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The characteristics of velocity and displacement motions derived from
the accelerograms recorded at four sites during the main shock and the
largest aftershock of the 1968 Tokachi-Oki earthquake are discussed. The
effects of earthquake magnitude and the depth to the seismic bedrock are
examined on the peak and the r.m.s. amplitudes of velocity and displacement.
The properties of displacement motions in the frequency domain are analyzed
by using the output from a digital bandpass filter.

INTRODUCTION

Due to the recent advancement in design and construction technology,
modern structures are becoming increasingly taller, longer and larger than
their conventional counterparts. Consequently, natural periods of modern
structures tend to become longer, whereby dynamic effects due to long-
period components of earthquake ground motions are drawing seismic engi-
neers' attention. Though strong earthquake motions are usually recorded
by accelerographs, effects of long-period components may be better under-
stood by displacement of ground motions. Ordinary accelerograms show very
small acceleration amplitudes for long-period waves, but their effects on
long-period structures are often greater than those of short-period and
large~amplitude acceleration waves. It is also said that sloshing of
liquid in large storage tanks are closely related to the displacement ampli-
tudes of earthquake ground motions (1).

i1

By considering the importance of displacement amplitudes of earthquake
ground motions, it is highly desirable to define their velocity and dis-
placement wave forms in addition to the conventional accelerograms. There
have been a number of methods proposed for transforming an acceleration
record into a displacement record, and a large number of the U.S. accelero-
grams were systematically transformed into displacement waves bt the
researchers in the California Institute of Technology by using a method
developed there. It is generally impossible to obtain reliable displace-
ment wave forms for very low frequency components from recorded acceler-
ations. However, such transformation in the frequency range of engineering
interest still seems to be one of the important problems for the future
advancement of earthquake engineering.

EARTHQUAKE RECORDS AND METHOD OF ANALYSIS

The earthquake used for the analysis reported in this paper are the
main shock (M=7.9) and the largest aftershock (M=7.5) of the 1968 Tokachi-
Oki earthquake. Acceleration wave forms were obtained by SMAC-B2 type
strong-motion seismographs installed on the ground surface at Aomori,
Hachinohe, Muroran and Miyako (see Fig.l). For Hachinohe, the record of
the aftershock was not available. Some of the parameters of the earth-
quakes and the epicentral distances for the four observation stations are
summarized in Table 1. The digitized values of accelerograms were taken
from Ref.(2) and were used at a time increment of 0.02sec. The length of
an accelerogram analyzed was 30 seconds, which included the largest
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acceleration, except for the aftershock record at Miyako for which the
length was 25 seconds. It should be noted that the recorded accelerograms
did not have a common time signal, hence there was no time correspondence

among the records obtained at the four sites.

The method used here for transforming an acceleration record into a
displacement wave form is discussed elsewhere in detail (5). The cor-
rections of acceleration are made by introducing linear base-line cor-
rection and amplitude correction not exceeding a certain specified value,
A. These correction terms are so determined as to minimize the value of
the r.m.s. amplitude of velocity. It was demonstrated experimentally that
the optimum value of A to be used for amplitude correction was 1% of the
maximum acceleration amplitude for the records obtained by the SMAC-B2

type seismograph.

Original accelerograms are obtained in the NS and the EW direction,
from which acceleration records were synthesized at each site in the
radial and the tangential direction with respect to the instrumental epi-
center. The physical meaning of these two directions is mot clear because
energy release during an earthquake takes place over a large area and the
instrumental epicenter alone does not furnish any information about the
configuration and the motion of the causative fault. In all, velocity and
displacement curves were calculated for the four directioms (NS, EW, Radial
and Tangential) at each site for each earthquake.

Displacement curves were analyzed in the frequency domain by using a
digital nonrecursive bandpass filter with the even weighting function.
The width of the bandpass filter was set as 20%Z of the central frequency,
10%Z each on the both sides of the central frequency of the filter. The
power spectral density function in this study is defined as the mean
square of output amplitudes divided by the width of the fdilter.

Fig.2 shows the boring logs and the variations of standard penetra-
tion N-values at the four observation sites. As seen from the N-value
variations in Fig.2, the thickness of soft surface layers is the largest
at Aomori and the smallest at Miyako. According to Tsuchida and Uwabe
(3), the fundamental periods calculated by the theory of multiple-
reflection of shear waves were 0.77 seconds at Aomori, 0.24 seconds at
Hachinohe, 0.23 seconds at Muroran and 0.20 seconds at Miyako. However,
even from the analysis of accelerograms, much longer predominant periods
were observed during the 1968 Tokachi~Oki earthquake for Aomori (about
3 seconds) and for Hachinohe (about 2.5 seconds). It is reported (4)
that such long predominant periods may be attributable to the thickness
of surface layers relative to the so-called seismic bedrock. The depth
to the seismic bedrock is estimated (4) as about 700m at the Aomori site,
about 400m at the Hachinohe site, whereas the bedrock is found only at a
depth of approximately 10m at the Miyako site. For the Muroran site,
the depth to the bedrock is not known.

CHARACTERISTICS OF DISPLACEMENT MOTIONS

The maximum and the r.m.s. amplitudes in the four directions analyzed
are summarized in Table 1. Since the reliability of integrated displace-
ment motions decreases for the lower frequency components, displacement
amplitudes only for the components having frequencies greater than 0.1Hz
are also listed in parentheses. In the following, the maximum of displace-
ment amplitudes in the four directions with frequency components greater
than 0.1Hz (values in parentheses) will be discussed unless otherwise stated.
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It is seen from Table 1 that the epicentral distances of the four obser-
vation sites vary approximately from 200km to 300km. TFor the main shock
with magnitude 7.9, the maximum velocity amplitude is roughly 40 kine at
Aomori and Hachinohe, 30 kine at Muroran and 6 kine at Miyako. The maximum
displacement amplitudes is about 20cm at Aomori, 10cm at Hachinohe and
Muroran, and lcm at Miyako. It is observed from Fig.l that the directions
from the epicenter to Aomori and to Hachinohe are much the same, while the
epicentral distance to Aomori (243km) is about 30% greater than that to
Hachinohe (188km). However, the maximum displacement at Aomori is nearly
twice larger than that at Hachinohe. This may be accounted for by the
difference in the depths to the seismic bedrock at these two sites. As
was mentioned previously, the depth to the seismic bedrock at Aomori is
estimated as about 700m while that at Hachinohe as 400m. The small value
of the maximum displacement (about lcm) at Miyako could be also explained
by the fact that the seismic bedrock lies at a very shallow depth there.
Nothing definite can be said about the maximum displacement of about 1lOcm
at Muroran since the depth to the bedrock is not available. It may be
inferred, however, that the depth at Muroran is larger than that at Miyako
even though the soil profiles shown in Fig.2 at these two sites look
similar. An exceptional value is observed at Miyako during the aftershock.
The maximum displacement of about lcm for the frequency components greater
than 0.1Hz is almost the same as that obtained for the main shock, whereas
the displacement amplitudes during the aftershock at Aomori and Muroran
are much smaller than those during the main shock. From the data of Aomori
and Muroran, an interesting tendency is found for the effect of earthquake
magnitude on the amplitudes of ground motions. Table 2 summarized the
ratios between the r.m.s. amplitude of the aftershock and that of the main
shock. The ratios are the highest for acceleration amplitude and the low-
est for displacement amplitude. This indicates that the effect of earth-
quake magnitude on ground motion amplitude is generally more pronounced in
displacement than in acceleration. This tendency agrees with the results
of the regression analysis made for the U.S. strong motion records (6).

It is interesting to examine the ratios of the peak amplitude and the
r.m.s. amplitude from the data shown in Table 1. The average ratio was
found to be approximately 4 for acceleration and velocity motions, and 3
for displacement motion. Therefore, the peak amplitude of ground motions
during strong earthquakes is generally 3 to 4 times greater than their
r.m.s. amplitude.

The calculated displacement curves for the main shock in the radial
and the tangential direction are shown in Fig.3. It is seen from this
figure that the displacement motions in the radial direction seem to contain
more longer-period components than those in the tangential direction. This
can be confirmed by examining the ratios of the r.m.s. amplitude of the
greater-than~0.1Hz components (values in parentheses) and that of the dis-:
placement motions including the less-than-0.1Hz components shown :in Table 1.
These ratios are roughly 0.4 to 0.7 in the radial direction and 0. 7 to 1.0
in the tangential direction.

Calculated displacement curves were analyzed in the frequency domain
by using the output from a digital bandpass filter. Fig.4 shows the distri-
bution of the maximum amplitudes of filtered displacement curves. Note .that
the width of the digital filter is 20% of the center frequency and ‘that the:
maximum filtered displacements are plotted at the locations of the cor—
responding center frequencies. The power spectral density fumctions as
defined previously are shown in Fig.5 for the calculated displacement
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motions. The vertical axis of Fig.4 is in the linear scale while that of
Fig.5 is in the logarithmic scale.

From Figs.4 and 5, predominant peaks are apparent in the tangential
direction at Aomori during both earthquakes and in the radial and tangential
directions at Hachinohe during the main shock. For the motions at Muroran
and Miyako, it is difficult to observe distinct peaks regardless of direction
or earthquake. The general tendency in all the cases examined is the
increase of power spectral demsity with the decrease in frequency. In most
of the cases, the power spectral density at 0.1Hz is about 100 times greater
than that at 1Hz. The overall similarity of the frequency characteristics
of the displacement motions at Muroran and Miyako is evident. However, as
mentioned previously, there is a large difference between the displacement
amplitudes at these sites. It is not attempted at present to explain the
reason for these apparently contradictory tendencies. By examining the
corresponding frequencies of the predominant peaks in the tangential motion
at Aomori, it is seen that the peak at 0.32Hz during the main shock shifted
to that at 0.45Hz during the aftershock. Though not so conclusive, a
similar trend is also found in the radial motion at Aomori.

CONCLUDING REMARKS

The following concluding remarks may be made from the studies reported
in this paper, though much more information is required before any reliable
and useful characteristics of long-period displacement motions can be
established.

(1) Displacement and velocity amplitudes of strong seismic ground
motions on the surface of ground seem to be related to the depth to the
seismic bedrock, which is often located several hundreds of meters below
the ground surface. (2) The effect of earthquake magnitude on amplitude
is the greatest in displacement motion and the least in acceleration motion.
(3) Displacement ground motion in the radial direction seems to contain
more components with frequencies less than 0.1Hz than that in the tangential
direction. (4) Displacement ground motions at certain sites exhibit pre-
dominant frequencies within the range between 0.1 and 1Hz in certain
directions while no such tendency is found in some other cases.
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during Aftershock
Fig.3. Calculated Displacement Curves. and Main Shock.
Station gg:;nt Accel. | Vel. | Displ.
Radial | 0.51 | 0.26| 0.14
AOMORT  I=pn. 0.44 | 0.23] 0.16
Radial | 0.39 | 0.30| 0.22
MURORAN o ™ 0.51 | 0.38] 0.28
Radial | 0.76 | 0.67 | 0.47
MIYAKO [“man. 0.51 | 0.79| 1.76
Table 1. Maximum and r.m.s. Amplitudes.
Station Com~ Acceleration Velocity Displacement
Earthquake Record No. ponent (gal) (kine) (cm)
Epicent.D. max. [ max. 5] max. ]
N-5 208. | 44.3]37.6 | 10.5 |18.7 (19.4 )| 4.52 ( 4.44 )
AOMORL E-W 177. 42.7(23.9 | 9.35 [23.6 (12.6 )| 7.99 (4.42)
§-235 Radial | 174. | 42.7 | 25.4 | 9.43 |23.9 (12.8 )| 8.17 ( 4.53 )
MAIN SHOCK 243km Tan. |211. | 44.3|38.3 |10.4 |18.8 (19.5 )| 4.43 ( 4.36 )
origin Tine | pamons | M 223. | 40.8|32.5 | 7.79 |12.4 (9.03 )| 4.16 ( 3.30 )
9haom, ; E-W 183. | 45.1)39.3 | 9.01 [20.4 (10.4 )| 7.26 ( 3.39)
May 16,1968 | S-252 Radial | 183. 45.2 | 39.6 | 9.11 |21.0 (10.5 )| 7.49 ( 3.45)
Epicenter 188km Tan. 221. 40.8 |32.5 | 7.79 [12.9 (8.97 )| 4.28 ( 3.32 )
Loy woromm ¥ 199. | 42.8 | 31.6 | 4.70 |13.7 ( 8.47 )| 3.57 ( 2.34 )
E-W 133. | 40.6]15.5 | 4.42 | 7.73 (s5.73 )] 2.80 ( 2.13)
Depth Okm §-234 Radial | 190. | 45.5|29.1 | 5.34 |15.4 ( 9.31 )| 4.22 ( 2.84 )
M=7.9 290km Tan. | 154. | 37.5|16.6 | 3.58 | 5.72 (3.68 )| 1.74 ( 1.30)
N-S 111. | 33.4| 5.57| 1.32 | 1.37 ( 1.16 )| 0.466 ( 0.376)
MIYARO E-W 94.3 | 27.5| 3.83| 1.09 | 1.41 ( 0.967)| 0.417 ( 0.316)
5-236 Radial | 123. 28.1] 4.09| 1.13 | 1.21 ( 0.814)| 0.442 ( 0.316)
188km Tan. 115. | 32.8| s.83| 1.26 | 1.08 ( 0.987)| 0.328 ( 0.322)
AOMORE N-5 64.5 | 19.7| 9.30] 2.55 | 2.83 ( 2.06 )| 0.932 ( 0.769)
AFTERSHOCK E-W 81.8 | 21.7| 9.17| 2.34 | 3.48 ( 2.27)| 0.865 ( 0.574)
S-264 -

o Radial | 82.9 | 22.0| 9.19] 2.45 | 3.68 ( 2.40 )| 0.954 ( 0.638)
Origin Time | 218km Tan. 67.0 | 19.4| 8.03| 2.42 | 1.84 ( 1.97 )| 0.755 ( 0.688
19h39m, . .688)
May 16,1068 | [w-s 89.2 | 19.7| 5.40] 1.35 | 1.70 -( 1.07 )| 0.554 ( 0.343)
Spicenter oy B-W_ 73.9| 17.2| 5.06| 1.62 | 2.31 ( 1.77 )| 0.873 ( 0.638)
Ly S~ Radial| 80.1| 17.9| 5.16| 1.60 | 2.34 ( 1.66 )| 0.985 ( 0.629)

, Tan. 72.4 | 19.0| 4.73] 1.36 | 1.26 ( 1.06 )| 0.520 ( 0.366)

Depth 40km YKo N-5 88.1| 20.7 | 3.20| 0.795| 0.859 ( 0.717)] 0.277 ( 0.211)
M=7.5 P _E-". 13.6 | 17.4) 3.23| 0.914) 2.71 ( 0.975)| 1.13 ( 0.486)
o Radial| 101. | 21.2| 3.06| 0.752] 0.626 ( 0.465)| 0.188 ( 0.150)

Tan. 73.0| 16.8| 3.88| 0.995| 2.90 ( 1.10 )| 1.30 ( 0.567)

The yalues in parentheses are the

results for components with frequency
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gxreater than 0.lHz.




