefaction

comes during (and not at the onset of) the seismic excitation.
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Finally, for the case of ElImore Ranch earthquake the response spectra are compared in
Figure 3.31. Note that the methodology of Miwa & lkeda (2006) is limited to FS, < 1 and; for
this reason; the corresponding response during Elmore Ranch cannot be predicted. It is
observed from Figure 3.31 that bigger spectral acceleration values are predicted for T=1-2
sec, but, in general, the predicted response spectrum is in good agreement with the

recorded one.

1.4
C Port Island
1.2 [~ e Recorded
o Predicted
1 Miwa & lkeda
08 |
3 N
>3 C
0.6 —
04
02 -
0— | IIIIIII| | IIIIIII| | 11
0.01 0.1 1
T (sec)

Figure 3.29: Comparison between recorded response spectra and predictions with the new
methodology and according to Miwa & lkeda (2006) — Port Island

IxNHa 3.29: IUyKkpLon MeTafl mpayuatikol GAcpaTog anmokplong kot mpoPAéPewy cUudwva e T
véa pebodoloyia kal pe Miwa & lkeda (2006) — Port Island
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Figure 3.30: Comparison between recorded response spectra and predictions with the new
methodology and according to Miwa & lkeda (2006) — Superstition Hills earthquake

IxAua 3.30: IUykplon petafd mpaypatikol Gpacpatog anokplong kot mpoPAédewy cludwva e T
véa peBodoloyia kal pe Miwa & lkeda (2006) — Superstition Hills earthquake
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Figure 3.31: Comparison between recorded and predicted response — EImore Ranch earthquake

Ixnuna 3.31: IUyKkpLon KETALL TPAYUATIKOU KAl EKTILWHEVOU GACUOTOC amokplong — EImore Ranch
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3.5

Summary

In summary, the steps of the proposed methodology are the following:

1.

Estimate the factor of safety against liquefaction FS_ from CPT or SPT results

Perform equivalent linear analysis for “non-liquefied” ground and calculate the

response spectrum, Say,.

Determine the appropriate shear wave velocity of the liquefied ground from Figure

3.32 based on FS,.

Perform equivalent linear analysis for fully liquefied ground using the shear wave

velocity of step 3 and G/G,.x = 1 and calculate the response spectrum, Sa,.

Calculate coefficient “apga” based on FS, either from Figure 3.33 or from Equation

(3.28).

Calculate coefficient “a” for each period value, T, either from Figure 3.34 or from

Equation (3.29).

Calculate for each period value the predicted spectral acceleration of the liquefied

ground using Equation (3.30).

In conclusion, we would like to note that the methodology presented in this chapter was

also developed for the normalized response spectra (Malisianou 2013) but it was finally

abandoned as less accurate. Furthermore, it is stressed that this first stage of development

will be finalized (in Chapters 5 and 6) after a more thorough evaluation, based on a wealth of

non-linear liquefied ground response analyses performed for actual soil profiles and seismic

excitations.
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Figure 3.32: Relationship between the shear wave velocity reduction ratio V;,/Vs and FS;

Ixnua 3.32: TUOCYETLON TOU PELWTIKOU OUVTEAEDTA V i/ Vs e TO FS|
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Figure 3.33: Variation of coefficient “apgs” with FS,

Ixnua 3.33: Aldypoppa LeTABOANG TOU CUVTEAEDTH “Opga” OUVAPTHOEL TOU FS,
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Figure 3.34: Variation of correlation coefficient “a” with period

Ixnua 3.34: MetaBoAn Tou cUVTEAEDTH CUOXETLONG “a” e TNV TEPLodo
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Chapter

Numerical Methodology and Simulation of Seismic Response

from Case Histories

4.1 General

The capability of numerical codes to simulate liquefaction effects has been examined
through a thorough literature survey in Chapter 2. In this Chapter, the numerical
methodology of the parametric analyses that will be conducted for this Report is first briefly
described, focusing upon the basic characteristics of the employed Finite Difference code
and the constitutive soil model. In the sequel, the combined accuracy of the above
numerical tools is validated against the recorded site response of WLA seismic array, under
the Elmore Ranch (1987) and Superstition Hills (1987) earthquakes, as well as the Port Island

seismic array, under Kobe (1995) earthquake.

4.2 Numerical Methodology

Numerical analyses are performed with the 2D Finite Difference code FLAC version 5.0
(Itasca 2005). The liquefiable sand response is simulated using the advanced constitutive
model NTUA-Sand developed and implemented to FLAC codes in the Foundation
Engineering Laboratory of the National Technical University of Athens (Andrianopoulos et al.
2010; Bouckovalas et al. 2012; Papadimitriou et al. 2001). Early versions of this
methodology, prior to the advancements implemented as part of the present research
project (Bouckovalas et al. 2012), have been verified against well-documented centrifuge
experiments (Arulmoli et al. 1992), and have also been used for the parametric analysis of a
number of common geotechnical earthquake engineering problems (Chaloulos 2012;

Karamitros 2010; Valsamis et al. 2010).
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A brief description of the upgraded numerical methodology is presented in the following
sections, while the detailed description is presented in Deliverable (technical report) D1 of
Work Package 2: “Software development for the numerical analysis of the coupled

liquefiable soil-foundation-bridge pier response”.

4.2.1 The explicit finite difference method

FLAC makes use of the finite difference method, whose central idea is that every derivative
in the set of governing equations is replaced by an algebraic expression written in terms of
the field variables (stress, displacements) at discrete points in space, while no variation of
these variables within the elements needs to be specified. A typical FLAC calculation cycle is
shown in Figure 4.1. Starting from a given displacement state at each grid point the
incremental strains for each zone are first evaluated for a given displacement increment
(velocity). Following, the new stresses at each zone are calculated based on the adopted
constitutive law. Then, stresses are used to estimate forces at each node. If these forces are
close to zero, then the system is in equilibrium or steady state flow under constant velocity.
Otherwise, for non-zero nodal forces, the aforementioned unbalanced nodal forces lead to

nodal accelerations. Each full circle of this loop is taken as one timestep.

Equilibrium Equation
(Equation of Motion)

new new
velocities and stresses
displacements or forces

Stress / Strain Relation
(Constitutive Equation)

Figure 4.1:  Explicit calculation sequence used in FLAC

IxAua4.1:  Mn nemAeypuévn Stadikaoia umoAoylopoUl ou xpnotllomnoleital otov kKwdika FLAC

The most important characteristic of the explicit finite difference method is that each box in
Figure 4.1 updates all of its grid variables (stresses and displacements) from known values
that remain fixed while control is within the box. For example, the new stresses computed in

the lower box are based on a set of velocities already calculated, and is assumed to be
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“frozen” for the operation of the box. This might seem unreasonable, since a change of
stresses influences the velocities of neighboring grid points. However, if the integration time
step is adequately small, such that information cannot physically propagate from one
element to another, then the "frozen-velocities" assumptions can be justified. This leaves

the explicit method with one major disadvantage and one major advantage:

. The disadvantage is that a large number of computation steps is required to

complete an analysis, even if the latter involves linear materials.

. The advantage is that no iteration process with matrix inversion is required, since
elements do not communicate with each other during each solution step. Thus, for highly
non-linear problems FLAC is expected to perform better than implicit Finite Element

methods.

In order for the "calculation front" to move faster compared to the propagation of physical
information, a critical time step should be chosen, which is smaller than a critical value.
Assuming that the pressure velocity, C,, is the maximum speed at which information can
propagate and that Ax is the smallest size of an element, then this critical time step should

obey the following limitation:

Ax

p

At

crit

It is obvious that a critical time step value is estimated from Equation (4.1) for each

gridpoint, and the lowest of these values is adopted for the calculations throughout the grid.

4.2.2 NTUA-Sand constitutive model

The updated NTUA-Sand constitutive model is a bounding surface, critical state, plasticity
model with a vanished elastic region. From the onset of its development, this model was
aimed at the realistic simulation of the rate-independent response of non-cohesive soils
(sand, silts, etc.) under small, medium, as well as large (cyclic) shear strains and also
liguefaction. This is achieved using a single set of values for the model constants,
irrespective of initial stress and density conditions, as well as loading direction. The model is

equally efficient in simulating the monotonic and the cyclic soil response.

Building upon earlier efforts of Manzari & Dafalias (1997) and Papadimitriou & Bouckovalas

(2002), the NTUA-Sand model features the following key constitutive ingredients:
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(a) The inter-dependence of the critical state, the bounding and the dilatancy (open cone)
surfaces, that depict the deviatoric stress-ratios at critical state, peak strength and phase
transformation, on the basis of the state parameter | = e — e, (e being the void ratio and e
being the critical state void ratio at the same mean effective stress p) initially defined by
Been & Jefferies (1985). Figure 4.2 presents the shape of these surfaces in the m-plane
(perpendicular to the hydrostatic p axis) of the deviatoric stress-ratio r space, where r; =
si/p, with s; = 0;-pd;; being the deviatoric stress component (o and & are the effective stress

component and the Kronecker delta respectively).

(b) A Ramberg-Osgood type, non-linear hysteretic formulation for the “elastic” strain rate

that governs the response at small to medium (cyclic) shear strains.

(c) A relocatable stress projection center r"*' related to the “last” shear reversal point, which
is used for mapping the current stress point on model surfaces (Figure 4.2) and as a

reference point for introducing non-linearity in the “elastic” strain rate.

(d) An empirical index for the directional effect of sand fabric evolution during shearing,
which scales the plastic modulus, and governs the rate of excess pore pressure build-up and
permanent strain accumulation under large cyclic shear strains potentially leading to

liguefaction and cyclic mobility.

The model requires the calibration of eleven (11) dimensionless and positive constants for
monotonic loading, and an additional two (2) for cyclic loading. Ten (10) out of the above
thirteen (13) model constants may be directly estimated on the basis of monotonic and
cyclic element tests, while the remaining three (3) constants require trial-and-error
simulations of element tests. Details regarding the model formulation and the calibration
procedure of the model constants can be found in Andrianopoulos et al. (2010) and
Bouckovalas et al. (2012). The model constants are summarized in Table 4.1 along with their
values for Nevada sand, i.e. the uniform fine sand used in the VELACS project (Arulmoli et al.

1992) and also used for the calibration of the NTUA-Sand model.
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Bounding surface
~

r,=s,/p r;=s;/p

Critical surface

Figure 4.2:  Projection of model surfaces on the n-plane

IxAHa 4.2:  TNpoBolr Twv eMLPAVELWY TOU TIPOCOUOLWHUATOG OTO EMIMESO Tt

Table 4.1: NTUA-Sand model constants: physical meaning and values for Nevada sand

Nivakag 4.1: Mapapetpot mpocopolwpatog NTUA-SAND: ¢pucoikr onpacio kot TEG yia appo Nevada

# Physical meaning Value
M. | Deviatoric stress ratio at critical state in triaxial compression (TC) 1.25
c Ratio of deviatoric stress ratios at critical state in triaxial extension (TE) 0.72
over TC
ls | Void ratio at critical state for p=1kPa 0.910
A Slope of critical state line in the [e-Inp] space 0.022
B Elastic shear modulus constant 600*
v Elastic Poisson’s ratio 0.33
k" | Effect of ¢ on peak deviatoric stress ratio in TC 1.45
kO | Effect of  on dilatancy deviatoric stress ratio in TC 0.30
" :::ZLTS? cyclic shear strain for non-linearity of “elastic” shear 0.025%
o Non-linearity of “elastic” shear modulus 0.6*
A, Dilatancy constant 0.8
he Plastic modulus constant 15,000
N, Fabric evolution constant 40,000

* for monotonic loading of Nevada sand: B = 180, a; = 1.0

Note that the model parameters in Table 4.1 were evaluated based on comparison with data
from laboratory tests on fine Nevada sand at relative densities of D, = 40 & 60% and initial
effective stresses between 40 and 160 kPa. In particular, the laboratory test program

included resonant column and cyclic shearing (simple shear and triaxial) tests, aimed to
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describe the basic aspects of non-cohesive soil response under cyclic loading, namely shear
modulus degradation and damping increase with cyclic shear strain, as well as, liquefaction

resistance and cyclic mobility.

The accuracy of the constitutive model under large cyclic shear strain amplitudes may be
evaluated from Figure 4.3 which compares model predictions to data from a typical
undrained cyclic simple shear test on Nevada sand at D, = 40% and initial effective stress o’,,
= 160 kPa. In addition, Figure 4.4 compares the liquefaction resistance curves from all cyclic
simple shear tests on Nevada sand with the respective simulations and pertinent curves
from the literature (DeAlba et al. 1976). All simulations were performed for a unique set of
model constants, that of Table 4.1, proving that the NTUA-Sand model is capable of

reproducing cyclic sand response under various stress, volume and boundary conditions.
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Figure 4.3: Comparison of simulation (using NTUA-Sand) to data for a typical cyclic undrained
simple shear test on Nevada sand with D, = 40%

IxNHa 4.3:  IUykplon aplBuntikng mpocopoiwong (ue xpnon tou NTUA-Sand) pe amoteAéopata
OQVOKUKALKWY 00TPAYYLOTWY SOKLUWY artAng Stdtunong o€ appo Nevada pe D, = 40%
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Figure 4.4: Summary comparison of liquefaction curves from simulations (using NTUA-SAND) to
data from all cyclic undrained simple shear tests on Nevada sand, as well as established
curves from the literature (DeAlba et al. 1976)

IXNHa 4.4:  ZUyKPLON KOUMUAWV peuctomoinong amo aplduntikn mpooopoiwon (Ue xprion Ttou
NTUA-Sand) pe amoteAéopOTA OVOKUKALKWY AOTPAYYLOTWY SOKLUWY aAnG SLATUNnong
o€ appo Nevada kot e TG KapmUAeg Twv DeAlba et al. (1976)

4.3 Numerical Simulation of Seismic Ground Response at WLA

4.3.1 Input data and assumptions

The soil profile at Wildlife Liquefaction Array (WLA) has been already discussed, initially in
Chapter 2 and in more detail in Chapter 3 (paragraph 3.2), so that it needs not to be
repeated here. Given that the lower accelerometer was located at a depth of 7.5 m, the
numerical simulation with FLAC is restricted on the upper 7.5 m of the soil profile. A single
element column was selected for that purpose and the size of the elements was 1m x 0.50m
(width x height). Tied — node conditions were considered at the side boundaries, which
impose the same vertical and horizontal displacements to grid points of the same elevation

(Figure 4.5).

It is reminded that the liquefiable layer is located between 2.5 — 7m depth and,
consequently, the NTUA-Sand constitutive model was applied only over this depth. The
remaining soil layers, namely for 0 — 2.5m and 7 — 7.5m depth, are non-liquefiable and
consequently a much simpler hysteretic model (Ramberg & Osgood 1943) was selected to

simulate their response during shaking.
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Figure 4.5:  Finite difference mesh for the numerical simulation of the seismic response of WLA

IxNHa 4.5:  Kdavvopog menepacuévwy Stadopwy yla TNV aplBUNTIKA TPOCOUOLWan TNG OELOMLKNG
andkplong tou WLA

The next step is the selection of model properties for each layer, based on the results of the
geotechnical investigation. Starting from the non-liquefiable layers, the input data which are
required in order to fit the Ramberg-Osgood model are: the elastic shear modulus, the
Poisson’s ratio and the shear strain related modulus reduction and damping curves. The
elastic shear modulus is selected based on the in situ measured Vs profile (Bierschwale &
Stokoe 1984), while the Poisson ratio is set to v = 0.33. In particular, shear wave velocity is
assumed to be V,; = 100 and 190 m/sec for the upper 2.5m and the lower 0.5m respectively.
Furthermore, based on the soil type identified during the geotechnical investigation of
Bennett et al. (1984), the Ramberg-Osgood model response is fitted to the modulus
reduction and damping curves of Vucetic & Dobry (1991) for soils with plasticity index PI =
7.5% and 15% respectively (Figure 4.6). Table 4.2 summarizes the soil properties attributed

to the non-liquefiable soil layers.
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Table 4.2: Input parameters for the non-liquefiable soil layers.
Nivakag 4.2: AsbSopéva yLa TG Jn - PEUCTOTIOLNOLUEG ESAPLKEG OTPWOELG
Depth Soil o] K V; v Pl k
Interval (m) Type (Mg/m3) ° (m/sec) (%) | (m/sec)
0.0-15 Silty Sand 1.60 0.5 100 0.33 7.5 5E-05
15-25 Silty Clay 1.75 0.5 100 0.33 7.5 5E-05
7.0-7.5 Clayey Silt 2.00 0.5 190 0.33 15 5E-08
12 25
- Vucetic & Dobry -  Vucetic & Dobry
TE —=— PI=75% | _ 20 F- —=— PI=75%
0.8 —e— PI=15% S - —— PI=15%
e E 2 15 F
g 0.6 g- -
T} - g 10
04 5 =
C (a =
02 S E
O E | IIIIIII| | IIIIIII| | IIIIIII| L1 i 0 = | IIIIIII| | IIIIIII| L1 1ii
0.0001 0.001 0.01 0.1 1 0.0001 0.001 0.01 0.1 1
Shear Strain (%) Shear Strain (%)

Figure 4.6: Modulus reduction and damping versus strain curves for the non — liquefiable layers of
WLA (Vucetic & Dobry 1991)

IXAHa 4.6:  KapmUAeg amopeiwong HETPOU SLATUNONG Kol amdoBEong CUVAPTAGCEL TNG SLATUNTIKAG
MAPAPOPDPWONG YLa N TG PEVOTOMOLNOLUESG OTpWOELG Tou WLA (Vucetic & Dobry 1991)

As mentioned before, the liquefied sand response (depth: 2.5 — 7m) is simulated by means
of the NTUA-Sand model. It is reminded that this model has been calibrated, and the model
parameters have been established for clean Nevada sand. However, in WLA, the liquefiable
soil layers consist of silty (not clean) sand with fines content in excess of 25%. Having a
different type of sand, but lacking the necessary experimental results to re-calibrate the
model, it was decided to maintain the bulk of the model parameters for Nevada Sand and
modify (by trial and error) only a minimum number of parameters, so that predictions at
element level match the measured in situ and/or the empirically estimated (a) shear wave

velocity profile and (b) the liquefaction resistance of the sand.

The first step prior to model calibration is to estimate the insitu relative density, based on
empirical correlations in terms of SPT (Equations 3.19 — 3.21) and CPT (Equations 3.16 —
3.18) results. The variation of the selected D, with depth, along with the SPT and CPT
predictions, has been already estimated in Chapter 3 and is plotted in Figure 4.7. The sand
layers are further discretized in 5 thinner layers with different D, values, which range from

D,= 55% — 65%. Having no information about the minimum and maximum void ratio of the
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silty sand in WLA, the insitu void ratio e was consequently computed using the

corresponding values for Nevada Sand (e, = 0.511 & e, = 0.887):

e= emax - Dr (emax _emin)

The relative density and void ratio values assumed for the various liquefiable sand layers at

WLA are summarized in Table 4.3, together with the respective mass density p, geostatic

pressure coefficient K, and the permeability coefficient k.

Table 4.3:

Input parameters for the liquefied sand layers at WLA

Nivakag 4.3: AsSopéva yla TIG OTPWOELG PEVCTOMOLAGLUNG dupou oto WLA

Depth Soil p K D, e k
Interval (m) Type (Mg/m?) ° (%) (m/sec)
2.5-35 Sandy Silt 1.75 0.5 55 0.680 5E-05
3.5-45 Silty Sand 1.75 0.5 60 0.661 5E-05
45-55 Silty Sand 1.75 0.5 65 0.643 5E-05
5.5-6.5 Silty Sand 1.75 0.5 55 0.680 5E-05
6.5-7.0 Silty Sand 1.75 0.5 65 0.643 5E-05
D, (%) V, (m/sec)
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Figure 4.7:  Soil profile and variation of selected and estimated D, and V; values with depth in WLA
IXNHa 4.7:  ESadko mpodiA kal Staklpoveon Twy EMAEYOUEVWY KoL TWV EKTILWUEVWY TIUWV Tou D,

KoL Tou V, pe to Babog oto WLA
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The second step is to calibrate the constitutive model against the insitu measured shear
wave velocity profile. It is reminded that Bierschwale & Stokoe (1984) conducted insitu Vs
measurements, while Vs was also estimated empirically in Chapter 3 in terms of SPT and CPT
results (Equations 3.23 — 3.25). The comparative presentation of these set of data in Figure
4.7 shows that empirical predictions are 30 — 50% larger than predictions. Taking into
account that direct insitu measurements are (in principle) more accurate than indirect

empirical predictions, the model calibration was subsequently based on the former.

Namely, the elastic shear modulus, G,,. (=p Vs?), in NTUA-Sand is calculated by the equation:

B
G =—Po_ [P (4.3)
0.3+0.7e\| p,

where p is the mean isotropic (octahedral) stress, p, is the atmospheric pressure and B is a
model constant with default value (for Nevada sand) B = 600 (Table 4.1). To compute a site
compatible B value, it was further taken into account that the NTUA-Sand has a “vanished
yield surface” and, as a result, yielding occurs immediately upon a load reversal leading to a
reduced G.x value, relative to Equation (4.3). To account for this effect, the theoretical
elastic shear wave velocity values need to be reduced by 25% in order to much the actual
values predicted by NTUA-Sand. This conclusion is based on previous studies (Koutsogoula
2012; Theocharis 2011), where the average shear wave velocity predicted in FLAC analyses
was estimated from the first arrival time of seismic pulses, at the top and at the base of sand
layers. The reduced Vs values for the NTUA-Sand model with B=600 (“used”) are compared
with the measured Vs profile in Figure 4.7. The agreement is fairly good, with the predictions

following consistently measurements over the entire depth of the liquefiable sand.

The third step in the calibration procedure aims to ensure that the liquefaction resistance of
the WLA silty sand is properly simulated by NTUA-Sand. For this purpose, undrained cyclic
simple shear tests, at element level are conducted in FLAC, using the 1m x 1m element
configuration shown in (Figure 4.8). The initial vertical and horizontal effective stresses that
correspond to the desired soil depth are first applied and then the element is distorted
under constant shear strain increments equal to Ay = 10* % (Figure 4.8). Load reversals

occur when the shear stress reaches the prescribed amplitude.
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v

Figure 4.8: Applied boundary conditions in FLAC for cyclic simple shear tests

IxNHa 4.8:  EmPaAopeveG OUVOPLAKEG CUVONKEG AVOKUKALKWY SOKLUWY amAng dtatunong oto FLAC

Such tests were conducted for two different depths of the WLA profile, 3 and 6.6m, with
applied shear stress amplitude equal to the corresponding cyclic resistance ratio, CRR, times
the effective vertical geostatic stress. The value of CRR at each depth was estimated from
the average CPT results, for the M,, = 6.6 magnitude of Superstition Hills earthquake (with

the methodology described in Chapter 3). A summary of the relevant input data is presented

in Table 4.4.
Table 4.4: Input data and results of numerical cyclic direct shear stress tests
Nivakog 4.4: AsSopéva Kal AmOTEAECUATO OPLOUNTIKWY AVOKUKALKWY SoKLwy armeuBeiag Statunong
depth Ouo Cho CRR N, N,
(m) (kPa) (kPa) (h, = 15000) | (h, = 45000)
3.0 35.18 17.585 0.133 4 11
6.6 62.33 31.165 0.235 4 11

Seed and Idriss (1982) have correlated the earthquake magnitude to an equivalent number
of cycles of uniform excitation, N, as shown in Table 4.5. According to this Table, the
number of equivalent uniform cycles for the M,, = 6.6 Superstition Hills earthquake is N¢q =
9.5 — 10. Consequently, the aim of the calibration is that the FLAC simulated cyclic simple
shear tests, subjected to a shear stress amplitude corresponding to their cyclic strength,

liqguefy after about 10 cycles.

Table 4.5: Equivalent number of cycles due to earthquake loading (Seed & Idriss 1982)
Nivakag 4.5: AplBuog LooSuvapwv KUKAwV Aoyw osloptkng Stéyepong (Seed & Idriss 1982)
M,, 5.25 6 6.75 7.5 8.5
Neq 2.5 5.5 10 15 26
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The effective stress paths and the excess pore pressure buildup versus the number of cycles,
computed for the Nevada sand model parameters of Table 4.1, are plotted in Figure 4.9.
Observe that liquefaction occur too early, i.e. after 3 — 4 loading cycles. After a number of
trial-and-error attempts, it was found that the most direct way to increase the number of
cycles for liquefaction, N, without affecting predicted dynamic stiffness, is to increase the
value of the plastic modulus constant, h,, (= 15000 for Nevada sand). Hence, parametric
analyses were conducted, by gradually increasing h,, until the desired N, value was achieved.
In the case examined herein, the plastic modulus constant had to be increased to h, = 45000
so that the number of cycles for liquefaction reached N, = 10 — 11 for both depths (Figure
4.10).

Note that the 3rd step of the above calibration procedure was also repeated for the less
strong Elmore Ranch (M,=6.2) earthquake and led practically to the same h, value. These
results are not shown here since they do not provide any further insight to calibration of the

adopted numerical methodology.
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Figure 4.9: Results of numerical cyclic direct shear stress tests for h,= 15000

IXNHa 4.9:  AnoteAéopata aplOUNTIKWY aVAKUKALKWY SokLuwv ameuBeiag Statunong yia h,= 15000
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Figure 4.10: Results of numerical cyclic direct shear stress tests for h,= 45000

IxNHa 4.10: AmnoteAéopata aplOUNTIKWY aVAKUKALKWY SokLuwv arneuBeiag Statunong yia h,= 45000

The last critical soil parameter that needs to be specified is the hydraulic conductivity
(coefficient of permeability) k of the various liquefiable and non-liquefiable soil layers. This
parameter was not measured experimentally, and had to be estimated based on experience
Namely, as shown in Table 4.2 & Table 4.3, it was assumed that k = 5x10° m/sec for the silty
sand and silty clay layers between 0 — 7 m depth and k = 5x10® m/sec for the clayey silt
between 7 — 7.5 m. The former hydraulic conductivity is typical for sands with some silt
content, whereas as the latter is typical value for clayey soils. Note that the conductivity
value for silty sands (i.e. k = 5x10™° m/sec) was also assigned to the much less permeable, but
also thin, layer of silty clay (1.5 — 2.5 m depth) in order to account for the (common in
nature) presence of cracks and zones with coarser material, which will allow faster excess

pore water pressure dissipation.

After defining the input soil parameters, the seismic response of WLA during ElImore Ranch
and Superstition Hills earthquakes is predicted using the acceleration time histories at 7.5m
depth as seismic excitation. Rigid bedrock and 2% Rayleigh damping (anchored at f,;, = 2Hz)
were assumed in both analyses. In addition, the water table was fixed at 1.5 m depth, the

saturation at the grid points above it was set to zero and water flow was set on.
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4.3.2 Predicted seismic response during EImore Ranch earthquake

The input acceleration time-history of EImore Ranch earthquake is plotted in Figure 4.11 and
the predicted acceleration time-history at the ground surface is compared with the recorded
time-history in Figure 4.12. Good agreement is observed in terms of the shape of the
acceleration time-histories and the maximum values. In addition, Figure 4.14 compares
predicted to recorded acceleration response spectra (5% damping), at the soil surface and at
the base, as well as the respective surface-to-base spectral ratio. The agreement between
predicted and recorded response is especially good and encouraging with regard to the
accuracy of the tested numerical methodology. Namely, the peak ground acceleration and
the maximum spectral acceleration periods T > 0.50sec are practically identical. The
response differs only between T = 0.25 — 0.45 sec, where FLAC slightly underpredicts
spectral acceleration. Finally, Figure 4.13 shows the predicted time histories of excess pore
pressure ratio, r,, at 3 different depths: close to the top, at the middle and at bottom of the
sand layer. Observed that the maximum attained value at all depths does not exceed r, =
0.50. This is consistent with the factor of safety against liquefaction FS, = 1.50 that has been
estimated in Chapter 3, as well as the generally admitted view that no liquefaction occurred

during Elmore Ranch earthquake.
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Figure 4.12: Comparison between numerical and recorded acceleration time-history on soil surface

IXAHa 4.12: TUYKPLON EKTILWUEVNC KoL TIPOYUOTLKIG XPOVOLOTOPIAG EMITAXUVOEWVY OTh emdAvela —
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4.3.3 Predicted seismic response during Superstition Hills earthquake

With the ElImore Ranch earthquake numerically predicted in a satisfactory way, the seismic
response during Superstition Hills earthquake is simulated next, using exactly the same soil
properties and constitutive model parameters. It is reminded that, during this event, the
recorded ground response has shown clearly that liquefaction has occurred, while the factor

of safety against liquefaction computed in Chapter 3 is FS_ = 0.80.

The acceleration time history of the seismic excitation that was applied at the base of the
liguefiable sand (at 7.5m depth) is shown in Figure 4.15, while Figure 4.16 compares
predicted to recorded acceleration time histories at the ground surface. The overall
agreement is fairly good, with FLAC predicting a slightly higher value of the peak seismic
acceleration (0.27 g versus 0.21 g). In addition, Figure 4.17 compares predicted to recorded
acceleration response spectra (5% damping), at the soil surface and at the base, as well as
the respective surface-to-base spectral ratio. Observe that the numerical predictions follow
closely the trends of the recorded motion, although they seem to underpredict spectral

accelerations.

Finally, Figure 4.18 compares predicted to recorded excess pore pressure ratios for 4
different pore pressure transducers: P5 (depth: 2.9m), P2 (depth: 3m), P1 (depth: 5m) and
P3 (depth: 6.6m). It is observed that numerical predictions are larger than measurements.
This is more evident during the first 15sec, when predicted r, values rise gradually to 0.6
while measurements remain equal to zero. This observation, combined with the fact that
absolutely no excess pore pressures were recorded during the strong shaking of Elmore
Ranch earthquake, comes in support of the view (first expressed by Hushmand et al. 1992)
that the specific pore pressure transducers had a delayed response due to insufficient

saturation.

There is no question that the numerical predictions could be further improved, with proper
(trial-and-error) calibration of the problem parameters. However, in view of the lack of the
necessary experimental data set for a complete model calibration, we believe that such an
effort would constitute a mere "curve-fitting" process, and would not produce any new solid

background with regard to the potential of the proposed numerical methodology.
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Figure 4.15: Input acceleration time-history — Superstition Hills earthquake

IxAuHa 4.15: Xpovolotopia eMTOXUVOEWY OTh BAon — Zelouog Superstition Hills
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Figure 4.16: Comparison between numerical and recorded acceleration time-history on soil surface
— Superstition Hills earthquake

IXAHa 4.16: IUYKPLON EKTILWUEVNG KOL TIPOYLOTLKIG XPOVOLOTOPIAG EMITAXUVOEWV OTh emdAavela —
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IXAHa 4.17: IUYKPLON EKTILWUEVWY KOL KATOYEYPOUEVWY (GACUATWY omoKplong Kat Adywv
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Hills earthquake
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4.4 Numerical Simulation of “Port Island”
4.4.1 Input data and assumptions

The next case history to be analyzed is that of the Port Island array during Kobe earthquake.
In that case, the soil profile consists of 19 m man-made, sand and gravel liquefiable fill
overlying a thick non-liquefiable layer with over-consolidated clay and dense sand. The
ground water table is located at 3m depth, while four accelerometers were installed in this
site: on the soil surface and in 16, 32 and 83m depth (Figure 2.6). It is further reminded that

the factor of safety against liquefaction, computed in Chapter 3, is FS, = 0.4.

The numerical simulations focus upon the upper 16 m of liquefiable fill, using as input
excitation the seismic acceleration recording at this depth. Working in a similar way as in
WLA, a single element column is considered with element size (width x height) of 1m x
0.50m and tied — node lateral boundaries (Figure 4.19). The seismic response above the
ground water table, namely the top 3m of fill, is simulated with the Ramberg-Osgood (1943)
constitutive model, while all underlying liquefiable layers (depth 3 — 16m) were simulated
using the NTUA-Sand constitutive model. As for damping, an additional Rayleigh damping

with i, = 2%, anchored at 1Hz, is selected for the entire soil profile.
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Figure 4.19: Finite difference mesh for the numerical simulation of the seismic response in Port
Island

IXNHa 4.19: Kdavvopog menepacuévwy Stadopwy yla TNV aplBUnTLk TPOCOUOolwaon TG OELOULIKAG
anokplong oto Port Island
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As in the WLA case study, the response of the top non-liquefiable layer was simulated with
the aid of a Ramberg-Osgood constitutive model. The elastic parameters of this model were
estimated for Poisson's ratio v = 0.33 and the average measured shear wave velocity Vs =
170m/sec (Figure 4.21). The rest of the parameters, related to the non-linear hysteretic
response of the model, were estimated from curve fitting the shear strain-induced modulus
reduction and damping empirical relations proposed by Vucetic & Dobry (1991) for non-

plastic soils (Figure 4.20). The complete set of input data for this layer is summarized in

Table 4.6.
Table 4.6: Input parameters for Ramberg-Osgood model in Port Island
Nivakag 4.6: Mapdpetpol aplBuntikol mpocouolwpatog Ramberg-Osgood oto Port Island
Depth o] K Vs v Pl k
Interval (m) | (Mg/m?) ° (m/sec) (%) | (m/sec)
0.0-3.0 1.60 0.4 170 0.33 0 3.3E-05
12 25
- Vucetic & Dobry -~ Vucetic & Dobry
1 E —— PI=0% 20 - —— PI=0%
L 08 N
£ - o015
T} - g 10 |
04 c =
= o =
02 °E
O = 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 1111 0 - 1 IIIIIII| 1 IIIIIII| L 1111
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Figure 4.20: Modulus reduction and damping vs strain curves for Pl = 0% (Vucetic & Dobry 1991)

IXAMHa 4.20: KapmUAec amopeiwong tou HETpou SlAtunong kal omocPecng CUVAPTACEL TNG
Slatpntkng moapapdpodwong yia Pl = 0% (Vucetic & Dobry 1991)

Similarly to WLA, the NTUA-Sand model constants need to be properly adjusted in order to
predict the shear wave velocity Vs and the liquefaction resistance CRR of the Port island
array. Starting with the former, Figure 4.21 shows the Vs profile, as measured in the field
and estimated from SPT correlations (Equations 3.24 — 3.25). Both curves predict a similar
variation with depth; still, the measured profile will be adopted for this study, as objectively

more reliable.

The first step of the model calibration, is to estimate the insitu void ratio of the liquefiable
sand and gravel deposits. In the case of WLA, this was achieved by first estimating the insitu

relative density, in terms of the available SPT and CPT measurements, from empirical
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relations for sands. However, this approach cannot be followed in the case of Port Island,
due to the presence of gravels which, in general, have smaller void ratios compared to
sands. For this reason, it was decided to estimate the void ratio of the liquefiable layer
indirectly, in terms of the elastic shear modulus G, (=p VSZ). Thus, void ratio was correlated

to Gy by means of the following empirical correlations (Ishihara 1996):

e Kokusho & Esashi (1981):

G,., =13000
1+e

(4.4)

e Nishio et al. (1985):

(2.17-e)’ o

G, =9360
l+e

(4.5)

(Gmax and p are expressed in kPa)

Based on the measured Vs values of Figure 4.21, the liquefiable zone is discretized in 2
regions: one from 3 — 5m, with V,; = 170 m/sec, and the other from 5 — 16m, with V, = 210
m/sec. Following this discretization, a uniform void ratio is estimated in the each region,
using the aforementioned shear wave velocities and the isotropic stresses that correspond
to the middle of each region, namely at 4 and 10.5m depth. The resulting values for void
ratio are averaged to e = 0.572 and e = 0.555, for the upper and the lower liquefiable layers

respectively (Table 4.7).

Having estimated the in situ void ratio, the second step of the constitutive model calibration
is to fit the measured Vs profile. As noted in earlier paragraphs, the elastic shear modulus
Gnax is calculated in NTUA-Sand model from Equation (4.3), with default value of the shear
modulus parameter for B = 600. The associated value of shear wave velocity is subsequently
computed after a 25% reduction of the theoretical value, i.e. Vs = 0.75 (Gmay/p)®°. These
predictions are compared with measurements for the Port Island seismic array in Figure
4.21. Observe that measured Vs values are underestimated by approximately 50%, while the
fit is improved when the shear modulus parameter is increased to B = 900. This increase is

acceptable as the reported range of B values is 550 — 950.

The elastic bulk modulus of the NTUA-Sand model is related to the elastic shear modulus as:

¢ 2 G {1+v) (4.6)
3 (1-2v)
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For Nevada sand, K. is computed assuming that the shear modulus parameter is B=600
and Poisson’s ratio is v=0.33. Hence, to maintain the same value of K., after increasing B to

900, Poisson's ratio had to be decreased to v=0.27.
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Figure 4.21: Soil profile and variation of selected and estimated void ratio and Vs values with depth
in Port Island

IXAMa 4.21: ESadko mpodiA kot Stakipovon Twv eMAEYOUEVWY KAl TWV EKTIUWHEVWY TLULWV TOU
Selktn mopwv Kat tou Vs e to Babog oto Port Island

The final third step of the model calibration is to match the insitu resistance to liquefaction
CRR. For this purpose, undrained cyclic simple shear tests at element level are conducted
with FLAC for 3 different depths (4.8, 9.5 and 16m) corresponding to the available SPT
locations. The maximum shear stress applied to the tests was estimated based on the cyclic
resistance ratio for M,, = 7.2, as calculated from the SPT results (Table 4.8). As a first trial,
the numerical computations were performed for B = 900, v = 0.27 and the default value of
the plastic modulus coefficient h, = 15000. The predictions for all 3 test conditions are
shown in Figure 4.22, in terms of the excess pore pressure ratio r, and the 1-0’, stress paths.
Observe that the number of cycles needed for liquefaction in these soil elementsis N, = 14 —
15 as compared to N, = 13 conventionally considered for M,, = 7.2 earthquakes (Table 4.5).
This agreement was considered satisfactory for the purposes of the present study, and h,

was kept at its default value.
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IXAHa 4.22: AmoteAéopata aplOUNTIKWY aVAKUKALKWY SoKLUWV ameuBeiog Statunong

Table 4.7: Input parameters for NTUA-Sand model in Port Island

Nivakag 4.7: Mapdpetpol aplBuntikol npocopoiwpatog NTUA-Sand oto Port Island

Depth o] k
Interval (m) | (Mg/m?) Ko € B v (m/sec)
3.0-5.0 2.1 0.4 0.572 900 0.27 3.3E-05
5.0-16.0 2.1 0.4 0.555 900 0.27 3.3E-05
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Table 4.8:

Nivakag 4.8: AedSopéva Kal amoTEAECUATO OPLOUNTIKWY AVOKUKALKWY SoKLwY aneuBeiag dlatunong

Data and results of numerical cyclic direct shear stress tests

dfrzt)h (I?I;;) (I:,Ph;) ¢ CRR (he =T2000)
4.8 68.37 | 2735 | 0.572 | 0.090 15
9.5 120.97 | 48.39 | 0.555 | 0.102 14
16.0 | 193.47 | 77.39 | 0.555 | 0.100 15

The basic soil and constitutive model parameters that were used for the numerical analyses
are summarized in Table 4.7 and Table 4.8. Note that the hydraulic conductivity
(permeability coefficient) listed in Table 4.7 (k = 3.3x10” m/sec) corresponds to clean sand
formations, despite the presence of gravels in the Port Island formations. This assumption is
justified by the fact that, in sand-gravel mixtures, the larger voids of gravel are essentially

clogged by the smaller sand particles.

4.4.2 Predicted seismic response

Having defined all input data and parameters, the numerical simulation of the seismic
response in Port Island is conducted by applying the recorded acceleration time-history at 16
m depth at the base of the numerical grid (Figure 4.23). The comparison between recorded
and predicted ground response is shown in Figure 4.24 to Figure 4.26, in terms of
acceleration time-histories at the soil surface, excess pore pressure ratio r, and elastic
response spectra. The comparison of acceleration time histories in Figure 4.24 is fairly
satisfactory as the numerical analyses predict practically the same peak ground acceleration
(0.38g versus 0.35g), as well as the change of the wave-form after the onset of liquefaction.
There is no comparison with excess pore pressure recordings, due to the absence of relevant
data. Still, FLAC predictions are consistent with the seismic recordings at the ground surface
which show a dramatic change in the shaking period at about t = 6 sec, i.e. when predicted
excess pore pressures exceed r, = 0.80 for the first time. The comparison in terms of
response spectra (surface and base) and spectral ratio (surface to base), shown in Figure
4.26, is equally satisfactory. Namely, the spectra for the predicted and the recorded seismic
motions differ only in the period range T = 0.5 — 1.0 sec, where the numerical simulation

overpredicts actual spectral accelerations.
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Figure 4.23: Input acceleration time-history
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Figure 4.24: Comparison between predicted and recorded acceleration time-histories at the ground
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4.5 Summary

This chapter focussed upon the numerical methodology (Finite Difference code FLAC) and
the consistutive model (NTUA-Sand) that will be used in the present study for the detailed
simulation of the seismic ground response in the event of liquefaction. Note that these
numerical tools have been already verified against well-documented centrifuge experiments,
but the emphasis was given so far on the prediction of excess pore pressure build up and
seismic settlement accumulation. This is the first time that the verification aims at the
prediction of acceleration time histories and elastic response spectra on the surface of

liguefied soil deposits.

For this purpose, the numerical predictions were verified against actual seismic recordings
from the WLA and the Port Island downhole arrays, where liquefaction has occurred during
seismic shaking. In all cases, the soil and the constitutive model parameters had to be
directly or indirectly (through empirical relationships) to the results of the conventional
geotechnical investigations performed in order to characterize the array sites. Despite the
absence of specialized testing, required to define the cyclic response and liquefaction
resistance of the liquefiable soil layers, the numerical simulations predicted with reasonable
accuracy key aspects of the seismic response, such as: (a) the peak ground acceleration and
the associated acceleration time history, (b) the elastic response spectrum at the ground

surface, as well as (c) the excess pore pressure buildup within the liquefiable soil layers.

It is worth noting that the various case studies examined herein correspond to a rather wide
range of soil and excitation conditions of practical interest, with factors of safety against
liguefaction equal to FS, = 0.40, 0.80 and 1.50. The mechanisms which control ground
response in each case are significantly different, making their simulation with a unique
methodology challenging. The comparisons shown in the previous sections suggest that the
proposed methodology meets this challenge, as it may capture the main aspects of
(liquefied and non-liquefied) ground response with satisfacory accuracy, and open the way

for its application to the following stage of parametric numerical analyses.
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Chapter

Parametric Numerical Simulation of Liquefied Ground Response

5.1 General

The aim of this chapter is to develop a sufficient database of numerical case studies of
liguefied ground response. The numerical methodology that will be used for this purpose
was established and validated against the recorded response of 3 case histories in Chapter 4.
Hence, in this Chapter, the liquefied ground response of a real soil profile is numerically
estimated for a number of different seismic excitations, which are properly selected to cover
a wide range frequencies, as well as factors of safety against liquefaction (from immediate to
late liquefaction, or only partial development of excess pore pressures). The results of these
numerical analyses will be utilized, in the same manner as the actual field recordings
presented in Chapter 3, for a thorough verification and calibration of the analytical
methodology that has been proposed for the simplified estimation of elastic response

spectra for liquefied ground.

5.2 Geotechnical Site Characterization
5.2.1 Soil profile

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

More specifically, the following soil layers were identified:
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Layer 1 (0-28m):

Layer 2 (28-31m):

Layer 3 (31-34m):

Layer 4 (34-43m):

Layer 5 (43-50m):

In more detail, the soil profile that will be used for the numerical analyses is plotted in Figure

5.1, along with the corresponding SPT results, while a summary of the conducted laboratory

Silty sand (SM) and locally non-plastic silt (ML)

Low plasticity clay (CL)

Silty sand (SM) and locally low plasticity clayey sand (SM-SC)

Low plasticity clay (CL)

Non-plastic silt (ML) and locally well graded silty sand (SW-SM).

test results is presented in Table 5.1.
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Figure 5.1:  Examined soil profile with SPT results
IxAua 5.1:  Edadiko mpodih kat anoteAéopata Sokung SPT
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5.2.2 Input seismic motions
In terms of the earthquake excitation, two different seismic scenarios are considered:

Seismic Scenario A:

e return period T, = 1000 years
e earthquake magnitude M,, = 7.0

e peak ground acceleration at outcropping bedrock PGA, = 0.32g

Seismic Scenario B:

e return period T, = 225 years
e earthquake magnitude M,, = 6.7

e peak ground acceleration at outcropping bedrock PGA, = 0.22g

For each scenario, a suite of seven (7) earthquake motions, recorded on bedrock outcrop
and having the target magnitude, is selected and properly scaled, so that the average
response spectrum to be in good agreement with the design spectra of Eurocode 8 for soil
type A, for PGA, = 0.32g and PGA, = 0.22g respectively. The acceleration time-histories and
the respective response spectra of all fourteen (14) selected motions are plotted in Figure
5.2 — Figure 5.5, whereas the average spectra are compared to the design spectra of
Eurocode 8 in Figure 5.6 and Figure 5.7. Table 5.2 summarizes the peak ground acceleration

of each seismic excitation.
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Figure 5.2:  Acceleration timehistories at bedrock outcrop for the seismic scenario A
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Figure 5.3:  Acceleration timehistories at bedrock outcrop for the seismic scenario B
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5.2.3 Evaluation of liquefaction susceptibility

Prior to the numerical simulation, it is important to calculate the factor of safety against
liquefaction FS, for each of the 14 selected earthquake motions in order to identify the
liguefiable soil layers and also to evaluate their vulnerability against the various seismic
excitations. FS is calculated in terms of the provided SPT test results and the PGA of each
seismic excitation reported previously, according to the widely accepted method of Youd et
al. (2001). In doing so, no energy correction is applied to the SPT results (ER/60 = 1), the
fines content at each depth is determined based on the data presented in Figure 5.1, while a

unit weight of y = 19 kN/m? is considered for the whole profile.

Computed FS, values are plotted against depth in Figure 5.8 and summarized in Table 5.2. It
is thus observed that the soil profile is susceptible to liquefaction only over the upper 19 m
of depth. At larger depths, between 19 and 23 m, the sand layers become denser and the
computed factors of safety systematically exceed 1.00, for all seismic excitations considered
herein. Finally, the sand layers below 23 m exhibit a very large penetration resistance
[(N1)socs 2 30], or high plasticity index and consequently they are considered as non-
liquefiable. Hence, the focus was placed upon the top 19 m of liquefiable sand, where
liguefaction is possible depending upon the applied seismic excitation. The average
computed factors of safety over this depth is FS, = 0.41 — 1.38, depending upon the applied

seismic excitation, as listed in Table 5.2.

Table 5.2:  Summary of earthquake motions and average computed FS, values

Nivakog 5.2: JUYKEVTPWTLKOG TIIVOKAG OELOULKWY SLEYEPOEWVY Kol LEGOU Gpou FS,

Seismic Scenario A Seismic Scenario B
Motion . A
N e Il BN e ol
1 ITALY-BAG 0.180 1.03 NEWZEAL 0.280 0.78
2 ITALY-VLT 0.136 1.36 NORTHR-BLD 0.251 0.80
3 KOBE-AMA 0.394 0.47 NORTHR-CEN | 0.589 0.41
4 KOBE-KAK 0.330 0.56 NORTHR-FLE 0.172 1.17
5 KOBE-TDO 0.383 0.49 SFERN-L 0.150 1.38
6 LOMAP-AND 0.320 0.58 SFERN-PEL 0.211 0.99
7 LOMAP-GIL 0.484 0.38 SPITAK 0.207 0.91
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IxNHa 5.8: ‘EAeyxog peuotomoinong pe Baon ta anoteAécpata thg SokLung SPT
5.3 Numerical Simulation of Seismic Ground Response
5.3.1 Input data and assumptions

Numerical Model._ Taking into account that the soil profile is non-liquefiable below 23 m of
depth, the numerical simulation is restricted over the top portion of the soil profile, above
this depth. A schematic view of the finite difference mesh is shown in Figure 5.9. Namely,
working in a similar way as in the numerical simulation of the case histories (Chapter 4), a
single element column is considered in FLAC with element size (width x height) of 1m x
0.50m and tied — node lateral boundaries. To simulate flexible bedrock conditions, an extra

zone of the same size but with elastic model properties is added at the bottom of the model.
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Consequently, the total height of the numerical model is 23.5 m. The necessity and the
procedure for the simulation of flexible bedrock conditions will be explained in more detail

in a following paragraph.
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Figure 5.9:  Finite difference mesh for the numerical simulation

IXAHa 5.9:  Kdvvopog menepaopévwy Stadopwy yla tnv aplOuntikr mpocouoiwaon

Constitutive Model Calibration._The liquefiable sand response is simulated using the NTUA-
Sand model. It is reminded that this model has been calibrated, and the model parameters
have been established for clean Nevada sand. Consequently, the NTUA-Sand model
constants need to be properly adjusted in order to predict the shear wave velocity V, and
the liquefaction resistance CRR of this site. The calibration procedure is the same as that

described in detail in Chapter 4.

Namely, the first step is to estimate the insitu relative density in terms of the reported SPT
results, based on the empirical correlations of Tokimatsu & Seed (1987), Idriss & Boulanger
(2008) and Cubrinovski & Ishihara (1999) (Equations 3.19 — 3.21). Based on the estimated
variation of D, with depth, the soil profile is discretized into seven (7) sub-layers with
different D, values, which range from D, = 50% to 75%, as shown in Figure 5.10. Lacking any

minimum and maximum void ratio measurements, the void ratio is computed from the
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above Relative Densities, using the corresponding values for Nevada Sand (e, = 0.511 &

emax = 0.887).

The second step is to calibrate the constitutive model against the shear wave velocity
profile. Figure 5.10 shows the V; profile, as estimated from the Vs — SPT correlations of Ohta
& Goto (1978) and Imai & Tonouchi (1982) (Equations 3.24 — 3.25). As in Chapter 4, the
value of the shear modulus parameter B (Equation 4.3) is then adjusted in order to match
the estimated Vs profile. The comparison between the empirically estimated values of Vs and
the analytical predictions with NTUA-Sand constitutive model is provided in Figure 5.10.
Finally, note that the Poisson’s ratio had to be adjusted, in order to maintain the default

value of the elastic bulk modulus K., (Equation 4.6) for Nevada Sand.
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Figure 5.10: Variation of selected and estimated D, and V; values with depth

IXAHa 5.10: AlakUpavon TwV EMAEYOUEVWY KAl TWV EKTILWHUEVWV TLUWV Twv D, kat V, pe to Badog

Finally, the third step of the model calibration is to match the insitu resistance to
liguefaction CRR. For this purpose, FLAC was employed to simulate the undrained cyclic
simple shear response of the various liquefiable layers, at element level. In short, each

element was subjected to the cyclic shear stress resistance (computed in terms of M,, and
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the corresponding SPT blow count, according to the Youd et al. methodology) and the plastic
modulus coefficient h, of NTUA-Sand was gradually adjusted until the predicted number of
cycles to liquefaction became N, = 12 for M, = 7.0 and N, = 10 for M,, = 6.7. The calibration
procedure was conducted independently for M,, = 7.0 and M,, = 6.7. However, a single set of
plastic modulus coefficient values was selected and used for both earthquake magnitudes,
despite that this approach led finally to N, values which deviated somewhat from the target

values (see Table 5.3).

The final predictions of all element tests for M,, = 7.0 are shown in Figure 5.12 and in Figure
5.13, in terms of the excess pore pressure ratio r, and the t-0', stress paths. The respective
results for M,, = 6.7 are similar and for this reason are not presented in the report. In
addition, the selected h, values and the corresponding N, values for M,, = 7.0 and M,, = 6.7

are presented in Table 5.3 and in Figure 5.11.

Table 5.4 summarizes the values of the mass density p, the geostatic pressure coefficient K,,
the relative density D,, the void ratio, the shear modulus parameter B, the Poisson’s ratio

and the h, values for each layer.

Table 5.3: Input data and results of numerical cyclic direct shear stress tests
Mivakag 5.3: AeSopéva Kol AmOTEAECHOTO APLOUNTIKWY 0VOKUKAKWY SOKLUWY areuBelag Stdtpunong

depth Ouo Cho CRR CRR selected N, N,
(m) (kPa) (kPa) (Mw=7.0) | (My=6.7) h, (M,=7.0) | (M,=6.7)
2.0 18.0 9.0 0.236 0.264 150000 12 8
4.0 36.0 18.0 0.198 0.222 100000 11 8
6.0 54.0 27.0 0.188 0.211 100000 13 10
8.0 72.0 36.0 0.265 0.297 100000 10 7
10.0 90.0 45.0 0.237 0.265 100000 14 10
135 121.5 60.8 0.303 0.338 100000 14 11
15.5 139.5 69.8 0.123 0.138 45000 13 11
18.0 162.0 81.0 0.174 0.195 60000 12 10
20.0 180.0 90.0 0.328 0.367 60000 11 11
22.0 198.0 99.0 0.391 0.437 60000 13 7
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Figure 5.11: Variation of number of cycles needed for liquefaction for different h, values

IXAMa 5.11: AtakUpavon tou aplBuol amattoUpevwy KUKAWV yla peuctonoinon yla SL1apopeg TIUES

Tou h,.
Table 5.4: Input parameters for the liquefied sand layers
Nivakoag 5.4: AsSopéva yla TIG OTPWOELS PEUCTOMOLAGLUNG AUUOU

InteDli/r;tll;m) (Mg‘;m3) Ko (l;or) € B v ho

0.0-3.0 1.9 0.5 60 0.661 1600 0.125 | 150000

3.0-7.0 1.9 0.5 50 0.699 1100 0.220 | 100000

7.0-11.0 1.9 0.5 60 0.661 1100 0.220 | 100000
11.0-14.0 1.9 0.5 65 0.643 1100 0.220 | 100000
14.0-16.5 1.9 0.5 50 0.699 1100 0.220 | 45000
16.5-19.0 1.9 0.5 50 0.699 1100 0.220 | 60000
19.0-23.0 1.9 0.5 75 0.605 1300 0.180 | 60000
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Figure 5.12: Results of numerical cyclic direct shear stress tests for z = 0-10m and M,, = 7

IxNMa 5.12: AnoteAéopata aplOunTkwy avakukALKWY dokipwy aneuBeiag Stdtpunong yia z = 0-10m
KatM,, =7
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Figure 5.13: Results of numerical cyclic direct shear stress tests for z=10-23mand M,, =7

Ixnua 5.13: AnoteAéopata aplBunTikwy avokukAkwy Sokipwv aneuBeiag Sidtunong ywa z = 10 -
23mkatM,, =7
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Deconvolution of Seismic Excitation._ In the numerical simulation of the case histories,
“rigid” base conditions were considered, because the input motions were recorded at a
given depth under the soil surface (“bedrock within” conditions). However, in the cases of
this chapter, the input motions are given at the outcropping bedrock and not at the base of
the liquefiable sand (i.e. at 23 m depth). Hence, the input motions had first to be de-
convoluted at the base of the liquefiable soil layers, using the dynamic properties of the
bedrock, and then applied to the liquefiable soil column. To minimize wave reflections, the
input seismic motion is applied as a stress time-history at the base of the liquefied sand

(“compliant boundary conditions”), defined as:

t=2(pV;)u, (5.1)
where: p and Vs refer to the elastic properties of the bedrock (taken as Vs =550 m/s & p =
2.1 Mg/m?®) and v, is the velocity time-history of the de-convoluted seismic excitation at the
depth of interest (namely, at the base of the model: 23.5 m depth). The factor of two is used
in order to account for the seismic waves which propagate through the elastic bedrock

under the soil column (Mejia & Dawson, 2006).

The de-convoluted seismic excitation is calculated according to the methodology of Mejia &

Dawson (2006), which is also proposed in the FLAC manual:

e Conduct linear elastic analysis with any SHAKE-type software, using an elastic
column of the same height as the liquefiable soil column and the elastic properties
that correspond to the flexible bedrock.

e Apply the bedrock outcrop motion at the surface of the elastic column and compute
the corresponding motion at its base.

e The seismic excitation for the liquefiable soil column is equal to one half of the
seismic motion at the base of the elastic column that correspond to “bedrock
outcrop conditions”

e Integrate the above seismic excitation to compute velocity time history, u;

e Convert the velocity time-history to stress time-history, according to Equation (5.1),

and apply at the base of the liquefiable soil column.

This procedure was repeated for each of the 14 bedrock outcrop motions, using the
following properties for the linear elastic analyses: H = 23.5 m, Vs = 550 m/s, p = 2.1 Mg / m®

and 5% viscous damping.
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To validate this de-convolution procedure, an elastic soil column is considered in FLAC with
the same mesh and boundary conditions as in Figure 5.9. The zones with NTUA-Sand model
are replaced with elastic model with the properties of the flexible base (Vs = 550m/s, v =
0.25, p = 2.1 Mg / m®) and 5% Rayleigh damping, anchored at 5Hz. The input stress time-
histories for the 14 different cases, as calculated in the previous steps, are applied at the
base of numerical model. If the followed procedure is correct, then the bedrock outcrop
motions of Figure 5.2 and Figure 5.3 must be identical to the motions predicted at the
surface of the numerical model. The comparison revealed that the results are very close,
with very small differences at the peak ground acceleration and the response spectra. To
maximize the accuracy, the scaling factor of Equation (5.1) was adjusted independently for
each case. It must be stated that minor adjustments (only 5 — 10%) were only necessary in
order to match the results. The final comparison between the real and the estimated from
FLAC elastic response spectra at bedrock outcrop are presented in Figure 5.14 and Figure
5.15. Therefore, these stress time-histories would be the input in the numerical analyses of

the liquefied ground response.
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Figure 5.14: Comparison between real and estimated from FLAC elastic response spectra at bedrock
outcrop for the 7 motions of the seismic scenario A
IXAHa 5.14: IUyKPLON MPOYHUATIKWVY KOL EKTLLWHUEVWY artd To FLAC eAaoTIKwV GACUATWY ATOKPLONG

oTo avaduopevo untdofabpo yia Tig 7 SLeyEPOELG TOU OELOWLKOU ogvapiou A
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Figure 5.15: Comparison between real and estimated from FLAC elastic response spectra at bedrock
outcrop for the 7 motions of the seismic scenario B
IXAHa 5.15: IUyKPLON MPOYHUATIKWY KOL EKTLLWHUEVWY artd To FLAC eAaoTIKwY GACUATWY ATOKPLONG

oTo avaduopevo untoPabpo yia tig 7 SleyEPOELG TOU OELOWLKOU oevapiou B
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Permeability and damping parameters._ The coefficient of permeability was set equal to k =
5.5 x 10~ m/sec for the whole liquefiable soil profile, which is a typical value for sands with
some silt content. In addition, the water table was fixed at 1 m above the ground surface, in

order to ensure 100% saturation during the analysis.

Taking into account that the NTUA-Sand constitutive model predicts zero hysteretic damping
at very small strain amplitudes, 2% and 5% Rayleigh damping was assumed for the sand
layers (0 — 23 m depth) and the elastic base (23 — 23.5 m depth) respectively. Rayleigh
damping was properly anchored in order to be constant at the range of the predominant
frequencies of each analysis. As recommended by the FLAC manual, a preliminary run of
each analysis was made with zero damping and the velocity spectrum at the soil surface was
estimated. The predominant frequencies correspond to the larger spectral velocity values.

The value of the parameter f,;, that was used in each analysis is presented in Table 5.5.

Table 5.5:  Values of parameter f,,;, for Rayleigh damping

Nivakag 5.5: TéG TNG mapapéTpou foi, yia anooBeon tunou Rayleigh

Seismic Scenario A Seismic Scenario B
Motion

# Seismic frnin Seismic frnin

Motion (Hz) Motion (Hz)
1 ITALY-BAG 1.25 NEWZEAL 1.10
2 ITALY-VLT 3.00 NORTHR-BLD 1.50
3 KOBE-AMA 2.00 NORTHR-CEN 2.00
4 KOBE-KAK 1.50 NORTHR-FLE 1.50
5 KOBE-TDO 2.00 SFERN-L 1.00
6 LOMAP-AND 1.10 SFERN-PEL 2.00
7 LOMAP-GIL 2.00 SPITAK 2.00

5.3.2 Predicted seismic response

Figure 5.16 and Figure 5.17 show the elastic response spectra at the ground surface, as
predicted with the above methodology, for the 14 seismic excitations, while the detailed
numerical predictions (acceleration time-histories and response spectra on soil surface and
at base, surface-to-base spectral ratio, excess pore pressure ratio time-histories at the
midpoint) are given in Appendix A. Examining the results, it is observed that excessive
numerical noise has been developed in the analysis A3 (seismic motion: Kobe-Ama), which
could not be filtered out and, for this reason, it was decided to exclude this analysis from

any further statistical processing.
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Figure 5.16: Elastic response spectra at the surface of FLAC model for the 7 motions of the seismic
scenario A
IXAHa 5.16: EAaotikd ddopata amokplong otnv emidpavela tou FLAC ywa TG 7 SleyEpoelg Tou

oElouLkoU oevapiou A

157



Chapter 5: Parametric Numerical Simulation of Liquefied Ground Response

1 1
C B1_NEWZEAL = B2_NORTHR-BLD
0.8 08
@0.6:— @0.6:—
© C © =
»n 04 — »n 04
02 [ 02
0 :IIII|IIII|IIII|IIII|IIII|IIIII 0 O II|IIII|IIII|IIII|IIII (AN
0O 05 1 15 2 25 3 35 4 0O 05 1 15 2 25 3 35 4
T (sec) T (sec)
1 1
r B3_NORTHR-CEN r B4_NORTHR-FLE
08 - 08
@O.B @0.6_—
© © :
»w 04 w 04
0.2 0.2
0 II|IIII|IIIIIIII t el O_III|IIII|IIIIIIIIII T 'I""
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
T (sec) T (sec)
1 1
C B5_SFERN-L C B6_SFERN-PEL
08 08 -
506 - 50.6:—
© C © C
" 04 " 04
0.2 [x 02 F
O:IIII|IIII|IIII|IIII|IIII ...'I"" 0:IIII|IIII|IIII|IIII|IIII IIIIIIIII‘
0O 05 1 15 2 25 3 35 4 0O 05 1 15 2 25 3 35 4
T (sec) T (sec)
1_
" B7_SPITAK
08 -
§0.6:—
© =
‘00.4_—
0.2 h
0:IIII|IIII|IIII|IIII|IIIIIIIIIIIIIII

0 05 1 15 2 25 3 35 4
T (sec)

Figure 5.17: Elastic response spectra at the surface of FLAC model for the 7 motions of the seismic
scenario B

IxAua 5.17: EAaotika ¢aopata amokplong otnv emnidpavela tou FLAC yua tig 7 Sleyépoelg tou
OElopKOU ogvapiou B
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5.3.3 Shear wave velocity evaluation of the liquefied ground

In addition to the numerical simulation of the liquefied ground response, the shear wave
velocity of the liquefied ground V;, is numerically estimated using the “pulse method”.
More specifically, after the end of the seismic excitation, flow is turned off in order to
prevent excess pore water pressure dissipation and, after a “quiet” period of 2.5 sec, a single
sine pulse with maximum acceleration a,,.,, = 0.05g and period T = 0.5 sec is applied at the
base of the model as a stress time-history. It must be noted that the quiet period is applied
for the attenuation of any propagating waves, induced by the seismic excitation and for the
minimization of any resultant velocities and displacements. The shear wave velocity is
estimated from the lag in the first arrival time of the pulse at the top and the bottom of the

liquefied sand layer, as follows:

Hi
e A—t (5.2)

VS
The criterion for the determination of the first arrival time is the first exceedance of 0.01g in
the recorded acceleration time-histories. Taking into account that, for the majority of the
numerical analyses, the soil profile is not liquefied between 19 — 23 m depth, it is decided to
estimate the shear wave velocity only at the upper 19m. Note that the same sine pulse has
been applied before any seismic excitation and led to an average initial (prior to any excess

pore pressure buildup) shear wave Vs, = 271.4 m/sec.

The estimates of Vs, and the respective Vs /Vs ratio for all the numerical analyses are
summarized in Table 5.6. It is thus observed that the Vs ,/Vs ratio ranges from Vs ,/Vs = 0.08
to 0.27. These values are in good agreement with the results of Bouckovalas et al. (2013),
who measured Vs, after harmonic seismic excitations using the “pulse method” and found
that Vs io/Vs = 0.10 — 0.25. Having already estimated the factor of safety against liquefaction,
the reduction in shear wave velocity can be compared with the proposed chart of Miwa &
Ikeda (2006), as shown in Figure 5.18. An overall good comparison between the results is

observed, despite the scatter of the numerical estimates.
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Table 5.6: Numerical estimates of the shear wave velocity of liquefied ground

Nivakag 5.6: ApLOUNTIKEG EKTLUNOELG TNG TAXUTNTAG SLATUNTIKOU KUOTOG PEUCTOMOLN OOV £8ddoug

Seismic Scenario A Seismic Scenario B
Motion Seismi v Seismi v
# eismic s liq Ver JV eismic s liq Ver /V
Motion (m/sec) siiaf Vs Motion (m/sec) siiaf Vs
1 ITALY-BAG 32.3 0.12 NEWZEAL 42.3 0.16
2 ITALY-VLT 27.8 0.10 NORTHR-BLD 37.7 0.14
3 KOBE-AMA 58.6 0.22 NORTHR-CEN 43.0 0.16
4 KOBE-KAK 21.1 0.08 NORTHR-FLE 44 .4 0.16
5 KOBE-TDO 25.0 0.09 SFERN-L 75.7 0.28
6 LOMAP-AND 234 0.09 SFERN-PEL 39.9 0.15
7 LOMAP-GIL 59.9 0.22 SPITAK 52.9 0.19
0.5
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Figure 5.18: Comparison between the numerically estimated Vs ,/Vs ratio with the range of Miwa &
Ikeda (2006)

IxAMo 5.18: ZUykpLoN TwV ApLBUNTIKWY EKTLUAGEWY TOU AGYoU Vs e/Vs e To Stdypappa twv Miwa
& lkeda (2006)
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5.4 Summary

In this Chapter, the liquefied ground response of an actual soil profile was parametrically
studied using FLAC and the numerical methodology that was established in Chapter 4. In
particular, the selected site is located within the riverbed of Strymonas river in Serres,
Greece, and has been the subject of geotechnical investigation due to the foundation of the
middle pier of “Strymonas river” bridge of “Egnatia Odos” Highway. It has been created from
river deposits and consists of about 19 m of loose liquefiable silty sands over denser sands
and clayey soil layers. This site is subjected to 14 seismic excitations with different
characteristics, leading to substantially different factors of safety against liquefaction. The
values of the associated FS, are evenly distributed in the range of FS, = 0.40 — 1.40, covering

the whole range of practical interest.

The numerical analyses focussed on two main aspects of liquefied ground response: the
elastic response spectrum at the free ground surface, as well as the average shear wave
velocity of the liquefied ground, at the end of shaking. Thus, a database of numerical case
histories has been developed, which may be combined with the field case studies described
earlier, for the more accurate calibration of the proposed simplified methodology for the

prediction of the liquefied ground response.
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Chapter

Calibration of the Proposed Analytical Methodology

6.1 General

The basic principles of the analytical methodology for the estimation of the elastic response
spectra for liquefied ground have been established in Chapter 3. A preliminary calibration
has been also conducted using exclusively the seismic motion recordings from 3 liquefaction
case histories. In this Chapter, the proposed methodology is refined and re-calibrated
against both the results of the case histories and the parametric numerical analyses for the

“Strymonas river” site, which were presented in Chapter 5.
6.2 Equivalent Linear Analyses for the Strymonas River Site

The “Strymonas river” site is analyzed following the same methodology with the case
histories recordings, which has been described in detail in Chapter 3. In summary, equivalent
linear analyses for “non-liquefied” and totally “liquefied” ground are initially performed and,
subsequently, the correlation coefficient of spectral accelerations, “a”, is calculated in terms
of period from Equation (3.27). This procedure is followed for the 13 of the total 14
parametric numerical analyses of Chapter 5, as the results of one analysis, i.e. “A3: Kobe-

Ama”, have been excluded from any statistical processing due to the excessive noise of the

numerical predictions.

For conducting the equivalent linear analyses, the soil profile is discretized in 6 layers, as
shown in Table 6.1, with each layer subsequently divided in two sublayers. The input values
for the “non-liquefied” analyses are summarized in Table 6.1 and the shear wave velocity
profile is plotted in Figure 6.2. In each soil layer, the shear modulus reduction and damping

ratio curves for Pl = 0%, as proposed by Vucetic & Dobry (1991), are used (Figure 6.1). The
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input seismic excitations (Figure 5.2 & Figure 5.3) are applied as outcropping bedrock

motions at the base of the model.

1.2 | 25
- Vucetic & Dobry - Vucetic & Dobry
1 E —e— PI=0% 20 = —— PI=0%
0.8 S F
= o 15 F
Q 0.6 g- =
o o4 E g 10
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0 E | IIIIIII| | IIIIIII| | IIIIIII| 1 1111 0 = | IIIIIII| | IIIIIII| 1 11
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Shear Strain (%) Shear Strain (%)

Figure 6.1: Modulus reduction and damping versus shear strain curves (Vucetic & Dobry 1991)

IXAHa 6.1:  KaumUAeg amopeilwong LETPOU SLATUNONG KOl AMOCGBECNG OUVAPTHOEL TNG SLATUNTIKAG
napapopdwong (Vucetic & Dobry 1991)

Table 6.1: Input parameters of the equivalent linear analyses for “non liquefied” ground
Nivakag 6.1: AsdSopéva Twv LooSUVAUWY YPOUUKWY AVOAUCEWY yLa “Un peuotomolnuévo” €6adog
Layer | Thickness '} Gnax Vs
# (m) (kN/m?) | (MPa) | (m/sec)
1 3.0 19.0 62.06 179
2 4.0 19.0 52.73 165
3 4.0 19.0 75.93 198
4 4.0 19.0 100.68 228
5 4.0 19.0 89.53 215
6 4.0 19.0 125.94 255
7 oo 21.0 647.55 550

As for the totally “liquefied” analyses, the shear wave velocity at the upper 5 layers (0 — 19m
depth) is reduced to a prescribed Vsj,/Vs ratio and the shear modulus remains constant
during the analyses (i.e. G/Gnax = 1). An independent parametric study for the Vs ,/Vs ratio is
conducted for each seismic excitation to find the ratio that provides the best fit to the
numerical predictions. The examined ratios vary from Vs;,/Vs = 0.07 to 0.22 and are
summarized in Table 6.2. The corresponding range of the resulting Vs, shear wave velocity
profile is plotted in Figure 6.2, while the results of all parametric analyses are presented in
Appendix B, in terms of acceleration time-histories, response spectra and correlation

coefficients “a”.
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Figure 6.2: Shear wave velocity profile used at the equivalent linear analyses for (a) “non-liquefied”
and (b) “liquefied” ground

IXAHa 6.2:  MetaBoAn Tng taxutnTag S1adoong SLATUNTIKWY KUUATWY UE To BAaBog oTig avaAUuoelg
ywa (a) “un peuotonotnuévo” kat (B) “ peuotonoinpévo” £6adog

In each case, the Vs,/Vs ratio for which the corresponding response spectrum for
“liquefied” ground matches with the real one in long periods (i.e. T > 1sec) is selected for the
next steps of the statistical processing. The selected Vs ,/Vs ratios are summarized in Table
6.2 and compared in Figure 6.3 with the respective numerical estimations in FLAC (Table
5.6). It is observed that the results are almost identical for 10 out of the 13 cases, while FLAC
predicts higher ratios to the remaining cases. These cases correspond mainly to large FS,
values (FS, > 1), in which only partial liquefaction has occurred and, consequently, these

results cannot be considered as representative for totally “liquefied” ground.

The response spectra for “non-liquefied” and “liquefied” ground, that correspond to the

III

selected Vs 4/Vs ratios, are compared with the numerically predicted ones (“real”) in Figure
6.4 and in Figure 6.6. The corresponding correlation coefficients “a” are presented in Figure

6.5 and in Figure 6.7.
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Table 6.2: Examined and selected V; i,/V; values at the analyses of “liquefied” ground

Mivakag 6.2: ESeTalOpPEVEG KOL TEALKEG TLHEG TOU Vy io/Vs OTIG avaAloEeLg “peuoTomnotnpévou” edadoug

" Seisr:nic Fs, Selected Examined Vs jio/Vs

Motion VsiialVs | #1 #2 #3 #4 #5
Al ITALY-BAG 1.03 0.11 0.08 0.09 0.10 0.11 0.12
A2 ITALY-VLT 1.36 0.10 0.09 0.10 0.11 0.12 0.13
A4 KOBE-KAK 0.56 0.09 0.08 0.09 0.10 0.11 0.12
A5 KOBE-TDO 0.49 0.10 0.09 0.10 0.11 0.12 0.13
A6 LOMAP-AND 0.58 0.10 0.09 0.10 0.11 0.12 0.14
A7 LOMAP-GIL 0.38 0.13 0.11 0.12 0.13 0.14 0.17
B1 NEWZEAL 0.78 0.12 0.10 0.12 0.14 0.15 0.16
B2 NORTHR-BLD 0.80 0.13 0.12 0.13 0.14 0.15 0.16
B3 NORTHR-CEN 0.41 0.16 0.09 0.10 0.11 0.12 0.16
B4 NORTHR-FLE 1.17 0.17 0.15 0.17 0.19 0.20 0.22

B5 SFERN-L 1.38 0.17 014 | 0.16 | 0.17 | 0.18 | 0.20
B6 SFERN-PEL 0.99 0.14 0.13 0.14 0.15 0.17 0.19
B7 SPITAK 0.91 0.13 010 | 012 | 0.13 | 0.14 | 0.9
03 [
025 |
>’ 02 |
>;§ - °
5 015
g E ° o o
> 0.1 :: ~
0.05
0:IIIHIIIHIIIHIIIHIIIHIII
0 005 01 015 02 025 03

Vsiq ! Vs - FLAC analyses

Figure 6.3:  Comparison between the selected Vs ;,/Vs ratios and the numerical estimations in FLAC

IXAKa 6.3:  ZUYKPLON TWV ETUAEYOUEVWV AOYWV Vs o/ Vs LE TLG aplBunTikég mpoBAEPeL; oto FLAC
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Figure 6.4: Comparison of response spectra at the soil surface: real, for “non-liquefied” and
“liquefied” ground — seismic scenario A

“

IXAHa 6.4:  IUykplon  GoopdTwy  omokplong  otnv  embAVELR:  TIPOYUATLKO, Yl un
PEUCTOTOLNEVO” KaL yla “peucTomolnuévo” €6ado¢ — OELOULKO oevaplo A
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Figure 6.6: Comparison of response spectra at the soil surface: real, for “non-liquefied” and
“liquefied” ground — seismic scenario B

“

IXAHa 6.6:  IUyKkplon GOOMATWY  OmOKpLoNg Otnv  emldAVELX:  TIPOYUATLKO,  yla un
pPEUCTOMOLNUEVO” KO Yl “peucTomolnuévo” €6ado¢ — oeloULIKO oevaplo B
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6.3 Evaluation of Numerical Predictions
6.3.1 Statistical processing

According to the proposed methodology, the parameters that need to be determined are:

(a) the proper value of Vs i,/Vs for the seismic response analyses for “liquefied” ground
(b) the correlation coefficient for the peak ground acceleration “opga”
(c) the variation of coefficient “a” with period

These parameters will be re-calibrated, based on the 13 analyses for the “Strymonas river”
site along with the recordings of the 3 case histories (ElImore Ranch and Superstition Hills

earthquakes in WLA and Kobe earthquake in Port Island).

Starting with the Vs;,/Vs ratio, the values obtained from the numerical analyses for
Strymonas river and those obtained from the three case studies, are compared in Figure 6.8
to the chart that has been proposed by Miwa & lkeda (2006) and extended in Chapter 3 for
FS. > 1. The observed agreement is fairly good and suggest that the same chart may be used

for the a-priori selection of Vs ,/Vs in the new methodology.

0.5
R [ Miwa & lkeda
04 N B Case Histories
L ® Strymonas
w 0.3 —
> L
-2
> 02 | ' n
i ° :.j }* ----- .-
. [ )
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0 L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1
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FS,

Figure 6.8:  Comparison between the selected Vs ;,/Vs ratios with the range of Miwa & lkeda (2006)
IXAMo 6.8:  ZUykpLon ETUAEYOUEVWV AOYWV Vs e/ Vs e TO Stdypappa Twv Miwa & lkeda (2006)

The next parameter to be determined is the value of interpolation parameter “a” for the
peak ground acceleration (i.e. apga). The results are plotted versus the factor of safety

against liquefaction in Figure 6.9, along with the fitting curve proposed in Chapter 3
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(Equation 3.28). It is observed that, with the exception of 2 analyses (B5: Sfern-L and B7:
Spitak), the apga values for “Strymonas river” follow closely the trend of the case histories. In
addition, it is observed that the “old” fitting curve (Equation 3.28) overpredicts the “opgp”
values, forming a consistent upper bound, while the best average fit is obtained when the

variation of “apga” with the factor of safety is revised as follows:

0.70
1 t( FS
ooy =—31+c0S| —| —= (6.1)
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Figure 6.9:  Selected data and fitting curves of the coefficient “a” for PGA versus FS,

“, n

IXAHA 6.9:  ETUAEYOUEVEG TUUEG KOL TIPOOEYYLOTLKN KAUTIUAN Tou “a” yia to PGA cuvaptrosL tou FS,

Getting back to the two (2) analyses which fall outside the range of the remaining data
points, it is noted that the corresponding empirical factors of safety against liquefaction are
FS. = 0.91 and 1.38 respectively, implying that the first site has hardly liquefied (i.e. at the
end of strong shaking) while the second site has not liquefied. However, examining the
detailed numerical predictions (Figures A.12 and A.14 in Appendix A), it is observed that
liguefaction has occurred much earlier, for both sites. In other words, the actual FS, values
are much lower that the empirical predictions and the corresponding points should be
shifted to the left in Figure 6.9, approaching Equation (6.1). This observation raises a serious
issue that needs to be thoroughly considered in future studies, namely the compatibility
between empirical and analytical/numerical methods used to predict the liquefaction

potential of free-field sites.
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Finally, the last parameter that must be determined is the variation of “a” with period.
Observing the correlation coefficients of Figure 6.5 and Figure 6.7, it is decided to preserve
the step-like variation adopted in Chapter 3, i.e. a(T) = apga until a specific period value
(T<Tq-1) and a = 1 for T > T,.,. Figure 6.10 correlates the T,., value of each analysis, which
was considered as the minimum period value for which “a” equals unity, with FS. A
tendency for a slight decrease with FS, is observed. However, the physical meaning of this
trend is questionable and its practical implications are rather minor, so that it was found

proper to assume that T,.; is independent of FS;, equal to T,-; = 1.1sec.
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Figure 6.10: Collaration of the smaller period value that a = 1 (T,-;) with FS,

IXAHa 6.10: ZUGCXETLON TNG MLKPOTEPNC TTEPLOSOU yLa TNV omola toxVel a = 1 (Tq-1) € TO FS,

To provide a smoother transition from a(T) = apea to a(T )= 1.0, Equation (6.2) is suggested

for the variation of “a” with period (values of period in seconds):

a(T) = (“;‘PGA j+(1_;‘m jtanh[lO(T—O.SO)] (6.2)

The shape of the S-shaped variation is shown in Figure 6.11, in comparison with the original
bilinear variation. The correlation coefficient “a”, as predicted from Equation (6.2), for the

“Strymonas river” analyses are compared with the actual values in Figure 6.12 and in Figure

6.13.
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IXAHa 6.12: MPAyHOTIKEG KL TIPOOEYYLOTIKEG KAUTIUAEG TOU “a” — OELOULKO OgVApLO A
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6.3.2 Accuracy evaluation of the proposed methodology

To evaluate the overall accuracy of the analytical methodology, as it is was finally calibrated,
the analytically predicted response spectrum on the surface of each examined case, Sapgep, is
compared with the “actual” spectrum and with the simplified analytical predictions of Miwa
& lkeda (2006). To calculate Sapgep, Equation (6.3) is used, combined with the “a” variation

of Equation (6.2):
SOppe, = Say, —a-(Say, —Sa,) (6.3)

The predicted and the recorded response spectra on the soil surface of the “Strymonas
river” site are plotted in Figure 6.14 and in Figure 6.15. The respective comparisons for Port
Island and for Superstition Hills and Elmore Ranch earthquakes are presented in Figure 6.16
— Figure 6.18. It must be noted that for cases with FS, > 1, the revised chart of Vs ,/Vs ratios

(Figure 6.8) is used, as the original chart of Miwa & lkeda (2006) is limited to FS, < 1.

Evaluating the new methodology, a good comparison is observed between the predicted
and the real response in the 3 case histories and in 12 of the 13 analyses in “Strymonas
river”. In the only case that the comparison is not satisfactory (A2: Italy-Bag), the response is

overestimated, which implies that the new analytical methodology is more conservative.

On the other hand, Miwa & lkeda (2006) provide sufficient predictions, only in one analysis:
Port Island, where FS, is small and liquefaction occurs immediately. It is note-worthy that,
for the remaining analyses, the predicted results are significantly un-conservative for short
period values. This fact underlines the main benefit from the new analytical methodology,
namely that it takes into account the pre-liquefaction segments of the seismic excitation and

provides more realistic predictions of the liquefied ground response.
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Figure 6.14: Comparison between recorded response spectra and predictions with the new
methodology and according to Miwa & lkeda (2006) — Strymonas, seismic scenario A
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Figure 6.15: Comparison between recorded response spectra and predictions with the new
methodology and according to Miwa & lkeda (2006) — Strymonas, seismic scenario B
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6.4

Summary

In summary, the steps of the proposed methodology are the following:

1.

Estimate the factor of safety against liquefaction FS_ from CPT or SPT results

Perform equivalent linear analysis for “non-liquefied” ground and calculate the

response spectrum, Say,.

Based on FS,, determine the appropriate shear wave velocity of the liquefied ground

from Figure 6.19

0.5

0.4

» 0.3

Vgig! V.

O_III|III|III|III|IIIIII|III|III

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
FS,

Figure 6.19: Relationship between the shear wave velocity reduction ratio Vs),/Vs and FS,

IXApa 6.19: ZUCKETLON TOU HELWTIKOU OUVTEAEDTH Vs i/ Vs PE TO FS|

Perform equivalent linear analysis for fully liquefied ground using the shear wave

velocity of step 3 and G/G.x = 1 and calculate the response spectrum, Sa,.

Calculate coefficient “apgs” based on FSy, as:

0.70
1 ni( FS
o,.,=—<1+cos| — L 6.4
A {2(0.65) } (6.4)

Calculate coefficient “a” for each period value, T:

a(T) = (“;‘PGA j+(1_;‘m jtanh[lO(T—O.SO)] (6.5)

Calculate for each period value the predicted spectral acceleration of the liquefied

ground:

Spney (T) = Sa,, (T)—a(T)-[ Sa,, (T)—Sa,(T) ] (6.6)
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Appendix B: Results of Equivalent Linear Analyses for Strymonas River Site

Appendix

Results of Equivalent Linear Analyses for Strymonas River Site

Table B.1:  Examined V,,/V; values at the analyses of “liquefied” ground

Nivakag B.1: E§etalopeveg THEG TOU Vg i/ Vs 0TI avalloeLg “peuotonotnpévou” edddoug

Seisr:nic Es, Examined V;,/Vs — “Liquefied” Analyses

Motion Lig. #1 | Liq. #2 | Liq. #3 | Liq. #4 | Lig. #5
Al: ITALY-BAG 1.03 0.08 0.09 0.10 0.11 0.12
A2: ITALY-VLT 1.36 0.09 0.10 0.11 0.12 0.13
A4: KOBE-KAK 0.56 0.08 0.09 0.10 0.11 0.12
A5: KOBE-TDO 0.49 0.09 0.10 0.11 0.12 0.13

A6: LOMAP-AND 0.58 0.09 0.10 0.11 0.12 0.14
A7: LOMAP-GIL 0.38 0.11 0.12 0.13 0.14 0.17
B1: NEWZEAL 0.78 0.10 0.12 0.14 0.15 0.16
B2: NORTHR-BLD 0.80 0.12 0.13 0.14 0.15 0.16
B3: NORTHR-CEN 0.41 0.09 0.10 0.11 0.12 0.16
B4: NORTHR-FLE 1.17 0.15 0.17 0.19 0.20 0.22

B5: SFERN-L 1.38 0.14 0.16 0.17 0.18 0.20
B6: SFERN-PEL 0.99 0.13 0.14 0.15 0.17 0.19
B7: SPITAK 0.91 0.10 0.12 0.13 0.14 0.19
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Appendix B: Results of Equivalent Linear Analyses for Strymonas River Site
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Appendix B: Results of Equivalent Linear Analyses for Strymonas River Site
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Figure B.9: Results of the equivalent linear analyses for motion B3: NORTHR-CEN
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Appendix B: Results of Equivalent Linear Analyses for Strymonas River Site
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Figure B.10: Results of the equivalent linear analyses for motion B4: NORTHR-FLE

IxAHa B.10: AmoteAéopata LooSUVAUWY YPOUUKWY avaAUoewy yla tnv §évnon B4: NORTHR-FLE

215




Appendix B: Results of Equivalent Linear Analyses for Strymonas River Site
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Figure B.11: Results of the equivalent linear analyses for motion B5: SFERN-L
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Figure B.12: Results of the equivalent linear analyses for motion B6: SFERN-PEL
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Figure B.13: Results of the equivalent linear analyses for motion B7: SPITAK

IxnHa B.13: AmoteAéopata LooSUVOUWY YPAUUKWY avaAUoewV yla thv §6vnon B7: SPITAK
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