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In the beginning of September 1965, the Strong Motion Seismograph
Observation Center, Earthquake Research Institute, began the observation
of strong earthquake motions in Matsushiro earthquake swarm®* area.

The locations of the temporary stations where strong motion seismo-
graphs are installed are shown in Fig. 6, details of the location of the
stations (in Japanese) as well as the period of observation at each station
are tabulated in Table 2.

The characteristics of the strong motion seismographs used in the

No. of earthgs. No. of earthgs.
30— 30—
20— 20
10— 10—
bl b o o badbhl I
10 50 100 500 gal 10 50 100 500 gal
Fig. la. Hoshina. Number of earth- Fig. 1b. Wakaho. Number of earth-
quakes versus maximum recorded ac- quakes versus maximum recorded ac-

celerations. celerations.

*) According to an announcement from the Matsushiro Seism. Obs., J. M. A., the
total number of earthquakes recorded by a sensitive seismograph and of felt earthquakes

were 400,714 and 39,433, respectively, during the period from Aug. 3, 1965 to June 14,
1966. Moreover, the earthquake swarm is still active.
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Fig. 1c. Matsushiro C. Number of
earthquakes versus maximum recorded
accelerations.

present investigations are shown in Table 3. The results of the strong
earthquake motions recorded at the stations up to June 11, 1966 are tabu-
lated in Table 4. Number of eathquakes versus maximum recorded ac-
celerations obtained at Hoshina, Wakaho and Matsushiro C are shown in
Fig. 1. As seen in Table 4 as well as Fig. 1, the value of the largest
acceleration was more than 500 gals®™ and the number of earthquake
motions in which the maximum accelerations were more than 200 gals
was 9. Nevertheless, the damage to wooden houses caused by all the earth-
quakes has been very slight as shown in Table 1.

One of the important conclusions from the facts mentioned above,
that is, the maximum accelerations of the earthquakes were very large
and the earthquake damage to wooden houses very slight, is considered as
forming the basis for calculating the necessary conditions of earthquake
motions for causing the complete collapse of old Japanese-style wocden
houses, this being the estimated displacement amplitudes of ground move-
ment of about 1 em—3 ecm?. However, the values of the large actual

+) The value should become reduced with regard to the vibration characteristics of
the seismograph, because the apparent period of the waves is nearly equal to the proper
period of pendulum.

1) T. Sarra, “‘Studies on the Seismic Vibrations of Wooden Houses,” Rep. No. 14

Sub-Committee, Japan Soc. Prom. Sci. Res., No. 1 (1934-1937), G0-76, (in Japanese).

T, Sarta, ‘“‘Experiments in the Vibration and Destruction of Wooden Dwelling Houses,”
Bull. Earthq. Res. Inst., 17 (1939), 152-167, (in Japanese).

M. Suzuki, ‘‘Studies on the Earthquake Proofing of Wooden Structures,” Feb., 1961,
(in Japanese).
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Teable 1. Earthquake damage to dwelling houses.
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1965 | 1966
Earthquake Jan. 23,
Nov.22| Feb. 7, | Apr.5 |Apr. 11 |Apr. 17 %g; 28’ May 28
Apr. 1

Partially destroyed 0 4 0 0 0 0
houses
Slightly damaged sec- 744 1,345 | 823 | 191 59 961
tions of houses ’
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Fig. 2. Total number of earthquakes versus maximum
recorded accelerations in gal obtained at six stations.

earthquake motions estimated roughly after the records of the strong mo-
tion seismographs were about 0.1cm—0.5em.
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Anyway, the reason of the relation between the large acceleration and
the slight damage to property remains to be treated as one of the most
important problems on earthquake engineering in future.

Typical records of four destructive earthquakes are represented in
Figs. 7-10. The fact in which the horizontal amplitudes of earthquake
motions recorded at the environs of epicenters are about ten times the
vertical ones, as seen in Figs. 7-10, is an interesting problem to be tho-
roughly investigated.

Next, total number of earthquake motions versus maximum recorded
accelerations obtained at six stations, namely, Matsushiro C, Hoshina A and
B, Wakaho, Kawanakajima, Sakaki and Mashima, are shown in Fig. 2.
Using Fig. 2, we obtain the following relation, that is, N(a)=150,000 a5,
in which N(a) is the number of earthquakes per month with maximum
acceleration between a gals and a+50 gals.

Empirical formulae for the spectra of
strong earthquake motions

An empirical formula for the maximum acceleration of strong earth-
quake motions in the cases of moderate distant earthquakes has been
obtained as follows? :

5 0.61M —1.7: log s x+0.13
Amar =710 =1 1
VTeq (1)

in which, T¢, M and z represent predominant period of ground in sec,
Richter magnitude and hypocentral distance in km.

In order to get the same kind of empirical formula in the cases of
very near earthquakes by using the present data, Eq. (1) will be rewritten
as follows:

logm(ﬂwg/T_G_)=O.61M —Plogiz4+Q. (1)

By applying the data of @max, Tq, @ and M at Hoshina A and Wakaho

2) K. Kanal “A Study of Strong Earthquake Motions,” Bull. Earthq. Res. Inst., 36
(1958), 295-310.

ditto, “‘An Empirical Formula for the Spectrum of Strong Earthquake Motions,”
ditto, 39 (1961), 85-95.
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in the cases of Apr. 5 and Apr. 1 earthquakes in Eq. (1’), we get

5 0.61M—2.35 log o x—0.186

Apmge=——=="10 . 2
VTeq (2)

Combining Eq. (1) with (2) yeilds the following empirical formula for

the maximum acceleration of strong earthquake motions in the range of

distance from epicenter to a few hundreds kilometers:

5 0.61M—P log x+Q
max — —-10 3
a VT (3)
in which
P=166+350  @—0167-1:8% (4)
T x

Fig. 3 shows the values of P and Q calculated by Eq. (4). In this figure,
the terms of Eq. (1) and Eq. (2) represent the values of P and @ calcu-
lated by Eq. (1) and Eq. (2), respectively.

i
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o L e

Fig. 3. Values of P and Q calculated by Eq. (4).

The comparison of the values of observed maximum acceleration with
the values calculated by Egs. (8) and (4) is shown in Fig. 4. In Fig. 4,
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Calculated acceleration amplitude
ga
500“" //
- 9/

——» Observed acceleration amplitude

®

1t Xl 13, '65 Hoshina 2: Xl 21, '65 Hoshina
3: 1 3 '66 " 4: 1 23,'66 “
5: 1 23, '66 Wakaho 6: 11 7, '66 i
7: IV I, %66 Hoshina 8: IV I, '66 Wakaho
<}
!

IV 5 '66 ~ 10: IV 5, 66 .
s v 17, '66-1 v 12 IV 17, '66-2 Hoshina
®

I: VI I6, '64 Niigata 2: VI 16, '64 Akita
O

I+ I 10, '33 Vernon 2: I 10, '33 Los Angeles
3: X 2,'33 ” 4: X 2,'33 .
5: Xl 30, '34 EI Centro 6: X 31, '35 Helena
7t IX 1, 38 Ferndale 8: V 18, '40 EI Ceniro
9: o0 9, 4l . 10: VI 30, 4! Santa Barbara
1 X 3, "4l 3 12: I 9, '49 Hollister
132 IV I3, '49 Olympia 14: 1V 13, '49 Seattle
I5: II 22,'57 Alexander 16: M 22,'57 8. Pacific
17: " State Bldg. 18: “ Golden Gate
19: " Oakland

Fig. 4. Observed maximum accelerations versus the values calculated by Egs. (3) and (4).
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Fig. 5. Calculated acceleration spectra at ground surface.
(I): M=8, x=50km, (II): M=8, x=100km, (III): M=8, x=150km,
(IV): M=7, x=20km, (V): M=7, x=50km, (VI): M=7, x=100km,
(VII) : M=6.5, x=20km, (VIII): M=6.5, x=50km.

broken lines represent the range of the average error of M, =0.2. It

can be said from Fig. 4 that, the coincidence of the observed and the cal-
culated values is very good.

Thus, utilizing the results of the previous paper® we can easily get
the displacement (do and d), the velocity (v, and v) and the acceleration

3) loc. cit., 2).
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(a0 and a) spectra of earthquake motions at bed rock and ground surface
as follows:

_ T 0.61M—P logo x+Q
d — .10 g H
0 (27)2 (8)
’l)():_l" 100.61M—P logiox+Q,, ( 6 )
27
10:_1__.100.61M——P10gmx+Q» (7)
T
d=G(T)'dO, ’U“—‘G(T)”UOJ a=G(T)-a0, (8) (9)’ (10)
in which
G(T)=—— 1 (11)
- (=) T 2
TG f l TG TG
or
G(T)=1+— ; (11)

-G ot

P, Q being the same as Eq. (4) and « is the impedance ratio of surface
layer to lower medium.

In order to serve as a reference, the displacement, the velocity and
the acceleration spectra at ground surface in the cases where T¢=0.2,
0.4, 0.6, 1.0 sec, x=20, 50, 100 km and M =86.5, 7, 8 besides the condition
where a=1/5 (in this case, the value of a has a slight influence upon the
amplitude of the resonance condition) are calculated by using Egs. (8)—(10)
and (11’). The results are shown in Fig. 5.

In conclusion, we wish to express our sincere thanks to Dr. T. Hagi-
wara, Director of ERI, and Akashi Seisakusho Ltd. for their contributions
in making two strong-motion seismographs available to us. Our thanks
are also due to the occupiers of the tempcerary stations and Messers. S.
Saito, M. Shibano and I. Karakama for their cooperation in the present

investigations.
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IMig. 6. Locations of the temporary strong motion seismograph stations.
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Fig. 9b. No. 123, May 20, 1966. DC-3C, Wakaho.
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5 sec

Fig. 10b. No. 147, May 28, 1966. DC-3C, Wakaho.
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Table 2. Stations of the strong motion seismographs
in Matsushiro earthquake swarm area.

Station . Strong motlon selsmograph
Name ) ; o Place ‘ : Typeri 7 Period of observation -
Matsushiro A i%{}}g”\‘ﬂﬂmggfmm s | DC-3C | Sept. 4,~Nov. 7, 1965
Matsushiro MI;i N Al Lt Freiass DC-3C "
Matsushiro g %%{EEE?&%R“U DC—;E(: April 23, 1966~ N
;oshina A B f&ﬂ;ﬁ,&&%ﬁ%éﬁm DC-3C 7 Nov. 7, 1965~May 26, 1966
Hoshina B ﬁ%{ﬁimi?fi‘“m = 77;0—30 _;/;ay 26, 1966~ -
Wakahoi o &%{mégﬁlm LA - DC~3C-V 77 Nov. 7, 1965~
Kawanakajima ?ﬁfgg/f}%&ﬁ%q]%m DC-3C | April 22, 1966~
Sakaki o figh\i ‘gﬁyﬁﬁm _ ;AQTB; May 25, 1966~
kMashima E EEE?jII;&N i SMAC—B; May 26, 1966~
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Table 3. Characteristics of the strong motion seismographs.

T

— Name
T SMAC-B2 DC-3C
Characteristics\
Component 2 horizontal 1 vertical 2 horizontal 1 vertical
Type horizontal pendulum inverted pendulum

Weight of bob (kg)

Natural peiod (sec)
Sensitivity (gals/mm)
Damping

Damping mechanism
Recording range (gals)
Recording speed (mm/sec)
Recording medium

Recording time duration (min)

No. of repeat cycles
Starter

Period of starter pendulum
(sec)

Starter threshold (gals)
Auxiliary starter

Time marking (sec)
Power supply

Size, overall (cm)

4.3

0.14

12.5

critical

air piston
10-500

10

waxed paper
3

5

elect. contact made by
vertical motion

0.3
10

mechanical, works at 100
gals

1
4 dry cells
54X 54X 37

8.5

0.1

25

critical

oil piston
10-1, 000

10

waxed paper
1, 2, 3

5-15

elect. contact made by
vertical motion

0.3
10
1, 1/2, 1/5
4 dry cells

T9X 57X 36
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61. MMUMER Iz B 1) 2ERDZEEER 1
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Hu 2R LR = R %
B OB 8 X

RSB« ~ & — T2, 1965 45 117 S MR OBE O B Hs 5 35 & & Tcmmae
HEHY, 0tk M, NS, sk, R U, 67 ol Ting.
BE (6B118)  CREIHRILcmRIEEE IR D 513, ROBERE N, b

N (a)=150,000a"%5
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Fig. 8. Nos. 73, 74, Apr. 17, 1966. DC-3C, Hoshina A.




