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ABSTRACT

Responses of a seismically isolated structure to earthquake motions will
depend primarily on the input ground motion and the isolation system
frequency. The isolation frequency generally is relatively low when isolating
against horizontal ground motions. After installation, the isolation
frequency could deviate from its designed value due to aging, manufacturing
tolerance etc.. In addition, unde^ certain soil conditions, the input motion
could have high energy content at relatively low frequencies. This report
covers the first of these two concerns by performing a sensitivity study of
the variations in isolation frequency on the responses of a nuclear reactor
module incorporated with an isolation system. Results from a number of ground
motions have shown that, for most earthquake motions, a higher isolation
frequency tends to yield higher maximum acceleration, higher transmitted shear
force, and lower relative displacement between the isolated and unisolated
parts of the structure. In one of the ground motions considered, a 7%
increase in the isolation frequency from its original design value is observed
to give over a 22% increase in the transmitted shear force. Other ground
motions, especially those exhibiting sharp rise in spectral accelerations in
the vicinity of the designed isolated frequency, yield responses following the
same general trend.

*Work performed under the auspices of the U.S. Department of Energy,
Office of Technology Support Program, under Contract W-31-109-ENG-38.
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I. INTRODUCTION

The conventional approach in designing a structure against earthquakes is
to provide the structure with sufficient strength and ductility. Such an
approach is generally aimed at preventing major damage and the collapse of the
structure in the event of a major earthquake. However, this approach may not
provide adequate protection for occupants, equipment, or toxic materials, if
any, inside the structure, since there is no provision to reduce the seismic
forces transmitted to the structure.

An alternative - approach which is gaining increased interests in the
design profession is to use a seismic isolation scheme with flexible
elements. This scheme serves to reduce the seismic forces transmitted to the
structure by incorporating a system of flexible supports between the structure
to be isolated and the ground on which the structure rests. This approach
decouples the structure from the ground motions so that damaging horizontal
components of earthquake ground motion is filtered out. The result of this
filtering action is that seismic responses of the structure are greatly
reduced, larger margins of safety can be more easily obtained, and
standardized plant is enhanced.

It is possible that the frequency of the final installed isolation system

deviate from its designed value. Isolation frequency may also change due to

effects such as environmental and aging. When the input ground motion has

spike-like spectral accelerations in the vicinity of the designed isolation

frequency, such deviations in isolation frequency may cause undesirable

consequences.

An investigation has been performed of a nuclear reactor module which has
incorporated a seismic isolation system, with isolation frequencies which
deviate slightly from the designed isolation frequency The isolated system
used in this study consists of elastomer bearings with embedded steel
plates. The elastomer block acts as a relatively soft horizontal spring,
while the steel plates provide vertical stiffness for supporting the isolated
reactor module. Stiffness of the isolator is selected such that the
fundamental frequency (isolation frequency) of the isolated reactor module is
of 0.75 Hz, and the damping coefficient is 10% of the critical damping.



Since responses of an isolated structure depend not only on the
properties of the isolation system, but also on the frequency content of the
'nput ground motions, a number of acceleration time-histories of ground
motions have been used in this investigation. In addition to the design
isolation frequency of 0.75 Hz, results have also been obtained for isolation
frequencies of 0.7 and 0.8 Hz, with the damping ratio kept constant at 10%.

At higher strains, the elastomer used for the isolator is found to have
lower stiffness and damping. A comparison study is therefore also made with
both isolation frequency and damping ratio decreased from their design values.

II. DESCRIPTION OF SYSTEM

The reactor module sketched in Fig. 1 represents a liquid metal reactor
(LMR) with a power output of 130 MWe. The reactor vessel is approximately 20
ft. in diameter, and 60 ft. in axial length. Flexural stiffness in the
lateral direction is therefore relatively low. Fundamental frequency for
horizontal movement of such a reactor module (unisolated) is about 3 Hz, which
is within the range of dominant frequencies of most earthquakes. The reactor
module thus will be in resonance with the incoming ground excitation, and high
amplification of accelerations and other effects will occur. A seismic
isolation system therefore has been incorporated into the module to reduce the
horizontal acceleration of the module and the resulting horizontal shear force
transmitted to the reactor.

The isolation system is located close to the top of the reactor module to
eliminate concern of any overturning. An upper foundation mat provides
support for the reactor module, and rests on top of the isolation system.
The isolation system is supported by a lower foundation mat, which in turn is
supported on the soil foundation. Sufficient space is provided between these
two foundation mats to facilitate in-service inspection, maintenance, and
replacement of the isolation system (it should be noted that replacement of
any isolator element is not anticipated over the design life of the reactor
module).



In addition to the reactor module shown in Fig. 1, the analysis model
also includes the following associated structures: Head Access Area (HAA),
Reactor Vessel Auxiliary Cooling System (RVACS), and the collector cylinder
which separate the annuli in the RVACS.

III. ANALYSIS MODEL AND GROUND EXCITATIONS

When the fundamental frequency of an unisolated structure is much higher
than the isolation frequency, studies [11 have shown that the isolated
structure responses essentially as a rigid body. Accordingly, a simple
analysis model can be used to analyze an isolated structure which produces
reliable results at pertinent locations. Use of these simple models is very
helpful in these types of studies to obtain responses to a large number of
ground excitations at reasonable cost.

Figure 2 shows the analytical model used in this investigation for a

reactor module seismically isolated against horizontal ground motions. This

model consists of a number of springs and masses simulating the important

structural components of the reactor module and the associated structures.

The isolation system is represented by a linear spring and a viscous damper as

shown. The designed isolation frequency and the damping ratio of the isolator

are 0.75 Hz and 10%, respectively.

With seismic isolation, dynamic contributions from soil are generally
insignificant. For soils with shear velocities varying from 2,000 and 6,000
fps, it has been shown (2) that no significant differences in the seismic
responses occur. When the isolation frequency is of 0.75 Hz, stiffness of the
isolator is much lower than the equivalent stiffness of soils with shear wave
velocities between 2,000 and 6,000 fps, and dynamic effects of soil can thus
be neglected in this sensitivity study on isolation frequencies.

With an isolation frequency of 0.75 Hz, natural frequencies of the model
shown in Fig. 2 are 0.75, 3.12, 5.49, 7.51, 18.8, 26.5, and 56.5 Hz. In the
first mode, the entire reactor module responds essentially as a rigid bcdy.
The second and third modes have motions mainly of the upper internal structure
(UIS) and the core, respectively.



Input ground excitation is applied at the bottom of the isolation system
of Fig. 2. In this investigation, a number of ground acceleration time-
histories have been used as the input ground excitations. These time-
histories include one artificial record which envelopes the design spectrum of
NRC Regulatory Guide 1.60. The real time-histories used here have been
identified elsewhere [3,4,5] and were selected on the basis of their strong
motion duration, local magnitude, and frequency content. Table I lists the
salient features of these real time-histories.

All the real time-histories used here are available in [6]. Figs. 3-5
show some of the time-histories and their corresponding response spectra. The
computer program SPECEQ/UQ (7] was used in generating the response spectra
with frequency intervals as suggested in NRC Regulatory Guide 1.122.

Nine of the time-histories of Table I were used in the sensitivity study

with isolation frequencies of 0.7, 0.75, and 0.8 Hz, while the damping ratio

was kept at 10%. From the characteristics of isolators reported in [8], shear

stiffness and damping ratio of the elastomer both decrease with increasing

strain. A comparison study thus was made between the reference isolator and

an isolator with isolation frequency and damping ratio 0.5 Hz and 5%, using

all the time-histories of Table I and the artificial time-history.

The computer program used in this study is based on the CSMP program [9]

provided by IBM for continuous system modeling. This package basically

performs numerical integration of user-defined differential equations with

appropriate boundary and initial conditions.

This investigation concentrates only on the horizontal responses of a

seismically isolated reactor module to horizontal ground excitations, All

input ground acceleration time-histories were scaled to 0.3 g or 116

in/sec/sec.
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IV. SUMMARY OF RESULTS
Results such as those reported in [21 have shown that, for sites with

shear wave velocities ranging from 2,000 to 6,000 fps, effects of soil
stiffness on responses of a seismically isolated reactor with isolation
frequency (horizontal) of 0.8 Hz are negligible. The isolation frequencies
considered in this investigation are equal to or less than 0.8 Hz. Site
dependence and soil-structure interaction are therefore not expected to be
significant for soils with shear wave velocities between 2,000 and 6,000 fps,
and they are neglected in this sensitivity study for the sake of simplicity.

For all the cases studied here, the isolated reactor module is found to
respond almost like a rigid body. Horizontal displacements at all masses of
the model are 1n phase with one another, and they have practically the same
magnitude. Such results are not uncommon for structures with seismic
Isolation, and have been reported elsewhere, for example in 11,21. Because of
"the rigid-body like, response, relative displacement between the components
inside the isolated reactor module is therefore very small. Introducing the
flexible seismic isolation system not only will drastically reduce the seismic
response and increase the safety margins of the reactor module, but also will
lessen concerns on the relative displacement of crucial internal components
such as the control rods. Furthermore, rigid-body like response of an
isolated structure implies that simpler models can be used in the analysis.

Maximum horizontal displacement of the reactor module relative* to the
ground occurs at the UIS for all cases studied. Maximum acceleration is found
either at the UIS or at the core. For most of the input time-histories,
maximum acceleration of the reactor module is less than the maximum input
acceleration 0.3 g. However, acceleration amplification has been observed for
some of the input time-histories.

Figs. 6-8 show the maximum values, respectively, of the reactor module's
horizontal displacement relative to the ground, of the horizontal shear force
transmitted by the isolation system, and of the acceleration of the reactor
module when the isolation system has isolation frequencies of 0.7, 0.75 and
0.8 Hz while the damping ratio is of 1O#. It is of interest to note, from the
nine time-histories considered, that the time-histories which yield the same



regular trend on maximum relative displacement (i.e., relative displacement
decreases with increasing of isolation frequency) give irregular trends on
shear transmitted, and vice versa. Of the nine time-histories considered, the
three shown in Figs. 3-5 give responses significantly higher than the
others. These three time-histories also cause the reactor module to have
maximum acceleration higher than the maximum input ground accelerations of 0.3

g.

A comparison study is also made on the maximum responses when the damping
ratio and the isolation frequency are decreased to 5% and 0.5 Hz,
respectively, from their designed values of 10% and 0.75 Hz. Figs. 9-11
summarize the results for all the time-histories of Table I and an artificial
one. In Fig. 11, maximum acceleration of the reactor module is seen to have
consistently higher values when the damping ratio and the isolation frequency
are both higher.

V. DISCUSSIONS

The main objectives of using seismic isolation in a structural' system,

such as the reactor module considered here, is to reduce the horizontal shear

force and the horizontal acceleration levels of the structure. This is

usually accomplished by using a flexible, and therefore lower isolation

frequency, system to filter out the more damaging frequencies of the

earthquake ground motion to the structure. With the isolation frequency much

lower than the fundamental frequency of the unisolated structure and away from

strong spectral amplification of input ground motion, the response of the

isolated structure is usually found to be dominated by rigid body motion. As

a result, differential movement between different points of the isolated

structure is very small. This means that seismic isolation is not only

beneficial to the structure, but also offers potentially better protection to

the contents of the structure, such as equipment, piping, and other non-

structural elements inside the building. There could also be less concern on

the relative displacement of crucial internal components such as control rods

in nuclear reactors.



With seismic isolation, however, the relative displacement between the
isolated structure and the ground may become appreciable. This relative
displacement is of utmost importance in the design of the seismic gap between
the ground (or surrounding structures) and the isolated structure, of
components crossing the isolation boundary, and of the radius (or equivalent
dimension) of the seismic isolators in order to assure their stability.

The final installed isolation system may have response characteristics
which deviate from their design values. Even if there is no such deviation,
its characteristics still could change during the life of the isolation
system. For most of the time-histories of Table I, there are spike-like
spectral accelerations in the vicinity of the reactor module's isolation
frequency of 0.75 Hz, as shown in Figs. 3-5. There is concern on the relative
displacement, transmitted shear force, and acceleration when the isolation
frequency is changed slightly from its design value. Results summarized in
Figs. 6-8 indicate that, in general, relative displacement will decrease with
the isolation frequency. There are cases, however, where the above statement
is not valid. For example, Fig. 6 shows that for time-history ELS90W, the
maximum relative displacement at 0.8 Hz is 5% higher than at the designed
isolation frequency.

Even when the general trend holds true, the amount of change in response
could be significant at certain ground excitations. Fig. 6 shows that the
CHN65E time-history gives a 16% increase in relative displacement when the
isolation frequency of 0,75 Hz is reduced to 0.7 Hz. The ELS90W time-history,
however, produces 23% and 182$ increase, respectively, in transmitted shear and
acceleration when the isolation frequency is increased from 0.75 Hz to 0.8 Hz
(Figs. 7 and 8). Other than the ELS90W time-history, other time-histories in
Fig. 8 yield practically the same acceleration for isolation frequencies of
0.7, 0.75 and 0.8 Hz.

From data collected during the manufacturing and testing of the isolators
[8], both the shear stiffness and the damping ratio are observed to decrease
with the increase of strain. These results prompted another investigation
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with both damping ratio and isolation frequency lowered from their designed
values to 5% and 0.5 Hz, respectively. The values of 5% and 0.5 Hz were
chosen arbitrarily. It should be pointed out that the damping ratios reported
in [8] are above 5%.

As expected, the general trend seen in Figs. 9-11 is that, when the
isolator has 5% damping and 0.5 Hz, relative displacement is higher and both
transmitted shear and acceleration are lower than the design conditions.
Deviations from the general trend are noted, however, at least in Figs. 9 and
10.

The maximum relative displacements resulting from the artificial and
ELS90W time-histories in Fig. 9 require attention. At 5% damping and 0.5 Hz,
maximum relative displacements are over 130% higher than their respective
values under the design conditions of 10% and 0.75 Hz. Maximum relative
displacement is observed to exceed 12 in. for the ELS90W time-history,
although such magnitude of relative displacement may not occur for isolators
as those used in [8] where the damping ratio is higher than 5%.

Fig. 12 shows the typical response time-history and spectrum at a mass

point of the isolated reactor module. Not only is there a reduction in

acceleration from the input ground excitation, but also the wave is more

regular. For some of the time-histories used, the maximum response spectral

acceleration is observed to occur not at the isolation frequency. As shown in

Fig. 13, maximum spectral acceleration of the L'lS of the reactor module

simulated in Fig. 2 under ELS90W occurs at 3.15 Hz, or at the second natural

frequency of the analysis model. Magnitude of the spectral acceleration is

3.58 g, about 60% higher than the spectral acceleration at the isoletion

frequency.

Sloshing of liquid sodium and other low frequency phenomena have not been

included in the analysis model. In addition, earthquakes including high

energy content at low frequency (such as the 9/19/85 earthquake in Mexico

City) have not been used in this study. The effects of isolation system to

these phenomena can be quite important and are now under study.
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Table I . Salient- Features of Real Acceleration
Time-Histories Used in the Analysis

Earthquake

Helena

El Centro

Olympia

Kern County

Olympia

Parkfield

Parkfield

San Fernando

San Fernando

San Fernando

Year

1935

1940

1949

1952

1965

1966

1966

1971

1971

1971

Recording Station

Helena, Montana

El Centro, CA

Olympia, UA

Taft, CA

Olympia, VIA

Cholome-Shandon
#2, California

Tenblor, CA

Castaic, ORR,
CA

Hollywood, CA

Pacoima Dam
California

Magnitude

6.0

7.0

7.1

7.7

6.5

5.6

5.6

6.6

6.6

6.6

Component

SOOW

S90W

N86E

S69E

S04E
S86W

N65E

IJ65W
S25W

112 IE
N69W

H90E

S16E
S74U

Symbols

HESOOW

ELS90W

0LN86E

TAS69E

OLS04E
0LS86W

CHM65E

TEIJ65W
TES25W

CAN21E
CAN69W

H0N90E

PAS16E
PAS74W

Peak Ground
Accel, (g)

0.15

0.22

0.31

0.18

0.20
0.16

0.51

0.28
0.33

0.34
0.29

0.21

1.17
1.08



UPPER MAT

GUARD VESSEL

No INLET PIPE

REACTOR VESSEL

fig. 1. Schematic oi a Reoclor Module with Seismic isolation



Isolator

R.V., Na
IHX, Pump
Shielding
m=5.22

UIS
m=0.32
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