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SUMMARY

A method for generation of earthquake motions will be presented in this
paper. The earthquake motions are generated by superposition of sinusoidal waves
with a set of phase angles which depends on earthquake magnitude, distance to
the fault and local soil conditions. That set of phase gives to the synthetic
waves the information on non-stationarity corresponding to the envelope
function. By the wuse of this method far-field earthquake motions can be
satisfactorily simulated.

INTRODUCTION

There are a lot of cases of seismic design where the generation of
input earthquake motions is necessary. This problem has been reported by many
authors in various ways. In this paper a new method for the generation of
synthetic earthqguake motions will be described.

The earthquake ground motions are non-stationary in both amplitude and
frequency contents, and stochastically quite random. Through the conversion
of them into frequency domain, those non-stationarities are reflected into phase
components, and not into amplitude components. Therefore, phase components
in frequency domain should contain all information about the non-stationarity of
the earthquake ground motions. It has been found (Ref. 1, 2, 3) that the
distribution of the difference of Fourier phase angles for a recorded
earthquake ground motion is highly correlated to its envelop shape. Based
upon this fact and examining the phase difference distribution of many
accelerograns, it has been correlated to the earthquake magnitude, the
distance to the fault and the local soil conditions. Through this way, after
deciding the magnitude and the distance of a future earthquake and the
soil condition of the site under consideration, an averaged phase difference
distribution can be calculated from the regression analysis. The original
Fourier amplitudes could be obtained by considering the zero damping velocity
response spectrum. Considering both Fourier amplitudes and phase angles,
earthquake motions then can be easily generated. The response spectrum of the
motions approaches to the target one after repeated corrections of the Fourier
amplitudes.

METHOD

Phase Difference Distribution A digitized earthquake motion record a(t) can
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be expanded into Fourier series as follows;

N/2
a(t) = ) Arcos(EEt+a,) (1)
k=0 Tk

where Ay is the Fourier amplitude, Tk the period and &y the phase angle.
The characteristics of non-stationarity of recorded earthquake ground motions
can be expressed by the distribution of the phase difference A9, , which are
given by

49, = ®k+l ~ & (2)

where Ad, is defined in the interval of (-2w, 0).

The phase difference range of (-2m, 0) was divided into 36 eqgual intervals
and the relative fregquency for each interval was calculated. The distribution of
phase differences is quite similar to the envelope of the original record. This
fact may be visualized more clearly if the axis of time from 0 to Tgq (total
duration) and the axis of the phase difference distribution from O to -27 are
scaled to the same length as shown in Fig. 1.

The characteristics of the phase differences of 3-dimensional
earthquake ground motions obtained in Japan, U.S.A. and Greece were
analyzed. These accelerograms were obtained due to the earthquakes with
magnitudes between 4.5 and 7.9 and with distances to the fault between 0.1 and
240km. The scattergram of magnitudes and distances to the fault of these
earthguakes shown in Fig. 2. Only the horizontal components of the data base
were transformed to the principal axes. Principal axes are defined as the axes
along which the components of earthquake ground motions have maximum and
minimum values and covariances approximately equal to zero (Ref. 4). Only the
frequency range between the cut-off freguencies of the band-pass filter used
during the correction procedures of the earthquake motions was considered. In
order to ensure uniform total duration for records at the same range of
magnitude, distance to the fault and local soil conditions and obtain better
results at the regression analysis, the low amplitude parts at the beginning and
at the end of record have been cut-off. The end of the strong motion ( Teny ) was
taken equal to

Tend = Ta — T (3)

where T) is the duration of the low amplitude part at the beginning of
accelerogram defined from the regression relationships given by
Theofanopoulos et al. (Ref. 5). Due to this assumption, some of the records were
expanded by adding tailing zeros and the rest of them were shortened to assure
the uniformity of phase difference distribution results.

Regression Analyses Weighted regression analyses (Ref. 6) of the phase
difference distributions separately for the major, intermediate and vertical
axis were conducted at the 36 different intervals of AJ. The mathematical
model was selected on the basis of simplicity and fundamental physical
arguments that lead to the basic functional dependence of the relative
frequency (value of the probability density function for each interval) on
the independent variables, such as magnitude (M), distance to the fault (X) and
local soil conditions (S). It can be expressed by the following equation;

R(4%;i,3) = A(4%i,3) + B(4%i, )M + C(4%;,5)X + D(4%;,5)S
i=1,---,36 and j=1,2,3 (4)

where j=1, 2, 3 for major, intermediate and vertical axis respectively, S$=0, 1,
2 for hard, intermediate and soft soil respectively, R(4®;,j) is the relative

I1-814



frequency as a function of phase difference 4®;, A(4®;,j), B(4%;,j), C(4®i,3)
and D(49;,j) are the regression coefficients. The resulted phase difference
distributions for M=6.0, X=5km, S=2 (CASE 1), M=7.0, X=50km, S=1 (CASE 2) and
M=8.0, X=100km, S=0 (CASE 3) are shown in Fig. 3. The resulted values of A, B,
C, D for all axes are shown in Table 1 and are plotted in relation to the phase
difference 49; in Fig. 4.

Sub-Distribution The dependence of the phase difference distribution on the
frequency was also analyzed at certain ranges of frequencies as shown in Fig. 5.
From this figure it can be observed that the phase difference distribution may
be different at different ranges of frequencies. The non-uniformity of the
phase difference distribution in relation to the frequency may be due to the
source characteristics, to delayed arrivals of body waves, or to the
influence of the local soil conditions. The relative frequency of the phase
difference distribution at the predominant fregquency range is zero Oor
approximately zero in the range of (-27, -7). In this case the relative
frequency becomes high at narrow band of phase differences and vanishes at the
rest of them. At frequencies lower than the predominant frequency range,
the phase difference distribution seems to be uniform.

Having in mind all these considerations,the phase difference distribution
which can be calculated from the derived regression relationships was divided
into various sub-distributions for the various ranges of frequencies. In order

to accomplish a subdivision, the distribution extent at the predominant
frequencies was limited at approximately the range of (-7, 0). The distribution
for frequencies lower than the predominant frequency range was assumed to
be relatively uniform in the range of (-27, 0), keeping the general shape of
the distribution derived from the relationships. In the case of hard soil
conditions, the distribution for frequencies higher than the predominant
was kept similar to the obtained one from the relationships. In the case of

soft soil conditions a gradual increasing of the absolute mean value of the
distribution has been adopted. The phase differences in each sub-distribution
were arranged randomly.

Synthetic Earthguake Motion The phase differences for all axes of
earthquake motion can be obtained by the described procedure. Assuming that
the initial wvalue of phase angles is equal to zero and taking into account the
Eq. (2), the phase angles over the interval (0, 2T can be calculated. Then
design response spectra for hard soil which are proposed by Ohsaki et al.
(Ref. 7) for magnitude 8.0, distance to the fault 100km have been set. The
spectrum at the major axis as multiplied by 1.15 in order to take into account
the orthogonality effects. The spectrum of the intermediate and vertical axes
were taken equal to 90% and 50% of those of the major axis. By Eg. (1) far-field
synthetic earthquake motions along 3-axes were generated, which are shown in
Fig. 6. It can be observed a good fitting of the target to the synthetically
generated response spectra, as well as, with realistic peak acceleration and
duration time.

CONCLUSIONS

A method for generation of synthetic earthguake motions was presented in
this paper. The non-stationarity of the earthquake ground motion was obtained
through the wuse of an evolutionary phase difference distribution with
different probability density function for different frequency ranges. The
resulting synthetic earthquake motions have a shape that depends on the
magnitude, distance to the fault and the 1local soil conditions. By
this method, non-stationarity characteristics of the earthquake ground
motions can be obtained directly without multiplying a stationary motion by
deterministic intensity functions.
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Table 1 Regression Coefficient Results

Ad5 MAJOR AXIS INTERMEDIATE AXIS VERTICAL AXIS

(rad) |y g, 1) | BLdd, 1) | CLadi,1) D(4%;,1) | A(49;,2)| B(49;,2) | C(49:,2)| D(4%;,2)| A(49;,3)| B(49;.3) | C(4%;,3)| D(48;,3)

~0.09
-0.28
=044
=0.61
-0.79
-0.96
-1.13
-1.31
-1.t8
~1.66
-1.83
-2.01
-2.18
~2.38
=2.53
~2.70
-2.88
~3.05
~3.23
~3.40
~3.58
~3.75
-3.93
-4.10
=4.28
=445
-4.63
-4.80
=697
=5.15
-5.32
=5.50
-5.67
~5.85
-6.02
-6.20
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