BuLLETIN OF TOE BARTAQUAKE

RESEARCH INSTITUTE
Vol. 40 (1962), pp. 187-259

8. Modifications of Seismic Wawves in Superficial Soil
Layers as Verified by Comparative Observations
on and beneath the Surface.

By Etsuzo SHIMA,

Earthquake Research Institute.
(Read Oct. 27, 1959; June 27 and Nov. 28, 1961.—Received March 31, 1962.)

CONTENTS
Preface ..o 188
Part 1. The Bore-hole Seismometer .......c.covveereeeeennnnnn. 193
1. Introduction ............ 0., 193
2. Principles of design ....... ... i 193
3. Actual design .......... ..., e, 197
4. Constants of the seismometer and galvanometer .......... 200
5. Frequency characteristics and the calibration of the seismo-
o5 ) o K 201
6. Concluding remarks ............ oot 207
Part 2. Automatic Correlator .............coviiiiinreeennnnnnn. 207
1. Introduction .............oiiiiniiii i, 207
2. Theoretical background..............co i, 208
3. Principles of construction............c.couuieeeeeiinnnnnn. 210
4, Actual construction...... ... i 211
5. Calculated examples ...ttt 216
6. Acknowledgements ........ovviiin e 217
Part 3. Frequency Characteristics of the Superficial Soil Layers. .218
1. Introduction ....... ... 218
2. Comparative observations of earthquakes under the ground
and on the surface........ .. ooiiiiiin i, 219
3. Geological aspects of the environment of Marunouchi...... 220
4. The results of the observations............oevuveeeneenn... 221
5. Theoretical background of the frequency analysis of the
SEISIOZIAIMNS .t vttt ittt et ettt et e ee et aaaennes 223
6. Results of analyses..........oueurinieinee e 229

7. Theoretical background of the frequency analysis of the
FaabTea 4075 =5 02 T0) o 239




188 E. SHIMA

8. Analyses of the microtremors by means of the automatic

COTTelAtOr ..t e e 241

0. IS CUSSIONS .t vttt ittt et e e e 251

10, ConClUSIONS  o.vitiiii et 255

11. Acknowledgements ... ... 256
Preface

Many seismologists throughout the world are keenly interested of
late in the study of the mechanisms and magnitudes of earthquakes.
Both of these problems must basically have recourse to a knowledge of
the motion imparted to the seismic waves at the hypocentral region of
an earthquake. In most of the current studies it is implicitly assumed
that the medification of earthquake waves on the way from the hypo-
centre to an observation point is not of so marked a degree as to be
taken into account. However, it is a well-known fact that the seismic
intensity on different grounds in the same vicinity differs so remarkably
as to alter the degree of damage several times over. In view of these
experiences quantitative study on the modification of seismic waves is
no less important in pure seismology than in engineering seismology.

From the earthquake engineering point of view, the problem has
been taken up for about 40 years. The theory of the refraction of elastic
waves taught us that the softer the second medium into which the elastic
wave is refracted from the hard first medium, the larger becomes the
refracted wave. But aftershock observations of the 1923 earthquake in
Tokyo and Kamakura revealed to us that enhancements of amplitudes
of the same earthquake on different neighbouring grounds are not in a
constant ratio, but the ratio varies with the periods of the earthquake
motions.

An explanation of this phenomenon by the resonance effect of the
surface layers was proposed and stimulated study on the possibility
as well as the nature of these vibration characteristics of soil layers from
the theoretical and observational sides.

Much light has been thrown on the problem by the above-mentioned
studies but still there is left something to be clarified. The present
paper is concerned with the last point. In the following an effort to
verify the above-mentioned modifications of seismic waves in the super-
ficial soil layers has been made by comparative observations on and
beneath the surface of the ground. For this purpose a special seismo-
meter to be installed underground in a bore-hole was first made and
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observations by means of sets of the same instruments were carried
out. Besides the analyses of the seismograms thus observed, analyses
of microtremors observed on the ground were also made as another ap-
proach to the elucidation of the problem.

Thus in Part 1 in this paper a description of a bore-hole seismometer
is given, and in Part 2 an automatic correlator, to be used in the analyses
of microtremors, is described. In the last section Part 3, analyses of
seismograms obtained from simultaneous observations of earthquake
motions on and beneath the surface of the ground are described and
compared with the facts revealed by means of the correlator from the
analyses of microtremors.

Before entering into the main subject, a historical review of the
related studies will be given to clarify the problem.

With regard to the theoretical studies, K. Sezawa®, G. Nishimura?
and K. Kanai® began energetic persistent study on the present problem
in 1930, with the result that various aspect were thereby clarified. They
investigated cases when disturbances of the shock type? and of the
harmonic type of finite extent® are transmitted from the subjacent semi-
infinite medium normally upwards to the overlying stratum or strata.

Through their studies, it was revealed that, in the case of a single
layer, the displacement of the ground surface and the reflected waves
into the subjacent medium show a periodicity in shock type waves when
the length of the travelling disturbance in the stratum is short as com-
pared with the thickness of that surface stratum. But, when the length
is comparatively long, there is no sign of apparent periodicity in the
motions on surface and reflected waves. And also in the case of an
incidence of a harmonic wave of a finite extent free oscillation is never
excited in any stratum.

They reached a similar conclusion in the case where there are two
surface strata®. When the harmonic type wave of a finite extent is
normally incident, the surface vibration consists of a wave train which
repeats itself with a gradually diminishing amplitude. And the periodicity
which we observe is the periodicity contained in the incident wave. In
the case of an incidence of a shock type wave, repetition of similar wave

1) K. SEzAWA, Bull. Earthq. Res. Inst., 8 (1930), 1.

2) K. SEzAWA, and G. NISHIMURA, Bull. Earthq. Res. Inst., 8 (1930), 321.
3) K. SEzawA and K. KANAI, Bull. Earthq. Res. Inst., 10 (1932), 273.

4) loc. cit., 2).

5) loc. eit., 3).

6) loc. cit., 3).
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trains is observed so that we might call the periodic recurrence time of
the vibration as the proper period of the strata.

Briefly, K. Sezawa and K. Kanai came to the conclusion that, in
the case of a harmonic type of a finite extent, the free oscillation of
the layer can not be excited except when the products of elastic modulus
and density in respective media differ appreciably. G. Nishimura and
T. Takayama” solved more practical cases than those of Sezawa and
Kanai. Namely, they studied the vibrations due to obliquely incident
waves. And they confirmed that there exist proper periods of vibration
in the surface layer.

From seismometrical observations it was known at that time that
there are some differences between seismograms observed at stations
having different topographical or subsoil conditions. J. Milne® was the
first to attempt this type of study. He compared a seismogram obtained
by a seismometer which was set at the bottom of a 10" deep well with one
obtained from a seismometer on the ground 30’ distant. Then, S. Sekiya
and F. Omori® also carried out the same experiment on the campus of the
University of Tokyo, setting a seismometer in the cellar 18" deep. N.
Nasu'® observed numerous aftershocks of the Great Kwanto Earthquake
at many temporary stations in Tokyo. And comparing them with those
of Hongo, he found that amplitude-ratio becomes large at a period which
is proper to the station. S.T. Nakamura™ performed observations in
and out of a tunnel near Atami. N. Nasu® also made comparative
observations at the Tanna Basin and in Tanna Tunnel 160 m below the
surface observing point.

K. Suyehiro™, on the other hand, invented a model of a seismic-
vibration analyser, and used it for comparative studies.

Following these studies the predominating periods of the seismic
waves were observed at various temporary stations by many investigators.

M. Ishimoto performed comparative observations at Tokyo and at
Yokohama, using his accelerometers, and determined the proper pre-

7) G. NISHIMURA and T. TAKAYAMA, Bull. Earthq. Res. Inst., 15 (1937), 394.

8) J. MILNE, Trans. Seism. Soc. Japan, 10 (1887), 1.

9) S. SexIvA and F. OMORI, Trans. Seism. Soc. Japan, 16 (1892).

10) N. NasuU, Rep. Imp. Earthq. Inv. Comm., 100 A, 313.

11) S. T. NAKAMURA, Proc. Physico-Mathem. Soc. Japan, 7 (1925) 127.

12) N. Nasu, Bull. Earthq. Res. Inst., 9 (1931), 454.

13) K. SUYEHIRO, Bull. Earthq. Res. Inst., 1 (1926), 59; ibid., 7 (1926), 467.

14) M. ISHIMOTO, Bull. Earthq. Res. Inst., 9 (1931), 316; ibid., 9 (1931), 473; 1bid.,
10 (1932), 171; ibid., 12 (1934), 234; ibid., 14 (1936), 240; dbid., 15 (1937). 536.
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dominant period at each place. He also found a close relation between
the thickness of the subsoil and the proper periods. T. Saita and M.
Suzuki® compared earthquake accelerations of the surface with accelera-
tions at points 30’ and 68 below the surface at Marunouchi. They
set the accelerometers in a well. W. Inouye® observed amplitudes
at Komaba both in a cellar 9m deep and in an observation room on the
surface.

Their explanations concerning the oscillations of a surface layer of
subsoil involved the assumption that the surface layer may be treated
as a pendulum which gives no reaction to the underlying medium,
so that the motion on the surface has no relation to the vibration in
the subjacent medium. This way of thinking is definitely irrelevant ac-
cording to the mathematical theory worked out by K. Sezawa'” and G.
Nishimura®. Namely, the mode of resonant oscillation is not always
coincident with the mode of the free oscillation of the pendulum which
is considered as a model. But, the fact that the predominating period
of the subsoil is proportional to the thickness of the alluvial formation
is powerful evidence supporting the hypothesis of proper oscillation.

Afterwards, based on comparative study of seismograms, R. Taka-
hasi and K. Hirano” proved both by theory and experiment the pheno-
mena of predominating waves considering the multiple reflections of the
waves in the surface layer.

K. Kanai and others®® have compared the seismograms obtained at
the gallery of the Hitachi Mine. The depths of the stations are 0, 150,
300 and 450 m respectively. And the results supported the proper os-
cillation hypothesis.

Meanwhile, on the theoretical side, K. Kanai?¥ succeeded to Sezawa’s
studies, and he explained the predominant periods of the strata by the
multiple reflections of the seismic waves in the strata. In his study

15) T. SAITA and M. SuzUK1, Bull. Farthq. Res. Inst., 12 (1934), 517.
16) W. INOUYE, Bull. Earthq. Res. Inst., 12 (1934), 712.
17) loc. cit., 1).
K. SEZAWA and K. KANAI, Bull. Earthq. Res. Inst., 13 (1935), 251.
18) loc. cit., 7).
19) R. TAKAHASI and K. HIRANO, Bull. Earthq. Res. Inst., 19 (1941), 534.
20) K. KANAI and T. TANAKA, Bull. Earthq. Res. Inst., 29 (1951), 107. )
21) K. KaANAL, Bull. Earthq. Res. Inst., 28 (1950), 31; ibid., 30 (1952), 32; ibid., 31
(1953), 210.
K. KANAI and S. YOSHIZAWA, Bull. Farthq. Res. Inst., 31 (1953), 275; ibid., 34
(1956), 167.
K. KANAIL, Bull. Earthq. Res. Inst., 35 (1957), 309; 457.
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the effect of the solid viscosity of a surface layer was also taken into
consideration. For the purpose of practical applications he studied the
case of three superficial layers.

As for seismometrical studies, F. Omori® found that waves with
periods peculiar to the observation station and related to the subsoil
condition, predominate not only in disturbances due to earthquake waves
but also in microtremors. Although it is a very difficult matter to
analyse such complicated waves quantitatively, we fortunately have Ishi-
moto’s excellent paper®, which opened the way for an approach to the
solution.

Since 1954, K. Kanai and others® have taken up again the problem
of microtremors. They have compared the frequency-period curves deriv-
ed from the numerous records of microtremors observed at various
places in Japan. For their view, the method of analysis is as follows.
By taking any two minutes portion from records of microtremors, the
zero-crossing intervals are measured. This interval is doubled and it is
considered as a period. Then, taking the period on the abscissa and
the number of waves of each period on the ordinate, the curve of the
frequency-period® is drown. Kanai found that the frequency-period
curves thus derived from the records of microtremors resemble markedly
those derived from earthquake observations. Comparing with the other
information related to soil conditions near the observation site, Kanai
could derive a convenient method based on microtremor observations for
classifying the subsoil.

On the other hand, K. Aki*® and K. Akamatu® took up the study
of microtremors at almost the same time, and introduced the correlogram
analysis into their analyses. Some of the characteristics of mierotremors
were thus clarified. And Akamatu recognized some evidence on the
existence of the proper period, although Aki’s®™ result of a correlogram
analysis had been negative on the same point.

22) F. OMORI, Bull. Earthq. Inv. Comm., 2 (1908), 1.

23) M. IsHIMOTO, Bull. Earthq. Res. Inst., 15 (1937), 697.

24) K. KANAI et al., Bull. Earthq. Res. Inst., 32 (1954), 199; ibid., 33 (1955), 492; ibid.,
35 (1957), 135; 147; 163; 181; 191.

25) K. KANAI et al., 1bid., 32 (1954), 201.

26) K. AKI, Bull. Earthq. Res. Inst. 25 (1957), 415.

27) K. AKAMATU, Zisin [ii] 9 (1956), 22.

28) K. AKI, Zisin [ii] 8 (1955), 99.
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Part 1

The Bore-hole Seismometer
1. Introduction

Needless to say, deep underground observation of earthquake mo-
tions is indispensable to the crucial study of the frequency character-
istics of ground vibrations. Several attempts of such observations
have been made by former investigators, like Saita®™ and Inouye®.
However, as they utilized mechanical recording instruments, many re-
strictions troubled them. For instance, Saita and Suzuki had to use
a big well to install the acceleration seismographs at depths in the
ground. And under such circumstances, we have no evidence that the
characteristics of the near-by subsoil did not differ. If they had had
an electro-magnetic bore-hole seismometer, and could set it at the bottom
of a small bore-hole, the above-mentioned circumstances and many other
restrictions could have been eliminated. Besides this, remote operation
of the seismometer would have reduced the operational problems. TUn-
fortunately, the instrument relevant for this purpose did not exist at
that time. Of course in later times, in the field of seismic prospecting,
many bore-hole geophones were introduced. However, the natural fre-
quencies of these geophones were too high to be useful for our present
purpose.

In the following, we will outline a bore-hole seismometer specially
designed for observation of earthquake motions in the depths of the
ground. To the best of our knowledge, this seismometer is the first
one ever designed for this purpose. The frequency characteristics of
this seismometer are proportional to the ground acceleration in the fre-
quency range from 1 to 20 cycles per second. We coupled this seismo-
meter (natural period =1.8 sec), and the overall frequency characteristics
of this seismograph are proportional to the ground displacement in the
abovementioned frequency range.

2. Principles of design

Two methods can be considered, at least theoretically, for ascertai-
ning the displacement of earth movement in a wide frequency range

29) loc. cit., 15).
30) loc. cit., 16).
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with the electromagnetic seismometer. The seismometer we are con-
cerned with here is a moving-coil type which has an excellent linear
response to earth movement, and is easy to design.

The first method is as follows. Design a low damping seismometer
(optimum would be /h=0.6). Then the pendulum of the seismometer
responds to the earth movement in proportion to its displacement at a
frequency higher than the natural frequency of the seismometer. Now
the output voltage is proportional to the velocity of the earth movement.
Couple this seismometer to a galvanometer which is heavily damped and
has a higher natural frequency than that of the seismometer. The
sensitivity of such a galvanometer, when the input current is of a con-
stant magnitude, attenuates in proportion to a frequency near the natural
frequency of the galvanometer. In other words, the galvanometer acts
as an integrator. Through the combination of the above seismometer
and galvanometer we have a seismogram which is proportional to the
earth movement. The above-mentioned results are verified as follows.

At first, let us study the equivalent network of the galvanometer.
Using the electrical mechanical analogy, which we have already applied
once to our discussion of a seismometer®, we easily reach the result
shown in Fig. 1, in which, 7, is the internal resistance of the coil, I,

I— rg lg <1,
O——— NN O
| S S
AN : '
1
E, gs Zmg :Lg Ry ,' E.
l i
R N
o— o)

Fig. 1. Equivalent network of the galvanometer

is the sum of self inductance, hysteresis and eddy current losses; and
s is the shunt resistance. Z,, is the motional impedance of the galva-
nometer and is expressed as the parallel connection of the capacitance
C,, the resistance R, and the inductance L,. These electrical quantities
have the following relations with the mechanical quantities through the
voltage sensitivity 4, of the galvanometer. Namely, C,=1,/A2, R,= A/b,
and L,=A;/U,. Where I, b, and U, are the moment of inertia, the
damping constant and the restoring constant of the galvanometer re-

31) E. SHIMA, Bull. Earthq. Res. Inst., 38 (1960), 29.
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spectively. The mechanical entities and their electrical equivalents are
listed in Table 1.

Table 1.

Mechanical element Symbol used Electrical element Symbol used
Torque Fr Current I
Angular Velocity w Voltage E
Moment of Inertia I,y Capacitance Cy
Rotational Compliance 1/U, Inductance L,
Rotational Resistance by Conductance 1/Ry
Angular Displacement @ SEdt

Let y be the response on the recording paper by the rotation of
the galvanometer, we have,

2l
—9l —44&&du 1
y=2lp=—~ (1

g

where [ is the optical lever of the galvanometer. Generally, the mag-
nitude of resistance R, is very large. This fact is known if we observe
the slow damping of the free oscillation of the galvanometer. And I,
is negligibly small at low frequencies. For the sake of simplicity we
overlook the above two quantities. Now, if we observe the equivalent
circuit from a mechanical side, the galvanometer is expressed by the
‘parallel connection of (r,+5), L, and C,. So, from the mechanical point
of view, the natural frequency n and the damping coefficient ¢ and
h=e¢/n are expressed as follows :

1
2:
"TLG,
1 , (2)
=
2(r,+s)C,
and
1 L
=/ Y, 3
WﬁQ/d @

It is clear from Equation (8) that, in the case when s—c, % becomes
very small. In the case of an open circuit, s is considered to be in-.
finitesimal. Now we have,
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7 joL, :
B=— "1=¢'LC, @
; | joL,
(579 + 1—o’L,C,
So, if w*~1/L,C,, h>1
E,=Is=const, 4)
ymyl sdt. (5)

Thus the integrating characteristics of the galvanometer are proved.
However, it is necessary for this purpose to design a seismometer
which has a longer natural period than the earthquake period we are
to observe. Our purpose is to set a seismometer in a bore-hole, so we
are concerned as to whether or not a long period seismometer can be
set satisfactorily in it*®. Moreover, as a long period seismometer can-
not withstand violent handling, it may be broken during the setting.
Now we outline the second method. We design a heavily damped
seismometer so that the pendulum of the seismometer responds to the
velocity of the earth movement. Then we have an output voltage which
is proportional to the ground acceleration. Couple this to a galva-
nometer which has a longer natural period than that of the seismometer.
The damping of the galvanometer is recommended to have a value near
h=0.6. The sensitivity of such a galvanometer in a frequency range
higher than that of the galvanometer attenuates in proportion to o’
In other words, the galvanometer acts as a twice-integrator. Thus we
have seismograms which are proportional to the ground displacement.
The above-mentioned results are verified as follows. Under the
conditions «*»1/L,C, and w»1/C,(s+7,), Equation (4) becomes,

Is
B _, 4"
JoC (s+7,) 4
L_ g Sidtdt 5
ve| L[ Larar, (5)

which is to be proved.
A seismometer designed along these lines ean be used as an electro-

32) After completing the construction of our seismometer, K. Kanai and T. Tanzka
designed a seismometer free from these difficulties.
K. KANAI and T. TANAKA, Bull. Earthq. Res. Inst., 36 (1958), 359.
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magnetic acceleration seismograph if we couple it to a galvanometer

which has a much higher natural frequency than that of the seismometer.
Namely, if w<(s+7,)/L, and »*<L,C,, Equation (4) becomes.

e Tls )
yoeL,I, . (6"

The above-mentioned accelerometer is perhaps useful for persons in the
engineering field. And this is the reason for our adopting the latter
type of seismometer.

3. Actual design

Fig. 2 is a schematic view of the 3-component bore-hole seismometer.
In designing the magnetic circuit, which is the most important part of
the seismometer, we were obliged to reduce its size because it was
necessary to set the 3-component seismometer, one vertical and two hori-
zontal, in a bore-hole of small diameter. For this purpose, we used the
smallest cylinder type permanent magnet MK-5. We have already
reported examples of magnetic circuit designs of this type®.

During the designing, a special care was paid to make the voltage
sensitivity insensible to the inclination of the seismometer. In Fig. 3,
an example is given showing how the voltage sensitivity of a seismometer
changes its magnitude according to the deflection of the coil from the
centre of its equilibrium.

We had to be cautious, fearing that the seismometer would not
always be upright in the bore-hole. So bore-hole seismometers have to
be stable in their functioning even when they are set slantwise from
the vertical to a marked degree. The usual type of seismometer which
makes use of a horizontal pendulum is impotent in such circumstances,
so we spent much effort in designing the pendulum. Fortunately we
found that Willmore suspension®—to suspend the mass by 6 slender
wires—is very apposite for this purpose. This type  of suspension is
shown in Fig. 4 as well as in Fig. 2. We find the mass swings inside
the cylinder and is suspended by 3 wires. The other 3 wires are also
used to suspend the mass from the opposite side.

33) Product of Mitsubishi Kozai Co. Ltd.
34) E. SHIMA, Bull. Earthq. Res. Inst., 38 (1960), 545.
35) P. L. WILLMORE, Monthly Not. Roy. Astr. Soc., Geophys. Suppl., 6 (1950), 129.
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BORE-HOLE SEISMOMETER

Scm

Rubber Pasking

Rubber Packing

Helical Spring

Coil

Magnet Vertical Comp.

Subeinsion-wire

Coil
Magnet Horizontal Comp.

(H)

Suspension-wire

Horizontal Comp.
(He)

Fig. 2. Schematic view of the three-component bore-hole seismometer.
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For the preliminary test, we examined how the period of the pendu-
lum is influenced by the inclination of the pendulum as well as the

rotation as a whole around the axis
of the cylindrical mass. The results
are tabulated in Tables 2 and 3. «ais
the angle between the wire of the left
side and the vertical line as shown in
Fig. 4. And £ in Table 3 is the angle
of inclination of the mass from the
vertical line. ‘

The results of Table 8 shows that,
so far as our experimental accuracy
and our need in the accuracy is con-
cerned, we can assume as a first ap-
proximation, that 7' is insensible to
the changes in 3 as well as @. From

Fig. 4.
Table 2.
a degree sec
0° 0.207
30 0.207
60 0.208

%
100} /./‘-—o—o-*
50+
Imm
—

1
center

Fig. 3. Variation of the magnitude
of voltage sensitivity of a seismometer
according to the deflection of the coil
from the centre of its equilibrium.-

Mass
Table 3.

B degree sec
0° 0.207
2.5 0.208
6.4 0.210
9.0 0.204

the above results we came to the conclusion that Willmore suspension
is apposite for our purpose. In an experiment £ could be increased up
to 17°, and above this angle the pendulum does not swing because of
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knocking against the outer frame. If we set the seismometer in a
bore-hole, 6 inches in diameter, ;7 does not exceed 10° even in the worst
circumstances. So we may say that if we can set the seismometer at
the bottom of a bore-hole of such diameter, we can expect its stable
function.

The mass of the vertical seismometer is suspended upright by a
helical spring, and it controls the period. Willmore suspension was
also used in the vertical seismometer to keep the mass in the central
axis of the seismometer. Though two horizontal components were as-
sembled in the same frame, the vertical one was made independent, so
that it can be taken out of the outside case of the 38-component seis-
mometer, and used separately. The pendulum of the seismometer was
damped heavily with silicon oil, the viscosity of which is 15 centistokes.
Without the damping oil we could not get the desired damping of the
pendulum. It is clear that the effect of electro-magnetic damping is
very small, even if the output terminals are short-circuited, » remains
near 0.15, because of the large mass and the small voltage sensi-
tivity.

The outer case was first made of aluminum cast. But owing to the
pin holes existing in the cast, water sneaked into the case. And so
we had to use a brass cylinder. Special attention was paid to the
construction of the outlet of the lead wires from the seismometer case.
As illustrated in Fig. 2, the cabtyre cord is pressed by rubber-packing
so that water can not sneak into the case from this section. It is re-
commended for this purpose to use cabtyre cord made of rubber.

4. Constants of the seismometer and galvanometer

The constants of the seismometer and the galvanometer are tabulated
in Tables 4 and 5. We used the GU-52-B type galvanometer, one of
the products of Murayama Electric Co.

Table 4.
Weight of the Mass M | 155 gr
Natural Period } T ’ 0.2sec
Coefficient of Damping h i 5
Internal Resistance Te I 90 a
i

Voltage Sensitivity A 0.10 volt/kine
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Table 5.
Natural Period T, 1.8sec
Internal Resistance L1y 8.60
External Critical Damping Resistance Ter 90 a
Current Sensitivity Are 5.8x10-7amp/cm

5. Frequency characteristics and the calibration

of the seismograph

The output voltage of the seismometer is proportional to the ac-
celeration of the ground, because the seismometer is damped heavily so
that response of the pendulum is proportional to the ground velocity.
In our seismograph the mass is so large that the reaction due to the
galvanometer’s circuit is negligibly small. So we can obtain the fre-
- quency characteristics of the seismograph merely by multiplying each
frequency characteristic. The block-diagram of this seismograph is
shown in Fig. 5. i(jw), S(jw), g(jo), f(jw) and o(jw) are the frequency

* O ( jw)

I
!
tjw) [ Stjw)
|
|
|

JV
«
E

Fig. 5. Block-diagram of the seismograph.

characteristics of the input, seismometer, galvanometer, quantity related
to the reaction of the galvanometer and output, respectively. We can
obtain them by Fourier transformation as shown in Equation (6).

(o) i)
S(jo) S()

9(go) | (= J9®| _, .

P =] s ©)
o(jo) o)

F(jo) F(t)

where (f) is the time function of the input, and o(¢) is the output motion
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due to the input 4(t). S(¢), g(¢), f(t), and F'(f) are respective impulse
responses. F(jw) is the over-all frequency characteristics of the seis-
mograph. Strictly speaking, we can easily deduce the following equation
from the block diagram shown in Fig. 5.

- S(jw)o(o)
Fw)=———"2HPWE 7
)=~ (G)S(Gwg(e) @

However, in our case, the reaction factor f(jw) is very slight as men-
tioned before. So Equation (7) reduces to,

F(jo)=8(jw)g(jo) . (8

The calculated S(jw) is shown in Fig. 6. In Fig. 7, the observed
g(jo) is shown. From these data, we calculated F'(jw) and it is shown
in Fig. 8.

Now referring to Fig. 3, we assume that the voltage sensitivity
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Fig. 8. F(jo)

100
50
10 \\
\
\
5 \
1
05
0.1 —
ol 05 o 10 Frequency s
Fig. 7. g(jo)
Fu) 4
1.0
0.5 7
0.1
05 1 10
___\v

Frequency %

203




204 E. SHIMA

does not change with the inclination of the seismometer when it is set
at the bottom of a bore-hole. Thus we get the output voltage of the
seismometer, near the frequency of its natural frequency, with respect
to the unit acceleration as A/2: (Volt/gal) or A/2¢ (r,+7,)(Amp/gal). We
know the current sensitivity of the galvanometer from observations at
each frequency. So we can calculate the deflection y. The sensitivity
of the bore-hole seismometer is 320 #V/gal. When we coupled it with
the GU-52-B type galvanometer, we could attain a magnification of 80,
in the case of a 50 cm optical lever. The optical lever of the GU-52-B
type is changeable to that of 100em by a simple operation. So the
magnification can be doubled in a simple way.

We felt it necessary to check the
frequency characteristics of the seis-
mometer after it had been set at the

bottom of the bore-hole. So we made
G a simple circuit for checking it.
|
o2

The circuit is shown in Fig. 9.

Now let us state the method.
First, a switch is set in position 1.
frequency characteristics of the seis- T}?en the curreflt, §ay , flows Into the
mometer. seismometer’s circuit, and the force fj
S: Seismometer, G: Galvanometer. is generated. This force is expressed
in terms of the voltage sensitivity or

Fig. 9. Simple circuit to check the

force factor® as follows.

fo=A1. : )
By this force, the mass of the seismometer is deflected. The deflection

fo

)

O
t= v
© t

Fig. 10. Step force acting on the seismograph.
36) loc. cit., 31).
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of the mass is proportional to the magnitude of the current. Next, we
suddenly open the switch and transfer it to position 2. This operation
is analogous in applying the step force to the seismograph. Namely,
at t<0, the force A7 is acting on the seismograph, and at ¢=0, the
switch position is changed and the force suddenly becomes zero. Fig.
10 shows this operation.

Let us denote the Fourier transform of the response of the galva-
nometer in the above case by B(jw). We arrive at the following formula,
by the multiplication of the Fourier transform of the actual force and
the transfer function F'(jw) in galvanometric response to the applied
force,

F(jo)|”_fa®edt=R(ja), (10)

where f, is as given in Equation (9) and u(t) is the unit step function
defined by the following relations:

u(t)=1 £=0,
=0 £<0. (11)

Substituting Equation (11) into Equation (10), we have.

—j{f(j;F'(jw)=R<jw) : (10')
JoRG) _ (ja). 10"
7 (Jw) (107)

The Equation (10”) expresses the frequency characteristics of the seis-
mograph when the unit forece in ‘each frequency 1s applied to the
seismograph. Now from Equation (10”), we came to the important
conclusion on F(jw) defined in the proceeding paragraph as follows:

F(jo)cR(jo) (jo) . . (12)

In this method, there is no need to bother with the terms of the
reaction of the galvanometer or any other cause because all these effects
are automatically included in R(jw). This is one of the merits of this
method. In Fig. 11, an example of the response of the galvanometer
is shown.

Applying the Fourier transformation to this record, we calculated
the frequency characteristics F(jw), and the result is shown in Fig. 12.
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The full-line curve in Fig. 12 is the same with that already shown in
Fig. 8. Comparing these results we found a strong agreement between

them.

//‘\
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Fig. 11. Response of the galvanometer when the step force is
applied to theIseismograph.
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6. Concluding remarks

In the present paper, the author has outlined the bore-hole seis-
mometer specially designed for observations of earthquake motions on
the surface as well as at the bottom of a bore-hole.

The bore-hole seismometer consists of pendulums of Willmore sus-
pension which are damped heavily by silicon-oil and the output voltages
are proportional to the ground accelerations. Coupling this seismometer
directly to a GU-52-B type galvanometer, we attained the magnification
of 80. The frequency characteristics of this seismograph are flat in the
frequency range 1 to 20 cycles per second.

We are continuing to observe earthquakes at Okubo (premises of
the Building Research Institute) and at Marunouchi (premises of Tokyo
Station). The seismometers and galvanometers working at Okubo are a
little different from the type outlined in this paper. The % of the
seismometer is smaller than that of the seismometer at Marunouchi, and
the current sensitivity of the galvanometer is higher than that of the
galvanometer at Marunouchi. So the overall magnifications are three
times as large as those of Marunouchi. Depths of the seismometer at
Okubo are 0.6, 4.6, 8.7, 13.5, 30.0 and 70.5m respectively. And at
Marunouchi, installation depths are about 0.6 and 20.0 m respectively.

In conclusion, the author wishes to express his sincere gratitude to
Professor Hirosi Kawasumi who offered him valuable advise and constant
encouragement. His thanks are also due to Mr. M. Sibano and others
who kindly helped the author in the laboratory as well as in the field.
Part of the expense for the present study was defrayed from the Fund
for Experimental Scientific Research from the Ministry of Education.

Part 2

Automatic Correlator
1. Introduction

It is well-known that the response of a constant parameter linear
system for an arbitrary disturbance is to be obtained by the Fourier’s
double integral or a convolution integral, provided we know the fre-
quency or impulse response functions of the system.

To know these vibration characteristics, experimental approaches
have been made, but being too elaborate as they are, more feasible
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approaches have been sought and found in an analysis of the responses
of the structure to irregular natural disturbances such as microtremors
due to artificial and other causes. Recent progress in the theory and
techniques of communication have made it possible to solve the problem
very easily. The most powerful weapons found in the communication
th_eo;’y are harmonic analysers and correlators. The correlators or the
instruments for calculating correlation functions play very important
roles in these fields and promise to be very useful in application to the
vibration theory. In view of these facts we constructed a model of an
automatic correlator and used it for analyses of vibrations of civil en-
gineering structures and ground. In the following, a brief explanation
of the theory, construction and application of the correlator will be given.

o2 Theoretical background
It is well-known that the output ¥(f) of a constant parameter linear
system for the input x(t) is given by
y)=| r@a(t—odz, (13)
0
or

0 =%§:H(w)dwgfmx(f)efw“—ﬂdr , (14)

where h(t) and H(w) are the impulse and frequency respbnse funetions
respectively, and in themselves constitute a Fourier transform pair,
that is

H(w)= S‘”h(r)e-fmdr , (15)
and

h(t)=2—1_§;H(w)ef“‘dw . (16)

Now our present problem is to find the i(t) and H(w) of the structure,
and the simplest approach to it is the experimental application of a im-
pulse a(t)=x,6(t) (6(t): 6-function) or a simple harmonic force x(f)=x.e""
to the input. But the response y(t) to the most irregular stationary
ergodic random process x(f) can also yield very important information
of the system if properly analysed, as will be shown below.

It has been proved that the power spectral density functions W,(w).
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Wlw) and Wi(w) of the input and output are related each other through
the frequency response function H(w) of the system by the following
formulae.

sz(w) = IH(‘”)I2 Wu(w) ’ (17)
and

Wis(w)=H(w) Wy(w) , (18)

while the W(w)’s are the Fourier transforms

Wilw)=|" guledede, (19)

of the auto- or cross-correlation functions

oul®)= 5| e(Oa(t+odt, (20)

| oal) = | YOO, (21)
and

ou@)= | alty(e+)dt (22)

respectively. We can therefore know the frequency response function
of the system H{w) by the Equations (17) and (18) from the correlation
functions (20), (21) and (22) through the Fourier transformation (19).

- -As the inverse Fourier transform of (19) is

, «p,-,-(r)=2i§°° W, (o) do , 23)
, . T .
we have ,
o) =" H@) W) do, (24)
and . . .
¢22<r>=§1~§°° | (o) Wi(w)e™ da , (25)
T J—oo .

from Whlch we can easily deduce the following formulae, when the mput
is white n01se, that is W(w)=const=C.

%(r)=§;§:H(w)efmdw:0h(r) , (26)
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and
-\ — C - s Jwr — =
%2‘,_,2?5 Hw)H* (w)e dw_CS_ ROt +7)de
=Cou(r) . (27

In the above equation, H*(w) denotes the conjugate complex of H(w).
It can be shown when

ht)=Ae'sinVn*—<t 0<t,
=0 0>t, (28)
that
onn(t)= Aj e cos (V' —e t—0),
4dn’e
tan 0=¢/r . (29)

It will be worth noting that the auto-correlation function of the output
or the cross-correlation function of the input and output of the linear
system responding to the input white noise is by itself the free oscil-
lation of the system, so that we can easily determine the proper period
and the damping of the linear system from ¢,(z) or ¢,(z).

3. Principle of construction

To calculate the correlation functions defined by the Equations (20),
(21) and (22), it is necessary to use repeatedly values of say f(¢) and g(¢)
at different times. It is therefore convenient to have these values
memorized, so that they may be easily recalled.

To comply with the requirements we used electric signals of the
analogue type for f(¢) and g¢g(¢), and adopted the magnetic recording
method for the electric signals. Considering the high fidelity in the
amplification and recording as well as the feasibility in the calculation
of the products and integrals involved in the correlation functions,
the electric signals f(t) and ¢(t) are pulse-width modulated although in
the calculation stage one of them is demodulated back to the original
analogue form as will be stated below.

Since four values f(t), g(t), f(t+7) and g(t+7) are involved in the
calculations for 0<z, and magnetic heads for recording and reproducing
are finite in their magnitude, these four values are to be recorded
simultaneously on separats tracks on a single tape. We therefore used
a tape % inch wide, and placed two heads of f(f) and g(¢) parallel at a
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position, and the others for f({-7) and g(¢+r) also parallel at a different
position.

By changing a little the length of the tape lying between these pairs
of heads in the reproducing process, we can obtain f(¢) or g(¢) and
S(t+7) or g(t+r) of variable r simultaneously, and the requirement
for r to be 0=r is thus secured.

The multiplication of say f(¢) and g(t+7) is carried out by chopping
the demodulated signal g(t-+7) by the pulse width modulated signal of
f(t), so that we have a trapezoidal pulse, repeating according to the
sampling rate of the pulse width modulation. As the height and width
of this pulse is proportional to g(t+7) and f(t) respectively, the electric
charge transported by this impulse is proportional to the product
S(t)-g(t+7). We can therefore obtain a point of the correlation function
¢n(r) by integrating the charge of these product. This integration is
made by means of a condenser.

Our analyser is based on the above principle, and is so made as to
perform these calculations automatically, and record the integral, say

£t +dt=(t, ),

automatically up to t=T—7, and to stop at the end and to return to
the initial zero position. It then renews its function after increasing
the value of = by a prescribed amount. All these processes are repeated
automatically so that we are able to gain the desired correlation function
by drawing an envelope of the recorded ¢(¢, ) curves.

4. Actual construction

A photograph of our apparatus is shown in Photo. 1, and its block
diagram in Fig. 13.

It consists of four units, a) memory unit, b) delay time controller,
c) reproducing and calculating unit and d) recorder.

Specifications are as follows:
1) Input signal : 0.5V (p-p), 0-20 cps.
2) Input resistance : bK Q2
3) Demodulated output: 1V (p-p), 0-100 cps.
4) Output resistance : 5K 2
5) Magnetic tape : % inch wide, 3 m long endlessly pasted.
6) Tape speed : 8cm/sec for recording, 40 cm/sec in reproducing.
7) Power consumption: about 100 watts.
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Photo. 1.
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Now let us explain in a little more detail each of the respective
units of our apparatus.

i t(t) or gt
2. PWM fih or PWMgh

.I;:c%:der 3. PWM (s or PWMg(t4)
£ ' N 4. tit+v) or gitez)
§ 8 s
eSS nnrld BN HIH I
& o || ] k] i
* <& § §—0 Computer
Lomel e8] L8 @
§ 3 3] | Bi0@ [® \ s
% % Delay Time . 5|5
- 5 a N
€ Controller o il s
¢ Al mdezte |52
— o “_v -—
A A 3 £ SH—@
In-put £ 5 L | 3 r ._O@_
P Q ;-' o 4 § L—
Signal % § B 8 Lo E L§—
B ‘= S
s:zﬁ'd;“ z:r;r:ducing a. 1(t)PWM f(te1) torAuto CorrelationA
b. t{H PWMQt++) for Cross “ AB
c. ghPWM ften) u " BA
d. @iiPWM g(t¢ ) tor Auto u B

Fig. 13. Block diagram of the automatic correlator.

a) Memory unit

The input signals are amplified by the transistorized DC preamplifier
and are modulated by the pulse width modulation system. The pulse
width modulated signals are derived easily by changing the slicing level
of the saw-tooth waves in proportion to the input signal. The saw-tooth
wave generator is contained in this unit, and the repetition frequency
of the waves (which we call ‘‘ sampling rate’’) is 120 times per second.
The modulated signals are amplified once more and fed directly to the
magnetic tape recorder. To comply with the above requirements, two
pairs of the same signals of f(f) and g(f) are recorded on the tape at
different positions as shown in Fig. 13. So, four tracks are recorded
on the tape simultaneously.

b) Delay time control machanism

The delay time ‘“‘z’’ between the two time functions, is obtained
by changing the length of the tape lying between the fixed heads. This
operation is accomplished as stated below (see Fig. 14).

i) A piece of tin-foil, 1c¢m wide and 3.5 cm long, which is stuck on
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the ‘endless tape, passes by the contactor 1, and makes a ClI‘Clllt by

which,

ii) a contact signal is sent to the relay, to halt the movement of the
magnetic tape.- :
iii) ~'At the same time, a motor for shifting down the movable guide

roller -a’ ‘prescribed amount is brought into play for a moment.

By

this operation, the length of the tape between the two. ﬁxed heads is

increased.

iv) After completing this actlon, the circuit for driving the- tape

is made.

v) Then the tin-foil contacts contactor 2,.and the next calculation

is started..

Y

RN T —
-

OB @é@éd@

Fig. 14. Schematic view of the memory unit.
_ (2) guide roller, (3).tape speed selector,
(7) push buttons,

(6) tension

arm,

(10) transfer switch, (11) contactor 1,

roller,

(14) capstan,
time scale, (17) feed screw,
- cording stage), (20) adjuster.

(1) Recording head A,
(4) flywheel, (5) pilot lamp,
(8) contactor 2, (9) delay time seléctor,
(12) recording head B, (13) pinch
(15) delay time controlling guide roller,
(18) tape (reproducing stage),

(16) delay
(19) tape (re-

Thus, the whole cycle of calculating ¢(7) is repeated autométically. And
at last the movable guide roller slides down the whole length of the
delay time scale, when a contact maker breaks the power circuit, and




Modifications of Seismic Waves in Superficial Soil Layers 215

the whole function of the correlator is stopped.

In our apparatus, available delay time increments at one time are
1/40 sec., 1/80 sec. and 1/160 sec. respectively. We may select one of
these increments which will be suitable for the frequency characteristics
of the input signals. And, if necessary, we may also select arbitrary
delay times by a manual shifting of the guide roller.

¢) Reproducing and calculating unit

In the calculation process, we first reproduce two of the four re-
corded signals from the tape, depending on the problem. For instance,
if we want to calculate an auto-correlation function, we reproduce f(t)
and f(t+7) or ¢g(t) and g(t+7). In the case of a cross-correlation func-
tion we reproduce f(f) and g(t+7) or f(¢+7) and g(t). Because of the
differential characteristics of the reproducing heads, the pulse position
modulated signals are derived from the tape as outputs. And we change
them again to the pulse width modulated signals for convenience’ sake
in the latter calculations.

Now the multiplication of the two functions is explained. This is
done as follows: (As an example, we will explain the case of the cross-
correlation function of f(¢) and g(t).)

i) One of the signals, say g(t+r7), is demodulated by the low pass
filter.

ii) And chopping this by the other pulse width modulated signal,
we obtain a series of trapezoidal pulses whose height and width are
proportional to g(t+7) and f(f) respectively.

ili) We sent these waves through the low pass filter.

By the output current of the filter, we charge the condenser during
one cycle of the calculation.

Now the voltage across the condenser is proportional to a value of
the correlation function between f(¢) and g(¢+7) for a given z. This
voltage is amplified and the result is fed to the recorder.

In our apparatus, a KR-type penwriter of YEW is used as a recorder.
At every end of the calculation cycles the tape is stopped and to pre-
pare for the next cycle, a condenser is clamped by a constant voltage
and the pen swings back quickly to the zero position. The necessary
time of one calculation cycle is about 7.5 seconds. In this way the
calculations are repeated over and over again until the delay time ““z”’
between the two functions becomes sufficiently large. The results of
these calculations are recorded at constant intervals on a sheet of paper
driven very slowly, so that the correlation function is easily given as




216 E. SHIMA

the envelope of these curves.

Theoretically, the value of the auto-correlation function should be
maximum at the zero delay time. But from the practical point of view,
as we use a low pass filter, the lag of the physically realizable low pass
filter should be considered. In our apparatus this time lag is about 6.5
milli-seconds. And we may say that this value is constant in the fre-
quency range of interest.

At the end of this article, it should be noted that, because the
circuits of this apparatus are all transistorized, the whole equipment is
made smaller and lighter than any other which has hitherto been made.

5. Calculated examples

In Figs. 15 and 16, the examples worked out are given. Figs. 1ba
and 15b are examples of auto-correlation functions, where the input

Fig. 15. Examples of calculated auto-correlation functions of sine wave of (a)
2eps, (dv=0.027 sec.), (b) 20cps, (4-=0.0068 sec.)

Fig. 16. Auto-correlations of the natural minute irregular motions (so-called
microtremors) observed at the second floor of the Earthquake Research Institute as
calculated at different times from the same record. (40=0.027 sec.)
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signals are derived from a very low wave generator {oscillator). These
examples will show that the correlator works satisfactolily. To test the
stability of the function of our correlator, we calculated at different
times from the same record the auto-correlation functions of the micro-
tremors observed from the 2nd floor of the Earthquake Research In-
stitute. The results which are shown in Figs. 16a and 16b are exactly
the same, and this shows that the correlator works very stably. Figs.
17a through 17d are examples showing the validity of the above-men-
tioned equations, in that we can obtain free vibrations of structures by
our apparatus from microtremor observations.

!

Fig. 17. Auto-correlations of the natural minute irregular motions of structures.
The observations were made (a,), (as) at the top of an arch-dam; (b,) on the ground,
(bz) on the second floor of a wooden building, (by) on the ground floor of a RC
building on the margin of up-town Tokyo; (¢) on the roof of a 7-storied framed
building; (d) at the 130m level of a TV tower. (a): 4-=0.011 sec., (b), (¢), (d):
4r=0.027 sec.
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Part 3

Frequency Characteristics of the Superficial Soil Layers
1. Introduction

Observation in the depths of the ground is indispensable if we are
to clarify the frequency characteristics and behavior of the stratified
media. These observations at the same time make it possible to check
the thory of the reflection and the refraction of the seismic waves near
the surface. T. Matuzawa® once pointed out the necessity of underground
observation. And lately the importance of this kind of study has been
largely recognized even in the engineering fields in order to gain the
necessary information for earthquake proof constructions.

However, a lack of suitable seismographs for this purpose has im-
peded progress so that until now very little research on the present
problem has been published. It was indeed a very troublesome and
tremendous task to set a seismograph of direct mechanical or optical
recording in the depths of the ground and to maintain its stable operation.
For example, Saita and Suzuki® were obliged to use a big well to set
an accelerometer and to bear all the hardships of going down to the
bottom to obtain the seismograms. Moreover, under these circumstances,
nearby soil conditions had to be altered. Recently, K. Kanai and others®
have began comparative observations of earthquakes in the gallery of
the Hitachi Mine and at the surface. The same type of study was
carried out by Nakamura®® and Nasu®® near Atami and at Tanna re-
spectively. But influences from the surrounding conditions would have
to be taken into consideration in the case of these studies.

37) T. MATUZAWA, Zisin, 4 (1932), 125.
38) loc. cit., 15).
39) loc. cit., 20).
40) loc. cit., 11).
41 lgc. cit., 12).
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In avoiding the effect of surrounding influences, it may be claimed
that our efforts were successful, because our bore-hole seismometer could
be set at the bottom of a small bore-hole and buried again. This ob-
servation of underground earthquake motions in such a natural condition
was perhaps the first one ever made.

We are contmumg observations of earthquakes at both Okubo and
Marunouchi. Part of the study of the seismograms recorded at Maru-
nouchi is hereby reported.

2. Comparative observations of earthquakes under

the ground and on the surface

In April of 1960, comparative observations of earthquakes under
the ground and on the surface were started at tWO places about 200 m

apart on the premises of N
Tokyo Station on the
Marunouchi side.  The

depths of the bore-holes
at each place are 20.5 and
21.2m respectively. The
location of each bore-hole _
is given in Fig. 18. Sur- | Vg™
face seismometers were (New)
buried near each bore-hole
at depths of 0.9 and 0.8 m
respectively. The symbols
used and the sensitivity
of each seismograph are | Marunouchi
listed in Table 6. Build
The  galvanometers
were installed in the attic
of the station building.
The paper speed of the v
record was selected to be o
1em/sec in order to gain £
clear legible seismograms, ' Fig. 18. Location of each bore-hole and temporary
and the time marks of 1 station.
sec-intervals are recorded in the seismograms. For routine observation,
we used a starter. This device starts the function of recording ap-
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paratus with the initial motions of the earthquake and stops the function
after 1 minute, and awaits the next shock.

Table 6.
: . Symbol Depth from the . .
Location used Component surface in m Magnification
]
Near the North 3 : i \
Entrance of Tokyo {Surface | N-BH; EW 0.9 | 80
Station of Maru- \Bottom ' N-AH, . EW | 20.5 | 80
nouchi side i 1 | |
Near the South ! : ; !
Entrance of Tokyo {Surface + S-CH, i EW : 0.8 ! 65
Station of Maru- \pottom | SDH, = EW 21.2 : 65

nouchi side | | i |
‘ ;

We can record three seismograms on a single recording paper. Some-
times we fail to record the seismograms, because the recorder is forced
to move many times by artificial disturbances and there is no space left
on the paper for recording a new earthquake.

3. Geological aspects of the environment of Marunouchi®

The damage to wooden dwelling houses caused by earthquakes is
known to be heavier in the down-town area than in the up-town district
of Tokyo. From the view point of earthquake engineering, this fact is
ascribed mainly to the physical properties of the superficial formations.
Surface formations in the up-town area are diluvia, and those in the
down-town are alluvia. The diluvial deposits are compacted so closely
that they are generally used as a supporting bed for large buildings,
while the alluvial formations are very soft and are not capable of sup-
porting building foundations. So, information relating to the physical
properties of the deposits and information on the geological as well as
the geographical conditions is indispensable for our study.

Now, from the geographical point of view, the up- and down-town
margin is a clearly marked line connecting Ueno, the Imperial Palace
and Shinagawa. Marunouchi is located near the western boundary of
the down-town area and its geological aspects are summarized in Table

42) Dr. K. Suyama of Fukada Geological Institute kindly acquainted the author with
details of the geology of the Marunouchi area. The author’s sincere thanks are due to
him.
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7. In Fig. 199, we show a profile of the geological formations near
Tokyo Station.
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Fig. 19. Geological formations near Tokyo Station, and the number of
blows N in standard penetration test.

As we see in Fig. 19, the depth of the bore-hole for our seismo-
meter agrees with that of the top of the Tokyo gravel-bed. The
thicknesses of the alluvial and diluvial formations above the Tokyo gravel-
bed are approximately 6 m and 14 m respectively.

4. The results of the observations

22 earthquakes were observed on the premises of Tokyo Station on
the Marunouchi side, from April to September of 1960. The main earth-
quakes observed are listed in Table 8. The epicenters of these earth-
quakes are shown in Fig. 20.

During this period, observations were made only of the EW-compo-
nent’. The seismograms are shown in Fig. 21 through Fig. 28.

43) Courtesy of the Fukada Geological Institute.
44) From October of 1960, we started to record the NS-component, too. So, we are
able to record 8 simultaneous seismograms of each earthquake.
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Table 7.

Geology of Tokyo Station and its neighbourhood

; Number of blows (N)
I (Standard Penetration
Age Division Lithologic Facies Test)
I i
Cohesive
Soil Sand
. . . Mainly clay and clay-silt, with
Top Soil and Fill artificial fills 5+
Mainly clay and silt “Generally
. the Yurakucho Formation is
() divided into three parts. The
3 Yurakucho upper Yurakucho Formation 3+ 20+
s Formation (mainly sand), the middle Yu- = =+
S rakucho Formation (soft clay),
) the lower Yurakucho Formation
(mainly sand and gravel)”
———| ~ (unconformity) ~ —-
Upper part (thickness less than
15 m) 10+ 40+
¥ Mainly sand, intercalating clay
5]
() I
3 Tokyo Middle part (thickness 3~6 m) 50+
% . Formation Sand and gravel -
b% Lower part (thickness more than
. 15m) 50+ 50+
‘ Mainly sand .
* (Alluvium)
*% (Diluvium)
Table 8.
o Epicenter Epic. Dist.  Time of occurence
Rec. No. Latitude Longitude . km Month Date h m Reference
' ' Depth
R—9 | 35.5N. 140.2E 43 6 9 13 21 h=70km
R—10 35.7 140.4 56 6 26 9 00 h=80km
R—12 35.4 140.4 64 7 18 14 40 h=40 km
R—15 40.3 142.4 : 565 7 30 02 32 h=40 km
R—16 36.4 141.5 ¢ - 171 8 12 22 12 | h=40km a. c.
. i . M=5.9
: |
R—19 35.1 140.2 ; 73.5 8 25 17 38 h=60~70 km
R—20 36.4 140.7 | 102.5 8 26 18 20 h=60km a. c.
. ! M=5
R—-21 | 35.9 140.5 70.5 9 01 07 51 h=40km

Now, glancing at these records, the following features can be clearly
observed.
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i) Seismograms recorded underground are much simpler than those
recorded on the surface.

ii) Amplitudes of the
surface are always bigger
than those of the under-
ground. ,

iii) With respect to

37 the long-period waves,
—— close similarities are found
' between the two seismo-
R-15 ®F20 ®R-16 grams.
iv) The records have
36 the tendency to show that
the larger the epicentral
distance, the better simi-
larities are observed.

: J v) Predominant waves
N 35 with a large amplitude and
f ) definite period which may

be considered as the pro-
per period of the subsoil
o are found in the seimo-

34
R grams.

Fig. 20. Epicenters of main earthquakes observed . With regarq to t}}ese
on the premises of Tokyo Station. points, former investiga-

tors compared only the
maximum amplitudes of seismograms or their period-frequency curves.
We shall, however, take a different approach by ecalculating Fourier
transforms of each seismogram to compare them. Thus more precise
characteristics of the strata will be noted than ever before.

ITS 140 141

o

5. Theoretical background of the frequency analysis

of the seismograms

If the seismogram f(¢) consists of repetitive waveforms, we may
express it by the Fourier series. This is valid, only if the following
condition exists; '

: T
T

1 o
hm?S Foydt< s , (30)
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where T is the period of repetition. We may say that the power of
f(t) is finite in such a case. In other words, f(¢), which can be ex-
pressed by the Fourier series, must be a periodic function which lasts for
ever. Accordingly, the energy of such a wave becomes infinity. Not-
withstanding the severe restriction, Fourier analyses have been used with
great popularity in our field to analyse the waveforms. However, in
many branches of geophysics, particularly in seismology, we have to
analyse transient phenomena such as the earthquake motions. These
waveforms, which are finite in duration, satisfy the condition

S: (FE)di< o . 1)

The energy of the wave is finite in this case. Fourier expansion is no
longer applicable to such a case, but the theory of the Fourier integral
can be used conveniently to analyse such a waveform.

Let us now denote the waveform of the earthquake as f(t), and
assume that f(t) is zero everywhere outside the range from ¢, to ..
‘Namely,

fBO=0 for  |t—t, >% , (32)

where ¢,+¢,=2t, and t,—t,=T.

Expanding f(¢) in the Fourier series, in the range from ¢, to ¢,, we have

FO=1(t) 3 c.em (33)
where w,=27/T, and,

r(t)=1 1t—tol<§,

T
=0 S 34
>3 (34)

10?3:.

c"zg f(tyetdt (35)

tO?_

Now the frequency representation of f(t) is derived as,

Ow)= Slf(t)e‘f“‘dt : (36)
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From Equations (33) through (36), we have, .
Qnay). e

Equation. (87) is.a very important formula, which shows the relationships
between the Fourier’s coefficients and the sampling values of the Fourier
transformation. Now, using the sampling theorem in the time domain,
that is ‘“if a function f(¢) contains no frequencies higher than f cycles
per second, it is completely determined by giving its ordinates at a
series of points spaced % f seconds apart, the series extending throughout
the time domain,”’* we read off the 2 Tf values from the seimogram at
equal intervals, and expand them in the Fourier series everywhere in
the range from ¢, to t,. After the above calculation, multiply the Fourier
coefficient by (£,—t%,), and we have the approximate Fourier transform
(continuous spectrum) connecting each line spectrum by a smooth curve.
And values thus obtained satisfy the necessary condition of the frequency
domain. If we want an accurate one, we can calculate it from an
analytical expression of 2{w), in terms of its values at the sampling
points.

(38)

. . sin(ﬂTé m )
20)= 3 o(Z) (;T -
2

6. Results of analyses

Seismograms of five earthquakes, R-9, R-10, R-12, R-19 and R-20
respectively, were analysed at this time. Consequently, we have analysed
twenty seismograms. Ag'we see in Table 9, the epicentral distances of
these earthquakes were below 100 km. As for earthquakes of large
epicentral distances, the analyses are under way, and the results will
be reported at the earliest opportunity.

For the actual analyses, we enlarged every 11 seconds the principal
portion of the seismograms 6.5 times of the original, and read off 720
sampling points on each seismogram. The analysed parts of the seis-
mograms are believed to be the motion due to shear-waves. Considering
the frequency characteristics of the seismograph, we omitted the period
above 2 seconds from our discussion, because, as we see in Fig. 12 of

45) S. GOLDMAN, Information Theory, Prentice-Hall. Inc., 1953.
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Part 1, the magnification of the seismograph decreases acutely at that
frequency.

The results of analyses are shown in Fig. 29 through Fig. 38. Glancing
over the results, we could find that there are two cases. One is the
case where the spectral intensities of the surface and the underground
motions change in the same phase. The other is the case where the

10(w)
60r-
501~
a0
301
20
10+
| Bort BPorly pnger
0 4 5 6 7 8 9 107>

%

Fig. 29. Spectral density functions of earthquake R—9.
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spectral intensity of the surface motion is large, while that of the under-
ground motion is very small. To demonstrate the above-mentioned cases
clearly, we made Fig. 39 in which the frequencies of the remarkable
intensity of each seismogram are shown. B, C are of the surface and
A, D are of the underground. On examining this figure, we came to the
conclusion that

i) A similar periodicity exists in both spectra of the surface and
underground motions at the frequencies of 0.7~0.9, 1.1~1.8 and 3.2~3.6
cycles per second.

ii) There is another periodicity which appears only on the surface
at the frequencies of 2.4~2.7, 4.3~4.7 and 5.4 cycles per second.

W
[o)

40

30~

20

Fig. 30. Spectral density functions of earthquake R—9.
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Fig. 32. Spectral density functions of earthquake R—I10.
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19Q(w)
o~ R—I2'
5_
0 78 9. 10 —v
| 7s
Fig. 33. Spectral density functions of earthquake R—12,
1wl
IO

R—I2

Fig. 34. Spectral density functions of earthquake R—12.
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12t ¢
R—I19

Fig. 35. Spectral density functions of earthquake R—19.

[

1o- R—I9

L 1 8 o 080 h'e il 1

o1 2 3 4 5 6 T* 8 9
Fig. 36. Spectral density functions of earthquake R—19.
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Fig. 37. Spectral density functions of earthquake R—20.
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Fig. 38. Spectral density functions of earthquake R—20.
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Fig. 39. Frequency of the remarka-

ble intensity in each seismogram.

m=(4)
or
f= 2n+1 v

4H

E. SHIMA

As to i), it seems that this perio-
dicity is contained originally in the
waves of the earthquakes, and as to
ii), we can explain the phenomena as
follows. As the wave equation in the
elastic solid is just the same as that of
the signal propagating in the distribut-
ed-constant circuit, we may discuss the
problem as an electrical analogy. The
problem is analogous to the case of
a distributed-constant circuit of finite
length which is connected to that of in-
finitesimal length, in which the charac-
teristic impedance differs from that of
the former circuit. The receiving end
.of the circuit is open, and it stands for
the ground surface,.and the length of
line represents the thickness of the
stratum.

Now in the finite length distribut-
ed-constant circuit, there appears the
wave having a frequency of V/4H, if
the voltage is given at a point on the
cireuit of infinitesimal length. Here V
and H stand for the velocity of the
wave and the thickness of the stratum.

Thus we have the loop at the
receiving end and the node at the
connected point by the following con-
ditions,

(n=0, 1, 2---+), (39)

(n=0, 1, 2---+), (39"

where f and 2 are the frequency and the wavelength of the wave re-
spectively. Namely, the amplitude of the surface motion becomes large
if the thickness of the stratum satisfies the relation shown in Equation
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(39) or (39'), while- that of .the bottom. of .the stratum becomes very
small, : . “ R

237

* According to this-theory, we can calculate the velocity: of ‘shear wave
propagating in the stratum that we are now studying, -if we have in-
formation-about the thickness and the predominant period. =

‘Figs: 40 and-41 show the ratios between the spectra of.the surface
and that of the underground. - We cannot find any particular difference

between them. '‘Sowe may conclude that the soil conditions of the two
places are almost the same.

5 2K EW
Ratio
o
r N\
I’ ® “
10 ',' '
6 o
' " “: 7
4 1 L
.' '. {4
5F e oo
H 1 / ¢
i S S U R
""Q n: . "'\ ’:.'" ¢ ‘\ E' L I‘Q
° 5 i o“‘"* :o ".T‘.' ; s "'. :" B “:
) : °
..!.@l. .o ¥ 'A..'.
R ozit o® *
1 1 ° 1 1 1 1
o) | 2 3 4 5 6 7T —
%

Fig. 40. Ratios between the spectra of the surface and the underground
motions. B/A.

From these figures we can see easily the phenomena of resonance
at the frequencies of 2.7, 4.5 and 5.5~6 cycles per second. If we assume
that the predominant period of 2.7 cycles per second is that of the
fundamental wave, the other two 'cannot be considered as its higher
harmonics. We arrive at this conclusion easily from Equation (39). So,
some other explanations about them are requested.

Let us now investigate the velocity of shear wave propagating in
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the surface stratum. From the data of Saita and Suzuki®®, we calculated
the shear wave velocity in the alluvial layer as 100 m/sec, knowing the
predominant period to be 0.75 sec and the thickness of the layer to be
18 m. The velocity thus derived is reasonable if we compare it with the
values derived by Ishimoto” and by the Subsoil Research Team*®. The
observation-point of Saita and Suzuki is covered with a comparatively
uniform alluvial formation, called Yurakucho-formation. And this for-
mation is the same as that found in the upper part of our observation-
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Fig. 41. Ratios between the spectra of the surface and the underground

motions. C/D.
points. Using this velocity, we calculated the thickness of the upper-
most layer, assuming its predominant period to be 4.5 or 5.7 cycles per
second. Then we have 5.6 m or 4.3 m respectively. The former coincide

with the results of the boring test.
So we may say that the predominant frequency of the uppermost

46) loc. cit., 15).

47) loc. cit., 14).
48) Subsoil Research Team, Bull. Earthq. Res. Inst., 33 (1955), 471.
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layer, Yurakucho-formation, is 4.5 cycles per second. As to the fre-

quency of 5.7 cycles per second, we consider that it is related to the
second layer. And if we assume that the predominant frequency of 5.7
cycles per second is due to the multiple reflections of the wave in the
second layer, we have 320 m/sec as the shear wave velocity. The above
view is verified from another side, without the information of the shear
wave velocities, as follows.

It takes 1/2.7 x4=0.093sec for the travelling of the wave to travel
from the bottom to the surface. And it takes 1/4x5.7=0.044 sec and
1/4x 4.5=0.055 sec to travel through the second and the uppermost layers
respectively. The sum of the latter two strongly agrees with the first
value.

So we may conclude that the predominant period of 2.7 cycles per
second is due to the muitiple reflections of the wave between the surface
and the Tokyo gravel-bed, and those of 4.5 and 5.7 cycles per second
are of the uppermost and the second layer respectively.

7. Theoretical background of the frequency

analysis of microtremors

The Fourier series are suitable for analysing periodie funections, and
Fourier integrals are apposite in analysing transient phenomena such as
earthquake waves. However, natural phenomena are not always included
in the above two cases. For example, the waveform of the microtremors
cannot be considered as a periodic one, although its power is finite. The
above two methods cannot be applied to such a wave. We need more
practical theory to analyse it. The theory of generalized harmonic
analysis* is quite apposite to the case. However, we observe the phe-
nomena in a finite length of the time, so we may say that the analysis
of Fourier integrals can be extended to analyse approximately the present
phenomena.

For analysis of such complicated waves as microtremors, Ishimoto™
and Kanai®; Aki® and Akamatu®™ each devised their own method. The

49) N. WIENER, The Fourier integral and certain of its applications, Cambridge, (1933),
Chapter 4.
N. WIENER, Acta Math., 55 (1930), 117.
50) loc. cit., 14).
51) loc. cit., 24).
52) loc. cit., 26).
53) loc. cit., 27).
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former . took up the matter as a problem of zero-crossing, while the
latter used the correlation function as their way of analysis.

A theoretical background of the problem of zero-crossing was, given
by S.O. Rice®. This problem has been studied thereafter by many
investigators of the communication engineering field*. ,

 From the view point of physical considerations, the greater part of
the intervals of zeros of the output of the narrow band pass filter are
given by,

1
fotfe

where, f, and f, are the lower and upper limits of the pass band.
Consequently, if we apply this view to an analysis of the microtremors,
and assume that the subsoil can be considered as a band pass filter, we
could have so-called natural frequency of the subsoil. - This is correct,
only if the subsoil is considered to be a simple pendulum of low damping.
But the characteristics of the seismometer ‘are not considered in the
theory, so a careful consideration must be taken into account in applying
it to our problem.. Concerning Kanai’s method we are afraid to say that
probably it will miss the high frequency.

Using the method of correlation functions, we are able to analyse
waves much more theoretically and accurately than by the period-
frequency method. In other words, we consider the power spectrum
of the waves in this method, and use convolution integral replacing the
periodic expressions used in the case of thé Fourier series and that of
Fourier integrals.

Now, let us consider the correlation function ¢(t) derived from f(?),
the power ‘'of which is finite. If there exists A(w), which is a mono-
tonically increasing function, and if the following expression is valid,

1:

¢(t)=r eoddw), (40)

—o0

then we can say that A(w) is considered to be the power spectrum of
F(t). We assume that ¢(¢) is continuous at ¢=0. Then such A(w) really
exists, because it satisfies the necessary conditions of Bochner’s theorem.

54) S. O. RICE, Bell Syst. Techn. J., 23 (1944), 282; ibid., 24 (1945), 46; ibid 27 (1948),
109.
55) For example, in the book written by J.B. Bendat, explanations of a great number
of attractive problems studied by many investigators are given.
J.B. BENDAT, Principles and Applications of Random Noise Theory, John Wiley &
Sons. Inc., (1958), Chap. 10.
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Now from the expression of Stieltjes integrals, if the derivative of
A(w) exists, we have following Fourier transform pair.

o(t) = Sieww(w)dw , (41)

e~ 'o(t)dt . (42)

So we have the power spectral density function 4'(w) by the Fourier
" transform of the correlation functions calculated from the records of
microtremors. A'(w) is equivalent to |2(w)l?, which is derived from the
Fourier spectrum of the waves of a finite energy. We must pay attention
to the fact that information about the phase is lost completely in this
case.

We applied these views to an analysis of the microtremors, and
compared the results with those derived from the earthquake obser-
vations.

8. Analyses of the microtremors by means of

the automatic correlator

From the results of our analyses of numerous seismograms of natural
earthquakes, it becomes clear that a special periodic motion proper to
the stratum exists. According to Kanai’s view®, the predominant periods
of microtremors are almost equal to those of natural earthquakes. Our
opinion that subsoil is a kind of filter to seismic waves and microtremors

1.0

05

ol

—
05 | 5 o) Frequency %

Fig. 42. Response of the seismometer to theJconstant velocity of
varying period of the ground motion.

56) loc. cit., 24).
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will now be examined by calculating the correlation function of micro-
tremors on the line we saw in the former section.

The microtremors at the observation-points are almost of a short
period caused by traffic noises. So, if we use the usual electromagnetic
seismometer to get the input voltage of the correlator, the long period
waves will be missed.

This is because the out- 10 <
put voltage of the usual N
seismometer is propor- 05 o~ M
tional to the ground ) \\\\
velocity. We therefore \;\
used a moving-coil type- \\
electromagnetic seismo- AN
meter with an integrat- N
ing circuit. Thus the ol N
input voltage of the cor- 'l 5 10—v
relator is proportional Frequency %
to the ground displace- _ F}g. f13. .Frequency .characteristics of the integrat-

. A ing circuit with an amplifier.
ment. TFig. 42 is the
response of the seismometer to the constant velocity of the ground
motion. In Fig. 43 we show the frequency characteristics of the integrating
circuit with an amplifier. Fig. 44 is the overall frequency characteristics
of the input voltage of the correlator.

Here, we will cite the opinions of Aki*” and Kanai® concerning

1.0

0.5 : I

X i
ol 5 0 —v

Frequency %
Fig. 44. Overall frequency characteristics of input voltage of
the correlator.
57) loc. cit., 26).
58) loc. cit., 24).
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characteristics of microtremors. Briefly, the former says that the micro-
tremors are a kind of surface wave; and the latter’s opinion is that they
are bodily waves in a stationary state, while, Akamatu®™ stands neutral
between the two opinions. Our opinion is also like Akamatu’s. Which
seems to be proved by comparing the records obtained in daytime and
at midnight—traffic noises are much decreased at night. The calculated
auto-correlation functions are shown in Fig. 45 through Fig. 52. And
Fourier transforms of these curves, that is power spectral density funec-
tions, are shown in Fig. 53 through Fig. 60. The ordinates in these
figures are shown in arbitrary scales. The Notations B.S. and St. indicate
temporary observation-points at the bus stop and in the attic of the
station building, and they are shown in Fig. 18. The input voltage of
the correlator at midnight decreases its magnitude by 20db or more.
This shows how the microtremors in daytime are affected by the traffic
noises. These results are summarized in Fig. 61. Namely, the fre-
quencies marked with well defined peaks in each figure are arranged in
Fig. 61.

Examining Fig. 61, we find that at night there is only a peak,
which coincides with those in the spectra of microtremors in daytime
and also with the ones derived from the observations of earthquakes.
Other predominant frequencies found in the observations in daytime are
not always coincident with those found in the earthquake motions.
Namely, we can see peaks at 3.7 cycles per second in the spectra of
N-EW and N-NS, but not in the spectra of S’s. In the case of earth-
quakes we found the same peak frequency in the spectra of motions
both on the surface and underground at the observation-points N and S.
(see Fig. 39). So we may conclude that this predominant frequency is
not related to the upper layers with which we are concerned, but it may
be due to the lower layers or the inherent in the original motions.

Moreover, it is curious that the peak frequencies in the different
components of motions are too divergent to be grouped and identified
with those appearing in earthquake motions, even if the boundary of
the stratum in the ground is inclined or somewhat complicated. So we
might conclude that the predominant frequencies shown in Fig. 61 are
not related to the strata, except the one near 2.7 cycles per second.

In closing this section, we summarize the results as follows.

i) The forms of the power spectral density functions derived from
observations in daytime and at midnight do not resemble each other, and

59) loc. cit., 27).
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those derived from observations at midnight are simpler than those
in daytime. And because the amplitudes of microtremors are greatly
affected by the traffic noises in daytime, it is difficult to ascertain what
the predominant frequency.of the ground is.

ii) The maximum amplitudes of noises due to traffic are found in
the frequency range from 3~6 cycles per second.

iii) To study the frequency characteristics of subsoil, the obser-
vations of microtremors at midnight can be used more effectively than
observations in daytime.

iv) Microtremors may not always be suitable for indicating the
frequency characteristics of the microstructure of subsoils.

v) The predominant periods of microtremors at midnight are equal
to those of natural earthquakes.

9. Discussions

In Section 6, we mentioned the results of comparative observations
on the surface as well as at the bottom of a bore-hole. The study was
successful in gaining a clear knowledge of the frequency characteristics of
surface strata than has been so far obtained by investigators. And it has
become clear that underground observation is indispensable to the study
of the frequency characteristics and other behavior of the stratum.
However, it is revealed that the seismograms thus obtained both on the
surface and at the bottom of the bore-hole are affected greatly by the
multiple reflected waves at each boundary of the surface strata. So the
seismograms obtained at the bottom of the bore-hole cannot be considered
as the original waveforms of earthquakes. We will now examine in the
following, how the original waveforms are changed by the multiple re-
flections of the waves at the boundaries of the strata. This is our main
theme in this paper; and the original waveforms, or the spectrum of
earthquake waves may thus be deduced.

First, let us consider the case of a single stratum resting on the
surface of the bed-rock. Notations used are as follows:

., : Reflection coefficient at the boundary of the m-th and n-th

layer.
B,. : Transmission coefficient.
T : Travel-time of the wave from the boundary to the surface.

y_i(t) : Record obtained at the boundary.
%,(t) : Record obtained on the surface.
f(t) : Waveforms of the original waves.
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Our purpose is to find f(¢) from the records of y_,(¢) as well as y,(t).
To make the relations between these waveforms clear, we show the
schematic figure of time relations between them in Fig. 62.

Referring to Fig. 62, we consider the displacement of the record at

t="t,.
wave is neglected.

[« ST

1

f(t27)

‘F(to)>

ﬂ:l""<ﬁ Ay Fg{k<d

dp

8,

Yo (to-2 )

-h (to)

(te-27-2%)

trZTl)

h(to)

aa;,> 8,

Then we have the following relations, if the attenuation of the

ya(tﬂ' 7)

Yo(tet T)

Surface

r Yo(to-7-T2)

Yo(tetTi-Ta)

Yo(tot T tTa)

Surface

Fig. 62. Schematic figure of time relations among yo(t), ¥-u(t)

and f(t).
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%yo(to'l‘ T)=Puf(t)+ %gyo(to_ 7), (43a)

%yo(tm)=ﬁmf(to)+amy_huo)—ﬁ;ﬂyo(tﬁr), (43h)
and,

st =B 0+ (5 Yy tr—0) (430)

These relations between the amplitudes of waves hold at every instant
unless the character of the waves changes.

ft)= ‘2_(_1:i-la_) {y(t+7)+ay(t—2)} , (432)
=(Tfa—){auy_h(t)+(—1‘2ﬂ)y,,(t +0f,  (4sv)
:(1 +1a ) {fy_h(t)—< 1—26‘(12 >y0(t_1.)} , (43(3’)

Ky = — Oy, ﬂl2:1+a12 .

So we can calculate f(¢) from one of the above relations if r and «,, are
known. We have already seen that theoretically speaking, the predomi-
nant period is nothing but the time necessary for traveling twice up and
down through the stratum. Thus r can be obtained as one fourth of
the fundamental predominant period.

We applied this theory to the actual seismograms, and at «,,=0.6,
we found a comparatively good agreement between the f(t)’s as obtained
by different formulae, although some discrepancies still remain. These
discrepancies are perhaps due to the approximations we made in these
calculations. Although we found two strata on the boundary, as we have
mentioned, we calculated these waveforms from the equations on the
single layer assumption for simplicity. Fig. 63 shows the examples of
these calculations. It is remarkable that the complicated waveforms on
the surface are simplified by these simple calculations. Moreover, it is
to be noted that our idea can be used to separate the surface waves
from the shear wave group in complicated seismograms.

If there are two strata overlying the bed-rock, the calculations to
determine f(t) become more complicated than before. Referring to Fig.
62 we have,
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| sec

yord) ﬂ/ \/ /w/\/\’/\
v \J,

f/\ \/\/\/\/\/ .~ from Eq. (43a’)
[ \/\/ \\/\//\/ from Eq. (43b)
O]

/\A\\/\/\/\/ from Eq. (43¢)

Fig. 63. Examples of calculations (single layer assumption)
1 yo o Oy 35
Eyo(to"l'?l'*' 72) = ‘—2'3' 'yo(to +o—m)— Eé'—z'l’ﬁiyo(to_ T z'2)

+ %%I— {y(t— 7o)+ gy o(fo— 71— )}

+ 191: rgzsf(to) ’ (44a)
Y-i(to)= a;s(;;'_“ml {y(ty— 1+ 1)+ o(to— 1 — )}

4 Letan) ;“n) Yolto—ri— )+ Puf (t) , - (44D)

------------------

ete.

where 7, and z, are the travel times of the wave in layers 2 and 3. The
above equations are valid at any instant of the time. So we can calculate
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() in terms of « from the following equations;

1 ,
t)= 0 t 1 2 23 ot 1 Tg
St ST )T o) {y(t+o+ 1)+ Ayt +7—1)
—(I—apagy(t—r+o)—(l—ap)yt—n—7)} , (44'a)
or ' '
— y—h(t) . 1—6(12 t—p —
A 2t W
+ay(t—71+ 1)} - (44'b)
ete.

It is to be remarked that we can determine the value of «, from
the ratio between the amplitudes of initial maximums or minimums
observed at the boundary of the first and the second layers and on the
surface, if r,>r,, and only if the initial maximums or minimums are
observable within the time (r,+7,) counted from the time of the occur-
rences of disturbances at the boundary.

We derived the velocity of the shear wave using «,,=0.6 as 1150
m/sec. The calculation was made under the assumption that the ratio
of the densities between the media above and below the top surface of
gravel-bed is 1.1.

10. Conclusions

From April of 1960, comparative observations of earthquakes on the
surface and at the bottom of bore-holes have been made at two places
on the premises of Tokyo Station. Underground seismometers were set
at the surface of the gravel-bed. As we set the bore-hole seismometer
"~ at the bottom of the bore-hole then proceeded to fill in the hole, the
observations must have been made under more nearly natural conditions
—that is, in the undisturbed state of the strata—than have been made
by former investigators. We calculated the Fourier spectra of the motion
during 11 seconds of each seismogram to compare them. The analysed
parts of the seismograms are believed to be those of shear waves. We
analysed 20 seismograms in total. In addition to these studies, obser-
vations of the microtremors were carried out at the same time.

Through the present study, it has become clearer than ever before
that the multiple reflections of earthquake waves in the surface strata’
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give rise to the predominant periods of the strata. Results of the present
study are summarized as follows.

i) We found the predominant frequencies of 2.7, 4.5 and 5.7 cycles
per second. These are explained by the multiple reflections of the waves
which occurred in the strata above the gravel-bed, in the uppermost
layer and in the second layer respectively. (see Figs. 40 and 41)

ii) The velocities of the shear wave in the strata are calculated,
as being 100 m/sec for the uppermost layer, 320 m/sec for the second
layer and 1150 m/sec for the gravel-bed.

iii) From records of the motion on the surface and underground,
we calculated the incident waveforms, which it might be possible to
observe if the surface strata were removed. (see Fig. 63) The results
were successful for explaining that the predominant period is caused by
the multiple reflection of the waves. Methods for calculating a single
layer case and for the case of a doubly stratified layer are introduced.

iv) These methods are applicable for separating both the surface
waves and the shear waves from the complicated seismograms.

v) In every Fourier spectrum of the seismogram analysed, we found
the predominant frequency of 0.7~0.9 cycles per second. (see Fig. 39)
This frequency may be related to the deeper strata or it might originally
have been inherent in the earthquake waves.

vi) The forms of the power spectral density functions derived from
the observations of microtremors in daytime and at midnight do not
resemble each other; and those derived at midnight (see Figs. 59 and
60) are simpler in their forms than those derived in daytime. (Figs. 53
~58) Also the amplitudes of the microtremors are greatly affected by
traffic noises in the daytime, which will mask the frequency character-
istics of the ground to some extent by their own inherent spectra.

vii) The maximum amplitudes of the noise caused by traffic are
found in the frequency range from 3 to 6 cycles per second.

viiil) For studying the frequency characteristics of subsoils, the
observations of microtremors at midnight can be used more effectively
than observations in the daytime, as it is proved in our study that the
predominant period of microtremors at midnight is equal to those derived
from observations of natural earthquakes.
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HEOREEONSL { Y L2, magnitude 2FIET 2RI, BEND & ORBAERED HEhi-
WEROTEIRTHIE RSV, 4% TOWRTIE, EDOHIIEHEOEFCIE, B LWL
52 LREABITEE LT D THS, L Ladb, bhbiudifE oz kb, BEWCIE
HIGEWETTY, HEOHEOBRENRE O EICLEZ2RERLTWS, oz nbh, iIBETS
DIFPS LG TR, fRHEFEOIIENG S, REIMEBOBRF EORAEERE 5 F50E
Wi Z e R ERNIHIETABRERDS,

BRI, BWE—0WE»SIRGCEZOWEICHERAART 2 8E, E-omBE ks Th
TR WEBITEORMAARE B 2 2 aibhoTn5. L Ladib, BHAMEOLES @
TR, AUBBOREENE LTRS L, Rk, L6 FLL—E TR, ThimERO
JE BFRRHD Z L R0 TE e,

Z OMBEERRT 59T, ThITHRF ORI X 5D TRRv ik 5 3o S h, B
BOEBE D, PHERHEE I TE e, 2L T LA TR COETE OMENR = Landb b
L zinus, T Z oI BT S BRI O L E, Hik LTI 31 3 BT O H
BN I LD X 5 L Lis, S0 BHODIC, HicHEEs 2 %3 L, chic X 0 BllE R
ML, SSICHIBR OB ORI, HEEOEHHREIO M S Tkofk.

ZOWmIIE, 3 Hchrh T3, Tirbb, H—catifiE N oWToR, HIRT,
ST B AT B 7o dic 0 < B RICABEHZ DWW TORTH S, BZECIX, HibEIHE 1o
B R, HERGOBITHEENRORTHD, ZOERE, AN X 2 ¥ B0 MR iR
IhTn3,

WIZH 2T DNT, TOWIEEDNRD,

1. # s # B 5

b3 X O T OHVBEN O KRB E 1775 5 38, HE L TEEFE T2 0RERDFETH
Dfc, LinLE OBE, BEYOBENERGE WS BRIERE 2 hWDTHS, £2ThHL, M
U> bore-hole DEIZ MY IR BRI £ R ET 5 2 L 2T, LROLEEZWBITEAD
T LK BETHS . ZORLENICH S HEFNT, bhbhoRBHE D TlZEE2<BR T
w0tz (BL, BREHFRORGHEREOS T TR, M AR SHMBETPHEYER IR T
%.) T, bhbhid, FLuiER (Fig. 2) 2853522 LD THS,

Hilz R 2 RET 20 TH 00, HMEARTD WL, $ebdBREOHEMC I
SRR FIEHIES DT TRAEb i, ¥l b oG B T8I bEL 5L, B
GE L OTEWERER R L35 £ Thinv, BAES 2155702, pendulum 23587
7r damping % 203C, HMABEZHBFIOMEEIC ISR, hERERANO galvanometer i %
FATHIEI N EREENFERO analogy 2LEHRICEEN ENhD, CORE OB EEEE
@ galvanometer [ O/ FITIMEER G285 2 LAHKS, FHERICE N2 WS & Dbz,
Willmore suspension #*#¢f L7-. damping {% silicon oil ‘G5 % 2z LIz L, HES R IO
galvanometer % %%, Table 4 33 X% Table 5 [ZiBIFTHh 5.
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ZORRIZ LTIES hic b Z35EA% bore-hole DIKIZETE X h 30O TH5H, HETH & 2T cali-
bration U7cABEGHENRER OLAIZ 1o TE»nb 2T LE 3 i AN, £2°T, L0k
e ERLTRDIDOMB AT E TH Lic, SRIITETHIz, BT step force #hc%z,
DER&T D, indicial admittance 4 Fourier f7I7 LT, HSTHSKROEBEZAS 5 2\ 5h
ChHDH, ZOBRBIC X HEREIE, BEHLIC DS ZLAELDLRA,

= OERE DX O AREST 320 pV/gal T2 b, i Table 5 |25~ galvanometer |Z i
FELICEORARERIZHN 80 F5TH S, Bl E LTS5 R M 1~20¢/s TH 5.

24 M
BOIREIBO I & T3 information & X K 0le, ABIBILIC X BRATMIHITHS

LR IKABRTHS, bhbhil, SOELHEEHEBOFRCICAT 5Dz, EBcE
% B AR # 513135 analog ZARRIEH 2 RAME L.

Fig. 13 @ block diagram (Z7R3181z, AJIE5 f(1), g@t) (EXRHELsDTHhTbitw, £
OB EHCHBEREZII T 82450 13, ThTh#imEh, ~sr2l%EH P.W.M) F5
sz X b, (Sampling rate [ 120 4 /sec) ¥ibisiA{d T2 5 tape recorder ¢ endless tape |Z 6%
b, 0BG, G, Fig. M 2R3 LHbh5 ,head A, Bizx b, xhZh f@t), gt) &
#7575, Tihobb, 0 tape 12134 r ORENFEBCETIRD Z 225, §HINUTET head
A 2 f(t) &, head B 236 g(t) 2741, fiDglt) OFHI2TR 5. COBEEIROBIZ LT
5. Tibb, —HiX low pass filter 2L THFEL, —Hix, P.W.M. signal oz hH
L, ThTHM LA signal & chop LT, 1ft, TiZ&EFHINCEHREICL, 2hi low
m%ﬁmwtﬁ?.%Lf%@mﬁaﬁfamhmaéﬁﬁ?ﬂ&,%hﬁfﬂﬁmmugté.
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AN EET S, 735 condenser MFE/EIX penwriter THREEX
5. 7t endless tape 235 3HHNDENTEY 40sec TH D, « X 0.00675sec, 0.0135sec,
0.0270sec D3 r D3 L ENI—DF LI B AT LIS, & WD HRIERHEIXE Ssec TH
5. —iM5E cycle I35 B RN 7.5sec FEETH 5.

3. HIBOIEEHMEIR
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5, LheHiFERIE 20 OFTE) (S L Bbhh D) o 11 Bz ouT Fourier f7H7% iy,
ToIz C OB T Bodl, BEETIONIRTibhi., ,

Oz X b, O SERFIEA, NS SRR OBHIFICERT S v 5 & LAt
XD —fido& b Lic, BREZLDILUDEIRD,

i) HIEMBLIZ 3T, 2.7¢/s, 4.5¢/s, 5.7¢/s QEMTITNS D, “hbiX, BFLo—
OOARIREDETHIHIZE 230 LTHE L BT 5, (Fig. 40, Fig. 41)

i) H—FBICEEO S EOREHET, Fhh, 100m/sec, 320 m/sec &7 b,
FIFOMESE 1150 m/sec 2705,

iii) b EXHTOREND, HEFNREWEFRIELINDGTHS 5 YHEHI L, (Fig. 63) =
ORI, BRI, HENOENEMI XS E0FEEIIAS LFELLRS, T3 EEIES
BB OEFDOI=DIT, EEIZ—FS IS SLEITONTOHEFEDORZRDTH
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NEIHIRFOGHBICER LTw 308, FRBRIZS b aTh Coicndr b
s,

vi) ¥ Ep%ED power spectral density function i¥, BRILWHIZ L D830 L TIXEEWT
PLTuirys, WHRIZ &0 D DIXERIC & ol d DI TN TH 5, (Fig. 59, Fig. 60) =
DT LI REIDOWEMEILSE < OXHIRAIC X 5 noise OHBEBEIEKIC 5T 2D THEEHELD
ha,

vil) ZEHEIC X % noise {3 3~6c/s BIRXWETH B,

viii) 7RAICEIN LA kN> power spectral density 23 max. iz 7x B 8KE0 BENE, HiEE
Wb/ ONEENE —3T5. oz 2nd, HRE»SERBMEZM3IE, HFXDD
REDBHWOFRHRNTH D L o T b3,




