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ABSTRACT

Shaking table test on seismically isolated FBR plant wodel is carried out. The model is
three story steel frame structure supported by nine laminated rubber bearings which are
reduced to a scale of 1/15 . The effectiveness of base isolation system is verified
through this study

1. INTRODUCTION

Base isolation system is expected to bhe effective in the reduction of seismic loads
and the increase of the design freedom for FBR olant . It is . however , necessary to
verify the effectiveness and reliabilily of thls system by the experimental procedure .

i series of shaking table test including the element test of rubber bearings ( Ref.l )
and the simulation analysis ( Ref.2 ) are carried out . The main purpose of this study
is to canfirm the performamce of base isolation system uvnder earthquake in design level
and the validity of response analysis method .

Three types of laminated rubber bearing - natural rubber bearing with steel damper,
lead rubber bearing and hiph-damping rubber bearing of 1/15 scaled model of prototype
- are used in this test . Tt can be found that they show almosi same performances
as the results . =o in this paper . the results of shaking table test using lead rubber
bearings will be discussed .

2. DUTLINE OF SHAKING TABLE TEST
2.1 Experimental Model

The prototype FBR plant using laminated rubber bearings is used for this study . and the
experimental model is desigmed according te the similarity law as shown in Table ] .

Fig.1 shows the experimental model. This model is the three story steel frame struc-
ture with a mass of 20tonf snd is supported by nine rubber bearings under each column .

Table 2 shows the design specification of lead rubber bearing in comparisen between
prototype and 1/15 scaled model .

It is noted that the shearing and axial forces acting on each rubber bearing are di-
rectly measured by the component force transducers which are kinds of load-cells and can
measure both forces simultanecouly without interference .

2.2 Input Motioms

Tentative design earthouake ground motions [T.D.E.1 and E1 Centro (1340) are used as the
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input motions. The velocity response spectra of them are shown in Fig. 2

T.D.E. iz an artificial earthquake which is formulated for this study . The level of
the tentative design Tesponse spectra (Sv ,h=5%) in the Long period region (2~10sec.} is
set to 100cm/sec . (Ref.3) NS component is the predominant direction and Tormulated to
fit this target spectrs . The levels of EY and UD components are assumed to bz 0.8 and
0.6 times of the target spectra respectively . The amplitude of El Centro is incireased
to about 2 times of recorded onz in order to make its effect almost even with T.D.E.

For the input motion to the shaking table ., these waves are reduced in tiwe to 1/4 15
according to the similarity law and NS , EW and UD components correspond to X, ¥ and Z
direction respectively .

3. TEST RESULTS
3.1 Response of Swperstructure

To evaluate the effectiveness onm the mitigation of resvonse acceleration , both isclated
and non-isolated ( i.e. directly fixed on the shaking table without rubber bearings )
ateel frame model are subjected to the earthguake imput .

The acceleration response spectra of the 2nd floor and the maximwm acceleration ratio
of each floor by T.D.E. (S} are iliustrated in Fig.3 . In the case of isolated mwodel .
the response spectrum has only one peak around the peried of 0.5 sec. (the natural period
of rubber bearing). The intensity in the region below 0.2sec.,where the matural periods
of most imporiant equipments exist. is almost constant ol 0.3G and remarkably lower then
that of the non-isolated model . As fer the ratic . it is recognaized Uhat the values
of isclated model are reduced to less than 1/% of that of non-isolated one .

Fig.4 shows the response by El Centro(NS) . Fundawentally . the tendency of response
is similar to that by T.D.E. (NS} as shown in Fig.3 .  Because El Centro has predominent
component in short period region comparsd te T.D.E.. the ratios are under 0.5 showing
significant isclation elfect and smaller than that of T.D.E.

3.2 Characteristics of Lead Rubber Bearing

A typial hysteresis loop measured on rubber bearings vnder T.D.E. (NS} is shown im Fig.5
compared with the element test results . The element test results are obltained from
the cyclic loading tests subjected to shear strain of 100% under both static and dynamic
conditions . It is moticed there is a litile difference in width of loops . The loop
of shaliing table test is 1llustrated with the average shearing force of nine bearings
and the relative displacement between the superstructure and the shaling table . The
maximum relative displacement iz 11.3mm corresponds to shear strain of 75% of the rubber
bearing . It can be seen that the rubber bearing shows good performance under earth-
guake and the shape of loop is similar to the dynamic element test resull very well .

The equivalent stiffness (Keq) and the eguivalent damping ratie (hes) of lead rubber
bearing calculated from the hysteresis loops are shown in Fig. 6 . Beo and hey in the
shaking table test .symbolized by the black marks ,are calculated from each maximum loop
under T.D.E. of 0.5~2.3 times in acceleration amplitude and El Centro . In these cases.
the total shearing force of the nine rubber bearings is used to estimate the character-
istics of the isolation layer . The white marks indicate the values obtained from the
element test and Kes is multiplied by nine for the comparison with the isolatien layer
in the shaking table test . The results of dynemic element test show good agreement with
the shaking table test results as well as Fig.b . On the other hand , the results of
static element test are lower than the dynamic one . It is considered that the dynamic
characteristics of the isolation layer as the assemblage of rubber bearings is well ex-
pressed by the results from element test , especially in the dynamic condition . It cam
be also seen that both K.q and he.o have tendency to decrease along with the increase of
deformation . The stiffness and the damping constant are specified for the shear strain
af 225% . In this region . the values obtained from the test as shown in Fig.b are
gatisfied the design specilications .

Fig.7 shows the compariscn between the maximum response by T.D.E. (H5) and the failure
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test result of rubber bearing . The limit of linearity seems Lo be about 250% of shear
strain and the bearing ruptures in 500% after the hardening phenomenon . On the other
hand . the meximum response by T.D.E. (8] is 75% of shear strain and it is confirmed
that the rubber bearing is stable during this earthguake and has enough margin for the

limit of linearity . Although the response seems to be rather small for its capacity.
rubber bearing should be used under the limit of linearity with appropriate margin for
the design of important structure like FBR . It is because the hardening phenomenon of

the rubber bearing makes the response increzssz .
3.3 Effect of Multi-directionzl Shaking

The maximum acceleration ratio of sach floor and maximum relative displacement in iso-
lation layer in X-direction under multi-directional shakings of both T.D.E.and El Centro
are shown in Fig.8 and Fig.9 . Although the response acceleration and relative
displacement are slightly enhanced by the multi-directional shaking compared with the
ani-directional shaking , it shoud be said that there is no significant effect on the
response in K-direction under the multi-directiomal shaking .

Effect on shearing and axial forces acting on rubber bearing is shown in Fig.10. The
response in ¥-directiom is not affected by the multi-directional shaking as is mensioned
above , so the loops of shearing force are alwost same shape . On the other hand . the
variation of axial force is induced by the rocking wotion of superstructure under %-
directional shaking and .of course ,by the vertical input motiom . From these results.,
it is regarded that the axial force is enmhanced by the multi-directional shaking due to
the coupling of rocking and vertical motions .  The axial forces in this figure are the
dynamic ccmponents and all these amplitudes are smaller than the initial axial force at
rest of 2.2%ton . Thus . it cam be seen that the rubber bearing is in compressive state
even in multi-directional sheking .

4. CONCLUSICGNS

The results of this study are summarized as follows ;

1) The response acceleration of superstructure and equipments is remarkably redused
by applying the base isclation system .

2)  Stiffness and damping characteristics of lead rubber bearings as an assemblage ob-
tained from the shaking table test are well expressed by the results from element
test , especially in dynamic condition .

3} Rubber bearing behaves in compressive state and under the limit of linearity with
enough margin during design level carthguake .

4) The respense in §-direction is not affected by the multi-directional shaking ,how-
ever ,care must be takem that the axial force is enhanced by the multi-directional
shaking due to the coupling of rocking and vertical wotions .

Finally . it should be noted as the conclusions that the effectiveness and the relia-

bility of base isclation system during design level earthquake are cenfirmed .

5. ACKNOWLEDGMENTS

This research is one of a part of & research project "Demonstration Test of Seiswic Iso-
lation System for Fast Breeder Reactor” sponsored by Ministry of International Trade and
Industry .

REFERENCES

1) Ishida.X..et.al. {1991) :Failure Test of Leminated Rubber Dearings,Trams. ol Lith SHiRT
2) Ishida,K..et.al. (1991) :Shaking Table Test on Base Isolated FBR Plant Model
part? Simutation Analysis . Trans. of 1lth SWiRT
3) Ishida,k..et.al. (1989) :Tentative Design Response Spectrum for Seismically isolated
FBR, Trans. of 10th SMiRT ,Vel.K2

— 183 —



~
o — —
[Is] . G (o}
=~ ~ = =
s o~ =] =]
— " E [2=] =
1" - =
Q n H —
= ~ ~
Elemmmms | o | g
= i &
w3 - wen oW 5 ] 3
— at & = 3
E g 8 = 3z = 2 Y =] o
z oy — gD = = = =
- - = b
mu T m < =
— P = =
B - 8 o~ N =
= &
2} =%
2]
=
- .
T o~ T
= S =
3 — e e e e
= -
] L]
- = E
o c U [
=) — Put
£l 3 Z|=
R <
k) b= =
f=t E=a) v c
5 = o B .=
IR R PR B 3]
£ O o o o E
T OO = ==
I SRR ST T B VR ]
SR

ShT

-

acst —

[N

.S’L_

L
|
|
i

,IIII'!_[‘TI

-

T
=
=
= o
~ j
2 L
<
= ! =
2=z ——
3 G
= =
=] = -
iz =
43 h
= =
=

{solation

[ {10
" Devices 12[ I é

wmw@

0.52

10.7
0.06x25

160
0.9%25

(4=
N 5
N
~N S

w
= 2
5w

E

S
—_n
e
- e

i
LL'(\ru
o
= F
= .S
= &
(Y2
= .-
<a
S 2

Shaking Table /

1750|350
35

Natural Period

v

360

T

) 435P

Unit

175(

0

Diameter

)

i

Experimental Model

Fig. 1

Frequency ( Hz )

Frequency ( Hz )

<3 e e —— [ g s g [
11L|1L||L|||WK|F||rﬁxr\rklﬂL\\m
bt bt et sotatl i Wl s St o s
N St e St sl el st nlie S Mt St Bl
i N U S, PR S Y
o T - 1= ¥ ~ [od T T3
Fme e d = Sl o e T - — S~

|
I i i S i R

| |
SRR B

R - R A A S i et

1 7

LIS%70°C07
SF == - —

e R e
i e R e e e il
[y S
1 I 1 I I I
e St B Sl il el il el
| 1 i I | 1
Fmmd m e A e e e mm e — e h e
I | I i i I
| 1 I i 1 1 | I
| 1 | ! | I | |
m w w - N (=] @ W ~
{ 095/W0 } A310079p

)

Period [ sec

{ sec )

Period

b) El Centrc (1940)

a) Tentative Design Earthguake

5% )

ity Response Spectra of Input Motions ( h

Fig.2 Veloc

— 184 —



" 20 ’ln'reqmency ( 2{": ) } 0o 00 L0 20 %o Li 5g
T RS ; 7 "
—~ swspeeebeomenobidns Non-isolated --rbioo- ( h=) "
- Lo P OO ( b ) Isolated! /
R ST R ‘ Aokt | /
R Ly Y 1
- I
= 800 T (7
= | /
ST Il 1/ Non-isolated
Byt oo -isola
g o “f"\m:“r’:’r o
B B 1 S I
3 I/
5] 1200k =j= =
500 " " | i
Q.02 0.05 0 0.3 1 : 5 e
Peroid { sec )
a) hAcceleration Response spectrum of Znd Floor b) Maximum acceleration Ratio

a)

Acceleration { gal )

Fig.3 Comparison of Response Detween Isclated and Non-isolated | T.D.E.]

Freque
2

ney [ Hz )

' 0.2

Acceleration Response spectrum of Znd Floor

Q. 0.
Peroid { sec

F : 5

)
b)

[solated!

0.0 16 2.0 1.0 40 50

L2 { T

L/

L

]Nonvisuﬂated

|
|
T
I
!
iy
T
!
|
;

¥

TABLE

Fig.4 Comparison of Response Between Isolated and Non-isolaled

—_—

K..=0.368t(/cn
hea=9.7%

=

—

K .=0, 42911/¢E |

hoe=12.1 % ‘j
5

=

o

—

Qd=0, 0801f
K2=0.315if/c

K 2=0.3851f/co

[}
m% Qd=0.111¢f

|
—

Shearing Force { ton )

-2

0
Displacement { cm )

0 2

Displacement { cm )

2

|
3

Shearing Force { ton )
Shearing Force { ton )

—

Maximum acceleration Ratio

[ E1 Centro ]

Displacement ( cm )

a) [Flement Test ( Static ) b) Element Test ( Dynamic ) c)  Shaking Table Test
Fig.5 Comparison of llysteresis loop
1 20
Shaking Table Test
B e e S S : (T.D.E. )
»\5 & —~ 13 VX\% ¢ Shaking Table Test
B TR m 38 O ( EL Centro )
Ay = i entro
~ &\x_}_f% IRk \\;\@\_@" V Element Test
Rl I A K] \\‘é"\‘\zf;:::\_::ﬁ ( Static )
o T j [ S IO N T o A Element Test
PO TE] AU VA AU SN AU { Dynamic )
0 5 3 i
) 50 too 150 200 250 300 350 o] 50 10Q 150 200 250 30Q 350
Shear Strain { % ) Shear Strain ( %)

Fig.b Comparison of keq and heq

— 185 —



\&— Limit of Linearity

10 1 i i 0.6
Linear Region | llardening ¢ Failure X /7
’; 8k ] Region ] o,
2 | | . 4/
o B i | 7
g | | /G
=k | | - |
= Max. Response ] | -0.6 i |
> by T.D.E. | -1.5 0 1.5
2o |
@ ¥ l |
71 I 1 u 0.6
0 100 200 300 400 500 60D XY 7
Shear Strain ( %) / -
Fig.7 Comparison between shaking table 0 g
test and Element Failure Test results //
0.0 9.2 0.4 6.6 6.8 1.0 -0, BL
i OIL ﬁL“ —d— =X -1.5 0 1.5
b } / — G T —
8 / ——— S 0.6
] 50
— i —a— n7 —
(L&)
* g 1 &
i, <
1l L 0
= a X
= =
L :
2 -0.6
| “ -1.5 0 1.5
iF l\ﬂ ()6 T
VT2 S B .V X2 ﬂ/
Fig.8& Effect of 7//
Multi-directional Shaking u 57
( Maximum Acceleration Ratio ) | /7|
(:
200 “O b
-1.5 0 1.5
El Centro &
- B ™
g T 0.6
2 XYZ 1%
T.D.E. ;
I
g o IS " 7/
=] i
5] [0}
% /
= &
(=%
t %
=~ 0%
-1.9 0 1.5
e t_; ' " - Rel. Disp. (cm)
¥ xr 14 Xl

Fig.9 Effect of
Mulkbi-directional Shaking
( Maximum Relative Displasement )

{ ton )

Axial Force

2.0
X
V\
‘T T
I,
| eV S
| b
2.9/ ‘
-1.5 0 1.5
2.0
XY
0 =
e\
W
-2.0:
-1.5 0 1.5
.0 i
7
0!
-2.0 L
-1.5 i 1.5
2.0
X7
i
\
RERIEY N
A
&\/?f \
Vo Rk
y
-2.10 ]
-1.5 0 1.5
2.0
XVZ ‘
\ P
0 ‘\J{?ﬁ*&\
IR
e
SR
‘ \\\/(f\‘w
L/ | |
-1.5 0 1.5
Rel. Disp. (em )

Fig. 10 Effect of Mulbti-direciional Shaking
{ Shearing and Axial Force , T.D.E. )

— 188 —



