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SUMMARY

Microtremor measurements were conducted in Kushiro City, Hokkaido Island of Japan. The thickness of alluvial

deposits in the central area of Kushiro City abruptly changes from 0 t0 80m. Predominant ground･ motion at

a microtremor measurlng Site is represented by the spectral ratio, the ratio of Fourier amplitude spectrum of microtremor

in the horizontal direction to that in the vertical direction. The peak frequency of the spectral ratio corresponds well to

the predominant frequency estimated from the thickness of aIluvial layer at each site. Based on a hypothesis that the

spectral ratio can be regarded identical with a half of the amplification factor from diluvial bed rock to the ground

surface, the strong ground motion due to the Kushiro10ki earthquake at each site is estimated. The method of estimation

is verified by the comparison of the synthesized accelerogramwith the recorded one at West Port of Kushiro. The results
satisfactorily explain major damages and vibrations felt in Kushiro City during the earthquake.

INTRODUCTION

The Kushiro earthquake or〟 - 7･8 struck the eastern part of Hokkaido Island in Japan on 15 January 1993.

Kushrio City is located only 16 km away from the epicentre (see Figure 1). Kushiro District Meteorological

Observatory recorded the maximum acceleration or 922 gals in the horizontal direction. Major seismic

damages appeared as landslide in and around Kushiro City, and trunk pipelinesfor gas and water suffered

from damage in the diluvial hill area, and liquefaction was observed in the port and harbour area･l very little

destructive damage occurred within the Kushiro Plain. However, subsidence due to the earthquake,

measunng over 20 cm, took place in the northern area or K_ushiro City, where newly constructed houslng

developments are distributed.

The central area or Kushiro City extends about 8 km x 6 km. Within such a small area, the thickness or

alluvial deposits abruptly changes from 0 to 80 m. A diluvial hill is located in the southeastern part of the city.

From these geological conditions, the clty lS regarded as one or the sites most suitable fわr establishing

a method to evaluate seismicrisks in relation to the effect of surface geology on seismic motion.

It is well known that microtremors represent predominant vibrations or the su血ce layer, Corresponding to

local geological conditions･ Microtremor measurements have recently implemented more frequently for the

purpose or determlnlng natural periods or local sites･ Nakamura2 and Nakamura and Takizawa3 applied
microtremor technique to the estimation or dynamic characteristics or embankments and the estimation or

the thickness or alluvia1 layers as well as to their shear wave veloclty, resorting to a `spectral ratio'which is

defined as the ratio of Fourier amplitude spectrum of microtremor in the horizontal direction to that in the

vertical direction･ Nakamura et al･,4 and Ohmachi and Nakamura5 have tried to explain earthquake

damages, by assumlng the spectral ratio of microtremors measured at damaged sites as amplification factors･

Thefirst approach of this paper is to demonstrate how the spectral ratio of microtremor defined above

represents predominant vibration or su血ce soil deposits･ The second is to synthesize earthquake ground
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Figure l･ Map of Japan and the location of Kushiro City in Hokkaido Island

motions which are observed during the Kushir0-0ki earthquake, on a hypothesis that the earthquake

damages Kushiro City suffered may be clearly explained in terms of spectral ratios･

GROUND CONDITIONS IN KUSHIRO CITY

The surface ground condition of Kushiro City lS Classified into three categories, that is, old sand dune area,

fill over marsh or marsh and diluvial hill. Figure 2 is a map of the central area ofKushiro City, ln Which zones

are classified according to the three geologlCal conditions.Asshown in the figure, the old sand dune area

extends in the southern part facing the Pacific Ocean. An area offill over marsh exists in the northern area of

the city. East of the Old Kushiro River, a hill of diluvial loam deposit develops at the altitude of 30-40 m,

extending from the deposit underlying the alluvial layer in the Kushiro Plain.

Figure 3 is the thickness contour map for alluvial deposits and Figure 4 that of a peat deposit in Kushiro

City･6 The alluvial deposits vary ln thickness from 10 to 80 m in the plain･ The deepest part of the deposits

reaching 80 m is located at the mouth of the Kushiro River. In the area near Katsuragi, the thickness of

alluvial deposits changes abruptly and complexly from 70 to 30 m. In the north of the city, there is a peat

layer 1-4 m deep, having its maximum thickness atAshino which, as shown h Figure 4, lies between the

Kushiro River and the Old Kushiro River.

The diluvial hill is extremely undulated. In the north or the hill, at Midorigaoka, there are houslng

developments which were constructed in 1960s by the munlCIPal authorities of Kushiro City. This area was

developed, cutting slopes and丘11ing valleys along the previous geometry or the hill. Damages due to the

Kushiro earthquake concentrated in this area where large-scale slope failure and severe damage of gas

plpelines took place.

SITES AND METHOD OF MICROTREMOR MEASUREMENTS AND PROCESSING OF MICRO-

TREMOR DATA

Microtremor measurements were implemented in March and May 1993 in Kushiro City ln Order to compare

the result or measurements in winter with that in sprlng. As Kushiro City is located on the latitude or 40oN,

the surface soils l･0-115 m thick is frozen until early May. We can assume that frozen surface soil would

largely aqect the earthquake ground motions in Kushiro City at the time of the Kushir0-0ki earthquake.

Sites or microtremor measurements conducted are marked with black squares in Figure 2. Measurements

were carried out at a total or20 sites. At 16 out or20 sites, measurement was conducted in the daytlme both in

March and May, and by uslng the remainlng lbur sites, additional measurement was conducted in May at the

sites for which no data sampling had been made.
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Figure 2･ ClassiAcation corresponding to ground conditions andmicrotremor measurlng Sites in the central area of Kushiro City

Figure 3. Contour map on the thickness of auuvial deposits

The three components or velocity, in the horizontal north-south (NS), easトwest (EW) directions and in

the vertical (UD) direction were recorded three times at each site with a high-pass filter of O･1 Hz. The

number or data polntS Sampled is 8192 and the sampling lnterVal is 100 Hz. Fourier amplitude spectra of

microtremor data were determined first. Smoothing operation was applied successively three times to every

component of the spectrum, uslng the Hannlng Window in order to make smoothing more effective. An

average spectrum in each direction at each site was detemined by averaglng three spectra in each direction.

Finally, spectral ratios or average Fourier amplitude spectra of the NS and EW components, respectively, to

that of the UD component, SRNS(W) and SREW(a), are Obtained as follows:

SRNS(a,-芸霊, SREW(a,-芸霊 (1)
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Figure 4･ Contour map on the thickness or apeat layer

in which FNS(a) is the Fourier amplitude spectrum in the NS direction, FEW(a) the Fourfer amplitude

spectrum in the EW direction and FUD(a) the Fouri?r amplitude spectrum in the UD directlOn･

Figure 5 gives two examples to show that predomlnant Vibration of surface deposits can be grasped by

means or spectral ratio. Figure 5(a) shows Fourier amplitude spectra or three components or a microtremor

recorded at West Port and Ashino, while Figure 5(b) the spectral ratios orthe NS to the UD components and

the EW to the UD components at the same sites. In Fourier amplitude spectra in Figure 5(a), two major

peaks ranging from O･5 to O･7 Hz and from l･2 to l･4 Hz can be clearly seen in the horizontal directions, while in
the UD direction, one peak only, ranglng from l･2 to l･4 Hz, is extraordinarily high. In spectral ratios, on the

other hand, only the peak centring at about O･5 Hz can be recognized. Comparing the two figures of the same

site, the spectra in Figure 5(b) Come out more sharply than those in the horizontal directions in Figure 5(a)･

The microtremor component in the frequency range 1 ･2- 1･4 Hz is estimated to be caused mainly by Rayleigh

wave. Since measurements were carried out in the daytime, it is assumable that the orlglnS Of microtremor

causlng Rayleighwave, traffic, factory, etc. were predominant. The eqect of Rayleighwave on the Fourier
amplitude spectra in the horizontal directions can be removed successfully by the use of the spectral ratio.

The coTparison made atAshino in Figures 5(C) and (d) also implies that the spectral ratio clearly gives the

predomlnant frequency of a surface layer.

Lu et aE･7 Pointed out that the source of microtremor is different from that of an earthquake･ They

compared power spectra of both microtremor and earthquake ground motion recorded at the same site and

concluded that both horizontal and vertical motions in microtremor were orlglnated from a similar source,

while horizontal motion is mainly caused by S-wave and vertical motion by both S- and P-wave in an

earthquake･ Nakamura8 defined the spectral ratio as the spectral amplification factor, based on a hypothesis

that the vertical motion at bed rock is almost identical with that of the horizontal motion. Thus, the authors

assume that the ampliGcation factor at ground surface which should work on the wave incidence with umit

amplitude at bed rock, Fan,(a), can be approximated by the spectral ratio, SR(a), in the fわllowing relation:

Famp(a) - 2 SR(W)　　　　　　　　　　　　　　　(2)

Based on the assumption glVen above, microtremor data are examined uslng the spectral ratio. Then, the

spectral ratio, being glVen aS a half of the amplification factor, is applied to synthesize the earthquake ground

motions atmicrotremor measurlng Sites in Kushiro City during the Kushir0-0ki earthquake.

SPECTRAL RATIOS TN KUSHIRO

Spectral ratios for six.representative sites out of 20 aregiven in Figures 6(a) and (b)･Asshown in the figures,

the peak at a predomlnant frequency of the surface layer can be clearly seen, especially in spectral ratio for
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Figure 5. Corrlparison between Fourier spectra and spectralratios for microtremor measured in the daytime at West Port andAshino,

(a) Fourier spectra at West Port, (b) Spectral ratios at West Port, (C) Fourier spectra atAshino, (d) Spectral ratios atAshino

four sites, Shinfuji-cho, Aikou, Nakashima-cho and Mihara-3 in the Kushiro Plain･ The mimimum value of the

spectral ratio, which exists in the frequency range higher than 2 Hz, is around l･0, which seems to justify the
hypotheses discussed in the previous chapter. Peaks for the second or the third mode of shear vibration do

not appear clearly at the four sites. However, it is well known that higher modes are generally weaker in

predominance than thefundamental mode in the amplification factor for multiple layered soil deposits.
Comparing Figure 6(a) with Figure 6(b), shapes and peaks of spectral ratios in the NS and the EW

directions are known to be almost colnCident with each other. Companng the spectral ratio in winter with

that in spring in Figures 6(a) and (b), no conspicuous difference?an be se苧n, eチcept the fact that the values of

the ratio at frequency higher than 210 Hz are a little larger in sprlng than ln Winter. Resorting to the multiple

reflection theory, lt Can be explained why the amplification in higher modes becomes low when soil deposits

are covered with thin and hard material. However, it can be concluded that the earthquake ground motion in

winter is not so different from that in spring. Thus, such coincidence of spectral ratios measured at diWerent

moments implies well the validity or microtremor measurements.
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Figure 6(b)I EW components of spectral ratio derived from themicrotremor data, measured in March (winter) and those measured in

May (spring) in Kushiro City
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Predominant frequency ranges,peak frequencies and peak spectral ratios observed atmicrotremor

measunng slteS are Summarized in Table I･ In the table, results obtained in bothwinter and spring are Stated

together･ The value in the parenthesis denotes the peak frequency of the spectral ratio･ Only the data at

Katsuragl ln SPrlng are taken at night, because the tra侃c was heavy in the daytlme there･ Others are results of

measurementS COnducted in the daytlme. Looking through Table I, the data obtained in winter and sprlng

show no conspicuous difference due to the seasonal geologlCal difference in the Kushiro Plain, thoughthe

peak spectral ratios at two sites in the diluvial hill area are extremely large in sprlng･

Asknown from Figure 3, thepeak frequency of spectral ratio at each site represents fairly well the

predominant frequency corresponding to the thickness of alluvial deposits at each site･ At the sites where the
thickness of alluvial deposits ranges form 40 to 80 m such as West Port of Kushiro, Showa-cho, Aikoku, etc･

the predominant frequency is O･510･75 Hz. At sites with alluvial deposits 40 m thick or less, Nakashimo-cho,

Mihara-3, Mihara-5, etc. the predominant frequency is higher than O･9 Hz. Based on the hypothesis that the

predominant frequency of the spectral ratio coincides with the frequency of thefundamental mode of shear
vibration of an alluvial layer, the average values of shear wave veloclty Of alluvial deposits are estimated as

Ilo-140 m/see in the west of the Kushiro River and Mihara, 160-190 m/see in the region between the

Kushiro River and the Old Kushiro River excluding Mihara. Since the shear wave veloclty Of alluvial

deposits of Kushiro City is reported as 40-200 m/see,6 the spectral ratios express satisfactorily predominant

vibrations of surface soil deposits.

In the diluvial hill, on the other hand, the predominant frequency varies in a wide range of 118-4･2 Hz.

Since the undulation of the hill is steep and complicated, the surface ground has an irregular interface. In such

a surface soil deposit, there is a good possibility that multiple vibration modes may take place combinedly･9 If

the profile of a surface layer consists offill materials extremely soft with shear wave velocity of 50 m/see

which overlies a weathered loam deposit with shear wave.velocity of 200 m/sec･ not only the fundamental

mode but also the second or the third mode of shear vibration appears Predominantly･10 The spectral ratios

of the diluvial hill area observed represent well such complicatedvibrations.

Table I. Predominant frequencies andpeak values of spectral ratios obtained at micro-
tremor measurlng Sites in Kushiro City

Predominant frequency (Hz)　　　　Max. spec. ratio

Location or

meas urement Winter Spring Winter Spring

West Port
Shinfuj i-cho

Tottori-ohdohri

Tottori-kita

Show且-cho

Toyokawa-cho

Aikoku

Nakashima-cho

Ashino

Mihara-3

Mihara-5
Katsuragl

Shinkai

Musa

Zaimoku-cho

Midorikaoka-2

Midorigaoka-6-5

Midorigaoka-6- 1 7

Midorigaoka-5

Meteoro. Observ.

0･6-0･9 (0･74)

0･5-0･9 (0･62)

0･5-1･1 (0･67)

0･5-0･9 (0･72)

0･6-0･8 (0･72)

0･6-0･9 (0･70)

1･2-1･7 (1･38)

1･1-1･4 (1･23)

0･8- 1･6 (0･96)

1･3-1･8 (1･55)

0･8-1･2 (1･12)

3･0-5･0 (3･30)

2･0-2･7 (2･29)

l･9-2･9 (2･50)

1･5-2･8 (1･81)

Not clear

0･4-0･8 (0･50)

0･61110 (0･72)

0･3-0･7 (0･63)

0･5-0･8 (0･62)

0･41 1･･0 (0･73)

0･5-018 (0･63)

0･6-0･8 (0･72)

1･3-1･5 (1･40)

0･8-1･3 (0･90)

1･1-1･6 (1･29)

0･8-1･2 (0.93)

1･5-1･8 (l･68)

1･1-1･7 (1･54)

1･5-1･8 (1･67)

2･8-4･4 (4･14)

2･0-2･6 (2･50)

2･3-2･9 (2･38)

1･7-2･0 (1･88)

Not clear

3･9-4･7 (4･31)

5ノーU8　2　4　0　1
07　0ノ　5　00　0　0ノ　0ノ

l

0601AV　7　00　1

1

. 1. 1824
500　0ノ　′-U　4

08. 132877. 124183　40206. 15588799760000561.　51.3420

1　　1　1　1　2　　　1
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ESTIMATION OF EARTHQUAKE GROUND MOTIONS IN KUSHIRO DURING THE

KUSHIR0-0KI EARTHQUAKE

Kushiro District Meteorological Observatory located on the diluvial hill recorded 922･2 gals and 8 17･4 gals

at maximum in the EW and the NS directions, respectively, during the Kushir0-0ki earthquake･ll The

displacement in the NS direction was ll･l cm at maximum which was twice as large as that in the EW

direction, 5･7 cm. Predominant vibrations in the NS direction were felt by many inhabitants in various

regions in Kushiro City. According to the Port and Harbor Research lnstitute (PHRI), the Ministry or

Transport or Japan,12 which recorded the strong ground motion at West Port or Kushiro (see Figure 2),

cyclic mobility or the sand deposits appeared in the NS-direction record, while no evidence or such

phenomenon was found in the EW direction. Therefore, it is concluded that major earthquake damages were
orlglnated from the motion in the NS direction. Figures 7 and 8 illustrate the main part of the time histories

of horizontal acceleration recorded by the said Meteorological 0bservatory1 3 and their Fourier amplitude

spectra.

Based on the hypothesis that the spectral ratio is identical with a half of the amplification factor from

diluvial bed rock to ground surface, the incident wave motion during the earthquake can be obtained.

Letting d'NS(i) and a-EW(i) be the NS and the EW components of acceleration recorded at the observatory,

respectively, and letting BNS(a) and BEW(a) be the spectral ratios of microtremor measured at the obser-

vatory in the NS and the EW directions, respectively, Fourier coefBcients of the incident wave Inputted at the

boundary or diluvial and alluvial deposits can be glVen by

YEW(W) -
2 BJN(a)

Ll'NS(t)e-iot dt

d'EW(i)e-iwt dt

(3)

(4)

㈱紬㈱棚So霊霊㈱I J I I J　　　-

■
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Figure 7･ Time histories of strong ground motions recorded at Kushiro District Meteorological Observatory, (a) NS component,

(b) EW component
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Figure 8. Fourier spectra of strong ground motions recorded at Kushiro District Meteorological Observatory, (a) NS component,

(b) EW component

The spectral ratios of microtremor at the observatory used in the analyses are shown in Figure 9･ Then, the

earthquake ground motion during the Kushir0-0ki earthquake at the microtremor meTsuring site, a(i) in the

NS direction and β(t) in the EW direction can begiven, applying the inverse Fourler transfわrmation as

follows:

a(i) =i
7r

p(i) -i
7[

∫

∫

+co

-CO

+co

~CO

YNS(W) SRNS(a)) eioL dw

YEW(a) SREW(a) eiot dw

In which, SRNS(W) and SREW(a) denote spectral ratios atmicrotreヮor measuring sites in the NS and EW

directions, respectively･ Substituting equat10nS (3) and (4) into equat10nS (5) and (6)･ the earthquake ground

motions during the Kushir0-0ki earthquake at microtremor measuring Sites can be obtained in thefollowlng:

1

a(i) =元

P(() =
I

亘完

∫

∫

'co SRNS(W)

_孤 βNS(∽)

'cD SREW(a)

_co BEW(a)

[ ∫_': d･NS((, e-iwL dt] ei-I dw　　　(7,

[ ∫_': d･EW(i, e-主ot dt] e主o-血　　　(8,

The main part with time duration of 81･92 see of the NS and the EW components of acceleration recorded at

the observatory at the time of the earthquake is used to determine the input motion. The analysis was carried

out only in the frequency range from O･25 to 5･O Hz, because the spectral ratio was calculated in this range

only. The analytical results, i.e. time histories and Fourier amplitude spectra of the incident wave motion are

shown in Figures 10 and 1 1, respectively. The values of the maximum acceleration of the incident wave

motion are 160 gals in the NS direction and 174 gals in the NS direction. The spectral ratios used in the

analysis by equations (5)-(8) are those obtained through measurements inwinter, except for sites where

measurements were conducted only in sprlng.

Asmentioned above, Strong ground motions were recorded by the Port and Harbor Research Institute at

West Port of Kushiro. The distance from the station of strong motion observation by PHRI to the

microtremor measurlng Slte at West Port is about 2 km, which is not a very short distance. The thickness of

alluvial deposits, however, is almost the same at both sites, as shown in Figure 3. The comparison of time
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Figure lot Time histories of incident waves used in the analysis as input motions, (a) NS component, (b) EW component

histories in the NS direction between synthesized and recorded earthquake ground motions at West Port4 is

shown in Figure 12. Such comparison was not made in the EW direction, because high frequency of vibration

predominates in both recorded and synthesized accelerograms.Asthefigure illustrates, the synthesized
earthquake motion successfully approximates the recorded motion from the amival of S-wave up to the

two-thirds of the main part in the time history. In the latter one-third of the main part, the predominant

period of the recorded motion becomes longer than that of the synthesized wave. In the latter half part of the

recorded motion, an accelerogramwith spike-like peaks can be seen. The maximum acceleration of 469 gals,

which is greater than that of the synthesized motion, lies in this spike-like portion. Tf the spikes are removed

from the accelerograms, the acceleration level is almost identical in both accelerograms in Figure 12. Thus,

the method to synthesize earthquake ground motions, based on microtremor measurements proposed here,

is satisfactory for estimating actual earthquake ground motions when approximatlng linear responses･
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Figure 12. Comparison of the synthesized accelerogram to that recorded at West Port of Kushiro, (a) Recorded accelerogram by

PHRI14, (b) Synthesized accelerogram

Time histories or synthesized earthquake ground motions at丘ve representative sites or microtremor

measurePents are shown in Figure 13(a)for the NS direction and in Figure l3(b) for the EW direction･
Compamg Figures 13(a) with (b), it is readily recognized that long-period vibration is predominant in the

NS component, while short-period vibration lS predominant in the EW component. The maximum values or

acceleration in the synthesized earthquake ground motions are listed in Table TT. At sites located in the

Kushiro Plain, there is a tendency for the value of maximum acceleration analysed in the NS direction to be

larger than that in the EW direction. At sites in the diluvial hill area, on the contrary, the value of maximum

acceleration analysed in the EW direction is larger than that in the NS direction on the whole. The maximum

acceleration was extremely high especially in the diluvial hill area. lt should be noted, however, that these

results are based on linear analyses.
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Table II. Values of maximum acceleration of syn-

thesized earthquake ground motions obtained at

microtremor measunng sites

Maximum acceleration (gal)

Location or

measurement NS comp.　EW comp.

West Port
Shin叫i-cho

Tottori-ohdohri

Tottori-kita

Show且-cho

Toyokawa-cho

Aikoku

Nakashima-cho

Ashino

Mihara-3

Mihara-5

Katsuragl

Shinkai

Musa

Zaimoku-cho

Midorikaoka-2

Midorigaoka-615

Midorigaoka-6- 1 7

Midorigaoka- 5

一　一一

l I I L l I

54835345560. 141

諾6-7諾5-9㌶諾6-66-75 -0.. 1 -

7　4　7　4tJ恥2 6.024 56
′0　1　2　00　ノ▲U

一It

790374709. 167. 12　306. 1. 17941.9_.94368086　727953　0ノ3　950　30ノ9　0　7　2　00　0　4　5130422　2　3tJ　2　005′lU　700　4　5　001　′0　1　07

.　l　　　　　　一tl 1 1

一一　一一一一一ー

一一一

609

RELATIONSHTP tlETWEEN SYNTHESIZED EARTHQUAKE GROUND MOTIONS AND

DAMAGES DUE TO THE KUSHTR0-0KI EARTHQUAKE

Tn this section, the relationship between synthesized earthquake ground motions and major damages due to

the Kushir0-0ki earthquake of 15 January 1993 is discussed. Figure 14 Shows the earthquake damage at

West Port of Kushiro, a typical damage at port and harbour facilities in Kushiro. Liquefaction occurred in the

backfill of the quay wall and cracks extending parallel to the quay wall were observed. Both recorded and

synthesized earthquake ground motions in the NS direction at West Port of Kushiro show cyclic behaviour

with the predominant period, having a large acceleration which is considered to be su瓜cientfor liquefying

sand.

Figure 15 shows the damage due to subsidence at Mihara-3. At almost every place in the fill over marsh

area, more or less slgmificant subsidence can be observed; 30 cm of settlement at maximum was observed at

Mihara-3. At Showa-cho, tilting of a few houses due to uneven subsidence of ground was observed in May,

though no tilting could be found in March. This phenomenon can be explained by gradualmelting down of

frozen soil under the foundation of the houses. In the Miyagiken-oki earthquake of 1978, damages of

industrial facilities caused by large subsidence of a peat layer occurred in Sendai City. The thickness of the

peat layer in Kushiro ranges fわrm 1 to 4 m as shown in Figure 4. The compressive coemcient Cc of peat is

generally between 315 and 410 and natural water content of peat exceeds 500 per cent･ Suzuki15 Conducted

dynamic simple shear tests on the Sendai peat and concluded that the subsidence could be estimated by this

parabolic equation:

dp-HpSa- (9)
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Figure 14. West Port of Kushiro. Backfill materials behind the quay wall liquiJied at West Port of Kushiro, which led to the
wide-spread cracks on a collCrete pavement

Figure 15･ Mihara13, Dissipation of pore-water pressure built up in the peat layer subjected to the Kushiro earthquake might cause
large subsidence measurlng OVer 20 cm at Mihara-3

in which d,, H, and ea denote subsidence, thickness and axial strain (per cent) of the peat layer, respectively;

Au/q'c excess pore-water press.ure ratio; and a and b denote constants determined experi.mentally depending

on the soil material, respectlVely. As shown in Figure 13, the maximum acceleratlOnS Or Synthesized

earthquake ground motions at Mihara-3 are 545 and 605 gals in the NS and the EW directions, respectively.

The value ofAu/qt may increase up to O･6 or O･7･ Letting H, be 3･O m andusing constants a and b equal to

those ofSendai peat, i･e･ a - 2･875, b - 1･0, dp becomes 20･1 cm for Au/q: - 0･7 and 12･9 cm for Au/q'C - 0･6.

Consequently, the main cause of the subsidence may be consolidation of the peat layer due to the dissipation

of excess pore-water pressure･

Figure 16 shows the upl的ora manhole or sewer trunk at Katsuragl, Where the maximum acceleration was

estimated as 637 gals in the NS direction and 821 gals in the EW direction. The thickness oralluvial deposits

there is about 40 m.
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Figure 16. Katsuragi. More than 20 manholes of two sewer mainsalong the road wereflOated up due to liquefaction at Katsuragiand
Kiba. 1･5 m of lift-up at maximum was observed

Figure 17･ Midorigaoka-6･ Large-scale slopefailures took place and scveralhouses were destructively damaged at Midorigaoka.
Acceleration which reaches I g was estimated in the analyses at Midorigaoka

The slope failure that took place at Midorigaoka is shown in Figure 17. The maximum values of

synthesized earthquake ground motions at four sites at Midorigaoka were surprlSlngly large as we see in

Figure 13 and Table II･ The microtremor measunng site at Midorigaoka-6-17 is located 20-30 m away什om

the slope failure in the figure. The maximum acceleration there is 845 gals in the NS directions and 1 139 gals

in the EW direction･ At other sites at Midorigaoka, the maximum acceleration also exceeds 1 g as shown in

Table II. Thus, the acceleration at Midorigaoka is considered to be su爪cient to cause slope failures. In the
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diluvial hill area, therefわre, the ground motion not only in the NS direction but also in the EW direction is

estimated to have caused severe damages.

CONCLUSIONS

In this paper, the spectral ratio, i･e･ ratio of Fourier amplitude spectrum of microtremor in the horizontal

direction to that in the vertical direction, was introduced to evaluate predominant vibrations at various sites

in Kushiro City･ In addition, earthquake ground motions at microtremor measurlng Sites during the

Kushir0-0ki earthquake of 1 5 January 1993 were synthesized, using the spectral ratio equal to a half of the

amplification factor. Conclusions derived from this paper are summarized as follows:

(a) with regard to microtremors, the spectral ratio demonstrates the predominant frequency of the surface
layer more clearly than the Fourler amplitude spectrum or the horizontal component does･ The

predominant frequency obtained from the spectral ratio agrees well with the natural frequency

expected from the thickness of alluvial deposits at each site･

(b) The predominant frequency in the Kushiro Plain ranges from O･5 to l･7 Hz･ The spectral ratio

demonstrates a clear peak at the frequency offundamental mode of the su血ce layer･ On the other

hand, the spectral ratio in the diluvial hill area does not show a peak as clear as that in the plain does･

The peak with a wide band from 2 to 4 Hz was obtained in the diluvial hill area･

(C) There i? no remarkable difference in spectral ratios between the data obtained in winter and spring･

There lS a tendency, however, for the spectral ratio in sprlng tO Show a little higher value in the
frequency range higher than 2 Hz.

(d) The synthesized earthquake ground motion at West Port of Kushiro simulated successfully the
recorded earthquake ground motion･ This demonstrates the applicability of the analytical approach

proposed in this paper.

(e) According to the synthesized earthquake ground motions for the Kushir0-0ki earthquake, the earth-

quake ground motion in the NS direction was the main cause of earthquake damages in the Kushiro
Plain, while damages in the diluvial hill area were attributable to earthquake ground motions both in

the NS and EW directions･ At Midorigaoka, acceleration exceeding 1 g was estimated to have taken

place.

The spectral ratio used in this paper may be modified in consideration of the source mechanism and the

travelling process or microtremor, in the case of more precise evaluation or predominant vibrations or suぬce

deposits. Furthermore, it should be noted that the microtremor-spectral-ratio approach discussed here to

synthesize earthquake ground motions, dealswith the linear response problem only. Therefore, the extension

or this strategy, by means or the equlValent linear technique fわr example, is required to cover non-linear

response problems. These two items are subjects to our future research.
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