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1 GroundMotion

Nearsourcegroundmotionsare rapid grounddisplacementgassociatedvith the shearwave
which propagateaheadf therupturingfault. Consideringhecapacityof existing bridges ground
displacementsf ahalf ametertakingplaceatrateof ameterpersecondvould beof concernand
nearsourcemotionsfrom evenmoderatecarthquaks may easily reachtheseamplitudes.Larger
earthquaks efficiently produceeven larger ground displacementsseveral metersare certainly
possibleat mary sitesin California. The primary aspectf nearsourceeffectsare summarized
belown; amorecompletedescriptionwith referencess presentedhn [1].

The mechanisnby which nearsourcegroundmotionsaregenerategtemsfrom the fault rup-
ture process.Inversionstudiesof actualearthquakshave indicatedthatslip on thefaultinvolves
only a small portion of the fault at any giventime, within which rapid slip occurs,andthis re-
gion of slipping propagateslongthefault. Sucha processfficiently generateshearwaves;the
propagatingupturecontinuallyreinforcesthe sheamwave traveling just aheadcausingit to build
in amplitude. The sheamwave motionis perpendiculato the fault, andin the caseof a strike-slip
fault, this motionis horizontal. Becausehereis little residualdisplacemenin the directionnor-
mal to a fault, the nearsourcedisplacemenmustcontaina reversingphase.Large displacements
may alsooccurin the fault-paralleldirectionandareassociatedvith the permanenbffseton the
fault. Comparedo thefault-normalmotion, the parallelmotion probablyoccursmoreslowly, and
sincethereis no reversingphase,t will belessdamagingn general. Thesefeaturesalsoapply
to inclined faultsexcept,in thesecasesthe fault-normalmotion hasa large vertical component;
however, asthe nearsourceshearwave approacheshe groundsurface,it travels throughsofter
rockandsoil whereit bendsaroundtowardthe horizontaldueto refraction. Thereversingphaseds
still present.

Directivity is associateavith nearsourcegroundmotion by the very natureof the generating
mechanismOnly sitesin the directiontoward which the fault ruptureis propagatingwill seethe
amplitudebuilding effects. Neverthelesswhile directiity sparessomesignificantportion of the
nearfaultregion, theregion seriouslyaffectedcanstill be considerablégl].

Thenearsourcevaveformdepend®n detailsof therupturehistory Two importantparameters
includethe speedat which the slip takesplaceandthe velocity at which the rupturingzonepropa-
gatesalongthefault. Theformertranslatesnto morerapidgroundmotion,while thelatter, which
is boundedrom above by thelocal sheamwave speedaffectstherateof reinforcemenof theshear
wave traveling aheadof the rupture. As the velocity of rupturepropagatiorapproacheghe shear
wave speedthe amplitudeof the nearsourceshearwave grows rapidly. Fault rupturemay also
beirregularwith starts,stops,andnonuniformspatialdistributionsof slip, all of which affect the
waveformat all periods. Unfortunately thereis not nearlyenoughrecordeddataon nearsource
effects, especiallyfrom large earthquaks. Someevidence,suchasthe Lucernerecordfrom the



1993My 7.2 Landersearthquak [2], suggestdhat a single large displacemenpulsedominates
the nearsourcegroundmotionsfrom large earthquaks.

To partially compensatéor the lack of nearsourcedata,for a numberof yearsseismologists
have beendevelopingtechniqueso numericallysimulateearthquaks([3, 4, 5]). Themoregeneral
procedureemploy very large finite differencegrids or finite elementmesheswith a slip history
prescribedat eachpoint of the fault. Simulationsin which the fault slips by itself [6] arein the
early stagesf research.While theselatestattemptsavoid having to prescribethe slip, they rely
on afriction law, andthis is a subjectaboutwhich thereis muchdebatebut little dataon whatis
appropriate.

Resultsof afinite elementsimulationof a thrustearthquak arenow presentedo demonstrate
someof the fundamentafeaturesof nearsourcegroundmotions. Figure 1 shavs the geometry
of thefault anda portion of thefinite elementmeshof tetrahedraklements.Eachelementin the
figurerepresent$4 smallertetrahedravhich givesatypical nodespacingonthegroundsurfaceof
170m. This spacings requiredto accommodatéhe sheawave speedf 0.7km/secatthe surface
anda frequeng resolutionup to 0.5Hz, while the spacingat the baseis 750m wherethe shear
wave speeds 3.8km/sec A total of 5.1 million degreesof freedomarepresent.
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Figurel: Diagramof domainandfault geometryandanedgeof the coursemesh.
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Thehypocenters markedin Figurel asasmallstar Fromheretherupturefrontis specifiedo
propagateout radially with a velocity of 2.7km/sec,whichis 80% of the local sheawave speed.
As the rupturefront arrives at a point on the fault, slip begins andfollows an exponentialtime
function[1] which ultimately producesan offset of two metersat a rake of 105°. With this time
function, 80% of thetotal slip at a point takesplacein thefirst 1.5sec,andthe peakslip velocity
is 147cm/sec.The uniform spatialdistribution of the slip is a simplificationandis usedherefor
demonstratiopurposesThe momentmagnitudeor this scenaricearthquakis My, 7.0.

Figure 2 and Figure 3 presentcontoursof velocity on a vertical north-southsectionthrough
the centerlineof the fault and on the groundsurface. The building up of the wave aheadof the
ruptureandthedirectvity effectareclearlyevident. Theplot atthegroundsurfaceshavsadouble
velocity peakwhich is the forward andreversemotion of the nearsourceshearwave. The area
sweptout by this wave, thoughlimited to the region southof the fault, is still quite significantin
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Figure2: Velocity magnitudgm/sec)snapshot$or a north-soutrsliceat thefault centerline.

extent.

The groundmotionsfor threesiteslocatedalongthe centerlineof the fault areshavn in Fig-
ure 4. Thelocationwith the maximumvelocity alongthis line is site B located6 km south of
the top edgeof the fault. SitesA andC lie 10km north and southof site B, respectiely. For
site B the maximumhorizontalvelocity of 100cm/secis not surprisingconsideringthat higher
velocitieshave beenobsenedin smallerearthquakssuchasthe My, 6.7 Northridgeevent. How-
ever, themaximumhorizontaldisplacementf 140cm greatlyexceedsary displacemenduringthe
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Figure3: Velocity magnitudeg/m/sec)snapshoten thegroundsurface.

Northridgeevent,andthis demonstratethe ability of biggerearthquaksto producelarge ground
displacementdt is alsopossiblethe uniformslip distribution somevhatexaggerategheamplitude
atsite B, emphasizingheimportanceof understandingnoreaboutthefaultruptureprocessothat
realisticslip historiesmay be specified. Figure 4 shavs that at site A the vertical componenbf
motion,which is associatednostlywith the residualdisplacements significantwith a maximum
velocity of 41cm/secanda maximumdisplacementf 97cm.

In summary groundmotionsgeneratedy the numericalsimulationexhibit the nearsource



effectsof large, rapid displacementanddirectiity. Thereversingfault-normalcomponents po-
tentially themostdamaging Additionally, oneshouldexpecttheamplitudeof thegrounddisplace-
mentto increasesignificantlywith earthquak magnitudesvenfor a seeminglymoderateéncrease
in magnitudefrom My, 6.7to My 7.0.
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Figure4: Displacemenandvelocity time historiesat threesiteson the groundsurface.

Note: Thecomputationgor the simulationdescribedabove werecarriedout using256 proces-
sorsononeof Caltechs parallelcomputersThetotalruntimewas1.7 hours.Currentcapabilityat
Caltechpermitsincreasinghe numberof degreesof freedomby morethananorderof magnitude.
Thework reportedhereis partof a projecton earthquak groundmotionsimulationbeingcarried
outby theauthorsandProf. ThomasHeatonof Caltech.

2 StructuralResponse

As seenn sectionl, thesimulatedhorizontaldisplacemenof thegroundfrom thethrustearth-
guale is dominatedoy asingle,large,rapidpulse.This displacementontainsaforwardphaseand
areversingphaseandanidealizedversionis depictedn Figure5(a). Tp is thedurationof thedis-



placemenpulse;relationsamongpeakaccelerationyelocity anddisplacemenareasshavn. This
motion, which canalsorepresennearsourcemotion in the directionnormalto the fault during
a strike-slip earthquak, is usedherein a study of the nonlinearresponsef a single-dgree-of-
freedomoscillator
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Figure5: (a) Idealizeddisplacemenpulsegroundmotion. (b) Singledegreeof freedomoscillator
andforce-deflectiorcurve for spring.

Theoscillatorshowvn in Figure5(b) hasmassM andabsolutedisplacemenky (t) which is the
sumof the grounddisplacementXg(t), andthe relative displacementX(t). The springstiffness
is trilinear (Figure 5(b)) with a secondarystiffnessaK equalto 15% of the initial stiffnessk.
The ultimate strengthF; exceedstheyield strengthF;4 by 30%. The dashpofprovidesviscous
dampingat 5% of critical exceptthe dashpotorceis cappedat 10% of Fy;. This simplesystem
is intendedmainly asatool for characterizinghe groundmotion; the actualresponsef a bridge
is more complicateddue to P-A effects, structuraldegradation,soil-foundationinteraction,and
multiple degreesof freedom.

Propertiesof the oscillator are chosenbasedon Caltransdesigncriteria [7]: the 0.7g ARS
spectrunfor 10to 80 feetof alluvium,andZ for well-confined ductile,single-columrbents.The
normalizedstrengthF, 4 /Mg is setequalto the ARS valuedivided by Z andis a function of the
periodT; of theoscillator(seeFigure9, Caltranscurwe).

Ductility and strengthdemandsare assessedsing two idealizedground motions basedon
Figure 5(a) and one actual recordedground motion. The two idealized motions are denoted
P75(Tp = 2sec,Dgmax = 75¢m, Agmax = 514cm/se€) and P150(Tp = 4se¢ Dgmax = 150cm,
Acmax = 257cm/se@), andbothhave the sameéVgmax = 129cm/sec P75andP150representairly
severemotions,but areby no meansupperboundson whatis possible.SinceP75andP150lack
high-frequeng content,the free-field recordat the Olive View Hospitalfrom the 1994 My, 6.7
Northridge earthquak (denotedby OVH) is chosenasa reference. This recordis rich in high



frequenciesand containssomenearsourceeffects from a moderateearthquak. OVH haspeak
accelerationyelocity and displacementf 818cm/seé, 131cm/secand31cm, respectiely, and
hasbeenrotatedin the horizontalplaneto maximizethe peak-to-peakelocity.

Ductility demand,showvn in Figure 6, is definedasthe ratio of max|Xr(t)| to Xy4. Two of
the groundmotions,P75and,especially OVH, shav high demandsat low periods,becauseheir
accelerationsirelarge enoughto yield the oscillatorspring,andthe denominatoiXy4 in the duc-
tility demandcalculationgoesto zeroasthe periodT; approachegero. Thisis typical for ground
motionscontaininghigh accelerationdut may not be asseriousasthe plot suggestshecausehe
actualamountof plasticdeformationis small. More seriousarethe large ductility demandsatthe
longer periodswhich are producedby P75in the intermediateperiodrangeandby P150in the
longer periodrange. Theseindicate considerablgotentialfor damage andan oscillatorwhose
periodT; is abouthalf the periodTp of the groundpulseis mostsusceptible.
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Figure6: Ductility demandor Caltransdesignstrengthunderthreegroundmotions.

Figure7 containsthe displacemenhistory of the P75groundmotionandthatof the oscillator
with T; = 0.9secwhich hasthe peakductility demand.The large nonlinearresponsef this os-
cillator canbe explainedasfollows. During the entireforward motion of the ground,the ground
staysaheadf the massandsodoespositive work onit, increasingts kinetic enegy. This kinetic
enepy attainsa maximumat the instantwhenthe masscatchesup to the ground,which from Fig-
ure 7 is alsothe instantwhenthe groundreversesits direction. The situationthenbecomesne
of the massmoving forward asthe groundreversesresultingin a large excursionof the spring
into the nonlinearrange.To experiencethefull effect of the grounddisplacemenpulse,the mass
mustcatchup to thegroundjustwhenthegroundis beginningto reverseits direction. If thespring
remainselastic,this timing would occurfor the oscillatorwhoseperiodT; equalsTp. But yielding
in the springduring the forward motion of the grounddelaysthe progressof the massandsothe
critical timing occursfor a stiffer oscillator;in this casethe onewith aperiodT; = 0.9sec.

Figure 8 shaws ductility demandsecomputedvith the strengthof the springincreasedy a
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Figure7: Displacementime historiesfor the P75pulse: Xg of thegroundandXy of the oscillator
with fundamentaperiodT, = 0.9sec

factorof 1.5,becaus¢heductility demandsn Figure6 aresolarge. Althoughsubstantiateduction
occursin the ductility demandsmuchof it resultsfrom X,iq beinglarger; neverthelessthey are
still quite high.
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Figure8: Ductility demandor 1.5timesthe Caltransdesignstrengthunderthreegroundmotions.

Figure 9 presentshe strengthF;q/Mg necessaryo limit the ductility demandto four. For
referencethe Caltransdesignstrengthis plotted(ARS spectrunandZ givenearlier)aswell asthe
ATC-32[8] designstrength(0.7g ARS spectruntor soil type C andM = 7.25;Z for full ductility
structuresvith well-confinedcolumns).For strengthdemand|ik e ductility demand©OVH controls
in theshortperiodrange P75in theintermediatgeriodrange andP150in thelongerperiodrange.
The ATC-32strengthadequatelyneetshe OVH strengthdemandbput it andthe Caltransstrength
fall considerablybelow the P75andP150strengthdemandst moderateandlongerperiods.
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Figure9: Strengthrequiredto limit ductility demandto four underthreegroundmotions. CAL
andATC areCaltransandATC-32designstrengthsasdiscussedh text.

To investigatahis further, Figure10 presentstrengthdemandenvelopedor suitesof pulsesof
thetype showvn in Figure5(a). TheVemax = 129cm/seccurve is anernvelopeof strengthdemands
for pulseg(includingP75andP150)having this maximumvelocity andcoveringthe entireperiod
rangeTp, exceptat shorterperiodswhereAgmax Wwould exceed0.8g, the groundmotionamplitude
is reducedo this level. TheVgmax = 100cm/secand 70cm/seccurvesare similar ervelopesfor
groundmotion pulseswhoseamplitudesexceedneitherthesemaximumvelocitiesnor Agmax =
0.8g9. The ATC-32strengthmostly meetsthe demandor the Vgmax = 70cm/secgroundmotions,
but falls considerablyelow thatfor thehighervelocity pulsesatmoderateandlongerperiods.The
Caltransstrengthfalls evenfurtherbelow exceptatthelongerperiods.

In summarynearsourcedisplacemenpulsesof thetype considerecherewould imposelarge
ductility demand®n currentlydesignedoridgesover a wide periodrange evenbridgeswith fun-
damentaberiodsbelonv onesecond.The reversingdisplacemenpulsecancausese/eredamage
by propellingthe structureforward andthenreversingdirection. Strengthsequiredto limit duc-
tility demandto four canbe very high and uneconomicalwhich presentsa dilemmafor bridge
designersvho mustalsoconsidethatthe probability of experiencingstrongnearsourceeffectsin
thelifetime of abridgemaybesmall.

References

[1] J.F Hall, T.H. Heaton,M.W. Halling, and D.J. Wald. Nearsourceground motion and its
effectson flexible buildings. Earthquake Spectra, 11(4):569—-605Novemberl995.

[2] W.D. lIwanandX.D. Chen. Importantnearfield groundmotion datafrom the Landersearth-
guale. In Proceedings, 10th European Conference on Earthquake Engineering, 1994.



1-0 T T T T T T T

ATC a: Vv = 129 cm/sec

0.8 Gmax - B
o b: VGmax— 100 cm/seg
] \ c Vv = 70 cm/sec
= 06 Gmax
()] . * T
2 except where Aax= 0-89 controls
IS)
G 0.4 .
a 4

o
[N

0'0 1 1 1 1 1
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0

Period of Oscillator, il'(sec)

Figure10: Envelopesof strengthrequiredto limit the ductility demando four underthreesuites
of groundpulseswith differentpeakvelocities.

[3] K.B. OlsenandR.J.Archuleta. 3-dimensionakimulationof earthquakson the Los-Angeles
fault system.Bull. of the Seism. Soc. of Amer., 86(3):575-5961996.

[4] R.W. Graves. Simulatingseismic-vave propagationn 3D elasticmediausingstaggered-grid
finite-differencesBull. of the Seism. Soc. of Amer., 86(4):1091-1106Aug. 1996.

[5] J. Bielak. The quale project. Technical report, Carngyie Mellon University,
http://lwww.cs.cmu.edu/afs/cs/project/qudgublicivww/quale.himl, 1998.

[6] E.FukuyamaandR. Madariaga.Rupturedynamicsof a planarfaultin a 3D elasticmedium:
Rate-andslip- wealeningfriction. Bull. of the Seism. Soc. of Amer., 88(1):1-17,February
1998.

[7] SeismicdesignreferencesTechnicalreport,CaliforniaDepartmenbdf Transportation1990.

[8] R.V. Nutt. ATC-32: Improvedseismicdesigncriteriafor Californiabridges:Provisionalrec-
ommendationsTechnicalreport,Applied TechnologyCouncil,1996.



