MEASUREMENT OF VIBRATION OF GOJUNOTOS, OR
- 5-STORY BUDDHIST STUPAS (PA'GODAS).

By

F. Omori,

Member of the Imperial Earthquake Investigation Committee.

With Plates XXIX-XLLV.

1. Introduction. The gojunotos or 5-story Japanese Budd-
hist stupas (pagodas) form an interesting class of tall wooden
structure which is peculiar]y earthquake-proof. In the present
note I give the results of the vibration measurement of the fol-
lowing six old towers: —

Tocality of Gojunoto. Date of - Remarks.
Construction. »

15th year of Empress

(1) Horyuji, near Nara, Yamato. Suiko, 607 A.D.

.. In 1692, the central post was
(2) Toji, in Kyoto. 1641 cut short by 1.3 shaku.
(8) Toshogu, Ueno, Tokyo. 1639 Great repair in 1918.
{4) Hommonji at lkegami, near
Tokyo. 1608
(6) Nikko, About 1820 Great repair in 1918.

(6) Asakea, in Tokyo. 1692 Repaired in 1886.

The construction details of the different gojunotos will be seen
from figs. 3 to 10, which have been reproduced from the original
drawings kept in the Bureau of Religions of the Department of
Education or in the Institute of Architecture of the Tokyo
Imperial University.
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| 2. Gojunotes. A gojunoto consists essentiaily of the follow-"
ing two parts: (i), the shinbdashira, or large vertical central post, -
generally of Ainoki (C’/zahaecypcwis obtusa) or keyaki (Zelkowa
acuminata) timber, which extends through the whole height of
the tower, and supports and is prolonged to fit into the kurin, or
““nine rings,”’ a h]gh nine- nnged bronze hollow column projecting
above the topmost roof; and (ii),
the tower body, generally built of

I— hinoki timber, whose successive

an
Ul]llll'lhlu\lv

stories, slightly decreasing in area
upwards, is each composed of 4
W | inmer and 12 external strong vertical
] columns well joined together. (See .
L fig. 2.) The shinbashira, usually

| : jointed at one or more different

___________ smmacmmma - N€Ights may, or. may not, be in
L- —j\ contact with the tower body, which
simply rests on the foundation stone
blocks. (See figs. 12 and 13.) The
roofs of the Nikko and Asaksa

gojunotos are covered by copper

plates, and those of the others by

Fig. 1.. Diagram showing the tiles.
construction of Nikko
Gojunoto.

The Horyuji temple, which at
present comprises 28 buildings under
the state protection, was founded by the Empress Suiko and the
Prince Imperial Shotoku in the year 607 A.D. In spite of the
several catastrophes in the course of the subsequent 13 centuries,
the kondo (main hall), the gojunoto, the centre gate, and the
galleries escaped destruction. These buildings are thus the oldest
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wooden architecture not only in Japan, but in the whole world.
The stupa. 105.2 shaku" in height, stands on a double stone-
foundation. the ground story measuring 21.2 shaku square. The

““skirting roof " is a subsequent addition. Among the five other
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Fig. 2. Ground Plan of the Toji Gojunoto. (According to the

drawing made by the late Mr. Y. Horijke,

shaku (1 shaku=0.994 foot).

gojunotos, none of which has a skirting roof, the oldest is the
Hommonji stupa, built 313 years ago, namely, in 1608, or 1001
years after the date of completion of the Horyuji temple.

1 .
1) 1 shaku, or Japanese foot=0.994 English foot=—3—:—3— Xmetre.

{

Scale in
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The great stupa of Toji, built in 1641 by Tokugawa Iyemitsu,
is the grandest among the existing gojunotos of Japan and has
the total height of 183.7 shaku. The height of the kurin is 50.2
shaku and that of the tower body is 133.5 shaku. Of the five
towers of Nikko, Hory.uji, Ueno, Asaksa, and Hommonji, the
first is the tallest with the total height of 114.8 shaku, and the
last the shortest with the total height of 99.3 shaku. The other
three have approximately equal height of 105.2 to 107.4 shaku.

In Table I are given the dimensions of the different gojunotos.

Tapre I.  Dimensions of the Different Gojunotos.
(1 shaku=0.994 foot.)

Gojunoto. Horyuji.| Toji. | Ueno. |Hommonji.| Nikko. | Asaksa,
Height.
shaku. shaku. shaku. shaku. shaku. shaku.
Kurin. 31.9 50.2 27.0 20.6 27.0 25.7
Towe_r Body 78.3 133.5 . 79.5 8.7 87.8 81.7

Total. 105.2 1837 106.5 99.3 114.8 107.4

Dimension of the Different Stories.

1st Story. 207 315 116.0 15.9 16.0 16.0
9nd ,, 18.4 29.0 14.8 15.0 14.5 14.6
3rd ,, 16.2 26.0 13.2 13.5 12.8 13.0
4th ,, 137 24.3 11.8 12.3 11.5 11.6
5th ,, 108 22.2 10.3 10.8 9.7 10.0
Height of the Different Stories.
1st Story. 19.4 20.5 15.5 14.5 16.3 17.6
2nd ,, 13.0 230 13.4 122 | 161 13.3
3rd ,, 126 22.5 13.4 12.6 15.3 13.3
4th 12.0 22.0 13.6 12.7 15.2 13.7
.th ,, 10.2 21.5 13.4 12.4 152 | 140
5th Roof. 5.6 218 11.0 115 10.0 10.5
Size of Shinbashira (Central Post .
At Bottom. 3.3 30 | 185 1.25 % 1.96 16
» Top. , 15 30 | 185 1.16 1.58 1.3

(*) Size at the 2nd Story.
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The four gojunotos of Ueno, Hommonji, Nikko, and Asaksa
are nearly equal to one another in the dimensions of the sectional
area, which is 16 shaku square at the Ist story and successively
diminishes upwards, becoming about 10 shaku square at the 5th
story. The size of the great stupa of Toji is nearly double that of
the other towers, having the sectional area of 31.5 and 22.0 shaku
square respectively at the 1st and the 5th stories. The tower-
body of the Horyuji gojunoto is of proportionally large size, and
the area of the 1st story is 20 shaku square, while that of the
bth is about 10 shaku square as is the case with the Nikko tower.
The ratio of the height of the tower body to the dimension of the

1st story is as follows: —

Horyuji ............ 3.5 Hommonji............ 4.9
Toji ... 4.2 Nikko.................. 5.5
Ueno ............... 5.0 ~Asaksa ...............5.1

Thus the stupa of Horyuji has they__ﬁpiost stable form, while that of
Nikko is the most slender of all. -

3. Shinbashira, or central post. The ratio of the height of
the tower body to the 1ength'0f the kurin is as follows: —

Horyuji ............ 2.3 "Hommonji............ 3.8
Toji....... e 2.7 - Nikko.................. 3.3
Ueno ............... 2.9 “Asaksa ...l 3.2

The length of the kurin is long‘est in the Horyuji and Toji stupas,
in each of which the shinbashira is of large size and stands on a
foundation stone. The shinbashira of the Horyuji tower, which
is in contact with the tower body at two intermediate heights, has
the diameteér of 3.3 shaku at base and of 1.5 shaku at tdp. In the
great stupa of Toji the shinbashira suppo\rting‘ the‘ltall kurin is
entirely isolated from the tower body, and is of an uniform section

3 shaku square in area, jointed at two heights.

R
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The shinbashira’ of the Ueno stupa, jointed at two places, is

of a uniform section 1.85 shaku square in area. It stands on a
foundation stone, while the top is secured in position by means of
two horizontal iron rods passing through it at right angles to one
another. It will be observed that the shinbashira, which is not
- very stiff, forms a sort of a hea\}y vertical column, supported at
base and loosely fixed at top. This peculiar method of construe- .
tion converts the central post into a sort of pendulum mass whose
inertia prevents to a certain extent the free motion of the tower
body.

The shinbashira of the Hommonji stupa, jointed at one place,
is erected, not directly from the ground, but from the strong cross
beams of the floor of the 2nd story, being otherwise not in contact
with the tower body. It is octagonal and much smaller than the
central posts in the other cases, with the diameters of 1.25 and
1.16 shaku respectively at base and at top. The shinbashira here
forms a sort of an elastic inverted pendulum fixed to the main
structure. | | o

In the Nikko and Asaksa stupas, the central posts do not
stand on, or touch the ground, but are suspended respectively
from the 4th story and from the top of the tower body. In each
of these cases, therefore, the shinbashira and the kurin form
actually a pendulum system, which tends to keep its place when

the tower body is shaken by a strong earthquake. The central
post of the Nikko gojunoto is large in size, having the diameters
of 1.96 and 1.58 respectively at bottom and at top. The post of
the Asaksa stupa is a little smaller, and has the diameters of 1.6
and 1.3 shaku respectively at bottom and at tdp.

4. Vibration measurement. The measurement of vibra-

tion of the Horyuji gojunoto was made in 1910, while those
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relating to the others were carried on in the course of the two
years 1919 and 1920. The dates and the conditions of the

weather at the times of the experiments were as follows: —

Horyuji ...............July 18th, 1910; fore-noon. Very light
| winds.
TOJi e March 19th, 1920; 11.50 A.m.—-0.55 ». M.
Heavy rain; slight winds.
Ueno ............ ~.....June 26th, 1920; after-noon. Slight
rain; no winds.
| Hommonji ............ June 156th, 1920; 10.50 aA.m.~1 p.m.
Strong S.E. winds.
Nikko ..., FFeb. 28th-March 1st, 1919: very light
winds.
Asaksa.................. July 3rd, 1919; 1-3 p.m. Slight rain;

very feeble winds.

On the occasion of the experiments with the Hommonji gojunoto
there were strong winds, which caused the structure to deviate
into distinet movements. On the dates of the measurement in
the five other stupas, howe\jer, the weather was calm, there
having been only very light winds or no wind at all, so that it was
necessary to put the towers in oscillation by artificial means. The
latter consisted in pushing the shinbashira, or central post, at the
4th or 5th story with hand horizontally from one direction several
times successively at an interval of some 13 second. The tower
body itself was thus gradually set in motion, which was easily
caused to become intense enough to be sensible.

The tower vibration was measured by means of a portable
tremor-recorder, with two horizontal components oriented at right
angles to one another, whose writing pointei"s registered 1he

motion in ink on white paper wrapped round a roller driven by
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means of a clock work.® The component horizontal pendulums
had each a natural oscillation period of about 3 seconds, and the
magnification ratio of the pointers varied between 5 and 30. The
instrument was set up either on the inside floor or on the outside
~ verandah of the 5th story. Illustrative diagrams are given in figs.
17 to 25, (Pls. XXXVII to XLIV).

In Tables IT to XVL, which embody the results of the
measurements, are given the maximum motion (23) and the
average value of the complete period (T), found from a number
of well-defined and prominent consecutive vibrations at different
_ stages of the diagrams of motion.

5. Horyuji gojunoto. The gojunotof of the Hofyuji temple,
near Nara, has the total height of 105.2 shaku, the kurin and the
tower body being respectively 31.9 and 73.3 shaku high. The
sectional dimension of the tower body is 20.7 shaku at base and
10.6 shaku at the 5th story. The shinbashira, which rests on the
foundation stone, is round in section, and tapers from the diameter
of 3.3 shaku at base to 1.5 shaku at the 5th story, being further
reduced to the diameter of 1.5 shaku at the foot of the kurin.

The shinbashira is evidently either not very stiff or not
rigidly fixed to the foundation, as at the foot of the kurin it can
be pushed with hand and displaced 1 em. in any direction against
the edge of the aperture through which it passes. Except for the
existence of this latter limiting arrangement, the central post
could naturally be thrown into a much larger deviation.

On July 18th, 1910, when the vibration measurement was

made, there were very slight winds, which caused the tower to

* My thanks are due to my assistant Mr. T. Kato, and mechanists Messres. K. Wakimoto. -
Y. Takahashi, K. Kato, and Y. Wada, who conducted the actual works of the measurements.

t Figs. 83 and 4 giving the elevation and sectional details of the gojunoto of Horyuji are
after Dr. C. Ito, who made valuable investigations on the architecture of this ancient temple.



118 F. Omori: Vibration of

execute very small unfeit movements. of the average period of
1.26 sec. The motion of the tower produced by one man walking
about on the roof of the 5th story had the same period (1.24 sec.)
with the maximum 2a of about 0.7 mm. in each of the E.W. and
the N.S. directions. The forced oscillations of the tower caused
by shaking with hand the central post at the 5th story floor or
at the foot of the kurin, which had the max. 2a of 1.02 and
1.40 mm. in the two horizontal directions respectively, indicated
a much longer period of 1.64 sec. But the period (=1.23 sec.)
of the free oscillations which followed the forced movements was

identical with that of the natural motion.

Tasre II.  Motion of the Horyuji Gojunoto.

Cause of Disturbance. E.W. Component. | N.S. Component.

T (sec.) 2a (mm,) T (sec.) 2a (mm.)
(124 % 0.05 1.26 * 0.12
o 1.23 * 004 L.27 * 0.17
In ordinary state. Lo * 0.95 049 % 002
0.50 * 0.04
Effect of slight wind. 1.30 * 0.09 1.29 » 0.18
One man walking on the N. roof. | 1.25 0.72 - 0.05
Do. on the E. roof. 115 0.17 1.26 0.67
. | fi2s 023 1.30 0.28
Do. on the E., N., or W. roof. 119 ons Lva 030
Central Post shaken E.-W. {1.55 ©0.53 1.5; 1.18
ot +] . 13 0.82
(at the 5th floor). 114 * 0.08 1.27 % 0.08
. 1.25 0.48 1.25 0.20
Do. shaken E.-W. 165 0.93 165 0.45
(at the 5th floor). 1.65 0.62 1.69 0.23
1.23 * 0.13 1.25 * 0.12

nIRY 1.17 0.77
D o _ shaken VL".W' 177 1.02 1.80 0.52
(at the foot of the kurin). 178 0.95 177 0.78
| 1.27 * (small.) 1.18 (small.)

Do. shaken N .-S. {1.51 0.65 1.49 1.40
' - 1.23 ¥ 0.17 1.25 * 0.08
(at the foot of the kurin). 045 % - 0.03

* Free after-movement.
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Tasre III.  Motion of the Horyuji Gojunoto, grouped

into Free and Forced Oscillations. *

E. W Component. N. 8. Component.

T (sec.) Za (mm.) .T (sec.) 2a(mm.) T (sec.) 2a (mm.)

Ordinary or free oscillations, or those caused by walking ou the top

roof :—
1.14......0.08 | LIS...smal  0.40.....0.08
115 017 124  0.30 049  0.02
119 072 125 0.06 050  0.04
123 017 125 012 049
123 0.13 125 0.20
124 0.05 126 012
125 0.72 196 067
125 0.3 127 017
125 048 127 0.08
1925 0.23 129 018
1.27 small. 1.30 0.28
130 0.09 126
1.23

Oscillations caused by the forced shaking of the central post :—

1.51......0.65 1.87......0.82
155  0.52 149 140
165  0.93 151 118
165 062 165 0.45
L76 095 1.69 023
177 1.02 | 1w oo0rs
167 180 052
161

1.17...... 0.77

* Mean value is indicated by thick nume:als.
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6. Toji gojunoto. The total height of the great stupa® of
the Toji temple, in Kyoto, is 183.7 shaku; the sectional dimen-
sion of the tower body, 133.5 shaku in height, being 31.5 shaku
at base and 22.2 shaku at the 5th story. The kurin is 50.2 shaku
in height. The shinbashira which is of uniform square section
3 x 3 shaku, and is isolated from the rest of the structure rises from
the foundation stone and is composed of two pieces jointed at the
3rd story height by means of a number of strong vertical beams
24 shaku long, firmly secured around the pdst. Its upper end is
jointed in the same strong method to the lower end of the wooden
core of the kurin at the mean height of 108 shaku above the
ground, or 24 shaku below the foot of the kurin. Each of the 16
round vertical columns of the base story has the diameter of 2.7
shaku. (See the ground plan, fig. 2.)

The vibration measurement was made on June 27th, 1920,
between 11.50 A.m. and 0.55 p.m., when it rained heavily. The
natural oscillation of the tower caused by the slight winds, which
was very small and entirely unfelt, had the mean period of 1.81
sec., with the max. 2a of 0.10 to 0.17 mm., as shown in Tables
IV and V. ,

The shinbashira is entirely free and nowhere in contact with
the surrounding inner platforms of the tower building. The latter
could, however, be thrown into movements of no insignificant
size, and of sensible intensity, by shaking the former with hand at
an upper part, possibly by the reaction through the body of the
man, as the process required a great exertion of strength. The

amount of motion of the central post thus produced was 3 to 5 cm.

at the 5th floor, with the mean period of 1.27 sec., as follows:—

* Figs. 2 and 6, giving the construction details of the Toji gojunoto, are reproductions
of the drawings made by the late Mr. Y. Horiike.



Gojunotos, or 5-Story Buddhist Stupas (Pagodas). 121

TasLe IV. Motion of the Toji Gojunoto, Kyoto, caused by
shaking the Central Post at the 5th Floor. |

(*)...... After-movement.
Central Post
s]f?;kzz frgfrl E. W. Component. N. 8. Component.
T (sec.). 2a (mm.). : T (sec.). 2a (mm.).
] . 1.25 049 ......... 1.25 021
toe Bosite. | {135 o 128 023
D 1.24 0.70 ... 1.26 0.40
o- *1.15 0.10. _
N 1.25 0.30 ... 1925 0.43
The h. S]de. {4;112 0.28
Do. 1.20 045 ... 1.20 0.43
1.28 0.87 ........ ' 1.27 0.24
The E. side. 1.30 0.74 '
. *1.12 0.11 .
The N. side. 1.25 0.63 . 1.25 0.60
The E. side. 1.28 092 ......... 1.30 0.46

Tasre V. Motion of the Toji Gojunoto, Kyoto: -
Natural Oscillation caused by Winds.

E. W. Component. N. 8. Component.
sec. ) ' sec.
1.75 (3) _ 1.69 (1)
1.80 (2) 1.72 (1)
1.82 (2) , 1.80 (3)
1.83 (4) 1.82 (2)
1.85 (1) - 1.83 (2)
181 (2a=0.10 mm) 1.84 (3)
1.85 (2)
The frequency of a given value of the : | 1.88 (2) |

pericd is indicated by the figure enclosed : -
in brackets. 1.81 (2a=0.17 mm.)
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Central Post shaken at the 5th floor -

from the E. side,...... 47 times in 60.0 scc. /‘

. N. ., .....4T 60.0 a
.S . .48 60.0
20 ,, 25.5

The consequent motion of the tower had the max. 2a of 0.92 mm.,
with the average period of 1.26 sec., which is identical with that
of the artificial disturbances applied to the central post.
7. Ueno gojumnote. The gojunoto of the Toshogu temple in
the Ueno park, Tokyo, is 106.5 shaku in height, the sectional
“dimension of the tower body being 16.0 shaku at base and 10.3
shaku at the 5th story. The central hinoki (Chamaecyparis obtusa)
post, supporting the kurin 27.0 shaku in height, is uniform square
in section, 2%X2 shaku, and rests on the foundation stone and
formes a column not very stiff, being composed of four pieces
jointed by means of iron hoops, while the top is held in position by
two horizontal iron rods or pins passing through it at right angles.
On June 26th, 1919, when the vibration experiment was
carried on, it was slightly rainy and perfectly calm. The tower
was easily put into considerable movement by pushing with hand
the central post at the 4th story height from the N., E., or the
S. side at successive time intervals of about 1 second. The
movement of the post thus artificially produced was as follows: —
Motion parallel E.W.: Max. amount=2.0 cm. |
31 oscillations in 31.0 sec.
32 ” 305 ,, ... Mean Period =0.97 sec.
38 » 36.0

Motion parallel N.S.: Max. amount=0.8 cm.

18 oscillations in 16.5 sec.
21 ’ 36.0 ,,
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TaprLe VI. Motion of the Toshogu Gojunoto, at Ueno,

Tokyo:

Period of Vibration.®

123

E.W. Component.

N.S. Component.

Free Motion.
sec.

1.14(1)
1.26(2)
1.29(2)
1.30(8)
1.32(2)
1.33(1)
1.34(3)
1.30

Forced Motion.

sec.

0.83(1)
0.92(1)
0.93(2)

10.94(2)

0.95(3)
0.96(4)
1.04.2)
1.10(2)
097

0.28(2)
0.29(1)
0.28

sec.

1.29(1)
1.0(2)
1.38(1)
1.39(1)
1.41(1)
1.35

1.65(2)

170D

Ls0()
1.73

- Free Motion.
sec.

1.16(1)
1.17(1)
1.25(2)
1.26(1)
1.29(1)
1.30(5)
1.31(2)
1.32(2)
1.35(3)
1.40(1)
1.44(1)
130

Forced Motion.

0.87(1)
0.89(1)
0.90(2)
0.91(1)
0.93(2)
0.94(2)
0.95(3)
0.96(5)
1.04(2)
0.94

0.30(2)

sec.

1.29(1)
1.35(1)
1.40(1)
1.46(1)
1.50(1)
1.51(1)
1.42

1.90(2)
L77(1)
1.88

* The frequency, or the number of occurrence, of a given value of the period is indicated

by the figure enclosed in brackets.

Tasre VII.

Tokyo:

Period of Large Vibrations.

Mean value is indicated by thick numerals.

Motion of the Toshogu Gojunoto, at Ueno,

E.W. Component.

|

- N.S. Component.

2a (mm.) T(sec) 2a (mm.)
2.02...... 096 2924....
2.02 0.96
2.03  0.96
2.05 0.93
2.21 0.95
2.23 0.92
2.45 0.96
2.51 0.95
2.98 0.93
3.08 094
3.43 0.95

0.95

T(sec.)

..1.29

2a (mm.) T(sec.) 2a (mm.)

1.03.......0.96
108  0.96
110 094
118 095
120 093
127 0.96
139 095
150 091
152, 0.90
153 104
178 1.04

0.96

1.08....

T(sec.)

..1.90

1.46
1.50

1.62
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Even without the artificial disturbance the tower was making
small oscillations. I give in Tables VI and VII the results of the
different measurements.

It is to be observed that the forced oscillation of the tower
artificially produced had the mean period of 0.95 sec. which is
equivalent to that of the proper shaking of the central post. As
soon as, however, the latter action had been stopped, the motion
became free, with the mean period of 1.3 sec., assuming the
magnitude sometimes larger than that of the preceding forced
portion. In Table VI the period of the forced and free oscillations
are compared. According to Table VII, the largest oscillations of
the tower principally belonged to the class of the forced motion.

The natural oscillation of -the stupa, existing without the

application of the man power shaking was as follows: —
Motion parallel E.W....... T =1.29 sec., 2a=0.07 mm.
” N.S. ......T=1.44 ,, , 2a=0.08 ,,

Experiment No. 1. Central Post shaken from the N. Side.

E. W. Component. 3

* Free afterijlgvg;t. N.S. Component
T (sec.) 2a (mm.) T (sec.) 2a (mm.)

1.40 0.88

1.39 0.55 ...

0.90 0.25

— — 1.40 0.95

* 1.34 021 ......... 1.32 0.12

*1.26 0.57 ... 1.26 0.05

* 1.34 0.08 ......... 1.17 005

* 1.26 0.05 ......... 1.16 0.07

The absolutely maximum motion of 2a=0.95 mm. (N.8. com-
ponent) took place immediately after the cessation of the man

power shaking of the central post.

i

b
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Fig. 6.
The Gojunoto of Toji.

(From the drawings by the
late Dr. Y. Horiike.)
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PL. XXXIII.

Fig. 7.
The Gojunoto of Toshogu,

at Ueno, Tokyo.
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PL. XXXIV.

Fig. 8.

The Gojunoto of Hommonyji,
at Ikegami, near Tokyo.
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Experiment No. 3. Central Post shaken from the H. Side.

E. W. Component. N. S. Component.

T (sec.) 2a (mm.) 7 !’ T (sec.) 2a (mm.)
|

0.96 203 ......... 0.96 0.87
* 1.30 1.83 ... | . 129 0.40

The initial movements were as follows: —
Ist displacement .....0.832 mm.~>W.
2nd v e 1.00 mm.~>E., 0.1 mm >N.
3rd e 2.12 mm.->W.,, 0.28 mm.>S.

The vibrations during the shaking of the central post were alter-

nately large (max. 2a=0.87 mm.) and small (max. 2a=0.43 mm.)

Experiment No. 4. Central Post shaken from the E. Side.

E. W. Component. N. 8. Component.

T (sec.) 2a (mm.) T (sec.) 2a (mm.)
* 1.30 223 ... 1.30 0.29

\
0.96 2.02 ... I : - 0,96 0.91

The vibrations during the shaking of the central post were
alternately large (2a=0.91 mm., T=1.08 sec.) and small (2a=0.38
mm., T=0.84 sec.). |

The motion in the E.W. component decreased, after the
cessation of the forced shaking of the central post, from 2a=2.23
mm. to 2a=0.03 mm. in the course of 16 complete oscillations.

In the N.S. component the decrement was not so regular.

Experiment No. 5.  Central Postshaken from the E. Side.

E. W. Component. N. S. Component.
N : T (ser.) 2a (mm.) T (sec.) 2a (mm.) |
’ 1.03 (T=1.04 sec.)
0.96 245 ... 0.96 {0.28 (T=084 ,, )
* 1.30 203 ... 1.25 0.47
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The 1nitial motion was as follows: —
Ist displacement...... 0.33 mm.>W.

2nd . 1.28 mm.—~ E., 0.17 mm.->N.
3rd v el 2.45 mm.~>~W, 0.52 mm. > S.

Experiment No. 7. Central Post shaken from the K. Side.

E. W. Component. N. 8. Component.

T (sec.) 2a (mn.) o T (Sec.”)“ ” 2a,(Vm»m)7
1.05 2.05 1.51 0.58
0.89 1.28 0.87 - 0.22
1.65 0.93 0.30 0.02
0.83 |

) 1.35 0.33

1.10 168 ... {0030 . 053

* 1.30 263 ... 1.30 0.52
* 1.30 040 .l 1.31 0.15

In the E.W. component, the motion was reduced, after the
stoppage of the shaking of the central post, from 2a=2.63 mm. to

zero practically in the course of 16 complete oscillations.

Expériment No. 11. Central Post shaken from the E. Side,

N. 8. Component.

A 4

E. W. Component. |
S

|

T (sec.) ~ 2a (mm.) | T (see.) 2a (mm.)
0.95 251 ... 1 ' 0.95 0.83
1.29 224 ... 1.29 0.40

* 1,32 055 oooooe.. | 1.32 0.33

The initial movements were as follows: —
1st displacement...... 0.12 mm.»W., 0.07 mm.~ 8.

2nd y e 088 ,, -»HE. 013 ,, >N.
3rd e 1.77 ,, -W., 028 , —>8S.
4th by e 2.67 ,, >E., 058 ,, >N,

The E.W. motion decreased, after the stoppage of the forced
shaking, from 2a=2.23 mm. to zero in 16 complete oscillations.

* Pree after-movement,
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Motion of the Toshogu Gojunoto at Ueno,

Tokyo, caused by shaking the Central Post.

(*)eenns Natural after-movement.
Experiments Nos. 2, 6, 8, 9, 10, 12, 13, 14, 15, and 16.
No. of Motion of . ‘
E. W. Component. N. S. Component.
Exprt. Central Post. w P p
T (sec.) 2a (mm.) T (sec.) 2a (mm.)
1.04 123 .o 104 178
9 Shaken from N. 104 105 oeeeeenne. 1.04 153
¥ o182 097 eeeennnnn. 131 063
¥ 1290 018 eveeeeenn.. 1.25  0.17
Y
138 0.97 oo, 0.96 127
1.5  0.57 .ooeeeeeni.... 089  1.03 .
8 Shaken from S. 028  0.02 ... —  (small)
#0134 097 ... 1.35 173
# 114 010
— A (108 (T=1.12 sec.)
095 221 .eoereeennnn.. 0.96...10.84(T=0.48 ,, )
8 Shaken from K. {1.90 Trace)............... 1.90
* 130 173 ... 130 035
0.92 223 ... 092  0.82
9 Do. 094 190 ... 0.94 085
* 130 134 ... .30 042
A — —_ —— _ —
093 298 ... 177 068
10 Do. 0.96  2.02 ..oreiirnnn... 190 103
: #0180 188 ... 1.30  0.338
110 052 .oooceennn.n. {0.95 139 .
5 - 150 ~ 3.07 :
12 Shaken from N. 130 077 ... 0.93  1.20
©0.29  0.07
130 109 ..eee.l. 091 150
13 170 022 ... 146 165
028  0.05
% 133 042 ... 1.35 187
1 4' Shaken from S. 141 110 e, 090 152
: #0130 108 .eocerernnn 1.30 190
15 Shaken from E. 095 343 ...l 095 113
: ¥ 180 218 . f 130  0.37 \
o . — I
16 Do. \ 094 308 ...ceeeeren... {094 110
130 238 1:30 047
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S.  Hommonji gojunoto. The gojunoto of the Hokke sect
temple Hommonji, at Ikegami, near Tokyo, has a total height of
99.25 shaku; the sectional dimension of the tower body, built of
keyaki (Zelkowa acuminata) wood, and 82.23 shaku in height, being
16 shaku at the base and 11 shaku at the 5th story. The central
octagonal post, supporting the kurin 20.62 shaku in height, does
not rest on the ground, but rises from the ceiling of the 1st story.
| where the base is fixed to a strong
cross beam, being otherwise not -in
contact with the tower structure. It is
composed of two sugi (Cryplomeria
Japonica) solid pieces jointed at 18
shaku above the base level and has
the height of 63.2 shaku, with a

nearly uniform sectional area of the

Fig. 11. Section of the Central Post
of the Hommonji Gojunoto.
At the top... d=1.16 shakn base to 1.16 shaku at the top (fig. 11.).

base......d=1.25.

diameter varying from 1.25 at the

, The vibration measurement was
made on June 15th, 1290, between 10.50 a.M. and 1. p.m., when
strong S.E. winds with the speed of some 10 m./sec. set the tower
into the natural movement of considerable amplitude.® The
- eentral post could easily be thrown into oscillation by pushing its
upper portion with hand at successive regular intervals such that
the motion reached some 3 cm. range at the Hth story, the top
striking against the hollow metal base (roban) of the kurin. The
period of oscillation of the central post thus produced artificially
was on the average 1.55 sec. as follows:—

* The wind speed and direction observed at the Central Meteorological Observatory in
Tokyo, at the time of the experiment, were as follows :—

9am. 7.5 m.seec. ......... S.W. lpm.  83m/sec. .........8.W.
10, 92 e S.8WL 2, 83 W,
11 ., 10.4 C s ' 100

3
Noon 108 = ... 4 88
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92 oscillations in 60 sec.

% 30

47 . ” 30 ,,  Mean Period=1.55 sec.
47 ' 30. ,,

46 " 30 ,, )

The oscillation of the central post produced usually no evident
increase in the motion of the tower. The average period (=T)
and the maximum range (=2a) of the natural motion caused by

the winds, measured at the 5th story floor, are given in Tables IX,

TaBre IX. Motion of the Hommonji Gojunoto:

Free Motion® caused by Winds.

E. W. Component. r N. S. Component.

T (sec.). 2a (mm.) | T (sec. . 2a (mm.)
1.3 (8).ii.... 0.62 - 1.94 (1)............ 0.50
1.33 (1) 0.29 1.32 (1) 0.13
1.34 (3) 0.75 1.33 (3) 1.64
1.35 (3) 2.03 1.34 (4) 2.10
1.36 (2) 1.40 1.85 (5) 2.30
1.37(1) . 030 - 1.36 (3) 2.13
1.38 (4) 2.20 1.87 (1) L.60
1.39 (3) 1.92 1.8 (6) 2.49
1.40 (7 2.20 140 (1) - 0.67
1.42 (1) 0.83 1.42 (1) 2.03
1.43 (1) 2.97 | 143 (1) 2.16
1.44 (2) 1.62 1.45 (1) - 1.43
148 (1) 197 1.48 (1) 0.40
1.49-(1) L77 136 ..o 2.49 (max)
138 oo, 9.97 (max.) |

* The frequency of the occurrence of the different periods is indicated by a figure enclosed
in brackets. '



130 F. Omori: Vibration of
TasLe X. Motion of the Hommonji Gojunoto:
Natural Motion caused by Winds.
Obféﬁrzggn. E.W. Component. N.S. Component.
T sec. 2a (mm.) T sec. 2a (mm.)
1.40 1.16 ............ 1.40 0.67
1.30 0.37 : 1.24 0.05
1.33 0.29 — —
. 1.44 0.65 — -
- 1.38 0.81 1.35 0.97
' 1.34 0.47 1.34 0.27
10.40— 1.30 0.15 1.33 0.52
10.45 a.m. 1.36 0.07 1.36 0.20
- 1.38 1.38 — —
- — 1.45 1.43
1.40 0.52 1.38 1.43
1.40 0.10 1.38 1.33
1.34 0.05 —_ —_
1.39 0.20 1.32 0.13
1.35 203 ............ 1.33 1.64
1.49 177 1.35 1.13
1.43 2 97 1.48 0.40
1.42 0.83 — —
—_ — 1.38 1.16
1.37 0.30 —_— —
10.50— 1.76 0.20 1.65 2.95
11.05 A, 1.30 0.62 1.37 1.60
' 1.40 0.12 — —
— — 1.35 1.97
1.44 1.62 — e
1.48 1.97 1.42 2.03
1.35 1.97 1.38 2.49
1.40 2.20 1.38 1.36
1.40 0.23 1.34 0.46
. 1.36 220 ... 1.33 1.13
e 1.59 1.92 1.43 2.16
B 1.34 0.75 1.36 0.63
1.35 179 ... — —
— -— 1.38 2.29
1.38 1.16 1.35 1.05
11.25— — — 1.35 2.30
11.45 s 1.36 1.40 1.36 2.13
1.40 1.67 1.34 2.10
1.39 0.68 1.34 0.89
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Observation of Individual Vibrations.
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Motion of the Hommonji Gojunoto:

131

E. W. Component.

N. S. Component.

T (sec.)
1.76...

1.75

1.60

............ 0.20

2a (mm.).

| 1.43
2.62
2.89
1.31
1.47

T (sec.) %a (mm.).
165, . 2 95
1.75 1.03
1.50 1.53
1.60 1.00
1.80 0.80
1.70 1.82
167

Tasre XIL
Motion caused by shaking the Central Post.

Motion of the Hommonji Gojunoto:

Duration of

E. W. Component.

- N. 5. Compounent.

Shaking.
) T (sec.) 2a (mm.). T (sec.) 2a (mm.).
35 Sec. 1.36 ........... 0.34 1.35............ 0.68
14 140 0.87 1.28 0.73
35 1.6 1330 1.40 2.41
60 1.39 0.88 1.45 2.37
30 1.42 0.23 1.41 0.23
30 1.45 0.23 1.31 0.53
30 1.44 1.82 1.46 2.07
140 1.38
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and X, while the corresponding elements of motion observed
under the addition of the artificial shaking of the eentral post are
given in Table XII. The general mean period came out to be 1.38
sec., the max. 2a in the K. W. and the N.8. directions being each
about 3 mm.

Table X1 relates to the conspicuous vibrations which occurred
singly in different otherwise minimum epochs of the motion.
The period was longer, with the average value of 1.7 sec., due
probably to the action of a solitary gust of wind which could put
the structure in oscillation in the time interval dependent on its
duration.

9. Nikko gojunoto. The gojunoto of the Nikko temple
has the total height of 114.75 shaku, the kurin and the tower
body being respectively 27 and 87.75 shaku high. The sectional
dimension of the tower ig 16.0 shaku at base and 9.7 shaku at the
5th story. The combined system of the kurin and the shinbashira
does not rest on the ground but is suspended from the cross beams
61 shaku above ground at the floor of the 5th story by four iron
chains, attached to the post at the height of 56 shaku, namely,
at the level corresponding to the 4th story balustrade. KEach of
the chains is 5.5 shaku in length, and is compdsed of links 0.5
shaku long and 0.07 shaku thick. The central round post
which is of keyaki wood and has the diameters of 1.96 shaku at
base and of 1.58 shaku at top, namely, just below the roban, is
composed of three pieces jointed at the heights of 32.5 and 69.0
shaku by means of vertical ‘bamboo sticks 6 shaku long secured by
three iron rings, 0.36 shaku in width and 0.035 shaku in thick-
ness. The diameters of the outer and the inner vertical columns

of the different stories are as follows: —



12 outer posts. ...

4 inner posts. ....

Gojunotos, or 5—-Story Buddhist Stupas (Pagodas).

1st Story.
... Diameter =1.36 shaku ;

...Diameter::l.fi()' ’ ;{

Diameter

(Octagonal)

=1.4

2nd to 5th Stories.
Diameter=1 20 shaku.

I

The amount of the eccentric horizontal distances between the

columns of the successive stories is 0.25 shaku for the inner and

0.75 shaku for the external series.

TapLe X111 - Motion of the Nikko Gojunoto:

Period of Vibration.®

’

E. W. Component.

Forced Shaking.

T (sec.) 2a (mm.)
1.20 (1)......... 0.67
1.21 (1) 1.03
® 126 (1) 0.60
1.27 (1) 257
1.30 (3) 1.93
1.31 (2) 2.18
1.32 1) 1.33
1.34 (1) 0.40
1.35 (3) 3.07
1.36 (3) 3.08
1.37 (2) 2.58
1.38 (1) 3.10
1.39 (2) 3.83
141 (4) 2.17
1.42 (1) 1.30
143 (1) 1.92
1.44 (1) 1.22
1.46 (1) 0.37
1.52 (1) 0.70
1357 | ’
0.25 (1)
0.24 (1)
0.25. (1)
0.25

Free Motion.

T (sec.) 2a {mm.)
124 (1. 0.07
1.27 (1) 0.05
1.29 (2) 0.22
1.30-(8) 0.77
1.31 (2) 1.62
1.32 (3) 1.23
1.33 (2) 1.97
1.34 (6) 2.43
1.85 (1) 0.77
1.36 (2) 1.92
1.38 (1) 3.28
1.39 (1) 2.53
1.40 (1) 0.48
1.327 '

N. 5. Component.

Forced Shaking.

T (sec.) 2a (mm.)
1.20 (1).oenn... 0.52
1.25 (1) 1.53
1.28 (4) 2.27
1.29 (1) 0.58
1.30 (5) 2.27
1.31 (1) 0.08
1.34 (1) 0.79
1.35 (3) 0.43
1.36 (2) 3.03
1.37 (3) 1.58
1.39 (1) 1.87
1.40 (3) 0.67
1.43 (1) 0.84
1.44 (1) 0.31
1.45 (2) 0.83
1.342

0.43 (3)

0.44 (2)

0.46 (2)

0.47 (1)

0.49 (1)

0.45

Free
T (sec.)
1.27 (3)
1.29 (1)
1.30 (1)
1.31 (3)
1.32 (4)
1.33 (3)
1.34 (4)
1.35 (3)
1.36 (2)
1.37 (1)
1.324

Motion.
2a (mm.)

......... 0.19
0.23
0.20
3.12
1.30
1.97
1.40
1.85
.77
0.67

* The frequency of a given value of period is indicated by the figure enclosed in

brackets.

Mean value is indicated by thick numerals.
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The different roofs were covered by copper plates, 1.2x4.0
shaku in size, weighing, for the 5th roof, 4.96 lbs. per piece.
For each of the four other roofs, the weight in question is 4.96
lbs. for the single layer along the edge, but 3.14 lbs. for the rest
of the area. Thus, the copper plate covering on the top roof
was about 11lb. per sq. foot, and for the lower roofs about 0.7%
Ib. per sq. foot. The substitution of the copper plates for tiles
materially contributes to reduce the weight of the towenr.

On Feb. 28th and March 1st, 1919, when the vibration
measurement was made, it was found that the small wooden
dowel, 0.5 shaku in diameter, projecting downward from the
bottom face of the central post (fig. 12.), was in touch on the N. W.
side with the inner wall
of the cavity excavated
1 the granite founda-

Shin - . .
bashir a | tion, leaving a separa-

(Central ; ‘ . . )
Post) 7 7 ﬁ tion of 0.1 shaku on the
r— S ] S.E. side. Consequently

it was not possible to set

- f the pendulum system

” into free motion by

I 4.7 pushing it with hand.

@round 4 When pushed or struck

[ ]
% ﬂ.’ 5 P at lower parts, below

Fig. 12. Section showing‘ the lower end of the Central the centre of gl”él.Vlty,

Post Pendulum of the Nikko Gojunoto. the column made sim ply
some slight shivering tremors. Shaking, however, the column near
the top, it was caused to move sensibly with slow proper period.

At the time of the experiment there prevailed very light
winds, which caused no tree leaves to move. The tower was,
however, making small unfelt oscillations.
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As will be seen from Tables XTII and XIV, the pei‘iod of the
forced osecillation of the tower was 1.35 sec. and identical with that
of the free oscillation. The max. movements in the two classes of
motion were respectively 3.8 and 3.2mm. It is hereby to be
noted that the period of the natural oscillation caused by winds
was the same as that of the movements which followed the forced

man power shakings.

TasrLe XIV. Motion of the Nikko Gojunoto,
caused by shaking the Central Post.

(*.o.ee Free after-movement.)
Motion of the y
Contral Post. E. W. Component. N. S. Component.

T (sec.) 2a (mm.) T (sec.) 2a (mm.)

Natural Oscillation. 1.32 020 .olieeenen.. 1.30 0.12

(Very slight wind) 1.35 0.17 1.25 0.05

1 1 0.25 0.08 0.43 0.09

Shaken I.-W. 1.20 0.67 1.30 0.20

1.33 0.19 1.20 0.57

— — 1.14 0.40

— — 1.20 0.52

N -S 1.29 0.25 1.15 0.47

” e 1.36 0.19 1.04 0.20

— — 0.43 0.07

0.24 0.01 0.42 0.08

¥ 1.34 0.13 1.35 0.04

141 218 iieeiveneennn o137 0.97

1.38 3.10 1.37 1.58

1.41 2.17 1.36 1.07

1.44 1.22 1.30 0.53

¥ 1.31 0.26 ' 1.32 0.57

' E.-W. * 1.24 0.07 1.27 0.07

* 1.33 1.97 - —

* 1.34 0.43 1.36 0.30

¥ 1.39 2.53 ' 1.35 1.85

* 1.33 1.73 1.32 1.15

* 1.32 0.10 1.33 0.10

1.52 070 eevivinnnin.n 1.31 0.09

1.38 3.03 1.35 0.22

1.39 3.83 1.39 1.83

1.42 1.30 1.40 . 0.87

’ E~-W. 1.35 133 1.30 1.33

1.32 1.33 1.30 1.37

* 1.35 0.77 1.33 1.97

* 1.34 0.93 1.34 1.40

* 1.32 0.57 1.32 1.30
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Motion of the
Central Post.

Shaken N.-S.

., BeW.
i

" H.-W.
|
i
i
i
Q
!
|
|

-
9 h""S

E. W. Component. N. S. Component.
T (sec.) 2a (mwm.) T (sec.) 2a {(mm.)
1.45 0.83
1.46 0.37 cevvrienannnn 047 018
- - 0.49 0.27 .
1.35 0.50 1.45 0.80
1.40 0.54
1.34 040 .oooevrnnnn... 046 0.07
1.36 0.07 1.35 0.20
1.40 0.21
1.41 0.05 cerveeeeeeens { 5 oo
* 1.30 0.28 oooooienn . 1.30 0.20
* 1,27 0.05 1.27 0.13
* 1.40 0.48 1.36 077
* 1.29 0.22 1.27 0.19
* 1.29 0.10 1.29 0.23
1.41 1.53 coeeeieeeenn. 1.35 0.43
1.43 1.92 1.43 0.84
* 1.38 1.92 1.34 1.10
1.37 2.58 1.37 1.13
1.35 3.07 1.36 3.03
*1.32 1.23 1.31 3.12
* 1.34 0.15 1.32 0.30
* 1.35 0.27 1.32 0.07
— 0.44 0.12
— — 1.31 019
1.34 0.77 1.34 0.74
0.26 0.05 — -
1.31 1.62 j 1.32 0.77
129 0.58
1.36 243 oo, { o el
1.44 0.31
1.30 1.98 oo { 043 (small.)
1.39 211 e 1.34 0.79
0.25 0.13 — (small )
— (small.) 0.44 0.10
1.30 0.60 I 128 0.53
0.25 0.09 I— —
0.24 0.13 — —
1.37 0.73 evreecrrnenn 1.02 0:14
1.20 1.03 1.20 0.52
1.27 2.57 1.28 2.27
1.31 2.18 1.30 2.27
* 1.34 2.43 134 1.40
* 1.30 0.77 1.37 0.13
* 1.38 0.32 1.32 0.67
* 1.30 0.60 1.31 0.92
1.26 081 eeeverennnnn. ? 1.25 1.53
1.30 0.79 ©- 1928 1.97
1.31 0.64 Lo1.28 1.27
*1.38 0.09 | 133 0.10
* 1.34 0.09 | 135 . 0.06
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10. Asaksa gojumote. The gojunoto of the Asaksa temple,
in the Asaksa park, Tokyo, has the total height of 107.4 shaku,
the kurin and the tower body being respectively 25.7 and 81.7 |
shaku high. The sectional dimension of the tower is 16.0 shaku
at the base and 10.0 shaku at the 5th story. The combined system
of the kurin and the shinbashira does not rest on the ground, but
is suspended from the roof frame of the 5th story by four strong
flat iron 'S‘prings and two horizontal iron bars passed through the
post at right angles. The shinbashira, octagonal in section, is of
larch-tree, (Lariz leptolepis japonica) and is composed of 5 pieces or
parts jointed together, the circumference being 5.5 shaku at the
bottom and 4.4 shaku at the 5th story (fig. 13).

' ' The kurin and the shin-
bashira form a pendulum,
T /é L which could be put into
bashira / movement by slight touches

of hand at the lower end.

— r

The natural oscillation period

X .
—— ir—lt was 3.05 sec., which is much

Ground o, shorter than the value cor-

a0

Fig. 13. Section of the lower end of the
Central Post Pendulum of the
Asaksa Gojunoto.

responding to a simple free -
pendulum of the same dimen-
sions. The amount of motion
of the lower end of the post reached 0.25 and 0.20 shaku
réspectively in the N.S. and the E.W. 4dire_c‘t10ns. The proper
pendulum oscillation might have been made, larger but for the
device for limitation, as shown in fig. 13; the small dowel at the
bottom end of the post having the freedom of motion for only
the amplitude of 0.1 shaku in the small hollow receptacle of stone

fixed to the ground.
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TasLe XV. Motion of the Asaksa Gojunoto:

Period of Vibration.*

K. W. Component. N. 8. Component.

Forced Motion.  Free Motion. Forced Motion. Free Motion.
Sec. sec. sec. . sec,

1.25 1) 1.31 (1) 1.30 (1) 1.31 (2)

1.30 (3) 132 (2) 1.31 (2) 1.32 (2)

1.31 (1) 1.33 (1) 1.32 (4) 1.34 (1)

1.32 (1) 134 (2) 133 (3) 1.35 (5)

1.34 (3) 1.35 (9) 1.4 (4) 1.36 (2)

1.35 (5) 1.36 (7) 1.35 (4) 1.37 (1)

1.36 (7) 1.37 (1) 1.36 (4) 1.38 13)

1.37 (1) 1.44 (1) 1.38 (4) 1.349

1.38 (3) 145 (1) 1.39 (1)

1.39 (1) 1.356 140 (3)

1 40 (6) 1.41 (1)

L41 (1) 1.352

1.42 (2)

1.45 (2)

1.50 (1)

1370 |

On July 3rd, 1919, when the vibration measurement was made,
it was calm, and the tree leaves were not appreciably moved;
at the 5th story there being only slight easterly breeze. The tower
was put into motion most effectively by shaking the shinbashira
at the 5th story. The central post itsell could be thrown into
considerable movement by the man power disturbances applied
at the 3rd story. This caused, however; no great motien of the
tower structure. Similarly large oscillations of the post caused by
pushing its lower free end produced only slight motion of the tower.

The forced oscillation of the tower had the average period of
1.36 sec., with the max. 2a of 4.1 mm. The free movement
which set in after the cessation of the artificial shaking had also
the identical period of 1.35 sec., with the max. 2a of 3.6 mm.
(See Tables XV and XVI.)

* The frequency, or the number of occurrence, of a given value of the period is indicated
by the figure enclosed in brackets.

4
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Tasre XVI. Motion of the Asaksa Gojunoto, Tokyo,

caused by man power shaking of the Central Post.

- Experiment No. 1. Central Post shaken from the E. Side.

Motion of the

Central Post, K. W. Component. N.S. Component.
T (sec.) 2a (mm.) T (sec.) 2a (mm.)
1.30 0.87 oo ©1.32 0.33
1.36 1.47 1.32 0.27
1.40 1.30 1.39 0.24
1.35 2.03 1.35 0.49
1.40 1.50 1.36 0.40
1.44 1.57 1.33 - 0.23
Shaken at the 1.40 2.15 1.38 0.43
5th Floor. 1.45 2.05 1.38 0.33
* 1.36 1.90 | 138 0.23
* 1.36 1.90 1.32 0.37
* 1.36 0.92 1.38 0.55
* 1.31 0.23
¥ 1.35 1.25
* 1.36 0.28
1.50 1.08 oo 1.31 2.13
Shaken at the 1.41 0.88 1.40 0.10
4th floor. 1.40 0.98 141 0.07
¥ 135 070
{ 1.39 LI7 i, 1.38 0.07
0.46 0.08
‘ 1.35 0.57 1.32 0.12
Shaken at the 1.36 0.31 1.33 0.15
3rd floor.
# 1.32 0.99 1.32 0.33
# 1.35 0.35 1.35 0.25
* 1.36 0.41 : 1.34 0.23
* 0.39 (small.)

Experiment No. 2. Central Post thrown into Free Oscillation

by shaking at the lowest story.

1.34 0.28 .iovveeennn. 1.31 0.10
1.35 0.43 136 0.09
Shaken E.-W. 1.34 0.13 1.38 0.25
1.35 0.80 1.35 0.54
1.32 0.23 (small.)
136 021 v 1.35 0.12
Shaken N.-S. 1.37 0.58 1.37 0.16
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Experiment No. 3. Central Post shaken at the 5th Floor.

Direction of

E. W. Component.

N. 8. Component.

Shaking.
Shaken T (sec.) 23, (mm.) T (sec.) 2a (mm.)
from the S. 1.38 077 e 1.40 2,00
* 1.35 0.72 1.35 2.10
Shaken 1.36 85 e 1.35 0.23
from the W. 1.35 3.43 1.38 0.89
D 1.36 35 e 1.34 0.34
0- 1.87 3.5 —_— (small.)

Do. 1.38 258 e 1.36 0.46
* 1.35 2.50 1.38 0.73
D 1.36 2.97 e 1.34 0.19
0- 1.34 2.27 1.33 0.22
Shaken - 1.36 0:94 oooovee. 1.34 2.70
from the S. * 1.35 1.03 1.35 2.47
D 1.40 014 oo 1.35 2.13
o- 1.35 0.41 1.36 2.07
Experiment No. 4. Central Post shaken at the 5th Floor.
1.45 225 e 1.34 0.24
Shaken 1.44 2.46 1.40 0.13
# 1.36 4,10 1.31 0.24
Natural motion. B 1.35 065 ..oveinnnns 1.31 0.20
(With()ut_special * 1.35 0.79 1.30 0.14
shaking.) * 1.84 0.78 1.35 0.24
) * 1.4 0.76 1.36 0.30

1.25 0.82

# 1.44 0,48

1.30 1.07

* 1.85 0.77

Shaken ) 1.88 0:63

from the W.. 7 1.83 0.45

‘ 1.30 1.01

* 1.45 0.37

1.31 1.40

1.32 0:47
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11. Comparison of movements of the different gojumnotos. In
Table XVII are given the elements of motion of the six gojunotos,
together with the height and size of the towers.

Natural vibration period. The large gojunoto of Toji has
the longest natural vibration period of 1.81 sec., while the
Horyuji- tower has the shortest value of 1.25 sec., the latter having
the most stable form of construction. Of the four others, which
are slender in form and whose dimensions do not much differ
mutually, the vibration period varied from 1.28 seec. for the Ueno
to 1.37 sec. for the Hommonji gojunoto. Taking the average from
the four towers of Ueno, Hommonji, Nikko, and Asaksa, I get

Height of tower body =81.9 shaku=H
' Base dimension =160 , =b
5th Story dimension =102

Natural vibration period=1.34 sec.=t

The base and the 5th story dimensions of the Toji tower body are
very ’nearly equal to double of the average values for the four
smaller ones here deduced; the h\eight of the former being, how-
ever, only 1.7 times that of the latter. Now, the vibration period
of a uniform section column fixed at the base varies inversely as
the thickness and directly as the square of the height. Thus the
vibration period (=7') of the Toji gojunoto may roughly be
estimated from that of the mean hypothetical smaller one, assum-
ing all the different towers to be geometrically and constructively

similar, as follows: —

o Tx138 %D

=1.9 sec.,
H?2x 31.8

which agrees fairly well with the actual value of 1.81 sec.
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12. Forced vibration period. The period of the large forced
tower body oscillations caused by the man power shinbashira shak-
ing was found to be perfectly the same as that of the small or
large free motion in the three cases of the Hommonji, Nikko, and
Asaksa gojunotos, in the last two of which the central post and
the kurin form a system suspended from the tower structure. The
free oscillation period of the pendulum of the Asaksa gojunoto
was 3.05 sec., that for the Nikko one being probably of the same
order of magnitude. The trace of the existence of the slow move
ment of 3 sec. period was, however, not found in the instrumental
records. Again, the vibration period (=1.55 sec.) of the central
post of the Hommonji gojunoto, which is fixed to the floor of
the 2nd story and is clear of the rest of the structure, is not shown
in the motion of the tower.

In the gojunoto of Ueno, the heavy shinbashira, which rests
on the ground and is supported at the top, has the short proper
vibration period of 0.95 sec., which becomes the predominant
element in the forced oscillation of the tower; the natural longer
oscillation period (=1.28 sec.) of the latter being entirely
obliterated when the central post is set in motion. This seems
to be due to the relatively great mass of the shinbashira, whose
upper end is in contact with the tower body. |

In the case of the Horyuji gojunoto, the period of the small
natural oscillation (=1.25 sec.) is much shorter than that of the
larger movement (=1.64 sec.) caused by shaking the central
post. This may be due to the fact that the latter is in contact
with the tower body at two places about the middle of its height,
thereby putting, in case of the shaking, the whole system in

motion as one mass.



Gojunotos, or 5-Story Buddhist Stupas (Pagodas). 148

Tasre XVII. Maximum Movement and the Free and

Forced Vibration Periods of the different Gojunotos.

Height of Dimen- | Dimen-
Gojumoto. | "gwar | Bgn ot | ol | | Tt | g o
ody Story Story
- shaku shaku ) shaku sec. sec. mm.
Horyuji 73.3 20.7 10.6 1.25 1.64 1.4
Toji 138.0 31.8 22.2 1.81 1.26 % 0.92
Ueno 79.5 160 10.3 1.28 0.95 3.4
Hommonji 787 | 159 | 108 | 187 | 139 | 33
Nikko 87.8 ]@9.0 9.7 1.33 1.85 3.8
I
Asaksa, 81.7 16.0 10.0 1.35 1.36 4.1
Mean from Ueno, ‘
Hommonji, Nikko, 81.9 16.0 | 10.2 1.34 — —
and Asaksa. |

FKor the Toji gojunoto, the period of the proper movement
of the column composed of the shinbashira and kurin, which
was not directly observed, may be estimated to be about 3% sec.
from the comparison with that for the Hommonji gojunoto.
Slow oscillation of this period, however, does not occur in the
motion of the tower body, which is entirely isolated from the
shinbashira. |

The difference in character of motion of the five smaller
gojunotos, as far as the natural and forced oscillations are con-

cerned, may be diagrammatically illustrated as in fig. 14.

* The average period of the artificial shakings.
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Yo [hrwen !
- S}Dlakiméf -

¢ |

Ty= 095 soc

I

i

L=/.3 ser

Fig. 14. Diagram illustrating the character of motion of the different gojunotos.
Ty=Natural vibration period. Ty=Vibration period during the
application of man power shaking to the shinbashira (central post).

I. Ueno Type. '
II. Nikko, Asaksa, and Hommonji Type.
IITI. Horyuji Type.

~ In each of the three gojunotos of Ueno, Nikko, and Asaksa,
the oscillations which occurred a short time interval after the
cessation of the artificial shakings applied to the central post were
often equally large or even larger than the preceding prominent
movements. -(See figs. 18, 19, and 21.) This fact may be due

to the circumstance that the removal of the disturbing action
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transfers the moving system from the forced condition to the
natural state, favouring thereby the production of large free
oscillations. |

The double amplitude, or range of motion, observed in the
cases of Toji‘ and Horyuji gojunotos was quite small, with the
maximum amount of 0.92 and 1.4 mm. respectively. The motion
of the four towers of Ueno,’Hommonji, Nikko, and Asaksa
produced by the artificial shaking or by moderately strong winds
was about 4 mm. The actual oscillation of these gojunotos in
violent storms or on occasion of a great earthquake would natural-
ly be superior to that for the other two, and may amount to a few
feet. |

13. Height of centre of gravity. [ reproduce here the results
obtained by the students in the department of architecture of the
Tokyo University, who worked, as examples in applied seismology,
of the stability of the gojunotos of Nikko, Horyuji, and of Daigoji.
Messres. Hamano and Suzuki have made estimates of the weight
and the height of the centre of gravity of the Nikko gojunoto
from its one-twentieth scale model kept in the museum of the

Architectural Department of the Tokyo Imperial University, as

follows: —
Weight of the kurin ... ... ... ... ... 3,500 lbs.
), the shinbashira . ... ... ... 9,800 ,,
Total weight of the gojunoto ... ... ...276,000 ,,
Height of centre of gravity ... ... ... 39 shaku.

The point corresponding to the centre of percussion of the tower
relative to the ground surface is at the height of about 52 shaku.
The results of the approximate estimations made of the

Horyuji gojunoto, by Messres. K. Omori and D. Oka from

Professor C. Ito’s detail construction drawings, are as follows:
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Weight of the kurin ... ... ... ... ... 5,800 lbs.

" the shinbashira . ... ... 10800 ,
Total weight of the gojunoto ... ... ... 1,006,000 lbs.
Height of centre of gravity ... ... ... 36 shaku.

Height of the point corresponding to the
centre of percussion ... ... ... ... 4Y shaku.
The height of centre of gravity of the gojunoto of Daigoji, near
Kyoto, is about 34.7 shaku, according to the estimation by Mr. S.
Fujioka.™
Thus, the position of centre of gravity is in each case at the
level of the 3rd story verandah or balustrade, being situated a little
below the middle height of the tower body, as follows:—

Ratio of height of centre of gravity
to the total height of tower body.

L 39 shaku _ 1
Nikko ... SamE 5o

.. 36 1
Horyuji ... ... ... .. ol T a0

N 34.7 ‘ l
Daigoji... ... ... ... .. i~ 9w

From the above statements it will be seen that the gojunotos
of Nikko, Horyuji, and of Daigoji, are equivalent, as far as the
simple overturning action is concerned, to large uniform section
columns with the base of 16 to 21 shaku and with the height of 69
to 78 shaku. (See fig. 15.) The ratio of the base dimension to the
height is 1/4.9 for the Nikko gojunoto which is appreciably
smaller than the values for the other two, namely, 1/3.5 and

1/3.3. This is the reason why the Nikko stupa looks so slender.

* The dimensions of the Daigoji gojunoto are as follows . —
Total height ................ 119.7 shaku.
Height of kurin ... ...... 41.3
. tower body...... 78.4
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(Nikko)*

(Daigo) (Horyuji)

78 77’ 6?;*

76 207 “ 2/
Fig. 15. Nikko, Daigoji, and Horyuji Gojunotos represented as columns.
The ratio in question for the Ueno, Hommonji, and Asaksa goju-
notos will be somewhat larger than that for the Nikko one.

14. Stability of gojunotos against overturning. The gojunotos,
though tall and apparently unstable, are in reality very stable and
can resist overturning by earthquake shocks, however violent.
Even supposing these structures to come under the category of
“small body’* the approximate acceleration (=a) of the earth-
quake motion necessary for the overturning®™ would be, for the
three gojunotos considered in the preceding §, fairly high and

vary from 2,000 mm. /sec.? to 3,000 mm. /sec.,? as follows: —
o ? ? y

Nikko ... ... ... ... ... a= ;g X g ==2,000 mm./sec.?
Horyuji ... ... ... ... a= 20‘(., g =2,800 .y
72
. ‘ 21 A A
Daigoji... ... ... ... ... a= a9 x g =3,000 ”

* See the Publications of the Earthquake Investigation Committee, No. 12.
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where g represents the acceleration due to the gravity. These
structures are, however, to be regarded as large bodies, since the
period of their natural bodily rocking must he sufficiently longer
than that of the destructive earthquake motion. Thus, for the
Nikko gojunoto. the rough .range of horizontal seismic motion

necessary for overturning the tower as a whole would be

Qa = Sh_ iz—(f—z =10.6 shaku=3.2 metres,

Yo
y, being the height of the centre of gravity, and h the height of
the point corresponding to the centre of percussion with respect to
the ground surface.. The motion 2a of 10 feet or so can never
oceur even in greatest seismic shocks. In other words, the Nikko
and other gojunotos are subject to no risk of overturning from
earthquakes.

Toji Gojunoto. It may not be entirely wrong to suppose that
the principle of the non-overturning of large bodies was known to
the architect who built the Toji gojunoto, whose construction
indicates a bold confidence in the immunity from seismic shocks
of the huge shinbashira, or central post, which is nowhere in
contact with the tower body.  The range of horizontal earthquake
motion necessary to overturn the vertical column composed of the
shinbashira and the kurin .would be some 2.5 feet, which is
beyond the limit of possible destructive seismic vibration. The
free shinbashira of the smaller but much similar gojunoto of
Daigoji has also a very stable proportion, the diameter at the base
being 2.6 shaku. The large size of shinbashira seems to be a
distinet feature of this class of gojunotos.

The shinbashiras of the Horyuji and Ueno gojunotos, whose

erection is to a certain degree similar to that for the Toji tower,
>
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o

are also fairly large, their base diameters being respectively 3.3
and 2.0 shaku.

Nikko and Asaksa Gojunotos. The principle of construction
of these two towers is very interesting, being really a sort of
duplex pendulum, formed by the combination of the suspended
system of the shinbashira and the kurin, which constitute an
ordinary pendulum, and of the tall frame construction of the tower
body, which may be regarded as a sort of inverted pendulum.
Now an ordinary pendulum, which is in stable’eqmlibrium, returns
to its original position even when displaced from the condition of
rest, but, in doing so, is often thrown into large proper oscillations.
On the other hand, an inverted pendulum, whose equilibrium is
unstable, tends to topple over, if displaced from its position of
rest. Speaking in a general way, a gojunoto of the Nikko or
Asaksa type may be said, so far as the overturning tendency is
.concerned, to have its unstability compensated in a measure by the
introduction of the stable pendulum, so as to give the combined
system some approach to a neutral equilibrium, thereby minimizing
the seismic effect on the structure. The Hommonji gojunoto, in
which the free shinbashira is erected from the floor of the 2nd
story may be 1@garded as a modification, or rather as a first step-
toward the introduction, of the pendulum method of suspension.
A characteristic relating to the stupas of this sort is the compara-
tively small size of the central post.

15. Stability against fra‘cture. In each of the three pendulum
or semi-pendulum type gojunotos of Nikko, Asaksa, and Hom-
monji; the period of oscillation of the structure caused by artificial-
ly shaking the shinbashira was 1.35 to 1.39 sec. and identical with
that of the natural free motion. The period of the latter will

also characterize the large oscillations of these structures to be
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produced in the case of a destructive earthquake. In the Ueno
gojunoto, the forced vibration period, =0.95 sec., was found to
be the same as that of the shinbashira, whose great mass and lack
of sufficient rigidity give evidently a preponderating effect on the
motion of the whole structure. A strong seismic motion, which
must set in considerable movement the central post in question,
would cause the tower to assume oscillations with the period
equal to that of the latter. Thus for the first three and the last
one of the stupas here considered, the period of the tower vibra-
tion on the occasion of a great earthquake would be respectively
about 1.4 sec. and 1.0 sec., which are of the same order of length
as the period of the destructive seismic motion for the localities
concerned, namely, one of 1 to ‘1% sec. Hence each of th_ef
gojunotos of Nikko, Asaksa, Hommonji, and Ueno is to be
regarded, in the discussion of the stability against the fracturing by

*
earthquake shocks, as a ‘‘short column,”’

D B s whose weakest section is at the base.
' This conclusion may be extended to the
o _ majority of the other gojunotos of height
! not exceeding some 110 shaku.
' The reduction by the pendulum
‘| | central post of the seismic effect of the
! . gojunoto may diagrammatically be seen
! from fig. 16. The tower moves together
F - with the g‘rc{und in the direction of the

earthquake displacement indicated by the

F"
; arrow, but the shinbashira EF, kept by
A‘ : b inertia in its place, is displaced to some
F:gi; - position EF’ relative to the point of

* See the Publications of the Iﬁiperia‘ml Earthquake Investigation Committee, No. 4, (1899). -
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suspension, thereby counterbalancing to some extent the forward
motion of the rest of the structure.

The period of movement of Horyuji gojunoto:in a strong
earthquake is probably the same as that of the large forced
oscillation, namely, 1.64 sec. The stupa may be regarded as
belonging to the category of ‘‘short column.”

The behaviour of the great tower of Toji in a violent earth-
quake may be different from that of the smaller gojunotos. When
the shaking of the building becomes sufficiently large, the heavy
shinbashira will come in contact with and materially influence

the motion ¢f the tower body. The latter is then likely to move

© with the period of about 3% sec. proper to the former, which is

much longer than the period of the destructive earthquake motion.
The tower is therefore to be regarded as a ‘‘ tall column,”” which
is weakest seismically at about the two-third height. In other
words, the gojunoto in question will be moved, when strongly |
shaken, as if it were fixed in space at the section corresponding to
the latter height.

16. Rate of damping of metion. The Asaksa gojunoto,
whose shinbashira and kurin form a most perfect pendulum, is
subject to least damping effect; 30 to 35 complete oscillations being
required to reduce the motion from some 3.0 mm. to about

0.1 mm., as follows: —

2a reduced from 2.1 mm. to 0.07 mm. after 35 oscillations. (N. S.)

y 2.7 , 0.17 . 2T, (N. 8.)
., 30 043 , 28, (B.W.)
. 2.6 ,» 0.30 . 28 (B.W.)

The motion of the Nikko gojunoto, the lower end of whose kurin
and shinbashira pendulum is at present partly in contact with the

inner wall of the receptacle cavity below, is subject to a quicker
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decrease rate, the 2a being reduced from 1.0 m. practically to
zero after 15 or 16 vibrations.

In the case of the Ueno gojunoto, the heavy shinbashira,
which stands on the foundation stone and whose top is supported
by the tower body, evidently tends to damp the motion very
effectively, reducing the 2a from 2.6 mm. to zero in 16 oscillations,
as follows: —

2a reduced from 2.2 mm. to 0.03 mm. after 16 oscillations.
’ 2.6 ,, 0.0 , 16 '
' 2.9 , 0.0 , 16 »

In the Hommonji gojunoto the free shinbashira fixed to the
floor of the 2nd story acts as a means of bringing large oscillation
of the tower almost immediately to rest, as shown in fig. 23.

In the Horyuji gojunoto, whose shinbashira stands on the
foundation stone and whose middle portion is in contact with the
tower body, the damping effect is also very marked, the large
motion being almost at once reduced to insignificant size when
the disturbing agency is withdrawn.

The use of inverted pendulum type shinbashira in the cases
of the Horyuji and Hommonji gojunotos seems to have an advan-
tage of quickly reducing the motion of the tower body when
thrown into large displacements.




Fig. 17. Vibration of the Horyuji Gojunoto Caused by Shaking the Central Post PL. XXXVIL
\ in the N.S. Direction at the Foot of the Kurin. July 18th, 1910,

Multiplication =30, © (a b)......Interval during which the man power shaking was applied.

1 sec.
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(8. The wan power shaking stopped. Fig. 18. Vibration of the Ueno Gojunoto Caused by Shaking PL. XXXVIII
(bd)......Natural Motion. the Central Post from the E. Side.

June 26th, 1919, (Multiplication =30.)
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Time Scale.




Fig. 19. Vibration of the Nikko Gojunoto Caused by Shaking (tltiplicston ~20) PL. XXXIX.
&:@ Q@b HH‘@H— ”mOrﬁ t “m.H— &SO E.g. H—,v“.—H.OO &MOH—. March 1st, 1919. (b} ......Man power shaking stopped.

(be)......Natural Vibration of the Tower.

1 sec.
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Fig. 20. Vibration of the Nikko Gojunoto Caused by Shaking PL. XL

the Central Post in the E.W. Direction. March Ist, 1919. (Moliplcation=50)
(b} ......Man power shaking stopped.
{be)......Natural Vibration of the Tower,

1 sec.
-3 Time Scale.
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Fig. 21. Vibration of the Asaksa Gojunoto Caused by Shaking Sy . Lo1o PL. XLI
the Central Post from the W. Side. R

(b) weeeed Man power shaking stopped.

(b¢)......Natural vibration of the Tower.
(Multiplication =30.)

1 sec.

T!. ..L Time Scale.

\J R

_ . %\,

e " . \\\‘ ,,
L

o




HHE 22. Vibration of the Asaksa Gojunoto Caused by Shaking , PL. XLIL

the Central Post from the E. July 3rd, 1919,
(®) ...... Man power shaking stopped.

(be)......Natural Vibration of the Tower,
(Multiplication =20.)
l|||||V %V; , | 1 sec.
ﬁ 7 x Time Scale. , K i ~ —
, SL N , i \
a 4y \ c
/ \ f m
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Fig. 23. Vibration of the Hommonji Gojunoto Caused by Wind.  june 15th, 1920. (rulsiptication=30) v PL. XLIIL

Time Scale. W‘\\V&_hﬁ
e U o WO W W o W s W e W e W o W, Y
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Vibration of the Toji Gojunoto. use arih, 1990, cruptisson=on) PL. XLIV.

Fig. 24. Natural Motion Caused by Wind.

1 see,
Time Scale. T;L )

—_— N. S. Motion,

E. W. Motion.

Time Scale. ‘ Ti

Fig. 25. .
Motion Caused by Shaking the
Central Post in E.W. Direction, E. W. Motion,

N. 8. Motion,




