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Abstract

This thesisdiscussesimulationsof earthquak groundmotionsusingprescribedupturesanddynamicfail-
ure. Introducingsliding degreesof freedomled to aninnovative techniquefor numericalmodelingof earth-
guale sources. This technigueallows efficient implementationof both prescribedrupturesand dynamic
failure on an arbitrarily orientedfault surface. Off the fault surfacethe solution of the three-dimensional,
dynamicelasticity equationuseswell known finite-elementechniques.We employ parallel processingo
efficiently computethe groundmotionsin domainscontainingmillions of degreesof freedom.

Using prescribedruptureswe study the sensitvity of long-periodnearsourcegroundmotionsto five
earthquak sourceparametergor hypotheticaleventson a strike-slip fault (My 7.0—7.1)anda thrustfault
(Mw 6.6-7.0). The directivity of the rupturescreatedarge displacemenandvelocity pulsesin the ground
motionsin the forwarddirection. We found a goodmatchbetweerthe severity of the shakingandthe shape
of the nearsourcefactorfrom the 1997 Uniform Building Codefor strike-slip faultsandthrustfaultswith
surfacerupture. However, for blind thrustfaultsthe peakdisplacemenandvelocitiesoccurup-dip from the
region with the peaknearsourcefactor We asserthata simplemodificationto the formulationof the near
sourcefactorimprovesthe matchbetweerthe severity of thegroundmotionandthe shapeof thenearsource
factor

For simulationswith dynamicfailure on a strike-slipfault or a thrustfault, we examinewhat constraints
mustbeimposedonthecoeficientof friction to producerealisticrupturesundertheapplicationof reasonable
shearand normalstressdistributionswith depth. We found that variationof the coeficient of friction with
the sheamodulusandthe depthproducegealisticrupturebehaior in bothhomogeneouandlayeredhalf-
spaces.Furthermorewe obsened a dependencef the rupture speedon the direction of propagatiorand
fluctuationsn therupturespeedandslip rateastheruptureencountere@¢hangesn thestresdield. Including

suchbehavior in prescribeduptureswvould yield morerealisticgroundmotions.
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Chapter 1 Intr oduction

In thelastfive yearstwo earthquakshave remindedusthatwe still have muchto learnabouthow faultsrup-
tureandtheresultinggroundmotions.On Januaryl7,1994,the Northridgeearthquak hintedat thedestruc-
tion possiblewhenfaultsrupturebelon adenselypopulatedarea.Fortunately mostof theenegy propagated
away from the centerof population.A yearlater, on Januaryl7, 1995 thecity of Kobe,Japandid notfair as
well: afaultrupturepropagatedowardthe city. Theseearthquaksprovidedanotherdemonstratiothateven
moderatesarthquakscancausesubstantiabamage.Recordsfrom thesetwo eventssignificantlyincreased
our limited knowledgeof how the groundmovescloseto rupturingfaults. We needmoreinformation,how-
ever, aboutthe robustnes®f the characteristicef nearsourcegroundmotions. Inversionsof strongground
motionsallow usto identify the areawhereslip occurred the speedof the fault rupture,andthe maximum
slip rates.Inversionsdo not provide informationaboutthe sensitvity of the groundmotionsto variationsin
the sourceparameters.

We focus on investigatingsuchsensitvities by computingthe ground motion time historiesfor mary
hypotheticalscenarioon a strike-slip fault anda shallav dipping thrustfault usingfinite-elementmodels.
Using prescribedruptures,we assesshe sensitvity of the groundmotionsto variationsin the earthquak
parametersWe improve our understandin@f the dynamicsof the ruptureprocessdy modelingthe ruptures
with dynamicfailurethroughfrictional sliding onthefault surface insteadof prescribingheruptures.Based
on simulationsin homogeneouandlayeredhalf-spaceswe developa simple,functionalform for the coef-
ficient of friction asa function of the materialpropertiesandthe depth. Additionally, we conducta second
sensitvity studyto gaugethe influenceof the initial conditionsandfriction modelon the rupturebehavior

andtheresultinggroundmotions.

1.1 Background

The sporadicoccurrenceof moderateto large earthquaks makes the task of understandinghearsource
groundmotionsdifficult. Additionally, the sparsecoverageof recordingstationslimits our ability to cap-
ture ground motions closeto fault ruptures. The location of the 1992 Landersearthquak in a sparsely
populateddesertarearesultedin only onerecordof nearsourcegroundmotion. While this recordhasbeen
carefully studied(lwanandChen1994),it shons how the groundmovedat only onelocation. Modeling of

the long-periodgroundmotionsfrom this event suggestghat larger peakvelocitiesoccurredfarthersouth
alongthe fault (Wald andHeaton1994). The locationof the 1994 Northridgeand 1995 Kobe earthquaks

nearlarge centersof population,wherethe stationcoverageis generallymore dense addedmary records
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of nearsourcegroundmotionsto the database During the Northridgeearthquak, ten stationswithin five
kilometersof the surfaceprojectionof the rupturerecordedgroundmotions(Hall et al. 1995). Thelimited
numberof nearsourcegroundmotionsthat have beenrecordedor large thrustearthquaksmadeit impos-
sible to determineif the nearsourcerecordsfrom the Northridge earthquak were anomalougSomerville
etal.1996); however, Somervilleet al. useda simulationprocedurghatwasvalidatedwith mary California
earthquaksto reproducethe departureof the Northridgerecordsfrom the empirical attenuatiorrelations.
They concludedhatthe Northridgenearsourcegroundmotionsarerepresentatie of the nearsourceground
motionsfrom largethrustearthquaks.

With the limited numberof nearsourcerecords,seismologisthave relied on simulationsto reproduce
groundmotionsfrom actualeventsandto predictthegroundmotionsfor hypotheticabnes.Researchersave
successfullynodeledhenearsourcegroundmotionsat periodsof onesecondandlongerfrom tenCalifornia
earthquaks(Hall etal. 1995). Theseinclude,amongothers,the 1989Loma Prieta(Wald etal. 1991),1992
Landers(Wald and Heaton1994), andthe 1994 Northridge (Wald et al. 1996) earthquaks. Additionally,
KamaeandIrikura (1998)andWald (1996)reproducedhe nearsourcegroundmotionsfrom the 1995Kobe
earthquak. The sourcemodelsassociateavith thesesimulationgprovide valuableinformationfor dissecting
pastearthquaks. Olsenand Archuleta(1996) approximatedhe Northridgeruptureto examinebasinand
directvity effects. Pitarkaetal. (1998)andHisadaet al. (1998) have studiedthe directivity andbasinedge
effectsfor the 1995Kobeearthquak to explain the zonesof concentratedlamage.

Ontheotherhand,simulationsof pasteventsgive little insightinto how the groundmotionscompareo
thosefrom futureevents.We would alsolik eto know if earthquakson similarfaultswill producecomparable
groundmotions. Thus, the variability of the groundmotionsto changesdn the seismicsourceparameters
becomesmportantwhen predictinggroundmotionsfor hypotheticalevents. Saikia (1993) examinedthe
groundmotionsat a network of sitesin the greater_os Angelesareafor a My 7.0 eventon the ElysianPark
fault. In orderto gaugethe uncertaintyof the groundmotions,he examinedseveral randomdistributions
of slip and found wide variationsin the peakaccelerations.Basedon the moderateto strongsensitvity
of the groundmotionsto variationsin the seismicmoment,sourcerise time, and heterogeneityf the slip
distribution for simulationsof hypotheticakarthquakson a sectionof the SanAndreasfault, Graves(1998)
suggestedhat appropriatevaluesfor the sourceparameterizatiorare essentiafor realistic predictionsof
groundmotions. Additionally, while studyingthe accurag of three-dimensionateismicvelocity models,
Wald andGraves(1998)demonstratethe variability exhibited by groundmotionsin responsé¢o changesn
thematerialpropertiesof the simulationdomain.

We will expandon thesestudiesandstudythe sensitvity of the long-periodnearsourcegroundmotions
onastrike-slipfaultandathrustfaultto systematiwariationsof five earthquak sourceparameterdancluding
therupturespeedmaximumslip rate,hypocentefocation,faultdepth,anddistribution of slip. We alsoinves-
tigatehow the shapeof the nearsourcefactorfrom the 1997Uniform Building Codematcheghe distribution

of theshaking.
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Furthermorewe canimprove the accurag of our modelingof nearsourcegroundmotionsif we better
understanthedynamicsof theruptureprocessincludingtherupturedynamicsn simulationsof earthquaks
generallyinvolvesmodelingthe frictional sliding on the fault surface. Two distinct efforts of modelingthe
frictional sliding on faultshave emegedin recentyears.Onefocuseson modelingthe evolution of stresson
the fault leadingup to the nucleationof earthquaks(Marone1998; Rice andBen-Zion1996; Scholz1998;
Tullis 1996), and the other concentrate®n modelingthe dynamicsof the rupture during the earthquak
(Fukuyamaand Madariagal 998; Harris and Day 1999; Madariagaand Cochard1996; Magistraleand Day
1999;0glesbyetal. 1998;0lsenet al. 1997).

Thoseresearcherasho modelthe evolution of stresson the fault almostexclusively usestate-andrate-
dependentriction models.Review articlesby Marone(1998)andScholz(1998)summarizehedevelopment
of thefriction modelsandsomeof thefeaturef theirbehavior. Thesemodelsarebasedn laboratoryexper
imentsof sliding at slip ratesbetween10-’ mm/secand 1 mm/secwhich areappropriatefor the nucleation
of earthquaks(Rice and Ben-Zion1996). Additionally, analyticalmodelsof creepbehaior yield friction
modelsof the sameform (Perssor1997). Consequentlyresearcherapplythesemodelsto studiesof the nu-
cleationof earthquaksandcreepbehaior onfaults.Usinganelastodynamienodelof a half-spaceRiceand
Ben-Zion(1996)examinednucleationof earthquakson a strike-slipfault. Tullis (1996)conducteda similar
study on a sgmentof the SanAndreasfault nearParkfield. Both groupsuserealisticdistributions of the
effective normalstressesvith depth: the effective normalstressearethe differencebetweerthe lithostatic
pressureandthe hydrostatigpressures.

Rundleetal.(1997)suggestethatthelaboratoryexperimentsusedto createthe state-andrate-dependent
friction modelsdo not adequatelyepresensliding on faults,and,in particularsliding dominatedby inertial
effects. Rundleet al. alsonotedthat several predictionsimplied by thesefriction modelshave yet to be
obsenedin nature.Theseincludehigh shearstresseshatgeneratdarge amountsof heaton thefault surface
and significant precursoryand inter-seismiccreepbetweenearthquaks. The first of thesepredictionsis
oftenreferredto asthe heatparadox. Several mechanisméave beensuggestedo explain why the friction
stressdropsto low levels during sliding and preventsmelting. Theseincludefluid pressurizatiorprior to
slip (Sleep1997), wrinkle-like slip pulsesassociatedvith a contrastin materialproperties(Ben-Zionand
Andrews 1998),acoustidluidization (Melosh1996),andnormalvibrations(TworzydloandHamzeh1997).

Theuncertaintyin the behaior of how faultsrupturehasled researcher® createsimple,ad hocmodels
that producereasonabldehaior. Thesemodelsgenerallyinclude eitherslip-wealeningbehavior, i.e., the
shearstrengthdecreaseasslip occurs,or acombinationof slip-wealeningandrate-weakning,i.e., initially,
the shearstrengthdropswith slip in responsdo slip-wealeningandthenreturnsnearits original level as
the slip rate decreases.For over twenty yearsthe slip-wealening friction model hasbeenusedto study
the frictional sliding associatedvith earthquaks. Burridge et al. (1979) useda slip-wealening friction
modelto studystablepropagatiorof mode-Il shearcracks. More recently Langeret al. (1996) postulated

thatinertial dynamicsplayedan integral role in the complex distributions of slip in earthquaks,basedon
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obsenationsof chaoticsequencesf largeandsmall eventsin two-dimensionaklastodynamicenodelswith
slip-wealeningfriction. Using the boundaryintegral method,Madariagaand Cochard(1996) examineda
two-dimensionalanti-planecrack and discovered heterogeneityoccurredon smoothfaults with slip- and
rate-weakningfriction. MadariagaandCochardsuggestethatstressheterogeneitpccurswhenthefriction
modelallows a dynamicstressdropsignificantlylargerthanthe averagestressdrop.

With animprovedboundaryintegral method FukuyamandMadariagg1998)successfullyexaminedthe
three-dimensiondkeaturesf slip on aplanarcrackin ahomogeneouslasticmedium.They concludedhat,
in friction modelswith slip- andrate-weakning,the slip-wealeningfriction is importantat the leadingedge
of the rupture,while the rate-weakningfriction influencesthe healingstage. Furthermore Fukuyamaand
Madariagdoundthathealing(recoseryof theshearstresonthefault) mayoccurin simulationsvithoutrate-
wealeningin the presencef shearstressasperities.The useof boundaryintegralslimits the applicability
of the methodto simple geometricaldomainsand variationsin the material properties. Madariagaet al.
(1998)formulatedappropriatdboundaryconditionsfor thefinite-differencemethodto studydynamicfailure
on planarfaultsin three-dimensionalomainsanddemonstratethatthe methodreproduceshewell known
behavior of simplerupturemodels. The use of finite-differencesmarked a dramaticimprovementin the
applicability of the methodsusedto implementdynamicrupturesbecauset allowed heterogeneousmaterial
propertieshowever, the formulationrestrictedthe alignmentof the fault planeto the finite-differencegrid.
Consequentlythe methoddid notallow ruptureon faultsinclined with respecto thefinite-differencegrid.

A simulationof the 1992 Landersearthquak by Olsenet al. (1997) demonstratedhe ability of this
finite-differencemethodand a slip-wealeningfriction modelto producereasonableupturebehaior. The
simulationgeneratec confinedrupturepulseconsistenwith the kinematicsourcemodelsandreproduced
the mainlong-periodfeaturesof the waveforms. Olsenet al. could not determinewhetheror not a friction
modelwith slip- andrate-wealkningor variationof the characteristislip-wealeningdistancevouldimprove
thefit of the groundmotionsto the recordeddata. Othersimulationswith a slip-wealeningfriction model
alsogenerateealisticruptures.Oglesbyet al. (1998)usedthe finite-elemenimethodto studythe difference
betweerruptureson two-dimensionahormalfaultsandthrustfaultsin ahomogeneoumedium.They found
larger motionson the hangingwall comparedo the footwall that are consistentwith recordedgroundmo-
tions. HarrisandDay (1999)explainedthe propagatioracrossanechelorof faultsfor therupturein the 1992
Landersearthquak usinga three-dimensiondinite-differencemethod. Using the sametechnique Magis-
trale and Day (1999)investigatedupturespropagatingacrossan echelonof thrustfaults. In both caseghe
boundaryconditionsassociatedvith the implementatiorof the earthquak sourceforced alignmentof the
faultsalongthefinite-differencegrids.

In contrasto the simulationsusingstate-ratdriction models,all of the simulationswith slip-wealening
or slip- andrate-weakningfriction modelsassumeuniform effective normalstressesThe useof the slip-
wealening friction model and the slip- and rate-wealkningfriction model do not constrainthe variations

of the effective normalstressesvith depth. Consequentlywe will examinewhat constrainton thefriction
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model may be requiredto producerealistic ruptureswhen we apply reasonableshearand normal stress
distributionswith depth.Additionally, we will shav thatintroducingsliding degreesof freedomin thefinite-
elementmodelsallows simulationof dynamicfailure on an arbitrarily orientedfault surface. Using this
implementationof the earthquak sourceand following the constraintamposedon the friction model, we
will determinethe sensitvity of the rupturebehaior and groundmotionsto systematicvariationsof the
initial shearstressesfriction model, fault depth,andlocation of the hypocenter With this informationwe
compareherupturebehaior from the dynamicfailure simulationswith our prescribedupturesandpropose

modificationsto the prescribedupturesthatwould leadto morerealisticgroundmotions.

1.2 Organization

Chapter2—4discussheframenork thatwe usein the earthquak simulationsn thelaterchaptersChapter2
outlinesthe generalmethodologyof the simulations. Chapter3 focuseson the issuesrelatedto parallel
executionof the software. We discussthe enepgy balanceof earthquaksin chapter4 anddeterminewhich
forms of enegy we cancomputein our simulations.Chapter6 summarizeshe validationof the simulation
softwarewith bothdynamicandstaticsolutions.In chapter7 we presentheresultsfrom a sensitvity studyof
long-periodnearsourcegroundmotionscomputedusingprescribeduptures We assesthe sensitvity of the
groundmotionsto five earthquak sourceparameteranddiscusgheimplicationsfor earthquakengineering.
ChapteiB beginsour studyof dynamicfailuresimulationsby outliningthesoftwareimplementatiorof the
dynamicrupturesanddiscussingsomeof thegenerafeaturef therupturedynamics.Usingahomogeneous
half-spacechapter® summarizeseveral of the numericalaspectof dynamicrupturesjncludingthe effects
of changingthe distribution of the effective normalstressesvith depth. We demonstraténow variation of
the coeficient of friction with depthproducegealisticbehaior whenthe effective normalstresseincrease
with depth.Chapterl0 extendsour discussiorof dynamicfailureto alayeredhalf-space We examinesome
of the implicationsof usinga layeredversusa homogeneoubalf-spaceand conducta sensitvity study of
nearsourcegroundmotionsusing dynamicfailure with variationsin the initial conditionsandthe friction
model. Finally, chapterl1 summarizeghe findingsof the sensitvity studiesandsuggestsareasfor further

study



Chapter 2 General Methodology

We want to simulateslip on a fault in an efficient mannerandto computethe groundmotionsin a given
domain.Becauseave arefocusingprimarily on nearsourcegroundmotions,the domainof interestincludes
the groundsurfacein the region surroundinghe fault, the faultitself, andeverythingin between We model
theslip onthefaultto createthe earthquak andmodelthewave propagatiorio computethe groundmotions

in thedomain.

2.1 Governing Equations

We solve for thedisplacementime historiesin thethree-dimensionalynamicelasticityequationasgivenin
index notationby equation(2.1) whereA andp areLame’s constantsy denoteglisplacementandp denotes

massdensity We subjectthe domainto the appropriatdboundaryconditionsasdiscussedh section2.2.1.
AUk Oij + M(ui jj + ujij) = pui (2.1)

In practicewe cannotfind closed-formsolutionsto equation(2.1) for geometricallycomplex mediawith
heterogeneouproperties. We mustturn to numericalmethods suchasthe finite-elementmethod,to find
thedisplacementime histories.Although severalcomputationallyefficient methodshave beendevelopedto
synthesizegroundmotionson finite faultswith prescribedslip in alayeredhalf-spacgHeaton1995),we use
thefinite-elemenimethodbecauseave intendto extendthe softwareto simulationswith dynamicruptureand
three-dimensionahaterialpropertiesUsingLagrangesquationsandthefinite-elementnethod thedynamic
elasticityequationbecomeghe matrix equationgiven by equation(2.2), where[M], [C], and[K] denotethe
massdamping,andstiffnessmatrices respectiely, and{F} is the force vector! We will discusseachterm

in detailbelow.

[MIG®)} + [CH{u® } + K{u®)} = {F(1)} (22)

2.2 Integration of Differ ential Equation

The central-diferenceschemeprovidesan efficient meansby which to numericallyintegratethe matrix dif-

ferentialequation.Equation(2.3) givesthe expressiondor the velocity, {U(t) }, andacceleration{(t) }, at

1Thedetailsaregivenin mostfinite-elementexts, suchasRao(1999).
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timet asafunctionof thedisplacementattimet — At, t, andt + At, whereAt denoteghetime step.

{00} = opc ({u(t+80)} — {u(t-A0)}) 23)

{u(t)} = Aitz({U(t—At)}—Z{U(t)}+{u(t+At)}) (2.4)

Substitutinginto the equationof motion (equation(2.2)) and solving for the displacementst time t + At

yields

(M1 + 55101 e+ 20} = (F O} + (oM~ [K]) )

) . (2.5)
- (M- 551) fu-a0}.

If we take the massand dampingmatricesto be diagonaland constantthe left-handside of equation(2.5)
involvesa constantdiagonalmatrix, sothat solving for the displacementectorattimet + At doesnot re-
quire matrix factorization. Additionally, computingthe right-handside necessitatesnly one matrix-vector
multiplication; all of the othercomputationsare operationn eithervectorsor diagonalmatrices.Because
the central-diferenceschememinimizesthe numberof matrix-vector calculationsand matrix-vectorcom-
putationsrequiresignificantlymoreoperationghanvectorcomputationsin this case the central-diference
schemeprovidesan efficient techniquefor numericalintegration. For stability of the numericalintegration,
thetime stepmustbelessthanthetime necessarfor thefastestravelingwave to propagatdetweemodes—
thatis, the Courant-Friedrich-Lery parametemustbelessthan1.0. Consequentlyin orderto avoid unnec-
essarilysmalltime steps,we wantthe elementgo be aslarge aspossible which is alsodesirablefrom the

standpoinbf minimizing the numberof elementsn the mesh.

2.2.1 Boundary Conditions

Ourdomainencompasseamly aminusculefractionof the earth.We mustthereforeapplyappropriatdoound-
ary conditionsto compensatéor thetruncationof thedomain.We modelthegroundsurfaceasafreesurface
andcreatenon-reflectindpoundarie®nthelateralsidesandbottomof thedomain.Thenon-reflectingoound-
ariesapproximatehebehaior of thewavescontinuingto propagatgastthe edgesf thedomain.We absorb
the outgoingwaves by placing damperson the absorbingboundariesas discussedelow in section2.3.3.
While thedampersabsortnearlyall of theenepgy of the propagatingvaves,they do not provide the stiffness
thatwould exist if we did not truncatethe domain;the absorbingboundariesact asfree surfaceswhenthe
velocitieson the boundaryarezero. As aresult, the final displacementslependon the size of the domain.
But this dependengbecomesmallasthe domainsbecomdarge. Furthermorethe groundmotiontime his-
tories, not the final displacementsare mostimportant,andthe lack of stiffnessat the absorbingooundaries

hasminimalimpacton thedynamicdisplacementsConsequentlythe absorbingooundariegllow truncation
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of thedomainwith minimal adverseeffectson the solution.

2.3 Discretization

Efficientcomputatiorwith thefinite-elementethodrequireschoosingheappropriateéypeof finite-element.
Choosingthe appropriateelementwill, in mostcasesreducethe errorsin the computation,the memory
storagerequirementsandthe computatiortime. The constraintdmposedby solving the dynamicelasticity
equationinclude the needto vary the node spacingto matchvariationsin the materialpropertiesand to
minimizethememorystoragerequirementsf theglobalmatrices For linearelementssuchasa hexahedron
with six nodesand a tetrahedrorwith four nodes,reducinginterpolationerrorsto lessthan five percent
requiresusing ten nodesper shearwavelength(Bao et al. 1998). Ideally, we want the finite-elementso
satisfythis criterion of tennodesperwavelengththroughouthe entiredomain.

We could useelementf the samesizethroughouthe domainwith the appropriatenodespacingfor the
slowestsheamwave speed.Thiswouldbethemoststringentoption. But thisleadsto mesheshatcontainmary
timesthe optimal numberof elementsand nodesandrequiresextremely small time stepsin the numerical
integration. This phenomenois the majorshortcomingof usingthefinite-differencemethod whichrelieson
uniform grid spacing.Becausavavelengthis proportionalto wave speedwe wantthe nodespacingto vary
directly with the sheamwave speed.Typically the shearwave speedvariesfrom 4500m/secat thetop of the
mantle(at a depthof 30km) to lessthan700m/secat the surface.As aresult,to minimizethemeshsizeand
computationakffort whensimulatingwave propagatiorwith minimal artificial dispersiorrequiresthe node
spacingatthesurfaceto be lessthanone-sixththe nodespacingat a depthof 30km. We alsowishto impose
the constraintthatthe meshshouldnot leadto inefficient useof memoryor to excessve computatiortime.
The stiffnessmatrix which is the only non-diagonamatrix, dominategshe memorystoragerequirementsso
we wish to minimizeits sizeby minimizing the total numberof degreesof freedomandthe averagenumber
of coupleddegreesof freedom.

When modelingthree-dimensionatlomainswith finite-elementsthe two main choicesinclude hexa-
hedral(six-sided)elementsandtetrahedralfour-sided)elements.Hexahedralelementsgenerallyresultin
meshewith repeatingstructureswhich make meshgeneratiorsimple,while tetrahedraklementgyenerally
resultin meshesvith little or norepeatingtructureandmake meshgeneratiorextremelycomplex, especially
in threedimensions.The useof meshgeneratiorsoftware,suchas StructuralDynamic ResearctCorpora-
tion’s IDEAS, alleviatesthis difficulty. Severalsignificantadvantageseadto the choiceof usingtetrahedral
elements.The mostcompellingreasorto usetetrahedraover hexahedras theimproved ability to vary the
nodespacingwithin thedomain.Thestructurechatureof hexahedraimeshesnhibits adjustinglocal element
sizesindependenthof the surroundingelementsyhile the unstructuredhatureof tetrahedrameshesllows
adjustingthe local node spacingwith minimal effects on the surroundingelements. A secondadwantage

involvesthe couplingamongthe degreesof freedom. A linear hexahedralelementin a uniform grid shares
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nodeswith 26 otherelements With threetranslationaldegreesof freedompernodeandall degreesof free-
dom coupledwithin anelement,eachdegreeof freedomis typically coupledto 81 degreesof freedom. In

a meshof approximatelyuniformly sizedtetrahedraklementsgachdegreeof freedomis typically coupled
to only 40 degreesof freedom. This meanghatthe stiffnessmatrix for a tetrahedrameshrequiresroughly
half the memoryasthatfor a hexahedralmeshwith the samenumberof nodes.For thesereasonave usea
tetrahedrafinite-element.

If we comparealineartetrahedraklementwhich hasfour nodesto a parabolictetrahedraklement(ten
nodes)we find thatuseof the parabolicelementrequiresmorememory For a parabolicelementJimiting
interpolatiorerrorsto lessthanfive percentequires9.4nodegerwavelength(Baoetal. 1998),sotheelement
edgesareapproximatelytwice aslong but the nodespacings nearlythe same.With tennodesperelement,
thenumberof coupleddegreesof freedomincreaseslramaticallycomparedo thelineartetrahedraklement,
sothatthe stiffnessmatrix for ameshwith parabolictetrahedraklementgequiresnuchmorememorythan
the onefor ameshwith lineartetrahedraklements We thereforechoosethe lineartetrahedraklementover
theparabolictetrahedraklement.

With alineartetrahedraklementasshown in figure 2.1, we may exactly represent linear variationin
displacementvithin the elementwith the shapefunctionsgivenin equation(2.6), whereV is the volumeof
the elementandV is the volumeof thetetrahedrorformedby the point P andall nodesexceptnodei. For

example,V1 denoteghevolumeof thetetrahedrorformedby point P andnodes2, 3, and4.

N VA A (26)

2
Figure2.1: Nodeandfacenumberingof a tetrahedrafinite-element.

Theprocesof corvertingthethree-dimensionadlasticityequation(equation(2.1))into thematrix differ-
entialequation(equation(2.2))yieldsthe expressiongor theelemenimatrices.Rao(1999)providesdetailed
developmenbf thecalculationssoin thefollowing sectionsve will discussonly thefinal implementatiorof
thematrix computationsWe assumehatthe materialpropertiesdo not vary significantlywithin anelement,

sothatwe may assuménomogeneoumaterialpropertieswithin the elementandusethe materialproperties
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attheelemententroid.

2.3.1 MassMatrix

For efficient integrationof the differentialequationusingthe central-diferenceschemewne wanta diagonal
massmatrix. We corvert the consistenelementmassmatrix to the lumpedelementmassmatrix (diagonal
matrix) givenin equation(2.7) by requiringthat both matricesyield the sameinertial forcesfor rigid body
accelerationalongeachglobal coordinatedirection.

_pve

M)==7-(1 11111111111 (2.7)

Note that this matrix dependsonly on the volume of the element,V€, and not explicitly on the relative
locationsof the nodes. We storethe diagonalmatrix using a row vector as indicatedby the notationin
equation(2.7).

2.3.2 StiffnessMatrix

The samemethodthat producedthe consistentmassmatrix also gives us the expressionfor the element
stiffnessmatrix shovn in equation(2.8), whereV€ is the volumeof anelement,[D] is the elasticity matrix
relatingthestresseto thestrains(equation(2.9)),and[B] is thematrix of thederivativesof theshapdunctions

(equation(2.10)). We assumehatthestrainsandrotationsremainsmalleverywheresothatwe mayuselinear

elasticity

[k =Ve[B]"[D][B] (2.8)

Ar2u A A 0 0 0

A A+2u A 0 0O

A A A+20 0 0 O
D] = (2.9)

0 0 0 poo

0 0 0 0 puo

0 0 0 0 0 p
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bp 0 O b, 0O O bs 0O O bg O O
0 cg O 0 ¢ O 0 C3 0 0 ¢4 O
1/0 0 dgd 0 O do 0 O dz 0 O d

B = =— ' 2 * N (2.10)

6v C1 b1 0 o bg 0 c3 b3 0 c4 d4 0

0 d1 cc O d2 c; O d3 C3 0 d4 Ca

d 0 by do O by d3 O bz ds 0O by

The constantsn the expressionfor [B] (&, bi, ¢i, andd;) arethe cofactorsof the termsin the determinant
for the volume of an elementgiven by equation(2.11), where (x;,Vi,z) denotesthe coordinatesof node

i. Equation(2.12)shaws the expressiondor four of the cofactors;the other cofactorsmay be found from

permutation®f thesefour.
1 X1 Y1 21
111 x z
ve_ L 2 Y2 2 (2.11)
611 x5 ys z
1 x4 ya z
X2 Y2 2 1 v 2 X 1 2z X2 y2 1
a=x3 Y3 bi=—11 y3 2z Ci=—|x3 1 z di=—|x3 y3 1 (2.12)
X4 Ya Zy 1 y4 2y X 1 z Xa ya 1

Becausehe materialpropertymatrix is symmetric,we have a symmetricelementstiffnessmatrix, and
assemblyinto the global stiffnessmatrix alsoproducesa symmetricmatrix. As mentionedpreviously, in a
finite-elemenmeshwith lineartetrahedraklementstypically eachdegreeof freedomis coupledto approxi-
mately40 others.For a stiffnessmatrix with anywherefrom hundredof thousandso millions of degreesof
freedom elatively few entriesin the matrix arenonzero.The unstructuredhatureof thefinite-elemenmesh
malkesit nearlyimpossibleto numberthe degreesof freedomin sucha way asto createa uniformly banded
stiffnessmatrix. Therefore we chooseto storeasa row vector (datavector)only the nonzerotermsin the
upperhalf of the symmetric,sparsestiffnessmatrix. In orderto find the location of eachentryin the full
matrix in the datavector, we alsostoretheindex whereeachrow in the full matrix beginsin the datavector
andthe columnin the full matrix of eachentryin the datavector Figure2.2 demonstratethe storageof a

5x5 symmetric sparsematrix.

2.3.3 Damping Matrix

The dampingmatrix containscontributionsfrom two sourcesmaterialdampinganddampergplacedon the

boundariedo preventartificial reflectionsof the propagatingvaves. We assumethat the materialdamping
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3 -107 0
-1 2 0 0 [-3]
0 0 14 0
7 0 45 0
0 -300 6

Data

3(-1|17(2|-3|1|4|5]|6 64 bit floats

Columns

O(1(3[|1|4|2|3]|3]|4]| 32hitintegers

Rows

0|3 ]|5|7]| 8] 32hitintegers

Figure 2.2: Storageexamplefor a 5x5 symmetric,sparsematrix. We follow the C/C++ corventionand
numberthe rows and columnsstartingwith 0. We find the entry -3 in row 1, column4 (highlightedby the
box) by looking up in the Rows arraywhererow 1 starts. We then performa linear searchuntil we find
column4. Theindex in the Columnsarrayin which we found column4 indicateswhich index in the data
arraycontaingheentrywe want.

may be createdrom scalingthe massandstiffnessmatricesasshovn by equation(2.13).

[C] = CrlM] + C[K] (2.19)

We neednot restrictourselesto usingthe global matricesin equation(2.13); usingthe elementmassand

stiffnessmatricesallows local variationsin the dampingindependendf variationsin massandstiffness.

Mass-Proportional Damping

Mass-proportionatlampingappliesmore dampingto the lowest modesof the domain. Equation(2.14)
illustrateshow the percentof critical damping,(m, variesasa function of frequeng, w, for a givenlevel of

mass-proportionadamping Cn,.

_ Cn
{m= 20 (2.14)

This meansthat waves with longer wavelengthsare subjectedto more dampingthan thosewith shorter
wavelengths. The earthattenuatesigher frequenciegnore than lower frequenciesso we uselittle or no
mass-proportionalamping.Becauseve usea diagonalmassmatrix, mass-proportionalampingcontritutes
only termson the diagonalto the dampingmatrix, whetheror not we allow local variationsin Cy, (using

equation(2.13)with theelemenimatrices).This doesnot adwerselyaffectthe computationagfficiency of the
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central-diferencescheméecausadiagonaldampingmatrixdoesnotintroduceary additionalmatrix-vector

multiplicationswhich dominatethe computatioreffort at eachtime step.

Stiffness-Proportional Damping

Stiffness-proportionatlampingmoreeffectively dampshighermodesof the domain.Equation(2.15)shavs
how the percentof critical damping,{k, variesasa function of frequeng, w, for a givenlevel of stiffness-

proportionaldamping Cy.
1
U= Eckw (2.15)

In otherwords, stiffness-proportionatlampinghasthe oppositetrendwith respecto frequeny that mass-
proportionaldampinghas;with stiffness-proportionalamping.the shorterwavelengthgeceive moredamp-
ing than the longer wavelengths,so it more closely resemblesvhat occursin the earth. Unfortunately
stiffness-proportionatlampinggreatly reducesthe efficiency of the central-diferenceintegration scheme,
becausdt contributesoff-diagonaltermsto the dampingmatrix. If we allow local variationsin Cy, we must
formulateanadditionalsparsematrix to storethe dampingmatrix, which nearlydoublesthe memorystorage
requirements.It alsodestrys the efficiengy of the central-diferenceequationbecausave mustfactorthe
left-handsideof equation(2.5). Thereforewe do not allow local variationsin Cy. If we restrictoursehesto
a uniform Cy, we may solve the matrix differentialequationwithout storingan additionalsparsematrix. We
do soby adjustingtheformulationof the central-diferenceschemesshown by equation(2.16),where[Cy)

denoteghe diagonaldampingmatrix comingfrom mass-proportionadamping.

(M+ g fomd) €+ 20} = (FO) + (g™ = ) (w0}

1

) . (2.16)
~ (M~ 5g¢lCnl - K1) {ut -0},

We have approximatedhe velocity for the stiffness-proportionadlampingtermat timet usingthe displace-
mentsattimet andt — At asshowvn by equation(2.17),insteadof theusualtimest + At andt — At, to prevent

thestiffness-proportionalampingtermfrom appearingon theleft-handside.

a)} = 1 (fu)} — {ut- ) (2.17)

Noticethateachtime stepnow involvestwo matrix-vectormultiplications effectively doublingthe computa-

tion time. For this reasonthe softwaredoesnot currentlyimplementstiffness-proportionalamping.
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Absorbing Boundary

Dampersplacedon the lateral sidesand bottom of the meshprevent propagatingvavesfrom reflectingoff

the boundariesand contaminatingthe solutioninside the domain. For planedilatationaland shearwaves
propagatinghormalto the boundary the damperamay absorbthe waves completelyif the damperdor the
normaldegreesof freedomaretunedto thedilatationalwave speedandthedamperdor thetangentiablegrees
of freedomaretunedto the shearwave speed.This methodalsoworks reasonablywell for incidentangles
otherthan90 degrees(Cohen1980). For an elementwith face3 (seefigure 2.1) on an absorbingooundary
alignedwith the yz plane, equation(2.18) gives the elementdampingmatrix, where p denotesthe mass

density A denoteghe areaof the faceon theboundaryanda and denotethe dilatationalandshearwave

speedstespectiely.
(2« 0 0 o 0 0 000 a O O]
0 22 0 0 B 00000 B O
0O 028 0 0 B OOOO O B
« 0 0 20a 0 0 0OOO a O O
0O B 0 0 28 0000 O0 B O
[Ce]:p_A 0 0 B 0 0 220000 0 B 2.18)
12/o0 0 0 0 0 0 00OO O O O
0 0 0 0O OOODOUO 0 O
0 0 0 00O OOODOUO 0 O
«a 0 0 a 0 0 0O0OO20 0 O
0O B 0O 0O B 0 00O O 28 O
0 0B O O B OOO O 0 28

Althoughwerequiretheabsorbingpoundarieso bealignedwith a coordinateaxisasdiscussedh section?.6,

we chooséo formulatethe boundaryconditionwithout this artificial constraint.Consequentlywe formulate
the elementdampingmatrix basedon the normaldirectionof the face,so thatwe completelyabsorbshear
anddilatationalwavespropagatinghormalto theboundary Becauseave usetetrahedraklementsthreenodes
defineafaceof thetetrahedronsoknowing thelocationof thethreenodeor afaceuniquelydetermineghe

normaldirection. We form the elementdampingmatrix in the normalandtangentiakcoordinateérameof the

faceandthentransformthe elementdampingmatrix to the global coordinaterrame.

The above proceduraesultsin a non-diagonatlampingmatrix, which we wish to avoid sothatwe may
usethe central-diferenceschemewithout factoringany matrices. We know that the node spacingwill be
chosento satisfythe ten nodesper wavelengthrequirementso we may assumethat the wavelengthof the
wave hitting the boundarywill be much greaterthanthe node spacing. This meansthat the velocitiesat

the nodesof an elementfaceon the absorbingboundarywill be approximatelythe same,andwe may use
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equivalentrigid body velocitiesto corvert the full dampingmatrix to a lumped(diagonal)dampingmatrix
withoutsignificantlydecreasingheeffectivenes®f theabsorbingooundary Thisis the samemethodthatwe
usedto lump the massmatrix in section2.3.1,exceptthatherewe userigid body velocitiesinsteadof rigid

bodyaccelerations.

2.4 Model of Fault

Realisticgroundmotionsrequireaccuratemodelingof the slip on the fault. Prescribedupturesnecessitate
explicit controlof theslip at every pointonthefaultatall times. Similarly, simulationswith dynamicfailure
requirecontrol of thefriction onthefault. Doublecouplesypically areusedto modelthe earthquak source
by applyingforcesto createlarge strainsthat approximatedislocationson the fault surface. A discretized
domainrequiresapplying the forcesover a discretelengthto createthe couples. This distributesthe slip
acrossa discretelength,which is usuallythe nodespacingcreatinga “f ault zone' For a nodespacingwith
ten nodesper wavelengthand shearwaveswith periodsof onesecondor more,the slip will be distributed
overamuchwider regionthanwe obsere in nature.Additionally, in anunstructuredneshthe nodesdo not
naturallylie wherewe wantto placetheforcesto generateéhedoublecouples.Usingdoublecouplesalsodoes
not lenditself to implementingdynamicfailure on the fault. Theseshortcoming®f doublecouplesinspired
thedevelopmenbf analternatve methodfor modelingthe earthquak source . Thefollowing sectionsoutline
the useof slip degreesof freedomto modelslip on the faultin a way that works well both for simulations

with prescribedupturesandfor simulationswith dynamicfailure.

2.4.1 Slip Degreesof Freedom

For slip on thefault we wantto imposea dislocationin the finite-elemenimodel. In the caseof a prescribed
rupturewe wish to specifythe relative motion of one side of the fault with respectto the other side while
allowing propagatiorof wavesacrossthe fault. We may accomplishthesetasksby incorporatingthe fault
planeinto thegeometryof thefinite-elemenimodel. Thisinterior surfacegivesstructureto thefinite-element
meshso that no elementsstraddlethe fault plane. Instead,elementson eitherside sharecommonfaceson
the fault plane,asillustratedby figure 2.3. We give doublethe usualnumberof degreesof freedomto all
the nodeson the fault planeto allow one sideto move relative to the other side; eachfault node hassix
translationablegreesof freedomthataresplit suchthateachsideof thefault hasthreedegreesof freedom as
shavnin figure2.3.

If we transformto relative andaveragedegreesof freedomwe gainexplicit controlof therelative motion
acrosghefault. We will denotethe threedegreesof freedomcorrespondingo the positive sideof the fault

plané by Ux, , Uy, , anduz, , andthosecorrespondingo the negative sideof thefault planeby uy,, Uy,, andus,.

2We follow the corvention that the normal vectorfor the fault points towardsthe hangingwall, and the hangingwall lies on the
positive sideof thefault plane.
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6 degrees of

> freedom

Face on fault surface

Figure2.3: Model of thefault planein the finite-elemenimesh.Theleft portion shavs the alignmentof the
elementson the fault plane. The right portion providesa closeupof a nodeto demonstraténow eachnode
containssix translationablegreesof freedomto allow the sidesof thefaultto moverelative to eachother

Equation(2.19)shavs how to transformfrom the global degreesof freedomto relative andaveragedegrees

of freedomusingan orthogonalmatrix. Using an orthogonalmatrix allows usto usethe transposeo invert

thetransformation.

( 3\ r 1 1 T ( 3

qu_X2 ﬁ 0 O —72 O 0 qu
1 1

Uyl_y2 0 TZ 0 0 —ﬁ 0 Uyl
Uy, — o 0o L o 0 —-3if]u

L= vz 210y (2.19)
Uy +xo 7 0 O 75 0 0 U,
Uy +y, 0 %2 0 0 % 0 Uy,

1 1
X uZl+22 ) L O 0 72 0 O TZ 1\ u22 )

We do not wantto restrictthe alignmentof the fault planeto arny one of the global coordinateplanes.
If we rotatefrom the global coordinateframeto the fault coordinateframe beforetransformingto slip and
relative degreesof freedomwe will allow arbitraryorientationof thefault plane.Giventhe predominanslip
directionin thefaultplaneandthefaultnormal,we definethefault coordinatdrameby afixeddirectionin the
faultplane,selectedo coincidewith thedirectionof dominantslip (first coordinate)thedirectionin thefault
planeperpendiculato the dominantslip direction(secondcoordinate) andthe positive fault normal (third
coordinate)ln prescribedupturesve settheslip in thedominantslip direction. In simulationswith dynamic

failure we apply the sheartractionson the fault surfacein the directionof the dominantslip, althoughslip
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mayoccurin ary directiononthefaultplane.Equation(2.20)demonstratelow to transformfrom theglobal
coordinateso therelative andaveragecoordinatesn thefaultplane where[Typ] is the 6x6 orthogonamatrix
givenin equation(2.19)and i,y is the 6x6 rotationmatrix givenin equation(2.21), which transformsthe
degreesof freedomfrom the global coordinates(x, y, z), into thefault planecoordinates(p, qg,r). Figure2.4

shavstheorientationof thefault planecoordinateselative to the global coordinates.

r A ( \
Up;—p, Usxq
Ug,—a Uy,
Ury—r [Tf It] [O] u
$ TR = [Taig) | Y (2.20)
Up;+p, 0] [Trau] Ux,
Ugy +a, Uy,
. ul’1+l’2 ) . u22

COSASIN@—SINACOSOCOSP  COSA COSP-+ SiNACOSdSINg  SiNASinNd

[Traut] = | —sinA sing— cosh cosdcosp — SinA cosp-+ cosA cosdsing  cosAsind (2.21)
sindcosP —sindsing cosd
z,up
y, north

\(p azimuth

P strike direction
o708 \ o}

dip angle p, slip direction
WS'ip angle X, east

r, fault normal

Figure2.4: Faultgeometryrelative to theglobalcoordinateaxes.

Theuseof theslip degreesof freedomallows explicit controlof therelative motion. In prescribeduptures
we simply setthe slip degreesof freedomat eachtime stepasdescribedn chapters, while in simulations
involving dynamicfailure we setthe forcesactingon the slip degreesof freedombasedbn frictional sliding

asdescribedn section8.1. In both casesve preventthe fault from openingby settingthe relative degreeof
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freedomin thedirectionnormalto thefaultto zeroat all time steps.

2.4.2 Modification to Element Matrices

For elementghat containone or more nodeson the fault, the slip degreesof freedomdo not matchthose
usedfor the elementmatrices,so we musttransformthe elementmassand stiffnessmatricesderived in
section?.3.1andsection?.3.2to accounfor theslip degreesf freedom.We assumeéodampings associated
with elementshathave slip degreesof freedom sothattheseslementsio not contributeto theglobaldamping
matrix. We transformthe usualtwelve elementdegreesof freedomalignedwith the global coordinateaxes
to themodifiedelementdegreesof freedomusingthetransformatiormatrix givenby equation(2.22),where
[Trault] is definedabove by equation(2.21). If the elementlies on the positive side of the fault plane,then

C = +1, andif theelementies on the negative sideof thefault plane thenC = —1.

M] [0 [0 [0
] = [0 [T2] [0] [O] where (2.22)
[0 [0 [T [0]
[0] (O] [0 [T4
1 00
010 if nodei is notonthefault
0 01
[c 0 0
[Ti] = < 0CoO (2.23)
EN R [Traut]  if nodei is onthefault
V211 0 0
0 1 0
{ 0 0 1

Modified Element MassMatrix

We want the modified elementmassmatrix to give the sameinertial forcesfor the sameaccelerations.In
otherwords,if we transforma given acceleratiorin the usualtwelve elementdegreesof freedominto the
modified elementdegreesof freedom,we want the inertial forcesin the modified coordinatesystemto be

equalto transformatiorof theinertial forcesin the original coordinatesystem,

[ S|Ip]{us|lp} [Te|][Me]{Ue}7 (2.24)
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where[Te] is givenby equation(2.22). After somesimplemanipulationwe find that
[MSip] = [Tell[M][Tel] . (2.25)

In section2.3.1we choseto usea lumpedelementmassmatrix for efficient time stepping,sothat[M] is
diagonal.In generalthetransformatiorof the lumped(diagonal)massmatrix givenby equation(2.25)leads
to amasamatrix with off-diagonalterms.Thefollowing exampleshavs thatwe mayneglectthe off-diagonal
termsbecausehey will besmall.

Considera systemwith two degreesof freedomanda lumpedmassmatrix,

i
{u} = (2.26)
7]

o
[M] = : (2.27)

Transformingo slip degreesof freedomgives

A —
{usiip} = vzt~ ) , where (2.28)
%(Uﬁ-uz)
{usiip} = [T]{u}, and (2.29)
41
= {{2 lfz} : (2.30)
V2 V2

Usingequation(2.25)to transformthe massmatrix to theslip coordinateframeyields

(M +mp)
(Mg — my)

(2.31)

[Mslip] = [ (ml a mZ)] .

(my +mp)

NI= NI
NI NI

If the masse®n eachsideof the slip planeareequal,i.e., if m = ny, thenwe have a diagonalmassmatrix.
In our unstructuredmeshthis may or may not be true. Neverthelessthe off-diagonaltermsinvolve the
differencesetweerthe masse®n oppositesidesof theslip plane,while thediagonaltermsinvolvethesum
of the massesthis meanghatthe off-diagonaltermswill be muchsmallerthanthe diagonalterms,sothat
we may negglectthe off-diagonaltermsto createthe diagonal(lumped)massmatrix asdesired.To createthe
lumpedmodifiedelementmassamatrix, we simply distribute the lumpedmassedrom the degreesof freedom

for nodeson thefaultequallybetweerthe relative andaveragedegreesof freedom.
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Modified Element StiffnessMatrix

We follow the sameanalysisto find the modified elementstiffnessmatrix that we usedto determinethe
modifiedelementmasamatrix. We wanttheforcesin theslip coordinateframeto beequalto thetransformed

forcesin the original coordinatdramefor a givendisplacementield,
[KSipl{USip} = [Te] [K{u}. (2.32)
After somesimplemanipulationwe find that
[KSiip] = [Tel [K®[Tel] " (2.33)

Thistransformatiomeitheraddsary additionalconstraintsior adwerselymodifiesthe stiffnessmatrix, aswe
will seeby examiningtheeigervalueandeigervectorsof theoriginalandmodifiedelemenstiffnessmatrices.

Theeigervalues);, andeigervectors{vi }, of theoriginal elementstiffnessmatrix satisfy
[KE{vi} = Ai{vi}- (2.34)
Denotingthe eigervaluesandeigervectorsin theslip coordinatérameby A and{v;'}, we have
[Ksipl{Vi'} = A {}- (2.35)
Substitutingheexpressiorof themodifiedstiffnessmatrix givenby equation2.33)andsimplifying produces
(KTl {V'} = Af [Teil " {}- (2.36)
Thisis simply the eigervalueproblemfor the original stiffnessmatrix, where

{vi'} =[Tel{vi},and (2.37)
Ai =M. (2.38)

Hence the eigervaluesof the stiffnessmatrix do not change andthe eigervectorsare simply the original

eigervectorstransformedo theslip coordinatdrame.

2.4.3 AverageSlip and Moment Magnitude

We often categorize seismiceventsusing the fault area,the averageslip, andthe momentmagnitude. We
definethefaultareato bethesumof thetributaryareasonthefault planeof eachnodeatwhichslip occurred.

With an unstructuredneshthe tributary areaswill likely vary significantly from nodeto node,especially
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wherethematerialpropertiesary overthefaultplane.Equation(2.39)indicateshow we computeheaverage
slip from theslip degreesof freedomby finding theweightedsumof theslip ateachnodeanddividing by the

faultareawhereN is the numberof nodesatwhich slip occurredandA; is thefaulttributaryareafor nodei.

N pA
5= 2=1DA (2.39)
Yiz1 A
Themomentmagnitudewhichis definedby
M= w,where (2.40)
15
Mo = PAD (all in CGSunits), (2.41)

dependn the shearmoduluson the fault plane. For heterogeneoushaterialpropertieswe cannotusethe
above expressionfor the moment,M,, asit stands;we mustsumthe momentsat eachnodeat which slip
occursasshowvn by equation(2.42).

N N€

Mo = DiliA; 2.42
o i;,; i A ( )

Thetributary areafor eachnodecomesfrom all elementghatcontainthe nodeandthatalsohave afaceon
thefault surface. Eachelementmay have a differentshearmodulus,so we sumthe productof the tributary
fault areaand shearmodulusover all N® elementshat containthe fault node. This expressionfor seismic
momentaccuratelycaptureghevariationin themomentoverthefaultfor heterogeneityn bothslip andshear
modulus,andreducedo the usualexpressionequation(2.41))in the caseof uniform slip andhomogeneous

materialproperties.

2.5 Spatial Inter polation

The simulationsoftwarerequiresseveralinput parametershatmay or may not be describedby simplefunc-
tions. In somecasesve may only have a numericalpicture of the dataasdefinedby a setof locationsand
values.This datamay be distributedalonga line, e.g.,materialpropertiesasasa function of depth,anarea,
e.g.,slip asafunctionof dip andstrike on thefault plane,or avolume,e.g.,materialpropertiesasafunction
of locationin thedomain.In ary casewe wantto usethevaluesandlocationsgivenby the datasetto deter
mine valuesat otherlocationsinsidethe domain,usuallynodesor elementcentroids.This sectiondescribes
the methodusedto interpolatevaluesfrom a given spatialdistribution of data. The procedureaccountsfor
thetopologyof the datasetandworksfor ary locationwherewe wantto find thevalues.
Thedatasetprovidesalist of valuesandlocationsin theglobalcoordinatdrame. Additionally, werequire

the datasetto provide aflag indicatingthe topology of the data. Figure2.5 shavs the differenttopologies;
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the datapoints as a group describevariationsin zero dimensions(one point), one dimension(line), two

dimensiongarea) or threedimensiongvolume).We assumehevaluesvary linearly betweerdatapoints(as
explainedbelow), sothatwe interpolateusingthe closestpointsandthe correspondingzalues. The number
of pointsthatwe needdepend®nthe spatialvariationof thevalues.For aone-dimensionadataset,we need
two points(line segment)to describea linearvariationin the valuesfor atwo-dimensionatatasetwe need
threepoints(triangle),andfor athree-dimensionalatasetwe needfour points(tetrahedron)For eachgiven
locationat which we wish to know avalue,we orderthe pointsin the datasetbasedn thedistancerom the
givenlocation. We usethe closestpointsthatallow interpolationto find the value. If the givenlocationlies

outsidetheregion coveredby thedata,we extrapolateusingthe nearestocations.
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Figure2.5: Differenttopologiesof the dataset. (a) Zero-dimensionatlataset(b) One-dimensionatlataset
(c) Two-dimensionatataset(d) Three-dimensionalataset

We now describethe algorithmusedin theinterpolation.Point P denoteghelocationwherewe wish to

know thevalueof somequantitys, ands denoteghevalueof s atpointi.

1. If thedatasetcontainsonly onepoint, thenthevalueat point P is simply thevalueatthe datasetpoint,

andwe aredone.
2. Orderthedatasetbasednthedistancerom point P.
3. Selectthenearespointin thedatasetaspoint 1.

4. Selectthe next nearespointin thedatasetaspoint 2 subjectto the constrainthatpoint P lies between
point1 andpoint2. If nosuchpoint2 exists,we choosepoint 2 asthe next closesfpointin thedataset

afterpoint 1.

5. If thedatasetis one-dimensionathen

N

sdi, (2.43)

ol

Sp:
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whered is the distancebetweenpoint 1 andpoint 2, andd; is the distancebetweenpoint P andthe

pointotherthanpointi asshowvn in figure2.6. We aredone.

6. Selectthe next nearespointin the datasetaspoint 3, subjectto the constrainthatpoint P lies inside
thetriangleformedby point 1, point 2, andpoint 3. If no suchpoint 3 exists,we choosepoint 3 asthe

next closestpointin thedatasetafterpoint 2.

7. If thedatasetis two-dimensionalthen
1 3
sp=~ Y SA, (2.44)
A

whereA is the areaof the triangle formedby point 1, point 2, and point 3, and A is the areaof the
triangleformedby point P andtheothertwo pointsbesidegointi asindicatedin figure2.6(b). We are

done.

8. Selectthe next nearespointin the datasetaspoint 4 subjectto the constraintthat point P lies inside
the tetrahedrorformedby point 1, point 2, point 3, andpoint 4. If no suchpoint exists, we choose

point4 asthe next closestpointin the datasetafterpoint 3.

9. If thedatasetis three-dimensionathen
1 4
= Y SV, (2.45)
V2

whereV is thevolumeof thetetrahedrorformedby point 1, point 2, point 3, andpoint4, andV; is the
volumeof thetetrahedroriormedby point P andthethreeotherpointsbesidegointi. V1 is shadedn

figure2.6(c). We aredone.

(a) (b) (€)
Figure2.6: Interpolationschemedor the varioustopologiesof the datasets. (a) Linear interpolation. (b)
Areainterpolation.(c) Volumeinterpolation.
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2.6 Finite-Element Mesh Creation

We do notattempto write softwareto generateheunstructuredinite-elemenmeshesvith tetrahedrafinite-
elements.lt is not easyto discretizea domaininto tetrahedraandthe complexity of the problemincreases
significantlywhenwe constrainthe nodespacingto matchchangesn materialpropertiesjncludethe fault
planeaspartof thedomaingeometryandforcethetetrahedrdo be asregularaspossible.Consequentlywe
usethe IDEAS softwarefrom the StructuralDynamicsResearctCorporationto generatehe finite-element
mesh.

The first stepinvolvesinputing the geometryinto the IDEAS solid modeler In additionto the basic
domaingeometrywe alsoincludethe fault planeon which we align the elementfacesasdescribedn sec-
tion 2.4.1and othersurfaceson which we wantto force alignmentof the elementfaces. For example,we
usuallyincludethe surfacethat slicesthroughthe centerlineof the fault so thatwe may outputinformation
onthis surface.For fastermeshgeneratiorwe subdvide the domaininto smallerchunks allowing the mesh
generatoto work on only onechunkof the domainat a time. We definethefinite-elementmodelfrom the
geometnyy selectinghefour-nodetetrahedrafinite-elementindspecifyingthenodespacingatappropriate
locationsin thedomain.

We generatehe meshonesub-domairatatime andusetheauto-checkindeatureof IDEAS to insurethe
quality of theelementsn the mesh.Poorquality elementsncludethosewith distortedshapeswhichleadto
largernumericalerrors,andelementsvith non-optimalnodespacingwhichleadto interpolationerrorswhen
the spacingis too large andto reducedime stepswhenthe nodespacingis unnecessarilgmall. We export
themeshin universalfile format,whichis a plaintext file thatis easilyreadby the simulationsoftware.

We alsouselDEAS to extractinformationregardingwhich nodesand elementfaceslie on givenlines
and surfaces. For example,we want to identify all of the nodeson the fault plane,becausaeve usethem
to implementslip of thefault. Similarly, we oftenwantto outputdisplacementime historieson the ground
surfaceor alongstrateically placedines. For planarsurfacespnly onefaceof anelementiesonthesurface,
anda list of the element threenodeson the surfaceuniquely determineghe elementfaceon the surface.
However, for multiplefacesonasurface all four nodesof anelementie onthesurfaceandanywherebetween
two andfour facesmaylie onthesurface.

We mustusean additionalcriterion to separatdhe extraneoudacesfrom the onesthat we want. We
requirethe fault to be a planarsurface,so that only one faceof an elementmay lie on the fault surface,
andwe do not needan additionalcriterion. The surfaceson which we chooseto outputinformationmay or
may not be planar Becauseoutputtinginformationon theseextra surfacesdoesnot affect the solutionand
becausehe penaltyfor outputtingthis additionalinformationis negligible, we allow the extraneousurfaces
to remain.Theabsorbingboundariesisuallyhave planarsurfaceghatmeetwith elementntheintersection
having multiple faceson theabsorbingboundarywith the extraneoudacesarbitrarily orientedrelative to the

boundary Theseextra facescould hamperthe effectivenesof the absorbingooundary We eliminatethem
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by constrainingthe lateral sidesof the domainandbottom (absorbingboundaries}o coincidewith one of
the coordinateaxes. Whenwe formulatethe absorbingboundarywe ignore ary facesthatdo not coincide

with oneof the coordinateaxes. We uselDEAS to createthe groupsof nodesthat coincidewith the desired

geometricentity andexportthemaspartof the universalffile.
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Chapter 3 Implementation of Parallel Processing

Simulationghatinvolvehundredof thousand$o millions of degreesof freedonrequirehundred®f megabytes
to gigabytesof memoryandbillions of floating point operations.Stateof the art workstationsstill lack the
memorystorageandprocessingowerto effectively handlesuchlarge problems Luckily, parallelcomputing
providesa suitableenvironmentfor solving suchproblemsby distributing both the storageandcomputation
amongmary processorsWe do not seekthe optimum parallel software implementationjput do strive for
efficient parallelcomputation.

Severalmethodsand librariesexist to aid in writing parallelcomputingsoftware. We choseto usethe
MessagéPassinginterface(MPI) whichis notalibrary in itself, but a standardnterfacewhich librariesmay
follow. Somemanufcturersdevelop their own implementatiorof the MPI in orderto optimize the code
for the architectureof the supercomputersuchasIntel’'s MPI on the Intel Paragon. In othercasesa third
partyimplementationsuchasMPICH from ArgonneNationalLaboratoryis used.TheMPI standardlefines

numerougunctionsto passnformationamongprocessorandfacilitateinitializing parallelexecution.

3.1 The Center for AdvancedComputing Reseach Supercomputers

TheCenterfor AdvancedComputingResearciCACR) atthe Californialnstituteof Technologyoverseeshe
useof several supercomputerdnitially, we usedthe CACR’s Intel Paragonthathasa total of 512 compute
nodes. Eachcomputenodecontainsan Intel i860 XP microprocessoand 32 megabytesof RAM andis
capableof executingamaximumof 60Mflops. The CACR decidedo retirethelntel Paragorsupercomputer
in the springof 1999, so we switchedto the CACR’s Hewlett PackardExemplar The Exemplarcontains
16 hypernodesvith eachhypernodecontainingl6 Hewlett PackardPA 8000RISC microprocessoraunning
at 180MHz with a peakcapacityof 720Mflops perprocessorthe processorsvithin a hypernodesharefour

gigabytesof RAM. Currently it is thelargestcache-coherergharedmemorycomputerin theworld.

3.2 Domain Partitioning amongProcessors

We distribute the computatioramongthe processordy parcelingthe domainamongthe processorsldeally
we wantthecomputatiorioad evenly distributedamongthe processorssothatwe achieze maximumparallel
performancgprocessorslo not sit idle and they spendnegligible time communicatingwith eachother).
The softwarefollows the single program-multipledata(SPMD) modelof parallelexecutionin which every
processofollows the samealgorithmbut operatesn a differentportion of the domain. In otherwords,we

divide thefinite-elemenmeshinto smallgroupsof elementsaandgive eachprocessobnegroupof elements.
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We mapeachelementto oneprocessarwhile the nodesmay be mappedo morethanoneprocessornodes
thatlie onthe boundariesdetweengroupsmustbe sharedby the processorgontainingelementswith those
nodes.Thelack of arepeatingstructureén meshewith tetrahedraklementsendsto complicatethe problem
of partitioning the mesh. We have usedtwo different partitioning strateies: a stratgy that parcelsthe
elementdaseda simple geometricapproachanda morerefinedstratgyy moreappropriatefor unstructured
mesheghatbalancesheload andminimizesthe communicatioramongthe processors.

Inertial bisectionprovidesa simpleandvery fastmethodfor partitioningthe elementsaamongthe proces-
sors(Williams 1991; Williams 1994). We assumehat the numberof elementsn eachprocessocorrelates
with the computatiortime, sothatwe partitionthe domainbasedsolely on the locationsof the elementsin-
ertial bisectionrecursvely dividesthedomainuntil the numberof partitionsequalsghenumberof processors.
We considereachelementasapoint massawith the massof theelemeniproportionatto thecomputatioreffort
of the degreesof freedomof that element. In this way, we give the elementswith slip degreesof freedom
moremassto compensatéor their additionalcomputationaéffort.

Any numberof partitionsmay be createdby recursvely dividing eachpartition. By adjustingthe distri-
bution of the load at eachdivision, we ultimately createa load (mass)balancedartitioning of the domain.
For example to partitiona meshamongthreeprocessorsye first divide the meshinto two groups,onewith
aload (mass)thatis one-halfof the secondone,andthensubdvide the larger of the two groups. Thethree
resultingpartitionsall have the sameload (mass).Eachdivision requirescomputingthe maximumprinciple
momentof inertia of the currentpartition andfinding the origin of the bisectingplanenormalto the maxi-
mum principle momentof inertiato separatehe elementsgnto two groupswith the desiredloads(masses).
Figure3.1givesanexampleof how inertial bisectionpartitionsanunstructureaneshwith nearlyuniform el-
ementsizes.An exampleof partitioninganunstructureaneshwith largevariationsin elementizesis shavn
in chapter7. Theinertial bisectionmethodcomesfrom a statisticalapproximatiorto the spectralbisection
method.As aresult,it may producepartitionsthatrequiresignificantlymoreinterprocessocommunication
thanothermethods.

The METIS softwarelibrary (Karypisetal. 1999)from the University of Minnesotaprovidesthetoolsto
efficiently partitionunstructuredneshesvhile evenly distributing the computationoad andminimizing the
total communicatioramongprocessorsAs in the caseof inertial bisection,we assigna computationeffort
to eachelement,and adjustthe weightsof elementswith slip degreesof freedomaccordinglyin orderto
accountfor the additionalcomputationagffort they require. Figure3.2 givesan exampleof anunstructured

meshwith nearlyuniform elementizespartitionedusingthe METIS library.

1Theamountof additionalmassrequiredto balancethe load depend®n the architectureof the supercomputeandthe efficiency of
theinterprocessocommunicatioribraries.
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Figure3.1: Exampleof partitioningof anunstructureaneshamongeightprocessorsisinginertial bisection.
Eachpatchof coloridentifiesthe element®f asingleprocessarThe domaincontainshomogeneoumaterial
propertiessothe elementizesarenearlyuniform.

3.3 Parallel Computation

Efficientlyimplementingparallelcomputatiorrequiresminimizingthecommunicatioramongthe processors.
Bottlenecksoccurwhen processorsnust passinformationto eachother especiallywhenthey must pass
informationto all of their neighbors. Each processoiformulatesmatricesand vectorsfor its degreesof
freedomin the samefashionaswe would normally formulatethe global matricesandvectors. In orderto
couplethe matricesandvectorsoverthe entiredomain(acrosgheprocessors)ve assembléhematricesand
vectorsby having eachprocessopasgsheentriesfor thosedegreesof freedomit sharewith otherprocessors
to the appropriateneighbor Notethatit is muchmoreefficientto assemblerectors,which requirepassing
oneentry per shareddegreeof freedom,thanto assemblenatrices which requirepassingan entirerow per
shareddegreeof freedom.

Onereasorwe choosdo numericallyintegratethedynamicelasticityequatiorusingthecentral-diference
schemas thatit is well suitedfor parallelprocessingUponexaminingequation(2.5) we seethatthefactor
Elz[M] + 5 [C] ontheleft-handsidedoesnot changewith time, sowe needto formulateit only once;each
processocomputeghelocal portionof theterm,andthenwe assemblehe vector(diagonalmatrix storedas
arow vector)acrosghe processorsTheright-handsidechangesignificantlyfrom time stepto time step,so
at eachtime stepeachprocessoformulatesthe local versionof the entireright-handside of equation(2.5)

beforeassemblingt acrossthe processors.As a result, the numericalintegration involvesinterprocessor
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Figure3.2: Exampleof partitioningof anunstructuresneshamongeightprocessorssingtheMETIS library.
Eachpatchof coloridentifiesthe element®f asingleprocessarThe domaincontainshomogeneoumaterial
propertiessothe elementizesarenearlyuniform.

communicatioronly whenwe assembléhe vectoron the right-handside, which occursjust oncepertime

step.

3.4 Parallel Input and Output

File inputandoutputbecomeslightly morecomplicatedvhenexecutinga programon multiple processors.
Onestratagy involvesletting eachprocessoreadandwrite to its own file; however, this mayleadto operating
systempanicswhenthereare hundredsof processorsAdditionally, post-processingecomesumbersome
becauseve mustcompile datafrom hundredsof files. An alternatve strateyy involves parallelinput and
output, or letting eachprocessoreadandwrite from the samefile. This strateyy is particularly effective
whenthe supercomputecontainsa parallel file system,e.g., the Intel Paragon. The simulationsoftware
includesa simple parallelinput/outputlibrary which interfaceswith the MPI and, in the caseof the Intel
Paragonthe parallelfile system.

Theparallelinput/outputibrary givescontrolof thefile pointerto amasteiprocessanVe allow themaster
processoto readandwrite from thefile asit wishesduringwhichit updateshefile pointer Whenwe wantto
outputinformationcontainecbn multiple processorghemasteiprocessocoordinateshereadingandwriting

to insurethat eachprocessoreadsandwrites from the properplacein the file. Whenmultiple processors
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write information,we orderthedatabasedntherankof eachprocessarsothe datafrom processor follows
thedatafrom processor — 1 andimmediatelyprecedeshedatafrom processor+ 1. Whenwe wantto write

in parallel,we follow thealgorithmbelow (readingin parallelis similar).
1. Eachprocessosendghe mastemprocessothe numberof bytesit wantsto write.

2. The mastemprocessocomputeghe file positionwhereeachprocessoshouldbegin writing basedon

thecurrentfile position(whichit stores).
3. Themastersendgo eachprocessothefile positionwhereit shouldbegin writing its data.

4. All processorsvrite their dataat the designatedocations.

3.5 Globhal Mesh Refinement

Asdiscussedh section?2.6,we uselDEAS to generatehefinite-elementneshesandevenwith smallmeshes
we mustsubdvide the domainto expeditethe meshgeneratiorprocess.To further reducethe load on the
meshgeneratarwe createthe meshata coarsaesolutionin IDEAS, andthenglobally refinethe meshto the
desiredresolutionat the beginning of the simulation. Eachprocessorefinesits own portion of the domain,
andby following the samerefinementstratayy, the elementfacesmatchalongall interprocessoboundaries.
Theglobalrefinementoesnotrequireextensive computatioreffort, soit is simply amatterof corvenienceo
refinethe meshesn parallel;theinputfile for the simulationmayremainat coarseresolutionwhich reduces
disk storage.This allows IDEAS to createa meshthat containsonly a fraction of the numberof nodesand
elementswe usein the simulation. We currently implementtwo differentresolutionsof refinement:one
thatreduceghe nodespacingby afactorof two (2x refinementandonethatreduceshe nodespacingby a
factorof four (4x refinement).We apply the refinementtrateyy to all elementdn the samemanney sothe
resolutionof thecoarsemeshmustbefine enoughto capturethe propervariationsin nodespacingwe satisfy
this requirementy carefully selectingthe locationsof the elementsize control points andthe designated
elementsizeswhenwe createthe coarsemesh.

If we chooseto outputinformation at the coarseresolution,we substantiallyreducethe file sizeswith
minimal lossesof information. For example,we expectthe final displacementsand stresse$o be much
smoothetthanthe shortesipropagatingvave, sothe coarsemesh,evenwith four timesthe nodespacingof
thefine mesh,presentsain accuratepictureof thefinal displacementandstresseshut requiresessthan2%

of thedisk spaceneededo storethe displacementandstressesat the completeresolution.

3.5.1 ElementSplitting

In 2x refinementwve split eachelementin the meshinto eightelementsasshavn in figure 3.3. We addnew

nodesatthemidpointsof theedgeof theoriginal tetrahedronFor aregulartetrahedromwith edgeof length
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| in the coarsemesh,we createfour regular tetrahedravith edgesof Iength'—2 andfour irregulartetrahedra
with edgesof length '—2 and ﬁ Consequentlythe global refinementalgorithm doesslightly degradethe
quality of the elementshut not enoughto adwerselyaffect the solution. In this case the meshgeneratedn

IDEAS containsonly one-eightlof the numberof elementf the meshusedin the simulation.

Figure 3.3: Diagramof elementsplitting in 2x refinementprocedureduring which we divide eachelement
into eightelementsandreducethe nodespacingoy afactorof two.

In 4x refinementve split eachelemenin themeshinto 64 elementsasshowvn in figure 3.4. Duringthe4x
refinementwve do not recursvely refinethe elementusingthe 2x refinementprocedurebecausehe quality
of the elementswvould continueto degradeat the secondevel of refinement.Instead we follow a different
procedurethat addsnewv nodeson both the edgesandin the interior of the original element. We add nen
nodessuchthat eachnodelies exactly betweentwo othernodes.From a regulartetrahedrorwith edgesof
lengthl, we create24 regulartetrahedravith edgesof Iength"—1 and40 tetrahedravith edgesof Iength"—1 and
2'—\[2. Thedisparitybetweerthelengthsof the edgesf thetetrahedraemainghe sameasthe 2x refinement.
In this case the numberof elementdn the coarsemeshgeneratedn IDEAS is approximatelyl.6% of the
numberof elementdn the fine meshusedin the simulation. This givesa tremendouseductionin thetime
andeffort neededo generatea mesh.

Whenwe globally refinethe meshandcreatenew nodesandelementsye mustadjusttheboundarycon-
ditionsaccordingly As discussedh section2.6, we uselists of nodesor nodalgroupsto uniquelydetermine
the elementfacescomposingthe boundaryconditions,e.g., the absorbingboundariesand the fault plane.
During the meshrefinementwhenever we createnew nodeson anelementfaceassociatedvith aboundary
condition,we addthe nodesto thelist of nodesfor thatboundarycondition. We alsofollow this procedure
to modify lists of nodesassociatedavith the surfaceson which we outputtime histories,whenwe selectto

outputtheinformationatthefine resolution.
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Chapter 4 Dynamic Energy Balancefor Earthquakes

We computethe enegy balancefor our simulatedearthquakswith the objectve of learningmore about
the physicsof the ruptureprocess.As we will discusshbelow, the only forms of enegy availablefrom the
simulationsare the radiatedenegy, the changein potentialenegy of the earth,andthe changein thermal
enegy of theearth.Theenegy balancealsoprovidesanadditionaltool to measurghesizeof theearthquale,

andthe changdn thermalenegy allows estimationof the degreeof meltingon the fault.

4.1 Derivation of Dynamic Energy Balance

We startwith the consenration of enegy for the entire earth. We neglect all externalforces, suchasthe
gravitationalforcesfrom the sunandthe otherplanetsthereforewe have no changen theinternalenegy of
the earth. As givenby equation(4.1), theinternalenegy of the earthinvolvestheradiatedenegy (Eg), the
changen thermalenepgy (AQ), andthechangen the potentialenegy (AW).

Er+AQ+AW =0 (4.1)

The changein potentialenegy involveschangesn the strainenegy, changesn the gravitational potential
enegy, and changesn the rotationalenegy of the entire earth. For prescribeduptureswe do not model
thesliding friction on the fault, sowe candetermineneitherthe changein thermalenegy nor the changen

potentialenegy. The only quantityin the enegy balancehatwe cancomputeis the radiatedenegy. When
we usedynamicfailureto modelthe slip on thefault, we do modelthefrictional sliding, sowe cancompute

eachtermof theenegy balancegivenby equation(4.1).

4.2 Radiated Energy

Whenwe think aboutenegy and earthquaks,we often only considerthe radiatedenegy, becauseve as-
sociateit with the groundmotionsandcanestimatet from groundmotionrecords.Similarly, in numerical
modelsthe radiatedenepy is readily availablefrom the earthquak simulationby finding the enegy of the
wavespropagatingaway from the seismicsource.The eartheventuallydissipatesll of the radiatedenegy
throughmaterialdamping.Whenwe truncatethe edgesf thedomainin orderto modelonly a smallportion
of the earth,the absorbingboundariesasdiscussedn section2.3.3, mimic the wavespropagatinghrough
theboundariedy absorbinghewavesthroughthe useof dampersAs aresult,in our discretizedmodelsthe

dampingmatrix containsa completedescriptionof how the domaindissipatesheradiatedenegy, sowe use
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it to computetheradiatedenegy. Generally we do not specifyenoughtime stepsin the time integrationfor
theabsorbingooundarieso completelyabsorball of the radiatedenegy, anda smallamountof the radiated
enegy remainsin the domainaskinetic enegy. We addthis kinetic enegy to the enegy absorbedhrough
thedampingmatrix to find thetotal radiatedenegy. For thedomaindiscretizedn bothspaceandtime, equa-
tion (4.2) givesthetotal enegy radiatedfrom the seismicsourcewhere{u(t)} is the velocity vectorattime

t, [C] is thedampingmatrix, [M] is themassmatrix, At is thetime step,andN is the numberof time steps.

N
Er=At le(Mt))[C]{U(mAt)} + %(U(mﬂt))['\ﬂ]{u(ﬁm)} (4.2)

4.3 Changein Thermal Energy

Earthquakschangethe thermalenegy of the earthin four ways. The primary contribution comesfrom the
generatiorof heatby the frictional sliding on the fault. Additionally, the fracturingof materialsin the fault
zonecreatedatentheat. The radiatedenegy eventually dissipatesnto heat,but we chooseto considerit
separatehasdiscussedbove. If we assumehatthe strainincrementghroughoutthe earthoccuradiabati-
cally, thenthey causechangesn temperaturén the samefashionthatthe adiabaticexpansionof a gascauses
adropin temperaturgFung1965). We will assumehatthe strainincrementscausea negligible changen
temperaturesothatwe may neglectthe changan thermalenegy imposedby the adiabaticchangen strain.
Therefore,we areleft with the changein thermalenegy causedy frictional sliding andthe fracturing of
materials.

We chooseto include both the fracture behaior andthe sliding behaior in the friction model. Con-
sequentlythe enegy dissipatedhroughfrictional sliding includesboth the latentheatassociateavith the
fractureenegy andthe heatgeneratedy sliding. To find the enegy dissipatedas heatduring frictional

sliding on thefault, we begin with theincrementf heat,dQ(t), createdduringanincrementf slip, dD(t),

dQ(t) = o1 () dD(t) dS, 43)

wheregi (t) is thefrictional stressatapointonthefaultsurfaceanddSis thedifferentialfaultarea.Integrating

overthefault surfaceandslip yields

AQ(t) = /D . /S o1 (t)dDdS (4.4)

Corvertingtheintegral over slip to anintegral overtime produces

AQ(t) = /t [S o1 (OD(t) dSdt, (4.5)

whereD is the slip rate. Finally, for a domaindiscretizedin time and space equation(4.6) givesthe total
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changein thermalenepy for anearthquak, whereAt is thetime step,(Fs (1)) is thefriction force vectorat

timet, andN is the numberof time steps.

N

AQ(t) = At Y (Fr(mAt)){D(mat)} (4.6)

m=1

4.3.1 Changein Temperature on the Fault

Theheatgeneratediuringsliding onthefaultwill increaseéhetemperaturén aregion surroundinghefault.
Thetotal changen thermalenegy on the fault, which we computefrom thefriction andsliding on the fault
asdiscusse@bove,includesboththe fractureenegy andthe heatgeneratedby sliding. We will assumehat
thefractureenegy is muchsmallerthanthe heatgeneratedby sliding, sothatwe mayusethe changen total
thermalenegy at eachpoint on the fault to computethe changein temperature We find the incrementin

temperaturedT, ata pointon thefaultfrom theincrementn heat,dQ, using

_dQ()
- Cypdds’

4.7)

whereC, is theheatcapacityperunit massy is thedensity d is thedistanceperpendiculato thefaultwhere
the heatis trapped,anddS is the differentialfault area. Substitutingin the expressionfor the incrementin

heatatapointonthefault(equation4.3))andcorvertingtheincremenin slip to aslip rateoveranincrement

in time yields
of(t)D(t)dt
a7 = ————. 4.8
Cood (4.8)
Integratingovertime to find thechangen temperaturg@roduces
AT = / . 4.9
Cvpd (4.9)

After discretizingthedomainin spaceandtime, we find thatequation(4.10)givesthechangen temperature
ata point on thefault, whereF (t) is thefriction forceattimet, At is thetime step,andN is the numberof

time steps.

% Fr(mAt)){D(mAt)} (4.10)

4.4 Changein Potential Energy

We definethechangen potentialenegy asthe enegy releasedy theslip onthefaultassuminghattheslip
occursquasi-staticallyandthatthe domainbeharesaccordingto linear elasticity Becauséoththeradiated

enegy andthe changein heatenegy mustbe positive, consenration of enepgy dictatesthat the changein
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potentialenegy mustbe negative. This dropin the potentialenegy allows earthquaksto releasesnegy as
propagatingvavesandgeneratdeatthroughfrictional sliding.
We follow a proceduresimilar to thatof SavageandWalsh(1978)andDahlen(1977)to find the change

in potentialenegy dueto anearthquak. We startwith thechangen enegy for anincremenf slip,
dW = —a(D)dDdS, (4.12)

wheredW is theincrementakhangen potentialenegy, o is the shearstressat a pointonthefault, D is the
slip ata pointonthefault,dD is theincrementof slip, anddSis thedifferentialfault area. The negative sign
indicateshe shearstresopposeslip. Assuminga linearly elasticmedium,the stressollows

o(D(t)) = —oo+ ?Ao, (4.12)

whereg, is the shearstresgust prior to the earthquak, a(D(t)) is the shearstressafterthefault hasslipped
anamountD(t), D(t) is theslip attimet, D is thefinal slip, andAc is thefinal stressdrop. We follow the
corventionthata decreasén stressgivesa positive stressdrop. Substitutingthe stressat slip D(t) into the
expressiorfor theincrementathangen potentialenegy andintegratingover boththeslip andthefaultarea

produces

// PO agydDds (4.13)

Integratingover the slip andsimplifying produces
1
AW = -3 / (Go+01)DdS, (4.14)
s

whereD anda; aretheslip andstressat a point on the fault afterthe earthquak. After discretizingin time
andspace equation(4.15) givesthe changein potentialenegy causeddy an earthquak, where(F (0)) is
the friction force vectoron the fault at zeroslip and (R (D)) is the friction force vectoron the fault at the

completionof slip.

AW = —Z((R(0)) + (R(D))){D} (4.15)

From the point of view of understandinghe physicsof the rupture,we would like to decomposehe
changein potentialenepgy into the changein strain enegy and changein gravitational potentialenegy.
As shavn by Savageand Walsh (1978) and Dahlen(1977), we cannotdeterminethesechangesn enegy
whenwe truncatethe domain,becauseall pointsin the earthcontribute equally to the computationsthe
domainmustencompasshe entireearthin orderto computethe changein strainenegy andthe changen

gravitational potentialenegy. Additionally, we neglectthe changein Earth's rotationalenegy causedy
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earthquaksfor the samereasont

4.4.1 Topography and Changesin Gravitational Potential Energy

If we coulddeterminethe changean gravitational potentialenepy, it might leadusto a betterunderstanding
of the creationof mountaindueto thrustearthquaks. The following simplethoughtexperimentillustrates
thegeneraimechanisnby which earthquakschangehegravitationalpotentialenegy of theearth.Consider
two containerf anincompressibldluid with widthsb; andb; asshovnin Figure4.1. Figure4.1(a)shovs
the containerdilled with fluid to heightsof h; andhy. We maythink of thetwo containerf fluid asthetwo
sidesof athrustfault with the heightsof the fluid correspondingo the level of the surfacetopography The

gravitational potentialenegy of this configurations

1 1
W, = 51 (Pghiby) + Zhz(pghabz). (4.16)
d —

hy hoby

h:b by—d

hi b11—+%1 2
b1 by b1+d b,—d
(@) (b)

Figure4.1: Configurationf the two fluid containers(a) Original configuration(b) Configurationafterthe
divider movesa distanced to theright.

We move the divider a distanced to the right. This represents slip of d that generateshe upward
movementof the hangingwall andthe subsidencef the footwall in a thrustearthquak. The gravitational

potentialenegy of thefluid in the containerdecomes

_ 1/ hib; 1/ hoby
We, = 5 <b1+d> (Pghuby) + 5 (bz—d) (Pghghy). (4.17)
Thechangdn gravitational potentialenepgy is
MG =Wg, —Weo
1 hb,  hib
_épgd(bz—d_bl+d ' (4.18)

1ChaoandGross(1995)computedhechangén therotationalenegy of theearthfor acatalogof earthqua&susingmodaltechniques
andpointsources.
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The movementof thedivider increaseshe gravitational potentialenegy if

h2b,  h2by

by d > bird’ (4.19)

whichis nonlinearin themovemenif thedivider, d. Evenfor this simpleanalogythe gravitational potential
enegy changesn a nonlinearfashion. If we startwith equalheightsand widths of the fluid containers

(h1 = hz andb; = by), the expressiorfor thechangen gravitational potentialenegy reducego

M = pgdh%blbzdfzdz, (4.20)
1

andthe changein gravitational enegy is secondorder This correspond$o no surfacetopographybeing
presenbeforetheearthquak. Ontheotherhand,whensurfacetopographydoesexist, the changen gravita-

tional potentialenegy is first order
For the sameslip distribution on a given fault, the greaterthe differencesn topographicfeatures the
largerthe changen gravitational potentialenegy. In otherwords,for mountain-tuilding thrustfault earth-
gualeswith thesameamountof slip, eachsuccessie earthquak leadsto greaterchangesn the gravitational
potentialenegy. If the changein potentialenegy is the samefor eachevent, the changein strainenegy
mustbecomemorenegative to balancethe ever greaterchangesn gravitational potentialenegy. We do not
know how the seismicbehaior changesvith theseprogressiely largerchangesn the strainenegy andthe
gravitational potentialenegy, becaussve cannotcomputethechangen strainenegy andchangen gravita-
tional potentialenegy. We mustrely onthe stressstateasdiscussedn section8.2.3for insightinto theroles

of gravity andtopographyin seismicevents.
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Chapter 5 PrescribedRupture

Whenwe simulateearthquaksusing prescribeduptures,we setthe slip time history at eachpoint on the
faultaccordingo somepredeterminedetof parametersThis methodworkswell whenwe wantto compute
thegroundmotionsfor scenariosvith well known sourceparameterssuchasthefinal distribution of slip on
the fault, rupturespeedandmaximumslip rate. On the otherhand,we ignorethe dynamicsof the rupture
procesdy not modelingthefrictional sliding on thefault surface. Insteadwe focuson the groundmotions

resultingfrom the choiceof the earthquak sourceparameters.

5.1 Earthquake Source

With the useof slip degreesof freedomto modelthe earthquak sourceasdescribedn section2.4.1,ateach
time stepwe setthe displacementsf the slip degreesof freedomto createthe appropriaterelative motion
betweerthe sidesof the fault. In the numericalintegration (equation(2.5)) we setthe displacementsf the
slip degreesof freedomattimet + At, sowe mustsubtractthe known valuesof the left-handsidefrom the
right-handside. We subtractheterm (A—%Z [M] + o5 [C]) {u(t + At) } from theright-handsidewherethe only
nonzeroentriesin {u(t + At) } arethe displacement$or the slip degreesof freedom. By usingthe already
assembledersionof ﬁ[M] + 5%[C], this calculationdoesnot requireary interprocessocommunication,

andwe subtracthis productfrom the alreadyassembledight-handside.

5.2 Slip Time History

The slip time history controlsthe progressiorof slip over time. The slip time history at eachpoint on the
fault hasthe samefunctionalform, but we setthe time constantghatcontrolthe precisetime historyat each
point basedn the specifiedvaluesof thefinal slip andmaximumslip rate. We usea uniform maximumslip
ratebut allow spatialvariationof thefinal slip aswe will discussbelow in section5.3. Allowing variationsin
final slip while usinga uniform maximumslip rateproducesvariationsin the slip rise timeswith longerrise
timesat pointswith largervaluesof final slip.

For the slip time history in a givenscenariowe chooseoneof the threeshapeshawn in table5.1 and
figure5.1. One-halfof a periodof the cosinefunctiongivesanextremelysimpleslip time history. To createa
causaklip time history from the non-causafunctionalform of the errorfunction,we truncatethe beginning
portion of error function time history. With two time constantsn the error function, we may selectboth
the maximumslip rateandthe time whenit occurs. However, the time of the maximumslip ratemustbe

late enough,so thatthe portion we truncateremainsnegligible. Olsenand Archuleta(1996)often usethis
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| Shape] Slip function | MaximumSlip Rate |
cosine| =0 Lsin(2nzh) 2
t—tp—1 1
et | §(tref(S5)) 7
Brune | 1— exp( (t t")) (1+50) i

Table5.1: Functionalforms of thethreeslip time history shapesSlip beginsattimet = tp, andt, 11, andt,
areall time constants.
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Figure5.1: Slip andslip rateasafunctionof time for thethreeshape®f theslip time historyfunctions.Each
slip time history hasthe samemaximumslip rate.We have sett, = 0 for corveniencesoslip beginsatt = 0.

shapewhensimulatingearthquakswith prescribeduptures.Typically, we usethe third shapethe integral
of Brune’s (1970)far field time function, for the slip time history. In contrastto the othertwo shapesthe
acceleratioms nonzerovhenslip begins. Additionally, themaximumslip rateoccursearlyin thetime history;
which leadsto an non-symmetricslip rate. Whena point startsto slip, we expecta nonzeroaccelerationso
this third shapematcheanorecloselywith whatwe expectphysically

Theshapeof theslip time historyalongwith therupturespeedontrolsthefrequeng contentof thewaves
generatedn the domain. As discussedn section2.3, we needten nodesper wavelengthfor the shortest
periodsheawave. We now examinethe frequeny contentof the slip time historiesusingthe magnitudeof
the Fourier coeficients. Figure5.2 shavs the magnitudeof the Fouriercoeficientsfor eachslip time history
asa function of frequeng. As we approach).75Hz from the left, eachdistribution falls off at a different
rate with the error function falling mostrapidly andthe integral of Brune’ far field time function falling

gradually Above about0.75Hz, all threehave nearlyidenticalfrequeng distributions. The bandlimited
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featuresof thesethreeslip time historiesmatchwell with our constraintof simulatingonly the long-period

groundmotiondueto thelimited resolutionof thefinite-elemenimesh.
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Figure5.2: FastFouriertransform=f thethreeshape®f slip time historyfunctionsusingtime historieswith
1024points,atime stepof 0.02sec,andthe sametime constantasthoseusedin figure5.1.
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5.3 Slip Distrib ution

We usethe spatialinterpolationprocedureoutlinedin section2.5 to specifythe final distribution of slip on
the fault surface. With a densepopulationof points, we may independentlyspecify the final slip at each
nodeon thefault surface. In generalwe wanta relatively uniform distribution of slip thatis taperedat the
edgesandmay or may not containsomedegreeof heterogeneityConsequentlywe nearlyalwaysusethree
simple constructiontechniquego generatahe spatialdistribution. We taperthe slip at threeor four of the
edgesusingan exponentialfunction. Scalingthe nominalvalueof slip produceghe desiredaveragevalue.
Introducingcircularasperitieof varioussizesandvaluesgivesheterogeneityo the distribution.

We taperthe slip at the edgesof the fault to emulatethe smotheringof the ruptureat the boundarieof
the fault surface. We taperall four edgeswhenwe bury the fault, but may allow the ruptureto reachthe
surfacewhenthefaultreacheshe surfaceby taperingonly threeedgesij.e., thelateraledgesandthe bottom.
Equation(5.1) givesthe final slip asa function of locationalongthe strike, p, andlocationalongthedip, q,
whereD, denoteghe nominalvalueof final slip andd denotesadistancewhich controlsthe rateof decayof
slip. Figure5.3illustratesthe coordinatesystemwith the centerof thefault givenby (po,go). TheconstanC
controlson how mary edgeswe taperthe slip. We setC = 0 whenq > g, andwe wantto tapertheslip on

only threeedgesandwe setC = 1 whenwe wantto tapertheslip alongall four edges.

D =Dy (1—exp(w)) (1—Cexp(w>) (5.1)
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p
Figure5.3: Strike anddip coordinatesisedin the slip taperingfunction.

We addcircularasperitieswith differentradii andheightsto give heterogeneityo thedistribution. Equa-
tion (5.2) givestheheightof theasperityasafunctionof radius.Theradiusr, denotegheradiusatwhichthe

heighthasdecayedo 5% of the peakvalue. Figure5.4 illustratesthe cross-sectiomf anasperityof height
D, andradiusra.

2
D =Daexp (—:—2) , Where (5.2)
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Figure5.4: Cross-sectioof anasperitywith heightD, andradiusr .
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5.4 Rupture Speed

We settherupturespeedelative to thelocal sheamwave speed f, insteadwe chooseto ignorevariationsin
materialpropertiesand enforcea uniform rupturespeedwe will have large variationsin the rupturespeed
relative to the shearwave speed.Numericalmodeling,suchasthatin chapter8 andthatby Burridgeet al.
(1979),suggeststablerupturestendto propagateat nearly uniform speedselative to the local shearwave
speed.Consequentlywe imposea uniform rupturespeedrelative to the local shearwave speed.The speed
of the rupturegovernswhenadjacentpointson the fault shouldstartto slip. This meanghatspecifyingthe
rupturespeednvolvessettingthe time wheneachpoint on the fault beginsto slip. Therupturestartsat the
hypocenterwhich we requireto coincidewith a nodein thefinite-elemenimodel. Thefollowing algorithm
outlineshow we prescribethe time whenthe sidesof the fault begin to move relative to eachotherat each

nodeon thefault.

1. Setthehypocentenodeto startslippingattimet = 0 (to = 0 in table5.1).

2. Setthetime whenslip beginsfor all nodesadjacento the hypocentenode.We usethefinite-element
facesonthefault planeto defineadjacennodeswhichin this casemeanghatthenodedie onanedge
of anelementfaceonthefaultplane.For nodei adjacento thehypocentenode,whichliesonanedge

of lengthl containedn elementj, thetime whenslip beginsis

to = min(%Bj,j =1...N), (5.3)

wherev; is the rupturespeedasa fraction of the local shearwave speed(3) andN is the numberof

elementaith edgesonthefault planecontainingthe hypocentenodeandnodei.
3. Iterateto propagatehe rupturefront (starttimes)alongeachelementaceon thefault surface.

(a) For eachelemenfaceonthefault plane,we checkto seeif we changedary of the starttimesfor
its nodesn thelastiteration. If we did changeatleastonestarttime andhave assignedtarttimes
to atleasttwo nodesontheface(whichwewill denoteasnodeA andnodeB), thenwe setthestart
time atthe nodewith the lateststarttime (which we will denoteasnodeC) usingequation(5.4).
We changethe starttime atnodeC only if the new starttime is earlierthanthe previousone.We

denotethe starttime at nodeA astp, the starttime at nodeB astg, andthedistancebetweemode
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i andnodej asdij. Figure5.5illustratesthe otherquantitiesusedin equation(5.4).

dep
to = —, where 5.4
0 VI'B ( )
d2p = r2+ d3c — 2rgdac cog(B; + 6)
ra = Vita
s = Vtg
1 r2 —r2
b=>(dag+ 22
2 ( AB+ drs )

0, = arccos(#) from AABC
B

2 )
01 = arccos(m) from ABCD
2dapdac

(b) Find the numberof starttimeswe changedhis iteration. If we did not changeary starttimes,

thenwe aredone.Otherwise continueiterating.

Figure5.5: Diagramof the quantitiesusedto propagataupturefront alongan elementface. The element
faceis AABC, point D is theapparenhypocenterandwe setthe starttime atnodeC.
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Chapter 6 Validation of Simulation Software

In this chaptewe discusghevalidationof the simulationsoftwarein termsof how well it succeedén mod-
eling thewave propagationWe checkthe groundmotiontime historiesto verify thatthey accuratelypredict
boththe arrivals andamplitudesof the variousphases Additionally, we examinethe final displacementin
the groundmotionsto seehow well they matchthosepredictedby a staticanalysis.The performancef the
absorbingoboundarywill alsobe evidentin thegroundmotions.For the validationwe solve the problemof a

propagatinguptureon a buried, dipping, finite faultin ahomogeneoubalf-space.

6.1 Domain Geometry

We modela region 60km long by 60km wide down to a depthof 24km. As shawvn by figure 6.1, we bury

the 28km long and 18km wide fault 8.6km below the surface. The fault strikeswestanddips 23 degrees
to the north. We imposea rake angleof 105 degreesfrom the strike; this correspondso @ = 270 degrees,
0 = 23deggreesandi = 105degreesn figure2.4. We usehomogeneousiaterialpropertiesvith adilatational
wave speedbf 5.85km/se¢ a sheawave speedf 3.40km/seg anda densityof 2500kg/me. Thesematerial
propertiexorrespondo thosetypically found at depthsof 10-20km.

\Q—24_00km—~7\

— -

Figure6.1: Orthographicview of domaingeometryusedfor validationof the simulationsoftware. The star
denoteghe hypocenter We examinethe final displacementalongthe two dash-dottedines on the ground
surfaceandvelocity time historiesat sitesA-D.
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We createdhefinite-elementnodelatacoarsaesolutionandusedhe2x refinemenproceduraliscussed
in section3.5to globally refinethe meshto a resolutionof ten nodesperwavelengthfor a shearwave with
a periodof 2.0sec. The coarsemeshcontains6389nodesand31,879elementsthe meshat fine resolution
containsapproximately400,000nodesandtwo million elements.The simulationtook 1.2 hoursusing 64
processor®n the Intel Paragonor 40 minutesusing12 processor®n the Hewlett PackardExemplarat the
CACR.

6.2 Validation of Ground Motion Time Histories

We prescribedheslip ateachpointonthefaultusingtheintegral of Brunesfarfield timefunctionwith afinal
slip of 1.0m andamaximumslip rateof 0.74m/sec Thehypocenteties alongthe east-westenterlineof the
faultata depthof 15km. Therupturepropagatesway from thehypocenteatauniformspeedf 2.7km/seg
which is 80% of the sheamwave speed.We comparethe groundmotionsgeneratedisingthe finite-element
modelwith onesgeneratedisingpointdislocationsolutionsobtainecby discrete-vave-numbefinite-element
techniques.

We comparerelocitytime historiesatfour sitesonthegroundsurface labeledA, B, C,andD in figure6.1.
SiteA liesdirectly above thetop of thefault, andsite D lies attheabsorbingboundary Figures6.2—6.5shav
the north-southand vertical componentof the velocity time historiesat eachsite for the two simulation
methods.All of the time historieshave beenlow-passfiltered usinga Butterworth filter with a cornerfre-
gueng of 0.5Hz. We do not seeary evidenceof delaysin arrival of the phasesandthevelocity amplitudes
agreereasonablywvell. We wantthe bestaccuray wherethe motionis mostsevere,and,indeed,this is the
case.Thetime historiesfor theverticalcomponenmatchverywell, especiallycloseto thefault. Thelimited
amountof enepgy arriving latein thevelocity time historiesof thefinite-elemensimulationconfirmsthatthe
absorbingooundariesmdequatelhpreventreflectionsfrom the lateralsidesandthe bottomof the domain. At
the absorbingboundary site D, the velocity time historiesagreelesswell, but aswe noted,the absorbing
boundarydoesits job. Therefore we find the level of accurag of the groundmotionsacceptableprovided

thatwe don't usethe siteson the absorbingooundaryin ary analysis.

6.3 Validation of Static Displacements

In additionto verifying the velocity time histories,we alsocomparehefinal displacement&om the finite-
elementsimulationwith the displacementsomputedrom a staticanalysis.For the staticanalysiswe com-
pute the displacementfrom point sourcedislocationsusing the analytical solution given by Heatonand
Heaton(1989). We uniformly distribute 2016 point sourcesover the fault surfaceto mimic the uniform slip

of 1.0m in thefinite-elemenmodel. We examineall threecomponent®f displacemenalongthenorth-south

1David Wald at the United StatesGeologicalSurwey office in Pasadenarovided thesetime histories. More detailsregardingthe
methodhe usedmaybefoundin the paperby Hall etal.(1995).
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Figure6.2: Velocitytime historiesin thenorth-souttandverticaldirectionsatsite A, whichis locateddirectly
above thetop of thefault. Thesolid linesindicatethetime historiesfrom the finite-elemensolution,andthe
dashedinesindicatethetime historiesfrom the discrete-vave-numbeisolution.
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Figure6.3: Velocity time historiesin the north-southandverticaldirectionsat site B, whichis located10km
southof the top of thefault. The solid linesindicatethe time historiesfrom the finite-elementsolution,and
thedashedinesindicatethetime historiesfrom the discrete-vave-numbeisolution.

running centerlineof the domainandalongthe east-westine alongthe top of the fault, asdenotedby the
dash-dottedinesin figure6.1.

Figure 6.6 showvs the comparisorbetweenthe horizontalcomponentalongboth lines. Figure6.7 and
figure 6.8 demonstrate¢he vertical displacementalsomatchwell alongthe north-southandeast-westines.
The rake angleof 105 degreesdeformsthe groundsurfaceto the southand slightly to the east(visible in
figure 6.6 andfigure 6.8). Approachingthe edgesof the domain,the north-southdisplacementérom the
finite-elementmodelgraduallydiverge from thoseof the staticanalysis,becauseahe absorbingboundaries
do not modelthe stiffnessof thetruncatedbortion of the domainasdiscussedn section2.3.3. This leadsto

a slightly slower decaywith distancefrom the sourcein thefinal displacementsf the finite-elemenmodel
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Figure6.4: Velocity time historiesin the north-southandverticaldirectionsat site C, whichis located20km
southof the top of thefault. The solid linesindicatethe time historiesfrom the finite-elementsolution,and
thedashedinesindicatethetime historiesfrom the discrete-vave-numbeisolution.
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Figure6.5: Velocity time historiesin the north-southandverticaldirectionsat site D, whichis locatedon the
absorbingooundaryand 25km southof the top of thefault. The solid linesindicatethe time historiesfrom
the finite-elementsolution, andthe dashedines indicatethe time historiesfrom the discrete-vave-number
solution.

comparedto the analytical solution. The east-westdisplacementgxhibit excellentagreementcrossthe

domain.

6.4 Discussion

The resultsfrom the finite-elementsimulation shov close agreementvith thosefrom the discrete-vave-
numbertechniqueandthe staticanalysis.The absorbingooundaryeffectively preventscontaminatiorof the

solutionin the interior of the domainfrom reflectionsoff the lateral sidesand the bottom of the domain.
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Figure6.6: Horizontalcomponent®f thefinal (static)displacementalongtwo lines on the groundsurface.
Thedottedline indicateshe projectionof thefault planeontothegroundsurface. Thenorth-soutHine passes
thoughthe centerof the domain,andthe east-westine alongthetop of the fault. Thethin, solid lines shov

theoriginallocationsof thelines. The displacementiave beenscaledby afactorof 50,000.
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Figure 6.7: Vertical and north-southcomponentf the final (static) displacement®n the groundsurface
alongthe north-soutHhine passinghoughthe centerof the domain. The dottedline indicatesthe projection
of thefault planeontotheverticalslice. Thedisplacementiave beenscaledby afactorof 50,000.

Comparisorof the velocity time historiesalso suggestghat we cannotusethe groundmotionsat the ab-
sorbingboundariedor any analysedecausdhe damperdistortthe time histories. Additionally, the static
displacementeearthe edgeof thedomainhave limited accurag, asaresultof thelack of stiffnessprovided
by theabsorbingooundary Hence the simulationsoftwareprovidesaccuratgesultsaslong aswe ignorethe
groundmotionsvery closeto the edgesof thedomain.

In the above validationwe usehomogeneoumaterialproperties.We alsowantto simulatethe ground
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Figure6.8: Verticalandeast-westomponent®f thefinal (static)displacementen thegroundsurfacealong
the east-westine alongthe top of the fault. The dottedline indicatesthe projectionof the fault planeonto
theverticalslice. Thedisplacementhave beenscaledby a factorof 50,000.

motionsin heterogeneougomainswith the sameconfidencen theaccurag of thegroundmotions.Because
we assumehomogeneousnaterial propertieswithin an element,varying the material propertiesinvolves
simply settingthe propertiesn eachelementaccordingto somespecifiedspatialdistribution. As discussed
section2.3, the node spacinggovernsthe accurag of the groundmotions, so we limit the errorsin the
simulationby adjustingthe node spacingwith the materialproperties. In otherwords, in orderto handle
heterogeneoumaterial propertieswith the samelevel of accurag, all we needto do is to insurethat we

maintainthe appropriatenodespacinghroughouthe domain.
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Chapter 7 Sensitvity Study of Near-Source Ground

Motion with PrescribedRuptur es

We now usetwo setsof prescribedupturesimulationsto studythe sensitvity of thelong-periodnearsource
groundmotionsto variationsin theearthquak sourceparametersWe wantto understandhevariability in the
nearsourcegroundmotionsfor changedn theseismicsourceandidentify thoseparameterthatmoststrongly
influencethe nearsourcegroundmotions. We systematicallyvary the seismicsourceparametergor botha
strike-slip fault anda shallav dipping thrustfault. We selectdifferenthypocentetocations,maximumslip
rates rupturespeedsspatialdistributionsof thefinal slip, averageslips,andthe depthof thetop of thefault.
Additionally, we comparethe groundmotionsfrom a layeredhalf-spacewith thosefrom a homogeneous

half-space.

7.1 Strike-Slip Fault

The geometryof the strike-slipfault roughly matcheghe combinedfault segmentsthatrupturedin the June
1992Landersavent. We enclosehe 60km long and15km wide faultin adomain100km long, 40km wide,
and 32km deepasshawn in figure 7.1. We imposepureright-lateralslip on the vertical fault that strikes
north. We offset the fault 10km to the southfrom the centerof the domainin anticipationof locatingthe
hypocenter®n the southerrhalf of the fault andgeneratinghe largestdisplacementsearthe north end of

thefault.

7.1.1 Finite-Element Model

We usetwo differentfinite-elementmodels,one for the layeredmaterial propertiescaseand one for the
homogeneoumaterialpropertiescase. Table 7.1 andfigure 7.2 shav the massdensity shearwave speed,
anddilatationalwave speedasafunctionof depthfor thelayeredhalf-space For thehomogeneoukalf-space
we simply usethe materialpropertieghatareassociateavith a depthof 6.0km in thelayeredhalf-space.
We uselDEAS to createthe finite-elementmodel at coarseresolutionandthe 4x refinementprocedure
outlinedin section3.5 to createa meshwith the appropriatenodespacingto modelwave propagatiorwith
periodsdown to 2.0sec. Table 7.2 givesthe sizesof the finite-elementmodelsat coarseandfine resolution
for the layeredandhomogeneoukalf-spacesFigure 7.3 illustratesthe partition of the finite-elementmesh
for thelayeredhalf-spaceamong256 processorsisingtheinertial bisectionalgorithm. Eachsimulationtook

2.8hoursusing256 processorsf theIntel Paragonatthe CACR.
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Figure7.1: Orthographigrojectionof thedomaingeometryfor thestrike-slipfaultfor thecasewherethetop
of thefaultreacheghe groundsurface. ThelabelsHA throughHD denotethe varioushypocentefocations.
We will examinethewaveformsat sitesS1andS2.

Depth | DilatationalWave Speed| SheatWave Speed| MassDensity
(km) (km/sec) (km/sec) (g/cn®)
0.0 1.80 0.70 1.50

3.0 4.50 2.60 2.00

6.0 5.70 3.30 2.45
20.9 5.85 3.40 2.50
21.0 6.45 3.75 2.60
32.0 6.74 3.92 2.63

Table 7.1: Density shearwave speed,anddilatationalwave speedcontrol elevationsfor the layeredhalf-

space.

Homogeneous Layered
Course Fine Course Fine
# Nodes 9500 610,000 | 33,000 | 2.1million
# Elements| 48,000 | 3.0million | 160,000| 10 million

Table7.2: Sizesof thefinite-elemenimodelsof the layeredandhomogeneoubkalf-spacest coarseandfine

resolution.

7.1.2 Earthquake Source Parameters

We vary five earthquak sourceparametersthe locationof the hypocenterthe rupturespeedthe maximum

slip rate,the distribution of slip, andthe fault depth. As shavn in table 7.3, 15 of the simulationsusethe

layeredhalf-spacenodel,while the other2 usethe homogeneoubkalf-spacanodel. The basecase scenario

basell featuresahomogeneouslip distribution thatis taperecbn threeedgesa rupturespeedf 80% of the

local shearwave speed a maximumslip rateof 1.5m/sec,anda hypocentetocatedmid-depthat the south
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Figure7.2: Density(p), sheamwave speedS), anddilatationalwave speedP) asa function of depthfor the
layeredhalf-space.
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Figure7.3: Partitioning of the coarsefinite-elementmodelamong256 processoréor the layeredhalf-space
usingtheinertial bisectionalgorithm.Eachcolor patchidentifiesthe elementf oneprocessar

edgeof the fault (hypocenteHA). For eachparametemwe generallyvary the value equally aboutthe base

caseg.g.,we selectmaximumslip ratesof 2.0m/secand1.0m/secaboutthe basecasevalueof 1.5m/sec.

Hypocenter Locations

Thefour hypocentetocationson the southerrhalf of thefaultarelabeledHA throughHD in figure7.1,and
theprecisdocationsaregivenin figure 7.4. HypocenteHA sits mid-depthat the southerredgeof thefault,
hypocenteHB sits mid-depthat the southermquarterpoint, hypocenteHC sits at the bottomof the fault at

the southermuarterpoint, andhypocenteHD sitsatthe centerof the fault.
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Scenario Slip Rupture| Maximum | Hypocenter| Fault | Material | Mom.
Pattern Speed | SlipRate | Location | Depth| Properties| Mag.
% of B (m/sec) (km)
base unitaper 80 15 HA 0.0 layered 7.0
basell semitaper 80 15 HA 0.0 layered 7.0
vr70 semitaper 70 15 HA 0.0 layered 7.0
vr90 semitaper 90 15 HA 0.0 layered 7.0
vs10 semitaper 80 1.0 HA 0.0 layered 7.0
vs20 semitaper 80 2.0 HA 0.0 layered 7.0
hymq semitaper 80 15 HB 0.0 layered 7.0
hybq semitaper 80 15 HC 0.0 layered 7.0
hymc semitaper 80 15 HD 0.0 layered 7.0
sliptop weakupper| 80 15 HA 0.0 layered 7.0
slipbot weaklover 80 15 HA 0.0 layered 7.0
sliphet strongheter, 80 15 HA 0.0 layered 7.0
slip3 semitaper3 80 15 HA 0.0 layered 7.1
faultdkm | unitaper 80 15 HA 4.0 layered 7.1
fault8km | unitaper 80 15 HA 8.0 layered 7.1
homo semitaper 80 15 HA 0.0 homo. 7.1
hvro0 semitaper 90 15 HA 0.0 homo. 7.1

Table7.3: Summaryof the parametersor the prescribedupturesimulationson the strike-slipfault.
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Figure7.4: Hypocentetocationson thefault plane.

Slip Time Histories and Ruptur e Speeds

We usethe integral of Brune’s far field time function (discussedn section5.2) for the slip time histories.
For eachsimulationwe set a spatially uniform maximumslip rate of 1.0m/sec,1.5m/sec,or 2.0m/sec
Additionally, we independentlychoosea rupturespeedof 70%,80%, or 90% of the local sheamwave speed.
Themedianvaluesof 1.5m/secand80%of thesheamwave speecdorrespondo atypicalslip rateandaverage
rupturespeedoundin inversionsof stronggroundmotions(Heaton1990). We chooseo keepthe maximum
slip rate uniform over the fault surface,becausegreatuncertaintystill exists regardingthe durationof slip
for very shallav rupture. Sourceinversionsof the Landersearthquak (Wald and Heaton1994) and the
Kobe earthquak (Wald 1996) inferred slip durationsof more thanfour secondgor the shallav slip, but

eyewitnessegeportedslip durationsof onesecondor lessfor the 1990Luzon earthquak in the Phillipines
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(YomogidaandNakatal994)andthe 1983BorahPeakearthquak (Wallace1984).

We determinethe final slip at eachnodeon the fault basedon the given spatialdistribution of slip. The
six slip distributionsinclude: a homogeneoudistribution thatis taperedon all four edgeg(figure 7.5), two
homogeneoudistributionsthataretaperedon threeedgeqfigure 7.6 andfigure 7.7), two weakly heteroge-
neousdistributions (figure 7.8 andfigure 7.9), and a strongly heterogeneoudistribution (figure 7.10). For
the heterogeneoudistributions,we startwith a homogeneouslip distribution with a nominalvalueandadd
30asperitiesvith uniform randomdistributionsof radii (asgivenin table7.4), heights(asgivenin table7.4),
strike locationsbetweer?.0km and58km, anddip locationsbetweer0.0km and13km. Theweaklyhetero-
geneousslip distributionshave a biastowardslarger slips on eitherthe upperhalf of the fault (weakuppet)
or the lower half of the fault (weaklaver?). We adjustthe heightof all asperitieghatlie in the dip rangeof

thebiasby theamountgivenin table7.4.

Distribution | Nominal | Asperity | Asperity Bias
Slip Heights Radii Dip HeightAd,.
(m) (m) (km) (km) (m)

weakupper| 157 | -0.25-1.0| 5.0-10.0| 2.0-7.5 +0.25
weaklaver 152 | -0.25-1.0| 5.0-10.0| 7.5-13.0 +0.25
strongheter| 0.28 0.0-3.2 | 3.0-8.0 N/A 0.0

Table7.4: Asperity parametersisedin the heterogeneouslip distributionson the strike-slipfault.
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Figure7.5: Homogeneouslip distribution unitapemwhichis taperedn all four edgeswith anaverageslip of
2.0m anda maximumslip of 2.5m.

Fault Depth

We placethetop of the fault at threedifferentdepthswhile maintainingthe samelengthandwidth. When
we bury the fault 8.0km below the groundsurface,the materialpropertiesdo not vary appreciablyon the
fault surface. Consequentlythe rupturespeeds nearlyuniform. Whenwe bury the fault 4.0km belowv the

groundsurface, the materialbecomessofterin the top 2.0km of the fault surface,and the rupture slows

lweakrefersto the heterogeneityandupperrefersto theregion of greaterslip.
2Weakrefersto the heterogeneityandlower refersto theregion of greaterslip.
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Figure7.6: Homogeneouslip distribution semitapemhichis taperedn threeedgeswith anaverageslip of
2.0m anda maximumslip of 2.3m.
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Figure7.7: Homogeneouslip distribution semitaper3vhich is taperedon threeedgeswith an averageslip
of 3.0m andamaximumslip of 3.4m.
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Figure7.8: Weakly heterogeneouslip distribution weakuppemhichis taperedon threeedgeswith anaver-
ageslip of 2.0m, amaximumslip of 4.7m, anda biastowardsslip nearthe surface.

down slightly asit runsthroughthis region. Whenthe fault surfacereacheghe groundsurface,the material

becomegprogressiely softerin thetop 6.0km. The slower rupturespeecdhearthe surfacecausesignificant
cunvaturein therupturefront.
7.1.3 Simulation Results

We will examineonly the basecase scenaridbasell,in detail. For the othersimulations we examinegroups

of scenariodn orderto studythe sensitvity of the groundmotionsto a single parameter For all of the



3.9

57
3.0
25
Z 20 E
& 10 10"
0.5
15 0.0
0 10 20 an 40 50 B0

Strike (km)
Figure7.9: Weakly heterogeneouslip distribution weaklaver which is taperedon threeedgeswith anaver
ageslip of 2.0m, amaximumslip of 3.4m, anda biastowardsslip atdepth.
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Figure 7.10: Strongly heterogeneouslip distribution stronghetemvhich is taperedon threeedgeswith an
averageslip of 2.0m andamaximumslip of 7.8m.

scenariosvith the top of the fault at the groundsurfaceandan averageslip of 2.0m, the earthquakshave
amomentmagnitudeof 7.0. Thus,for thesescenariosary variability in the groundmotionsis independent
of the momentmagnitude.Eachsimulationtook 2.8 hoursusing 256 processor®en the Intel Paragonat the
CACR.

BaseCase

We startwith an examinationof the slip rate on the fault asa function of time. The snapshot®f slip rate,
shavnin figure7.11,clearlyidentify the curvatureof therupturefront. Therupturepropagateslowerin the
softermaterialin thetop 6.0km of thedomain,sothattheruptureatthesurfacefallsfartherandfartherbehind
the ruptureat depth. The width of the rupturefront narronsin the softermaterialin responseo the slower
rupturespeed.Thejaggednessf the rupturethatbegins at aroundsixteensecondsomesfrom propagating
the rupturefront with anincreasingcurvaturethroughthefinite elements.Furthermoreasthe rupturefront
nearsthe edgeof the domain,thefinal slips decreaseavhile the maximumslip rateremainsuniform, sothe
contoursof slip ratein figure 7.11nolongerrepresenthelocationof the rupturefront.

Thevelocity onthegroundsurfaceshavs the propagatiorof the sheamwave andatrain of surfacewaves.
Figure 7.12 gives snapshotsn time of the magnitudeof the velocity vector at eachpoint on the ground

surface. The velocitieshave beenfiltered usinga fourth-orderButterworth filter with a cornerfrequeny of
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Figure7.11: Snapshotsef slip rateon thefault surfacefor scenaridasell.

0.5Hz. The magnitudeof the velocity nearthe fault increasesasthe rupture progressesand dies quickly
after the rupturereacheghe north end of the fault at about24sec. The mostsevere groundmotionsare
concentratedloseto the fault. The ruptureexcitestrainsof surfacewavesthat propagatebehindthe shear
wave andcreatea wedge-shapeiuhterferencepattern. While lessthanthe amplitudeof the shearwave, the
amplitudesof someof the surfacewavesdo exceedl.0m/secstartingat aroundthirteenseconds.

The maximumbhorizontaldisplacementand the maximumhorizontalvelocitieson the groundsurface
(figure 7.13) give a clear picture of the effect of directiity on the ground motions. Both the maximum

displacementandthe maximumvelocitiesare symmetricaboutthe fault planedueto the symmetryof the
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Figure 7.12: Snapshotof the magnitudeof the velocity vector at eachpoint on the ground surface for
scenaridbasell.The white line indicatesthe projectionof the fault onto the groundsurface,andthe yellow
circle identifiesthe epicenter

problem. The shearwave with particle motion perpendiculato the fault plane(east-westlirection) builds
asthe rupturepropagates.This leadsto a maximumhorizontaldisplacemenbf 2.2m at sites1.7km east
or westof the north end of the fault. The maximumvelocity of 2.9m/secoccursslightly farthersouthat
siteslocated6.7km southand 0.5km eastor westof the north end of the fault. The maximumvelocities
(filteredto periodslongerthan2.0sec)exceedl.0m/secover anareaof 700 squarekilometers.In contrast

to the maximumdisplacementshatincreasealongthe strike of the fault, the maximumvelocitiesincrease,
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decreaseandthenincreaseagainalongthe strike of the fault. The changingcurvatureof the rupturefront
disruptsthe reinforcementof the shearwave by the propagatingrupture and causegshe reductionin the
maximumvelocitieson the groundsurfaceabove the centerof the fault. However, the reinforcementf the

rupturefront stabilizes andthe velocitiesbuild for approximatelythe last25km of the rupture.
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Figure7.13: Maximummagnitudesf the horizontaldisplacemenandvelocity vectorsat eachpoint on the
groundsurfacefor scenaridbasell.Thewhite line indicatesthe projectionof thefault planeontothe ground
surface,andtheyellow circle identifiesthe epicenter

The directivity of the rupture causedarge variationsin the ground motionswith changesn azimuth
(anglebetweenthe projectionof the slip vectoronto the groundsurfaceandthe vectorfrom the epicenter
to the site). We will considertwo siteslocated10km from the edgeof the fault but with azimuthsthat
differ by 90 degrees;the sitesarelabeledS1 and S2 in figure 7.1. Site S1 lies 10km north of the north
endof thefault (azimuthof 0 degrees)yandsite S2lies 10km eastof thefault center(azimuthof 90 degrees).
Figure7.14showvsall threedisplacemenandvelocity component$or thetwo points.Boththedisplacements
andvelocitieshave beenfiltered usinga fourth-orderButterworth filter with a cornerfrequeng of 0.5Hz.3
The north-southandvertical componentsare nggligible at site S1 becausehe site falls on the north-south
runningline of symmetry Theverticalcomponentt site S2is alsovery small. Thismeanghatat site S1the
only surfacewaveswe obsene areLove waves,while at site S2we obsene both Love andRayleighwaves.

Themostimportantdifferencebetweerthetwo sitesis thefactthat,while bothhave similar peakhorizon-

tal displacement§l.2m at site S1and0.90m at site S2), the peakhorizontalvelocity at site S1is 2.6times

3We usethe samedigital filter on all subsequertdisplacemenandvelocity time histories.
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greaterthanthe peakhorizontalvelocity at site S2 (1.2m/secat site S1 versus0.48m/secat site S2). The
directiity effect causeghe sheamwave enegy from all pointson the fault to arrive at nearlythe sametime
atsite S1. At site S2the enegy arrivesover alongerinterval of time which reduceghe peakvelocity. This
is evidentin the acceleratiomesponsepectré in figure 7.15,wherethe spectrunfor site S1 containslarge
peaksat periodsof 1.9secand3.1sec,andthe spectrunfor site S2 containsa small, broadpeakcenterecht

around3.0sec.
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Figure7.14: Displacemenandvelocity time historiesat sitesS1andS2for scenaridbasell.

Material Properties

In orderto understandhe effect of including softermaterialnearthe groundsurface ,we comparethe wave-

formsat sitesS1andS2from the basecase scenaricdbasell,wherewe usea layeredhalf-spacewith those
from scenarichomo, wherewe usea homogeneoukalf-space.The horizontaldisplacementgfigure 7.16)
at sitesS1 and S2 provide a goodrepresentatiof the differencedn the groundmotionsbetweerthe two

scenarios.The displacementaresignificantlylargerin the layeredhalf-spaceandthe time historiesin the
homogeneousasedo not containthe four or five cyclesof motionassociatedavith the surfacewavesfound
in the layeredhalf-space.At both sitesthe final displacementsnatchvery well asdo the very long-period

motions. Hence whenwe prescribethe slip on the fault, the softermaterialnearthe surfacehaslittle effect

4The waveforms have beenrotatedinto the direction with the maximumpeakto peakvelocity using a resolutionof 2 degrees
(90 degreeseastof northfor site S1and88 degreeseastof northfor site S2).
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Figure7.15: Horizontalacceleratiomesponsepectraat sitesS1andS2for scenaridasell.
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Figure7.16: Comparisorof horizontaldisplacementime historiesat sitesS1andS2for alayeredhalf-space
versusahomogeneoubkalf-space.

on the very long-periodprogressiortowardsthe final deformation. However, the layeredhalf-spacegen-
eratesmuchlarger, shortperioddisplacementsvith four or five cyclescomparedo the singlecycle in the

homogeneoukalf-space.
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Ruptur e Speed

We examinethe variability of the groundmotionsto threedifferentrupturespeedssetrelative to the local
sheamwave speed;scenariovr70 usesa rupturespeedof 70% of thelocal sheawave speedscenaridasell
usesa rupturespeedof 80% of the local sheawave speedandscenariovr90 usesa rupturespeedof 90%
of the local shearwave speed.As we increasethe rupturespeedowardsthe shearwave speedwe increase
the efficiengy of the reinforcemenbf the shearwave, becauseve reducethe relative distancebetweenthe
sheamwave andthe following rupturefront. If we comparethe maximumhorizontalvelocitiesontheground
surfacefrom scenariovr90 (figure 7.17) with thosefrom scenaridbasell(figure 7.13), we seethat the peak
horizontalvelocity increasedrom 2.9m/secto 3.5m/sec. Furthermorethe doublelobe patterndisappears
becausehe curvatureof therupturefront changesnorerapidly andthe amplitudeof the sheamwave velocity
quickly stabilizes As aresult,for afixeddistancdrom thefault,the maximumvelocityin theeast-wesfault
normal) directionbecomesearly uniform alongthe northern40km of the fault. The maximumvelocities

exceed2.5m/secalongthis northernsectionoutto adistanceof approximateltwo kilometersfrom thefault.
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Figure7.17: Maximummagnitudesf the horizontaldisplacemenandvelocity vectorsat eachpoint on the
groundsurfacefor scenariovr90. The white line indicatesthe projectionof the fault planeonto the ground
surface,andtheyellow circle identifiesthe epicenter

Comparinghehorizontalvelocity componentsit sitesS1andS2for thethreescenariogfigure 7.18),we
seesharpephasearrivalsastherupturespeedncreasesThetravel time to the hypocenteremainghesame,
but the enegy from all partsof the fault arrivesclosertogetherin time. At sitesS1andS2 we seethat this

leadsto a substantialncreasan the amplitudeof the sheamwave, while the amplitudesof the surfacewaves
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remainrelatively unchanged Besidesheingcompressedh time, the generalshapesf the groundmotions

remainthe same.
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Figure7.18: Comparisorof horizontalvelocity time historiesat sitesS1andS2for thethreerupturespeeds.

Figure7.19shavsthe maximumdisplacementandvelocitiesalongthe east-wesline thatpasseshrough
the northtip of the fault for eachof the threerupturespeeds As the rupturespeedncreasesthe maximum
velocitiesexhibit a relatively greaterincreasehanthe maximumdisplacementsThe maximumvelocities,
however, decaywith distancerom thefaultmorerapidly thanthe maximumdisplacementdrigure7.19also
includesthe nearsourcegroundmotionfactor Ny, from the 1997 Uniform Building Code(UBC). The UBC
usesthe nearsourcefactorto accountfor the greaterdemandplacedon structuresarisingfrom earthquaks
on nearbyfaults comparedto thoseon faults fartheraway. We assumethat the maximumdisplacements
andmaximumvelocitiescorrelatewith the seismicdemandon a structure so thatwe wantthe shapeof the
nearsourcecurve to mimic the shapef the maximumdisplacementand maximumvelocities. We focus
on the generalshapeof the nearsourcefactoranddo not correlatevaluesof the nearsourcefactorwith any
specificdisplacement®f velocities. We matchthe nearsourcefactor curve with the averageof the peak
maximumdisplacementsr velocitiesandthe averageof the maximumdisplacementsr velocitiesat sites
located15km from the fault. The shapeof the nearsourcefactor curve closely matcheshe shapeof the
maximumdisplacements.The shapeof the nearsourcefactor curve matchesthe shapeof the maximum

velocities,exceptthe curve of the maximumvelocitieshasa narraver peak.
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Figure7.19: Maximum magnitudef the horizontaldisplacementaind velocity vectorsalongan east-west
line runningthroughthe northtip of the fault for the threerupturespeeds.The thick, dashedine indicates
the nearsourcegroundmotionfactor Ny, from the 1997 Uniform Building Code.

Maximum Slip Rate

Scenarios/s10,basell,andvs20allow comparisorof the groundmotionsfrom simulationswith maximum
slip ratesof 1.0m/se¢ 1.5m/sec,and 2.0m/seg respectiely. Figure 7.20illustratesthe sensitvity of the
velocity groundmotionsat sitesS1 and S2 to variationsin the maximumslip rate. At sitesS1and S2 the
velocity amplitudesexhibit a moderateéncreasewith maximumslip rate, but the phasearrival timesdo not
change As the maximumslip rateincreasesthe slip on the fault occursover a shorterperiodof time which
reduceghe width of the rupturefront. Becausehe leadingedgeof the rupturefront is controlledby the
rupture speed,it remainsthe samedistancebehindthe shearwave aswe changethe maximumslip rate.
Consequentlywhenwe increasahe maximumslip rate,the centerof the rupturefront movescloserbehind
the shearwave. This leadsto more efficient reinforcemenbf the shearwave, andhence larger amplitude
displacementandvelocities.

Comparinghemaximumdisplacementandvelocitieson the east-wesline runningthroughthe northtip
of thefault for the threeslip rates(figure 7.21) with thosein figure 7.19for the threerupturespeedswe see
thatincreasingheslip rateproduces slightly greaterincreasen themaximumdisplacementandvelocities
thananincreasen therupturespeed.As we notedabove, whereaghe rupturespeedstronglyinfluenceghe
phasearrivals, the variationin slip ratesdoesnot influencethe phasearrivals. The shapeof the UBC near
sourcefactorcurve matcheghe shape®f the maximumdisplacementandvelocitiesin almostanidentical

fashionasit did for the scenariosvith thedifferentrupturespeeds.
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Figure7.20: Comparisorof horizontalvelocity time historiesat sitesS1andS2for the threemaximumslip
rates.
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Hypocenter Location

We studythesensitvity of thegroundmotionsto thelocationof the hypocenteusingscenaridbasell(where
hypocenteHA sits at the middle of the southedgeof the fault asillustratedin figure 7.4), scenarichymq
(wherehypocenteHB sits mid-depthat the southernquarterpoint), scenariochybq (wherehypocentetHC
sits at the bottom of the fault at the southernquarterpoint), and scenarichymc (wherehypocentetHD sits
at the centerof the fault). Changingthe locationof the hypocentesignificantly altersthe groundmotions
in somelocationsbut hasa minimal impact at otherlocations. If we comparethe maximum horizontal
displacementsind velocitieson the groundsurfacefor scenariohybq (figure 7.22) to thosefrom scenario
basell,we find the maximumdisplacementsndvelocitiesremainrelatively unchangedt the north end of
the fault. However, at the southend of the fault the spatialvariation of the maximumdisplacementsnd

velocitieschangedrastically
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Figure7.22: Maximummagnitudesf the horizontaldisplacemenandvelocity vectorsat eachpoint on the
groundsurfacefor scenarichybg. The white line indicatesthe projectionof the fault planeonto the ground
surface,andthe purplecircle identifiesthe epicenter

Whenwe placethe hypocenteiat the middle edgeof the fault (hypocenteHA), the rupturereinforces
the shearwave almostexclusively in the region north of the hypocenter By moving the hypocenteto the
bottom quarterpoint (hypocentetHC), the rupturereinforcesthe shearwave asit propagatesowardsthe
north, towardsthe south,andtowardsthe groundsurface. The reinforcemenbf the shearwave southof the
epicenteccursin the samemannerasit doesto the north. Consequentlythe maximumdisplacementand

velocitiessouthof theepicentematchthosethe samedistanceo thenorthuntil we encountethetermination
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of theruptureat the southendof the fault. The propagatiorof the rupturetowardsthe surfacereinforcesthe
shearwavespropagatinghormalto the fault. In the top 6.0km of the domain,the shearwaves propagating
normalto thefaultrefracttowardsthe surfacedueto the verticalvariationin materialproperties This creates
the local peakin the maximumdisplacementandvelocitiesapproximatelythreekilometersfrom the fault
nearthe epicenter

The groundmotionsat site S1 exhibit minor differenceswith changesn the locationof the hypocenter
while the groundmotionsat site S2 exhibit major differencesFor eachof thefour hypocentefocations site
Sllies alonganazimuthof O degrees.Furthermoresite S1lies far enoughaway from the hypocentein all
four caseghatthe amplitudeof the sheawave velocity stabilizeswell beforeit arrivesat site S1. As shavn
in figure 7.23, the arrival times differ, but the amplitudesof the displacementime historiesremainabout
the same. Similarly, the pointsalongthe east-westine throughthe northtip of the fault lie in the forward
directionfor all four hypocentetocations. Figure 7.24 shavs thereis negligible variationin the maximum
horizontaldisplacementandvelocitiesat thesesitesfor the four hypocentetocations,andthe shapeof the

UBC nearsourcecurve continuego mimic the shape®f the maximumdisplacementandvelocities.
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Figure7.23: Comparisorof horizontaldisplacementime historiesat sitesS1andS2for thefour hypocenter
locations.

At the other end of the spectrum,site S2 lies along three different azimuthsfor the four hypocenter
locations. Whenwe placethe hypocenteiat the centerof the fault (hypocenteHD), site S2 lies on a node
in the radiationpatternfor displacementn the east-westind vertical directions,so it experiencesnotion

only in the north-southdirection (figure 7.23). In this case the sharparrival of the shearwave dominates



69

25¢ 3
E 20} ]
— Q
T 15¢F &
n
8 VL 3
= ?
~ 05 =
2| — HA (middle edge)
0.0 — — HB (middle quarter)
3.51 > HC (bottom quarter)
5 3.0} .~ | — — HD (middle center)
[¢)] 2 5 i B -——-— NV
Q & 3
E 2.0} =
) o
g 1.5t ’ =
o) 4 o
o) 1.0f - s (9]
=05 ;,_,/:\,// §
z

0.0 : : : : : : :
-20 -15 -10 -5 0 5 10 15 20
EW Distance from Fault (km)

Figure7.24: Maximum magnitudef the horizontaldisplacementaind velocity vectorsalongan east-west
line running throughthe north tip of the fault for the four hypocentedocations. The thick, dashedine
indicatesthe nearsourcegroundmotionfactor Ny, from the 1997 Uniform Building Code.

themotionin the north-southdirection. For thethreeotherhypocentefocations the east-westfaultnormal)
displacementaregreateithanor equalto the north-south(fault parallel)displacementsAs we might expect
basednthe obsenationsat site S1,we find only minor variationsin the groundmotionsat site S2whenwe
comparehegroundmotionsfrom thetwo hypocentetocationsat the southermquartempoint, becauseite S2
remainsalongthe sameazimuth. Thus,aswe move the hypocentersite S2 experiencedarge fluctuationsin

thegroundmotions,particularlyin the east-westlirectionwherethe motionvariesfrom beingmuchsmaller

thanthe north-southmotionto equalto or greateithanthe north-southmotion.

Slip Distrib ution

Thesimulationsincludea homogeneouslip distribution without surfacerupturein scenaridaseahomoge-
neousslip distribution with surfacerupturein scenaridbasell,a weakly heterogeneouslip distribution with

a biastowardsslip nearthe surfacein scenaricsliptop, a weakly heterogeneouslip distribution with a bias
towardsslip at depthin scenaricslipbot, anda strongly heterogeneouslip distribution in scenariosliphet.
Smallperturbationsn thefinal distribution of slip causenegligible differencesn the groundmotions.Large
perturbationslo affect the groundmotions,particularlythe displacementime histories. Figure7.25shavs
themaximumdisplacementandvelocitiesonthegroundsurfacefor scenaricsliphet,which useghestrongly
heterogeneousip distribution shavn in figure 7.10. In this casetherupturedoesnot continuouslyreinforce

thesheawave;insteadt reinforceghesheawavein shortintervals. As aresult,themaximumdisplacements
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form a complex patternof peaksandvalleys comparedo the simple patternassociatedvith homogeneous
slip (figure7.13).
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Figure7.25: Maximummagnitudesf the horizontaldisplacemenandvelocity vectorsat eachpoint on the
groundsurfacefor scenaricsliphet. The white line indicatesthe projectionof thefault planeontothe ground
surface,andtheyellow circle identifiesthe epicenter

The maximumvelocitiesexhibit lesssensitvity to the heterogeneityn slip, andthe distribution closely
resembleshatof the homogeneouslip case.The maximumdisplacementandvelocitiescloseto the fault
remainapproximatelythe same but away from the fault the displacementandvelocitiestendto be slightly
smaller At the northendof thefault, asrevealedby figure 7.26,the maximumdisplacementandvelocities
do not noticeablychangewith theincreasen heterogeneityf thefinal slip distribution.

Minor perturbationgo theslip distributionthatincludetaperingtheslip nearthe surfaceor addinga small
amountof heterogeneityesultin almostno changen the displacemenandvelocity time historiesat both
sites(figure 7.27). At site S2 the stronglyheterogeneouslip distribution causesignificantchangego the
amplitudesandaltersthe shapeof the displacementime histories. At site S1enegy from all pointson the
faultarrivesclosertogethemwhich greatlyreduceghe effect causedy thediscontinuityof thereinforcement
of thesheawave. Consequentlythe strongheterogeneityn thefinal slip distribution haslessof aneffectat
site S1thanit doesat site S2. Remarkablyat both sitesthe peakdisplacementsemainrelatively unchanged
acrossall of the slip distributions. However, basedon the maximumdisplacement®n the entire ground
surfacewhich we discusse@dbove, we know large perturbationsn theslip distribution may significantlyalter

thepeakdisplacements.
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AverageSlip

Increasingthe averageslip from 2.0m in scenariobasellto 3.0m in scenarioslip3, while maintaininga
maximumslip rate of 1.5m/sec,increaseshe amplitudesof the displacementdut haslittle effect on the
amplitudesof the velocities. Whenwe changethe averageslip, we alsoincreasehe momentmagnitudeof
the earthquak from 7.0to 7.1. The largeramplitudedisplacementare clearly visible in the displacement
time historiesat sitesS1 and S2 shawvn in figure 7.28. Imposingthe samemaximumslip rate causeghe
maximumslip rateto occurlaterin theslip time historyandresultsin a slight delayin thepeakdisplacement
amplitudes.Although not shawvn, we seenearly negligible variationsin the amplitudesof the velocity time
historieswith theincreasen averageslip. Along the east-westine runningthroughthenorthtip of thefault
(figure 7.29),we alsoobsenre anincreasan the peakdisplacementsvith no accompaying increasen peak
velocities. With suchminor differencesn the groundmotions, it is no surprisethat the shapeof the UBC

nearsourceactorcurve continuedo closelyfollow theshape®f the maximumdisplacementandmaximum

velocities.
Site S1 Site S2

12 0.4

E 08 0.2

S 04 _8-2

& -0.0 :

o -0.4

8 -04

= -0.6

= —0.8

&) — 20m -0.8

(£ -1.2 - - 30m -1.0

-1.6 -1.2

12 0.4

E os 0.2

g 04 0.0

& 0.0 0.2

& o4 -0.4

% : -0.6

o 08 -0.8

E -1.2 -1.0

-1.6 -1.2
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (sec) Time (sec)

Figure7.28: Comparisorof horizontaldisplacementime historiesat sitesS1and S2 for the two valuesof
averageslip.

Fault Depth

We evaluatetheeffectof thedepthof thefaultusingtheresultsfrom scenariobasell fault4dkm,andfault8km.

It is interestingto notethatincreasingthe depthof the top of fault, while usingthe sameslip distribution,
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shiftstheslip to aregionwith alargersheamodulusandleadsto a slightincreasen the momentmagnitude
of the earthquak. Loweringthe top of the fault to 4.0km below the groundsurfaceincreaseshe moment
magnitudefrom 7.0to 7.1, but lowering the fault an additional4.0km providesno noticeableeffect on the
momentmagnitude,andit remainsat 7.1. While droppingthe fault hasthe sameeffect on the moment
magnitudeasincreasinghe averageslip, the effect onthe groundmotionsis very different.

In generalthelower the depthof thefault, the smallerthe amplitudeof the groundmotions.Figure7.30
shaws that lowering the top of the fault to 4.0km below the groundsurfacedoesnot have asmuchimpact
aslowering thetop of the fault to 8.0km below the groundsurface. As long asthe top of the fault remains
lessthan6.0km below the groundsurface,slip occursin the softermaterialat thetop of thedomain,andthe
enegy tendsto refracttoward the groundsurface. Whenwe drop the top of the fault to 4.0km below the
groundsurface,we seelittle reductionin theamplitudeof the displacementime historiesat sitesS1andS2,
particularlyin the north-southdirectionat site S2. No slip occursin the region of softermaterialwhenthe
top of thefault sits8.0km below the groundsurface. This explainswhy droppingthefault 8.0km below the

groundsurfacegreatlyreduceshe amplitudeof thedisplacementandvelocities.
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7.2 Thrust Fault

We setup the geometryof the thrustfault sothatit closelyresembleshat of the ElysianPark fault under
neathLos Angelesasdescribedby Hall et al. (1995). The fault measure28km long and18km wide, dips
23 deggreeso thenorth,andprojectsontothe groundsurfacean area28km long by 16.6km wide. For most
of thesimulationswe bury thefault8.0km below thegroundsurface.We enclosghefaultin adomain60km
long by 60km wide by 24km deepasillustratedin figure 7.31. We imposeobliqueslip with arake angleof
105degreesrom the strike to the west.
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GO-OOKW \&’/6

Figure7.31: Orthographigrojectionof the domaingeometryfor the thrustfault for the casewherethe top
of thefaultlies 8.0km below thegroundsurface. ThelabelsHA throughHD denotethe varioushypocenter
locations.We will examinethewaveformsatsitesS1andS2.
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7.2.1 Finite-Element Model

We useatotal of four finite-elemenimodels,onefor eachof the threefault depthsin the layeredhalf-space,
and one for the homogeneousalf-space. For the layeredhalf-spacewe usethe samematerial property
variationwith depththat we usefor the strike-slip domain. Figure 7.32 reproduceshe massdensity shear
wave speedanddilatationalwave speedverthedepthrangeof this domainfor thelayeredhalf-spaceshovn
in figure 7.2. We take the materialpropertieof the homogeneouhalf-spacdrom the materialpropertiesof
thelayeredhalf-spaceat depthof 6.0km.

Fromthe coarsemeshcreatedwith IDEAS, we usethe 4x refinementprocedureto createa meshwith
the appropriateresolutionfor propagatiorof waveswith periodsdown to 2.0sec. Table 7.5 givesthe sizes
of thefinite-elemenimodelsat coarseandfine resolutionfor the layeredandhomogeneoubalf-spacesFor
the layeredhalf-spacefigure 7.33 illustratesthe inertial bisectionof the finite-elementmeshamong256

processorsEachsimulationtook 1.2 hoursusing256 processorsf the Intel Paragonatthe CACR.
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Figure7.32: Density(p), sheawave speedS), anddilatationalwave speedP) asafunctionof depthfor the

layeredhalf-space.

Fault Coarse Fine
Depth | #Nodes| # Elements| #Nodes | # Elements
Homogeneous 8km 6700 33,000 420,000 | 2.1million
8km | 26,000 120,000 | 1.7million | 7.7million
Layered 4km | 27,000 130,000 | 1.8million | 8.3million
Okm | 26,000 120,000 | 1.6million | 7.6million
Table7.5: Sizesof thefinite-elemenimodelsof the layeredandhomogeneoubkalf-spacest coarseandfine
resolution.
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Figure7.33: Partitioning of the coarsdinite-elemenimodelamong256 processorfor thelayeredhalf-space
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usingtheinertial bisectionalgorithm.Eachcolor patchidentifiesthe elementsof oneprocessar
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7.2.2 Earthquake Source Parameters

We follow the sameprocedurdghatwe usefor thestrike-slipfaultandsystematicallywary thefive earthquak
sourceparameterstheseinclude the hypocenterdocation, the rupture speed,the maximumslip rate, the
distribution of slip, andthe fault depth. Table7.6 summarizeshe parameter$or eachof the 14 simulations.
Thebasecasdeaturesafaultburied8.0km below thegroundsurface ahomogeneouslip distributiontapered
atthe edgesa rupturespeeddf 80% of the local sheawave speeda maximumslip rateof 1.5m/sec,anda

hypocentetocatedat the bottomcenterof thefault.

Scenario Slip Rupture | Maximum | Hypocenter| Fault | Material | Mom.
Pattern Speed | SlipRate | Location | Depth| Properties| Mag.
% of B (m/sec) (km)
base unitaper 80 15 HA 8.0 layered 6.8
vr70 unitaper 70 15 HA 8.0 layered 6.8
vro0 unitaper 90 15 HA 8.0 layered 6.8
vs10 unitaper 80 1.0 HA 8.0 layered 6.8
vs20 unitaper 80 2.0 HA 8.0 layered 6.8
hybc unitaper 80 15 HB 8.0 layered 6.8
hyme unitaper 80 15 HC 8.0 layered 6.8
hymc unitaper 80 15 HD 8.0 layered 6.8
sliptop weakupper| 80 15 HA 8.0 layered 6.8
slipbot weaklover 80 15 HA 8.0 layered 6.8
slip2 unitaper2 80 15 HA 8.0 layered 7.0
fault4km unitaper 80 15 HA 4.0 layered 6.7
faultOkm unitaper 80 15 HA 0.0 layered 6.6
homo8km| unitaper 80 15 HA 8.0 homo. 6.7

Table7.6: Summaryof the parametersor the prescribedupturesimulationson thethrustfault.

Hypocenter Locations

Figure7.31lillustratesthegeneralocationsof thefour hypocenterglabeledHA throughHD) andfigure7.34
givesthe preciselocationsof the hypocenteron the fault plane. HypocenterHA lies at the centerof the
bottomedgeof thefault, hypocenteHB lies at the northeastornerof thefault, hypocenteHC lies approx-
imately mid-depthon the easterredgeof the fault, andhypocenteHD lies approximatelymid-depthon the

north-southrunningcenterline.

Slip Time Histories and Ruptur e Speeds

For the slip time historieswe usethe integral of Brune’s far field time function. We also independently
setthe maximumslip rateto either1.0m/sec,1.5m/sec,or 2.0m/secandthe rupturespeedto either70%,

80%, or 90% of the local sheamwave speed.The spatialdistributionsof final slip includetwo homogeneous
distributionsthat aretaperedon all four edgeg(figure 7.35andfigure 7.36) andtwo weakly heterogeneous

distributions(figure 7.37 andfigure 7.38). The heterogeneouslip distributionseachhave a nominalslip to
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Figure7.34: Hypocentetocationson thefault plane.

which we add 20 asperitieswith uniform randomdistributions of radii (asgivenin table 7.7), heights(as
givenin table7.7), strike locationsbetweer?.0km and26km, anddip locationsbetweer?.0km and16km.
Theweakly heterogeneouslip distributionshave a biastowardsslip on eitherthe upper(weakuppet) or the
lower (weaklover®) half of the fault surface.We adjustthe heightof the asperitieghatlie in the dip rangeof

the biasby theamountgivenin table7.7.

Distribution | Nominal | Asperity | Asperity Bias
Slip Heights Radii Dip HeightAd,.
(m) (m) (km) (km) (m)

weakupper| 0.66 -0.25-0.50| 5.0-8.0 | 2.0-8.0 +0.50
weaklover 0.68 -0.25-0.50| 5.0-8.0 | 8.0-16.0 +0.50

Table7.7: Asperity parametersisedin heterogeneousip distributionson thethrustfault.

Fault Depth

In orderto be ableto studythe sensitvity of the groundmotionsto fault depth,we placethetop of the fault
at depthsof 8.0km, 4.0km, and0.0km while maintainingthe samelength, width, anddip. Whenwe bury
the top of thefault 8.0km below the groundsurface,the bottomof the fault sits 15.0km below the ground

surface.

7.2.3 Simulation Results

We will follow the sameprocedurehatwe useto studythe strike-slipsimulations:we examinethebasecase

in detailandanalyzethe othersimulationsin groupsbasedon the variationof oneof the parametersWhen

SWeakrefersto the heterogeneityandupperrefersto theregion of greaterslip.
SWeakrefersto the heterogeneityandlower refersto theregion of greaterslip.
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Figure7.35: Homogeneouslip distribution unitaperwhich is taperedon all four edgeswith anaverageslip
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Figure7.36: Homogeneouslip distribution unitaperawhich is taperedn all four edgeswith anaverageslip
of 2.0m andamaximumslip of 2.6m.

we bury thetop of the fault8.0km below the groundsurfaceandprescribean averagefinal slip of 1.0m, the
earthquakshave a momentmagnitudeof 6.8. The simulationstook 1.2 hoursusing 256 processor®n the
Intel Paragonatthe CACR.

BaseCase

We beagin by analyzingthe groundmotionson a north-southvertical slice throughthe centerof the fault.
Figure 7.39 shows the magnitudeof the velocity vectorsat eachpoint on the slice. We allow the scaleto
saturateat0.5m/sedn orderto illustratethegroundmotionsat depthmoreclearly. Astherupturepropagates
upthefault,thelargestvelocitiesareconfinedto a narrav region nearthefault. Oncethe seismicwavesreach
the softermaterialin the top 6.0km of the domain,the velocitiesincreaseandsaturatehe scale.Beginning

at 9.0secthe mostsevere motionsare confinedto the groundsurfaceandare propagatingo the south. In
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Figure 7.37: Weakly heterogeneouslip distribution weakuppemwhich is taperedon threeedgeswith an
averageslip of 1.0m, amaximumslip of 2.3m, anda biastowardsslip nearthe surface.
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Figure7.38: Weakly heterogeneouslip distribution weaklaver taperedon threeedgeswith anaverageslip
of 1.0m, amaximumslip of 2.2m, anda biastowardsslip at depth.

contrastto the areasouthof the epicenter over the entire region to the north of the epicenterwe obsere
groundmotionswith velocitieslessthan0.15m/sec

The seismicwavesreachthe groundsurfaceapproximatelyfive secondsafter the rupturebegins. Fig-
ure 7.40 displaysthe magnitudeof the velocity vectorsat eachpoint on the ground surface beginning at
6.0sec.As we notedabove, the mostsevereshakingoccursin the region extendingfrom above thetop of the
fault to nearthe southedgeof the domain. The snapshobf the velocity at 10.0secclearly shavs a double
velocity pulseassociatedvith the out and back motion of the groundwith peaksin both the positive and
negative directionsexceeding0.8m/sec The peakvelocitiesdevelopin the secondpulseat aroundtwelve
secondsafterwhich theamplitudesdecaydueto geometricspreadingasthe wavescontinueto propagateo
the south. The shearwave with the doublepulseis followed by Love and Rayleighwaveswith amplitudes

muchsmallerthanthe sheamwave.
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Figure 7.39: Snapshot®f the magnitudeof the velocity vectoron a north-southvertical slice throughthe
centerof thefaultfor scenaridoase. Thewhite line indicateshe projectionof thefault ontotheslice,andthe
yellow circle identifiesthehypocenter

Themaximumdisplacementgfigure 7.41) andvelocities(figure 7.42) occurfive kilometerssouthof the
top of the fault. The slip directionwith a rake angleof 105 degreesskews the maximumdisplacements
and maximumvelocitiesslightly towardsthe east. The particle motion of the shearwavesbecomeanore
horizontalas the shearwave propagateshroughthe softer material. This causesa maximum horizontal
displacement..5 times the maximumvertical displacemen{1.1m versus0.75m). The velocitiesexhibit
an even greaterdisparity with the maximumhorizontalvelocity 3.0 times the maximumvertical velocity
(1.2m/secversud0.40m/sec). The maximum filtered horizontalvelocitiesexceedl.0m/secover an areaof
100squarekilometers.Thefinal deformationat the groundsurface(not shavn) involvesboth horizontaland
verticalcomponentsvhich tendsto moreevenly distribute the displacemenamongthetwo directions.

Thedisplacementandvelocitiesat sitesS1andS2 givenin figure 7.43exemplify the disparitybetween
the motion in the forward direction (southof the fault) and the motionin the backwardsdirection (north
of the fault). As shawn in figure 7.31, site S1 lies above the southeastornerof the fault, andsite S2 lies
above the centerof the northernedgeof the fault, which in this casecoincideswith the epicenter At site

S1the shearwave arrival consistingof a single pulsein displacemenanda correspondingloublepulsein
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scenariobase. The white line indicatesthe projectionof the fault onto the groundsurface,andthe yellow
circle identifiesthe epicenter
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surfacefor scenaridbase.Thewhite line indicatesthe projectionof the fault planeonto the groundsurface,
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velocity dominateghe motionon all threecomponentsThe horizontalmotion occursalmostexclusively in

thesoutheasdlirectionandis skewedto the eastof theslip direction. As we notedabove, the peakhorizontal
displacemenéxceedghepeakverticaldisplacemenby approximately40%. Thearrival of thesheawaveis
followed by the arrival of Love andRayleighwavesbut with almostnegligible amplitudescomparedo the
sheamwave. Site S2recevesfar lesssheamwave enegy, andtheenegy arrivesover alongerinterval of time.
As aresult,theamplitudeof the sheawave blendsin with the smallamplitudesurfacewaves.

We computeheresponsepectraat bothsitesfollowing the sameprocedurehatwe usefor thestrike-slip
fault outlinedin section7.1.3. In this casewe rotatethe groundmotionsat sitesS1and S2to 140 degrees
eastof northand170degreeseastof north,respectiely. The horizontalacceleratiomesponsepectrashavn
in figure 7.44 vividly illustrate the severity of the groundmotion at site S1 comparedo the ratherbenign
groundmotionat site S2. Theresponseapectrunfor site S1displaysa broadpeakof 40%g centeredaround

aperiod2.6sec.Theresponsepectrunfor site S2,in contrastjs nearlyflat with alevel belon 5%g.

Material Properties

We studythe effect of allowing variationin the materialpropertiesvith depthby comparingthe waveforms
at sitesS1 and S2 from scenariobase,which usesa layeredhalf-space with thosefrom scenarichomo,
which usesa homogeneousalf-space. Figure 7.45 gives the north-southand vertical componentf the
velocity time historiesat the two sites. In both casessite S1 undegoesmuch more serere shakingthan
site S2. In additionto the obviousincreasen amplitudeof the velocity with the layeredhalf-spacejn the
homogeneoukalf-spacehenorth-southandverticalcomponentsarenearlyequal,while in the layeredhalf-
spacethe horizontalcomponentglominatethe motion aswe notedin our discussiorof the basecase.The

softermaterialnearthe groundsurfacedoesnot appearto affect the vertical groundmotion; however, we
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know that the particle motion rotatestowardsthe horizontalasthe shearwave refractswhile propagating
throughthe softermaterial. This causesanincreasean the horizontalmotionwith a correspondinglecrease

in theverticalmotion, soit is purely coincidentakhe verticalmotionremainsrelatively unchanged.
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Ruptur e Speed

We studythe sensitvity of the groundmotionsto the rupturespeedusingscenariosr70with arupturespeed
of 70% of the local shearwave speed scenariobasewith a rupturespeedof 80% of the local shearwave
speedandscenariovr90 with a rupturespeedof 90% of thelocal sheamwave speed.In figure 7.46 we see
thatincreasinghe rupturespeedeadsto a significantincreasan the amplitudeof the velocity in the north-
southdirectionat both sitesS1 and S2. The vertical componentshaov no correspondingncrease.As we
foundin the strike-slip fault simulations(section7.1.3),increasinghe rupturespeedcauseshe shearwaves
from all portionsof the fault to arrive in a shortertime interval which leadsto sharpeiphasearrivals. As a
result,thewidth of thedoublepulsein velocity at site S1decreaseastherupturespeedncreases.

If we examinethe maximumhorizontaldisplacementsnd velocitieson the groundsurfacealong the
north-southline runningthroughthe centerof the domaingivenin figure 7.47, we seethat the maximum
displacementandvelocitiesincreaseaswe incrementhe rupturespeedrom 70%to 90% of thelocal shear
wave speed.The rupturespeeddoesnot affect the shapef the curves. We againoverlay the nearsource
groundmotionfactor Ny, fromthe1997UBC eventhoughtheCaliforniaDivisionof MinesandGeologydoes
notincludeblind thrustfaultson the mapsusedto determinethe nearsourcefactor(California Department
of Conseration, Division of MinesandGeology1998). With thefaultdipping 23 degreesandburied8.0km

belown thegroundsurface thefaultlies within 270km of the surfacealonga 5.1km sectionof the north-south
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Figure7.46: Comparisorof north-southandvertical horizontalvelocity time historiesat sitesS1andS2for
thethreerupturespeeds.

line. Consequentlywe setthe nearsourcefactorto 2.0 over this sectionandthe adjacen2.0km on either
side. The maximumdisplacementsnd velocitiesfall outsideof this region wherewe setthe nearsource
factorto 2.0. The shallav dip of the fault causeghe shearwave to reachthe surface5.0km from the top
of the fault, which lies 3.0km outsidethe region wherethe nearsourcefactorreachests maximumvalue.
Additionally, the maximumdisplacementandvelocitiesdecayrapidly north of their peakvalueswhile the
nearsourceactorremainconstanfor severalkilometersbeforedecaying.Thus,theshapeof thenearsource

factordoesnotappeato correlatewith the distribution of the shaking.

Maximum Slip Rate

Scenariows10,base andvs20with maximumslip ratesof 1.0m/sec,1.5m/sec,and2.0m/sec respectiely,
illustratethe limited sensitvity of the groundmotionsto changesn the maximumslip rate. The maximum
slip rate influencesthe amplitudeof motion in the north-southdirection at sitesS1 and S2, as shawvn in
figure 7.48, but not the shapeof the waveforms. Increasingthe slip ratefrom 1.0m/secto 1.5m/sechasa
moresignificantimpactthanincreasinghe slip ratefrom 1.5m/secto 2.0m/sec,whereasn the caseof the
strike-slipfault, eachincrementin the maximumslip rateyieldsroughlythe samechangesn the amplitudes
of the time histories. The vertical componentremainsrelatively unchangediswe vary the maximumslip

rate.
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Figure7.49shonsthatthemaximumhorizontaldisplacementandvelocitieson thegroundsurfacealong
thenorth-southrunningcenterlinealsodisplaya markedly greatersensitvity to increasinghe maximumslip
ratefrom 1.0m/secto 1.5m/secthanto increasinghe maximumslip ratefrom 1.5m/secto 2.0m/sec The
shape®f the curvesof the maximumdisplacementandvelocitiescloselymatchthosein figure 7.47for the
threerupturespeedsandcontinueto peakapproximatelythreekilometerssouthof endof the region where

the nearsourcefactoris 2.0.
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Figure7.49: Maximummagnitude®f the horizontaldisplacementectorsandvelocity vectorsalonganorth-
southline running over the centerof the fault for the threemaximumslip rates. The thick, dashedine
indicateshe nearsourcegroundmotionfactor Ny, from the 1997 Uniform Building Code.

Hypocenter Location

We examinethe variability of the ground motionswith changesn the location of the hypocenterusing
scenaridbase(wherehypocenteHA sitsat the centerof the bottomedgeof thefault), scenarichybc (where
hypocenteHB sits at the northeastornerof the fault), scenariochyme (wherehypocenteHC sits nearthe
middle of the eastedgeof the fault), and scenariohymc (wherehypocenteHD sits nearthe fault center).
Figure7.34givesthe precisehypocentetocations.Figure 7.50showvs the maximumhorizontalandvertical
velocitieson the groundwhenwe placethe hypocenterat the middle edge(hypocenteHC) for scenario
hyme. By comparingthe maximumvelocitiesfrom scenariobase(figure 7.42) with thosefrom scenario
hyme (figure 7.50), we seethat moving the hypocentetocationfrom the bottomcenter(hypocenteHA) to
the middle edge(hypocenteHC) causes dramaticshift in the spatialvariationof the maximumvelocities.

Thepeakvelocity remainsnearthetop of thefault, but thevelocitiesabore thewestedgeof thefaultincrease
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relative to the restof the domain. Additionally, the peakhorizontalvelocity decreasefrom 1.2m/secto

0.55m/sec.
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Figure7.50: Maximummagnitude®f thehorizontalandverticalvelocity vectorsat eachpointon theground
surfacefor scenarichyme. Thewhite line indicatesthe projectionof thefault planeontothe groundsurface,
andtheyellow circle identifiesthe epicenter

Site S1lies alongadifferentazimuthfor eachhypocentetocation,while site S2lies alongthreedifferent
azimuthdor thefour hypocentetocations.As we might expectfrom our obsenationsof thegroundmotions
from the strike-slipfault, at both sitesS1andS2thedisplacementime historiesfor the differenthypocenter
locationsgivenin figure 7.51 differ considerablywhenthe siteslie alongsubstantiallydifferentazimuths,
but matchreasonablyvell whenthe siteslie alongsimilar azimuths.In generalthe displacemenamplitudes
increaseaswe increasahe distancethe fault rupturestoward the site and placethe site closerto anazimuth
of zerodggrees. For example,at site S1 moving the hypocenteifrom the middle center(hypocenteHD)
to the bottom center(hypocentetHA) increaseghe distancethe rupture propagatetowardsthe site and
placessite S1 closerto anazimuthof zerodegrees.As aresult,the peaknorth-southdisplacemenincreases
by 86% (from 0.36m to 0.67m). Similarly, shifting the hypocenterfrom the bottom corner (hypocenter
HB) to the bottom center(hypocenteHA) increaseghe distancethe rupture propagatesowardsthe site,
andthe peaknorth-southdisplacemenincrease$y 76% (from 0.38m to 0.67m). At site S2 we find that
placingthe hypocenteat eitherlocationat the bottomof thefault or at eitherlocationat mid-depthresultsin
displacementime historieswith similar shapesAs we expectfrom usingthe samefinal slip distribution, the
final displacementsemainthe sameaswe changehelocationof the hypocenter

We againturnour attentionto themaximumhorizontaldisplacementandvelocitiesalongthenorth-south
line runningoverthecenterof thefault. We seeonly aminor shiftin theshapeof themaximumdisplacements
in figure 7.52 aswe move the hypocenter The shapeof the maximumvelocitiesexhibits a more dramatic
shift with fluctuationsin the hypocentetocation. The curve of the maximumvelocitiesfor scenarichymc

containstwo peaks,while the curvesfor the otherscenariogontainonly one. For scenarichymethe peak
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Figure7.51: Comparisorof north-southandvertical displacementime historiesat sitesS1 and S2 for the
four hypocentetocations.

of the curve of maximumvelocitiesfalls nearthe middle of the region wherethe nearsourcefactoris at its
maximumvalue, whereador the otherscenarioghe peakof the curve falls nearthe southernedgeof the

region wherethe nearsourcefactoris atits maximumvalue.

Slip Distrib ution

The simulationsusea homogeneouslip distribution in scenariobase,a weakly heterogeneouslip distri-
bution with a biastowardsslip on the upperhalf of the fault planein scenariosliptop, and a weakly het-
erogeneouslip distribution with a biastowardsslip on the lower half of the fault planein scenaricslipbot.
Figure 7.53 shaws that the maximumvelocitieson the groundsurfacebecomemore symmetricaboutthe
north-southcenterlinewhenwe usethe slip distribution with a biastowardsslip at the surface. This slip
distribution containsa large asperitynearthe southwestornerof the fault andincreaseshe velocitiesat the
surroundinglocations. Hence,while the slip directiontendsto increasethe velocitiesabove the southeast
cornerof the fault, the large asperitynearthe southwestornerof the fault tendsto increasethe velocities
above the southwestornerof the fault. Consequentlythe spatialvariationof the maximumvelocitiesbe-
comesmoresymmetricand containsonepeakapproximatelyfive kilometerssouthof eachcornerat thetop
of thefault.

Upon examiningthe displacementime history at site S1in figure 7.54, we seesmall variationsin the
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Figure7.53: Maximummagnitude®f thehorizontalandverticalvelocity vectorsat eachpointontheground
surfacefor scenaricsliptop. Thewhite line indicatesheprojectionof the fault planeontothe groundsurface,
andtheyellow circle identifiesthe epicenter

amplitudeof the displacemenpulseassociatedvith the shearwave arrival, but the remainderof the dis-
placementime history appearainafectedby the weakheterogeneityn the slip distributions. At site S2the
groundmotiondisplaysno noticeablevariationuntil nearlytensecondsafterwhichthegroundmotionin the
north-southdirectionremainsnoticeablydifferentfor the remainderof the record. In otherwords, the sur

facewavesradiatingtowardsthe north appeamoresensitve to the spatialdistribution of slip thanthe shear
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waves. As we move the biasin slip from the lower half towardsthe upperhalf (consideringhomogeneous
slip to have a biasin the center),the amplitudesof the surfacewavesincreasebecauseslip nearthe ground

surfaceexcitesthe surfacewavesmoreefficiently.
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Figure7.54: Comparisorof north-southandvertical displacementime historiesat sitesS1 and S2 for the
threeslip distributions.

The maximum horizontal displacementsnd velocities along the north-southcenterlinegiven in fig-
ure 7.55 display only minor variationswhenwe add heterogeneityto the slip distributions. We find two
distinct trendsin the curve of the maximumdisplacementstheseinclude a shift in the peakof the curve
towardsthe northwhenwe usethe slip distribution with a biastowardsslip at depth,andanincreasen the
maximumdisplacementabovethenorthendof thefaultwhenwe usetheslip distributionwith abiastowards
slip nearthe surface. As we notedin our discussiorof the waveformsat sitesS1andS2,theincreasén the
displacemenamplitudegowardsthenorthis associateavith largeramplitudesurfacewavesthatareexcited
moreefficiently by theincreasen slip at shallover depths.

The only noticeabletrend in the curve of the maximumvelocitiesis the slight variationin the peak
maximumvelocity. This variability arisesfrom shiftsin the locationsof the slip asperities With only minor
variationsn theshape®f thecurvesof themaximumhorizontaldisplacementandvelocities,it is nosurprise
that the shapeof the curve for the UBC nearsourcefactor againfails to capturethe shapeof either the

maximumdisplacementsr the maximumvelocities.
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Figure7.55: Maximummagnitude®f the horizontaldisplacementectorsandvelocity vectorsalonganorth-
southline runningover the centerof the fault for thethreeslip distributions. Thethick, dashedine indicates
the nearsourcegroundmotionfactor Ny, from the 1997 Uniform Building Code.

AverageSlip

Increasinghe averageslip from 1.0m in scenaridbaseto 2.0m in scenaricslip2 causes dramaticincrease
in the displacemenamplitudes but only a smallincreasen the velocity amplitudes. This doubling of the
averageslip changegshe momentmagnitudefrom 6.8to 7.0. In figure 7.56 we find at sitesS1 and S2that
varyingthe averageslip affectsboththe north-southandvertical displacementomponentsWe obsere that
thefinal displacementdoubleasdo theamplitudeof the displacemenpulseat site S1andthe amplitudeof
the surfacewavesat site S2. Maintainingthe samemaximumslip rateof 1.5m/seccauseshe peakslip rates
to occurlaterin theslip time historyandleadsto a slight delayin the peakamplitudedor anaverageslip of
3.0m comparedo anaverageslip of 2.0m.

The maximumhorizontaldisplacementandvelocitieson the north-souttcenterlingn figure 7.57reflect
therelatively largerimpactthatchangingheaverageslip hasonthedisplacementsomparedo thevelocities.
The maximumdisplacementsxhibit a nearlyuniform increaseby afactorof two consistentvith our obser
vationsat sitesS1andS2. The maximumvelocities,on the otherhand,shav only a minor increaseowards
the southwith little variationnearthe peakvalues.The peaksof the maximumdisplacementandmaximum
velocitiesremainapproximatelythreekilometersto the southof the region wherewe setthe nearsource

factorto avalueof 2.0.
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Figure7.56: Comparisorof north-southandvertical displacementime historiesat sitesS1 and S2 for the
two valuesof averageslip.
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southline running over the centerof the fault for the two valuesof averageslip. The thick, dashedine
indicateshe nearsourcegroundmotionfactor Ny, from the 1997 Uniform Building Code.



95

Horizontal Component Yertical Component
a0
E‘
20 Sy
g 10 1D§
£, E
] =
:
i
= -10 0.5
2 z
_20 =
il
_“::-
- 30
-3 -20 -10 0O 10 20 30 -30 -20 -10 10 20 30
West-East (km) West- East (km)

Figure7.58: Maximummagnitude®f thehorizontalandverticalvelocity vectorsat eachpointontheground
surfacefor scenariofault4km. The white line indicatesthe projectionof the fault planeonto the ground
surface,andtheyellow circle identifiesthe epicenter

Fault Depth

We studytheeffectthatchanginghe depthof thefault hason the groundmotionsusingscenaridbasewhere
thetop of faultsitsatadepthof 8.0km, scenaridault4kmwherethetop of thefault sitsat a depthof 4.0km,
andfaultOkmwherethe top of the fault sits at the groundsurface. As we raisethe top of the fault, the slip
occursin softermaterialwhich reduceghe momentmagnitudegrom 6.8 (8.0km depth)to 6.7 (4.0km depth)
and 6.6 (0.0km depth). While the momentmagnitudedecreaseghe groundmotionsbecomemuchmore
severe, particularly directly above the top of the fault. Figure 7.58illustratesthe increasan the maximum
velocitiesabove the top of the fault andthe shift in the peakvaluesin the horizontaldirectionfrom 5.0km
southof the top of the fault to directly above the top of the fault. The peakmaximumhorizontalvelocity
increasedy 50%, andthe areasubjectedo maximumvelocitiesexceedingl.1m/secjumpsfrom roughly
20 squarekilometersto morethan200squarekilometers.

As evidentin figure 7.59, raisingthe top of thefault from 8.0km to 4.0km causes substantialncrease
in theamplitudeof thedisplacemenpulseat site S1. Raisingthetop of thefaultanadditional4.0km, sothat
thetop of thefaultreacheshe groundsurface leadsto a velocity pulseof aboutthe samesize,but with three
peaksthisimpliesthesinglepulsein displacemenbecomesdoublepulse,orin otherwords,thereboundn
displacementvershootghefinal value. Additionally, raisingthetop of thefaultto thesurfacecauses delay
in the arrival of the shearwave at site S1, becauséhe ruptureis completelycontainedn the softermaterial
nearthe surface;to reachsite S1the sheamwavesmusttraversea morehorizontalpathwith agreatedistance
throughthe softermaterialwherethe sheamwave speeds slower. In contrastto site S1,aswe raisethefault,
thesheamwavescontinueanearverticalpropagatiorpathto site S2,andthereductionin propagatiordistance
neededo reachthesiteleadsto earlierarrivals of the sheawaves. Furthermoretheincreasednotionof the

hangingwall contritutesto a morepulselike motionin the horizontaldirectionat site S2. Themotionin the
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verticaldirectionis lesssensitie to the changesn the depthof thefault.
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Figure7.59: Comparisorof north-southandvertical velocity time historiesat sitesS1 andS2 for the three
depthsof the top of thefault.

Figure7.60displaysthe maximumhorizontaldisplacementandvelocitiesalongthe north-southcenter
line. As we previously noted,for the basecasewith a fault depthof 8.0km, the curve for the maximum
displacementsind the curve for the maximumvelocitiespeak5.0km southof the top of the fault. When
the top of the fault sits 4.0km below the surface,the maximumdisplacementsand velocitiescontaintwo
peaks. Thefirst peakis associatedvith the maximumamplitudeof the sheamwave, while the secondpeak
is associatedavith the maximumamplitudeof the surfacewaves. Note thatthe secondobeakfalls in aregion
wherethe nearsourcefactorhasdecayedo nearits minimum value. Whenthe top of the fault lies at the
groundsurface themaximumdisplacementdirectly above thefault exhibit a greaterincreasghanthoseup-
dip from thefault, andthe peakdisplacementgall nearthe centerof the region wherethe nearsourcefactor
is amaximum.The curve of the maximumvelocitiesbecomegomplicatedueto sheamwavesreflectingoff
the surfaceandinteractingconstructvely anddestructvely with sheamwavesgeneratedt otherlocationson
thefault. Thus,we find the shapeof the curve for the nearsourcefactorbetterfits the generalshapeof the
curve of the maximumvelocitieswhenthe fault lies closeto the surface. This comesas no surprisesince
the California Division of Mines and Geologyincludesonly strike-slip faultsandthrustfaultswith surface

rupturein the mapsusedto determinethe nearsourcefactor
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Figure7.60: Maximummagnitude®f the horizontaldisplacementectorsandvelocity vectorsalonganorth-
southline runningover the centerof the fault for the threedepthsof the top of the fault. Thethick, dashed
linesindicatethe nearsourcegroundmotionfactor, Ny, from the 1997 Uniform Building Codefor threefault
depths.
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7.3 Discussion

7.3.1 Ground Motion Characteristics

The earthquak simulationson the strike-slip fault shareseveral distinct characteristics Whensslip occurs
in the softermaterialin the top six kilometersof the domain,the ruptureslows considerablyin this region
causingthe curvatureof the rupturefront to progressiely increase.As a result, the reinforcemenbf the
sheamwave by the rupturestabilizesandthe peakvelocitiesbecomeuniform alongthe strike of the fault for
asignificantportionof thefaultlength. Dueto positive reinforcemenby therupture the peakdisplacements
tendto increasealongthe strike of the fault away from the epicentemuntil the end of the fault wherethey
decayrapidly with distance.A typical groundmotion containsa large amplitudeshearwave followed by a
train of surfacewaveswith nearlythe sameamplitude. The mostseveregroundmotionoccursin thedirection
normalto thefault.

We alsofind several commonfeaturesfor the simulationswherethe top of the thrustfault lies 8.0km
below the groundsurface. The shallov dip of thefault to the north causeshe maximumdisplacementand
velocitiesto occurapproximatelyfive kilometerssouthof thetop of thefault. Therake angleof 105degrees
directsthe largestdisplacementandvelocitiestowardsthe southeastA large, singlepulsein displacement
anda correspondindarge, doublepulsein velocity characterizehe groundmotionstowardsthe south(the
forwarddirection). The groundmotionstowardsthe north (the backwarddirection)aremuchlesssevere. As
we raisethetop of thefaulttowardsthe groundsurface themotionabove thefault becomesnoresevere,and

apulse-like sheawave arrival appearsn thedisplacementabove the northendof thefault.

7.3.2 Sensitvity of Ground Motions to Variations in Parameters

Basedon the strike-slip andthrustfault simulationswe assesshe sensitvity of the groundmotionsto our

systematicrariationof the simulationparameters.

Material Properties

The groundmotionsexhibit a strongsensitvity to verticalvariationof the materialpropertieghomogeneous
half-spaceversudayeredhalf-space).Softeningthe materialnearthe surfaceleadsto a substantialncrease
in the displacemenandvelocity amplitudesIn the strike-slip simulationswhenwe placethe top of thefault
at the groundsurface,we obsene large amplitudeLove and Rayleighwavesin the layeredhalf-space put
notin thehomogeneoukalf-spaceln thethrustfault simulationsvhenwe bury thefaultbeneaththeground
surface,the horizontalcomponentilominateghe motionin the layeredhalf-spacewhile the horizontaland

verticalcomponentaremuchsmallerandroughlythe samein thehomogeneoubkalf-space.
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Ruptur e Speed

Increasingthe rupture speedcompresseshe time historiesin duration,and we obsene a corresponding
narraving of the groundmotion pulses. Additionally, the reinforcemenbf the shearwave by the rupture
becomesnoreefficient asthe rupturespeedncreasesbecausehe rupturefollows morecloselybehindthe
sheamwave. Thisleadsto largeramplitudedsn boththedisplacemenandvelocity time historiesin the strike-
slip andthrustsimulationsaswe increasdahe rupturespeedrom 70%to 90% of thelocal sheawave speed.
However, in thethrustfault simulationghisincreasas predominantlyconfinedto the horizontalcomponents.

The groundmotionsappeamoderatelysensitve to variationsin therupturespeed.

Maximum Slip Rate

The groundmotionsdisplayslightly lesssensitvity to the changesn the maximumslip ratethanthey doto
thechangesn therupturespeedIncreasinghe maximumslip ratenarravs the rupturefront which positions
the centerof therupturefront closerbehindthe sheawave. As aresult,theefficiency of thereinforcemenof
thesheamwave improves,asit doeswhenwe increasdahe rupturespeedandwe obsene similarincreasesn
theamplitudesof the groundmotions.However, on bothfaultsthe phasearrivalsremainrelatve unchanged.

Hence the maximumslip rateinfluenceghe amplitudeof the motionbut not the shape®f thewaveforms.

Hypocenter Location

At agivensitethe sensitvity of thegroundmotionsto thelocationof the hypocentedepend®ntherelative

changesn azimuth. In the strike-slip simulationsthe azimuthof the sitesin the forward directionremains
nearlyconstaneindwe obsenre very smallvariationsin the motionswhenwe move the hypocentefocation.
On both faultswhenthe azimuthchangesignificantlyaswe move the hypocenterwe find large variations
in the groundmotions.In somecaseghe site may move off of or ontoa nodalline, andthe groundmotions

increaseor decreasdy very largeamounts.

Slip Distrib ution

The groundmotionsexhibit little sensitvity to the addition of weak heterogeneitynto the distribution of
final slip, particularlyin theforwarddirection. However, we expectthe high frequeng portionof theground
motions,which we do not includein the simulationsto exhibit a greatersensitvity to heterogeneityn the
final slip. In the thrustfault simulationsthe dip location of the heterogeneityaffects the amplitudeof the
surfacewavesat sitestowardsthe north (backwarddirection). In the strike-slipsimulationswe usea strongly
heterogeneouslip distribution which doesreducethe displacemenamplitudesfor a considerablegortion
of the time histories. As in the thrustfault simulationswith weakheterogeneitythe groundmotionsin the

backward direction shav a greatersensitvity to the strongheterogeneityn the final slip. In the forward
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directionwe do obsene someminor changesn the waveforms,but the peakdisplacementandvelocities
remainrelatively unchanged.

Graves (1998) also found nearsourceground motionsrelatively insensitve to weakly heterogeneous
slip distributions; however, he found large reductionsin the peakvelocitieswith a strongly heterogeneous
distribution of slip. In contrastto our simulations he lengthenedhe slip durationon the shallav portion of
thefaultbasednthekinematicsourcemodelof the1992Landersearthquak from Wald andHeaton(1994).
This significantly disruptsthe efficiency of the reinforcemenpf the shearwave by the ruptureandleadsto
a decreaseén the amplitudeof the motion. As we notedin our discussionof our choiceof the slip rates
andrupturespeedsn section?7.1, considerableincertaintystill existsregardingthe durationof slip for very

shallov rupture andlengtheningof the durationof slip nearthe surfacemay or may not berealistic.

AverageSlip

Becausdhe displacemensolutionis linearin slip, whenwe increasethe averageslip on the fault, the dis-
placemenemplitudesncreaseaboutthe samerelative amountasthe increasen averageslip. Maintaining
the samerupturespeedand maximumslip rate preventsa similar increasen the velocities;the amplitudes
of the velocity time historiesshov only a minor increase.Additionally, by keepingthe maximumslip rate
thesamethelargerslip leadsto alongerrisetime. Consequentlywe obsene a slightdelayin the peakdis-
placementndvelocity amplitudesaswe increasahe averageslip. Thus,thedisplacementsxhibit a strong

sensitvity to differentvaluesof averageslip, while the velocitiesexhibit a weaksensitvity.

Fault Depth

In our simulationsthe groundmotionsare mostseverewhenthe slip occursnearthe surface. With shallav
slip we obsere large amplitudesurfacewaveswith sereral cyclesof deformation.We oftendo not obsene
thesefeaturesn therealearth becauselissipatiorandlateralheterogeneityn thematerialpropertiegendto
disruptthe generatiorof surfacewaves. Raisingthetop of the thrustfault causesanincreasdan the motion
directly above thefaultandshiftsthelargestmotionfrom southof thetop of thefaultto directly above thetop
of thefault. On boththe strike-slipfault andthe thrustfault, the groundmotionsdisplaya strongsensitvity

to thedepthof thefault.

7.3.3 Implications for Earthquake Engineering

This sensitvity studyshonsthatin orderto accuratelynodelgroundmotion,in particulargroundmotionfor
engineeringlesignwe mustcarefullyselecthevaluesfor thoseparameterthatcausehe mostvariability in
theresultinggroundmotion. Thus,for a givensite we mustknow the materialpropertiesof the surrounding
region and the location and geometryof all nearbyfaults. To simulatethe most severe casesof ground

motion, the hypocenteshouldbe placedsuchthatthe rupturepropagatessfar aspossibletowardsthe site
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understudy andthatthesitelies closeto anazimuthof zero. Additionally, we mustselectreasonablealues
of rupturespeedmaximumslip rate,andaverageslip; if the amplitudesof the displacementime histories
areparticularlyimportant,we needto pay specialattentionto the averageslip. As long asthesitesitsin the
forward direction, the spatialdistribution of slip on the fault haslittle influenceon the long-periodground
motions,sowe neednot modelit with asgreatof care.

We considerthe distribution of the groundmotionson the groundsurfacefor the basecasesn the sen-
sitivity study (scenariobasellfor the strike-slip fault and scenariobasefor the thrustfault). Figure 7.61
displaysthe areaon the groundsurfacewherethe maximumhorizontaldisplacementandvelocitiesexceed
agivenvalue.Theareasvherethe maximumvaluesexceed0 m and0 m/seccorrespondo the total areasof
thegroundsurfacesin thetwo domains.Theentiregroundsurfacesin thedomainsexperienceat leastsmall
displacementsind velocities,so the curvesarerelative flat for small levels of shaking. The shapeof the
curvescorrespondindo the maximumhorizontaldisplacementsor the strike-slip andthrustfaultsclosely
agreeasdo the shapef the curvescorrespondingo the maximumbhorizontalvelocitiesfor the two types
of faults. Theareasubjectedo a givenmaximumdisplacemenor velocity decreasesapidly aswe approach
the peakmaximumdisplacementandvelocities. This is associateavith therapidincreaseén the maximum

displacementandvelocitiesaswe approachthefault.
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Figure 7.61: Areason the groundsurfacein the strike-slip and thrustfault domainswherethe maximum
horizontaldisplacementandvelocitiesexceeda givenvalue.

Nearthe middle of the curvesthe areasubjectedo a givenlevel of groundmotionincreasesery rapidly
for small changesn the level of groundmotion. This meanshatif aregion containsmary structureghat
experiencedamagefor thesemoderatdevels of groundmotion (relative to the severe groundmotion near
the fault), then only minor improvementsin the structuralcapacitymay drasticallyreducethe areaof the
region wheredamageoccurs. Alternatively, smalldegradationsn the structuralcapacityof thesestructures

leadto a substantiaincreasan the areawheredamageoccurs. We illustrate the former of thesetwo cases
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with anexample.If agiventype of structuregenerallysuffers serzeredamagevhenthe maximumhorizontal
velocity exceedd).40m/se¢ thenthe strike-slip earthquak in scenaricbasewould causeseveredamagén
thesestructuresver anareaof 2400squarekilometers.If we retrofitthesestructuresothatsimilar damage
occursat 0.60m/secinsteadof 0.40m/sec thenthe sameearthquak would causethe samelevel of damage
overanareaof only 1600squarekilometers.Thisis a 33%reductionin theareawhereseseredamagenccurs.
The samestratgyy appliedat highervelocitiesgeneratesimilar percentageeductions but the sizesof the
areasaremuchsmaller

Thedifferencein the averageslip betweerthe basecasefor strike-slipfault (2.0m) andthe basecasefor
thethrustfault (1.0m) createghe shift in the areassubjectedo maximumdisplacementsxceedinga given
value.We cannotattribute the differencein the areador the maximumvelocitiesto the differencein average
slip betweerthe basecasedor the strike-slip fault andthrustfault, becausén the sensitvity studieswe find
the maximumvelocitiesrelatively insensitve to the averageslip. Instead,we attribute the increasein the
areasubjectedo a givenmaximumvelocity to the differencesn thefault geometriesFor thethrustfaultthe
shallav dip angleof 23 degreesandthe 28km faultlengthleadsto the velocity pulsesweepingacrossalarge
area,but the 18km fault width limits the distanceover which the rupturereinforcesthe sheamwave. For the
strike-slipfaulttheverticaldip of thefaulttendsto confinethevelocitiespulsego theregion closeto thefault
(small area),but the 60km fault lengthallows the ruptureto reinforcethe shearwave over a muchgreater
distancecomparedo thethrustfault. Thelongerfaultlengthof the strike-slipfault hasa greateimpactthan
the shallav dip angleof the thrustfault, sothatthe areaon the groundsurfacesubjectedo a given velocity
level is largerfor the strike-slipfaultthanfor the thrustfault.

Thesimulationsalsorevealsomeinformationregardinggroundmotionsandmomentmagnitude As we
might expect and the simulationsconfirm, we find variability in the groundmotionsfor a given moment
magnitudeor differentsitesandscenariosvith differentrupturespeedsslip rates,andhypocentetocations.
However, we generallyexpectthe severity of the groundmotionto increasewith the momentmagnitude.

For thestrike-slipfaultandthethrustfault, table7.8 givesthe maximumdisplacementandvelocitiesfor
thebasecaseandthosescenariosvith differentmomentmagnitudesWe seethatincreasinghe averageslip
increaseshe momentmagnitudeandit is accompaniedy the expectedncreasén maximumdisplacement
with little changen the maximumvelocity. We alsoseethatraisingor loweringthe depthof thefault causes
anequalor greaterchangeén momentmagnitudeaccompaniedy largervariationsn maximumdisplacement
andvelocity, but the motionsaremore severeasthe momentmagnitudedecreasesThe momentmagnitude
dependson the shearmoduluswhich is smallerin the softermaterialnearthe surface,so thatthe moment
magnitudedecreaseaswe raisethefault closerto thegroundsurface.Thus,themomentmagnitudeprovides
a poor measureof the severity of the groundmotionwith variationsin the depthof the fault. The seismic
poteng, whichis definedasthe productof theaverageslip andfault area providesa slightly bettermeasure
of the severity of shakingby removing the dependencenthe sheamodulus.

For eachgroup of simulationsin the sensitvities studieswith the strike-slip fault andthe thrustfault,
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Fault Type | Scenario| Moment | Seismic | Average| Maximum Maximum
Magnitude | Poteny Slip Horizontal | Horizontal
Displacement| Velocity
(md) (m) (m) (m/sec)
Strike-Slip | basell 7.0 1.8x10° 2.0 2.2 2.9
slip3 7.1 2.7x10° 3.0 2.5 2.8
fault4km 7.1 1.8x10° 2.0 1.2 1.7
fault8km 7.1 1.8x10° 2.0 0.95 1.0
Thrust base 6.8 5.0x10° 1.0 1.1 1.2
slip2 7.0 1.0x10° 2.0 1.8 1.4
faultdkm 6.7 5.0x10° 1.0 1.6 1.8
faultokm 6.6 5.0x10° 1.0 1.3 1.5

Table7.8: Variationsin the peakmaximumdisplacementandvelocitieswith momentmagnitude.

we comparedhe shape®f the curvesof the maximumdisplacementandmaximumvelocitiesalonga line
runningnormalto thestrike of thefaultwith theshapeof the curve of theUniform Building Codenearsource
factor Ny. If we assumeahatthe maximumdisplacementandvelocitiescorrelatewith the seismicdemand
imposedon a building, thenwe wantthe shapeof the nearsourcefactorcurve to matchthe generakhapeof
the maximumdisplacementandthe maximumvelocities;we do not correlatethe maximumdisplacements
or velocitieswith specificvaluesof thenearsourcefactor For thestrike-slipfaultwe find thatthenearsource
factoraccuratelycaptureghelocationof the peakmotionandthe decaywith distancefrom thefault.

We applytheformulafor thenearsourcefactorfrom the 1997Uniform Building Codeto all threedepths
of thethrustfault. The California Division of MinesandGeology on the otherhand,doesnot includeblind
thrustfaultson the mapsusedto determinethe nearsourcefactor (California Departmenbf Conseration,
Division of MinesandGeology1998). For the thrustfault the nearsourcefactorreachesa maximumvalue
wherethefault lies within 10km of the surfaceand2.0km on eitherside. Whenwe placethe fault closeto
the groundsurface,this region doesreceive the moreseseregroundmotion. However, the peakmotionfalls
outsidethis region whenwe bury the fault 8.0km below the groundsurface. The nearsourcefactorremains
at a maximumvaluefor only 2.0km on the up-dip side of the fault regardlessof the depthof the fault. In
orderfor theshapeof thenearsourcefactorto morecloselyfollow theshape®f themaximumdisplacements
andvelocitiesfor buriedthrustfaults,it mustbeeithershiftedtowardsthe up-dipsideof thefaultor extended
in thatdirection.

We now considera modificationin the formulationof the nearsourcefactor curve to accountfor blind
thrustfaults. We adoptthe consenrative approactof increasinghe nearsourcefactorin the up-dipdirection
ratherthanshifting the entirecurve. Insteadof usingthetop of thefaultasthereferencepointin determining
thedistancerom thefaultin theregion up-dipfrom thefault, we usetheup-dipprojectionof thefaultplaneto
determinghedistancerom thefault. Consequentlyjthe modifiednearsourcefactorremainsatits maximum

valueovertheregionwheretheextensionof thefaultplanelies within 10km of thegroundsurfaceand2.0km
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on eithersideasillustratedin figure 7.62. Our modificationincludesvariationsin boththelocationof thetop
of thefaultandthe angleof dip of thefault plane;however, we cantestonly the applicationto variousfault
depthspecausave do notvary thedip anglein the simulations We reproducdigure 7.60in figure 7.63with
themodifiednearsourcefactor For all threedepthsof thefault, thepeakmaximumhorizontaldisplacements
andvelocitiesgenerallylie in the centerof the region wherewe setthe modified nearsourcefactorto its
maximumvalue. The consenrative natureof the modificationis apparenby the narrav peaksin the curves
of themaximumdisplacementandvelocitiescomparedo the peaksin the modifiednearsourcefactor This
alterationof the nearsourcefactor remainsconsistentwith 1997 UBC nearsourcefactor asit appliesto
strike-slip faultsandthrustfaultswith surfacerupture. Thus, the shapeof the modified nearsourcefactor

providesa muchbetterfit to the patternof strongshakingthanthe nearsourcefactor Ny, in the 1997UBC.

Modified Nv

un 0T

1997 UBC Nv

Figure 7.62: Modified versionof the 1997 UBC nearsource. The upperportion shovs the modified near
sourcefactorandthe 1997UBC nearsourcefactor Ny. Thelower portionof thefigure shavs thelocationof
thefault planeandthe up-dip projection.

7.3.4 Geoplhysical Implications

As discussedh theprecedingsectionthe momentmagnitudeoften, but notalways,correlatesvith thesever-
ity of thegroundmotion. HanksandKanamaoridefinedthe momentmagnitudesothatit is proportionalto the
radiatedenegy andit is compatiblewith the empiricalenegy-magnitudeelationdevelopedby Gutenbeg
andRichter(Heatonetal.1986).Figure7.64displaystheradiatedenegy asafunctionof momentmagnitude
for all of the strike-slip andthrustfault simulationsalongwith the enegy-magnitudeelationof Gutenbeg
andRichtergivenby equation(7.1) (Lay andWallace1995). The Gutenbeg-Richterenegy-magnitudeela-
tion givestheradiatedenegy in ergsin termsof the surfacewave magnitudeMs. Usingthe expressiongor
the surfacewave magnitudeandmomentmagnitudeasa functionof the seismicmomentwe manipulatethe

enegy-magnitudeelationto give theradiatedenegy in termsof the momentmagnitude.

logE = 11.75+ 1.5My (7.1)
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Figure7.63: Maximummagnitude®f the horizontaldisplacementectorsandvelocity vectorsalonganorth-
southline runningover the centerof the fault for the threedepthsof the top of the fault. Thethick, dashed
linesindicatethe modifiednearsourcegroundmotionfactorfor thethreefault depths.

We computethe radiatedenegy during the simulationbeforelow-passfiltering the velocities. Hence,the
radiatedenepy reflectsthe enegy emittedat all wavelengthdrom the prescribedupture,althoughwe con-
structtheruptureto generatg@redominantlyjong-periodmotionasdiscussedn section5.2.

We seethat the radiatedenegiesfrom the simulationsagreewith the Gutenbeg-Richterrelationship.
Therelative scatterfor eachof thefaultsdepend®n whethenwe plot theradiatedenegy usingalinearscale
or alog scale. As the rupturespeedapproachentrinsic wave speedsgdirectiity effects causedisplace-
mentpulseswith shortdurationsandlarge amplitudes.Consequentlychangingthe durationof slip via the
maximumslip rateor changingthe rupturespeedcauseshangesn the particle velocities. Thesechanges
causefluctuationsin the radiatedenegy andleadto the scatterin the radiatedenegy at a given moment
magnitude.Becauseour simulationsinclude only the long-periodgroundmotions,we expectthe radiated
enegiesfrom the simulationsto be smallerthanthosepredictedby the Gutenbeg-Richterrelationship.The
radiatedenepgiesfor thethrustfault simulationsdisplaythis trend,but theradiatedenegiesfor the strike-slip
fault tendto be larger thanthosepredictedby the Gutenbeg-Richterrelationship. However, the radiated
enegiesfrom the strike-slip simulationsprobablylie well within the scatterof the eventsusedto generate
the Gutenbeg-Richterrelationship.Becausdarger earthquakstendto radiateenegy atlongerperiods,we
do expectrelatively largerradiatedenegiesfrom the strike-slip fault simulations which have largermoment
magnitudesthanthe thrustfault simulations. Relative to the Gutenbeg-Richterrelationship,our radiated

enegiesdo displaythistrend.
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Figure7.64: Radiatedenegy asa function of momentmagnitudefor all of the strike-slip andthrustearth-
guale simulations.The plot on the left usesa linear scalefor the radiatedenegy, andthe plot on theright
usesalog scalefor theradiatedenegy.

Whenwe useprescribeduptureswe ignorethedynamicsof theruptureprocessandsettherupturespeed
independentf the maximumslip rate. This meanghatwe may choosea rupturespeedhatis incompatible
with our choiceof slip rate. Moreover, while theslip time historymaymeetour spectracontenineedgelated
to the discretizatiorsize,the shapemay not conformto thosefoundin nature. This is not a problemwhen
we wantto simulaterecenteventswheretheseparameterarewell known. However, for hypotheticakevents
it is difficult to selectphysicallyrealisticparametersvithout anunderstandingf thedynamicsof therupture

process.
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Chapter 8 Dynamic Failure

We incorporatethefrictional sliding onthefault surfaceinto the earthquak sourcewith thegoalsof creating
morephysicallyrealisticrupturesandbetterunderstandinghe physicsof the ruptureprocessWe specifythe
friction modelandtheinitial tractionson the fault,andthe dynamicbehaior of the rupturecontrolsthe slip

onthefaultasafunctionof time.

8.1 Earthquake Source

We needto make only afew, simplemodificationgto the modelof the earthquak sourceto addthe ability to
simulatethe earthquaksusingdynamicfailure. Insteadof specifyingthe displacementsit the slip degrees
of freedom,we usethe friction modelto specifythe forcesactingon the slip degreesof freedom.We must
alsoincludethe stressefrom the surroundingegion thatacton thefault, which we call the tectonicstresses
because significantportioncomesfrom platetectonics.

We assumeéhatthecoeficientof friction is afunctionof slip distanceandslip rate,andpossibly anumber
of statevariables.We usethe usualdefinition of slip rate,i.e., the magnitudeof slip velocity. Whensliding
occurson aplane,the definition of slip distancedepend®n thelengthscaleof the surfaceasperitiegsurface
roughnesshhatcreatethefriction. If theasperitiesarelargecomparedo thedistanceoverwhich slip occurs,
thenanappropriatedefinition of slip distancds the magnitudeof the distancea point slidesfrom its original
position. This definitionallows the slip distanceto remainconstanif sliding occursalongthe circumference
of ary circle centeredatthepointwhereslidingbegins. Ontheotherhand,if theasperitiemresmallcompared
to thedistanceoverwhichsliding occursthentheslip distanceshouldincreasendependentlpf theslip path,
andan appropriatedefinition of slip distances the total distanceover which sliding hasoccurred.We will
assumehat the asperitiesare small comparedo the slip distanceand usethe total sliding distanceasthe
slip distance.Regardlesof how we chooseto definethe slip distancethe friction force alwaysactsin the

oppositedirectionof thesliding.

8.1.1 Governing Equationswith Friction

We replacetheforcevectorin thegoverningequationgquation(2.2), with thedifferencebetweerthefriction

forcevector, {F¢}, andthevectorof tectonicforces,{R }, asshavn in equation(8.1).

[MH{a)} + [CH{u®)} + [KH{u®)} = {R(O} = {Fr(D(1),D(t))} (8.1)
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Theminussignin front of thefriction forcevectorindicateghatwe choosdo explicitly includethedissipatve
natureof thefriction forcein the governingequation sothatthe vector{F: } actsin thedirectionof sliding.
Wewill discusgheformulationof thevectorof tectonicforcesin section8.1.2.Following thesameprocedure
thatwe usedfor the prescribedupturesdiscussedn section2.2, we integratethe differentialequationusing
the central-diferenceschemeThe expressiorfor thedisplacemenattimet + At is

(M4 55101 fut+ 80} = (R (0} - (F (0,60}

+ (M- 1) w0} 62)
- (M- 5519 (ue-20}.

We computethefriction attimet assuminghatwe know theslip rateattimet. In thecentral-diference
schemehe velocity attime t dependon the displacemenattime t + At, so thatcomputingthe slip rateat
timet requiresknowing thesslip attimet + At, which we do notknow. To remedythis difficulty, we assume
thatthetime stepis smallenoughsothatthe slip ratedoesnot changesignificantlyin a singletime step.This
approximationmay causeproblemsif the slip rate exhibits a stronginfluenceon the coeficient of friction.
Fortunatelywe do not usefriction modelswith this feature.Thus,we usetheslip rateattimet — At, instead
of theslip rateattimet, to computethefriction forceattimet. Equation(8.3) givestheamendeadrersionof

theexpressiorfor the displacemenattimet + At.

(%IM] + ﬁ[c]) {ut+at)} = {R(t)} — {Fe(D(t),D(t — At))}
+ (M- 1)) ) ©3)

~ (M1~ 5] futt - 80}

8.1.2 Forceson Slip Degreesof Freedom

We musttransformthe initial tractionsappliedon the fault surfaceinto forcesacting on the slip degrees
of freedom. We specify the initial tractionson the fault surface using the spatialinterpolationprocedure
describedn section2.5. At eachnodeon thefault, we interpolatefrom thegiveninitial tractionsandcorvert
the tractionsto forcesusing the nodes tributary areaon the fault plane. We assumethat the fault is in
equilibrium and apply the forcesequally to both sidesof the fault. We transformthe forcesinto the slip
coordinateframe usingthe transformatiormatrix [Tsjip] givenby equation(2.19). Equation(8.4) shows the
simplified expressionfor the force vector appliedat the degreesof freedomfor a node on the fault with
tributaryareaA. Following theconventionsusedin section2.4.1,(p,q,r) denoteghe coordinate®nthefault

plane the subscriptl denoteshe degreesof freedomassociatedvith the movementof thehangingwall, and
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thesubscript2 denoteghe degreesof freedomassociatedvith the movementof thefootwall.

( 3 € )
Fpi—p, To
Fo1—a Tq
F,— T;
A —av2d Y (8.4)
FP1+D2 0
FQ1+Q2 0
\ FI’1+I’2 / \ O 7

Theinitial tractionsdo not contributeary forcesto the averagedegreesof freedom,which we associatavith
movementof both sidesof the fault in the samedirection, becauseave assumehat the fault surfaceis in
equilibrium.

Thefriction force doesnot requireary transformationthe productof the coeficient of friction andthe
force actingon the relative normaldegreeof freedomgivesthe magnitudeof thefriction force vectoracting
on the slip degreeof freedom. The dynamicdeformationin the domainmay causevariationsin the normal
forcesactingon the fault. We computethe dynamicnormalforce at the slip degreesof freedomas part of
the formulation of the right-handside of the time steppingequation(equation(8.3)). By checkingthatthe
normalforce remainscompressie, we confirm that clampingthe relatve normal displacementicrossthe
fault remainsvalid. In otherwords, becausdensiletractionsimply openingof the fault, which we do not
allow, we wantthe normaltractionsto remaincompressie.

The appearancef the differencebetweenthe tectonicforce vectorandthe friction force vectorin the
equationof motion implies that we may createthe samesliding behaior from an infinite combinationof
tectonicandfriction forcesby keepingthe differencebetweenthemthe same. In otherwords, given the
sliding behaior andthe valuesof the tectonicforcesandfriction forces,if we are given differenttectonic

forces,we mayadjustthefriction modelto maintainthe samesliding behavior.

8.1.3 Initiation of Sliding

Toinitiate sliding ata point onthefault, thefriction forcemustbelessthanthe sumof the otherforcesacting
on that point. We startthe earthquaksby increasingthe tectonicforcesin orderto overcomethe friction.
During thefirst 0.5secof the simulation,we increasehefriction force above the level givenby thefriction
modelin orderto creategradualfailure and prevent suddeninitiation of the rupture. At eachpoint on the
faultwherefailure occurs,we transitionthefriction force from the critical force necessaryo preventslip at
timet = 0 to theforce givenby thefriction modelattimet = 0.5sec Equation(8.5) givesthe expressiorfor

the transitionof the artificially adjustedfriction force, Ffadj, from the critical force requiredto preventslip,
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Fer, to theforce givenby thefriction model.
adj t t
Ff = (1——)Fcr+—Ff (85)
th th

8.1.4 Condition for Termination of Sliding

Oncea point on thefault startssliding, it continuessliding until the slip ratedecreaseandthefriction force

is large enoughto “lock” the fault. In more mathematicaterms,the sliding stopswhenthe friction force

becomedargerthanthe sumof all of the otherforces. Becausesliding occurson a plane,we mustconsider
the vectorsfor the forcesactingon eachnodeon the fault. Following the corventionsof section2.4.1,we

considerthe p; — p2 andq; — g sliding degreesof freedomat eachnodeon the fault. Using equation(8.3)

with diagonalmassand dampingmatrices,the magnitudeof the critical friction force for the ith degreeof

freedomis

Fer, (Di(t), Di(t — At)) =

R — A—;Mi (Ui (t 4+ B) — 20i(t) + Ui (t — ) — ﬁq (Uit + B) — Ui (t— ) — Kijuy ()] . (8.6)

We do not know the value of u;(t + At) sincethatis what we wantto find; however, whensliding stops,
ui(t + At) = ui(t), andthecritical friction forcefor theith degreeof freedombecomes

Fer (D(1),D(t —At)) =

Fti+$Mi(ui(t)—ui(t—At))—ﬁCi(ui(t)—ui(t—At))—Kijuj(t). 8.7)

Whensliding stops thefriction forcemayactin ary direction. Thisimplieswe do notneedto accounfor the
currentslidingdirectionin our criterionfor terminatingthesliding. In otherwords,we only needto determine
if the magnitudeof the friction force meetsor exceedghe magnitudeof the force requiredto terminatethe
sliding. Denotingthe friction force at a nodeon the fault by F¢, equation(8.8) givesthe expressiorfor the

conditionusedto determindf sliding stopsatanodeon thefaultwith sliding degreesof freedomp; — p2 and

01— Q2.

Ff(DaD) > F2

Crp;—po

+ Fgrquh (8.8)

8.1.5 AverageStressDrop

Seismologisteftenusetheaveragestressiropto characterizearthquaks.Modelingthefriction onthefault
allows explicit computationof the stressdrop at every point. Equation(8.9) indicateshow we computethe

averagestressdrop, Aa, from the slip degreesof freedomby finding the dropin friction force at eachnode
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anddividing by thefaultareawhereN is thenumberof nodeswvhereslip occurredandA, is thefaulttributary
areafor nodei. We follow the sameconventionthatwe usefor stressanddenotethe friction forcesbefore

andafterby Fy andF;. A positive stresdropsignifiesareductionin the stresson thefault.

= _ ZN:l Fo — Fy

NG SUA (8.9)
im1

8.2 Initial Tractions on Fault

The seismicwavesgeneratedy the rupturingfault createdynamicstressedn the surroundingvolume. We
assumehatthe otherstressepresentsuchasthosedueto gravity andplatetectonicsdo not changeon the
time scaleof the earthquak, so we considerthemto be constant.As in the prescribeduptures,we do not
needto know theinitial stresseshroughoutthe domainto modelthe seismicwave propagation.However,
in orderto simulatethe dynamicfailure of the fault, we mustknow the initial stressesctingon the fault
surface. Thesestressesnay be foundin a numberof ways, including solutionof a staticproblem,solution
of aviscoelastigoroblem,extrapolatedrom data,or assumedrom intuition. Regardlessf their sourcewe
resol\e the stressesnto shearand normaltractionsacting on the fault surface. Thus, off the fault surface
we consideronly the dynamicstresseswhile on the fault surfacewe considerboth the initial and dynamic

stresses.

8.2.1 Effective Normal Tractions

We will considergravity and plate tectonicsas sourcef normalstressesctingon the fault surface. In a

self-gravitating, sphericalearthwith only radial variationsin materialpropertiesthe weightof the material
generateBthostaticstresseéotal stressiueto gravity) with nosheaistresseandequalaxial stressegMohr’s

circledegeneratemto apoint). For homogeneoumaterialpropertiesthelithostaticstressesicreasdinearly

with depth. In additionto shearstressesplate tectonicsalso createsnormal stresse®n the fault surface,
especiallyin the caseof inclinedfaults. The presencef waterin the intersticesof the grainsgeneratepore

pressureshatdecreas¢he effective normalstressesThe threedefinitive casesnclude: whentheinterstices
containnowater whentheintersticesresaturatedvith waterathydrostatigpressureandwhentheinterstices
containwaterat pressuregreaterthanhydrostaticpressure.

If little or no water sits in the interstices,the pore pressuresre neggligible and the effective normal
stressegqualthe normalstressesFor homogeneoumaterialpropertiesandmuchlargerlithostaticstresses
thantectonicnormalstresseshe effective normalstresseincreaseapproximatelyinearly with depth.If the
intersticesaresaturatedvith water, thenthe porepressuregqualthe hydrostatigpressuresandthe effective
normalstressesrethe differencebetweernthe normalstressesindthe hydrostaticpressuresnderthe as-
sumptionsof homogeneoumaterialpropertiesand greaterithostatic normal stresseshantectonicnormal

stressesthe effective normalstressesigainincreaseapproximatelylinearly with depth,but at a slover rate
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dueto thepresencef hydrostatigporepressureskinally, if theconfiningpressureseachhigh enoughevels,
the pore pressuresnay approactthe normalstressegausingthe effective normalstresseso becomenggli-
gible. In this third casethe materialessentially‘floats.” The existenceof topographyanddensityvariations
implieslargeshearstresseatdepththatrequirelargenormalstresseso preventfailure. Consequentlyexcept
in localizedareasyve expecttheporepressureo benogreatethanthehydrostatigpressureswWe alsoexpect
thenormalstressesn thefault from gravity to be muchgreaterthanthe stressefrom platetectonics sothat
the effective normalstresseglosely resemblehe normalstressesrom gravity. Researchersften useuni-
form effective normalstressefor simplicity (Olsenetal.1997;Ben-ZionandAndrens 1998;Madariagaetal.
1998)without acknavledgingthatassuminguniform effective normalstressesvith depthimpliesvery large

confiningpressureswWe will examinetherupturebehaior for all threecaseof porepressuren chapte.

8.2.2 ShearTraction

Sheartractionson the fault generatehe forcesthat causeslip on the fault surface. As discussedibove in

section8.1.2,we corvert the sheartractionsto forcesactingon the slip degreesof freedom. We apply the
sheartractionsin the directionof the desiredslip anduseanasperity(usuallycircularin shape)with a shear
stressgreaterthanthe failure stressto startthe rupture. Many factors,suchas discretizationsize, failure
stressanddynamicstressdrop, influencethe sizeof the asperitynecessaryo initiate a propagatingupture

(Madariagaetal.1998).

8.2.3 Effect of Gravity

In generaravity affectsboththenormalandshearstressegactingonthefault surface.For aself-gravitating,
sphericallysymmetricearthwith only radial variationsin materialpropertiesgravity doesnot causeshear
stressesnary planesHowever, theearthis notsphericallysymmetricandcontaindateraldensityvariations.
As aresult,the stresdfield dueto gravity generallycontainsboth shearandnormalstressesWe will usethe
analogyshovn in figure 8.1 betweera block on anincline planeanda thrustfaultto demonstrat¢éhetypical
effectgravity hasonathrustfault. Thetectonicforcespushthemountainhigherandtheblock up theincline,

while gravity resistshemotion.

Ft <—Ft

Figure8.1: Analogybetweera mountaincreatedby athrustfaultandablock onanincline plane.

First, we considerthe block without gravitationalforcespresentasshawn in figure 8.2(a). For the block
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to move up theincline, the shearcomponentf the tectonicforce mustbe greaterthanthefriction force,
R cosd > Fy. (8.10)
After substitutingin the coeficient of friction, p;, andsimplifying, we find
M < cotB. (8.11)

Thisresultdoesnotdependnthetectonicforce,whichimpliesthatfor asmallenoughcoeficientof friction,

we canmovetheblock up theincline with aninfinitesimalamountof force.

Fy Fy

Fn 0 Fn/ mg 0

@ (b)
Figure 8.2: Block on anincline planesubjectedo a horizontaltectonicforce, . We denotethe normal
and friction forcesacting on the block by F, and F;. (a) Neglecting gravitational forces. (b) Including
gravitationalforces.

Now we considerthe sameblock on anincline underthe force of gravity asshawn in figure 8.2(b). In
orderto move the block up the incline, the shearcomponenbf the tectonicforce mustovercomeboth the

friction forceandthe shearforce causedy gravity,
R cosO > Ft + mgsing, (8.12)

wheremis themassof theblockandg is theacceleratiorof gravity. Substitutingn the coeficientof friction

andsimplifying yields

s cOSO + sinB

R > MY cosh— s Sin@’

(8.13)

In this caseaminimumtectonicforceexistsfor slidingto occur Includinggravity increaseshetectonicforce
requiredto movetheblock, becausgravity increaseshesheaforceactingdovntheinclineandincreaseshe
friction forcethroughanincreasen the normalforce. Thus,the existenceof gravity requireslargertectonic
stresseso createslip on athrustfault. Becausehe seismicwave propagatiordoesnot requireknowing the
stresseslueto gravity, we do not explicitly includethe contribution of gravity in the stresse®n the fault;

however, we doincludethemin theinitial shearandnormaltractionson thefault surface.
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8.2.4 Spatial Distrib ution of Parametersfor Dynamic Failure

We specifytheinitial tractionsandparametersf thefriction modelusingthe spatialinterpolationprocedure
outlinedin section2.5. This meanghatwe may apply the sametechniquesve useto createthe datapoints
that specifythefinal distribution of slip on the fault (describedn section5.3) to specifytheinitial tractions
andfriction modelparameter®n the fault. This includesboth the exponentialfunction to taperthe shear
tractionsat the edgesof the fault (equation(5.1)) and the circular asperities(equation(5.2)) to generate
heterogeneityn the sheartractionsor parameter®f the friction model. Taperingthe sheartractionsat the
edgesf thefaultterminatesor nearlyterminateghe propagatiorof the ruptureasit approacheshe edgeof
thefaultsurface.We starttheruptureusingacircularasperitywith a heightthatcorrespond$o sheatractions
oneor two percentgreaterthanthe failure stress.The oneor two percentover the failure stresseffectively
givesthe rupturea smallkick to startpropagating As we notedin section8.2.2,mary factorsinfluencethe
sizeof the asperityneededo initiate a propagatingupture. For this reasomo relationshipshave yet been
foundthatgive the sizeof the asperityrequiredto initiate a rupture(Madariageet al. 1998).

The normaltractionsusually follow one of the threedefinitive casesdescribedn section8.2.1. When
the materialpropertiesdependonly on depth,we canfind closedform solutionsfor the stressesn a self-
gravitating, sphericakarthasafunctionof depth.Of courseundersimpleinitial conditions suchasuniform
effective normalstressesspecifyingthe effective normalstresss trivial. For lithostaticnormalstressesvith
negligible porepressuresgquation(8.14) givesthe normalstressegMohr’s circle degenerategnto a point)
asa function of depthwhenthe massdensityvariespiecavise linearly with depth. Figure8.3 shawvs the set

of N controlpointsthatdefinethe variationof the massdensitywith depth.

9 P 9 Pt 2 5y 2 .
0|(z)_22J - (22J 12-Z-7_, )+22J l_ZJ(Z2 227 — 7'y +22jzj_1)

j-1
+ Zi %(pi +pi-1)(z—2z-1) (8.14)

Equation(8.14) doesnot accountfor non-zeropore pressures.For hydrostaticpore pressuresye simply
replacethe massdensityat eachpoint in equation(8.14)with the differencebetweenthe massdensityand

themassdensityof water

8.3 Overview of Rupture Dynamics

The friction modelenablesusto examinesomeof the basicrelationshipssurroundingthe dynamicsof the

rupture.We studythe rupturedynamicsby focusingfirst, on thefriction stressand,secondpnthe enegy.
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Figure 8.3: Control points that definethe pieceavise linear variation of the massdensitywith depth. We
computethe normalstressest thelocationdenotedoy the opencircle with coordinatez.

8.3.1 Stressand Rupture Dynamics

We examinethe anatomyof the shearstresson the fault nearthe rupturefront shown in figure 8.4 to find
the relationshipbetweenits featuresandthe dynamicsof the rupture. From fracturemechanicg, we know
that aheadof the rupturefront the shearstressesncreaseand becomemearly singularjust aheadof the
leadingedgeof therupture. At the leadingedgeof the rupturewhereslip begins,the shearstresseslecrease
dramaticallyandthen,dependingnthefriction model,mayor maynotrecoverastheslip ratedecreaseOf
coursejn theearthandourfinite-elemenmodelsfailure occursat afinite valuewhich preventstheformation

of atruesingularity

Stress Stress
Slip begins

"Distance”
from Failure

Slipping region

----------------- Stress
Dynamic i Drop
Initial Stress
Direction of propagation Stress Drop [ ™
Slip ends
Position Time

Figure8.4: Diagramsof the concentratiorof shearstressnearthe rupturefront asa function of space(left
diagram)andasa functionof time (right diagram).

Thefriction modelcontrolsthe decreasén friction stressasslip progressesandtherefore the dynamic
stressdrop. The rate of the dynamicstressdrop governsthe slip rate with fasterdecreases shearstress

leadingto fasterincreasedn slip. The dynamicstressdrop and the distancefrom failure (the difference

1SeeFreund(1990)for anextensve discussioron the stresdfield associateavith dynamicfracture.
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betweenthe failure stressand the initial shearstress)determinethe natureof the concentratiorof stress
aheadof the leadingedgeof the rupture. A larger distancefrom failure magnifiesthe stressconcentration,
anda largerdynamicstressdropincreaseshe rate of the decayof the stressconcentration.The increasen
shearstressassociatedvith the stressconcentratiordictateswhenslip occursat eachpoint and,asaresult,

therupturespeed.Thus,theslip rateandrupturespeedarerelatedthroughthe dynamicstressdrop.

8.3.2 Energy and Rupture Dynamics

We mayalsostudythedynamicsof theruptureusingenegy. Theincreasen shearstresonthefaultaheadf
theruptureimplies storageof strainenegy in the surroundingegion. As the rupturepropagatesherupture
front consumegnegy throughsliding. We associatéwo formsof enegy with thesliding. We call theenegy
dissipatedduringthedecreasén thefriction duringsliding thefractureenepgy, becausét correspond$o the
fractureenegy in crackmodels. We associatehe enegy dissipatedhroughsliding at a relatively constant
friction stresawith thechangen thermalenegy. Theslidingalsogeneratetheenepgy radiatedn the seismic
waves. As we increasethe fracture enegy, the rupture consumesnore enepgy leaving lessavailable for
sliding. In suchcaseghe slip ratesandrupturespeeddecreas¢FukuyamaandMadariagal 998). Lik ewise,
whenwe decreasehe fractureenegy, more enegy is availablefor sliding, andthe slip ratesand rupture
speedncrease.If therupturedissipatesnore enegy thanthe enegy releasedthenthe ruptureslows and
eventuallystops.

Thefractureenegy involvesboththefailure stressandthe rateof changeof thefriction stresawith slip.

For anincremenif slip, dD, theincrementn fractureenepgy perunit area,dG, is
dG = o:dD, (8.15)

wherea; is thefriction stress Expandingthefriction stressaboutthefailure stresq0sq; ) to first orderin dD

andsubstitutingyields

ldo¢
dG = 0fai|dD + EﬁlcfaildDz' (816)

This expressiorshawvs thatthe failure stressdoesnot uniquelydeterminehe fractureenegy. We may adjust
the slopeof the friction modelto changethefractureenegy. For example,if we lower the failure stresswe
may maintainthe samefractureenegy by reducingtherateat which thefriction stresslecreasewith slip.
This techniqueplays a critical role in manipulatingthe dynamicsof the rupturein the finite-element
simulations We wantthewave propagatiorto governthelocal elementizes.However, accuratelycapturing
the stressconcentrationn shearstressnearthe leadingedgeof the rupturerequiresmuchsmallerelements
thanthosenecessaryo modelthe wave propagation(Madariagaet al. 1998). With extremelyhigh resolution

meshesthe failure stresswill develop only over a very localizedregion. We wantto capturethe general
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behavior of suchfailure without modelingsuchlocalizedbehaior. As we increasethe elementsize, the
concentrationn shearstressdecreasefor a givendynamicstressdrop. In otherwords,the buildup of stress
becomedistributed over a longerlength, which reduceshe stressconcentration.Consequentlywe must
reducethe failure stressfor the ruptureto propagate Thus,the ability of a continuousmediumto generate
nearlysingularstressesearthe leadingedgeof the rupturefront meanshe fractureenegy, not the precise
level of the stressat failure, governsthe propagatiorof the rupture. On the otherhand,in a discretemodel,
suchasour finite-elementmodels,the failure stresshecomes length-scaledependenparameterbut the
fractureenegy continuesto control the behaior of the rupture. Luckily, we may manipulatethe friction
modelasdemonstratedh figure 8.5 to maintainthe samefractureenegy aswe changethe failure stress.
Thismeanghatwe mayuselargerelementgshanthoserequiredto accuratel\capturethe stressconcentration

andmay allow the wave propagatiorto control the discretizationsize without alteringthe behavior of the

rupture.
Of
A
Ofi
b
Ofail —
N
Omin }
= D
{ {
D3 DY

Figure 8.5: lllustration of two setsof parameterdor the slip-wealening friction model (denotedby the
superscript@ andb) that have the samefractureenegy with differentfailuresstresse¢o?,;, ando,;) and

characteristislip distancegD2 andD}).

8.4 Friction Models

The simulationsoftwareimplementseight modelsof sliding friction. All of the modelsdefinea functional
form of the coeficient of friction, andwe computethe friction force from the productof the normalforce
and the coeficient of friction. We do not implementthe state-ratefriction modelsadwocatedby several
researcherdncluding Scholz(1998) and Dieterich (1992),becausehey are baseduponviscoelasticcreep
behaior (Perssorl997). Slip during earthquaksoccursat rateson the orderof meterspersecondHeaton
1990). Theseslip rateslie well outsidethe rangeof the creepslip ratesof millimetersperyearusedin the
laboratoryexperimentsto develop the state-ratdriction models. Thus, we chooseto usesimple, ad hoc
friction modelswith characteristicssuchas wealening with the progressiorof slip and re-strengthening

with the declineof slip rate,thatproducerealisticrupturebehaior andcapturethe generafeaturesof more



118

complicatednodels.

We focuson capturingthemacroscopicharacteristicsf the sliding. We lump small-scaleeffectsinto the
friction model,becausaeveralpossiblemechanisméave beensuggestetb explainthereductionin friction
during sliding. Theseincludefluid pressurizatior{Sleep1997),contrastdn materialproperties(Ben-Zion
and Andrews 1998), acousticfluidization (Melosh 1996), and normal vibrations (Tworzydlo and Hamzeh
1997). In otherwords,we do not modelary particularmechanisnthat reduceghe friction stress;instead,
we incorporateheseeffectsinto the modelof the coeficient of friction anddo not accountfor thereduction
in the friction stressby modifying the normalstressesWe will discusghe dynamicsof the ruptureprocess
for severalof thesead hocfriction modelsin chapter® andchapterl0. Table8.1 providesdescriptionf the

parametersisedin the functionalforms of the coeficient of friction.

| Variable | Dimensions | Description |

Mt dimensionless coeficientof friction
Mmax dimensionles§ maximumcoeficientof friction
Hmin dimensionlesg minimumcoeficientof friction

D length slip distance
V.,D length/time | slip rate

Do length characteristislip distance

Vo length/time | characteristislip rate

S dimensionlesy statevariablein sheamelting-freezingnodel
To time characteristitime

Table8.1: Descriptionof the variablesnvolvedin thefriction models.

8.4.1 Constant

The coeficient of friction remainsconstanduringsliding. This is the simplestfriction modelpossible.
Hf = Hmax (8.17)

8.4.2 Two-Phase

The coeficient of friction takesa valueof pmin whensliding occursandpimax otherwise.This is the simplest
friction modelthatwith constanhormaltractiondeadsto thestick-slipbehaior associatedvith earthquaks.
Theinstantaneoudropin the coeficient of friction implies no enegy is requiredfor fracture. This model

correspondso the slip-wealeningl friction modelwith Do = 0.

wr(d@) = e PO =0 (8.19)
i D(t) £0
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8.4.3 Slip-Weakeningl

We modify the two-phasefriction model by decreasinghe coeficient of friction over a slip distanceof
Do. Thisincludesthe latentheat(fractureenegy) generatedy fracturein the friction model. We assume
instantaneourecovery of the coeficient of friction upontheterminationof sliding, sothatassoonassliding
stops,the coeficient of friction increasego pmax We will referto this modelas slip-wealeningfriction,
becausdhe materialexhibits a wealeningin shearstrengthasslip occurs. Figure 8.6 illustrateshow the
coeficient of friction decreasefrom pmax (labeledumaxin the figure) to pmin (labeledumin in the figure)

over acharacteristislip distanceof Dy.

HMmin D(t) > Do

D) (8.19)
Hmax— (Mmax— Hmin) Do D(t) < Do

Hr (D(t)) = {

umax

Coefficient of Friction

umink: -

Figure8.6: Slip-wealeningl friction model.

8.4.4 Slip-Weakeningll

In this case,insteadof a linear decreasén the coeficient of friction with slip distance,we decrease¢he

coeficientof friction inverselywith slip distanceasshavn in figure 8.7.

Do

Mt (D(t)) = Hmin+ (Mmax— Hmin) D)+ Dy

8.20
+ Do ( )
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umax

Coefficient of Friction

umink oo S e ]

Figure8.7: Slip-wealeningll friction model.

8.4.5 Rate-Weakening|

This modelis analogougo the slip-wealeningl friction modelwith the decayasa function of slip distance

replacedoy adecayasafunctionof slip rate.

: in D Vo
wOO) =4 M oy > (8.21)
Hmax— (HMmax— Hmin) v D(t) Vo

8.4.6 Rate-Weakeningll

This modelis analogougo the slip-wealeningll friction modelwith the decayasa function of slip distance
replacedoy adecayasafunctionof slip rate.
Vo

B (D(t)) = Mmin+ (Hmax— Hmin) SO (8.22)

8.4.7 Slip- and Rate-Weakening

Following Madariagaet al. (1998)we createa friction modelthatdependsn slip distanceandslip rate by
takingthegreaterof thetwo coeficientsof friction determinedrom theslip-wealeningl andrate-wealkning
| friction models.We will oftenreferto this modelasslip- andrate-weakning. We replaceynax in therate-
wealening | friction modelwith ppest to allow differentshearstrengthsbefore and after slip. Figure 8.8
illustratesthe variation of the coeficient of friction with both slip distanceandslip rate; we alsoshov a

typical pathof the coeficient of friction duringsliding.

8.4.8 ShearMelting-Refreezing

This modelcomesfrom Perssor(1997) and containsseveral of the samegeneralfeaturesof the slip- and
rate-weakningmodel. However, the coeficient of friction depend®n the history of theslip rate. Figure8.9

displaysatypical trajectoryof the coeficient of friction duringaslip event.
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Figure 8.8: Slip- and rate-weakning friction model. The thick line indicatesa typical trajectory of the
coeficientof friction.

We denotethe stateof the sliding surfaceby the statevariables. Whens = 1 the surfaceis in a “solid”
statewith a high coeficient of friction, andwhens = 0 thesurfaceis in a“fluid” statewith alow coeficient
of friction. Although Perssorderivesthe friction modelassociatinghe low level of friction with a fluid
stateand the high level of friction with a solid state,the physicsof the friction model do not explicitly
involve meltingandrefreezingthe friction modelinvolvestransitionsbetweertwo stateswith two different
coeficientsof friction. In thisfriction modelthe characteristislip distancaefersto thesliding distanceover

which“melting” occurs,andthe characteristitcime variesinverselywith therateat which areas'refreeze:

Kt (D(t),S(t)) = Hmin+ (Mmax— Hmin)S(t) (8.23)
() = = (1) (- In(1— s()))§ - L0 (829

Whennosliding occurswe have two equilibriumstateswvherethe coeficientof friction doesnotchangewith

time: Yt = Hmin Whens= 0 andps = pmaxWhens= 1. If the systemis notin equilibriumandnot sliding,

f) s(1—s) > Obecaus® < s< 1, andthesurfacerefreezeg¢s — 1). We integratethe stateequatiorusing

S=.[—

theforwarddifferenceschemedo obtainthe valueof the statevariableattimet + At.
At s(t)D(t)

S(t-+At) = s(t) + — (1= (1)) (- In(1 - S(t)3 — A== (8.25)
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Figure 8.9: Shearmelting-refreezingriction model. The thick line indicatesa typical trajectory of the
coeficientof friction.
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Chapter 9 Dynamic Failurein a Homogeneous

Half-Space

We beagin our examinationof dynamicfailure with simulationsin a homogeneoubalf-space We studythe
behavior of the rupture,including the role of fractureenenpy, the effectsof the free surfaceon the rupture,
andthe effectsof the variousfriction modelson the groundmotions.We alsoconsiderdifferentvariationsin
the effective normalstressesvith depthandtheirimplicationson the parametersf thefriction model.

We will usesomeof the basicfeaturesof rupturesobsenedin natureto judgethe behaior of the simu-
latedruptures.Heaton(1990)examinedthe rupturebehaior of sevenearthquaksandfound no systematic
variationsin the slip distributionswith depth. On the otherhand,we do expectsomesystematicvariations
in theslip distribution for theoretical constanstresdrop earthquaks(HeatonandHeaton1989). Whenthe
fault reacheghe free surface,for a uniform stressdrop the largestslip occursalongthe free surfacedueto
the reductionin stiffness. Likewise, whenwe bury the fault, the largestslips occur nearthe centerof the
fault. Althoughdifficult to resole,Heaton(1990)did notfind ary clearvariationsin thedurationof slip with
depth.Consequentlywe wantrelatively uniform maximumslip rates.We will alsoassumehatthe nominal
tectonictractionsmay be derived from applicationof relatively uniform stressesr uniform strains(the two

areequivalentin homogeneouhalf-spaces).

9.1 Finite-Element Models

We focuson the generalcharacteristic®f the rupturebehavior for thesesimulations.Consequentlywhere
possible we consideronly the volume immediatelysurroundingthe fault to reducethe computationeffort
and storagerequirements.This allows thesesimulationsto run on a Sunworkstation. Whenwe needto
examinedynamicfailurein a homogeneoubalf-spacewith a largerfault, we usethe finite-elementmodel

for thehomogeneoubalf-spacdrom section7.1.

9.1.1 Strike-Slip Fault

We enclosethe 16km long and9.9km wide faultin a domain30km long, 14km wide, and 16km deepas
shown in figure 9.1. Thetop of thefault sits at the groundsurface. We imposehorizontalshearstresses$o
generatdeft-lateralslip on the northstriking, verticalfault.

We uselDEAS to createthefinite-elemenmodelat coarseresolutionandthe 2x refinemenprocedureo

generatenominalnodespacingdf 660m. We againmodelwave propagatiordown to periodsof 2.0secwith



16 .50km

K 29_70Km/?‘
B‘BGKm\&F/

Figure9.1: Orthographigrojectionof the domaingeometryfor the strike-slipfault. The labelHA denotes
thelocationof the hypocenterWe will examinethe waveformsatsite S1.

the samematerialpropertiesasthe homogeneousalf-spacewith prescribedupturesin chapter7. Using
the 4x refinementprocedureeduceshe periodby an additionalfactorof two, but increaseshe numberof

elementdy afactorof eightasillustratedin table9.1.

| Resolution | #Nodes| # Elements]
Coarse 4200 21,000
2x refinement| 34,000 160,000
4x refinement| 270,000| 1.3million

Table9.1: Sizesof thefinite-elemenimodelsat variousresolutiongfor the domaincontainingthe strike-slip
fault.

9.1.2 Thrust Fault

The domainwith dimensionsshown in figure 9.2 containsa 9.9km long and 11.2km wide thrustfault that
dips35degreego thesouth.We bury thefault5.3km belowv thegroundsurface andimposeshearstressesn
thefault surface105degreesfrom the strike to the east.Table 9.2 givesthe sizesof thefinite-elemenimodel

createcdat coarseefinemenusinglDEAS andafter2x refinement.

| Resolution | #Nodes| # Elements]

Coarse 4900 24,000
2x refinement| 39,000 190,000

Table9.2: Sizesof thefinite-elementmodelsat variousresolutiongor the domaincontainingthe thrustfault.
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Figure9.2: Orthographigprojectionof the domaingeometryfor the thrustfault. The labelHA denoteshe
locationof the hypocenterWe will examinethe waveformsat site S1.

9.2 General Featuresof Dynamic Rupture

We considerruptureon the strike-slip fault in the homogeneoukalf-spacedescribedn section9.1.1. We
follow the lead of someof the otherresearchersvho simulateearthquaksusing dynamicfailure, suchas
Madariageetal.(1998)andBen-ZionandAndrews (1998),andbegin by assuminguniform effective normal

stresses.Recall from section8.2.1 that this variationin the effective normal stressis generallyusedfor

simplicity.

9.2.1 BaseCase:Scenariossbase

From the subsurécerupturelength and averageslip relationshipfrom Wells and Coppersmith(1994) we
expectan averageslip of 0.5m on a strike-slip fault this size. The averagestressdrop on a rectangular
vertical, strike-slip fault in a homogeneou®oissoniarhalf-spacegenerallyfollows equation(9.1) wherel

andw denotethelengthandwidth of thefault (Heatonet al. 1986).

AG = CpVEV (9.1)
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where

Co w=|
Cr{ Cp+09(1-1) w<l<2w
Cpb—-0.9 [ > 2w

1.6 surfacerupture
Co ~ _
2.1 deeplyburiedfaults
Substitutingin for the shearmodulusand fault width, we find that we expect an averagestressdrop of
1.3MPa. Therecovery of the coeficient of friction uponterminationof the sliding meanshatthe average
stressdropwill belessthanthe maximumdynamicstressdrop. As a result,we mustusea dynamicstress
dropthatis largerthanthe expectedaveragestressdropto generateomparableslip. Consequentlybasedn

atrial simulationwe imposea maximumdynamicstresdrop of 2.0MPato produceapproximatelyd.5m of

slip.

Initial Conditions

We will assumeéhat the earthquak doesnot completelyrelieve the initial stressandapply uniform initial
sheartractionsof 4.0MPa. We still needto determinea valuefor the failure stress. We expectthe initial
stressego lie somavherebetweenthe minimum sliding shearstressesndthe shearstressest failure. A
smalldistancefrom failure (the differencebetweerthe failure stressandtheinitial shearstressmpliesthat
the faultis closeto failure andthe rupturewill propagatevery fast. At the otherextreme,a large distance
from failure inhibits propagatiorof the rupture. Thus,we wantto avoid the extremecasesand expectthe
initial shearstresses$o be aboutmidway betweernthe minimum sliding shearstressesndthe shearstresses
atfailure. In this caseandin nearlyall othercasesye selectthedistancerom failureto matchthemaximum
dynamicstressdrop. As aresult,theinitial shearstressedie halfway betweenthe minimum sliding shear
stresseandthefailure stresses.

Matching the distancefrom failure with the maximum dynamic stressdrop gives a failure stressof
6.0MPa. Assuminga typical value of 0.6 for the coeficient of friction at failure (Persson997)yields a
normaltractionof 10MPa. We needto keepin mind thatat seismogeniclepthsin the earthwe find effective
normalstressesashigh as500MPa. We wantto producea smoothslip distribution, sowe choosea uniform
dynamicstressdrop. Thisimpliesaminimumcoeficientof friction of 0.2. Table9.3summarizeshefriction
modelparameterandinitial tractionsandfigure 9.3 displaysthe shearmndnormaltractionson thefault sur
face.We initiate the rupturewith a circularasperitywith aradiusof 1.8km whosecentersits 5.0km below

thegroundsurfaceand5.0km north of the southendof thefault.
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FrictionModel | Slip-Wealeningl
Mmax 0.6

Hmin 0.2

Do 0.15m
Normal Traction -10MPa
ShearTraction 6.0MPa

Table9.3: Friction modelparameterandinitial tractionsfor scenaricssbase.
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Figure 9.3: Shearand normal tractionson the strike-slip fault for the basecasewhich featuresuniform
effective normalstresseandno variationsof the coeficient of friction parametersvith depth.

Characteristics of Earthquake

The generafeaturesof the ruptureconformto whatwe expectin anearthquak. As shawvn in figure 9.4, the
ruptureinitiatesin theasperityandpropagateacrosshefault. Theruptureexpandsasanellipsewith afaster
rupturespeedn thedirectionof slip comparedo the directionperpendiculato slip. This differsfrom the
prescribeduptureswherewe usea uniform rupturespeedput it doesmake sensehysically In thedirection
of slip, therupturedisplaysmode-Il crackbehaior (shearing)andin the directionperpendiculato slip, the
rupturedisplaysmode-Ill crackbehaior (tearing).

Whenthe fractureenegy is small, the stressintensitiesin the anti-plane(mode-I11) direction exceed
thosein thein-plane(mode-I1) direction(Madariagaet al. 1998). As a result,we would expectrupturesto
propagatdasterin the directionperpendiculato slip (anti-planedirection). However, Madariagaet al.found
that ruptureswith this limited amountof fractureenepgy are numericallycontrolled,so that the numerical
solutionfails to modelthe rupturefront accurately As the fractureenegy increasesthe rupturespeedn
thedirectionof slip tendsto exceedthe speedn thedirectionperpendiculato slip dueto the asymmetryin
the sheamwave radiationpattern(Madariagaet al. 1998). We obsene preciselythis type of behaior; in the
directionparallelto the slip we obsene a rupturespeedof 1.7km/sec(comparedo a shearwave speedof
3.3km/seg, andin the directionperpendiculato the slip we obsere a rupturespeedof 1.4km/sec These
valuescorrespondo rupturespeedof roughly 50% and 40% of the shearwave speed.We may increase
this slow rupture speedto a more realistic value by decreasinghe fracture enegy without changingthe
fundamentabehaior of therupture.

An eightkilometerlong portion of the rupturefront encountershe free surfacealmostsimultaneously
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Figure9.4: Snapshotsf slip rateon the strike-slipfault for thebasecase.

which dramaticallyreducegheresistanceo sliding nearthe centerof this portion of the rupturefront. This
createsrapid slip nearthe surfacewith a high apparentvelocity alongthe groundsurfaceat 4.0sec. The
reducedresistanceo slip generates small reflectionin slip off the free surfacethat is barely visible at
5.0secnearthe backof themainrupturefront. Thelargerslip ratesnearthe groundsurfaceallow therupture
to continuepropagatingalongthe groundsurfaceat a fasterrupturespeedcomparedo the true speedthat
therupturehaswhenit hitsthegroundsurfacewith a high apparentelocity). This fastportionof therupture
catchesupto theruptureat depthjust beforetherupturereacheshe endof thefault. Thewidth of therupture
front, i.e., theregion wherethe slip ratesarenonzero stretchesacrossa large portion of the fault; however,
thelargerslip rates(wheremostof theslip occurs)areconfinedto a smallportionlocatedcloseto theleading
edgeof therupture.
Figure9.5givesthedistributionsof final slip andmaximumslip rateon thefault. Thefinal slip resembles

thatof a uniform stressdrop earthquak, asit shouldbasedon the useof a uniform dynamicstressdropand
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a slip-wealeningfriction model. The averageslip of 0.51m closely matchesour target value of 0.5m and
correspond$o amomentmagnitudeof 6.2. Additionally, the averagestressdropof 1.2MPagenerallyagrees
with the value of 1.3MPa from equation(9.1). As we notedin our discussiorof the rupturepropagation,

themaximumslip ratesoccuralongthe free surface. The maximumslip ratesaway from the groundsurface

displayatendeng to increaseastherupturepropagates.
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Figure9.5: Distributionsof final slip andmaximumslip rateat eachpoint on the strike-slipfault for thebase
case.
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9.2.2 Roleof Fractur e Energy

We switchthefriction modelfrom the slip-wealeningfriction modelto the two-phasdriction model,while
applyingthe sameinitial tractions. This coincideswith decreasinghe characteristislip distanceto zeroin
the slip-wealeningfriction model. However, the discretenatureof the finite-elementmodel doesprovide
someinherentor effective fractureenegy. Uponinitiation of sliding the coeficient of friction immediately
dropsto its minimum value,andno enegy is requiredfor fracture. Figure 9.6 shavs the slip time histories
at a depthof 8.0km at the left and right quarterpoints of the fault (labeledLQP and RQP in figure 9.1);
the left quarterpoint lies at the centerof the asperityusedto initiate the rupture. As expectedwith the
instantaneousdropin friction, the slip quickly acceleratesidethe asperity With no fractureenengy, the
rupturepropagatesvith anapproximateupturespeedn the directionof slip of 4.9km/seccomparedo the
shearwave speedof 3.3km/seg or nearly threetimesfasterthanthe rupturewith slip-wealeningfriction.
At theright quarterpoint, the slip rate exhibits only a minor increasevhenwe remove the fractureenengy.
At bothlocations,slip occursin closely spacedmultiple eventsdueto the introductionof numericalnoise
associatedvith the sharpinitiation of slip andthe inability of the modelto accuratelyhandlefrequencies
above 0.5Hz. Thus,we confirm our intuition outlinedin the discussiorof the fractureenegy andrupture

speedn section8.3.2;thefractureenepgy displaysa stronginfluenceon the speedf therupture.

9.2.3 Effect of Discretization Size

We examinethe effects of the discretizationsize by usingthe sameparameterasthe basecase,i.e., the

sameinitial tractionson the fault surfaceand the sameslip-wealeningfriction model, but replacethe 2x
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Figure9.6: Comparisorof slip time historiesat the left andright quarterpointson the strike-slipfault at a
depthof 8.0km for ruptureswith fractureenegy (slip-wealeningfriction model)andwithoutfractureenegy
(two-phasdtriction model).

refinemenprocedurewith the 4x refinemenprocedure This reduceghe nominalnodespacingfrom 660m
to 330m. Figure 9.7 shows the horizontaldisplacementime historiesat site S1, which is locatedon the
groundsurfaceabove the centerof thefault. The earlierinitiation of slip in the finer meshindicatesthatthe
rupturepropagated 1% faster(1.9km/seccomparedo 1.7km/sec). The larger displacemenin the north-
south (fault parallel) componentor the finer resolutionreflectsthe increasein averageslip from 0.51m
to 0.55m. On both componentghe velocitiesexhibit little change. Thus, reducingthe discretizationsize
leadsto only smallchangesn the rupturespeedandslip time historieswith no fundamentaHifferencesn
the rupturedynamics.We concludethat with the appropriatefractureenegy we may usethe nodespacing

criterionfrom the wave propagatiorfor the simulationswith dynamicfailure.
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Figure9.7: Comparisorof horizontaldisplacementime historiesat site S1for the two spatialresolutionsof
the strike-slipdomain.
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9.3 Effective Normal Stresses

We wantto determinehow the changesn thevariationsof the effective normalstressesvith depthaffectthe
dynamicsof the ruptureon the strike-slipfault. Furthermorewhenthe characteristicef the rupturedo not
leadto realisticevents,we will adjustthefriction modelto createrealisticruptures.We returnto the three
definitive casef porepressureslescribedn section8.2.1to createthreedifferentvariationsof the normal
tractionswith depth,including uniform effective normaltractionslithostaticeffective normaltractions,and

lithostaticeffective normaltractionsreducedvy hydrostaticporepressures.

9.3.1 Uniform Stressewith a Uniform Friction Model:

Scenariossbhase

We alreadydiscussedcenaricssbasdthe basecase)which featuresuniform effective normalstressesFig-
ure 9.8 displaysthe uniform tractionswith depth. While we do not a priori know the changein the shear
tractions the uniform dynamicstressdrop suggestshe approximatevaluesof the changen sheartractions.
We illustratethefinal shearttractionsusingtheinitial shearractionsandthe changen the shearractions.In
scenaricssbaseve foundrealisticrupturedynamicsj.e.,therupturepropagateslongthefaultatarelatively

constanspeedandgenerates smoothuniform slip distribution consistentvith a uniform stressdrop.
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Figure 9.8: Variationsof the tractionswith depthon the strike-slip fault for the caseof uniform effective
normalstresseandno variationsof the coeficient of friction parametersvith depth. The dashedinesgive
anestimationof thosetractionswhoseprecisevaluesdependn theresultsof the simulation.

9.3.2 Lithostatic Stressesvith a Uniform Friction Model:

Scenariosslithouni

In this casewe assumehatlittle or no waterresidedn theintersticesof thegrains,sothatthe porepressures

are negligible, and the effective normal stressesre lithostatic. We usethe sameslip-wealening friction
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modelthatwe usein the basecase.The parametern thefriction modeldo notvary with depth.

Initial Conditions

With negligible pore pressureghe effective normal stressesqualthe lithostatic stresses.In the caseof
our homogeneoubalf-spacethe effective normalstresseincreasdinearly with depth. The sheartractions
at failure increasdinearly with depth,becausdhey comefrom the productof the normaltractions,which
increasdinearly with depth,andthe maximumcoeficient of friction (Unay, Which is uniform with depth.
To createa propagatingrupturewith a uniform speed,we employ a uniform distancefrom failure. This
impliesthatthe initial sheartractionsshouldincreasdinearly with depth. Maintaininga uniform distance
from failure over the entiredepthof the fault would requirenegative initial sheartractionsnearthe ground
surface,sowe limit the sheartractionsto positive valuesandtaperthe distancefrom failure nearthe ground
surface.Becausehe effective normaltractionsincreasewith depth,thechangen the sheartractionswill be
largerat depth.Figure9.9 summarizeshe variationsof thesetractionswith depth.We do notknow thefinal
shearstresse®n the fault surface,but we expectthe final shearstresseso generallyfollow the variations
of the minimum sliding shearstressesFigure 9.10 shows the initial shearand normaltractionsappliedto
the fault surface. The asperityusedto startthe rupturerequiresonly small relative increasesn the shear
tractions sounlike thebasecasejt blendsin with the surroundingsheartractions.Dueto thelargeincrease

in thesheartractionswith depth,we choosenotto taperthe sheattractionsalongthelateraledgesandbottom
of thefault.
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Figure9.9: Variationsof the tractionswith depthon the strike-slip fault for the caseof lithostatic effective
normalstresseandno variationsof the coeficient of friction parametersvith depth. The dashedinesgive
anestimationof thosetractionswhoseprecisevaluesdependn theresultsof the simulation.
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Figure9.10: Initial shearandnormaltractionsonthe strike-slipfaultfor scenaricsslithouni.

Characteristics of the Earthquake

Therupturepropagatesapidly acrosghe bottomof thefaultin responséo theincreasen the dynamicstress
drop with depth. Recallfrom section8.3.1that the size of the dynamicstressdrop influencesthe rupture
speed.Figure9.11 shows the distributions of final slip and maximumslip rate on the fault. In contrastto
scenaricssbaseboththefinal slip andmaximumslip rateshav a cleartrendwith depthwith extraordinarily
large valuesnearthe bottomof thefault. We seethata dynamicstresdropthatincreasesvith depthleadsto

unreasonablbehaior, and,in particular thefinal slipsandmaximumslip ratesincreasewith depth.
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Figure9.11: Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfaultfor scenario
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We may scaletheinitial tractionsto createreasonablealuesof final slip andslip ratenearthe bottomof
the fault, but we cannotchangethe trendwith depthaslong asthe parameterén thefriction modelremain
uniform with depth. Similarly, if the pore pressuresemainwell below the lithostatic pressuresincreasing
the pore pressuresill only reducethe rate at which the slip and slip rate increasewith depth;it cannot
changethe trend. Additionally, ary otherfriction modelwith uniform parametersvith depthwill produce
the sametrendswith depth. This suggestghat eitherthe effective normal stressesre uniform with depth
or thefriction modelparametersary with depth. As we notedin section8.2.1,the existenceof topography
and densityvariationsimply the pore pressuresio not generallyapproachthe lithostatic normal stresses.

Consequentlywe will attemptto adjustthe parametersn the friction modelto compensatdor effective
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normalstresseshatincreasewith depth.

9.3.3 Lithostatic Stressesvith a Variable Friction Model:

Scenariosslithovar

We continueto assumenggligible porepressureso thatthe effective normalstresseincreasdinearly with
depthin the homogeneoukalf-space We adjustthe coeficient of friction parameterginax andpmin, in the
slip-wealeningfriction modelto createa uniform dynamicstresdrop. We startwith the expressiondor the

effective normalstresqoy), the shearstressatfailure (Oz4j1), andthe stressdrop (Ao):

On = pgz (9.2)
Ofail = —HmaxOn (9.3)
AC =0g—01. (9.4)

We follow the corventionthatz is positive upwardssoz < 0 below the groundsurface.We definetheinitial

shearstresgelative to thefailure stresausingthe distancerom failure, ags,
0o = Ofail — Odff» (9.5)
andassumehatthefinal shearstressequalsthe minimumsliding shearstress,
01 = —HminOn. (9.6)

Substitutinginto the expressiorfor the stressdrop andsolvingfor the minimum coeficient of friction yields

AO + Oy

oz (9.7)

Hmin = Mmax+

The distancefrom failure may or may not changewith depth. Assuminga distancefrom failure propor
tionalto depthimpliesthattheminimumandmaximumcoeficientsof friction remainrelatively uniformwith
depth. In orderto maintaina uniform rupturespeedwith a distancefrom failure thatincreasewith depth,
the stressconcentratioraheadof the rupturemustincreasewith depth. As we discussedn section8.3.2,in
continuousmediapropagatingupturesgeneratenearly singularshearstressesearthe rupturefront. Such
shearstressesancausdailure overthedepthof thefaultwhenthedistancerom failureincreasesvith depth.
In the finite-elementmodelthe dependencef the failure stresson the discretizationsize coupledwith our
basingthe discretizatiorsizeon the wave propagatiomecessitategsinga uniform distancefrom failure. As
aresult,we focusonaccuratelymodelingthefractureenegy andthe shearstressesluringsliding asopposed

to theshearstressegt failure.
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Returningto our expressionfor the changein the minimum coeficient of friction, a uniform distance
from failuremeanghatthe absolutedifferencebetweerthe maximumandminimumyvaluesof the coeficient
of friction decreasesvith depth,i.e., hmax— Hmin = 0 asz — —o. We may accomplishthis taskin three

generalays.

1. We useauniform valuefor the coeficient of friction atfailure (unay) anddecreas¢herelative change

in the coeficient of friction duringsliding by adjustingumin using

AC + O

oz (9.8)

Mmin = Hmax+
Theuniform coeficient of friction atfailure anda uniform distancefrom failure meanghattheinitial
shearstressesnustincreaseinearly with depth. Consequentlythe tectonic stressesnustincrease
linearlywith depth.In otherwords,thetectonicstressesannotbederivedfrom applicationof uniform
stresse®r uniform strainsin the homogeneoubalf-spacewhich seemaunrealistic. Furthermorethe
sliding stressesncreasewith depthwhich implies hugechangesn temperatureduring sliding. For
example,assuminga coeficient of friction at failure of 0.6, a densityof 2450kg/m®, a distancefrom
failure of 2MPa, at a depthof 10km we find a sliding stressof 140MPa. If the heatis confinedto
a region 5mm wide andthe heatcapacityis 1000J/(kg°K) (Kanamoriet al. 1998), the changein
temperaturdor every meterof slip is 11,000degreesKelvin. Sucha large changein temperature
would inducemeltingandwould leadto a decreasén the sliding stress.With larger effective normal
stressewith depth thedegreeof meltingwould increasavith depth.Assumingthatthesliding stresses
decreaseignificantlywith melting implies that the sliding stresseslo not increasewith depth. This
contradictsour original assumption. Thus, the coeficient of friction at failure must decreasewith
depth.

2. We usea uniformvaluefor the minimum coeficient of friction duringsliding (unin). We decreas¢he

relative changen the coeficient of friction by alteringthe coeficientof friction atfailureusing

AO + Oyt

5 (9.9)

Hmax = Hmin —
Thefailurestressapproacheauniformvalueasthedepthincreasesyhichin conjunctionwith the uni-
form distancerom failureimplieslargerinitial shearstressesearthesurface.As in thepreviouscase,
we find this unrealisticbecausehe tectonictractionscannotbe derived from applicationof uniform

stressesr uniform strains.

3. Wedecreas¢he coeficient of friction with depthby adjustingboththe coeficient of friction atfailure
(Umay andthe coeficient of friction during sliding (pmin) in the samemanner As slip progresses,
the absolutechangeof the coeficient of friction decreasesvith depth,but the relative changedoes

not. This leadsto uniform failure andsliding stressesvith depthandresembleghe caseof uniform
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effective normalstressesln this case,we may generatahe tectonicshearandnormal stressegrom

uniform stressesr uniform strainswith depth.

We chooseéhethird alternatve becauséheinitial andsliding sheaistresseseenmostrealistic. Additionally,

theuniform relative changean the coeficient of friction appearseasonableyet remarkablysimple.

Initial Conditions

The two parameterspmax and ymin, in the slip-wealeningfriction modelvary with the inverseof depthas
showvnin figure9.12. Equation(9.10)givesthe functionform of thefriction model.It seemaunreasonable

let the coeficient of friction approactinfinity atthe surface,sowe clip its valueabore a depthof 250m.

— 20  7< —250m

Hmax =
1.00 z> —250m
—83m 7 —250m
Pmin =
0.333 z> —-250m
Do = 0.150m (9.10)
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Figure9.12: Depthvariationsof the coeficient of friction parametersimax and pmin, in the slip-wealening
friction model.

Our ad hoc adjustmentof the friction model parametersreateslarge variationsin the coeficient of
friction with depth. Researchersbsenre reducedvaluesof the coeficient of friction whenthe temperature
increasegScholz1990). Rice and Ben-Zion (1996)vary the parametersn their friction modelwith depth
basedon temperaturehowever, their parametergxhibit only small variationswith depth. Thus,somede-

creasean the coeficientof friction with depthbasedontheincreasen temperaturseemgeasonableWe do
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notknow how the coeficient of friction varieswith depth,soour large variationin the coeficient of friction
with depthmayor maynotberealistic. We reducethe coeficient of friction with depthin orderto creatdow
sliding shearstresseshatdo notimply melting,to allow a uniform stressor strainfield to generatehe nom-
inal initial shearstresse®sn thefault,andto maintaina uniform distancefrom failure. We choosea uniform
distancerom failure basedn our desirenotto increaseheresolutionof thefinite-elemenmodelwith depth
andour focuson the shearstressesluring sliding asopposedo the shearstressest failure. Moreover, the
variationof the coeficient of friction remainsrelatively unconstrainethy seismologicatiata.
Figure9.13illustratesthatthe shearractionsat failure alongwith theinitial andfinal sheartractionsdo
notvary with depthexceptnearthegroundsurface.Above thedepthwherewe clip the coeficientof friction
at failure (labeled“TaperDepth” in figure 9.13), the tractionstapertowardsa value of zeroat the ground
surface.Figure9.14 shows the effective normaltractionsandinitial shearractionsthatwe applyto the fault
surface.Theeffective normaltractionsmatchthosefrom the previous case(figure 9.10),andtheinitial shear
tractionsmatchthosefrom the caseof uniform effective normalstressegfigure 9.3), exceptin thetop 250m

wherewe taperthe sheartractions.
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Figure9.13: Variationsof thetractionswith depthon the strike-slip fault for the caseof lithostaticeffective
normalstresseandvariationsof the coeficient of friction parametersvith depth. The dashedinesgive an
estimationof thosetractionswhoseprecisevaluesdependn theresultsof the simulation.

Characteristics of the Earthquake

Our manipulationof the friction model parameteryields the desiredresults. The ruptureexhibits nearly
identicalbehaior to the onein scenaricsshaseThe rupturepropagatesit the samespeed1.7km/seg and
produceghe distributionsof final slip andmaximumslip rategivenin figure 9.15. Comparingthe distribu-
tionsto thosefrom scenaricssbaséfigure 9.5), we find only smalldeviationsbetweerthetwo. Thetapering

of thetractionsnearthe groundsurfacecauseshe morenoticeablaifferencesincludingthereductionof the
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Figure9.14: Shearandnormaltractionson the strike-slipfault for scenaricsslithosar.

maximumslip ratealongthegroundsurface.
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Figure9.15: Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfaultfor scenario
sslithovar.

The horizontalvelocitiesat site S1 reflecttheseminor differences.In figure 9.16 we seea smallerpeak
velocity in the north-south(fault parallel)directionfor scenaricsslithosar comparedo scenaricssbaseThis
coincideswith thereducednaximumslip ratesalongthe groundsurface.The east-westomponenbf veloc-

ity shavs negligible differences.

9.3.4 Lithostatic-Hydr ostatic Stressesvith a Variable Friction Model:

Scenariosslithohydro

We now considetthe caseof saturatednaterialwherethe porepressurequalsthe hydrostatiqpressureSev-
eral researcherssuchasRice and Ben-Zion (1996), Sleep(1997), and Tullis (1996), usethis distribution
of the effective normal stressewith depth. Comparedo the caseof lithostatic effective normal stresses,
the saturationof the materialwith waterreduceghe effective normalstressedy the hydrostaticpressures.
We maintainthe samefailure stressat every point with a 70% increasdn the coeficient of friction. Equa-
tion (9.11)givesthe functionalformsof the parameterin the slip-wealeningfriction model. Consequently
we applythesamenitial sheattractionsthatwe usefor scenaricsslithovar. Figure9.16shavsthatthewave-

formsremainthe samej.e., therupturebehaior andtheresultinggroundmotionsdo not change.Thus,the
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Figure9.16: Comparisorof horizontalvelocity time historiesatsite S1for thethreecase®f effective normal
stressesn the strike-slipfault.

variationsof the parameterf thefriction modelworksequallywell for bothnegligible andhydrostatigore

pressures.

_422m
z

z< —250m
Mmax =
1.69 z> —250m

z

—1im 7 - _250m
llm' =
0.563 z> —250m

Do = 0.150m (9.11)

9.4 Thrust Fault

In this sectionwe demonstratehat thesesameissuesregardingthe effective normalstresseslsoapply to
inclinedfaultsby consideringa thrustfault with a dip angleof 35 degreeg(seesection9.1.2for adescription
of the domain). We imposesheartractionson the fault surfaceat an angleof 105 degreesfrom the strike.
Additionally, we createthe samedynamicstressdrop and distancefrom failure asin scenariossbase.In
contrastto vertical faults, suchas the strike-slip fault that we use above, on dipping faults the shearand
normal tractionsare coupledduring applicationof horizontalaxial stresses.The groundsurfaceremains
tractionfree,andwe mustapply shearandnormalstressesictingin the horizontaldirectionto generatehe

shearttractionson thefault planewith the appropriateake angle.
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9.4.1 Uniform Stressewith a Uniform Friction Model:

Scenariothbase

As with the strike-slip fault, we begin with uniform effective normalstressesindusea friction modelwith
parametershatdo not vary with depth. ResearchersuchasMagistraleandDay (1999)andOglesbyet al.
(1998),typically selecttheseuniform distributionsfor simplicity.

Initial Conditions

We createthe 4.0MPa sheartractionsthroughapplicationof axial stressesn the north-southdirectionand
horizontalshearstresseshat mimic the stressegieneratedhroughplatetectonics. The shearstressegive
the sheartractionvectorsthe appropriateake angleon the fault plane. This alsogenerategffective normal
stresse®n the fault surfaceof 2.7MPathataremuchlessthanthe 10MPa effective normalstresseshatwe
imposeon the strike-slipfault. The shallav dip causeghe effective normaltractionsto bemuchlessthanthe
sheartractions,andwe mustusea coeficient of friction greaterthan1.0. Table9.4 givesthe parameter$or
the slip-wealeningfriction model; we increasehe coeficient of friction by a factorof 3.7 comparedo the

strike-slip case(scenaricssbase).

| Parameters Value |

Mmax 2.2
Do 0.15m

Table9.4: Parameter®f the slip-wealeningl friction modelfor scenaridhbase.

Figure9.17 shavs theinitial shearandnormaltractionsthatwe applyto the fault surface. We taperthe
sheartractionson all four edgego smotherthe ruptureasit approacheshe edgesof the fault. We placethe
asperityusedto initiate the rupturealongthe north-southrunning centerline4.0km from the bottomof the

fault. Thediameterof the asperitymatcheghe oneusedin the strike-slipcases.

Characteristics of the Earthquake

As demonstratedh figure 9.18,the rupturepropagatesvith the sameelliptic shapethatwe obsere in the
simulationson the strike-slip fault. The slip follows the directionof the appliedsheartractions,sothe slip
directionhasa rake angleof 105degrees.As aresult,therupturepropagateat a speedf 1.8km/secup the
fault but skewed slightly to the west. Comparedo the strike-slip case the smallerfault andlack of a free
surfacereduceghe width of therupturefront. The portion of the rupturefront that containslarge slip rates
(wheremostof theslip occurs)remainsaboutthe same.

Figure9.19shavsthedistribution of final slip andmaximumslip rateon thefault surface.As we expect,
thefinal slip resembleshatof a uniform stressdropearthquak with anaverageslip of 0.25m anda moment

magnitudeof 5.8. We find a nearly uniform maximumslip rate over the areawhereslip occurred. The
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Figure9.18: Snapshotsef slip rateonthethrustfault for scenaridhbase.
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negligible maximumslip ratesalong the edgesof the fault illustrate that the taperingof the initial shear
traction at the edgesof the fault smotherghe rupture. Despitethe elliptic shapeof the rupturefront, the
final slip andmaximumslip ratearenearlysymmetricaboutthe fault centerlinesWe examinevelocity time

historiesin section9.4.2below.
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Figure9.19: Distributionsof final slip andmaximumslip rateat eachpoint on the thrustfault for scenario
thbase.

9.4.2 Lithostatic Stressesvith a Variable Friction Model:

Scenariothlitho var

We now considerthe caseof lithostatic effective normal stressesith variationsof the parameterof the
coeficientof friction with depth.Becauseve usethe samehomogeneoumaterialpropertiesasin the strike-
slip case gravity generateshe sameeffective normal stressesWith negligible pore pressureshe stresses
dueto gravity dominatethe normalstresseslueto the tectonicloadingappliedashorizontalaxial stresses,
andthe effective normalstresseglosely matchthoseon the strike-slip fault in scenariosslithovar. Thus, it

malkessensedo usethe parametersf the friction modelfrom scenaricsslithovar.

Initial Conditions

Figure9.20illustratesthe effective normalstressesreatedrom the superpositiorof the lithostaticstresses
due to gravity and the normal tractionsdue to plate tectonics. Gravity doesnot contribute to the shear
tractions,so the sheartractionsdo not changefrom scenariathbase.We find muchlarger effective normal
stressest the top of the thrustfault thanat the top of the strike-slip fault, becauseve bury the thrustfault

5.3km below thegroundsurface.
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Figure9.20: Shearandnormaltractionson thethrustfault for scenariahlithovar.

Characteristics of the Earthquake

As in the caseof the strike-slip fault, we find only minor differencesn the behaior of the rupturebetween
the caseof uniform effective normalstressesvith a uniform coeficient of friction andthe caseof lithostatic
effective normalstressesvith a variablecoeficient of friction. The averageslip increase$rom 0.25m (sce-
nario thbase)to 0.30m (scenariothlithovar), but the momentmagnituderemains5.8. Comparingthe final
slip distribution for this scenariqfigure 9.21)with the onefrom scenarid¢hbasefigure 9.19),we noticethat
the slip increasesn the centerof the fault with almostno changenearthe edges.We alsofind just a small,

generalncreasean themaximumslip rate.
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Figure9.21: Distributionsof final slip and maximumslip rate at eachpoint on the thrustfault for scenario
thlithovar.

We examinethe time historiesat site S1, which sits above the centerof the top edgeof the fault. The
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north-southandvertical component®f the velocity time historiesshavn in figure 9.22 exhibit similar char
acteristics We obsene a slightly laterinitiation of slip correspondingo the differencein therupturespeeds
(1.7km/secfor scenaricsslithosar comparedo 1.8km/secfor scenaridhbase).ln boththe north-southand
vertical componentghe amplitudesof the velocity increaseslightly, but the shapesof the pulsesdo not

change.
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Figure9.22: Comparisorof north-southand vertical velocity time historiesat site S1 for the two casesof
effective normalstressesn thethrustfault.

9.5 Rupture Behavior with Different Friction Models

We studythe changesn thebehavior of theruptureon the strike-slipfaultto variationsin the friction model
by replacingthe slip-wealening| friction modelwith the slip- andrate-weakningmodelandthe melting-
refreezingmodel. In both caseswe apply normaltractionsequalto the lithostatic pressuresand vary the
coeficientof friction parametersvith depth.We adjustthe parameteri thefriction modelsto createearth-

gualeswith averageslipsthatcloselymatchthe 0.52m averageslip of scenaricsslithovar.

9.5.1 Slip- and Rate-Weakening Friction Model: Scenariosscombo

With slip- andrate-weakningfriction, the friction stressinitially decreasessslip progresseshut returns
closeto its original level astheslip ratedecreaseéseefigure 8.8). With the re-strengtheningsthe slip rate
drops,slipwill terminatesoonethanwhenwe usethefriction modelswith only slip-wealeningandthesame
sliding stress.Consequentiywe selecta new valuefor the dynamicstressdrop, but we maintainthe same
initial rateof decreasef the coeficientof friction with slip distanceasin the basecase(scenariossbasein

orderto generate similar rupture.We usea post-seismicoeficient of friction thatis 83%of the coeficient

of friction at failure. Equation(9.12) givesthe parameter®f the friction modelthatyield an averageslip
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of 0.55m, which is closeto our target value of 0.52m. With no changein the effective normaltractions
andinitial sheartractionsfrom thosein scenaricsslithovar, we usethe samemaximumcoeficient of friction
(Umaxy- In orderto enlage the dynamicstressdrop, we reducethe minimum coeficient of friction (Unin)-

Additionally, maintainingthe sameinitial rate of decreasef the coeficient of friction with slip distance

involvesadjustingthe characteristislip distance.

—250m 7 < —250m
Mmax=
1.00  z>-250m
—4LIm 7. —250m
Hmin =
0.167 z>—250m
—208m 7 < —250m
Hpost=
0.833 z>-250m
Do = 0.188m
Vo = 0.133m/sec (9.12)

Characteristics of the Earthquake

Therupturepropagatewith nearlythesamespeedasin scenariaslithovar (1.9km/seccomparedo 1.7km/sed,
but the maximumslip ratesincreasesignificantly Comparingfigure 9.23with figure 9.15, we seethatthe
maximumslip ratesexhibit a nearly uniform increaseof approximately0.2m/sec. Becausewve attemptto
matchthe averageslip with scenaricsslithovar, we expecta similar final slip distribution. Indeed,we find a

small,nearlyuniformincreasan thefinal slip thatcorrespondso thedifferencen the averageslips.
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Figure9.23: Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfaultfor scenario
sscombo.

Figure9.24showvsthevelocitytime historiesat site S1for bothscenariasslithosar andscenaricsscombo.
The north-south(fault parallel) velocity time historiesconfirm the increasein rupture speedwith earlier
motionin scenariosscombahanin scenariosslithovar. The terminationof sliding occursmore abruptly

in scenariosscomban responsdo the shearre-strengthening.The shearwave continuesto dominatethe
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east-wes{fault normal)velocity time histories. The reflectionof the ruptureoff the free surfacegenerates
secondslip eventin the centralportion of the faultandcauseghe noticeablydifferentshapen the east-west

componentowardsthe endof thetime history.
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Figure9.24: Comparisorof north-southand vertical velocity time historiesat site S1 for the threefriction
modelson the strike-slipfault.

9.5.2 ShearMelting-RefreezingFriction Model:

Scenariossmelt

The shearmelting-refreezingnodel producesthe samegeneralbehaior as the slip- and rate-wealkning
friction model(seefigure 8.9for atypical trajectoryof the coeficient of friction in termsof slip distanceand
slip rate). We againselectheparameter$o closelymatchtheaverageslip of scenaricsslithovar (0.52m). We
apply the effective normaltractionsandinitial shearractionsfrom scenariosslithosar. We usethe friction

modelparametergivenby equation(9.13)to produceanaverageslip of 0.51m.

— M 74 -250m

Hmax =
1.00 z>—250m

z

—458m 7 - _250m
Mmin =
0.183 z> —250m

Do = 0.0800m
To = 0.650sec (9.13)
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Characteristics of the Earthquake

Basedon the similarity of thefriction modelsandthe dynamicstressdrop, we expectto find aboutthe same
increasen the maximumslip ratesfor this scenaricandscenariosscombacomparedo scenaricsslithovar,

wherewe usea slip-wealeningfriction model. The maximumslip ratesshowvn in figure 9.25exhibit approx-
imately a 0.1m/secincreasecomparedo the 0.2m/secincreasefor scenariosscombo.If we comparethe
final slip distribution from this scenariowith thatfrom scenaricsslithovar, we find thatthe slip distribution

shifts slightly towardsthe north. In the shearmelting-refreezindriction modelthe rate of decreas®f the
coeficient of friction dependsn the history of the slip rate. This createsa tendeng for relatively larger

valuesof slip to occurin regionswith largervaluesof maximumslip rate.
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Figure9.25: Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfaultfor scenario
ssmelt.
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If we returnto figure 9.24,we obsene similar velocity time historiesat site S1 for the scenariosvith the
slip- andrate-weakningfriction model(scenariosscomboyndthe sheamelting-refreezindriction model
(scenaricssmelt). The peakvelocitiesdiffer in proportionto the differencein maximumslip rates,whichwe
notedabove. Thereflectionof slip off the groundsurfacegenerates secondslip eventin the centralportion
of thefaultasit did in scenaricsscombosowe find thatthe east-wes(fault normal)componentsnatchvery

well towardsthe endof thetime history,

9.6 Effect of the FreeSurface

On the strike-slip faults the slip ratesincreasein the vicinity of the free surface. This causeghe rupture
to propagatefasteralongthe free surface. We illustrate the natureof this behavior by studyingthe effects
of ruptureswith differentcurvaturesencounteringhe free surface. Additionally, we subjecta muchlarger

strike-slipfault to similar initial conditionsandexaminethe behaior of therupture.

9.6.1 Slip Rate and Hypocenter Location

In section9.2.1we claim thatthe combinationof the large slip ratesandtheinitial high apparentelocity of

therupturealongthefreesurfaceallowstheruptureto continuepropagatingtafasterspeedlongtheground
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surfacecomparedo the otherportionsof the rupture. We now demonstratehis phenomenorby changing
the depthof the hypocente asperity)in orderto vary the apparent/elocity of theruptureasit hits thefree
surface.We considerthreeasperitylocationsby usingthe resultsfrom scenaricsslithosar andselectingtwo

new asperitylocations.

Initial Conditions

We maintainthe sameinitial conditionsandparameterfrom scenaricsslithovar, andchangehedepthof the
asperityasshawn in figure 9.26. The parametersf thefriction modelfollow the samedepthvariations,and
we apply the sameinitial effective normalandsheartractionson the fault surface(seesection9.3.3for the

details).
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Figure9.26: Diagramof startingasperitylocationson the strike-slipfault. The asperityHA corresponds$o
thehypocentetocationin figure9.1.

Characteristics of the Earthquakes

Placingthetop of theasperityatthetop of thefault (hypocenteiHB) effectively eliminateshehigh apparent
velocity alongthefreesurface.As shavn in figure9.27,themaximumslip ratesbecomenearlyuniformwith
a slight tendeng to increaseasthe ruptureprogressesthe large slip ratesnearthe free surfacedisappear
The absencef the large slip ratesnearthe surface preventsthe rupturefrom propagatingfasteralongthe
free surface,andtherupturepropagatest a uniform speedf 1.9km/sec Theaverageslip of 0.48m closely
matcheghat of scenaricsslithosar, andwe seesomesmall variationsin the distribution of final slip caused
by theshiftin thehypocenter

HypocentelocationHC sits roughly halfway betweerhypocentefocationsHA andHB. This createsa

slowerapparentupturevelocity alongthegroundsurfacewhentherupturehits thegroundsurfacecompared



149

0.0 1.0 1.0
o
£ 06 E 06 E
= 2.0 : O
=2 04= 047w
“ 74 . «
' 0.z ne=
L

9.9 0.0 n.a

0.0 41 g2 124 165 0.0 41 G2 124 165
strike (km) atrike (km)

Figure9.27: Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfaultfor thecase
with hypocentefocationHB.

to scenaricsslithovar. Figure9.28illustratesthatwe find a slight variationin theslip rateswith depth.While
thegenerakhapeof thedistribution matcheghatof scenariaslithosar wheretherupturespeedandslip rates
dovary with depth,the peakmaximumslip ratesremainnearthe level thatwe obsene with hypocenteHB.
As we expectbasednthelargerslip ratesnearthe surface therupturepropagatesnaminally fastemearthe
free surface. Thus,aswe increasehe apparentelocity of the rupturealongthe free surface,the slip rates

nearthe groundsurfaceincrease.This allows the portion of the rupturenearthe free surfaceto propagate
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Figure9.28: Distributionsof final slip andmaximumslip rateat eachpointonthe strike-slipfor thecasewith
hypocentetocationHC.

fasterthanthe portion of the ruptureat depth.
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9.6.2 Bifur cation of the Rupture on a Long Fault

As notedin the previous sections,the variation of the slip rateswith depthcreatesa similar variationin
the rupturespeedwith depth. In section9.2.1we found that the rupturenearthe surfaceappeargeadyto
overtale theruptureat depthjust asthetaperingin theinitial sheatractionsatthe edgeof thefault smothers
the rupture. We usethe homogeneoukalf-spacemodelfrom the strike-slip faultin section7.1to discover

how therupturebehaeswhenwe allow the propagatiorto continue.
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Initial Conditions

We usethesamehomogeneoumaterialpropertiesandapplylithostaticeffective normaltractions.Following
the sameprocedureasin scenariosslithovar, we imposenominal sheartractionsof 4.0MPa andtaperthe
sheartractionsat the edgesof the fault. In this case,we placethe asperityusedto initiate the ruptureat a
depthof 8.0km. Figure9.29 givesthe distributions of the normaland sheartractionson the fault surface.

Thefriction modelcorrespondso the onein scenaricsslithovar.
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Figure9.29: Shearandnormaltractionson the fault surfaceof thelarge homogeneoubalf-space.

Characteristics of the Earthquake

The snapshot®sf slip ratein figure 9.30shav thatthe rupturebifurcatesasthe rupturenearthe free surface
passeghe ruptureat depth. The white ellipsesidentify the leadingedgeof the rupturethat propagatest
2.2km/sec(67% of the shearwave speedof 3.3km/se¢. Whenthe rupturereflectsoff the free surface,we
addasecondvhite ellipseat5.5secto coincidewith thereflectedportionof therupture.We alsoaddapurple
ellipseat the leadingedgeof the portion of the rupturethat propagateslongthe free surfaceat a speedof
4.4km/sec This speedies betweenthe shearwave speedof 3.3km/secandthe dilatationalwave speedof
5.7km/sec Theruptureatthefree surfacebeginsto separatat 8.5sec,andat 10secwe seetwo distinctslip
eventsat the free surface. We obsene substantiallylarger slip rateswherethe two portionsof the rupture
constructvely interfere(identifiedby theintersectiorof thewhite andpurpleellipses).In generatheportion
of therupturetraveling nearthe dilatationalwave speedyenerateargerslip ratesthanthe portiontraveling
nearthe shearwave speed.Furthermoreasthe two portionsinteract,the speedf the portion of the rupture

that propagatesearthe sheawave speedncreaseso around3.0km/sec Thewhite ellipseswe overlayon
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theslip ratereflectthis changdn rupturespeed.
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Figure9.30: Snapshotsf slip rateon the fault surfaceof the large homogeneouhkalf-space The white and
purple ellipsesindicatethe leadingedgesof the rupturespropagatingnearthe shearand dilatationalwave
speeds.

This complex rupturecreateghe smoothdistribution of final slip shavn in figure 9.31. The shapeof the
distribution roughly matcheghe oneon the smallstrike-slip fault from scenaricsslithosar. In contrasto the
final slip, the maximumslip rateat eachpoint on the fault surfacereflectsthe complec natureof therupture.
The pathof constructve interferencebetweerthetwo portionsof theruptureis clearlyvisible with slip rates
roughly 0.2m/secgreaterthanthe surroundingregion. We alsoseelarge slip ratesnearthe top of thefaultat
thenorthendthatcomefrom thefastemortion of therupture.

Thefasterportionof therupturepropagatesat a speedetweerthe sheawave speedandthedilatational
wave speedwhile theslower portionpropagatest a speedslower thanthe sheamwave speedin earthquaks
we obsenerupturespropagatinglowerthanthe sheamwave speedHeaton1990). However, usinga Dugdale
modelof mode-IlcrackpropagationBurridgeet al. (1979)found steadysolutionsfor propagatiorat speeds

bothslowerthantheRayleighwave speedandbetweerthesheasspeedndthedilatationalwave speed Based
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Figure9.31: Distributionsof final slip andmaximumslip rateat eachpoint on the fault surfacefor thelarge
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on the variation of the force with the propagatiorspeed they concludedthat stablepropagationoccurred
for mode-Il crackswith speedsetweeny/2 timesthe shearwave speedand the dilatationalwave speed.
Furthermore Rosakiset al. (1999) obsened crackspropagatingat v/2 times the shearwave speedin a
brittle polyesterresinunderfar-field loading. In our simulationthe fasterportion of the rupturepropagates
at approximatelyl.3 timesthe shearwave speed pr within 6% of v/2 timesthe shearwave speed.We will
examinethe dynamicshearstrainfrom a doublecoupleto illustratewhy shearupturesmay propagatéoth
nearthe sheawave andthe dilatationalwave speeds.

We considera vertically orienteddoublecouple(anazimuthof O degreesa dip angleof 90 degreesand
arake angleof 0 degrees)in a whole-spacesshawn in figure 9.32. Note thatin this particularcaseand
this caseonly, we follow the corventionusedby Heaton(1979),andxs is positive downwards. We wantto
computethe shearstraincorrespondingo purelateralslip, i.e., &¢ usingthe sphericalcoordinatesgyivenin
figure9.32.Equation(9.14) (Heaton1979)displaysthe pertinentdisplacement sphericakoordinatesasa

functionof spaceandtime.

B%Rg [ 3(t—K) a 9032 ) R R
BRy - s Rot<R

U = 4T R 2R TR a B (9.14)
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B%Ry (1 | 3022 R R
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where

Rg = sir? 0sin2¢
Ry = %sinZGsinZ(p
Ry = sinBcos2¢ (9.16)
¢
X2
Uo
Ug
Ur
1 0
X3

Figure9.32: Orientationof sphericakcoordinateselative to a verticaldoublecouplein awhole-space.

We wantto computethe sheaistrainalongthex; axis,whichfor averticalstrike-slipfaultlies onthefault
in thedirectionof propagationUsingthe definition of €4 in sphericakoordinates,

1 1 0du Oup Oug
o= 32 (Rsine 39 TR R/’ (©.17)

andrestrictingthe domainto thex; axiswhere® = 7 and@= 0, wefind thatequation(9.18)givesthelateral
shearstrainasa functionof spaceandtime, whered' denoteghe derivative of the Dirac deltafunction.
2
4103R2
R

1 (32 1 R 1 R
8nR3 ( )\+2u) - 4T[13R26(t - B) + 8T[BzR6,(t - B) t>5

3:2
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We find Dirac deltafunctionsin the shearstrainpropagatingat both the dilatationalandsheamwave speeds.
Thisimpliestheshearstrainmaycauseadislocationto propagateearthedilatationalandsheamwave speeds

in thedirectionof slip on averticalstrike-slipfault.
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9.7 Discussion

9.7.1 Modeling of Dynamic Failure

Including the frictional sliding on the fault surfacein the simulationallows the dynamicsof the ruptureto
determinethe speedof the ruptureandthe slip distribution. This preventscombiningphysicallyunrealistic
combination®f slip rateandrupturespeedwhichis possiblevhenwe useprescribeduptures.Thedynamic
rupturesalsoillustrate the dependencef the rupturespeedon the directionof propagation.Including this
effectin prescribeduptureson strike-slipfaultsfaultswill leadto minimalchangesn behavior, but theeffect
becomesnoredramaticon thrustfaults,which we will demonstratén chapterl0. Additionally, the useof
the slip degreesof freedomto modelthe dislocationacrossthe fault surfaceallows simulatingearthquaks
with dynamicfailure on ary arbitrarily orientedfault plane. We find only small differencedn the rupture
behaior whenwe usethe slip-wealeningfriction modelandincreasahe resolutionof the meshby a factor
of two from thesizebasedn thewave propagationThereforewith appropriateselectiorof thefailurestress

andfractureenepgy, we maybasethe discretizatiorsizeon accuratemodelingof the wave propagation.

9.7.2 Effective Normal Stresses

In orderto createrealisticruptureswith effective normalstressethatincreasevith depth theabsolutechange
in the coeficient of friction during slip mustdecreasavith depth. We assumea nearly uniform minimum
sliding stresawith depth,which impliesa uniform relative variationof the coeficient of friction with depth.
This generatesuptureswith behaiors that closely matchthoseproducedby assuminguniform effective
normalstressesindno variationsin the friction modelparametersvith depth.In otherwords,with realistic
initial conditions(effective normalstresseshatincreasewith depth)we canproduceruptureswith behaiors
similar to thosewith unrealisticinitial conditions(uniform effective normalstresses)This may explain why
researchersuchasOlsenetal.(1997)andBen-ZionandAndrews (1998),who useuniform effective normal
stresseareableto createruptureswith realisticbehavior.

The strongessupportfor theincreasen the effective normalstresswith depthcomesfrom the examina-
tion of inclined faults. Thetectonicstressegeneratéoth shearandnormalstressesn the fault surface. If
we assumeporepressuregearthelithostaticstresseshenthe dominantcontribution of the effective normal
stressesomesfrom thetectonicstresseskor our thrustfault with a dip angleof 35 degreesthis impliesthe
effective normalstressesrelessthan3MPa. Furthermoreaswe decreasehe dip angleof the fault from
90 degreesand keepthe sheartractionsconstant the effective normal stressego to zero. To maintainthe
samefailure stressesve mustscalethe coeficient of friction parameteraccordingly For example,in order
to usethefriction modelfrom the strike-slipfault on the thrustfault, we scalethe coeficient of friction by a
factorof 3.7.

Ontheotherhand,assuminguegligible porepressuregthe algumentappliesequallywell for hydrostatic
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porepressuresyenerategffective normalstresseshatincreasewvith depthanddominatethe normalstresses
createdoy the tectonicstressesConsequentlychangingthe dip angleof the fault while keepingthe shear
tractionsconstantcausesalmostno variationsin the effective normal stressesWe do not needto alter the
parameterén thefriction modelto keepthefailure stresseshe same.Hence,we may usethe samefriction
modelon both strike-slip andthe thrustfaults. It seemsmuchmorerealisticto be ableto apply a friction
modelto ary arbitrarily orientedfault plane,thanto have to scalethe parameter$or every changen thedip
angleof thefault. Thus,thesimulationsonthe strike-slipfaultandthrustfault confirmthatit is morerealistic

to assumehatthe effective normalstresseicreasewith depththanremainuniform.

9.7.3 Friction Models

Thefractureenepy playsacritical role in the behavior of therupture.We controlthefractureenegy through
the rate of decreasen the coeficient of friction at the onsetof sliding. Whenwe allow the coeficient

of friction to decreasenstantaneouslyrom the static value to a dynamicvalue in the two-phasefriction

model,the rupturepropagatesiearthe dilatationalwave speed.The sharpinitiation of slip alsointroduces
high frequenciedn the solution and the meshresolutionis too coarseto accuratelycapturethe behaior.

We adjustthe fractureenegy to manipulatethe maximumslip rate andrupturespeed.As we increasethe

fractureenegy, themaximumslip ratesandrupturespeediecrease;ontinuingto increasehefractureenegy

ultimatelyleadsto rupturesthatfail to propagate.

The rupturesexhibit the samegeneralbehaior for the slip-wealening, slip- and rate-weakning, and
sheamelting-refreezindriction models.Theslip-wealeningfriction modeldoesnotallow there-strengthening
of the shearstresson the fault asthe slip ratesdecreas¢hatwe find in the slip- andrate-weakningandthe
shearmelting-refreezingdriction models. For ruptureswith the sameaverageslip, we mustuselarger dy-
namicstresgdropswith theslip- andrate-weakningandsheamelting-refreezindriction modelsto generate
the sameslip. Consequentlythe maximumslip ratesincreaseslightly comparedo whenwe usethe slip-
wealeningfriction model. The coeficient of friction in the sheamelting-refreezingnodeldependsn the
history of the slip rate, while both the slip-wealeningandslip- andrate-weakning modelsare pathinde-
pendent.At locationson the fault with relatively larger slip rates,this createdarger slipsin the simulation
with the shearmelting-refreezingnodelthanin the simulationwith the slip- and rate-wealkningfriction
model. For comparableaverageslip distributionsthe groundmotionsassociatedvith the friction models
with sheare-strengtheninghov excellentagreemenandexhibit slightly greatermaximumvelocitiesthan

thoseassociatedavith the slip-wealeningfriction model.

9.7.4 Effect of FreeSurface

Whenthe rupturehits the free surface,it encounters reducedresistanceo slip. In mary casegherupture

will reflectoff the free surfaceandgeneratedditionalslip on the portion of the fault below the free surface.
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As we move the hypocentetto greaterdepths the rupturehits the groundsurfacewith lesscurvature. This
causes longerportionof therupturefront to arrive at the free surfacein ashortemperiodof time andcreates
a high apparentelocity alongthe groundsurface. Consequentlythe slip ratesincreaseandthe rupturemay
sustaina supershearpropagatiorspeedalongthe surface. On a long fault this leadsto bifurcation of the
ruptureinto a portion propagatingnearthe dilatationalwave speedanda portion propagatingnearthe shear
wave speed. While the portion propagatingnearthe dilatationalwave speedappearseasible,we do not
obsene suchphenomenoffor real earthquaks. The real earthincludesvariationsin the materialproperties
with depthwhich thesemodelsdo not. This couldexplainwhy we do not obsene rupturespropagatingaster

thanthesheamwave speedn thereal earth.
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Chapter 10 Dynamic Failurein a Layered Half-Space

Armed with our knowledgeof how to createrelatively realistic ruptureswith dynamicfailure on faultsin
a homogeneoubalf-spacewe study dynamicfailure on faultsin a layeredhalf-space.We usethe finite-
elementmodelsof the strike-slipandthrustfault domainsfrom the prescribedupturesimulationsdiscussed
in chapter7. We focuson creatingrupturesin the layeredhalf-spacethat generallymatchthe prescribed
ruptures.Additionally, we examinethe sensitvity of the groundmotionto variationsin the initial tractions
andthefriction modelsandidentify the characteristicsf thedynamicruptureghatdiffer from our prescribed

ruptures.

10.1 Strik e-Slip Fault

Section7.1 gives a completedescriptionof the geometryof the domainand the strike-slip fault. Instead
of usingthe inertial bisectionmethodto partition the meshesfor improved performanceve switchto the
METIS library (seesection3.2 for a discussiorof both methods).Theimprovedload balancingamongthe
processorseduceghe executiontime without alteringthe solutions. Figure 10.1illustratesthe partitioning
of the coarsemeshamongl6 processorsEachsimulationtook 5.6 hoursusing16 processorsf the Hewlett
PackardExemplaratthe CACR.
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Figure 10.1: Partitioning of the coarsefinite-elementmodelamongsixteenprocessorsor the layeredhalf-
spaceusingthe METIS library. Eachcolor patchidentifiesthe elementf oneprocessar
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10.1.1 Earthquake Source Parameters

Wefollow thesameprocedureshatwe usefor thedynamicfailuresimulationsn thehomogeneoukalf-space
(seesection9.3.3)to determinegtheinitial shearandnormaltractionson thefault surface.For eachscenario
we assumehat the pore pressuresre negligible and apply lithostatic effective normaltractions. We want

to comparethe groundmotionsfrom thesesimulations which usedynamicfailure, to the onesin chapter7,

which useprescribedruptures,sowe aim for an averageslip of 2.0m. The distribution of the initial shear
tractionswith depthdependon whetherwe assumeuniform tectonicstresse®r uniform tectonicstrains.
Additionally, usingthe slip- andrate-weakningfriction modelor the melting-refreezindriction model,as
opposedo the slip-wealeningfriction model, requiresa larger dynamicstressdrop to generatehe same
averageslip. Thus,we will discussthe detailsof the sheartractionson the fault surfaceon a caseby case

basis.

10.1.2 Uniform StressVersusUniform Strain

We continueto generateheinitial stresdistribution on thefaultbasedon intuition andsomedegreeof trial
anderror. With thevariationsin the materialpropertieswith depthin the layeredhalf-spaceuniformtectonic
stressesreatea substantiallydifferentdistribution of sheatractionsonthefaultthanuniformtectonicstrains.

We evaluateboth casedo determinewvhich generatesmorerealisticrupture.

Uniform Stress:Scenariounistress

We needto determinghenominalinitial sheattractionsonthefaultsurface.Equation(9.1) givestheapprox-
imate averagestressdrop for a strike-slip faultin a homogeneou®oissoniarhalf-space.Below a depthof
6.0km, the materialpropertieson the fault surfacearenearlyuniform, sowe usethe shearmodulusfrom a
depthof 6.0km in equation(9.1). Applying this equationwith anaverageslip of 2.0m andour fault dimen-
sionsyields an averagestressdrop of 2.5MPa. Therecovery of the coeficient of friction upontermination
of sliding meangthat the dynamicstressdrop will exceedthe averagestressdrop. Consequentlybasedon
atestsimulationwith the homogeneoubalf-spacewe imposea maximumdynamicstressdrop of 4.5MPa.
We assuméhatsomeresidualshearstressesemainon thefault afterthe earthquak, sowe imposeaninitial
shearstressof 6.0MPa. At the lateraledgesof the fault, we taperthe initial sheartractionsto smotherthe
rupture. Figure 10.2 givesthe initial shearandnormaltractionsthatwe applyto the fault surface. For this
scenaridheasperitythatinitiatesthe rupturehasaradiusof 1.8km andsits8.0km below thegroundsurface
and14km north of the southendof the fault. In orderto preventthe effective normalstressrom vanishing
atthegroundsurface,we apply uniform axial stressesf 2.0MPa in the east-westlirection.

We setthe parametersf the slip-wealeningfriction modelbasedon our knowledgeof creatingrealistic
rupturesin ahomogeneoubalf-space We assumehatthe relative changen the coeficient of friction asa

functionof slip, i.e.,therelative differencebetweermax andpmin, doesnotvarywith depth.In thestrike-slip
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Figure10.2: Shearandnormaltractionson the strike-slipfault for scenariaunistress.

simulationswith the homogeneoukalf-spaceputsidethe asperitythat startsthe rupture,we usea distance
from failure equalto the maximumdynamicstressdrop (seesection9.2.1). Applying the samestrateyy here
givesnominalfailure stressesf 10.5MPa

With thevariationsof the materialpropertieswith depth,we cannotmatchthe distancefrom failure over
the entiredepthof thefault. As aresult,we chooseto match(in an averagesense}he distancefrom failure
over the depthrangeof 6.0km to 15.0km, wherethe material propertiesremainrelatively uniform. We
determinethe parameterin thefriction modelbasedon our selectionf the maximumdynamicstressdrop
andthe distancefrom failure. Equation(10.1) givesthe functionalforms of the parametersn the friction
modelandfigure 10.3shovs the parametersf the slip-wealeningfriction modelasa function of depth.We
clip thevaluesabove a depthof 1.0km to preventthevaluesfrom approachingnfinity atthegroundsurface.
In orderfor the fractureenepgy to remainnearly uniform, we modify the characteristicslip distancein the
softermaterialnearthe groundsurfacefrom its uniform valueat depth.We denotethis friction modelby the

labellitholayeruf.
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Figure10.3: Parameter®f the slip-wealeningl friction model,litholayeruf,asafunctionof depth.

Figure10.4givestheinitial shearstresseshe shearstresseatfailure,andthe minimumsliding stresses
asafunctionof dip onthefault. The minimumsliding stressegxhibit very little variationwith depthexcept
in the top 1.0km wherewe clip the parametersn the friction model. The figure displaysthe initial shear
stresseshroughthe centerof the asperitythatinitiatesthe rupture. Outsidethe asperityandaway from the
edgesof thefault, we apply uniforminitial shearstressesThe decreasén densitynearthe groundsurface
causeghe effective normalstresses$o decreaseapidly approachinghe groundsurface. Consequentlythe
failure stresseslecreasasdoesthe distancefrom failure.

Thereducedistancerom failurein thesoftermaterialin thetop 6.0km of thedomainallowstherupture
to propagateat 4.9km/sec.Therupturebifurcatestowardsthe endof therupture,but not to the samedegree
thatwe found in the homogeneousalf-spacgseesection9.6.2). Additionally, the reduceddistancefrom
failureleadsto final slips(figure 10.5)exceedings.0m over muchof thetop five kilometersof the fault with
amaximumfinal slip of over 11 m. We alsofind maximumslip ratesgreaterthan3.0m/secin thetop two to
threekilometersof the fault with a peakmaximumslip rate of 11m/sec. The distribution of the maximum
slip ratein figure 10.5displaysrelatively largervaluesalongthe pathof constructve interferenceof thetwo

portionsof therupture.We find this sameinterferencean thelargehomogeneoubkalf-spacegseefigure9.31).
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Uniform Strain: Scenariounistrain

In scenariaunistrainwe determinghenominalinitial sheartractionsonthefault surfacebasednapplication
of uniform tectonicshearstrains.We selectshearstrainsthat producethe desiredsheartractionsof approxi-
mately6.0MPabelow adepthof 6.0km wherethe materialpropertiesarenearlyuniform. In orderto prevent
the effective normalstressfrom vanishingat the groundsurface,we alsoapply uniform axial strainsin the
east-westlirection. Equation(10.2)givesthestrainfield usedto generatéhe shearandnormaltractionsthat
we applyonthefaultsurface(figure 10.6).
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Figure10.6: Shearandnormaltractionson the strike-slipfault for scenariaunistrain.

We continueto usethe litholayeruffriction modelfrom scenariounistress.Figure 10.7 shaws that this
leadsto the samerelatively uniform distribution of sliding stressesvith depthasthosein scenariaunistress.
Theinitial sheastressegeflectthedecreasén thesheamodulusin thesoftermaterialin thetop6.0km of the
domain.In contrasto the variationsof the shearstressegtfailurein scenariaunistressthe shearstressest
failurein scenariaunistraindecreasgraduallyfrom the bottomof thefaultup to adepthof 1.0km, wherewe
clip the coeficient of friction parametersTwo of the undesirabldeaturesof scenariaunistresgfigure 10.4)
that we successfullyeliminatein scenariounistrain(figure 10.7) include: the uniform maximumdynamic
stresdropandthedecreasén thedistancerom failurein the softermaterialnearthetop of thefault.

Therupturepropagateacrosghefaultwith anearlyuniform speedf 2.9km/sec Thedistribution of the
final slip in figure 10.8exhibits little variation;we find the usualtaperingat the edgesof thefaultandonly a
smallpeaklocatedwheretheasperityinitiatedtherupture. The maximumslip rateshovs a slighttendeng to
increaseastherupturepropagatesyhich allows the ruptureto penetraténto progressiely shallaver depths.

Thelargedistancefrom failure at shallov depthspreventsthe rupturefrom reachingthetop of thefault.
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Figure 10.7: Initial, failure, and minimum sliding shearstresseshroughthe centerof the asperityon the
strike-slipfault asa functionof dip for scenariaunistrain.

I 4.0
a0
E® £
= e 20's
& 10 A
1.0
15 0.0
I Z10
o
153
T 0 £
= 1.0 o
& 10 =
05%
in
15 0.0
0 10 20 an 40 50 B0

Strike (km)

Figure10.8: Distributionsof final slip andmaximumslip rateateachpointonthestrike-slipfaultfor scenario
unistrain.

Comparingthe characteristic®f this scenario(unistrain)with thosefrom scenariounistresswherewe
applyauniform stresswe find thatthis ruptureappearsnorerealistic. Theexcessvefinal slip andmaximum
slip ratesnearthe surfacedisappearcreatingrelatively uniform distributions of final slip and maximum
slip rate. Additionally, the rupturepropagatesit 88% of the local shearwave speed.The rupturedoesnot

propagateo the groundsurface,andwe considerthis the only prominentfeatureof the scenariathatseems
unrealistic.
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10.1.3 Variation of Friction Parameterswith Material Properties

The parameteri thelitholayeruffriction modeldo not changewith thevariationsin the materialproperties;
they changeonly with depth. Basedon the inability of the ruptureto reachthe groundsurfacein scenario
unistrain,it seemdogicalto make theparameter thefriction modelafunctionof thematerialpropertiesas
well asdepth.Wewantto createarelatively uniformslip distribution with depthwherethematerialproperties
changewith depth,andthe effective normalstressecreasewith depth.

Thechangdn stressat a point on thefault variesproportionallywith the sheamodulusandtheslip,
Ao = CyuD. (10.3)

The changein stresds alsothe differencebetweentheinitial shearstressgg, andthe final shearstressos.

We assumehatwe derive theinitial shearstres§rom a uniform strainfield, which gives
oo = Gl (10.4)
For thefinal shearstresswe usethe minimumsliding shearstress,
01 = UminOn. (10.5)

Combiningtheseequationssubstitutingin the expressiorfor the sheamodulus(u = pp?), andsolvingfor

theminimumcoeficientyields

(C1D —Cy)pp?
On ’

in (10.6)
We now considerfour casesof how the massdensity shearwave speed,and normal stressvary with

depth.

1. If themassdensity sheawave speedandnormalstressareall uniform with depth,thenfor uniform
slip we want a uniform minimum coeficient of friction. This coincideswith the simplistic caseof

uniform normalstressn the homogeneoubalf-spacghatwe examinedin chapter.

2. If themassdensityandsheawave speedareuniformwith depth,andthe normalstressvarieslinearly
with depth(dueto theoverlurdenpressure)thenwe wanta minimumcoeficient of friction thatvaries
inverselywith depth. This matcheghe reasoninghat we useto derive the depthdependencef the

coeficientof friction for the homogeneoubkalf-spacen chapter.

3. If themasgdensityis uniform, andthe sheamwave speecandnormalstressncreasdinearly with depth,
thenwe wanta minimum coeficient of friction that varieslinearly with depth. This correspondso

alayeredhalf-spacenherethe sheamwave speeds proportionalto the depth,but the massdensityis
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relatively uniformwith depth.

4. If themasdensityandsheawave speedsary linearly with depth,andthenormalstressrarieswith the
depthsquaredthenwe againwantthe minimum coeficient of friction to vary linearly with the depth.
This correspondso a layeredhalf-spacewvhereboth the shearwave speedandthe massdensityare

proportionalto the depth.

Our layerednalf-spacdollows neitherof the lasttwo cases Nearthe surfaceit roughly matcheghelast
casebutthematerialpropertiebecomeelatively uniformbelon adepthof 6.0km. Becausehemasslensity
andsheamwave speeddo not vanishat the groundsurface,they actuallyvary slower thanthat predictedby a
simpleproportionality As aresult,we find thatwe achieve a desirablalistribution of slip (aspredictedfrom
equation(10.6))by makingthe coeficientof friction proportionalto eithertheratio of the squareroot of the
sheamodulusto thedepthor theratio of the sheawave speedo thedepth.

Figure 10.9givesthe normalizedslip distribution predictedby equation(10.7)for threedifferentvaria-
tionsof thecoeficientof friction: thecoeficientof friction depend®ntheinverseof thedepth thecoeficient
of friction depend®n theratio of the squareroot of the shearmodulusto the depth,andthe coeficient of
friction depend®n theratio of the sheamwave speedo the depth.We usethe effective normalstressefrom

scenariaunistrainandselectvaluesof C; andC,; to createnormalizedslips betweerapproximately-1 and1.

1 Hmin0n>
D= (Co+ 10.7
- ( o e (10.7)

Thenegative slip valuesindicatethatslip atthatdepthleadsto alocalincreasen theshearstresonthefault.
Smallernormalizedslipsindicatea reducedpreferencdor slip to occur We seethatvaryingthe coeficient
of friction inverselywith the depthtendsto retardslip nearthe surface which matchesur obsenationsfrom
scenariainistrain.Adding dependencenthesquareaootof thesheamodulusor thesheawave speedshifts
thepreferencen slip towardsa moreuniform distribution with depth.

We chooseo vary the coeficient of friction with the quotientof the squareroot of thesheamodulusand
the depth,becauséasedon equation(10.7) it givesthe mostuniform distribution of normalizedslip with
depth.We applythedependencen the squareroot of the shearmodulusto the characteristislip distanceo
createa relatively uniform fractureenegy. Equation(10.8) givesthe functionalforms of the parameterén
thefriction model,andfigure 10.10displaysthe variationsof theparameteré thefriction modelwith depth

in thelayeredhalf-space We denotethis friction modelby thelabellitholayeruf2.
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Figure10.9: Normalizedslip with depthfor threedifferentvariationsof the coeficient of friction with depth
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We apply theinitial shearand normaltractionsfrom scenariounistrain. This givesthe distributions of
the initial, failure, andsliding stresseshawn in figure 10.110n the vertical line throughthe centerof the
asperity Theshape®f the shearstressestfailureandthe minimumsliding stressesnorecloselymatchthe
shapef theinitial shearstressesomparedo thosefrom scenariosinistressaandunistrain. At eachdepth
themaximumdynamicstresdropgenerallymatcheghedistancdrom failure. Ourhomogeneoubkalf-space
simulationswith dynamicfailure that producerealistic rupturescontainthis precisefeature. Additionally,
the dynamicstressdrop closelyfollows the variationsof the sheamodulusthatincreasedinearly in thetop
6.0km andis nearlyuniform belov 6.0km.

Thesnapshotsf slip rateon thefault surfacein figure 10.12shaw thattherupturepropagateall theway
to the groundsurface.Beforetherupturehits the groundsurface therupturepropagatest about2.5km/seg
and after hitting the groundsurfacethe rupturemaintainsa speedof 3.0km/secat a depthof 6.0km. We

attribute the changen therupturespeedo theincreasen the maximumslip ratesasthe ruptureapproaches
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Figure10.10: Parameter®f the slip-wealeningl friction model,litholayeruf2,asa functionof depthin the
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Figure 10.11: Initial, failure,andminimum sliding shearstresseshroughthe centerof the asperityon the
strike-slipfaultasa functionof dip for scenariaunistrain2.

thegroundsurfaceandencountersareductionin thestiffness.Therupturereflectsoff thegroundsurface but
thissecondslip eventsoondisappearsAs in scenariainistrain,therupturedoesnotbifurcateandpropagates
slower thanthe local shearwave speed.The averageslip of 1.9m nearlymatcheur targetvalueof 2.0m
from theprescribeduptures.The momentmagnitudeof theeventis 6.9. We computean averagestressdrop
of 1.4MPa which falls shortof the 2.5MPa averagestressdrop predictedby equation(9.1). The presence
of the softermaterialin the top 6.0km of the domainreduceshe averagestressdrop relative to the same
averageslip in a homogeneoubalf-space.This causes deviation in the relationshipbetweenthe average
stresgdrop andthe productof the sheamodulusandthe averageslip from the onegiven by equation(9.1),
which appliesto homogeneouPRoissoniarhalf-spaces.

Figure 10.13shaws the distributions of the final slip and maximumslip rate on the fault surface. The
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Figure10.12: Snapshotsf slip rateon the strike-slipfault for scenariaunistrain2.

region wherethe final slip exceeds3.0m coincideswith the locationsthat are subjectedo the secondslip
eventassociatedvith the reflectionof the ruptureoff the groundsurface. This appeardo distort the final
slip from a more uniform distribution. The distribution of the maximumslip ratedisplaysthe featuresthat
we expectbasedon the snapshot®f slip rate. We find the maximumeslip ratesnearthe surfaceare about
0.5m/secgreaterthanthe maximumslip ratesat depth. The tendeng for the maximumslip rateto increase
astherupturepropagatesauseshis region of largerslip ratesatthe surfaceto progressiely increasen size.
Theincreasedn the slip ratesaresmall,andthe maximumslip ratesincreaseby lessthan0.25m/secover a
distanceof 25km.

We now evaluatethe level of the shearstresse®n the fault during sliding. Recallthat by appropriate
scalingof theinitial, failure,andsliding shearstressegseesection8.1.2),we maychangehesliding stresses
without arny changesn therupturebehavior. This meanghe obsenedrupturebehaior andgroundmotions
do not constrainthe sliding stressesHowever, usingequation(4.10) we may computethe changein tem-

peratureat eachpoint on thefault. Few faultscontainglassymaterialthatwould indicatefrictional melting
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Figure 10.13: Distributions of final slip and maximumslip rate at eachpoint on the strike-slip fault for
scenariaunistrain2.

(Kanamorietal.1998). Thisimpliesthatthe changdn temperatur@n thefault duringsliding remainsbelon
thelevel thatwould causecausamelting. If we assumahatchangesn temperaturen the orderof 1000de-
greesKelvin causemelting, thenwe want our sliding stresseso yield estimatedemperaturechangedess
than1000degreesKelvin.

Following Kanamoriet al. (1998)we assumea heatcapacityper unit massof 1000J/(kg~"K) andcon-
finementof the heatto a region thatextends5.0mm perpendiculato the fault. If the slip occursacrossan
infinitesimallythin zone thentheheatis confinedto thethermalpenetratiordepthgivenby d = v/ktq, where
k is the thermaldiffusivity andtq is the time scaleof the slip. Assumingthatk = 1.35x 10~®m/seé and
choosingty = 5secgivesd = 2.6mm. If the slip is distributed over a wider zone,thend may be larger.
Consequentlywe moderatethe value of d given by the thermal penetrationdepthand choosea value of
d = 5.0mm. As shown in figure 10.14,at mostlocationsthe temperaturéncrease800—-400degreesKelvin.
We obsene smallerchangesn temperatur@earthetop of thefaultbecaus¢heminimumsliding stresseare
smaller Below a depthof 6.0km the sliding stressesary little, sobelow thatdepththe changen tempera-
ture closelyresembleshe distribution of final slip. Thus,our sliding stresseseemconsistentvith the lack
of meltingobsenedin faultzonematerials.

The distributions of the maximum horizontal displacements&nd velocities clearly shav the effect of
directivity thatwe obserein theprescribeduptures.In figure 10.15boththe maximumhorizontaldisplace-
mentsandvelocitiesincreasealongthe strike of the fault away from the epicentemntil the endof the fault
wherethey begin to decay The maximumdisplacementsxceedl.0m over anareaof approximatelyl200

squarekilometerswith a peakvalue of 3.0m. The maximumvelocitiesexceedl.0m/secover an areaof
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Figure10.14:Final changdn temperaturet eachpoint on the strike-slipfault for scenariaunistrain2.

approximately550 squarekilometerswith a peakvalueof 3.5m/sec The maximumdisplacementgxhibit
the gradualdecayaway from the fault thatwe foundin the prescribeduptureswhile the distribution of the

maximumvelocitiesfits the familiar teardropshapebut with a morerapiddecay
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the groundsurfacefor scenariaunistrain2.The white line indicatesthe projectionof the fault planeontothe
groundsurface,andthe purplecircle identifiesthe epicenter
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We now examinethe displacemen&ndvelocity time historieg atsite S1,which is locatedon the ground
surfacel10km northof the northtip of thefault,andat site S2,which is locatedon the groundsurface10km

eastof thecenterof thefault (seefigure 7.1for adiagramof thelocationsof thetwo sites).Site S1liesonthe

1Asin chapter7, we low-passfilter all displacemenandvelocity time historiesusinga fourth-orderButterworth filter with a corner
frequeny of 0.5Hz.
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nodalline for motionin boththe north-southandvertical directions,sowe obsene motiononly in the east-
west(fault normal)directionin figure 10.16. We seea sharparrival of the shearwave with a peakvelocity
of 1.3m/secfollowedby atrain of surfacewaveswith progressiely smalleramplitudes At site S2the peak
displacemenin thenorth-south(fault parallel)directionexceedghe peakdisplacemenin theeast-wesfault
normal)directionby 34%,but the peakvelocitiesin thetwo directionsarenearlyequal(0.26m/seccompared

to 0.25m/sec).Thesegenerafeaturesareconsistentvith the groundmotionsfrom the prescribeduptures.

Site S1 Site S2

0.6

0.2
0.0
-0.2
-0.4

-0.6

Displacement (m)

-0.8
0.4

0.3 — east—west
0.2 oy — - north-south

up—down
0.1

0.0} 'V»Www
| !

-0.1 &
-15 -0.3
0

Velocity (m/sec)

\
v

-1.0

-0.2
10 20 30 40 50 60 0 10 20 30 40 50 60
Time (sec) Time (sec)

Figure10.16: Displacemenandvelocity time historiesat sitesS1andS2for scenariaunistrain2.

We find thatuniform tectonicstrainsanda friction modelwith parametershatvary asa functionof both
depthand shearmodulusproducea realistic rupture. We obsene reasonable/aluesfor the rupturespeed
andthe maximumeslip rate,andthe groundmotionsexhibit the directivity that we expect. The horizontal
velocitiesnearthe north end of the fault that exceed3.0m/secappearexcessve and may be attributedto
the rapid slip ratesnearthe surface. However, theseexcessie valuesareisolatedto the siteswithin one
kilometerof thefault. Usinga uniform characteristislip distanceof 0.338m in thefriction model(scenario
unichardist)producesegligible changesn the behaior of the ruptureandthe groundmotions. Moreover,
changinghedependencef the coeficient of friction from the squareroot of the sheamodulusto the shear
wave speed(scenarioshearspeedjlsoyields nearlyidentical behavior. Becausescenariosunistrain2and
unichardistgenerateealisticrupturebehaior andgroundmotions,we will usethesetwo scenarioasbase

casedor asensitvity study
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10.1.4 Sensitvity Study

We conducta secondsensitvity study of the long-periodnearsourcegroundmotions,but in this casewe
focuson determininghow the groundmotionsandrupturebehaior changeaswe vary theinitial conditions
and parameter®f the friction model. We systematicallyvary the type of friction model, the depthof the
top of the fault, the hypocentetocation,andthe degreeof heterogeneityn theinitial shearstressesindthe
parametersf thefriction model. Table10.1summarizeshegeneralnitial conditionsandparameterfor the
scenariosn the sensitvity study andtable10.2 givessomeof the featuresof the rupturesfor the scenarios.

We discusghe scenariosn thefollowing sections.

| Scenario | Initial Tractions | Friction Type
unistress uniform stress slip-wealening
unistrain uniform strain slip-wealening
unistrain2 sameasunistrain slip-wealening
unichardist sameasunistrain slip-wealening
shearspeed| sameasunistrain slip-wealening
comboB uniform strain slip- andrate-weakning
meltC sameascomboB melting-refreezing
fault4km uniform strain sameasunichardist
hymc uniform strain sameasunistrain2
shearweak | weaklyheter strain sameasunistrain2
shearstrong | stronglyheter strain sameasunistrain2
meltstrong | stronglyheter strain sameasmeltC
frictionweak | sameasunistrain2 | weaklyheter slip-wealening
frictionstrong| sameasunistrain2 | stronglyheter slip-wealening

Table10.1: Summaryof the initial tractionsandthe friction modeltype for eachscenarian the sensitvity
studywith thestrike-slipfault. Whenscenarioshareaxactly the sameparametersye notethe commonbond
in thelatterscenarios.

Friction Model

We studythe sensitvity of thegroundmotionsto thefriction modelusingthe slip-wealeningfriction model
(scenariainichardist)theslip- andrate-wealkningfriction model(scenariccomboB),andthesheammelting-
refreezingfriction model(scenariomeltC). The minimum sliding stressesemainthe sameacrossall three
scenariosbut we increasehe maximumdynamicstressdrop by a factorof 1.44for scenariocomboBand
meltC.As discussedh section9.5,thefriction modelswith sheare-strengtheningequirea greaterdynamic
stressdropto generateghe sameslip asthe slip-wealeningfriction model. We alsoscalethe coeficient of
friction atfailurein orderto maintaina distancdrom failurethatmatcheghe maximumdynamicstressirop.
Equation(10.9) givesthe functionalforms of the parametersn the friction modelsfor scenariocomboB
andmeltC.Figure10.17givestheinitial shearstresseghesheaistresseatfailure,andtheminimumsliding
shearstressesverthe depthof the fault. RecallthatV, denotedhe slip rateat which shearre-strengthening

occursin the slip- andrate-weakningfriction model,andt, variesinverselywith the rate at which areas
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Scenario Average| Max. | AverageMax. Max. Moment Average
Slip Slip Slip Rate Slip Rate | Magnitude| StressDrop
(m) (m) (m/sec) (m/sec) (MPa)
unistress 3.8 11 1.8 11 7.1 1.9
unistrain 1.2 2.3 0.89 1.4 6.8 1.6
unistrain2 1.9 35 1.2 3.9 6.9 1.4
unichardist 1.9 3.6 1.2 4.1 6.9 1.4
shearspeed 1.8 3.5 1.2 4.0 6.9 1.4
comboB 1.4 2.4 1.4 4.4 6.8 1.2
meltC 1.5 3.1 1.5 5.2 6.8 1.5
fault4km 1.5 2.8 1.0 1.6 7.0 2.3
hymc 2.0 3.6 1.2 3.7 6.9 1.5
shearweak 2.3 4.4 1.2 4.2 7.0 1.8
shearstrong 1.9 3.8 11 5.7 6.9 1.3
meltstrong 1.7 3.8 15 7.4 6.9 1.4
frictionweak 1.9 3.6 1.2 4.2 6.9 1.4
frictionstrong 20 4.0 11 4.5 6.9 1.4

Table 10.2: Summaryof the rupturesin the scenarioghat we usein the sensitvity study of the strike-slip
fault. We computethe averageslip usingequation(2.39),the momentmagnitudeusingequation(2.40),and
theaveragestressdrop usingequation(8.9).

“refreeze”in the sheamelting-refreezingdriction model. Theseinitial conditionsfor scenarioxomboBand

meltC produceearthquakswith amomentmagnitudeof 6.8 andaverageslipsof 1.4m and1.5m.
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Do, = 0.446m (scenariccomboB)
Vo = 0.150m/sec(scenariccomboB)
Do = 0.130m (scenariameltC)

To = 0.350sec(scenarianeltC) (20.9)

In scenariccomboBthe healingportion of the rupture,which is associatedvith thetrailing edgeof the
rupturefront, almostcatchegheleadingedgeof therupture.This narroving of therupturefrontin thecentral
portion of thefault significantlyreduceghe maximumslip ratesandnearlysmothergherupture.Fukuyama

and Madariaga(1998) also obsened narraving of the rupturefront whenthey includedrate-weakningin
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Figure 10.17: Initial, failure, andminimum sliding shearstresseshroughthe centerof the asperityon the
strike-slipfaultasafunctionof dip for scenariocomboBandmeltC.

a similar friction model. The maximumdisplacementandvelocitieson the groundsurfacein figure 10.18
displayevidenceof this phenomenonNorth of the epicenteiboth distributionsexhibit aninitial increasen
themaximumvaluesfollowedby adecreasalongthe centralportionof thefaultbeforeincreasingagain. At
the northendof the fault, the displacementandvelocitieson the groundsurfacereturnto levelsnearthose
obsenedin scenariaunichardist.The local minimumin the maximumdisplacementsccursapproximately
two kilometerssouthof thelocal minimumin the maximumvelocities.This is consistentvith themorerapid
decayin the maximumdisplacementsff thenorthendof thefaultcomparedo themaximumvelocities. The
peakmaximumvaluesof 3.3m and3.7m/secoccur2.3km southof the northtip of thefault. As in scenario
unichardisttheseextremelylarge valuesoccuron thefault wherethe slip ratesarethe greatest.

We comparethevelocity time historiesat sitesS1andS2for all threescenariogfigure 10.19).At siteS1
we find largeramplitudedor scenariameltC (melting-refreezindriction) thanfor eitherscenariaunichardist
(slip-wealening) or scenariocomboB (slip- and rate-wealkning). The slightly sharperphasearrivals for
scenariomeltC reflectthe fasterrupturespeed(3.1km/secversus3.0km/sec)and contributesto the larger
amplitudes.Additionally, theincreasen the velocity amplitudesmay be attributedto the greatertendeng
for theslip ratesto progressiely increasean ruptureswith the melting-refreezindriction modelcomparedo
the othertwo friction models.At site S2in the north-south(fault parallel)direction,the velocity amplitudes
for scenariounichardistare generallylarger thanthosefor scenariocomboBandmeltC, but the reverseis
truein the east-westfault normal)direction. While the time historiesfor scenarioginichardistandcomboB
matchcloselyatsiteS1,atsite S2thetime historiesfor scenarioeomboBandmeltCmatchclosely Although
the velocity time historiesexhibit moderatevariationsin amplitude,at both sitesthe generalshapesf the
waveformsdo not changeacrosghethreefriction models.

The maximumdisplacementandvelocitieson the groundsurfacealongthe east-westine throughthe

northtip of the fault agreewith our obsenationsat site S1. Figure 10.20shaows a closematchbetweerthe
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maximumdisplacementandvelocitiesfor scenariosinichardistandcomboBwith slightly largervaluesfor
scenariomeltC. The maximumvelocitiesfor scenariomeltC decayat a slightly slower ratefrom 5.0—10km
away from the fault comparedo thosefrom scenariosunichardistand comboB.We attribute theselarger
maximumvelocitiesto therelatively largerslip ratesatthe northendof thefaultin scenarianeltCcompared
to the othertwo scenariosThis slower decaymorecloselymatcheghe shapeof the nearsourcefactor Ny,
from the 1997 Uniform Building Code. Neverthelessthe shape®f the curvesof maximumdisplacements

andvelocitiesfrom all threescenariosnatchthe generakhapeof the nearsourcefactorcurve.
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line runningthroughthe northtip of the fault for the threefriction models. Thethick, dashedine indicates
thenearsourcegroundmotionfactor, Ny, from the 1997 Uniform Building Code.

Fault Depth

We study the sensitvity of the ground motionsto the depthof the fault using scenariosunichardistand
faultdkm. To createscenaridfault4kmwe lower the fault 4.0km while applyingthe sameinitial strainfield
andusingthe sameslip-wealeningfriction modellitholayeruf2 (givenby equation(10.8)). With the buried
faultin scenaridault4km,the rupturedoesnot hit the free surfaceandproducesnore uniform distributions
of final slip andmaximumslip rate. Thetwo distributionsresemblehosefrom scenariaunistrainwherethe
rupturedid not penetratéhe softermaterialnearthe groundsurface. With the deeperfault andtheincrease
in sheamoduluswith depth,the momentmagnitudencreasesrom 6.9to 7.0 eventhoughthe averageslip
decreasefom 1.9mto 1.5m.

The north-southdisplacementime historiesat site S2 (figure 10.21)reflectthis variationin the average
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slip. While the shapeof thetime historiescloselymatch,we obsene largeramplitudesandfinal displace-
mentsfor scenariaunichardistwherethetop of thefaultsitsatthegroundsurface thanfor scenaridault4km,
wherethetop of thefaultsitsatadepthof 4.0km. In the east-westlirectionat bothsitesS1andS2,we gen-
erally obsene smallerdisplacemenamplitudeswith theburiedfault. The notableexceptionis thesheamwave
arrival at site S1wherethe peakdisplacementor the buriedfault exceedghe peakdisplacementor the fault

atthesurfaceby 20%(1.2m comparedo 1.0m).
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Figure10.21: Comparisorof horizontaldisplacementime historiesat sitesS1andS2for the two depthsof
thetop of thefault.

In additionto substantiallyreducingthe maximumdisplacementandvelocitiesalongthe east-westine
runningthroughthe north tip of the fault, burying the fault perturbsthe shapeof the curvesasshavn in
figure 10.22. The maximumdisplacement$or scenaridfault4dkmbecomenearlyuniform for distancesl5—
20km from thefault. Ontheotherhand themaximumvelocitiescontinueto decayatapproximatelythesame
rateover this sameregion. The maximumvelocitiesfrom scenariaunichardistdecayat a fasterratecloserto
thefault beforedecayingmoreslowly 10km from thefault. Consequentijthe maximumdisplacementand
velocitiesfrom the two scenariogloselyagreebetweens.0km and 10km from the fault. Lessthan5.0km
from thefault, the maximumdisplacementandvelocitiesfrom scenaridault4kmlie well below thosefrom
scenariaunichardistwhile beyond 10km from thefault, they areonly slightly lower. Althoughthelowering
of thefault doesreducethe maximumbhorizontaldisplacementandvelocities,the peakvalueson this east-
westline still exceedl.0m and1.5m/sec We continueto find no significantdiscrepanciebetweertheshape

of the nearsourcefactor and the shapesf the maximumdisplacements&nd velocitiesfor this strike-slip
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Figure10.22: Maximum magnitudef the horizontaldisplacemenandvelocity vectorsalongan east-west
line runningthroughthenorthtip of thefaultfor thetwo depthsof thetop of thefault. Thethick, dashedine
indicateshe nearsourcegroundmotionfactor Ny, from the 1997 Uniform Building Code.

Hypocenter Location

Moving the asperityto the centerof the fault, while maintainingthe same8.0km depth(scenariohymc),
allows examinationof the sensitvity of the groundmotionsto the location of the hypocenter Besidesthe
adjustmentof the asperityin the initial sheartractions,the otherinitial conditionsand parameterslo not
changdrom thosewe usein scenariainistrain2.Figure10.23displaysthedisplacementime historiesatsites
SlandS2for scenaricunistrain2with the hypocenteat the southermuarterpoint (labeledmiddle quartef)
andscenarichymc with the hypocenteiat the centerof the fault (labeledmiddle center). As expected the
shearwave arrivesearlierat site S1 whenwe placethe hypocentemnearthe centerof the fault. In contrast
to the prescribedruptureswherewe obsere little changein the amplitudesof the motion for the different
hypocentetocations,we seethatthe peakdisplacemenin the east-westlirectionincreasegrom 0.74m to
1.0m asthe hypocentemovesfrom the middle of the fault to the southernquarterpoint. The shapef the
displacementime historiesremainthe same.

At site S2 the shearwave arrivesmore sharplywith the centralhypocentelocation. The enegy from
thelocationswithin the asperityarrivesover a shorterperiodof time dueto thefinite sizeof theasperityand

the locationof site S2 at an azimuthof precisely90 degrees. For both hypocentetocationssite S1lies on

2Thefirst word in thelabel of the hypocenterefersto thedip location,andthe secondwvord refersto the strike location.
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Figure10.23:Comparisorof horizontaldisplacementime historiesat sitesS1andS2for two thehypocenter
locations.

nodallinesfor motionin thenorth-southdirection,andfor the middle centerhypocentetocationsite S2lies
on anodalline for motionin the east-westirection. The averageslip of 2.0m from scenarichymc closely
matchesthe averageslip of 1.9m from scenariounistrain2. Consequentlyat eachsite we find minimal
differencedetweerthefinal displacementfor thetwo scenarios.

Whenwe examinethe maximumhorizontaldisplacementandvelocitiesalongthe east-wesline through
the northtip of thefault givenin figure 10.24,we find thatthe changen the hypocentetocationaffectsthe
maximumdisplacementsorethanthe maximumvelocities. Whenwe move the hypocentefrom nearthe
centerof the fault to the southernquarterpoint, the peakof the curve of maximumdisplacementicreases
by 26%while the peakof the curve of maximumvelocitiesincrease®y only 3.7%. In the prescribeduptures
we find little variationin boththe maximumdisplacementandvelocities. The shape®f the curvesexhibit

little variationandcloselyagreewith the shapeof curve for the nearsourcefactor

Heterogeneityin Initial ShearTractions

We gaugethe sensitvity of the rupturebehaior andthe groundmotionsto heterogeneityn theinitial shear
tractionsby introducingasperitiednto the tectonicshearstrains. We continueto usethe litholayeruf2slip-

wealeningfriction model(equation(10.8)). We createbothweakly heterogeneouscenaricshearweakand
stronglyheterogeneouscenaricshearstrongglistributionsof theinitial shearstrains.Thedistributionseach

contain 30 asperitieswith uniform randomdistributions of radii between3.0km and 8.0km and uniform
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line running throughthe north tip of the fault for the two hypocentedocations. The thick, dashedine
indicateshe nearsourcegroundmotionfactor, Ny, from the 1997 Uniform Building Code.

randomdistributions of locationsalongthe strike anddip. We do not allow asperitieswithin 2.0km of the
edgesf thefaultto preventtamperingwith thetaperin theshearstresseattheedgesf thefault. Theweakly
andstronglyheterogeneoudistributionscontainasperitiesiniformly distributedwithin 30%and60%of the
nominalstrainfield (equation(10.2)). We introducethe heterogeneitylirectly into theinitial sheartractions
from theasperitiesn the strainfield. Consequentlythe asperitiesio not affectthe effective normaltractions.
Figure10.25shaows the distribution of the initial, failure,andsliding shearstresse®n the fault for scenario

shearstrongvhich containghe stronglyheterogeneousitial strains.
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Figure10.25:Initial (blue), failure (red),andminimumsliding (green)shearstresse®n the strike-slip fault
for scenaricshearstrong.
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The heterogeneityn theinitial shearstresseprovidesoneof the few meango introduceheterogeneity
into the distribution of thefinal slip. The othermethodsncludeusingheterogeneityn the parametersf the
friction model,whichwe will discussbelow, andusingheterogeneityn the materialproperties Thestrongly
heterogeneousitial shearstressegloasubstantiallybetterjob of generatindieterogeneityn thedistribution
of the maximumslip ratethanin thedistribution of final slip asillustratedby figure 10.26. Comparedo the
level of heterogeneityn the final slip, the level of heterogeneityn the maximumslip ratesmore closely
matcheghelevel of heterogeneityn theinitial sheartractions.We do find anincreasen the maximumfinal
slip from 3.5m to 3.8m with negligible changen theaverageslip. We obsere anincreasen thefinal slip at
astrike of around40km, wheretwo asperitiecreateargeinitial shearstressesSimilarly, thereducednitial
shearstressest the bottomof the north end of the fault effectively preventslip at the bottomcornerof the
fault. Theasperitiesalsoleadto sudderincreasesinddecreasem the maximumslip rateandrupturespeed
correspondindo regionswherethey reduceor increasethe distancefrom failure. Thesefluctuationscreate

the heterogeneoudistribution of maximumslip ratevisible in figure 10.26.
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Figure 10.26: Distributions of final slip and maximumslip rate at eachpoint on the strike-slip fault for
scenaricshearstrong.

The changesn the rupture speedgreatly reducethe efficiengy of the reinforcemenbof the shearwave
by the rupture. Figure 10.27 shaws that the maximumdisplacementsand velocitiesincreasemore rapidly
asthe ruptureencounterghe two asperitiesat a north-southlocation of 0km (strike of 40km). This is in
responseo the relatively larger slip ratesand slip that occurwhen the rupture hits the asperities. These
larger slip ratesmomentarilyincreasehe rupturespeedandthe efficiency of the reinforcemenbf the shear
wave by therupture.On the otherhand,just north of this region, the maximumdisplacementandvelocities

suddenlydecreasehecausehe rupturespeeddecreaseandthe efficiency of the reinforcementf the shear



182

wave returnsto nearits nominallevel. The maximumdisplacementsand velocitiesincreaseagainasthe

ruptureapproachethenorthtip of thefault.
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Figure10.27: Maximummagnitude®f the horizontaldisplacemenandvelocity vectorsat eachpointon the
groundsurfacefor scenarioshearstrong.The white line indicatesthe projectionof the fault planeonto the
groundsurface,andthe purplecircle identifiesthe epicenter
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The limited ability of the strongly heterogeneoumitial sheartractionsto createlarge variationsin the
distribution of final slip inspiredthe combinationof the melting-refreezindriction modelwith the strongly
heterogeneousitial strains(scenarianeltstrong).The sheare-strengthening the melting-refreezindric-
tion modelreduceghewidth of therupturefront andcausesheslip to occurata morelocallevel. We usethe
melting-refreezingnodelfrom scenariomeltC andsimply addthe asperitiedrom the heterogeneoustrain
field to theinitial straindistribution from scenariameltC.

The correlationbetweerthe heightof the asperitiesandthefinal slip increasesubstantiallyin scenario
meltstrongcomparedo scenaricshearstronggventhoughwe obsene no changen the maximumfinal slip
and minimal changein the averageslip. We find local maximain the final slip in figure 10.28 nearthe
two asperitieghat sit at a strike of about40km. The local variationsin the distribution of the maximum
slip rate agreewith thosein scenarioshearstrong.This suggestghat, while both the slip-wealeningand
melting-refreezingriction modelsproduceheterogeneityin the slip rates,the friction modelswith shear
re-strengtheningoreeffectively produceheterogeneityn thedistribution of final slip.

Figure 10.29 displaysthe displacementime historiesfor the four scenarios. The displacementime

historiesfrom scenaricshearweakliffer themostfrom the otherthreescenarioshecauséherupturehappens
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Figure 10.28: Distributions of final slip and maximumslip rate at eachpoint on the strike-slip fault for
scenarianeltstrong.

to encounteanasperitynearthe hypocenteandbegins propagatingata speedf 4.9km/sec By propagating
fasterthanthe shearwave, the reinforcemenof the shearwave decreasedramatically This resultsin the
smalleramplitudedisplacementi the east-wes{fault normal)directionat sitesS1andS2. At site S2 the
amplitudesin the north-southdirectionare larger for scenarioshearweakbecausehe fasterrupturespeed
correspond$o higherslip rates.Thelargerslip ratesgeneratenaverageslip of 2.3m in scenaricshearweak
comparedo the 1.9m of slip in scenariounistrain2. Turning our attentionto the otherthreescenariosyve
find only smallchangesn the displacemenamplitudesat site S1 which lies in the forward direction. The
displacemenamplitudesexhibit greatersensitvity at site S2which lies atanazimuthof 90 degrees.As we
might expect,we find betteragreemenin the displacementime historiesbetweernthe scenarioshearstrong
andmeltstrongwhich featurestronglyheterogeneoudistributionsof sheairtractions.

Despitewide fluctuationsin the maximumdisplacementandvelocitiesacrosshe four scenarioon the
east-westine runningthroughthe northtip of thefault, the shape®f the curvesmatchthe generakhapeof
the nearsourcefactorfrom the UBC asshawn in figure 10.30. As we notedin our discussiorof the time
histories the supershearupturespeedn scenaricshearweakeduceghe efficiency of thereinforcemenpf
the sheawave. Consequentlythe curve of the maximumvelocitiesfor scenaricshearweakonsistentlylies
belowv theothercurves. The 20%largeraverageslip in scenariccshearweakomparedo scenariosinistrain2
andshearstrongreventsasimilarreductionin themaximumdisplacementsiVe find themaximumvelocities
significantlymoresensitve to the heterogeneityn sheartractionscomparedo the maximumdisplacements.
Themaximumdisplacementffom scenariaunistrain2matchreasonablyvell with thosefrom scenariamelt-

strong, but the curves of the maximumvelocitiesdo not. Instead,the curve from scenariomeltstrongre-
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Figure10.29: Comparisorof horizontaldisplacementime historiesat sitesS1and S2for the four casef
heterogeneityn theinitial sheartractions.

sembleghe curve from scenaricshearstrongBoth curvesfor the stronglyheterogeneoudistributionsof the
initial tractiondlie well below thecurve for scenariainistrain2 becaus¢hestrongheterogeneithasagreater

impacton theslip ratesandvelocities.

Heterogeneityin Friction Model Parameters

We createheterogeneityn thelitholayeruf2friction modelby varying the parameterén the friction model
over the fault surface. We follow the sameprocedurethat we usefor creatingheterogeneityn the initial
sheartractionsandplacethe 30 asperitiesisinguniform randomdistributions. Theradii vary from 3.0km to
8.0km. The asperityheightscorrespondo variationsin the coeficientsin thefriction model. For example,
we independentlyary the coeficientsin the expressiondor pmax and pmin by 20% and 40% above and
belon the nominalvalueto generateveakly andstrongly heterogeneoudistributions. We do notintroduce
heterogeneityn the characteristislip distance but the fluctuationsin the maximumand minimum values
of the coeficient of friction causeheterogeneityn the fractureenegy. Figure10.31shavs theinitial shear
stresseghe shearstressesat failure,andthe minimumsliding stressesn the fault surface.
Thestrongheterogeneityn thefriction modelparameterfiasa greatetimpacton creatingheterogeneity
in the distribution of the maximumslip ratethanin creatingheterogeneityn the distribution of final slip. In

figure 10.32the regionswith thelarger maximumslip ratescorrelatewith the regionsof a reduceddistance
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Figure10.31:Initial (blue),failure (red),andminimumsliding (green)shearstresse®n the strike-slip fault
for scenaridrictionstrong.

from failure, and vice versa. In the centralportion of the fault, we obsene a relatively uniform increase
in slip correspondindo the reduceddistancefrom failure. In our discussiorof heterogeneousitial shear
tractions,we found similar trendsin scenarioshearstrongwhich usesa strongly heterogeneoudistribution
in theinitial shearstressanda slip-wealeningfriction model.

Comparedo scenariaunichardistwith homogeneousoeficientsin thefriction model,the introduction
of weak heterogeneityn the coeficients of the friction model (scenariofrictionweak) leadsto negligible
changen the behaior of the rupture. On the otherhand,the introductionof strongheterogeneityscenario

frictionstrong)leadsto significantchangesn the rupturebehaior. For the threescenarioghe averageslip
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Figure 10.32: Distributions of final slip and maximumslip rate at eachpoint on the strike-slip fault for
scenaridrictionstrong.

varieslessthan 0.2m, but the strongly heterogeneoufriction model decreaseshe maximum horizontal
displacemenby 20% andthe maximumhorizontalvelocity by 11%.

The displacementime historiesat sitesS1and S2 displayedin figure 10.33illustratethesefeatures.At
bothsiteswe seélittle variationin thefinal displacementsyhichis consistentvith thenearlyidenticalvalues
of the averageslip. As notedabove, the rupture behaiior doesnot changewith the weak heterogeneity
andwe find no noticeabledifferencesbetweenthe displacementime historiesfrom scenariounichardist
andfrictionweak. At site S1 the strongheterogeneityeduceshe peakdisplacemenby 28% (0.72m for
scenariofrictionstrongcomparedo 1.0m for scenariounichardist). The amplitudesfor the remainderof
the time historiesexhibit similar reductions.At site S2we obsene almostno reductionin the displacement
amplitudedn the east-westfault normal)directionanda smallincreasen theamplitudesn the north-south
direction. The differencesin the variationsin the displacementbetweenthe two sitesmay be explained
by their locations. Site S1 lies at an azimuthof 0 degrees,while site S2 lies at an azimuthof 90 degrees.
Consequentlythe variationin the rupturespeedwhich reduceghe efficiency of the reinforcementbf the
sheamwave, tendsto reducethe amplitudeof the motionat site S1. On the otherhand,the rapid propagation
andlargeslipsnearthe centerof thefault tendsto increasehedisplacemenamplitudesat site S2.

The maximumhorizontaldisplacementalong the east-westine passingthroughnorth tip of the fault
supportour analysisof the displacementime historiesat site S1. As shavn in figure 10.34,both the maxi-
mumdisplacementandmaximumvelocitiesdecreasavith the strongheterogeneityn the parametersf the

friction model,which we attribute to the fluctuationsin the rupturespeed We continueto obsene negligible

differencesn thegroundmotionsbetweerscenariosinichardiseandfrictionweak(homogeneouandweakly
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Figure10.33: Comparisorof horizontaldisplacementime historiesat sitesS1andS2for thethreecaseof
heterogeneityn the parametersf thefriction model.

heterogeneousiction modelparameters)Onceagain,we find no significantvariationsin the shapeof the
curvesof the maximumdisplacementand maximumvelocities,so they continueto matchthe shapeof the

curve of the UBC nearsourcefactor

10.1.5 Comparisonwith PrescribedRuptures

In ourdiscussiorof thesensitvity study we have highlightedsomeof thesimilaritiesanddifferencebetween
the prescribedrupture simulationsthat we discussedn section7.1 and the dynamicfailure simulations.
Obviously, we expectsimilaritiesin the rupturebehaior andthe groundmotions,becauseave selectedhe
parameterén the dynamicfailure simulationssuchthatthe averageslip andrupturespeedf the dynamic
rupturesgenerallyagreewith thosethat we usein the prescribedruptures. We will now discusssomeof
the fundamentakimilarities and differencesn more detail by examining scenariounistrain2,which uses
dynamicfailure,andscenarichymq,which usesa prescribedupture.Scenariainistrain2featuresanaverage
slip of 1.9m, amomentmagnitudeof 6.9,andanaveragerupturespeef 85%of thelocal sheawave speed.
Scenarichymq hassimilar characteristicsvith an averageslip of 2.0m, a momentmagnitudeof 7.0, anda
rupturespeedf 80% of thelocal sheamwave speed.

Figure10.35givesthe horizontalvelocity time historiesat sitesS1andS2for thetwo scenariosAt each

site we find that the phasedor the two scenariosarrive at nearlythe sametime, which we expectbecause



188

> 0.5

3.0r 2
E 25} S
— Q
é 2.0 ®
5 15[ 8
© >
= 1.0t
& ?
o 0.5¢f §
0.0 Z | — homogeneous
35¢ s | — - weak heter.
' z strong heter.
5301 5= = Nv
P 25¢ 9
E 20} &
215} 8
.g . g
©
[}
Z

0.0 : : : : : : :
-20 -15 -10 -5 0 5 10 15 20
EW Distance from Fault (km)

Figure10.34: Maximum magnitude®f the horizontaldisplacemenandvelocity vectorsalongan east-west
line runningthroughthe northtip of the fault for the threecaseof heterogeneityn the friction model. The
thick, dashedine indicateghenearsourcegroundmotionfactor, Ny, from the 1997Uniform Building Code.

the travel time from the hypocenteiis the same. At site S1 we seeexcellentagreemenin the shapeof
the waveformsbetweenthe two scenariosvith minor discrepanciesn the amplitudes.The peakeast-west
velocity of 1.3m/secfor scenariounistrain2exceedsthe peakvelocity of 1.0m/secfor scenariohymq by
30%, but the peakdisplacementénot showvn) arewithin 10% (1.0m versusl.1m). At site S2we find similar
agreemenin the east-westomponentvherethe amplitudesexhibit minor differencesut the shapesnatch.
In the north-southcomponenthe phasearrivals matchreasonablywell, andwe find larger differencesn
the amplitudeshowever, the velocity amplitudesare smallercomparedo the othercomponentsThus,the
velocity time historiesfrom scenariounistrain2with dynamicfailure and scenarichymqwith a prescribed
ruptureshav excellentagreementvith only minor discrepancies the amplitudesof the motion.
Themaximumhorizontaldisplacementandvelocitiesalongthe east-westunningline throughthe north
end of the fault highlight the principle differencebetweenthe simulationswith dynamicfailure and the
simulationswith prescribeduptures.Fromfigure 10.36we seethatthe maximumdisplacementfor thetwo
scenariosnatchvery well exceptin theregion thatlies within aboutthreekilometersof the fault. Similarly,
the maximumvelocitiesmatchvery well outsidethe region thatlies within aboutonekilometerof thefault.
Thelarge displacementandvelocitiesnext to the faultin scenariounistrain2comefrom the rapid slip that
occursat the groundsurface. The 0.093MPa effective normalstressest the groundsurface,which come
from the tectonicaxial strains provide little resistanceo failure. This allows the large, rapid slips at thetop

of the fault. Harris and Day (1999) found a negative stressdrop effectively preventsslip nearthe surface.
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Figure 10.35: Comparisonof horizontalvelocity time historiesat sitesS1 and S2 for the dynamicfailure
scenariaunistrain2andthe prescribedupturescenarichymg.

o

Alternatively, larger effective normal stressegorrespondindo larger tectonicaxial strainsor modification
of thefriction modelto include cohesiorwould increasehe distancefrom failure andthe fractureenegy.
Thesestratgieswould reducethe slip andslip ratesnearthe surfaceandbring the maximumdisplacements
andvelocitiesfrom scenariounistrain2into betteragreementvith thosefrom scenarichymg. The general
shapef the curvesof the maximumbhorizontaldisplacementandvelocitiesfrom both prescribedupture
scenariosnddynamicfailurescenariosnatchtheshapeof thenearsourcefactor, Ny, from the 1997Uniform

Building Code.
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10.2 Thrust Fault

We follow the sameprocedurethat we usefor the strike-slip fault and study dynamicfailure on the thrust
faultin the layeredhalf-spacewith the finite-elementmodelfrom the prescribeduptures(seesection7.2).
Eachsimulationrequired2.6 hoursusing 16 processor®f the Hewlett PackardExemplarat the CACR.

Figure10.37showvsthe partitioningof the meshamongthe processorsisingthe METIS library.
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Figure10.37: Partitioning of the coarsdinite-elemenmodelamongl6 processorfor thelayeredhalf-space
usingthe METIS library. Eachcolor patchidentifiesthe elementof oneprocessar

10.2.1 Earthquake Source Parameters

We apply uniform horizontalaxial and shearstrainsto generatehe sheartractionson the fault. We align
the sheartractionswith the slip directionof the prescribeduptures which hasa rake angleof 105 degrees
from the strike, andtry to matchthe averageslip of 1.0m from the prescribeduptures.For inclined faults
the averagestressdrop remainsproportionalto the productof the shearmodulusand averageslip, but the
proportionalityconstantdependn the depthof the fault andthe dip angle. Consequentlywe do not have
a simple expressionfor the averagestressdrop asa function of the shearmodulusandthe averageslip for
inclined faultsthatwe have for strike-slip faults (equation(9.1)) (Parsonset al. 1988). As in the strike-slip
fault, the differentfriction modelsrequiredifferentmaximumdynamicstressdropsto producecomparable
slip, sowe will discusghe sheartractionson a caseby casebasis.

We continueto assumeahatthe materialcontainglittle water sothatgravity createdithostaticeffective
normal stresses Whenwe bury the fault 8.0km below the groundsurface,the materialpropertiesexhibit
little changeover the depthof the fault. As a result,the uniform tectonicstrainswill createnearlyuniform
shearandnormaltractionson the fault. The shallov dip of the fault causeghe tectonicstrainsto produce
muchsmallernormaltractionsthanthe normaltractionsfrom gravity. Thus,we will find little changen the
normaltractionson the fault surfaceaswe changehe maximumdynamicstressdrop. We do not changethe

functionform of thefriction model;it continueso dependn boththe squareroot of the shearmodulusand
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theinverseof thedepth.We do changehecoeficientsslightly to createthe desirednaximumdynamicstress

dropandshearstresseatfailure.

10.2.2 Sensitvity Study

We continueour study of the sensitvity of the long-periodnearsourcegroundmotionto variationsin the
initial conditionsand parametersf the friction model. In additionto the parametersve examinedfor the
strike-slipfault,we varythelevel of theinitial sheatractionsonthefault. Table10.3summarizeshegeneral
parametersf the scenariosn the sensitvity study andtable10.4displaysthe basicfeaturesof the ruptures

for thescenariosWe will examinethe scenariosn moredetailin thefollowing sections.

| Scenario | Initial Tractions | Friction Type |
unistrain uniform strain slip-wealening
unistrain2 uniform strain sameasunistrain
combo8km uniform strain slip- andrate-weakning
melt8km sameascombo8km melting-refreezing
fault4km uniform strain sameasunistrain
faultOkm uniform strain sameasunistrain
comboOkm uniform strain sameascombo8km
hymc uniform strain sameasunistrain
shearweak | weaklyheter strain sameasunistrain
shearstrong | stronglyheter strain sameasunistrain
meltstrong | stronglyheter strain sameasmelt8km
frictionweak | sameasunistrain | weaklyheter slip-wealening
frictionstrong| sameasunistrain | stronglyheter slip-wealening

Table 10.3: Summaryof theinitial tractionsandthe friction modeltype for eachscenarian the sensitvity
studywith thethrustfault. Whenscenarioshareexactly the sameparametersye notethe commonbondin
thelatterscenarios.

BaseCase: Scenariounistrain

For the basecasewe bury the fault 8.0km below the groundsurface. We usea relatively homogeneous
distribution of theinitial tectonicstrainsto generatenominalsheartractionsof 6.0MPa on the fault surface;
asaresultwe labelthe basecasescenariaunistrain. Equation(10.10)andequation(10.11)give the tectonic
strainsand the parametersn the lithothrustuffriction model. As in the strike-slip basecase,we usethe
slip-wealeningl friction modelin the thrustfault basecase. We selectnominalminimum sliding stresses
of 1.5MPa, a nominalmaximumdynamicstressdrop of 4.5MPa, and nominal shearstressest failure of
10.5MPa. Thesecorrespondo the stresse®n the strike-slip fault at similar depths. Theseinitial shear
stressesshearstressest failure,andminimumsliding shearstressegshown in figure 10.38)exhibit a small
increaseover the depthof the fault (8.0km to 15km), becausehe shearmodulusincreaseslightly from a
depthof 6.0km to a depthof 21km.
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Scenario Average| Max. | AverageMax. Max. Moment Average
Slip Slip Slip Rate Slip Rate | Magnitude| StressDrop
(m) (m) (m/sec) (m/sec) (MPa)
unistrain 1.2 2.3 0.79 1.2 6.9 2.6
unistrain2 1.6 2.6 1.1 1.7 7.0 3.5
combo8km 0.72 1.5 0.81 1.4 6.6 1.8
melt8km 0.96 1.7 1.0 1.8 6.8 2.4
fault4km 1.8 3.2 0.91 1.4 7.0 3.1
faultOkm 25 5.2 1.1 4.7 7.1 1.5
comboOkm 1.1 2.6 1.1 6.1 6.8 0.93
hymc 1.2 2.5 0.83 1.4 6.8 1.9
shearweak 1.1 2.0 0.85 1.6 6.8 25
shearstrong 1.4 2.5 0.92 1.6 6.9 2.9
meltstrong 1.2 2.3 1.2 2.3 6.8 2.8
frictionweak 1.0 2.2 0.78 1.3 6.8 2.0
frictionstrong| 0.83 1.4 0.63 1.2 6.7 1.9

Table10.4: Summaryof the rupturesin the scenarioghatwe usein the sensitvity studyof the thrustfault.
We computethe averageslip using equation(2.39), the momentmagnitudeusing equation(2.40), andthe
averagestresdropusingequation(8.9).

gy =—2.36x10"*
8)()( = 822 = 584)( 10_5

Exy = 7.27x107°

Syz == SXZ == O (10.10)
0.162 z> —1.0km
Hmax = 1
~2.97x1073 (™€) " 7 —1.0km
0.0231 z> —1.0km
Mmin = 3sed 3 Vi
~4.24x1074 (™€) " 7 —1.0km
Do =0.338m (10.11)

We startthe ruptureusing a shearstressasperitywith a radiusof 1.8km locatedalongthe north-south
runningcenterlineof thefault ata depthof 13.5km, or 4.0km up-dipfrom the bottomof thefault. We taper
thesheatractionsonall four edgeso smothettheruptureasit approachetheedgesf thefault. Figure10.39
displaysthe shearandnormaltractionsappliedto thefault surface.

Therupturebeginsslowly in responseo the placementf the asperitycloseto the edgeof thefault. As

shawvn by thesnapshotsf slip ratein figure 10.40,at 2.0sectheruptureis still aboutthe sizeof the asperity
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Figure 10.38: Initial, failure, andminimum sliding shearstresseshroughthe centerof the asperityon the
thrustfaultasafunctionof dip for scenariaunistrain.
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Figure10.39: Shearandnormaltractionson the thrustfault for scenariaunistrain.

As therupturebeginsto propagatethe rupturefront conformsto the familiar elliptic shapewith the fastest
rupturespeedn thedirectionof slip, which hasarake angleof 105degrees.The maximumslip ratesremain
relatively low andtherupturepropagate# the directionof slip ata speedf only 2.2km/se¢ or about67%
of the local shearwave speed.Theelliptic shapeof the rupturefront causeghe leadingedgeof the rupture
to reachthe centerof the top of the fault at about6.5sec. Meanwhile,the lateral portionsof the leading
edgeof the rupturehave propagatech muchshorterdistance.This givesthe rupturea bilateralappearance
from 7.0secto 9.0sec. The prescribeduptureswith a uniform rupturespeeddo not producethis behaior,
althoughwe canintroducesuchbehaior with modificationsto the algorithmusedto setthe slip starttimes
whichwe discussedh section5.4.

Anotherphenomenoipresentin scenariounistrainthat fails to appearin the prescribedupturesis the
secondslip event nearthe hypocentetthat begins a little before8.0sec. The reflectionof the dilatational
wave off thegroundsurfacegeneratea sheawave thatpropagatebackdown throughthefault. As thewave

passeshroughthefault, the dynamicshearstressesauseadditionalfailure on the fault nearthe hypocenter
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This secondslip eventlastsonly a couplesecondsandremainsconfinedto the region aroundthe hypocenter

We will find this secondslip stronglysensitve to variationsin theinitial conditionsandthefriction model.
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Figure10.40: Snapshotsf slip rateon thethrustfaultfor scenariaunistrain.
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Thedistribution of final slip displayedn figure 10.41displaysno cleartrendswith depthandresembles
the final slip of a uniform stressdrop earthquak. The averageslip of 1.2m agreesreasonablywell with
our targetvalueof 1.0m. The secondslip eventcausedy the shearwave passinghroughthe fault creates
the peakslip of 2.3m nearthe hypocenter The slip ratesassociatedvith this secondslip event nearthe
hypocenteexceedthosein the sameregion for thefirst slip event. The maximumslip ratesreflectthe slov
initiation of the rupture. If we neglectthe large slip ratesnearthe hypocentethatcorrespondo the second
slip event, thenwe find the maximumslip ratesprogressiely increaseasthe rupturepropagatesAs in the
distribution of final slip, we obsene no cleartrendwith depth.

We examinethe changesn temperatureon the fault surfaceto determineif melting occurs. As we
did for the strike-slipfault, we assumea heatcapacityper unit massof 1000J/(kg<K) andconfinemenbf
the heatto a region that extends5.0mm perpendiculato the fault. Figure 10.42shaws the distribution of
the changein temperatureclosely follows the distribution of final slip. This is not surprisingbecauseve
usea nearly uniform minimum sliding stresscoupledwith a characteristicslip distanceof 0.34m, which
is much smallerthanthe averageslip of 1.2m. Over mostof the fault the maximumtemperatureehange

doesnot exceed400degreesKelvin. Althoughthetemperaturehangedoesapproact600degreesKelvin in
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Figure10.41: Distributionsof final slip andmaximumslip rateat eachpoint on the thrustfault for scenario
unistrain.
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the hypocentrakegion, the changesn temperaturegemainbelor the 1000degreesKelvin thatwould imply
melting (Kanamoriet al. 1998). Thus,we concludethatthe level of sliding stressappearsealisticbasedon

thelack of meltingassociatedavith the estimatecchangesn temperature.
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Figure10.42:Final changdn temperaturet eachpoint on thethrustfault for scenariaunistrain.

Therelatively slow rupturespeedof 67% of the local sheawave speedallows limited reinforcemenof
the shearwave by the rupture. Additionally, the bilateralnatureof the end of the earthquak directsenegy
laterally, insteadof up-dip from the fault. As a result, we obsene significantly smallerground motions
thanthosefrom the strike-slip fault with dynamicrupturesandthosefrom the thrustfault with prescribed
ruptures.Thedistribution of the maximumhorizontalandverticaldisplacementgivenin figure 10.43shavs
the directivity of the ruptureeven at this slow rupturespeed. The propagationof the rupturetowardsthe
surfacealongthe centerof the fault createshe local peaksin the horizontaldisplacementsouthof the top
of thefault andthe verticaldisplacementgist north of the top of thefault. The bilateralnatureof the endof
therupturecoupledwith the south-southeastip directioncreateghelargehorizontaldisplacementtowards

the east. We attribute the local peakin the horizontaldisplacementsorth of the epicenterto constructve
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interferencen the groundmotionsamongthe wavescomingfrom the eastandwestendsof thefaultandthe

secondslip eventnearthe hypocenter
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Figure 10.43: Maximum magnitudef the horizontaland vertical displacementectorsat eachpoint on
the groundsurfacefor scenaricunistrain. The white line indicatesthe projectionof the fault planeontothe
groundsurface,andtheyellow circle identifiesthe epicenter

The peakvelocitiesshavn in figure 10.44exhibit a greatersensitvity to the bilateralnatureof the latter
partof therupture. In contrastto the prescribeduptureswherethe peakhorizontalvelocitiesoccur5.0km
southof the top of thefault, the largestmaximumhorizontalvelocitiesoccurabove the eastandwestedges
of thefault. However, we do find locally greatermaximumvelocitiessouthof the top of thefault. The peak
vertical displacemenof 0.65m nearlyequalsthe peakhorizontaldisplacemenof 0.68m, but the peakhori-
zontalvelocityof 0.54m/secexceedshepeakverticalvelocity of 0.29m/sedyy 86%. Theprescribeduptures

displayasimilar discrepang betweerthe horizontalandvertical velocitiescomparedo thedisplacements.
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Figure 10.44: Maximum magnitudesof the horizontaland vertical velocity vectorsat eachpoint on the
groundsurfacefor scenariounistrain. The white line indicatesthe projectionof the fault plane onto the
groundsurface,andtheyellow circle identifiesthe epicenter
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Figure 10.45givesthe displacementind velocity time historiesat site S1, which is locatedabove the
southeastornerof thefault, andat site S2, which is locatedabore the middle of the north edgeof the fault
(seefigure 7.31for a diagramof the site locations). At site S1 we obsene pulse-like behaior on all three
componentsvith the peakdisplacementandvelocitiesoccurringin the east-westlirection. Thereboundn
displacementreatesa single pulsein displacemenanda correspondingloublepulsein velocity. Basedon
theslip directionthatis only 15 degreeseastof south we would expectlargeramplitudemotionin thenorth-
southdirectioncomparedo the othertwo directions;however, the bilateralnatureof the ruptureat the end
of the earthquak skews the motiontowardsthe east.At site S2the largestmotionoccursin the north-south
directionwith alargevelocity pulseat 16 sec.This velocity pulsecomespredominantlyfrom the secondslip
eventthatoccursnearthe hypocenteralthoughconstructve interferencewith wavesfrom the eastandwest
endsof thefault alsocontritute. Therestof thetime historyfeaturegelatively long-period,smallamplitude

motionsthatareconsistentvith thelocationof the sitein thebackwarddirection.
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Figure10.45: Displacementaindvelocity time historiesat sitesS1andS2for scenariaunistrain.

As expected the uniform strainfield andthefriction modelwith dependencen boththe shearmodulus
anddepthproducesa realisticrupture. The location of the asperityusedto startthe rupturenearthe edge
of the fault slows the initiation of the ruptureandleadsto a slow rupturespeed.Neverthelessthe rupture
createsmoothdistributionsof final slip andmaximumslip ratethatagreewith our understandingf uniform
stressdrop earthquaks. Additionally, the averageslip of 1.2m agreegeasonablyvell with ourtargetvalue

of 1.0m from the prescribedruptures. Thus, we chooseto usescenariounistrainasthe basecasefor the
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sensitvity study

Initial ShearTraction

We wantto shift the rupturespeedo a value near80—-85%of the local shearwave speedthat moreclosely
agreeswith the rupturespeedsbsened by Heaton(1990). We accomplishthis by increasingthe tectonic
shearstrainsgivenin equation(10.10)by 17%in orderto increasehe nominalshearractionsfrom 6.0MPa
to 7.0MPa. We do not changethe friction model or the location of the asperityusedto startthe rupture
from thosein scenariaunistrain.Comparingherupturebehaior from scenariosinistrainandunistrain2 we
obsene anincreasen the averagemaximumslip ratefrom 0.79m/secto 1.1m/sec.This allows the rupture
to propagaten the directionof slip at 2.9km/sec,or 88% of the local sheawave speedjnsteadof 67% of
thelocal sheawave speed.This increaseshe reinforcementf the sheamwave by therupture.
Comparingdfigure 10.43with figure 10.46,we find substantialljlargermaximumhorizontalandvertical
displacementsvithout ary significantshiftsin the relative distribution. The peakmaximumhorizontaldis-
placemenincreasegrom 0.68m in scenariounistrainto 1.4m in scenariounistrain2. Similarly, the peak
maximumhorizontalvelocity increasedy 110%from 0.68m/secin scenariaunistrainto 1.4m/secin unis-
train2. From figure 10.44andfigure 10.47we find thatthe increasdn the rupturespeedshifts the largest
horizontalvelocitiesto the south. The peakhorizontalvaluesoccur southand eastof the top of the fault,
which more closely resembleghe distributions from the prescribedruptures. The end of the rupturestill
retainsbilateralcharacteristicsandwe find locally largerhorizontalvelocitiesabove the eastandwestedges

of thefault. The verticalvelocitiesdisplayonly a small shift towardsthe southwith almostno changen the

locationof the peakvalue.
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Figure10.46: Maximum magnitude®f the horizontalandvertical displacementectorsat eachpoint on the
groundsurfacefor scenariounistrain2. The white line indicatesthe projectionof the fault planeonto the
groundsurface,andtheyellow circle identifiesthe epicenter

At bothsitesS1andS2theincreasén the rupturespeedcauses dramaticchangen the velocity time
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Figure 10.47: Maximum magnitudesof the horizontaland vertical velocity vectorsat eachpoint on the
groundsurfacefor scenariounistrain2. The white line indicatesthe projectionof the fault planeonto the
groundsurface,andtheyellow circle identifiesthe epicenter

historiesas shavn in figure 10.48. For consisteng with the prescribedruptureswe considermotion in
thenorth-southandverticaldirections.In the north-souttdirectionat site S1,we seeanincreasen the peak
velocityfrom 0.16m/seco 0.45m/secandthewaveformfor scenariainistrain2ookslik ethewaveformfrom
unistrain2,but compressedh time. In scenariounistrain2the doublepulsein velocity dominateshe time
history, while in scenariounistrainthe amplitudeof the pulsesare only maminally larger thanthe velocity
amplitudesn thelatterportionof thetime history. Theverticalcomponenbf velocity atsite S1displaysless
sensitvity to theincreasen theinitial tectonicstrainswith only a 72%increasen the peakvelocity andno
majorchangesn the shapeof the waveform. The arrival of the sheawave doesbecomesuficiently sharper
to createthe appearancehatthe arrival time changeshowever, the north-souticomponentlearly shavs no
changen thearrival time of the sheawave.

The increasein initial tectonic strainsallows the secondslip event nearthe hypocenterto propagate
farther This causessignificantchangedo the amplitudeof the motion in the north-southdirection at site
S2,but little changein the vertical direction. In the north-southdirectionthe initial motion remainsnearly
identical,but asmaller doublepealedpulse thatarrivesat aroundl2secin scenariaunistrain2 replaceghe
narrown velocity pulse thatarrivesat 16 secin scenariaunistrain. Theverticalcomponenat site S2shovsthe
compressiotin time correspondingo theincreasen rupturespeedout little changean amplitude.

As in the prescribedruptures we examinethe maximumbhorizontaldisplacementsind velocitiesalong
the north-southline on the groundsurfacethat runsabove the centerof the fault. Figure 10.49reflectsthe
increasdn the maximumvelocitiessouthof thefaultin responseo theincreasdn thetectonicstrains.The
maximumdisplacementslisplay a similar trend, but the increases distributed more uniformly acrossthe
entirewidth of thedomain.In bothscenariosinistrainandunistrain2the maximumdisplacementsontaina

local peakcenteredapproximately25km northof thetop of thefault. Themaximumhorizontalvelocitiesdo
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Figure 10.48: Comparisorof north-southandvertical velocity time historiesat sitesS1 and S2 for the two
valuesof theinitial shearstress.

notdisplaya correspondingetof peaks.

We overlaythe nearsourcefactor, Ny, from the 1997 Uniform Building eventhoughthe CaliforniaDivi-
sionof MinesandGeologydoesnotincludeblind thrustfaultson the mapsusedto determinghe nearsource
factor The peaksin the curvesof the maximumhorizontaldisplacementandvelocitiesbothfall outsidethe
region wherethe nearsourcefactoris a maximum. The shapeof the nearsourcefactordoesnot conformto
the peakin the maximumdisplacement$ocatednearthe north edgeof the domain. We do not find this a
significantflaw in the nearsourcecurve, becauseheselocal peaksaresmall relative to the global peakfor
scenariaunistrain2 which containsa morerealisticrupturespeedcomparedo scenariaunistrain. The peak
southof thetop of thefaultappearsn themaximumdisplacementandvelocitiesfor bothscenariosBecause
this peakdominateghe shapeof the curvesin scenariaunistrain2 which hasa morerealisticrupturespeed,
andthis peakfalls outsidetheregion wherethe nearsourcefactoris atits maximumvalue,we find the shape
of the nearsourcecurve for our blind thrustfault fails to matchthe distribution of shakingasmeasuredy

themaximumhorizontaldisplacementandvelocities.

Friction Model

We examinethe sensitvity of the groundmotionsto the friction modelusing the slip-wealening friction
model(scenariaunistrain) theslip- andrate-wealkningfriction model(scenaricombo8km)andthemelting-

refreezingfriction model(scenariamelt8km). For scenariocombo8kmandmelt8kmwe increasehe nom-



202

— 6.0 MPa
- — 7.0 MPa
= = Nv

Eo0.8} ,

Near Source Factor, Nv Near Source Factor, Nv

oo
-25-20-15-10-5 0 5 10 15 20 25 30 35
NS Distance from Fault (km)
Figure10.49: Maximummagnitude®f the horizontaldisplacemenéndvelocity vectorsalonga north-south
line runningover the centerof the fault for the two valuesof theinitial shearstress.The thick, dashedine
indicatesthe nearsourcegroundmotionfactor Ny, from the 1997 Uniform Building Code.

inal maximum dynamicstressesirop from 4.5MPa to 6.5MPa in an attemptto createearthquakswith
comparableslip to scenariaunistrain.Iln orderto maintainthe samenominalminimumsliding shearstresses
of 1.5MPa, we increasehe nominalinitial sheartractionsfrom 6.0MPa to 8.0MPa by scalingthe tectonic
strainsgivenin equation(10.10)by a factorof 1.33. We scalethe distancefrom failure by the sameamount
to prevent substantiathangesn the rupturespeed.Equation(10.12)givesthe parameter®f the slip- and

rate-weakningfriction modelandthe melting-refreezindriction modelasa functionof depth.
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The shearre-strengthenindriction modelswith the larger dynamicstressdrop produceruptureswith
averageslipsof 0.72m for scenariccombo8kmand0.96m for scenariamelt8km.Hence despiteincreasing
the maximumdynamicstressdrop, the valuesof averageslip do not matchaswell aswe would hope. The
final valuesin the displacementime historiesat sitesS1 and S2 displayedin figure 10.50 reflectthese
differentvaluesof averageslip. Comparingthe scenarioswvith the slip- andrate-wealkningfriction model
andthemelting-refreezindriction modelwith thescenariawvith the slip-wealeningfriction model,we notice
adecreasén durationof the singlepulsein displacemenin boththe north-southandverticalcomponentst
site S1. We associatesuchcompressiorin time with anincreasan the averagerupturespeed.We obsene
negligible changein the rupturespeednearthe endof the rupture,but the larger maximumdynamicstress
drop allows the asperityto initiate propagatiorof the ruptureat a fasterspeed. Thus, the averagerupture
speedncreasesiueto afasterrupturespeednearthe beginning of therupture. The smalleraverageslip in
scenariccombo8kmproducesa peaknorth-southdisplacemenof only 0.19m comparedo the peakvalueof
0.43m in scenarianelt8km.In boththenorth-soutrandverticaldirectionsthe peakdisplacemenin scenario
melt8kmfalls within 17% of the peakvaluesfor scenariaunistrain.

Theshearre-strengthening thefriction modelspreventsthesheamwavethatis createdrom thereflection
of the dilatationalwave off the groundsurfacefrom creatinga secondslip eventon the fault. This leads
to a significantreductionin the amplitudeof the motion at site S2 for scenarioszombo8kmand melt8km
comparedo scenariounistrain. Evenwith the differencein averageslip betweenscenariocombo8kmand
melt8km, we find little differencein the displacementime histories. This is not surprisingbasedon the
similarity of thefriction modelsandthe otherfeaturesof theruptures.

Figure 10.51 shavs the maximum horizontal displacements&nd velocities along the north-southline

above the centerof the fault. The peakhorizontaldisplacementfrom scenarioscombo8kmand melt8km
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Figure10.50: Comparisorof north-southandvertical displacementime historiesat sitesS1and S2for the
threefriction models.

do not containthe local peak25km north of the top of the fault thatwe associatavith the secondslip event
nearthe hypocentein scenariaunistrain. Nearthe top of the fault, the maximumhorizontaldisplacements
from scenario€ombo8kmandunistrainmatch,while the maximumhorizontaldisplacementfom scenario
melt8km are slightly larger. However, the larger slip ratesin the scenarioswith the larger dynamicstress
drop and shearre-strengtheningscenarioscombo8kmand melt8km) createsignificantly larger maximum
velocitiesabove thetop of thefault. We obsene no shift in thelocationof the peakin the curve of maximum
displacement®r velocities,so it is no surprisethat the peak maximumdisplacementsand velocitiesfall

slightly southof the region wherethe nearsourcefactoris amaximum.

Fault Depth

We raisethe top of the faultin incrementof 4.0km to analyzethe sensitvity of the rupturedynamicsand
theresultinggroundmotionsto the depthof thefault. For scenariogault4kmandfaultOkmwe do notchange
thestrainfield (equation(10.10))or thefunctionsfor the parametersf thefriction model(equation(10.11))
from thoseof scenariounistrainwherethe top of the fault sits at a depthof 8.0km. Similarly, for scenario
comboOkmwe usethe samestrainfield andslip- and rate-weakning friction modelas combo8km. The
variation of the parametersn the friction modelwith the quotientof the squareroot of the shearmodulus
andthe depthproduceghe desiredvariationsof the distancefrom failure andthe maximumdynamicstress

dropwith depth.Figure10.38shows theinitial shearstresseshe shearstressest failure,andthe minimum
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Figure10.51: Maximummagnitude®f the horizontaldisplacemenandvelocity vectorsalonga north-south
line runningover the centerof the fault for the threefriction models. The thick, dashedine indicatesthe
nearsourcegroundmotionfactor Ny, from the 1997Uniform Building Code.

sliding stressefor scenaridaultOkm,wherethetop of thefaultsitsatthegroundsurface.Becauseave usethe
samematerialpropertiesandfunctionalform of the slip-wealeningfriction modelfor the thrustfaultandthe
strike-slipfault, we find thatthe shape®f the distributions(figure 10.11andfigure 10.52)look very similar
whenthetop of thefaultssit at the groundsurface.The principle differencesomefrom the placemenbf the

asperitiesisedto initiate therupture.
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Figure 10.52: Initial, failure,andminimum sliding shearstresseshroughthe centerof the asperityon the
thrustfaultasafunctionof dip for scenaridfaultOkm.
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Whenthetop of thefaultreacheshegroundsurface the seismiovavesbecomerappedbetweerthefault
andthe groundsurface. For the slip-wealeningfriction model(scenariofaultOkm)figure 10.53 providesa
closeupview of thesnapshot# time of themagnitudeof thevelocity ateachpointon averticalslicethrough
thecenterof thefault. Thesnapshotbegin at4.0secwhentherupturehaspropagate@pproximatelyhalfway
up thefault,andwe obsene only minor perturbationsn the symmetryof thevelocitiesaboutthe fault plane.
We alsoseethe beginningof theamplificationof thewavestraveling throughthe softermaterialon their way
to thesurface.Beginningat5.0secandcontinuinguntil nearly12.0sec,we find muchlargervelocitiesabove
thefaultthanimmediatelybelow thefault. Theonly velocitiesabore 0.2m/sechelow thefault correspondo
themotion of thefootwall duringslip. For alargefractionof this duration,thevelocitiesover alargeregion
saturatehe amplitudescaleof the plot, so the maximumvelocitiesexceed0.5m/sec. Whenslip occurson
the fault surface,the sliding stressesrelow comparedo the initial shearstressesandthe fault actsmuch
like afree surfacefor normallyincidentsheawaves. Consequentlyafterthe seismicwavesabove the fault
reflectoff the groundsurfaceandattemptto propagatérackthroughthe fault, mostof the enepgy reflectsoff
thefaultsurfaceandpropagatebacktowardsthegroundsurface;little of theenegy is transmittedacrosshe

fault. Theenegy becomedrappedabove thefaultandcreateseseregroundmotionsabovethefault nearthe

surfacerupture.
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Figure10.53: Snapshot®f the magnitudeof the velocity vectoron a north-southvertical slice throughthe
centerof thefaultfor scenaridaultOkm. The white line indicatesthe projectionof thefault ontothe vertical
slice,andthe yellow circle identifiesthe hypocenter
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The maximumhorizontaland vertical displacementén figure 10.54 provide a good indication of the

severity of thegroundmotionsnearthe surfacerupture.The entrapmenbf the seismicwavesabore the fault
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causedearlyall the motionto occuron the hanging-vall side of the fault. The peakmaximumhorizontal
displacementexceed2.0m over an areaof about200 squarekilometerswith a peakvalueof 6.2m where
the rupturehits the surface. Although the maximumvertical displacementslo not reachthe samelevels as

themaximumhorizontaldisplacementghey do exceed2.0m alongmuchof the surfacerupture.
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Figure 10.54: Maximum magnitudesof the horizontaland vertical displacementectorsat eachpoint on
the groundsurfacefor scenaricfaultOkm. The white line indicatesthe projectionof the fault planeontothe
groundsurface,andtheyellow circle identifiesthe epicenter

The extent of the dynamicinteractionbetweenthe seismicwavesandthe slip on the fault dependon
the width of the rupturefront, i.e., theareawhereslip is occurring. Figure 10.55displayssnapshot®f the
magnitudeof the velocity on the vertical slice throughthe fault centerlinefor scenariocomboOkm,which
usegheslip- andrate-wealkningfriction model. The sheare-strengtheningarravs the rupturefront which
limits the areawherethe seismicwaves may interactwith the rupture. Consequentlywe do find larger
velocitiesabove the fault asin scenariofaultOkm, but the asymmetryacrossthe fault occursover a smaller
area. Comparingthe maximumhorizontaldisplacementfrom scenariofaultOkm (figure 10.54)with those
from scenaricomboOkn(figure 10.56),we seeasubstantiatlecreasé thevaluesresultingfrom thesmaller
amounbf dynamicinteractiorbetweertheseismiovavesandtherupture.While thelargestmotionscontinue
to occuron the hangingwall, the peakmaximumhorizontaldisplacementiecreasefrom 6.2m to 4.0m.
Thus, the lack of ary shearre-strengtheningn the slip-wealeningfriction modeltendsto accentuateghe
dynamicinteractionbetweerthe seismicwavesandthe fault ruptureandthe entrapmenof the wavesabove
thefault.

We now examinethedisplacementime historiesin the north-southandverticaldirectionsat sitesS1and
S2givenin figure 10.57for all threefault depths At site S1,which sitsonthe hanging-vall sideof thefault,
we find a substantiaincreasen the peakdisplacement®n both componentsas we move the fault closer
towardsthe surfacewhile usingthe sameslip-wealeningfriction model;the peakvaluesin the north-south

directionincreasdrom 0.38mto 0.74m and1.5m. Whenwe usetheslip- andrate-weakningfriction model,
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Figure 10.55: Snapshot®f the magnitudeof the velocity vectoron a north-southvertical slice throughthe
centerof thefaultfor scenaricomboOkm.Thewhiteline indicatesheprojectionof thefaultontothevertical
slice,andthe yellow circle identifiesthe hypocenter
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Figure10.56: Maximummagnitude®f the horizontalandvertical displacementectorsat eachpoint on the
groundsurfacefor scenarioccomboOkm. The white line indicatesthe projectionof the fault planeonto the
groundsurface,andtheyellow circle identifiesthe epicenter

thesmalleramountof dynamicinteractionbetweerthe seismicwavesandtheruptureleadsto anaverageslip
of 1.1m comparedo the 2.5m whenwe usethe slip-wealeningfriction model. As a result, we obsenre
muchsmallerdisplacementsThe delayin the onsetof the large amplitudedisplacementsat site S1for the
two case®f surfacerupturestemsfrom the slower rupturespeedn the softermaterialnearthe surface.

At site S2we obsene little motionin theverticaldirection,but the peakdisplacements the north-south
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Figure10.57: Comparisorof north-southandvertical displacementime historiesat sitesS1and S2for the
threefault depths.The comboin thelegendrefersto theslip- andrate-wealkningfriction model.

directionexceed1.0m whenwe usethe slip-wealeningfriction modelandthe top of the fault lies within
4.0km of the groundsurface. Basedon the severity of the groundmotionsassociatedvith the combination
of the slip-wealeningfriction modelandthe surfacerupture,we arenot surprisedto find the 1.0m of dis-
placementt site S2 for scenaricfaultOkm. As we notedin our discussiorof site S1,we find muchsmaller
displacementsvith the top of the fault at the groundsurfacewhenwe usethe slip- andrate-weakningfric-
tion model. Comparinghetime historiesfor scenario$ault4kmandunistrainwe find similar shapedrrivals
nearthe endof the time history. We attribute the pulsein scenariounistrainwith a secondslip eventnear
the hypocenterandwe find a similar sucheventin scenaridault4km.Becausehefault sits4.0km closerto
the surfacein scenaridfault4km,the amplitudeof the motion at site S2 from this secondslip eventexceeds
1.0m, comparedo the peaknorth-souttdisplacementf 0.30m in scenariaunistrain.

Figure 10.58 shavs the maximum horizontal displacements&nd velocities along the north-southline
runningover the centerof the fault for eachof the threefault depths.We alsooverlaythe nearsourcefactor
from the 1997UBC for eachcase.For thetwo case®f surfacerupture(scenariogaultOkmandcomboOkm),
we find that the maximumvelocitiesroughly match (3.3km/secand 3.2km/seg, while the displacements
from scenariofaultOkm (slip-wealeningfriction model) exceedthosefrom scenariocomboOkm(slip- and
rate-wealkning friction model) by 54%. As discussedabove, this differencestemsfrom the larger area
wherethe seismicwavesinteractwith therupturein scenaridaultOkmcomparedo scenariccomboOkm.For

thesetwo caseswith surfacerupture,we find thatthe peakvaluesof the nearsourcecurve encompasshe
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locationsof the peakmaximumdisplacementandvelocities. This shouldbe expectechecaus¢he California
Division of Mines and Geologyincludesthrustfaults with surfacerupturein the mapsusedto determine
the nearsourcefactor As we lower the top of the fault, the peakmaximumdisplacementsnd velocities
shift towardsthe up-dip direction. Whenthe top of the fault sits4.0km below the groundsurface,the peak
maximumhorizontalvelocity occursat the edgeof theregion wherethe nearsourcecurve is at a maximum.
As discussedn the previous sectionsthe maximumdisplacementandvelocitiesalongthis line fall outside

this regionwhenwe bury thetop of thefault 8.0km below the groundsurface.
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Figure10.58: Maximummagnitude®f the horizontaldisplacemenandvelocity vectorsalonga north-south
line runningover the centerof the fault for the threedepthsof thetop of thefault. The comboin thelegend
refersto theslip- andrate-weakningfriction model. Thethick, dashedine indicateshe nearsourceground
motionfactor, Ny, from the 1997Uniform Building Codefor thethreefaultdepths.

Hypocenter Location

We move thelocationof the shearasperitythat startsthe rupture6.3km up-dip alongthe fault centerlinein

orderto move the hypocentefrom a depthof 13.4km (scenariounistrain)to a depthof 11.0km (scenario
hymc). Thedeephypocentesitsroughly4.0km up-dipfrom theonedenotediottomcenterin the prescribed
rupturesandlabeledHA in figure 7.31. The shallov hypocentematcheghe middle centerlocationin the
prescribedupturesandis labeledHD in thefigure. The changen the hypocentetocationsufficiently alters
the dynamicsof the ruptureto remove the secondslip eventnearthe bottomof the fault thatwe obserein

scenariainistrain.Additionally, in scenarichymcthebilateralnatureof theruptureincreasesvith thecentral

locationof the hypocenter
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Thesetwo factorshave little impacton the groundmotionsat site S1. In figure 10.59we obsene almost
no changen the shapeof eitherthe north-southor vertical componentsandlessthana 17% changein the
peakvelocity. Theslightly earlierarrivals correspondo the shortertravel time from the shallov hypocenter
comparedo the deephypocenter In the north-southdirection at site S2, the lack of the secondslip event
in scenariohymc, coupledwith the strongerbilateralnatureof the rupture,removesthe velocity pulsethat
occursat 16secin scenariounistrainandaddsthe broad,doublepulsein velocity thatarrivesat 10sec. In

the vertical directionwe obsene a broadeningf the small amplitudepulse,but only a moderatechangein

amplitude.
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Figure 10.59: Comparisorof north-southandvertical velocity time historiesat sitesS1 andS2 for the two
hypocentetocations.

The shift in the hypocenterdocationto a shallov depthdoesreducethe ground motionsup-dip from
the top of the fault. Figure10.60displaysthe maximumhorizontaldisplacementsndvelocitiesalongthe
north-southline over the centerof the fault. Remarkablythe only significantchangesn the curve of the
maximumdisplacementsccurin the first 15km thatlie up-dip from thetop of thefault. In this region the
valuesdecreasavith the shallover hypocenter The maximumvelocitiesexhibit a more uniform decrease
alongtheline with the shift in the hypocenteto themiddle of thefault. We do find a slightly greaterrelative
decreasé the peakmaximumvelocity thatoccurss.0km up-dipfrom thetop of thefault. Thisis consistent
with the decreasén the maximumdisplacementi the sameregion. With the changein the curvesof the
maximumdisplacementandvelocities,we find a bettermatchbetweerthe curvesfor scenarichymcandthe

shapeof the nearsourcefactor The nearsourcefactordoesnot conformto the local peakin the maximum
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displacementshat in both scenariossits about26km north of the top of the fault. As we notedin our
discussiorof the scenariosvith the differentinitial sheartractions this peakbecomesignificantonly when
thegroundmotionsnearthetop of thefaultaresmall,sowe do notfind this a significantdifferencebetween

the curvesof the maximumhorizontaldisplacementandvelocitiesandthe nearsourcefactor
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Figure10.60: Maximummagnitude®f the horizontaldisplacemenandvelocity vectorsalonga north-south
line runningoverthe centerof thefaultfor thetwo hypocentetocations.Thethick, dashedine indicateshe
nearsourcegroundmotionfactor Ny, from the 1997 Uniform Building Code.

Heterogeneityin Initial ShearTractions

We introduceheterogeneitynto the initial sheartractionsthroughthe strainfield. We createboth weakly
heterogeneougscenarioshearweakpnd strongly heterogeneougcenarioshearstrongllistributions of the
initial shearttractions.Thedistributionseachcontain20 asperitieswith uniform distributionsof radii between
3.0km and8.0km anduniform randomdistributionsof locationsalongthe strike anddip. We do not allow
the asperitieswithin 2.0km of the edgesof the fault to preventalterationof the taperingin shearstresses.
As in thestrike-slipscenariosvith heterogeneoushearstressesye uniformly distributethe asperityheights
betweenplus and minus 30% and 60% of the nominal strainfield (equation(10.10))for the weakly and
stronglyheterogeneoudistributions.

Figure 10.61shows theinitial shearstressesthe shearstressest failure, andthe sliding shearstresses
onthefault surfacefor scenaricshearstrongkFor scenarioshearwealandshearstronghe friction modelre-
mainsthesameastheonein scenariaunistrain,sothattheshearsstresseatfailureandminimumsliding shear

stressesemainrelatively uniform. We also createscenariomeltstrongwhich featuresa strongly heteroge-
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neouddistribution of initial sheartractionsandthe melting-refreezindriction model(equation(10.12))from
scenarianelt8km. To createthestronglyheterogeneoushearractionsfor scenarianeltstrongwith thelarger
dynamicstressdrop, we superimpos¢hetectonicstrainasperitiefrom scenaricshearstrongn thetectonic
strainsfrom scenariamelt8km. This createsa stronglyheterogeneoudistribution of sheartractionswith the
appropriatenominalmaximumdynamicstressdrop of 6.5MPa thatwe needto generatecomparableslip to

thatin scenariaunistrainwith the melting-refreezindriction model,which containsshearre-strengthening.
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Figure10.61: Initial (blue), failure (red),andminimum sliding (green)shearstresse®n the thrustfault for
scenaricshearstrong.

We comparethe distributions of final slip and maximumslip ratefrom scenarioshearstron@nd melt-
strongwith thosefrom scenariounistrain (figure 10.41)to determineif the heterogeneousheartractions
introduceheterogeneityn the distributionsof final slip and maximumsilip rate. As shown in figure 10.62,
whenwe usethe slip-wealeningfriction model,the stronglyheterogeneousactionshave little effectonthe
final slip distribution but do introducesomeheterogeneityn the maximumslip rate. The local extremain
themaximumslip ratecorrelatewith theextremain theinitial sheatractions.Comparinghedistributionsof
final slip for scenarioshearstrongndunistrain,we find thatthe mostnoticeabledifferenceoccursin thetop
eastcornerof thefault, wherethe slip decreasem responseo the smallermaximumslip rates.In scenario
meltstrong(figure 10.63)we find a strongcorrelationbetweenthe distributions of final slip and maximum
slip rate. While the averagemaximumslip rateincreasesrom 0.80m/secin scenariounistrainto 1.2m/sec
in scenariomeltstrong,we obsene no changein the averageslip (1.2m). Theselarger slip ratesallow the
ruptureto generatehe sameslip over a shorterperiodof time thatcorrespondso the narrover width of the
rupturefront. Thus,we find that the shearre-strengtheningn the friction modellocalizesthe slip, which
enableghe heterogeneityn sheaitractionsto createa heterogeneousip distribution.

The heterogeneityn thedistribution of final slip in scenarianeltstronginfluenceshe maximumveloci-
ties. Comparingthe maximumbhorizontalandvertical velocitiesfrom scenariaunistrainin figure 10.44with
thosefrom scenariomeltstrongin figure 10.64,we seea generalshift towardslarger valuesin the forward

direction. The location of the largestshearstressesiearthe top of the fault tendsto increasethe ground
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meltstrong.

motionsabove the top of the fault. Thus,for this randomdistribution of asperitiesthe local effectsof the
asperitiewith largeshearstressesyhich tendto increasehegroundmotions,overcomethegenerakffect of

theheterogeneitywhich tendsto decreas¢he groundmotions.The peakmaximumverticalvelocity remains
above thetop of the fault, but the largestmaximumhorizontalvelocitiesshift to above the southwestorner
of thefaultwherethegreatesslip andmaximumslip ratesoccur Thedistribution of themaximumhorizontal
velocitiescontinuesto containlocal maximaalongthe east,south,andwestedgesof the surfaceprojection
of thefault.

We comparehevelocity time historiesat sitesS1and S2to gaugethe sensitvity of the groundmotions
to the heterogeneityin the tectonicstrains. The north-southand vertical velocitiesat site S1, which are
displayedin figure 10.65for the four scenarioqunistrain, shearweakshearstrongmeltstrong),all have
the samegeneralshape. The differenttiming of the peakvelocitiesreflectsthe variability in the rupture
speedas the rupturesencounterthe differentdegreesof heterogeneity The peakvelocitiesin the north-
southdirectionvary from 0.16m/secin scenariainistrainto 0.31m/secin scenaricshearweakAt site S2the
verticalvelocitiesexhibit little variationacrosghefour scenariosin thenorth-souttdirectionthepresencer
absencef thesecondslip eventnearthe hypocentestronglyinfluenceghevariability in the groundmotion.

Scenarioainistrainandshearstrondpoth containthe secondslip eventandthelargevelocity pulsesataround
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Figure 10.64: Maximum magnitudesof the horizontaland vertical velocity vectorsat eachpoint on the
groundsurfacefor scenariomeltstrong. The white line indicatesthe projectionof the fault planeonto the
groundsurface,andtheyellow circle identifiesthe epicenter

15sec.Moreover, scenarioshearwealandmeltstrongdo not containthe secondslip event,andthe velocity
time historiesdiffer considerablybothfrom the othertwo scenarioandfrom eachothet

Despitethe wide variability in the velocity time histories,the maximumhorizontaldisplacementsand
velocitiesalongthenorth-soutHine overthecenterof thefaultchangdittle in shapeacrosshefour scenarios,
asshown in figure 10.66. In contrastto the strike-slip simulationswherethe addition of heterogeneityn
theinitial tractionstendsto decreas¢he motion, the additionof heterogeneityendsto increasethe ground
motionsonthegroundsurfacefor thethrustfault. As discusse@bove,we attributethisincreaseo therandom
locationof the asperitiewvith large shearstressesiearthe surface. Theseasperitiesaremostprevalentin the
strongly heterogeneoudistribution of the initial sheartractions. The larger slip and fasterslip ratesnear
the top of the faultin scenariomeltstrongleadto substantiallygreaterpeakmaximumdisplacementsnd
velocitiescomparedo the other scenarios.Neverthelesswe obsere no shift in the location of the peak
relative to the top of the fault; the peakcontinuesto fall 5.0km southof the top of the fault and outside
the region with the largestnearsourcefactor In the forward direction (southof the top of the fault) the
cunvesfor scenarioshearweakandshearstronghowv negligible sensitvity to theincreasan heterogeneity
in thetectonicstrains. The secondslip eventnearthe hypocentein scenaricshearstrongloescreatelarger

maximumdisplacementandvelocitiesin the backwarddirectioncomparedo scenaricshearweak.

Heterogeneityin Friction Model Parameters

We createheterogeneityn the lithothrustuffriction modelby following the sameprocedurethat we useto
createheterogeneityn the friction modelfor the strike-slip simulations.We independentlyary the coefi-
cientsin the expressiongor pmnax andpmin by 20% and40% above andbelow the nominalvalueto generate

weakly andstronglyheterogeneoudistributions. We do not include heterogeneityn the characteristislip
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Figure 10.65: Comparisorof north-southandvertical velocity time historiesat sitesS1 andS2 for the four
case®f heterogeneityn theinitial sheartractions.

—— homogeneous

— - weak heter.
strong heter.

— - strong heter., melt

= = Nv

Near Source Factor, Nv Near Source Factor, Nv

o
-25-20-15-10-5 0 5 10 15 20 25 30 35
NS Distance from Fault (km)
Figure10.66: Maximummagnitude®f the horizontaldisplacemenandvelocity vectorsalonga north-south
line runningover the centerof thefault for the four caseof heterogeneityn theinitial sheartractions.The
thick, dashedine indicateghe nearsourcegroundmotionfactor Ny, from the 1997Uniform Building Code.
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distance put the fluctuationsin the maximumand minimum valuesof the coeficient of friction createhet-
erogeneityin thefractureenepgy. Thesizeandlocationof the 20 asperitiedollow the sameguidelinesasthe
asperitieghatwe usein the previous sectionfor the initial tectonicstrains. We apply the initial shearand
normaltractionsfrom scenariounistrain,exceptthat we adjustthe heightof the shearasperitysuchthatit
is 2.0%over the shearstresgequiredfor failure. Scenaridrictionweakusesthe weakly heterogeneousic-
tion modelparameterandscenaridrictionstronguseshestronglyheterogeneousiction modelparameters.
Figure10.67shaows the initial shearstressesthe shearstressest failure, andthe minimum sliding stresses

onthefault surfacefor scenaridrictionstrong.
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Figure10.67: Initial (blue), failure (red), andminimum sliding (green)shearstresse®n the thrustfault for
scenaridrictionstrong.

Our strongly heterogeneoufailure stressesn scenaridfrictionstrongdegradethe ability of the rupture
to propagatendproducean averageslip of only 0.83m. Fromthedistributionsof final slip andmaximum
slip ratein figure 10.68,we find thata largeregionin thetop westcornerdoesnotfail. Additionally, theslip
alongthe easterrsideof thefaultremainsrelative low despitethelocal peakin the maximumslip rate.Asin
thecaseof heterogeneityn thetectonictractionswith theslip-wealeningfriction model,theslip distribution
remainsrelatively homogeneousthe distribution of the maximumslip rate exhibits a greatersensitvity to
the heterogeneityghanthedistribution of final slip.

Theheterogeneityn combinationwith smalleraverageslipsreduceshe displacemenamplitudesgspe-
cially at site S1. Figure 10.69shaws the sharpesshearwave arrival at site S1 occursin scenariounistrain
with thehomogeneouparameteri thefriction model. As we increasegheheterogeneitytheamplitudesle-
creaseandthearrivalsbecomemoregradualdespitelittle changen the averagerupturespeed Certainly the
reductiongn theaverageslip from 1.2m in scenariaunistrainto 1.0m and0.83m in scenariodrictionweak
andfrictionstrongreducethe amplitudeof the motion. The perturbationsn the rupturespeedalsocontribute
to thereductionin theamplitudeof the motionby disruptingthe reinforcemenbf the sheamwave by therup-
ture. At site S2we continueto find little variationin the verticalcomponentWe alsofind theinitial portion

of thedisplacementime historiesin thenorth-southdirectionrelatively insensitve to the heterogeneityn the
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Figure10.68: Distributionsof final slip andmaximumslip rateat eachpoint on the thrustfault for scenario
frictionstrong.
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friction model. The secondslip event nearthe hypocenteiin scenaridfrictionstrongproducessignificantly
lessslip thanthe onesin scenariosinistrainandfrictionstrong. This createshevariability in thenorth-south

componentowardsthe centralportion of thetime history.
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Figure10.69: Comparisorof north-southandvertical displacementime historiesat sitesS1andS2for the
threecaseof heterogeneityn the parametersf thefriction model.

The heterogeneityn the friction model createsmoderateperturbationsn the shapeof the maximum
horizontaldisplacementsind velocitiesalong the north-southline that runs over the centerof the fault as
shawn in figure 10.70. Comparingthe maximumdisplacementfrom scenaridrictionweakwith thosefrom

scenariounistrain,we obsere a shift in the peakvaluestowardsthe north, with the peakvalue occurring
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almostdirectly above the top of the fault. On the otherhand,the peakmaximumhorizontaldisplacement
for scenaridfrictionstrongremainsat aboutthe samelocationasthatin scenariounistrain. The maximum
horizontalvelocitiesdisplaysimilartrends.Theshape®f thecurvesfor scenariosinistrainandfrictionstrong
match,while the maximumvelocitiesfor scenaridrictionweakcontainsa local peak13km north of thetop
of thefaultthatis not presentn the othercurves. In general the maximumdisplacementandvelocitiesfor
thehomogeneou8iction modelexceedthosefrom the heterogeneouiction modelcasesThenearsource
curve continuego misstheshapeof themaximumdisplacementandvelocitiesby notextendingsuficiently

farenoughin theup-dipdirection.
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Figure10.70: Maximummagnitude®f the horizontaldisplacemenandvelocity vectorsalonga north-south
line runningover the centerof the fault for the threecaseof heterogeneityn thefriction model. Thethick,
dashedine indicateshe nearsourcegroundmotionfactor Ny, from the 1997 Uniform Building Code.

10.2.3 Comparisonwith PrescribedRuptures

In our analysisof the groundmotionsduring the sensitvity study we notedsomeof the similarities and
differencesbetweerthe prescribedupturessimulationsin section7.2 andthe dynamicfailure simulations.
We will highlight someof the fundamentaldifferencesbetweenthe prescribedrupturesand the dynamic
rupturesby examininga dynamicfailure scenarioanda prescribedupturescenaridfor the casewherethe

top of thefaultlies at a depthof 8.0km andthe casewherethetop of thefaultlies atthe groundsurface.
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Blind Thrust

We comparethe dynamicfailure scenariounistrain2with the prescribedupturescenaricbase becausehe
rupturefeaturesof scenariounistrain2bestfit scenariobase. The rupturespeedof 88% of the local shear
wave speedandpeakmaximumslip rateof 1.7m/secprovide a goodmatchto the rupturespeedof 80% of
thelocal shearwave speedanduniform maximumslip rateof 1.5m/secin scenaricbasehowever, scenario
unistrain2generatesin averageslip of 1.6m comparedo the 1.0m slip of scenaridbase.

Figure 10.71shaws the velocity time historiesat site S1 and S2 for both scenarios.At both siteswe
obsene a goodmatchin the generalshapeof the time historiesfor both the north-southandvertical com-
ponents. In the vertical direction at site S1 the peakvelocitiesdiffer by lessthan 15%. Similarly, in the
north-southdirectionthe peaknegative velocitiesdiffer by lessthan 10%. The narrover velocity pulsefor
theprescribedupturescenariacreatesa peakpositive velocity 82% greateithanthe peakpositive velocityin
thedynamicfailurescenario.This differencecorrespondso thedirectiondependencef therupturespeedn
thedynamicfailure scenarichatwe do notincludein the prescribeduptures.The apparentupturevelocity
towardssite S1decreaseastherupturebecomesnorebilateralin naturetowardsthe endof the earthquale.
As aresult,the enegy arrivesat site S1 over alongertime interval. This increaseshe width of thevelocity
pulseandreduceshe peakvelocity. At site S2 we find betteragreemenin the north-southdirectionthan
in the vertical direction. Site S2 lies at the epicenterandrecevesmoreenegy asthe rupturebecomesnore
bilateral. Hence becausé¢he bilateralnatureof the dynamicruptureincreasessit propagatesat site S2the
amplitudesof the motionin the dynamicfailure scenaridoecomeprogressiely largerrelative to thosein the
prescribedupturescenario.

Along thenorth-soutHine runningoverthecenterof thefault, we obsene a closematchin themaximum
horizontaldisplacementandvelocitiesas displayedin figure 10.72. The dependencef the rupturespeed
onthedirectionof propagatiorrelative to theslip directionhasmuchlessimpacton the sitesnearthe center
of the fault, becausehey lie closeto azimuthsof 0 or 180 degrees. As a result, the maximumvelocities
from scenariaunistrainZexhibit anexcellentmatchwith thosefrom scenaridbase.Thelargerslip in scenario
unistrain2causeghe maximumdisplacementfrom the dynamicfailure scenarioto exceedthosefrom the
prescribedupturescenario.Neverthelessthe shapeof the curvesshav minimal variation. For both sce-
nariosthe peakmaximumdisplacementandvelocitiesoccuroutsidethe region wherethe nearsourcecurve

attainsits maximumvalue.

SurfaceRupture

Whenwe raisethe top of the fault to the groundsurface,the low sliding stresse®n the fault allow entrap-
mentof the seismicwaves above the fault. This generatedarge slips nearthe surfaceand severe ground
motionon the hanging-vall sideof the surfacerupture. The prescribedupturesdo not containthis dynamic

interactionbetweenthe seismicwavesandslip. As we discussedn section10.2.2,the degreeto which this
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Figure10.71: Comparisorof north-southandvertical velocity time historiesat sitesS1 and S2 for the dy-
namicfailure scenariaunistrain2andthe prescribedupturescenaricdase.
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interactionoccursdepend®n thewidth of therupturefront. Theslip-wealeningfriction model,whichtends
to createwide rupturefronts, accentuatethis effect. Consequentlywe will comparethe dynamicfailure

scenariccomboOkmwhich usesthe slip- andrate-weakningfriction model,andthe prescribedupturesce-

nario faultOkmto seehow the inclusion of the dynamicinteractionchangeghe groundmotion. Scenarios
comboOkmandfaultOkmhave comparableaverageslips (1.1m and1.0m) andaveragemaximumslip rates
(1.1m/secand 1.5m/sec),but scenariocomboOkmhasa much larger peakmaximumslip rate (6.1m/sec
comparedo 1.5m/sec).

At siteS2wefind little differencen thedisplacementime historiesbetweerthe dynamicfailurescenario
(comboOkm)andthe prescribedrupturescenario(faultOkm). At site S1 we obsene no differencesn the
arrival times of the phasesput the amplitudesdiffer considerably The peakdisplacementn the vertical
directionfor the prescribedrupture scenarioexceedsthat of the dynamicfailure scenarioby 58% (0.41m
comparedo 0.26m). In the north-southdirection,we find alargerpeakdisplacementor thedynamicfailure
scenarig(0.82m) comparedo the prescribedupturescenarig0.56m). Furthermoreye obsene almostno
differencebetweernthe peakpositive andnegative displacementsor the prescribedupture,while the peak
negative displacementor the dynamicfailure simulationis muchlargerthanthe peakpositive displacement.
We attribute this distinct differencein the shapeof the waveformsto the dynamicinteractionbetweenthe
seismicwavesandtherupturein the dynamicfailure scenario. Thus,while thedynamicinteractionbetween
the seismicwavesandthe rupturehaslittle affect on the waveformsaway from the surfacerupture,it does

affecttheamplitudesandshape®f thewaveformsnearthe surfacerupture.



223

Site S1 Site S2

__ 06 0.2
g
‘E 03 0.1
5} 0.0
& 0.0 -0.1
8
503 —0.2
g -0.6 :g'i
2 .

-0.9 -0.5
__ 06 0.2
S
= 03 "\ oL
S 7 A 0.0 .
§ 00 1 W\ YT -01 —= -
8 1
= -0.3 N -0.2
A —— -0.3

-0.6 — dynamic failure
9 i -0.4
S — - prescribed rupture .

-0.9 -0.5

0 5 10 15 20 25 0 5 10 15 20 25
Time (sec) Time (sec)

Figure10.73: Comparisorof north-southandvertical displacementime historiesat sitesS1andS2for the
dynamicfailure scenariccomboOkmandthe prescribedupturescenaridaultOkm.



224
10.3 Discussion

10.3.1 Summary of Ruptur e Behavior and Ground Motions

The layeredhalf-spacejn contrastto the homogeneoukalf-spaceallows examinationof how parameters
in the dynamicfailure simulationsdependon the materialproperties.This includesdistinguishingbetween
applicationof a uniform strainfield anda uniform stresdield, andhow the coeficient of friction varieswith

thematerialproperties.

Uniform StressVersusUniform Strain

Thevariationof thematerialpropertieswith depthleadsto differentdistributionsof theinitial sheartractions
on the fault surfacedependingon whetherwe apply a relatively uniform stresdfield or a relatively uniform
strainfield. On the strike-slip fault with the depthdependencef the coeficient of friction, we find thatap-
plicationof the uniform strainfield createsnorerealisticruptures.In the simulationwith uniform stressthe
rupturepropagatesearthe dilatationalwave speedandgenerateslips andslip ratesin excessof 10m and
10m/secat the groundsurface. Onthe otherhand,in the simulationwith uniform strain,the rupturepropa-
gatesat 88% of the local sheawave speedandthefinal slips andmaximumslip ratesremainbeloy 2.5m
andl1.5m/sec;however, therupturefails to reachthe groundsurface.Of course the stressstateon afaultin
the earthevolvesover time dueto mary factors,suchasplatetectonics garthquaks,andviscoelastiaccreep.
It probablylooksvery differentfrom both a uniform stresdield anda uniform strainfield. Neverthelessopur
simulationdend supportfor relatively uniform strainswith depthcomparedo relative uniform stressesvith

depth.

Adjustment of Friction Model

We modify thefriction modelto accountfor thevariationin the materialpropertieswith depth,basedon the
lack of surfacerupturethatoccurswhenwe applyuniform strainsandincludeonly a depthdependenci the
friction model. Making the coeficient of friction afunctionof eitherthe sheawave speecdor the squareroot
of thesheamodulusintroduceseasonableariationswith depthof the shearstresseat failureandthe shear
stressesluring sliding. Furthermorethis modificationremainsconsistentith the depthonly dependence
thatwe usein thehomogeneoukalf-spaceshecausehe coeficientof friction depend®nthe quotientof the
squareroot of the sheamodulusandthe depth. We adjustthe friction modelto generateealisticruptures
andadhereo restrictionson the changein thermalenepy, but do not invoke ary theoreticalbasisfor these
modifications. However, a numberof mechanismsave beenproposedfor low dynamicfriction during
earthquaks(Ben-Zionand Andrews 1998; Melosh1996; Sleep1997; Tworzydlo andHamzeh1997). This
alterationof thefriction modelmoderateshe variationof the coeficient of friction with depthin the layered

half-spaceomparedo thehomogeneoukalf-spaceFor example,aswe gofrom adepthof 1.0km to adepth
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of 15.0km, the coeficient of friction decreaseby 93%in a homogeneoubalf-spacewhile it decreaseby
only 80%in the layered-halfspace.Thus,theincreasan the coeficient of friction with the shearmodulus

partially offsetsthe decreasén the coeficient of friction with the depth.

10.3.2 Sensitvity of Ground Motion to Variations in Parameters

Usingthestrike-slipandthrustsimulationswe gaugehesensitvity of thegroundmotionsto thevariationsn
thesimulationparametersi-or thoseparameterpresentn theboththedynamicfailureandprescribedupture
sensitvity studies,we comparethe sensitvity of the groundmotionsfrom the dynamicfailure simulations

with thosefrom the prescribedupturesimulations.

Friction Model

Thegroundmotionsexhibit amoderatesensitvity to theintroductionof sheare-strengthenin@ thefriction

model,i.e., recovery of the coeficient of friction asthe slip ratesdecrease.By increasingthe maximum
dynamicstressdrop whenwe introduceshearre-strengtheningwe presere the generalcharacteristicof

the rupture. As a result, we obsere little changein the overall shapeof the waveforms. The slip rates
increasewith the greatermaximumdynamicstressdrop, which leadsto a moderaténcreasen the velocity
amplitudes The switchfrom theslip-wealeningfriction modelto eithertheslip- andrate-weakningfriction

modelor themelting-refreezindriction modelhasagreatetimpactonthegroundmotionsfor thethrustfault.
Thelocationof the hypocentercloseto the edgeof the thrustfault inhibits the initiation of the rupture. The
increasen the dynamicstressdrop with the switchin the friction modelsresultsin fasterinitiation of the
ruptureandlargergroundmotions. This samebehaior doesnot occurin the simulationswith the strike-slip

fault, becausave placethe hypocentemwell away from the edgeof thefault.

Fault Depth

The severity of the groundmotionsincreasesubstantiallywhenwe allow the ruptureto reachthe ground
surface.Onboththestrike-slipandthrustfaultstherupturegyenerateignificantlylargerslipsnearthesurface
thanat depth. As the rupturesencountethe reducedresistanceo slip approachinghe groundsurface,the
slip andslip ratesincreaseThis leadsto acorrespondingncreasean theamplitudesof thedisplacementand
velocitiesnearthe fault. Additionally, whenwe raisethe thrustfault to the surface,the dynamicinteraction
betweeriow sliding stressesnthefaultandtheseismiovavesaborethefaultcausesargedisplacementand
velocitiesonthegroundsurfaceabove thefault. Usinga slip-wealeningfriction model,Oglesbyetal.(1998)
obsenedsimilar behaior duringtwo-dimensionakimulationsof dynamicfailure on a thrustfault subjected
to uniform initial stressesn a homogeneoukalf-space.The slip-wealeningfriction modelwhich contains
no shearre-strengtheningccentuatethis effect, becauset tendsto createwide rupturefronts. Usingthe

slip- andrate-weakningfriction model,which containssheare-strengtheningye obsenre significantlyless
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dynamicinteraction. Neverthelesswe retain asymmetryacrossthe fault planewith much larger ground
motionson thehangingwall comparedo thefootwall. The dependencef thefriction modelonthematerial
propertiesxhibits a stronginfluenceon the shallow slip, andour ad hoc choiceof parameterin thefriction
modelmay alsoaccentuatéhesenearsurfaceeffects. However, asin the prescribeduptures,we find that

thedepthof thefault displaysa stronginfluenceon the groundmotions.

Hypocenter Location

We obsenre the sametrendin the sensitvity of the groundmotionsto the locationof the hypocenteiin the
dynamicfailure simulationsthatwe find in the prescribedupturesimulations.The sensitvity of the ground
motionsat a givensite depend®on therelative changein azimuth. As we move the hypocentetocation,the
groundmotionsshaw little variationat sitesthatremainnearthe sameazimuth. Whenthe azimuthchanges
significantlywith differenthypocentetocations,we obsere large changesn the groundmotions,especially

whenthesitelies nearanodalline for oneof the hypocentetocations.

Initial ShearTractions

Onthethrustfaultwe find thatthe groundmotionsexhibit a strongsensitvity to thelevel of theinitial shear
tractions.Increasinghenominalsheatractionby 17%with no correspondingncreasen thefailurestresgor
thefractureenegy) leadsto a 31%increasen the rupturespeedanda 200—300%ncreasen the maximum
velocities.We expectthatthe groundmotionsdisplaya similar degreeof sensitvity to variationof thelevel
of theinitial sheartractionson the strike-slip fault. Additionally, introducingheterogeneitynto the initial
sheartractionsgeneratefieterogeneityn the maximumslip rate and variationsin the rupturespeed. The
peakdisplacementandvelocitiesat sitesnearregionswith largerslip ratestendto increasebut the variation
in the rupturespeedendsto causea generaldecreasén the amplitudeof the motion,becausét disruptsthe
reinforcemenbf the sheamwave by therupture.

At mostlocationson the groundsurfaceof the strike-slip fault simulations the generaldecreaselomi-
natesthe local increases.Theseresultswith heterogeneousiaximumslip ratesmore closelyresemblehe
sourceparameterizatiomisedby Graves(1998)thanthe prescribedruptureswith heterogeneouslip distri-
butionsin chapter7. As aresult,the obseneddecreases the maximumdisplacementandvelocitieswith
theintroductionof heterogeneityn the initial sheartractionson the strike-slip fault are consistentith the
decreasesbsenedby Graves. In theforwarddirectionon the groundsurfaceof thethrustfault simulations,
thelocal increaseshatwe associatevith the proximity of the asperitieddominatethe generaldecreas¢hat
we associatavith the disruptionof thereinforcementf the sheamwave by therupture.

Onbothfaultsreplacemendf the slip-wealeningmodelwith the melting-refreezindriction modelleads
to a substantiaincreasein the heterogeneityin the distribution of the final slip. Theselocal changesn
slip andslip rate alter the shapesand amplitudesof the time histories. Thus, we find the groundmotions

exhibit a strongsensitvity to boththelevel of theinitial shearstresseandthedegreeof heterogeneityThese
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obsenationssuggestthat shearre-strengtheningnay play an importantrole in generatingheterogeneous
slip distributions. Madariagaand Cochard(1996) suggestedhat ary friction modelthat producesa large
dynamicstressdrop comparedo the averagestresdropwill produceheterogeneityn thefinal shearstress.
Ultimately, this will leadto slip heterogeneityOn the otherhand,basedon kinematicinversionsof several
recentearthquaks Day et al. (1998)found that heterogeneityin the stressdrop alone may generatethe
heterogeneityn thefinal slip. Our useof large asperitieg3.0—8.0km in radius)in the initial shearstresses
maynotprovide sufficientheterogeneitjn thestressdropto arrestheruptureatalocallevel whenwe usethe
slip-wealeningfriction model. As aresult,the distributionsof final slip closelyresemblghefinal slip from
a uniform stressdrop earthquak. Thus, we cannotdismissthe possibility that the slip-wealeningfriction
modelwith greatetheterogeneityn theinitial sheartractionswill producethe samelevel of heterogeneityn
the distribution of final slip thatis generatedy the melting-refreezindriction modelwhich containsshear

re-strengthening.

Heterogeneityin Friction Model Parameters

The groundmotionsgenerallydisplaylesssensitvity to the heterogeneityn the parametersf the friction
modelthanthey doto theinitial sheartractions.For the strike-slipfaulttheintroductionof weakheterogene-
ity hasnegligible impacton the groundmotions. On the thrustfault the introductionof the samelevel of
heterogeneityeduceghe amplitudeof the groundmotions.On bothfaults,thevariationin therupturespeed
with the strongheterogeneityn thefriction modelparameterséeadsto a substantialgeneraldecreasén the

peakdisplacementandpeakvelocities.

10.3.3 Dynamic Failur e versusPrescribedRuptur es

In thedynamicfailure simulationswe do not a priori know the characteristicef the rupturebehaior. In the
prescribeduptureswe have completecontrol over the time historiesat eachpoint on the fault, so thatwe
know the behaior of the rupturebeforerunningthe simulation. Furthermoremary aspectof controlling
the rupturestill remaina mystery and reasonableupturesare often createdby trial and error (Madariaga
etal. 1998; Olsenet al. 1997). On the other hand, the dynamicfailure simulationsmay generatenuch
morephysicallyrealisticruptures becauséhe dynamicsof the rupturecontrol the rupturespeedandslip at
eachpoint on the fault; we needto know theinitial conditionsandthe friction model, but not the comple
relationshipdetweerrupturespeedslip rate,andfinal slip. Unfortunately we have only roughestimateof
theinitial conditionsandthefriction models.

We find severalimportantdifferencesbetweerthe simulationswith prescribedupturesandthe simula-
tionswith dynamicfailure. In the dynamicfailure simulationsthe speedof the rupturedependon the di-
rectionof propagatiorrelative to the slip direction. As documentedy otherresearchersuchasMadariaga

etal. (1998),therupturepropagatesiearthe shearwave speedn the directionof slip, but at a slover speed
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in the directionperpendiculato slip. The absoluteandrelative speedsn the two directionsdependon the
fractureenegy, but we consistentlyobsene a 20%reductionin the speedof therupturein the directionper
pendicularto the slip comparedo the directionparallelto the slip. In the prescribedupturesimulationswe
assume uniform rupturespeedelative to the sheamwave speed This differenceis minimal on long, narrov
faultswherethedirectionof slip coincideswith thelongerdimension becausehe rupturepropagatesliong
the fault nearthe shearwave speed.However, whenthe slip directionis nearlyperpendiculato the longer
dimension asis oftenthe caseon thrustfaults,the rupturepropagatesearthe shearwave speedalongthe
shorterdimensionbut at a slower speedalongthe longerdimension. The contrastin rupturespeedsn the
two directionstendsto createarupturethatpropagateprogressiely closerto aright anglefrom thedirection
of slip. This reduceghe reinforcementf the sheawave by theruptureanddecreasethe amplitudesof the
groundmotionsat sitesaway from anazimuthof zerodegrees.

Whenwe include heterogeneityn the initial shearstressegthroughthe tectonicstrains)or the shear
stressest failure (throughheterogeneityin the friction model parameters)the rupture slows down as it
encountersegionsfartherfrom failure (wherethe fractureenepy is larger) andspeedsip asit encounters
regionscloserto failure (wherethe fractureenepy is smaller). The degreeto which suchvariationsoccur
dependsn the dynamicsof the ruptureandthe stateof stresson thefault. Olsenetal. (1997)found similar
changesn rupturespeedin their simulationof the 1992 Landersearthquak, which useda heterogeneous
initial distribution of shearstress. Thesechangesn the rupturespeeddisruptthe steadyreinforcemenif
the shearwave by the ruptureandreducethe amplitudeof the groundmotions. Additionally, the slip rates
increasewith thefasterupturespeedn regionscloserto failure,which in turn generatdargerslips. Further
more,we obsene heterogeneityn thefinal slip only whenstrongheterogeneityxistsin the maximumslip
rate. In the prescribeduptureswe allow the ruptureto continuepropagatingat a uniform speedregardless
of the heterogeneityn slip. This causesninimal disruptionin the steadyreinforcemenbf the shearwave
by the rupture. As a result,the groundmotionsin the dynamicfailure simulationsexhibit a muchstronger
sensitvity to introductionof heterogeneityn theslip comparedo the prescribedupturesimulations.

The dynamicsof the rupturealsoleadto phenomenomot presenin the prescribeduptures.ln mostof
the strike-slip simulationsthe rupturereflectsoff the free surfaceand generates secondslip eventon the
fault belon. Becausehe rupturepropagatesway from the groundsurfaceduring this secondslip event, it
hasonly asmallimpacton thegroundmotions.Whenwe bury the thrustfault, we alsoobsene a secondslip
eventin someof the simulations. The reflectionof the dilatationalwavesoff the groundsurfacegenerates
shearwavesthat passeghroughthe fault. In somecaseshe dynamicshearstressesreatedby the shear
wavestrigger additionalslip nearthe hypocenter This createsa significantvelocity pulsethat we obsene
late in the time history nearthe epicenter Whenthe top of the thrustfault sits at the groundsurface, the
dynamicinteractionbetweerthe ruptureandthe seismicwavescausesarge groundmotionson the hanging
wall.

As shawvn in figure 10.74,the areassubjectedo a givenlevel of horizontaldisplacemenbr velocity re-
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mainsnearlythe samewhenwe useeitherprescribedupturesor dynamicfailure. For the strike-slipfault we
follow section10.1.5andcomparethedatafrom the prescribedupturescenarichymqgwith thedatafrom the
dynamicfailure scenariounistrain2,andfor the thrustfault we follow section10.2.3andcomparethe data
from the prescribedrupture scenaricbasewith the datafrom the dynamicfailure scenariounistrain2. For

boththe strike-slipandthrustfaultswe find an excellentmatchbetweerthe curvesassociatedvith the max-
imum velocities. Dueto differencesn the averageslips (2.0m for scenarichymqversusl.9m for scenario
unistrain2for the strike-slip fault, and 1.0m for scenariobaseversusl.6m for scenariounistrain2for the
thrustfault), the curvesassociatedvith the maximumdisplacement$or the thrustfault displaylessagree-
mentthanthecurvesfor the strike-slipfault. The peakmaximumhorizontaldisplacementandvelocitiesfor

thedynamicfailure simulationsexceedthosefrom the prescribedupturesimulations.This changesheareas

wherethegroundmotionsexceeda givenlevel only atthe mostseverelevelsof motion.
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Figure 10.74: Areason the groundsurfacein the strike-slip (solid lines) and thrust fault (dashedlines)
domainswherethe maximumhorizontaldisplacementsnd velocitiesexceeda given valuefor prescribed
rupturescenariodasellandbase(red)andthe dynamicfailure scenariosinistrain2andunistrain2(blue).

10.3.4 Implications for Earthquake Engineering

Thesimulationswith dynamicfailuredemonstratseseralimportantcharacteristicef the behavior of earth-
gualeruptures.ncorporatinghesecharacteristicinto theprescribedupturesallows creationof morerealis-
tic earthquak simulationswithout explicitly includingthedynamicsof theruptureprocessWith thelimited
databasef stronggroundmotions,suchsimulationgplay animportantrole in generatinggroundmotionsfor
engineeringlesign.Thedependencef therupturespeedn the directionof propagatiorplaysanimportant
role in thegroundmotionson blind thrustfaults,particularlyalongthelateraledgesf the surfaceprojection
of thefault. This behaior may be easilyincorporatednto prescribedupturesbecausehe behaior is well

defined.Othermorecomplex featureghatmaybedifficult to incorporatanto the prescribedupturesnclude:
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therelationshipbetweerthe maximumslip rateandthe rupturespeedandthe variationof the rupturespeed
with heterogeneouslipsandslip rates.All of thesephenomenomfluencethebehavior of theruptureandthe
groundmotions.Theirinclusioninto prescribeduptureswould leadto morephysicallyrealisticsimulations
of earthquaksandmoreaccuratepredictionsof groundmotions.

We revisit our modifiednearsourcefactordescribedn section7.3.3to demonstraté¢hatit appliesequally
well to thethrustfault simulationswith dynamicfailure. Figure10.75reproducesigure 10.58with the near
sourcefactorfrom the 1997UBC replacedy themodifiednearsourcefactorfor thethreefaultdepths.Asin
theprescribedupturesthe peakmaximumhorizontaldisplacementandvelocitiesfor all threedepthsof the
fault occurnearthe centerof the regionswherethe correspondingnodified nearsourcefactorsattaintheir
maximumvalues. Whenwe apply the 1997 UBC nearsourcefactorto our thrustfault, the peaksgenerally
lie outsidethis region. Thus,the shapeof the modified nearsourcefactor doesa betterjob of matching
the generalpatternof the severity of shakingfor both prescribedrupturesimulationsand dynamicfailure

simulationscomparedo the 1997UBC nearsourcefactor
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Figure 10.75: Maximum magnitudeof the horizontal displacemenvectorsand velocity vectorsalong a
north-southiine runningover the centerof the fault for the threedepthsof the top of the fault. Thethick,
dashedinesindicatea modifiednearsourcegroundmotionfactorfor the threefault depths.

10.3.5 Geoplysical Implications

Usingthe strike-slipandthrustfault simulations we consideow well our earthquaksin the layeredhalf-

spacefit the proportionalitybetweenaveragestressdrop andaverageslip givenby equation(10.13),which
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appliesto homogeneoukalf-spaces.

D
NG = Cy (10.13)

Usingthedatafrom table10.2andtable10.4,figure 10.76shavs thatthe proportionalitycontinuedo provide
a gooddescriptionof the relationship. The blue andred lines indicatethe averageproportionalitybetween
the averagestressdrop andaverageslip for the simulationson the strike-slip fault andthe thrustfault. The
blue andred symbolsidentify the scenarioghatwe usein determiningthe proportionalityconstant.We do
notincludethe scenariosdentifiedby the greensymbols,becauséhey correspondo differentdepthsof the
fault, which we associatavith differentproportionalityconstants!f we usethe shearmodulusfrom a depth
of 6.0km, the blue andredlines correspondo C = 0.45 andC = 1.5 in equation(10.13)for the strike-slip
fault andthe thrustfault. The value of C = 0.45 for the strike-slip fault falls below the value of C = 0.7
from equation(9.1). The differencecorrespondso thetendeny for thelargerslipsto occurneartheground
surfacewherethe shearmodulusand, consequentlythe stressdrop are smaller For blind thrustfaultsno
relationshipshave beenfound relatingthe averagestressdrop to the averageslip asa function of the fault
dimensionsanddepthof the top of the fault. As notedby Parsonset al. (1988),the proportionalityconstant
shouldbelessfor athrustfaultthanfor the samesizedstrike-slipfault, becausef thereductionin therelative
stiffnessabove a thrustfault. Equation(9.1) yields a value of C equalto 1.6 for a deeplyburied strike-slip
fault with the samedimensionsasour thrustfault. Consequentlyour valueof C = 1.5 falls slightly below

thatof the strike-slipfault andis consistentvith the numericalresultsof Parsonsetal.
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thestrike-slipfault (triangle)andthethrustfault (square) Theblueandredlinesindicatethelinearfit created
usingcorrespondindplue andred scenarios.
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Following the proceduredescribedn chapter4, we cancomputethe enegy balancegor eachearthquak
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generatedising dynamicfailure. Restrictingour domainsto only a small fraction of the earthlimits the
termsin the enegy balanceto the changen potentialenegy, theradiatedenegy, andthe changan thermal
enegy (which includesthe fractureenegy). Furthermorewe modelthe long-periodmotion, sothatwe do
not includethe enepy radiatedat shortperiods. In figure 10.77we display a typical enegy balancefor a
strike-slip simulation(scenariaunistrain2)anda thrustfault simulation(scenariaunistrain2).On both faults
thechangen thermalenegy generallyexceedshe (long-period)radiatedenegy by afactorof two to three.
If we maintainthe samedynamicstressdropanddistancefrom failure (fractureenegy) but reducethe shear
stressesluring sliding, the rupturebehavior doesnot change.This leadsto smallerchangesn the thermal
andpotentialenegieswith no changen theradiatedenegy. Becausave candeterminghegenerabehaior
of therupturefrom groundmotions theradiatedenegy is muchmoreseverelyconstrainedy datafrom real
earthquaksthaneitherthechangen potentialenegy or thechangen thermalenegy. Assumingthatmelting
doesnotoccuronthefaultsurfacelimits thelevelsof shearstressesn thefault surfaceduringsliding. Since
the shearstressesluring sliding determinethe changein thermalenegy, we may constrainthe changein

thermalenegy by limiting the changesn temperaturéo valuesthatdo notimply melting.
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Figure10.77:Enegy balancdrom the strike-slipandthrustfault scenarioglenotecdy unistrain2.

With theradiatedenegiesandaverageslipsfrom thedynamicfailuresimulationswe revisit theGutenbeg-
Richterrelationshipbetweenradiatedenegy andmagnitude Figure10.78shavsthedatafrom theprescribed
rupturesscenarioggivenin figure 7.64) andthe datafrom the dynamicfailure scenarios.Nearly all of the
simulationsfollow the Gutenbeg-Richterrelationshipbetweernthe radiatedenegy andthe momentmagni-
tude. Thethrustfaultsimulationwith surfaceruptureandtheslip-wealeningfriction model(theredrectangle
on the bottomright) doesnot fit the relationship becauseahe dynamicinteractionbetweenthe ruptureand
theseismicwavescreates/ery largeslipsnearthesurface.Thelargeslipsleadto alarge momentmagnitude.
The large areawherethe dynamicinteractionoccursbetweenthe ruptureandthe seismicwaves generates

muchlargerslipsrelative to otherearthquakswith the sameradiatedenegy.
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Theradiatedenegiesfrom thestrike-slipsimulationscontinueto beslightly largerthanthosepredictechy
the Gutenbeg-Richterrelationshipwhile theradiatedenegy from the thrustfault simulationscontinueto be
slightly smallerthanthosepredictedoy the Gutenbeg-Richterrelationship. Thescatteof theeventsaboutthe
Gutenbeg-Richterrelationshipappeardo be basedn the fault geometry(strike-slip versusthrust)with the
scatterthatfalls nearthe medianof the momentmagnitudeof the simulationscenteredaboutthe Gutenbeg-

Richterrelationship.This suggestshatthe radiatedenegiesfrom the simulationsare consistenwith those

predictedby the Gutenbeg-Richterrelationshipandlik ely fall within the scatterusedin its derivation.
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Chapter 11 Conclusionsand Futur e Work

11.1 Conclusions

We simulatedthe long-periodnearsourcegroundmotionsfrom earthquaksusingboth prescribeduptures
anddynamicfailure. We modeledthe earthquak sourceby introducingslip degreesof freedomto create
dislocationsin the finite-elementmodel. For prescribedruptureswe specifiedthe displacemenof the slip
degreesof freedomto createslip onthefault. In the simulationswith dynamicfailure,thefriction modelde-
terminedtheforcesactingon theslip degreesof freedom andthe dynamicsof the ruptureprocessontrolled
theslip onthefault. In bothcaseghe useof slip degreesof freedomallowedarbitraryorientationof the fault
plane.

Using prescribeduptureswe examinedthe sensitvity of the nearsourcegroundmotionto variationsin
the materialpropertiesandfive earthquak sourceparametersThe groundmotionsexhibited the strongest
sensitvity to thedepthof theruptureandthe materialproperties.Thegroundmotionsalsoshovedmoderate
to strongsensitvitiesto therupturespeedthe maximumslip rate,andtheaverageslip. Adding heterogeneity
to theslip distribution hadlittle impactonthelong-periodgroundmotions,especiallyin theforwarddirection.
Thus,in orderto accuratelymodelgroundmaotion,in particulargroundmotion for engineeringdesign,we
mustcarefully selectthe valuesfor thoseparametershat causethe mostvariability in the resultingground
motion. In all of the simulationsthedirectiity of therupturecreatedargedisplacemenandvelocity pulses
in the forward direction. Additionally, shallov rupturesgeneratecgurfacewavesthat causedseveral cycles
of large amplitudemotion. Whenwe raisedthe depthof the fault and maintainedthe sameslip distribution
and fault area,the momentmagnitudedecreasedvhile the groundmotionsbecamdarger Consequently
the seismicpoteng, which doesnot dependon the sheamodulus,provided a slightly bettermeasureof the
severity of theshaking.

For strike-slipfaultsandthrustfaultswith surfacerupture,we founda goodmatchbetweerthe severity
of the shakingandthe shapeof the nearsourcefactorfrom the 1997 Uniform Building Code. On the other
hand for blind thrustfaultstheregion subjectedo themostsevereshakingfell up-dipfrom theregionwhere
the nearsourcefactorreachests maximumvalue. We demonstratedhat modifying the nearsourcefactor
for blind thrustfaults,sothatit usesthe up-dip projectionof the fault planeinsteadof the top of the fault,
extendsthe region wherethe nearsourcefactoris at its maximumvalue. As a result, the region with the
maximumnearsourcefactorencompassethe areasubjectedo the strongesshakingfor bothstrike-slipand
thrustfaults.

By includingthefrictional sliding onthefault surfacein our simulationswe improvedour understanding
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of thedynamicsof the ruptureprocess Simulationson a strike-slipfaultanda thrustfault demonstratethat
it is morerealisticto assumehatthe effective normalstresseincreasewith depththanremainuniform. In

orderfor rupturesto generateealistic slip distributions undersuchconditions,the absolutechangein the
coeficient of friction during sliding mustdecreasevith depth. We found that assuminghe coeficient of

friction variedinverselywith depthandproportionallywith eitherthe shearwave speedor the squareroot
of the shearmodulusproducedreasonableuptures. Comparedo the groundmotionsfrom ruptureswith

the slip-wealeningfriction model,the velocitiesfrom ruptureswith eitherthe slip- andrate-wealkningor
sheamelting-refreezindriction modelsdisplayeda moderateéncreaseor the sameaverageslip, although
thegenerabehaior of therupturesdid not change.

The dynamicfailure simulationsillustratedseveralimportantfeaturesof the behavior of rupturesduring
earthquaks. In the directionof slip the rupturesusuallypropagatet speedbetweerb0% and90% of the
shearwave speedwhile in the direction perpendiculato slip the rupturespropagatedipproximately20%
slower. In our prescribeduptureswe useda uniform rupturespeedelative to the sheamwave speed While
this differencehad minimal impacton the groundmotionsfrom strike-slip faults, it tendedto increasethe
amplitudeof the groundmotionsabove thelateralsidesof the buriedthrustfault.

Additionally, the speedof the dynamicrupturechangedasit encounteredheterogeneityn the distance
from failure (fractureenegy) andthe dynamicstressdrop. We foundthatthesechangesn therupturespeed
had a moderateinfluenceon the groundmotions. Locally, the displacementsind velocitiesincreasedand
decreaseth responséo thechangesn theslip andslip rates.Thefluctuationsn therupturespeedisrupted
the reinforcementof the shearwave by the rupture,and generallydecreasedhe amplitudeof the motion
in the forward direction. Consequentlythe groundmotionsfrom the dynamicsfailure simulationsexhib-
ited a strongersensitvity to heterogeneityn the slip thanthe groundmotionsfrom the prescribedrupture
simulations.Incorporatingthesefeaturesnto prescribeduptureswould allow morerealisticsimulationsof
earthquakswithout explicitly modelingthe rupturedynamics.

Despitethesalifferencedetweerthebehaior of the prescribedupturesandthosewith dynamicfailure,
the groundmotionsdisplayedmary of the samefeatures. In both caseshe directwity of the rupturewas
the principle factor governing the amplitudeof the displacementsind velocities. We obsened relatively
minor differencesn the shapeof thewaveformsbetweerthe prescribedupturesimulationsandthe dynamic
failure simulations.As expected whenthe sourceparameterfrom a dynamicruptureresembledhosefrom
aprescribedupture the groundmotionsshavedexcellentagreement.

The radiatedenegiesfrom both the prescribedupturesimulationsandthe dynamicfailure simulations
followed the Gutenbeg-Richterenegy-magnituderelationship. The strike-slip simulationsconsistentlyra-
diatedslightly moreenepgy thanthatpredictedby the Gutenbeg-Richterrelationshipwhile the oppositewas
true for the thrustfault simulations. As in the prescribedrupturesimulations the shapeof the nearsource
factorfrom the 1997 Uniform Building Codefailedto matchthedistribution of the shakingfor the dynamic

failure simulationson a blind thrustfault, becausehe largestmaximumdisplacementsnd velocitiesoc-
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curredup-dipfrom thetop of the fault. The shapeof the modifiednearsourcefactor, which usesthe up-dip
projectionof the fault planein the formulation of the nearsourcefactor, did a betterjob of matchingthe

generapatternof the severity of the shaking.

11.2 FutureWork

We still have muchto learnaboutthe dynamicsof the ruptureprocess.Althoughthe work describedabove
illustratedthequalitative relationshipdetweermary of theseismicsourceparameterssuchasdependencef
therupturespeedon the slip rateandthe dependencef theslip rateon the fractureenegy andthe dynamic
stressdrop, quantifying theserelationshipswould lead to more realistic prescribedrupturesand lesstrial
anderrorin dynamicfailure simulations. We also needto testour assumption®f how the coeficient of
friction varieswith the materialpropertiesanddepthby attemptingto reproducehe rupturedynamicsof real
earthquaks.

Oglesbyet al. (1998)suggestedhatthe groundmotionsabove thrustfaultsare significantlylargerthan
thoseabove normalfaultswith the samegeometry However, Oglesbyet al. useda homogeneoubalf-space
and uniform effective normalstresses With our assumption®f how the coeficient of friction varieswith
the material propertiesand depth,we needto determineif their obsenationshold true for more realistic
distributionsof the materialpropertiesandthe effective normalstresseslf we find systematiovariationsin
the groundmotionsbetweenthe two typesof faults, the building codesmay needto be changedo reflect
thosedifferences.

Additional work is alsonecessaryo improve our understandin@f how rupturesgeneratehe heteroge-
neousslip distributionsthat we obsere in earthquaks. For differentfriction modelsthe degreeof hetero-
geneityin the slip distributionsmay stabilizeat differentlevels with successie simulationsof ruptureson
the samefault. Althoughwe foundthatthefriction modelswith sheare-strengtheningnoreefficiently pro-
duceheterogeneouslip distributions,basedn kinematicinversionsof severalrecentearthquaks,Day etal.
(1998) suggestedhat heterogeneityn the stressdrop alonemay generatehe heterogeneouslip distribu-
tions,i.e., rupturesdo not requireshearre-strengtheningp produceheterogeneousip distributions. Higher
resolutionsimulationswith smallerscaleheterogeneityn the stressdrop may confirmtheir obsenationsor
suggesthlternatve mechanismsinvestigationdn this areawill alsoshedlight on whetherhealingin fault
rupturescomesfrom shearre-strengtheningr healingphaseemittedby the edgesof thefault,i.e., whether
faultstendto follow pulse-like behavior or crack-like behaior.

Modelingthefriction stressesn fault surfaceshasimportantimplicationsto understandingarthquaks.
We can enhancehe applicability of the slip degreesof freedomby making the transformatiorto the slip
degreesof freedomlocal to eachdegreeof freedom.This allows creationof finite-elemenimodelswith non-
planarfault surfacesandarbitrary orientationof any numberof fault surfaces. It thenbecomegossibleto

modelshearandnormalstressesn multiple fault surfaces We canexpandon the studyof ruptureshatprop-
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agatealonganechelonof faultsconductedy HarrisandDay (1999)by usingrealisticfault orientationsand
cunatures.Including existing three-dimensionabpographyand densityvariationswill provide constraints
onthestresdields. Furthermoreit becomesaturalto enforceconsisteng of the stresdield acrosdifferent
faults. Ultimately, this allows modelingof the stressfield over a region, suchas southernCalifornia, and

bridgingthe gapbetweertheinter-seismicandseismicbhehaior.
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