
Pure appl geophys. 161(2004)2183-2198

0033-4553/04/122183-16
DO1 10 1007/s00024-004-2557-7

⑥ Birkhttuser Verlag,Basel,21X14

I Pure and Applied Geophysics

Finitc― element Sirnulation of Seisl■ ic Ground Motion

with a Voxel Mesh

KAZUKI KoKETSUl,IIIROYUKI FuЛ wARA2,and YASUSHI IKECAM13

Иうd′″と,て,v――Accurate sitnulation oF seis,lic ground motion for three― dimcnsionally complex topogra‐

phy and stmctures is one oF the mOst important goals oF strong motion seismology.The nnitc_clement

mcthod(FEM)is wCn suited rOr this kind orsiln.lation,since traction‐ rree conditions are already included

in the fofm■ lation,and thc Courant condition is lcss strict than for the inite‐ dilfcrcn∝ method(FDM).
However,the FEM usualy requires both iarge rncmory and computation tilnc Thcse liinitations can be

overcome by using a mesh consisting of voxels(reCtang■ lar prisms)with iSOtropy built into thc cxphcit

rormulatiOn or the dyna■lic inat五 x equation.Since Opcrators in the voxel FEM arc the combinations of

ordinary FDM operators and additionalterms,the method keeps accuracy orthe same order as FDM and

the terms relax the Courant condition The voxel FEM rcquircs a silndar amount or memOry and only

takes 1 2～ 1.4 tirnes ionger computation dme Thc voxel mesh can be generated considerably faster than

the popular tetrahedral mesh.Both ground lnotions and static disPlaccments due to a point or linc source

can be calculatcd using thc voxel FEM approach Comparisons with the renectivity lncthod and theoretical

SOⅢtiOns demonstratt the successf■ limplemcntation ofthe method,whch is hen applied to mOre complcx

problems

Key words: Finitc― elcmcnt rnethod,seis■ lic ground motion,voxel rnesh

r′,′′。′ιをて,チ′οη

Accuratc silnulation of scisr五 c ground motion for thfec‐ dirncnsionany complcx

topography and structurcs(sCdilncntary basin,fault zonc,subduction zonc,9′ て,。)is

onc of the lnost ilnportant goals of strong 140tiOn scismology.In this ncld,thc anitc―

difFcren∝ method(FDM:θ .=.,OLSEN θ′α′.,1995;GRAVES,1996;FuRUMURA【 ,′ α′.,

1998)has been mOrc popular for many years than thc anite_elemcnt mcthod(FEM:

9.g。 ,BAO ι′と7′.,1998;KoMATITSCH and VILOTTE,1998),though FEヽ ′r has inhcrcnt
advantages over FDM as follows:(1)FEM solutions satisfy thc frcc― surfacc

condition dircctly, sincc thc basic equations of thc FEふ /【 arc dcrivcd using the
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traction― frce condition at thc outcr boundary of a mcdium.(2)The COurant

condition for tilnc intcgration is icss strict than F正 )ヽ江bccausc of additional accuracy

ofthe FEヽ江discrctization.(3)FEWI can handle vcry complctt structurcs with high

accuracy using elements、 vith various shapcs.

As a rcason for thc popularity of FDⅢ f,it can bc thought that FDW【 usually

requircs lnuch lcss computcr 14CmOry and a shortcr computation tilnc han FEⅣ I:,

In addition, the prcttproccss of FEヽ イf, テ.【,., meSh gencration, can be very time―

consuning. For cxample, BAO ?′ α′.(1998)carttCd Out an cxphcit FEW【
sirnulation with 13 41iniOn nodes in the San Fcmando waney requiring 16 GB

memory and 7.2 hours(16,667 stcps)on 256 proccssors of Cray T3D,The mesh

gcncration required 7.7 GB mcmory and spent 13 hours on a正)EC 8400。 ()n the

hand,OLSEN θ′α′.(1995)carriCd Out a FDWI simulation with 23 1■ ilhon nodcs in
the Los Angclcs region using 2 GB mcmory and 23 hours(about 5,000 stcps)On

512 proccssors of nCUBE 2. A Cray T3D with 256 processors is thirty tittlcs

faster than an nCUBE 2 with 512 proccssors(TOP500, 1994), and SO thiS

computation ti14C COrrcsponds to only 2.6 hours for 16,667 steps on a Cray T3正 ),

though thc Los Angclcs mesh includes allnost twicc morc nodes than the San

Fcrnando walley mesh.

In order to ovcrcomc these l■ litations of thc FEヽ 1, wc introduce a mesh

consisting of voxels and dcrivc an cxphcit fo..二 上ulation of the dynanlic matrix

equation assunling isotropic mcdia.`Voxcl'is a tcrln in computer graphics dcrivcd

from an abbrcviation of`volumc pixcl'It is actuany a hexahedron or rcctangular

prism in thrcc dimcnsions(3-D)and itS CrOss scctiOn folttnS a p故 elin two dimcnsions

(2-D).Thc VOXCl mesh can bc gencratcd as casily as in FE)〕 亜 and rcduccs thc

complcxity of thc FEWI formulation as already shown in engineering apphcations

(9.g.,VAN RIETBERGEN gr β′.,1996)。 We 10SC thc ncxibility of element shapc,so that

the third advantagc of IFEW【 is lcssened to somc cxtcnt in this voxel FEW【 approach.

Howevcr,thc voxcl fOrlnulation still achievcs accuracy of a sinilar order to that of

FDW【 kccping thc advantages(1)and(2).

We will prcscnt hcrc a voxel‐ mesh approach tO thc anitc_clcmcnt silnulation of

seisnic wavc propagation and ground motions. Thc cfncicncy oF this approach

、viⅡ bc sho、vn by comparing its rcsults with those by FDW【  or scn五―analytical

methods.

FZ″ Fοr陶夕′α′力η

The displaccmcntク ,and stresscs τザdue to a body forcc/rin an clastic medium/of
density ρ arc govcrncd by thc equation of rnotion

∂τリ

∂χ′
十ノi (1)

駒
７
ρ
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in Cartesian coordinatOs傷 )=】・Ifthe outer boundary S of r is a frec surfacc so that

thc surface traction tt Vanishes(Fig. 1),the weak aoFni Ofthis cquation is givcn by

/耳
ρ
零多
″ 十
/髭 勁
r許″ 三

カ
伊牝    ②

where tt is a trial function and(ア Jプ r々 are elastic moduli ofア .

We introducc a lncsh、 vith nodcs at xた into thc rnedium/and assumc that wc can

fepresent",at thc position l by

駒併)=ΣⅣ峰)オ        0
々

using thc shapc functions PV々 ,If′V々 interpolatcs thc displacement in a nnite element

of/bctween nodes,イ now Stands for thc displacement of thc node atガ .々Wc thcn

adopt Ⅳ々 for thc trial functions"子 f0110Wing thc Galcrkin approach to thc method of
weightcd rcsiduals,so that Equation(2)is diSCrctizcd as

″零探十Fδ =五        ω
whcrc δ is thc displaccmcnt vector consisting ofイ andデ iS thC C鼠弘Ct"C fOrcc vcctor.

Thc mass lnatrixかr and sti∬ ness rnatrix F are given by

″ = Ⅳ
Tρ
ⅣとJ/ κ = 】TD】′ア い)

T.
ι

Figurc l

Displacement′ F and Strcsses τげdue to a body forceノ i in an elastic medium/ordensity p and moduli(ダ lノた′

Surface traction tt actS On the outer boundary S of/(aFter UDIAS,1999〉

/ /

S

ρ

嬌   y
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Thc matrices D,Ⅳ  and】 are buitt from c,ど ,Ⅳ a々nd the der市 at市es of Ⅳた,
rcspcct市ely.In thc casc of an attcnuat市 c mcdillm,a term includingブ δ/加 iS
introduced into thc lnatrix cquation(4)as

ν穿+C写 +rδ =ェ      ⑪
where C is thc damping matrix associatcd、 vith he attenuation.

Substituting the sccond― ordcr central di∬ crenccs for′ 2δ /′r2and backward
dircrcnces for′δ

/ι′′,WC Obtain thc cxplicit FEM fok上 ▲二ulation

″   +C撃 +恥 司   ⑭

whcrc δ′=δ (′)andデr=ノ(ど).
We usc thc lumpcd mass appro逓 mation to″亀whiCh amounts to lumping thc

mass of a nnitc clcmcnt on its vcrticcs as ρ(x)=Σρttδ (・ ―Xり・This rcsults in thc
diagonttlization of МらSO that thc ttnatrよ invcrsion,切F l is not necessary and δ

`+△
′can

bc calculated by only matrix― vcctor muhiphcations in Equation(7). KoMATITSCH

and TROMP (1999)pCrfOnncd cxact diagonalization of thc mass matrix using

irrcgular spacing based on thc Lcgcndrc polynonlials,howcvcr we choose a piecewisc

rcgular spacing giving priority to casy incsh gcncration.Sincc thc nodal coordinates

of thc clcments can bc easily calculatcd, thcy nccd not bc mclnorized for our

picccwisc rcgular spacing.

/οχθr EIgm?ηぬ

In this scction we will explain the structurcs ofthc lnatriccs and how to calculate the

recursivc Equation(7)in the VOXel FEヽ1.For simplicity wc will show only thc dctails of

a2-D plain‐ strain model(P‐ SV InOdel),althOugh,thc cxtcnsion to a 3-D modclis

straightforward cxccpt for the colnplexity associated with thc incrcasc of diincnsion.

Since the Earth is approximatcd wcll with a laycred model,we may dividc thc rncdium

into several domains and assumc a rcgular distribution of voxels in each domain.

If a domain has only a singlc voxcl clcmcnt with an arca of△ χ△z and constant

dcnsity and modun,thcre arc four nodcs and thc clcmcnt displaccmcnt vcctor

?δ
=(″
I,,2,μ3,′4), ″々=(ば ,魅 )。       (8)

The elel■ cnt vcrsion of】 in Equation(5)consiStS Of four 3× 2 submatices as

?】
=(】
1,22)】3,24)          (9)

and D is a 3× 3 matrix.Therefore,the clcmcnt stiffness lnatrix has the form

?F=併町,μ =がイ
ルピデD′ディプz.  oけ
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Figure 2

A targct node and four voxel elements surrounding it

The abovc dcanition guarantccs thc symmctry た"〃 =た'И to η【 If thc domain is

isotropic and the shear sttain is dcancd as 7り =29げ =∂
",/∂
χ′十∂均/∂χん thC

modulus lnatrix D has thc silnple foH■

技

△χ△χ

D=

Wc now adoptthe bi■ incar Lagrangc interpolation functions

(

χ△z一 z
~Δ
χ △z '

λ+2μ   免  0
λ   え+2μ  0
0     0   μ

(11)

Ⅳ4=とん (12)

(13)

)

∬=∵箸 ,

△χ一χ z
Ⅳ
2

九「
3

触 △z

for the shape functions.Thesc D and′ Vmakcthc whole?F sy■ llnctric,andた "'is also

symmctric or skew‐ syml■ctric. All thc elements of ?】 〔 are polynonlials of

(△Z/Δχ)±
1(λ
+2μ )/6,λ /4 and μ/4.We can cxploit these symmctry and simplicity

of ?F for an isotropic ttcdium in ordcr to reduce mcmory requircmcnt and

computation tirnc of the voxcl FEい ツI silnulation.

We next considcr a domain、 vith a r× デ mesh. If thc shape functions Ⅳ
た are

localzed in a single element,thc integral of thc sti∬ ness matrix,【 in Equation(5)can

be partitioncd as

F /
?=(1,1)

Wethcn assume he nodc(′ ,ブ)tO be a targct(Fig.2)。 SinCC this nodc is shared by thc

four voxel elemcnts surrounding it,the corrcsponding elemcnt of the vector rδ  is

given by thc algebra

(【δど).J=。
lJ l)た 41μi lJ l+(11了 1)た42+tJ l)た 31)″丁J二 十 .… …  (14)

When a targct nodc is located on the outcr boundary of thc domainぅ somc of the

surrounding elcmcnts and nodcs arc xnissing,In such a case,た
廟″
of a lnissing clcment

and ff々 of a Hissing nodc will bc sct to be zcro.

y)

Σ
?】TD¢】′θ/
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Sirnilarly,the dcanition in Equation(5)and thC Shapc functions in Equation(12)

yield thc clcment matr故 of lumpcd mass?几π=ρΔぇ,△z/4・ L whcre r is an 8× 8
idcntity 14atriX,and so the elemcnts of″ δどarc silnply calculatcd by

(閲どメ
y=ρ角協 町.      o動

Iヽost of the clcmcnts Ofノ :are cqual to zcro,but those at the nodes,to which body
forccs are applicd, havc non‐ zcro valucs, Wc introducc thc Raylcigh damping

approximation?C=α¢″ +β
?/to he mcdium attenuadon(sCC 

θ.g.CLOUGH and
PENZIEN,1975).The parts of Cδ r proportiOnal to Fδ r and Mδ′can bc calculated by

rdingly,thc substitution of Equation(15)

c rccursive proccdurc

(XおDげ―島(C(δど―δど_μ)/Jl,(16)
wherc(【 δど)'」 Will bc given by Equadon(14).Wc will Calculatc(C(δ ど一 δ′_△ど))】

J frOm

Equations(14)and(15)rcplaCing】 ,|」 with″
:ザ ー″:1△ど。

If we can assume constant density and moduh as wcll as regular spacing in a

domain,thc clcmcnt rnatriccs arc common for all thc anitc clcments of thc domain

and so we nccd l■ cmorizc only rcpresentativc matriccs.This domain modchng wiⅡ

signincantly rcducc the inemory rcquiremcnt of the voxcl】 FEⅢ【.

ノ4て ,て,ク′てVて,ノ

We havc shown in thc prcceding sccions that thc《 3alcrkin FEM discrctization of

thc、veak fo■ェニ▲ofthe govcrning equation(1)with a voxcllncsh results in the recursivc

procedurc of Equation(16).HoweVCr,this cquation looks too comphcatcd and it is

dimcult to compare by sightits accuracy in space with that of FDWI.Thus wc extract

∂崎/微 and∂tιz/∂χ
「
Om∂τげ/aヶ in Equation(1)and discrctize it for thc comparison

胡th thc second― ordcr di∬ercncc in space.Sincc the results for∂ 牲/∂χand a修 /∂χ will
be idcntical,wc rcprcsent tt or tt just withク in this section.

The wcak form of∂
"/置
and he lncar shape functions(12)yicld

銑=σ町,デ舶=ががW署歳乞   。つ
where?毛 is he part of?F related to∂

"/∂
χ.AFtcr similar algcbra to Equations(10)

and(14)we obtain

(ちδど)げ =一篭ク
:1」 1+筈

"‖

lJ l―

γか
lJ

+等
"‖

[了 _缶 ″卜1)I十
篭
ク
‖ lJ十 1 (18)
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Thc intcgration in Equation(17)implies that∂ 夕/微 iS avcragcd over a singlc element,

and so∂′
/ゼ
光 iS appro対mated with(み δど)り d市idCd by the clcmcnt arca A形 △z.This

approxilnation and thc arrangemcnt of the tcl二 二■s in Equation(18)lead tO

警モ,・先ばけ一クトη
夕
'十

1J+l十

"F+lJ-l   
ιι
ユーlJ+I_.夕 f~Iザー 1

十卜現与( )I
(19)

2 2

Thc first tcrm of the abovc cquation is idcntical to the sccond‐ ordcr(thrcc_point)

di∬erence opcratof of∂ 夕/∂χ uSed in FDM.夕
f十 1J and″ I」 in this term arc thc

displaccmcnts at the two nodcs neighboring the target(ど ,ブ)a10ng thC horizontal

axis. Four displaccmcnts"'+lJ+1,夕 '+1」
-1, trf~lJttl and"f~lJ~l arc also givcn at the

nodcs distributed along thc t、vo neighboring axes. In thc sccond tcral, the mcan

of夕
'キ

lブ+l and′ ftt l」 ~l approxilnates夕
'キ

lJ,and a sixnilar incan approxllnates tど
'~1.

Thcsc mcans also fofm a sccond― order diFfcrence operator.Accordingly,the FEヽ ′I

operator of∂夕/∂χ COnsists of thc second― ordcr FDlM opcrator and its approx‐
ilnation calculatcd from thc displacements at the nodcs surfounding thc target.

They arc avcragcd with a half wcight to thc lattcr, and thc accuracy of thc FEヽ 1

operator is supplcmcnted by additional accuracy fronl thc lattcr. This additional

accuracy 、vill rclax thc condition of △r for numcrical stability as shown in the

scction`2‐ D vcrification。 '

Wc now evatuatc thctruncation errorin the FEふ /1 opcrator using Taylor expansion.

Thc crror of he second‐ ordcr FDM opcratoris O((△ 形)2)(9.σ・,KREYSZIG,1999).Thc
crror ofthe sccond tcFm in Equation(19)iS estimatcd to be O((△ χ)2,(鮭)2)frOm the

Taylor expansions ofク f十ウ+1=夕 lχ +△た,Z十 △Z), "f+lJ l =夕 l死 +△た,Z一 △つ,
夕'-lJ+1="(χ ―塾

y,z十 △Z)and 夕.lJ~1=夕 (χ ―△死,z一 △z)・ ThCrcfore, thc FEW【
opcrator involvcs thc truncation error of the samc ordcr as the sccond― order F正 )ふ江

opcrator,ifwe keep Δtt and△z on the samc order.This irnphcs that thc IFEヽ l opcrator

may causc numerical dispcrsion in a silnilar way to the FDヽI operator.

In thc traditional FI]A/1 approach, tetrahedra arc used to model a vcry

complcx structure as schcmaticany sh。 、vn in Figurc 3a(g.g., BAO ?′ α′., 1998).

KoMATITSCH and VILOTTE(1998)adopted a mesh in curvilincar coordinatcs to

modcl vcry complcx undcrground structure and surfacc topography utilizing thcir

laycrcd features. Howcvcr, only voxcls are allowcd in our voxcl FEⅢ 生, so that

discrctization crrors of thc samc ordcr as FI)Wr may be introduced. 
′
「 o avoid

these problcms we havc to usc a rincr submesh for any complcx part of thc

modcl. The submcsh intcrval should be smallcr than in the tctrahedron mcsh as

shown in Figure 3b.

Wc have built thc cquation of motion in thc wcak form (2)ilnpOSing thc traction‐

free condition on the outcr boundary of the medium. Thcrcfore thc frce‐ surfacc

condition at thc upper part ofthc boundary is automaticaly satislied,cvcn though it
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(a)tetrahedron FEM

(b)VoXei FEM

(C)mOdei

Figure 3

(a)TCtrahedron and(b)VOXCl meshes for the undergrOund structure in(C).

has arbitrary shape, This is one of thc grcatest advantagcs of FEヽ I ovcr F正 )ヽ江.

Howcvcr,the sidc and lower parts of thc boundary xnay cause artincial rcnections if

wc do not apply a suitablc boundary condition in addition to the traction― frcc

condition. Wc introduce hcre thc visc6us boundary condition of LYSMER and

KuHLMEYER(1975)to avOid this dimculty.A burfcr zonc Of 10～ 20 clcments in

width is also deFined attacendy to thc sidc and lowcr parts, and wc assign largc

damping modun therc to furthcr attenuatc artificiat reaections.

2-Dソ 9r万o,ガο刀

For numcrical examplcs of the voxel FEI11,wc first computc scismograms from an

cxplosivclinc sourcc buncdin a2‐D fullspa∝ of/P=6.Okm/S,殆 =3.0拍阻/S,ρ =2.5珀m/s
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and 2ρ =40.To simulatc thc rullspacc thc buffer zonc is also deancd along the uppcr

boundary ofa halfspaccin addition to the sidc and lower boundaries.Thc right pancl of

Figurc 4 shows the displaccmcnts of nodcs at the samc lcvcl as thc source. Thcy

favorably comparc with the seismograms computcd by FE)～ I and sen五 ‐analytical

solutions by the discrete wavcnulnber(Dヽ V)rlCthOd(TAKENAKA,1990)in the middlc

and left pancis.

We call and slight dirferences in the tails of thc P― wave pulses when we

careFuHy inspcct thc scismograms at distances Furthcr than 30 km.「 Γhey arise

from the diffcrcncc in the ilnplcmcntation of mcdiurn attenuation. Whttc the

frequency‐indcpcndcnt o model iS built in thc DW method,it is approximated

with thc damping matrix proportional to thc mass matrix. Thc approxixnation,

which is cquivalcnt to the constant damping cocmcicnt in thc cquation of rnotion

for FDW【 , rcsults in the slight distortion of thc remotc FEヽ l and FDⅢ生

seismograms, We can incorporatc a morc accurate attenuation modcl(【 P.g.,

CARCIONE 9′ α′., 1988),but thiS WiⅢ  signincandy increasc mcmory rcquircment

and computation tilnc.

It takcs 54 s for the voxcl FEW【 on a 2.O CIHz Pcntiuni to complete thc 1000‐

stcp timc history in a 512× 256 mesh using 3.8 WIB mcmory, whilc FDヽ l of

FuRUMURA and TAKENAKA(1995)spcndS 46 s computational tilnc for thc same

15

DW FDM FEM

Figure 4

Compaison or scismOgram sections simulatcd by the discretc wavenumber metthod(left),FDM(middle)

and FEM (right).

ｎ
】
ｍ
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conliguration using 3.7 MB mcmory.In othcr words,the voxel FEWf runs 850/O as

fast as FDⅢ生using a silnilar amount of computcr lnemory to that of FDW【 .This

memory requirement is for a casc of thc domain modeling mentioned in thc

scction `Voxcl clcmcnts。 '「Fhc FI]ふ江 code includes tcn rcscrvcd domains, t、 vo of

which were used for the medium and burer zonc. If we do not use the domain

modcling, wc havc to alocatc fivc tilncs larger memory.

A tilnc step△′longer than O.10 s leads to numcrical instability in the recursive

procedure(16)for thC abOvc cxamplc.Using thc Courant condition

飾 <じ
甲     硼

for the P‐wave propagatiOn,wc intcrprct△ チ<(0,10 s asthe Courant number c==0.80.

On thc othcr hand,The FDヽ l calculation becomcs unstablc for△ ′,>0.056,and so c of

FDM isO,45.Thcrefore,the additiomal accuracy ofEquation(19)rclaXCS thc Courant

condition amowing a tixnc stcp l.8 tilncs longcr than in FDWI.

'―

Dソgr万じα′わ乃

Wc also calculatc ground motions frona a point sourcc in a 3-】D half spacc

(み =4.O km/S,殆 =2.3 km,s,ρ =1,8g/cm3)。 f GRAVES(1996)using thC Woxcl
FEM. Thcy arc comparcd with results of the reaectivity mcthod(KoHKETSU,

1985)for vCrincation. As shown in Figure 5, the voxcl FEW【  achicvcs good

agrccmcnt for thrcc kinds of scisI工 c point source at a dcpth of 2.5 knl in thc

Stnke Snp 45deg Dip S"p Dip Shp

Tangenti31

Radial

Vertical 

―

  _卜

renectwity FEM reRectivtty FEM 「ettectivity FEM

Figurc 5

Cround lnotions due to a point source in the halfspace of GRAVES(1996)(leFt:renectivity lnethod,right:

FEM)

北
椰
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halaspace with a cosine tirne function i s long. It takes l.4 hour for thc voxel

FEW【  to complete the 20 s(800 stcps; 0.025 s intcrval)tirle history of a

30× 30× 10 km medium(4,608,000 clcmcnt粥  125 m intcrval)On a l.7 GHz
Pcntium,while FDWI of FuRUMURA θ′α′.(2000)spCnds l.O hour for thc same

conaguration, Thc voxel FEヽI requircs a silnilar anount of memory to that of

FI)WI. Thc next verincation is carricd out for a strike shp sourcc at a dcpth of

l.6 km in a horizontany layered structurc. This thrcc-laycr modcl was also

proposcd by GRAVES(1996).Thc FEM codc occupies 675 MB memory for
12,800,000 elemcnts, and again achicves good agrccment as sho、 vn in Figurc 6.

As lncntioncd carhcr,the grcatcst advantagc of FEヽ C is that the traction‐ frec

condition has alrcady been cast in the follllulation.No spccial trcatl■ ent is nceded

for a Free surfacc with arbitrary shape.In ordcr to conarnl this advantagc,anothcr

tcst of GRAVES(1996)is carried out in the halfspacc.Thc dashcd FK seismogramsin

Figurc 7 should bc correct.Although thc F正 )ヽ江rcsults somcwhat fail to agrce with

thcnl,the results by the voxcl FEWr achicvc good agreemcnt.

To describc how to deal with a picccwisc rcgular mcsh, we again adopt thc

abovc threc‐ laycr model and compute tangcntial seismograms. A Iinc submesh

with intcrvals of 37.5 m is introduccd into the shanow part of thc model. Coarsc

spacing of 75■l is applied to thc other part of thc pieccwisc rcgular mcsh as in

thc regular 14CSh.The computation in cach submesh is carried out indcpendcndy,

and hen displaccments and vclocitics on both sides of a submesh boundary arc

avcragcd、vith wcights of lumpcd masscs at co■ lmon nodcs as shown in the right

diagraln of Figurc 8.「 Fhese avcrages 、vill bc uscd at thc nodcs in thc ncxt tiinc

stcp。「Fhc seismogram in the rcgular rnesh fairly agrces with that by thc rcncctivity

mcthod,and the agrccmcnt is improved in thc picccwise regular lncsh as shown in

thc lcft and n五 ddle pancls,since thc ane submcsh nlinirnizcs numcrical dispcrsion

in thc low―vctocity portion of thc modcl.

Tangential

Radial

Ve耐 cal

re■ ectⅣ lty FEM

Figure 6

Ground motions duc to a point source in he layercd structure of GRAVES(1996)(leFti rcnectivity method,

五ght FEM)
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Companson Or seismograms calculated with the FK technique,the FDM using the modincd vacuum

formulations(artcr GRAVES,1996),and thC VOxel FEM
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――FEM
……renecl"w

75m

regulaF SpaCing(75m) piemse regular spacing(75 and 37 5m)

Figurc 8

Comparison oFscismograms calculatcd with regular and Picccwisc regular spacings We also compare them

to the seismogram by the reAectivity method_The right diagram schematically shows how to dcal with thc

speciai nodcs along thc common sidc bct、 vccn inc and coarsc submcshcs

Sιιr,P,ル /ηθη′αlノ Eχα陶′タル∫

In ordcr to dcmonstratc thc uscfuincss of thc voxcl FI]ヽ /1, 、vc shOW SOme
nurlcrical cxamplcs in this section. FuRUMURA and KoKETSU(1998)perfOr】 med
F正)ふ江sirnulations in thrce typical geological settings,which are an cxposcd bcdrock,

aat scdilncnts and a scdilncntary basin sho、 vn in Figurc 9. Thcir rcsultant pcak

ground velocity distributions are prescnted in the three panels on the left― hand side.

vertical

radial
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(a)BedrOck (b)Sediment (C,SaSin (d〕 BaSintMounlain

】

Figure 9

Pcak ground velocity distributions due to a 10 by 5 km strikc shp Fault(ν 6)at a depth of2 km buried in

(a)an exposed bedrock,(b)aat sedilnents,(c)a Sedilnentary basin and (d)a basin ■eighboring the

mountain rangc

10

mm

Figurc 10

Distribution of vcrtical static displacements duc to a strike slip in the halr spacc(upper OKADA'S(1985)

solution,lowcr:FEM)

The basin modclis constructcd bascd on the gcology around thc area damagcd by

the 1995 Kobc earthquakc〕 howevcr the surfacc topography in a mountain range

neighboring thc sedilnentary basin is ncglected bccausc of thc lilnitations of FDヽ 1.

Since FEWI rcquircs no spccial treatmcnt for including thc topography,、 ve construct
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thc fourth modcl on thc right hand side.Thc rcsult ofthc voxcl FEヽ I silnulation for

thc fourth rnodcl shows that the rnountains look confining thc lnotion ofthe basin,so

that the ground motion closc to the boundary bct、 vccn thc basin and mountains is

attcnuatcd.

WALD and GRAVES(2001)demOnstratcd that FDM could calculate even static

displaccmcnts if the computation continues for a sumciently long imc. This

dcmonstration is conar14Cd uSing the voxel FEⅢ f in thc samc halaspacc as in the

prcvious scction.I「 igure 10 favorably coinparcs thc vertical static displacemcnts by

thc voxel FEⅢ I with thc theoretical solutions by OKADA(1985).

(デοηch防∫ιοtts,ヵ′D西じ例u∫ιοη

Thc]FEいッr has bccn rcformulated for seisl■ ic ground motion silnulation using a

voxcl mcsh and its accuracy is asscsscd with a discrctc rcprcscntation of the

spatial dcttvative∂ ク/∂χ・Thc voxcl FEWf operator involvcs a truncation crror of

thc samc ordcr as the second― ordcr FE)WI operator,but the additional accuracy of

FEⅢf rclaxcs the Courant condition for the length of a tixnc stcpo Whilc

convcntional】 FEヽls requirc both largc mcmory and computation tilnc, thc voxcl

FEW【 requires a silnilar amount of lnemory to thc FDWr and only takes l.2～ 1.4

tinlcs longcr computation tilnc.Thc lncsh gcncration for the voxcl FEヽ l is as casy

and fast as in thc FI)ヽ 1. Wc calculate ground motions and static displacements

due to point or line sources in a halaspacc or three‐ layer structurc. Comparisons

with results of thc rcacctivity method and thcorctical solutions show good

agrccment achicvcd with thc voxel FEW【 . Wc also dclnonstratc thc inherent

advantage of the voxcl FEWI at a free surface and its apphcability to complcx 3-】 D
topography and structurcs.

Thc voxel FEW【 mcthod uscs thc linear Lagrangc intcrpolants.In thc spcctral

clcmcnt rlcthod(g.ξ .,KoMATITSCH and VILOTTE,1998;KoMATITSCH and TROMP,
1999)highcr‐order interpolants arc uscd to allow coarse sampling by thc mcdium

elements, and still avoid numerical dispcrsion.「 Fhis approach has been vcry
successfully uscd for large‐ scale propagation problcms both giobaHy(CHALJUB and

VILOTTE, 1998)and in a substantial portion of southcrn Cahfornia(KoMATITSCH

"α
′。,2002)。 HoweVCr,for thc class ofshallow structure which nccd to bc rcprcscnted

for studies of scisl■ ic ground rnotion,thc variations in mediu■ l propcrtics can bc so

fast that small cclls are essential.Frcqucntly thc sampling、 vill need to bc so anc that

it would be very dimcult to adOpt the meshes employcd in thc spcctfal clcment

mcthod,Thc silnple voxcl FEヽ I approach can be used with scvcral scalcs of cclls to

providc an cffccive scheme for silnulating scisnlic ground modon evcn with rapid

variations in a ncar‐ surface structurc.
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