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Vertical array records obtained during the 1995 Kobe
earthquake were utilized to study seismic site amplifi-
cation during destructive earthquakes. Spectrum ratios
between ground surface and deeper levels were calcu-
lated for the main shock and associated small shocks
to demonstrate significant effect of soil nonlinear pro-
perties on site response. The records are back-calcula-
ted to evaluate in situ strain-dependent soil properties
to be compared with laboratory test data. Shear moduli
and damping ratios of soil layers to best reproduce the
seismic response are back-calculated by means of an
inversion analysis. Clear strain-dependent modulus
degradations which can be differentiated for different
soil types are recognized. The degradations and damp-
ing variations are essentially consistent with laboratory
test results for each soil type, although further quanti-
tative study is still needed, particularly for damping.

LocAL site amplification is one of the most important
factors in seismic zonation studies. The site amplification
is correlated not only to soil thicknesses but also to soil
properties such as shear modulus and damping as well as
soil densities. At the same time, it is highly dependent on
the strain-dependent nonlinearity of soil properties at soft
soil sites during destructive earthquakes. This nonlinear
effect did not draw so much attention for a long time by
seismologists in particular because wave-transmitting media
had historically been idealized as elastic in seismology.
In the 1970s, analytical tools for seismic response of soft
ground due to nonlinear soil properties were already
available either by equivalent linear analyses' or step-by
step nonlinear analyses’. Shake table tests for model ground
in a laminar shear box either in 1g tests or by centrifuge
tests repeatedly demonstrated a clear reduction in dynamic
amplification due to nonlinear soil properties by increasing
input acceleration level®. Laboratory soil tests for dynamic
soil properties developed in the past three decades disclo-
sed that soils change from a linear material to a nonlinear
material as induced shear strain grows from 107 to 10°
and finally reach failures at strain larger than 10°%; Shear
modulus G and damping ratio D change as schematically
shown in Figure 1 a. In current engineering practice, shear
modulus G is normalized by initial shear modulus G,
(Gy = pVﬁ: where V; = elastic S-wave velocity and p = soil
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density) and the modulus degradation curve is drawn as
shown in Figure 1A. This considerable properties change
no doubt gives a great effect on seismic site response.
However, due to absence of actual strong motion records,
the degree of nonlinearity actually associated with de-
structive earthquakes has long been subject to discussions
among researchers from different disciplines including
earthquake engineering and seismology. During the 1995
Hyogoken Nambu earthquake (sometimes called as the
Kobe earthquake), a set of valuable vertical array records
were obtained, which could demonstrate significant effect
of soil nonlinearity on site response. The records also
served to back-calculate strain-dependent changes of in
situ soil properties. In this article, I summarize recent res-
earch findings on nonlinear site response and in situ soil
properties.

Vertical arrays and spectrum ratios

Vertical arrays, which could record the 1995 Hyogoken-
Nambu (Kobe) earthquake (M; = 7.2: the Japanese Earth-
quake Magnitude almost equivalent to the Richter’s Mag-
nitude) were located at four sites; PI, SGK, TKS and KNK
in the coastal zone around the Osaka Bay area as shown
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Figure 1. Shear modulus/damping ratio versus shear strain relation-

ship (@) and modulus degradation curve (b).
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in Figure 2. The same figure also indicates the fault zone
including the epicenters of the main-shock as well as after-
shocks. The four sites were located in different distances
from the causative fault. In Figure 3, maximum accelera-
tion distributions for the main shock along the depth of
vertical arrays at the four sites are illustrated in the two
horizontal directions and one vertical direction. The acce-
lerations are extremely different from site to site due to
different focal distances, leading to different amplifica-
tions®. In the farthest site, KNK, where the horizontal sur-
face ground acceleration is around 0.1 g, the amplitude
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Figure 2. Location of vertical array sites around Osaka Bay and epi-
centers of main-shock and aftershocks (Arrows indicate principal axes
of maximum horizontal accelerations).
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Figure 3. Maximum accelerations along depth in two horizontal and
one vertical directions at 4 vertical array sites.
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increases quite normally with decreasing depth, while in
the nearest site, PI, where the horizontal acceleration is
around 0.5 g at the depth of 84 m, the acceleration does
not show clear increase with decreasing depth and drasti-
cally decreases at the surface due to extensive liquefaction
occurring in a man-made surface layer. In other sites, the
amplifications are characterized as in between PI and KNK.

The soil profiles and the installation depths of down-hole
seismographs are shown for individual sites in Figure 4 a—d
together with the P and S-wave velocities measured by
the down-hole logging method and the SPT N-values along
the depth. The deepest seismographs at the base layers
were located GL-97m at SGK, GL-83m at PI, and GL-
100m at TKS and KNK respectively, and the geological
conditions at the depths were Pleistocene dense gravelly
soils except for KNK where the base layer consists of hard
rock. Upper soil conditions at the four sites mostly consist
of sandy fill at the surface underlain by Holocene clay
and/or sand and further underlain by Pleistocene soils.
The S-wave velocity, V,, at the base layer of Pleistocene
gravelly soil at PI, SGK and TKS is 380-480 m/s while
V; at the base rock at KNK is as high as 1630 m/s.

At each site, several small shock records (including after-
shocks and small events before the main shock not neces-
sarily foreshocks) as well as the main shock record were
used for evaluating spectrum ratios. Fourier spectra of
seismic records obtained at the ground surface and deeper
levels of the vertical arrays were calculated by the Fast
Fourier Transform scheme and their ratios were com-
puted to have the spectrum ratios between ground sur-
faces and base layers. In Figure 5a-d, spectrum ratios
calculated for the main shock at the four sites are compa-
red with those of the small shocks in terms of their average
and the average plus or minus the standard deviation. The
spectrum ratios for the main shock are mostly smaller
than those for the aftershocks although they are closer or
sometimes reverse in the first peak. Peak frequencies of
the main shock tend to be lower than those of the small
shocks at most sites. This trend is more pronounced in the
second or higher frequency peaks than in the first peak
presumably because soil nonlinearity is more dominant in
shallower layers, which influences higher frequency peaks
more than lower ones. The differences in spectrum ratios
and peak frequencies between the main shock and the
small shocks tend to be narrowed as the vertical array
sites are getting remote from the causative fault; from the
nearest P, to the farthest KNK.

Laboratory soil tests

Numerous laboratory tests have been conducted to date
since the pioneering work by Seed and Idriss’ to establish
the strain-dependent changes of modulus and damping on
different types of soils. For example, Iwasaki and Tatsuoka’
conducted cyclic loading torsional shear tests of reconstituted
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Figure 4. Soil profiles and installation depths of down-hole seismographs with P and S-wave velocities and SPT N-values.
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Figure 5. Spectrum ratios (between surface and base layer) for the main shock compared with small shocks at 4 sites.
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sand specimens in which shear moduli and hysteretic
damping ratios were measured in a wide strain range
from 10°° to 102 Improved cyclic triaxial tests were car-
ried out’ ' for sands, clays and gravels in which inner load
cells and high sensitivity proximity sensors were introdu-
ced inside pressure chambers, as illustrated in Figure 6,
so that soil properties could be measured for a wide strain
range from 10°° to 10 without unfavourable effect of
mechanical frictions. Based on a series of such tests, em-
pirical curves correlating shear modulus ratio G/G, with
log Yesr for clays, sands and gravels are shown in Figure
7 a—c, respectively. In the light of accumulated data of
quite a few similar laboratory tests, it is generally accepted
at present that the modulus degradation curves for sands
are positioned more left than those for clays and those of
gravels are positioned further left than sands on the G/G,
versus log Y. chart. For clay, plasticity index, /,, is known
as a decisive factor of modulus degradation curves of
clays (e.g. ref. 8); larger I, gives milder degradation rate
at the same effective strain. Furthermore, the curves for
sands and gravels tend to shift rightward with increasing
confining pressures. In the following, the back-calculated
strain-dependent variations are compared with laboratory
values.

Strain-dependency of back-calculated in situ
properties at 4 sites

Strain-dependent soil properties were back-calculated by
a computer code developed by Suetomi'' based on the Ex-
tended Bayesian method. Not only the main shock records
but also small shock records are analysed to have better
estimation of variations of in situ soil properties with
varying seismic intensity. Further details on the back-cal-
culation are available in other literatures'”'*.

In Figure 8 ¢ and b, data points of the back-calculated
modulus ratios and damping ratios for different types of
soils are plotted versus effective strain Y., respectively.
The plots represent properties of individual soil layers in
the soil profiles at the four sites illustrated. The soil clas-
sifications here are based on the Unified Soil Classifica-
tion System, and C (CH), M, S (SF, SG) and G(GF, GS)
stand for clay, silt, sand and gravel, respectively. Clear
strain-dependent modulus degradations can be recognized
for every soil type despite some data dispersions. The data
points encircled in Figure 8 a correspond to sandy decom-
posed granite in PI which extensively liquefied during the
main shock and hence experienced considerable modulus
decrease and strain increase. For sands and gravels, the
values of Yq in the horizontal axis are normalized as Y./
((&.’/po)o‘5 in order to cancel the effect of confining stress.
Figure 8 a clearly indicates that clays are obviously posi-
tioned far right, whereas gravels are located far left de-
spite large scatters in the data points. Silts and sands can
be judged to stand between the two soils despite large

1366

dispersions. Thus, the clear difference in modulus degra-
dation depending on soil types in the laboratory can also
be recognizable in the back-calculated soil properties.
Figure 8 b shows that damping ratios stay almost con-
stant up to the strain of about 10 and start to increase
for strains larger than that. It should be pointed out that
damping ratios for small strain are split into two groups
(4-6 and 1-2%, respectively). It is not clear if this differ-
ence reflects actual site-specific differences in soil prop-
erties or some other factors. Also noted is that damping
ratios of gravels are larger than sands and those of sands
are larger than clays for larger strain levels, presumably
reflecting a similar trend in laboratory tests”.
Strain-dependent variations of shear modulus ratios and
damping ratios back-calculated for different soil types are
compared with laboratory test data in Figure 8« and b,
respectively. The back-calculated properties of clays are
compared with laboratory curves based on the test results
of intact alluvial claysg. In comparing them, it should be
borne in mind that the majority of /,-values of clays
around the studied area take 80 and 40, while those of the
laboratory test data are /p = 40 to 83 and almost coinci-
dental. Agreement of the degradation curves is very good
for G/G, = 0.5 or larger as indicated in Figure 8 a. Curves
of laboratory tests for sands by Iwasaki e al.®, Kokusho’
and Seed et al.'* are drawn to compare with the back-cal-
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Figure 6. Improved cyclic triaxial test apparatus with inner load cells
and high sensitivity proximity sensors.
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Figure 7. Empirical curves correlating shear modulus ratio G/Go with log Yesr for clays (a), sands (b) and gravels (c).

culated results in Figure 8 . The effective confining stress
is 6,/ =98 kPa. Note that the back-calculated modulus
degradation shows a fair agreement with one or two labo-
ratory curves for G/Gy = 0.5 or larger. The curve by Seed
et al."* will result in too strong nonlinear effect, though it
might be a good estimate for modulus degradation corres-
ponding to extensive liquefaction which took place at the
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PI-site. Back-calculated properties of silts are in between
the two degradation curves for clay and sand, indicating a
good consistency between in situ and laboratory for silts.
For gravels, the back-calculated modulus degradation is
obviously milder than the laboratory curves. This may
possibly be attributed to the fact that actual gravel soils,
unlike pure gravels in the laboratory, normally contain
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Figure 8. Back-calculated modulus ratios («) and damping ratios
previous lab test data.

appreciable amount of finer soils and tend to share some
of their properties.

With regard to damping ratios in Figure 8 b, the agree-
ment between in situ and laboratory is evidently poorer
than modulus degradations though the back-calculated
damping ratios share clear trends of increasing damping
with increasing strain. The majority of the back-calculated
damping ratios are plotted a few percent higher than most
laboratory test results, particularly in a strain range smaller
than 107", For clays, in situ damping values tend to in-
crease with increasing strain almost in parallel with the
laboratory curve up to Y =3 x 107 but the former is
larger than the latter by about two percent. In other soil
types, the clear split in the back-calculated damping values
in the small strain range makes straightforward comparison
difficult, indicating further research needs for more reli-
able in situ damping evaluation. Note that the damping
ratio is assumed as frequency-independent as a normal
geotechnical engineering practice. The effect of freque-
ncy-dependency of damping, which cannot be ignored in
observed seismic records, should also be investigated fur-
ther.

Conclusions

It has been demonstrated from maximum acceleration
distribution along depth and also from spectrum ratios
that seismic site amplification strongly reflects nonlinear
soil properties during destructive earthquakes. In particu-
lar, liquefaction de-amplifies surface accelerations. Clear
modulus degradations can be identified in situ by back-
calculation, which are almost consistent at the four sites
and can be differentiated for clay, silt, sand and gravel,
respectively. Back-calculated damping ratios clearly in-
crease with increasing strain range larger than 10 but stay
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(b) for different soils plotted versus effective strain Ye; compared with

almost constant in the smaller strains although the values
are widely diverged from 1% to 6%. A good agreement in
modulus degradation can be recognized between back-
calculation and some of previous laboratory test results
for clays and sands unless the degradation exceeds around
G/Gy = 0.5. For gravels, milder back-calculated degrada-
tions are obtained than laboratory tests, presumably refle-
cting appreciable fine soils content. The majority of the
back-calculated damping ratios are a few per cent higher
than laboratory test results particularly in small strain
ranges. Apparent splits in the back-calculated damping val-
ues in small strain ranges indicates further research needs
for more reliable in situ damping evaluation.
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