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1. Introduction

Since the early days of seismology, many seismologists and earth-
quake engineers have paid much attention to the mechanism of intrinsic
attenuation of waves in the earth materials. The problem is generally
discussed in terms of attenuation coefficient or Q-value. As is well
known, Q-value is proportional to frequency in the model suggested by
Maxwell (1867). Such material is referred to as a Maxwell solid. Con-
trarily, it is inversely proportional to frequency in the model proposed
by Meyer (1874a, 1874b), Kelvin (1878) and Voigt (1892). Such material
is referred to as a Voigt solid. Many investigators attempted to explain
the problem by means of the above mentioned simple models. Iida (1934,
1935, 1938a, 1938b, 1938c), Ishimoto and Iida (1936a, 1936b) investigated
the properties of sand, clay and pitch-like materials by means of the

_vibration method and proposed that they behaved as the Voigt solids.

Ricker (1953) studied the breadths and amplitudes of the seismic wavelets
in Pierre shale, and explained the shale as the Voigt solid. While, Hirono
(19352, 1935b, 1941), Miyabe and Ooi (1949) attempted to explain the
materials by the Maxwell solid. Adopting the Toda’s model, Kubotera
(1952) obtained the relaxation times, which are intimately related with
the attenuation coefficient, associated with the crustal materials and
the alluvial deposits using P waves.

On the other hand, from the laboratory experiment, Born (1941)
showed that the attenuation of seismic pulses in the dry samples of
earth materials was proportional to frequency, namely Q-values in such
materials were constant. Similar results were obtained by Collins and
Lee (1956) associated with the sandstone. McDonal et al (1958) studied
the attenuation of compressional and shear waves in the Pierre shale.
They found that the attenuation of seismic waves was proportional to
frequency. Tullos and Reid (1969) acquired the same results as MeDonal
et al using P waves in the Gulf Coast sediments. Knopoff (1956), Knopoff
and MacDonald (1958) emphasized that the attenuation is due to the solid
friction. If this is the case, the attenuation is proportional to the fre-
quency and no dispersion can exist in body waves.
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Horton (1959), Futterman (1962), Wuenschel (1965) and Strick (1967),
however, detected the dispersion of body waves from the seismograms
obtained by MecDonal et al (1958). Furthermore, as is represented by
the papers of Lomnitz (1957, 1962), Futterman (1962) and others, there
is a stream of thought that the attenuation is approximately pro-
portional to frequency only in the limited frequency range, employing
the theory of linear viscoelasticity. Thus, there are two schools of
thought in the study of loss mechanism associated with the earth
materials. This is mainly due to the fact that our observations are
limited to a narrow range of frequency.

-As mentioned above, the loss mechanism has not yvet been investi-
gated sufficiently, and it still remains as an outstanding problem to be
clarified. Although there are many papers associated with the problem,
almost all of them are related to the earth crust and mantle. Since
the S wave measurement of soil layers in situ was believed to be dif-
ficult until quite recently, former investigators studied the attenuation
of P waves and only a few papers associated with the S waves have
hitherto been published. Nowadays, S wave measurement in situ has
become an easy routine work. Therefore, persistent study of the at-
tenuation of S waves measured in situ is necessary, since the study will
supply a great deal of information clarifying the loss mechanism and
the behavior of soil during earthquakes. In the following, an effort along
the above mentioned lines is reported.

2. Experiments and Data

Experiments were carried out at four places in the Tokyo Me-
tropolis. They are Adachi, Sunamachi, Yukigaya and Yayoi (Table 1).
The natural period and the damping coefficient of the borehole seis-
mometer used in these experiments were 0.2sec and 0.6, respectively.
The output voltage of the seismometer was amplified by means of the
DC amplifier and then connected to the galvanometer having a natural
frequency of 100cps. Consequently, frequency characteristics of the
total system were flat with respect to the ground velocity in the fre-
quency range from 8 to 70 cps.

Table 1.
No. Location Address of the site
1 Adachi Motogi-nishi-machi, Adachi-ku, Tokyo
2 Sunamachi 5, Kitasuna, Koto-ku, Tokyo
3 Yukigaya Yukigaya, Ota-ku, Tokyo
4 Yayoi 1, Yayoi-cho, Bunkyo-ku, Tokyo
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Fig. 1 shows the method of observation
schematically. Seismic waves were generated at
the position 1m from the borehole in each ex-
periment by hitting horizontally, with a wooden
hammer, the end of a slender weighted wooden
plate laid down on the ground surface. Waves
thus generated were observed by the borehole
seismometer at different depths. The waves
detected by the horizontal components, oriented
in the same direction with that of the force,
were confirmed as SH waves, since the inversion
of corresponding phases was noticed when hitting
the reverse end 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 and
the amount of times, depth/200 m/s, were reduced.

Fig. 1.
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if the soils are of diluvial or alluvial deposits, since the S wave ve-
locities in alluvial soils are lower than 200 m/s while those in diluvial
soils are higher than 200m/s (Shima et al, 1968). Therefore, one may
easily classify the soils into the above mentioned two formations depend-
ing upon the gradients of the reduced travel times. Reduced travel
times, shown by circles, are shown in Figs. 2a, 2b, 2¢ and 2d. Confidence
intervals of 959 (shown by vertical bars) were also computed and are
shown in the figures. From these figures, we found the layers in which
the SH wave velocities were fairly uniform. The seismograms observed
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Fig. 3b, cand d. Sample seismo-
grams of vertically travelling
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in these strata were used in the present investigation. They are shown
in Figs. 3a, 3b, 3¢ and 84 together with the reference seismograms
(shorter ones in the figures) obtained at the position A fixed all through
each experiment.
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3. Analysis

As shown in Fig. 1, simultaneous observation was made at A and
B. Let the Fourier transforms of the seismograms observed at A and
B in i-th trial be
A(f)=H(f)-C(N)-S:(f) ,
B(f)=Hp(f)-Cu(f)-Si(f) ,
where

f Frequency
S(f) Source spectrum
H,(f) Transfer function of medium between source point and A

Hy(f) 7 B
C.(f) Frequency characteristics of apparatus used for A
Cy(f) ” B.

The transfer function Hy(f) is given by the following expression elimi-
nating source spectrum

Hy(f)=BlS) | C)-H(f)
” A(f) CA(F)

Seismic waves in the lossy medium can be expressed as follows ;

F(f)=Gexp [—{a(f)+ik}R] ,

where

G Geometrical factor
R Distance between the source and the seismometer
k& Wave number.

Then, the attenuation coefficient «(f) is given as follows

a( ) = — LB G2 o) |G Hiy ()]

= — Jog [GTHBAN)/A(SWGTHB( L)AL
R.—R,

After Onda and Komaki (1965), waves observed in the direction
bisecting the source plate are the waves of SH type alone. Since the
observations were made at sufficiently far distances from the source
point the effect of plate length can be safely ignored. Accordingly, the
spherical spreading of waves was assumed in computing the geometrical
factor.

-
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The thickness of constant velocity layer used in the analysis was
not so thick. In such a case, as pointed out by McDonal et al (1958),
reflected and refracted waves at the interfaces at various depths may
interfere with the useful signals. Fortunately, the velocity contrast in
our experimental site was not so remarkable and the interference was
negligible although the reflected wavelets were detected in the case of
Adachi. As can be seen in Fig. 8a, the reflected wavelets from the
deep interface were distinguishable from the down-going wavelets. So
we could analyse the useful signals without the fear of interference.

A hanning window was applied in the spectral analysis. The dura-
tion of window was 0.08 second, and the sampling interval was 1 or 2
milisecond.

4, TResults and Discussions

Fourier amplitudes of seismograms obtained at various depths were
corrected by means of the geometrical factors. As an example, the case
of Adachi is shown in Fig. 4. Figure 5 shows the relation between

T T T T T T T
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Fig. 4. An example of Fourier spectra corrected by the geometrical factor
for spherical spreading (Adachi).

log {G7*Bi(f)} and depth for various frequencies in the case of Adachi.
The mean value and standard deviation for each frequency were -cal-
culated applying the regression line analysis. The relations between
attenuation coefficients and frequencies are shown in Figs. 6a (Adachi),.
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6b (Sunamachi), 6c (Yukigaya) and 6d (Yayoi). The mean values and
standard deviations are shown by circles and vertical bars, respectively.
The attenuation coefficient in the Maxwell solid is almost independent
of frequency and that in the Voigt solid is proportional to the square
of frequency. Comparing this with our results, it was found that
the attenuation coefficients agreed
neither with the Maxwell model
nor the Voigt model. If we
assume that the attenuation of
waves is due to the solid friction,
attenuation coefficient is propor-
tional to frequency. With this
assumption in mind the straight
lines were drawn as shown in Fig.
6a, 6b, 6¢c and 6d. These lines
fitted better than those of the
former cases. Figure 7 shows the
phase velocity calculated from
phase angles of Fourier trans-
form, with respect to the fre-
quency, in the case of Adachi.
The regression line analysis was
aleo applied to calculating the
mean value (shown by circles) and
standard deviation (shown by ver-
tical bars) for each frequency.

Amplitude (arbitrary scale)

O x

Z' 8} mignt ¢ © From the figure, it seems that the
&) Lett nit 30 % dispersion of SH waves is negligi-
20 30 40 m ble, even if it does exist. As

Fig. 5. Relation between log {G;~1Hpi(f)} this result, it ‘is concluded that
and depth for various frequencies in it is hard to explain the loss
the case of Adachi. mechanism by means of the

Maxwell model or the Voigt model.

Now we will discuss the loss mechanism in terms of Q-value. The

@-value can be expressed by the formula

=f

@="ea(f)

in which ¢ is the phase velocity. The Q-values for various frequencies
were obtained in the case of Adachi and are shown by circles in Fig. 8.
As can be seen in the figure, @-values scarcely depend on frequency.
As a reference, Q-values were computed in the case of the Maxwell
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model and the Voigt model choosing the constants so that the values
fit the observations at about 50cps. They are also shown in Fig. 8.

Chae (1968) suggested the loss mechanism of snow and sand intro-
ducing the theory of linear viscoelasticity. The complex compliance is
expressed as follows

J*(iw)=J . — 1:,+S” D(z) de' |
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Fig. 6a; b. Attenuation coefficient vs. frequency. The mean values and the
standard deviations are shown by circles and vertical bars, respectively.




154 K. Kupo and E. SHIMA

in which J. is compliance at infinitely large frequency, 7’ is viscosity,
7' is retardation time, D(z') is the distribution function of retardation
time. Chae assumed that

- J.=0, 1/7'=0,
D(r)y=p"I< << oo
=0 <.
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Fig. 6c, d. Attenuation coefficient vs. frequency. The mean values and the
standard deviations are shown by circles and vertical bars, respectively.
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Since the Q-value is expressed by the ratio of real to imaginary parts
of complex compliance, Q-value vs. frequency for Chae’s model is given
as follows

_ log (1+1/e')
2arctan (1/wz)

The broken line in Fig. 8 shows the value computed when z; equals to
10~7 see. by the above equation.

Meanwhile, complex rigidity which is the reciprocal of complex com-
pliance, is expressed as follows

G*(iw):Go—I—iwvy-i—ierr.)Tdr ,
o 141wr

in which G, is rigidity at zero frequency, 7 is viscosity, ¢ is relaxation
time, F() is the distribution function of relaxation time. Let us assume

G0=0 y 7]=0 )
F(T)=ﬂ/7 7, <t<1y }
=0 otherwise .

Under the above assumption

0= 1 log (1+w’z;)—log (14 w’z)) )
2 arctan (wr,)—arctan (wr,)

An example of Q-value vs. frequency, when r,=0 and r,=10’sec., is
shown by the thick solid line in Fig. 8. As can be seen in the figure,
this model agreed well with the observed value. However, considering
the accuracy of our observation, and since the frequency range in our
observations was quite limited, no further detailed discussion will be
made.

The Q-values, SH waves velocities and other properties of soils ob-
tained at four sites are tabulated in Table 2. The Q-values given in
the Table are the averaged values over the frequency measured.

Table 2.
No. 1 Location S-wave velocity Q Geology
1 Adachi 260m/s 8 Diluvial sand
2 Sunamachi 102m/s 20 Alluvial silt
3 Yukiga 420m/s 6.5 Tertiary mudstone
4 Yayoi 150m/s (mean) 5 Kwanto loam
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