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SIMULATION OF EARTHQUAKE MOTION
AND ITS APPLICATION

By Kenzo TOKI

Synopsis

This study concerns the response of a structure with single degree of freedom to
earthquakes which are represented as nonstationary random process. The earthquake
motion is assumed to be a product of nonstationary deterministic function and stationary
random process of which spectral density is arbitrary. By use of this representation
the artificial earthquabes are generated on digital computer.

The respors: of structure is treated as the problem of the threshold crossing and
then the expected number of the excess of responses over a certain level is calculated.
The consideration is carried out on the effect of spectral characterisrics of earthquakes

by the presented response spectrum which contains a probabilistic quantity as a parameter.
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HEBES, &b EGRESRCH L CIERSHEOFEENR L2 20b, ROGECRETA
DHBEUHOHENAE L, TOBRCEEHECR 3 ATMBEML, FECEOhICHIRRIRC L5
ETHB LV I RNMTIebR D, LLANS, bhbhsfik s MRRHIERCRETHTHS 5 HR
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—f, EEESHECHLTUL, FOHTHBBENE A2 P ABELILT — ) =FROMNE LT,
gn,0:1) DAY FABEY Se(o) LTHIERAIMEDRD,
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F@ e )=vEgm, @ ; D =P)cos(@t+) v (5)
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Wi, K (5) TROIIIFEFHERBE f(,0:0) ORGHEY Krr(r,m) ETHTRATERS
hs,
Krr(rym)=E{f(n,0 ;1) —pp@OH (0 3 72) —ap(r2)}] covereeremnne (6)
i, ’
pr(@)=ELf(n,¢ ;)]
LaBiE, & (5) m6lbakidE, f(e:7) OEEEEHIOTHEN1E, LRt
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Krr (r1,72) =';“P(T1)‘I’(T2) S:Rg(q) o8 N(Ty—Te)dn oeereeririiiid Cevenesinas &D)
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a2 (1) =é1‘,'(t)2 .......................................................................................... (8)

Eih, BEBRE V@) DA TELIND,

El, K (5) THHINLFECHERERD A7 F VB, EEREREE 90,051 OThElL
LURAR DD, ZOBEBEOANI P AFEOHEIBC B ENTEL, LhLihb, EEHER
BE @O BNE07 -V =FH F(o) 25, %D generalized spectral density @z r(w;, w2)
KA TEL bR D,

O (o1, w2) = ELF (01) F*(03)]1 — ELF (@) 1ELEF*(wg)] +-rererreermremremessenmreneninns (9)
7L, F*(o) (X F(o) ® complex conjugate TH5b, ¥, K (5) ik T, HEEBK v 7
— V=4 V() XETH DL THE FERHRER f(ne:t) 07—V =%H Flo) BEHIK
RNTHEz2 bR B,

F(o)= ; {exp(i@) ¥ (w—1) +exp(—i@)Y(@+7)} rerrererorrremmereeiinee e 10)
LB, ERmBEIC ‘
E[F ()] =ELF*(@)]=0 ++orereeertertrrcinriiieieenttenennnns st an

F(oDF*(w2) = %{exp (120D (01— P* (w2 —~1) +exp(—12¢) ¥ (o1 + 1) V¥ (w2 +7)

Yo =mDV*(wp+ 1) +¥ (o1 + D) ¥* (w2 —m}
THoH00, R f(,e:t) O generalized spectral density Orr(wi, w) TEARTEZ OGRS,

Prr(oy, w)= %S:{J(ml —DP*(wp+7) + ¥ {01+ 1) ¥* (w2 —n)} po(m)dn -veeerereeen a2

UED X5, MBEEMLERRRAE L BERKL OB TRRTICELT, EFRERERL LT
(2) OFBEANDILICLY, REFHTLDERSAHHBBEE, A~7 P VEER L, FERE
PRETHHERB B XOED7 ) ~=FRPOLTEERLT I LN TE, JHIHBEBORETHHE,
ANy AR EO— BRI BB LR BERCTAI LD TE S,

23 8 fE B & 8

HEBH v 3 JUHREL f ORKREE p(f) HRAT FAORZBFCOVTEFHEHC LS

HWRBMORERTIo1,
()= Qw@ .................................................................................... (13)
CRPPETHI e
@® i 14

1220, tp X () MECKICI B ¢ Offf, U(#) i unit step function, fp i3 p(7) WEKIZ/cD
LEDRERf DETH D, chbHOBEFRY Fig. 1 KBRLT

K (5) TELINBEKYETHEBATREZR LD, ARHD cos(ri+o) K (1) DL
cEEYD, Thick (13) OEERH v(@) 2T U THIEBETE Lic. 3, X (1) THHLIhIEF
HRBE ov() 2EFHEEN CHABMCREIEIHEL L TRE Y 7 AL EOFEY AV, T
bbb, (0, 1] T—HERBEUEKYHERATREIRLE, Thy () SR TR TED
NBEB fx &, (0,27] TG R THRLUILEL2S, BEHK v 5 IOMHEA on ZRDI,
B GBS 20 8 HOBE 52T, FOBOFIRE 8 Hiv L THLWER L T8 HEY A
Wi, ZOX3RLTELhACEEY, b X TEKLILL T Fig. 2 K/RLic, Fdizi\ T t*=
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Fig. 2 Examples of artificial earthquakes generated on digital computer.

t/tp, fo*=Ffily THhH. Tiobb, fo*=4, 10 ZFhFh, gv() DRARZ P ADE—-27RETS
BHL v BERCIBHEEE DM, WOBETHS, WThOBEES fv(n e ) ORKEX
IS 2RV EXRLTWAD, Zhid gr(t) OEERE oo 28 1y 2 THBEMD gv(E) DEAME, L
7203 C fa(n, 0 ;) ORREORMOHEEEL 300 BETHD I LERL TN B,
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3. IFERRBABANCHNIT IMEMOLE

31 BB AHEROBE
BE 1 BREORER THMRTE 5 L 5 & ATINEE f(#) Wi HIEEER 2(8) 1%, FRalt=
0 FTRIEL Thcb o Thud, BMERISERK 4G AV TRADZL(kEbIN S,

"(t)=sz BUE—T) () dreeeesersesermsmninteismniiins sttt (15)
L,
S Y — a6

wa=woy/1 —¢2, wel=k/m, E=c/2mwy
THY, mkc XThZHER, FREH BERETHS,

A (15) BT HATMEE @) »ERAECHIE, TOINE () IR BERBRLELY, 20
HERPEBEIIIAE L OB X » TEERERTHZ ENTED, W E, ATIGEE () &L T, &0
R (5) TELINHEEEHERBR f(n,0: 1) ¥AVINE, (e t) ZFVABRTHY, TOH
HEZOTH DD, E 2@ AL »Y ABRTHD,

ELZ(E)T =0 coreeeerioimmmmiiiiiiiiie s an
PRI, B o T DBEIIEE 2(f) Ok Kxx(t, ) HKRKXD X 5125,
Kxx(t,t)=E[{XE@DHX{D1]

- E[S" BCti=r) ¥ (r)cos(mi+ o) h(tz—Tz)‘P(Tz)COS(ﬂTz+¢)d72]
0 [}
- S; ' S: ED¥(r) ¥ (rodeos(rm+ p)cos(rry+ ) Th(Ei— )bt —ro)dridrs

= S:‘ S;’ Krr(ry, m)h(ti—m)h(a— o) dridry -eeveeeserssreeencsnnienns as)

22T, Krr(rym) AT fOne ) ORXBHTHY, THIIR (7)) THELLhBHE, FRCRA
T3 ERANMESLNR B,

Kxx(tyt)= S:S:‘ S:’ P CrdhCti— 1)kt —75) o (m)C0s 7(rs— 1) drsdradn
b/ .

To(r, )= So h(t —r)¥(r)cos 7rdr

Is(n, )= S: h(t—r) ¥ (x)sin 7rd
TEHINDE Io(n, 1), Is(n,t) B3 L, R (19 BHERKALKS,

Kxx(ty, 1) =%S:pg(ﬂ) (ToCm, 80T o(n, 85) + Is(n, 8D Is(7, £2)}dn +wvrveeeerersercrernne @

E3 Vﬁgﬁg J'C(t): Fﬁgﬁﬂiﬁﬁ x(t) O#ﬁ%&) KXX(t;,tz), KXX(tlytZ) BIW KxX(th 1‘2), Kxz
Q@ t) &%

az
Kxz(ty, t2) =§la—t2Kxx (1, 82)

o2

Kix(y, t) _8t1612

KXX(tl,tz)

2
Kxx(ty, t)= a_tszx (s, t2)

2
Kxx(ti, t2) =a—t2Kxx(tx, t2)
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CIDEtEEh, RERBD 2EEHA L, FOBRCKWT h=h=t :THILRIVKRDL LK
60

o2 @) =3 | et UeCr, 1)+ I(a, D}
o2 () =3 " poCD) ot (n, 1) + 152G, D}
o2 (D)= %S:p"(”) {I"aa(,,, ) +j:sz(,7, DYdn ] e 22

coa2pes(t) = LS“"pg(,}) {oCn, DIo(n,t) +1s(n,HIs(n,t)}dn

mwu(t}——s baCm)UoCry )L oCr, ) + FsCn, )1 sCn, D}

2L, 18, o0 drheh I(,t) O tcilT5 18, 2ROMEKTH 5,

X (20) WEHEEND 1IIERERTH D, To(n ), Is(n,t) T L UIEHE LTORh TV TE
Bh, FEREREEL L TOROEEY, v(Dcosnt /it bBEANDIERBO TR 5 ROBIEE
DORBCERL TE 2D ENTELI LY, ThiX To(n, £), Is(y, £) I ExRDBZ ETFET
%,

HEEBE v(@) LT, R (13) OBEEAWBE, Io(m; 1), Is(m;t) XX UTOX3FEbEAh
%,

Io(n; ) =at2[Jo(r* : t¥) + Jo(—7* : )] )

Is(n : ) =at2[Js(n* ; t*)— Js(n* : *)]

fo(n : ) =at l—to*Io(n ; £)+aa*{Js(a* ; s%) + Js(—2* ; )}]

Ls(n: D =atsl—tw*Is(n; D—oelJolr* s 1) =Jo(—n* 3t} | @
Io(n; D) =al—w*to(n ; £) —2 Lwg*lo(n ; £)+t*el—t*cos 9*H¥]

Is(r; )y =al—w*tIs(n 5 £)—2 Lag*ls(n 3 £) +1*el—t*sin n*1*]

r
re
o

e—Loo*t* [ prel—tr
Jo(@* ;)= C 2 [ Vat gl sin(p*t* —7) + 2+ﬂ2 Sln(r;* t*—8)
+ ’iﬁz sin(wg*t*+3)]
g s g =M[t*e1—t* * Sk _
Js(7* 5 t%) Zag* 1/0‘2_i_132cos(17 *—7) 2+/32 cos(ﬂ t*—3)

1
+= Py cos(wa*t*+8)]

a=fw*—1, B=wd*+7¥, 7T=tan"Y(B/a), I=tan™! {2a8/(a’— B}, w*=wly,
od*=wdty, T*=nty, *=1/tp .

R (22), (23) X ABEEKRO—F% Fig. 3 WRL7, R EENDIEC, ATIIGEE, GEnE
B, INEEE, BERMOERREDERTEYRL TS, ¥, T*IMEATOBEERHTHIR, =
hEDORD D, ANBRKTI AR EINENRRICIHEM E OEMMNRDAEL, HIT T* 510.8 OB
BTN EEMABRTIL D DIXAN BRI/ B ¥ CORBOMN 2 HETA T Eavbhb, DI
WRBEHAHERBR L LTEbTC LT, #EBOEE B BEN OIS RIETHEY AL CIIHE
KEANIVZ EERL TV,

3 2 BERBERTA-L—LTRIEEIRIML

HERBRE (@) X0, TORRMICET2EBE 2D R 2RIEY T ASHHES boLTHE, 2@ 2
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Fig. 3 R.M.S. of input excitation and responses and rate of threshold

crossing per unit time (fp*=4).

B £y 2D 2 ECOMIC x(8)=£ X EDORECHY 5B OMEE NE; #,4) (X S.0. Rice itk b
KR TEL LR TWBY,

N(&: ty, t2) =S:“ S:oic(t)pu(&ic,t)dfcdt ......................................................... (24)
T2, pex(x,%,0) 1% x, i BT ARKEREERETH L, VE, () IEEEHERATIINTS
BRI BHERDGETH D & THE, FIRO X S CEEEM (), IWEERE (@) Xibery AfR
Lic BN, pee(x, %,8) L L TREARTEL OB 7V ARIGHEREEREY B3 L1 TE S,

mﬂnhn=hmwbﬁaﬁw4_”%;§zgfx£”%j ........................ 25)
22T R (@4 O NS b t) REAREY O Offiv 52 285 (€, D) wBHXHD L,
NCEts, 1) =S:’: RCE, E)AE +oeeerseseresesenes ittt 26)
THY, cD&E 0D 1
n(E,t) =S:5;(t)_bu(§, By E)dF oreereeeee e @n

Lith, ERER (25) D pasln, i,8) HFAL LEERRASBON S,
s O e )
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+‘/§ Pz't(a'ia) {1 + erf(?/‘zf%ﬁ? i)} ] .................................... @

Lith, LichioT, IBER oo o TR (22) KXo THRDIE, IBEBM x() MBEATHEHY LI
TRV <A § R EORRCHL 2BAROMHERE LIS, Ladic, MERC I 2BEYOEEIE
WORFEL INBBEIL, BV SN § REOFRTHBLB L L, BV —§ 2EADRERTHL
5 LRAUEEORRYEON, BREEME LOINEEEOHIRHEN 0 THHHEULZ OmHITEL WL
fEiies, LickioT, BV~ & —§ ¥ ThFhE, AOHR T 5 BAEREY » O OHSE
% np(®) LTHE
BD(E) =20(E, 1) woereereermimine i e @9

ELTXu,

JEEEEAGERE L < v iz B BRI b OIREC OWTh R E LR LD, FOff av(@) X

w022 (][ L))

N ‘/}25 m(ﬁ) {1 +erf<17ﬁpj_m i)H ....................................... (30)

no(8), nr(E) I BARRY ) OYIRHETH 5200, ZhEMH £=0 2 ho X TEE LER,
B g XOTREE LV~ L EY OEE OB THH L EX DR D, Tibb,

No(T*)=N(£;0,0) = S:ﬂb(t)dt .................................................................. 3D

Nvr(T*)=N (v;0,00) = S:ny(t)dt .................................................................. (32)
LcaiaT, ZhBREEREV A% Sp, Sy &T5L,

ND(TH) = fr(Sp § T#) wrevrereserrensrmmirtmrinnianns sttt (33)

NY(THF) = fr(Sp § TH) wrreeerrerrernemimiii st 6]
LEFB, ThbOBtkE Y~ Sp,Sr KOWTEERID L

Sp=fr{T*; ND(TH)} +oerrerreenirermiiiiiii s (35)

SV=fn{T* SN FQTHYY seveeer (36)

I BBGRNIRIT B, Tiebb, R (34) WHHEE No(T),Nv(T*) %145 2—5—L15, ERIE
BRI EICERE Y <L EDBRICEBIH LRV D, —EOREARS PATHBERLTIL,

x (10) THE2 b BHEEHMEH LR (15) TREN3 EREEEYE OTEERER L OB THLL
TIEEHRERARICH T ABEWOIECEL ¢, EiokErAu - L BEHEERY Fig. 3 ~
Fig. 9 WiRlL 7, 9, Fig. 3 OFTHIX fo*=4, T*=0.8 OBEHFE 2N, [GEFEMIILERE L~
N Sp=0.8aty/wa*? Hifix B BRI h ORI OHRHE no(®) ZRLICLDOTH B, COMIBRTHE
RAEE, Ticbb No(T*) OfERLOITH D, IBENELLY <4 Sp %z 3 EROMESEN 1 Th
BLERRLTWA, ¥1o, 5 FHETOD oe DX oo DEAEDIZIT 1/2 TH B, T DD uo(t*)
DHZIFEAEOTHD, no(*) WHREV VTR L TEhD THRLBTH S Z Lavbnb,

Fig. 4 BIEEREY < Sp 28 #p(*) RED LS KB EREX 5% PIRLIcLDTHY, Sp D
Ko T wo(t*) DEFFEAL, LiciioT up(*) B CHEIALTHEHEE LTELBRS 1 B OMEY
h OBRE VST BEROPRE No(T*) ISECEDTHZ EERLTWD, ThHOBRY, X
DR T B, INEREV N Sp,Sv LIAEHE No(T*), Nv(T*) LOBFRLRLI-DA Fig.
5, 6 THBH, chuTE/R (33), (3 OEERKXRIRL A DIENiblitte ThHDORBT T* i34
WREEERAE*ET 25 A — 2 —~TH B2, Sp~Np(T*), Sr~Nvr(T*) OEFHEZRTHEIVTh
KRB ETIHTERTHD Z L0 b, BEV “AVOHKCH L TL DV~ A&z 5 EHTEREC L
THZERbNB, Fi, 27 A— & — T* OFBCI UL, BELEX Y SBMREDR, FhIFHEL
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Fig. 4 Rate of threshold crossing per
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Fig. 5 Expected rate of threshold crossing with respect to response level (displacement).
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Fig. 6 Expected rate of threshold crossing with respect to response level (velocity).
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