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1. Introduction

Seismic engineering has made great progress in the last ten years. For estimating a site
ground motion, we can now take into consideration characteristics of seismic source and
propagation path of seismic waves as well as local site conditions. To estimate a structural
response, the soil-structure interaction analysis has been developed to be applied.

When we examine the requalification of existing Nuclear Power plants, it is of help to
consider the recent development of seismic engineering. The present paper presents the
estimation of strong ground motion based on so called fault model.

It was common to use some recorded earthquake strong ground motions in designing a
structure, say, twenty years ago. When many strong motions had been recorded, design
spectra could then be developed. However, since the design spectrum shows more or less
standardized characteristics of a ground motion, it cannot fully express the characteristics of
the seismic source, propagation path of seismic waves and local site conditions.

In order to estimate a strong ground motion in consideration of the characteristics of the
seismic source and propagation path, a fault model was developed. There are two different
approaches in this model: a strictly theoretical approach and a semi-empirical approach. The
aim of the present paper is to describe these two approaches.

2. Method Based on Fault Model

Representation of the fault rupture and the seismic wave radiated into the Earth's interior
accompanying the fault rupture is needed in order to calculate the earthquake motions
theoretically. The former is called a 'fault model' and the latter a 'Green's function'. In a
broader sense of the definition, however, a fault model consists of the fault model in a narrow
sense and Green's function. There are two different approaches in the model. The fist one is a
strictly theoretical approach, in which every physical phenomenon is described
mathematically. The second one is a semi-empirical approach, in which some parts of the
theory are replaced by records.

2.1. THEORETICAL APPROACH

The 'fault model' can be classified into two types: a 'kinematic model1 and a 'dynamic model'
(Aki and Richards (1980)). The 'kinematic model' is based on elastic theory of dislocation and
also called a 'dislocation model.1 In this method, the temporal and spatial distribution of the
dislocation at both sides of a crack is given a priori as the boundary condition and the response
of the elastic medium is calculated. The 'dynamic model' is based on fracture mechanics. In
this method, the fracture criteria of the fault and the condition of the stress are given and then
a process of the appearance, growth, and stop of a crack is solved. The temporal and spatial
distribution of the fault dislocation is calculated and the response of the elastic medium is
obtained. Up to now, the 'kinematic model' has been used in most cases, because the 'dynamic
model' is difficult to deal with and exact solutions are limited to simple problems.
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Figure 1. The five source parameters of Haskell model. L, W, D, r, and v indicate the fault
length, the fault width, the averaged dislocation, the rise time of the dislocation, and the
rupture velocity, respectively.

Haskell model (1964) is the most popular model among the 'kinematic model.' He described
the fault model by five source parameters; the fault length L, the fault width W, the averaged
dislocation D, the rise time of the dislocation r, and the rupture velocity v (See Figure 1). By
using the 'kinematic model', Aki (1969) successfully reproduced displacement seismograms
recorded at the site whose distance from the fault rupture for the Parkfield earthquake of
1966 was about 60 m.

Aki (1966) introduced a seismic moment Mo, which is defined by Mo = /uSD. Here, // is the
rigidity of the medium and S is the fault area (LXW for a rectangular fault). The seismic
moment is an important physical parameter, indicating the size of the earthquakes.
Kanamori and Anderson (1975) gave a theoretical basis of some relations among fault
parameters, the seismic moment, and the surface-wave magnitudes. For huge earthquakes
with magnitudes of over 8,the Richter local magnitude ML or the surface wave magnitude Ms

is not suitable to measure the size of earthquakes and instead Kanamori (1977) defined a
moment magnitude Mw by

logio Mo [dyne-cm] = 1.5 Mw+16.1

As the Earth's interior has been investigated by the analyses of earthquake waves, the
propagation of the long-period body waves and surface waves and the oscillation of the Earth
have been described mathematically. At present, the direction and the amplitude of the
seismic moment (moment tensor) is determined in a routine work for all earthquakes with
magnitudes of over 6 in the world (Kanamori and Given (1981); Dziewonski, et al. (1983)).

The Green's function represents a response at an arbitrary point in the medium when a
unit force is applied to a point source. It is obtained by solving the differential equations and
the boundary conditions. Hence, many studies have been performed to calculate the Green's
function representing the inhomogeneous medium and the complex boundary conditions in
order to model the real phenomenon. The study began to deal with a half space medium
because of easy mathematical operation (e.g., Lamb (1904); de Hoop (1960); Kawasaki et al.
(1973)). The theoretical solutions for the multilayered half-space medium were then obtained
(e.g., Harkrider (1964); Helmberger (1968); Swanger and Boore (1978); Bouchon (1979); Luco
and Apsel (1983)). Recently, the numerical methods such as the finite difference method
(Vidale and Helmberger. (1987); Dreger and Helmberger (1990); Yamanaka, et al. (1992);
Yomogida and Etdgen (1992)), the finite element method (Satoh, et al. (1988); Sato (1990)), the
boundary element method (Hisada, et al. (1988)), and the paraxial method (Graves and
Clayton (1992)) as well as the analytical methods (e.g., Kudo (1980); Yomogida (1985);
Kohketsu (1987); Uebayashi et al. (1992)) have been applied to obtain the Green's function for
difficult problems like a laterally heterogeneous medium.
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An example of the simulation carried out by Sato (1990) is shown here. Figure 2 shows the
seismograms of the west-east direction at different stations of Kobe and Osaka during the
1961 Kita-Mino, Japan, earthquake of the Japan Meteorological Agency magnitude MJMA

7.0. The two observation stations are located at almost same distance and direction from the
epicenter. Kobe is located at the edge of the sediment-filled Osaka Basin and Osaka is located
in the center of it. This figure shows a clear effect of the basin. The synthetic motions are
calculated by combining the Haskell type dislocation theory with the thin layer finite element
method (Kausel et al. (1975); Tajimi (1980)) by Sato et al. (1988, 1990), in which the basin is
modeled as shown in Figure 3. Figure 4 shows that the synthetic displacement motions agree
well with the observed ones.

Now it is possible to simulate earthquake ground motions with a period longer than a few
seconds for an earthquake with a magnitude smaller than about 7 by the 'kinematic model'
with smooth and uniform rupture. However, the natural period of the structures is, in general,
less than several seconds in actual design. Information on the inhomogeneous micro-fracture
mechanics of the source and on the detailed underground structures is necessary to simulate
the short-period motions. Moreover, for an earthquake with a magnitude over 7, the seismic
waves even with a period longer than 10 seconds is affected by the inhomogeneous rupture of
the source. Hence, studies on the inhomogeneous rupture of the source have been performed
by many researches (e.g., Aki (1967); Brune (1970); Wyss and Brune (1967); Hanks and Wyss
(1972); Madariaga (1976); Das and Aki (1977); Mikumo and Miyatake (1978); Kikuchi and
Kanamori (1982); Olson and Apsel (1982); Papageorgiou and Aki (1983); Takeo (1987)). For
the application of the results to the actual design, further results of the studies must be
accumulated because of the large uncertainty of the parameters at present.
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Figure 2. Location of the epicenter of the 1961 Kita-Mino, Japan, earthquake of MJMA 7-0> the
seismograms observed at Kobe and Osaka stations, and diagrammatic profile of the sediment-
filled Osaka basin (after Sato (1990)).
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Figure 3. Velocity structure model used to calculate synthetic seismograms by the thin layer
finite element method (after Sato (1990)).
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2.2. SEMI-EMPIRICAL APPROACH

The semi-empirical approach was developed by Hartzell (1978). In this approach, small-event
records are used as Green's functions, as shown in Figure 5, instead of calculating the Green's
functions in the theoretical approach .

Small-event motions
• (ex. foreshock, aftershock ...)

Site

Fault plane

Hypocenter

Small-event Time
Strong-motion
for main shock

Superimposition considering fault rupture

Figure 5. Schematic concept of the semi-empirical approach.

This approach is very useful for estimating the short-period motions because the small-
event motions include not only the local site effect near the site and the three-dimensionally
inhomogeneous structures of the path but also the complex rupture mechanism of the source.
Kanamori (1979) synthesized the Love waves with a period of 2 to 10 seconds considering the
difference of the seismic moment of the large and small events. Irikura (1983) proposed a
method based on the similarity relation of the source parameters, insisting that the fault
length, the fault width, and the averaged dislocation are proportional to each other and the
stress drop and the slip velocity are constant independently of the source size. He applied the
method to the velocity motions with a predominant period of about 10 seconds. In his method,
the number of the superposition of the small-event records is also the ratio of the seismic
moment between the two events. On the other hand, in order to simulate the short-period
motions, Tanaka et al. (1982) synthesized the acceleration records and showed that the
number of the superposition of the small-event records should be the ratio of the seismic
momeht to the power of two thirds, (MOJ/MOS)2/3, here, I and s denote the indexes for the large
and small events, respectively. Dan et al. (1990), based on the w-square source spectrum model
(Brune (1970); Hanks and Wyss (1972); Sato and Hirasawa (1973); Izutani (1981); Hanks and
McGuire (1981), Boore (1983)), explained consistently the difference between the synthesis
methods for the long-period and short-period motions. There have been several variations of
the semi-empirical approach (e.g., Takemura and Ikeura (1988); Wald, et al. (1988); Akao, et
al. (1988); Izutani and Katagiri (1992)).

Here, an example of the simulation in Tokyo by the method of Dan et al. is shown for the
1923 Kanto earthquake. Figure 6 shows the location of the site, the fault model of the Kanto
earthquake, and the epicenters of the small events for the Green's functions. Figure 7 shows
small-event accelerograms used as the Green's functions in the synthesis. Figure 8 shows the
synthesized acceleration motion and the integrated velocity motion on the base stratum
supporting the structures (the S-wave velocity is 400 to 500 m/sec). Figure 9 shows the
velocity response spectra of the synthesized motion with a damping factor of 5 % by the dotted
line. The reliable period is in the whole period range of 0.1 to 10 seconds for the synthesized
motion, while it is longer than 2 seconds for the mended seismogram from the Kanto
earthquake (the broker, line) and shorter than 5 seconds for the El Centro record (the solid
line).
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Figure 6. Location of the site, the fault model of the 1923 Kanto, Japan, earthquake, and the
epicenters of the small-events for the Green's functions.
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Figure 7. Small-event records used as the Green's functions in synthetics. The upper
seismogram is from the Event 1 and the lower one is from the Event 2.
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Figure 8. Synthesized acceleration motion and the integrated velocity motion on the base
stratum in Tokyo from the 1923 Kan to, Japan, earthquake.
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Figure 9. Velocity response spectra with a damping factor of 5 %. The dotted line is for the
synthesized acceleration motion in Figure 8, the broken line is for the estimated north-south
component of the seismogram at Hongo, Tokyo, from the 1923 Kanto, Japan, earthquake, and
the solid line is for the El Centro record normalized by the peak velocity of 50 cm/sec.

The semi-empirical approach is the most practical method for evaluating the input motions
based on the fault model, but it needs at least the small-event records, the value of the seismic
moment of the small event, and the fault model of the large event. The key of this approach is
whether the small-event records include enough characteristics representing to the natural
periods of the structures to be analyzed.
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3. Summary

Fault model has been developed to estimate a strong ground motion in consideration of
characteristics of seismic source and propagation path of seismic waves. There are two
different approaches in the model. The first one is a theoretical approach, while the second
approach is a semi-empirical approach. Though the latter is more practical than the former to
be applied to the estimation of input motions, it needs at least the small-event records, the
value of the seismic moment of the small event and the fault model of the large event.
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