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1. Introduction

Attenuation of seismic waves due to the internal friction plays an
important role in studying the behavior of media during earthquakes.
The attenuation is generally discussed in terms of attenuation coefficient
or Q-value. The attenuation coefficients or Q-values should be measured
in a wide frequency range, because we intend to discuss the relation
between the attenuation coefficients or @-values and frequency. Although
many papers have been published on the attenuation coefficients or
Q-values, almost all of them are associated with the earth’s crust and
mantle. These studies have been reviewed, by Yamakawa and Sato
(1964), by Sato (1967) and by others (e.g., Knopoff, 1964).

In a previous paper (Kudo and Shima, 1970), attenuation coeflicients
in various kinds of soils were determined by analysing the numerous

. seismograms obtained in the prospecting by means of the horizontally

polarized shear waves (so-called SH waves) in the Tokyo Metropolis (Shima
et al, 1968 and 1969). The frequency range analysed was 30 to 90cps
and it was concluded that @-value of SH waves was little dependent on
frequency, although the frequency range at which wave amplitudes would
predominate during earthquakes is lower than the above mentioned
frequency range. In an SH wave prospecting carried out at Yukigaya,
Ota-ku, clear Love waves were observed (Allam, 1970). At low fre-
quencies the spectral amplitudes of the Love waves were rather large
compared with those of direct SH waves. Accordingly, it is most rea-
sonable to employ the Love waves in order to investigate the attenuation
coefficient of SH waves in a wide range of frequency.

Hirasawa and Sato (1963) derived theoretically that @-value of Love
waves was frequency dependent, even though Q-value of SH waves in
each layer was independent of frequency. The frequency dependency of
Q-value of Love waves is caused by the dispersion of phase velocity.
Therefore, @-value of Love waves is not necessarily associated directly
with the loss mechanism of the substances.
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In the present paper, @-value of Love waves is discussed together
with the result obtained from SH wave measurement. The results are
compared with the value derived from the theory of Hirasawa and Sato
(1963).

2. Experimental site and apparatus

An experimental site is located at Yukigaya, Ota-ku, Tokyo Metropolis.
The superficial layer and the substratum of the site are alluvial clay
and Tertiary mudstone, respectively.

Waves of SH type were generated by hitting, with a hammer, the
end of a slender weighted wooden plate laid down on the ground surface.
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Fig. 1. Configuration of Fig. 2. Vertical travel time curves for
source plate and bore- SH waves, with 95% confidence inter-
hole seismometer. vals.

The underground structure at the site was determined by employing
the well-shooting method. Figure 1 shows the method schematically.
Notations A and B; in this figure show the three component borehole
seismometers installed at the bottom of the boreholes. The position A
was fixed all through the experiments while B was installed -at various
depths. The waves detected by the transverse component of the seismo-
meter were confirmed as SH waves, since the inversion of phases were
observed by hitting the left and right ends of the source plate. Six
vertical travel times for SH waves were obtained from independent trials
at one depth. Travel times thus obtained were averaged (shown by circles)
and 959 confidence intervals (shown by vertical bars) were computed.
They are shown in Figure 2. The SH wave velocity and density of
each layer are 80m/s and 1.4g/em® for the superficial layer, and 420
m/s and 1.8¢g/ecm® for the substratum, respectively. The thickness of
the surface layer was determined to be 3.6m. The velocity structure
of SH-waves agrees well with the geological section (Fig. 8).
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Fig. 8. Geological section and S- and P-profiles (Yukigaya Primary School).

The seismometers used in this experiment were of the moving coil
type with one second in the natural period. DC amplifiers and 100cps
galvanometers were employed. Thus the frequency characteristics of
the apparatus were flat in the frequency range from 2 to 60 cps.

3. Preparatory analyses of Q-value of Love waves

Only a few papers have been published on the attenuation of waves
in soil layers, in spite of the importance from the view-point of geophysics
as well as engineering seismology. Recently, Maekawa (1969) studied
the Q-value of Rayleigh and apparent Love waves generated by small
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explosions, assuming the Q-value as being constant, in media similar to
the authors’. However, the aim, method and frequency range in his
analysis are a little different from those of the authors. Furthermore,
no result related to the body waves was presented in his paper. It is
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Fig. 6. Seismograms analysed.
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noted that the attenua-
tion of surface waves
differs from that of
body waves, as will be
seen in the latter part
of this section. As a
result, some further
discussion to inves-
tigate the loss mech-
anism of substances is
required.

The loss mechanism
cannot be clarified till
the attenuation coef-
ficients or Q-values are
obtained in a wide
range of frequency at
the same site.

Close attention
must be paid to the
generation and propa-
gation of Love waves
when studying their
amplitudes or phages.
Satd (1952) obtained
the critical appearance-
distance of Love waves
X, where the Love
waves can clearly be
observed. The critical
distance is expressed,
when the source is
located on the surface,
as

X.=8H/¢Vi-1,
(1)
where H and V., are
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thickness and shear velocity of the superficial layer, and ¢ is the phase
velocity of the Love wave. For example, in the S-profile shown in
Fig. 3, the relation between the critical distance X, and the frequency
is given by Fig. 5. Figure 6 shows the records observed at the
ground surface. Fourier spectra were computed from each complete
seismogram, and examples of them are shown in Fig. 7. From the
figure we can easily find that the spectrum at near distance, 4=6m,
shows the largest amplitude at about 30cps and the amplitudes at the
low frequency around several cycles per second are less than 1094 of its
maximum value. Waves observed at the point are mainly of the body
wave, as seen in Fig. 5. In contrast with it, for example, at a remote
distance, 4=23m, the spectral amplitudes at lower frequencies are large.
The observed waves may contain several modes of Love waves (Allam,
1970). The cut-off frequency of the first mode of Love waves is about
11cps. Thus, in order to avoid the influence of the higher modes of
Love waves and of body waves, frequencies less than 1llcps are taken
into account in the following analyses.

Amplitude

10 20 30 (cPS)
Frequency

Fig. 7. Example of spectra (arbitrary scale).

The dispersion curves of phase velocities of Love waves for two
cases were computed. In Figure 8, the solid and broken lines corre-
spond to the dispersion curves when the shear velocity in the super-
ficial layer is 80 and 75m/s, respectively. The phase velocities obtained
from the observed phase spectra are algo plotted in this figure. The
experimental results shown in the figure were obtained by means of the
regression line analysis. The mean values are shown by circles. These
values fall between two theoretical curves. However, considering the
precision of determining the shear velocity the authors adopted 80m/s.
as the shear velocity of the superficial layer.
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Fig. 8. Dispersion curves for Love waves. Solid and broken lines correspond

to the cases when the shear wave velocities in the surface layer are 80
m/s and 75m/s respectively. Observed values are shown by circles.

Hirasawa and Sato (1963) showed that Q-value of Love waves Qs
is of frequency dependence, even though Q-values of shear waves in
each layer Q,, Q, are independent of frequency. Neglecting the order
of @%, the period equation and the relation among @,, @, and @, are
expressed as follows,

$2= (#1/#2)51 tan 51 9 ( 2 )
Q _ St AL (3)
Q, . 2 Q( Vi vel 20\
&(av 2 e )+ Q2< R &)
where
{=aV V-1,
HE=aV1-V",
a2:w2H2 02
K (4)
Vi=ey/V?,
ViE=cV;,

A=(t/1:)(6,+ sin & cos &)/cos* &, ,

The equation (2) is the same as the one for the perfect elastic media.
The phase and group velocities ¢, U of the fundamental mode of Love
‘waves are shown in Fig. 9-a. Figure 9-b shows the amplitude factor in
the case of a line source. The ratios Q,/Q, when Q./Q, is 2, 3/2, 1, 8/4
and 1/2 were computed by means of equation (3) and these are shown
in Fig. 9-c. It is clear from the figure that the Q,-value depends re-
markably on frequency. Especially, the Q,-value at the frequency cor-
responding to the minimum group velocity is fairly small, in the model
shown in Fig. 3, regardless of Q,/Q,. ‘ :
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Fig. 9. Characteristics of fundamental mode of Love waves.
a). Phase and group velocities.
b) The amplitude factor (in the case of a line source).

¢) Qr/Qi, in terms of Q:/Q1. Parameters Q2/Qi are 2, 8/2, 1, 1/2 and 1/3
from top to bottom, respectively.

4. Results of analysis

After Onda and Komaki (1968), the waves observed in the direction
bisecting the source plate are of SH type alone. And in this experi-
ment, the effect of the plate length is neglected at a distance farther
than about 10m. In other words, the observed wave can be regarded
as originating from a point source. Accordingly, the observed spectral
amplitude should be corrected with respect to the factor of spherical
spreading of waves. Figure 10 shows the examples of the corrected
spectra observed at various distances from the source.
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Attenuation coefficients were determined for each source independent-
ly applying the regression line analysis, since the source spectrum might

be different from each other.

An example of the relation between the

distance and spectral density is shown in Fig. 11. Six such values are
averaged and shown in Fig. 12 by circles.
In the previous paper (Kudo and Shima, 1970), @, was determined

Amplitude

4 6 8 (CPS)

Frequency

Fig. 10. Example of spectra corrected with regard to spherical spreading.
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Fig. 11. An example of the relation be-
tween distance and spectral amplitude.

to be 6.5 in the frequency range
from 30 to 90cps. We assume
that @’s of SH waves in each layer
are independent of frequency.
Under this assumption, attenua-
tion coefficients of Love waves as-
sociated with our model were com-
puted when @Q./Q, was 1, 1/2 and
1/3, in order to compare the ob-
served values directly with the
values expected from the theory
(Hirasawa and Sato, 1963). These
results are also shown in Fig. 12,
the averaged values close to the
theoretical curve for Q,/Q, being
1/3. :

The values of @, were calcu-

lated using the observed phase velocities and attenuation coefficients.
They are shown in Fig. 13. It is clear from the figure that the observed
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Fig. 12. Attenuation coefficients of Love waves.
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Fig. 13. Observed Q-values of Love waves.

Q,, depends remarkably on frequency. Furthermore, in frequencies higher
than the frequency of the minimum group velocity, the values of Q,/Q,
do not differ much regardless of the ratio @Q,/Q,, as can be seen in Fig.
14. In this figure, the observed values of @, were reduced to agree
with the theoretical curves, given in terms of Q,/Q,, at 11cps. One
can realize from Fig. 14 that the reduced values close to the theoretical
curves of Q./Q, being 1/3, and the assumption that @, as well as @, is




168 K. Kupo, A. M. ALLA¥M, I. ONDA and E. SHIMA

QL/Qi

0 5 10 (CPS)

Frequency
Fig. 14. Reduced Q-values compared with the theoretical curves.

independent of frequency, is valid at least in the frequency range from
4.5 to 11 eps.

5. Concluding remarks

The Q-value of Love waves was investigated in the frequency range
from 4.5 to 11cps. Through the analysis, the following coneclusions can
be drawn:

1) The observed Q, depends remarkably on frequency, especially
near the frequency corresponding to the minimum group velocity, as
expected from the theory of Hirasawa and Sato (1963). Thus it was
also proved experimentally that the Q, itself does not necessarily signify
the intrinsic attenuation in media.

2) Analyses were done under the assumptions that Q, and Q, are
independent of frequency and @, is 6.5. No discrepancies were found
between the observational results and theory. It follows that the
Q-value in the substratum was approximately constant in the frequency
range from 4.5 to 90cps, and the Q-value in superficial layer was
estimated to be 20. It is noted that the Q-value in the superficial soil
layer is higher than that of the substratum, although it sounds
somewhat unfamiliar.

3) The frequency dependence of Q-value of shear waves in soils
may be fairly small, if any.

As it is hard to determine the Q-value in the thin surface layer
by means of body waves, this method of analysis employing the Love
waves is effective. The predominant frequencies of body waves are

*
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frequently higher than those of Love waves not only in the events from
small scale experiments but also in the case of earthquakes. Consequently
the use of both Love and body waves are apposite to the investigation
of the loss mechanism in a wide frequency range.

Finally, the authors express their thanks to Mr. M. Yanagisawa for
his kind advice and assistance in the field and laboratory, and acknow-
ledge the assistance of Mrs. S. Miyagi.
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