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ABSTRACT

During the 1995 Hyogoken-Nanbu earthquake, vertical array records were obtained at four sites with much
different epicentral distances in and around the earthquake fault zone. These acceleration records demonstrated
conspicuous nonlinearity effect in seismic response due to different input accelerations. These vertical
array records are analyzed in this research by means of the inversion technique to back-calculate dynamic
soil properties exhibited during the strong earthquake motion. The shear modulus and damping ratio
back-calculated for soils in four sites are found to show clear strain-dependency.  The modulus and
damping thus obtained for soil layers of different soil types in four sites have been plotted against effective
strain to have clearly different strain-dependent curves for different types of soil.  The back-calculated
curves are also in accordance to those measured in laboratory tests for corresponding soil types.
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INTRODUCTION

Local site amplification is one of the most important factors in the definition of the seismic ground motion
for seismic zonation study. The site amplification is correlated to properties of soil layers such as soil
densities, wave velocities and material dampings. At the same time it is expected to be highly dependent
on the nonlinearity of soil properties in soft soil sites in particular.

Nonlinear seismic response of soft ground due to nonlinear soil properties had been evaluated numerically
either by equivalent linear analyses (e.g. Schnabel 1972) or by step-by step nonlinear analyses (e.g.
Constantopoulos et al. 1973) for the past two decades. In model tests, Kokusho et al. (1979) performed a
shake table tests of a model ground in a laminar shear box of about one meter in depth consisting of fine
sand and demonstrated a very clear reduction in dynamic amplification due to increasing input acceleration
level. The same authors also compared the test results with the equivalent linear analysis based on the soil
properties of the model ground to find a fair agreement between them. More recently several centrifuge
shake table tests have been conducted for sand layers in laminar shear boxes to find clear amplification
reduction with increasing acceleration again. Thus, the nonlinearity of site amplification due to strong
input motions is obviously shown in numerical analyses and model tests. However, due to absence of
vertical array records during strong earthquakes, not many seem to have believed the nonlinear seismic
response to actually occur in the local site amplification.  During the earthquake in Kobe, valuable
earthquake records have been obtained to demonstrate and evaluate nonlinear amplification of soil ground,
which will be studied from the viewpoint of dynamic soil properties in this research.



SITE CONDITION AND SEISMIC AMPLIFICATION

Vertical arrays which could record the mainshockof the
1995 Hyogoken-Nanbu earthquake (M=7.2) were located
in four sites in the coastal zone around the Osaka-Bay
area as shown in Fig.1. The same figure also indicates
the fault zone including the epicenters of the mainshock
as well as aftershocks. The four sites were very properly
distributed by chance in terms of distances from the
fault zone which can be estimated from the aftershock
epicenters plotted in Fig.1. PI (the Port Island) array
belonging to the Kobe Municipal Office was located
just next to the fault zone, while other three arrays SGK,
TKS and KNK belonging to the Kansai Electric Power
Company are approximately 15km, 35km and 65km far
from the fault zone respectively. The soil profiles and
the depth of three dimensional down-hole seismographs
are shown for the four sites in Fig.2 together with P and
S-wave velocities measured by the down-hole logging
method and SPT N-values along the depth. The deepest
seismographs at the base layers of the four sites were
located GL-83m in PI, GL-97m in SGK, and GL-100m
in TKS and KNK respectively, and the geological
condition there were Pleistocene dense gravelly soils
except for KNK consisting of a hard rock.
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Fig.2 Soil profiles , wave logging test results and SPT N-values at four down-hole array sites









Another interesting results can be obtained from the analysis for an aftershock with maximum surface
acceleration of about 0.01G which occurred only about two minutes after the main-shock. As shown in the
graph, Vs for Pleistocene and Holocene layers can be interpreted to have returned to the initial value
because of small magnitude of the induced strain during the after-shock while those in the fill layer take
almost the same reduced value as the main-shock, indicating the liquefaction in the fill was still sustained.
With regard to the main-shock in the EW direction in Fig.6, the reduction rate of Vs is a little smaller than
that in the NS direction because of the smaller input acceleration, while for the aftershock the result is
exactly the same as that in the NS direction including the reduced Vs in the liquefied fill layer.

For the vertical acceleration, a similar inversion analysis was carried out based on a postulate that vertical
seismic motion can be explained by the multi-reflection theory of vertically propagating P-wave. Fig.7
shows the result optimized for a time interval (T=5.12s, from Os to 5.12ss in Fig.4) in which the P-wave
motion looks most dominant. Despite some small difference of Vp from that of the wave logging test, it
may be concluded that P-wave velocity changes little with the intensity of acceleration except for the
unsaturated fill layer where Vp is reduced by 50%. This result seems to confirm the theoretical basis of
P-wave propagation through a saturated porous media in which no change in effective stress takes place.

Fig.8 indicates the damping ratio, h, for horizontal motions in NS and EW directions, respectively. For the
mainshock, h is optimized as 6% for the Pleistocene soils and the Holocene sand layer and as high as 33 to
50% for the upper layer, indicating that equivalent damping ratio for the liquefied layer is evaluated very
high. The optimized h for the aftershock is evidently larger; 5% for the Pleistocene soils and 10 to 12% for
Holocene and fill layers compared with the initial value estimated from previous laboratory test data for
small strain range also shown on the diagram. The same trend has also been pointed out in a previous
investigation [kokusho 1992]. Very little has so far been investigated for the damping ratio exerted in
P-wave propagation. Also shown in Fig.8 is the damping ratio back-calculated for the vertical motion,
which is optimized as 5 to 6% in all saturated layers up to the fill layer, while it is evaluated as 10% in
unsaturated fill.
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exhibited site amplification of soil ground with different levels of nonlinearity due to different levels of
input acceleration. By making use of these data-base the inversion analyses have been carried out to
back-calculate optimum soil properties which can best reproduce the measured soil response. Based on
these calculations, the following conclusions have been reached.

1. In liquefied layers in PI and TKS, back-calculated S-wave velocity was reduced by 80 to 50% from the
initial value while, in other non-liquefied layers in four sites, the reduction in Vs was maximum 40% or less.

2. S-wave velocity optimized for a small aftershock which occurred two minutes after the mainshock had
already returned to the initial value for non-liquefied layer, whereas in the liquefied layer the reduction in
Vs during the mainshock was still sustained, implying the continuation of liquefaction.

3. Inversion analysis for vertical motions in PI clearly indicates that P-wave velocity is virtually unaffected
by input acceleration level, confirming the theoretical basis for P-wave propagation in a saturated porous
media.

4. Strain-dependent variations in the shear modulus and the damping ratio were derived from back-calculated
soil properties in four sites, from which different strain-dependency curves can be separated for clay, silt,
sand and gravel.

5. The strain-dependency curves back-calculated for different soil types were found to well agree with those
by laboratory tests, demonstrating that nonlinear dynamic soil properties measured in the laboratory can be
applicable to numerical analyses for nonlinear site response during strong earthquakes.
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