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ABSTRACT

We simulatelong-periodnearsourcegroundmotionsdueto hypotheticakventson
astrike-slipfault(Mw 6.9)andaburiedthrustfault(Mw 7.0). We includethedynamics
of the ruptureprocesausinga modelof sliding friction. The directvity of the rupture
createdarge displacementind velocity pulsesin the groundmotionsin the forward
direction. For the strike-slipfault the peakvaluesoccurnearthetip of the fault, while
for the buried thrustfault the peakvaluesoccurup-dip from the top of the fault. The
acceleratiomesponsepectran the2.0secto 3.0secrangeexceedl.0g nearthestrike-
slip fault in the forward direction, and 0.5g up-dip from the top of the thrustfault.
Theseresultsquantify thethreatposedo long-periodstructureearfaults.

INTRODUCTION

Several recentearthquaks, suchas Northridgeand Kobe, have demonstratedhe
importanceof understandinghe relationshipbetweenhow faults ruptureandthe re-
sulting groundmotions. Thesemoderateearthquaks occurrednearlarge centersof
populationandcausedsubstantiadamage We focuson improving our understanding
of nearsourcegroundmotionsby includingthe dynamicsof the ruptureprocessn the
simulationsthrougha model of sliding friction on the fault surface. Theseruptures
with dynamicfailure producecomplex behaior that is not easily incorporatedinto
prescribeduptureswith specifiedsourceparameter¢Aagaard1999). While we have
examinedmary hypotheticakscenario®n a strike-slipfaultandathrustfault (Aagaard
1999),here,we presenbonly onescenaridor eachfaultin orderto illustrate mary of
thegeneralfeaturegresenin thesimulations.

METHODOLOGY

We solve for the ground motion time historiesusing the three-dimensionalgy-
namic, elasticityequation.Using the finite-elemenimethod(the detailsmay be found
in Rao(1999)or otherfinite-elementexts), we turn the elasticity equationinto a ma-
trix equationand computethe groundmotionsfor periodsgreaterthan 2.0sec. Aa-
gaard(1999) providesa detaileddiscussiorof the methodology The highly variable
nodespacingand minimal storagerequirement®f the tetrahedrafinite-elementwith
four nodesallow efficient modelingof domainswith heterogeneousaterialproperties
(Baoetal. 1998). We numericallyintegratethe matrix differentialequationusingthe
centraldifferenceschemepecauseét requiresminimal computatioreffort andis well-
suitedfor parallelprocessing Simulationsthatinvolve millions of degreesof freedom
requiregigabytesof memoryandbillions of floating point operations.Parallel com-
puting providesa suitableernvironmentfor solving suchproblemsby distributing the
memoryandcomputatioramongmary processors.

We build the fault planeinto the geometryof the finite-elemenimodel. Eachfault
nodehassix translationaldegreesof freedomthat are split suchthat eachside of the
fault hasthe usualthreetranslationaldegreesof freedom. By transformingthe de-
greesof freedomon thefault planeto relative andaveragedegreesof freedomwe gain
control of the friction stresson the fault. We do not needto know the initial stresses



throughouthe domainto modelthe wave propagatioror to simulatethe dynamicfail-
ure on the fault; we only needto know the initial stressesctingon the fault surface.
We generatéhesestressefrom a uniform strainfield.

We choosdo useasimple,ad hocfriction modelthatproducesealisticrupturebe-
havior and captureghe generalfeaturesof more complicatedmodels. The coeficient
of friction in this slip-wealeningfriction modeldecreasenearly over somecharac-
teristicslip distanceD,, asshown in figure 1. We usea characteristiclip distanceof
0.3m. We computethefriction stresdrom the productof the normalstresson thefault
andthe coeficient of friction, wherethe normalstressequalsthe overlburdenpressure.
In orderto createrelatively uniform distributionsof slip with depth,the coeficient of
friction decreaseastheratio of the squareroot of the sheamodulusto thedepth.The
valuesof umaxandumin vary from 0.16and0.023at the groundsurfaceto 0.034and
0.0048at a depthof 15km.
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Figurel: Slip-wealeningfriction model.

RESULTS

We studythe characteristicof the rupturebehaior andthe resultinggroundmo-
tionsonastrike-slipfaultandashallov dippingthrustfaultin alayeredhalf-spaceWe
alsocomputeresponsepectraat selectedocations.

Strike-Slip Fault

The geometryof the strike-slipfault roughly matcheshe combinedfault segments
thatrupturedin the Junel992 Landersevent. We enclosethe 60km long and 15km
wide faultin adomain100km long, 40km wide, and32km deepasshown in figure 2.
Figure 3 shavs the massdensity shearwave speed,and dilatationalwave speedas
a function of depthin the layeredhalf-space. The finite-elementmodel contains6.3
million degreesof freedomand10 million elements.

We derive theinitial sheaitractionsonthefaultsurfacefrom applicationof uniform
shearstrains. We initiate the ruptureusinga circular asperitylocated14km from the
end of the fault (labeledH in figure 2), wherethe shearstressesnside the asperity
exceedthefailure stressedy 2%. Therupturepropagatescrosshe fault ata rupture
speedbetween75% and 90% of the local shearwave speedin the direction of slip.
We attributethevariationin therupturespeedo anincreasen the maximumslip rates
asthe ruptureapproacheshe groundsurfaceand encounters reductionin stiffness.
Figure4 shows the distribution of thefinal slip. The averageslip of 1.9m corresponds
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Figure2: Domaingeometryfor thestrike-slipfault.
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Figure3: Massdensity(p), sheawave speedS), anddilatationalwave speedP) asa
functionof depthin thelayeredhalf-space.

to amomentmagnitudeof 6.9. Theregion wherethefinal slip exceeds3.0m coincides
with thelocationsthataresubjectedo asecondslip eventassociateavith thereflection
of theruptureoff the groundsurface. This appeargo distortthefinal slip from amore
uniform distribution.

The distributions of the maximumhorizontaldisplacementsnd velocitiesin fig-
ure 5 clearly shaw the effect of the directivity of the rupture. Both the maximumdis-
placementandvelocitiesincreasealongthe strike of thefault away from the epicenter
until the end of the fault wherethey begin to decay On the groundsurfacethe maxi-
mum displacementsxceedl.0m over an areaof 1200squarekilometerswith a peak
valueof 3.0m, andthemaximumvelocitiesexceedl.0m/secoveranareaof 550square
kilometerswith a peakvalueof 3.5m/sec.Themaximumdisplacementsxhibit amore
gradualdecayaway from thefault thanthevelocitieswhich displayateardropshape.

We now examineacceleratiomesponsepectraat sitesS1andS2 (seefigure 2 for
locationsof the sites). We rotatethe waveformsinto the directionwith the maximum
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Figure4: Distribution of final slip ateachpointonthestrike-slipfault. Theblackcircle
indicateshe hypocenter
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Figure5: Maximum magnitudesof the horizontaldisplacemenand velocity vectors
at eachpoint on the groundsurface. The white line indicatesthe projectionof the
strike-slipfault ontothe groundsurface,andthe purplecircle identifiesthe epicenter

peakto peakvelocity. Thedirectvity of the rupturecausedarge displacemenandve-
locity pulsesat site S1, while the velocity amplitudesat site S2 are aboutfour times
smaller The acceleratiomesponsespectran figure 6 reflectthis disparity The spec-
trum for site S1 lies between0.6g and0.8g for periodsbetweenl.5secand3.5sec,
while the entire spectrumfor site S2is below 0.2g. Figure 7 shaws the acceleration
responsespectrafor periodsof 2.0sec,3.0se¢ and4.0secalongthe north-southline
alongthe top of the fault andthe east-westine acrossthe northtip of the fault. The
spectraalongthe north-southline increasealongthe strike of the fault away from the
epicenterdueto the directivity effect, andthey decayrapidly at the endsof the fault.
Theresponsespectruntor a periodof 2.0secexceedsl.0g alongthe northernhalf of
thefault with a peakvalueof 1.4g. The spectraalongthe east-westine decayrapidly
with distancerom thefault.
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Figure6: Horizontalacceleratiomesponsepectraat sitesS1andS2for the strike-slip
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Figure 7: Horizontalacceleratiorresponsespectrafor threeperiodsalongthe north-
southline runningalongthe strike-slipfault (left) andalongthe east-westine running
acrosghenorthtip of thefault(right). Thethick linesatthebottomindicatetheposition
of thefault surfaceandthe dotidentifiesthe epicenter

ThrustFault

Thethrustfaultcloselyresembleshe ElysianPark fault underneath.os Angelesas
describedoy Hall etal. (1995). We bury the 28km long and 18km wide fault 8.0km
below the groundsurface. We imposesheartractionson the fault thatdips 23 degrees
to thenorthto generatebliqueslip with arake angleof 105degreesfrom the strike to
thewest.We usethe samedepthvariationof thematerialpropertiesasin thestrike-slip
case.Thefinite-elemenmodelcontainss.1 million degreesof freedomand7.7 million
elements.

Therupturebegins 4.0km up-dip from the bottomof the fault alongthe fault cen-
terline (locationH in figure 8) andpropagatesit approximately88% of thelocal shear
wave speedn thedirectionof slip. Theruptureproducesan earthquak with an aver-
ageslip of 1.6m anda momentmagnitudeof 7.0. The 8.0km depthof the top of the
faultandthe shallov dip causethe maximumhorizontaldisplacementandvelocities
atthesurfaceto occur5.0km up-dip from the top of the faultasshown in figure9. A
dependencef therupturespeedon thedirectionof propagatiorrelative to the slip di-
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Figure8: Domaingeometryfor the buriedthrustfault.

rection(Madariagaet al. 1998;Aagaardl999)causedarge velocitiesabove the lateral
edgesof the fault. On the groundsurfacethe maximumvelocitiesexceed0.5m/sec
over an areaof 830 squarekilometerswith a peakvalueof 1.1m/sec.A large, single
pulsein displacemenandacorrespondindarge,doublepulsein velocity dominatethe
groundmotionsin theforwarddirection. The groundmotionstowardthe north (back-
ward direction) do exceed0.5m/secin someareasdue to the bilateral natureof the
latter portionof therupture.
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Figure9: Maximummagnitudef the horizontalandvertical displacemenvectorsat
eachpoint on the groundsurface. The white line indicatesthe projectionof the thrust
faultontothe groundsurface,andtheyellow circle identifiesthe epicenter

We computethe responsespectraat sites S1 and S2 (seefigure 8 for locations
of the sites)following the sameprocedurethat we usedfor the strike-slip fault. The
horizontalacceleratiomesponsepectrashavn in figure 10 illustratethe severity of the
groundmotion at site S1 comparedo the groundmotionat site S2. The spectrumfor
site S1displaysa broadpeakof 0.45g, while the spectrunfor site S2is relatively flat
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with alevel below 0.17g. Figurelldisplaystheacceleratiomesponseapectrdor three
periodsalonga north-soutHine overthe centerof the faultandalonganeast-westine
above the top of the fault. As in the caseof the strike-slip fault, in the north-south
directionthe spectraclearly showv the effect of directwvity with the largestvaluesin
the forward direction. The responsespectrumfor a periodof 2.0secpeaksat a value
of 0.57g at a location 4.2km up-dip from the top of the fault. Along the east-west
direction,thelargestvaluesoccurabove thetop cornersof the faultdueto the bilateral
natureof the latter portion of the rupture. The slip directionwith a rake angleof 105
degreescausesslightly larger spectralvaluesabove the eastcornercomparedo the
westcorner
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Figure 10: Horizontal acceleratiorresponsespectraat sitesS1 and S2 for the thrust

fault.
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Figure11: Horizontalacceleratiorresponsepectrafor threeperiodsalongthe north-

southline runningover the centerof the thrustfault (left) andalongthe east-westine

running over the top of the fault (right). The thick lines at the bottom indicatethe

positionof thefault surface.

CONCLUSIONS

Dynamic rupture simulationscan producephysically realistic rupturesand long-
period earthquak ground motions. We needto know the initial conditionsand the
friction model,but not the comple relationshipsetweerthe rupturespeedslip rate,
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andfinal slip. On boththe strike-slipfault andthe thrustfault, the maximumdisplace-
mentsand velocitiesclearly shav the effect of the directivity of the rupture. For the
strike-slipfault the positive reinforcemenof the shearwave by the rupturecauseshe
displacementandvelocitiesto increasealongthe fault away from the epicentemntil
the endof the fault wherethey decayrapidly with distance.The shapeof the acceler
ationresponsespectraexhibits similar features.For the buried thrustfault the shallov
dip of thefault causeshe maximumdisplacementandvelocitiesto occurup-dipfrom
the top of the fault. The dependencef the rupturespeedon the direction of propa-
gationrelative to the slip directionleadsto the bilateralbehaior of the latter portion
of therupture. This causesocally large velocitiesabove the lateraledgesof the fault.
Thelargevaluesin theresponsepectraat periodsbetweer2.0secand3.0secsuggest
that the nearsourcegroundmotionsplacelarge demandson structureswith periods
in this range. Becausehe large displacemenandvelocity pulsesassociateavith the
nearsourcegroundmotion occuracrossa broadrangeof scenariofAagaard1999),
we concludethat nearsourcegroundmotion posesa threatto long-periodstructures,
especiallythosewith periodsin therangeof afew seconds.
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