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Nonlinear site effects on strong ground motion at
a reclaimed island

Jun Yang, Tadanobu Sato, and Xiang-Song Li

Abstract: Recently there has been an increased interest in the study of the nonlinearity in soil response for large
strains through in situ earthquake observations. In this paper, the downhole array acceleration data recorded at a re
claimed island, Kobe, during the 1995 Kobe earthquake are used to study nonlinear site effects. Particular attention is
given to the liquefaction-induced nonlinear effects on the recorded ground motions. By using the spectral ratio and the
spectral-smoothing technique, the characteristics of the ground motions are analyzed. It is shown that the peak frequen
cies in spectral ratios were shifted to lower frequencies when the strongest motions occurred. The increase 4in the pre
dominant period was caused primarily by a strong attenuation of low-period waves, rather than by amplification of
long-period motions. Based on the spectral analyses, the nonlinearity occurring in the shallow liquefied layer during the
shaking event is identified, manifested by a significant reduction of the shear modulus. A fully coupled, inelastic, finite
element analysis of the response of the array site is carried out. The stress—strain histories of soils and excess pore-
water pressures at different depths are calculated. It is suggested that the stress—strain response and the build up of
pore pressure are well correlated to the variation of the characteristics of ground motions during the shaking history.

Key words site response, ground motion, nonlinearity, soil liquefaction, array records, Kobe earthquake.

Résumé: Il y a eurécemment un intérét accru pour I'étude de la non linéarité dans les réponses du sol pour les
grandes déformations par le biais des observations in situ des tremblement de terre. Dans cet article, les données de
réseau d'accélération en bout de forage enregistrées sur un ile remblayée, Kobe, durant le séisme de Kobe en 1995
sont utilisées pour étudier les effets de site non linéaires. Une attention particuliere a été apportée aux effets non
linéaires sur les mouvements enregistrés du sol induits par la liquéfaction. En utilisant le rapport spectral de méme que
la technique de lissage spectral, les caractéristiques des mouvements du sol sont analysées. Il est montré que les
fréquences de pic dans les rapports spectraux ont été déplacés vers des fréquences plus basses lorsque les mouvement:
les plus forts se produisaient. L'accroissement de la période prédominante a été causé principalement par la forte
atténuation des ondes de faible période plutoét que par I'amplification des mouvements de grande période. D’'apres les
analyses spectrales, la non linéarité se produisant dans la couche liquéfiée peu profonde durant les secousses a été
identifiée et se manifestait par une réduction significative du module de cisaillement. L'on a effectué une analyse
inélastique complétement couplée par éléments finis de la réponse du site du réseau. Les histoires de
contrainte—déformation des sols et I'excédent des pressions interstitielles a différentes profondeurs ont été calculés.
L'on aborde le fait que la réponse contrainte—déformation et le développement de la pression interstitielle sont en
bonne corrélation avec la variation des caractéristiques des mouvements du sol durant I'histoire des secousses.

Mots clés: réponse du site, mouvement du sol, non linéarité, liquéfaction du sol, données de réseau, séisme de Kobe.

[Traduit par la Rédaction]

Introduction Hardin and Drnevich 1972; Kokusho 1980; Vucetic and
Dobry 1991). Based on the laboratory findings, it is recog

ltt IS fwe” ktrr:owr; that seistmictagn[tjlificati?rr]] baﬁicgllylorigi nized that, if the earthquake shaking is strong enough to
tr)a esfrtohm ed_s rontg con rf"lls edwtienb g P li's'ﬁa p;mpe.ﬁ/ause large strain above a certain threshold of a soil, the soil
Ies of theé sedimentary Soils an € bedrock. Local SOl respond nonlinearly, manifested by the shear modulus
conditions have a significant effect on the amplitude and fre

n ntent of earthauake motions. Numer laborat rand damping ratio which vary with the amplitude of shear
guency content of earthquake motions. NUMerous 1aboralory i, - |n’ addition to the strain-dependent behavior in-gen
tests have been done to investigate dynamic soil behavi

over a wide range of strain (e.g., Seed and Idriss 197 Oéralt for sa.turated cohesionless_ soils subjected to undrained

o ¢yclic loading, the gradual buildup of excess pore-water
pressure can reduce effective stresses and, consequently, the

Received January 4, 1999. Accepted August 4, 1999. spil stiffness. This nonlinear'effect induced by the accumula
tion of pore-water pressure is more complex when the pore-

J. Yang' gnd T. Sato. Disaster Prevention Research Institute, \yater pressure is high enough to bring soils to the state of
ﬁ{cgoL?”B’:rz:t)’rhgg’togf’ glvln Oé)nllihélgﬁﬁn' Hong Kon liquefaction. Much work has been carried out to understand
Uhivérsity OPScience and Techr?ology Ig’ong K%ng ghina soil liquefaction ('.3-9-.' Seed .1979; NRC 1985, Ishihara
' ' " 1993). Many constitutive equations based on laboratory test

tAuthor to whom all correspondence should be addressed. results have been developed for modeling soil nonlinearity

Can. Geotech. B7: 26—39 (2000) © 2000 NRC Canada



Yang et al. 27

and liquefaction. However, there is a concern that the-laboFig. 1. Location of Port Island and the vertical array.
ratory conditions are not the same as those in the field. It is
of importance, therefore, to study the nonlinearity in soil re

sponse for large strains through in situ earthquake observ: N Kobe city
tions. Such study is also helpful in verifying and refining the

available laboratory observations and analytical simulation:

on soil behavior and ground response.

For a site subjected to earthquake shaking, in addition t
the local soil conditions, whether nonlinear effects can occu
or not depends on many other factors, such as the intensi \ﬂf\ﬂ.\
of earthquake shaking (weak, moderate, or strong), the dis
tance of the site from the source, and the subsurface topoi

Rokko Island

Vertical array

raphy. A most desirable way to accurately investigate the First stage - Osaka Bay
nonlinear response is through in situ observations obtaine -

from vertical arrays in strong earthquakes. These array re LK’

cords make it possible to separate the local soil effects fron Second stage

source and path effects. One can investigate the nonline: Port Island

soil response by examining the Fourier spectral ratioe be
tween ground surface and bedrock motions. It is expected
that the nonlinear effects are expressed in the reduction ighejr relations to the characteristics of the ground motions
the amplitude and the lengthening in the predominant periode 5qdressed.
of surface ground motion. These may be two obvious fea
tures of nonlinear soil response which can be demonstrat
by using the earthquake records. It is also possible to us
these records to investigate the behavior of soils between the port Island is an artificial island located on the southwest
stations at different depths and how much this behavior inside of Kobe, Japan. The island was constructed in two
fluences the ground motion. However, one problem encounstages. In the first stage, between 1966 and 1981, an area of
tered in doing so is the scarcity of time history records in436 ha was reclaimed. In the second stage, which was
strong earthquakes which may show the characteristics @ftarted in 1986, the island was extended southward by re-
nonlinear effects. Recently, some researchers have tried laiming an area of 319 ha. A downhole array was installed
find observational evidence of the nonlinear site effects fromat the northwest corner of Port Island in August 1991. The
earthquake motion data (Sugito and Kamada 1990; Chang @jcation of the island and the array site are shown in Fig. 1.
al. 1991; Beresnev et al. 1995; Elgamal et al. 1995). Thesghe array consisted of three-component accelerometers lo-
works have resulted in an increased interest in the imporeated at the surface and at depths of 16, 32, and 83 m. All
tance of nonlinear soil behavior and ground response reinstruments were linked to a common triggering mechanism
corded during earthquakes. to record the seismic data synchronously. The downhele ar
The objective of this paper is to study nonlinear effectsray site basically consisted of (1) a reclaimed surface layer
using the vertical array strong motion records obtained at thelown to a depth of 19 m which consisted of decomposed
reclaimed Port Island, Kobe, during the 1995 Kobe earthgranite mined from nearby mountains; (2) an alluvial silty
guake, with particular attention given to the effects of soilclay layer from a depth of 19-27 m; (3) alluvial sand be
liquefaction on the characteristics of ground motions. Theween 27 and 33 m; (4) sand with gravel and diluvial sand
unique features of the Port Island records are as followsfrom 33 to 61 m; (5) a diluvial silty clay layer between 61
(1) the records included detailed acceleration data at reasoand 79 m; and (6) sand with gravel below 79 m. The greund
ably spaced depth intervals; the maximum recorded accelewater level was located at a depth of 2.4 m before the earth
ation reached approximately @6 and the deepest quake and it dropped to 3.5 m after the shaking events.
accelerometer was located at a depth of 83 m; and (2) thEigure 2 shows the soil profile at the array site. The site in
site consisted of a reclaimed loose surface layer which {iquevestigation indicated that the standard penetration test (SPT)
fied during shaking events; abundant evidence of site liquevalues of the surface reclaimed layer were very low, indicat
faction such as sand ejection, ground fissures, and laterég that there existed a high liquefaction susceptibility in
spreading of as much as 5.9 m was observed after the-eartthat layer. The grain sizes of soils used for the surface recla
quake. Therefore, it is believed that the nonlinear soil re mation ranged from gravel- and cobble-sized patrticles to fine
sponse was triggered and its effects would be shown bgands. Figure 3 shows the strain-dependent modulus +educ
these acceleration records. In this study, the characteristi¢®n and damping ratio curves obtained from laboratory tests
of the recorded ground motions are analyzed using the-spetor the reclaimed soil, alluvial clay, and alluvial sand at the
tral ratio and the spectral-smoothing technique. Based on thaite (Kobe City Development Bureau 1995).
spectral analyses, the nonlinearity occurring in the shallow Strong motions in three components were recorded by the
liquefied layer during shaking events is identified. Further downhole array during the 1995 Kobe earthquake (Japan
more, a fully coupled, inelastic, finite element analysis isMeteorological Agency magnitude scale; M 7.2, roughly
carried out to analyze the ground response at the array sitequivalent to a moment magnitudé,, = 6.9), as shown in
The stress—strain histories of soils and excess pore-watétig. 4. The peak accelerations were recorded as 527 gal
pressures at different depths are simulated and, in particulafl gal = 1 cm/$) (0.538)), 486 gal (0.496), and 186 gal

ite conditions and downhole array records
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Fig. 2. Soil profile at the vertical array site, Port Island.

Fig. 3. Modulus reduction and damping ratio curves for several
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types of soils at the array site.
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(0.19@) at a depth of 83 m (G.L. -83 m, where G.L.
denotes ground level) for the north—south (NS), east—west
(EW), and up—down (UD) components, respectively. It
should be mentioned that the orientation error in the acceler-
ometer at G.L. —83 m has been corrected according to the
displacement orbits for each station in the horizontal plane
(Sugito et al. 1996). The corrected displacement orbits at
four stations at different depths are shown in Fig. 5. More-
over, it is to benoted that the acceleration records at G.L.
—16 m in the vertical component contained some unusual
impulse-like spikes; it is very probable that during strong
motion the sensor malfunctioned, therefore the records in the
vertical component at this depth are not used here. Figure 6
depicts the distribution of peak accelerations in three -com
ponents with depth. A significant reduction of the ampli
tudes of horizontal motions took place when the seismic
waves travelled from the bottom to the surface. On the other
hand, the vertical motion was greatly amplified at the-sur
face. To show the change of the relationship among the
three components of the motions, the peak vertical accelera
tions are plotted against the peak horizontal accelerations in
east-west and north—south directions at three different
depths in Fig. 7, where two straight lines correspond to 1:1
and 2:3 slopes. Figure 7 shows that the ratio between the
vertical and horizontal components tends to be larger than
unity as depth decreases. Figures 6 and 7 give us a clear and
direct picture of the site effects on the recorded ground mo
tions. The deamplification of horizontal motions, as men
tioned previously, is believed to be caused by the
liquefaction in shallow layers, which was associated with
substantial softening of soils. Abundant evidence of site liq
uefaction such as sand boils, ground fissures, and lateral
spreading of as much as 5.9 m was observed after the-earth
guake (Shibata et al. 1996; Hamada et al. 1996). The signifi
cant vertical amplification, on the other hand, is considered
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Fig. 4. Vertical array acceleration records at Port Island during the 1995 Kobe earthquake. EW, east—west; NS, north—south.
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Fig. 5. Displacement orbits at four stations at different depths. EW, east-west; NS, north—south.
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Fig. 6. Distribution of maximum horizontal accelerations with

Fig. 7. Relationship of maximum horizontal and vertical acceler-
depth. EW, east-west; NS, north—south.

ations at different depths. EW, east—west; NS, north—-south.
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. : .Spectral analysis of ground motion
as the result of incomplete saturation of near-surface soils P y 9

which caused substantial amplification of P waves because Subsurface soils subjected to a strong shaking may re
the vertical motion may mainly involve the propagation of spond in a nonlinear manner. As a result, the amplitude of
P waves (Yang and Sato 208)0 A detailed discussion on horizontal motion may be reduced and the predominant
this issue is of interest but beyond the scope of the preseneriod of the motion lengthened. In general, this nonlinear
paper. The relevant studies are presented in Yang and Satesponse can be investigated by examining the Fourier
(200@g, b). response or spectral ratio between the surface motion and
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Fig. 8. Fourier spectra of horizontal surface motions in three phasgésidrth—south component, and)(east-west component.
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the motion recorded at other depths. However, because ofariation of frequency content during the shaking. In this
the long duration of the acceleration records and uncustonstudy, each acceleration record is separated into three phases
ary variation of the frequency content, it is difficult to reach according to the observed features of seismograms: phase 1,
a reliable conclusion from the spectral analysis of the comfrom 0 to 3 s, contains weak earthquake motions with maxi
plete records. An approach to deal with this problem is to di mum acceleration less than 100 gal; phase 2, from 3to 12 s,
vide the long records into several phases so as to capture tlterresponds to the strongest motions with maximum acceler

© 2000 NRC Canada
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Fig. 9. Spectral ratios for three phases for the north—south component of ground motion.
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ation around 560 gal; phase 3, from 12 to 30 s, containgigures @, 9b, and € show the spectral ratios between the
weak motions after the strong motions. surface motion and the motions at depths of 16, 32, and 83 m
The Fourier spectra for the surface motion in two horizon (denoted SP0/SP16, SP0/SP32, and SPO/SP83) in three
tal directions are investigated. In the calculation of the Fouriephases, respectively, for the north—south direction. The-spec
spectra for the three phases, a smoothing of the spectra-is péral ratios in three phases for the east-west direction are
formed using Parzen'’s spectral window (Bellanger 1989). Figshown in Fig. 10. Generally, the features of the spectral ratios
ures & and & show the spectral amplitudes for the surfacefor the east-west component are very similar to those for the
motions for three phases in the north—-south and east-west diorth—south component for all three phases. Therefore, the
rections, respectively. As expected, the predominant frequerdiscussion of the characteristics of spectral ratios is focused
cies for both horizontal motions were decreased when theere on the north—south component. From the plots in Fig. 9
strong motion occurred. For the north—south direction, thet can be seen that, in phase 1, the spectral ratios SPO/SP83
predominant frequencies dropped from about 4.5 and 10.8 Hand SPO/SP32 are similar, with peak frequencies of around
in phase 1 to 0.6 Hz in phase 2; for the east—west directior4.5, 7.0, and 11.0 Hz and 4.2, 6.0, 10.5 Hz, respectively. The
the predominant frequencies decreased from about 4.8 armbminant seismic waves were those with high frequencies in
7.5 Hz in phase 1 to 1 Hz in phase 2. The decrease in prehis phase. However, the spectral ratio SPO/SP16 exhibited a
dominant frequency was associated with the strong earthqualstightly different feature: the peak frequencies were around
shaking, which caused soil softening and liquefaction in shallov8.2 and 6.6 Hz. This indicates that, although the shaking dur
layers. Moreover, the frequency content of the surface motioing this stage was not strong, seismic motions with relatively
in phase 2 is similar to that in phase 3, which may indicatdonger periods became dominant when the waves travelled
that the liquefaction state of soils remained within the period. through the surface reclaimed layer. Such an influence of dif
The spectral ratios between the motions recorded at the suierent soil layers on the ground motions was also well mani
face and other stations were analyzed and provide a goed refested in surface motion records, as shown in Fig. 8: two
resentation of the transfer functions for different locationspredominant frequencies, around 4.5 and 11 Hz, were
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Fig. 10. Spectral ratios for three phases for the east-west component of ground motion.
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observed in the spectra of surface motion in phase 1. On the o -

other hand, by comparing the spectral ratios in phases 1 ar%g' 11. Seismic wave propagation in a layered system.
2, the influence of nonlinear soil behavior, which was attrib ~ Ground surface

uted to a strong shaking, was clearly observed: the frequency Accelerometer (surface)
contents were obviously shifted to the low-frequency end, in 4 V.
other words, the predominant periods were lengthened when A

the strong motion occurred. In phase 2 the amplitudes for the Incident wave w & Reflected wave
waves with frequencies higher than 5 Hz were dramatically

reduced, with amplification ratios below 1, whereas in phase
1 these waves were amplified notably. The difference for the h=16 m
two phases indicates that the increase in the predominant pe
riod was caused primarily by a strong decrease in the ampli Accelerometer (16 m depth)
tude of low-period waves, rather than by amplification of
long-period motion. Similarly, the spectral ratios for phase 3
are generally similar to those in phase 2.

Identification of nonlinearity in liquefied Half-space

reclaimed layer

As shown earlier in the paper, the surface reclaimed layethis layer during the strong shaking. It is possible to back-
has a significant influence on the surface ground motion. Thigalculate the change in soil stiffness during the earthquake
layer consisted of decomposed granite which has a high-liquédrom the field records. The method used here is based on
faction susceptibility. The spectral analysis of the recordedvave propagation in a layered system, as shown in Fig. 11.
motions indicated that significant soil softening occurred inFor this simplified model, the transfer function is given as

© 2000 NRC Canada
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Table 1. Identified shear wave velocity and shear modulus for the surface reclaimed layer.

f1, fa, Vs, Vs2 Gy, Gy, ,

phase 1 phase 2 phase 1 phase 2 phase 1 phase 2 Reduction ofG
Component (Hz) (Hz) (m/s) (m/s) (MPa) (MPa) (G1 = GG, (%)
North—south 3.2 0.8 205 51 79.8 4.9 94
East—west 2.4 0.89 154 57 45.1 6.2 86

Note: PS logging:V = 198 m/s and5, = 74.5 MPa (average values for the reclaimed layer, G.L. 0 to —16 m).

Fig. 12. Undrained response of soil model calibrating from cyclic strength data.
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S

In this section, a coupled nonlinear finite element analysis
whereV, is the shear-wave velocity of the layérjs the thick ~ of the site response to the recorded motions is described.
ness of the layer, arfds the frequency. With the identified fun The purpose is to compute the acceleration time histories,
damental frequency and eq. [1], the shear-wave velocity anfiore-water pressure responses, and stress—strain histories of
shear modulus for the liquefied layer (from the surface to &0ils at different depths and then to examine their relations
depth of 16 m) are calculated for the two phases for the northto the observed characteristics of ground motions. This
south and east-west components as shown in Table 1. Thes@uld provide a better understanding of the nonlinear soil
values correspond, respectively, to the average soil stiffness beehavior and its influence on ground motions.
fore and after the strongest earthquake shaking. For example, The numerical procedure applied is a fully coupled effec
the average shear modulus identified in the north—south compdive-stress procedure for site response under multidirectional
nent is about 79.8 MPa before the strongest shaking, and éarthquake shaking (Li et al. 1998), which is formulated
dropped to 4.9 MPa after the strongest shaking. The reductiomased on Biot's theory of two-phase media (Biot 1941,
of shear modulus during the shaking event is remarkable: it i$962; Zienkiewicz and Shiomi 1984). The basic assumptions
about 94% for the north—south component and 86% for thenade in the formulation are as follows: (1) the site is hori
east—west component. It should be mentioned that the sheaontally layered and extends infinitely in horizontal direc
modulus after the strongest shaking shown above is not the ekions, (2) the ground surface is free of stresses and the
act stiffness for liquefied soil but some equivalent modulus otbottom boundary is impermeable, (3) soil below the water
combined liquefied and nonliquefied soils. table is saturated and the water flow obeys Darcy’s law, and
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Fig. 13. Simulated and recorded acceleration—time histories at different depths.
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(4) seismic waves travel along the vertical direction only. K = 31+ g (1- )
These assumptions, in practice, conform to free-field scil de 2Go(2.973- &} (1+v)

posits that are water saturated, essentially levelled, and sub
jected to earthquake shaking originating primarily from the

underlying rock formation. . ;
. : : . . . {5) the slopeR, of the phase-transformation line; (6) the
The inelastic soil model incorporated in the procedure is g1, 1y’ \yhich characterizes the relationship between shear
hypoplasticity bounding surface model (Wang et al. 1990)modulus and shear strain magnitude; (7) the tefmvhich

\évuhrgéev‘;ﬁzofe\gglgfgﬁgs"\fggg) tr.]rﬁJﬁ?;g;’?gé;fag?eugﬂgglcharacterizes the rate of effective mean normal stress change
y : P caused by shear unloading; (8) the tegmwhich character

e, Somons e e oo e isiop2S e amount of efecive mean normal siress change
9 ’ P caused by shear loading; (%) a parameter affecting the

induced effective stress change, the lateral stress change dgﬁape of the stress paths of the virgin shear loading: and
to shaking, and the significant reduction of stiffness upon 10) hp’ a parameter controlling the amount of the shear

i'ﬁ:ﬂz%tgq;gé I:Vril d%?;;_%r%aerrt?gfrﬁk;ngai%%nfg Fr)nrggflm train increment due to the change of the maximum effective
; : j P#rean normal stress. Among these paramefeemd h, are
rameters to be determined for a particular soil. The parame P

ters are described as follows: (1) a coefficie®y definin active only when the mean normal stress exceeds its-maxi
elastic shear modulus usina the following equation: 9 mum value in the loading history. During earthquakes the
9 9 ¢€q : mean normal stress in soil is almost always less than its ini

wherev is Poisson’s ratio; (4) the slog® of the failure line;

(2.973-& ¥ tial value, thus the two parameters are inactive for ground
Gmax = Go~— % +/ PPatm response analyses. The paramdies also inactive in the
l+g calculation, with a typical value of 2. The remaining param

eters should be calibrated specifically for a given soil either
wheree, is the initial void ratio,p is the effective mean ner by laboratory tests or from field data. In Fig. 12 the response
mal stress, ang,;, is atmospheric pressure; (2) the slope of the soil model to cyclic loading calibrated on the basis of
of the virgin compression line; (3) the slopeof the re  the liquefaction-resistance data for reclaimed soils is pre
bounded line which is defined as sented. The corresponding model parameters are given in
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Table 2. Model parameters for reclaimed soils Fig. 14. Ground surface acceleration response spectra. EW, east—
(sublayer 2). west; NS, north—south.
Parameter Value 1.6 NS
Recorded
Go 250.7 C 5% damping | ...... Computed
A 0.006 s 12}
K 0.0011 b
R 0.85 X
R 0.76 g 08y
h, 0.386 =
d 5.0 § 04 }
K, 0.4 &
b 2
h 35 0 '
0.01 0.1 1 10
Period (s)
Table 2. A complete discussion on the constitutive model
and the parameter calibration is beyond the scope of this pa
per. The reader is referred to Wang et al. (1990) and 16
Dafalias (1986) for details. Tl ew
. . Recorded
The bottom boundary of soil deposits can be treated as a 5% damping
rigid base if the input motions are taken directly from 12t 0 Computed

downhole records. When the input motions are specified at
outcropping rock, the underlying base can be approximately
regarded as an uniform elastic half-space characterized by its
mass density and wave velocities, and the boundary condi-
tions can be established based on the theory of elastic wave
propagation. The present analysis is for the top 83 m of the
deposit and the acceleration records at this depth serve as in-

Spectral acceleration (g)
1<)
[=-]

put motions. 0 A
The calculated and recorded acceleration time histories at 0.01 01 1 10
the surface and depths of 16 and 32 m in the north—south ' " Period (s)

and east—west directions are shown in Fig. 13. The calcu-

lated and recorded ground surface acceleration response

spectra are shown in Fig. 14. In generdle calculated ac- calculated from downhole records using the integration tech-
celeration histories are very similar to the field records. Thenique. According to their study the maximum strain is
discrepancy between the calculations and records is consi@éround 1-2% for the reclaimed soils between the surface and
ered acceptable, considering the strong input motions and depth of 16 m, around 0.6% for the soils between depths
the uncertainties involved in the analyses. Obviously, theof 16 and 32 m, and around 0.1-0.2% for the soils between
motions were deamplified both in the north—south and eastdepths of 32 and 83 m.

west components when the seismic waves were travelling Figure 16 depicts the excess pore-water pressure re
from the bottom to the top. The computed stress—strain hissponses at depths of 7.7 and 51.3 m during the shaking. The
tories at depths of 7.7, 24, and 51.3 m during the shaking arpore pressure is normalized with the corresponding initial ef
shown in. Figs. 1& and 1% for the north—south and east— fective vertical stress. Figure 16 shows that an abrupt rise in
west directions, respectively. Here, the shear stress is noexcess pore-water pressure occurred during the phase of
malized to the initial effective vertical stress. The soils atstrongest excitation (phase 2, 5-8 s). For the soils at a depth
different depths exhibited quite different behavior during theof 7.7 m, the excess pore pressure reached the value-of ini
earthquake in either direction. The soils at the shallow depthial effective vertical stress at around 8 s, which resulted in a
(7.7 m) showed a dramatic reduction of soil stiffness. In-par full soil liquefaction. Corresponding to this stage, the soil
ticular, the shear modulus of soils was reduced almost tatiffness was reduced significantly, and consequently the fre
zero while the shear strain remained at a high level at the fiquency content of surface motion was decreased notably, as
nal stage of strong shaking, indicating that the soils liquefiecshown in Fig. 8.

fully. On the other hand, soils at the deeper depth (51.3 m) Figure 17 shows the relation of ground motion and soil
responded in a small nonlinear manner, with no appreciablbehavior during the earthquake. The recorded surface mo
reduction of stiffness and with a low level of strain. The tion in the north—south component, and its Fourier spectra
stress—strain history for the soils at a depth of 24 m indicates the three phases, and the stress—strain histories of soils at
a moderate reduction of shear modulus, but the soils did na depth of 7.7 m at different stages are shown. It is obvious
fully lose strength throughout the earthquake. The calculatethat in the first phase, which corresponds to weak shaking,
strain levels for the soils at the three different depths are irthe soil responded almost linearly with the strain level of
good agreement with the evaluations by Kazama et althe order of 0.01%, the typical threshold strain for sand
(1996), in which the stress—strain relationships were directl{Dobry et al. 1982); the generated excess pore-water
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Fig. 15. Calculated stress—strain histories of soils at different dep#)snqrth—south component, and)(east-west component.
(a) (b)
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pressure at this stage was very small, as shown in Fig. 1@he long-period waves were dominant in surface motion
Corresponding to this stage, the spectra of the surface mdwith a peak frequency of 0.6 Hz).

tion were dominated by high-frequency components (with

peak frequencies of 4.5 and 10.8 Hz). During the stage

from 3 to 6 s, which corresponds to the strong shaking, th@gonelusions

soil exhibited an obvious nonlinearity, with the peak strain

of the order of 1%. The generated excess pore pressure In this paper, nonlinear site effects were studied using the
reached 75% of the initial effective vertical stress at 6 s.case history of a reclaimed site subjected to the 1995 Kobe
Although full liquefaction was not triggered at this stage, earthquake. The characteristics of the downhole array -accel
the nonlinearity was sufficiently large to cause an obviouseration records were analyzed and a coupled inelastic finite
influence on the acceleration records. During the periocelement simulation of the site response was carried out. The
from 6 to 12 s, the abrupt loss of soil stiffness upon ligue present study indicates the following:

faction was clearly observed. The amplitude of shear strain (1) The difference in the characteristics of ground motions
approximately reached the value of 2%. Correspondinglybefore and after the strongest earthquake shaking is large.
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Fig. 16. Calculated excess pore-water pressure responses-at dif The peak frequencies in spectral ratios were shifted to lower

ferent depths.
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frequencies when the strongest motions occurred.

(2) The increase in the predominant period of seismie mo
tion was caused primarily by the attenuation of low-period
waves, rather than by amplification of long-period motions.

(3) The influence of soil behavior on ground motion was
different for different soil layers, which is manifested in the
spectral ratios. The surface reclaimed soils played a key role
in modifying the characteristics of ground motions.

(4) The identified shear modulus using spectral ratios
showed a significant variation in the behavior of surface
soils before and after the strongest shaking. The reduction of
shear modulus was 94% in the north—-south component and
86% in the east—west component, implying that this layer
may have fully liquefied during the earthquake.

(5) The simulated stress—strain histories and excess pore-
water pressure response were well correlated with the-varia
tion of the characteristics of ground motions. Corresponding
to the initial weak motion stage, the shallow soil responded
linearly and the ground motion was dominated by high-

Fig. 17. Relation of soil behavior and ground motion during earthquake shaking.
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frequency waves. When the strongest shaking occurred, the land during 1995 Hyogoken—Nambu earthquake inferred from

soil performed nonlinearly and an abrupt loss of stiffness strong motion array records. Proceedings of the Japan Society of

took place upon liquefaction. Correspondingly, the surface Civil Engineers, No. 547/111-36, pp. 171-182.

motion was dominated by long-period waves. Kobe City Development Bureau. 1995. A report on the investiga
tions on the deformation of the reclaimed site during the 1995

Hyogoken—Nambu earthquake. Kobe City Development Bureau,
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