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Zusammenfassung

Computersimulationersind ein wichtiger Bestandteilnatur, ingenieur und sozialvissen-
schaftlicherForschung.Da Prozessewie die Kollison von Galaxien,die Klimaentwicklung
und Erdbebenals Experimentnicht durchfiihrbarsind, ist die Simulation mit Hilfe von
Computernvon besondereBedeutung.So helfen SimulationenvergangenerErdbebendie
beobachtet®odenb&egung zu versteherund zu erklaren.Zukunftige Erdbeberkbnnenmit
Computernsimuliert werden,um Aussageniber die Starle der Bodenb&egung zu machen
und besondergefahrdeteGebietezu lokalisieren.In dieserArbeit wird die Bodenb&egung
deskrustalenKocaeli-Erdbebengon 1999in der Turkei modelliert. Weiter werdendie mittel-
tiefen Vrancea-Starkbebeim Ruméaniensimuliert. Die hier vorgestelltenBeispielezeigendas
groReAnwendungspotenziabn ComputersimulationevergangeneundzukinftigerErdbeben.

Kapitel 1: Modellierung der Wellenausbeitung in elastischenMedien

Die Ausbreitungvon Wellenin elastischeMedienwird durchdie linearisiertelmpulsgleichung
@ = fi + @’
@ @;
mit derVerschiebingu;, demSpannungstensor; undderKorperkraftdichtef; beschrieberDie
verwendetdineareSpannungs-DehnungsbeziehdiigisotropeMedienlautet:

ii=C it Ck gt o ),

mit den elastischerKonstanten und . Um Wellenausbreitundtr beliebige Verteilungen
der elastischenParameterzu simulieren,wird die Finite-Di erenzen(FD) Methode auf die
Bewegungsgleichungind die Spannungs-Dehnungsbeziehianggevendet.Hierbeiwerdendie
auftretenderrdumlichenund zeitlichen Ableitungendurch FD-Quotientenersetzt.Einschran-
kungenremgebersichausderauftretendemumerischemlispersionderenEin uss mit steigenden
Frequenzemind Laufwegenund mit kleinerwerdendemminimalenS-Wellengeschwindig&iten
im Modell zunimmt. Um der numerischerDispersionentgeen zu wirken, mussder Gitter-
punktabstandeduziertwerden.Dies bedeutetviederummehr Gitterpunkteund folglich einen
erhohten SpeicherbedarfHeutzutagekdénnen 2D FD-Simulationender Wellenausbreitung
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von Erdbebenfir typische Modellgebietevon einigen 100 km Ausdehnungund minimalen
S-Wellengeschwindig&itenvon etwa 1 km/s bis zu einigenHz simuliertwerden(Kebeasyand
Husebye,2003; Furumuraand Kennett,2005). 3D Modellierungensind dagegen wesentlich
speicherintenser und sind selbstauf Grol3computermur bis ungefahrl.5 Hz durchfihrbar
(Benitesand Olsen, 2005; Olsen et al., 2006). Daher spielen2D FD-Modellierungeneine
wichtige Rolle fur Modellierungender Bodenbgegung in dem fir Bauwerle interessanten
Frequenzbereichis 10Hz. Quellenin 2D aberentsprechesenkrechzum2D Schnittunendlich
ausgedehnteQuellenin 3D. Deshalbmisserdie in 2D simuliertenSeismogramm&orrigiert
werden,um die entsprechendeB8eismogrammélir eine Ausbreitungin 3D zu erhalten.Die
von Vidale and Helmbeger (1987) anggiebeneKorrekturkann aberin Kombinationmit dem
verwendeter2D FD-Programm(Karrenbach,1995) nicht angevendetwerden.Deshalbwird
eineKorrekturmethodentwickelt, die esermdglicht2D FD-SimulationerdesProgrammeson
Karrenbach(1995)wie auchanderergéngiger2D FD-Programmezu korrigieren.Ausgefihrte
Testrechnungeunterstreichemlie Anwendbarlit desentwickeltenKorrektunerfahrens.

Kapitel 2: Modellierung desKocaeli-BebengTurk ei)

Das Kocaeli-Erdbebenvon 1999 forderte tiber 15000 Tote, etwa 400000 Obdachloseund
verursacht&chadervonungefahid0Mrd. US Dollar (EERI, 1999).Sechsseismisché&tationen
mit Abstédndenvon hdchstens20 km zur Verwerfung zeichnetendie Bodenb&egung auf.
Makroseismischéntensitatervon X wurdenim Epizentralgebieentlangder sidlichenKiste
der Bucht von Izmit und im AdapazariBecken dstlich des Epizentrumserreicht. Die aufge-
zeichneterBeschleunigungescheinenaberim Vermleich zu den aufgetretenerschaderund
denzu erwartenderBeschleunigungenachBooreet al. (1997), Campbell(1997) und Sadigh
etal. (1997)zu geringzu sein.Die Bodenb&egungdiesesErdbebensvird mit einem3D FD-
VerfahrenOlsen(1994)simuliert. Die fur die etwa 120km langenund 20 km tiefenVerwerfung
invertiertenBruchprozessgon Bouchonet al. (2002) und Sekiguchiand lwata (2002) werden
in die Modellierungmit demVerfahrenvon Miksat (2002)andMiksat et al. (2005)einbezogen.
Bouchonet al. (2002) stutzt sich auf die Datenvon sechsStrong-Motion-Stationeimnerhalb
einesBereichesson 20 km zur Verwerfung.SekiguchiandIwata(2002) verwenderDatenvon
Stationermit Entfernungervon bis zu 50 km zur Verwerfung.Die Verteilungder Versatzeund
AnstiggszeiterzeigendeutlicheUnterschiedezu Bouchonet al. (2002).Da fir die Region des
Kocaeli-Erdbebenkein publiziertedUntelgrundmodelkexistiert, wird in Anlehnungandie Lage
derSedimenteinddie Geschwindigkits-undDichtewertenachErgin etal. (1998)andKarahan
et al. (2001) ein vereinfachtesModell entwickelt. Die Wellenausbreitundpis 1.5Hz wird fur
insgesam?5 s simuliert. Modellierteund beobachtet&eismogrammeerdenandenStationen,
die innerhalbdes Modellgebietediegen und die von Bouchonet al. (2002) und Sekiguchi
and Iwata (2002) verwendetwurden, verglichen. In einem weiteren Schritt werdenaus den
synthetischenSeismogrammerbasierendauf Sokolov (2002) makroseismischéntensitaten
berechnetDie BerechnungnakroseismischdntensitaterausdensimuliertenSeismogrammen
ermoglichteinen &chenhaftenVergleichzwischerBeobachtungindModellierung.

iv
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Die modellierteVerteilungdermaximalerhorizontalenGeschwindigkiten(PHV) zeigtein sehr
komplexesBild. UnterderVerwendunglesBruchwrganges/on Bouchonetal. (2002)werden
nahedergrofRenVerschielngenaufderVerwerfunggrolReAmplitudenerzeugtAllgemeinsind
die groRenPHV-Werte deutlichauf den Bereichder Sedimentebegrenzt.Durch die bilaterale
Bruchausbreitundgiihren Direktivitatse ektezu grolRenPH\V-Wertenweit westlichund 6stlich
der Verwerfung.DieserE ekt wird in RichtungOstendurch die hohe Bruchgeschwindigit
verstarkt. Weiter liegt die Ost-West orientierte Verwerfungin einem Sedimentbanddas als
Wellenleiterfungiert und durchwelchesdie durchdie Direktivitat erzeugterAmplituden tiber
grol3e Entfernungengefuhrt werden. Bemerlenswertist, dasskeine der sechsStationenin
einemBereichgroRerPHV-Werte liegt. Der Vemgleich der Seismogramman den Standorten
dersechsStrong-Motion-Stationerdie von Bouchonetal. (2002)verwendetvurden,zeigteine
gute Ubereinstimmundir die ersten5 bis 10 s der SeismogrammeDie ausdenmodellierten
Seismogrammergenvonnenensynthetischenmakroseismischerintensitaten beschreibenin
einem Bereichvon 10 - 20 km zur Verwerfunggut die beobachteté/erteilung. Die hohen
Intensitatervon IX bis X entlangdersidlicherKiistedesGolfesvon Izmit, die etwasgeringeren
Intensitatenvon VIII zwischenEpizentrumund Adapazari-Bec&n, sowie Intensitdtenvon
X im Adapazari-Bec&n werdendurch die Modellierung gut wiedegegeben.Auch hier liegt
keine Stationim Bereichder IntensitatX. Dies deutetdaraufhin, dassdie im Vergleichzu den
Schaderzu geringenaufgezeichneteBeschleunigungswertéadurcherklart werdenkdnnen,
dasskeineStationin einerRegion maximalerBodenb&egungstand.

Unter Verwendungdes von Sekiguchiand Iwata (2002) invertierten Bruchprozessegeigt
sich wiederum ein komplexes Bild der Verteilung der PHV. Hier fuhren die sehr kurzen
Anstiggszeitenm Bereichdergro3enVersatzeaufderBruch &chezusehrgrolienPHV-Werten.
Das Bild unterscheidesich aufgrundder Unterschiedan den Bruchdetailsdeutlich von der
Modellierung mit dem Bruchprozessron Bouchonet al. (2002). Auch fir die Modellierung
mit dem Bruchwrgangnach Sekiguchiand lwata (2002) werdendie Seismogrammen den
verwendeterStationenim Modellgebietin den ersten5-10 s reproduziert.Die syntehtischen
makroseismischenntensitdtenergeben aber ein deutlich anderesBild. Hier wird nur im
BereichdesEpizentrumainddesAdapazaribecknsdie beobachteténtensitatserteilungrichtig
wiedegegeben Auch hier liegt keineder Stationenn einerRegion groRerPHV und maximaler
Intensitat. Die Modellierung mit beiden BruchprozesseriBouchonet al., 2002; Sekiguchi
and lwata, 2002) reproduziertalso gut die Seismogrammaen den zur Inversionverwendeten
StationenDie beobachtetemakroseismischelmtensitaterwerdenabernur unterVerwendung
desBruchprozesseasachBouchonetal. (2002)wiedegegeben.

Die ModellierungdesKocaeli-Bebengeigt, wie zuletztauchdie BeobachtungedesPark eld-
Bebens(Shakalet al., 2006), dassdie Starlke der Bodenb&egung naheder Verwerfungslinie
starle raumlicheVariationenaufweistund dort schwerdurch Abminderungsfunktionei(z. B.
Booreet al., 1997; Campbell,1997; Sadighet al., 1997) beschrieberwerdenkann. Vielmehr
kanndie Entwicklungvon AbminderungsfunktioneausdenDatendesKocaeli-Bebengu einer
gefahrlichernterschatzungermaoglichauftretendeiodenb&egungemahederBruch ache
fuhren.
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Kapitel 3: Finite-Di erenzenModellierung der Vrancea-Erdbeben

Die Vrancea-Rgion in Rumanienist Gegenstanddes von der DeutschenForschungsge-
meinschafgeforderterSonderforschungbereiché61'StarkbebenMon geavissenschaftlichen
Grundlagerzu Ingenieurmaf3nahmen der UniversitatKarlsruhe(TH). Pro Jahrhundersind
in dieserRegion drei Erdbebermit Magnitudengréf3erals 7.2 zu erwarten,waseinegroReGe-
fahrdungfir Rumanienund die benachbartebhanderdarstellt. So fordertedasErdbebenvom
4. Marz 1977 (Mw=7.4) in Bukarestl570Tote und 11300Verletzte(Wenzeland Lungu, 2000;
Cio an etal.,2004).Alle mitteltiefenVrancea-Bebetretenin einemsehrkleinenQuellvolumen
unterhalbdes siiddstlicherKarpatenbogenauf. Diese Seismizitatwird mit einemsubduzier
tenLithosphérenstickn Verbindunggebrachtdassichim letztenStadiumder Subduktionent-
langderosteuropéaischeRlattformbe ndet (Spernesetal., 2001).Die Isoseisteraller Vrancea-
Starkbeberzeigeneine Sudwest-Nordosbrientierteovale Form. Die EntstehunglieserForm,
die auchin derVerteilungder maximalenhorizontalerBeschleunigunge(PHA) zu beobachten
ist (Popaet al., 2005; Sokolov and Bonjer, 2006), wird kontroversdiskutiert. WahrendMan-
drescuandRadulian(1999)denEin uss der Quelleunddie lokalenStandorte ekteverantwort-
lich machenwerdendieseE ektevon Popaet al. (2005)ausgeschlosseimd die beobachtete
Verteilungauf die Variationder Dampfungim oberenMantel zurlickgefuhrtUm dasZustande-
kommendieserovalenVerteilungder Bodenb&egungzu ergriindenwird ein 2.5Dundein 3D
FD-Verfahrenzur Simulationder Wellenausbreitungngevendet.Da alle Vrancea-Starkbeben
ahnlichesStreichenFallenundeinendahnlichenversatzwinlel aufweisenwird reprasentatidas
My, = 7.1 Bebenvon 1986modelliert.Die fir FD-Rechnungewichtige StrukturdesUnteigrun-
desvon Sudost-Rumanierst sehrgut bekannt(Martin et al., 2005,2006).Kennzeichnendind
dietiefen forearc” SedimentbeadnsitdlichunddstlichderKarpatenUm realistischeNellen-
formenzu simulieren,werdendemUnteigrundmodelistochastisch&eschwindigkitsperturba-
tionennachHock et al. (2004) tiberlagertDie 2.5D Methodesetztsich ausder Simulationder
Wellenausbreitun§iir mehrere2D Schnitte die umdie Hypozentrums-Epizentrumsachsdert
sind,zusammenDadurchkanndie Bodenb&egung achenhaftsimuliertwerdenDie einzelnen
2D SchnittedurchdasUntegrundmodelksind 350km langund 131 km tief. Der Gitterpunktab-
standbetragtl40m. Die Modellierungerfolg fir 64 s mit einemZeitschrittvon 8 ms. Aufgrund
der numerischermispersionemibt sich fir eineminimale S-Wellengeschwindig&it im Modell
von ungefahrl.7 km/s eine maximal zuverlassigeFrequenzvon 4.5 Hz. Die Wellenausbrei-
tung wird fur die speicherintenseren3D FD-Modellierungenfir ein kleineresModellgebiet
mit einer Ausdehnungvon 85 auf 85 km bis in eine Tiefe von 150 km ausgefihrtMit einem
Gitterpunktabstandon 500 m emibt sich aufgrundder numerischerDispersiondie maximal
akzeptierteFrequenzzu 0.6 Hz. Die Erdbebenquellavird als Punktquellemit einer Herdzeit-
funktion nachBeresne and Atkinson (1997) beschriebenwobei die BruchdauemachBrune
(1970,1971) mit einemstatischerSpannungalail von 150 MPa skaliertwird. Die modellierte
VerteilungdermaximalerBeschleunigunge(PGA) zeigtdeutlichdie fir die Vrancea-Erdbeben
typischein Sudwest-Nordost-Richturayientierte pvaleForm,wobeidie maximaleBodenb&ve-
gungetwa 70 km 6stlich desEpizentrumsauftritt. Um die Entstehungliesercharakteristischen
Form zu untersuchenwird die Modellierungfur verschiedengereinfichteUnteigrundstruktu-
rendurchgefiihrtDie Modellierungin einemhorizontalgeschichteteModell machtdenEin uss
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derQuellabstrahlungichtbar dadie andenhorizontalerSchichtgrenzeauftretenddrefraktion
punktsymmetrisclzum Epizentrumist. Ausgehend/on diesemhorizontalgeschicheteivodell
wird der Untegrund verandertjndemdie horizontalenSchichtgrenzerschrittweisedurch die
von Martin et al. (2005,2006) gegebeneStrukturersetztwerden.Dies sind die Strukturendes
Grundgebiges,der Conrad-Diskntinuitat,der Moho-Diskontinuitdtund desMantels.Die re-
sultierendeVerteilungder PGA-Werteim horizontalgeschichtetemodell zeigt deutlich,dass
allein die Quellabstrahlungusreichum eine Siidwest-Nordostrientierte ovale Verteilungder
PGA-Werte zu erzeugenAufgrund der QuellabstrahlungretenVariationender PGA von etwa
400% auf. Nachder Einfuhrungder TopographiedesGrundgebigesemebensich fur die Be-
reichedertiefen forearc” SedimentbeaneineVerstarkungder PGA um bis zu 150%. Diese
sehrgro3enVerstarkungemwerdendurchdie FokussierunglervonunteneinfallenderS-Wellein
die korvex geformtenSedimentbeatn erzeugt An andererStellentretenVerminderungermer
AmplitudendurchDefokusierungaufgrundkonkas geformterBasementstrukturesf. Nachder
Einfuhrungder Conrad-und Moho-Diskontinuitatenandertsich dasBild nur unwesentlichda
dieseStrukturenim Modellgebietnur geringelateraleTiefernvariationenaufweiserundfolglich
die auftretenderrokussierungsund Defokussierungsesktesehrklein sind.
Die 2.5D und 3D FD-Modellierungereeigendeutlich,dassdie ovalen Musterder PGA-Werte
hauptsachlicldurchdie AbstrahlcharakteristilerQuelleverursachtverden Die Sedimenteést-
lich desKarpatenbogengerstarlenlediglichdieserE ekt.Dassdie Abstrahlungtr Frequenzen
bis zu 4.5 Hz zu beobachteist, ist allerdingsnicht selbsterstandlichda die Komplexitat der
Quelle und die Komplexitat entlangdesLaufwegesden Ein uss der Quellabstrahlungerwi-
schen.In verschiedeneArbeitenwird die Abstrahlungbis zu Frequenzewon 3-6 Hz (Vidale,
1989),0.5Hz (Castroetal., 2006),1 Hz (Takenakaetal., 2003)und5 Hz (Siro andChiaruttini,
1989; Sirovich, 1994)beobachtetUm die Auswirkungenvon Streukérperrauf die Wellenaus-
breitungabzuschatzenyird flr ein mit einerexponentiellenAutokorrelationsfunktiorerstelltes
stochastischagodell mit konstantenMittelwertderP-Wellengeschwindigé&it von 6 km/s, einer
Korrelationslangeon 2 km und einerRMS Geschwindigkitsabweichungon 5% die Wellen-
ausbreitungimuliert.Im Vergleichzu einerModellierungohnestochastisch&eschwindigkits-
uktuationenflhrt die Streuungzu starlen Amplitudervariationender Wellenfront.Dennochist
die Abstrahlungoei BetrachtunglergesamteWellenfrontauchnacheinemLaufwey von mehr
als100km deutlichzu erkennen Allerdingswird klar, dassbei Betrachterder Bodenb&egung
aneinigenwenigenStandortenyie esbei BeobachtungealerBebengegebenist, die Abstrah-
lung aufgrundder starlen Amplitudervariationenentlangder Wellenfrontnicht klar erkennbar
seinkann. Fur die Vrancea-Erdbebekannder klare Ein uss der Abstrahlcharakteristilauch
auf die hohenSpannungsabfalleon mehrals 100 MPa zurtickgefihriwerden,da hohe Span-
nungsabféall&kleine Bruch dchenim Vergleich zu krustalenBebenbedeutenFolglich kanndie
Quellewesentlichmpulsivereundkoharenter&ignaleerzeugeralsim Falle vonniedererSpan-
nungszustandeand Spannungsabfallefmei welchenRotationendesVersatzwinlels auftreten
kénnen(Spudichet al., 1998).Ein Ubereinenweiten Frequenzbereickohérentesind impulsi-
vesQuellsignalermdglichtes,die Abstrahlcharakteristikibergréf3ereDistanzerundfir hbhere
Frequenzeutransportieren.

Vii
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Kapitel 4: Verfahren zur Modellierung der Bodenbewegungfir die
Vrancea-Starkbeben

Daszur FD-ModellierungverwendetdJntergrundmodellvon Stidost-Rumanie(Martin et al.,
2005,2006)enthéltdie sehrgut bekanntergroRraumigerKrustenstrukturemlesGrundgebiges
und der Conrad-und Moho-Diskontinuitaten.Der Ein uss der Standorte ekte, die durchdie
ober &chennaherschichtenmit meist sehrlangsamerseismischerGeschwindigkiten verur
sachtwerden,ist somitin der FD-Simulationnicht enthalten Diesegenauerétrukturder obe-
ren Schichtenist auch achenhaftfir Stidost-Rumanienicht bekannt.Aus diesemGrundeist
esnichtmoglich,realistischeAmplitudenderBodenbgegungmit FD-Verfahrenzu simulieren.
Selbstbei genaueKenntnisder ober achennaherstrukturenreicht eine FD-Simulationnicht
aus,dafur Modelle mit sehrniederenGeschwindigkitensehrkleine Gitterpunktabstandbe-
notigt werden,um die Wellenausbreitundiir einenbestimmterFrequenzbereichu simulieren.
Dies bedeutetabereinenextrem groRenSpeicherbedariDeshalbwird eine Methodeverwen-
det,die FD-Simulationund denEin uss der Standorte ekteverknipft.In einemerstenSchritt
wird die Wellenausbreitungom Hypozentrunmeur Ober &cheinnerhalbdesbekannterMantel-
und KrustenmodellgMartin et al., 2005,2006) mit 2.5D und 3D FD-Verfahrensimuliert. Da-
durch ief3t der Ein uss der Quelleund der Untelgrundstruktuiin die Modellierungein. In ei-
nem zweitenSchritt werdendie simuliertenSeismogrammenit den Verstarkungstktorender
Standorte ektenachSokolov undBonjer(2006)multipliziert. Sokolov undBonjer(2006)geben
fur Stdost-RumaniemnerhalbsechscharakteristischeRegionenfrequenzabhangig@erstéar
kungshiktorenan. Mit diesemkombiniertenVerfahrenwird die Bodenb&egungfur dasStark-
bebenvom 30. August1986 (M, = 7.1) und dasErdebenvom 27. Oktober2004 (M = 5.9)
modelliert.Um die Qualitatder Modellierungzu Giberprufenwerdendie modelliertenFourier
Amplitudenspektre{fFAS) an Stationenim Modellgebietverglichen. Ein Vemgleich der Seis-
mogrammeyestaltesichschwierig,dadie stochastische@eschwindigkitsperturbationemwar
realistischeWellenformenerzeugenderenForm aberstark von der stochastischennd somit
nicht unbedingtrealenStruktur naheder betrachteterStationabhangtDer Vergleich der FAS
ergibt an den meistenStationeneine gute UbereinstimmungQuantitatv werdendie Abwei-
chungenzwischenmodelliertenund beobachtetei®AS innerhalbvon finf Frequenzbereichen
zwischen0.1 und 4.5 Hz verglichen.Die Abweichungersind fiir beideErdbeberéhnlich.Zu-
satzlichwerdenfur dasErdbebenvon 1986ausder Modellierungmakroseismischitensitaten
in AnlehnunganSokolov (2002)berechnetDie modelliertelntensitatserteilungzeigtdieselben
Sudwest-NordosirientierterMusterwie auchdie beobachtetemtensitatenDie maximalbeob-
achteterintensitatervon VIl ¢stlichdesEpizentrumaverdendurchdie Modellierungwiedege-
gebenlm BereichsudlichundstudoéstlichdesEpizentrumsverdendie beobachtetetensitaten
allerdingstiberschatztDies deutetdaraufhin, dassdie entwickelte Methodezur Intensitatsbe-
stimmungzu zu hohenlintensitadtemeigt. Hier ist eine weitere Anpassungder urspriinglichen
Methodevon Sokolov (2002),die denFrequenzbereichis 13 Hz auswertetan denNiederfre-
guenzbereickinnvoll.

Der Vergleich modellierterund beobachteteFAS zeigt, dassdie entwickelte Kombinationaus

viii
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FD-Modellierungund Berucksichtigungder Standorte ekte geeignetist, um die Bodenbeve-
gungfir Vrancea-Erdbeberu simulieren DamitkanndiesesVerfahrenin die geplanteBestim-
mungvon Abminderungsfunktionefiir Sidost-Rumanieim RahmerdesSFB461eingelunden

werden(Gottschammeetal., 2006).
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Abstract

Computersimulationsof naturalprocessearevery importantelementsn scienceengineering
technologyandsocial sciences.Simulationshelp to understandhe real world and supplement
or even substituteexpensve anddangerougxperimentdik e car crasheor nuclearexplosions.
Other experimentslike galaxy collisions, climate changeor earthquaks are simply impossi-
ble to perform. In thesecasescomputersimulationsarethe only way to conductexperiments.
Thecomputemodellingpresentedhn this work displaysthe applicationpotentialof groundmo-
tion simulationson the understandingf pastandthe modelling of future earthquaks. Wave
propagatiormodellingfor pastearthquaks helpsto understandhe obsened peculiaritiesand
the gainedknowledgehelpsto be preparedor future earthquaks. Furthermore potentialfu-
tureearthquakscanbe simulatedandconsequenprecautionsnitigateimminentdamage Wave
propagatiorirom thecrustall999Kocaeli(Turkey) earthquak (My = 7.4)andtheintermediate-
depthVrancea Romaniaearthquaksis modelledby applying2D and3D Finit-Di erencgFD)
methods Additionally, amethodis developedo simulatestronggroundmotionsfor theVrancea
eartghauksby combiningFD simulationandthe knowledgeof theampli cation characteristics
of theuppermossoft soil layers.

Thetheoreticaprinciplesappliedin thiswork aredescribedn chapterl. 2D and3D wave propa-
gationis simulatechumericallyby applyingtheFinite Di erencgFD) methodonthe equatiorof
motionandthe correspondingtress-straimelationship. A rst benchmarkpublicationby Alter-
manandKaral (1968)introducedhe methodinto seismologyDuring thefollowing decadeshe
methodwasfurtherimproved. Importantstepsweretheinventionof the staggeredyrid scheme
(Madariaga,1976). Increasingcomputercapabilitiesallowed the applicationof schemewith
a higherorderof accurag (Levander 1988) and wave propagatiormodellingin 3D (Graves,
1996). Today the available computerpower allows the simulationof wave propagatiorfrom
earthquagsin 2D for all frequencieof interest(Kebeasyand Husebye 2003; Furumuraand
Kennett,2005). Only 3D simulationsare boundedto the low frequeny range(Benitesand
Olsen,2005;0lsenetal., 2006). Therefore 2D FD modellingis usuallyperformedto simulate
wave propagatiorfor frequenciedarger thana few Hz. However, 2D FD modelling of wave
propagationnitiated by point sourcescorrespondso a line sourcein 3D. To get 3D seismo-
gramsthe simulated2D seismogram$ave to be corrected.Hence,mary studiesavoid to give
absoluteamplitudegKebeasyandHusebye2003;FurumuraandKennett2005).In thiswork, a
correctionmethodis developedandsuccessfullyestedwhich is moreeasilyapplicablethanthe
correctionmethodgivenby VidaleandHelmbeger(1987).

Groundmotion modelling for the devasting1999 Kocaeli(Turkey) earthquak is presentedn



Abstract

chapter2. TheKocaeli(My = 7.4) earthquak killed about15.000peopleanddestryed large
regionsof NW Turkey. Six strongmotionstationsin the nearfault rangeup to 20 km recorded
the earthquak. Comparedo the obsened damageherecordedaccelerogramseento be very
low. To analysethe earthquak two invertedrupturehistories(Bouchonet al., 2002; Sekiguchi
andlwata,2002)areimplementednto the 3D FD modellingin orderto introducethereal rup-
ture on the extendedfault plane. The simulatedPHV patternsshav very complex distribution
of PHV, which is strongly correlatedwith the rupture processon the fault. Remarkably no
strongmotion stationis locatedwithin anareaof large PHV. The simulatedgroundmotionsare
alsotranslatednto macroseismigntensities. This allows not only point wise comparisorbe-
tweenobsenationandmodelling, but alsoan area-widecomparisorof obsened andmodelled
macroseismiintensities.Again, no strongmotion stationis locatedwithin anareaof maximum
intensity This suggestshatin the caseof the 1999 Kocaeliearthquak the few strongmotion
stationswerelocatedby chanceoutsidethe areasof maximumgroundmotions. Consequently
takingtherecordedacceleratiomsrepresentate earthquaksof thestrengthof theKocaelievent
mayyield to anunderestimatiolnf therealmaximumaccelerationsf future earthquaks.

The Vranceaearthquaksin Romaniaimposesigni cantly hazardon Romaniaand its neigh-
boring countries.All Vranceastrongearthquaksproducetypical SW-NE elongatedatternsof
obsenedmacroseismimtensities.FD modellingof the1986My, = 7.1 earthquakis performed
in chapter3 in orderto explorethein uence of the earthquak sourceandthe subsurcestruc-
ture on the resultinggroundmotion distribution. The intermediate-deptNranceaearthquaks
areimplementedas point sources.The waveform of the sourcetime function is adoptedfrom
Beresne andAtkinson(1997)andtherupturetimeis scaledwith the staticstresdrop. Thesub-
surfacestructureis basedon mary di erentgeophysicamethodsandwascompiledby Martin
etal. (2005,2006). Themodellingdisplaystheinteractionbetweersourceradiationandsubsuy
facestructure. Maximum S-wave amplitudesareradiatedtowardsthe deepsedimentsSE to E
of theepicentrewherestrongampli cation occursdueto the corvex shapedasinstructuresin
orderto producerealisticseismogramst is necessaryo addstochasticelocity perturbationgo
the subsurdcemodel. The wave propagatiormodellingshaws thatthe sourceradiationpattern
for frequenciesup to 4.5 Hz is not completelyblurredout after travelling from the hypocentre
to the surface. This canbe explainedby the probablelarge stressdropsandconsequentlgmall
faultsizesof the Vranceaearthquaks,which arecapableo producestrongcoherensignalsthat
presere the sourceradiationpatternover long distancesndfor largerfrequencies.

Chapterd presents hybrid modellingof the groundmotionsfor the Vranceaearthquaks. FD
modelling of wave propagatiorthroughthe mantleandthe crustis combinedwith the knowl-
edgeof the siteampli cation characteristicef the uppermossoft soil layersafter Sokolov and
Bonjer (2006). To validatethis method,the 1986and 2004 Vranceaearthquaksare simulated
and comparedwith obsened data. Comparisorbetweenrecordedand simulatedFourier am-
plitude spectrashavs a very good agreement.In the caseof the 1986 earthquak simulated
groundmotion aretranslatednto macroseismidntensities. The modellingreproduceshe ob-
senedintensitypattern.Thereforetheproposedybrid methodo simulateVranceaearthquaks
is anappropriatgool to simulatestronggroundmotionsfor potentialVranceaearthquaks. This
allows the integration of the presentednodelling methodinto the developmentof attenuation
relationshipgor Romania(Gottschammeetal., 2006).
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Chapter 1

Wave PropagationModelling in Elastic
Media

1.1 Intr oduction

This chaptergivesa brief overvien on the theoryof wave propagatiorin elasticmedia,which
is describedy the equationof motionin elasticcontinua.Applying the Finite Di erencegFD)
methodto the equationof motion, seismicwave propagationcan be simulatedon computers.
Also, the momenttensorformulationof an earthquak sourceis shown in this chapter Theim-
plementatiorof an earthquak into the numericalschemds explainedandthe scalingrelations
that connectthe propertiesof the modelledandreal earthquak arederived. Pointsourceseis-
mogramsgeneratedy 2D FD modelling have to be correctedn orderto get 3D point source
seismogramsThe 2D to 3D mappingis developedandtestedhumerically For adetailedreview
of the equationof motion andthe conceptof the seismicmomenttensorseeAki andRichards
(1980,chapter3.3), JostandHerrmann(1989),Lay andWallace(1995,chapter8.5), Steinand
Wysession2003, chapter4.4), and (Udias, 1999, chapterl7). The applicationof FD in seis-
mologyis describedn severalpapersvhich arecitedin the next sectionsandin amoregeneral,
theoreticalandtechnicalmannerin Cohen(2002), Durran(1999), Marsal (1989)and Thomas
(21995).For anintroductionto FD seeAki andRichardg1980,p. 773),andMoczoetal. (2004).

1.2 Equation of Motion in Elastic Continua

To studywave propagationn seismologythe conceptof continuummechanicss applied.Con-
tinuousmeanghatthe granulay molecularandatomicstructureof the Earthis ignored.Within a
continuoushodydensity forceanddisplacemenarecontinuoudunctionsof spatialcoordinates.
Applying theconserationof momentunon asmallvolumedV within acontinuousodyyields
to the equivalencebetweenthe rate of changeof the momentumandthe sumof all forcesthat

3



Chapterl. Wave PropagatioModellingin ElasticMedia

actonthevolumedV (seeAki andRichards1980,chapter2.1):
q 4 Z Z

— UidV = f|dV + @dv, (11)
dt \% \% \% j

with the velocity u;, the body force density f; andthe stresses;; actingon the surfaceof dV.

Eachindex (i; j; k or |) indicatethe x; y; z directionsof a cartesiarcoordinatesystem.Eq. (1.1)

canbewrittenin di erentialform as:

@u_., @
@2_fl+@j’

which is calledthe linearisedequationof motion. The total derivative with respecto time in
eg. (1.1) is substitutedby a partial derivative in eq. (1.2), which is valid if the amplitudesof
the particle displacementsare much smallerthanthe wavelengthsof spatial uctuationsin the
displacementandstressesin this casethelLagrangiarandEulerianformulationsareequvalent
(seeUdias(1999)p.21andAki andRichardg(1980)p. 18). For smalldeformationsy; the strain
tensore; is describedy:

(1.2)

|
1@ @ _1
e] 2 @j @| 2( 3] Jvl) ( )
For linearelasticitytherelationbetweerstress ;; andstrainse; is givenby Hooke's law:
ij = Gijki€, (1.4)

with thesti nesgtensorcij. Substitutingeq.(1.3)into eq.(1.4)yieldsto:
ij = CijkiUk;. (1.5)

For generalanisotropy, thesti nesstensorc;jq for a materialhas21 independenelasticmoduli
(Aki andRichards,1980,chapter2.2). The elasticmoduli are called elasticconstantdecause
they areindependenbf the straingq but they vary with positionin the Earth. For anisotropic
mediumthereare only two independentlasticmoduli, the so calledLaméconstants and .
Thetensorof theelasticitycoe cientsfor anisotropicmediais:

Ciw = ijwt Cik gt i K (1.6)

with the Kronecler function ;. The particledisplacementsi; in eq. (1.2) travel asP- andS-
wavesthrougha body (Aki andRichards,1980,p. 68). Within anisotropic mediumP-waves
shawv particlemotion parallelto the direction of wave propagatiorand S-wave particle motion
is perpendiculato the direction of wave propagation. Within a homogeneoussotropic body
P-wave velocity andS-wave velocity dependonthelLaméconstants and , anddensity :

- 2 (1.7)

= - (1.8)



1.3Finite Di erencegFD)

Usingthe equationof motion (1.2) andtherelationsbetweerstresseandstrains(eq. 1.4) wave
propagationcan be calculated. For arbitrary complicatedmedianumericalsolutionsof these
equationsarethe only way to simulatewave propagation.The next two sectionsdescribethe
applicationof theconceptof FD onegs.(1.2)and(1.5).

1.3 Finite Di erencegFD)

With growing computercapabilitiesthe taskof solving the equationof motionnumericallywas
undertalen. TheFD methodis a popularmethodto solvedi erentialequationsiumerically The
advantageof theexplicite FD method whichis usedin thiswork, over othernumericalmethods
is thatthe propagatiorof the physicalvaluesfrom onetime stepto the next andfrom onegrid
point to the neighbouringpointsis calculateddirectly. Furthermorecomplicatedandtherefore
time consumingmathematicaproceduredik e matricesinversionsare not necessaryHowever,
the disadwantages the limited stability andthe numericaldispersionof the schemesThe rst
importantbenchmarkpublicationson the useof FD to calculateseismicwave propagatiorwere
AltermanandKaral (1968),Alford etal. (1974)andKelly etal. (1976). Virieux (1984,1986)
useda secondrderaccuratestaggeredyrid schemen 2 dimensiong2D), which wasdeveloped
by Madariagg1976). Levander(1988)improvedthe methodfrom secondrderto fourth order
During the 90s the computercapabilitiesallowed the developmentand applicationof 3D FD
schemegGraves,1996;0lsen,1994).During the 1990's FD techniqueslevelopedto a standard
tool to simulateearthquak wave propagationOlsenet al., 1995; Olsenand Archuleta,1996;
Olsenetal., 1997;Graves,1998;Satoet al., 1999). FD schemesreundersteadydevelopment
with respectto order of accurag and technicaloptimisation,suchas optimally accurateFD
operatorq Takeuchiand Geller, 2003), the rotatedstaggeredyrid (Saengeiand Bohlen,2004)
and perfectly matchedlayersto improve the boundaryconditions(Marcinkovich and Olsen,
2003). However, almostall of these'newer" schemesrein a stateof developmentarenot yet
developedto simulateearthquak wave propagatioror arenot freely available. Therefore these
schemesrenotapplicablefor earthquak modellingandgroundmotionsimulation.

1.3.1 Finite DI erenceSchemes

The simulatewave propagationthe conceptof FD canbeappliedon egs.(1.2) and(1.5). How-
ever, in this work the sourceis implemetedoy addingthe stressesn;; of theinelasticprocesses
at the sourceratherthanthe body forces f;. Therefore the completeequationgor the 2D and
3D casesaregivenin this section. In 2D, therearetwo systemsof equationsdescribingwave
propagatiorbecausehe P-S\Awave propagatiorwith particlemotionwithin the 2D planeis de-
coupledfrom SH-wave propagationyhich shavs particlemotionperpendiculato the 2D plane
(Lay and Wallace,1995,p. 63-64). In this studya 2D FD code(Karrenbach1995)is used,
which solvesthe systemof equationgyivenby egs.(1.2) and(1.5). The systemfor P-S\twave
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propagations:

@UX @ XX @ Xz

g = ( @ + @ )
uZ @XZ @ZZ
@ ( @ + @ ) (1.9)

The FD codeusestotal stresses ;; to implementthe sourceinto the grid ratherthanthe body
forcesf;. Thetotal stresses j; comprisesot only the pureelasticstresses;j, which areused
in eq.(1.2) and(1.5), but alsothe stresseslueto the inelasticprocessest the sourcem;;. The
relationbetweerthestrengthof anearthquak andstresseseededor the FD modellingis shavn
in sectionl.5. Stresses ;; aregivenby:

w = (+2 )%"’ % My,
z = (+2 )%"' @ Mzz
Xz — (% + %) Myz. (1.10)
Thecorrespondingystenmfor SH-wave propagations:
@gj = %y + @@fy, (1.12)
and:
CY
Xy = @ mxy,
y = % Myy. (1.12)

Eqg. (1.10) and (1.12) build the so called displacement-stredermulation, which is a second
orderhyperbolicsystem.Othercodes(Levander,1988;Virieux, 1984,1986)translateeq. (1.2)

and(1.5)into a rst orderhyperbolicsystemwhich is moresuitablefor a numericalprocedure
thanthe original secondorderhyperbolicdi erentialequations.The 3D FD codeusedin this

work wasdevelopedby Olsen(1994)andis basednthe 2D schemeagivenby (Levander,1988).

This codeusesthevelocity-stresgormulationfor 3D (seeGraves,1996):

@:@xx_'_@xy_'_@xz
@ @ @ @
@ a@a @ @
:@XZ+@yZ+@ZZ

@ @ @

(1.13)
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1.3Finite Di erencegFD)

As abovethestresses ; referto thetotal stressesyhichincludethe pureelasticstresses;j and
the stresseatthe sourcem; (seesectionl.5):

@x _ (+2)@+ (@+@) %
@ @ Q@ @ @
@y = (+2)@+ (@.}.@) @y,
@ @ @ @ @
@u _ (4,8, @, @
@ @ @ @ @
@y _ @, 60 @y

@ @ @& @

@ _ (@, @, G

Gu . 6. G @

yz  _ &y @ z

@ @+@) @ (1.14)

Eqgs.(1.9)to (1.14)aretransformedo a FD schemeby translatinghe derivativeswith respecof
spaceandtimeto nite di erenceexpressionsFor example,the derivative of a functiong with
respecto the spatialvariablex is givenby nite di erencedike:

dg _ Ow1 Ona
Fiar v (1.15)

Here,gn+1 andg, ; arethe valuesof function g neighboringto the point n on a grid, where
the derivative is evaluated. The distancebetweentwo grid pointsis x. Eq. (1.15)is the so

calledcentraldi erence Otherexpressionsaretheleft or right nite di erencegDurran,1999,

p. 35). The nite di erenceexpressionf the di erentialequationare substitutedthrough
a Taylor seriesexpansiongo approximatethe solutionfor the neighboringpoints. The order
of accurag of a systemis de ned by the lowest power of x in the omitted Taylor series
components. The 2D FD code of Karrenbach(1995) and 3D FD schemeof Olsen(1994),

which are appliedin this work, usea staggeredyrid. On a staggeredyrid the velocitiesand
stressesre de ned on nodesthat are separatedy half the grid increment. This reductionof

grid spacingyields to animproved accurag andto improved stability conditionsbecauseahe

stability doesnot dependon the Poissons ratio (Madariaga, 1976; Aki and Richards,1980, p.

777; Levander 1988). The spatialaccurag of the applied2D FD code(Karrenbach1995)is

eight orderanda secondorder accuratetime operatoris used. The used3D FD code(Olsen,
1994)is fourth orderaccuraten spaceandsecondorderaccuraten time. The substitutionof

dervativesthrough nite di erencesthe Taylor seriesexpansionandthe choiceof apropergrid

(e.g. standardstaggeredrotated)arevery importantstepsin the developmentof a FD scheme,
becausestability, numericaldispersionaccurag andadaptionto computersystemshave to be
takeninto account.
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1.3.2 Stability and Numerical Dispersion

A critical issueof FD schemess the stability of the system.A systemis unstablaf smallerrors
blow up and producea numericalsolutionthat increasesnore rapidly thanthe true solution.
A standardmethodto explore stability is the Von Neumannanalysis(Thomas,1995,p. 117;
Durran,1999,p. 43). Thenumericalsolutionatatime stepis expressedsa nite Fourierseries.
Thesolutionis stableif all Fouriercoe cientsarestable.Theresultingstability conditionis:

t
0o ™ A (1.16)

Here, ma IS the maximumwave speed, t thetime discretisation, x the spatialdiscretisation
within the modelandA is a constantvalue. However, the Von Neumannmethodonly givesa
necessaryondition and 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 the schemeor nite operators tand x. Onlyfor t! Oand x! O theexact
solutionwould be computed.The accurag of a schemecanonly be checled by comparingthe
computedesultswhich known analyticalsolutionsfor relatively simpleproblems.Thesearefor
exampleLamb's problem(Lamb, 1904)or re ectivity solutionsfor layeredmodels(Fuchsand
Muller, 1971). Comparisondetweemumericalandanalyticalsolutionsareshovn for example
in Virieux (1984,1986),Levander(1988),Graves(1996)andCoutantet al. (1995).
Numericaldispersiorimits theaccurag of theappliedFD scheméecauseli erentfrequencies
of awave showv di erentphasevelocities. For non-dispersie wavesthe dispersiorrelationis
givenby:

I = cok. (1.17)

Here,! istheangularfrequeng, k is thewavenumbemandc, is theconstanphasevelocity. The
spatialdiscretisatioryields to a dispersionrelationwhich dependson the grid spacing x and
theappliedtimeincrement t. Theerrorbetweerthenumericalphasevelocity ¢ , andthenon-
dispersve phasevelocity ¢g is measuredby thenon-dimensionatumericaldispersiorcoe cient

g |

C X . X
To displaythee ectof spatialdiscretisatiorthe dispersiorrelationsfor two FD formulationsof
the 1D wave equationareanalysed.Fig. 1.1 shavs the numericaldispersioncoe cientfor the
centraldi erencesndstaggeredrid formulationof the 1D wave equationn dependencef the
ratio x= . Thenumericaldispersiorcoe cientis calculatedrom thedispersiorrelationsgiven
by Aki andRichards(1980,eq.13.134andeq.13.136).Only for asmallgrid spacing x com-
paredto the wavelength , the numericalphasevelocity approximateshe non-dispersie case.
The staggeredyrid schemeshows a betterapproximationthanthe centraldi erencegormula-
tion. Thedispersiorrelationsfor the2D FD and3D FD formulationsaremuchmorecomplicated
in comparisorto the 1D casewhichis shaovn here.The numericaldispersiorcoe cientfor 2D
and3D FD schemesireanalyzedn severalpublicationgVirieux, 1986;Levander 1988;Graves,
1996; Saengeket al., 2000; Saengeand Bohlen,2004). Additionally in 2D and 3D the phase
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_______
-
~~.
~

—— central differences
0 --- staggered grid

0 0.1 0.2 0.3 0.4 0.5
D x/I

Figure 1.1: Numericaldispersioncoe cientq for the centraldi erencesand staggeredyrid
formulation of the 1D wave equation. The numericalschemegive a good approximationof
the non-dispersie phasevelocity ¢y for small grid spacings x comparedo the wave length

. The staggeredrid formulationshonvs a goodapproximatiorfor larger x= thanthecentral
di erencegormulation.

speedf thewavesdepend®nthedirectionbetweerthegrid andthewave front. Thisbehaiour
is callednumericalanisotropy, which dependson the anglebetweenthe wavefrontandthe nu-
mericalgrid. For wavestravelling in thedirectionof thecoordinateaxesthenumericaldispersion
is largerthanfor wavestravelling alongthe diagonal(Moczoet al., 2000). The error produced
by numericaldispersionncreasesvith increasingrequenciesTherefore usuallya relationfor
aspeci ¢ FD schemas givenwhich stateghattheerrordueto numericaldispersiordoesnot ex-
ceeda x edlimit for theusedmodelsizeandthe usedspatialdiscretisationTheserelationships
have thefollowing form:
min
Bfmax
with thegrid spacing x, minimumshearmwave velocity of themodel ;,, maximumfrequeng
fmax @nda constanB thatdepend®nthe FD schemeConstanB givesthe minimumnumberof
neededyrid pointsperwavelength.Eq. (1.19)demands maximumvalue X to getacceptable
resultsfor the frequeny rangeup to fia. In this study6.5 grid pointsperwavelengthareused
for the 3D FD modelling. Thus,thedispersiorerroris lessthanaboutl12 % (Olsen,1994;0lsen
and Archuleta,1996). For the 2D calculationsB is 2.8. Table 1.1 summariseshe constraints
givenby stability andnumericaldispersiorfor the2D and3D FD schemesppliedin this work.
It is importantto know that eq. (1.19) doesnot give a frequeng rangein which thereis no
numericaldispersionratherit stateshatthe erroris belov a prede nedthreshold.Evenif the
valueis in therangeallowedby eq.(1.19)numericaldispersiommaysigni cantly disturbthetrue
solutionif the modelledregionsarelargerthanthe modelsusedto assesB. Eq. (1.19)implies

X < (1.19)
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| FD Code | Ausedin eq.1.16(stability) | B usedin eq.1.19(num. dispersion)|
2D (Olsen,1994) 0.50 2.8
3D (Karrenbach1995) 0.45 4.5

Table 1.1: Valuesof A andB for eqs.(1.16)and(1.19),which areusedfor the 2D and3D FD
codes.

thatfor a given x the maximumfrequeng is setby .. To increasef it is Nnecessaryo
reducethegrid spacing x. Theuseof half thegrid spacing=* mean2® moregrid pointsin 3D
andtherefore8 timesmoreof consumptiorof computationamemory Therefore the available
computermemorylimits f,x. Today 3D FD wave propagatioron one of the world's largest
computersthe Earth Simulator(Japan)canbe calculatedup to 3 Hz for a modelof 512 km x
1024km x 480km sizewith agrid spacingof 0.5km x 0.5km x 0.25km (FurumuraandKennett,
2005).

1.3.3 Boundary conditions

To calculategroundmotionsattheearths surfaceanumericalfree surfacemustbeimplemented.
Toincludeafreesurfacetheboundaryconditionshave to beesetexplicitely alongthatborder In
this study the zerostresgormulationis used(Levander,1988;Graves,1996). The stressvector
atafreesurfaceis zero.Hence for ahorizontalfreesurfacewith normalin z direction,following
relationat the stressnodesalongthefree surfacemustbe satis ed:

2= xz = yz:O- (120)

The 3D code(Olsen,1994)setsthesefree surfaceconditionsat the nodesof the staggeredrid,
which arehalf agrid pointbelow the positionof thefree surface. Thisimplementationmesultsin
ahigheraccurag in comparisorto the applicationof eq. (1.20)directly at the free surfacegrid
nodegGottschdmmeandOlsen,2001). Somecodesusethe vacuummethod which meanghat
theelasticparametersf thematerialabove the surfacearealmostsetto zero(seeGraves,1996).
Thus,thefree surfaceboundaryconditionsareimplicitly 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 bottom of the modelis paddedwith an additionalgrid
layer Within this outerlayerthe amplitudeof the wavesis dampedaxponentiallywith distance
to theinnermodel(Cerjanet al., 1985). Therefore,only a small part of the enepy is re ected
at the outermostedgeof the model. The oneway absorbingooundaryconditions(Claytonand
Enquist,1977)allow the outward travelling of wavesandreducethe travelling of wavesback
into themodel. The performancef this methoddepend®on the anglethe wavesimpingeon the
boundary
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1.4 TheSeismicMomentTensor

Figure 1.2: Thenineforce couplesof the seismicmomenttensor Equivalentbodyforcesfor a
dislocationdiscontinuityis givenby a combinationof di erentforcecouples.

1.4 The SeismicMoment Tensor

Seismicwave radiationdueto displacementliscontinuitieswithin a body canbe describedoy
a combinationof force couples. Theseforce couplesarereferredto asequivalentbody forces,
which provide a simplemodelof thecomplex physicalsourceprocessedrig. 1.2 shovsthenine
possibleforce coupleghatarethe componentsf the seismicmnomenttensor:

M Mxy My,

M sz M,

ThecomponentdV;; arelineardipoleswith armandforcesin the samedirection. For explosion
sourceall threelinear dipolesare non zeroandequal. The force couplesMy; (k , ]) describe
forcesin kdirectionwith aperpendiculaarmin j direction. Tectonicearthquaksareproduced
by sheardislocationson fault planes.The equivalentbodyforcesof sheardislocationsaregiven
by thetwo force couples(calleddoublecouple)My; andMj,, which have to be equalbecaus@o
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nettorqueoccursfor sheardislocationson afault.
The displacementslueto a momenttensorpoint sourcearegiven by (seeUdias,1999,p. 324
andAki andRichards,1980,p. 53):

U = My Gij, (1.22)

where denotesconvolution, My; is the seismicmomenttensorand Gy, the Greens function,
whichdepend®nthecharacteristicef themediumandthereforé'propagatesthedisplacements
from the sourceto therecever. The momenttensorfor anarbitrarycoordinatesystemis:

My; = Mo(ln; + 1;ny), (1.23)

wherethe component®f "give thedirectionof the displacementliscontinuity(slip) andn is the
normalto thefault plane.Thesizeof anearthquak is givenby the scalarmoment:

Mo= AD. (1.24)

Mo dependson the Lamé constant , the averageslip D andthe fault areaA. Accordingto

eg. (1.23) the seismicmomenttensorgivesthe strengthof an earthquak andits fault andslip

orientation. Within the geographiacoordinatesystem(x-axis to the North, y-axis to the East
andz-axispositive downward) the fault orientationis given by the strike angle , which is the
azimuthof the fault's projectiononto the surface(Fig. 1.3). Thedip angle is theanglefrom

the surfaceto the fault plane. The strike is chosenin the way thatthe dip, measuredrom the
negative Yaxis, is alwayslessthan90°. Theslip or rake angle givesthedirectionof theslip,

whichis the movementof the hangingwall relative to thefoot wall. Angle is measureavithin

thefaultplanecounterclockwisérom thestrike direction. Theslip DT-andthe normalto thefault
nare:

Dt = D(cos cos +cos sin sin )X
+D(cos sin cos sin  cos )y
Dsin sin z (1.25)
and
A = sin sin X+sin cos § cos 2 (1.26)

Then, M;; with respectto a geographiccoordinatesystemis describedoy (Lay and Wallace,
1995,p.343)and(Aki andRichards,1980,box4.4onp. 117):

My = Mo(sin cos sin2 +sin2 sin sin® )

Myy = Mo(sin cos sin2 sin2 sin cos )

Mz, = Mp(sin2 sin )

Myy = Mp(sin cos cos2 +%sin2 sin sin2)

My, = Mg(cos cos cos +cos2 sin sin )

My, = Mp(cos cos sin cos2 sin  cos ) (2.27)
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s

</
- /
fault plane«M

\/
Z
Figure 1.3: Foot wall of a fault with strike , dip andrake . The RAaxisis orientedalong

the strike direction. The geographicoordinatesystemis givenby the North (x), East(y) andz
(positve downward)directions.The hangingwall is not shavn.

The component®f displacementor a doublecouplesourcearegivenby eq.(1.22). After (Aki
andRichards,1980,p. 79)thefar eld P-andS-displacementaregivenby:

U = My, Gicj = My an<;j + My Gi;j

1 r - ik, 1 r
= 'ngMki(t -) (%) iTMagt ). (1.28)
|4 {z }o {z }
P-wave far eld S-wavefar eld

Distancebetweersourceandreceverisr, and aretheP-andS-wave velocitiesand ; is the
directioncosiner;=r, wherer; is distancebetweensourceandrecever in i direction. Here,the
time dependencef the seismicmomenttensoris introduced. The pulseshapedependsn the
temporalderivation of the component®f the seismicmomenttensorMy;, at the retardedimes
t Landt *.ConsequentljtheP-andS-wavedisplacementaftereq.(1.28)canonly benonzero
fort r= ort r=,respectrely. For ageographicateferencesystemMy; is expresseddy

eq.(1.27). Therefore the time dependencef My;(t) dependsn thetime dependencef Mo(t).

Mo(t) is the seismicmomentfunctionand My(t) the seismicmomentratefunction or the source
time function.

For 3D FD modellingall six independentomponent®f M;; arenecessaryin 2D FD modelling
themodelis con ned within the xz plane. Accordingto eq. (1.28)the spatialderivativesof the
P-andS-wave Greens functionsdependon thedirectioncosines:

e ik (1.29)
Gy, (ik  ®j (1.30)

13



Chapterl. Wave PropagatioModellingin ElasticMedia

In 2Dry is zeroandthereforethedirectioncosine y = ry= is alsozero.EvaluatingG”P(;j (eq.1.29)

in 2D yieldsto:

if oneindexi;k;j=1y.

Following equationgyive the behaiour of Gﬁ(;j (egq1.30)in 2D:

Gi;j = 0, for
Miork=y,ifi, k
(i) j=y.

The x componentf thefar eld displacementiin 3D is:

uX = I\/IXX GXX;X + MXy GXX;y + MXZ GXX;Z
+Myx Guyx ¥ Myy  Gyyy + Myz Gy
+ MZX GXZX + MZy GXZy + MZZ GXZZ'

After egs.(1.31),(1.32and(1.33)uy in 2D is describedy:

uX = MXX C;XX;X + MXZ GXX;Z
+ MZX GXZX ++ I\/IZZ C;XZZ'

The3D far eld displacemenof they components givenby:

Uy = Myx Gyxx + My Gyxy + My, Gy
+Myx Gyyx+ My Gyyy + My, Gy,
+Mz Gyzx+ My Gyzy+ Mz Gyzz

In 2D thefar eld displacement, is aftereqgs.(1.31),(1.32)and(1.33):

Thefar eld displacementy, is:

U, = My sz;x + I\/lxy sz;y + My, sz;z
+ I\/lyx Gzy,x + I\/Iyy Gzy,y + I\/lyz Gzy,z
+Myy Gzzx + sz Gzzy + Mg, Gzzz-

After eqgs.(1.31),(1.32)and(1.33)u, in 2D is describedy:

u; = I\/Ixx sz;x+ sz sz;z
+sz Gzzx+ Mzz Gzzz-
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1.5Sourcelmplementation

X - North

/
/

/

e\
fault plane  ~ 7L

y
Z

Figure 1.4: Fault orientationwithin a 2D modelof azimuth ° Substitute with °in (1.27)to
getthecomponentdv;; for a2D slicewith azimuth ©,

Theuy andu, component#n 2D representhe P-S\fwave propgation After eq.(1.35)and(1.39)
thecomponentd/,y, My,, M, andM,, of theseismicnomenttensorareneededn 2D to initiate
P-S\twave propagation.The u, componentn 2D givesthe SH wave displacementsyhich are
fully decoupledrom the P-S\A\wave propagation.After eq. (1.37) the seismicsourcefor SH-
wave propagationn 2D is givenby the momenttensorcomponentsv,, andMy,. Thereforeall
componentsf theseismicnomentensorexceptof the My, componenarenecessarjo describe
a doublecouplesourcein 2D. The component®f the seismicmomenttensorare neededwith
respecto the orientationof the 2D modelfor which the wave propagatioris simulated.This is
doneby substitutingheazimuth with theangle °betweerthestrike angleandthe orientation
of the2D modelin eq.(1.27)(seeFig. 1.4). This givesthe momenttensorcomponentsn terms
of anx'y'z' coordinatesystemof the 2D model.

1.5 Sourcelmplementation

A sourcecanbeimplementednto aFD scheméyy addingthecorrespondingourcevaluesatthe
displacementyelocity or stressnodes.Franlel (1993)and Graves(1996)translatethe seismic
momentinto displacementsgelocitiesvalueswhich areaddedo thegrid atthe sourceocation.
In thiswork, the sources implementedy addingstressvalues whichimply the orientationand
strengthof thesourceto thecorrespondingtresscomponentsf the staggeredrid. Themethod
is describedor the 2D casein Coutantet al. (1995)andusedby mary FD codes(e.g Virieux,
1984,1986; Levander,1988; Olsen,1994). This methodis basedon the factthatthe moment
tensordensitymy; or stresgylutis thedi erencebetweerthe pureelasticstresses,;, whichare
usedin the equationof motion (1.2), andthetotal stresses \; on thefault (Udias,1999,chapter
17.1):

Mgj = j Kj- (1.40)
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Chapterl. Wave PropagatioModellingin ElasticMedia

The momenttensordensityin a FD grid is equalto the seismicmomentat the sourcenode
dividedby thecell volume:
My
X3
Therefore,the implementationof an earthquak, which is de ned by its momenttensor is
straightforvard, as egs.(1.40) and (1.41) relate the stresscomponentsieededor simulation
to the seismicmomenttensor which gives the strengthand orientationof the source. To
simulatean earthquak with magnitudeM,,, the seismicmomentis calculatedafter Hanksand
Kanamori(1979). The next stepis the choice of propertime function for the seismicmo-
mentfunctionandits translationinto stressvaluesaftereq.(1.41),whichcanbeaddedo thegrid.

m; = (1.41)

1.5.1 Source Scalingfor Point Sources

A point sourceis usedto simulatewave propagatiorfor the Vranceaintermediatedepthearth-
guales(chapter3d). The sourcescalingis developedfor a givenseismicmomentMg andstress
drop . AssumingBrune's sourcemodel (Brune,1970,1971),which is valid for a circular
fault, thestaticstressdrop ~ is:

7 Mg

T 1613
with seismicmomentM, andfault radiusr. The cornerfrequeng f. is relatedwith the fault
radiusr andthesheamwave velocity atthesource(Brune,1970,1971):

(1.42)

2 fo= 234 (1.43)

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

3

f3 3:663—M0, (1.44)

with the rupturetime t, = 1=f.. Staticstressdrop is proportionalto the cubeof the cor
nerfrequeny f.. Thereforedoublingthe cornerfrequeng resultsin half the rupturetime and
eighttimesthe stressdrop. The stressdrop of the Vranceaearthquaksis discussedn several
publications(Guse et al., 2002;0ncescu;1989;0th et al., 2006; Radulianet al., 2005; Wirth,
2004).Wirth (2004,p. 141)give anovervien on derivedstresgdropsfor the1977M,, = 7.4and
1986M,, =7.1earthquaks.Thedervedstresdropsof theVranceaearthquaksvary from about
10to 100 MPa. This variationmostlikely re ects the useof di erentsourcemodelsto derve
the stressdrop (Oth et al., 2006). Eq. (1.44)relatesthe stressdrop ~ andtherupturetimertt,,
which is necessaryo constructa propermomentfunction for the modelling. In this work the
sourcetime functionafter Beresne andAtkinson (1997)is used.They describeextendedfaults

by addingthe contributionsof severalsubfaults. For the displacemenét the subfwultsthey use:

" ! #
DH=D(1) 1 1+% et | (1.45)
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1.5Sourcelmplementation

with thetime deriative: .
D(t) = D(1 )—2e = (1.46)

ThevalueD(1 ) is thedisplacemenD reachedor in nite t. The characteristicime controls
thedisplacemenincreaseandis thereforerelatedto therisetime. The FourierspectrgBeresne
andAtkinson,1997,eq.11)shavsa! 2 squardrequeny decayfor frequenciesargerthanthe
cornerfrequeny 1= . Thisis the sameasderived by Brune(1970,1971). Modelling extended
sourcesaspoint sourcesneansthatthe total momentis releasedat a grid point or onesubfult
elementwith dimensionof thegrid spacing.Therefore, is chosensothatthetime to reachthe
nal displacementorrespond$o therupturetimesof the Vranceaearthquaksratherthanto the
risetime of asubfult element.Egs.(1.23)and(1.24)relatethe displacemenét the sourceand
themomenttensor Thereforethetime functionfor displacementéeq.1.45)afterBeresne and
Atkinson (1997)canbeusedto describethe seismicmomentfunction:

" L #
Mo)= Mp(1) 1 14+ e® (1.47)

A valueof isusedsothat98%of the nal seismicmomentis reachedaftertherupturetimet,

= 1=f.. Forthe1986M,, = 7.1eventwith My =5 10* Nm anda stressdropof = 100MPa,

eq.(1.44)yield to acornerfrequeny f. of 0.3Hz. Fig. 1.5shovstheseismicnomentensorden-
sity function My(t)= X3, which givesthe stressesieededor the FD modelling. The orientation
of an earthquak is implementedoy applyingeq. (1.41)with eq.(1.27). Usingeq. (1.43) with

fc = 0.3Hz, thefaultradiusis 7.61km. Comparedo the intermediatéhypocentrablepthof the
Vranceaearthquaksthefaultareais relatively small. Thereforethe useof apointsourcemakes
sense.Comparedo real sourcetime functions,the time function after Beresne and Atkinson
(1997)is rathersmooth.However, sincefor theintermediatedepthearthquaksthe exactsource
processs unknovn andthe compleity alongthe travel pathis muchmoreimportantthanthe
detailsof theruptureprocesghetime functionafter Beresne andAtkinson (1997)canbe used
to simulatethe Vranceaearthquaks.

1.5.2 Source Scalingfor Ruptur e Histories on Extended Faults

In chapter2 the 1999Kocaeliearthquak (Turkey) is modelledwith 3D FD by applyinginverted
ruptureprocessesln contrastto the modellingof point sourcegsectionl.5.1)a extendedfault
is used.Thenumberof subfaultsN is givenby thegrid spacing x andthefaultareaA:

A
Theseismicmomentis distributedover N subfwultsandthe seismicmomentat a subfaultis:
Z 1
M(T) = ) M} (b, (1.49)

t=0
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Figure 1.5: Top: Momentdensityfunction of the 1986 Vranceaearthquak for a static stress
drop of 100 MPa. After t, = 1=f. 3.4 second€98% of the nal momenttensordensityis
reached. Bottom: Time derivative of the momentdensity function. This is the sourcetime
functiondividedby dx3. Thewave form is givenby Beresne andAtkinson (1997).

whereT is therupturetime at a subfault. The total seismicmomentM;;(T) is givenby the sum
of all Mi'}'(T) over all fault points:

X
Mi(T) = M{(T). (1.50)
1

The3D FD code(Olsen,1994)translateshe sourcetime function Mi'}' atapointof thefaultinto
the seismicmomenttensordensity:

Nos Mi'\j'(t)
mj(t) = t vl (1.51)
For asubfaultthe sourcetime functioncanbe written aftereq.(1.24)as:
Mo ()= D)= xgp(t). (1.52)

Here, x? is the fault areafor a small subfwult, which surroundsa grid point, and vy, is the
particlevelocity atthe subfault. Inversionsof earthquak ruptureprocessesgive theslip velocity
Vgiip IN providing risetime andtotal slip for all subfaults.Usingageographicatoordinatesystem
the time derwative of eq. (1.27) calculatesl\/li'}'(t) from MON(t) andeq.(1.51) givesthe seismic
momenttensordensityat a subfult, which is addedonto the FD grid. In chapter2 the source
time functionis assumedstriangular(Fig. 1.6). The startingtime of the ruptureat a fault point
is givenby theinvertedpropagatiorof therupturefront.
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1.6 SimulatingDoubleCoupleSourceswith the 2D FD codeof Karrenbach{1995)
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— rupture starts Mo(t)/dx
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\ rise time
| Time[s] = '

Figure 1.6: Top: Form of themomenttensordensityfunctionusedatall fault pointsof the 1999
Kocaeliearthquak (chapter2). Bottom: Usedtriangularshapedime derivative of the moment
densityfunction. The velocity at eachfault point showns alsothis triangularbehaiour, because
the sourcetime functionis proportionalto theslip velocity (eq.1.52).

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

The2D FD code(Karrenbach1995)wasdesignedo usepressuresourcesdisplacemensources,
bodyforcesourcesandstressourcesThestresssources the sourcetypethatis neededo inco-

operatedoublecouplesourcesasdescribedn sectionl.4and1.5. However, the codeis mainly

usedto modelwave propagationnitiated by pressuresourceGortz,2002;Sule,2004). There-
fore, rst thefunctionality of theimplementatiorof doublecouplesourcesy applyinga stress
sourcewastested. The simulatedradiationresultsare comparedo the theoreticalsourceradi-

ationgivenby eq. (1.28). Wave propagatiorwithin a homogeneoumodelfor a doublecouple
sourcewith strike , dip andrake of the 1986 strongVranceaearthquak is modelled. In

Fig. 1.8 and 1.9 the modelledradiationfor P- and S-waveswithin a 2D slice, which is orien-
tatedin EW direction,is comparedo the theoreticalrafdiationafter eq. (1.28). It canbe seen
thatthe 2D FD codematcheghetheoreticakourceradiationpattern.Di erencese ect theuse
of a staggeredyrid, wherethe stresscomponentswhich are usedto simulatethe source,are
de ned on di erentspaciallocationsof the grid. Additionally, the stressvaluesof the source
aredistributed over a several grid points,which resultsin a small quadraticsourceratherthan
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Figure 1.7: Snapshotof thewave eld within an EW orientated2D slice for a doublecouple
sourcewith strike, dip andrake of the 1986 Vranceastrongearthquak. In Fig. 1.8and1.9the
modelledandtheoreticaradiationpatternaarecomparedAngle is measuredounterclockwise
from the East.

apointsource.This is necessaryo avoid numericalarteficts,which would be producedoy the
numericaloperatorgSchmidt-Aursch1998,p. 64).

1.7 2Dto 3D Correction

In homogeneoumediawave propagationinitiated by a point sourcein 2D correspond$o wave
propagatiorfor ain nite line sourcen :HD_.SD line sourceseismogrambave anin nite tail and
thewave eld amplitudesdecaywith 1/ R. In contrast,3D point sourceseismogram&ave no
tail andgeometricalspreadings 1-R. Therefore,seismogramsbtainedby 2D FD modelling
canbecorrectedn orderto simulatepoint sourceseismograms 3D spaceln this section, rst

the mappingbetween2D seismogramsndthe correspondin@D point sourceseismogramss
derived. Next, thedeveloped2D to 3D mappingis testecnumerically

1.7.1 Theory

The far eld Greens function G in the frequeng domainfor an elasticmediumis given by
Hudson(1980,p. 137):
1 %& (i %) ome - 1 %% e, (1 &R won
j= = DAdiR Ll ARG o 2 AfgkRry L AR GkR
Gi 7 2Re' R e 7 2Re' R et . (1.53)
With the unit vectorsX and X in | andi-direction. For simplicity the 2D to 3D correctionis
dervedfor anacousticmedium. However, the derived 2D to 3D correctionis alsovalid for the
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Figure 1.8: Comparisorof theoreticalkndmodelledP-wave radiationpatternof a point source.
The strike, rake anddip valuesof the 1986 earthquak were usedto modelwave propagation
within ahomogeneou®D model,whichis orientatedn EW direction.Di erencesccurbecause
of the stresdocationsin the staggeredjrid andthe useof small quadraticsourcesgnsteadof a
pointsource Angle is measureaounterclockwisérom the East(seeFig. 1.7)
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Figure 1.9: Comparisorof theoreticalandmodelledS-wave radiationpatternfor a sourcewith
strike, dip andrake of the 1986strongVranceaearthquak. Di erencese ect theuseof asmall
noncircularsource Angle is measureaounterclockwisérom the East(seeFig. 1.7)
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14 D% X -
Erw

Figure 1.10: An in nite numberof pointsourcesn the]y-directionbuild aline source Distance
betweena point sourceandareceveris givenby: R=" x? + y? + Z2, wherey canbe expressed
asn xandr? = x?+ 7 is thesquareof the distancebetweersourceandreceverin thexz-plane.

elasticcasebecausehe Greens functionsfor both caseshave the samewave function e<R=R,
In the acousticcasethe Greens functionfor the velocity potentialin the Helmholtzequationis
givenby:

eikR
Gpoint_3D(! )= ﬁ, (1.54)
with thewavenumbelk = = ¢, wave speedt anddistanceR betweersourceandrecever:
p—
R= X2+y2+ 2, (1.55)

In Fig. 1.10anin nite numberof point sourcesuild aline sourcein y-direction. Theresponse
of a line sourcecan be constructedoy addingthe contribution of anin nite numberof point
sourcesThereforetheresponse&,e 3p of theline sourcein Fig. 1.10is givenby:

1 A eikpr2+n X

Giine sp(! ) = 7 (1.56)

S ——
=1 2+n X

wherey = n x andr? = x? + y2, which is the squareof the distancein the xz-planebetween
sourceandrecever. Applying the Fresnelapproximationand writing the sumas an integral,
eg.(1.56)transformanto:

: Z1
e‘kr 1 ikx?
Ginesn(! )= 7—— €% dx (1.57)
1
Theintegral ontheright handsideis givenby:
41 i sgr(!)
it 2 e s P—
exrdx=p— 2 cCrI. (1.58)

)
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1.72D to 3D Correction

Usingeq.(1.58)the Greens functionfor aline sourceis givenby:
r

GIine_3D ()=

ikr D Ar e
¢ 1 ge$ . (1.59)
1421 | % 21

Gpoint 3o (! ) (Seeeq.1.54) ci

Line! Poim(! )

The rst factorontheright handsideis the Greens functionfor apointsourcein 3D. Therefore,
the 3D point sourcesolutioncanby obtainedby multiplying the line sourcesolution(eq. 1.59)
with:

X p— i sgn(!
Cling poini(! ) = P Jl j& T . (1.60)
2cr
Transformingeq.(1.60)into thetime domainyieldsto:
x d H(t
Cline point(t) = —IS—_——IS—(_)- (1.61)
2crdt "t

Thus, the 2D FD line sourceseismogranuiie op(t) can be translatednto a 3D point source
seismogranmipeint 30 by applyingoperator(1.61)to Ujne 2p(t):

( )
X d H(t
Upoint 3D = _p_Z_cr a—ﬁ—(f) Uiine_2p(t) - (1.62)

VidaleandHelmbeger(1987)derivedaformulawithoutthefactor x= p%) to correct2D FD
seismograms:

1 1
Upoint 3D = —ﬁ_F(—p_f uIine_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 the sourceimplementatiortechniqueused
by Vidale et al. (1985) and Vidale and Helmbeger (1987), which imposesthe whole space,
line source,rst termasymptotictGRT (generalisedaytheory)solutiononthesourcegrid points.

1.7.2 Numerical Tests

To validateeq. (1.62) 2D and 3D FD numericaltestsare carriedout with the 2D FD codeof

Karrenbach1995)andthe 3D FD codeof Olsen(1994).A doublecouplesourcewith theforce

couplesin thexz-planeis used(Fig. 1.11). The sourcewaveformis adoptedrom Beresne and
Atkinson (1997). In the next sections3D FD point seismogramsre comparedwith corrected
2D pointseismogram$or a homogeneouanda layeredstructure.

First, 3D and2D FD wave propagatioris simulatedfor a homogeneoumodelwith v, = 6000
m/s,vs = 3464m/sanddensity = 2500kg/m? with agrid spacingof 140m. Thesourcevavelet
andits frequeng contentis shovn in Fig. 1.12. The maximumresohablefrequeng of FD cal-
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v, = 6000 m/s
source v, =3464 m/s
. / rho = 2500 kg/m® L
| 14000 m
|- >
|- -

28000 m
Figure 1.11: 2D and 3D wave propagationin homogeneoumodelsis calculatedfor a double

couplesourcewith maximumSV radiationin x-direction.3D andcorrected®D FD seismograms
arecomparedor stationsin adistanceof 14000m and28000m (Fig. 1.14).
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Figure 1.12: Top: SourcewaveletafterBeresne andAtkinson (1997)usedto testthe 2D to 3D
correction.Bottom: Fourieramplitudespectrunof thesourcewavelet. Thefrequeng contentof
thesources belov 5 Hz, whichis the maximumfrequeng accordingto eq.(1.19)for vs=3464
m/sandB=5.
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Figure 1.13: Comparisorbetweera 3D line sourceseismogrananda 2D point sourceseismo-
gramin adistanceof 14000m to thesource Di erencesreproducedyy thedi erentaccuracies
of thetwo applied2D and3D FD schemes.

culationsis limited by numericaldispersionFor aminimumof ve pointsperwavelengthanda
minimumvelocity of 3464 m/s, the maximumfrequeny accordingto eq.(1.19)is 5 Hz, which
is higherthanthefrequeng contentof thesourceusedhere.Theapplieddoublecouplesources
indicatedin Fig. 1.11.Fig. 1.13shawvs the equivalenceof a point sourcein 2D andaline source
in 3D. Theseismogramarecomparedn ax-distanceof 14000m to thesource.In this direction
the sourceradiatesno P-wavesand S\V-wave radiationshovs a maximum.Smalldi erencesre
producedoy thedi erentnumericalaccuraciesf theapplied2D FD (Karrenbach1995)and3D
FD (Olsen,1994)codes.The 2D FD schemas of eightorderaccurag andthe 3D FD scheme
usesa fourth orderaccurateoperator Fig. 1.14 compareshe seismogramsf a point sourcein
3D andthe 2D seismogramwhich arecorrectedaccordingo eq.(1.62)in ax-distanceof 14000
m and 28000m to the source(Fig. 1.11). The amplitudedi erencebetweenthe corrected2D
FD seismogramandthe 3D FD seismograms about10%. This di erenceoccurbecausehe
schemesiseoperatorof di erenthumericalaccurag.

Eq. (1.62)is only valid for homogeneoumodels.The useof inhomogeneoustructuregesults
into non-straightray pathsandnon-constanvelocities. A 3D and2D FD calculationis carried
out for wavestravelling from the sourceS to the stationsA, B andC througha layeredstructure
(Fig. 1.15). The sourceis the samedoublecouplesourceasusedabove. To correctthe 2D FD
seismograms is calculatedafter Snell's law andc is the averagevelocity alongthe ray path,
whichis givenby r dividedby thetravel time. Thecomparisorshovsagood t betweerthe3D
FD calculationsandthe corrected2D FD calculationg(Fig. 1.16). The di erencebetweenthe
maximumamplitudess about10 %. Thenumericaltestssupportthe applicationof this method-
ology for inhomogeneousmodelsto correct2D FD seismogramsFor inhomogeneoumodels
a hybrid methodof 2D FD modellingandray tracingcanbe usedto simulate3D seismograms,
which show the correctgeometricakpreadingor wavestravelling throughcomplex structures
with curvedinterfaces.Raytracingprovidesthedistance betweensourceandrecever andthe
travel time t throughan inhomogeneoustructure. Thesevaluesare necessaryo computethe
averagevelocity c for the 2D to 3D correctionof the 2D FD seismogramgeqd. 1.62). The use
of a 2D FD techniquewhich is lesscomputerintensve than3D FD calculations allows wave
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Figure 1.14: Comparisonbetweena 3D point sourceseismogranand a corrected2D point
sourceseismogranin a distanceof 14000m and28000m to thesource.Thereforejn eq.(1.62)
C = Vs = 3463m/sis usedto correctthe 2 FD seismogramsAmplitudedi erence®f aboutl0
% areproducedby thedi erentaccuraciesf thetwo applied2D and3D FD schemes.

propagatiorsimulationfor largerfrequenciesomparedo 3D FD calculations Additionally, 2D
FD simulationsfor mary seismologicaproblemscan be carriedout on today's desktopcom-
puters. This is anadwantagef the accesgo powerfull andexpensve computerss limited. Of
coursethe simulationof 3D e ectsproducedby complex 3D undegroundstructuresannotbe
simulatedwith a2D FD method.To simulatethese3D e ectsthereis no otherway thanto sim-
ulatewave propgationin 3D. However, in mary case2D FD methodgevealbasicin uencesof
undegroundstructureson the wave eld. Consequentlyit is corvenientto usea 2D FD method
beforedoing time consumingand thereforeexpensve 3D FD simulationson large computers
(seeFurumuraandKennett,2005).
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1.72D to 3D Correction
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Figure 1.15: Layeredmodelthatis usedto testthe 2D to 3D correctionfor nonstraightray paths
throughalayeredstructure.
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Figure 1.16: Comparisorbetweer8D FD point sourceseismogramandcorrected?D FD seis-
mogramdor alayeredmodel(Fig. 1.15). Theverticalo setof stationsA, B andC are0 km, 7
km and14 km, respectiely. The seismogramare correctedoy usingthe ray pathafter Snell's
Law andtheaveragevelocity betweersourceandrecever, whichis travelpathr dividedby trav-
eltime. Amplitudedi erence®f aboutl0 % betweerthe 3D FD point sourceseismogramand
thecorrected2D FD seismogramarefound. A sourceof errorarethedi erentaccuraciesf the
applied2D and3D FD schemes.
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Chapter 2

3 FD Modelling of the 1999K ocaell
Earthquake (Turk ey)

2.1 Intr oduction

A 3D Finite-Di erence(FD) methodis usedto simulategroundmotionsof the 1999 Kocaeli
(Turkey) earthquak. The modelling generatesan insight into the strong ground motions
producedby this earthquak and helpsto explain the obsened peculiarities. The reliability
of the usedmethodand the adoptedmodelling parameterssuch as sourceand undeground
structure,is shovn by comparingthe modelling resultswith the obsered data. Therefore,
this work may be a startingpoint for the modelling of a potentialfuture large earthquak near
Istankul. Thestudyin thischaptercontinuegpreviousresearchwhichis describedn theauthors
diplomathesis(Miksat, 2002). During the diplomathesisthe procedureo modelearthquaks
with comple ruptureprocessesvasdevelopedandappliedon the 1999Kocaeliearthquak by
usingthe rupturehistoriesinvertedby Yagi andKikuchi (2000)andBouchonet al. (2002). In
this work an additionalrupturehistory (Sekiguchiandwata,2002)is used. The seismograms
for therupturehistoriesof Bouchonet al. (2002)and Sekiguchiandlwata(2002)arecompared
with the recordsat the stationsthat were usedto invert the rupture. At thesestationsthe
syntheticseismogramshowv a goodcomaprisorwith the obsened seismogramsFurthermore,
the translationof syntheticseismogramato macroseismidntensities which directly describe
damagejs performed. The syntheticintensity mapsare comparedwith the obsened intensity
distribution. The FD modelling with Bouchons rupture processreproducesthe obsenred
intensitiesfor the nearfault area.In contrastthe modellingwith Sekiguchis inversuonresults
shavscleardi erencedetweerthe modelledandobseredintensities.Consequentlyapplying
di erentruptureinversionsreproducethe seismogramsat thosestationswhich were usedto
invert the rupture processbut as the comparisonbetweenmodelledand obsered intensities
shaved,groundmotionsin betweerthe stationsarenot necessarilyeproducedThis studyalso
pointsoutthatthe nearfault groundmotiondistribution for the Kocaeliearthquak andfor large
shallov earthquaksin generalis quite complex and dependsstrongly on the rupture speed,
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Chapter2. Modelling of the 1999KocaeliEarthquak

rise time andslip distribution on the fault. The lack of knowledgeof a future ruptureprocess
malkesit di cultto modelfuturegroundmotions.Here,it is necessaryo applydi erentrupture
scenariosThistopicis furtherdiscussedn section2.8.

The1999Kocaeliearthquak strucknorthwesteriurkey on August17,1999at03:02a.m.The
earthquak killed morethan15,000people atleast25,000wereinjuredandabout400,000were
left homeles€£ERI(1999).Approximately75,000buildingsweredamagedr destryedandthe
directdamagevasestimatedat40 billions US$. During theearthquak a 120km long partof the
North Anatolian Fault (NAF) rupturedandproduceda M,, = 7.4 eventwith horizontalsurface
rupturesupto abouts.2m (Barkaetal.,2002;Rockwelletal.,2002). Thefaulttracewasdivided
into vedi erentsggments(Fig. 2.1),which areseparatedby releasingstep-wers(Barkaetal.,
2002). A My, = 7.2 event nearDuzcefollowed the August17 earthquak on November11,
1999. Theseearthquakswere the latestof a sequencalongthe NAF, which startedin 1939
nearErzinzanin easternfurkey andproducedl2 eventswith magnitudegreatethanM,, = 6.7.
This sequenceanbe relatedto stresstransfer(Steinet al., 1997) and consequentlythe 1999
eventincreasedhe propability of a strongearthquak in the Seaof Marmaranearthe megacity
of Istantul (Parsonsetal., 2000;Hubert-Ferraretal., 2000).

30.00° 30.50° 31.00° 31.50°

Black Sea

M 41.00°
" 4 \
: " Duezce QDZ
- zmit g 17T
Sea of Marmara Heréek,~ Izmit Bay ® ¥ * KR AOAdapazarl ’ _
() Yalova el cuak G Sapanca
o'
Lake kznik I |
_.! T S 1 |
29.00° 29 50° 30 00° 30.50° 31.00° By

Figure 2.1: The mapshovsthe vedi erentsegmentsof the August1999fault ruptureafter
Barkaet al. (2002). The trianglesdepictthe six nearfault (< 20 km) strongmotion stations
Gebzg(GBZ), Yarimca(YPT), Izmit (IZT), Sakaryg SKR) andDuizce(DZC).

Figure 2.2 displaysthe 1200 km long NAF systemfrom the junction with the EastAnatolian
Faultin the eastto the AegeanSeain the west. The NAF is theresultof the collision of thethe
AsianandAfrican Plateswith Eurasia(JacksorandMcKenzie,1988). Africa andAsia move to
the northwith 10 mm/yr and25 mnmvyr, respectiely (DeMetset al., 1994). Thedi erentplate
velocitiesresultsin theleft lateralmovemenialongthe DeadSeaTransformFault. The Anatolian
block is pushedto the relatively stable Eurasianplate which resultsin an escapemovement
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2.2 Obsened GroundMotion
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Figure 2.2: Tectonicmapof Turkey with thelocationof the maintectonicfeatureslt shovsthe
AnatolianBlock moving to thewestdueto to movementf the ArabianandAfrican platesto the
north. The escapeectonicbehaiour of the AnatolianBlock producegheright lateral(dextral)
North AnatolianFaultandtheleft lateral(sinistral) EastAnatolianFault.

of Anatoliato the west (escapdectonics). Therefore,the NAF shaws right lateral or dextral
displacementandthe EastAnatolian Fault left lateralor sinistraldisplacementsMeadeet al.
(2002)andMcClusky etal. (2000)founda movementof about24 mmvyr for the NAF from GPS
measurements.

2.2 Obsenved Ground Motion

The Kocaeliearthquak increasedhe world wide databas®f nearfault strongmotionrecords
signi cantly, as prior to this eventonly 10 recordsfor M,, > 7 within a distanceof 20 km to
the fault existed (EERI, 1999). Six strongmotion stations,operatedby Kandilli Obsenatory
and Earthquak Researchnstitute of the BogaziUniversity, Earthquak ResearctDepartment
of the GeneralDirector of DisasterA airs andlIstantul TechnicalUniversity, within 20 km to
thefault rupturerecordedhe earthquak. Table2.1 givesdistanceto fault, PGA (PeakGround
Acceleration)andPGV (PeakGroundVelocity) for ve stations.WhencomparingPGA atthese
stationswith the predictionof the relationsshipgproposedby Boore et al. (1997), Campbell
(1997)andSadighetal. (1997)the obsened PGAsseemdo bevery low (Table2.2). The 1999
Chi-Chi Taiwan earthquak (M,, = 7.6) shaved a similar behaiour with low PGA values,but
high peakgroundvelocities(EERI, 1999; TsaiandHuang,2000;Boore,2001). Therefore the
Chi-Chi earthquak is characterisedsa HV-LA (high PGV, low PGA) earthquak. However,
for the Kocaeliearthquak only six strongmotion recordsexist comparedo the Chi-Chi event,
for which several tensof recordsexist. For the sparedatasetof the Kocaelieventthe results
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Chapter2. Modelling of the 1999KocaeliEarthquak

Station Distanceto fault[km] | Component PGA[g] | PGV [cm/s]
SakaryaSKR) 3.20 i\g’ 0-40 98
Yarimca(YPT) 3.28 i\g 8:2)2 3357;

Izmit (1ZT) 4.26 i\g’ 8:?2 2‘21:8
Gebze(GBZ) 7.74 ENVg’ 8: ;g 2‘51:;
Diizce(DZC) 17.06 ENVg’ 8:32 gg:g

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

of the FD modelling provide an alternatve explanationfor the obsened low PGA values. A
macroseismiintensitymap(MM scale)waspublishedby the Earthquak ResearctDepartment
of theGeneraDirectorof DisasterA airsontheworld wideweb(alsoincludedin Erdik, 2001).
The obsered macroseismiaentensitiesshov valuesup to X. Maximum intensityof X occurin
theepicentrakegionandalongthesoutherrshoreof Izmit Bay. Mostpartsof Izmit Bay shov an
intensityof VIII to IX. Intensityof IX andX is locatedin the AdapazariBasinregion andnear
the Duzcefault segment. Intensity VIl occurbetweenthe epicentralarea,the AdapazariBasin
andtheDuzcebasin.

2.3 Modelling

A fourth-orderin spaceand secondorderin time 3D Finite-Di erence(FD) methodOlsen
(1994) (seechapterl) is usedto modelthe wave propagationtriggeredby the Kocaeliearth-
guale. Themodelledregion is discretisedvith dx = 230 m andextendsin east-westlirection
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 memoryis requiredfor

computing.Minimum sheamwave velocity of 1.87km/s andrelation(1.19)yieldsto amaximum
resohablefrequeny of 1.25Hz. Thetime discretisatioraccordingto eq.(1.16)is 15 msand
5000time stepsareusedto simulatewave propagatiorfor 75s.

The kinematicpropertiesof a fault ruptureare usedto simulatewave propagatiorfor complex

rupture processegMiksat, 2002). The kinematic parametersare displacementsyise times,
rupturedirectionsandrupturevelocitieson thefault plane.In the caseof the Kocaeliearthquak

thereareseveraldi erentinvertedrupturehistories(Bouchonetal., 2002;Delouiset al., 2000;
Li etal., 2002;Sekiguchiandlwata,2002;Yagi andKikuchi, 2000). In this study theinversion
resultsof Bouchonet al. (2002) and Sekiguchiand Iwata (2002) are implemented. Bouchon
et al. (2002)appliedthe full frequeng contentof the strongmotionrecordsfrom ve stations
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2.3Modelling

: - Distance Attenuationrelationships
Site Condition to fault | Booreetal. (1997)| Campbell(1997) | Sadighetal. (1997)
MomentMagnitudeM,, = 7.6
Rock 5km 0.48(0.29- 0.81) | 0.51(0.35-0.77)| 0.57(0.39- 0.84)
10km | 0.35(0.20-0.58) | 0.40(0.27. 0.60) | 0.44(0.31- 0.65)
Soil 5km 0.62(0.36-1.04) | 0.5(0.34-0.74) | 0.46(0.30- 0.68)
10km | 0.46(0.27-0.75) | 0.45(0.31-0.67) | 0.37(0.25-0.57)
MomentMagnitudeM,, = 7.3
Rock 5km 0.41(0.24- 0.69) | 0.50(0.34- 0.74)| 0.54(0.37-0.80)
10km | 0.29(0.17-0.49) | 0.38(0.26- 0.56) | 0.40(0.28- 0.60)
Soil 5km 0.53(0.31- 0.89) | 0.48(0.33-0.71)| 0.44(0.30- 0.66)
10km | 0.38(0.22-0.64) | 0.42(0.28-0.62)| 0.34(0.23-0.51)
MomentMagnitudeM,, = 6.8
Rock 5km 0.31(0.18- 0.53) | 0.46(0.31-0.68)| 0.50(0.32-0.77)
10km 0.22(0.13-0.38) | 0.31(0.21-0.47)| 0.34(0.22- 0.54)
Soil 5km 0.40(0.24- 0.68) | 0.44(0.30- 0.66) | 0.40(0.26- 0.62)
10km | 0.29(0.17-0.49) | 0.36(0.24- 0.52)| 0.30(0.19- 0.46)

Table2.2: PGA[g] meanvaluesand 1 standardleviation (in parenthesesccordingo Boore
etal. (1997),Campbell(1997)andSadighetal. (1997)for M,, = 7.6,M,, = 7.3andM,, = 6.8.

(ARC, YPT, IZT, SKRandDZC), which arelocatedall within themodelusedfor themodelling.
Sekiguchiand Iwata (2002) usedthe low frequeng contentup to 1 Hz of 10 strongmotion
stationswhichis approximatelythe samefrequeng rangeasin our modelling.Fig. 2.3displays
the fault trace, nal slip, rupture propagationand rise times on the 155 km long and 17 km
deepfault usedby Bouchonet al. (2002). Averageslip is 2.9 m and maximalslip of 6.82m
occursnearSKR and6.35m nearGolcuk. Therupturefront betweerD and50 km indicatesthe
invertedsupershearrupturevelocity of about4.8 km/s Bouchonetal. (2001). Theinvertedrise
timesvary betweernl and5 s, andareabout3 s for the areasof large slip. Thefaulttrace,slips,
rupturefront andrise timesusedand calculatedby Sekiguchiand lwata (2002) are displayed
in Fig. 2.4. Therearethreefault areaswith relative large nal slip values. Maximal nal slip
of 7.5m occurswestof the hypocentran a depthof 15km. A Slip of 6.5m is derved45 km
eastof the epicentreat the surfacenearthe strongmotion stationSKR in the AdapazariBasin
anda slip of about5.6 m occursat the fault's bottom 18 km eastof the epicentre.Someparts
shav mediumvaluesandsomeno or very smallslips. Averageslip acrosghe fault planeis 1.5
m. Averagerisetime is 2.2 s, but averagerise time westof epicentres larger thaneastof the
epicentre Risetime in the areaof maximumslip westof the epicentreandat the fault's bottom
18 km eastof theepicentras about4 s. Theregion of largeslip atthe surfacenearSKR shavs a
risetime of 2 s. Thepositionof therupturefront giveslargerrupturevelocity of 5.4 km/sfor the
rst 40 km eastof the hypocentreeomparedo the propagatiortowardsthe westwith 3.1 km/s.
Becausef restrictionof the FD codeto faultsparallelto the FD grid only, the eastermorth-east
striking sggment (Diizce seggment) is omitted in both casesand the westernsegmentsare
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Chapter2. Modelling of the 1999KocaeliEarthquak

assumea@sonesingleeast-wesstriking fault (indicatedin Fig. 2.3and2.4). This simpli cation
hasa negligible in uence on the groundmotion in the centreand westernparts, becauseahe
groundmotionparameterssuchasPGV andintensity ata certainlocationaremainly controlled
by the characteristicupturefeatureson the nearespartsof the fault plane. This is shovn by
GotoandSavada(2004),andGotoetal. (2005)in modellingthe speciafeaturesof anobsened
strongmotionrecordby usingonly the informationof a relatively smallfault elementnearthe
correspondingtrongmotionstation.
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Figure 2.3: Faulttraceusedby Bouchonet al. (2002)(solid) andfault traceusedfor modelling
(dashed)Black trianglesdepictstrongmotion stations.Propagatiorof rupturefront, rise times
and nal slips on the fault derived are displayedat the sameposition asthe fault plane. The
arrovs markthe partfaultthatis implementednto the modelling.

A simple elasticundegroundmodelwas designedhat compriseshe large and characteristic
structuref theregion. Thesearethe mountain(hardrock)regions,the sedimentdeneattthe
Seaof Marmaraandbeneattthe Izmit Bay, the sedimentaryAdapazariBasinandnarrav sed-
imentarybelt which connectghe lattertwo (Fig. 2.5). The bedrockis dipping vertically in the
southanddepthdecreasetowardsthe north. The P-, S- wave velocitiesandthe density(Table
2.3) are assignedafter the horizontally layeredmodelof Ergin et al. (1998), which is in good
agreementvith the 2D modelof Karahanet al. (2001)that resultedfrom a refractionseismic
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2.4 Linking GroundMotion andIntensity

Sekiguchi and Iwata, 2002

Figure 2.4: Fault traceusedby Sekiguchiand Iwata (2002) (solid) and fault trace usedfor
modelling(dashed)Black trianglesdepictstrongmotionstations.Propagatiorof rupturefront,
risetimesand nal slipsonthefaultdervedaredisplayedatthesamepositionasthefaultplane.
Thearrovs markthefault extendusedfor themodelling.

campaigracrosshe Adapazarbasin.Dueto the grid spacingof 230 m the shallov waterlayer
of the Seaof Marmaracanbe ngglected.Thetopographyof theregion cannotbe consideredy
theFD code.Thisis nodravbackasthetopographys only importantwhenmodellingtheaccu-
rategroundmotionfor aspeci ¢ pointin amountainregion, becauseopographyin uencesthe
smallscale(extendof mountainrangesandvalleys up to 10 km) distribution andnot the overall
pattern,which is mainly in uenced by large subsurécestructures. Additionally, the low fre-
gueng range(< 1.5Hz), whichis usedhere,is notvery sensitve to smalltopographideatures.

2.4 Linking Ground Motion and Intensity

Many scalingrelationslinking parameter®f accelerationgnd intensity have beendeveloped
(TrifunacandBrady, 1975;Murphy andO'Brien, 1977;Cherna andSokolov, 1983; Aptikaev
andShebalin1983).After Sokolov (2002)macroseismimtensity(MM scale)is linkedwith the
amplitudesof Fourier acceleratiorspectra(FAS) between0.2 - 15 Hz. Eachintensityvalueis
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Figure 2.5: Uppermostpart of the modelof theregion. The grey surfacemarksthe boundary
betweensedimentandbedrock. The modelincludesthe sedimentof the Seaof Marmara,the
AdapazarBasinandanarrav east-wesbrientatedsedimentaryelt.

| Layer | vp [km/s] | vs [km/s] | density[g/cm?] |
Sediment 3.34 1.87 2.2
Bedrock 5.94 3.32 2.4
13kmto 25km depth 6.51 3.64 2.6
25kmto 32kmdepth| 6.66 3.73 2.8

Table 2.3: Velocitiesanddensitiesof the 3D elasticmodel.

assignedo acertainfrequeng range(' representatie frequencies’). Thus,intensitiedll-IV MM
areconnectedo therepresentatie frequenciebetweerb - 10Hz andfor intensitiesVIll-1IX MM
therepresentatie frequenciesay below 2 - 3 Hz. Thestandardalgorithmfor calculatingmacro-
seismicintensityneedshe whole frequenyg range(0.13 - 12 Hz) (Sokolov, 2002; Sokolov and
Wald, 2002). Here,the standardprocedurecannotbe used,becaus¢he maximumfrequeng of
thesyntheticss 1.25Hz. In comparinghemodelledandobsenedseismogramwith the Fourier
amplitudespectraof thedi erentintensityvaluesa simple straightforvard way is used. How-
ever, theerrorfor intensitiesmorethanVil MM doesnot exceed0.5 intensityunits. In Fig. 2.6
theobseredandsyntheticamplitudespectraat IZT is shovn with therepresentate Fourierac-
celeratiorspectraFor all syntheticseismogramthe Fourieramplitudespectras comparedvith
the referencespectraand an intensity valueis assignedaccordingto the level of the synthetic
spectra.
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2.5 Applying the RuptureProces®f Bouchonetal. (2002)
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Figure 2.6: Fourieramplitudespectrdor intensitiesvV - X (MM) after Sokolov (2002)with the
obsenedandsyntheticspectraatIZT. Thelevelsof bothspectrandicateanintensityof VIII.

2.5 Modelled Ground Motions resulting from the Rupture
Processof Bouchonetal. (2002)

ThemodelledPHV (peakhorizontalvelocities)mapis shovn in Fig. 2.7. The comple rupture
processproducesan inhomogeneouslistribution of PHV values. The distribution is strongly
in uenced by the undegroundstructure slip amountandrupturevelocity. Thetransitionfrom
sedimentto bedrockin the southactsas a sharpboundaryfor the PHVs. Thus, PHV values
decreasérom 1.4m/sto 0.8 m/sand2 m/sto 1 m/s atthe southerrsedimenbedrockboundary
nearlzmit andthe AdapazariBasin,respectrely. Slip of 5 m nearHersekPeninsulgoroduces
PHV valuesof about2 m/s alongthe southerrshoreof 1zmit Bay. Directivity e ectsdueto the
bilateralruptureprocessndlargerupturevelocitieseastof theepicentrgoroducerelatively large
groundmotionseastandwestof the fault line. Within the AdapazariBasinmaximumPHYV is
2.3 m/s, which is dueto large slip valuesof 5 to 6 m andthe amplifying thick sedimentcover.
Thesedimenbeltis orientatedoarallelto thefaultandactsthereforeasaperfectwave guidethat
transportghe seismicenegy overlong distances.

The modelledPHYV distribution shaws that the rupture processcontrolsthe origin of strong
groundmotions.Thesedimentamplify anddistributethe spatialdistribution of groundshaking.
Remarkablynoneof the ve strongmotionstationss locatedwithin anareaof large PHV. Even
YPT andIZT, which arelocatedvery closeto thefault, missthe areasof stronggroundmotion.
Thisshavsthatthedetailsof anearthquak ruptureandtheactualdistribution of seismicstations
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Figure 2.7: PHV distribution obtainedby usingthe ruptureprocessof Bouchonet al. (2002)
for simulation.White dashedinesarethe bedrock-sedimertioundariegandthetrianglesdepict
strongmotionstations.Rupturedirectiity andwave guidee ectsof thesedimentyield to large
valueseastandwestof thefault. No strongmotionstationis locatedwithin anareaof large PHV.

Figure 2.8: Calculatednacroseismimtensitiegcoloured)estimatedrom Fourier Acceleration
Spectraafter Sokolov (2002). Comparisorwith the obseredvalues(dashedines)shov agood
t in theepicentrakegion, the coastof Izmit Bay andthe AdapazarBasin.

in uence the obsered groundmotionsandthereforethe empiricaldatabasef nearfault strong
motionrecordswhich anyway containsonly a few nearfault recordsfor large earthquaks(see
2.2).

In Fig. 2.8 the obsened and modelledsyntheticmacroseismidntensitiesare compared. The
obsenedmacroseismiintensitieswveredigitisedfrom a mapwhich waspublishedoy the Earth-
guale ResearctDepartmenbf the GeneralDirector of DisasterA airsin Ankara(seeErdik,
2001). Large syntheticintensitiesare calculatedfor the Izmit Bay and the easterrpart of the
faultincludingthe AdapazarBasin.Syntheticintensityin theepicentrabreais IX, theobsened
valueis X. Thesoutherrshoreof Izmit Bay su eredfrom intensitiesbetweenXlll andX, which
is in goodcomparisorwith the modelledvalues(IX to X). Syntheticand obsened intensityin
the centralpart, betweernthe epicentreandthe AdapazariBasin,is VIII. Discrepanciebetween
obsenationandmodellingincreasewith increasinglistanceo thefault. Eastof theepicentrehe
obseredandmodelledintensitiesarecomparableaup to a distanceof 25 km. In the centralpart
themodelledintensitiesdecreasenorerapidly with distanceo thefaultthanthe obsenedones.
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2.6 Applying the RuptureProces®f Sekiguchiandlwata(2002)

Along the easterrpartof thefault the modelledvaluesdecreasenorerapidly thanthe obsered
intensities.Thus,the modelledintensitiest the obseredonesup to afaultdistanceof 10 - 25
km alongthewholefault trace,this is the samedistancerangeasfor the strongmotion stations
usedfor theruptureinversion.

Syntheticandobseredseismogramarecomparedor the vestationswhichwereusedby Bou-
chonetal. (2002)to inverttheruptureprocesgFig. 2.9). Therecordswvereprovidedby Prof. Po-
lat Gulkan(Middle EastTechnicalUniversity, Ankara, Turkey) andthe EuropearStrongMotion
Databas€Ambrases et al., 2000). The modelledseismogramsnust t the obsened records,
which wereusedby Bouchonet al. (2002). But di erencesnay occurbecausef thedi erent
velocity structuresusedfor inversionand modelling. The syntheticand obsered recordsare
bandpass lteredetweer0.02and1.25Hz. The rst 5 s of the EW componenat ARC shav a
goodcomparison.The modelledwaveformof the NS componenfollows the obsenedone, but
underestimatethe amplitude. The horizontalcomponent®f YPT, IZT andSKR shov a good
comparisorbetweenthe syntheticand obsered data. The Z componenbf SKR also matches
therecordeddata. At DZC thewaveforms t only for the rst 3 to 5 secondsandthe obsered
amplitudeare underestimatedby the modelling. This is dueto the neglection of the eastern
faultsegmentthatrunsnearthis station.Generally the maximumamplitudesandthewaveforms
duringthe rst 5to 10 secondgoincide.

2.6 Modelled Ground Motions resulting from the Rupture
Processf Sekiguchiand Iwata (2002)

The PHV distribution producedby the ruptureprocesf Sekiguchiandlwata(2002)is shovn
in Fig. 2.10. Maximum PHV of about5 m/s occursin the AdapazariBasin. This large valueis
producedy thelarge nal slip valuesatthefault'sbottom40km eastof theepicentrgFig. 2.4).
Thewholeareaaroundthefaulteastof SKRis a ectedby largePHV values.The southerrcoast
nearHersekPeninsulashovs valuesup to 2.5 m/sandonly moderatevaluesup to 1.5m/s occur
betweenthe HersekPeninsulaegion andstationSKR. The larger PHV arerestrictedto small
regionsbecaus@nly smallpartsof thefaultshav large slip values(Fig. 2.4),which arecapable
to producdarge PHV. Large PHV arerestrictedo the sedimenbelt. It actsasa wave guidethat
transportggroundmotion enegy to the westandthe eastof the modelarea. Again, no station
is locatedwithin anareaof large groundmotion. SKR is the only stationthatis locatednearan
areaof large PHV.

Macroseismidntensitiesbetween X andX arecalculatedor thewhole sedimentaryegion east
of the epicentre.Calculatedntensitiesvary betweenVIll andIX aroundizmit Bay andvalues
from VIl andX occurbetweerB0 E and30.5 E outsidethesedimenbelt. Generallyintensities
largerthanVII occurin the whole modeleastof the epicentre whereaghe westernpart of the
modelshavssigni cantly lowervalues.Exceptfor the AdapazarBasinandtheepicentraregion
thereis no clearcorrelationbetweerobseredandmodelledmacroseismiintensities Modelled
intensityat SKRis IX andVI to VIl for theotherstations Remarkablythereis no strongmotion
stationwithin anregion of maximummodelledintensity
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Chapter2. Modelling of the 1999KocaeliEarthquak

Eightof the strongmotionstationsusedby Sekiguchiandlwata(2002)for inversionarelocated
within the modelledregion. The obsered and modelledseismogramst the digital stations
(DHM, IST, SKR andYPT) arecomparedetween0.1and1 Hz (Fig. 2.12). All threecompo-
nentsat DHM andIST shov a goodagreemenbetweernreal dataand modelling. At SKR the
modelledvelocitiesoverestimatehe obsenation, however they have the samepattern.At YPT
the modellingunderestimatethe obsenation, but hereSekiguchiandlwata(2002)usedan ex-
tremelylow surfacevelocity of 330m/scomparedo 1.87km/sfor theFD modelling. Therefore,
it is not possibleto reproducethe amplitudesgeneratedy this low velocity layer Modelled
andreal recordsfor the analogstationsare givenin Fig. 2.13. The horizontalcomponentst
GBZ shav agood t, andthe rst secondof theZ componentAt GYN only the rst seconds
of the NS componengive a good matchandthe horizontalcomponent®f IZN andIZT showv
similaritiesfor the rst 5to 10 seconds.In mostcaseghe modellingreproduceshe obsened
amplitudes.

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

The PHV distribution of both rupture modelsis strongly controlledby the rupture properties
andthereforethe modellingresultsin di erentPHV distributions. Sekiguchis modelshowvs two
small areaswith large PHV (up to 5 m/s) andin Bouchons casea larger areais a ectedby
large PHV with a maximumof 2.3 m/s. Looking at theinvertedruptureparametersSekiguchis
modelshowv extremelylargeslip valueson smallpartsandin Bouchons casealargerpartshowvs
relatively large slip values(Fig. 2.3 and2.4). Amplitude of the radiatedwave is controlledby
particlevelocity D atacertainpointof thefault (seeeq.(1.28)with My; = AD(l«n; + Ijny) after
eq.(1.23)for M,; andeq.(1.24)for the scalarmoment) whichis slip divided by risetime. For
thelargeslip areanearGolcuk(6.82m) andnearSKR (6.35m), Bouchons modelshav average
risetimesof 3 s. Thereforethelargestamplitudesareproducedhere.In Sekiguchis modelthe
risetime for thelargeslip region (up to 6.5m) nearSKRis only 2 s. Consequentlythe particle
velocity is larger thanin Bouchons modelandthe ruptureproducesseismicwaveswith larger
amplitudescomparedo Bouchons model.In bothcasegsherupturevelocity yield to directvity
e ectsandthereforeto the smearingof the groundmotion from the large slip regionsto the
easterrandwesternfault ends. The modelledseismogramshov a good t with the obsened
data.Di erence®ccurbecausefthedi erentvelocitymodelsusedfor modellingandinversion
andthesimpli ed singlefaultsegmentin themodellingcomparedo themoredetailedfaulttrace
usedfor inversion.In termsof suitability of the modellingfor hazardassessmerit is important
to noticethatthe modellingreproduceshe obsened maximumgroundmotionamplitudes.
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2.7 Comparison

EW
ARC . 0.266 m/s

0.592 m/s

|IZT ;. 0.566 m/s

0.191 m/s

DZC

Observed

10s

0.591 m/s

NS Z

~ 0.317 m/s

0.681 m/s - 0.428 m/s

0.161 m/s 0.142 m/s
- 1201 m/s 0.340 m/s
- 0.693 m/s 0.115 m/s
Synthetic
10s

Figure 2.9: Comparisorbetweertheobsered(solid)andmodelled(dashedseismogramatthe
strongmotionstationsusedby Bouchonetal. (2002)to inverttheruptureprocessThenumbers
indicatethemodelledpeakvelocity for eachrecord. Thehorizontalcomponentst YPT, IZT and
SKRshavagoodt, atARC the rst seconccoincidefor the EW componenandthewaveform
for the NS component At DZC modellingandobsenationshov agood t for the st seconds
only, becaus®f the neglectionof the easterrfault segment.
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Chapter2. Modelling of the 1999KocaeliEarthquak

Figure 2.10: PHYV distribution obtainedby usingthe rupture processof Sekiguchiand Iwata
(2002)for simulation.White dashedinesarethe bedrock-sedimerioundarieandthetriangles
depictstrongmotion stations.Rupturedirectivity andwave guidee ectsof the sedimentyield
to large valueseastandwestof the fault. No strongmotion stationis locatedwithin anareaof

large PHV.

Figure 2.11: Calculatedmacroseismiantensities(coloured)from Fourier AccelerationSpectra
Sololov (2002). Comparisonwith the obsened values(dashedines) shav a good t in the
epicentrakegion, the coastsf Izmit Bay andthe AdapazarBasin.
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2.7 Comparison

EW NS Z
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Figure 2.12: Modelled(dashedjandobsened (solid) velocitieswith peakvelocity of the mod-
elledseismogranat the digital stationsfor therutureprocessf Sekiguchiandlwata(2002). At
DHM andIZT all threemodelledcomponentsnatchtherecords.At SKR the modelledveloci-
tiesareto low andat YPT themodelledvaluesoverestimatehe obsenation. At YPT thisis due
to thelow surfacevelocity usedfor inversion.
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Figure 2.13: Synthetic(dashedandobsenred (solid) seismogramat theanalogstationsfor the

rutureprocesf Sekiguchiandlwata(2002). Peakvaluesaregivenfor the modelledvelocities.

Horizontalcomponentsf GBZ, IZN andIZT giveagoodcomparisonAt GYN the rst seconds
of NS componenarecomparable.
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2.8Conclusions

2.8 Conclusions

By applyinginvertedrupturehistoriesthe FD modellingreproducedhe obsened peakvalues
andthe seismogramat stationswhich wereusedto invert the ruptureprocess.This shows the
reliability of the modellingandthe capabilityto simulatenot only pastbut alsopotentialfuture
earthquaks. The calculationsalso demonstratehe complex nearfault groundmotion distri-
bution producedby the Kocaeliearthquak, which meansthat someregionssu er from large
groundmotionswhereatherareaswhich might belocatedevencloserto thefaulttrace,shav
almostknow or moderatggroundshaking.And remarkably no strongmotion stationis located
in anareaof maximumgroundmotion. This might explain the obsered surprisinglylow PHA
of the Kocaelievent. Recently the obsenationof the Park eld 2004event(Shakaletal., 2006;
Bakunet al., 2005) point into the samedirection. This wasthe rst time an earthquak was
denslyrecordedn the nearfault areawith eightstationswithin 1 km of the ruptureand40 sta-
tionswithin 1 to 10 km. The obsened groundmotionsalsoshowved large spatialvariationsin
the obsened amplitudes.Therefore the developmentof nearfault attenuatiorrelationshipgor
large shallonv earthquaks,which arebasedusuallyon obsered strongmotiondata,hasa large
uncertaintyof the expectedgroundmotionfor anspeci ¢ scenaricata speci ¢ point. Thus,the
developmentof attenuatiorrelationshipdor the nearfault partshouldbe donewith a stringent
errorestimateébasedntheuncertaintieproducedyy thecomple distribution of ruptureparam-
eterson the fault plane. Therecordsof the Kocaeliearthquak, which doubledthe databas®n
nearfault obsenations,shouldbe usedwith greatcaution,because¢hey mayleadto anunderes-
timationof expectedgroundmotionsin thenearfaultarea.

For the modelling of future earthquaks, a detailedkinematicrupture history is naturally not
available. Here,a homogenousupturemodelcanbe used,but this givesonly averageground
motionsat a speci ¢ point which may signi cantly under or overestimatehe groundmotion
during the real event. Anothermethodis dynamicmodelling(Peyrat et al., 2001), but herethe
resultinggroundmotionsdependstrongly on the exact knowledgeof the stressdistribution on
thefaultbeforetheearthquaktakesplaceandtheappliedfriction laws. Therearesereralstudies
how to developruptureprocessefor scenaricertahquakswith areconsistentvith obsenedpast
earthquaks(Mai andBeroza,2002;Guatterietal., 2003,2004). As alsoshaowvn in this studyon
theKocaeliearthquak, Guatterietal. (2003,2004)emphasis¢hatattenutaiorrelationshipge.g
Booreetal., 1997;Campbell,1997; Sadighet al., 1997)arefully inadequatdor the nearfault
area(<10 km) asthe nearfault stronggroundmotionstronglydepend®n theslip, risetime and
rupturevelocity distribution on the fault. Guatteriet al. (2003)suggest physically consistent
pseudalynamicmethodto calculateruptureprocessefor scenaricearthquaks. Startingfrom a
generatedtochastislip distribution of atargetearthquak, which is consistentvich pastearth-
guales(e.g.afterMai andBeroza(2002)),they calculatephysicallyconsistenkinematicrupture
propertieqrupturespeedslip andrisetime). Thisresultsin realisticrupturescenariogompared
to afully kinematicapproachwherethe rupturevelocities,slips andrise timesare often setas
indepentlyandthereforenot physicallyconsistentTherfore the pseudo-dynamimethodcanbe
appliedto develop likely scenario®f potentialfuture earthquaks. Mai et al. (2006) startedto
developsourcemodelsfor potentialearthquaksin the MarmaraSea.lt is importantto notethat
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Chapter2. Modelling of the 1999KocaeliEarthquak

the exact distribution of the kinematicparameter®f a future earthquak cannotbe calculated
in adwvance. Hence,modelling nearfault stronggroundmotion for a future earthquak always
meanssimulatingsereraldi erentrupturescenariosBy applyingseverallik ely rupturescenar

ios groundmotion modellingcanidentify regionswhich maysu er from large groundmotions
andthe modellinghelpsto nd undegroundstructureswhich in uence wave propagatiorand
the resultingsurfacegroundmotion distribution. Applying sucha modelling procedurenould

help to be preparedor the groundmotionsexpectedfor future earthquaksandin the Turkey

casefor the expectedearthquak nearlstantul.
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Chapter 3

Wave PropagationModelling of the
Vrancea Strong Earthquakes

3.1 Intr oduction

This chaptempresents 2.5D and 3D FD wave propagatiormodellingmethodfor the Vrancea
strongearthquaks. As a casestudy the simulationof the 1986 strongearthquak (M,, = 7.1)

is performedandanalysedValuableinsightsinto the Vranceastrongearthquaksin generalare
gainedby themodellingof the 1986earthquak, asall earthquaksoccurin avery con ned vol-

ume,shaw similarfocalmechanisnandproducesimilargroundmotionpatterns.Thesubsuréce
structureof theregionis adoptedrom Martin etal. (2005,2006).In orderto modelrealisticseis-
mogramsstochastiovelocity perturbationsareaddedto the model. To explore the in uence of

the subsurécestructureandthe sourceon the simulatedgroundmotion, modellingis performed
for varyingundegroundmodels. The developedprocedureso simulate2.5D and3D FD wave

propagationwhich are explainedin this chaptey build the basisfor the hybrid strongground
motionmodellingof the Vranceastrongearthquakspresentedh the next chapter

A rst seismogranmodellingof a Vranceastrongearthquak wasdoneby Hartzell (1979). He
useda GRT (generaliseday theory)methodto explaintheseimogramsn Bucharesof the 1977
earthquak. Dueto thelimitations of the methodandthelimited knowledgeof the undeground
structurea simple layeredsubsurdcemodelwasused. In contrast,by applyinga FD method,
wave propagatiorcanbe modelledfor arbitrarycomplicatedsubsurécestructuresin this work

2.5Dand3D FD simulationsarecarriedout for a very detailedundegroundstructure which is

basedon mary di erentgeophysicamethodsandcampaigngMartin et al., 2005,2006). With

the detailedknowledgeof the undegroundstructureFD simulationsallow to understandvave
propagatiorwithin this comple region formedof deepsedimentarypasinsmountainrootsand
asubductedithosphericslabin the mantle.
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Figure 3.1: Themapshavsall earthquaksbetweenlan.1, 2000and2004thataredeepethan
70 km. All theseearthquaksoccurredin a very con ned volume beneaththe SE Carpathian
Arc.

3.2 Historical Seismicityand Tectonics

Seismicityin Romaniais dividedinto a crustaldomainwith lower magnitudesandaninterme-
diate depthdomain,whereall strongearthquaksarelocated. The mid depthearthquaksare
con ned to a smallvolumeof 40 km to 80 km horizontalextensionandto a depthbetween70
km and 180 km beneaththe Vrancearegion in the SE CarpathiangFig. 3.1). The seismicity
beneathVranceais associatedvith a subductedand detachedithosphericslabh Sperneret al.
(2001)describehe geodynamicvolution of the region beginning with active subductioralong
the whole Alpine-Carpathiarbelt during Cretaceous.The continentcontinentcollision in the
Alps during Mid-Eocenestoppedhe subductionprocesghere,but it continuedeastvardsin an
embaymenbf the Europearplatform (slabretreat). The embaymentvas lled by two separate
blockswhich collidedwith the EastEuropearPlatform rst in the North thenin the South.Con-
sequentlysubductiorstoppedandslabbreako occurredrst in the North andmigratedto the
SE.Today beneaththe SE Carpathianshelaststageof the subductiorprocesdakesplacewith
thedetachmenof alastsegment(Spernerandthe CRC461 Team,2005).

The Vrancearegionin Romaniashaws the fourth highestseismicenegy releaseatein Europe
(Wenzeletal., 1999). Pastearthquakscausednary casualtiesndlargedamagesFor example,
theM,, = 7.7 eventin 1977 producedarge damagen the Romaniancapital Buchareswhere
1570peoplewerekilled and11300wereinjured (WenzelandLungu,2000;Cio an etal.,2004).
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3.3 SubsuriceStructure

Year| Day | Time(UTC) | Strike | Dip | Rake | My, | 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: Strongearthquaksduringthe 20th centurywith sourceparameterdpngitudesati-
tudesanddepthgafter Oncescietal., 1999).

During the 20th centuryfour strongearthquaks occurredwith momentmagnitudefrom 6.9

to 7.4 (Tah 3.1). Historical recordsshov oneto ve earthquakswith M 7 per century
(Oncesctetal., 1999). All Vranceae/entslargerthanMW = 7 shaw reversefaultingwith NE-

SW striking faults comparedo smallerearthquakswhich alsoshov NW-SE striking reverse
faulting. All thesestrongeventsproducedntensitiesof VIII about50to 100km eastof the epi-

centre(Fig. 3.2 afterRaduetal., 1979,1987;RaduandUtale,1990). The Bucharestegion was

a ectedby intensitiesof VIII andVII duringthe 1977and1986events,respectrely. Theiso-

seismalshav an SWENE elongatedbval shape. A comparisorof the intensitiesn SEandNW

directionshaows that the intensity decreasavith distanceis strongertowardsthe NW. It seems
thatthe oval patternsduring the 1977 earthquak is stretchedo the SW, whereaghe intensity
patternof the1977is stretchedo the NE. Thisis probablyproducedy directvity e ectsdueto

the oppositerupturepropagationsiuringtheseearthquaks.Di erentdirectvity e ectsarealso
discussedor the1940and1977earthquaks(Hartzell,1979).

3.3 SubsurfaceStructure

For FD simulation of wave propagationwithin isotropic mediathe knowledge of the Lamé
constanty and ) andof the density is essential(seeeqgs.1.13 and 1.14). The applied
FD codesuseegs.(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 velocitiesis given in
section3.3.2 Section3.3.4 shavs the applied Q structureand explains the methodusedto
implementintrinsic attenuation.

3.3.1 P-wavevelocity structure

In the frameof the CRS461two deepseismicsoundingexperimentsanda seismictomography
campaignwere carried out to reveal the undeground structureof SE Romania. During the
deepseismicsoundingexperimentsVRANCEA99 and VRANCEA2001, seismometersvere
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Figure 3.2: Maximumintensitieswereobseredabout50 to 100 km eastof the epicentreat all
threeVranceastrongearthquaksduringthe20thcentury Duringthe1977and1986earthquaks
theBucharesareawasa ectedby anintensityof VIII andVIl, respectrely. Theisoseismal®f
the Vranceaearthquak areelongatedn SWANE direction. Furthermoretheintensitiesshov a
strongerattenuatiortowardsthe NE directioncomparedo the SE direction.
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Figure 3.3: Topographyandbasemenstructureof SERomania.The displayedopographyand
basemenstructuresare350km x 350km wide andcentredat the epicentreof the 1986Vrancea
strongearthquak (star). A deepforelandbasemenis locatedsouthof the Carpathiangndeast
of the SE CarpathiamArc. Maximumbasemendepthis about16.5km.

deplogyed alongtwo pro les acrossthe CarpathiansThe resultingcrustalstructureis predomi-
nantly basedon theselong rangeseismicrefractionlines (Hauseret al., 2001,2002,2003),3D
refractiontomography(Landeset al., 2004) andrecever function studies(Diehl et al., 2005).
Theresultsreveal Moho depthsbetweer33 and43 km alongthe seismicrefractionpro les and
depthsbetween28 and46 km at the seismicstationsusedfor recever function analysis.Near
surfaceP-wave velocitiesshav valuesof about5.5km/s acrosghe Carpathianand4 to 5 km/s
in the forelandbasins. Martin et al. (2005) combinedthe resultsof the di erentmethodsto
compilea 3D P-wave velocity modelof the crust. Fig. 3.3 showvs the basemenstructurefor a
350km x 350km wide areacentredat the hypocentreof the 1986 Vranceastrongearthquak.
A deepforearcbasinis extendedalongthe southerrmamgin of the Carpathiansowardsthe east
of the CarpathianArc. The maximumdepthof the basinis about16.5km. The topography
basementConradandMoho depthsandthe distributionsof v, at the surfaceandon the upper
sideof thebasemenaredisplayedn Fig. 3.4. TheP-wave velocitiesbetweerthe surfaceandthe
basemenareinterpolatedby assuminga velocity increasehatis proportionalto the squareroot
of thedepth(eq. (1) in Martin etal., 2005). This velocity depthrelationis in goodcomparison
with resultsof the seismicrefractionstudies(Fig. 6 in Martin etal., 2005). The P-wave veloci-
tiesbetweerbasemenandConradareinterpolatedinearly with depthfrom 5.9km/sto 6.2km/s
andfrom 6.7 km/sto 7.0 km/s betweenConradandMoho. Duringthe CALIXT O, 1999seismic
tomographycampaign,110temporaryand18 permanenseismometersecordedocal andtele-
seismiceventsover 6 months. Nonlinearteleseismidody wave tomographystudiesof Martin
etal. (2005,2006)andsimultaneousnversionof teleseismia@andglobal P-wave traveltime data
(Weidleetal., 2005)revealthe structureof the mantlebeneaththe Vrancearegion. In this work
theresultsof Martin etal. (2005,2006)areadopted.Theresultsshav a clearhigh velocity body
beneatithe SE Carpathian®etween/0 km andabout350to 370 km depth. This high velocity
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3.3 SubsuriceStructure
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Figure 3.5: TopographybasementConradandMoho with the slabbeneathithe SE Carpathian
Arc afterMartin etal. (2006). Theslababore 200km is elongatedn NE-SWdirection.Beneath
200km the orientationchangesy 90° to SE-NW

body is interpretedasa lithosphericslab,which shavs the last stageof the subductionprocess
alongthe Alpine-Carpathiarbelt. For depthdessthan200km the slabshovs aNE-SWorienta-
tion whereador depthdargerthan200km the orientationchangeto SE-NW Fig. 3.5 displays
topographybasementConrad Moho andtheuppermospartof the slabfor a 350km x 350km
wide region, whichis centredatthe epicentreof the 1986Vranceastrongearthquak. The gure
shavs the NE-SW elongatedshapeof the slabbetweerb0 km and200km depthandits change
of orientationbeneathi200 km. The given horizontalresolutionof the P-wave velocitiesand
depthsof the crustalstructuress aboutl km. The seismictomographyresultshave a horizontal
resolutionof 16 km anda verticalresolutionof 40 to 50 km. Theseresolutionsareinterpolated
to the grid spacingneededor the FD modellingby usingMATLAB® andGMT (Wesseland
Smith,1998)interpolationroutines.

3.3.2 Calculation of S-wave velocity and density

As describedbore, theLameconstants and arecalculatedromvp, vsand . S-wave velocity
and P-wave velocity are connectedwith the Lamé constantsy eqs.(1.7) and (1.8). S-wave
velocitiesarecalculatedrom the derved P-wave velocitiesby assuming , Whichis agood
approximatiorfor mary Earthmaterials.Thisyieldsto:

Vp
Vs = -p?_g (31)

Densityvaluesarecalculatedusingthe empiricalrelationshipafter Glazney etal. (1996):

(vp) =a+blin(vp, +c), (3.2)
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Figure 3.6: Comparisorof the obsened and modelledradial componentsat CFR. Due to the
smoothvelocity model,the modelledseismogranshavs a very simplewaveform.

with v, inkm/sand in kg/m?. Forv, 55 km/stheparameters,b andc are:

a = 2933,
b = 518,
= T7:595
For v, > 5:;5 km/stheparameters,b andc are:
a = 1656,
b = 1068,
= 3:180.

3.3.3 StochasticVelocity Perturbations

Comparedo the obsened seismogranat CFR (stationlocationis indicatedin Fig. 3.13), the
modelledtime-seriesshows very clearphaseqFig. 3.6). This is a directresultfrom the rela-
tively smoothsubsurécestructurepresentedabove. The real lithosphereis more complicated
and shawvs small scalevelocity perturbationgSatoand Fehler,1998, chapterl and2), which
cannotberesoledby refractionseismologyrefractiontomographyandrecever functions(see
section3.3.1). Therefore stochastioselocity perturbationsareincludedinto the smoothmodel
to simulaterealisticseismogramsUsually, stochastioselocity perturbationaremathematically
describedoy autocorrelatiorfunctions(ACFs). To describeperturbationswithin the Earththe
Gaussiangxponentialandvon KarmanACFsarevery corvenient(SatoandFehler,1998,chap-
ter 2; Tittgemeyer, 1999,AnhangB,Haury,2002,Kapitel 2). Therearemary studieson random
heterogeneities thelithosphereof Europe(Hock andM. Korn, 2000;Ritter etal., 1998;Ritter
andRothert,2000;Hocketal.,2004).Unfortunatelythereis noinformationavailablefor Roma-
nia. Therefore the stochastiqropertiesvereadoptedrom Hock et al. (2004). For afrequeng
rangeof 0.5to 5 Hz, aboutthe samerangeasin the 2.5D FD modelling,they obtaincorrela-
tion lengthsof 1 to 7 km and RMS velocity uctuations of 3to 7 %. In the presentedvork,
the correlationlength of crustalstructuress chosenas2 km with a RMS (root meansquare)
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3.3 SubsuriceStructure

L Correlation Mean RMS
ayer ) . .
length P-wave velocity | velocity perturbation
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 4km 7.95km/s 2%

Table 3.2: Correlationlengths,meanP-wave velocitiesandRMS velocity perturbationsisedto
build the stochasticrelocity model. Thevaluesarebasedn Hock etal. (2004).

velocity perturbatiorof 5 %. Correlationlengthwithin the mantleis setto 4 km with 2 % RMS
velocity perturbations.The RMS velocity perturbationof the mantleis chosenlower thanthe
minimumof 2 % proposediy Hock et al. (2004)to avoid numericalinstabilities(sectionl1.3.2)
producedoy large seismicwave velocitiesthatwould occurfor RMS perturbations> 3 %. Even
atavalueof 2 % thevelocity growslocally toolarge. In thesecasesthe maximumvelocityis set
to 8.75km/s. Table3.2givesthecorrelationlength,RMS velocity perturbation@andmeanveloc-
ities for all structures.The stochastiovelocity perturbationdave an exponentialACF andwere
producedwith the help of the codesof Miller and Shapiro(2001),andCirpka (2003). Fig. 3.7
shawvs the 2D slicesthroughstationCFRfor the smoothandthe stochastianodel. Theintroduc-
tion of stochastiovelocity perturbationgesultsin a realistically shapedseismogran{Fig. 3.8).

3.3.4 Q Structure

Theapplied2D and3D FD codesdo not considerintrinsic attenuationTherefore attenuatioris
addedby applyingthefrequeng dependentlampingoperatorD(! ):

D(l)=e''%) (3.3)
Wheret is thesumof thetraveltimest; throughlayerswith di erentQ; dividedby Q;:
Z
da X
t= == —. 3.4
Q . Q G4

Dampingis only appliedto S-waves,which have usuallythe largestamplitudesin the seismo-
gramsandarethereforemostimportantto simulatestronggroundmotion. A threelayerQ model
for Romania(Solkolov et al., 2004)is appliedandthe traveltimesthrougheachlayer are com-
putedby assumingstraight-linetravel pathsfrom the hypocentreo therecevers. Q is 150f %80
for depthsgreaterthan 100 km, 400f ®*° between40 and 100 km and 100f %8° above 40 km.
The syntheticseismogramsi(t) areFouriertransformed:
Z .,
Ue)=At)e ¢ = u(t)e' tdt, (3.5)

1
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Figure 3.7: 2D slicethroughstationCFR of the smoothmodelafter Martin et al. (2005,2006)
andthroughthe modelwith addedstochastio/elocity perturbationsfter Table3.2.
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Figure 3.8: Comparisorbetweertheobseredseismogranat CFRandthemodelwith stochastic
velocity perturbations. The resultingwaveform is more realistic comparedto the modelling
without randomvelocity perturbationgseeFig. 3.6).
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3.42.5DFD Modelling

with the FourieramplitudespectrumA(! ) andthe phase (! ). Multiplication of the damping
operatorD(! ) with the Fourieramplitudespectrunyieldsto thedampedspectrumUp(! ):

Up(! ) = A(1 )D(). (3.6)
Next, inverseFouriertransformis appliedto obtainthe dampedseismogramsp(t):
Z +1
Up(t) = > Up(! )€ td! . (3.7)

1

This methodmodi es only the amplitudespectrathereforethe in uence on the phaseof the
signalis ignored. Fig. 3.9 compareshe undampedinddampedseismogranat stationCFR for
the1986Vranceastrongearthquak. CFRis locatedat a distanceof 134km to theepicentreand
thestraight-linetravel pathfrom thehypocentreo thestationis 187km. The S-wave travel times
throughthedeepestmiddieanduppermost layersare9.14s,18.52sand15.49s, respectiely.
This givesatotal travel time of 43.15s. For theintermediatadepthVranceaearthquaksthe S-
waveshave themaximumamplitudesn theseismogramsThereforethevalueoft is calculated
for thetravel time of the S-wave throughthemodelto getrealisticmaximumamplitudes But the
applieddampingis too large for wavesarriving beforethe S-wave andtoo smallfor wavesafter
the S-wave arrival. However, the sharpS-wave pulsein Fig. 3.9 is correctlydamped.For the
modellingwith thestochastivelocity perturbationshe S-wave is scattereaver severalseconds.
Fig. 3.10displaysthetrans\ersecomponenat stationCFR for a modelwith stochastic/elocity
perturbationsThe solid line shawvs the seismogranwhich is correctedwith thetotal traveltime
of 43.15s for thetheoreticalS-wave arrival. Thelastpartof relatively large S-wave amplitudes
arrivesat about46.35s. Therefore,3.2 s are addedto the travel time throughthe uppermost
Q layerto obtaina correctlydampedseismogran{dashedat 46.35s. The comparisorshowns
thatthe dampingwith the theoreticalS-wave arrival is 0.07 m/s? too large at 46.35s, which is
about10 % largerthanthe amplitudethatis dampedwith the correcttraveltime of 46.35s. The
scattereds-wavesarenot only producedn the uppermostayer but alsoin the deepelQ layers,
which have large Q valuesandthereforeproducelessattenuation. Hence,for the trans\erse
componenbf CFRtheerrorof about10 % is anupperbound.

3.4 2.5DFD Modelling

Wave propagatiorns modelledwith a2.5DFD method(Karrenbach1995).2D sliceswith ahori-
zontalextensionof 350km anda depthof about90 km to 150km, dependingon the hypocentre
depth,are extractedfrom the 3D model (section3.3). Minimum shearwave velocity is about
1.6 km/s. Theresultinggrid spacingwhich dependn the availablecomputercapacityandthe
numericdispersiorrelation(1.19),is 140 m andthe simulationof P-SV andSH-wave propaga-
tion takes15 hourstime. Wave propagations simulatedfor 64 s by using8000time stepswith
atime interval of 8 msto meetthe stability criterion (eq.1.16). 2D FD modellingis carriedout
for mary slices,which arerotatedaroundthe epicentre-hypocentraxis. This 2.5D procedure
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Figure 3.9: Undamped(solid) and damped(dashed)seismogramat station CFR 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
Sololov etal. (2004).
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3.42.5DFD Modelling

Figure 3.11: Wave propagatiorof the Vranceaearthquaksis modelledwith a 2D FD method
for di erent2D slicesthroughthe undegroundstructure. The slices are rotatedaroundthe
epicentre-hypocentraxis. This 2.5D modelling proceduregeneratesarea-wideseismograms
dependingn thenumberof 2D slices.The gure shavsthe maincrustalfeaturesthe epicentre
andhypocentreof the 1986 August30 earthquak andwave propagatioron three2D slicesthat
arerotatedaroundthe epicentre-hypocentraxis.

allowsthe simulationof groundmotionsfor thewhole studyregion (Fig. 3.11). A doublecouple
sources implementedasdescribedn sectionl.4. Theearthquakis modelledasa pointsource
with the sourcetime function after Beresne and Atkinson (1997) (seesectionl1.5.1). The use
of a point sourceis no dravbackbecausef the large hypocentredepthof 70 to about150 km

andthe smallfault sizesdueto thelarge staticstressdropsof the Vranceaearthquaks(seesec-
tion 1.5.1). Thewaveformof the sourcetime functionwasadoptedrom Beresne andAtkinson
(1997)(seechapterl.5.1).In comparisorio arealsourcetiime function,thesourcetime function
afterBeresne andAtkinson(1997)is relatvely smooth.This meanghatthe modellingdoesnot
includethe compleity of the source.Anyway, for theintermediatedepthVranceaearthquaks
the sourcecompleity is notknown andthereforecannotbe implementedn themodelling.Fur-

thermorefor theminimumtravel pathlengthof about1l00km thecompleity of theundeground
structurehasthemainin uence on thewaveformsof the modelledseismogramsThe modelled
seismogramarebandpass- lteredetweerD.1and4.5Hz to excludehigh frequeng numerical
artefacts,which areproducedoy numericaldispersiorandthe sourcemplementation.The next

stepis the corversionfrom line sourceseismogramgroducedby the 2D FD modellingto 3D

point sourceseismogramsifter section1.62. To includeintrinsic attenuatiorthe resultsof the
FD modellingaredampedasdescribedn section3.3.4.
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Figure 3.12: For a static stressdrop of 150 MPa the rupturetime t, is calculatedafter
eq.(1.44).Next, thewaveformof themomentdensityratefunctionafterBeresne andAtkinson
(1997)is calculatedsothat98 % of the nal momentdensityMq=dx® (shaded)s reachedafter
therupturetimet, = 2.95s (seesectionl.5.1).

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

Wave propagations modelledfor 22 2D slicesthroughtheundegroundstructure. Thehorizontal
extensionof the2D slicesis 350km, theverticalextensionl31km. Tenslicescrossthelocations
of strongmotionstationsandtheazimuthsof theother12 slicesarechoserthattheareais evenly
covered. Fig. 3.12 shows the sourcewavelet usedto modelthe 1986 earthquak. A detailed
descriptionof the calculationof the sourcewaveletis givenin sectionl.5.1. To modelthe 1986
earthquakastaticstresglrop  of 150MPais used.Usingeq.(1.44)therupturetimet, = 1=f;

is 2.95s. Fig. 3.12 displaysthe resulting momentdensity function with the waveform after
Beresne andAtkinson (1997). 98 % of the nal momentdensityarereachedfterthe rupture
timet, = 2.95s. Fig. 3.13shows peakgroundacceleration¢PGA) alongthe pro les of the 22

2D slicesthroughthe modelwithout randomvelocity perturbationsThe resultingPGA pattern
is very smooth. It shavs an oval form, which is elongatedn NE-SW directionwith a strong
decreasén NW directionfrom 0.5 m/s? at the epicentreto 0.15m/s? in a distanceof 30 km.

Maximum PGA of about0.85 m/s?> occurseastto southeasbf the epicentre. The obsered
macroseismigntensitiesof the 1986 earthquak, andalsothe intensitiesof the 1977and 1944
events,shav anoval NE-SW elongatedgatternwith the maximumintensityabout50 to 100km

eastof theepicentrgFig. 3.2). Thesepatternsarealsoobsenedfor the PHA distributions(Popa
etal., 2005; Sokolov andBonjer,2006). Therearedi erentexplanationdor this pattern.After

MandrescwandRadulian(1999)the obsened patternis generatedby the sourcemechanisnand
thelocal sitee ects.Popaetal. (2005)emphasis¢hein uence of attenuatiorvariationsin the
uppermantleandexcludeexplicitely thein uence of local sitee ectsandsourceradiation. To

60



3.42.5DFD Modelling

NW-SE Slice SW-NE Slice

Slice

Figure 3.13: PGA distribution along the pro les of 22 2D slicesthroughthe modelwithout
stochastiavelocity perturbationsThered starmarksthe 1986epicentre Strongmotion stations,
which recordedthe earthquak are depictedby triangles. The grey backgroundndicatesthe
topographyTheresultingPHA valuesshowv asimplepattern. MaximumPGA of about0.85m/s?
occurseastof the epicentre The PGA distribution shavs anoval in NE-SW directionelongated
pattern.In NW directionthePGAvaluesshav astrongdecreasérom about0.5 m/s? to 0.15m/s?
over30km andagainanincreaseo about0.38m/s? in adistanceof 50km. Thelargeamplitudes
within thedashectircle areexplainedin section3.4.2.

addresghis question FD modellingis anappropriatenethod.By simulatingwave propagation
for modelswherespeci c structuresareincludedwhereaothersareomitted,thein uence of the
di erentundegroundstructuresanbestudied.Thereforejn thenext sectionsvave propagation
is simulatedfor di erentmodelsto explore the in uence of the basementConrad,Moho and
mantlestructureson the wave propagatiorandthe resultinggroundmotionsat the surface.

3.4.2 2.5FD Modelling - In uence of Underground Structure

Wave propagatioris modelledfor three2D slicesthroughthe modelwithout the stochastio/e-
locity perturbationsThis allowsto studythein uence of themaincrustalboundariesThethree
studiedslicesareorientatedn EW, SWANE andNW-SE direction(seeFig. 3.13). TheEW slice
runsthroughthe deepespartof the basementthe SWENE sliceis parallelto thelong axisof the
oval PGA patternandthe NW-SE ssliceis orientedalongthe shortaxesof the oval pattern.Wave
propagations modelledfor six di erentundegroundstructuresfor eachslice. For the hori-
zontallylayeredmodelLAY the depthsandvelocitiesof thedi erentstructuresarethe average
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StructuréVelocity | AverageDepth AverageVelocity
Basement 5.56km
Conrad 22.55km
Moho 38.64km
SurfaceVelocity 4.37km/s
Basemenvelocity 5.64km/s

Table 3.3: Averagedepthsandvelocitiesof the layeredmodel (LAY). The velocitiesbetween
basemenaind Conradand Conradand Moho increasdinearly from 5.9 km/s to 6.2 km/s and
from 6.7 km/sto 7.0km/s, respectiely (seesection3.3.1)

Abbreviation | "Real"Structuregseesection3.3) Simpli ed Structures
LAY i horizontalbasementConrad Moho
homogeneoumantle
B basement horizontalConrad Moho
homogeneoumantle
BC basementConrad horizontalMoho
homogeneoumantle
BCM basementConrad,Moho homogeneoumantle
BCMM basementConrad,Moho i
Mantle
basementConrad,Moho,
BCMMs M antlewith sharpboundary )

Table 3.4: Abbreviationsfor the modelsusedto explore the in uence of the di erentunder
groundstructureson theresultinggroundmotion.

valuesof thestructureswithin a175km x 175km wide and131km deep3D model(Table3.3).
Next the basemenstructureis addedandthe Conradand Moho are kept ashorizontal(model
B). Thenwave propagations modelledfor a modelBC thatcontainshe basemenandConrad
structure.The fourth modelBCM containsalsothe Moho. The mantleis homogeneoufor all

of thesemodels.Then,the mantlestructureafter Martin etal. (2006)is addedmodelBCMM ).

Theresultsof seismictomographyshav a smoothimageof the high velocity bodyin the man-
tle. However, the boundarybetweemmantleanda descendinglabis rathersharpthansmooth.
Thereforewave propagations alsocalculatedor aslabwith asharpboundarymodelBCMMs)

to studythe di erencebetweenwave propagatiorwithin a smoothmantleanda mantlewith a
discontinuity Hereaftey the structuresafter Martin et al. (2005, 2006) are referredto asthe
"real” structuresTable3.4 summarisethe usedmodelabbreviations.

SW-NE Slice

Wave propagationis simulatedfor six di erentundeground structuresof the SWENE slice.
Fig. 3.14 (a) shavs thesemodelswith the snapshobf the resultingcomponentf accelera-
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tion after8 s. Fig. 3.14b displaysa zoomedimageof the resultingcomponent®f acceleration
after8 sec.Theresultingcomponent(t) is calculatedas:

a) = " a7+ &P+ A (3.8)

with theaccelerationsg, (t) is in radialdirection,a(t) in trans\ersedirectionanda,(t) in vertical
direction. Hereafterto describethe directionof radiation,angle is de ned counterclockwise
from the horizontal(indicatedin Fig. 3.14b). Fig. 3.15shavs the PGA (peakgroundacceler
ation) alongthe pro le of modelLAY. PGA is de ned asthe resultingcomponen{eq. 3.8) of
theaccelerationatthesurface.Thereareno complicatedundegroundstructureghatde ect the
wave eld. Thewavefrontorientationis changedaccordingo Snell'slaw andamplitudeincrease
becausef theimpedancelecreaséor theupgoingwaves.Thesewo e ectsarepoint-symmetric
totheepicentre ThereforetheresultingPGAfor the LAY model(solidline) displaysmainlythe
in uence of thesourceradiation.Fig. 3.14(b) shavsthatthe sourceradiatesmaximumS-waves
in adirectionbetweerabout10 °and135° with a maximumfor 77°. FormodelLAY maxi-
mumPGA of 0.61m/s? occurs35 km NE of theepicentre Thisis aboutl.3timeslargerthanthe
PGA 35 km SW of the epicentrewith 0.46m/s?>. The PGA at 175km is about4.5timeslarger
thanthe PGA atthe oppositesite of themodelat-175km. This meanghatthe sourceradiation
producesamplitudevariationsup to afactorof 4.5alongthe SWENE pro le. After implementing
thebasemenstructure(modelB ), theresultingPGA for modelB is enhancedby about25 % at
60 km (seealsodashecircle in in Fig. 3.13). Between65 km and90 km the PGA of modelB
is lowerthanin LAY. Fig. 3.17shavs the snapshot$or the S-wavestravelling throughthe basin
structurebetween28 km and98 km. It canbe seenthat, dueto Snell's law, the corvex basin
edgeat about55 km producedocusing,which impingeson the surfaceat 60 km wherelarge
PGA occurredFig. 3.15). To the NE, betweert5 km and90 km modelB resultsin lower PGA
thanin modelLAY. Thebasinstructuras concae in thisrangefor thearriving wavefront,which
is thereforedefocusedBetween0 and50 km the basemenstructurealternatebetweerslightly
concae andcorvex structureswhich producealternatingfocusingand defocusing.Next, the
real ConradandMoho structuresareimplemented.They shov a negligible e ecton theresult-
ing PGA (Fig. 3.15bottom)becauseomparedo the basemenstructurethe ConradandMoho
have minor lateraldepthvariations.Adding therealmantlestructure(Model BCMM) the shape
of the PGA distribution doesnot change put the absolutevalue of PGA is reduced.The main
di erenceo thepreviousmodelswith homogeneoumantleis thatthe earthquak occursin this
casan aregionwith increasedP-wavesvelocities.After eq.(1.28)thefar eld amplitudesof the
P-andS-wave displacements a homogeneoumediumare:

=My S Ty, (3.9)
Consequentlytheamplitudesy; areconnectedvith the P-wave velocity as:
Uj ig (3.10)
andwith the S-wave velocity as:
Ui % (3.11)
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Displacementsy; thatareinitiatedin the homogeneoumodelshave thereforelargeramplitudes
comparedo the waves that are producedin the high velocity slabh Subsequentlythe waves
whichimpingeonthedi erentmantleandcrustalstructureshave smalleramplitudedor models
BCMM andBCMMs thanfor modelsLAY, B, BC andBCM. Consequentlythe modelledam-

plitude at the surfacefor the modelswith the "real” mantlestructuresandthe sourcein a high

velocity areais alsolower.

EW Slice

Thedi erentundegroundstructuresaregivenin Fig. 3.18(a). Large S-wave amplitudesare
mainly radiatedto the Eastwith a maximumfor = 60 °. This is exactly the directionto

the deepespart of the basinat 45 km with its corvex structure. The PGA for model LAY

(Fig. 3.19top) displaysthein uence of theradiationpattern. MaximumPGA of 0.84m/s? occurs
47.6km eastof the epicentrewhichis 2.8 timeslargerthan47.6km westof the epicentre.The
basemenstructurebetweerd0km and70km focusesnainly theincomingS-wavesandproduce
amaximumampli cation of about10% comparedo the PGA for modelLAY. For the SW-NE

slice the ampli cation wasabout25 % becausef the more pronouncedorvex structure.The
concae basinstructurebetween25 km and-50 km produceslsosmalldefocusing Despiteof

therelatvely largeS-wavesradiatedor > 120° thePGAlevel westof -85km of modelB drops
beneattthe level of modelLAY. In this areathereareno basinsandthereforeno ampli cation

dueto decreasingmpedancendfocusinge ectscanoccur Asfor SWENE slicetherealConrad
andMoho have almostno in uence on the PGA distribution (Fig. 3.19 bottom). For models
BCMM and BCMMs the shapeof the PGA remains(Fig. 3.20) but the absoluteamplitudeis

reducedbecauséheearthquak occursin a high velocity region (eq.3.9).

NW-SE Slice

Fig. 3.21 shavs the modelsthat are usedto simulatewave propagationin NW-SE direction.
Large S-wave amplitudesareradiatedfor 33° < < 94° andfor > 120°. The PGA for

modelLAY displaysthe strongin uence of the sourceradiation(Fig. 3.22),asthe PGA at 36.4
km is aboutfour timeslarger thanat -36.4 km at the oppositeside to the epicentre.As in the
previous two caseslarge S-wavesamplitudesmpingeon the corvexed shapedieepespart of

the basins.Therefore maximumPGA dueto focusingis obseredat 43 km. Theampli cation

comparedo modelLAY is about10 %. Between-117 km and-150km andto the eastof 120
km therearenobasinsandthereforePGAfor modelB is lowerthanfor modelLAY. TheConrad
andMoho structureshave only a smallin uence on theresultingPGA. For modelsBCMM and
BCMMs the hypocentrdas locatedin a high velocity area. Therefore, PGA of thesemodelsis

lower comparedo the homogeneoumantlemodels.
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(a) Di erentundegroundstructuref the SW-NE slice
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(b) Radiationpatternwithin the SWANE slice

Figure 3.14: Top: Di erentmodelsof the SWENE slice thatareusedto examinethein uence
of di erentundegroundstructureqseeTable3.4) on the wave propagation.Bottom: Detailed
view of the snapshobf theresultingcomponenbf accelerationgeq.3.8) after8 sfor theregion

indicatedin theimageof modelLAY (blackbox). Maximum S-wave amplitudesareradiatedor
=77°.
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Figure 3.15: PGA alongthe SWENE pro le for model LAY and modelB (top). Due to the
sourceradiationthe PGA for modelLAY at175km is 4.5 timeslargerthanat-175km in the
SW. After addingthe basemenstructure(modelB), PGA is increasedy about25 % at 60 km
anddecreasebtletweert5km and90 km. As thesnapshotéFig. 3.17)shaw, thisdistinctfeature
is producedoy focusinganddefocusingatthe basementiFor modelsBC andBCM theresulting
PGA (bottom)merelychangesTheslight dipsof the ConradandMoho have only smalle ects
ontheresultingPGA.
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Figure 3.16: After addingthe mantlestructure(modelsBCMM andBCMMSs) the shapeof the
PGAdistributionalongthe SWENE pro le doesnotchangéebut theamplitudeis decreasedAfter
ed.(3.9)amplitudesdecreasdecausehe sourcas locatedin a high velocity body:
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Figure 3.17: Snapshotsf thewave eld in thebasinbetweer28 km and98 km betweer27.2s
and35.2s. Thesolid white ellipsemarksthe focusingof the S-wavefrontat theleft basinedge.
The focusedS-wavesimpinge at 60 km on the surface. The dashedwhite ellipse follows the
defocusedvavefront. Defocusingoccursbecauselueto Snell'slaw thewavefrontis stretchedat
theright boundaryof the basin.
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(a) Di erentUndegroundStructuref the EW slice
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(b) Radiationpatternwithin the EW slice

Figure 3.18: Wave propagations modelledfor six di erentmodelsof the EW slice (Table3.4).
The snapshobf the resultingcomponenbf accelerationis shovn in moredetailin (b) for the
black box indicatedin model LAY. Large S-wavestravel mainly to the East,wherethe deep

sedimentanpasinis located.
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Figure 3.19: Top: Due to the sourceradiationmaximumPGA for modelLAY alongthe EW
pro le is simulatedat 47.6 km, which is 2.8 timeslarger thanthe PGA on the oppositesite of
the epicentreat -47.6 km. The maximumradiatedS-waves( = 30 °) impinge on the convex
shapeof the basinandareampli ed by about10 %. To the eastof -85 km therealmodelhasno
sedimentandthe PGA of modelB is lowerthanin modelLAY. Bottom: As thezoomedmage
shaws, theintroductionof thereal ConradandMoho merelychangeshe PGA distribution.
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Figure 3.20: After simulatingwave propagatiorfor BCMM andBCMMs the form of the PGA
distribution alongthe EW pro le is consered. In BCMM andBCMMs the earthquak source
is locatedin the high velocity body. Therefore the initiated amplitudesare lower thanfor the
homogeneoumantle(seeeq.3.9).
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(a) Di erentundegroundstructuref the NW-SEslice
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Figure 3.21: (a) Six di erentundegroundstructuresof the NW-SE slice with the snapshobf
thewave eld after8 s. For the modelabbreiationsseeTable 3.4. (b): Detailedimageof the
snapshoafter8 sfor theboxindicatedin modelLAY. Maximum S-wave amplitudesareradiated
for =61°.
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Figure 3.22: Top: PGA for model LAY (solid) model B (dashedalongthe NW-SE slice. In
modelLAY the sourceradiationproducesa di erenceof 400 % betweenthe PGA at 36.4km
SE of theepicentreand36.4km NW of theepicentre The basinSE of the epicentrdocuseghe
incomingS-wavesandamplify PGA by about10 % comparedo modelLAY. PGA of modelB
is lowerthanof modelLAY for theareasvhereno basinsarelocated.Bottom: Zoomedview of
the maximumPGA for modelB, BC andBCM. Theintroductionof the real ConradandMoho
structurehasonly minorin uence onthe PGA.

NW SE

— Model LAY
--- Model B
oall =~ Model BCMM AN

e Model BCMMs

PGA [m/s?]
o
(2]

o
IS

0.2 <l

150 100 50 0 50 100 150
Distance to Epicentre [km]

Figure 3.23: PGA for modelLAY, B, BCMM andBCMs. For modelsBCMM and BCMMs

the PGAsareabout10 % percenower comparedo the modelswith the homogeneoumantle
structure.ln thesemodelsthe earthquak sourceis locatedin the high velocity body. Therefore,
theinitiatedamplitudesarelower thanfor thehomogeneoumantle(seeeq.3.9).
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Figure 3.24: PGA distribution along 20 slicesthroughthe modelwith the imposedstochastic
velocity perturbations.As in Fig. 3.13 for the PGA in the smoothmodel maximumPGA is

obsened eastof the epicentreand the resulting PGA distribution is SWENE elongated. The

arrov indicatesthe PGA value producedby strongfocusingat the corvex shapedasins. The

dashedsquaradepictsthe extensionof theregion usedfor the 3D FD modelling(section3.5).

3.4.3 Model with StochasticVelocity Perturbations

Fig. 3.24 shaws the PGA distribution after addingthe stochasticvelocity perturbationgo the
smoothmodel(section3.3.3). The PGA patternis blurredcomparedo the PGA for the smooth
model. However, the two main featuresmaximumPGA eastof the epicentreand SWANE ori-
entationof the pattern,are the same. Even the small areawith large PGA 60 km NE of the
epicentras still visible (arrav in Fig. 3.24). This pointsout thatdespitethe stochastioselocity
perturbationghe in uence of the crustalstructuresarenecessaryo explain the produced”GA
distribution.

3.5 3D FD Modelling

It is not possibleto simulatethe in uence of 3D structureswith 2.5D FD simulationsasthe
model propertiesn 2.5D are constaniperpendiculato the correspondin@D slice. Therefore,
3D wave propagatiormodellingis simulatedoy applyingthe 3D FD codeof Olsenetal. (1995).
However, the dravback of 3D FD calculationsis thatthey are much more memoryintensie.
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Figure 3.25: PGA of the1986strongVranceaearthquak upto 0.6 Hz. Thehorizontalextension
of the modelis 85 km x 85 km. The white stardepictsthe 1986 epicentre.Maximum PGA of
about0.27 m/s> occurabout50 km eastof the epicentreand the PGA distribution is SWNE
orientated. The " nger" shapedpatternsare producedby the basemenstructure(seesection
3.5.1).

Therefore,comparedo the frequenciesup to 4.5 Hz simulatedwith 2.5D FD in the previous
sectionsthemaximumfrequeng consideredhn thissections 0.6 Hz. Grid spacings 500m. The
horizontalextensionis 401 x 401 grid pointsand321grid pointsvertically includingabsorbing
boundaries.This correspond$o a 100 km x 100 km wide and 160 km deepmodelincluding
theabsorbingboundarylayer. The minimal S-wave velocity is aboutl.6 km/s. Hence,usingthe
numericaldispersiorrelation(eg. 1.19)the maximumacceptabldrequeng is 0.6 Hz. Memory
requirements about48 byte pergrid point,whichis 2.5 GB for the520.000usedgrid points.To
ensurestability (eq. 1.16) of the FD schemefime discretisatioris 17 ms. Wave propagations
simulatedfor 7000time steps(= 120s), which needsaboutl12 hourson six processorsna SGI
Origin 3200. The modelledseismogramare ltered betweer0.1and0.6 Hz andcorrectedor
intrinsic attenuatiorasdescribedn section3.3.4.

The 1986 VranceaEarthquak (My=7.1) is modelledwithin a region centredat the epicentre
(dashedsquardn Fig. 3.24). Theappliedsourcewaveletis the sameasfor the2.5FD modelling
(Fig. 3.12). Fig. 3.25shows the simulatedP GA distribution for the 1986earthquak. The PGA
distribution looks similar as the distribution that resultsfrom the 2.5D modelling (Fig. 3.13).
MaximumPGA occurseasiof theepicentreandthepatternextendsn SW-NE direction,whichis
thesamepatternasin (Fig. 3.2)for themacroseismimtensitydistribution. In thenext sectionthe
subsurécestructureis variedin orderto reveal the mechanismshat producethis characteristic
pattern.
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3.5.1 3D Modelling - In uence of Underground Structure

As for the2.5DFD modellingthein uence of theundegroundstructureontheresultingground
motionis studiedby simulatingwave propagatiorfor simpli ed models.Theusedabbreiations
of the modelsarelistedin Table3.4. The PGA distribution for modelLAY (Fig. 3.26)re ects
mainly the sourcepatternbecausdhe in uence of Snell's law andthe ampli cation increase
dueto impedancalecreasés point-symmetrido the epicentre MaximumamplitudesoccurSE
to eastof the epicentreandthe PGA patternis SWANE elongated.Maximum PGA SE of the
epicentreis 0.28m/s. In the samedistanceto the North the PGA is 0.07 m/s?, which is four
timeslower thanthe maximum.Next, wave propagations calculatedor modelB with thereal
basemenstructureandhorizontalConradandMoho (Fig. 3.27). The PGA distribution outlines
the in uence of the basinstructures.Main featuresaretwo " ngers" pointingto the North at
40 km eastand20 km north of the epicentre . The contourlines of the basindepthshow thatthe
westerr’ nger" shaped®GA patternis producedy therelatively narrav basinstructureandthe
easterri nger" shapedpatternoccursalongthe steepbasinstructurein the East. The western
patterncorrespondso the obsenred large PGA values60 km NE of the epicentrethatis also
visiblein the2.5DFD modelling(Fig. 3.13). Thesnapshotsf the2D wave eld (Fig. 3.17)shawv
thestrongfocusingatthecorvex shapedasin.ThelargestPGA valuesoccurabout5 km eastof
the deepespartof the basinbecause¢he wavesarefocusedat the westernedgeof the basement
andimpingeabout5 km to the easton the surface. In Fig. 3.28to 3.30the PGA valuesfor the
SWNE, EW andNE-SWpro les areshovn. PGAfor modelLAY (solid)displaysthein uences
of the sourceradiation. After addingthe real basemenstructure the PGA (dashedplongthe
pro les shaws strongampli cation. Ampli cation occursat the samelocationsasfor the 2.5D
modelling at the top of the deepbasins. Strongampli cation occursat 60 km on the SWENE
slice dueto therelatively narrav anddeepbasin(Fig. 3.28). The ampli cation in comparison
to model LAY is about50 %. As in the 2.5D casethe real Conradand Moho structureshave
almostno in uence ontheresultingPGA. For all pro les theampli cation is largerthanin the
2.5D modelling. The contourlines of the basementepthin Fig. 3.27 shav that for the three
pro les (SWENE, EW, NW-SE) the basinsform 3D lenseswhich focus S-wavesfrom a larger
partof the wave eld comparedo the 2.5D case.After addingthe real mantlestructure(model
BCMM) the amplitudeof PGA drops. This is dueto the larger P-wave velocity in the source
region in comparisorto the homogeneoumantlein modelsLAY, B, BC andBCM (eq.3.9).
After addingstochastivelocity perturbationsheresultingPGA patternis blurred. However, the
mainfeaturesmaximumPGA andSW-NE orientation arestill clearlyvisible.

3.6 Discussion

2.5Dand3D FD modellingof the 1986Vranceastrongearthquak emphasisethe in uence of

thesedimentarypasinsandthesourceadiationontheresultinggroundmotions.Thesimulations
shavedthatthe sourceradiationproducesamplitudevariationsup to a factorof 4.5. Maximum
S-wave amplitudesareradiatedtowardsthe deepsedimentarpasinseastof the epicentre.The
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Figure 3.26: PGA distribution for model LAY. Due to the horizontally structuredmodelthe
refractionatthelayerboundariess point-symmetric¢o theepicentre ThereforethePGAre ects
thein uence of the sourceradiation.
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Figure 3.27: PGA distribution for modelB. The contourlines (dashed)displaythe basement
depth. LargestPGA valuesare found over the deepespart of the basemenstructure. Main
featuresaretwo " ngers" pointingto the northat 40 km eastand20 km north of the epicentre.
Thewestern' nger" shapedGA patternis producedby therelatively narrav basinstructure.
Theeasterrf nger" shaped®GA patternoccursalongthe steepbasemenstructurein the East.
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BCMM the PGA values(dash-dottedfrop becausehe seismicwave velocitiesin the source

region arelarge comparedo thehomogeneoumantle.
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Figure 3.29: As canbe seenfrom PGA of modelLAY (solid) alongthe EW slice, the source
radiatedargeamplitudedo 40 km eastof theepicentre Thereadeepbasinfocusegheincoming

waves(dashed).
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Figure 3.30: PGA for model LAY alongthe NW-SE pro le show that large amplitudesare
radiatedto the SE of the epicentre.The deepbasinsin the Carpathiarforelandfocusthe waves
andproducemaximumPGA 40 km SE of theepicentre.

a0l : : : : : : 045
model BCMM + stoch. vel. pert.
60 1 0.4
T 40r 1 0.35
=3
g
€ 20 1 0.3
Q
2
o
L; 0 A 0.25
Q
2
8 20 1 40.2
@
[a)
2wt 1 F Hois
60 |- 1 b Ho1
80 L L L L L L L L L L ] [ 7005
80 60 40 20 0 20 40 60 80 )
EW Distance to Epicentre [km] PGA [m/s?]

Figure 3.31: PGAddistribution of the 1986earthquak for the subsuracestructurewith stochas-
tic velocity perturbationsTheperturbationfiave anexponentialACF (autocorrelatioriunction).
The correlationlengthwithin the crustis 2 km with a RMS (root meansquare)velocity pertur
bationof 5 %. Correlationlengthwithin themantleis 4 km with 2 % RMS velocity perturbation.
Comparedo the modelwithout perturbationgseeFig. 3.25),the PGA patternis blurred. As in
for the modelwithout randomperturbationsmaximumamplitudesoccur eastof the epicentre
andthe PGA distributionis SWANE orientated.
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Figure 3.32: S-wave radiationpatternof the 1986Vranceaearthquak. Thepatternis calculated
from the SV and SH radiationpatternsafter Aki and Richards(1980, eq. 4.85and 4.86) and

projectedontothesurface.The gure coversthemodelareaof the2.5DFD modelling. Thearea
of the 3D FD modellingis indicatedby the dashedsquare.

convex basinshapegproduceampli cation up to 50 % comparedo thelayeredmodel. Suchfo-
cusinge ectsaremodelledandobseredfor the 1994 Northridgeearthquak (Gaoetal., 1996;
Alex andOlsen,1998;Gravesetal., 1998;Davis etal., 2000),wherebasine ectscausedsevere
damagen SantaVionica. Focusingat corvex shapedasings alsoshavn by Olsenetal. (2000).
Additionally, resonance ects,thegeneratiorof surfacewavesatbasinsareobseredandmod-
elledfor mary earthquaks(e.g.Kawase,1996;Joyner,2000; Olsen,2000;BenitesandOlsen,
2005;0lsenetal.,2006).However, in the caseof themodellingof the Vranceaearthquaksonly
theamplitudeincreasgroducedoy focusingatthe convex shapedasinss obsened.
To displaythe in uence of the focal mechanisnthe S-wave radiationFsy sy patternis shovn
in Fig. 3.32.1t is calculatedrom thedimensionles$-wave radiationpatternsg=s, andFsy after
(Aki andRichards,1980,eq.4.85and4.86)asfollows:

q—
(FSu + F&v)
FSV_SH = T (312)

Geometricabpreadings takeninto accounby divisionwith distanceR betweerhypocentreand
surface.Straight-linetravel pathsareassumedo projectFsy sy onthesurface. Thetheoretical
S-wave radiationpatternshowns the samefeaturesasthe modelledPGA distributionsof the 2.5D
and3D FD simulations(Fig. 3.13and3.25). Maximum PGA is found eastof the epicentreand
the distribution is SWENE orientated. At the top of the deepEW striking basinsouthof the
Carpathian®etween40and-175km (EW-distanceho notablePGA is modelled.Accordingto
the theoreticalradiationpattern,no signi cant S-wave amplitudesareradiatedinto this region.
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Consequentlythe basinsamplify theincomingwavesradiatedby the sourcesigni cantly, but if
only smallamplitudesmpingeon thesestructurestheresultinggroundmotionis alsovery low.
This pointsout thatthe sourceradiationplaysa major role on the distribution of strongground
motionsof the Vranceaearthquaks. After introducingstochastioselocity perturbationsyhich
is moreappropriatdor therealearth,the PGA patternsareblurredbut the maximumvalueseast
of the epicentreand the SE-NW orientatedpatternis retained. However, the in uence of the
sourceradiationfor frequenciesargerthanl Hz is not self-evidentfor wave propagatiorwithin
therealearth.Thenext sectionsliscusghistopicandalsothetrade-o in themodellingbetween
stressdrop andapplieddampingstructure.This is critical, becausdoth parametersstressirop
andQ structure arenotwell constrainedor SERomania.

3.6.1 In uence of SourceRadiation

FD simulationsof wave propagationwithin mediawith stochasticvelocity perturbationsare
studiedfor example,in Frankel andClayton(1984,1986),andShapiroandKneib (1993).These
studiesexplore the in uence of mediawith di erentACFs, velocity perturbationscorrelation
lengthson arrival times,waveformchangesandfrequeny dependencef the coda.The applied
sourcesarepressurgointandline sourcesThereforenoconclusiononthein uence of random
mediaon theradiationpatterncanbe madefrom thesestudies.

To displaythe in uence of the stochasticvelocity perturbationsonto sourceradiation,2D FD
modellingis performed. Wave propagations simulatedfor a 2D grid with 1500x 1500 grid
pointsanda grid spacingof 140 m. The simulationsare carriedout for a homogeneousmodel
with v, = 6 km/s,vs = 3.464km/sand = 2500kg/m*® andarandommodelwith meanvelocity
valuesof the homogeneoumodel, correlationlengthsof 2 km, RMS velocity perturbationof
5 % and an exponential ACF. The applieddouble couple sourceradiatesmaximum S-waves
amplitudesof the x-componentup and dowvnwardsand maximum S-wave amplitudesof the
z-componento theleft andright. The sourcetime functionis the sameasfor the 2.5D and3D
FD simulationsof the 1986 Vranceaearthquak (Fig. 3.12). Fig. 3.33 showv the snapshot®of
thewave eld of theradialandz-component$or 9.6s,19.2s, 28.8sand38.4s. The stochastic
velocity perturbationsde ect and blur the wavefront. However, the radiation patternis not
completelydisturbedand still visible at the top of the modelin a distanceof 140 km to the
source Fig. 3.34shavstheradialandz-component$or four locations(triangles)directly above
the sourcefor the homogeneousind randommodel. In the homogeneousnodel the radial
componenbf the S-pulseis clearly visible at eachstation. Becauseof the sourceorientation
no S-wave is obsened on the z-component.In the randommodelthe radial componenbf the
S-wave is also clearly visible at all stations. But in comparisonto the homogeneousnodel
a S-codaappears. Furthermore the z-componenthaowvs 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 thatthe sourcepatternis not competelysmearecdut after
propagatinghroughthe model. FD simulationgproducegroundmotionsfor ary locationonthe
grid andthereforethe overall pattern,evena blurredone, of the sourceradiationis visible. If,
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asin reality, only seismogramsf afew stationsareavailableit maybemoredi cultto decide
whetherthe sourcepatternis visible or not. However, the 2D modellingdoesnot re ect the 3D
casecorrectlybecauséhe wavescannotbe scatterednto they-direction. But on theotherhand,
no enegy comingfrom they-directionis scatterednto the 2D slice,which maycompensatéhe
lackingscatteringnto they-direction.

The in uence of the sourceradiation on obsened ground motionsis frequently discussed.
Most of the studiesdeal with obsenationswithin 20 to 60 km to the earthquak source. Liu
andHelmbeger (1985)identify the SV and SH radiationpatternof an aftershockof the 1979
Imperial Valley earthquak for frequenciedbelowv 1 Hz but not for frequenciesargerthan2 Hz.
The maximumdistanceo the epicentreof the examinedstationsis about20 km. Vidale (1989)
indicatedthe double couple radiation patternof anotherearthquak for frequenciesof 3 to
6 Hz. He usedstationswith a distanceup to 40 km. For local earthquaksin centralltaly, the
in uence of the radiationpatternwasfoundfor frequenciesup to 0.5 Hz (Castroet al., 2006).
Takenakaet al. (2003) recognisedadiationpatternsfor frequenciedower than1 Hz and not
for frequenciedargerthan2 Hz. Siro and Chiaruttini (1989),and Sirovich (1994)recognised
the radiationpatternon peakacceleratiorfor frequenciesetween0.1 and5 Hz for the 1980
M, = 6.5eventin southerntaly. They analysedstationswith maximumdistancego thefault of
about30 km and60 km, respectiely. For the sameevent, Panzaand Cuscito(1982)computed
successfullythe obsered isoseismaldy mode summationfor frequenciedower than0.1 Hz
from the focal mechanism.(Satoand Fehler,1998, chapter6) and Satoet al. (1997) explore
the in uence of the sourceradiationpatternon the S-wave codatheoretically For large times
the S-wave codashons the sameamplitudesirrespectve of the sourcepattern. However, as
their studiesshaw, theamplitudesof the rst arrivalsdependon the stationlocationwith 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
Vranceastrongearthquaks canalso play animportantrole in the modelledfrequeng range.
Additionally, in the caseof the Vranceaearthquaks large stressdropsare discussedwhich
correspondso a relatively smallfault area. Consequentlythe earthquaksareableto produce
a coherentnarrov sourcetime function with large amplitudes,which propagateghe source
patternover largerdistancesomparedo crustalearthquakswith signi cant lower stresdrops
andthuslongerlow amplitudeandprobablemorecomplex sourcetime functions.As shavn by
Spudichetal. (1998)for the 1995Hyogo-kenNanku (Kobe)earthquak, rake rotationcanoccur
for earthquakson faults with small absolutestressvaluesand small stressdrops. Suchrake
rotationon smallpartsof thefault disturbthe radiationpatternat high frequencies.

3.6.2 Trade-O betweenStressDrop and Damping Structure

In caseof the Vrancearegion, boththe staticstressdrop andthe dampingstructurearenot well
constrained.

Fromthestressdrop  the rupturetimeérﬁ calculatedaftereq.(1.44). For increasingstress
dropstherupturetimet, decreasewith 1= . Thereforethepulsewidth of themomentensor
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Figure 3.33: Snapshot®f the x andz-component®f the wave eld in the randommodelafter
9.65s,19.25s,28.8sand38.4s. The applieddoublecouplesourceradiatesnaximumsS-waves
amplitudesupwardsanddownwards(x-componentandto theleft andright (z-component)The
seismogramat four stations(triangles)directly above the sourceareshowvn in Fig. 3.34. Peak
valuesof the x-componenalongfour pro les (dashedines)aredisplayedn 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 obsered for the

x-componentndnot for the z-componentsln therandommodela S-wave codaappearsn the

x-component.Comparedo the homogeneoumodelsmallamplitudeswhich are producedoy

theinitial P-andS-waves,arealsoobsenableon thez-component.
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Figure 3.35: Peakvaluesof the x-componentalong the four pro les indicatedin Fig. 3.33
for the homogeneouandrandommodels. The S-wave radiationpatternis clearly visible for
the homogeneousase. Within the randommodelthe radiationpatternis also visible but the
amplitudesrary strongly Consequentlthewholepro les re ect thesourceradiation,but if the
amplitudesareonly givenfor afew points,asit is the casefor obsenationsof realearthquaks,
it isfarmoredi cult to decidewhethertheradiationpatternis visible or not.

density function decreasesind the amplitudeincreases.Fig. 3.36 shavs the momenttensor
densityfunctionsfor of 50 MPa, 100 MPa, 150 MPa, 200 MPa, 250 MPa and 300 MPa.

Theresultingaccelerationgat stationBAL areshavnin Fig. 3.37. Theamplitudeincreaseof the
sourcewaveletsis re ectedin themodelledaccelerationsTo estimatehein uence of changesn

thedampingstructure accelerationat stationBAL (locationindicatedin Fig. 3.13)aremodelled
for thedampingstructuregivenin section3.3.4andfor twice andhalf of theappliedQ structure,
2Q and0.5Qmodel,respectrely (seeTable 3.5). For the 2Q modelthe amplitudesncreaseas
theattenuatiordecreasetseeeqs.3.3and3.4). For the0.5Qmodelattenuations decreasednd
thereforethe amplitudesof the modelledseismogranincrease.

Fromthisit is clearthatfor the modellingeitherthe stressdrop or the dampingstructurecan
be changedn orderto t obsened seismogramsThebestt wasachievedwith a stressdrop
of 150 MPa andapplyingthe dampingstructureusedby Sokolov et al. (2004). It is choseno
keepthe dampingstructureusedin Sokolov etal. (2004)to avoid theintroductionof a new, also
not well constraineddampingstructure,which is only adaptedo the modelling presentedn
this chapter By keepingthe dampingstructure this work canbe moreeasilycomparedo other
studieswhich arealsobasednthe Q modelusedby Solkolov etal. (2004).
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Figure 3.36: Momenttensordensityratefunction Mq(t)=dx3 for di erentstressiropvalues.For
increasing;tressjrﬁﬁupturetime decreaseandtheamplitudeof thesourcewaveletsincreases.
Becauseft, 1= theamplitudeincreasas larger betweerthe sourcewaveletsof 50 MPa
and100MPa comparedo the waveletsof 250 MPaand300MPa.
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Figure 3.37: Seismogranat BAL for stresdropsbetween50 MPa and300MPa. The S-wave
for all stressdropsis shavn in moredetail (bottom).
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3.7Conclusions

Depthof Layer[km] | 1Q modelSololov etal. (2004) | 0.5Qmodel | 2Q model
0-40 100 f 98 50 f 98 200 f %8
40- 100 400 f 99 200f %9 800 f 9
> 100 150 f %8 75 f U8 300 f 98

Table 3.5: Accelerationdor BAL are calculatedfor the original Q structure(Sokolov et al.,
2004),for half andtwice of theseQ values.

o Station BAL

v 01 : ‘ :
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£, 0.05 05 I
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Figure 3.38: Acceleratiomat BAL is modelledfor threedi erentQ models(Table3.5).
3.7 Conclusions

This chapterpresented.5D and 3D FD modellingtools for the Vranceastrongearthquaks.
2.5D modellingis obtainedby combiningsimulationsfor several 2D slices,which arerotated
aroundthehypocentre-epicentigxis. Wave propagations modelledandanalysedor theknown
comple subsurécestructureof SE Romania. The 2.5D and 3D FD simulationsrevealedthat
the sourceradiationin additionwith the basementopographyproduceshetypical SW-NE ori-
entatedgroundmotion patternof the Vranceastrongearthquaks. PGA variationsup to afactor
of four occurdueto in uence of the sourceradiation. Additionally, the maximumS-wave am-
plitudesareradiatedo the deepsedimentarypasinseastof the epicentrevheredistinctfocusing
anddefocusinge ectsoccur Especiallythenarrov anddeepbasingn the Carpathiarforearcare
responsibldor strongfocusinge ectsupto afactorof 1.5. The 2.5D and3D simulationspro-
ducesimilar PGAddistributionsbut ampli cation variesat somelocationssigni cantly dueto 3D
e ects,which cannotbe simulatedwith a 2.5D method.The modellingrevealedthe remarkable
anddominantin uence of the sourceradiationpatternon the modelledgroundmotions. Thisis
a striking resultasin generalthe in uence of the sourcefor frequenciesargerthanl1 Hz is not
necessarilanticipated.However, asdiscussedn section3.6.1studiesondi erentearthquaks
found thatthe in uence of the sourceradiationpatterncan be signi cant alsofor frequencies
largerthan1 Hz. Additionally, the probablelarge stressdropsandthe consequentlgmall fault
sizesareableto generatea very coherentand strongsourcesignalin contrastto crustalearth-
guales. In the next chapterthe presenteanodellingproceduresrecombinedwith a methodto
modelthein uence of the soft soil layersat the surface , which produceanampli cation upto a
factorof 2 to 16. This hybrid modellingtool allows the simulationof stronggroundmotionsfor
pastandfutureVranceastrongearthquaks.

85



Chapter3. Wave PropagatiorModelling of the VranceaStrongEarthquaks

86



Chapter 4

Hybrid Modelling of Strong Ground
Motions of the Vrancea Earthquakes

4.1 Intr oduction

In this chapter a hybrid modelling methodis presentedwhich combinesFD simulation of
wave propagatiorandthe known siteampli cation characteristicef SE Romania(Sokolov and
Bonjer, 2006). Dueto computationalimits andthelack of knowledgeof thearea-widestructure
of the uppermostayers(several hundredmeters) realisticgroundmotion cannotbe calculated
by only usingFD. In a rst step,wave propagatiorwithin the subsurécestructureafter Martin
etal. (2005,2006)is simulatedby applyinga FD method. Next, site ampli cation is addedby
applyingfrequeny dependensite ampli cation ratiosto the resultsof the FD simulation. The
reliability of this methodis shovn by comparisorof modelledand obsered Fourieramplitude
spectra(FAS) and macroseismidntensitiesfor the 1986 (My=7.1) and the 2004 (M\y=5.9)
earthquaks.

This modelling methodis developedwithin the frame of the Collobaratve ResearchCentre
(CRC) 461 "StrongEarthqualks: A Challengefor Geoscienceand Civil Engineering”,which
is locatedat KarlsruheUniversity andfundedby the Deutsche~orschungsgemeinschd@FG).
Geosciencandcivil engineeringnstituteswork togetherwith their Romanianpartnersof the
RomanianGroupfor StrongVranceaEarthquaks(RGVE) to revealthe geophysicaprocesses
beneathVrancea,to investigatepastand future groundmotions,to estimatethe risk potential
andto mitigatefuturelosse SFB461(2005),http//www-sfb461.physik.uni-karlsruhe.delhe
modelling presentedereis usedto completethe sparsedatabas®f obsered Vranceastrong
earthquaks. The simulatedFAS (Fourier amplitudespectra)are usedby Gottschammeet al.
(2006)to invertfor thefree parametersywhich describehe FAS. Theseparametersvill beused
in futureresearcho modelgroundmotionsfor SE Romaniawith a stochastianethod(Wenzel,
2004;Gottschammeetal., 2006).
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4.2 Hybrid Modelling Method

As outlinedin sectionl.3.2,theminimumsheamave velocity andthe availablecomputercapac-
ity limit themaximumresohablefrequeng of FD calculationsTherefore minimumsheawave

velocity of the appliedsubsurécestructureis aboutl1.6 km/s, which is equialentto hardrock
conditionsafter the NEHRP (National Earthquak HazardsReductionProgram)classi cation
(FEMA, 2003). Furthermoregvenif enoughcomputercapacitiesvould be available,it would

not be possibleto useonly FD becausé¢he detailedstructureof the uppermossoft soil layersis

not known for whole SE Romania.Therefore after modellingwave propagatiorwith FD from

thehypocentredo the surfaceof the known structurethein uence of the soft soil layersis taken

into accountby applyingaveragesiteampli cation ratios.

4.2.1 Finite Di erenceg(FD)

A detaileddescriptionof theapplied2.5D and3D FD methodss givenin chapter3. Therefore,
this sectiongivesonly a brief overvien. Wave propagationis modelledfrom the hypocentreo
the surfacewithin the subsurécestructureafter Martin et al. (2005,2006). Stochastioselocity
perturbationgfterHock etal. (2004)areaddedo themodel(seesection3.3.3). The correlation
lengthwithin the crustis 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,
dependingnthehypocentralepth,2D slices,which arerotatedaroundthe hypocentre-epicentre
axis. Grid spacings 140m. Thisyieldswith theminimumsheamwave velocity of aboutl.6km/s
to a maximumreliablefrequeng of about4.5Hz (seeeq. 1.19). For stability reasonghe time
incrementis chosemas8 ms(seeeq.1.19). Wave propagations simulatedfor 8000time steps,
which correspondso 64 s. The 2D to 3D correctionis performedasdescribedn sectionl.7.
3D FD wave propagations simulatedoy applyingthecodeof Olsen(1994).Grid spacings 500
m andconsequentlyhe maximumreliablefrequeng is about0.6 Hz. The horizontalextension
of themodelsis 170km with a depthof 150 km. Wave propagatioris simulatedfor 7000time
stepswith a time incrementof 17 ms. Intrinsic attenuations includedinto the 2.5D and 3D
modelling as describedn section3.3.4. The modellingin chapter3 shaved that the source
radiationis responsibldor PGA variationsup to afactorof four andthe basinstructurproduces
an ampli cation up to a factorof 1.5. The site ampli cation ratiosareintroducedin the next
section.

4.2.2 SiteE ects

Sololov et al. (2004) calculatedfor 26 K2 (Bonjer and Grecu,2004; Bonjer et al., 2000) per
manentnetwork stationsand35 CALIXT O (CarpathiarArc LithosphericX-Tomography)Yem-
porary stations(Martin et al., 2005, 2006) frequeny dependensite ampli cation ratios. This
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Figure 4.1. The mapindicatesthe six regionsfor which averagesite ampli cation ratiosare
given by Sokolov and Bonjer (2006). The site ampli cation ratios are displayedin Fig. 4.2.
Obseredandmodelledseismogramarecomparedt the stationsdepictedby triangles.

wasdoneby simulatingthe FAS with known sourceandpropagatiorparameterstthelocations
of seismicstations.The simulatedFAS areclassi ed as"very hardrock"(VHR)-FAS asno as-
sumptionon thelocal sitee ectsis made.By comparingthe calculatedvHR-FAS with records
of real earthquaks, frequeng site ampli cation ratios are derived for eachstation (Sokolov
etal., 2004). Basedon thesedataaverageampli cation ratiosaregivenin Sokolov andBonjer
(2006)for six regionsin SE Romania(Fig. 4.1 and4.2). To include the site ampli cation in
the modelling, the FAS of the seismogramgroducedby the FD modelling are multiplied by
the correspondingegion dependenampli cation ratios. Next, inverseFourier transformation
yieldsto the correspondingignalin the time domain. This proceduremodi es only the ampli-
tudespectrathereforethe in uence on the phaseof thetime seriesis ignored. For comparison
betweermrmodelledandobsenedseismogramandspectraatspeci ¢ stationsthesitespeci c ra-
tios areapplied,if they aregivenby Sokolov andBonjer(2006).Fig. 4.3 shavs the seismogram
resultingfrom the FD simulationandtheampli ed seismogranafterapplyingthefrequeng de-
pendentampli cation ratios.Bestt betweemmodellingandobsenationis obtainedoy applying
the meanplus one standarddeviation of the ampli cation ratios. Therefore,all seismograms
andspectragivenin this chapterareampli ed in thisway. The appliedampli cation ratiosvary
betweer2 and10 for thefrequeny rangebetweer0.1and2 Hz. For frequenciebetweer? and
4.5Hz, whichis themaximumfrequeng of themodelling,theampli cation ratiosare5to 17.
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Figure 4.2: Meanfrequeng dependensite ampli cation ratios between0.2 and 10 Hz with

mean 1 standarddeviation after Sokolov and Bonjer (2006). The locationsof the regionsare
shown in Fig. 4.1. In this work the mear+1 standarddeviation is usedto amplify the modelled
seismogramsFor the frequeng rangebetween0.1 and2 Hz the ampli cation ratiosvary be-
tween2 and10. For frequenciebetweer? and4.5Hz, which is the maximumfrequeng of the
modelling,theampli cation ratiosare5to 17.
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4.3Modelling of the 1986VranceaStrongEarthquak (M, = 7.1)
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Figure 4.3: The solid signal displaysthe radial componentat CFR modelledby FD. The
dashedine shaws the seismogranafter addingthe correspondingsite ampli cation for region
FOCSANL

Azimuth[?] | 0.0 | 11.7 | 144 | 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 the 2D slicesusedto modelthe 1986earthquak. Tenslicescrossthe
locationof seismicstations.

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

Fig.4.4displaysthelocationof thestationsandthefocalmechanisnof the 1986earthquak. The
1986 strongearthquak wasrecordedby twenty stations. In contrast,for the 1977 earthquak
only recordsfrom stationINC exist. Therefore,the 1986 eventis usedto validatethe hybrid
modellingmethod. The sourceis modelledasa point sourceandit is scaledafter section1.5.1
with a stressdrop of 150 MPa. The resultingmomentdensity rate function is displayedin
Fig. 3.12. Thestrike, dip andrake anglesof the 1986earthquak aregivenin Table3.1.

4.3.1 2.5DFD Modelling

Wave propagationis simulatedfor 20 2D slices, which are rotatedaroundthe hypocentre-
epicentreaxis(section3.4andFig. 3.11). Theazimuthsof the20 2D slicesaregivenin Table4.1
Seismogramaremodelledfor 10stations. Thesearesevenstation8BAC, CFR,FOC,ISR,MLR,
SDR and VRI outside Bucharestand three stationsBAL, BUC and CRL within Bucharest.
The stationlocationsareindicatedin Fig. 4.4. The obsered and modelledaccelerogramsare
bandpass- lterebetween0.1 and4.5 Hz. The obserned componentsarerotatedin radial and
trans\ersedirection,which correspondso the componentsnodelledby the2.5D FD modelling.
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&Buch%rest

Figure 4.4: Focalmechanisnandlocationof the 1986earthquak. Seismogramaresimulated
for the stationsndicatedby triangles.

Fig. 4.5t0 4.9displaythe obseredradial, trans\erseandverticalcomponentsOn mostseismo-
gramsthe P- andS-wave arrivalsareclearlyvisible. Thetranswersecomponenbf the modelled
seismogramdoesnotshov P-wavesasin 2D, thetrans\ersecomponentorrespondso pureSH-
waves. The modelledand obsered amplitudesarein all casessimilar. However, the shapeof
theseismogramsspeciallythecoda,di eronsereralcomponentskor stationsBAC, BUC and
FOC,theobsenedseismogramshaw distinctve codascomparedo the modelling. The shapes
of the S-wave codasaresimilaratstationsBAL, CFR,andSDR.A good t betweertheobsenred
andmodelledseismogramvould mearthatthemodellingreproduceshewaveformandthemax-
imum amplitudeof the obseredtime series.Here, it is necessaryo point out thatthe random
velocity uctuations, which areintroducedinto the model, producerealisticwave form shapes,
but dependstronglyon the actualmodelof random uctuations beneattthe correspondingsta-
tion. This meansthat simulationof wave propagatiorfor a setof di erentrandomgenerated
uctuations may producesigni cantly di erentwaveformsat speci ¢ positions.Consequently
it is moreappropriateo look atthe FAS, which arelinkedwith macroseismimtensity(Sokolov,
2002)andthereforewith damage Furthermorethe spectraarethe parametershat canbe used
by theprocedurgroposedy Gottschammeetal. (2006)to invertfor theparametersyhichgive
the bestdescriptionof the spectra. Therefore the quality of the modellingis describedn this
chapterby comparingmodelledandobsened FAS. Fig. 4.10to 4.11show the arithmeticmean
of theFAS of theradialandtrans\ersecomponentsAdditionally, thereferencespectrdor inten-
sity VI to X after Sokolov (2002)areplotted. Therepresentate frequencie®f thesentensities
arein thefrequeng rangeof themodellingup to 4.5Hz. Themodelledandobseredspectraat
BUC, CFR,CRL, VRI andSDRarein goodcomparisorwith theobsenedspectraywhichmeans
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Frequeng RangelHz] || 0.11- 0.23| 0.23-0.48| 0.48-1.02| 1.02-2.13 | 2.13-4.48
CentreFrequenyg [Hz] 0.1586 0.3333 0.7003 1.4720 3.0931

Table 4.2: Frequeng rangesandcentrefrequenciegin the logarithmicspaceusedto 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 1986 earthquak: Summarisedgquareresidual(SSR)for all
stationg(seeeq.4.2). StationsVRI, BUC andCFR show thelowestmis ts.

thattheintensitydeviationis clearly smallerthanoneintensityunit. At BAC the modelledspec-
trum shows slightly smalleramplitudeghantherealspectrum At BAL themodelledvaluesare
larger thanthe obsened spectrum.At BAC andBAL the deviation is aboutoneintensity unit.
Goodcomparisons achiezedat FOCfor frequencie®f about0.5and1.5Hz andfor frequencies
higherthan3.1Hz. At ISR the modellingoverestimateshe obsenation, exceptfor frequencies
betweemaboutl.4and2.8 Hz. Maximum intensitydeviation of two intensityunitsis foundfor
frequenciedargerthan2.8 Hz. However, comparingthe whole spectrahe maximumdeviation
canbe estimatedasoneintensityvalue. The modellingshows the sameintensitiesat ve of the
ten stationsandat two stationsthe FAS arereproducedor smallerfrequeng ranges.To give a
guantitatve measuremertdf the quality of themodelling,the mis t betweerobseredandmod-
elledspectras calculatedor vefrequeng ranges.Table4.2givesthefrequeng rangesandthe
correspondingentrefrequencies.The mis t for eachfrequeng rangeis de ned asthe square
residualSR betweerthe logarithmicaverageobsened andmodelledspectralvalueslog; o(Seps)
andlog, ,(Smod) Within eachfrequeng range:

SR= 100,(Sos)  10G5(Smod) °- (4.1)

The summarisedquareresidualSSRdescribegshe mis t for the whole frequeng rangeandis

calculatedasfollows: "

SSR=

n=1
with N = 5as vefrequeny rangesareconsideredFig. 4.12displaystheresidualsof all stations
at the centrefrequenciesf the consideredrequeng rangesand the averagevaluesfor each
frequeny range.Thevaluesshav alarge scatterfor eachfrequeng range.The averagevalues
lay betweerD.03and0.07. Minimum averagevalueis calculatedor thefrequeng rangebetween
0.48and1.02Hz. Table4.3liststhe SSRfor eachspectraAs theabove givenvisualcomparison
of the FAS shawved, stationsVRI, BUC andCFR shaw the lowestmis ts. The largestSSRare
calculatedor stationdSR andBAL.
Fig. 4.13 displaysthe modelledpeakhorizontalacceleratiofPHA). PHA is calculatedasthe
maximumof theresultinghorizontalcomponenty,:

109;0(Sobs)  109;¢(Smod) ?
N b

(4.2)

o) = B (07 AP 4.3)
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Figure 4.5: Obsened (left) andmodelled(right) seismogramat BAC andBAL. The modelled
amplitudesat BAC aresmallerthanthe obseredaccelerationsAt BAL the modellingoveresti-
matesthe obsenationbut the modelledlengthof the S-wave pulseis similar to the obsenation.

94
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Figure 4.6: Obsened (left) andmodelled(right) seismogramat BUC andCFR. The obsened
waveformsatBUC shaw largerscatteringhanthemodelling. At CFRthemodelledandobsered
horizontalcomponentshawv similar maximumamplitudes.
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Figure4.7: Obsenred(left) andmodelled(right) seismogramat CRL andFOC.At bothstations
themodellingreproduceshe maximumamplitudes Theobsenedandmodelledhorizontalcom-
ponentsat CRL show a phasearrival about5 s afterthe S-wave. At FOCthe obseredsignalis
morescatteredhantheobsenedtime series. Themodelledandobsenedverticalcomponentsit
FOCshaw asimilar pattern.
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Figure 4.8: Obsened (left) and modelled(right) seismogramst ISR and MLR. At ISR the
modelledamplitudesarelargerthanthe obsenedamplitudedor all threecomponentsAt MLR

themodelledS-wave pulseshavs avery sharpform comparedo theobsenation. Themodelled
andobsenedverticalcomponentst MLR arevery similar.
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Figure 4.9: Obsenred (left) andmodelled(right) seismogramat SDR and VRI. For both sta-
tionsthemodelledandobsenredtime seriesshav similar amplitudesout thewaveformsarevery

di erent.
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Figure 4.10: 2.5D modellingof the 1986 earthquak:Modelledandobsened Fourieramplitude
spectra FAS) at BAC, BAL, BUC, CFR,CRL andFOC andreferencespectraor macroseismic
intensitiesVI to X after Sokolov (2002). The modelling ts the obsenationat BUC, CFR and
CRL. At BAC themodellingunderestimatethe obsenations.Only for frequenciesigherthan
3.2 Hz the obsened amplitudesarereproduced.At BAL the modelledamplitudeis too large.
For BAC andBAL the intensity deviation is aboutone intensity unit. At FOC modellingand
obsenationsshav aboutthe sameamplitudeat 0.5 Hz, and 1.5 Hz andfor frequenciesigher
than3.1Hz. Maximumintensitydeviation is aboutoneintensityunit at FOC.
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Figure4.11: 2.5Dmodellingof the1986earthquak: ModelledandobsernedFAS atISR,MLR,
VRI andSDR andreferencespectrafor macroseismiéntensitiesVl to X after Sokolov (2002).
ThemodellingreproducesheobsenedFAS atVRI andSDR.At ISR modellingandobsenation
show the samespectralamplitudebetweenl.4 and2.8 Hz. Maximumintensitydeviation of two
unitsis foundfor ISR for frequenciesargerthan2.8Hz. However, for thewholefrequeng range
thedeviationis aboutoneintensityunit. For MLR the comparisorshowvs discrepanciebetween
0.9and2 Hz. But theoverall intensitydeviation is alsoaboutoneintensityunit.
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2.5 FD Modelling of the 1986 Earthquake: SR
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Figure 4.12: 2.5D modellingof the 1986earthquak: Mist SRof all tenstationsplottedatthe
centrefrequeng. Thevaluesshow noclearcorrelationwith frequeng. Theaveragevalueswithin
a frequeng rangeare depictedby triangles. The frequeng rangebetween0.48 and 1.02Hz
showsthelowestaveragevalue.

with the acceleratiorg, (t) in radial and a(t) in trans\ersedirection. The grey lines mark the
regionsfor which the site ampli cation ratiosareknown (see4.1). Outsidetheseregionsa fre-

gueng independentonstanampli cation ratioof 1, correspondingo "VeryHardRock"(VHR),

is applied.Large accelerationsip to 700cnvs? arefound 30 to 60 km eastof the epicentre The
overall PHA patternis SWENE orientatedwhich is the samedistinctive form asshavn by the
macroseismiintensitydistribution (seeFig. 3.2). Thelarge accelerationsf about900cnvs? in

anarrav region southof the epicentrearemostlik ely producedoy the randommodelstructure
in combinatiorwith thebasementeatures.

Next, the syntheticseismogramsare translatednto macroseismigntensities. This allows an
area-widecomparisorbetweenmodelling and obsenation and not only a pointwise compari-
sonat the locationof seismicstations. The relationbetweenFAS andintensitiesare given by

Sokolov (2002)andexplainedin chapter2.4. The methodproposedoy Sokolov (2002) evalu-

atesthefrequeng rangeup to to 13 Hz with representatie frequeng rangesor eachintensity
value. Here,this proceduras not applicablebecausehe maximumfrequeng of the modelling
is 4.5Hz. Therefore the sameprocedureasusedin section2.4 andin Miksat et al. (2005)is

applied. As eachintensityvalueis assignedo a representate frequeng range,the minimum

intensitywhich canbe evaluatedfor frequenciesp to 4.5 Hz is aboutVI. Theresultingcalcu-
lated and obsered intensity distributions of the 1986 earthquak areshown in Fig. 4.14. At a
few pointsintensitiesup to X aresimulated. A large patternof intensitiesVIll is modelledabout
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Chapterd. Hybrid Modelling of StrongGroundMotionsof theVranceaEarthqualks

Figure 4.13: 2.5D modellingof the 1986 earthquak: ModelledPHA distribution for the 1986
earthquak. Thegrey lines markthe regionsfor which frequeny dependensite ampli cation
ratiosareavailable. Theredstarindicategheepicentreof the 1986earthquak. Stationlocations
are marked by black triangles. The PHA distribution within the dashedrectangle(in the top
image)is displayedn thebottomimage.TheoverallPHA distributionshavsthetypical SW-NE
orientationof the Vranceaearthquaks. Large PHA valuesup to about700cnvs? arecalculated
in adistanceof 30to 60 km eastof the epicentre
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4.3Modelling of the 1986VranceaStrongEarthquak (M, = 7.1)

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

Table 4.4: 3D modelling of the 1986 Earthquak: Summarisedsquareresidual(SSR)for all
stationg(seeeq.4.2). LowestSSRarefoundfor SDRandVRI.

25to 70 km eastof the epicentre This patternshavs anoverlapwith the obsenedpatternof in-
tensityVIll. Intensityof VIl is alsomodelledon smallregionsS to SE of theepicentre For this
regionsthe modellingoverestimatethe obsenation. Eastand SE of the epicentrehe modelling
reproducesheobsenedisoseismabf intensityVIl. Towardsthe South theintensitydecreasef
the obsenedvaluesis strongerthanthe decreas®f the modelledvalues.In N to NE direction,
the modelledintensitiesare lower thanthe obseredintensities. The modellingreproduceshe
overall SWENE orientatedpatternandabsolutevalues. After the EuropearMacroseismicScale
(EMS; Griinthal,1998) macroseismintensitiesare evaluatedin a statisticalsensesuchas'in-
tensityn is characterisedby a high damagerate for mostbuildings of classX'. Consequently
it is likely that the small regions of modelledintensity X and X would not be reproducedy
macroseismienaps. Additionally, the shavn intensity mapsgive the isoseismalines, which
represena smoothedmageof the original evaluationandthereforeexcludesvery localisedout-
liers. Themodelledlargerregionswith intensityVIll southandSE of the epicentresuggesthat
the simpli ed procedurgendsto overestimatdhe intensityvalues. Therefore,adoptionof the
intensityevaluationafter Sokolov (2002)to the low frequeng rangeshouldbe performed.The
quality of themodellingdependslsoon theazimuth.This suggestshataregionaldependen
structurewould improve the modellingof stronggroundmotionsfor the Vranceaearthquaks.

4.3.2 3D Modelling of the 1986Earthquake

3D modellingof groundmotionis performedfor a modelthatincludesthe stationsCFR, ISR,
FOC, SDRandVRI. The maximumfrequeng is 0.6 Hz. Fig. 4.15shows the averageFAS at
CFR,ISR, FOC,SDRandVRI. At stationCFR andFOC the modellingreproduceshe obser
vations. Also at VRI the obsened frequenciedbetween0.2 and 0.6 Hz arereproducedy the
modelling. At SDR andISR the modelledamplitudesarelargerthanthe obsered spectra.Ta-
ble 4.4 displaysthe summarisedpectralresidual(SSR;seeeq.4.2) for the rst two frequeny
rangesbetween0.11and0.48 Hz. The lowestSSRare given for stationSDR andVRI. The
modelledPHA distribution is displayedin Fig. 4.16. It shaws the typically SW-NE orientated
pattern.Maximum PHA of about200 cnvs? occurs40 km eastof the epicentre. After Sokolov
(2002)thefrequeng rangeup to 0.6 Hz only includesa smallfrequeng bandof therepresenta-
tive frequenciesor intensityVIl andlX. Therfore the proceduraisedto evaluateintensitiestor
the2.5D modellingis not applicablefor thelow frequeng 3D modelling.
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Figure 4.14: 2.5D modellingof the 1986 earthquak: The mapshowvs the modelledmacroseis-
mic intensitiesfor 20 pro les. The dashedines indicatethe obsered isoseismalines of the
1986earthquak (seealsoFig. 3.2). A detailedview of theintensitieswithin the dashedectan-
gleindicatedin thetop imageis shavn in the bottomimage. At a few locationsintensitiesof X
arecalculatedModelling andobsenationshawv in thesameregion about25to 75 km eastof the
epicentrean intensity of VIIl. Eastand SE of the epicentrethe modelledintensitiesreproduce
the obsenred isoseismalbf intensity VII. Towardsthe Souththe obsened isoseimalof VII is
overestimatedIn northernto NE directionthe modelledintensitiesarelower thanthe obsenred

valuesof VII.
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Figure 4.15: 3D modellingof the 1986earthquak: The 3D modellingshavsthebestt of the
obseredspectraFOC.At VRI the obsenedamplitudesbetweer).2and0.6 Hz arereproduced
by the modelling. At CFR,ISR andSDRthe modellingoverestimateshe obsenedamplitudes.
This indicatesthatthe frequeng contentup to about0.5 Hz of the appliedsourcedi ersfrom

therealearthquak sourceof the 1986earthquak.
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Figure 4.16: 3D modelling of the 1986 earthquak: PHA resultingfrom 3D modelling for

frequenciesip to 0.6 Hz. Thered starmarksthe epicentreandthe grey linesthe boundarief

theregionsfor whichampli cation ratiosareavailable(seeFig. 4.1). Strongmotionstationsare
indicatedby blacktriangles. Maximum PHA of about200 cn/s? is modelledabout40 km east
of theepicentre. The PHA distribution showvs thedistinctive SWENE orientedpattern typical for

theintensitydistributionsof Vranceaearthquaks.

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

On October27th, 2004 a M,,=5.9 occurredin a depthof 98.6 km. Minor damageoccurred
in the Bucharestarea. This eventwasthe largestsincethe M,,=6.9 earthquak in 1990. The
earthquak shaws a thrustfault planesolutionvery similar to the otherstrongearthquaks. Un-

fortunately no macroseismiéntensityevaluationof this earthquak is published.However, the

"Did you feel it?" programmeof the USGSreleasedntensity valuesbasedon a online ques-
tionnaire(http//earthquak.usgs.ga/eqcenteidy .php). Thedistributionof evaluatedntensities
(Fig. 4.18) suggestsa patternvery similar to previous earthquaks (seeFig. 3.2) with SWNE

elongatedsoseismalines. Due to the ambiguity of fault planesolutions,the Harvard centroid
momenttensorcatalogughttp//www.seismologyhanard.eddCMTsearch.htmlyjivesonefault

planewith strike = 335°, dip = 19°andslip = 27°. The valuesfor the secondfault planeare
similar to the valuesof the otherlarger Vranceaearthquakswith strike = 219°,dip = 81°and
slip = 107°. Therefore thesevaluesareadoptedo simulatethe earthquak. Fig. 4.17shavsthe
focal mechanisnmandthelocationof the epicentre The sourceis modelledasa point sourceand
it is scaledaftersectionl.5.1with astressdropof 150 MPa.
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4.4Modelling of the 2004Earthquak (M,,=5.9)

Figure 4.17: Themapshaws the epicentreandthe focal mechanisnafterthe Harvard centroid
momenttensorcatalogue.Thetrianglesdepictstrongmotion stationsfor which groundmotion
is modelled.

4.4.1 2.5DModelling of the 2004Earthquake

Groundmotionis modelledfor 20 pro les. Twelve pro les crossthelocationof seismicstations
of the K2 network. Table 4.5 givesthe azimuthsof the slicesand the correspondingstation
names.Fig. 4.19and4.20displaythe obseredandmodelledFAS at thesestations.At stations
CFR,GRE,OzU, PETandTUD the modellingreprouduceshe obsenedspectraor the whole
frequeng rangeupto 4.5Hz. At otherstationgheamplitudef thereal spectraarereproduced
by themodellingfor smallerfrequeng rangesTheseareatBMG frequenciesargerthan0.4Hz,
at FUL andTESfrequenciesmallerthan0.9 Hz andat VRI frequenciedargerthan2 Hz. The
modelledspectrumclearly underestimatethe obsened spectrumat SEC whereunusuallarge
accelerationsipto 0.2 g wererecordedor thefrequeng rangeup to 4.5Hz. Fig. 4.21displays
themist SR (eq. 4.1) within the ve frequenyg rangeslisted in Table4.2. Lowestaverage
mis ts SRis calculatedfor frequenciedbetween0.23and0.48Hz. The averageSR valuesfor
eachfrequeng rangearelower than0.11, which is aboutthe sameasin the modelling of the
1986 earthquak (seeFig. 4.12). Only for stationsSECandFUL themist SRshovsin more
thanoneintensity rangelarger valuesthanthe maximummis ts for the 1986 earthquak. For
stationBMG only the SR of 0.41within the rst frequeng rangeis larger thanthe maximum
valuesfor the 1986 earthquak. The summarisedsSRarelistedin Table4.6, which arealsoin
the samerangeasfor the modelling of the 1986 earthquak (seeTable4.3). LowestSSRare
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Figure 4.18: Macroseismidnten-
sity map releasedby the USGS.
The intensities are basedon an
online guestionairein the frame
of the USGS "Did you feel it?"
programme. The intensity distri-
bution indicatesthe sameSW-NE
elongatedpattern as other strong
Vranceaearthquaks(seeFig. 3.2)

calculatedfor PET and TUD. The deviation betweenthe modelledandobsered macroseismic
intensitiescannotbe comparedlirectly becauséhe spectravaluescorrespondo intensitieswith
representate frequenciesargerthan4.5Hz. However, themodellingof the2004eventproduces
SRandSSRvaluessimilarto themodellingof the 1986earthquak, which suggest$or the 2004
eventalsoa maximumintensity deviation of oneintensityunit. Fig. 4.22 showvs the modelled
PHA obsenationsalongthe 20 pro les. Largestvaluesof about250cnvs? occurE to SE of the

epicentre.
Azimuth[°] | 0.0 | 129 | 184 | 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 the 2D slicesusedto modelthe 2004 earthquak. Tenslicescrossthe
locationof seismicstations.
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Figure 4.19: Obsenedandmodelled(2.5D) spectraat BMG, BVC, CFR,FUL, GREandOZU
for the2004earthquak. At CFR,GREandOZU themodellingreproduceshe obsernedspectra
for thewholefrequeny rangeupto 4.5Hz. At FUL the modellingunderestimatethe obsened
spectrunfor frequenciesdargerthanl Hz.
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Figure 4.20: Modelledandobsened spectraor the 2004 earthquak from the 2.5D modelling.
Best t is obtainedat PETandTUD. At SECandVAR the obseredspectraarelargerthenthe
modelledspectra.
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2.5 FD Modelling of the 2004 Earthquake: SR
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Figure 4.21: Mis t betweerthe obsenedandmodelledspectraof the 2004 earthquak. Mis t
SRis plottedat the centrefrequencies.The trianglesgive the averagevaluefor eachfrequeng
range.For theextremeoutliersthecorrespondingtationnamesaregiven. Themis ts aresimilar
to the mis ts of the modellingof the 1986 earthquak (seeFig. 4.12). Only for stationsSEC,
FUL andBMG themis t SRshawslargervaluesthanthe maximummis ts for themodellingof
the1986earthquak.

Station| BMG | BVC | CFR | FUL | GRE | OzZU
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 the 2004 Earthquak: Summarisedgquareresidual(SSR)for all
stationg(seeeq.4.2). LowestSSRvaluesareobtainedfor CFR,PETandTUD.
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Figure 4.22: PHA distribution of the 2004 earthquak resultingfrom the 2.5D modelling. The
grey linesgive theregionsfor which ampli cation ratiosareavailable. The bottomimageshows
the PHA distribution within the dashedareaindicatedin the top image. Accelerationsup to

250cmVs? occurE to SE of the epicentre.

112



4.5 Summary& Conclusions

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 the 2004earthquak: SSR(seeeq.4.2)for all stationsbetweer0.1
and0.46Hz. Lowestvaluesarefoundfor VAR andVRI.

4.4.2 3D Modelling of the 2004Earthquake

Sevenstationd CFR,GRE,PES, TES, TUD, VAR andVRI) arelocatedwithin themodelregion
for the 3D FD modelling. Fig. 4.25displaysthe modelledPHA for frequenciesup to 0.6 Hz.
Maximum valuesof about250 cnvs? arecalculated20 km eastof the epicentre. The modelled
PHA distribution shaws alsothe distinctve SWENE orientatedoval pattern. Fig. 4.23and4.24
displaythe obsened andmodelledFAS at the seven stationsthat arelocatedwithin the model
area.StationTUD, VAR andVRI shov agoodcomparisorbetweermodellingandobsenation.
At TESthe modellingunderestimatethe obsered amplitudeswhereasat CFR,GREandPET
themodelledamplitudesarelargerthanthe obseredvalues.The SSRfor the rst two frequeng
rangesetweerD.11and0.48Hz aregivenin Table4.7. Thevaluesareaboutin the samerange
asfor the 1986earthquak (seeTable4.4). LowestSSRis calculatedor VAR andVRI.

4.5 Summary & Conclusions

This chapterdescribes hybrid approacho simulategroundmotionsfor SERomania.2.5Dand
3D FD modellingof wave propagations combinedwith the known siteampli cation character
isticsof theregion (Sokolov andBonjer, 2006).By usingFD thewell known crustalandmantle
structureof SERomanias implementednto themodelling. Dueto computationalimits andthe
lackingknowledgeof uppermostayers(several100meters)groundmotioncannotbe simulated
by FD alone.Thereforetheknown frequeng dependensiteampli cation ratios(Sokolov etal.,
2004; Sokolov and Bonjer, 2006) are appliedto includethe in uence of the uppermostayers.
As the modelledseismogramslependstronglyon the locationsof the randomgeneratedieloc-
ity uctuations FAS aremore appropriateto comparethe modelledand obsened earthquaks.
Furthermorethe FAS of thegroundmotionsgive ameasuref macroseismimtensity(Sokolov,
2002),andthereforeof damage FAS arealsousedby Gottschdmmeet al. (2006)andWenzel
(2004)to invertfor thefree spectraparametersThe modelledFAS canalsobeusedasaninput
for stochastiomodelling (Boore,2003). Therfore,the quality of the modellingis evaluatedby
comparingobsenedandmodelledFAS. The2.5D simulationsof the1986(M, =7.1) earthquak
resultin agood t betweerobseredandmodelledFAS with amaximumdeviation of aboutone
intensityunit. Area-widecomparisorbetweerobsened andmodelledmacroseismiéntensities
of the 1986earthquak shaovedthereliability of the presentednethod.Thede ned mis t func-
tion givessimilar mis ts valuesfor the 1986and2004,which suggest$or the modellingof the
2004 alsoa maximumdeviation which correspond®nly to oneintensity unit. Consequently
the proposed®.5D methodis capableto simulategroundmotionsfor SE Romaniawith a accu-
ragy of aboutoneintensity unit, which is the sameaccurag asin intensity evaluationsbased
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Figure 4.23: 3D modellingof the 2004 earthquak: Modelled(3D) andobsened FAS at CFR,
GRE,PET, TES, TUD andVAR. Best t is foundfor stationsTUD andVAR. At CFRandTES
themodelledvaluesarelargerthanthe obsered oneswhereasat TES the modellingunderesti-
matesheobseredspectrum.Thedeviation betweemmodellingandobsenationis lower thanin
the caseof the 3D modellingof the 1986earthquak (seeFig. 4.15).
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Figure 4.24: 3D modellingof the 2004 earthquak: Modelledandobsened FAS at VRI. The
modellingreproduceshe obseredspectraupto 0.5Hz.

80 12
601
E 10
= 40}
o
c
Q20 18
E"
0,
o 16
8 20,
c
I
1) 4
O 40t
2
60 - 2
A
80

2(3 0 2‘0 4‘0 Sb 8‘0 160 léO 2
EW Distance to Epicentre [km] PHA [em/s’]
Figure 4.25: PHA resultingfrom 3D modelling of the 2004 earthquak. The red star marks
the epicentreandthe grey linesthe boundarieof the regionsfor which ampli cation ratiosare

available(seeFig. 4.1). Strongmotionstationsareindicatedby blacktriangles.
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on obseredmacroseismidata(Sokolov andWald, 2002). The applicationof the presente@D

methodis only reasonabl®n larger computersasthe currentmaximumfrequeng of 0.5Hz is

farbelown thefrequeng rangethatis usuallyinterestingfor engineeringourposes.

At this pointit is necessaryo mentionthatthe modellingprocedurds optimisedto t the ob-

sened spectraand intensities. The parametershosento achieze the t cannotbe uniquely
determinedasatrade-o betweenstressdrop, Q structureandappliedsite ampli cation ratios
exists. Especially asthe former two are not well constrainedor SE Romania. By keeping
the dampingstructure which wasalsousedby Sokolov et al. (2005),and choosinga realistic
stresgdropof 150 MPafor the Vranceaearthquaks(seesectionl.5.1),it is necessaryo usethe
meanplusonestandardieviation insteadof the meanvaluesof theampli cation ratiosgivenby

Solkolov andBonjer (2006). This indicatesthatthe real Q structureof SE Romaniais not well

known. Therefore furtherresearctshouldconcentrat®n the Q structureof Romaniaasthisis

the mostuncertainparametein the modelling. Currentresearchaddressethe stressdropsfor

theVranceaearthquaks(Othetal., 2006)andtheresultswill allow to modeltheVranceaearth-
gqualeswith properstressdrop values. The improvementof the knowledgeof the Q-structure
andthe stressdropsis very importantasthis improvesthe quality of groundmotion modelling
methodpresentedhereandthereforeallows a betterhazardassessemefdar SERomanian mod-

elling scenaricearthquaksconsistently
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In this work groundmotion was modelledfor crustalandintermediate-deptiearthquaks. As
a crustalexamplethe disastrousl999Kocaeli(Turkey) earthquak (M, = 7.4) wassimulated.
Theintermediate-deptNranceaStrongearthquaksimposesigni cant hazardon Romaniages-
peciallytheRomaniarcapitalBucharestandtheneighbouringcountries Wave propagatiorwas
modelledin orderto understandhe in uence of the sourceandthe subsurécestructureon the
resultinggroundmotions.Furthermorea methodwasdevelopedto simulatestronggroundmo-
tionsfor potentialVranceaearthquaks.

The2D FD codeof Karrenbach{1995)and3D FD codeof Olsen(1994)wereutilisedto simulate
wave propagationTheseFD codesapplythe concepiof FD to solve numericallythe equationof
motion andthe correspondingtress-straimelationshipwhich governwave propagatiorwithin
elasticisotropic media. Numericaldispersionlimits the maximumreliable frequeng of the
modelling,astheminimumgrid spacingof themodelregionis limited by theavailablecomputer
capacities.Therefore ,not only 3D but also2D simulations which arelesscomputerintensve
than 3D calculations,were performed. However, in 2D a point sourcecorrespondgo a line
sourcein 3D. Consequentlysimulated2D seismogrambave to be correctedo generatgroper
3D seismogramsUnfortunately the correctiongiven by Vidale andHelmbeger (1987)is not
applicablefor thesourceamplementatiotechnique®f nowadays-D codes.Thereforeacorrec-
tion wasdevelopedwhich caneasilybe appliedon the 2D FD modelling. Comparisorbetween
3D line sourceandcorrectedD seismogramdisplayedhereliability of the developedmethod.
Thekey di erencebetweenthe modellingof the 1999Kocaeliandthe Vranceaearthquaksis
theutilisedsourcein themodelling.In thecaseof theKocaeliearthquak thefault planeis about
120km long and20 km deep.As rupturehistory inversionsshaw, the rupturevelocity, slip and
risetimedi ersigni cantly onthefault. Therefore|t is necessaryo includethe extendedfault
andthecompleity of theruptureprocesso modelgroundmotionsin thenearfaultarea.ln con-
trast,the Vranceaearthquaksaretreatedaspoint sourceswith ananalyticalsourcedescription
afterBeresne andAtkinson(1997). Thesesourcesimpli cations of the Vranceaearthquaksis
justi ed asthelarge stressdropsof the Vranceaearthquakscorrespondo small sourceexten-
sioncomparedo the minimal travel pathof about100km up to the surface.
TheverydisastrousKocaeliearthquakkilled about15,000people left about400,000homeless
andproduceda damageof 40 billions US$. Six strongmotion stationswithin 20 km to the fault
recordedhe earthquak. Macroseismigntensitiesupto X occurredalonglargeregionsnearthe
fault rupture. The recordedaccelerationseemto be low comparedo the generatedlamage.
Wave propagatiorfrom the Kocaeliearthquak up to 1.5 Hz wassimulatedby using3D FD. A

117



Summary& Conclusions

simpli ed subsurécestructurethatcontainghe mainsedimentanpasinsvasconstructedased
on velocity anddensityvaluesgiven by Ergin etal. (1998). Two di erentinvertedrupturehis-
torieswereimplementednto the modelling(Bouchonet al., 2002; Sekiguchiandlwata,2002).
Thearea-widemodelledPHYV distribution shavedavery comple patternandit couldbeshovn
that this is strongly correlatedto the detailsof the rupture processon the fault. Remarkably
no strongmotion stationwaslocatedwithin anareaof maximummodelledPHV. Furthermore,
syntheticseismogramsveretranslatednto macroseismiéntensitiesfollowing Sokolov (2002).
Again, no strongmotion stationwas locatedwithin a region of maximummaodelledintensities
of X. Thissuggeststhatthe few nearfault strongmotionstationswerelocatedin regionswhere
no large groundmotionsoccurredduring the earthquak. Comparisorof the modelledmacro-
seismicintensity distributions and the obsenred intensitiesshaved that the rupture processof
Bouchonet al. (2002) reproduceghe intensity distribution in the nearfault areaup to about
15 km, whereaghe modellingwith the rupturehistory of Sekiguchiandlwata(2002)resultsin
acompletedi erentintensitydistribution. Thisis averyinterestingnding becauséothrupture
processeseproduceherecordedseismogramat the stationsusedto invert the ruptureprocess.
The di erenceoccursprobablydueto the selectionof stationswhich were appliedfor thein-
versions.Bouchonappliedonly nearfault strongmotion stationswhereasSekiguchiandlwata
(2002)includedalsodatafrom stationswith largerdistancego the earthquak fault.

Wave propagatiorfrom theintermediatedepthVranceaearthquakswasmodelledwith 2D and
3D FD. 2D modellingwasperformedfor mary slicesthatwererotatedaroundthe hypocentre-
epicentreaxis. This 2.5D modellingprocedureallowed an area-widesimulationof groundmo-
tions. Maximumfrequeng of the 2.5D FD and3D modellingwas4.5and0.6 Hz, respectiely.
Thesubsurécestructureof SERomanias well known andwascompiledby Martin etal. (2005,
2006). To producerealistic seismogramsstochasticvelocity perturbationsvere addedto the
known undegroundstructure. An exponentialcorrelationfunctionwasusedandthe correlation
lengthwithin thecrustwas2 km with aRMS velocity perturbatiorof 5 %. Within themantlethe
usedcorrelationengthwas4 km with aRMS velocity perturbatiorof 2%. Theearthquakswere
simulatedaspointsourcewith thesourcetime functionafterBeresne andAtkinson(1997)and
thesourcedurationis scaledwith astaticstressdropof 150 MPa. All paststrongVranceaearth-
gualesproducedsimilar intensity patternswhich are SWENE elongated.To explore the origin
of thesepatternsFD simulationsof the 1986(My = 7.1) earthquak werecarriedout for vary-
ing undegroundmodelsin orderto x thein uence of thedi erentsubsuracestructures.The
modellingof the1986earthquakis representatiefor all Vranceastrongearthquaksasall earth-
gualkesshaw similarfocal mechanisnanddepths.The simulationsshavedthatthe combination
of sourceradiationandlocationof thedeepsedimentarypasingproducehe SWANE orientedoval
patternbecausenaximumS-wave amplitudesareradiatedio the deepsedimentarypasinsSE to
E of theCarpathiarArc. Thein uence of sourceradiationproducePGA variationsup to afactor
of four andthe corvex basinstructuresamplify theimpinging S-wavesup to afactorof 1.5. The
sourceradiationis acritical factorasno largegroundmotionsaremodelledfor regionswith deep
basinswherethe impinging S-waveshave only small or intermediateamplitudes.However, the
strongin uence of thesourceradiationis notselfevidentanddi ersfrom caseo casewithin the
consideredrequeng rangeupto 4.5Hz (Liu andHelmbeger, 1985;Vidale,1989;Castroetal.,
2006; Takenakaet al., 2003; Siro and Chiaruttini, 1989; Sirovich, 1994). But in the caseof the
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Vranceaearthquaks,thediscussedharge stresgdropsandthe consequentlgmallfault sizesmay
producea very coherentsourcesignalcomparedo crustalearthquakswith large fault planes
whererake rotationcandisturbthe radiationpattern(Spudichetal., 1998).
Numericaldispersiorandthe availablecomputempowerimposesstronglimitations on the maxi-
mumreliablefrequeny of FD simulations.Thereforejt wasneccessaryo simulatewave prop-
agationfrom the Vranceaearthquakswithin a modelwith arelatively large minimum S-wave
velocity of aboutl1.7 km/s, which correspondso hardrock conditions. Consequentlyit is not
possibleto simulaterealistic stronggroundmotion asthe ampli cations of the uppermostow
velocity layersarenot includedinto the modelling. Therefore a hybrid modellingmethodwas
developed.First, FD modellingof wave propagatiorwasperformedwithin the subsurécestruc-
tureafterMartin etal. (2005,2006).1n asecondstep theknown frequeny dependensiteampli-
cation ratiosafter Sokolov andBonjer (2006)wereappliedon theresultsof the FD simulation.
This methodwasappliedon the 1986and2004 Vranceaearthquaks. The comparisorbetween
obsened and modelledFAS displayedthe reliability of the developedhybrid method. In the
caseof the 1986earthquak macroseismimntensitiesverecalculatedollowing Sokolov (2002).
The modelledintensity distribution reproduceghe obsenred intensity patternwith its SW-NE
oval shapedsoseismalines. The comparisonof modelledand obsened FAS and intensities
shavedthatthemodellingis applicableto simulatestronggroundmotionsfor potentialVrancea
strongearthquaks. Currentresearchmplementghe developedmethodinto the developmentof
attenuatiorrelationshipgor SE RomaniaWenzel,2004;Gottschdmmeetal., 2006).
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Hilfsmittel

Die FD Simulationenwurden auf einer SGI Origin 3200 des geophysikalischennstitutes
durchgefiihrt.Die Auswertungder Ergebnissaind sonstigeBerechnungerrfolgtenmit Hilfe
von Fortran 77/90 und MATLAB®. ZusatzlicheWerkzeugewarenUNIX/LINUX spezi sche

Hilfsanwendungemvie shellBefehl¢Programme.

DieseDissertationwurde mit dem FormatierungsprogramrfTeX erstellt. Weiter fandendie
Gra kprogrammeCorelDRAN®, OpenO ce,GIMP undX g AnwendunglLandkarterwurden
mit GMT oderderMappingToolboxvon MATLAB® erstellt.
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