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This paper describes a joint study program on seismic isolation
system for light-water reactors (LWRs) performed by ten electric power
companies, three manufacturers, and five construction companies. The
fundamental response characteristics of base-isolated structures and
base-isolation devices are described. Applications of a base-isolation
system to LWR buildings are given. Finally, three-dimensional shaking
table experiments are described.

Introduction

In reeent years, backed by the advances made in technological development

such as seismic response analyses, numerous buildings adopting a base-

isolation system have been constructed; for nuclear power plants, there is

also much enpectation regarding adoption of base-isolation system from the

viewpoints of standardisation of seismic design and enlargement of

construction locations.

It is with such a background that a six-year Joint study has been going on

(from fiscal year 1985 to 1990), carried out by ten electric power companies,

three manufacturers, and five construction companies with the objective of

establishing a base-isolation design technique for LWR plants. The Joint

study consists of three phases (Phases I to III) as shown in Table I, with

each phase being for a period of two years.

In Phase I, an analytical study to grasp the fundamental characteristics of

base-isolated structures, trial design studies of base-isolated buildings, and

loading experiments to grasp the fundamental characteristics of base-isolation

devices were carried out, and the possibility of application of base-isolation

systems to LWR buildings was evaluated. In Phase II, focusing on the techni-

cal feasibilities and reliabilities of base-isolation systems, studies were

made on two-way loading experiments of base-isolation devices and shaking

table experiments on reduced base-isolated structure models. In Phase III, it

is planned to prepare a design guide on base-isolated structures based on

these studies. Outlines of the results of analytical and experimental studies

trade in Phases I and II will be reported herein.



Fiinrin»ental Response Characteristics of Da3C"Isolated Structure

A study was made of fcho fundamental response characteristics of bane-

isolated construction with the objectives of trial design of base-isolated

IWR buildings and determination of specimen specifications for base-isolated

structure verification experiments. The analytical model used was a lumped-

isass model, shown in Fig. 1, with the base-isolation device modeled as a

bilinear spring and analyses were made with input seismic waves, site proper-

ties, base-isolation device restoring force characteristics (first stiffness

frequency f1, second stiffness frequency f2, yielding coefficient fl) as

parameters. Further, in addition to the basic earthquake motion which had

been used conventionally for earthquake resistance studies of non-base-

isolated buildings, artificial earthquake wave (maximum acceleration 357 gal),

corresponding to S1 having the spectral characteristics shown in Fig. 2, was

prepared as ground motion giving consideration to long-period components, and

these were used as earthquake waves for study in the analyses. The analytical

results on the hard rock site (Vs=1500 m/s) are shown in Table II with hys-

teretic parameters, and fl = 1.0 Hz, f2 = 0.5 Hz, and e = 0.1 were selected as

appropriate restoring force characteristics with which relative displacement

and ductility factor of the base-isolation device would not be excessive,

while there would be adequate acceleration reduction effects.

Application of Base-Isolation Systea to LWR Buildings

Response characteristics studies by multiple lumped-mass models and trial

design of buildings were carried out for the standard boiling water reactor

(BWR) Mark I and pressurized water reactor (PWR) four-loop-type nuclear power

plants, and the structural and economical feasibility was examined.

A system in which dampers for absorbing energy by hysteresis were arranged

around laminated rubber bearings, shown in Pig. 3(a), was designed as an

exanple of base isolation devices. For the laminated rubber bearings, a trial

design was made of natural rubber bearings with a diameter of -1 m, as shown

in the figure. For the steel dampers, the composition used was that of 25

cantilever beams of prestressed-concrete (PC) steel bars with a 32-mm diam and

an effective length of 370 mm.



As shewn in Figs. 3(b) and 3(c), the buildings were supported by laminated

rubber hearings of $00~tan class rated lond on lower base roats where base"

isolation devices and pedestals were installed. It wns possible to greatly

reduce the thickness of shear walls in the buildings compared with the cases

with no base isolation due to the reduction in seismic forces by base isola-

tion.

These base-isolated buildings were modeled as bending-shear systems, and

seismic response analyses were made. Figure 4 compares the maximum response

acceleration at different elevations of the building and the floor response

spectra on the operating floor of the base-isolated and non-base-isolated BWR-

type building. It can be seen that through the adoption of base isolation,

the response acceleration was greatly reduced. Also, for the base-isolated

building there is almost no amplification at the top of the building, and the

short-period components in the floor response spectrum are considerably

reduced. For study purposes, the maximum response displacement of the base-

isolation device was held to -6 em when input was a conventional standard

earthquake motion and -10 cm when input was an artificial earthquake motion.

Next, trial designs were made for the upper and lower base mats and shear

walls based on results of the response analyses. With regard to the base nsats

in particular, detailed designing was done based on stresses obtained from

plane-strain finite element method (FEM) analyses which model the individual

base mats, base-isolation devices, and soil springs. Thus, the structural

feasibility of base-isolated structures was ascertained. Construction

quantity studies were made concerning concrete volume and rebar quantities

and, as shown in Table III, it was found that reductions in construction

quantities to -70$ for concrete and -80$ for rebars were possible for base-

isolated buildings compared with non-base-isolated buildings. The construc-

tion costs of a base-isolated building including base isolation and devices is

reduced by -5-10$ compared with a non-base-isolated building.

Base-Isolation Device Characteristics Experiments

Along with the analytical studies like those mentioned above, there have

been experiments performed on base-isolation devices, and verification

experiments performed on a base-isolated structure using a shaking table.

First, experiments on the characteristics of base-isolation devices were



performed on base-isolation elements such a;; laminated rtipbor bearings, steel

dampers, and viscous shear clampers with the purpose of grasping horizontal

one- and two-way characteristics, energy absorption capacities of steel

darapers, and appropriateness of restoring force models of each device.

The laminated rubber bearings, as shown in Fig. 5, were of natural rubber

of semi-full-scale size with a rated load of 100 tons and a natural frequency

of 0.5 Ha (corresponding to the second stiffness frequency of the base-

isolation device). PC steel bars were designed for correspondence with a

rated load and the selected restoring force characteristics of the laminated

rubber bearing with the design such as to absorb energy through yielding of

materials during fiexural deformation using five PC steel bars of 32-mm

diam. The viscous shear dampers were cf a system in which a high-polymer-type

viscous material was put in a circular container with shear resistance

produced by a resisting plate, and possessing the damping force indicated by

F = 0.00042 e " ° *
O l | 3 T A <V/d) O > 5 9 , (1)

where F = damping force {ton] A = area of resisting plate, [cm2], V = relative

velocity [cm/s], T = temperature [°C], and d = resisting plant spacing [cm].

The properties of the viscous shear damper were designed based on Eq. (1) to

be almost accordant with the steel damper regarding its damping ability.

As experimental results, the orbits of input displacement and horizontal

one-way restoring force characteristics of the various elements are shown in

Fig. 6. The hysteresis curves of laminated rubber bearings were similar

regardless of loading pattern, but in the cases of steel and viscous shear

dampers, the influence of orthogonal-direction inputs was recognized. Fur-

ther, simulation analyses were performed to confirm the appropriateness of

restoring force characteristics of these base-isolation devices used for dy-

nanic analysis of base-isolated construction. Especially with regard to steel

tiaspers, analyses were made using models expressing elastoplastic properties

in multiple directions, called multiple shear spring (MSS) model as shown in

Fig. 7, and the reasonability of the analysis technique was verified, as shown

in Fig. 8.
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Static loading experiments wore conducted focusing on superposing of

elements, verification of activation properties of the devices, and energy

absorption amounts of steel dampers in relation to composite devices combining

laminated rubber bearings and steel dampers. Sinusoidal wave loading patterns

and cumulative energy absorption amounts are shown in Fig. 9. Although there

were differences in energy accumulation processes depending on loading pat-

terns, the total absorption amounts were approximately equal.

Three-Dimensional Shaking Table Experiments

Base-isolated structure verification experiments were conducted using a

triaxial shaking table with a maximum load capacity of 20 tons. For the base-

isolated structure models, a superstructure of a reinforced-concrete rigid

body focusing only on the characteristics of the base-isolation device and of

a three-story frame model designed to simulate the vibration characteristics

of actual LWR buildings were prepared, as shown in Fig. 10. The total weight

of the superstructure model was 16 tons, with a system for support by four

laminated rubber bearings, and the specifications of the base-isolation device

model were determined based on the reduction ratio from the actual buildings

in Table IV. Concerning the rigid-body model, cases with and without

eccentricities in the superstructure were considered, and the effect of

eccentricity in the base-isolated structure due to torsional vibration was

examined.

Results of the input of actual earthquake waves (maximum acceleration of

19*10 El Centro standardized for maximum displacement to be equivalent to when

SI-level earthquake waves are input) from two directions to the rigid-body

model with eccentricity and the results of analyses by the MSS model are shown

in Fig. 11. According to this figure, it was verified that the horizontal

two-dimensional behavior of the base-isolated structure model could be suffi-

ciently simulated by the analysis technique proposed.

The results of inputting long-period artificial earthquake waves to the

three-story frame are shown in Fig. 12. As shown in the figure, the response

accelerations of the building and the short-period component of the floor

response spectrum are greatly reduced with the base-isolated structure

compared with no base isolation, and it succeeded in verifying the effective-

ness of base-isolated construction. It was also verified that the behavior of
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t> rise-isolated building could ho sufficiently .simulated by tho simulation

ysis shown in Fig. 13,

Conclusions

The foregoing is an outline of the results of this study to date. It is

still necessary for the various problems cited in Table V to be resolved for

base-isolated construction to be applied to LWR plants. In the present study,

research will be continued with the objective of preparing a draft of an "LWR

Base-Isolated Structure Technical Guide" while examining these problems in

detail.



Table I
ft'* ;enrch Schedule

FISCAL
YEAR

OBJECTIVE

RESEARCH

ITEM

Phase-I

1985 1986

Feasibility Study on
Application of Base Isolation

Trial Design of Base-
isolated LWR Buildings

Experiments en Base
Isolation Devices

Phase-II

1987 1988

Technical Study by Verificaiicn
Tests

Study on Input Earthquake
Motion

Base Isolation Verificalion
Tests by Shaking Table

Study of Influence on Equipment and Piping Sysiern

1

Phase-Ill

1989 1990

Establishment of Base Isolation
Design Method

Design MeihocJ of Base
Isolation Device

Design Mcihod of
Base-isolated LWR Building

Layout of Base- isolated LWR
Plant

1

Ui

1
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Table II
Result of Parametric Studv (Hard Rock Site)

u
(Hz)

1.0

\/To

2.0

f 2
(Hz)

0.35

0.50

0.70

0.35

0.50

0.70

0.35

0.50

0.70

P
0.10

0.05

0.10

0.20

0.10

Max.
Response

Acce.
(Gal)

137

134

172

246

235

133

162

215

129

150

192

Max.
Response

Disp.
(cm)

10.2

9.8

10.0

9.9

9.5

7.7

7.6

7.2

6.1

5.6

5.4

Ductility

Factor

4.09

7.88

4.02

1.99

3.83

6.24

6.09

5.84

9.80

9.05

8.65

Evaluation

O
Ductility Factor is large

o
Acceleration is large

Acceleration is large

Ductility Factor is large

Ductility Factor is large

Ductility Factor is large

Duciilily Factor is large

Ductility Factor is large

Ductility Factor is large

Table III
Camparison of Construction Volumes (BWR Building)

Non
Base-
isolated

Basc-
isolatcd

Concrete

1.0 .:

0.73

Rc-bar

1.0

0.77

Form

1.0

1.09

Building
Volume

.-••1.0^- :.

0.86



IV
Reduction Ratio from Actual
Building

Weight

Length

Density

Frequency

Stiffness

Reduction
R<uio

1/125

1/11.18

1.0

3.34

1/11.18

Table V
Technical Problems Concerning Application of Base Isolation
to LWR Plants

Items

Seismic Safety of
Plant Design Concept

Input Eanquake

Design Seismic Force

Structural Safety
Response Analysis

Components

Isolation Devices

Maintenance

Construction

Major Problems to be Examined

Seismic Safety Margin
Unexpected Earthquake
Reoperation after Earthquake

Long Period wave
(Horizontal & Venical Motion)
Static Seismic Force

Stiffness of Base Mat
Response Analysis Techniques
(Horizontal+Venical, Torsions!)

Relative Displacement
Resonance of Equipment
Response Analysis Techniques

Dynamic Characteristics
Functionability, Reliability
Design Criteria

Durability, Weather Resistance
Management, Inspection

Method of Construction
Construction Term and Cost |



Superstructure

Base Isolation
Device Spring

p W : Total Weight of
Superstructure

K=(2nf)^(W/g)

Analysis Model Base Isolation Device Model

Fig. 1. Parametric Analysis Model



• 1 3 6 -

~ 400

c
o

-100

Max. 357G;il

5 10 15 20 25 30
Time (sec)

.10

Acceleration Time History

100

'v 80
c

w 60

••& 40
o
o

"« 20

0

— /

/

hu=5%

0.02 0.05 0.1 0.2 0.5 1.0 2.0 5.0

Period (sec)

Velocity Response Spectrum

Fig. 2. Accelerogram and Velocity Response Spectrum of Artificial
Earthquake



1,600

o
o°

STEEL DAMPER

ft RUBBER BEARING
(5001 RATED LOAD)

• i | .UPPER BASE MAT

LOWER BASE MAT

(UN!T= mm)

(oH-"":E ISOLATION DEVICE

1

79,000

ar

(b) BWR MARK I TYPE BUILDING

74,000

(c) PWR 4-LOOP TYPE BU;LE:?;G

Fig. 3. Trial-Designed LHB Buildings



: Base-isolated
: Non Base-isolated

1W
t-

SW

f

7

• • /

ow
"""7

/

...I
I
I

""I

0 500 Gal

o

Max. Response Acceleration

15000

12000

9000

« 6000
u
o
u
<

3000

0

-_ .i_: -.

Non Base-isolated

\

Base-isolated
i _

T

0.05 O.I 0.2 0.5 1.0 2.0

Period (sec)

Floor Response Spectra (Operation Floor)

Fig. !l. Result of Response Analysis



Rated Load : 100(

Horizontal Sliffness : 1.0 t/cm

Elevgiion * 4~* Section

Elevation

PC Steel B«i( s* 32)

Section

Natuial Rubber : 6mm x 24 Layers
Inserted Steel Plate : 3.1mm x 23 Layers

(a) Laminated Rubber Bearing

Resisting Piste

^Section

Gap d=5mm

Elevation

(b) Steel Damper (c) Viscous Shear Damper

Fig. 5. Dimensions of Base-Isolation Elements
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Fig. 7. Multiple Shear Spring Model
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Fig. 10. Base-Isolated Models for Shaking Table Experiment



Gil

EASTACC.

SOO
Gil

WESTACC.
ct

EAST DISP.
ct

0 MA?I A/V

WEST DISP.
5 0 0

Gli

sec

Max.=418Gal

Max.=322GaI

Max.=0.93cm

Max.=1.85cm

TABLE(INPUT) Max.=464Gal

t—- * * ,

5CD

0

0

Gal

i 1 J > J

IS

EASTACC. Max.=421GaJ

500

0

Csl

j ^ .ft fLAfL^ ft ft H fb fi î ^ f t j
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