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1. Introduction.

Investigations concerning differences in earthquake motions in dif-
ferent types of ground were instigated near the end of the nine-
teenth century, shortly after the invention of the seismograph.

The seismic characteristics of the ground have been made clearer
year after year from analytical studies of the records of both small as
well as moderate sized earthquakes, theoretical studies of elastic or
visco-elastic waves in the layered bodies and statistical studies of the
damage to buildings caused by the many past earthquakes.

In the previous investigation, it was found that the maximum
accelerations of strong earthquake motions which have been computed
by the empirical formula using the epicentral distance, the magnitude
and the predominant period of the ground agree with the maximum
recorded accelerations of the respective strong earthquake motions which
have been obtained in the U.S.AP.

In the present paper, the relation between the acceleration spectrum
of the strong earthquake motions observed in the U.S.A. and the
ground vibration characteristics of the seismograph stations will be
investigated.

2. The frequency-period relation of the strong earthquake
motions observed in the U.S.A.

The frequency-period curves of the strong earthquake motions ob-
tained at sixteen places in California; two places in Washington;
two places in Montana; one place in Nevada and at one place in Costa
Rica together with the frequency-period curves of microtremors observed
at the same places, are shown in Figs. 12-33. In these figures, the

1) K. Kanai, “An Empirical Formula for the Spectrum of Strong Earthquake Motions”,
Bull. Earthq. Res. Inst., 39 (1961), 85-95.
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values next to the dates represent the maximum accelerations.

It will be seen from Figs. 12-33 that the similarity in the shapes
of the whole curves of earthquake motions of various intensities, as
well as the curve of microtremors at each spot is considerably good.

When the ground has no abrupt change in elasticity, in other
words, when the discontinuity of elasticity exists only between the
ground and the bed rock, the frequency-period curves of earthquake
motions as well as of microtremors on the ground surface, take only
one peak. On the other hand, when the ground has one or more abrupt
changes in elasticity, the frequency-period curves mentioned above take
many peaks and there is a little disagreement between each peak period
of the earthquake motions of various intensities and of the microtre-
mors, since the elastic wave reflections at the various boundaries inter-
fere with one another®.

3. The numerical calculations of the multiple reflection

problem in the actual ground.

The present section deals with the case where the primary trans-
versal waves transmit upwards normally to the doubly stratified layers
residing on a semi-infinite body.

Let p, ¢, v and H be the density, the rigidity, the velocity and
the thickness of the layers, respectively, and % be the displacement.
Suffixes 1, 2 and 3 represent the first layer, the second layer and the
bottom medium, respectively.

In order to make the numerical calculation easier, the viscosities
of every media will be overlooked. That is, to put the conditions
[ =&p[p,=Ep[1,=0 into equations (11) and (12) given in the previous
paper”. Then we obtain the expression of the displacement at the
free surface of the ground as follows:

A 2 ’ (1)
] VO 0,

where
O, =(1+«) cos (P,+P)+(1—«) cos (P.—P,), (2)
@2:(ﬁ+7) sin (P2+P1)"'(l3'—r) sin (Pz—Pl) ’

2) K. Kanai, “The Requisite Conditions for the Predominant Vibration of Ground”,

Bull. Earthq. Res. Inst., 35 (1957), 457-471.
3) K. Kanai, ‘Relation between the Nature of the Surface Layer and the Amplitudes
of Earthquake Motions’’, Bull. Earthq. Res. Inst., 30 (1952), 33.
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Fig. 1. Velocity distributions of trans-
versal waves to the depth and geolo-
gical formation at Eureka, California,
U.S.A.
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Fig. 3. Velocity distributions of trans-
versal waves to the depth and geolo-
gical formation at Hollister, Califor-
nia, U.S.A.
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Fig. 2. Velocity distributions of trans-
versal waves to the depth and geolo-
gical formation at Ferndale, Califor-
nia, U.S.A.
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Fig. 4. Velocity distributions of trans-
versal waves to the depth and geolo-
gical formation at El Centro, Califor-
nia, U.S.A.
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Fig. 5. Calculated displacement spectrum by using the data
of Eureka as shown in Fig. 1.
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Fig. 6. Calculated displacement spectrum by using the data
of Ferndale as shown in Fig. 2.
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Fig. 7. Calculated displacement spectrum by using the data
of Hollister as shown in Fig. 3.
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Fig. 8. Calculated displacement spectrum by using the data
of El Centro as shown in Fig. 4.
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Fig. 9. Acceleration spectrum of the strong earthquake motions
observed at Ferndale, California, U.S.A.
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Fig. 10. Acceleration spectrum of the strong earthquake motions
observed at Hollister, California, U.S.A.
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Fig. 11. Acceleration spectrum of the strong earthquake motions
observed at El Centro, California, U.S.A.
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(3)

a= Ml_, ﬂ:% , 7‘:%_

PaUy P:Vs P3Us

in which %, and u, represent the displacement amplitude at ground

surface and the amplitude of the incident waves in the lowest medium,
respectively.

The velocity distributions of transversal waves to the depth, as
well as the geological formation in the four strong-motion seismograph
stations, that is, Hollister, Eureka, Ferndale and El Centro, California
in the U.S.A. are shown in Figs. 1-49.

Substituting the data of Figs. 1-4 in equation (1), on an assumption
of py=p,=p,, we obtained the displacement of waves at the ground
surface as shown in Figs. 5-8. In Figs. 5-8, T, T, and 7, represent
the natural periods of the first layer, the second layer and the layer
between the free surface and the bottom of the second layer, respec-
tively, that is, Ty=4H,/v,, T.=4H,/v, and T,=4H,[v,+4H,/v,.

It can be seen from these figures that the amplitude reaches its
maximum at about 7, while at about T, and T, amplitudes do not
always sustain maximum.

The acceleration spectra of the strong earthquake motions observed
at Hollister, Ferndale and El Centro, California in the U.S.A. are shown
in Figs. 9-11.

In comparing the observational results shown in Figs. 9-11 with
the calculated results shown in Figs. 5-8, it is found that the essential
shape of the calculated displacement spectrum at one place is similar
to that of the acceleration spectrum of the actual earthquake motions
at the same place.

Next, the reason why the former, as mentioned above, is similar
to the latter, will be discussed.

The expression of the displacement spectrum at ground surface can
be rewritten from (1) as follows:

u,=aG(T), (4)

b

in which @ is a constant.
From the previous paper® and others, it can be assumed that

4) J. H. Wiggins, “The Effect of Soft Surface Layering on Earthquake Intensity”,
Civil Engg. Studies, Struct. Res. Series No. 216, Univ. of Illinois, May 1961, pp. 122 and
123.

5) K. Kanai, lec. cit., 1).
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seismic waves, excepting considerably short and long periods in the bed”
rock, satisfy the nature of energy equipartition, that is

a=>bT, " (5)
in which b is also a constant. ’ ;
On the other hand, from the theoretical studies® of visco-elastic

waves in layered ground, the vibration characteristics of the ground
may be assumed roughly as

eT"G(T) (6)

instead of G(T) in equation (4), in which ¢ and » are constants. From
(4), (5) and (6), a semi-empirical formula of the displacement spectrum
of seismic waves at ground surface may be written as follows:

A, =beT*"G(T) . (7)

Acceleration spectrum may be calculated easily from (7), on the assump-‘
tion of a simple harmonic motion in each period of waves, that is

a,=kT"'&(T) , (8)

in which % is also a constant. And, from the result of the previous
papers, it can be assumed that # takes about 1, then

@, =kG(T) . (9)

Consequently, from (4) and (9), it may be said roughly that the.
shape of the displacement spectrum of earthquake motions at ground
surface, calculated from the assumption that incident waves of wunit
amplitude transmit into layered ground of purely elastic media and
perform multiple reflection phenomena in the ground, is similar to the
shape of the acceleration spectrum which is expectant in actual earth-
quake motions at the same ground surface.

It must be born in mind that, in the case of single-layered ground,
the acceleration spectra of earthquake motions appear quite similar not
only to the theoretical result mentioned above but also to the frequency-
period curve of the same earthquake motions, as well as to the frequency-
period curve of microtremors at the same place. (This will, for instance,
be seen in Figs. 8, 30 and 33.)

On the other hand, in the case of plurally layered ground, the
similarity stated above becomes somewhat complex, nevertheless, the

6) K. Kanai, “The Effect of the Solid Viscosity of the Surface Layer on the Earth-
quake Movements”’, Bull. Earthq. Res. Inst., 28 (1950), 31-35.
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general patterns are similar, because the conditions of the super-
position of the waves reflected at more than two boundaries, are very
complex.

At any rate, it is a noteworthy fact that the vibration character-
istics of actual earthquake motions, including destructive ones, were
explained by the multiple reflection theory of elastic waves.

In general, the seismic characteristics of the ground can be ex-
pressed by the following formula:

on=f(Ee, Letee, 1), (10)

in which H, v and p represent the thickness, the velocity of the trans-
versal waves and the density of the layer, respectively, and the suffix
7 represents the number of layers from the free surface, and 7 is the
period of the incident waves.

It will be seen from equation (10) that the seismic characteristics
of the ground depend largely on the ratios of the constants of the
ground and relate somewhat to the absolute values of the constants of
the ground itself. The results of some actual cases investigated by
us, in which the seismic characteristics of soft ground are similar to
those of hard ground may be explained by the above conclusion.

Therefore, it may be born in mind that discrimination between
good or bad ground as considered from the vibrational point of view,
differs when considered from the statical point of view, namely, the
bearing power of the ground, etc.

4. Principles for the adopting of seismic force coefficients in
earthquake-proof construction design.

Various principles to be adopted in determining the seismic force
coefficients in earthquake proof construction design are considered as
follows:

(1) Consideration of largest acceleration among the past earth-
quake motions visited at a construction site.

(2) Consideration of the value of acceleration expected from
seismicity.

(8) Consideration of the spectrum calculated from an empirical
formula for strong earthquake motions, using the values of the magni-
tude, the epicentral distance of the past largest earthquake motions
sustained at the construction site and the predominant period of the
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same place.

(4) Utilization of information concerning the largest observed
earthquake motion record in the world.

(5) Utilization of information from records of a strong earthquake
motion observed at a place where the seismic characteristics of the ground
are similar to those at the construction site. The seismic characteristics
of the ground can be obtained easily by microtremor observation. This
principle is concerned in the results of the present investigation.

This is one way of utilizing the strong earthquake motion records
obtained from any where in the world.

In general, the intensity of the earthquake motions obtained by
following many of the principles mentioned above will become very
large, which will result in an uneconomical design. Therefore, the
practical seismic force coefficients in earthquake-proof construction design
are or will be, based a great deal on engineering judgement and they
differ somewhat in the strictness of the requirements, after reflection
on the public safety, the relation between the term of the use of the

construction and the seismicity, the degree of damage to be tolerated
and so forth.

5. Conclusion.

From this investigation, it was ascertained that the similarity in
the shapes of the acceleration-period and frequency-period curves of
any earthquake motions including destructive ones, and the frequency-
period curve of microtremors at each spot is close.

It was also ascertained that the vibration characteristics of earth-
quake motions, including destructive ones, can be explained by the
multiple reflection theory of elastic waves in the surface layer.

It is a noteworthy fact that the nature of earthquake motions, as
concluded from this investigation, is utilizable in the adopting of both
reasonable and economical seismic force coefficients, in earthquake-proof
construction design.

In conclusion, the writer wishes to express his sincere thanks to
the U. S. Coast and Geodetic Survey and especially to Mr. William K.
Cloud, for cooperation in making their strong motion seismograph records
available to him. The writer’s sincere thanks are also due to Professor
C. Martin Duke and Mr. David J. Leeds of the University of California
at Los Angeles, Professors George W. Housner and Donald E. Hudson
of the California Institute of Technology, Messers Charles F. Knudson
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and Kenneth W. King of the U. S. Coast and Geodetic Survey, who
gave him important help in microtremor observations, without which,
successful results could not have been obtained. The writer is much
obliged to Dr. Teiji Tanaka and Miss Shizuyo Yoshizawa without whose
help this work could not have been done.
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Fig. 14. Frequency-period curves of earthquakes and microtremors at
State Bldg. in San Francisco, California, U.S.A.
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Fig. 18. Frequency-period curves of earthquakes and microtremors at
Federal Bldg. in Eureka, California, U.S.A.
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Fig. 23. Frequency-period curves of earthquakes and microtremors at
City Library in Hollister, California, U.S.A.
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Fig. 24. Frequency-period curves of earthquakes and microtremors at
Lincoln School Tunnel in Taft, California, U.S.A.
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Fig. 25. Frequency-period curves of earthquakes and microtremors at
Court House in Santa Barbara, California, U.S.A.
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Frequency

10
o /7 \\ NS

7 -
0 1 } 1! Sl I PSS N T A I
Apr. 13,1949 eorthq., 50gal

60

0 | .
Qor O.f Isec
Microtremors

Fig. 28. Frequency-period curves of earthquakes and microtremors at
Federal Office Bldg. in Seattle, Washington, U.S.A.

Frequency .

o) ! [ N | ! H bt ] ] \
Apr. 13,1949 ecrihq., I80gal
60
N RN
o -~ N
o] } U b | ; ) 1
0.01 .l Isec

Microtremors
Fig. 29. Frequency-period curves of earthquakes and microtremors at
Hiway Test Lab. in Olympia, Washington, U.S.A.
Frequency
- NS

20

—————————
- ~

o 1 NN

40+ Aug. 18, 1959 earthq., 60ga!

0) 1 I e B

0.01 Microtremors 0.1 Isec
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Fig. 31. Frequency-period curves of earthquakes and microtremors at
Carroll College in Helena, Montana, U.S.A.
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Fig. 32. Frequency-period curves of earthquakes and microtremors at
Naval Ammunition Depot in Hawthorne, Nevada, U.S.A.
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Fig. 33. Frequency-period curves of earthquakes at Central Amer. Univ.
of Costa Rica in San Jose, Costa Rica.
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