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A METHOD TO DETECT INTERSTATION PHASE VELOCITY
FROM SHORT PERIOD SEISMIC MOTIONS

By Kenzo Toki, Tadanobu SaTo, Junji KivoNo
and Tutomu NISHIOKA

Abstract

For civil structures extending in horizontal direction, such as suspension bridges, elevated
bridges, buried . pipelines and banking structures, phase change along propagation path of
seismic wave in rather short period range is essential information for assessing the safety
of civil structures against a seismic environment. Especially the knowledge of the phase
velocity of seismic wave is indispensable for the seismic response analyses of those structures
in which the relative deformation between two supporting -points becomes crucial.

We compared several methods to calculate appropriate phase velocity from a seismic
wave. Phase velocity is usually very sensitive to the level of noise contaminating the signal.
To overcome this defect we have developed a new method to remove the noise effect using
Kalman filter technique. Phase velocities were detected from noise contaminated synthesized
motions which were generated using artificial dispersion curve. Calculation of phase velocity
shows that Kalman filter technique can be used for earthquake records with low SN ratio.
Comparison of detected phase velocities has also been done for earthquake records of the
El Centro earthquake.

L ¥ X2 B =

RAEBEYORBRELICRET 270 ICEANIMBSH OB 2L DX S KR ET 20 BEEREEEE 5,
Bic, HBRERET IBEREICE S ATBEOMEELHRICTHE UTB{RENSH D, BEDE
EYOBEHOEBICH UTHREINZANEEE LTR, JEMEFZVRZ0AEGEREN SN
o8, WEHAERU X S NHRAE T AE TERIIN/iEE, £ LT El Centro © Taft £ n k5178
REFTHBEFERANEEVBEBN, BATRKEEFVERR LCBREREZESAVLNA X SIS
> TETOSo KEFHDIEND OILOEFEETICH LTI, HEE LD 1 AiCB Y 3 meii b
NEFTHTH 5, BRRBE, MEEE, it v i, BHEREOERIAREEYOABER »Z2
ZHRIE, 551 ATOLRENZOTEZOBEN~DOATTEL RIS T LEEEMTREEYOD
RHEEESRENDT, BHOERBICE > CATMBESICAMEBE L 300, 80 2 AR 2HEE
BB EIL A, Lich-T, HEREICR > TEET 3 HROEEEE, ¢HbbMAEEEORFELEER
BEEILD, ThEERHEDISERICHRE LIZTIIZE S0,

WMEBTELET 2HEOREORNEORESIIEHL, HREOAF CTRERMBEROMEEE T 72 138h%
BZ0b0%ERDIME, H20BZONREEFIHE L THRBELRET AMELHLE LTEL (EE

_1 —



2 - HABISHEFAR P05 B-2 62 4 (1987

INRELUT &0, BRNICRRED S H—FRICAET 3 2 hrafE oBRIRTED LAMEEERETRC L
Ik > CRAEEEERD 3 DIC L, BHEERARE SR Hs LTRDD, 550 ERE &
SEEREMIEARD, CRAEBREBRTRITACECL-TROZTENTES, LBOXD AT AR &
BEEREZAICHTE VL IDFTRIEL, —HEbr It FZBRINICRET 5 T EAT x50, ¥EOD
BECERICHBR TS 3 -0HE, OB SNIERICEHAEREIL S BEND 5o

TR ICET 2 MEOHOHROKTMIC OBEEORI B LU Z OISHICET550THD, Thic
B LCIRAERED BELLE DTS, X5, Landisman (1969)2, Dziewonski (1969)® 3% h Zh
moving window techniequ, multiple filter techniequ &FRIhZ—BOT7 4 w2 Y ¥ SEREHEREL, B
ORI DN AN 720 RABREICET 2R S ChEEFLTDATEYD, peak and trough
method T8 - oI Blouch and Hales (1968)% o sums and differences % cross muitiplication
KREL, N5l Dziewonski and Hale (1971)® itk & 50T 5. €DK, Nakanishi (1979)®,
Steven (1982) {3 Wiener filter A\ THAD Q fE%K ¥ 5 BBICED BA T

TEOMTTH, MREBEFRME (1967) TR (1968) KBV THY OR#EE - EREEZEED
BNy o —XT v FE¥NWDEZERK, LRoFHEE A—0FE2RNTHEW AT ORMFRICED 5
BORMEREERD BHESTONI. | Q970)° BERBSHEEEO Y LOBWAFMICRET L, ¥
DY DYIEEAE DRI DS EH A Lico A - RE Q970)° REBHEICET 5 Love BOLERFEE
BT A ERMWMEET, THNCERSRARNG Hz A5 icBT 5 PABERE AR D fzo #111(1976) 1
BRI, < AT T 4 v —ETEFRIA LT Rayleigh RS BRERDI, N 5ORE
RECHRSED 2RI ORIICEREENCbOTH S0, BEYERRE LTENLNEP LT
OEEICEHD BARL D E LT, UTOXIBHASES oML, MMES (1970)** RBRORBERELZ
NENRTE - 7 EEE LRI 3HRAICR L TE -4 VT + ) YA K BHEER Uico 18 (1975)1d
MBI EREICE T  ABEE & 2 ORE~DIRFEERT L, BEYD OTRBEHICE T EBHRICOVTE
BAEMA T, Lk - ABRE (1978)'942 STl « A4 (1979)1 I ZHREICH » THBED RdJ O &
EEAZE L TEEANOBEDBRERITZ(T - /oo Werner 5 (1979) BB oMREEZR LT P I,
S, Rayleigh BABICH T 2 BEDISEEFTZTT - 1o BETR, 7 v —BRIEROER L FICT Otk
Z O TR DR RD ZFRIBAICIE > TETED, BHD (19829, FES (1986)'7, T
RS (1986)®, HAD (1986)®, #ixAKD (1986)*hfE 4« OFIET C OBV ATV 20

EROEEOREEICE LTI, ITXOAF TIERAFREROREORBESEDTIOR TR LGN
B, Ak, EREEMLSEREUCEY, BE, SRAREERE, TROCBL0H5EH Bk
FER SRR & TIRAXSEND B0 APIETIR, TTINSORVHBNAEREOHBIC KT THEEZHL
PICT Bo 72, RUBEEORMICH > THUTICET 3 2 DOMBRLS 2. F 13 BRIKTRN
FRRICEEDADRE RS TN T ZIEL, Bl UIERMERICREEIE S s, ZLTH2ZAR,
RARESET 2184 2 OBMESOTHOHESIIL, BESE LB BHIAE DOEBELEL S5
2 2 QERESOTHIHE LICL BB ETHB. CCTRELH 1 AERLMCRAEZMA %0

9, ¥ Hi~ HEHDANOREEE, ¥E m » oM km OFREERE LIcBAIC, BEE TRES
NTVBAAEEE OB BORMESBEHBER TRV THE, REZMA, SOIHETICES hk%‘%ﬂ o
WERAEDET BERELTANT YT 4 ME —iCL B deconvolution FEEBAT 5. € LT, KiE
PERRICOVT, MEEEOSBEROHEEZTT o

2. (IEEEOREE

2.1 [EEEOBREICDONT
2 ODEREOHBIED, SAGEEERD B HERREL 223 o0 B. 1 DRMRILEET — Y

—_— 2 —



R - 2R - TEEF - VAR L SR HRE OAAREE Ok 3

TEBL, BB TMAR RS v SERMEZERD 255 TH D, phase differences 34 cross
correlation HEILEHH %, fFid, MR T 2 DOMBILEICHEEEICHENTAREOFNEZREL,
EBOMEEFIA L TAEEZRENEHFETHY sums and differences #4> cross multiplication s
ZHhICHYT 5,
HEOFETRMBEONEA RS bAREGEROTO 3 e DIRIBICET 2B802E S5 L0, BE0
FHETR 2HRAOBBRICET 2 BBOMHBEE bIMETE 2, ZiBOFBRBETS 2 BEEITRG
THY, KRLE A LGSR RELSHEREELL BDS 5. C0HEEER LT Wiener filter, Kal-
man filter &R AAEEBERIEICOWTRE ZINA o

7, MEEEORBICE LU TARETRUTOREE B,

@Fig. 1 KRT LS CBELEIER LIChET 2
2/, FlReh EoERA T TR—E
KA AERPB/ONTNS,

@F % DBIRRICE ) 2B O BSYE (R
7 M) BE—Th5,

P¥ETRABRTHD, MEMICEEThEET 5,
PUroEickd, A B RHADMBERROLSICE
EX 2D

Ga( X 0, @) =E(0) Xa+30(0, ©) +G1 () F-arereereresresinsemserrmsimsinsuiesserneresnens @-D
$5(Xp 0, ©) =k(@) X5+@p(0, ©) + @1 (@) 4 ygreereeesererserernmmsiirrnnsiiiiniiiniinns (2-2)

TZTIT, xa %3 (SRIEHE, 0 3HMA, o BPREE, ¢ BEHERL TV, ¢ BEEOAMEY 7 b,
Or BEHBRDOMMY 7 b, dwa Svs BETERET, HBOBFRILZBEODBAREESAEELET,
2#EoMEERR (2-1), 2-2) kb
Sa—Pp=k(w)dx+ (fya—dns)
S PF AP eerenennii e (2-3)
g, ¢ REHOMEBICE > TRET ANEE, 46 RS CLB3EELERT,

WREOSFICE T AAEER ORI, REMRAREOMEEEZOSOORH, onidehii
i UTERERE OSSR EZRD, COSBMREFIR U CHREE2 M2 C E2ENE LERELEE IR
BLTE LIcdi-T, ChoDFEEZTHNICERRAMTROBITICHEV A8, SRETZ2FHD
B, BUHSRHEESMBEEORBICEDL S CEELEEZ 20EB LN U THBLLENS 5,

%7, C 2HOMMEEE, C* Z2BRELSAMERE, 1 2HRELT 5, BT ICK BAHEE DEE AC
BUTOXHICEL CEWNTE B,

epicenter

Fig. 1 Relation between epicenter and
observation sites.
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Table 1 Kalman filter algorithm??

@ Store the filter state
X(k|k), P(klE)
® Compute the predicted state
XGE+1IR)=0(+1]E) X(k]E)
® Compute the predicted error covariance matrix
PR+1{2) =0k +1|B)PRIROT(R+1E)+T R)QEF1TT(R)
® Compute the Kalman gain matrix
KE+1)=Pk+11H)MTG+1) MG+ PEFLAM T (2+1) +RE+1)]!
(® Process the observation y,, .
Xk+1e+D)=XE+1E) + KE+1D) [ —ME+D X(R+1|2)]
® Compute the new error covariance matrix
PR+H1UE+D)=[1-KE+DME+1DPE+1]R)
@ Set k=k-+1, and return to step @.

X (2-40) ZfTFERTEHTE,
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H(E) =[r0)r(1)--eeese-s PUL—1) ] ereeerrsrerensemnsssesssnnnntnnsnserssre e s saesessensnsones (2-43)
2 (B) =[REY AR —1) erees B(RHL—1)]T «rererrereesesrosiorinesressosessesssssesessnsesneseans (2-44)

(7e22U, h(R)=0 (2<0))
g7z, () B UTROBHRERET 5.

L
k) =.-=21[b‘ (B—1)R(E—0)] ceeeenrecsreirmtiiiiiiiiii st seseraseenessesanes (2-45)
X (2-45) 2R THEIE
D R N P PPN (2-46)
bi(R—1) By(B—1)eerecreeciunnnn by (k—1)

1 0 eereressrsrenenins 0

Dijpar= 0 1 0 .................................... (2-47)
E rvemeeresennens 0 0
0 0 ereeeresesesens 1 0

7o Z1ER (2-24) TEEIN S convolution ORYT, H (2-39) DHOBHHERY 257 L icERILTX 2
DT, ZHIFLUTHBOAN =Y 7 4 vE2 TATY XAZEFTTIDEEZEYK ) OEENTEZ, L
13- T, COBERMOMERS 2RI D BELRELMEEEERD D EMNTE S,

3. HEEEICKIRBEORS

3.1 EEMNBREOENR

HLEMEHT S 2 00BHA A, BIBRIFE—ERLECHD, LrbE—0mBicH L cERliEEs
BoOTVEERELT, BEREEZERT 2. BEIGEOVHOEBH S A OBBEE 1) K2, BX
WRiEDHS 250 gal DHEMRTEREIE, CORBEFTICRATRINS &5 BaEGEKEH T Y42 H
W3,
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........................................................................... (3-2)

Fig.3 R OAHHBER LIcbDTH B,
ABOER f1() ©7—Y EBE Fale) 2RATHET .

Fa@="_fieerat

2 MR O BERE & AAREEE OB S S A RIS X D BRAAKREMEET AL &0 MHEENHETES0
T, Falo) OWIEELHE, U T 2HAROMBEENS BiiAD7 — ) 2BHE Filo) ZRET 5. 2K
L, BgEr cRIREOERERZE LIV,

Fp@) DOIRATRT 7 =) 2FERIC K > TB ROWHEHET 5,

f :%’S:,F” (D) B +reereeressinsinrisissis s e s (3-4)

T T, BlEE L LT BAOEBICIRZDFEE 7 —D10%D A b OBl 24T 5. SRS
OFEME%E 100m &Lzt D A, B SO, HSEAAKBROWEsZzhZh Fig.4 (@) (b)) T
H5. BEEREIE 0.1 8, F—2%it 512 Th 5, BHMAEOKHE 300m, 500m, 700m DWW THHE
ROEEEREER L, SRSMNEEORIE 2 EADMBEEORBIFIFT 5.
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Fig. 2 Envelope function. b4
%900 ' 8.00 16,00 @ 24.00 @ 32.00 = 40.00
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I
a
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W
S
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Fig. 4 Synthesized waveforms (intersta-
tion distance: 100m).
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I
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Fig. 3 Dispersion curve.

(a) Waveform on site A

(b) Waveform on site B
(without noise)

(c) Waveform on site B
(contaminated by noise)
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3.2 HiEHbREEROEEREEORE
(1) phase differences ;%<& cross correlation &

HOETHENI LS, 02 20FHIIER MRS SO0, MiEEERDARHEIFALTHD,
BRI RO CRAREE S RO IBRCBVTHL L A—0 0B N5, Fig.5 (@) () RThe
MBI SRR S 100m DIZA BT £ A3 VBN &L BT 20BN ERVIHRTH 5. RO
ERIIEREEOMRE OSSR TH Y, ONRBRHEINMBEETH S, FHERFH o ic20TK
(2-11) KB 2EY n D% 1 DTOHPTCLICE > T, MAEED 2 TOWUICEAKIEY T 24048
EENT Dy FINTV D, 21 OIS O & ICBERIR/NS 85, BEEHBT L, MEZ
BAEAIIOREE o »8 15rad/sec (B 0.4sec) XO/MIVEHATERENKELNLS. Thid, R
(2-11) hobh B L5iC, HOBNEMRMAEELIRIK o TRLTESLZDT, MREH o 5
INE W ERIEZEOBENMABEEOHICK S NEEERITT ML TH 5, Fig.6 (a)(b) (JBHIEERL 300
m OPAERUIZODTH B 100m DA & BT 2 LERREINS (B AERBRD SN 5H, HR
¥ o 3%y 20rad/sec XD RESVER (FH] 0.3sec PITF) T, BRI 0 iItoWTH (2-10) itk
FEEM n OEAHETAO0H LB ->TNB T Edbr5b, Table 2 35 H2F (FH#REEK 1. 26rad/
sec DIL) OTRTOBYICHL, BETRUCEOAIEEREE, ¥E2AUEEREL SHEIN MM
HEORNTH > ESEBICEOEEOELHELTZD R M. S. iz & -7 bDTH 5. BRIFEHEIK
EL BB ONTHHBEE BB ZEIWNS SR ZEARR @7 ORI I BHET LPOBEBTE
5o

83‘ 58] © ® 58]
Py Py ag
2 =] ° e
8 ug. Hg-
= - c° e 3
8. 8. ° g
38 Se So]
W w g ] ot
>a >3 > o4
™ o &
w w ° o w®
23] ag] ® o 0 o ) o a2
=g o ©® 00 o g o°e§§3° =g e ®®° o0
E ° a ]
J LI o © J z o § g 8 "_ o ® o ©?®
8, 8 ° g § 8 g §°°
.00 ' 7.50 | 15.00 @ 22,50 = $0.00 “0.00 ' 7.50 | 15.00 @ 22.50 = 30.00 %.00 @ 7.50 @ 15.00 @ 22.50  30.00
- OMEGA (RRD/SEC) - OMEGAR (RAD/SED) - OMEGR (RRD/SEC)
58 ® P W e a8 @
e ° Py as]
g“’_ ® o ;“"_ [ ° Y ;u-
e Eg g
zg = e®eo X3 °° o
e © o ]
-8 33} o Ss (]
wa Dg ° Ye
=) >0 >a
l.v.l” " o o ©
w ° ) w
Qo] Zal ® o 2g]
=9 £ ® e ® 0 o0 o 0 L
agd, o 0 9 0 ¢ g ag © 4,092 820 o o 64 o 0 0 0 0 4
a © ° 2 @ 0 @ a 8 < ®
i °o 400 ® § g 8 J o ,0° °
gl §° sy B el g o
.00 7.50  15.00 = 22.50 @ 30,00 %.00 = 7.50  15.00 @ 22.50 = s0.00 .00 = 2.50  tS.00 = 22.50 @ sg.¢0
OMEGA {(RAD/SEC) OMEGA (RAD/SEC) OMEGR (RAD/SEC)
(O] (b) (b) .
Fig.5 Phase velocity (intersta- Fig.6 Phase velocity (intersta-  Fig.7 Phase velocity (intersta-
tion distance: 100m). tion distance: 300m). tion distance: 100m).
(a) without noise (a) without noise (a) the number of
(b) contaminated by (b) contaminated by stackings: 10
noise noise (b) the number of

stackings: 20



hise - BE - B - T | R O AAREE ORI EE 11

Ric, AU 2 20OBR R TEEEOHBELLHEPER INTVAEE, NEREOBNBEEL/NST5H
HBELT, BROMBRICHED cross correlation OFE LD, ZORMEOEHRD SABHREERTT 255
BECAVSNEY, AFET CNERATc. BRARHERZ 10m Th5, M2 BRI EER
B, F3°7 —RBE-FBTH 52, HEHRRRICHMT 2T OMMEILTR S v 4 2 KBS ETH S,
M A&bELMBEOKMIOE 20HOHAsENEN Fig.7 (@) (b) Thbs, 1EDEALH~HRE
B o /3 15rad/sec XD/ W TAAEBEOBRIREIWNS L 2008BD 5h 5, Table 2 & Fiic
MIBEEOEOEEBHEDET L HERAIE®ED R. M. S. E4EHE 3HiZ, Table 3 TRIEDERS
EWRL UNABER OEEESREIN TN 300355,

Table 2 R.M.S. error of phase Table 3 R.M.S. error of phase velocity ob-
velocity for each intersta- tained by stacking cross correla-
tion distance tion functions

R.M.S. Error .
dx(m) Superposed Number R.M.S. Error
(m/sec) of Earthquake (m/sec)

100 109. 73

1 109.73
200 57.45

10 66. 00
500 38.02

20 55.79
700 22.26

(2) sums and differences j£J& cross multiplication %

B IR 500m DWW TENFNET 2ATRVEEESAEAIDWT sums and differences
BR@EA LD, Fig.8 @) () THb. G DEBEDOKEXISEDINLATICY - 2HHEIC # OFES, ML
T80%, T0%, 60% & HLHic* +, «DEFEFTay b LTS 4 % +, - OIFICAAENEE
UTWAHEERT MERKEEN, HHIIMRIRe T2, F—-2 ORBMMERIR 0. 1B THY, Bk
FoAMEED ERIZ 500m/S, T3 200m/s TH 5, BIAIRIER 500m T35 bE I L 0B TRE
U, BDEBOHRII2.5MTHET 5. ARRTHOIEEEEOY v 7)) v/ BEHEIR 018 TH B30T,
sums and differences J T3 7 — 2 ORI 0. 1 AT S LTV, ZoOMBMEENICHIET 516
BOAMEREDEICOWTHET 5, HIREE « 28 15rad/sec K/~ (B 0.4sec DIk #FTIt
MAEEBEOHENBEETH M, HIREIK « 25 15rad/sec LD KRE<{ (JFH] 0.4sec DITF) #BiIcLiops
- T, EHREH ¢ KOWTF oy F INEZORRINEL BOHEN LIRS, F—20% v
) v/ REEBOBMT UM EEEOEEHETEROOT, BOAAERE T 7235 BRI SR i it
LTRIEEINIEEBEOMBIILL 115, EHBEFKEOTF—20% v 7Y v JISEREDS 1072 0
A= THEFMO+ — ¥ ONAEEZBRNT 2854, EHAFEESEEMO+ —4 TBHzE LV, D
2 &b 500m BEDSH km BEOCEHNSMERNC OFEICHKETH S,

cross multiplication FEEFIFE LA Fig. 9 (@) (b) KRIN TV, BRLRERZ 500m <&
%, @ & (b) BENZThBEFTEEIRVES LT EAOESTHE LTS, MhDiE 3 sums and
differences #: &R TH %, sums and differences TOMTE AT IVIEA D Fig.8 (a) & Fig.9 (a)
ZH~% &, Fig.9 @) OFIZSD&HRD 54, sums and differences Bk VR OBELE 2 L%
Z5oN B, %7 sums and differences HAS2 DORPHOREEE 7 — ) 2558 L2 ORI EI S Dic
X} U, . cross multiplication #:i3 2 2ORHAE7 — ) £ LRARKICBOTEREOREHEL, X5
ICZ DRKRELB/MEE RO T OTHREMMOE TS sums and differences B0 HBEFTH B &
Bhh -7,
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OMEGA fRAD/SEC) OMEGA (RAD/SEC)
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= - t e . . =
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Fig. 8 Phase velocity calculated by the Fig. 9 Phase velocity calculated by the cross
sums and differences method multiplication method (interstation
(interstation distance: 500m). distance : 500m).

(a) without noise (a) without noise
(b) contaminated by noise (b) contaminated by noise

(3) Kalman filter ZR0\oRIEEBORE
A, B #iE0#EEd 5 medium impulse response %3k % deconvolution BIEEIC B TZ O medium
impulse response fus(t) RIRRTHEZ SN 5,

_1(" F3(0)
fua=5-§ 72

LTI Falo), Fa(o) 14 A, BHEDOEFED7 — ) 2 EHATH 5, Fig.10 (@)(b) hzh+zhz(3-15)
HEINZHAARESE 100m CBWTHS 2SS S LS 244 @ medium impulse response
TH5, Fig.10 (b) TRESLHNOETICK AIEEOMICHT IC K ZELNLLS 4 Fi» 5 258 DR CTHEE IC
BDHoN B, —F, Kalman filter £ 72 deconvolution Fp:ic Lk hRd 7z medium irppulse response
5 Fig. 10 (¢) TH 3. AW DBROBENBREINT S, FEICE® 300m o0 T medium impulse
response ZRDIzbDHENEH Fig.11 (a)(b)(c) ThHhb. RULHEFHBABIMOBRINTOET EB
b, Kalman filter iz k2 medium impulse response 7> &R SEIFESE 100m, 300m (> TAAEE
ekl boBszhsh Fig.12 (a)(b) TH 5, Fig.5 (b), Fig.6 (b) i~ THIEEH o »3 15rad
/sec (BREPER 2.4Hz) X H/NSOHEETHRRGREI/NE (L >TW 5, Table 4 {3 Table 2 * FEkicHR
BZEDO R M S ETHD, MEBEEOHESKREINTNSE L &5 5, Table 3 & Table 4 2 5E
HIAREEEE 100m 2o THEIRIEREZD R M. S. Ofi2tET %, Table 3 TRMEORELK]1 OELD
R. M. S. 3% 110m/sec Th b, HEOEKIODEAK 66m/sec, Kalman filter 241 TTm/
sec THAHIEEEZ DL, TOBSICR-»TEAIZ Kalman filter it X3 HEIZ 7T~ S HEEOHERE
@ cross correlation ZERSORTRD SNANEEEOREHNRLABETHLEEZ 505, 72,

@O ) senaniiiieiiiiiiiiiiieiiaiiiiterantessineiitatsitetsnerstsorrerssrrsnane (3—15)
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Fig. 10 Medium impulse response (intersta-
tion distance: 100m).
(a) without noise
(b) contaminated by noise
(c) identified using Kalman filter

Fig. 11 Medium impulse response (intersta-
tion distance: 300m).
(a) without noise
(b) contaminated by noise
(c) identified using Kalman filter

technique technique

a2l °
we] Table 4 Comparison of R.M.S. erro. of phase velocity
=] ° obtained by cross correlation method and
- ° Kalman filter
Eg R.M.S. Error R.M.S, Error,
Se] ° dx(m) Noise Contaminated Using Kalman Filter
b2 (m/sec) (m/sec)
R 100 109.73 77.10
- TS 200 57. 45 12.98

T o]

8y 8 ° 500 38.02 10,37

. 7.50 15,08 22.50  30.00
. OHEGR, (AAD/SEC) . 700 9.9 8 45
:;' EHEREEER 100m e Cid Kalman filter itk 2 medium
E's' impulse response & AHISOWEHEDI/AALBRFICLIDED
28 115 B ORI O RS DT H/¢7 —i3, BRI TIUE LT
w® DFHI T — DRI 1/2 E1E T o

g 4 EWEREEROREEORY

e LS:EGH(LS)('ggo/sz?cs)a -0 4.1 # ® E 8

BB TR EFEEENREFGNERT 5, BlRL 2208
Bl STEA—ER LIS, TOMOEESSEMERE, ZLT
F—oHEird LTCRBEEME LN TV I bDOEES, CORH

Fig. 12 Phase velocity obtained
using Kalman filter technique.
(a)interstation distance: 100m
(b)interstation distance: 300m
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ZHilcd & UT, 19714 2 BIck T » 72 San Fernand i@ oOBEIT, 9% v ¥V R A OB S CER
SN/EBERO Iz, BRGSO MEEELRD 3104720, REHSOHBEBITEDKIRSIZEERN
RTENENERL - L HMIERBE SN TV EDT, COKERDEBERFHORMCERT 2, 3 7oK EHR]
RTHNIERITIRZ OEILIDAE SN THEDDT, 2 BRI A ORISR 22K 3 R ENDH
%o TNERD BIcDIT, WBIOEMFRORBKISENL SHBERICE TN S S BRSO ML A4k
U, BRISAED S BB DE 2T 2 BRSO EERD 1o
%7, San Fernand #BOBOBER LB -ERECHZLABEZ 28REE LT, DTFO3M o0
THMEER BB T 2,
1) 1760 N. Orched Avenue, ground floor, Hollywood (Q236), Hollywood Storge, basement, Los
Angelse (F057)

2) 535 S. Fremont Avenue, basement, Los Angelse (R253), 808 South Olive Street, streetlevel, Los
Angelse (F089)

3) 535 S. Fremont Avenue, basement, Los Angelse (R253), 646 South Olive Avenue, basement,
Los Angelse (F098)

BRSO 28R A Q236 & F057 BT 1000m, Z8H|AR253 & FO089 [T 760m, Z#EI4H R253
& F098 R 580m T&h %, mMMLIEMIIH 30km H 5 40km Th 3, B & BRSDOEE, BEH SEH
ROBRAMOHFZRD, BB EOMEFETROKTERD % OHMCART 50
Fig. 13(a) (b) (¢) (d) (e) iz Fh =11 Q236, D057, R253, F089, F098 RS0 ER FHDHERTETH S,

2RTERER (X, V) iIKB0T, BROBUSZESEREZSUHETN CHBIOER KT OKERS
EETRPVFEEMEO OF Y 2D LIRET S &, HEENOHBIIRZROLIHTHATEINS,

2t 1) =|:'”“ ’“"] .................................................................................... 4-1)
ll" p”
1+0.59
s () = S‘_o B D@ L e (4-2)

LT OREALTAVFOBRET, [TF] pt 1) OBRAKEEFHEICHETZEE~2 vz R E—3
Thc. LIchoT, ZOEMARNEA L94 Y FOIRIBOMBOSBEREET EELIONZIDT, &

g s
._,Og"\ .-Sg
x <
-~ -~
c_z,g:_ | gzc”*%@v@w—
e’ e
ug Ys ,
~ T T L) T T T T 1
T .00 ' 8.00 | 18.00 @ 24.00 @ 32.00  40.00 T 6,00 ' 8.00 | 16.00 = 24.00 = 32.00 = 40,00
TIHE (SEC) TIME (SEC)
g (a) 2 (d)
8] w8
5 X
23 ot
G g
it ]

SE: SE: T T L] T T T T T
T3 00 | 8.00 | 16.00 24,00 @ 32.00 @ 40.00 T g a0 | e.00 | 16.00 = 24.00 @ 32.00 ' 40.00
TIME (SEC) TIHE (SEQ)

g (b (e
B8]
* Fig. 13 Observation records of San
J8l Fernando Earthquake used
e in this analysis.

Q
Qs (a)Q236, (b)D057, (c)R253,
“'o.00 ' .00 ' 16.00 @ 24,00 ' 32.00 @ 40.00 (d)F089, (e)F098

TINE( )(SEC)
[
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TS EZHE DO L, S BRETHFACERLSEANT
RHLTHEDT SEORE L AMIchBIoER LT
RANEBET 5, Fig.14 (a) (b) 1385 R253, F089
DEBHH ¢ LZNFhOBHAORR ¢ L 0BRER
L7zd0DTH3, R253 Ti25.6%, FO8Y i3 43 BT
BBISEADD LND. S BHBHETR 2 3 B0k
BRh oo B EEHETIR 2.1km/sec &2 50132
DT, RALD 2 BRI S DOTEBAEMEE 4 hRkE B,

At:.l_‘__ (Bg=ty) wsrevsrerenraccancnns “4-3
Cs
ZzZig, Cs i3 S WEE, L 3E8NSRIEEE, (4t 32
NZh ORI R OTEBERT» 5 D S BFH & TR

ZRT e LichioT, 2EBHAB ORI EZERDDY,
st Eo 2 AR OBRIESENEB LN T LT B,

4.2 EHREBRADER

ANG (DEG)
P00 $0.00 ~€0.00 . $0.00

ANG (DEG)

of;00 | 30,00 60,00 30,00

14.00 12.00 t4.00 18,80
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(a)

................
10.00 12.00 1400 18.00

8.
TIHEISED)

(h)
Time history of predominant
direction of ground motion.
(a)R253, (b)F089

B DR HRIDEKIC cross correlation ¥, Kalman filter ¢ X 3 FiE4 O CABRE ORI 2R L7,
Fig.15 (a) (b) BZzhZhERA Q236, D057 DOHIENEOEEAMBEEKE/ XX <7 PV TH B,
Fig. 15 (a) THVWTHEMBERRO v -7 ORI 0.4 B GREI% 2. 4Hz, MiEE)% 15. 0 rad/sec) ¢
$%, Fig.15 (b) O/ 0 xRx~R7 b Th 2.5Hz M LTV ADOHED SN 5,

Fig.15 (a) ik} 3 ©—7 ORENICHIST B kB E % Table 5 {TRT . HEABERKOE—-21C
BOTREMRIBALOWEDOMABL—HLTHBEEEZLSNEDT, MREM o 28 15.0rad/sec (HH
0.4%, EEHK 2.4Hz) KBTI AMMEEFERRFONTNLOEEEEEE L 5N 5, Fig. 16 (a) i cross

correlation FRIC & - T 18 & 58 ks,

Fig.16 (b) 2

] /\ Kalman filter 2R3 BERTH S, HICREhELS
LA A IC 5 ROBHCIBEE OB E LTEL SN, [HRE
5| \/ bV % 16.01ad/sec HSEICIZERORIREED 50, Ot
°2 P e T Y ) ST 2RPHERTE S, O bHEABEMNEAELS
0.0 . - . . 5
TIME(L)RG( SEC) KefdEN 1. 7 B Is§ B ALARERE (#) 590m/sec) 2@
=y : EHBTEBOT, Fig.16 (a)(b) ILBY 2RO L ALIBELE
g’b Table 5 Phase velocity corresponding to time
o ' delay (Q236-D057)
w4
&7 /\W Broken Time Delay Phase Velocity
o H Line (sec) (m/sec)
9 3
5%] - 0. 40 l 2500
LU R ELLL ST lIIHIlOb O 102
FREQUENCY (HZ) — { 1.10 ’ 910
b
Fig. 15 (a)Cross correlation function ® | 1.35 \ 740
((%286@057)- t Q236
TOSS Spectrum -
()Cross sp ® [ 1.70 ! 590
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- E,: =10
?:_ 10) ° ° 2300.F 0Q236-D057
& 1" ° oo £ | —— Kalman fil.
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