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INTRODUCTION

The aseismic design of structures in Japan is carried out by
applying a statical force horizontally to the structure. In the
case of some slender structures it is found often that the overturn-
ing moment due to the design seismic force is larger than the moment
of stability of the structure. Such cases require special consider-
ation in order to prevent the overturning of the structure. This
special consideration is usually met by increasing the width of the
foundation, anchoring the foundation to piling, or some other
acceptable method.

The actual seismic force application to the structure is not
a statical force but a dynamical force. The overturning of large
structures during even severe earthquakes are unheard-of phenomena,
Therefore, we found it advisable to make a dynamic study of the
overturning moment problem so as to determine at what condition
structures overturn and also to derive some useful data for aseismic

design.

This paper describes the dynamic testing of models of slender
structures on an elastic foundation and the application of the
resultant findings to actual structures using a law of similarity
which was proved by the study.

MODELS

The elastic model of a single mass vibrating system was used,
see Fig. 1. In the figure the mass W; is supported by the flexural
bar Wy which is fixed to a foundation plate Wz. This plate has
mild-steel knife edges.

The study of the vihrational behavior of the elastic model is
enhanced by comparison with a rigid model. Accordingly, the elastic
rodel was stiffened by use of wire stays and used as the rigid model.

Fig. 2 shows the translation from the uniform structure to a -
one-mass system. The gravity center of the upper two-thirds of the
uniform structure was selected as the replacement mass point in the
one-mass system.
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By using such a model we can reproduce any scale of actual
structures, For example, if the scale ratio of the model is
selected as 1/25, from a law of similarity, as explained herein-
after, the actual corresponding structure has the following physical
characteristics:

Height 30 meters
Fundarmental period 1 second

The foundation plate shown for the model can be adjusted to a
greater or less width, The widths used were 12 cm., 18 cm., 24 cm.,
and 28 cm. which resulted in equivalent values of kg, ratio of the
half widths of the foundation plate to the height of the gravity
center of the modsl, of C.15, 0.23, 0.52 and 0.38, respectively.

For the base sheet, rigid, hard or soft ground was represented
by use of wood, hard rubber or soft rubber plates, respectively.
As a consequence there were four elastic type models, four rigid
type models and three kinds of ground giving a total of 24 combinations
for experimental use. :

Tables 1 and 2 give the model's constants and the symbols used.
RESULTS OF EXPERIMENTS

Free Vibration. This was secured by giving the top of the
model an initial horizontsl displacement by hand and then loosing
it abruptly. The free vitrational displacement of the mass point
was recorded on a smoked rotating drum by means of a stylus connected
to the model by spring retained cotton cord.

Several examples of the free vibration records are shown in
Fig. 3. Their initial displacements are about 30 percent of the
statical overtwning amplitude Ay which is defined as the displace-
ment of the malel when its gravity center comes just vertically
above the edge of the fourdation plate. This edge is also regarded
as the rotation center about which the foundation lifts-up.

Model number 2-A-1, elastic model B = 18cm. on a wood base
sheet, A

It was found in these tests that the fundamental period of the
elastic model with the foundation fixed rigidly was 0.193 sec,

The free vibration has such damping characteristics that the
amplitude and period of each wave cycle decreases and converges to
0.193 sec. A small vibration of higher order was found with a
period of 0,043 sec. )

Model mumber 2-i-2, rigid model B = 18cm. on a wood base sheet.
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The free vibration of this model is similsr to that of the
elastic model. However, the higher order vibration noticed for
the elastic model did not exist.

Model number 2-B-l and 2-B-R, elastic and rigid models,
respectively, B = 18 cm. on a hard rubber base sheet.

The free vibration in these two cases is damped vibration and
is similar to those described for the model on the wood base sheet.
The recorded wave forms are smooth even in the case of the elastic
model. The periods converge o 0.348 sec. and 0,312 sec. for the
elastic and rigid models, respectively.

The relationships betwsen the period and the amplitude is
shown in Fig. 4. The dashed curves show the theoretical values for
1ift=up vibration cof the foundation sbout the rotation center for
a rigid body on a rigid base. The value Ay shows the displacement
coincidental to the instant of foundation lift-up obtained by
statical experiment.

In the case of the rigid model (2-A-2) on the wood base sheet,
the experimental results agree very well with the theoretical
results. In the case of the elastic model (2-A-1) on the wood base
sheet, the experimental results also agree well with the theoretical
results,

In the cases of the elastic and rigid models (2-B-1 and 2~B-2)
on the hard rubber base sheet, the experimental results agree well
with the theoretical results at amplitudes larger than Ay. As the
amplitude decreases the period converges to a constant value; which
value shows the period of vibration of the models on an elastic
base sheet and coincides with the fundamental period obtained by
analysis statically effected.

Observing these results, it can be noted that the displacement
of the models at the point of lift-up coincides closely for the
dynamical and statical conditions.

Forced Vibration. The forced vibration experiments use simpls
harmonic motion imparted by a shalking table. Keeping the amplitude
of vibtration of the table constant and slowly changing its period
from long-to-short or short-to-long, the stationary vibration of
the models were recorded on the smoked drum in the form of the
relative vibration between the model mass point and the shaldng
table,

Response curves. Selecting five table double amplitude values,
namely, 1l.5m,, 5.0mm., 6.0mm,, 12.0mm. and 25mm., the period of the
table was changed gradually from 0.1 sec. to 0.9.-sec¢.” The response
curves are shown in Fig, 5.
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Model number 2-A-l, elastic model B = 18 em. on wood base sheet.

In this instance the double amplitude of the table, 2agy, is
1.5 mm, The period is changed from long-to-short and then from
short-to-long. The response of the mass point is different for
these two period changing cases,

Period Changed From Long-To-Short. See Fig, 5.

The curve AB in the Figure shows the elastic vibration with
the model phase the same as that of the table (phase angle 0° - 90°).
This curve coincides with that plotted from the theoretical analysis,

as given hereinafter.

4t point B the phase angle of the vibration became about 90
degrees and the foundation commenced rocking up from the base sheet,
The maximm amplitude of rocking vibration with separation between
foundation and base sheet is represented by point C in the Figure.
As the model phase reversed to that of the table (phase angle
90° - 1800}, the vibration converged to the stationary state of
rocking vibration represented by point D. This type of rocking
vibration with separation of foundation and base sheet continued to
point D!, The curve DE' traces the elastic type vibration which
again occurred. ' : .

Period Changed From Short-To-Long. See Fig., 5 also.

The curves ED! and D'DF show the elastic and rocking vibration
with foundation separation from base sheet, respectively. At point
F the phase angle difference became about 90 degrees and the rocking
vibration occurred and then converged to the stationary elastic
state within the same phase.

Model number 2-4«-2, rigid model B = 18 cm. on a wood base sheet.

The response curve is generally like that for the model 2-A-1
described above, except that the response between A and B is about
zero. The portion of the curve corresponding to the reverse phase
vibration coincides closely to the curve plotted from the
theoretical analysis as given hereinafter.

Model rumber 2-B-1 and 2-B-2 on a hard rubber base sheet.

The shape and characteristics of the response curves are '
similar to those obtained for the models upon the wood base sheet.
The dashed 1ine, shown in Fig., S and designated as the backbone
curve, was obtajned from the results of the free vihration tests.
This backbone curve can be confirmed also from the theoretical
analysis. In every case, the response curves developed on both
sides of the backbone curve are separated by the backbone into the
portions representing same phase on one side and reverse phase on
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the other. In addition, roeking vibration with foundation and base
sheet separation occurs in the viecinity of the backbone.

Lift~-Up Point. (Point of separation between base sheet and
foundation).

In order tc study in more detail the vibration in which 1ift-
up occurs, the double amplitude of the shaking table was varied from
zero to 60 mm. The models reaction on the wood base sheet and the
relationships between the period and the emplitude of vibration of
the shaking table at which 1ift-up vibration starts is shown in
Fig, 8,

As the amplitude of the shaking table gets large, the cmrves
approach the chained lines k. These k lines represent the
statically overturning coefficients on each model on this base
sheet. Multiplying the chained line value of acceleration by the
mass of the model, gives the force which causes statical overturn-
ing of the model, Along the curve BC, the lift-up vidbration
diverges and the malel overtwrns. The curve ABC for the case of
" the model on the wood base sheet can be represented by the follcwing
formula,

Qo
A
Where: ?, ='r¢/T;

Q. = Amplitude of the table

= const. (1)

To = Period of the table

T = Fundamental period of model
befare foundation-base sheet
separation (lift-up).

The form of equation (1) shows the value of the response curve.
This equation means that the lift-up occurs when the elastic defor-
mation 6f the model becomes equal to a certain value; which certain
value is equivalent to the overturning moment of the model.

Table % shows the value of the constants of equation (1)
multiplied by the coefficient of the normal functiongu and the
relative amplitude A of elastic vibration of the lst order obtained
by analysis when the moment at the foundation of the model becomes
equal to the statically overturning moment. The good agreement
between them means that the jump from the same phase to the reverse
phase occurs when the moment at the foundation of the model becomes
equal to the statically overturning moment. The curve DE in Fig. 6
shows the lift-up vibration from the reverse phase to the same
phase,
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The Maximum Amplitude During Lift-Up Vibration

The maximum smplitude, Amax, during the lift-up vibration from
the same phase to the reverse phase is related to the amplitude, &g,
of the shaking table as shown in Fig, 7. The value of Apax is
expressed in terms of the statically overturning amplitude, Ay, and
that of a, is expressed in terms of the minimum amplitude, 8,1, to
overturn the model, By choosing those terms, all the results of
experiments can be plotted to a certain curve.

The empirical formula concerning the upper limit of the
amplitude was found to be:

] .
_A_Lb_l_’_ =(.£a_'.31) 7 (2)
Ao a‘

The maximm amplitude, Amax,during the 1ift-uy vibration from
the reverse phase t¢c the same phase is related not only to the
amplitude of the shaking table but also to the statically overturn-
ing coefficient k as shown in Fig, 8.

The following empirical formmlas were obtained.
Ipax = 0,046 K™ 227 elastic model , 3)
Bpax = 0.055 K3 287 rigid model on wood base sheet

Overturning Vibration. When the amplitude of the shaking table
exceaded a certain value during the 1ift-up vibration progression
from the same rhase to the reverse phase, overtwrning of the model
occurred. During experiments of the several types of models on the
wood base sheet, the minimmm amplitude, agr, of the shaking tsble
to just overtuwrn the models had z linear relationship to the
statically overturning coefficient,kg, as shown in Fig, 9., The
fellowing empirical formula was obtained,

Qe = 4.2 Ks (cm) (4)

From Fig. 7, it is supposed that the overturning of the model
occurs when the value of the table acceleration expressed in terms
of gravity acceleration, g, becomes almost equal to the statically:
overturning coefficient on an elastic base sheet,k. Then the follow-
ing equation 1s derived:

K-§ =aew (21 /Tr)? (s)
From this is derived:

ToL=2K/ac /K g =2x/92Ks/K§ (s")

1244



Study on the Overturning Vibration of Slender Structures

Since the value of k is almost equal to that of ks, in the case of
the elastic model on the wood base sheet, we find that the overturn-
ing perioed T, is:

TeL = 0.6 | sec (s1)

The values from the experiments are shown in Table 4. It
appears that they are in gocd agreement with the values from use
of equation (&' '¥. ,

We assume, from this good agreement of results, that the
empirical formula (4) and owr other assumptions defines the actual
behavior fairly well. During these experiments we did not find
any cases of overturning occurring during the reverse phase, This
suggests that overturning during the reverse phase is difficult and
not to be expected.

ANALYSIS OF VIBRATICN OF RIGID HODEL ON A RIGID BASE SHEET

The rigid model on the rigid (wood) base sheet was selected
for theoretical analysis as the response curve for this model and
the elastic model on the wood base sheet are very similar,

Assumption. We assume that ther: is no slip between the rigid
model and the base shieet, so that horizontal movement of the point
0 shown in Fig. 10 does not occur.

Equation of Vibration. The equation of vibration is found as
follows:

m r.‘-f% +mgrsin(d- B)=-mrcosd-6) ftl; (s)

The first term and the second term of the left side and the
terms of the righd side shows the inertia force, the restoring force
#nd external force, respectively. ‘

The maximm value of d shown in Fig,10, is 0,38 in this study.
We can put sin(d~0 ) =d-0, cos{d=©) = 1 in equation (6), for
the difference between & and sina is 2,3% and that between unity
and cosgl is 6.3% at their 1imits. Then the equation of vibration
can be simplified as follows:

2d20 . (Mo = ~mrle
MR s (-t Mo) = -mrly (7)

when @ 2 O and where M, = mgral is the statically overturning moment.

The relationship between the restoring force and the rotation
angle @ is shown in Fig. 11. The restoring force in moment takes
the maximum value at 8 = O, which coincides with the statically
overturning moment M,: decreases as § increases with 'a linear-
relationship, and takes a negative value for&%d . We assume that
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the restoring force takes a value from Mo to ¥, discontinuously
at & =0,

Free Vibration. Putting M*= Me/mrid =r$/re® the following
ecuation for free vibration is obtained from equation (7):

)
%-n=e+an=~o

and the geperal solution is found as follows:
8=d+Asinh(nt)+ Bcosh(nt) (8)

Consider the following conditions:

.

_ de _
t=0 . gg=0°

t=Ta: 0 =0
Eliminating & and B from equations (8) and (9), the period T and
rotation angle € are as follows:

4 -1 d
T= csh o= (10)

e=d(|-cosh‘n+/c°$h—"z-r-)

(9)

0£t £ T/

Bmox= (i~ \/cosh;";l )

Forced Vibration: Here we consider the stationary vibration
as forced by a simple harmonic ground motion y,.
Potting y? = @, cos pt, and using n as in the case of free vidbration,

equation (7) becomes:
48-»6 x an* = _;'.i‘.i.; p*cos pt (11)

The general solution of equation (11) is:

where 0 =(xd+ASinhmt+B wshnﬂ-’% T# cospt (12)

When the ground motion y, and the rotation angle ¢ are both.
in the same phase or reverse phase in a system with no damping and
the curve of the restoring force versus the rotation angle is
syemetrical about the Y-axis, then we may consider the vibration
as follows:
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Forced vibration of the same phase. Putting:

t=0 ° %zo (13)
t =Tp . o = o

and taking the positive sign solution in equation (12), we find the
stationary solution as:

h
0=d(1-R5sg) - &
OB =~ T2 2w

where emx is the value of the amplitude obtained by substituting
the period of ground motion for the period of free vibration in
equation (10).

{
TegT ooFt (18).

Forced vibration of the reverse phase. The stationary solution
in the reverse phase can be obtained in the same manner, as -follows:

6=-d(i- %) TEmwest L
i

There is a possible solution where & = O, Also, a higher order
form of subharmonics with special wave forms exists. The solution
of the reverse phase l1s stable and the same phase unstable.

Respcnse Curves. The response curves are shown in Fig. 12.
The upper part and the lower part of the backbone curve represents
the vibration of the reverse phase and the same phase, respectively.
In the vibration of the reverse phase the amplitude exceeds s
that is, it enters the area of the negative restoring force.

. The response curves of the model from this analysis are shown
in the case of 2~A+R in Fig, 5. They are considered as coinciding
with the experimental results.

APPLICATION TO ACTUAL STRUCIURES

In this study on 1ifte-up vibrations amnd the overturning
phenomenon, small scale models were used. The resulis of experiments
were confirmed theoretically, as shown hereinbefore. In order to
extend the results to actual structures, we introduce a law of
similarity: ’

Refer to Fig. 13. Case 1 of Fig. 13 shows that with models
in which the height remains constant, changing the width of the
foundation results in no change in the period of the overturning
moment.
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This theoretical law of similarity is verified by the results
of experiment. Therefare, we can confirm and use this law of
similarity in general cases,

Cass 2 in Fig. 13 shows extension from the test results to
actual structures, namely, where both the width and height of
structures change simulianecusly., In this general case, we find a
law of similarity such that the amplitude is proportional +o the
scale ratio of structures and the peried is proportional to the
square roct of the scals ratio. For example, by this law we get the
necessary limiting ground motion to overturn 30m height structures
in the same phase of vibration, considering that the scale ratio
of the models is 1/25, as follows:

ag; = 9.2 x 25 ks (em.)

ToL = 0.61 x 25 = 3,1 (sec.)

There have been no overturning phenomena occur in the experiments
'in the reverse phase vibration. However, assuming that the overturn-
ing occurs when Amay in formmla (3) becomes equal to the statically
overturning amplitude, we get the ground motion necessary to overt\n'n
the Z0m height structure as shown in Table 5.

It should be recognized that the ground motions necessary to
overturn structures are of very long periods and large amplitudes.
These ground motions cannot be expected in actual earthquakes.

CONCLUSIONS

In this study we conducted research on the lift-up vibrations
of several elastic and rigid models. By analyzing the results of
these experiments theoretically, we can establish a law of
similarity as follows:

WWITH THE SCALE RATIO OF SIMILARITY DESIGNATED BY S, THE LAW
FOR PERIODS IS FROPORTIONAL TO THE SQUARE ROOT OF S AND FOR
AMPLITUDES IS FROPORTIONAL DIRECTLY TO S,®

When we refer to structures ¥0m in height, the periods and the
amplitudes of the ground motion used are equivalent to 0.5 sec. to
4.5 sec. and Ocm. to 75cm., respectively.

We arrived at the following conclusions concerning lift-up
vibration,

1. Lift-up vibration can be analyzed by assuming that the
restoring force is a maximmm at the begimming of lift-up and zero
when the gravity center comes vertically over the center of founda-
tion rotation, as shown in Fig. 11.
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2, The response curve is separated into two portions accord-
ing to the period value of the shaking table. One part is the
vibration in the same phase and the other is the vibration in the
reverse phase (model to table).

3. The response curve obtained by theoretical analysis, using
the restoring force versus the displacement gives a curve as shown
in Fig. 11, which curve coincides with the experimental results.

4. When the moment at the base of the structure, in the same
phase of vibration, becomes equal to the statically overturning
moment, the vibration changes to the reverse phase. During this
vibration phase change, larger amplitudes than those of the
_ staticnary vibration in the reverse phase, appear transiently.

5. During the vibration change from the same to the reverses
phase, the overturning phenomemon occurs. The amplitude of ground
motion which is necessary to make the structure overturn is
proportional to the ratio of the width of base to height of model.
The minimum overturning vajue of amplitude can be found as follows:

The minimum overturning amplitude a5y, = 9.2 kg (em.)

The period Tor = 0:61 (sec.)

Extending the results of the experiments to the R actual meter
height of structures by the law of similarity, we find.

Aol = 7.7h- Ks €4, 8]

ToL. =J§4/7-'7 h Ks /k (sec))

From these experiments and studies, it would appear that slender
buildings, similar to the standard, multi-story, ferro-concrete
apartment buildings in Japan, will not overturn easily in any
earthquakes of the same magnitude as those experienced in the past.
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NOMENCLATURE

Lift-up vibration. Vibration during which the foundation rocks-

up or lifts-up from the base sheet about a rotation point
(definitively shown in Fig. 10) causing a separation between
foundation and base sheet,

~ Amplitude of elastic vibration of model just before point of
1ift-up, obtained by theorstical analysis,

Apay Maximum amplitude during the lift-up vibration from the same

phase to the reverse phase in the case of forced vibration.
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Apay Maximum smplitude during the lift-up vibration from the

ToL

reverse phase to the same phase in the case of forced vibration.
Statically overturning amplituds.

Displacement of model mass point just before point of lift-up
obtained by statical experiment.

Amplitude of shaking table.
Mindwum amplitude of shaking table to just overtwn the models.

Angle between OG and vertical line normal at rest position,
see Fig, 10.

Width of foundation plate,

Coefficient of the normal function of elastic vibration.
Ratio of total energy of half wave to that of the next.
Total height of actual structures, in meters.

Statically overturning coefficient on each base sheet.
Statically overtwrming coefficient on the rigid base sheet
(ks is B/H) of a uniform monolithic body, where B and H are
width and height, respectively of the body.

Mass of the rigid body, see Fig. 10.

Distance between gravity center G and either edge of balanced
foundation plate B, see Fig. 10.

Radius of gyration about O, see Fig. 10.

Scale ratio of model to actual structures.

Period of lift-up vibration during frae vibration test.
Fundamental period of modsl before 1ift-up occurs.
Period of shaking table. »

Period of shaking table when its amplitude is agl.

Wy = Al Weight of the supparting flexural bar of model.

Wo
Wy

Weight of the mass point of model.
Weight of foundation of model.
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y Displacement relative to shaking table.
Yo  Horiszontal vibration of shaking table.
-] ‘Tha rotation angle of rigid bedy.

Omax The maximum rotation angle.
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2-A-1 Elastic Model on Wood Base Sheet.

0043sec Elastic Vibration.
m /\ [\ /\ NAAAAAAA
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2Y=122mm  2-A-2 Rigid Model on Wood Base Sheel.
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2Y=120mm  2-B-1  Elastic Model on Hard Rubber Base Sheet.

2Y=118mm  2-B-2 Rigid Model on Hard Rubber BaseSheet.
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Fig. 3 Examples of free vibration reéoz-da

1254



‘Study on the Overturning Vibration of Slender Structures

T
N
e §O
g, 1=
e 3
e 15
[ N -
2 7 40
~ B2 Ef oS, . 1°
) .gn: & \\\, v e oo s L. B
P ~ - N b
a,: EE <2£ ‘\\\\ 3887160 3
~F ~ R
= ~. o
o 6 ~. | ad
X\ ~o <
*'l N g
o R I T O L T | BRI AN T Y S -8
2o Jo &
<, 1 =
o
\Q\ > e :d g
<.\.\ = 42w
2 S i
el e o818y 1.5
B O S o d=
<< = 3 \'\\{ .“Tﬂ ll‘* [=] —8
) 3 ] > oy c
T hiae d [
NS ~ hrd q4Na
2 e, =
@ o .
- I
"~
£ <
Eo LA [cl)i L1 ) ALllod o) 1 h2N S
8 8 2 3 [=3 8 ST ww & N —
A2 UoIBIqIA 8344 o 'duty eyqnog
R,
g,
“ 5.
\.\. . I
~ -
~a 40
35 ©
23 Y SR T
I =3 ~ ol=25 o
om = g? \\\\ 8¥e 0 43
[ ! ~
o -{32 <‘i >~ oy
QT S~ 1o+
< .
. \\ =
uy © -~ <}
3 ~a S
\ ~o -§
LR B O IO S T O | i { J I S R S N | L T _5_0
~ . T—
{v\ _5 >
N{‘ > b—.‘ - §
.. . 48
- g | B
-3 et g [wos a3 .5
‘l = \".* 1 .——__—». ] __8 .8
< g, = 2
[4] e - [
F-1 3L Jy &
8= &3 BSEHI0 |
— ~
uj 8 S
- t
-~
E | S NI G A SO DO I Oll L’?L ) &) ~'<r o’o (Ils S
§ 8238 & & 2
' AZ UOIFBIGIA 991 JO dwy 2)qnoQ ——r
Fig. 4 Period-amplitude curves of free vibration

1255



A, MRIU, 0, VAETUTA 4Ll 1, OUROLE

0y a)qeL m:._v_d:w 40

porad =

owmo._ 40 S0 €0 <¢0 {0 10,50 €0 0 _.o_
B TTVT1 ¢} [ T § IR * 1 < 1R ) m
\ | i
e\ o EEm.ToQN.. H wwg=9g
[¥oh

S

uuig=0py

!

e

S&Hﬂm
1!
LBy
L IRIN
i w__ %
A o

LI

“4./52_ Y2 VOIFBUqIA

Busdwn{’ Buinp

O oo o o

2 =
AZ UOIRGIA PeONO jo duy S1gnog ——

Q

(o]
[¥a]

O, dure 81Qnop X8|y 007
Jaqqny pey uo 1epop pibiy PooM, U0 (3P0 pibiry
Z~4g- m - ¢-V~1¢ .

dwy Duwdanjaer) feduelg  ww Hue

0} aqe] Bupyg 3O PO -

Smo._ L0 G0 €0 70 10 L0 50 €0 ¢0 {0
AREL Uy T T T TR T J }
/ | N Y4
_U WWg =077
5 } mm 2 ¥
i
Ak 3
mv/vm -] Vo >
| 1 3 2
© >
;
] &
| <
i g
Al :
o N
] -~
, o
% Jou
I -
f- -1004
e
*dwe wﬁ:ov.x.aﬁ
-00¢
J3GqNY PEH U0 3P0l AISE POOM, U0 PO JSeY
|-9-2 y l-v-¢ .
oLE

‘dwy Buiuamueng Appeonmg Ww

Response curves

Fig. 5

1256



Study on the Overturning Vibration of Slender Structures

s Experiment on Wooden Plate
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Table 1

Constants of Models

B Wy Wy Wz w I, kg
kg kg kg kg kg.cm®
12cm 2.94 2.7 2.92 8,57 29.2 0.149
18 " " 3.29 8,94 67.7 0.234
24 " " 5.50 9.15 127.0 0.318
28 n " 3.74 9.39 188.5 0.381
123 3,85 u 2,92 9.28 29.2 0.148
185 » " 3.29 9.65 67.7 0.231
245 " " 3,50 9.86 127.0 0,517
285 » " 3.74 10.10 186.5 0,378
s 7igid model
W: weight of each part
I5: moment of inertia of foundation about its center
Table 2
Symbols of the expsriments
B WOODEN Plate Hard Rubber Soft Rubber
1R 1-A-1 1-B-1 1-C-1
125 1-4-2 1-B-2 1-G-2
i8 2=-A-1 2-B-1 2-C=1
188 ReA-2 2-B-2 2-C=2
R4 S-A-1 3-B-1 3=C-1
245 3-A-2 3-B-2 3-C=2
28 4-A-1 4-B-1 4-C~1
288 4-A=2 4-B-2 4=C=2
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Table 3

The Displacement of the Mass Point at the Lift-Up Point

Bem Const. (3w A (analysis)
12 3.C 3.2
18 4.5 5.1
24 8.4 6.9
28 7.7 8,3
Table 4
The Period of Overturning Vibration of Shaking Table

TOL sS8C.

1-A-1 0.64

2-A~1 0.63

3-A-1 0.85

1-A-2 0.60
Table §

The Ground Motion to Overturn Structures 30m High
the Reverse Phase Vibration

Statically Overturning Amplitude of Period of
Coef. ' GM. . G.M, sec.
0.5 - 12.5 55,5
0.8 25 32

0.2 7.5 27,5
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