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Zusammenfassung

Computersimulationensind ein wichtiger Bestandteilnatur-, ingenieur- und sozialwissen-
schaftlicherForschung.Da Prozessewie die Kollison von Galaxien,die Klimaentwicklung
und Erdbebenals Experiment nicht durchführbarsind, ist die Simulation mit Hilfe von
Computernvon besondererBedeutung.So helfen SimulationenvergangenerErdbebendie
beobachteteBodenbewegungzu verstehenund zu erklären.ZukünftigeErdbebenkönnenmit
Computernsimuliert werden,um Aussagenüber die Stärke der Bodenbewegung zu machen
und besondersgefährdeteGebietezu lokalisieren.In dieserArbeit wird die Bodenbewegung
deskrustalenKocaeli-Erdbebensvon 1999in der Türkei modelliert.Weiter werdendie mittel-
tiefen Vrancea-Starkbebenin Rumäniensimuliert. Die hier vorgestelltenBeispielezeigendas
großeAnwendungspotenzialvonComputersimulationenvergangenerundzukünftigerErdbeben.

Kapitel 1: Modellierung der Wellenausbreitung in elastischenMedien

Die AusbreitungvonWellenin elastischenMedienwird durchdie linearisierteImpulsgleichung

�
@2ui

@t2
= fi +

@�i j

@xj
,

mit derVerschiebungui, demSpannungstensor� i j undderKörperkraftdichtefi beschrieben.Die
verwendetelineareSpannungs-Dehnungsbeziehungfür isotropeMedienlautet:

� i j = (�� i j � kl + � (� ik� jl + � il � jk))uk;l ,

mit den elastischenKonstanten� und � . Um Wellenausbreitungfür beliebigeVerteilungen
der elastischenParameterzu simulieren,wird die Finite-Di� erenzen(FD) Methodeauf die
Bewegungsgleichungunddie Spannungs-Dehnungsbeziehungangewendet.Hierbeiwerdendie
auftretendenräumlichenund zeitlichenAbleitungendurch FD-Quotientenersetzt.Einschrän-
kungenergebensichausderauftretendennumerischenDispersion,derenEin�uss mit steigenden
FrequenzenundLaufwegenundmit kleinerwerdendenminimalenS-Wellengeschwindigkeiten
im Modell zunimmt. Um der numerischenDispersionentgegen zu wirken, mussder Gitter-
punktabstandreduziertwerden.Dies bedeutetwiederummehrGitterpunkteund folglich einen
erhöhten Speicherbedarf.Heutzutagekönnen 2D FD-Simulationender Wellenausbreitung

iii



Zusammenfassung

von Erdbebenfür typischeModellgebietevon einigen 100 km Ausdehnungund minimalen
S-Wellengeschwindigkeitenvon etwa 1 km/s bis zu einigenHz simuliertwerden(Kebeasyand
Husebye,2003; Furumuraand Kennett,2005). 3D Modellierungensind dagegen wesentlich
speicherintensiver und sind selbstauf Großcomputernnur bis ungefähr1.5 Hz durchführbar
(Benites and Olsen, 2005; Olsen et al., 2006). Daher spielen 2D FD-Modellierungeneine
wichtige Rolle für Modellierungender Bodenbewegung in dem für Bauwerke interessanten
Frequenzbereichbis10Hz. Quellenin 2D aberentsprechensenkrechtzum2D Schnittunendlich
ausgedehntenQuellenin 3D. Deshalbmüssendie in 2D simuliertenSeismogrammekorrigiert
werden,um die entsprechendenSeismogrammefür eine Ausbreitungin 3D zu erhalten.Die
von Vidale andHelmberger (1987)angegebeneKorrekturkannaberin Kombinationmit dem
verwendeten2D FD-Programm(Karrenbach,1995) nicht angewendetwerden.Deshalbwird
eineKorrekturmethodeentwickelt, die esermöglicht2D FD-SimulationendesProgrammesvon
Karrenbach(1995)wie auchanderergängiger2D FD-Programmezu korrigieren.Ausgeführte
TestrechnungenunterstreichendieAnwendbarkeit desentwickeltenKorrekturverfahrens.

Kapitel 2: Modellierung desKocaeli-Bebens(Türk ei)

Das Kocaeli-Erdbebenvon 1999 forderte über 15000 Tote, etwa 400000 Obdachloseund
verursachteSchädenvonungefähr40Mrd. USDollar (EERI,1999).SechsseismischeStationen
mit Abständenvon höchstens20 km zur Verwerfung zeichnetendie Bodenbewegung auf.
MakroseismischeIntensitätenvon X wurdenim Epizentralgebietentlangder südlichenKüste
der Bucht von Izmit und im AdapazariBecken östlich desEpizentrumserreicht.Die aufge-
zeichnetenBeschleunigungenscheinenaber im Vergleich zu den aufgetretenenSchädenund
denzu erwartendenBeschleunigungennachBooreet al. (1997),Campbell(1997)und Sadigh
et al. (1997)zu geringzu sein.Die BodenbewegungdiesesErdbebenswird mit einem3D FD-
VerfahrenOlsen(1994)simuliert.Die für dieetwa120km langenund20km tiefenVerwerfung
invertiertenBruchprozessevon Bouchonet al. (2002)undSekiguchiandIwata(2002)werden
in die Modellierungmit demVerfahrenvon Miksat (2002)andMiksat et al. (2005)einbezogen.
Bouchonet al. (2002)stützt sich auf die Datenvon sechsStrong-Motion-Stationeninnerhalb
einesBereichesvon 20 km zur Verwerfung.SekiguchiandIwata(2002)verwendenDatenvon
Stationenmit Entfernungenvon bis zu 50 km zur Verwerfung.Die VerteilungderVersätzeund
AnstiegszeitenzeigendeutlicheUnterschiedezu Bouchonet al. (2002).Da für die Region des
Kocaeli-ErdbebenskeinpubliziertesUntergrundmodellexistiert,wird in AnlehnungandieLage
derSedimenteunddieGeschwindigkeits-undDichtewertenachErgin etal. (1998)andKarahan
et al. (2001)ein vereinfachtesModell entwickelt. Die Wellenausbreitungbis 1.5Hz wird für
insgesamt75ssimuliert.ModellierteundbeobachteteSeismogrammewerdenandenStationen,
die innerhalbdes Modellgebietesliegen und die von Bouchonet al. (2002) und Sekiguchi
and Iwata (2002) verwendetwurden,verglichen. In einem weiterenSchritt werdenaus den
synthetischenSeismogrammenbasierendauf Sokolov (2002) makroseismischeIntensitäten
berechnet.Die BerechnungmakroseismischerIntensitätenausdensimuliertenSeismogrammen
ermöglichteinen�ächenhaftenVergleichzwischenBeobachtungundModellierung.
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Zusammenfassung

Die modellierteVerteilungdermaximalenhorizontalenGeschwindigkeiten(PHV) zeigteinsehr
komplexesBild. UnterderVerwendungdesBruchvorgangesvon Bouchonet al. (2002)werden
nahedergroßenVerschiebungenaufderVerwerfunggroßeAmplitudenerzeugt.Allgemeinsind
die großenPHV-Wertedeutlichauf denBereichder Sedimentebegrenzt.Durch die bilaterale
BruchausbreitungführenDirektivitätse� ektezu großenPHV-Wertenweit westlichund östlich
der Verwerfung.DieserE� ekt wird in RichtungOstendurch die hoheBruchgeschwindigkeit
verstärkt.Weiter liegt die Ost-West orientierteVerwerfungin einem Sedimentband,das als
Wellenleiterfungiert und durchwelchesdie durchdie Direktivität erzeugtenAmplitudenüber
großeEntfernungengeführt werden.Bemerkenswert ist, dasskeine der sechsStationenin
einemBereichgroßerPHV-Werte liegt. Der Vergleich der Seismogrammean den Standorten
dersechsStrong-Motion-Stationen,dievonBouchonetal. (2002)verwendetwurden,zeigteine
guteÜbereinstimmungfür die ersten5 bis 10 s der Seismogramme.Die ausdenmodellierten
SeismogrammengewonnenensynthetischenmakroseismischenIntensitätenbeschreibenin
einem Bereich von 10 - 20 km zur Verwerfunggut die beobachteteVerteilung.Die hohen
IntensitätenvonIX bisX entlangdersüdlichenKüstedesGolfesvonIzmit, dieetwasgeringeren
Intensitätenvon VIII zwischenEpizentrumund Adapazari-Becken, sowie Intensitätenvon
X im Adapazari-Becken werdendurch die Modellierunggut wiedergegeben.Auch hier liegt
keineStationim Bereichder IntensitätX. Diesdeutetdaraufhin, dassdie im Vergleichzu den
Schädenzu geringenaufgezeichnetenBeschleunigungswertedadurcherklärt werdenkönnen,
dasskeineStationin einerRegionmaximalerBodenbewegungstand.
Unter Verwendungdes von Sekiguchi and Iwata (2002) invertierten Bruchprozesseszeigt
sich wiederum ein komplexes Bild der Verteilung der PHV. Hier führen die sehr kurzen
Anstiegszeitenim BereichdergroßenVersätzeaufderBruch�ächezusehrgroßenPHV-Werten.
Das Bild unterscheidetsich aufgrundder Unterschiedein den Bruchdetailsdeutlich von der
Modellierungmit dem Bruchprozessvon Bouchonet al. (2002). Auch für die Modellierung
mit dem BruchvorgangnachSekiguchiand Iwata (2002) werdendie Seismogrammean den
verwendetenStationenim Modellgebietin den ersten5-10 s reproduziert.Die syntehtischen
makroseismischenIntensitätenergeben aber ein deutlich anderesBild. Hier wird nur im
BereichdesEpizentrumsunddesAdapazaribeckensdiebeobachteteIntensitätsverteilungrichtig
wiedergegeben.Auchhier liegt keinederStationenin einerRegion großerPHV undmaximaler
Intensität.Die Modellierung mit beiden Bruchprozessen(Bouchon et al., 2002; Sekiguchi
and Iwata,2002) reproduziertalso gut die Seismogrammean den zur Inversionverwendeten
Stationen.Die beobachtetenmakroseismischenIntensitätenwerdenabernur unterVerwendung
desBruchprozessesnachBouchonetal. (2002)wiedergegeben.
Die ModellierungdesKocaeli-Bebenszeigt,wie zuletztauchdie BeobachtungendesPark�eld-
Bebens(Shakalet al., 2006),dassdie Stärke der Bodenbewegungnaheder Verwerfungslinie
starke räumlicheVariationenaufweistund dort schwerdurchAbminderungsfunktionen(z. B.
Booreet al., 1997;Campbell,1997;Sadighet al., 1997)beschriebenwerdenkann.Vielmehr
kanndieEntwicklungvonAbminderungsfunktionenausdenDatendesKocaeli-Bebenszueiner
gefährlichenUnterschätzungdermöglichauftretendenBodenbewegungennahederBruch�äche
führen.
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Zusammenfassung

Kapitel 3: Finite-Di � erenzenModellierung der Vrancea-Erdbeben

Die Vrancea-Region in Rumänien ist Gegenstanddes von der DeutschenForschungsge-
meinschaftgefördertenSonderforschungbereiches461'Starkbeben:Von geowissenschaftlichen
Grundlagenzu Ingenieurmaßnahmen'an der UniversitätKarlsruhe(TH). Pro Jahrhundertsind
in dieserRegion drei Erdbebenmit Magnitudengrößerals7.2zu erwarten,waseinegroßeGe-
fährdungfür Rumänienund die benachbartenLänderdarstellt.So fordertedasErdbebenvom
4. März 1977(MW=7.4) in Bukarest1570Toteund11300Verletzte(WenzelandLungu,2000;
Cio�an etal.,2004).Alle mitteltiefenVrancea-Bebentretenin einemsehrkleinenQuellvolumen
unterhalbdessüdöstlichenKarpatenbogensauf. DieseSeismizitätwird mit einemsubduzier-
tenLithosphärenstückin Verbindunggebracht,dassichim letztenStadiumderSubduktionent-
langderosteuropäischenPlattformbe�ndet (Sperneret al., 2001).Die Isoseistenaller Vrancea-
StarkbebenzeigeneineSüdwest-Nordostorientierteovale Form. Die EntstehungdieserForm,
die auchin derVerteilungdermaximalenhorizontalenBeschleunigungen(PHA) zubeobachten
ist (Popaet al., 2005;Sokolov andBonjer, 2006),wird kontroversdiskutiert.WährendMan-
drescuandRadulian(1999)denEin�uss derQuelleunddie lokalenStandorte� ekteverantwort-
lich machen,werdendieseE� ektevon Popaet al. (2005)ausgeschlossenund die beobachtete
Verteilungauf die VariationderDämpfungim oberenMantelzurückgeführt.Um dasZustande-
kommendieserovalenVerteilungderBodenbewegungzu ergründen,wird ein 2.5Dundein 3D
FD-Verfahrenzur Simulationder Wellenausbreitungangewendet.Da alle Vrancea-Starkbeben
ähnlichesStreichen,FallenundeinenähnlichenVersatzwinkel aufweisen,wird repräsentativ das
Mw = 7.1Bebenvon1986modelliert.Die für FD-RechnungenwichtigeStrukturdesUntergrun-
desvon Südost-Rumänienist sehrgut bekannt(Martin et al., 2005,2006).Kennzeichnendsind
die tiefen„forearc“ SedimentbeckensüdlichundöstlichderKarpaten.Um realistischeWellen-
formenzu simulieren,werdendemUntergrundmodellstochastischeGeschwindigkeitsperturba-
tionennachHock et al. (2004)überlagert.Die 2.5D MethodesetztsichausderSimulationder
Wellenausbreitungfür mehrere2D Schnitte,dieumdieHypozentrums-Epizentrumsachserotiert
sind,zusammen.DadurchkanndieBodenbewegung�ächenhaftsimuliertwerden.Die einzelnen
2D SchnittedurchdasUntergrundmodellsind350km langund131km tief. DerGitterpunktab-
standbeträgt140m. Die Modellierungerfolg für 64s mit einemZeitschrittvon8 ms.Aufgrund
dernumerischenDispersionergibt sich für eineminimaleS-Wellengeschwindigkeit im Modell
von ungefähr1.7 km/s eine maximal zuverlässigeFrequenzvon 4.5 Hz. Die Wellenausbrei-
tung wird für die speicherintensiveren3D FD-Modellierungenfür ein kleineresModellgebiet
mit einerAusdehnungvon 85 auf 85 km bis in eineTiefe von 150 km ausgeführt.Mit einem
Gitterpunktabstandvon 500 m ergibt sich aufgrundder numerischenDispersiondie maximal
akzeptierteFrequenzzu 0.6 Hz. Die Erdbebenquellewird als Punktquellemit einerHerdzeit-
funktion nachBeresnev andAtkinson (1997)beschrieben,wobei die BruchdauernachBrune
(1970,1971)mit einemstatischenSpannungabfall von 150MPa skaliertwird. Die modellierte
VerteilungdermaximalenBeschleunigungen(PGA)zeigtdeutlichdiefür dieVrancea-Erdbeben
typischein Südwest-Nordost-Richtungorientierte,ovaleForm,wobeidiemaximaleBodenbewe-
gungetwa 70 km östlichdesEpizentrumsauftritt. Um die Entstehungdiesercharakteristischen
Form zu untersuchen,wird die Modellierungfür verschiedenevereinfachteUntergrundstruktu-
rendurchgeführt.DieModellierungin einemhorizontalgeschichtetenModellmachtdenEin�uss
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derQuellabstrahlungsichtbar, dadieandenhorizontalenSchichtgrenzenauftretendeRefraktion
punktsymmetrischzumEpizentrumist. Ausgehendvon diesemhorizontalgeschichetenModell
wird der Untergrundverändert,indemdie horizontalenSchichtgrenzenschrittweisedurchdie
von Martin et al. (2005,2006)gegebeneStrukturersetztwerden.Dies sind die Strukturendes
Grundgebirges,der Conrad-Diskontinuität,der Moho-Diskontinuitätund desMantels.Die re-
sultierendeVerteilungder PGA-Werteim horizontalgeschichtetenModell zeigt deutlich,dass
allein die Quellabstrahlungausreichtum eineSüdwest-Nordostorientierte,ovaleVerteilungder
PGA-Wertezu erzeugen.AufgrundderQuellabstrahlungtretenVariationenderPGA von etwa
400% auf. Nachder Einführungder TopographiedesGrundgebirgesergebensich für die Be-
reicheder tiefen„forearc“ SedimentbeckeneineVerstärkungderPGA um bis zu 150%. Diese
sehrgroßenVerstärkungenwerdendurchdieFokussierungdervonunteneinfallendenS-Wellein
die konvex geformtenSedimentbeckenerzeugt.An anderenStellentretenVerminderungender
AmplitudendurchDefokusierungaufgrundkonkav geformterBasementstrukturenauf.Nachder
Einführungder Conrad-undMoho-Diskontinuitätenändertsich dasBild nur unwesentlich,da
dieseStrukturenim Modellgebietnur geringelateraleTiefenvariationenaufweisenundfolglich
die auftretendenFokussierungs-undDefokussierungse� ektesehrklein sind.
Die 2.5D und 3D FD-Modellierungenzeigendeutlich,dassdie ovalenMusterder PGA-Werte
hauptsächlichdurchdieAbstrahlcharakteristikderQuelleverursachtwerden.Die Sedimenteöst-
lich desKarpatenbogensverstärkenlediglichdiesenE� ekt.DassdieAbstrahlungfür Frequenzen
bis zu 4.5 Hz zu beobachtenist, ist allerdingsnicht selbstverständlich,da die Komplexität der
Quelleund die Komplexität entlangdesLaufwegesdenEin�uss der Quellabstrahlungverwi-
schen.In verschiedenenArbeitenwird die Abstrahlungbis zu Frequenzenvon 3-6 Hz (Vidale,
1989),0.5Hz (Castroet al., 2006),1 Hz (Takenakaetal., 2003)und5 Hz (Siro andChiaruttini,
1989;Sirovich, 1994)beobachtet.Um die Auswirkungenvon Streukörpernauf die Wellenaus-
breitungabzuschätzen,wird für ein mit einerexponentiellenAutokorrelationsfunktionerstelltes
stochastischesModell mit konstantemMittelwertderP-Wellengeschwindigkeit von6 km/s,einer
Korrelationslängevon 2 km undeinerRMS Geschwindigkeitsabweichungvon 5% die Wellen-
ausbreitungsimuliert.Im VergleichzueinerModellierungohnestochastischeGeschwindigkeits-
�uktuationenführt dieStreuungzustarkenAmplitudenvariationenderWellenfront.Dennochist
die Abstrahlungbei BetrachtungdergesamtenWellenfrontauchnacheinemLaufweg vonmehr
als100km deutlichzu erkennen.Allerdingswird klar, dassbei BetrachtenderBodenbewegung
aneinigenwenigenStandorten,wie esbei BeobachtungrealerBebengegebenist, die Abstrah-
lung aufgrundder starken Amplitudenvariationenentlangder Wellenfrontnicht klar erkennbar
sein kann.Für die Vrancea-Erdbebenkannder klare Ein�uss der Abstrahlcharakteristikauch
auf die hohenSpannungsabfällevon mehrals 100 MPa zurückgeführtwerden,da hoheSpan-
nungsabfällekleineBruch�ächenim Vergleichzu krustalenBebenbedeuten.Folglich kanndie
QuellewesentlichimpulsivereundkohärentereSignaleerzeugenalsim FallevonniederenSpan-
nungszuständenund Spannungsabfällen,bei welchenRotationendesVersatzwinkels auftreten
können(Spudichet al., 1998).Ein übereinenweitenFrequenzbereichkohärentesund impulsi-
vesQuellsignalermöglichtes,dieAbstrahlcharakteristikübergrößereDistanzenundfür höhere
Frequenzenzu transportieren.
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Kapitel 4: Verfahren zur Modellierung der Bodenbewegung für die
Vrancea-Starkbeben

Daszur FD-ModellierungverwendeteUntergrundmodellvon Südost-Rumänien(Martin et al.,
2005,2006)enthältdie sehrgut bekanntengroßräumigenKrustenstrukturendesGrundgebirges
und der Conrad-und Moho-Diskontinuitäten.Der Ein�uss der Standorte� ekte,die durch die
ober�ächennahenSchichtenmit meist sehrlangsamenseismischenGeschwindigkeitenverur-
sachtwerden,ist somit in derFD-Simulationnicht enthalten.DiesegenauereStrukturderobe-
ren Schichtenist auch�ächenhaft für Südost-Rumäniennicht bekannt.Aus diesemGrundeist
esnichtmöglich,realistischeAmplitudenderBodenbewegungmit FD-Verfahrenzusimulieren.
Selbstbei genauerKenntnisder ober�ächennahenStrukturenreicht eineFD-Simulationnicht
aus,da für Modelle mit sehrniederenGeschwindigkeitensehrkleine Gitterpunktabständebe-
nötigt werden,um die Wellenausbreitungfür einenbestimmtenFrequenzbereichzu simulieren.
Dies bedeutetabereinenextrem großenSpeicherbedarf.Deshalbwird eineMethodeverwen-
det,die FD-Simulationund denEin�uss der Standorte� ekteverknüpft.In einemerstenSchritt
wird die Wellenausbreitungvom Hypozentrumzur Ober�ächeinnerhalbdesbekanntenMantel-
und Krustenmodells(Martin et al., 2005,2006)mit 2.5D und 3D FD-Verfahrensimuliert.Da-
durch�ießt der Ein�uss der Quelleundder Untergrundstrukturin die Modellierungein. In ei-
nemzweitenSchritt werdendie simuliertenSeismogrammemit denVerstärkungsfaktorender
Standorte� ektenachSokolov undBonjer(2006)multipliziert.Sokolov undBonjer(2006)geben
für Südost-RumänieninnerhalbsechscharakteristischerRegionenfrequenzabhängigeVerstär-
kungsfaktorenan.Mit diesemkombiniertenVerfahrenwird die Bodenbewegungfür dasStark-
bebenvom 30. August1986(MW = 7.1) und dasErdebenvom 27. Oktober2004(MW = 5.9)
modelliert.Um die QualitätderModellierungzu überprüfen,werdendie modelliertenFourier-
Amplitudenspektren(FAS) an Stationenim Modellgebietverglichen.Ein Vergleich der Seis-
mogrammegestaltetsichschwierig,dadiestochastischenGeschwindigkeitsperturbationenzwar
realistischeWellenformenerzeugen,derenForm aberstark von der stochastischenund somit
nicht unbedingtrealenStrukturnaheder betrachtetenStationabhängt.Der Vergleich der FAS
ergibt an den meistenStationeneine gute Übereinstimmung.Quantitativ werdendie Abwei-
chungenzwischenmodelliertenund beobachtetenFAS innerhalbvon fünf Frequenzbereichen
zwischen0.1 und 4.5 Hz verglichen.Die Abweichungensind für beideErdbebenähnlich.Zu-
sätzlichwerdenfür dasErdbebenvon 1986ausderModellierungmakroseismischeIntensitäten
in AnlehnunganSokolov (2002)berechnet.Die modellierteIntensitätsverteilungzeigtdieselben
Südwest-NordostorientiertenMusterwie auchdiebeobachtetenIntensitäten.Die maximalbeob-
achtetenIntensitätenvonVII östlichdesEpizentrumswerdendurchdieModellierungwiederge-
geben.Im BereichsüdlichundsüdöstlichdesEpizentrumswerdendiebeobachtetenIntensitäten
allerdingsüberschätzt.Dies deutetdaraufhin, dassdie entwickelte Methodezur Intensitätsbe-
stimmungzu zu hohenIntensitätenneigt. Hier ist eineweitereAnpassungder ursprünglichen
Methodevon Sokolov (2002),die denFrequenzbereichbis 13 Hz auswertet,andenNiederfre-
quenzbereichsinnvoll.
Der Vergleich modellierterund beobachteterFAS zeigt,dassdie entwickelte Kombinationaus
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FD-Modellierungund Berücksichtigungder Standorte� ektegeeignetist, um die Bodenbewe-
gungfür Vrancea-Erdbebenzusimulieren.DamitkanndiesesVerfahrenin die geplanteBestim-
mungvonAbminderungsfunktionenfür Südost-Rumänienim RahmendesSFB461eingebunden
werden(Gottschämmeretal., 2006).
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Abstract

Computersimulationsof naturalprocessesarevery importantelementsin science,engineering
technologyandsocialsciences.Simulationshelp to understandthe realworld andsupplement
or evensubstituteexpensive anddangerousexperimentslike carcrashesor nuclearexplosions.
Other experimentslike galaxy collisions, climate changeor earthquakes are simply impossi-
ble to perform. In thesecasescomputersimulationsarethe only way to conductexperiments.
Thecomputermodellingpresentedin thiswork displaystheapplicationpotentialof groundmo-
tion simulationson the understandingof pastandthe modellingof future earthquakes. Wave
propagationmodellingfor pastearthquakeshelpsto understandthe observed peculiaritiesand
the gainedknowledgehelpsto be preparedfor future earthquakes. Furthermore,potentialfu-
tureearthquakescanbesimulatedandconsequentprecautionsmitigateimminentdamage.Wave
propagationfrom thecrustal1999Kocaeli(Turkey) earthquake(MW = 7.4)andtheintermediate-
depthVrancea(Romania)earthquakesis modelledby applying2D and3D Finit-Di� erence(FD)
methods.Additionally, amethodis developedto simulatestronggroundmotionsfor theVrancea
eartqhaukesby combiningFD simulationandtheknowledgeof theampli�cation characteristics
of theuppermostsoft soil layers.
Thetheoreticalprinciplesappliedin thiswork aredescribedin chapter1. 2D and3D wavepropa-
gationis simulatednumericallyby applyingtheFiniteDi� erence(FD) methodontheequationof
motionandthecorrespondingstress-strainrelationship.A �rst benchmarkpublicationby Alter-
manandKaral (1968)introducedthemethodinto seismology. During thefollowing decadesthe
methodwasfurther improved. Importantstepsweretheinventionof thestaggeredgrid scheme
(Madariaga,1976). Increasingcomputercapabilitiesallowed the applicationof schemeswith
a higherorderof accuracy (Levander, 1988)andwave propagationmodelling in 3D (Graves,
1996). Today, the availablecomputerpower allows the simulationof wave propagationfrom
earthquakes in 2D for all frequenciesof interest(KebeasyandHusebye,2003;Furumuraand
Kennett,2005). Only 3D simulationsare boundedto the low frequency range(Benitesand
Olsen,2005;Olsenet al., 2006). Therefore,2D FD modellingis usuallyperformedto simulate
wave propagationfor frequencieslarger thana few Hz. However, 2D FD modellingof wave
propagationinitiated by point sourcescorrespondsto a line sourcein 3D. To get 3D seismo-
gramsthesimulated2D seismogramshave to becorrected.Hence,many studiesavoid to give
absoluteamplitudes(KebeasyandHusebye,2003;FurumuraandKennett,2005).In thiswork, a
correctionmethodis developedandsuccessfullytested,which is moreeasilyapplicablethanthe
correctionmethodgivenby VidaleandHelmberger(1987).
Groundmotion modellingfor the devasting1999Kocaeli (Turkey) earthquake is presentedin
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Abstract

chapter2. TheKocaeli(MW = 7.4) earthquake killed about15.000peopleanddestroyed large
regionsof NW Turkey. Six strongmotionstationsin thenearfault rangeup to 20 km recorded
theearthquake. Comparedto theobserveddamagetherecordedaccelerogramsseemto bevery
low. To analysetheearthquake two invertedrupturehistories(Bouchonet al., 2002;Sekiguchi
andIwata,2002)areimplementedinto the3D FD modellingin orderto introducethereal rup-
ture on the extendedfault plane. The simulatedPHV patternsshow very complex distribution
of PHV, which is strongly correlatedwith the ruptureprocesson the fault. Remarkably, no
strongmotionstationis locatedwithin anareaof largePHV. Thesimulatedgroundmotionsare
alsotranslatedinto macroseismicintensities. This allows not only point wise comparisonbe-
tweenobservationandmodelling,but alsoanarea-widecomparisonof observedandmodelled
macroseismicintensities.Again,nostrongmotionstationis locatedwithin anareaof maximum
intensity. This suggeststhat in the caseof the 1999Kocaeliearthquake the few strongmotion
stationswerelocatedby chanceoutsidetheareasof maximumgroundmotions. Consequently,
takingtherecordedaccelerationasrepresentativeearthquakesof thestrengthof theKocaelievent
mayyield to anunderestimationof therealmaximumaccelerationsof futureearthquakes.
The Vranceaearthquakes in Romaniaimposesigni�cantly hazardon Romaniaand its neigh-
boringcountries.All Vranceastrongearthquakesproducetypical SW-NE elongatedpatternsof
observedmacroseismicintensities.FD modellingof the1986MW = 7.1earthquakeis performed
in chapter3 in orderto explorethein�uence of theearthquake sourceandthesubsurfacestruc-
ture on the resultinggroundmotion distribution. The intermediate-depthVranceaearthquakes
areimplementedaspoint sources.The waveform of the sourcetime function is adoptedfrom
Beresnev andAtkinson(1997)andtherupturetimeis scaledwith thestaticstressdrop.Thesub-
surfacestructureis basedon many di� erentgeophysicalmethodsandwascompiledby Martin
etal. (2005,2006).Themodellingdisplaystheinteractionbetweensourceradiationandsubsur-
facestructure.Maximum S-wave amplitudesareradiatedtowardsthedeepsedimentsSE to E
of theepicentre,wherestrongampli�cation occursdueto theconvex shapedbasinstructures.In
orderto producerealisticseismograms,it is necessaryto addstochasticvelocityperturbationsto
thesubsurfacemodel. Thewave propagationmodellingshows that thesourceradiationpattern
for frequenciesup to 4.5 Hz is not completelyblurredout after travelling from the hypocentre
to thesurface.This canbeexplainedby theprobablelargestressdropsandconsequentlysmall
fault sizesof theVranceaearthquakes,whicharecapableto producestrongcoherentsignalsthat
preserve thesourceradiationpatternover longdistancesandfor largerfrequencies.
Chapter4 presentsa hybrid modellingof thegroundmotionsfor theVranceaearthquakes. FD
modellingof wave propagationthroughthe mantleandthe crust is combinedwith the knowl-
edgeof thesiteampli�cation characteristicsof theuppermostsoft soil layersafterSokolov and
Bonjer (2006). To validatethis method,the1986and2004Vranceaearthquakesaresimulated
andcomparedwith observed data. ComparisonbetweenrecordedandsimulatedFourier am-
plitude spectrashows a very good agreement.In the caseof the 1986 earthquake simulated
groundmotion aretranslatedinto macroseismicintensities.The modellingreproducesthe ob-
servedintensitypattern.Therefore,theproposedhybridmethodto simulateVranceaearthquakes
is anappropriatetool to simulatestronggroundmotionsfor potentialVranceaearthquakes.This
allows the integrationof the presentedmodellingmethodinto the developmentof attenuation
relationshipsfor Romania(Gottschämmeretal., 2006).
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Chapter 1

WavePropagationModelling in Elastic
Media

1.1 Intr oduction

This chaptergivesa brief overview on the theoryof wave propagationin elasticmedia,which
is describedby theequationof motionin elasticcontinua.Applying theFinite Di� erences(FD)
methodto the equationof motion, seismicwave propagationcanbe simulatedon computers.
Also, themomenttensorformulationof anearthquake sourceis shown in this chapter. Theim-
plementationof anearthquake into thenumericalschemeis explainedandthescalingrelations
that connectthepropertiesof themodelledandrealearthquake arederived. Point sourceseis-
mogramsgeneratedby 2D FD modellinghave to be correctedin orderto get 3D point source
seismograms.The2D to 3D mappingis developedandtestednumerically. For adetailedreview
of the equationof motionandtheconceptof theseismicmomenttensorseeAki andRichards
(1980,chapter3.3),JostandHerrmann(1989),Lay andWallace(1995,chapter8.5),Steinand
Wysession(2003,chapter4.4), and(Udias,1999,chapter17). The applicationof FD in seis-
mologyis describedin severalpaperswhicharecitedin thenext sectionsandin amoregeneral,
theoreticalandtechnicalmannerin Cohen(2002),Durran(1999),Marsal(1989)andThomas
(1995).For anintroductionto FD seeAki andRichards(1980,p. 773),andMoczoetal. (2004).

1.2 Equation of Motion in Elastic Continua

To studywave propagationin seismologytheconceptof continuummechanicsis applied.Con-
tinuousmeansthatthegranular, molecularandatomicstructureof theEarthis ignored.Within a
continuousbodydensity, forceanddisplacementarecontinuousfunctionsof spatialcoordinates.
Applying theconservationof momentumonasmallvolumedV within acontinuousbodyyields
to the equivalencebetweenthe rateof changeof themomentumandthesumof all forcesthat
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acton thevolumedV (seeAki andRichards,1980,chapter2.1):

d
dt

Z

V
� �uidV =

Z

V
fidV +

Z

V

@�i j

@xj
dV, (1.1)

with the velocity �ui, the body force density fi andthe stresses� i j actingon the surfaceof dV.
Eachindex (i; j; k or l) indicatethe x; y; z directionsof a cartesiancoordinatesystem.Eq. (1.1)
canbewritten in di� erentialform as:

�
@2ui

@t2
= fi +

@�i j

@xj
, (1.2)

which is calledthe linearisedequationof motion. The total derivative with respectto time in
eq. (1.1) is substitutedby a partial derivative in eq. (1.2), which is valid if the amplitudesof
the particledisplacementsaremuchsmallerthanthe wavelengthsof spatial�uctuations in the
displacementsandstresses.In thiscase,theLagrangianandEulerianformulationsareequivalent
(seeUdias(1999)p.21andAki andRichards(1980)p. 18). For smalldeformationsui thestrain
tensorei j is describedby:

ei j =
1
2

 
@ui

@xj
+

@u j

@xi

!
=

1
2

(ui; j + u j;i). (1.3)

For linearelasticitytherelationbetweenstress� i j andstrainsei j is givenby Hooke's law:

� i j = ci jklekl , (1.4)

with thesti� nesstensorci jkl . Substitutingeq.(1.3) into eq.(1.4)yieldsto:

� i j = ci jkluk;l . (1.5)

For generalanisotropy, thesti� nesstensorci jkl for a materialhas21 independentelasticmoduli
(Aki andRichards,1980,chapter2.2). The elasticmoduli arecalledelasticconstantsbecause
they areindependentof thestrainekl but they vary with positionin theEarth. For an isotropic
mediumthereareonly two independentelasticmoduli, the so calledLaméconstants� and� .
Thetensorof theelasticitycoe� cientsfor anisotropicmediais:

ci jkl = �� i j � kl + � (� ik� jl + � il � jk), (1.6)

with the Kronecker function � i j. The particledisplacementsui in eq. (1.2) travel asP- andS-
wavesthrougha body (Aki andRichards,1980,p. 68). Within an isotropicmediumP-waves
show particlemotionparallelto the directionof wave propagationandS-wave particlemotion
is perpendicularto the directionof wave propagation.Within a homogeneousisotropicbody
P-wavevelocity � andS-wave velocity � dependon theLaméconstants� and� , anddensity� :

� =

s
� + 2�

�
, (1.7)

� =
r

�
�

. (1.8)
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1.3FiniteDi� erences(FD)

Usingtheequationof motion(1.2)andtherelationsbetweenstressesandstrains(eq.1.4)wave
propagationcan be calculated. For arbitrary complicatedmedianumericalsolutionsof these
equationsarethe only way to simulatewave propagation.The next two sectionsdescribethe
applicationof theconceptof FD on eqs.(1.2)and(1.5).

1.3 Finite Di� erences(FD)

With growing computercapabilitiesthetaskof solvingtheequationof motionnumericallywas
undertaken.TheFD methodis apopularmethodto solvedi� erentialequationsnumerically. The
advantageof theexplicite FD method,which is usedin thiswork, overothernumericalmethods
is that thepropagationof thephysicalvaluesfrom onetime stepto thenext andfrom onegrid
point to theneighbouringpointsis calculateddirectly. Furthermore,complicatedandtherefore
time consumingmathematicalprocedureslike matricesinversionsarenot necessary. However,
thedisadvantageis the limited stability andthenumericaldispersionof the schemes.The �rst
importantbenchmarkpublicationson theuseof FD to calculateseismicwave propagationwere
AltermanandKaral (1968),Alford et al. (1974)andKelly et al. (1976). Virieux (1984,1986)
usedasecondorderaccuratestaggeredgrid schemein 2 dimensions(2D), whichwasdeveloped
by Madariaga(1976).Levander(1988)improvedthemethodfrom secondorderto fourth order.
During the 90s the computercapabilitiesallowed the developmentandapplicationof 3D FD
schemes(Graves,1996;Olsen,1994).During the1990'sFD techniquesdevelopedto astandard
tool to simulateearthquake wave propagation(Olsenet al., 1995;OlsenandArchuleta,1996;
Olsenet al., 1997;Graves,1998;Satoet al., 1999). FD schemesareundersteadydevelopment
with respectto order of accuracy and technicaloptimisation,suchas optimally accurateFD
operators(TakeuchiandGeller, 2003), the rotatedstaggeredgrid (SaengerandBohlen,2004)
and perfectly matchedlayers to improve the boundaryconditions(Marcinkovich and Olsen,
2003). However, almostall of these"newer" schemesarein a stateof development,arenot yet
developedto simulateearthquake wavepropagationor arenot freely available.Therefore,these
schemesarenotapplicablefor earthquakemodellingandgroundmotionsimulation.

1.3.1 Finite Di� erenceSchemes

Thesimulatewave propagation,theconceptof FD canbeappliedon eqs.(1.2)and(1.5). How-
ever, in this work thesourceis implemetedby addingthestressesmi j of the inelasticprocesses
at the sourceratherthanthe body forces fi. Therefore,the completeequationsfor the 2D and
3D casesaregiven in this section. In 2D, therearetwo systemsof equationsdescribingwave
propagationbecausetheP-SV-wave propagationwith particlemotionwithin the2D planeis de-
coupledfrom SH-wavepropagation,whichshowsparticlemotionperpendicularto the2D plane
(Lay andWallace,1995,p. 63-64). In this studya 2D FD code(Karrenbach,1995) is used,
which solvesthesystemof equationsgivenby eqs.(1.2) and(1.5). Thesystemfor P-SV-wave
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propagationis:

�
@2ux

@t2
= (

@�xx

@x
+

@�xz

@z
),

�
@2uz

@t2
= (

@�xz

@x
+

@�zz

@z
), (1.9)

The FD codeusestotal stresses� i j to implementthe sourceinto the grid ratherthanthe body
forces fi. The total stresses� i j comprisesnot only thepureelasticstresses� i j , which areused
in eq.(1.2) and(1.5), but alsothestressesdueto the inelasticprocessesat thesourcemi j. The
relationbetweenthestrengthof anearthquakeandstressesneededfor theFD modellingis shown
in section1.5.Stresses� i j aregivenby:

� xx = (� + 2� )
@ux

@x
+ �

@uz

@z
� mxx,

� zz = (� + 2� )
@uz

@z
+ �

@ux

@x
� mzz,

� xz = � (
@ux

@z
+

@uz

@x
) � mxz. (1.10)

Thecorrespondingsystemfor SH-wave propagationis:

�
@2uy

@t2
=

@�xy

@x
+

@�zy

@z
, (1.11)

and:

� xy = �
@uy

@x
� mxy,

� zy = �
@uy

@z
� mzy. (1.12)

Eq. (1.10) and (1.12) build the so called displacement-stressformulation, which is a second
orderhyperbolicsystem.Othercodes(Levander,1988;Virieux, 1984,1986)translateeq.(1.2)
and(1.5) into a �rst orderhyperbolicsystem,which is moresuitablefor a numericalprocedure
thanthe original secondorderhyperbolicdi� erentialequations.The 3D FD codeusedin this
work wasdevelopedby Olsen(1994)andis basedonthe2D schemegivenby (Levander,1988).
Thiscodeusesthevelocity-stressformulationfor 3D (seeGraves,1996):

�
@vx

@t
=

@�xx

@x
+

@�xy

@y
+

@�xz

@z
,

�
@vy

@t
=

@�xy

@x
+

@�yy

@y
+

@�yz

@z
,

�
@vz

@t
=

@�xz

@x
+

@�yz

@y
+

@�zz

@z
. (1.13)
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As abovethestresses� i j referto thetotalstresses,which includethepureelasticstresses� i j and
thestressesat thesourcemi j (seesection1.5):

@�xx

@t
= (� + 2� )

@vx

@x
+ � (

@vy

@y
+

@vz

@z
) �

@mxx

@t
,

@�yy

@t
= (� + 2� )
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@y
+ � (

@vx

@x
+

@vz

@z
) �

@myy

@t
,

@�zz

@t
= (� + 2� )
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@z
+ � (

@vx

@x
+

@vy

@y
) �

@mzz

@t
,

@�xy

@t
= � (

@vx

@y
+

@vy

@x
) �

@mxy

@t
,

@�xz

@t
= � (

@vx

@z
+

@vz

@x
) �

@mxz

@t
,

@�yz

@t
= � (

@vy

@z
+

@vz

@y
) �

@myz

@t
. (1.14)

Eqs.(1.9)to (1.14)aretransformedto aFD schemeby translatingthederivativeswith respectof
spaceandtime to �nite di� erenceexpressions.For example,thederivativeof a functiong with
respectto thespatialvariablex is givenby �nite di� erenceslike:

dg
dx

=
gn+1 � gn� 1

2� x
. (1.15)

Here, gn+1 andgn� 1 are the valuesof function g neighboringto the point n on a grid, where
the derivative is evaluated. The distancebetweentwo grid points is � x. Eq. (1.15) is the so
calledcentraldi� erence.Otherexpressionsaretheleft or right �nite di� erences(Durran,1999,
p. 35). The �nite di� erenceexpressionsof the di� erentialequationare substitutedthrough
a Taylor seriesexpansionsto approximatethe solution for the neighboringpoints. The order
of accuracy of a systemis de�ned by the lowest power of � x in the omitted Taylor series
components. The 2D FD codeof Karrenbach(1995) and 3D FD schemeof Olsen(1994),
which are appliedin this work, usea staggeredgrid. On a staggeredgrid the velocitiesand
stressesarede�ned on nodesthat areseparatedby half the grid increment. This reductionof
grid spacingyields to an improved accuracy andto improved stability conditionsbecausethe
stability doesnot dependon the Poisson's ratio (Madariaga,1976;Aki andRichards,1980,p.
777; Levander, 1988). The spatialaccuracy of the applied2D FD code(Karrenbach,1995)is
eight orderanda secondorderaccuratetime operatoris used. The used3D FD code(Olsen,
1994)is fourth orderaccuratein spaceandsecondorderaccuratein time. The substitutionof
derivativesthrough�nite di� erences,theTaylorseriesexpansionandthechoiceof apropergrid
(e.g. standard,staggered,rotated)arevery importantstepsin thedevelopmentof a FD scheme,
becausestability, numericaldispersion,accuracy andadaptionto computersystemshave to be
takeninto account.
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1.3.2 Stability and Numerical Dispersion

A critical issueof FD schemesis thestability of thesystem.A systemis unstableif smallerrors
blow up andproducea numericalsolution that increasesmore rapidly than the true solution.
A standardmethodto explore stability is the Von Neumannanalysis(Thomas,1995,p. 117;
Durran,1999,p. 43). Thenumericalsolutionata timestepis expressedasa�nite Fourierseries.
Thesolutionis stableif all Fouriercoe� cientsarestable.Theresultingstability conditionis:

0 �
� max� t

� x
� A. (1.16)

Here,� max is themaximumwave speed,� t the time discretisation,� x thespatialdiscretisation
within the modelandA is a constantvalue. However, the Von Neumannmethodonly givesa
necessaryconditionand empirical valuesof A have to be chosento ensurestability. For the
3D computationsA is 0.45andfor the 2D caseA is 0.5. Stability doesnot guaranteea good
solutionof theschemefor �nite operators� t and� x. Only for � t ! 0 and� x ! 0 theexact
solutionwould becomputed.Theaccuracy of a schemecanonly becheckedby comparingthe
computedresultswhichknown analyticalsolutionsfor relatively simpleproblems.Thesearefor
exampleLamb's problem(Lamb,1904)or re�ectivity solutionsfor layeredmodels(Fuchsand
Müller, 1971).Comparisonsbetweennumericalandanalyticalsolutionsareshown for example
in Virieux (1984,1986),Levander(1988),Graves(1996)andCoutantetal. (1995).
Numericaldispersionlimits theaccuracy of theappliedFD schemebecausedi� erentfrequencies
of a wave show di� erentphasevelocities. For non-dispersive wavesthe dispersionrelation is
givenby:

! = c0k. (1.17)

Here,! is theangularfrequency, k is thewavenumberandc0 is theconstantphasevelocity. The
spatialdiscretisationyields to a dispersionrelationwhich dependson the grid spacing� x and
theappliedtime increment� t. Theerrorbetweenthenumericalphasevelocityc� x andthenon-
dispersivephasevelocityc0 is measuredby thenon-dimensionalnumericaldispersioncoe� cient
q:

q =
c� x

c0
=

! � x

!
. (1.18)

To displaythee� ectof spatialdiscretisationthedispersionrelationsfor two FD formulationsof
the1D wave equationareanalysed.Fig. 1.1 shows thenumericaldispersioncoe� cient for the
centraldi� erencesandstaggeredgrid formulationof the1D waveequationin dependenceof the
ratio � x=� . Thenumericaldispersioncoe� cientis calculatedfrom thedispersionrelationsgiven
by Aki andRichards(1980,eq.13.134andeq.13.136).Only for a smallgrid spacing� x com-
paredto thewavelength� , thenumericalphasevelocity approximatesthenon-dispersive case.
The staggeredgrid schemeshows a betterapproximationthanthe centraldi� erencesformula-
tion. Thedispersionrelationsfor the2D FD and3D FD formulationsaremuchmorecomplicated
in comparisonto the1D case,which is shown here.Thenumericaldispersioncoe� cientfor 2D
and3D FD schemesareanalyzedin severalpublications(Virieux,1986;Levander, 1988;Graves,
1996;Saengeret al., 2000;SaengerandBohlen,2004). Additionally in 2D and3D the phase
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central differences
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Figure 1.1: Numericaldispersioncoe� cient q for the centraldi� erencesand staggeredgrid
formulationof the 1D wave equation. The numericalschemesgive a goodapproximationof
the non-dispersive phasevelocity c0 for small grid spacings� x comparedto the wave length
� . Thestaggeredgrid formulationshows a goodapproximationfor larger � x=� thanthecentral
di� erencesformulation.

speedof thewavesdependsonthedirectionbetweenthegrid andthewavefront. Thisbehaviour
is callednumericalanisotropy, which dependson theanglebetweenthewavefrontandthenu-
mericalgrid. For wavestravelling in thedirectionof thecoordinateaxesthenumericaldispersion
is larger thanfor wavestravelling alongthediagonal(Moczoet al., 2000). Theerrorproduced
by numericaldispersionincreaseswith increasingfrequencies.Therefore,usuallya relationfor
aspeci�c FD schemeis givenwhichstatesthattheerrordueto numericaldispersiondoesnotex-
ceeda �x edlimit for theusedmodelsizeandtheusedspatialdiscretisation.Theserelationships
have thefollowing form:

� x <
� min

Bfmax
, (1.19)

with thegrid spacing� x, minimumshearwave velocityof themodel� min, maximumfrequency
fmax andaconstantB thatdependson theFD scheme.ConstantB givestheminimumnumberof
neededgrid pointsperwavelength.Eq. (1.19)demandsa maximumvalue� x to getacceptable
resultsfor thefrequency rangeup to fmax. In this study6.5 grid pointsperwavelengthareused
for the3D FD modelling.Thus,thedispersionerroris lessthanabout12% (Olsen,1994;Olsen
andArchuleta,1996). For the 2D calculationsB is 2.8. Table1.1 summarisesthe constraints
givenby stabilityandnumericaldispersionfor the2D and3D FD schemesappliedin thiswork.
It is importantto know that eq. (1.19) doesnot give a frequency rangein which thereis no
numericaldispersion,ratherit statesthat theerror is below a prede�nedthreshold.Even if the
valueis in therangeallowedby eq.(1.19)numericaldispersionmaysigni�cantly disturbthetrue
solutionif themodelledregionsarelarger thanthemodelsusedto assesB. Eq. (1.19) implies
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FD Code A usedin eq.1.16(stability) B usedin eq.1.19(num.dispersion)
2D (Olsen,1994) 0.50 2.8

3D (Karrenbach,1995) 0.45 4.5

Table 1.1: Valuesof A andB for eqs.(1.16)and(1.19),which areusedfor the2D and3D FD
codes.

that for a given � x the maximumfrequency is setby � min. To increasefmax it is necessaryto
reducethegrid spacing� x. Theuseof half thegrid spacing� x

2 means23 moregrid pointsin 3D
andtherefore8 timesmoreof consumptionof computationalmemory. Therefore,theavailable
computermemorylimits fmax. Today, 3D FD wave propagationon oneof the world's largest
computers,theEarthSimulator(Japan),canbecalculatedup to 3 Hz for a modelof 512km x
1024km x 480km sizewith agrid spacingof 0.5km x 0.5km x 0.25km (FurumuraandKennett,
2005).

1.3.3 Boundary conditions

To calculategroundmotionsat theearth'ssurfaceanumericalfreesurfacemustbeimplemented.
To includeafreesurfacetheboundaryconditionshaveto beesetexplicitely alongthatborder. In
this study, thezerostressformulationis used(Levander,1988;Graves,1996).Thestressvector
atafreesurfaceis zero.Hence,for ahorizontalfreesurfacewith normalin z direction,following
relationat thestressnodesalongthefreesurfacemustbesatis�ed:

� zz = � xz = � yz = 0. (1.20)

The3D code(Olsen,1994)setsthesefreesurfaceconditionsat thenodesof thestaggeredgrid,
whicharehalf agrid pointbelow thepositionof thefreesurface.This implementationresultsin
a higheraccuracy in comparisonto theapplicationof eq.(1.20)directly at thefreesurfacegrid
nodes(GottschämmerandOlsen,2001).Somecodesusethevacuummethod,whichmeansthat
theelasticparametersof thematerialabovethesurfacearealmostsetto zero(seeGraves,1996).
Thus,thefreesurfaceboundaryconditionsareimplicitly satis�ed.
To avoid arti�cial re�ections from the bottom and the sidesof the model, which disturb the
wave propagationwithin the model, specialboundaryconditionsare implemented.The used
codesapply dampingand one way absorbingboundaryconditions. To implementdamping
boundaryconditionsthe sidesand the bottomof the model is paddedwith an additionalgrid
layer. Within this outerlayertheamplitudeof thewavesis dampedexponentiallywith distance
to the innermodel(Cerjanet al., 1985). Therefore,only a small partof theenergy is re�ected
at theoutermostedgeof themodel. Theoneway absorbingboundaryconditions(Claytonand
Enquist,1977)allow the outward travelling of wavesandreducethe travelling of wavesback
into themodel.Theperformanceof thismethoddependson theanglethewavesimpingeon the
boundary.
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1.4TheSeismicMomentTensor

Figure 1.2: Thenineforcecouplesof theseismicmomenttensor. Equivalentbodyforcesfor a
dislocationdiscontinuityis givenby acombinationof di� erentforcecouples.

1.4 The SeismicMoment Tensor

Seismicwave radiationdueto displacementdiscontinuitieswithin a body canbe describedby
a combinationof forcecouples.Theseforcecouplesarereferredto asequivalentbody forces,
whichprovideasimplemodelof thecomplex physicalsourceprocesses.Fig.1.2showsthenine
possibleforcecouplesthatarethecomponentsof theseismicmomenttensor:

Mkj =

0
BBBBBBBB@

Mxx Mxy Mxz

Myx Myy Myz

Mzx Mzy Mzz

1
CCCCCCCCA

. (1.21)

ThecomponentsM j j arelineardipoleswith armandforcesin thesamedirection.For explosion
sourceall threelineardipolesarenonzeroandequal. The force couplesMkj (k , j) describe
forcesin � k directionwith aperpendiculararmin j direction.Tectonicearthquakesareproduced
by sheardislocationson fault planes.Theequivalentbodyforcesof sheardislocationsaregiven
by thetwo forcecouples(calleddoublecouple)Mkj andM jk, whichhave to beequalbecauseno
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Chapter1. WavePropagationModelling in ElasticMedia

nettorqueoccursfor sheardislocationson a fault.
Thedisplacementsdueto a momenttensorpoint sourcearegivenby (seeUdias,1999,p. 324
andAki andRichards,1980,p. 53):

ui = Mkj � Gik; j , (1.22)

where� denotesconvolution, Mkj is the seismicmomenttensorandGik the Green's function,
whichdependsonthecharacteristicsof themediumandtherefore"propagates"thedisplacements
from thesourceto thereceiver. Themomenttensorfor anarbitrarycoordinatesystemis:

Mkj = M0(lkn j + l jnk), (1.23)

wherethecomponentsof ~l givethedirectionof thedisplacementdiscontinuity(slip) and~n is the
normalto thefault plane.Thesizeof anearthquake is givenby thescalarmoment:

M0 = � AD. (1.24)

M0 dependson the Lamé constant� , the averageslip D and the fault areaA. According to
eq. (1.23) the seismicmomenttensorgivesthe strengthof an earthquake andits fault andslip
orientation. Within the geographiccoordinatesystem(x-axis to the North, y-axis to the East
andz-axispositive downward) the fault orientationis givenby thestrike angle� , which is the
azimuthof the fault's projectiononto the surface(Fig. 1.3). The dip angle� is theanglefrom
the surfaceto the fault plane. The strike is chosenin the way that the dip, measuredfrom the
negative ÅY axis, is alwayslessthan90°. Theslip or rake angle� givesthedirectionof theslip,
which is themovementof thehangingwall relative to thefoot wall. Angle � is measuredwithin
thefaultplanecounterclockwisefrom thestrikedirection.Theslip D~l andthenormalto thefault
~n are:

D~l = D(cos � cos� + cos� sin � sin � )x̂ � � �

+D(cos � sin � � cos� sin � cos� )ŷ � � �

� D sin � sin � ẑ (1.25)

and

~n = � sin � sin � x̂ + sin � cos� ŷ � cos� ẑ. (1.26)

Then, Mi j with respectto a geographiccoordinatesystemis describedby (Lay and Wallace,
1995,p.343)and(Aki andRichards,1980,box 4.4on p. 117):

Mxx = � M0(sin � cos� sin 2� + sin 2� sin � sin2 � )

Myy = M0(sin � cos� sin 2� � sin 2� sin � cos2 � )

Mzz = M0(sin 2� sin � )

Mxy = M0(sin � cos� cos2� +
1
2

sin 2� sin � sin 2� )

Mxz = � M0(cos� cos� cos� + cos2� sin � sin � )

Myz = � M0(cos� cos� sin � � cos2� sin � cos� ) (1.27)

12



1.4TheSeismicMomentTensor

Figure 1.3: Foot wall of a fault with strike � , dip � andrake � . The ÅX axis is orientedalong
thestrike direction. Thegeographiccoordinatesystemis givenby theNorth (x), East(y) andz
(positivedownward)directions.Thehangingwall is notshown.

Thecomponentsof displacementfor a doublecouplesourcearegivenby eq.(1.22).After (Aki
andRichards,1980,p. 79) thefar �eld P- andS-displacementsaregivenby:

ui = Mkj � Gik; j = Mkj � GP
ik; j + Mkj � GS

ik; j

=

 i 
 j
 k

4��� 3

1
r

�Mkj(t �
r
�

)
|                   {z                   }

P-wave far �eld

� (

 i 
 k � � ik

4��� 3
)
 j

1
r

�Mkj(t �
r
�

)
|                             {z                             }

S-wave far �eld

. (1.28)

Distancebetweensourceandreceiver is r, � and� aretheP- andS-wave velocitiesand
 i is the
directioncosiner i=r, wherer i is distancebetweensourceandreceiver in i direction. Here,the
time dependenceof the seismicmomenttensoris introduced.Thepulseshapedependson the
temporalderivationof thecomponentsof theseismicmomenttensor �Mkj, at theretardedtimes
t� r

� andt� r
� . Consequently, theP-andS-wavedisplacementsaftereq.(1.28)canonly benonzero

for t � r=� or t � r=� , respectively. For a geographicalreferencesystemMkj is expressedby
eq.(1.27). Therefore,thetime dependenceof Mkj(t) dependson thetime dependenceof M0(t).
M0(t) is theseismicmomentfunctionand �M0(t) theseismicmomentratefunctionor thesource
time function.
For 3D FD modellingall six independentcomponentsof Mi j arenecessary. In 2D FD modelling
themodelis con�ned within thexz plane.Accordingto eq.(1.28)thespatialderivativesof the
P-andS-waveGreen's functionsdependon thedirectioncosines:

GP
ik; j � 
 i
 j
 k, (1.29)

GS
ik; j � (
 i
 k � � ik)
 j. (1.30)
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Chapter1. WavePropagationModelling in ElasticMedia

In 2Dry is zeroandthereforethedirectioncosine
 y = ry=r isalsozero.EvaluatingGP
ik; j (eq.1.29)

in 2D yieldsto:

GP
ik; j = 0,

if oneindex i; k; j = y. (1.31)

Following equationsgive thebehaviour of GS
ik; j (eq1.30)in 2D:

GS
ik; j = 0, for

(i) i or k = y, if i , k, (1.32)

(ii) j = y. (1.33)

Thex componentof thefar �eld displacement~u in 3D is:

ux = Mxx � Gxx;x + Mxy � Gxx;y + Mxz � Gxx;z

+Myx � Gxy;x + Myy � Gxy;y + Myz � Gxy;z

+Mzx � Gxz;x + Mzy � Gxz;y + Mzz � Gxz;z. (1.34)

After eqs.(1.31),(1.32)and(1.33)ux in 2D is describedby:

ux = Mxx � Gxx;x + Mxz � Gxx;z

+Mzx � Gxz;x + +Mzz � Gxz;z. (1.35)

The3D far �eld displacementof they componentis givenby:

uy = Mxx � Gyx;x + Mxy � Gyx;y + Mxz � Gyx;z

+Myx � Gyy;x + Myy � Gyy;y + Myz � Gyy;z

+Mzx � Gyz;x + Mzy � Gyz;y + Mzz � Gyz;z. (1.36)

In 2D thefar �eld displacementuy is aftereqs.(1.31),(1.32)and(1.33):

uy = Myx � Gyy;x + Myz � Gyy;z. (1.37)

Thefar �eld displacementuz is:

uz = Mxx � Gzx;x + Mxy � Gzx;y + Mxz � Gzx;z

+Myx � Gzy;x + Myy � Gzy;y + Myz � Gzy;z

+Mzx � Gzz;x + Mzy � Gzz;y + Mzz � Gzz;z. (1.38)

After eqs.(1.31),(1.32)and(1.33)uz in 2D is describedby:

uz = Mxx � Gzx;x + Mxz � Gzx;z

+Mzx � Gzz;x + Mzz � Gzz;z. (1.39)
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1.5SourceImplementation

Figure 1.4: Fault orientationwithin a 2D modelof azimuth� 0. Substitute� with � 0 in (1.27)to
getthecomponentsMi j for a2D slicewith azimuth� 0.

Theux anduz componentsin 2D representtheP-SV-wavepropgation.After eq.(1.35)and(1.39)
thecomponentsMxx, Mxz, Mzx andMzz of theseismicmomenttensorareneededin 2D to initiate
P-SV-wave propagation.Theuy componentin 2D givestheSH wave displacements,which are
fully decoupledfrom the P-SV-wave propagation.After eq. (1.37) the seismicsourcefor SH-
wave propagationin 2D is givenby themomenttensorcomponentsMyx andMyz. Therefore,all
componentsof theseismicmomenttensorexceptof theMyy componentarenecessaryto describe
a doublecouplesourcein 2D. The componentsof the seismicmomenttensorareneededwith
respectto theorientationof the2D modelfor which thewave propagationis simulated.This is
doneby substitutingtheazimuth� with theangle� 0 betweenthestrikeangleandtheorientation
of the2D modelin eq.(1.27)(seeFig. 1.4). This givesthemomenttensorcomponentsin terms
of anx'y'z' coordinatesystemof the2D model.

1.5 SourceImplementation

A sourcecanbeimplementedinto aFD schemeby addingthecorrespondingsourcevaluesatthe
displacement,velocity or stressnodes.Frankel (1993)andGraves(1996)translatetheseismic
momentinto displacements/velocitiesvalues,which areaddedto thegrid at thesourcelocation.
In thiswork, thesourceis implementedby addingstressvalues,which imply theorientationand
strengthof thesource,to thecorrespondingstresscomponentsof thestaggeredgrid. Themethod
is describedfor the2D casein Coutantet al. (1995)andusedby many FD codes(e.gVirieux,
1984,1986;Levander,1988;Olsen,1994). This methodis basedon the fact that the moment
tensordensitymkj or stressglut is thedi� erencebetweenthepureelasticstresses� kj , which are
usedin theequationof motion(1.2),andthetotal stresses� kj on thefault (Udias,1999,chapter
17.1):

mkj = � kj � � kj. (1.40)
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Chapter1. WavePropagationModelling in ElasticMedia

The momenttensordensity in a FD grid is equal to the seismicmomentat the sourcenode
dividedby thecell volume:

mkj =
Mkj

� x3
. (1.41)

Therefore,the implementationof an earthquake, which is de�ned by its momenttensor, is
straightforward, as eqs.(1.40) and (1.41) relatethe stresscomponentsneededfor simulation
to the seismicmoment tensor, which gives the strengthand orientationof the source. To
simulatean earthquake with magnitudeMw, theseismicmomentis calculatedafterHanksand
Kanamori (1979). The next step is the choiceof proper time function for the seismicmo-
mentfunctionandits translationinto stressvaluesaftereq.(1.41),whichcanbeaddedto thegrid.

1.5.1 SourceScalingfor Point Sources

A point sourceis usedto simulatewave propagationfor theVranceaintermediatedepthearth-
quakes(chapter3). Thesourcescalingis developedfor a givenseismicmomentM0 andstress
drop � � . AssumingBrune's sourcemodel (Brune,1970,1971),which is valid for a circular
fault, thestaticstressdrop� � is:

� � =
7
16

M0

r3
, (1.42)

with seismicmomentM0 andfault radiusr. The cornerfrequency fc is relatedwith the fault
radiusr andtheshearwavevelocity � at thesource(Brune,1970,1971):

2� fc = 2:34
�
r
. (1.43)

Combiningeq.(1.43)andeq.(1.42)yieldsto:

f 3
c � 3:66

� �� 3

� 3M0
, (1.44)

with the rupturetime tr = 1=fc. Staticstressdrop � � is proportionalto the cubeof the cor-
ner frequency fc. Therefore,doublingthecornerfrequency resultsin half the rupturetime and
eight timesthe stressdrop. The stressdrop of the Vranceaearthquakesis discussedin several
publications(Gusev et al., 2002;Oncescu,1989;Oth et al., 2006;Radulianet al., 2005;Wirth,
2004).Wirth (2004,p. 141)giveanoverview onderivedstressdropsfor the1977Mw = 7.4and
1986Mw =7.1earthquakes.Thederivedstressdropsof theVranceaearthquakesvaryfrom about
10 to 100MPa. This variationmostlikely re�ects theuseof di� erentsourcemodelsto derive
thestressdrop (Oth et al., 2006). Eq. (1.44)relatesthestressdrop � � andthe rupturetime tr ,
which is necessaryto constructa propermomentfunction for the modelling. In this work the
sourcetime functionafterBeresnev andAtkinson(1997)is used.They describeextendedfaults
by addingthecontributionsof severalsubfaults.For thedisplacementat thesubfaultsthey use:

D(t) = D(1 )
"
1 �

 
1 +

t
�

!
e� t=�

#
, (1.45)
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1.5SourceImplementation

with thetimederivative:
�D(t) = D(1 )

t
� 2

e� t=� . (1.46)

ThevalueD(1 ) is thedisplacementD reachedfor in�nite t. Thecharacteristictime � controls
thedisplacementincreaseandis thereforerelatedto therisetime. TheFourierspectra(Beresnev
andAtkinson,1997,eq.11) shows a ! � 2 squarefrequency decayfor frequencieslargerthanthe
cornerfrequency 1=�. This is thesameasderivedby Brune(1970,1971). Modelling extended
sourcesaspoint sourcesmeans,thatthetotal momentis releasedat a grid point or onesubfault
element,with dimensionof thegrid spacing.Therefore,� is chosen,sothatthetime to reachthe
�nal displacementcorrespondsto therupturetimesof theVranceaearthquakesratherthanto the
risetime of a subfault element.Eqs.(1.23)and(1.24)relatethedisplacementat thesourceand
themomenttensor. Therefore,thetime functionfor displacements(eq.1.45)afterBeresnev and
Atkinson(1997)canbeusedto describetheseismicmomentfunction:

M0(t) = M0(1 )
"
1 �

 
1 +

t
�

!
e� t=�

#
. (1.47)

A valueof � is usedsothat98%of the�nal seismicmomentis reachedaftertherupturetime tr

= 1=fc. For the1986Mw = 7.1eventwith M0 = 5 � 1019 Nm andastressdropof � � = 100MPa,
eq.(1.44)yield to acornerfrequency fc of 0.3Hz. Fig.1.5showstheseismicmomenttensorden-
sity function M0(t)=� x3, which givesthestressesneededfor theFD modelling.Theorientation
of an earthquake is implementedby applyingeq. (1.41)with eq. (1.27). Usingeq. (1.43)with
fc = 0.3Hz, thefault radiusis 7.61km. Comparedto theintermediatehypocentraldepthof the
Vranceaearthquakesthefaultareais relatively small.Therefore,theuseof apointsourcemakes
sense.Comparedto real sourcetime functions,the time functionafterBeresnev andAtkinson
(1997)is rathersmooth.However, sincefor theintermediatedepthearthquakestheexactsource
processis unknown andthe complexity alongthe travel pathis muchmoreimportantthanthe
detailsof theruptureprocessthetime functionafterBeresnev andAtkinson(1997)canbeused
to simulatetheVranceaearthquakes.

1.5.2 SourceScalingfor Rupture Histories on ExtendedFaults

In chapter2 the1999Kocaeliearthquake(Turkey) is modelledwith 3D FD by applyinginverted
ruptureprocesses.In contrastto themodellingof point sources(section1.5.1)a extendedfault
is used.Thenumberof subfaultsN is givenby thegrid spacing� x andthefault areaA:

N =
A

� x2
. (1.48)

Theseismicmomentis distributedover N subfaultsandtheseismicmomentatasubfault is:

MN
i j (T) =

Z 1

t=0

�MN
i j (t)dt, (1.49)
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Figure 1.5: Top: Momentdensityfunction of the 1986Vranceaearthquake for a staticstress
drop of 100 MPa. After tr = 1=fc � 3.4 seconds98% of the �nal momenttensordensityis
reached. Bottom: Time derivative of the momentdensity function. This is the sourcetime
functiondividedby dx3. Thewave form is givenby Beresnev andAtkinson(1997).

whereT is therupturetime at a subfault. Thetotal seismicmomentMi j(T) is givenby thesum
of all MN

i j (T) overall fault points:

Mi j(T) =
NX

1

MN
i j (T). (1.50)

The3D FD code(Olsen,1994)translatesthesourcetime function �MN
i j atapointof thefault into

theseismicmomenttensordensity:

mN
i j (t) = � t

�MN
i j (t)

� x3
. (1.51)

For asubfault thesourcetime functioncanbewrittenaftereq.(1.24)as:

�M0
N
(t) = � � x2 �D(t) = � � x2vslip(t). (1.52)

Here, � x2 is the fault areafor a small subfault, which surroundsa grid point, andvslip is the
particlevelocityat thesubfault. Inversionsof earthquakeruptureprocessesgivetheslip velocity
vslip in providing risetimeandtotalslip for all subfaults.Usingageographicalcoordinatesystem
the time derivative of eq. (1.27)calculates �MN

i j (t) from �M0
N
(t) andeq.(1.51)givestheseismic

momenttensordensityat a subfault, which is addedonto the FD grid. In chapter2 thesource
time functionis assumedastriangular(Fig. 1.6). Thestartingtimeof theruptureata fault point
is givenby theinvertedpropagationof therupturefront.
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1.6SimulatingDoubleCoupleSourceswith the2D FD codeof Karrenbach(1995)

Figure1.6: Top: Formof themomenttensordensityfunctionusedatall fault pointsof the1999
Kocaeliearthquake (chapter2). Bottom: Usedtriangularshapedtime derivativeof themoment
densityfunction. Thevelocity at eachfault point shows alsothis triangularbehaviour, because
thesourcetime functionis proportionalto theslip velocity (eq.1.52).

1.6 Simulating Double Couple Sourceswith the 2D FD code
of Karr enbach(1995)

The2D FDcode(Karrenbach,1995)wasdesignedtousepressuresources,displacementsources,
bodyforcesourcesandstresssources.Thestresssourceis thesourcetypethatis neededto inco-
operatedoublecouplesourcesasdescribedin section1.4and1.5. However, thecodeis mainly
usedto modelwave propagationinitiatedby pressuresources(Görtz,2002;Sule,2004).There-
fore, �rst thefunctionalityof the implementationof doublecouplesourcesby applyinga stress
sourcewastested.The simulatedradiationresultsarecomparedto the theoreticalsourceradi-
ationgivenby eq.(1.28). Wave propagationwithin a homogeneousmodelfor a doublecouple
sourcewith strike � , dip � andrake � of the 1986strongVranceaearthquake is modelled. In
Fig. 1.8 and1.9 the modelledradiationfor P- andS-waveswithin a 2D slice, which is orien-
tatedin EW direction,is comparedto the theoreticalrafdiationafter eq. (1.28). It canbe seen
thatthe2D FD codematchesthetheoreticalsourceradiationpattern.Di� erencesre�ect theuse
of a staggeredgrid, wherethe stresscomponents,which are usedto simulatethe source,are
de�ned on di� erentspaciallocationsof the grid. Additionally, the stressvaluesof the source
aredistributedover a several grid points,which resultsin a small quadraticsourceratherthan

19



Chapter1. WavePropagationModelling in ElasticMedia

Figure 1.7: Snapshotof thewave �eld within an EW orientated2D slice for a doublecouple
sourcewith strike, dip andrake of the1986Vranceastrongearthquake. In Fig. 1.8 and1.9 the
modelledandtheoreticalradiationpatternsarecompared.Angle� is measuredcounterclockwise
from theEast.

a point source.This is necessaryto avoid numericalartefacts,which would beproducedby the
numericaloperators(Schmidt-Aursch,1998,p. 64).

1.7 2D to 3D Corr ection

In homogeneousmediawave propagationinitiatedby a point sourcein 2D correspondsto wave
propagationfor a in�nite line sourcein 3D. 3D line sourceseismogramshaveanin�nite tail and
thewave�eld amplitudesdecaywith 1/

p
R. In contrast,3D point sourceseismogramshave no

tail andgeometricalspreadingis 1=R. Therefore,seismogramsobtainedby 2D FD modelling
canbecorrectedin orderto simulatepointsourceseismogramsin 3D space.In thissection,�rst
the mappingbetween2D seismogramsandthe corresponding3D point sourceseismogramsis
derived.Next, thedeveloped2D to 3D mappingis testednumerically.

1.7.1 Theory

The far �eld Green's function Gil in the frequency domainfor an elasticmediumis given by
Hudson(1980,p. 137):

Gil =
1

4��

"
x̂l x̂i

� 2R
ei! R=� +

(� il � x̂i x̂i)
� 2R

ei! R=�

#
=

1
4��

"
x̂l x̂i

� 2R
eik� R +

(� il � x̂i x̂i)
� 2R

eik� R

#
. (1.53)

With the unit vectorsx̂l and x̂i in l and i-direction. For simplicity the 2D to 3D correctionis
derivedfor anacousticmedium.However, thederived2D to 3D correctionis alsovalid for the
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Figure 1.8: Comparisonof theoreticalandmodelledP-wave radiationpatternof a point source.
The strike, rake anddip valuesof the 1986earthquake wereusedto modelwave propagation
within ahomogeneous2Dmodel,whichis orientatedin EWdirection.Di� erencesoccurbecause
of thestresslocationsin thestaggeredgrid andthe useof small quadraticsourcesinsteadof a
point source.Angle � is measuredcounterclockwisefrom theEast(seeFig. 1.7)
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Figure 1.9: Comparisonof theoreticalandmodelledS-wave radiationpatternfor a sourcewith
strike,dip andrakeof the1986strongVranceaearthquake. Di� erencesre�ect theuseof asmall
noncircularsource.Angle � is measuredcounterclockwisefrom theEast(seeFig. 1.7)
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Figure1.10: An in�nite numberof pointsourcesin they-directionbuild a line source.Distance
betweena point sourceanda receiver is givenby: R=

p
x2 + y2 + z2, wherey canbeexpressed

asn� x andr2 = x2 + z2 is thesquareof thedistancebetweensourceandreceiver in thexz-plane.

elasticcasebecausethe Green's functionsfor both caseshave the samewave function eikR=R.
In theacousticcasetheGreen's functionfor thevelocity potentialin theHelmholtzequationis
givenby:

Gpoint_3D(! ) =
eikR

4� R
, (1.54)

with thewavenumberk = != c, wavespeedc anddistanceR betweensourceandreceiver:

R =
p

x2 + y2 + z2. (1.55)

In Fig. 1.10anin�nite numberof point sourcesbuild a line sourcein y-direction.Theresponse
of a line sourcecanbe constructedby addingthe contribution of an in�nite numberof point
sources.Therefore,theresponseGline_3D of theline sourcein Fig. 1.10is givenby:

Gline_3D(! ) =
1
4�

1X

n=1

eik
p

r2+n� x

p
r2 + n� x

, (1.56)

wherey = n� x andr2 = x2 + y2, which is the squareof the distancein the xz-planebetween
sourceand receiver. Applying the Fresnelapproximationandwriting the sumasan integral,
eq.(1.56)transformsinto:

Gline_3D(! ) =
eikr
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1

� x
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e
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Theintegralon theright handsideis givenby:
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1.72D to 3D Correction

Usingeq.(1.58)theGreen's functionfor a line sourceis givenby:

Gline_3D(! ) =
eikr

4� r| {z }
Gpoint_3D(! ) (seeeq.1.54)

1
� x

r
2� cr
j! j

e
i� sgn(! )

4

|                 {z                 }
C� 1

Line! Point(! )

. (1.59)

The�rst factoron theright handsideis theGreen's functionfor apointsourcein 3D. Therefore,
the3D point sourcesolutioncanby obtainedby multiplying the line sourcesolution(eq.1.59)
with:

CLine! Point(! ) =
� x

p
2� cr

p
j! je� i� sgn(! )

4 . (1.60)

Transformingeq.(1.60)into thetimedomainyieldsto:

CLine! Point(t) =
� x

�
p

2cr

d
dt

H(t)
p

t
. (1.61)

Thus, the 2D FD line sourceseismogramuline_2D(t) can be translatedinto a 3D point source
seismogramupoint_3D by applyingoperator(1.61)to uline_2D(t):

upoint_3D =
� x

�
p

2cr

(
d
dt

H(t)
p

t
� uline_2D(t)

)
. (1.62)

VidaleandHelmberger(1987)derivedaformulawithoutthefactor� x=(�
p

2c) to correct2D FD
seismograms:

upoint_3D =
1
p

r
(

1
p

t
� uline_2D). (1.63)

This equationis usedby Igel et al. (2002)andOlsenet al. (1996)to transform2D FD seismo-
gramsinto 3D. However, eq.(1.63)is only valid for thesourceimplementationtechniqueused
by Vidale et al. (1985) and Vidale and Helmberger (1987), which imposesthe whole space,
line source,�rst termasymptoticGRT (generalisedraytheory)solutiononthesourcegrid points.

1.7.2 Numerical Tests

To validateeq. (1.62) 2D and3D FD numericaltestsarecarriedout with the 2D FD codeof
Karrenbach(1995)andthe3D FD codeof Olsen(1994).A doublecouplesourcewith theforce
couplesin thexz-planeis used(Fig. 1.11).Thesourcewaveformis adoptedfrom Beresnev and
Atkinson (1997). In the next sections3D FD point seismogramsarecomparedwith corrected
2D pointseismogramsfor ahomogeneousanda layeredstructure.
First, 3D and2D FD wave propagationis simulatedfor a homogeneousmodelwith vp = 6000
m/s,vs = 3464m/sanddensity� = 2500kg/m3 with agrid spacingof 140m. Thesourcewavelet
andits frequency contentis shown in Fig. 1.12. Themaximumresolvablefrequency of FD cal-
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Chapter1. WavePropagationModelling in ElasticMedia

Figure 1.11: 2D and3D wave propagationin homogeneousmodelsis calculatedfor a double
couplesourcewith maximumSV radiationin x-direction.3D andcorrected2D FD seismograms
arecomparedfor stationsin adistanceof 14000m and28000m (Fig. 1.14).
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Figure1.12: Top: SourcewaveletafterBeresnev andAtkinson(1997)usedto testthe2D to 3D
correction.Bottom:Fourieramplitudespectrumof thesourcewavelet.Thefrequency contentof
thesourceis below 5 Hz, which is themaximumfrequency accordingto eq.(1.19)for vs=3464
m/sandB=5.
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Figure 1.13: Comparisonbetweena 3D line sourceseismogramanda 2D point sourceseismo-
gramin adistanceof 14000m to thesource.Di� erencesareproducedby thedi� erentaccuracies
of thetwo applied2D and3D FD schemes.

culationsis limited by numericaldispersion.For aminimumof � vepointsperwavelengthanda
minimumvelocity of 3464m/s, themaximumfrequency accordingto eq.(1.19)is 5 Hz, which
is higherthanthefrequency contentof thesourceusedhere.Theapplieddoublecouplesourceis
indicatedin Fig. 1.11.Fig. 1.13shows theequivalenceof apoint sourcein 2D anda line source
in 3D. Theseismogramsarecomparedin ax-distanceof 14000m to thesource.In thisdirection
thesourceradiatesno P-wavesandSV-wave radiationshowsa maximum.Smalldi� erencesare
producedby thedi� erentnumericalaccuraciesof theapplied2D FD (Karrenbach,1995)and3D
FD (Olsen,1994)codes.The2D FD schemeis of eightorderaccuracy andthe3D FD scheme
usesa fourth orderaccurateoperator. Fig. 1.14comparestheseismogramsof a point sourcein
3D andthe2D seismogramswhicharecorrectedaccordingto eq.(1.62)in ax-distanceof 14000
m and28000m to the source(Fig. 1.11). The amplitudedi� erencebetweenthe corrected2D
FD seismogramandthe 3D FD seismogramis about10%. This di� erenceoccurbecausethe
schemesuseoperatorsof di� erentnumericalaccuracy.
Eq. (1.62)is only valid for homogeneousmodels.Theuseof inhomogeneousstructuresresults
into non-straightray pathsandnon-constantvelocities.A 3D and2D FD calculationis carried
out for wavestravelling from thesourceS to thestationsA, B andC througha layeredstructure
(Fig. 1.15). Thesourceis thesamedoublecouplesourceasusedabove. To correctthe2D FD
seismogramsr is calculatedafter Snell's law andc is the averagevelocity alongthe ray path,
which is givenby r dividedby thetravel time. Thecomparisonshowsagood�t betweenthe3D
FD calculationsandthe corrected2D FD calculations(Fig. 1.16). The di� erencebetweenthe
maximumamplitudesis about10%. Thenumericaltestssupporttheapplicationof thismethod-
ology for inhomogeneousmodelsto correct2D FD seismograms.For inhomogeneousmodels
a hybrid methodof 2D FD modellingandray tracingcanbeusedto simulate3D seismograms,
which show the correctgeometricalspreadingfor wavestravelling throughcomplex structures
with curvedinterfaces.Raytracingprovidesthedistancer betweensourceandreceiver andthe
travel time t throughan inhomogeneousstructure.Thesevaluesarenecessaryto computethe
averagevelocity c for the 2D to 3D correctionof the 2D FD seismograms(eq.1.62). The use
of a 2D FD technique,which is lesscomputerintensive than3D FD calculations,allows wave
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Figure 1.14: Comparisonbetweena 3D point sourceseismogramand a corrected2D point
sourceseismogramin adistanceof 14000m and28000m to thesource.Therefore,in eq.(1.62)
c = vs = 3463m/s is usedto correctthe2 FD seismograms.Amplitudedi� erencesof about10
% areproducedby thedi� erentaccuraciesof thetwo applied2D and3D FD schemes.

propagationsimulationfor largerfrequenciescomparedto 3D FD calculations.Additionally, 2D
FD simulationsfor many seismologicalproblemscanbe carriedout on today's desktopcom-
puters.This is anadvantageif theaccessto powerfull andexpensive computersis limited. Of
course,thesimulationof 3D e� ectsproducedby complex 3D undergroundstructurescannotbe
simulatedwith a2D FD method.To simulatethese3D e� ectsthereis no otherway thanto sim-
ulatewavepropgationin 3D. However, in many cases2D FD methodsrevealbasicin�uencesof
undergroundstructureson thewave�eld. Consequently, it is convenientto usea 2D FD method
beforedoing time consumingandthereforeexpensive 3D FD simulationson large computers
(seeFurumuraandKennett,2005).
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1.72D to 3D Correction

Figure1.15: Layeredmodelthatis usedto testthe2D to 3D correctionfor nonstraightraypaths
througha layeredstructure.
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Figure 1.16: Comparisonbetween3D FD point sourceseismogramsandcorrected2D FD seis-
mogramsfor a layeredmodel(Fig. 1.15).Theverticalo� setof stationsA, B andC are0 km, 7
km and14 km, respectively. Theseismogramsarecorrectedby usingtheray pathafterSnell's
Law andtheaveragevelocitybetweensourceandreceiver, which is travelpathr dividedby trav-
eltime. Amplitudedi� erencesof about10 % betweenthe3D FD point sourceseismogramsand
thecorrected2D FD seismogramsarefound.A sourceof errorarethedi� erentaccuraciesof the
applied2D and3D FD schemes.
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Chapter 2

3 FD Modelling of the 1999Kocaeli
Earthquake (Turk ey)

2.1 Intr oduction

A 3D Finite-Di� erence(FD) methodis usedto simulategroundmotionsof the 1999Kocaeli
(Turkey) earthquake. The modelling generatesan insight into the strong ground motions
producedby this earthquake and helps to explain the observed peculiarities. The reliability
of the usedmethodand the adoptedmodelling parameters,suchas sourceand underground
structure,is shown by comparingthe modelling resultswith the observed data. Therefore,
this work may be a startingpoint for the modellingof a potentialfuture large earthquake near
Istanbul. Thestudyin thischaptercontinuespreviousresearch,whichis describedin theauthor's
diplomathesis(Miksat, 2002). During the diplomathesisthe procedureto modelearthquakes
with complex ruptureprocesseswasdevelopedandappliedon the1999Kocaeliearthquake by
usingthe rupturehistoriesinvertedby Yagi andKikuchi (2000)andBouchonet al. (2002). In
this work an additionalrupturehistory (SekiguchiandIwata,2002)is used.The seismograms
for therupturehistoriesof Bouchonet al. (2002)andSekiguchiandIwata(2002)arecompared
with the recordsat the stationsthat were usedto invert the rupture. At thesestationsthe
syntheticseismogramsshow a goodcomaprisonwith theobservedseismograms.Furthermore,
the translationof syntheticseismogramsinto macroseismicintensities,which directly describe
damage,is performed.The syntheticintensitymapsarecomparedwith the observed intensity
distribution. The FD modelling with Bouchon's rupture processreproducesthe observed
intensitiesfor thenearfault area.In contrast,themodellingwith Sekiguchi's inversuonresults
shows cleardi� erencesbetweenthemodelledandobservedintensities.Consequently, applying
di� erentrupture inversionsreproducethe seismogramsat thosestationswhich were usedto
invert the ruptureprocess,but as the comparisonbetweenmodelledand observed intensities
showed,groundmotionsin betweenthestationsarenot necessarilyreproduced.This studyalso
pointsout thatthenearfault groundmotiondistribution for theKocaeliearthquakeandfor large
shallow earthquakes in generalis quite complex and dependsstrongly on the rupturespeed,
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Chapter2. Modellingof the1999KocaeliEarthquake

rise time andslip distribution on the fault. The lack of knowledgeof a future ruptureprocess
makesit di� cult to modelfuturegroundmotions.Here,it is necessaryto applydi� erentrupture
scenarios.This topic is furtherdiscussedin section2.8.
The1999KocaeliearthquakestrucknorthwesternTurkey onAugust17,1999at03:02a.m.The
earthquakekilled morethan15,000people,at least25,000wereinjuredandabout400,000were
left homelessEERI(1999).Approximately75,000buildingsweredamagedor destroyedandthe
directdamagewasestimatedat40billions US$.Duringtheearthquakea120km longpartof the
North AnatolianFault (NAF) rupturedandproduceda Mw = 7.4 eventwith horizontalsurface
rupturesupto about5.2m (Barkaetal.,2002;Rockwelletal.,2002).Thefault tracewasdivided
into � ve di� erentsegments(Fig. 2.1),which areseparatedby releasingstep-overs(Barkaet al.,
2002). A Mw = 7.2 event nearDüzcefollowed the August 17 earthquake on November11,
1999. Theseearthquakeswere the latestof a sequencealongthe NAF, which startedin 1939
nearErzinzanin easternTurkey andproduced12eventswith magnitudesgreaterthanMw = 6.7.
This sequencecanbe relatedto stresstransfer(Steinet al., 1997)andconsequently, the 1999
eventincreasedthepropabilityof a strongearthquake in theSeaof Marmaranearthemegacity
of Istanbul (Parsonsetal., 2000;Hubert-Ferrarietal., 2000).

Figure 2.1: The mapshows the � ve di� erentsegmentsof the August1999fault ruptureafter
Barkaet al. (2002). The trianglesdepict the six nearfault (< 20 km) strongmotion stations
Gebze(GBZ), Yarimca(YPT), Izmit (IZT), Sakarya(SKR)andDüzce(DZC).

Figure2.2 displaysthe 1200km long NAF systemfrom the junction with the EastAnatolian
Fault in theeastto theAegeanSeain thewest.TheNAF is theresultof thecollision of thethe
AsianandAfrican Plateswith Eurasia(JacksonandMcKenzie,1988).Africa andAsia move to
thenorthwith 10 mm/yr and25 mm/yr, respectively (DeMetset al., 1994). Thedi� erentplate
velocitiesresultsin theleft lateralmovementalongtheDeadSeaTransformFault. TheAnatolian
block is pushedto the relatively stableEurasianplate which resultsin an escapemovement
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2.2ObservedGroundMotion

Figure2.2: Tectonicmapof Turkey with thelocationof themaintectonicfeatures.It showsthe
AnatolianBlock moving to thewestdueto to movementof theArabianandAfrican platesto the
north. Theescapetectonicbehaviour of theAnatolianBlock producestheright lateral(dextral)
NorthAnatolianFaultandtheleft lateral(sinistral)EastAnatolianFault.

of Anatolia to the west (escapetectonics). Therefore,the NAF shows right lateralor dextral
displacementsandtheEastAnatolianFault left lateralor sinistraldisplacements.Meadeet al.
(2002)andMcClusky etal. (2000)foundamovementof about24mm/yr for theNAF from GPS
measurements.

2.2 ObservedGround Motion

The Kocaeliearthquake increasedtheworld wide databaseof nearfault strongmotion records
signi�cantly, asprior to this event only 10 recordsfor Mw > 7 within a distanceof 20 km to
the fault existed(EERI, 1999). Six strongmotion stations,operatedby Kandilli Observatory
andEarthquake ResearchInstituteof the BogaziUniversity, Earthquake ResearchDepartment
of the GeneralDirector of DisasterA� airs andIstanbul TechnicalUniversity, within 20 km to
thefault rupturerecordedtheearthquake. Table2.1 givesdistanceto fault, PGA (PeakGround
Acceleration)andPGV (PeakGroundVelocity) for � vestations.WhencomparingPGA at these
stationswith the predictionof the relationsshipsproposedby Boore et al. (1997), Campbell
(1997)andSadighet al. (1997)theobservedPGAsseemsto bevery low (Table2.2). The1999
Chi-Chi Taiwan earthquake (Mw = 7.6) showeda similar behaviour with low PGA values,but
high peakgroundvelocities(EERI, 1999;TsaiandHuang,2000;Boore,2001). Therefore,the
Chi-Chi earthquake is characterisedasa HV-LA (high PGV, low PGA) earthquake. However,
for theKocaeliearthquake only six strongmotionrecordsexist comparedto theChi-Chi event,
for which several tensof recordsexist. For the sparedatasetof the Kocaelievent the results
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Chapter2. Modellingof the1999KocaeliEarthquake

Station Distanceto fault [km] Component PGA[g] PGV[cm/s]
EW 0.40 79.8Sakarya(SKR) 3.20
NS - -
EW 0.23 84.7Yarimca(YPT) 3.28
NS 0.32 79.6
EW 0.22 54.3Izmit (IZT) 4.26
NS 0.16 32.0
EW 0.14 34.7Gebze(GBZ) 7.74
NS 0.26 45.6
EW 0.38 49.6Düzce(DZC) 17.06
NS 0.33 60.6

Table2.1: PGAandPGVfor � vestrongmotionstationswithin 20km to theruptureplane(after
Akkar andGülkan,2002).

of the FD modellingprovide an alternative explanationfor the observed low PGA values. A
macroseismicintensitymap(MM scale)waspublishedby theEarthquakeResearchDepartment
of theGeneralDirectorof DisasterA� airsontheworld wideweb(alsoincludedin Erdik, 2001).
Theobservedmacroseismicintensitiesshow valuesup to X. Maximumintensityof X occurin
theepicentralregionandalongthesouthernshoreof Izmit Bay. Mostpartsof Izmit Bayshow an
intensityof VIII to IX. Intensityof IX andX is locatedin theAdapazariBasinregion andnear
theDüzcefault segment. IntensityVII occurbetweentheepicentralarea,theAdapazariBasin
andtheDüzcebasin.

2.3 Modelling

A fourth-orderin spaceand secondorder in time 3D Finite-Di� erence(FD) methodOlsen
(1994) (seechapter1) is usedto model the wave propagationtriggeredby the Kocaeliearth-
quake. Themodelledregion is discretisedwith dx = 230m andextendsin east-westdirection
over 237 km, over 78 km in north-southdirectionandinto a depthof 31 km. This leadsto a
total of 72.6 million grid points and approximately3.5 GB of main memory is requiredfor
computing.Minimum shearwavevelocityof 1.87km/sandrelation(1.19)yieldsto amaximum
resolvablefrequency of 1.25Hz. The time discretisationaccordingto eq. (1.16) is 15 ms and
5000timestepsareusedto simulatewavepropagationfor 75 s.
Thekinematicpropertiesof a fault ruptureareusedto simulatewave propagationfor complex
rupture processes(Miksat, 2002). The kinematic parametersare displacements,rise times,
rupturedirectionsandrupturevelocitieson thefault plane.In thecaseof theKocaeliearthquake
thereareseveraldi� erentinvertedrupturehistories(Bouchonet al., 2002;Delouiset al., 2000;
Li et al., 2002;SekiguchiandIwata,2002;Yagi andKikuchi, 2000).In this study, theinversion
resultsof Bouchonet al. (2002)andSekiguchiand Iwata (2002)are implemented.Bouchon
et al. (2002)appliedthe full frequency contentof the strongmotion recordsfrom � ve stations
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2.3Modelling

Distance AttenuationrelationshipsSiteCondition
to fault Booreetal. (1997) Campbell(1997) Sadighetal. (1997)

MomentMagnitudeMw = 7.6
5 km 0.48(0.29- 0.81) 0.51(0.35- 0.77) 0.57(0.39- 0.84)Rock
10 km 0.35(0.20- 0.58) 0.40(0.27. 0.60) 0.44(0.31- 0.65)
5 km 0.62(0.36- 1.04) 0.5(0.34- 0.74) 0.46(0.30- 0.68)Soil
10 km 0.46(0.27- 0.75) 0.45(0.31- 0.67) 0.37(0.25- 0.57)

MomentMagnitudeMw = 7.3
5 km 0.41(0.24- 0.69) 0.50(0.34- 0.74) 0.54(0.37- 0.80)Rock
10 km 0.29(0.17- 0.49) 0.38(0.26- 0.56) 0.40(0.28- 0.60)
5 km 0.53(0.31- 0.89) 0.48(0.33- 0.71) 0.44(0.30- 0.66)Soil
10 km 0.38(0.22- 0.64) 0.42(0.28- 0.62) 0.34(0.23- 0.51)

MomentMagnitudeMw = 6.8
5 km 0.31(0.18- 0.53) 0.46(0.31- 0.68) 0.50(0.32- 0.77)Rock
10 km 0.22(0.13- 0.38) 0.31(0.21- 0.47) 0.34(0.22- 0.54)
5 km 0.40(0.24- 0.68) 0.44(0.30- 0.66) 0.40(0.26- 0.62)Soil
10 km 0.29(0.17- 0.49) 0.36(0.24- 0.52) 0.30(0.19- 0.46)

Table2.2: PGA[g] meanvaluesand� 1 standarddeviation(in parentheses)accordingto Boore
etal. (1997),Campbell(1997)andSadighetal. (1997)for Mw = 7.6,Mw = 7.3andMw = 6.8.

(ARC, YPT, IZT, SKRandDZC), whicharelocatedall within themodelusedfor themodelling.
Sekiguchiand Iwata (2002) usedthe low frequency contentup to 1 Hz of 10 strongmotion
stations,which is approximatelythesamefrequency rangeasin ourmodelling.Fig. 2.3displays
the fault trace, �nal slip, rupturepropagationand rise times on the 155 km long and 17 km
deepfault usedby Bouchonet al. (2002). Averageslip is 2.9 m andmaximalslip of 6.82m
occursnearSKR and6.35m nearGölcük.Therupturefront between0 and50 km indicatesthe
invertedsupershearrupturevelocity of about4.8km/s Bouchonet al. (2001).Theinvertedrise
timesvary between1 and5 s,andareabout3 s for theareasof largeslip. Thefault trace,slips,
rupturefront andrise timesusedandcalculatedby SekiguchiandIwata (2002)aredisplayed
in Fig. 2.4. Therearethreefault areaswith relative large �nal slip values. Maximal �nal slip
of 7.5 m occurswestof thehypocentrein a depthof 15 km. A Slip of 6.5 m is derived45 km
eastof the epicentreat the surfacenearthe strongmotion stationSKR in the AdapazariBasin
anda slip of about5.6 m occursat the fault's bottom18 km eastof the epicentre.Someparts
show mediumvaluesandsomeno or very smallslips. Averageslip acrossthefault planeis 1.5
m. Averagerise time is 2.2 s, but averagerise time westof epicentreis larger thaneastof the
epicentre.Risetime in theareaof maximumslip westof theepicentreandat thefault's bottom
18km eastof theepicentreis about4 s. Theregionof largeslip at thesurfacenearSKRshowsa
risetimeof 2 s. Thepositionof therupturefront giveslargerrupturevelocityof 5.4km/s for the
�rst 40km eastof thehypocentrecomparedto thepropagationtowardsthewestwith 3.1km/s.
Becauseof restrictionof theFD codeto faultsparallelto theFD grid only, theeasternnorth-east
striking segment (Düzce segment) is omitted in both casesand the westernsegmentsare
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assumedasonesingleeast-weststriking fault (indicatedin Fig. 2.3and2.4).Thissimpli�cation
hasa negligible in�uence on the groundmotion in the centreand westernparts,becausethe
groundmotionparameters,suchasPGVandintensity, atacertainlocationaremainlycontrolled
by the characteristicrupturefeatureson the nearestpartsof the fault plane. This is shown by
GotoandSawada(2004),andGotoetal. (2005)in modellingthespecialfeaturesof anobserved
strongmotion recordby usingonly the informationof a relatively small fault elementnearthe
correspondingstrongmotionstation.

Figure 2.3: Fault traceusedby Bouchonet al. (2002)(solid) andfault traceusedfor modelling
(dashed).Black trianglesdepictstrongmotionstations.Propagationof rupturefront, risetimes
and �nal slips on the fault derived aredisplayedat the samepositionas the fault plane. The
arrowsmarkthepartfault thatis implementedinto themodelling.

A simpleelasticundergroundmodelwasdesignedthat comprisesthe large andcharacteristic
structuresof the region. Thesearethemountain(hardrock)regions,thesedimentsbeneaththe
Seaof Marmaraandbeneaththe Izmit Bay, the sedimentaryAdapazariBasinandnarrow sed-
imentarybelt which connectsthe latter two (Fig. 2.5). Thebedrockis dippingvertically in the
southanddepthdecreasestowardsthenorth. TheP-, S- wave velocitiesandthedensity(Table
2.3) areassignedafter the horizontally layeredmodelof Ergin et al. (1998),which is in good
agreementwith the 2D modelof Karahanet al. (2001)that resultedfrom a refractionseismic
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2.4Linking GroundMotion andIntensity

Figure 2.4: Fault traceusedby Sekiguchiand Iwata (2002) (solid) and fault traceusedfor
modelling(dashed).Black trianglesdepictstrongmotionstations.Propagationof rupturefront,
risetimesand�nal slipsonthefaultderivedaredisplayedat thesamepositionasthefaultplane.
Thearrowsmarkthefault extendusedfor themodelling.

campaignacrosstheAdapazaribasin.Dueto thegrid spacingof 230m theshallow waterlayer
of theSeaof Marmaracanbeneglected.Thetopographyof theregion cannotbeconsideredby
theFD code.This is nodrawbackasthetopographyis only importantwhenmodellingtheaccu-
rategroundmotionfor a speci�c point in a mountainregion,becausetopographyin�uencesthe
smallscale(extendof mountainrangesandvalleysup to 10 km) distributionandnot theoverall
pattern,which is mainly in�uenced by large subsurfacestructures.Additionally, the low fre-
quency range(< 1.5Hz), which is usedhere,is not verysensitive to smalltopographicfeatures.

2.4 Linking Ground Motion and Intensity

Many scalingrelationslinking parametersof accelerationsand intensityhave beendeveloped
(TrifunacandBrady,1975;Murphy andO'Brien, 1977;Chernov andSokolov, 1983;Aptikaev
andShebalin,1983).After Sokolov (2002)macroseismicintensity(MM scale)is linkedwith the
amplitudesof Fourier accelerationspectra(FAS) between0.2 - 15 Hz. Eachintensityvalueis
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Figure 2.5: Uppermostpart of the modelof the region. The grey surfacemarksthe boundary
betweensedimentsandbedrock.Themodelincludesthesedimentsof theSeaof Marmara,the
AdapazariBasinandanarrow east-westorientatedsedimentarybelt.

Layer vp [km/s] vs [km/s] density[g/cm3]
Sediment 3.34 1.87 2.2
Bedrock 5.94 3.32 2.4

13km to 25km depth 6.51 3.64 2.6
25km to 32km depth 6.66 3.73 2.8

Table2.3: Velocitiesanddensitiesof the3D elasticmodel.

assignedto acertainfrequency range('representativefrequencies').Thus,intensitiesIII-IV MM
areconnectedto therepresentativefrequenciesbetween5 - 10Hz andfor intensitiesVIII-IX MM
therepresentative frequencieslay below 2 - 3 Hz. Thestandardalgorithmfor calculatingmacro-
seismicintensityneedsthewhole frequency range(0.l3 - 12 Hz) (Sokolov, 2002;Sokolov and
Wald,2002).Here,thestandardprocedurecannotbeused,becausethemaximumfrequency of
thesyntheticsis 1.25Hz. In comparingthemodelledandobservedseismogramswith theFourier
amplitudespectraof thedi� erentintensityvaluesa simplestraightforwardway is used.How-
ever, theerror for intensitiesmorethanVII MM doesnot exceed0.5 intensityunits. In Fig. 2.6
theobservedandsyntheticamplitudespectraat IZT is shown with therepresentativeFourierac-
celerationspectra.For all syntheticseismogramstheFourieramplitudespectrais comparedwith
the referencespectraandan intensityvalueis assignedaccordingto the level of the synthetic
spectra.
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2.5Applying theRuptureProcessof Bouchonetal. (2002)
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Figure 2.6: Fourieramplitudespectrafor intensitiesV - X (MM) afterSokolov (2002)with the
observedandsyntheticspectraat IZT. Thelevelsof bothspectraindicateanintensityof VIII.

2.5 Modelled Ground Motions resulting fr om the Ruptur e
Processof Bouchonet al. (2002)

ThemodelledPHV (peakhorizontalvelocities)mapis shown in Fig. 2.7. Thecomplex rupture
processproducesan inhomogeneousdistribution of PHV values. The distribution is strongly
in�uenced by theundergroundstructure,slip amountandrupturevelocity. Thetransitionfrom
sedimentto bedrockin the southactsasa sharpboundaryfor the PHVs. Thus,PHV values
decreasefrom 1.4m/s to 0.8m/s and2 m/s to 1 m/s at thesouthernsedimentbedrockboundary
nearIzmit andtheAdapazariBasin,respectively. Slip of 5 m nearHersekPeninsulaproduces
PHV valuesof about2 m/s alongthesouthernshoreof Izmit Bay. Directivity e� ectsdueto the
bilateralruptureprocessandlargerupturevelocitieseastof theepicentreproducerelatively large
groundmotionseastandwestof the fault line. Within the AdapazariBasinmaximumPHV is
2.3 m/s, which is dueto largeslip valuesof 5 to 6 m andtheamplifying thick sedimentcover.
Thesedimentbelt is orientatedparallelto thefaultandactsthereforeasaperfectwaveguidethat
transportstheseismicenergy over longdistances.
The modelledPHV distribution shows that the ruptureprocesscontrolsthe origin of strong
groundmotions.Thesedimentsamplify anddistributethespatialdistributionof groundshaking.
Remarkably, noneof the� vestrongmotionstationsis locatedwithin anareaof largePHV. Even
YPT andIZT, which arelocatedvery closeto thefault,misstheareasof stronggroundmotion.
Thisshowsthatthedetailsof anearthquakeruptureandtheactualdistributionof seismicstations
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Figure 2.7: PHV distribution obtainedby usingthe ruptureprocessof Bouchonet al. (2002)
for simulation.Whitedashedlinesarethebedrock-sedimentboundariesandthetrianglesdepict
strongmotionstations.Rupturedirectivity andwaveguidee� ectsof thesedimentsyield to large
valueseastandwestof thefault. No strongmotionstationis locatedwithin anareaof largePHV.

Figure2.8: Calculatedmacroseismicintensities(coloured)estimatedfrom FourierAcceleration
SpectraafterSokolov (2002).Comparisonwith theobservedvalues(dashedlines)show a good
�t in theepicentralregion, thecoastof Izmit BayandtheAdapazariBasin.

in�uence theobservedgroundmotionsandthereforetheempiricaldatabaseof nearfault strong
motionrecords,which anyway containsonly a few nearfault recordsfor largeearthquakes(see
2.2).
In Fig. 2.8 the observed and modelled/syntheticmacroseismicintensitiesare compared.The
observedmacroseismicintensitiesweredigitisedfrom amapwhichwaspublishedby theEarth-
quake ResearchDepartmentof the GeneralDirector of DisasterA� airs in Ankara(seeErdik,
2001). Large syntheticintensitiesarecalculatedfor the Izmit Bay andthe easternpart of the
fault includingtheAdapazariBasin.Syntheticintensityin theepicentralareais IX, theobserved
valueis X. Thesouthernshoreof Izmit Baysu� eredfrom intensitiesbetweenXIII andX, which
is in goodcomparisonwith themodelledvalues(IX to X). Syntheticandobserved intensityin
thecentralpart,betweentheepicentreandtheAdapazariBasin,is VIII. Discrepanciesbetween
observationandmodellingincreasewith increasingdistanceto thefault. Eastof theepicentrethe
observedandmodelledintensitiesarecomparableup to a distanceof 25 km. In thecentralpart
themodelledintensitiesdecreasemorerapidly with distanceto thefault thantheobservedones.
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2.6Applying theRuptureProcessof SekiguchiandIwata(2002)

Along theeasternpartof thefault themodelledvaluesdecreasemorerapidly thantheobserved
intensities.Thus,themodelledintensities�t theobservedonesup to a fault distanceof 10 - 25
km alongthewholefault trace,this is thesamedistancerangeasfor thestrongmotionstations
usedfor theruptureinversion.
Syntheticandobservedseismogramsarecomparedfor the� vestations,whichwereusedby Bou-
chonetal. (2002)to inverttheruptureprocess(Fig.2.9).Therecordswereprovidedby Prof. Po-
lat Gülkan(Middle EastTechnicalUniversity, Ankara,Turkey) andtheEuropeanStrongMotion
Database(Ambraseys et al., 2000). The modelledseismogramsmust�t the observed records,
which wereusedby Bouchonet al. (2002). But di� erencesmayoccurbecauseof thedi� erent
velocity structuresusedfor inversionandmodelling. The syntheticandobserved recordsare
bandpass�lteredbetween0.02and1.25Hz. The�rst 5 s of theEW componentat ARC show a
goodcomparison.Themodelledwaveformof theNS componentfollows theobservedone,but
underestimatestheamplitude.Thehorizontalcomponentsof YPT, IZT andSKR show a good
comparisonbetweenthe syntheticandobserveddata. The Z componentof SKR alsomatches
therecordeddata.At DZC thewaveforms�t only for the �rst 3 to 5 secondsandtheobserved
amplitudeare underestimatedby the modelling. This is due to the neglection of the eastern
faultsegmentthatrunsnearthisstation.Generally, themaximumamplitudesandthewaveforms
duringthe�rst 5 to 10secondscoincide.

2.6 Modelled Ground Motions resulting fr om the Ruptur e
Processof Sekiguchiand Iwata (2002)

ThePHV distribution producedby theruptureprocessof SekiguchiandIwata(2002)is shown
in Fig. 2.10. MaximumPHV of about5 m/s occursin theAdapazariBasin. This largevalueis
producedby thelarge�nal slip valuesat thefault'sbottom40km eastof theepicentre(Fig. 2.4).
Thewholeareaaroundthefaulteastof SKRis a� ectedby largePHV values.Thesoutherncoast
nearHersekPeninsulashowsvaluesup to 2.5m/sandonly moderatevaluesup to 1.5m/s occur
betweenthe HersekPeninsularegion andstationSKR. The larger PHV arerestrictedto small
regionsbecauseonly smallpartsof thefault show largeslip values(Fig. 2.4),whicharecapable
to producelargePHV. LargePHV arerestrictedto thesedimentbelt. It actsasawaveguidethat
transportsgroundmotion energy to the westandtheeastof themodelarea.Again, no station
is locatedwithin anareaof largegroundmotion. SKR is theonly stationthat is locatednearan
areaof largePHV.
MacroseismicintensitiesbetweenIX andX arecalculatedfor thewholesedimentaryregioneast
of theepicentre.Calculatedintensitiesvary betweenVIII andIX aroundIzmit Bay andvalues
from VIII andX occurbetween30� E and30.5� E outsidethesedimentbelt. Generally, intensities
larger thanVII occurin thewholemodeleastof theepicentre,whereasthewesternpartof the
modelshowssigni�cantly lowervalues.Exceptfor theAdapazariBasinandtheepicentralregion
thereis noclearcorrelationbetweenobservedandmodelledmacroseismicintensities.Modelled
intensityatSKRis IX andVI to VII for theotherstations.Remarkably, thereis nostrongmotion
stationwithin anregionof maximummodelledintensity.
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Chapter2. Modellingof the1999KocaeliEarthquake

Eightof thestrongmotionstationsusedby SekiguchiandIwata(2002)for inversionarelocated
within the modelledregion. The observed and modelledseismogramsat the digital stations
(DHM, IST, SKR andYPT) arecomparedbetween0.1 and1 Hz (Fig. 2.12). All threecompo-
nentsat DHM andIST show a goodagreementbetweenrealdataandmodelling. At SKR the
modelledvelocitiesoverestimatetheobservation,however they have thesamepattern.At YPT
themodellingunderestimatestheobservation,but hereSekiguchiandIwata(2002)usedanex-
tremelylow surfacevelocityof 330m/scomparedto 1.87km/sfor theFD modelling.Therefore,
it is not possibleto reproducethe amplitudesgeneratedby this low velocity layer. Modelled
andreal recordsfor the analogstationsaregiven in Fig. 2.13. The horizontalcomponentsat
GBZ show a good�t, andthe�rst secondsof theZ component.At GYN only the �rst seconds
of theNS componentgive a goodmatchandthe horizontalcomponentsof IZN andIZT show
similaritiesfor the �rst 5 to 10 seconds.In mostcasesthe modellingreproducesthe observed
amplitudes.

2.7 Comparison of Ground Motions resulting fr om Bouchon
et al. (2002)and Sekiguchiand Iwata (2002)

The PHV distribution of both rupturemodelsis stronglycontrolledby the ruptureproperties
andthereforethemodellingresultsin di� erentPHV distributions.Sekiguchi'smodelshowstwo
small areaswith large PHV (up to 5 m/s) and in Bouchon's casea larger areais a� ectedby
largePHV with a maximumof 2.3m/s. Lookingat theinvertedruptureparameters,Sekiguchi's
modelshow extremelylargeslip valuesonsmallpartsandin Bouchon'scasea largerpartshows
relatively large slip values(Fig. 2.3 and2.4). Amplitudeof the radiatedwave is controlledby
particlevelocity �D atacertainpointof thefault (seeeq.(1.28)with �Mkj = � A �D(lkn j + l jnk) after
eq.(1.23)for Mkj andeq.(1.24)for thescalarmoment),which is slip dividedby risetime. For
thelargeslip areasnearGölcük(6.82m) andnearSKR(6.35m),Bouchon'smodelshow average
risetimesof 3 s. Therefore,thelargestamplitudesareproducedthere.In Sekiguchi'smodelthe
risetime for thelargeslip region (up to 6.5m) nearSKR is only 2 s. Consequently, theparticle
velocity is larger thanin Bouchon's modelandthe ruptureproducesseismicwaveswith larger
amplitudescomparedto Bouchon's model.In bothcasestherupturevelocityyield to directivity
e� ectsand thereforeto the smearingof the groundmotion from the large slip regions to the
easternandwesternfault ends. The modelledseismogramsshow a good�t with the observed
data.Di� erencesoccurbecauseof thedi� erentvelocitymodelsusedfor modellingandinversion
andthesimpli�ed singlefaultsegmentin themodellingcomparedto themoredetailedfault trace
usedfor inversion.In termsof suitability of themodellingfor hazardassessmentit is important
to noticethatthemodellingreproducestheobservedmaximumgroundmotionamplitudes.
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2.7Comparison

EW NS Z

ARC 0.266 m/s 0.591 m/s 0.317 m/s

YPT
0.592 m/s 0.681 m/s 0.428 m/s

IZT 0.566 m/s 0.161 m/s 0.142 m/s

SKR 0.774 m/s 1.201 m/s 0.340 m/s

DZC 0.191 m/s 0.693 m/s 0.115 m/s

Observed
10 s

Synthetic
10 s

Figure2.9: Comparisonbetweentheobserved(solid)andmodelled(dashed)seismogramsatthe
strongmotionstationsusedby Bouchonetal. (2002)to invert theruptureprocess.Thenumbers
indicatethemodelledpeakvelocityfor eachrecord.ThehorizontalcomponentsatYPT, IZT and
SKRshow agood�t, atARC the�rst secondcoincidefor theEW componentandthewaveform
for theNS component.At DZC modellingandobservationshow a good�t for the �st seconds
only, becauseof theneglectionof theeasternfault segment.
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Figure 2.10: PHV distribution obtainedby using the ruptureprocessof Sekiguchiand Iwata
(2002)for simulation.Whitedashedlinesarethebedrock-sedimentboundariesandthetriangles
depictstrongmotionstations.Rupturedirectivity andwave guidee� ectsof thesedimentsyield
to largevalueseastandwestof the fault. No strongmotionstationis locatedwithin anareaof
largePHV.

Figure 2.11: Calculatedmacroseismicintensities(coloured)from FourierAccelerationSpectra
Sokolov (2002). Comparisonwith the observed values(dashedlines) show a good �t in the
epicentralregion, thecoastsof Izmit BayandtheAdapazariBasin.
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2.7Comparison

EW NS Z

DHM 0.075 m/s 0.151 m/s 0.100 m/s

IST 0.035 m/s 0.050 m/s 0.062 m/s

SKR
0.675 m/s 0.902 m/s 0.866 m/s

YPT 0.167 m/s 0.215 m/s
0.189 m/s

Observed
10 s

Synthetic
10 s

Figure 2.12: Modelled(dashed)andobserved(solid) velocitieswith peakvelocity of themod-
elledseismogramat thedigital stationsfor therutureprocessof SekiguchiandIwata(2002).At
DHM andIZT all threemodelledcomponentsmatchtherecords.At SKR themodelledveloci-
tiesareto low andatYPT themodelledvaluesoverestimatetheobservation.At YPT this is due
to thelow surfacevelocityusedfor inversion.
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GBZ

EW NS Z

0.206 m/s 0.421 m/s
0.167 m/s

GYN
0.098 m/s 0.071 m/s 0.062 m/s

IZN 0.188 m/s
0.071 m/s 0.042 m/s

IZT
0.653 m/s 0.112 m/s 0.084 m/s

Observed
10 s

Synthetic
10 s

Figure 2.13: Synthetic(dashed)andobserved(solid) seismogramsat theanalogstationsfor the
rutureprocessof SekiguchiandIwata(2002).Peakvaluesaregivenfor themodelledvelocities.
Horizontalcomponentsof GBZ, IZN andIZT giveagoodcomparison.At GYN the�rst seconds
of NScomponentarecomparable.
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2.8Conclusions

2.8 Conclusions

By applyinginvertedrupturehistoriesthe FD modellingreproducedthe observed peakvalues
andtheseismogramsat stationswhich wereusedto invert theruptureprocess.This shows the
reliability of themodellingandthecapabilityto simulatenot only pastbut alsopotentialfuture
earthquakes. The calculationsalso demonstratethe complex nearfault groundmotion distri-
bution producedby the Kocaeliearthquake, which meansthat someregionssu� er from large
groundmotionswhereasotherareas,whichmight belocatedevencloserto thefault trace,show
almostknow or moderategroundshaking.And remarkably, no strongmotionstationis located
in anareaof maximumgroundmotion. This might explain theobservedsurprisinglylow PHA
of theKocaelievent. Recently, theobservationof thePark�eld 2004event(Shakalet al., 2006;
Bakunet al., 2005)point into the samedirection. This was the �rst time an earthquake was
denslyrecordedin thenearfault areawith eightstationswithin 1 km of theruptureand40 sta-
tions within 1 to 10 km. The observed groundmotionsalsoshowed large spatialvariationsin
theobservedamplitudes.Therefore,thedevelopmentof nearfault attenuationrelationshipsfor
largeshallow earthquakes,which arebasedusuallyon observedstrongmotiondata,hasa large
uncertaintyof theexpectedgroundmotionfor anspeci�c scenarioat a speci�c point. Thus,the
developmentof attenuationrelationshipsfor thenearfault partshouldbedonewith a stringent
errorestimatebasedontheuncertaintiesproducedby thecomplex distributionof ruptureparam-
eterson thefault plane.Therecordsof theKocaeliearthquake, which doubledthedatabaseon
nearfault observations,shouldbeusedwith greatcaution,becausethey mayleadto anunderes-
timationof expectedgroundmotionsin thenearfault area.
For the modellingof future earthquakes, a detailedkinematicrupturehistory is naturally not
available. Here,a homogenousrupturemodelcanbe used,but this givesonly averageground
motionsat a speci�c point which may signi�cantly under- or overestimatethe groundmotion
during therealevent. Anothermethodis dynamicmodelling(Peyrat et al., 2001),but herethe
resultinggroundmotionsdependstronglyon the exact knowledgeof the stressdistribution on
thefaultbeforetheearthquaketakesplaceandtheappliedfriction laws. Thereareseveralstudies
how to developruptureprocessesfor scenarioertahquakeswith areconsistentwith observedpast
earthquakes(Mai andBeroza,2002;Guatteriet al., 2003,2004).As alsoshown in this studyon
theKocaeliearthquake,Guatterietal. (2003,2004)emphasisethatattenutaionrelationships(e.g
Booreet al., 1997;Campbell,1997;Sadighet al., 1997)arefully inadequatefor the nearfault
area(<10 km) asthenearfault stronggroundmotionstronglydependson theslip, risetimeand
rupturevelocity distribution on the fault. Guatteriet al. (2003)suggesta physicallyconsistent
pseudodynamicmethodto calculateruptureprocessesfor scenarioearthquakes.Startingfrom a
generatedstochasticslip distributionof a targetearthquake,which is consistentwich pastearth-
quakes(e.g.afterMai andBeroza(2002)),they calculatephysicallyconsistentkinematicrupture
properties(rupturespeed,slip andrisetime). This resultsin realisticrupturescenarioscompared
to a fully kinematicapproachwherethe rupturevelocities,slipsandrise timesareoften setas
indepentlyandthereforenotphysicallyconsistent.Therfore,thepseudo-dynamicmethodcanbe
appliedto develop likely scenariosof potentialfutureearthquakes. Mai et al. (2006)startedto
developsourcemodelsfor potentialearthquakesin theMarmaraSea.It is importantto notethat
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the exact distribution of the kinematicparametersof a future earthquake cannotbe calculated
in advance. Hence,modellingnearfault stronggroundmotion for a future earthquake always
meanssimulatingseveraldi� erentrupturescenarios.By applyingseveral likely rupturescenar-
ios groundmotionmodellingcanidentify regionswhich maysu� er from largegroundmotions
andthe modellinghelpsto �nd undergroundstructureswhich in�uence wave propagationand
the resultingsurfacegroundmotion distribution. Applying sucha modellingprocedurewould
help to be preparedfor the groundmotionsexpectedfor future earthquakesandin the Turkey
case,for theexpectedearthquakenearIstanbul.
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Chapter 3

WavePropagationModelling of the
VranceaStrongEarthquakes

3.1 Intr oduction

This chapterpresentsa 2.5D and3D FD wave propagationmodellingmethodfor the Vrancea
strongearthquakes. As a casestudy, the simulationof the 1986strongearthquake (Mw = 7.1)
is performedandanalysed.Valuableinsightsinto theVranceastrongearthquakesin generalare
gainedby themodellingof the1986earthquake,asall earthquakesoccurin averycon�ned vol-
ume,show similar focalmechanismandproducesimilargroundmotionpatterns.Thesubsurface
structureof theregionis adoptedfrom Martin etal. (2005,2006).In orderto modelrealisticseis-
mogramsstochasticvelocity perturbationsareaddedto the model. To explore the in�uence of
thesubsurfacestructureandthesourceon thesimulatedgroundmotion,modellingis performed
for varyingundergroundmodels.Thedevelopedproceduresto simulate2.5D and3D FD wave
propagation,which areexplainedin this chapter, build the basisfor the hybrid strongground
motionmodellingof theVranceastrongearthquakespresentedin thenext chapter.
A �rst seismogrammodellingof a Vranceastrongearthquake wasdoneby Hartzell (1979).He
usedaGRT (generalisedraytheory)methodto explain theseimogramsin Bucharestof the1977
earthquake. Dueto thelimitationsof themethodandthelimited knowledgeof theunderground
structurea simplelayeredsubsurfacemodelwasused. In contrast,by applyinga FD method,
wave propagationcanbemodelledfor arbitrarycomplicatedsubsurfacestructures.In this work
2.5Dand3D FD simulationsarecarriedout for a very detailedundergroundstructure,which is
basedon many di� erentgeophysicalmethodsandcampaigns(Martin et al., 2005,2006). With
thedetailedknowledgeof theundergroundstructureFD simulationsallow to understandwave
propagationwithin this complex region formedof deepsedimentarybasins,mountainrootsand
asubductedlithosphericslabin themantle.
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Figure 3.1: Themapshowsall earthquakesbetweenJan.1, 2000and2004thataredeeperthan
70 km. All theseearthquakesoccurredin a very con�ned volumebeneaththe SE Carpathian
Arc.

3.2 Historical Seismicityand Tectonics

Seismicityin Romaniais dividedinto a crustaldomainwith lower magnitudesandaninterme-
diatedepthdomain,whereall strongearthquakesare located. The mid depthearthquakesare
con�ned to a small volumeof 40 km to 80 km horizontalextensionandto a depthbetween70
km and180 km beneaththe Vrancearegion in the SE Carpathians(Fig. 3.1). The seismicity
beneathVranceais associatedwith a subductedanddetachedlithosphericslab. Sperneret al.
(2001)describethegeodynamicevolution of theregion beginningwith active subductionalong
the whole Alpine-Carpathianbelt during Cretaceous.The continentcontinentcollision in the
Alps duringMid-Eocenestoppedthesubductionprocessthere,but it continuedeastwardsin an
embaymentof theEuropeanplatform(slabretreat).Theembaymentwas�lled by two separate
blockswhichcollidedwith theEastEuropeanPlatform�rst in theNorth thenin theSouth.Con-
sequently, subductionstoppedandslabbreako� occurred�rst in theNorth andmigratedto the
SE.Today, beneaththeSECarpathiansthelaststageof thesubductionprocesstakesplacewith
thedetachmentof a lastsegment(SpernerandtheCRC461Team,2005).
TheVrancearegion in Romaniashows thefourth highestseismicenergy releaseratein Europe
(Wenzeletal.,1999).Pastearthquakescausedmany casualtiesandlargedamages.For example,
the Mw = 7.7 event in 1977producedlarge damagein the RomaniancapitalBucharestwhere
1570peoplewerekilled and11300wereinjured(WenzelandLungu,2000;Cio�an etal.,2004).
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3.3SubsurfaceStructure

Year Day Time(UTC) Strike Dip Rake Mw Lat. Lon. Depth
1940 Nov. 10 01:39 224 62 76 7.7 45.8 26.70 150.0
1977 Mar. 4 19:21 225 65 85 7.4 45.77 26.76 94.0
1986 Aug. 30 21:28 226 64 107 7.1 45.52 26.49 131.0
1990 May 30 10:40 236 63 101 6.9 45.83 26.89 90.9

Table 3.1: Strongearthquakesduringthe20thcenturywith sourceparameters,longitudes,lati-
tudesanddepths(after Oncescuetal., 1999).

During the 20th centuryfour strongearthquakesoccurredwith momentmagnitudesfrom 6.9
to 7.4 (Tab. 3.1). Historical recordsshow one to � ve earthquakes with Mw � 7 per century
(Oncescuet al., 1999). All Vranceaeventslarger thanMw = 7 show reversefaultingwith NE-
SW striking faultscomparedto smallerearthquakeswhich alsoshow NW-SE striking reverse
faulting.All thesestrongeventsproducedintensitiesof VIII about50 to 100km eastof theepi-
centre(Fig. 3.2afterRaduet al., 1979,1987;RaduandUtale,1990).TheBucharestregion was
a� ectedby intensitiesof VIII andVII during the1977and1986events,respectively. The iso-
seismalsshow anSW-NE elongatedoval shape.A comparisonof theintensitiesin SEandNW
directionshows that the intensitydecreasewith distanceis strongertowardsthe NW. It seems
that the oval patternsduring the 1977earthquake is stretchedto the SW, whereasthe intensity
patternof the1977is stretchedto theNE. This is probablyproducedby directivity e� ectsdueto
theoppositerupturepropagationsduringtheseearthquakes.Di� erentdirectivity e� ectsarealso
discussedfor the1940and1977earthquakes(Hartzell,1979).

3.3 SubsurfaceStructur e

For FD simulation of wave propagationwithin isotropic media the knowledgeof the Lamé
constants(� and � ) and of the density � is essential(seeeqs.1.13 and 1.14). The applied
FD codesuseeqs.(1.7) and (1.8) to calculatethe Lamé constantsfrom the P- and S-wave
velocities. The P-wave velocity structureof SE Romaniais describedin the next section.
The calculation of S-wave velocities and densitiesfrom the P-wave velocities is given in
section3.3.2. Section3.3.4 shows the appliedQ structureand explains the methodusedto
implementintrinsic attenuation.

3.3.1 P-wavevelocity structur e

In theframeof theCRS461two deepseismicsoundingexperimentsanda seismictomography
campaignwere carriedout to reveal the undergroundstructureof SE Romania. During the
deepseismicsoundingexperimentsVRANCEA99 and VRANCEA2001, seismometerswere
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March 4, 1977; Mw=7.4
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(a) MacroseismicIntensities;March4, 1977
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August 30, 1986; Mw=7.1
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(b) MacroseismicIntensities;August30,1986
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May 30, 1990; Mw=6.9
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Figure 3.2: Maximumintensitieswereobservedabout50 to 100km eastof theepicentreat all
threeVranceastrongearthquakesduringthe20thcentury. Duringthe1977and1986earthquakes
theBucharestareawasa� ectedby anintensityof VIII andVII, respectively. Theisoseismalsof
theVranceaearthquake areelongatedin SW-NE direction. Furthermore,the intensitiesshow a
strongerattenuationtowardstheNE directioncomparedto theSEdirection.
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3.3SubsurfaceStructure

Figure 3.3: Topographyandbasementstructureof SERomania.Thedisplayedtopographyand
basementstructuresare350km x 350km wideandcentredat theepicentreof the1986Vrancea
strongearthquake (star).A deepforelandbasementis locatedsouthof theCarpathiansandeast
of theSECarpathianArc. Maximumbasementdepthis about16.5km.

deployedalongtwo pro�les acrosstheCarpathians.The resultingcrustalstructureis predomi-
nantlybasedon theselong rangeseismicrefractionlines(Hauseret al., 2001,2002,2003),3D
refractiontomography(Landeset al., 2004)andreceiver function studies(Diehl et al., 2005).
TheresultsrevealMoho depthsbetween33 and43 km alongtheseismicrefractionpro�les and
depthsbetween28 and46 km at theseismicstationsusedfor receiver functionanalysis.Near-
surfaceP-wave velocitiesshow valuesof about5.5km/s acrosstheCarpathiansand4 to 5 km/s
in the forelandbasins. Martin et al. (2005) combinedthe resultsof the di� erentmethodsto
compilea 3D P-wave velocity modelof thecrust. Fig. 3.3 shows thebasementstructurefor a
350km x 350km wide areacentredat the hypocentreof the 1986Vranceastrongearthquake.
A deepforearcbasinis extendedalongthesouthernmargin of theCarpathianstowardstheeast
of the CarpathianArc. The maximumdepthof the basinis about16.5 km. The topography,
basement,ConradandMoho depthsandthedistributionsof vp at thesurfaceandon theupper
sideof thebasementaredisplayedin Fig.3.4.TheP-wavevelocitiesbetweenthesurfaceandthe
basementareinterpolatedby assuminga velocity increasethatis proportionalto thesquareroot
of thedepth(eq.(1) in Martin et al., 2005). This velocity depthrelationis in goodcomparison
with resultsof theseismicrefractionstudies(Fig. 6 in Martin et al., 2005). TheP-wave veloci-
tiesbetweenbasementandConradareinterpolatedlinearlywith depthfrom 5.9km/sto 6.2km/s
andfrom 6.7km/s to 7.0km/sbetweenConradandMoho. During theCALIXT O, 1999seismic
tomographycampaign,110temporaryand18 permanentseismometersrecordedlocal andtele-
seismiceventsover 6 months.Nonlinearteleseismicbodywave tomographystudiesof Martin
et al. (2005,2006)andsimultaneousinversionof teleseismicandglobalP-wave traveltimedata
(Weidleet al., 2005)revealthestructureof themantlebeneaththeVrancearegion. In this work
theresultsof Martin etal. (2005,2006)areadopted.Theresultsshow aclearhighvelocitybody
beneaththeSECarpathiansbetween70 km andabout350to 370km depth.This high velocity
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3.3SubsurfaceStructure

Figure 3.5: Topography, basement,ConradandMoho with theslabbeneaththeSECarpathian
Arc afterMartin etal. (2006).Theslababove200km is elongatedin NE-SWdirection.Beneath
200km theorientationchangesby 90° to SE-NW.

body is interpretedasa lithosphericslab,which shows the laststageof thesubductionprocess
alongtheAlpine-Carpathianbelt. For depthslessthan200km theslabshowsaNE-SWorienta-
tion whereasfor depthslargerthan200km theorientationchangesto SE-NW. Fig. 3.5displays
topography, basement,Conrad,Moho andtheuppermostpartof theslabfor a350km x 350km
wideregion,which is centredat theepicentreof the1986Vranceastrongearthquake. The�gure
shows theNE-SWelongatedshapeof theslabbetween50 km and200km depthandits change
of orientationbeneath200 km. The given horizontalresolutionof the P-wave velocitiesand
depthsof thecrustalstructuresis about1 km. Theseismictomographyresultshavea horizontal
resolutionof 16 km anda verticalresolutionof 40 to 50 km. Theseresolutionsareinterpolated
to the grid spacingneededfor the FD modellingby usingMATLAB ® andGMT (Wesseland
Smith,1998)interpolationroutines.

3.3.2 Calculation of S-wavevelocity and density

As describedabove,theLaméconstants� and� arecalculatedfrom vp, vs and� . S-wavevelocity
and P-wave velocity are connectedwith the Laméconstantsby eqs.(1.7) and (1.8). S-wave
velocitiesarecalculatedfrom thederivedP-wavevelocitiesby assuming� � � , which is a good
approximationfor many Earthmaterials.Thisyieldsto:

vs =
vp
p

3
. (3.1)

DensityvaluesarecalculatedusingtheempiricalrelationshipafterGlaznev etal. (1996):

� (vp) = a + b ln(
���vp + c

���), (3.2)
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Figure 3.6: Comparisonof the observed andmodelledradial componentsat CFR.Due to the
smoothvelocitymodel,themodelledseismogramshowsaverysimplewaveform.

with vp in km/sand� in kg/m3. For vp � 5:5 km/s theparametersa,b andc are:

a = 2933,

b = � 518,

c = � 7:595:

For vp > 5:5 km/s theparametersa,b andc are:

a = 1656,

b = 1068,

c = � 3:180.

3.3.3 StochasticVelocity Perturbations

Comparedto the observed seismogramat CFR (stationlocation is indicatedin Fig. 3.13), the
modelledtime-seriesshows very clearphases(Fig. 3.6). This is a direct result from the rela-
tively smoothsubsurfacestructurepresentedabove. The real lithosphereis morecomplicated
andshows small scalevelocity perturbations(SatoandFehler,1998,chapter1 and2), which
cannotberesolvedby refractionseismology, refractiontomographyandreceiver functions(see
section3.3.1). Therefore,stochasticvelocity perturbationsareincludedinto thesmoothmodel
to simulaterealisticseismograms.Usually, stochasticvelocity perturbationsaremathematically
describedby autocorrelationfunctions(ACFs). To describeperturbationswithin the Earththe
Gaussian,exponentialandvonKarmanACFsareveryconvenient(SatoandFehler,1998,chap-
ter2;Tittgemeyer,1999,AnhangB,Haury,2002,Kapitel 2). Therearemany studieson random
heterogeneitiesin thelithosphereof Europe(HockandM. Korn,2000;Ritteretal., 1998;Ritter
andRothert,2000;Hocketal.,2004).Unfortunately, thereis noinformationavailablefor Roma-
nia. Therefore,thestochasticpropertieswereadoptedfrom Hock et al. (2004).For a frequency
rangeof 0.5 to 5 Hz, aboutthe samerangeasin the 2.5D FD modelling,they obtaincorrela-
tion lengthsof 1 to 7 km andRMS velocity �uctuations of 3 to 7 %. In the presentedwork,
the correlationlengthof crustalstructuresis chosenas2 km with a RMS (root meansquare)
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3.3SubsurfaceStructure

Correlation Mean RMSLayer
length P-wavevelocity velocityperturbation

Surface- Basement 2 km 5.05km/s 5 %
Basement- Conrad 2 km 6.05km/s 5 %

Conrad- Moho 2 km 6.85km/s 5 %
Mantle 4 km 7.95km/s 2 %

Table 3.2: Correlationlengths,meanP-wave velocitiesandRMS velocity perturbationsusedto
build thestochasticvelocitymodel.ThevaluesarebasedonHocketal. (2004).

velocity perturbationof 5 %. Correlationlengthwithin themantleis setto 4 km with 2 % RMS
velocity perturbations.The RMS velocity perturbationof the mantleis chosenlower thanthe
minimumof 2 % proposedby Hock et al. (2004)to avoid numericalinstabilities(section1.3.2)
producedby largeseismicwavevelocitiesthatwouldoccurfor RMSperturbations> 3 %. Even
atavalueof 2 % thevelocitygrowslocally toolarge. In thesecases,themaximumvelocity is set
to 8.75km/s. Table3.2givesthecorrelationlength,RMSvelocityperturbationsandmeanveloc-
ities for all structures.Thestochasticvelocity perturbationshave anexponentialACF andwere
producedwith thehelpof thecodesof Müller andShapiro(2001),andCirpka(2003). Fig. 3.7
showsthe2D slicesthroughstationCFRfor thesmoothandthestochasticmodel.Theintroduc-
tion of stochasticvelocity perturbationsresultsin a realisticallyshapedseismogram(Fig. 3.8).

3.3.4 Q Structure

Theapplied2D and3D FD codesdo notconsiderintrinsicattenuation.Therefore,attenuationis
addedby applyingthefrequency dependentdampingoperatorD(! ):

D(! ) = e� �! t� =(2� ). (3.3)

Wheret� is thesumof thetraveltimesti throughlayerswith di� erentQi dividedby Qi:

t� =
Z

dt
Q

=
NX

i=1

ti
Qi

. (3.4)

Dampingis only appliedto S-waves,which have usuallythe largestamplitudesin the seismo-
gramsandarethereforemostimportantto simulatestronggroundmotion.A threelayerQ model
for Romania(Sokolov et al., 2004)is appliedandthe traveltimesthrougheachlayer arecom-
putedby assumingstraight-linetravel pathsfrom thehypocentreto thereceivers.Q is 150f 0:80

for depthsgreaterthan100 km, 400f 0:90 between40 and100 km and100f 0:80 above 40 km.
Thesyntheticseismogramsu(t) areFouriertransformed:

Ũ(! ) = A(! )ei� (! ) =
Z +1

�1
u(t)ei! tdt, (3.5)
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Figure 3.7: 2D slice throughstationCFRof thesmoothmodelafterMartin et al. (2005,2006)
andthroughthemodelwith addedstochasticvelocityperturbationsafterTable3.2.
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Figure3.8: ComparisonbetweentheobservedseismogramatCFRandthemodelwith stochastic
velocity perturbations. The resultingwaveform is more realistic comparedto the modelling
without randomvelocityperturbations(seeFig. 3.6).
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3.42.5DFD Modelling

with the Fourier amplitudespectrumA(! ) andthe phase� (! ). Multiplication of the damping
operatorD(! ) with theFourieramplitudespectrumyieldsto thedampedspectrumŨD(! ):

ŨD(! ) = A(! )D(! ). (3.6)

Next, inverseFouriertransformis appliedto obtainthedampedseismogramsuD(t):

uD(t) =
1
2�

Z +1

�1
ŨD(! )ei! td! . (3.7)

This methodmodi�es only the amplitudespectra,thereforethe in�uence on the phaseof the
signalis ignored.Fig. 3.9 comparestheundampedanddampedseismogramat stationCFRfor
the1986Vranceastrongearthquake. CFRis locatedatadistanceof 134km to theepicentreand
thestraight-linetravel pathfrom thehypocentreto thestationis 187km. TheS-wavetravel times
throughthedeepest,middleanduppermostQ layersare9.14s,18.52sand15.49s,respectively.
This givesa total travel time of 43.15s. For theintermediatedepthVranceaearthquakestheS-
waveshavethemaximumamplitudesin theseismograms.Therefore,thevalueof t � is calculated
for thetravel timeof theS-wavethroughthemodelto getrealisticmaximumamplitudes.But the
applieddampingis too largefor wavesarriving beforetheS-wave andtoo small for wavesafter
the S-wave arrival. However, the sharpS-wave pulsein Fig. 3.9 is correctlydamped.For the
modellingwith thestochasticvelocityperturbationstheS-waveis scatteredoverseveralseconds.
Fig. 3.10displaysthetransversecomponentat stationCFRfor a modelwith stochasticvelocity
perturbations.Thesolid line shows theseismogramwhich is correctedwith thetotal traveltime
of 43.15s for thetheoreticalS-wave arrival. Thelastpartof relatively largeS-wave amplitudes
arrivesat about46.35s. Therefore,3.2 s areaddedto the travel time throughthe uppermost
Q layer to obtaina correctlydampedseismogram(dashed)at 46.35s. The comparisonshows
that thedampingwith the theoreticalS-wave arrival is 0.07m/s2 too large at 46.35s, which is
about10 % larger thantheamplitudethat is dampedwith thecorrecttraveltimeof 46.35s. The
scatteredS-wavesarenot only producedin theuppermostlayerbut alsoin thedeeperQ layers,
which have large Q valuesand thereforeproducelessattenuation.Hence,for the transverse
componentof CFRtheerrorof about10 % is anupperbound.

3.4 2.5DFD Modelling

Wavepropagationis modelledwith a2.5DFD method(Karrenbach,1995).2D sliceswith ahori-
zontalextensionof 350km andadepthof about90 km to 150km, dependingon thehypocentre
depth,areextractedfrom the 3D model(section3.3). Minimum shearwave velocity is about
1.6km/s. Theresultinggrid spacingwhich dependson theavailablecomputercapacityandthe
numericdispersionrelation(1.19),is 140m andthesimulationof P-SVandSH-wave propaga-
tion takes15 hourstime. Wave propagationis simulatedfor 64 s by using8000time stepswith
a time interval of 8 msto meetthestability criterion(eq.1.16). 2D FD modellingis carriedout
for many slices,which arerotatedaroundthe epicentre-hypocentreaxis. This 2.5D procedure
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Figure 3.9: Undamped(solid) and damped(dashed)seismogramat stationCFR eastof the
epicenter(seeFig. 3.13) for the Q-structure. The straightlined travelpathis 187 km andthe
theoreticalS-wave arrival time is 43.15s. The Q structurefor SE Romaniais adoptedfrom
Sokolov etal. (2004).

Figure3.10: Seismogramat CFR for wave
propagationthrougha model with stochas-
tic velocity perturbations.In this casetheS-
wave arrivalsarestretchedover severalsec-
onds. Hence,the dampingwith the theoret-
ical arrival time introducesan error for the
S-waveswhich arrive afterthetheoreticalS-
wave. The undampedseismogramis shown
with theseismogramdampedwith thetravel
timeof theS-waveof 43.15s(solid)andwith
a travel time that marksthe endof large S-
wave amplitudesat 46.35 s (dashed). The
dampingwith the theoreticalS-wave travel
time is 0.007m/s2 to large, which is about
10 % of the correctlydampedamplitudeat
46.35s.

43 44 45 46 47 48

�0.2

�0.1

0

0.1

0.2

Time [s]

A
cc

el
er

at
io

n 
[m

/s
2 ]

amplitude difference

at 46.35 s: 0.007 m/s2

undamped
damped with traveltime = 43.15 s
damped with traveltime = 46.35 s

30 35 40 45 50 55 60
�0.4

�0.2

0

0.2

0.4

0.6

Time [s]

A
cc

el
er

at
io

n 
[m

/s
2 ]

undamped
damped with traveltime = 43.15 s
damped with traveltime = 46.35 s

58



3.42.5DFD Modelling

Figure 3.11: Wave propagationof theVranceaearthquakesis modelledwith a 2D FD method
for di� erent2D slicesthroughthe undergroundstructure. The slicesare rotatedaroundthe
epicentre-hypocentreaxis. This 2.5D modelling proceduregeneratesarea-wideseismograms
dependingon thenumberof 2D slices.The�gure shows themaincrustalfeatures,theepicentre
andhypocentreof the1986August30 earthquake andwave propagationon three2D slicesthat
arerotatedaroundtheepicentre-hypocentreaxis.

allowsthesimulationof groundmotionsfor thewholestudyregion(Fig. 3.11).A doublecouple
sourceis implementedasdescribedin section1.4. Theearthquake is modelledasapoint source
with thesourcetime functionafterBeresnev andAtkinson (1997)(seesection1.5.1). Theuse
of a point sourceis no drawbackbecauseof the largehypocentredepthof 70 to about150km
andthesmall fault sizesdueto thelargestaticstressdropsof theVranceaearthquakes(seesec-
tion 1.5.1).Thewaveformof thesourcetime functionwasadoptedfrom Beresnev andAtkinson
(1997)(seechapter1.5.1).In comparisonto arealsourcetimefunction,thesourcetimefunction
afterBeresnev andAtkinson(1997)is relatively smooth.Thismeansthatthemodellingdoesnot
includethecomplexity of thesource.Anyway, for the intermediatedepthVranceaearthquakes
thesourcecomplexity is notknown andthereforecannotbeimplementedin themodelling.Fur-
thermore,for theminimumtravel pathlengthof about100km thecomplexity of theunderground
structurehasthemainin�uence on thewaveformsof themodelledseismograms.Themodelled
seismogramsarebandpass-�lteredbetween0.1and4.5Hz to excludehigh frequency numerical
artefacts,which areproducedby numericaldispersionandthesourceimplementation.Thenext
stepis the conversionfrom line sourceseismogramsproducedby the 2D FD modellingto 3D
point sourceseismogramsafter section1.62. To includeintrinsic attenuationthe resultsof the
FD modellingaredampedasdescribedin section3.3.4.
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Figure 3.12: For a static stressdrop � � of 150 MPa the rupturetime tr is calculatedafter
eq.(1.44).Next, thewaveformof themomentdensityratefunctionafterBeresnev andAtkinson
(1997)is calculatedsothat98 % of the �nal momentdensityM0=dx3 (shaded)is reachedafter
therupturetime tr = 2.95s (seesection1.5.1).

3.4.1 2.5D Modelling of the August 30, 1986 Vrancea Earthquake
(MW=7.1)

Wavepropagationis modelledfor 222Dslicesthroughtheundergroundstructure.Thehorizontal
extensionof the2D slicesis 350km, theverticalextension131km. Tenslicescrossthelocations
of strongmotionstationsandtheazimuthsof theother12slicesarechosenthattheareais evenly
covered. Fig. 3.12 shows the sourcewavelet usedto model the 1986earthquake. A detailed
descriptionof thecalculationof thesourcewaveletis givenin section1.5.1.To modelthe1986
earthquakeastaticstressdrop� � of 150MPais used.Usingeq.(1.44)therupturetimetr = 1=fc
is 2.95 s. Fig. 3.12 displaysthe resultingmomentdensityfunction with the waveform after
Beresnev andAtkinson(1997). 98 % of the �nal momentdensityarereachedafter therupture
time tr = 2.95s. Fig. 3.13shows peakgroundaccelerations(PGA) alongthepro�les of the22
2D slicesthroughthemodelwithout randomvelocity perturbations.TheresultingPGA pattern
is very smooth. It shows an oval form, which is elongatedin NE-SW directionwith a strong
decreasein NW directionfrom 0.5 m/s2 at the epicentreto 0.15 m/s2 in a distanceof 30 km.
Maximum PGA of about0.85 m/s2 occurseastto southeastof the epicentre. The observed
macroseismicintensitiesof the1986earthquake, andalsothe intensitiesof the1977and1944
events,show anoval NE-SWelongatedpatternwith themaximumintensityabout50 to 100km
eastof theepicentre(Fig. 3.2).Thesepatternsarealsoobservedfor thePHA distributions(Popa
et al., 2005;Sokolov andBonjer,2006). Therearedi� erentexplanationsfor this pattern.After
MandrescuandRadulian(1999)theobservedpatternis generatedby thesourcemechanismand
the local sitee� ects.Popaet al. (2005)emphasisethe in�uence of attenuationvariationsin the
uppermantleandexcludeexplicitely the in�uence of local sitee� ectsandsourceradiation.To
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SW-NE SliceNW-SE Slice

Slice
EW

Figure 3.13: PGA distribution along the pro�les of 22 2D slicesthroughthe model without
stochasticvelocityperturbations.Theredstarmarksthe1986epicentre.Strongmotionstations,
which recordedthe earthquake are depictedby triangles. The grey backgroundindicatesthe
topography. TheresultingPHA valuesshow asimplepattern.MaximumPGAof about0.85m/s2

occurseastof theepicentre.ThePGA distributionshowsanoval in NE-SWdirectionelongated
pattern.In NW directionthePGAvaluesshow astrongdecreasefromabout0.5m/s2 to0.15m/s2

over30km andagainanincreaseto about0.38m/s2 in adistanceof 50km. Thelargeamplitudes
within thedashedcircleareexplainedin section3.4.2.

addressthis question,FD modellingis anappropriatemethod.By simulatingwave propagation
for modelswherespeci�c structuresareincludedwhereasothersareomitted,thein�uenceof the
di� erentundergroundstructurescanbestudied.Therefore,in thenext sectionswavepropagation
is simulatedfor di� erentmodelsto explore the in�uence of the basement,Conrad,Moho and
mantlestructureson thewavepropagationandtheresultinggroundmotionsat thesurface.

3.4.2 2.5FD Modelling - In�uence of Underground Structure

Wave propagationis modelledfor three2D slicesthroughthemodelwithout thestochasticve-
locity perturbations.Thisallowsto studythein�uence of themaincrustalboundaries.Thethree
studiedslicesareorientatedin EW, SW-NE andNW-SEdirection(seeFig. 3.13).TheEW slice
runsthroughthedeepestpartof thebasement,theSW-NE sliceis parallelto thelongaxisof the
oval PGApatternandtheNW-SEsliceis orientedalongtheshortaxesof theoval pattern.Wave
propagationis modelledfor six di� erentundergroundstructuresfor eachslice. For the hori-
zontally layeredmodelLAY thedepthsandvelocitiesof thedi� erentstructuresaretheaverage
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Structure/Velocity AverageDepth/ AverageVelocity
Basement 5.56km
Conrad 22.55km
Moho 38.64km

SurfaceVelocity 4.37km/s
BasementVelocity 5.64km/s

Table 3.3: Averagedepthsandvelocitiesof the layeredmodel(LAY). Thevelocitiesbetween
basementandConradandConradandMoho increaselinearly from 5.9 km/s to 6.2 km/s and
from 6.7km/s to 7.0km/s,respectively (seesection3.3.1)

Abbreviation "Real"Structures(seesection3.3) Simpli�ed Structures
horizontalbasement,Conrad,MohoLAY -

homogeneousmantle
basement horizontalConrad,MohoB

homogeneousmantle
basement,Conrad horizontalMohoBC

homogeneousmantle
BCM basement,Conrad,Moho homogeneousmantle

basement,Conrad,MohoBCMM
Mantle

-

basement,Conrad,Moho,BCMMs
Mantlewith sharpboundary

-

Table 3.4: Abbreviations for the modelsusedto explore the in�uence of the di� erentunder-
groundstructureson theresultinggroundmotion.

valuesof thestructureswithin a175km x 175km wideand131km deep3D model(Table3.3).
Next the basementstructureis addedandthe ConradandMoho arekept ashorizontal(model
B). Thenwave propagationis modelledfor a modelBC thatcontainsthebasementandConrad
structure.Thefourth modelBCM containsalsotheMoho. Themantleis homogeneousfor all
of thesemodels.Then,themantlestructureafterMartin etal. (2006)is added(modelBCMM ).
Theresultsof seismictomographyshow a smoothimageof thehigh velocity bodyin theman-
tle. However, theboundarybetweenmantleanda descendingslabis rathersharpthansmooth.
Therefore,wavepropagationis alsocalculatedfor aslabwith asharpboundary(modelBCMMs)
to studythedi� erencebetweenwave propagationwithin a smoothmantleanda mantlewith a
discontinuity. Hereafter, the structuresafter Martin et al. (2005,2006) are referredto as the
"real" structures.Table3.4summarisestheusedmodelabbreviations.

SW-NE Slice

Wave propagationis simulatedfor six di� erentundergroundstructuresof the SW-NE slice.
Fig. 3.14 (a) shows thesemodelswith the snapshotof the resultingcomponentsof accelera-
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tion after8 s. Fig. 3.14b displaysa zoomedimageof theresultingcomponentsof acceleration
after8 sec.Theresultingcomponenta(t) is calculatedas:

a(t) =
p

ar(t)2 + at(t)2 + az(t)2, (3.8)

with theaccelerationsar(t) is in radialdirection,at(t) in transversedirectionandaz(t) in vertical
direction. Hereafter, to describethedirectionof radiation,angle
 is de�ned counterclockwise
from thehorizontal(indicatedin Fig. 3.14b). Fig. 3.15shows thePGA (peakgroundacceler-
ation) alongthe pro�le of modelLAY. PGA is de�ned asthe resultingcomponent(eq.3.8) of
theaccelerationsat thesurface.Therearenocomplicatedundergroundstructuresthatde�ect the
wave�eld. Thewavefrontorientationis changedaccordingto Snell's law andamplitudeincrease
becauseof theimpedancedecreasefor theupgoingwaves.Thesetwo e� ectsarepoint-symmetric
to theepicentre.Therefore,theresultingPGAfor theLAY model(solid line) displaysmainlythe
in�uence of thesourceradiation.Fig. 3.14(b) showsthatthesourceradiatesmaximumS-waves
in adirectionbetweenabout10°and135° with amaximumfor 
 � 77°. For modelLAY maxi-
mumPGAof 0.61m/s2 occurs35km NE of theepicentre.This is about1.3timeslargerthanthe
PGA 35 km SW of theepicentrewith 0.46m/s2. ThePGA at 175km is about4.5 timeslarger
thanthePGA at theoppositesiteof themodelat -175km. This meansthatthesourceradiation
producesamplitudevariationsupto afactorof 4.5alongtheSW-NE pro�le. After implementing
thebasementstructure(modelB ), theresultingPGAfor modelB is enhancedby about25 % at
60 km (seealsodashedcircle in in Fig. 3.13). Between65 km and90 km thePGA of modelB
is lower thanin LAY. Fig. 3.17shows thesnapshotsfor theS-wavestravelling throughthebasin
structurebetween28 km and98 km. It canbe seenthat, dueto Snell's law, the convex basin
edgeat about55 km producesfocusing,which impingeson the surfaceat 60 km wherelarge
PGA occurred(Fig. 3.15).To theNE, between65 km and90 km modelB resultsin lowerPGA
thanin modelLAY. Thebasinstructureis concave in thisrangefor thearriving wavefront,which
is thereforedefocused.Between0 and50 km thebasementstructurealternatesbetweenslightly
concave andconvex structures,which producealternatingfocusinganddefocusing.Next, the
realConradandMoho structuresareimplemented.They show a negligible e� ecton theresult-
ing PGA (Fig. 3.15bottom)becausecomparedto thebasementstructuretheConradandMoho
haveminor lateraldepthvariations.Adding therealmantlestructure(Model BCMM) theshape
of thePGA distribution doesnot change,but the absolutevalueof PGA is reduced.The main
di� erenceto thepreviousmodelswith homogeneousmantleis thattheearthquakeoccursin this
casein aregionwith increasedP-wavesvelocities.After eq.(1.28)thefar �eld amplitudesof the
P-andS-wavedisplacementsin ahomogeneousmediumare:

ui =

 i
 j
 k

4��� 3

1
r

�Mkj �

 i
 k � � ik

4��� 3

 j

1
r

�Mkj. (3.9)

Consequently, theamplitudesui areconnectedwith theP-wave velocity � as:

ui �
1
� 3

, (3.10)

andwith theS-wave velocity � as:

ui �
1
� 3

. (3.11)
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Displacementsui thatareinitiatedin thehomogeneousmodelshave thereforelargeramplitudes
comparedto the waves that are producedin the high velocity slab. Subsequently, the waves
which impingeonthedi� erentmantleandcrustalstructureshavesmalleramplitudesfor models
BCMM andBCMMs thanfor modelsLAY, B, BC andBCM. Consequently, themodelledam-
plitude at the surfacefor the modelswith the "real" mantlestructuresandthe sourcein a high
velocityareais alsolower.

EW Slice

The di� erentundergroundstructuresaregiven in Fig. 3.18 (a). Large S-wave amplitudesare
mainly radiatedto the Eastwith a maximumfor 
 = 60 °. This is exactly the direction to
the deepestpart of the basinat 45 km with its convex structure. The PGA for model LAY
(Fig.3.19top)displaysthein�uenceof theradiationpattern.MaximumPGAof 0.84m/s2 occurs
47.6km eastof theepicentre,which is 2.8 timeslargerthan47.6km westof theepicentre.The
basementstructurebetween40km and70km focusesmainlytheincomingS-wavesandproduce
a maximumampli�cation of about10% comparedto thePGA for modelLAY. For theSW-NE
slice theampli�cation wasabout25 % becauseof themorepronouncedconvex structure.The
concavebasinstructurebetween-25km and-50km producesalsosmalldefocusing.Despiteof
therelatively largeS-wavesradiatedfor 
 > 120° thePGAlevelwestof -85km of modelB drops
beneaththe level of modelLAY. In this area,thereareno basinsandthereforeno ampli�cation
dueto decreasingimpedanceandfocusinge� ectscanoccur. As for SW-NE slicetherealConrad
andMoho have almostno in�uence on the PGA distribution (Fig. 3.19 bottom). For models
BCMM andBCMMs the shapeof the PGA remains(Fig. 3.20)but the absoluteamplitudeis
reducedbecausetheearthquakeoccursin a highvelocity region (eq.3.9).

NW-SESlice

Fig. 3.21 shows the modelsthat are usedto simulatewave propagationin NW-SE direction.
Large S-wave amplitudesareradiatedfor 33 ° < 
 < 94 ° and for 
 > 120 °. The PGA for
modelLAY displaysthestrongin�uence of thesourceradiation(Fig. 3.22),asthePGA at 36.4
km is aboutfour timeslarger thanat -36.4km at the oppositesideto the epicentre.As in the
previous two cases,large S-wavesamplitudesimpingeon theconvexedshapeddeepestpartof
thebasins.Therefore,maximumPGA dueto focusingis observedat 43 km. Theampli�cation
comparedto modelLAY is about10 %. Between-117km and-150km andto theeastof 120
km therearenobasinsandthereforePGAfor modelB is lowerthanfor modelLAY. TheConrad
andMoho structureshave only a small in�uence on theresultingPGA.For modelsBCMM and
BCMMs the hypocentreis locatedin a high velocity area.Therefore,PGA of thesemodelsis
lowercomparedto thehomogeneousmantlemodels.
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(a) Di� erentundergroundstructuresof theSW-NE slice
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(b) Radiationpatternwithin theSW-NE slice

Figure 3.14: Top: Di� erentmodelsof theSW-NE slice thatareusedto examinethe in�uence
of di� erentundergroundstructures(seeTable3.4) on thewave propagation.Bottom: Detailed
view of thesnapshotof theresultingcomponentof accelerations(eq.3.8)after8 s for theregion
indicatedin theimageof modelLAY (blackbox). MaximumS-waveamplitudesareradiatedfor

 = 77 °.
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Figure 3.15: PGA along the SW-NE pro�le for model LAY andmodelB (top). Due to the
sourceradiationthe PGA for modelLAY at 175km is 4.5 timeslarger thanat -175 km in the
SW. After addingthebasementstructure(modelB), PGA is increasedby about25 % at 60 km
anddecreasedbetween65km and90km. As thesnapshots(Fig. 3.17)show, thisdistinctfeature
is producedby focusinganddefocusingat thebasement.For modelsBC andBCM theresulting
PGA (bottom)merelychanges.Theslight dipsof theConradandMoho haveonly smalle� ects
on theresultingPGA.
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Figure 3.16: After addingthemantlestructure(modelsBCMM andBCMMs) theshapeof the
PGAdistributionalongtheSW-NE pro�le doesnotchangebut theamplitudeis decreased.After
eq.(3.9)amplitudesdecreasebecausethesourceis locatedin ahighvelocitybody.
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(a) Di� erentUndergroundStructuresof theEW slice
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(b) Radiationpatternwithin theEW slice

Figure3.18: Wavepropagationis modelledfor six di� erentmodelsof theEW slice(Table3.4).
The snapshotof the resultingcomponentof accelerationis shown in moredetail in (b) for the
black box indicatedin modelLAY. Large S-waves travel mainly to the East,wherethe deep
sedimentarybasinis located.
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Figure 3.19: Top: Due to the sourceradiationmaximumPGA for modelLAY alongthe EW
pro�le is simulatedat 47.6km, which is 2.8 timeslarger thanthe PGA on the oppositesite of
the epicentreat -47.6km. The maximumradiatedS-waves(
 = 30 °) impingeon the convex
shapeof thebasinandareampli�ed by about10 %. To theeastof -85km therealmodelhasno
sedimentsandthePGA of modelB is lower thanin modelLAY. Bottom: As thezoomedimage
shows,theintroductionof therealConradandMohomerelychangesthePGAdistribution.
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Figure 3.20: After simulatingwave propagationfor BCMM andBCMMs theform of thePGA
distribution alongtheEW pro�le is conserved. In BCMM andBCMMs the earthquake source
is locatedin the high velocity body. Therefore,the initiated amplitudesarelower thanfor the
homogeneousmantle(seeeq.3.9).
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(a) Di� erentundergroundstructuresof theNW-SEslice
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Figure 3.21: (a) Six di� erentundergroundstructuresof theNW-SE slicewith thesnapshotof
the wave�eld after 8 s. For the modelabbreviationsseeTable3.4. (b): Detailedimageof the
snapshotafter8 sfor theboxindicatedin modelLAY. MaximumS-waveamplitudesareradiated
for 
 = 61 °.
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Figure 3.22: Top: PGA for modelLAY (solid) modelB (dashed)alongthe NW-SE slice. In
modelLAY the sourceradiationproducesa di� erenceof 400 % betweenthe PGA at 36.4km
SEof theepicentreand36.4km NW of theepicentre.ThebasinSEof theepicentrefocusesthe
incomingS-wavesandamplify PGA by about10 % comparedto modelLAY. PGA of modelB
is lower thanof modelLAY for theareaswhereno basinsarelocated.Bottom:Zoomedview of
themaximumPGA for modelB, BC andBCM. Theintroductionof therealConradandMoho
structureshasonly minor in�uence on thePGA.
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Figure 3.23: PGA for modelLAY, B, BCMM andBCMs. For modelsBCMM andBCMMs
thePGAsareabout10 % percentlower comparedto themodelswith thehomogeneousmantle
structure.In thesemodelstheearthquake sourceis locatedin thehigh velocitybody. Therefore,
theinitiatedamplitudesarelower thanfor thehomogeneousmantle(seeeq.3.9).
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Figure 3.24: PGA distribution along20 slicesthroughthe modelwith the imposedstochastic
velocity perturbations.As in Fig. 3.13 for the PGA in the smoothmodel maximumPGA is
observed eastof the epicentreand the resultingPGA distribution is SW-NE elongated. The
arrow indicatesthe PGA valueproducedby strongfocusingat the convex shapedbasins.The
dashedsquaredepictstheextensionof theregionusedfor the3D FD modelling(section3.5).

3.4.3 Model with StochasticVelocity Perturbations

Fig. 3.24 shows the PGA distribution after addingthe stochasticvelocity perturbationsto the
smoothmodel(section3.3.3).ThePGA patternis blurredcomparedto thePGA for thesmooth
model. However, the two main features,maximumPGA eastof theepicentreandSW-NE ori-
entationof the pattern,are the same. Even the small areawith large PGA 60 km NE of the
epicentreis still visible (arrow in Fig. 3.24). This pointsout thatdespitethestochasticvelocity
perturbationsthe in�uence of thecrustalstructuresarenecessaryto explain theproducedPGA
distribution.

3.5 3D FD Modelling

It is not possibleto simulatethe in�uence of 3D structureswith 2.5D FD simulationsas the
modelpropertiesin 2.5D areconstantperpendicularto thecorresponding2D slice. Therefore,
3D wavepropagationmodellingis simulatedby applyingthe3D FD codeof Olsenetal. (1995).
However, the drawbackof 3D FD calculationsis that they aremuchmorememoryintensive.
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Figure3.25: PGAof the1986strongVranceaearthquakeupto 0.6Hz. Thehorizontalextension
of themodelis 85 km x 85 km. Thewhite stardepictsthe1986epicentre.MaximumPGA of
about0.27 m/s2 occurabout50 km eastof the epicentreand the PGA distribution is SW-NE
orientated.The "�nger" shapedpatternsareproducedby the basementstructure(seesection
3.5.1).

Therefore,comparedto the frequenciesup to 4.5 Hz simulatedwith 2.5D FD in the previous
sections,themaximumfrequency consideredin thissectionis 0.6Hz. Gridspacingis 500m. The
horizontalextensionis 401x 401grid pointsand321grid pointsvertically includingabsorbing
boundaries.This correspondsto a 100 km x 100 km wide and160 km deepmodel including
theabsorbingboundarylayer. Theminimal S-wavevelocity is about1.6km/s. Hence,usingthe
numericaldispersionrelation(eq.1.19)themaximumacceptablefrequency is 0.6Hz. Memory
requirementis about48bytepergrid point,which is 2.5GB for the520.000usedgrid points.To
ensurestability (eq.1.16)of theFD scheme,time discretisationis 17 ms. Wave propagationis
simulatedfor 7000timesteps(= 120s),whichneedsabout12 hourson six processorsona SGI
Origin 3200. Themodelledseismogramsare�ltered between0.1 and0.6 Hz andcorrectedfor
intrinsicattenuationasdescribedin section3.3.4.
The 1986VranceaEarthquake (MW=7.1) is modelledwithin a region centredat the epicentre
(dashedsquarein Fig. 3.24).Theappliedsourcewaveletis thesameasfor the2.5FD modelling
(Fig. 3.12). Fig. 3.25shows thesimulatedPGA distribution for the1986earthquake. ThePGA
distribution looks similar as the distribution that resultsfrom the 2.5D modelling (Fig. 3.13).
MaximumPGAoccurseastof theepicentreandthepatternextendsin SW-NE direction,whichis
thesamepatternasin (Fig.3.2)for themacroseismicintensitydistribution. In thenext sectionthe
subsurfacestructureis variedin orderto reveal themechanismsthatproducethis characteristic
pattern.
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3.5.1 3D Modelling - In�uence of Underground Structure

As for the2.5DFD modellingthein�uenceof theundergroundstructuresontheresultingground
motionis studiedby simulatingwavepropagationfor simpli�ed models.Theusedabbreviations
of themodelsarelisted in Table3.4. ThePGA distribution for modelLAY (Fig. 3.26)re�ects
mainly the sourcepatternbecausethe in�uence of Snell's law and the ampli�cation increase
dueto impedancedecreaseis point-symmetricto theepicentre.MaximumamplitudesoccurSE
to eastof the epicentreandthe PGA patternis SW-NE elongated.Maximum PGA SE of the
epicentreis 0.28m/s2. In the samedistanceto the North the PGA is 0.07m/s2, which is four
timeslower thanthemaximum.Next, wave propagationis calculatedfor modelB with thereal
basementstructureandhorizontalConradandMoho (Fig. 3.27).ThePGA distributionoutlines
the in�uence of the basinstructures.Main featuresaretwo "�ngers" pointing to the North at
40 km eastand20 km northof theepicentre.Thecontourlinesof thebasindepthshow thatthe
western"�nger" shapedPGApatternis producedby therelativelynarrow basinstructureandthe
eastern"�nger" shapedpatternoccursalongthesteepbasinstructurein theEast.Thewestern
patterncorrespondsto the observed large PGA values60 km NE of the epicentrethat is also
visiblein the2.5DFD modelling(Fig.3.13).Thesnapshotsof the2D wave�eld (Fig.3.17)show
thestrongfocusingat theconvex shapedbasin.ThelargestPGAvaluesoccurabout5 km eastof
thedeepestpartof thebasinbecausethewavesarefocusedat thewesternedgeof thebasement
andimpingeabout5 km to theeaston thesurface. In Fig. 3.28to 3.30thePGA valuesfor the
SW-NE,EW andNE-SWpro�les areshown. PGAfor modelLAY (solid)displaysthein�uences
of the sourceradiation. After addingthe real basementstructure,the PGA (dashed)alongthe
pro�les shows strongampli�cation. Ampli�cation occursat thesamelocationsasfor the2.5D
modellingat the top of the deepbasins.Strongampli�cation occursat 60 km on the SW-NE
slice dueto the relatively narrow anddeepbasin(Fig. 3.28). The ampli�cation in comparison
to modelLAY is about50 %. As in the 2.5D casethe real ConradandMoho structureshave
almostno in�uence on theresultingPGA.For all pro�les theampli�cation is larger thanin the
2.5D modelling. The contourlines of the basementdepthin Fig. 3.27show that for the three
pro�les (SW-NE, EW, NW-SE) the basinsform 3D lenses,which focusS-wavesfrom a larger
partof thewave�eld comparedto the2.5D case.After addingtherealmantlestructure(model
BCMM) the amplitudeof PGA drops. This is dueto the larger P-wave velocity in the source
region in comparisonto thehomogeneousmantlein modelsLAY, B, BC andBCM (eq.3.9).
After addingstochasticvelocityperturbationstheresultingPGApatternis blurred.However, the
mainfeatures,maximumPGAandSW-NE orientation,arestill clearlyvisible.

3.6 Discussion

2.5Dand3D FD modellingof the1986Vranceastrongearthquake emphasisesthein�uence of
thesedimentarybasinsandthesourceradiationontheresultinggroundmotions.Thesimulations
showedthatthesourceradiationproducesamplitudevariationsup to a factorof 4.5. Maximum
S-wave amplitudesareradiatedtowardsthedeepsedimentarybasinseastof theepicentre.The
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Figure 3.26: PGA distribution for model LAY. Due to the horizontally structuredmodel the
refractionatthelayerboundariesis point-symmetricto theepicentre.Therefore,thePGAre�ects
thein�uence of thesourceradiation.
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Figure 3.27: PGA distribution for modelB. The contourlines (dashed)displaythe basement
depth. LargestPGA valuesare found over the deepestpart of the basementstructure. Main
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Thewestern"�nger" shapedPGA patternis producedby therelatively narrow basinstructure.
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Figure 3.28: PGA alongtheSW-NE slice for modelLAY (solid) indicatesthatmaximumam-
plitudesdueto thesourceradiationimpingeat 20 km onto thesurface. ThePGA for modelB
(dashed)shows thestrongfocusingat60 km producedby thenarrow basinstructure.For model
BCMM the PGA values(dash-dotted)drop becausethe seismicwave velocitiesin the source
regionarelargecomparedto thehomogeneousmantle.
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Figure 3.29: As canbe seenfrom PGA of modelLAY (solid) alongthe EW slice, the source
radiateslargeamplitudesto 40km eastof theepicentre.Thereadeepbasinfocusestheincoming
waves(dashed).
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Figure 3.30: PGA for model LAY along the NW-SE pro�le show that large amplitudesare
radiatedto theSEof theepicentre.Thedeepbasinsin theCarpathianforelandfocusthewaves
andproducemaximumPGA40km SEof theepicentre.
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Figure3.31: PGAdistributionof the1986earthquake for thesubsurfacestructurewith stochas-
tic velocityperturbations.TheperturbationshaveanexponentialACF(autocorrelationfunction).
Thecorrelationlengthwithin thecrustis 2 km with a RMS (root meansquare)velocity pertur-
bationof 5 %. Correlationlengthwithin themantleis 4 km with 2 % RMSvelocityperturbation.
Comparedto themodelwithout perturbations(seeFig. 3.25),thePGA patternis blurred.As in
for the modelwithout randomperturbations,maximumamplitudesoccureastof the epicentre
andthePGA distribution is SW-NE orientated.
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Figure3.32: S-waveradiationpatternof the1986Vranceaearthquake. Thepatternis calculated
from the SV andSH radiationpatternsafter Aki andRichards(1980,eq. 4.85 and4.86) and
projectedontothesurface.The�gure coversthemodelareaof the2.5DFD modelling.Thearea
of the3D FD modellingis indicatedby thedashedsquare.

convex basinshapesproduceampli�cation up to 50 % comparedto thelayeredmodel.Suchfo-
cusinge� ectsaremodelledandobservedfor the1994Northridgeearthquake (Gaoet al., 1996;
Alex andOlsen,1998;Gravesetal., 1998;Davis etal., 2000),wherebasine� ectscausedsevere
damagein SantaMonica.Focusingatconvex shapedbasinsis alsoshown by Olsenetal. (2000).
Additionally, resonancee� ects,thegenerationof surfacewavesatbasinsareobservedandmod-
elled for many earthquakes(e.g.Kawase,1996;Joyner,2000;Olsen,2000;BenitesandOlsen,
2005;Olsenetal.,2006).However, in thecaseof themodellingof theVranceaearthquakesonly
theamplitudeincreaseproducedby focusingat theconvex shapedbasinsis observed.
To displaythe in�uence of the focal mechanismtheS-wave radiationFSV_ SH patternis shown
in Fig. 3.32.It is calculatedfrom thedimensionlessS-waveradiationpatternsFSV andFSH after
(Aki andRichards,1980,eq.4.85and4.86)asfollows:

FSV_ SH =

q
(F2

SH + F2
SV)

R
. (3.12)

Geometricalspreadingis takeninto accountby divisionwith distanceRbetweenhypocentreand
surface.Straight-linetravel pathsareassumedto projectFSV_ SH on thesurface.Thetheoretical
S-wave radiationpatternshowsthesamefeaturesasthemodelledPGAdistributionsof the2.5D
and3D FD simulations(Fig. 3.13and3.25). MaximumPGA is foundeastof theepicentreand
the distribution is SW-NE orientated. At the top of the deepEW striking basinsouthof the
Carpathiansbetween-40and-175km (EW-distance)nonotablePGAis modelled.Accordingto
the theoreticalradiationpattern,no signi�cant S-wave amplitudesareradiatedinto this region.
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Consequently, thebasinsamplify theincomingwavesradiatedby thesourcesigni�cantly, but if
only smallamplitudesimpingeon thesestructures,theresultinggroundmotionis alsovery low.
This pointsout that thesourceradiationplaysa major role on thedistribution of strongground
motionsof theVranceaearthquakes. After introducingstochasticvelocity perturbations,which
is moreappropriatefor therealearth,thePGApatternsareblurredbut themaximumvalueseast
of the epicentreand the SE-NW orientatedpatternis retained. However, the in�uence of the
sourceradiationfor frequencieslargerthan1 Hz is notself-evidentfor wavepropagationwithin
therealearth.Thenext sectionsdiscussthistopicandalsothetrade-o� in themodellingbetween
stressdropandapplieddampingstructure.This is critical, becausebothparameters,stressdrop
andQ structure,arenotwell constrainedfor SERomania.

3.6.1 In�uence of SourceRadiation

FD simulationsof wave propagationwithin mediawith stochasticvelocity perturbationsare
studied,for example,in Frankel andClayton(1984,1986),andShapiroandKneib(1993).These
studiesexplore the in�uence of mediawith di� erentACFs,velocity perturbations,correlation
lengthson arrival times,waveformchangesandfrequency dependenceof thecoda.Theapplied
sourcesarepressurepointandline sources.Therefore,noconclusiononthein�uenceof random
mediaon theradiationpatterncanbemadefrom thesestudies.
To display the in�uence of the stochasticvelocity perturbationsonto sourceradiation,2D FD
modelling is performed. Wave propagationis simulatedfor a 2D grid with 1500x 1500grid
pointsanda grid spacingof 140m. Thesimulationsarecarriedout for a homogeneousmodel
with vp = 6 km/s,vS = 3.464km/s and� = 2500kg/m3 anda randommodelwith meanvelocity
valuesof the homogeneousmodel,correlationlengthsof 2 km, RMS velocity perturbationof
5 % and an exponentialACF. The applieddoublecouplesourceradiatesmaximumS-waves
amplitudesof the x-componentup and downwardsand maximumS-wave amplitudesof the
z-componentto theleft andright. Thesourcetime functionis thesameasfor the2.5Dand3D
FD simulationsof the 1986Vranceaearthquake (Fig. 3.12). Fig. 3.33 show the snapshotsof
thewave�eld of theradialandz-componentsfor 9.6s, 19.2s, 28.8s and38.4s. Thestochastic
velocity perturbationsde�ect and blur the wavefront. However, the radiationpatternis not
completelydisturbedand still visible at the top of the model in a distanceof 140 km to the
source.Fig. 3.34showstheradialandz-componentsfor four locations(triangles)directlyabove
the sourcefor the homogeneousand randommodel. In the homogeneousmodel the radial
componentof the S-pulseis clearly visible at eachstation. Becauseof the sourceorientation
no S-wave is observedon the z-component.In the randommodelthe radial componentof the
S-wave is also clearly visible at all stations. But in comparisonto the homogeneousmodel
a S-codaappears. Furthermore,the z-componentshows also small amplitudesproducedby
the scatteringof the initial P- and S-waves. Fig. 3.35 displaysthe peakvaluesof the radial
componentalong horizontalpro�les with distancesof 35 km, 63 km, 91 km and 119 km to
the source.The PGA patternsshow that the sourcepatternis not competelysmearedout after
propagatingthroughthemodel.FD simulationsproducegroundmotionsfor any locationon the
grid andthereforethe overall pattern,evena blurredone,of thesourceradiationis visible. If,
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asin reality, only seismogramsof a few stationsareavailableit maybemoredi� cult to decide
whetherthesourcepatternis visible or not. However, the2D modellingdoesnot re�ect the3D
casecorrectlybecausethewavescannotbescatteredinto they-direction.But on theotherhand,
noenergy comingfrom they-directionis scatteredinto the2D slice,whichmaycompensatethe
lackingscatteringinto they-direction.
The in�uence of the sourceradiation on observed ground motions is frequently discussed.
Most of the studiesdealwith observationswithin 20 to 60 km to the earthquake source. Liu
andHelmberger (1985)identify the SV andSH radiationpatternof an aftershockof the 1979
ImperialValley earthquake for frequenciesbelow 1 Hz but not for frequencieslargerthan2 Hz.
Themaximumdistanceto theepicentreof theexaminedstationsis about20 km. Vidale(1989)
indicatedthe double couple radiation patternof anotherearthquake for frequenciesof 3 to
6 Hz. He usedstationswith a distanceup to 40 km. For local earthquakesin centralItaly, the
in�uence of the radiationpatternwasfound for frequenciesup to 0.5 Hz (Castroet al., 2006).
Takenakaet al. (2003) recognisedradiationpatternsfor frequencieslower than1 Hz andnot
for frequencieslarger than2 Hz. Siro andChiaruttini (1989),andSirovich (1994)recognised
the radiationpatternon peakaccelerationfor frequenciesbetween0.1 and5 Hz for the 1980
ML = 6.5eventin southernItaly. They analysedstationswith maximumdistancesto thefault of
about30 km and60 km, respectively. For thesameevent,PanzaandCuscito(1982)computed
successfullythe observed isoseismalsby modesummationfor frequencieslower than 0.1 Hz
from the focal mechanism.(SatoandFehler,1998,chapter6) andSatoet al. (1997)explore
the in�uence of the sourceradiationpatternon the S-wave codatheoretically. For large times
the S-wave codashows the sameamplitudesirrespective of the sourcepattern. However, as
their studiesshow, theamplitudesof the�rst arrivalsdependon thestationlocationwith respect
to the source. Only for increasingtime after the direct arrival, the in�uence of the sourceon
the codavanishes. Thesestudiesindicate that the in�uence of the focal mechanismof the
Vranceastrongearthquakescanalsoplay an importantrole in the modelledfrequency range.
Additionally, in the caseof the Vranceaearthquakes large stressdropsare discussed,which
correspondsto a relatively small fault area.Consequently, theearthquakesareableto produce
a coherentnarrow sourcetime function with large amplitudes,which propagatesthe source
patternover largerdistancescomparedto crustalearthquakeswith signi�cant lowerstressdrops
andthuslongerlow amplitudeandprobablemorecomplex sourcetime functions.As shown by
Spudichetal. (1998)for the1995Hyogo-kenNanbu (Kobe)earthquake,rakerotationcanoccur
for earthquakeson faultswith small absolutestressvaluesandsmall stressdrops. Suchrake
rotationonsmallpartsof thefault disturbtheradiationpatternathigh frequencies.

3.6.2 Trade-O� betweenStressDrop and Damping Structure

In caseof theVrancearegion,boththestaticstressdropandthedampingstructurearenot well
constrained.
Fromthestressdrop � � the rupturetime tr is calculatedaftereq.(1.44). For increasingstress
dropstherupturetimetr decreaseswith 1= 3p � � . Therefore,thepulsewidth of themomenttensor

80



3.6Discussion

rad. Component

9.6s

x�distance [km]

z�
di

st
an

ce
 [k

m
]

�100 �50 0 50 100

0

50

100

z�Component

x�distance [km]

z�
di

st
an

ce
 [k

m
]

�100 �50 0 50 100

0

50

100

rad. Component

19.2s

x�distance [km]

z�
di

st
an

ce
 [k

m
]

�100 �50 0 50 100

0

50

100

z�Component

x�distance [km]

z�
di

st
an

ce
 [k

m
]

�100 �50 0 50 100

0

50

100

rad. Component

28.8s

x�distance [km]

z�
di

st
an

ce
 [k

m
]

�100 �50 0 50 100

0

50

100

z�Component

x�distance [km]

z�
di

st
an

ce
 [k

m
]

�100 �50 0 50 100

0

50

100

rad. Component

38.4s

x�distance [km]

z�
di

st
an

ce
 [k

m
]

�100 �50 0 50 100

0

50

100

z�Component

x�distance [km]

z�
di

st
an

ce
 [k

m
]

�100 �50 0 50 100

0

50

100

35 km

63 km

91 km

119 km

Figure 3.33: Snapshotsof thex andz-componentsof thewave�eld in therandommodelafter
9.6 s, 19.2s, 28.8s and38.4s. The applieddoublecouplesourceradiatesmaximumS-waves
amplitudesupwardsanddownwards(x-component)andto theleft andright (z-component).The
seismogramsat four stations(triangles)directly above thesourceareshown in Fig. 3.34. Peak
valuesof thex-componentalongfour pro�les (dashedlines)aredisplayedin Fig. 3.35.
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Figure 3.34: Accelerationsat the stationdepictedin Fig. 3.33. For givendistanceall seismo-
gramshave the samescale. Becauseof the sourceorientationthe S-wave is observed for the
x-componentandnot for thez-components.In therandommodela S-wave codaappearsin the
x-component.Comparedto thehomogeneousmodelsmallamplitudes,which areproducedby
theinitial P- andS-waves,arealsoobservableon thez-component.
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Figure 3.35: Peakvaluesof the x-componentalong the four pro�les indicatedin Fig. 3.33
for the homogeneousandrandommodels. The S-wave radiationpatternis clearly visible for
the homogeneouscase. Within the randommodel the radiationpatternis alsovisible but the
amplitudesvarystrongly. Consequently, thewholepro�les re�ect thesourceradiation,but if the
amplitudesareonly givenfor a few points,asit is thecasefor observationsof realearthquakes,
it is farmoredi� cult to decidewhethertheradiationpatternis visibleor not.

density function decreasesand the amplitudeincreases.Fig. 3.36 shows the momenttensor
densityfunctionsfor � � of 50 MPa, 100 MPa, 150 MPa, 200 MPa, 250 MPa and300 MPa.
TheresultingaccelerationsatstationBAL areshown in Fig. 3.37.Theamplitudeincreaseof the
sourcewaveletsis re�ectedin themodelledaccelerations.To estimatethein�uenceof changesin
thedampingstructure,accelerationsatstationBAL (locationindicatedin Fig.3.13)aremodelled
for thedampingstructuregivenin section3.3.4andfor twiceandhalf of theappliedQ structure,
2Q and0.5Qmodel,respectively (seeTable3.5). For the2Q modeltheamplitudesincreaseas
theattenuationdecreases(seeeqs.3.3and3.4).For the0.5Qmodelattenuationis decreasedand
thereforetheamplitudesof themodelledseismogramincrease.
Fromthis it is clearthat for themodellingeitherthestressdropor the dampingstructurecan

be changedin orderto �t observed seismograms.The best�t wasachieved with a stressdrop
of 150MPa andapplyingthedampingstructureusedby Sokolov et al. (2004). It is chosento
keepthedampingstructureusedin Sokolov etal. (2004)to avoid theintroductionof anew, also
not well constrained,dampingstructure,which is only adaptedto the modellingpresentedin
this chapter. By keepingthedampingstructure,this work canbemoreeasilycomparedto other
studies,whicharealsobasedon theQ modelusedby Sokolov etal. (2004).
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for all stressdropsis shown in moredetail(bottom).

84



3.7Conclusions

Depthof Layer[km] 1QmodelSokolov etal. (2004) 0.5Qmodel 2Qmodel
0 - 40 100 f 0:8 50 f 0:8 200 f 0:8

40 - 100 400 f 0:9 200 f 0:9 800 f 0:9

> 100 150 f 0:8 75 f 0:8 300 f 0:8

Table 3.5: Accelerationsfor BAL arecalculatedfor the original Q structure(Sokolov et al.,
2004),for half andtwiceof theseQ values.

42 42.5 43 43.5 44 44.5

�0.1

�0.05

0

0.05

0.1

Time [s]

A
cc

el
er

at
io

n 
[m

/s
2 ] Station BAL

1Q  Model
0.5Q  Model
2Q  Model

Figure3.38: AccelerationatBAL is modelledfor threedi� erentQ models(Table3.5).

3.7 Conclusions

This chapterpresented2.5D and3D FD modelling tools for the Vranceastrongearthquakes.
2.5D modellingis obtainedby combiningsimulationsfor several 2D slices,which arerotated
aroundthehypocentre-epicentreaxis.Wavepropagationis modelledandanalysedfor theknown
complex subsurfacestructureof SE Romania.The 2.5D and3D FD simulationsrevealedthat
thesourceradiationin additionwith thebasementtopographyproducesthetypical SW-NE ori-
entatedgroundmotionpatternof theVranceastrongearthquakes.PGA variationsup to a factor
of four occurdueto in�uence of thesourceradiation.Additionally, themaximumS-wave am-
plitudesareradiatedto thedeepsedimentarybasinseastof theepicentrewheredistinctfocusing
anddefocusinge� ectsoccur. Especiallythenarrow anddeepbasinsin theCarpathianforearcare
responsiblefor strongfocusinge� ectsup to a factorof 1.5. The2.5D and3D simulationspro-
ducesimilarPGAdistributionsbut ampli�cation variesatsomelocationssigni�cantly dueto 3D
e� ects,which cannotbesimulatedwith a 2.5Dmethod.Themodellingrevealedtheremarkable
anddominantin�uence of thesourceradiationpatternon themodelledgroundmotions.This is
a striking resultasin generalthe in�uence of thesourcefor frequencieslarger than1 Hz is not
necessarilyanticipated.However, asdiscussedin section3.6.1studieson di� erentearthquakes
found that the in�uence of the sourceradiationpatterncanbe signi�cant also for frequencies
larger than1 Hz. Additionally, theprobablelargestressdropsandtheconsequentlysmall fault
sizesareableto generatea very coherentandstrongsourcesignal in contrastto crustalearth-
quakes. In thenext chapterthepresentedmodellingproceduresarecombinedwith a methodto
modelthein�uence of thesoft soil layersat thesurface,which produceanampli�cation up to a
factorof 2 to 16. This hybridmodellingtool allows thesimulationof stronggroundmotionsfor
pastandfutureVranceastrongearthquakes.
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Chapter 4

Hybrid Modelling of StrongGround
Motions of the VranceaEarthquakes

4.1 Intr oduction

In this chapter, a hybrid modelling methodis presented,which combinesFD simulationof
wave propagationandtheknown siteampli�cation characteristicsof SERomania(Sokolov and
Bonjer, 2006).Dueto computationallimits andthelackof knowledgeof thearea-widestructure
of theuppermostlayers(severalhundredmeters),realisticgroundmotioncannotbecalculated
by only usingFD. In a �rst step,wave propagationwithin thesubsurfacestructureafterMartin
et al. (2005,2006)is simulatedby applyinga FD method.Next, siteampli�cation is addedby
applyingfrequency dependentsiteampli�cation ratiosto theresultsof theFD simulation.The
reliability of this methodis shown by comparisonof modelledandobservedFourieramplitude
spectra(FAS) and macroseismicintensitiesfor the 1986 (MW=7.1) and the 2004 (MW=5.9)
earthquakes.
This modelling methodis developedwithin the frame of the Collobarative ResearchCentre
(CRC) 461 "StrongEarthquakes: A Challengefor GeosciencesandCivil Engineering",which
is locatedat KarlsruheUniversityandfundedby theDeutscheForschungsgemeinschaft(DFG).
Geoscienceandcivil engineeringinstituteswork togetherwith their Romanianpartnersof the
RomanianGroupfor StrongVranceaEarthquakes(RGVE) to reveal thegeophysicalprocesses
beneathVrancea,to investigatepastandfuture groundmotions,to estimatethe risk potential
andto mitigatefuturelosses(SFB461(2005),http://www-sfb461.physik.uni-karlsruhe.de).The
modellingpresentedhereis usedto completethe sparsedatabaseof observed Vranceastrong
earthquakes. The simulatedFAS (Fourier amplitudespectra)areusedby Gottschämmeret al.
(2006)to invert for thefreeparameters,which describetheFAS. Theseparameterswill beused
in futureresearchto modelgroundmotionsfor SERomaniawith a stochasticmethod(Wenzel,
2004;Gottschämmeretal., 2006).
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4.2 Hybrid Modelling Method

As outlinedin section1.3.2,theminimumshearwavevelocityandtheavailablecomputercapac-
ity limit themaximumresolvablefrequency of FD calculations.Therefore,minimumshearwave
velocity of theappliedsubsurfacestructureis about1.6 km/s, which is equivalentto hardrock
conditionsafter the NEHRP(NationalEarthquake HazardsReductionProgram)classi�cation
(FEMA, 2003). Furthermore,even if enoughcomputercapacitieswould beavailable,it would
not bepossibleto useonly FD becausethedetailedstructureof theuppermostsoft soil layersis
not known for wholeSERomania.Therefore,aftermodellingwave propagationwith FD from
thehypocentreto thesurfaceof theknown structure,thein�uence of thesoft soil layersis taken
into accountby applyingaveragesiteampli�cation ratios.

4.2.1 Finite Di� erences(FD)

A detaileddescriptionof theapplied2.5Dand3D FD methodsis givenin chapter3. Therefore,
this sectiongivesonly a brief overview. Wave propagationis modelledfrom thehypocentreto
thesurfacewithin thesubsurfacestructureafterMartin et al. (2005,2006). Stochasticvelocity
perturbationsafterHocketal. (2004)areaddedto themodel(seesection3.3.3).Thecorrelation
lengthwithin the crust is 2 km with a RMS (root meansquare)velocity perturbationof 5 %.
Correlationlengthwithin the mantleis 4 km with 2 % RMS velocity perturbations.2.5D FD
modelling (Karrenbach,1995) is performedfor 350 km wide and about90 to 131 km deep,
dependingonthehypocentredepth,2D slices,whicharerotatedaroundthehypocentre-epicentre
axis.Grid spacingis 140m. Thisyieldswith theminimumshearwavevelocityof about1.6km/s
to a maximumreliablefrequency of about4.5 Hz (seeeq.1.19). For stability reasonsthe time
incrementis chosenas8 ms(seeeq.1.19). Wave propagationis simulatedfor 8000time steps,
which correspondsto 64 s. The 2D to 3D correctionis performedasdescribedin section1.7.
3D FD wavepropagationis simulatedby applyingthecodeof Olsen(1994).Grid spacingis 500
m andconsequentlythemaximumreliablefrequency is about0.6Hz. Thehorizontalextension
of themodelsis 170km with a depthof 150km. Wave propagationis simulatedfor 7000time
stepswith a time incrementof 17 ms. Intrinsic attenuationis includedinto the 2.5D and3D
modelling as describedin section3.3.4. The modelling in chapter3 showed that the source
radiationis responsiblefor PGA variationsup to a factorof four andthebasinstructurproduces
an ampli�cation up to a factorof 1.5. The site ampli�cation ratiosare introducedin the next
section.

4.2.2 SiteE� ects

Sokolov et al. (2004)calculatedfor 26 K2 (Bonjer andGrecu,2004;Bonjer et al., 2000)per-
manentnetwork stationsand35 CALIXT O (CarpathianArc LithosphericX-Tomography)tem-
porarystations(Martin et al., 2005,2006)frequency dependentsite ampli�cation ratios. This
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Figure 4.1: The map indicatesthe six regions for which averagesite ampli�cation ratiosare
given by Sokolov andBonjer (2006). The site ampli�cation ratios are displayedin Fig. 4.2.
Observedandmodelledseismogramsarecomparedat thestationsdepictedby triangles.

wasdoneby simulatingtheFAS with known sourceandpropagationparametersat thelocations
of seismicstations.ThesimulatedFAS areclassi�ed as"very hardrock"(VHR)-FAS asno as-
sumptionon thelocal sitee� ectsis made.By comparingthecalculatedVHR-FAS with records
of real earthquakes, frequency site ampli�cation ratios are derived for eachstation(Sokolov
et al., 2004). Basedon thesedataaverageampli�cation ratiosaregivenin Sokolov andBonjer
(2006) for six regions in SE Romania(Fig. 4.1 and4.2). To includethe site ampli�cation in
the modelling, the FAS of the seismogramsproducedby the FD modellingaremultiplied by
the correspondingregion dependentampli�cation ratios. Next, inverseFourier transformation
yieldsto thecorrespondingsignalin thetime domain.This proceduremodi�es only theampli-
tudespectra,thereforethe in�uence on thephaseof thetime seriesis ignored.For comparison
betweenmodelledandobservedseismogramsandspectraatspeci�c stations,thesitespeci�c ra-
tiosareapplied,if they aregivenby Sokolov andBonjer(2006).Fig. 4.3shows theseismogram
resultingfrom theFD simulationandtheampli�ed seismogramafterapplyingthefrequency de-
pendentampli�cation ratios.Best�t betweenmodellingandobservationis obtainedby applying
the meanplus onestandarddeviation of the ampli�cation ratios. Therefore,all seismograms
andspectragivenin this chapterareampli�ed in this way. Theappliedampli�cation ratiosvary
between2 and10 for thefrequency rangebetween0.1and2 Hz. For frequenciesbetween2 and
4.5Hz, which is themaximumfrequency of themodelling,theampli�cation ratiosare5 to 17.

89



Chapter4. Hybrid Modellingof StrongGroundMotionsof theVranceaEarthquakes

10
�1

10
0

10
1

10
0

10
1

VRANCEA

Frequency [Hz]

A
m

pl
ifi

ca
tio

n 
R

at
io

4.5 Hz
10

�1
10

0
10

1

10
0

10
1

SOUTH WEST

Frequency [Hz]

A
m

pl
ifi

ca
tio

n 
R

at
io

4.5 Hz

10
�1

10
0

10
1

10
0

10
1

NORTH

Frequency [Hz]

A
m

pl
ifi

ca
tio

n 
R

at
io

4.5 Hz
10

�1
10

0
10

1

10
0

10
1

EAST

Frequency [Hz]

A
m

pl
ifi

ca
tio

n 
R

at
io

4.5 Hz

10
�1

10
0

10
1

10
0

10
1

SOUTH

Frequency [Hz]

A
m

pl
ifi

ca
tio

n 
R

at
io

4.5 Hz
10

�1
10

0
10

1

10
0

10
1

FOCSANI

Frequency [Hz]

A
m

pl
ifi

ca
tio

n 
R

at
io

4.5 Hz

Figure 4.2: Mean frequency dependentsite ampli�cation ratiosbetween0.2 and10 Hz with
mean� 1 standarddeviation after Sokolov andBonjer (2006). The locationsof the regionsare
shown in Fig. 4.1. In this work themean+1 standarddeviation is usedto amplify themodelled
seismograms.For the frequency rangebetween0.1 and2 Hz the ampli�cation ratiosvary be-
tween2 and10. For frequenciesbetween2 and4.5Hz, which is themaximumfrequency of the
modelling,theampli�cation ratiosare5 to 17.
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Figure 4.3: The solid signal displaysthe radial componentat CFR modelledby FD. The
dashedline shows the seismogramafter addingthecorrespondingsite ampli�cation for region
FOCSANI.

Azimuth [°] 0.0 11.7 14.4 15.1 15.8 25.6 40.0 45.0 60.0 68.7
Station - BAL CRL BAC BUC VRI - - - SDR

Azimuth [°] 69.9 85.8 88.00 90.0 92.0 105.9 120.0 135.0 150 174.6
Station FOC MLR - - - CFR - - - ISR

Table 4.1: Azimuthsof the2D slicesusedto modelthe1986earthquake. Tenslicescrossthe
locationof seismicstations.

4.3 Modelling of the 1986 Vrancea Strong Earthquake
(MW = 7.1)

Fig.4.4displaysthelocationof thestationsandthefocalmechanismof the1986earthquake. The
1986strongearthquake wasrecordedby twenty stations. In contrast,for the 1977earthquake
only recordsfrom stationINC exist. Therefore,the 1986event is usedto validatethe hybrid
modellingmethod.Thesourceis modelledasa point sourceandit is scaledaftersection1.5.1
with a stressdrop of 150 MPa. The resultingmomentdensityrate function is displayedin
Fig. 3.12.Thestrike,dip andrakeanglesof the1986earthquakearegivenin Table3.1.

4.3.1 2.5DFD Modelling

Wave propagationis simulatedfor 20 2D slices, which are rotatedaroundthe hypocentre-
epicentreaxis(section3.4andFig.3.11).Theazimuthsof the202D slicesaregivenin Table4.1.
Seismogramsaremodelledfor 10stations.ThesearesevenstationsBAC,CFR,FOC,ISR,MLR,
SDR and VRI outsideBucharestand threestationsBAL, BUC and CRL within Bucharest.
The stationlocationsareindicatedin Fig. 4.4. The observed andmodelledaccelerogramsare
bandpass-�lteredbetween0.1 and4.5 Hz. The observed componentsarerotatedin radial and
transversedirection,whichcorrespondsto thecomponentsmodelledby the2.5DFD modelling.
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Figure 4.4: Focalmechanismandlocationof the1986earthquake. Seismogramsaresimulated
for thestationsindicatedby triangles.

Fig. 4.5to 4.9displaytheobservedradial,transverseandverticalcomponents.Onmostseismo-
gramstheP- andS-wave arrivalsareclearlyvisible. Thetransversecomponentof themodelled
seismogramsdoesnotshow P-wavesasin 2D, thetransversecomponentcorrespondsto pureSH-
waves. The modelledandobservedamplitudesarein all casessimilar. However, the shapeof
theseismograms,especiallythecoda,di� eronseveralcomponents.For stationsBAC, BUC and
FOC,theobservedseismogramsshow distinctivecodascomparedto themodelling.Theshapes
of theS-wavecodasaresimilaratstationsBAL, CFR,andSDR.A good�t betweentheobserved
andmodelledseismogramwouldmeanthatthemodellingreproducesthewaveformandthemax-
imum amplitudeof theobservedtime series.Here,it is necessaryto point out that the random
velocity �uctuations,which areintroducedinto themodel,producerealisticwave form shapes,
but dependstronglyon theactualmodelof random�uctuations beneaththecorrespondingsta-
tion. This meansthat simulationof wave propagationfor a setof di� erentrandomgenerated
�uctuations mayproducesigni�cantly di� erentwaveformsat speci�c positions.Consequently,
it is moreappropriateto look attheFAS,whicharelinkedwith macroseismicintensity(Sokolov,
2002)andthereforewith damage.Furthermore,thespectraaretheparametersthatcanbeused
by theprocedureproposedby Gottschämmeretal. (2006)to invertfor theparameters,whichgive
the bestdescriptionof the spectra.Therefore,the quality of the modellingis describedin this
chapterby comparingmodelledandobservedFAS. Fig. 4.10to 4.11show thearithmeticmean
of theFAS of theradialandtransversecomponents.Additionally, thereferencespectrafor inten-
sity VI to X afterSokolov (2002)areplotted.Therepresentative frequenciesof theseintensities
arein thefrequency rangeof themodellingup to 4.5Hz. Themodelledandobservedspectraat
BUC, CFR,CRL,VRI andSDRarein goodcomparisonwith theobservedspectra,whichmeans
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Frequency Range[Hz] 0.11- 0.23 0.23- 0.48 0.48- 1.02 1.02- 2.13 2.13- 4.48
CentreFrequency [Hz] 0.1586 0.3333 0.7003 1.4720 3.0931

Table 4.2: Frequency rangesandcentrefrequencies(in thelogarithmicspace)usedto calculate
SR.

Station BAC BAL BUC CFR CRL FOC ISR MLR SDR VRI
SSR 0.086 0.098 0.022 0.025 0.049 0.037 0.12 0.032 0.027 0.014

Table 4.3: 2.5D modellingof the 1986earthquake: Summarisedsquareresidual(SSR)for all
stations(seeeq.4.2).StationsVRI, BUC andCFRshow thelowestmis�ts.

thattheintensitydeviation is clearlysmallerthanoneintensityunit. At BAC themodelledspec-
trum showsslightly smalleramplitudesthantherealspectrum.At BAL themodelledvaluesare
larger thantheobservedspectrum.At BAC andBAL thedeviation is aboutoneintensityunit.
Goodcomparisonis achievedatFOCfor frequenciesof about0.5and1.5Hz andfor frequencies
higherthan3.1Hz. At ISR themodellingoverestimatestheobservation,exceptfor frequencies
betweenabout1.4and2.8Hz. Maximumintensitydeviation of two intensityunits is foundfor
frequencieslarger than2.8Hz. However, comparingthewholespectrathemaximumdeviation
canbeestimatedasoneintensityvalue.Themodellingshows thesameintensitiesat � ve of the
tenstationsandat two stationstheFAS arereproducedfor smallerfrequency ranges.To give a
quantitativemeasurementof thequalityof themodelling,themis�t betweenobservedandmod-
elledspectrais calculatedfor � vefrequency ranges.Table4.2givesthefrequency rangesandthe
correspondingcentrefrequencies.Themis�t for eachfrequency rangeis de�ned asthesquare
residualSRbetweenthelogarithmicaverageobservedandmodelledspectralvalueslog10(Sobs)
andlog10(Smod) within eachfrequency range:

SR =
�
log10(Sobs) � log10(Smod)

�2 . (4.1)

ThesummarisedsquareresidualSSRdescribesthemis�t for thewhole frequency rangeandis
calculatedasfollows:

SSR =
NX

n=1

�
log10(Sobs) � log10(Smod)

�2

N
, (4.2)

with N = 5 as� vefrequency rangesareconsidered.Fig.4.12displaystheresidualsof all stations
at the centrefrequenciesof the consideredfrequency rangesand the averagevaluesfor each
frequency range.Thevaluesshow a largescatterfor eachfrequency range.Theaveragevalues
laybetween0.03and0.07.Minimumaveragevalueis calculatedfor thefrequency rangebetween
0.48and1.02Hz. Table4.3lists theSSRfor eachspectra.As theabovegivenvisualcomparison
of theFAS showed,stationsVRI, BUC andCFRshow the lowestmis�ts. The largestSSRare
calculatedfor stationsISRandBAL.
Fig. 4.13displaysthe modelledpeakhorizontalacceleration(PHA). PHA is calculatedasthe
maximumof theresultinghorizontalcomponentahor:

ahor(t) =
p

ar(t)2 + at(t)2, (4.3)
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Figure 4.5: Observed(left) andmodelled(right) seismogramsat BAC andBAL. Themodelled
amplitudesatBAC aresmallerthantheobservedaccelerations.At BAL themodellingoveresti-
matestheobservationbut themodelledlengthof theS-wave pulseis similar to theobservation.
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Figure 4.6: Observed(left) andmodelled(right) seismogramsat BUC andCFR.Theobserved
waveformsatBUC show largerscatteringthanthemodelling.At CFRthemodelledandobserved
horizontalcomponentsshow similar maximumamplitudes.
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Figure4.7: Observed(left) andmodelled(right) seismogramsatCRL andFOC.At bothstations
themodellingreproducesthemaximumamplitudes.Theobservedandmodelledhorizontalcom-
ponentsat CRL show a phasearrival about5 s aftertheS-wave. At FOCtheobservedsignalis
morescatteredthantheobservedtimeseries.Themodelledandobservedverticalcomponentsat
FOCshow a similarpattern.
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Figure 4.8: Observed (left) andmodelled(right) seismogramsat ISR andMLR. At ISR the
modelledamplitudesarelargerthantheobservedamplitudesfor all threecomponents.At MLR
themodelledS-wavepulseshowsaverysharpform comparedto theobservation.Themodelled
andobservedverticalcomponentsatMLR areverysimilar.
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Figure 4.9: Observed (left) andmodelled(right) seismogramsat SDR andVRI. For both sta-
tionsthemodelledandobservedtimeseriesshow similaramplitudesbut thewaveformsarevery
di� erent.
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Figure 4.10: 2.5Dmodellingof the1986earthquake:ModelledandobservedFourieramplitude
spectra(FAS) atBAC, BAL, BUC, CFR,CRL andFOCandreferencespectrafor macroseismic
intensitiesVI to X afterSokolov (2002). Themodelling�ts theobservationat BUC, CFRand
CRL. At BAC themodellingunderestimatestheobservations.Only for frequencieshigherthan
3.2 Hz the observed amplitudesarereproduced.At BAL the modelledamplitudeis too large.
For BAC andBAL the intensitydeviation is aboutoneintensityunit. At FOC modellingand
observationsshow aboutthe sameamplitudeat 0.5 Hz, and1.5 Hz andfor frequencieshigher
than3.1Hz. Maximumintensitydeviation is aboutoneintensityunit atFOC.
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Figure4.11: 2.5Dmodellingof the1986earthquake: ModelledandobservedFAS at ISR,MLR,
VRI andSDRandreferencespectrafor macroseismicintensitiesVI to X afterSokolov (2002).
ThemodellingreproducestheobservedFAS atVRI andSDR.At ISRmodellingandobservation
show thesamespectralamplitudebetween1.4and2.8Hz. Maximumintensitydeviationof two
unitsis foundfor ISRfor frequencieslargerthan2.8Hz. However, for thewholefrequency range
thedeviation is aboutoneintensityunit. For MLR thecomparisonshowsdiscrepanciesbetween
0.9and2 Hz. But theoverall intensitydeviation is alsoaboutoneintensityunit.
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Figure 4.12: 2.5Dmodellingof the1986earthquake: Mis�t SRof all tenstationsplottedat the
centrefrequency. Thevaluesshow noclearcorrelationwith frequency. Theaveragevalueswithin
a frequency rangearedepictedby triangles. The frequency rangebetween0.48 and1.02Hz
showsthelowestaveragevalue.

with the accelerationar(t) in radial andat(t) in transversedirection. The grey lines mark the
regionsfor which thesiteampli�cation ratiosareknown (see4.1). Outsidetheseregionsa fre-
quency independentconstantampli�cation ratioof 1,correspondingto "VeryHardRock"(VHR),
is applied.Largeaccelerationsup to 700cm/s2 arefound30 to 60 km eastof theepicentre.The
overall PHA patternis SW-NE orientated,which is the samedistinctive form asshown by the
macroseismicintensitydistribution (seeFig. 3.2). Thelargeaccelerationsof about900cm/s2 in
a narrow region southof theepicentrearemostlikely producedby therandommodelstructure
in combinationwith thebasementfeatures.
Next, the syntheticseismogramsare translatedinto macroseismicintensities. This allows an
area-widecomparisonbetweenmodellingandobservation andnot only a pointwisecompari-
sonat the locationof seismicstations.The relationbetweenFAS andintensitiesaregivenby
Sokolov (2002)andexplainedin chapter2.4. The methodproposedby Sokolov (2002)evalu-
atesthefrequency rangeup to to 13 Hz with representative frequency rangesfor eachintensity
value.Here,this procedureis not applicablebecausethemaximumfrequency of themodelling
is 4.5Hz. Therefore,the sameprocedureasusedin section2.4 andin Miksat et al. (2005) is
applied. As eachintensityvalueis assignedto a representative frequency range,theminimum
intensitywhich canbeevaluatedfor frequenciesup to 4.5 Hz is aboutVI. Theresultingcalcu-
latedandobserved intensitydistributionsof the 1986earthquake areshown in Fig. 4.14. At a
few pointsintensitiesup to X aresimulated.A largepatternof intensitiesVIII is modelledabout
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Chapter4. Hybrid Modellingof StrongGroundMotionsof theVranceaEarthquakes

Figure 4.13: 2.5D modellingof the1986earthquake: ModelledPHA distribution for the1986
earthquake. The grey lines mark the regionsfor which frequency dependentsite ampli�cation
ratiosareavailable.Theredstarindicatestheepicentreof the1986earthquake. Stationlocations
are marked by black triangles. The PHA distribution within the dashedrectangle(in the top
image)is displayedin thebottomimage.TheoverallPHA distributionshowsthetypicalSW-NE
orientationof theVranceaearthquakes.LargePHA valuesup to about700cm/s2 arecalculated
in a distanceof 30 to 60km eastof theepicentre.
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4.3Modellingof the1986VranceaStrongEarthquake (MW = 7.1)

Station CFR FOC ISR SDR VRI
SSR 0.33 0.02 0.27 0.10 0.10

Table 4.4: 3D modellingof the 1986Earthquake: Summarisedsquareresidual(SSR)for all
stations(seeeq.4.2).LowestSSRarefoundfor SDRandVRI.

25 to 70km eastof theepicentre.Thispatternshowsanoverlapwith theobservedpatternof in-
tensityVIII. Intensityof VIII is alsomodelledonsmallregionsSto SEof theepicentre.For this
regionsthemodellingoverestimatestheobservation.EastandSEof theepicentrethemodelling
reproducestheobservedisoseismalof intensityVII. TowardstheSouth,theintensitydecreaseof
theobservedvaluesis strongerthanthedecreaseof themodelledvalues.In N to NE direction,
themodelledintensitiesarelower thantheobserved intensities.The modellingreproducesthe
overall SW-NE orientatedpatternandabsolutevalues.After theEuropeanMacroseismicScale
(EMS; Grünthal,1998)macroseismicintensitiesareevaluatedin a statisticalsensesuchas'in-
tensityn is characterisedby a high damageratefor mostbuildings of classX'. Consequently,
it is likely that the small regionsof modelledintensityIX andX would not be reproducedby
macroseismicmaps. Additionally, the shown intensitymapsgive the isoseismallines, which
representasmoothedimageof theoriginalevaluationandthereforeexcludesvery localisedout-
liers. Themodelledlargerregionswith intensityVIII southandSEof theepicentresuggestthat
the simpli�ed proceduretendsto overestimatethe intensityvalues.Therefore,adoptionof the
intensityevaluationafterSokolov (2002)to the low frequency rangeshouldbeperformed.The
qualityof themodellingdependsalsoon theazimuth.Thissuggeststhata regionaldependentQ
structurewould improvethemodellingof stronggroundmotionsfor theVranceaearthquakes.

4.3.2 3D Modelling of the 1986Earthquake

3D modellingof groundmotion is performedfor a modelthat includesthestationsCFR, ISR,
FOC,SDR andVRI. The maximumfrequency is 0.6 Hz. Fig. 4.15shows the averageFAS at
CFR, ISR, FOC,SDRandVRI. At stationCFRandFOCthemodellingreproducestheobser-
vations. Also at VRI the observed frequenciesbetween0.2 and0.6 Hz arereproducedby the
modelling. At SDRandISR themodelledamplitudesarelarger thantheobservedspectra.Ta-
ble 4.4 displaysthesummarisedspectralresidual(SSR;seeeq.4.2) for the �rst two frequency
rangesbetween0.11and0.48Hz. The lowestSSRaregiven for stationSDR andVRI. The
modelledPHA distribution is displayedin Fig. 4.16. It shows the typically SW-NE orientated
pattern.MaximumPHA of about200cm/s2 occurs40 km eastof theepicentre.After Sokolov
(2002)thefrequency rangeup to 0.6Hz only includesasmallfrequency bandof therepresenta-
tive frequenciesfor intensityVII andIX. Therfore,theprocedureusedto evaluateintensitiesfor
the2.5Dmodellingis not applicablefor thelow frequency 3D modelling.
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Chapter4. Hybrid Modellingof StrongGroundMotionsof theVranceaEarthquakes

Figure 4.14: 2.5Dmodellingof the1986earthquake: Themapshows themodelledmacroseis-
mic intensitiesfor 20 pro�les. The dashedlines indicatethe observed isoseismallines of the
1986earthquake (seealsoFig. 3.2). A detailedview of theintensitieswithin thedashedrectan-
gle indicatedin thetop imageis shown in thebottomimage.At a few locationsintensitiesof X
arecalculated.Modellingandobservationshow in thesameregionabout25 to 75km eastof the
epicentrean intensityof VIII. EastandSE of the epicentrethe modelledintensitiesreproduce
the observed isoseismalof intensity VII. Towardsthe Souththe observed isoseimalof VII is
overestimated.In northernto NE directionthemodelledintensitiesarelower thantheobserved
valuesof VII.
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Figure 4.15: 3D modellingof the1986earthquake: The3D modellingshows thebest�t of the
observedspectraFOC.At VRI theobservedamplitudesbetween0.2and0.6Hz arereproduced
by themodelling.At CFR,ISR andSDRthemodellingoverestimatestheobservedamplitudes.
This indicatesthat the frequency contentup to about0.5 Hz of theappliedsourcedi� ersfrom
therealearthquakesourceof the1986earthquake.
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Figure 4.16: 3D modelling of the 1986 earthquake: PHA resulting from 3D modelling for
frequenciesup to 0.6 Hz. Theredstarmarkstheepicentreandthegrey linestheboundariesof
theregionsfor whichampli�cation ratiosareavailable(seeFig. 4.1). Strongmotionstationsare
indicatedby blacktriangles.MaximumPHA of about200cm/s2 is modelledabout40 km east
of theepicentre.ThePHA distributionshowsthedistinctiveSW-NE orientedpattern,typical for
theintensitydistributionsof Vranceaearthquakes.

4.4 Modelling of the 2004Earthquake(M w=5.9)

On October27th, 2004 a Mw=5.9 occurredin a depthof 98.6 km. Minor damageoccurred
in the Bucharestarea. This event wasthe largestsincethe Mw=6.9 earthquake in 1990. The
earthquake shows a thrustfault planesolutionvery similar to theotherstrongearthquakes.Un-
fortunately, no macroseismicintensityevaluationof this earthquake is published.However, the
"Did you feel it?" programmeof the USGSreleasedintensityvaluesbasedon a online ques-
tionnaire(http://earthquake.usgs.gov/eqcenter/dy�.php). Thedistributionof evaluatedintensities
(Fig. 4.18)suggestsa patternvery similar to previous earthquakes(seeFig. 3.2) with SW-NE
elongatedisoseismallines. Due to theambiguityof fault planesolutions,theHarvardcentroid
momenttensorcatalogue(http://www.seismology.harvard.edu/CMTsearch.html)givesonefault
planewith strike = 335°, dip = 19°andslip = 27°. The valuesfor the secondfault planeare
similar to thevaluesof theotherlargerVranceaearthquakeswith strike = 219°,dip = 81° and
slip = 107°.Therefore,thesevaluesareadoptedto simulatetheearthquake. Fig. 4.17shows the
focalmechanismandthelocationof theepicentre.Thesourceis modelledasapointsourceand
it is scaledaftersection1.5.1with astressdropof 150MPa.
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Figure 4.17: Themapshows theepicentreandthefocal mechanismafter theHarvardcentroid
momenttensorcatalogue.Thetrianglesdepictstrongmotionstationsfor which groundmotion
is modelled.

4.4.1 2.5DModelling of the 2004Earthquake

Groundmotionis modelledfor 20pro�les. Twelvepro�les crossthelocationof seismicstations
of the K2 network. Table 4.5 gives the azimuthsof the slicesand the correspondingstation
names.Fig. 4.19and4.20displaytheobservedandmodelledFAS at thesestations.At stations
CFR,GRE,OZU, PETandTUD themodellingreprouducestheobservedspectrafor thewhole
frequency rangeup to 4.5Hz. At otherstationstheamplitudesof therealspectraarereproduced
by themodellingfor smallerfrequency ranges.TheseareatBMG frequencieslargerthan0.4Hz,
at FUL andTESfrequenciessmallerthan0.9Hz andat VRI frequencieslarger than2 Hz. The
modelledspectrumclearly underestimatesthe observed spectrumat SECwhereunusuallarge
accelerationsup to 0.2g wererecordedfor thefrequency rangeup to 4.5Hz. Fig. 4.21displays
the mis�t SR (eq. 4.1) within the � ve frequency rangeslisted in Table4.2. Lowest average
mis�ts SR is calculatedfor frequenciesbetween0.23and0.48Hz. TheaverageSRvaluesfor
eachfrequency rangearelower than0.11,which is aboutthe sameasin the modellingof the
1986earthquake (seeFig. 4.12). Only for stationsSECandFUL themis�t SRshows in more
thanoneintensityrangelarger valuesthanthe maximummis�ts for the 1986earthquake. For
stationBMG only the SR of 0.41within the �rst frequency rangeis larger thanthe maximum
valuesfor the1986earthquake. ThesummarisedSSRarelisted in Table4.6,which arealsoin
the samerangeasfor the modellingof the 1986earthquake (seeTable4.3). LowestSSRare
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Figure4.18: Macroseismicinten-
sity map releasedby the USGS.
The intensities are based on an
online questionairein the frame
of the USGS "Did you feel it?"
programme. The intensity distri-
bution indicatesthe sameSW-NE
elongatedpattern as other strong
Vranceaearthquakes(seeFig. 3.2)

calculatedfor PETandTUD. Thedeviation betweenthemodelledandobservedmacroseismic
intensitiescannotbecompareddirectlybecausethespectralvaluescorrespondto intensitieswith
representativefrequencieslargerthan4.5Hz. However, themodellingof the2004eventproduces
SRandSSRvaluessimilar to themodellingof the1986earthquake,whichsuggestsfor the2004
event alsoa maximumintensitydeviation of oneintensityunit. Fig. 4.22shows the modelled
PHA observationsalongthe20 pro�les. Largestvaluesof about250cm/s2 occurE to SEof the
epicentre.

Azimuth [°] 0.0 12.9 18.4 19.3 32.2 40.0 45.0 60.0 82.3 90.0
Station - FUL BVC BMG SEC - - - VAR -

Azimuth [°] 101.7 105.6 116.0 120.0 120.9 135.0 150.0 156.6 175.7 178.9
Station FUL TUD OZU - CFR - - GRE TES VRI

Table 4.5: Azimuthsof the2D slicesusedto modelthe2004earthquake. Tenslicescrossthe
locationof seismicstations.
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Figure 4.19: Observedandmodelled(2.5D)spectraat BMG, BVC, CFR,FUL, GREandOZU
for the2004earthquake. At CFR,GREandOZU themodellingreproducestheobservedspectra
for thewholefrequency rangeup to 4.5Hz. At FUL themodellingunderestimatestheobserved
spectrumfor frequencieslargerthan1 Hz.
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Figure 4.20: Modelledandobservedspectrafor the2004earthquake from the2.5Dmodelling.
Best�t is obtainedat PETandTUD. At SECandVAR theobservedspectraarelarger thenthe
modelledspectra.
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Figure 4.21: Mis�t betweentheobservedandmodelledspectraof the2004earthquake. Mis�t
SRis plottedat thecentrefrequencies.Thetrianglesgive theaveragevaluefor eachfrequency
range.For theextremeoutliersthecorrespondingstationnamesaregiven.Themis�ts aresimilar
to the mis�ts of the modellingof the 1986earthquake (seeFig. 4.12). Only for stationsSEC,
FUL andBMG themis�t SRshows largervaluesthanthemaximummis�ts for themodellingof
the1986earthquake.

Station BMG BVC CFR FUL GRE OZU
SSR 0.091 0.040 0.018 0.188 0.027 0.024

Station PET SEC TES TUD VAR VRI
SSR 0.004 0.221 0.05 0.009 0.068 0.067

Table 4.6: 2.5D Modelling of the2004Earthquake: Summarisedsquareresidual(SSR)for all
stations(seeeq.4.2).LowestSSRvaluesareobtainedfor CFR,PETandTUD.
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Figure 4.22: PHA distribution of the2004earthquake resultingfrom the2.5D modelling. The
grey linesgivetheregionsfor whichampli�cation ratiosareavailable.Thebottomimageshows
the PHA distribution within the dashedareaindicatedin the top image. Accelerationsup to
250cm/s2 occurE to SEof theepicentre.
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Station CFR GRE PET TES TUD VAR VRI
SSR 0.165 0.137 0.082 0.179 0.015 0.003 0.007

Table 4.7: 3D modellingof the2004earthquake: SSR(seeeq.4.2) for all stationsbetween0.1
and0.46Hz. Lowestvaluesarefoundfor VAR andVRI.

4.4.2 3D Modelling of the 2004Earthquake

Sevenstations(CFR,GRE,PES,TES,TUD, VAR andVRI) arelocatedwithin themodelregion
for the 3D FD modelling. Fig. 4.25displaysthe modelledPHA for frequenciesup to 0.6 Hz.
Maximumvaluesof about250cm/s2 arecalculated20 km eastof theepicentre.Themodelled
PHA distribution shows alsothedistinctive SW-NE orientatedoval pattern.Fig. 4.23and4.24
displaytheobservedandmodelledFAS at the sevenstationsthatarelocatedwithin the model
area.StationTUD, VAR andVRI show agoodcomparisonbetweenmodellingandobservation.
At TESthemodellingunderestimatestheobservedamplitudes,whereasat CFR,GREandPET
themodelledamplitudesarelargerthantheobservedvalues.TheSSRfor the�rst two frequency
rangesbetween0.11and0.48Hz aregivenin Table4.7. Thevaluesareaboutin thesamerange
asfor the1986earthquake (seeTable4.4).LowestSSRis calculatedfor VAR andVRI.

4.5 Summary & Conclusions

Thischapterdescribesahybridapproachto simulategroundmotionsfor SERomania.2.5Dand
3D FD modellingof wavepropagationis combinedwith theknown siteampli�cation character-
isticsof theregion (Sokolov andBonjer, 2006).By usingFD thewell known crustalandmantle
structureof SERomaniais implementedinto themodelling.Dueto computationallimits andthe
lackingknowledgeof uppermostlayers(several100meters)groundmotioncannotbesimulated
by FD alone.Therefore,theknown frequency dependentsiteampli�cation ratios(Sokolov etal.,
2004;Sokolov andBonjer, 2006)areappliedto includethe in�uence of the uppermostlayers.
As themodelledseismogramsdependstronglyon the locationsof therandomgeneratedveloc-
ity �uctuations FAS aremoreappropriateto comparethe modelledandobserved earthquakes.
Furthermore,theFAS of thegroundmotionsgiveameasureof macroseismicintensity(Sokolov,
2002),andthereforeof damage.FAS arealsousedby Gottschämmeret al. (2006)andWenzel
(2004)to invert for thefreespectralparameters.ThemodelledFAS canalsobeusedasaninput
for stochasticmodelling(Boore,2003). Therfore,the quality of the modellingis evaluatedby
comparingobservedandmodelledFAS.The2.5Dsimulationsof the1986(MW =7.1)earthquake
resultin agood�t betweenobservedandmodelledFAS with amaximumdeviationof aboutone
intensityunit. Area-widecomparisonbetweenobservedandmodelledmacroseismicintensities
of the1986earthquake showedthereliability of thepresentedmethod.Thede�ned mis�t func-
tion givessimilar mis�ts valuesfor the1986and2004,which suggestsfor themodellingof the
2004alsoa maximumdeviation which correspondsonly to one intensityunit. Consequently,
theproposed2.5Dmethodis capableto simulategroundmotionsfor SERomaniawith a accu-
racy of aboutone intensityunit, which is the sameaccuracy as in intensityevaluationsbased
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Figure 4.23: 3D modellingof the2004earthquake: Modelled(3D) andobservedFAS at CFR,
GRE,PET, TES,TUD andVAR. Best�t is foundfor stationsTUD andVAR. At CFRandTES
themodelledvaluesarelargerthantheobservedones,whereasat TESthemodellingunderesti-
matestheobservedspectrum.Thedeviationbetweenmodellingandobservationis lower thanin
thecaseof the3D modellingof the1986earthquake (seeFig. 4.15).
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Figure 4.24: 3D modellingof the 2004earthquake: Modelledandobserved FAS at VRI. The
modellingreproducestheobservedspectraup to 0.5Hz.
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on observedmacroseismicdata(Sokolov andWald,2002).Theapplicationof thepresented3D
methodis only reasonableon largercomputers,asthecurrentmaximumfrequency of 0.5Hz is
farbelow thefrequency rangethatis usuallyinterestingfor engineeringpurposes.
At this point it is necessaryto mentionthat themodellingprocedureis optimisedto �t theob-
served spectraand intensities. The parameterschosento achieve the �t cannotbe uniquely
determinedasa trade-o� betweenstressdrop,Q structureandappliedsite ampli�cation ratios
exists. Especially, as the former two are not well constrainedfor SE Romania. By keeping
the dampingstructure,which wasalsousedby Sokolov et al. (2005),andchoosinga realistic
stressdropof 150MPafor theVranceaearthquakes(seesection1.5.1),it is necessaryto usethe
meanplusonestandarddeviation insteadof themeanvaluesof theampli�cation ratiosgivenby
Sokolov andBonjer (2006). This indicatesthat therealQ structureof SERomaniais not well
known. Therefore,furtherresearchshouldconcentrateon theQ structureof Romania,asthis is
themostuncertainparameterin themodelling. Currentresearchaddressesthestressdropsfor
theVranceaearthquakes(Othetal., 2006)andtheresultswill allow to modeltheVranceaearth-
quakeswith properstressdrop values. The improvementof the knowledgeof the Q-structure
andthestressdropsis very importantasthis improvesthequality of groundmotionmodelling
methodpresentedhereandthereforeallowsabetterhazardassessementfor SERomaniain mod-
elling scenarioearthquakesconsistently.
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In this work groundmotion wasmodelledfor crustalandintermediate-depthearthquakes. As
a crustalexamplethe disastrous1999Kocaeli(Turkey) earthquake (MW = 7.4) wassimulated.
Theintermediate-depthVranceaStrongearthquakesimposesigni�cant hazardon Romania,es-
peciallytheRomaniancapitalBucharest,andtheneighbouringcountries.Wavepropagationwas
modelledin orderto understandthe in�uence of thesourceandthesubsurfacestructureon the
resultinggroundmotions.Furthermore,a methodwasdevelopedto simulatestronggroundmo-
tionsfor potentialVranceaearthquakes.
The2D FD codeof Karrenbach(1995)and3D FD codeof Olsen(1994)wereutilisedto simulate
wavepropagation.TheseFD codesapplytheconceptof FD to solvenumericallytheequationof
motionandthecorrespondingstress-strainrelationship,which governwave propagationwithin
elastic isotropic media. Numericaldispersionlimits the maximumreliable frequency of the
modelling,astheminimumgrid spacingof themodelregionis limited by theavailablecomputer
capacities.Therefore,not only 3D but also2D simulations,which arelesscomputerintensive
than 3D calculations,were performed. However, in 2D a point sourcecorrespondsto a line
sourcein 3D. Consequently, simulated2D seismogramshave to becorrectedto generateproper
3D seismograms.Unfortunately, the correctiongivenby Vidale andHelmberger (1987)is not
applicablefor thesourceimplementationtechniquesof nowadaysFD codes.Therefore,acorrec-
tion wasdevelopedwhich caneasilybeappliedon the2D FD modelling.Comparisonbetween
3D line sourceandcorrected2D seismogramsdisplayedthereliability of thedevelopedmethod.
Thekey di� erencebetweenthemodellingof the1999KocaeliandtheVranceaearthquakesis
theutilisedsourcein themodelling.In thecaseof theKocaeliearthquakethefaultplaneis about
120km long and20 km deep.As rupturehistory inversionsshow, therupturevelocity, slip and
risetime di� er signi�cantly on thefault. Therefore,it is necessaryto includetheextendedfault
andthecomplexity of theruptureprocessto modelgroundmotionsin thenearfaultarea.In con-
trast,theVranceaearthquakesaretreatedaspoint sourceswith ananalyticalsourcedescription
afterBeresnev andAtkinson(1997).Thesesourcesimpli�cations of theVranceaearthquakesis
justi�ed asthe largestressdropsof theVranceaearthquakescorrespondto small sourceexten-
sioncomparedto theminimal travel pathof about100km up to thesurface.
TheverydisastrousKocaeliearthquakekilled about15,000people,left about400,000homeless
andproducedadamageof 40 billions US$.Six strongmotionstationswithin 20 km to thefault
recordedtheearthquake. Macroseismicintensitiesup to X occurredalonglargeregionsnearthe
fault rupture. The recordedaccelerationsseemto be low comparedto the generateddamage.
Wave propagationfrom theKocaeliearthquake up to 1.5 Hz wassimulatedby using3D FD. A
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simpli�ed subsurfacestructurethatcontainsthemainsedimentarybasinswasconstructedbased
on velocity anddensityvaluesgivenby Ergin et al. (1998). Two di� erentinvertedrupturehis-
torieswereimplementedinto themodelling(Bouchonet al., 2002;SekiguchiandIwata,2002).
Thearea-widemodelledPHV distributionshowedaverycomplex patternandit couldbeshown
that this is stronglycorrelatedto the detailsof the ruptureprocesson the fault. Remarkably,
no strongmotionstationwaslocatedwithin anareaof maximummodelledPHV. Furthermore,
syntheticseismogramsweretranslatedinto macroseismicintensitiesfollowing Sokolov (2002).
Again, no strongmotion stationwaslocatedwithin a region of maximummodelledintensities
of X. This suggests,thatthefew nearfault strongmotionstationswerelocatedin regionswhere
no large groundmotionsoccurredduring the earthquake. Comparisonof themodelledmacro-
seismicintensitydistributionsand the observed intensitiesshowed that the ruptureprocessof
Bouchonet al. (2002) reproducesthe intensity distribution in the nearfault areaup to about
15 km, whereasthemodellingwith therupturehistoryof SekiguchiandIwata(2002)resultsin
acompletedi� erentintensitydistribution. This is avery interesting�nding becausebothrupture
processesreproducetherecordedseismogramsat thestationsusedto invert theruptureprocess.
The di� erenceoccursprobablydueto the selectionof stationswhich wereappliedfor the in-
versions.Bouchonappliedonly nearfault strongmotionstationswhereasSekiguchiandIwata
(2002)includedalsodatafrom stationswith largerdistancesto theearthquake fault.
Wave propagationfrom theintermediatedepthVranceaearthquakeswasmodelledwith 2D and
3D FD. 2D modellingwasperformedfor many slicesthatwererotatedaroundthehypocentre-
epicentreaxis. This 2.5D modellingprocedureallowedanarea-widesimulationof groundmo-
tions. Maximumfrequency of the2.5DFD and3D modellingwas4.5and0.6Hz, respectively.
Thesubsurfacestructureof SERomaniais well known andwascompiledby Martin etal. (2005,
2006). To producerealisticseismograms,stochasticvelocity perturbationswereaddedto the
known undergroundstructure.An exponentialcorrelationfunctionwasusedandthecorrelation
lengthwithin thecrustwas2 km with aRMSvelocityperturbationof 5 %. Within themantlethe
usedcorrelationlengthwas4 km with aRMSvelocityperturbationof 2%. Theearthquakeswere
simulatedaspointsourceswith thesourcetimefunctionafterBeresnev andAtkinson(1997)and
thesourcedurationis scaledwith astaticstressdropof 150MPa. All paststrongVranceaearth-
quakesproducedsimilar intensitypatterns,which areSW-NE elongated.To explore theorigin
of thesepatterns,FD simulationsof the1986(MW = 7.1)earthquake werecarriedout for vary-
ing undergroundmodelsin orderto �x the in�uence of thedi� erentsubsurfacestructures.The
modellingof the1986earthquakeis representativefor all Vranceastrongearthquakesasall earth-
quakesshow similar focalmechanismanddepths.Thesimulationsshowedthatthecombination
of sourceradiationandlocationof thedeepsedimentarybasinsproducetheSW-NE orientedoval
patternbecausemaximumS-wave amplitudesareradiatedto thedeepsedimentarybasinsSEto
E of theCarpathianArc. Thein�uenceof sourceradiationproducePGAvariationsupto afactor
of four andtheconvex basinstructuresamplify theimpingingS-wavesup to a factorof 1.5.The
sourceradiationis acritical factorasnolargegroundmotionsaremodelledfor regionswith deep
basinswherethe impingingS-waveshave only smallor intermediateamplitudes.However, the
strongin�uenceof thesourceradiationis notselfevidentanddi� ersfrom caseto casewithin the
consideredfrequency rangeupto 4.5Hz (Liu andHelmberger, 1985;Vidale,1989;Castroetal.,
2006;Takenakaet al., 2003;Siro andChiaruttini,1989;Sirovich, 1994). But in thecaseof the

118



Summary& Conclusions

Vranceaearthquakes,thediscussedlargestressdropsandtheconsequentlysmallfaultsizesmay
producea very coherentsourcesignalcomparedto crustalearthquakeswith large fault planes
whererake rotationcandisturbtheradiationpattern(Spudichetal., 1998).
Numericaldispersionandtheavailablecomputerpower imposesstronglimitationson themaxi-
mumreliablefrequency of FD simulations.Therefore,it wasneccessaryto simulatewaveprop-
agationfrom theVranceaearthquakeswithin a modelwith a relatively largeminimumS-wave
velocity of about1.7 km/s, which correspondsto hardrock conditions.Consequently, it is not
possibleto simulaterealisticstronggroundmotion asthe ampli�cations of the uppermostlow
velocity layersarenot includedinto themodelling. Therefore,a hybrid modellingmethodwas
developed.First,FD modellingof wavepropagationwasperformedwithin thesubsurfacestruc-
tureafterMartin etal. (2005,2006).In asecondstep,theknown frequency dependentsiteampli-
�cation ratiosafterSokolov andBonjer(2006)wereappliedon theresultsof theFD simulation.
This methodwasappliedon the1986and2004Vranceaearthquakes.Thecomparisonbetween
observed andmodelledFAS displayedthe reliability of the developedhybrid method. In the
caseof the1986earthquakemacroseismicintensitieswerecalculatedfollowing Sokolov (2002).
The modelledintensitydistribution reproducesthe observed intensitypatternwith its SW-NE
oval shapedisoseismallines. The comparisonof modelledandobserved FAS and intensities
showedthatthemodellingis applicableto simulatestronggroundmotionsfor potentialVrancea
strongearthquakes.Currentresearchimplementsthedevelopedmethodinto thedevelopmentof
attenuationrelationshipsfor SERomania(Wenzel,2004;Gottschämmeretal., 2006).
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