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ABSTRACT

Recently developed methods for wave propagation analysis termed as SIORM and NIOM are compared
using earthquake ground motion records of Samukawa vertical array in Japan. Three components of the
earthquakes M6.5 of February 20, 1990 and M5.9 of February 2, 1992 are used in this analysis. For each
component, P- and S- portions are analyzed separately at five elevations of the verti£al array. Both methods
provide identical models of wave propagation and illustrate stable peaks cOITesponding to propagation of P
and S- wave. The incident phase of P- and S- wave and its reflection from the ground surface are clearly
depicted. Amplification of wave in shallow layers is observed in the results of both methods. Moreover, the
ratio of the amplitudes of incident and reflected wave models provides some idea about damping in shallow
ground layers.

INTRODUCTION

Among the methods used for evaluating the ground motion variations, cross-correlation has been the most
common. However, the shape of cross-correlation function is greatly influenced by the wave propagation
properties. The resolution of cross-correlation peaks may be poor for actual earthquake ground motion
records when the concentration of power is within small time lags (Haddadi and Kawakami, 1998).

The unit impulse response calculation produces the cross-correlation function for a uniform input spectral
density but the application of impulse response function is limited by a poor signal-to-noise ratio in the
records (Bendat and Piersol, 1993; Haddadi & Kawakami, 1998).

The recently developed methods of simplified input output relation method, SIORM, (Kawakami &
Bidon, 1997) and normalized input-output minimization method, NIOM, (Kawakami and Haddadi, 1998;
Haddadi and Kawakami, 1998) give simple models of wave propagation and are shown to be more reliable
than conventional correlation and impulse response functions. The methods are effective in detecting the
arrival times of incident and reflected waves and in showing the amplification property of shallow layers.
This paper applies SIORM and NIOM methods to strong ground motion records of Samukawa vertical array
in Japan and compare the models of wave propagation obtained by those methods.

METHODOLOGY

SIORM method

The method of analysis of SIORM can be divided into two stages. First, the ground acceleration time
series of k different observation points are considered and expressed using autoregression (AR) model. In
order to express the time series in AR model, coefficient (fMu(m) is computed. After computing the

coefficient 0Mij(m), the corresponding time series at one observation point can be computed when a time

series like a shape of a unit impulse at a particular time has been observed at the other observation point.
With the result of the impulse response, the wave propagation properties can be determined.

The stationary time .~eries in k dimension, {X(s) ) == {.q (.I') x2(.I') ... -'"k(.I')} T (.I' == I, 2, ... , N) (T denotes

transposed vector or matrix), are expressed in AR model as:
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nd 

{X (s)}= ~ [AAd (m)l[X(s - ,11) + {U(s) } (i) }
 'n=1 

where { U(s)) = {el(s) e2(s) ... Ck(s) }T. The vector { U(s) } is a k dinlensio]1al white noise with mean value of 

zero. Express ing equation ( i ) itl lerms of compo]1ents, it can be expressed as: 

nd * 

=~~ af(lij (nl)xj (s - n7.) + ei (s) xi (s) (2) 

n'=1 i=1 

where i::: I , 2, ..., k , s ~: i , 2, .... N and aMjj(nl)= tlle (i,,j) element of [AM(nl)]. 

By combitling Levinson-Durbi]1 algorithm and FPE (final prediction e]~t~or) procedu]'e (Akaike, 1 972). M and 

the coefficieilts aMjf(n7) can be conlpL]ted precise]y. 

In SIORM, a unit inlpL]Ise is set at a particular time at an observation point and the wave shape is not 

necessarily zero at any other time. Tlle sunl of sqL]a]'es and tlle sum of llle squa]'es of tlle difference between 

two sL]ccessive values of tlle wave sllape al~e Inininlized in order to obtain a s]1100th i'esponse function. 

Considering these co]Iditions and using equatio]1 (2), the tinle se]-ies at tlle other observation point Can be 

computed (see Kaw2tka]1li and Bidon 1997). 

NIOM m,etllod 

The input and oulput nlodels of a linear system in the frequency domain can be related by tlleans of lhe 

t]'ansfer funclion H(co). For tlle case of digitized earthqt]ake ground motions of a mL]Itiple linea]' syste]11, Ille 

output of a single linear sys'tem I at each frequency is specified by: 

Y/ (coi ) = H/ (coi )X (coj ) i = I N I co 21Tli (3 ) 
i ~ At 

At is the sampling rate in the time domain and N is the number of samples. X(coi) and Y/(coi) are the 

Fourier tr'ansforms of the digitized earthquake motion models at different locations. Using the 

method of Lagrange multipliers, square Fourier amplitL]de spectra of the groL]nd motions at different 

localions are minimized when the input is subjected to a constraint. The constraint is considered 

SLICh that the amplitude of input mode] at t=0 is unity. The Lagrange multipliers method is used to 

minimize the fo]lowing summation. 

A'~1 2 ~ I i I ･ I / i I J [
 

A4 

o + (c/ Y/(co ) 2 + klco'2 Y (a) ) 2) (4) ~ collX((Oi)lj'~ + kocoi2 X(co, ) l
 l=1 ,=0 

I]1 equation (4), (.,(), k'o, c! and k'/ iu'e weighting coefficients used f()r slnoothing the t'esults (see 

Htlddildi and Kll¥xL/.~lktlmi 1 998). The minimizirtion p- rocedure re,sults in the following inp- ut auld 

output models. 

Table I : Soil profile amd syslenl layout of tlle SamukawLl site. (Association for Earthquake Disaster 

P]-evenlion of .TLlptln, 1 992) 
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Figure I : ResL]Its of analysis of February 20. 1 990 earthquirke by SIORM al Saint]kawa vertical array 
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A1 (i + ko (o 2 )(c'o + cu' Hn' (co ) 2 

--- 

X (coi ) = NAt co n'=1 (5) 
k
 "=0 j+ o con' ~1 , I )11 )(Co + zdc,,,lH,,, (co,, l~ ) 

c'o n'=1 
H/ (O)i ) 

~~ ~~~~ ~ ~~~ ~~ ~~ ~~~ (1 + ko co 2 )((,o + c',u H,n (co ) 2 ) 

--- 

n'=1 

k
 
.
 "=0 1 + -!1 (D,,~)(Co + ~ . I l' c,,, H,,, (a)n ) ~ ) 

(' o "' = l 
Tlle input and oulpul 1110dels of equations (5) and (6) would be transfe]1'ed tO ' tl]1le domain by inverse Fot]Tie]' 

t r'.1 n s f ornl . 
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Figure 2 : Results of analysis of February 20, 
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l 990 earthquake by NIOM at Sanlukawa vertical a]'i'ay 

SAMUKA¥AIA VERTICAL ARRAY 

Thc abililies of SIORM and NIOM methods are considered by u~,'ing the strong gloL]nd motions recorded 

at SatllukLlwa site. The soil p]'ofile of SamL]kuwa site 

triaxial conlponent seismonleler zll lhe ¥'ertical au~r21)'. 

ANALYSIS OF THE RECORDS 

's shown in Table I . As shown in Table l, there are 5 

Tlle enrtllquatkes M6.5 of February 20. 1 990 tlnd M5.9 of Feb]'utlry 2. 1992 recorded al tlle vertical array 

are selected for analysis. Ealch component of the earthquakes is dividcd into P- and S- portions alnd is 

analyzed sepa]'ately. The l'esults of analysis of February 20, 1990 ea]~1hquake by SIORM and NIOM are 

shown itl Figures I and 2 and those for tlle eartllquake of Februa]'y 2, i 992 are sllown in Figures 3 and 4. The 

input nlodel of both tllelllods is considered at groL]nd st]rface willl tlle L]nil amplitL]de at tinle /=0 and the 

respons'es at olher ele¥'alions are shown, In all the figures, ti'a¥'el time curve of P- ¥va¥'e is shown by dasll line 

and tll~rt of S- walve is showtl by solid line. Tlle travel tinle cur¥'es tu'e obtained by using the geopllysical 

measurements of wave velocity givetl in TLlble I . 

Although lhe 11lethods oi SIORM In lhe tlnle' dom lln Ind NJOM In the flequency donlLlin, Lu'e different, 

both provide sinlila]' 'and clear nlodel~.' of' P- and S- w'a¥'e propagation in grot]nd Inyers. There are lwo stnb]e 

peaks at eacll elevation corresponding to incident wave prop<ag)ating upward a]Id l'eflecle.d wa¥'e from the 

grot]tld surface p]'opag'atitlg downward. The horizontLll conlponent models re¥'eal tlle propagation of S- ¥vLlve 

and those of vertica] component s]10w propagation of P- wave. Tlle arri¥'al tinle of P= and S- w2lves obtained 

by SIORM and NIOM nletllods ag]'ee witll lllose of geophysical nleas'uremenls. The l'enlarkable poinl is lllat 
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Figure 3 : Resuits of analysis of February 2, 
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SLmlL]kawa vertical an'ay 

bolh of P- and S- portions of honzonlal components propagLrte with lhe ¥'e]ocily of shear wLn'e Lmd bolh 

porlions of ¥'e]'ticdl components propagLrte wilh llle veloclty of conlpresh'ionill walve. It nlary be conclL]ded th~Lt 

S- wave is dominant in both portions of tlle 110rizontal compone]It records a]Id P- wa¥'e Is domlnant In tllose 

of ve]'1ical compo]1ent. 

The atllplitude of the incident wave at lower elevzltions is smalle]' Illatl that of L]p.per elevations, wllicll 

lllustrates tlle amplification of w'.lve in ground ILrye]'s. At etlch e'levatio]1, Ihe anlplilL]de of reflected wLl¥'e 

from tlle ,groL]nd surftlce is snlaller lllan that of the incident vvnve. It mtry be czu]sed by partial reflection of 

wa¥'e ttt tlle gi'ound layer boundiules Llnd/or damping in soil layers'. 

Besides tlle two mLllll peirks irt each elevalion due to propagLltion of incldent and reflected (from the 

baround sL]rf･ace) waves, there 'at'e some ot[1er stable peaks In tlle nlodels of bolh methods. Those peaks Llre not 
observed in tlle resulls' of all observ'ation points a]Id coL]Id be due to multiple reflection of wave itl gt'ound 

layers. 

CONCLUSIONS 

TIle abilities of SIORM and NIOM 11lelhods for wa¥'e proprrgation analysis 2u~e illustr~rted by enlploying 

lhe strong nlotion records of Satlluka¥~'a ¥'ertical an'a)'. Whi]e tlle nlodels of SIORM and NIOM melhods are 

very sinlple, so]1le inlportant prope]'ties of' s oil layers can be investigated by using tllose nlelhods. 

The incident P- and S- waves and tlle reflected phases from tlle ground surface at different observation 

points a]'e clea]'1y shown by analyzing tlle separate porlions of 110rizontal and vertical conlponents of gi'ound 

nlotions. The 1110dels of both nletllods sllow lllat the anlplilt]des of tlle i]1cident wa¥'es incre~lse fronl lowel' to 
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t]p. per elevalionh' t_uld i]lu~'trirte lhe c'.tl'e.ct of wave amplii'ictrtion of ground liryers. Also, the. amplituc]e oi 

model of refiected wLl¥'e Is smLlller thiln lllirt of lhe Inc]denl wLlve all eilcil ol' the observatlon polnts, Thls 

be due to p'art]al l'eflectlon of waves at ground boundnnes Ll]Id/or ckullp]ng l]1 soll layers, 
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miiy 

ACKNOWLEDGMENTS 

The 
grou n d 

authors expres~.' their gnutitude to the Nishimatsu 

nlotion records nt Silnlukawa ve]'1ic'al a]'ray. 

Consl. Co. Ltd. of Jap'.ul'for providing lhe ~' t l'O 11 g 

REFERENCES 

Akaikc, H. ( I c)72). "StnlislicLll '.Inalysls '.Ind conlrol oi' dynt]mlc syslcnl". Sclence Itlc. Tokyo (in JnpLlncsc). 

AssoclLllion fol Earlllqu'ake D]silslcl Prevent]on of I.lpaln (19c)2). S1]'ong nlotlon ',u'rtry recold ci.tiabase Data rilL]nuill 

(in J'aP'･Ine~.'e). 

Bcncial. J.S, nnci Pic]~sol. A.G. ( IL)L)3 ). "Engl]1cerlng ilpplicalions oi' corrclalion Llnd sPcclrill zlnLl]ysis". John Wilc)' & 

Sons, INC. 
Hildckldi. H.R. '.Ind Kawtlkami, H. ( 1 9c)8). "Modc]]ng ~v l¥ c P] op,rg.lllon by uslng nol ma]17ed Inpt]1 oulput mlnlm]laiton 

(NIOM) melhod lbr mullip]e lineLlr s)'stcnls". J. Stlu(/ M((/1 Eu'tllq,,ake E/'g JSCE No 584/ 1 42 pp 79 3c) 

Kaw'.rkami. H. and Bidon, P. (1997). "A simplil'icd inpL]1 oL]1pul l-eltltion melhod using AR nlodcl i'or earlhc]uakc wa¥'c 

prop. 'agalion analysls". Ea,117c!'Ink(･ E/'g,'g. a,1cl S/"u('t. D}'n. Vo]. 26, pp. I O4] -] 057. 

Kawak'.Imi H. and Hadcl Idi H.R ( 1 998) Modellng ¥vtlve p]'op~l,:'Tatlon by uslng nol'lllLII]Lccl Inp- ul-oulpLtl m]nlm]ziltlon 

(NIOM)". Soil /)v,1. Er,rthcluake E,1g,'g. Vol. 17, pp. I 17- 1 2(~. 


