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Abstract

Traditional or conventional seismic design methods are usually character-
ized by making structures/systems strong and ductile to resist earthquakes.
This may not always be the best approach for LMR plants. LMR plants are of
low pressure and high temperature and use large diameter thin-walled piping
and vessels in the reactor systems. They are not inherently strong enough to
resist seismic forces (such as perhaps LWRs), and studies have been made to
seek other solutions, such as seismic isolation. Also, numerous changes in
earthquake design basis, regulations, and other factors have resulted in seis-
mic design as one of the major during forces in the large increases in NPP
construction costs for LWR plants, at least in the United States.

The use of seismic isolation as an earthquake hazard mitigation strategy
for nuclear reactor power plants is rapidly receiving interest throughout the
world. Seismic isolation has already been used on at least two French PWR
plants, was to have been used for plants to be built in Iran, and is under
serious consideration for advanced LMR plants (in the US, UK, France, and
Japan). In addition, there is a growing use of seismic isolation throughout
the world for other critical facilities such as hospitals, emergency facil-
ities, buildings with very high-cost equipment (e.g., computers) and as a
strategy to reduce loss of life and expensive equipment in earthquakes.
Such a design approach is in complete contrast to the conventional seismic
design strategy in which the structure and components are provided with suffi-
cient strength and ductility to resist the earthquake forces and to prevent
structural collapses or failure. The use of seismic isolation for nuclear
plants can, therefore, be expected to be a significant licensing issue. For
isolation, the licensing process must shift away in large measure from the
superstructure and concentrate on the behavior of the seismic isolation
system. This paper is not intended to promote the advantages of seismic
isolation system, but to explore in some detail those technical issues which
must be satisfactorily addressed to achieve full licensability of the use of
seismic isolation as a viable, attractive and economical alternative to cur-
rent traditional design approaches. Special problems and topics associated
with testing and codes and standards development are addressed. A positive
program for approach or strategy to secure licensing is presented.



-1-

1.0 Scope and Purpose

The major purposes and objectives of this paper are to (a) identify and

explore the various tests which will probably be required to use seismic iso-

lation in a nuclear power plant; (b) identify and discuss the major technical

issues involved with the use of seismic isolation in a nuclear power plant;

(c) identify existing or planned codes and standards which may be applied to

seismic isolation and identify new codes and standards which will be used for

seismic isolation; and (d) develop a workable strategy designed by government,

industry, and universities to obtain nuclear regulatory approvals of seismic

isolation in advanced nuclear power plants. The main goal of the current

program is to focus on liquid-metal-cooled reactors.

Vertical isolation may plan a key role in some types of reactor systems

(e.g., large pool-type LMR plants which have very large diameter reactor

vessels). However, this report concentrates mostly on issues related to

horizontal isolation. Nevertheless, vertical isolation is discussed as to

anticipated criteria for evaluation of its need and, if used, of its effec-

tiveness. Finally, even though this paper is intended to focus on LMR plants,

it is obvious that much, if not most, of the work described applies as well to

other types of reactor plants, such as LWR plants.

2.0 Introduction

Seismic design issues have and will no doubt continue to play a large

role in the design and licensing of nuclear power plants. There are so many

components which bear heavily on our ability to provide economically feasible

solutions to this situation. For example, the actual seismic loads and ef-

fects experienced by a critical piece of reactor equipment depends on: (1)

the location, magnitude, and type of earthquake involved; (2) the effects upon

the original energy release as it travels outward from the initial earthquake

source; (3) the site-specific earthquake characteristics; (4) the interaction

between the reactor plant buildings and the surrounding foundation material

(i.e., soil-structure interaction); (5) the actual response of the reactor

structures to the local ground motions; (6) the input to equipment with the

buildings generated by the building's response and equipment-structure inter-

actions; and (7) the response of the particular piece of equipment of interest

the input it receives from the building. Is it any wonder that the number of
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papers and R&D programs underway in trying to understand tha seismic issues is
large (and growing)? Unfortunately, a very large disparity has developed. On
the one hand, tremendous strides have been made in structural analysis, equip-
ment response, soil-structure interaction, and ways to characterize the local
site-conditions. On the other hand, however, our ability to accurately pre-
dict earthquake sources, magnitudes, types, locations, etc. and the ability to
accurately predict just how this seismic event will be transmitted over large
areas is not as well developed. The author does not wish to be misunderstood:
this aspect of the earthquake problem is formidable and every effort should be
made to better understand the phenomena involved and to reduce the uncertain-
ties.

The main point is that the design basis for earthquake loads (especially
for large relatively seismically inactive areas) is a combination of science
and art—and of surprises. Add to this the fact that although many buildings
survive strong earthquakes, their occupants are killed or injured (by falling
objects, high accelerations, etc.), and in many cases, the building services
are destroyed beyond repair. Now we have a better understanding of the true
promise of seismic isolation which can be stated as follows:

• the ability to handle very large earthquakes, even with much uncer-

tainty about the magnitude of the earthquake, and

• the level of protection of the contents of the isolated structure is
greatly increased.

It should be noted that the problems of earthquake source definition men-
tioned above and the need for getting seismologists, geologists, and engineers
together to find better answers is not an original thought. There are very
good signs that there are many people who support the need for improved inter-
disciplinary efforts in source characterization. One such example was a NRC
workshop on soil-structure interaction held in Bethesda, Maryland on June 16-
18, 1986 II]. This workshop brought together structural engineers, seismolo-
gists, geotechnical engineers, researchers, and regulatory persons to try to
better understand the nature of the issues involved and to help to reduce the
conservatism added to each step in the seismic design process (i.e., input,
site analysis, SSI, etc.). This workshop included a series of four (4) panel
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sessions, and summaries of major importance were compiled by each panel group.

There are many important comments made, but four (4) items bear heavily of the

theme basis for this current paper. They are presented next verbatim from the

Workshop Report [1] as they are believed to lend deep support for some of the

contentions made in this paper. These excerpts are:

"1. It is important to recognize the large uncertainty associated with

ground motion estimation, that it is perhaps irreducible and that we need

to express this uncertainty and devise ways of living with it." (p. 399,

as part of Session 2, "Definition of Free-Field Motion");

"6. While the state-of-the-art of earthquake ground motion estimation

has improved greatly over the past years, so has our realization that the

earthquake process is more variable than previously thought." (p. 399, as

part of Session 2);

"1. There is not a sufficient data base to resolve most of the uncer-

tainties in the SSI problem." (p. 103, as part of Session 5, "Experience

and Experimental Observation).

"2. There is need for data collected on actual power plants subjected to

earthquake. At present, the plants have insufficient instrumentation,

especially in the free field." (p. 403, as part of Session 5)

To maintain a balanced viewpoint, it is also important to take note of

other movements in the U.S. nuclear industry which provide somewhat of a coun-

terpoint to the above discussion. For example, in a joint NRC/EPRI workshop

on outstanding seismic issues held in December 1986 at North Carolina State

University, it was clear that both designers and regulators are coming closer

to agreement on the need to simplify plant design (such as through pipe snub-

ber reduction programs) and to recognize the inherent resistance of many indi-

vidual structures to rather strong earthquakes, even though the structures

were not designed to very conservative seismic standards.
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3.0 Background

The growth of seismic isolation has increased very rapidly in the past

few years. Structural designers have searched for reliable, predictable

isolation systems for many years and these efforts have been reported in

several excellent survey reports (Refs. |2],|3]), Reference [2] contains an

excellent and extensive bibliography. One of the things which has contributed

to this growth is the acceptance and excellent behavior of long-life materials

from which reliable seismic isolators can be made. Another incentive has been

the need to provide improved protection to the contents of the structure under

design (as discussed above). In conventional design, large accelerations may

occur in higher elevations in the structures^ requiring strong and more

complex anchorage of equipment and other building contents. The equipment

itself must be designed (and possibly tested) for these larger seismic forces

(accelerations). In addition, the higher accelerations cause much interior

damage to the building contents and support systems and, most importantly, can

lead to high levels of fatal and serious injuries to the building occupants.

It is not uncommon for a building to "survive" a strong earthquake only to be

demolished because the interior and building services are destroyed beyond

repair.

Seismic isolation changes the response behavior of the structure by

allowing the ground to undergo relatively high motions without transmitting

these motions (and forces) into the isolated structure. In fact, in most iso-

lation designs, the building generally moves as a rigid body, which means that

the acceleration forces which pass through the isolators are relatively con-

stant over the height of the entire structure. Thus, equipment on the top

floors are subjected to accelerations which differ very little from equipment

located at lower elevations. The advantages of such systems have been dis-

cussed in excellent summary articles [4],I5),|6|.

The benefits of seismic isolation can be substantial, with potential con-

current increased safety performance and reduced cost. The key is to maintain

sound, simple design approaches which can be clearly and adequately demons-

trated as fully licensable.

Although the number of isolated structures at present is fairly low,

there will be a rapid increase in this number in the next few years. A

major building -- the Foothills Communities Law and Justice Center in San
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Bernardino, California — is the first large isolated structure in the United

States. There are many isolated buildings and bridges in New Zealand, numer-

ous buildings constructed or soon to be built in Japan, and in at least three

(3) cases, seismic isolation was used for the entire nuclear island vSouth

Africa, Cruas/France, and Iran). Excellent summaries of these developments

are given in Refs. [2] and [3].

There are now (circa 1987) over eighty major civil engineering structures

throughout the world which use seismic isolation. The following quotes are

taken verbatim from Ref. [7]:

"The advantages of seismic isolation include the ability to eliminate or

very significantly reduce structural and nonstructural damage, enhance

the safety of the building contents and architectural facades and to re-

duce seismic design forces. The factor of 5 to 10 reduction in elastic

force reductions achieved with seismic isolation can be expressed in

simplistic terms as a reduction of a Magnitude 8 event to an event in the

5-to-6 range. Clearly, this is a very significant reduction. These po-

tential benefits are greatest for stiff structures fixed rigidly to the

ground, such as low- and medium-rise buildings, nuclear power plants,

bridges and many types of equipment. Some tectonic and soil foundation

conditions may, however, preclude the use of seismic isolation."

"For new structures, the current code applies in all seismic zones and,

therefore, many designers may feel that the 'need' for seismic isolation

does not exist because the code requirements can be satisfied by current

designs. However, the commentary to the Structural Engineers Association

of California (SEAOC) Recommended Lateral Force Requirements states that,

buildings designed in accordance with its provisions, will

• resist minor earthquakes without structural damage but with some
nonstructural damage

• resist moderate earthquakes without structural damage but with some
nonstructural damage.

Seismic isolation provides the capability of providing a building with

better performance characteristics than our current code approach and, thus,

represents a major step forward in the seismic design of civil engineering

structures Seismic isolation significantly reduces both floor

accelerations and interstory drift and, thus, provides a viable economic

solution to the difficult problem of reducing nonstructural damage."
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Another feature of seismic isolation which may make its use attractive

is the increased structural safety offered by this design concept over tra-

ditional design strategies. This is especially for non-nuclear facilities

where conventional design permits large deformations of the structure to

absorb energy during a large earthquake.

Several practical systems of seismic isolation have been developed and

implemented in recent years, and interest in the application of this technique

continues to grow. Although seismic isolation offers significant benefits, it

is by no means a panacea. Feasibility studies are required early in the de-

sign phase of a project to evaluate both the technical and economic issues.

If its inclusion is appropriate from a technical and first cost perspective,

then significant life cycle cost advantages can be achieved. Thus, seismic

isolation represents an important step forward in the continuing search for

improved seismic safety.

4.0 Basic Types and Characters of Isolation Systems

Although there are literally dozens and dozens of patented or otherwise

"unique" systems, there appear to be only four or five systems which have

either been used or hold promise for nuclear power plants. Reference [8]

lists these as:

(a) Elastomeric bridge-type bearings with steel laminated plates;

(b) Vertical elastomeric bearings as described in (a) above used in

conjunction with a lead core in the bearing (used for damping);

(c) Elastomeric bearings as in (a) above plus the use of sliding contact

plates which only slide after the lateral forces exceed the coefficient of

friction (about 20%) (referred to as the French bilinear system);

(d) Teflon-coated steel sliding plates used with nonvertical load

bearing spring elements to center the structure with the lower foundation mat.

(referred to as the Alexisismon system).

(e) Helical-coil springs, usually used in sets of four (A) springs, with

a dashpot or damping device.

Except for the helical steel springs, all the systems are prinv.ri ly

designed for horizontal or "base" isolation. Combinations of these may be
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used. For example, on Super Phenix 2 (SNR-2), it has been proposed to use

elastomeric bearings for the entire nuclear island (horizontal isolation)

only, and guided coil springs for the main reactor vessel block (vertical

isolation only).

Selection of the "best" system (even if that were possible) is beyond the

scope of this paper. What is important is to list the required and/or highly

desirable features of any isolation system. Such a list now follows:

a. Flexibility in the horizontal direction; very stiff in the vertical

direction.

b. High levels of damping, preferably within the isolation element it-

self (e.g., through the use of high-damping rubber, frictional damping, etc.)

c. Rigidity for low lateral loads (such as wind).

The response of any isolation system to an earthquake usually falls into

one of two categories: (1) linear; or (2) bilinear. An elastomeric bearing

with fairly constant physical properties will behave ai a linear system. The

same is true of the so-called "Alexisismon" system. The so-called French

sliding plate and elastomeric bearing typifies a bilinear system. Figures 1

and 2 show graphically the response of a linear and bilinear system, respec-

tively.

4.1 Material Properties

It is necessary to have reliable knowledge of the properties of

the materials and components of the isolation system in order to be able to

provide a reliable prediction of the behavior of the isolated structure.

Therefore, the materials used for the construction of the components of the

system have to be well known and must have been used repeatedly and for a long

period of time in similar functions.

The successful and reliable performance of the function required

from each element of the system for the whole time period of its use must be

guaranteed. These elements must have performed successfully the same function

for long in major structures located in similar environments. Among the

mechanical properties of each component, those which are essential to the

isolation system must be easily verifiable, both before and during their use

in the structure. This verification must not weaken their performance ability

and should be relatively easy to do.
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4.2 In-Situ Verification of the Mechanical Properties of the Whole
System

In addition to the verification of the mechanical properties of its
different elements, the system must be able to allow and easy and economic
in-situ verification of the mechanical properties of the whole system of iso-
lation. This should be possible at various stages of construction, especially
when the main buildings and components have been constructed. Such an in-situ
testing capability is considered highly desirable for a licensing nuclear
power plant. In addition, it must be possible to easily rectify any problems
uncovered by testing the whole system.

4.3 Redundancy

The isolation system in an isolated plant plays a role of first
importance regarding its safety since it supports the whole plant. In effect,
we transfer attention, from a safety point of view, from the structure to the
isolation system. In view of this, it must be so designed that there is a
great plurality of isolation components, i.e., the transferring of all verti-
cal and horizontal loads to the foundation must be distributed to a great num-
ber of components so that there is redundancy and that an unexpected failure
of one or more of them (despite the checking of their properties before and
during their use) does not influence the functioning of the whole isolation
system.

5.0 Comparison of Overall System Response Between an Isolated and Nonisolated

Structure

There are several differences in the way in which isolated and noniso-
lated structures behave in an earthquake. The following are some of the more
important differences, view principally from the eye of a nuclear plant de-
signer and constructor:

a. Conventionally designed buildings must have high levels of ductility and
strength to resist seismic loads. A seismically isolated structure, however,
lowers the seismic forces on the structure and, perhaps even more importantly,
reduces loads on the contents of the building.
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b. In conventional designs, each joint, each member, and each anchorage must
be carefully designed, detailed, and constructed to obtain the required duc-
tility and/or strength. The strong earthquake motions seek out weak links. On
the other hand, the use of seismic isolation lessens the sensitivity of the
supported structure and its contents to the dynamic loads. (Of course, appro-
priate ductility and strength must be designed into isolated structures as
well as full use of well established good seismic design practice.)

c. For seismic isolation, emphasis on QC shifts more from the building to

the isolators. The isolators should be designed to be easily inspected and, if

necessary, replaceable.

d. In conventional seismic design, interbuiidinq service connections

(piping, etc.) do not usually experience much differential response between

connected structures. For isolated systems, however, large relative dis-

placements can occur between the isolated and nonisolated portions of the

plant. These differential motions must be designed for by the use of flexible

connectors, articulated piping joints, etc. Also, adequate "rattle-space"

must be provided around the isolated structure.

e. Dynamic in-situ testing can generally be more informative and effective
in an isolated structure. In fact, such testing can be at various stages of
construction and on the final completed structure. Thus, design methods and
actual field installation can be verified initially, and conditions verified
periodically.

6.0 Technical Issues in the Use of Seismic Isolation for Nuclear Power Plants

There are a number of technical issues related to the use of seismic
isolation. Most of these issues are of some concern for application of seis-
mic to any facility (e.g., hospitals, computer facilities, emergency centers,
public buildings, etc.). A few of these issues (and perhaps two or three
others) receive more attention when we talk of using seismic isolation for a
nuclear reactor facility.

The existence of these technical issues is not of any real concern. Con-
ventional seismic design approaches have their own (fairly lengthy) list of
issues. There is one class of issues, however, that is somewhat unique: the
general lack of experience of actual seismically isolated structures subjected
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to actual (and reasonably strong motion) earthquakes. There is really not
much one can do here except to be sure to learn from every major isolated
structure subjected to earthquake and to pursue a vigorous program of in-situ
field tests of seismically isolated structures. There simply is no real sub-
stitute for the real thing: a real earthquake attach on full-size structures.
As the number of isolated major structures grows worldwide (as it seems cer-
tain to do), this overall imbalance of field experience will recede. (One
should note that one of the most valuable lessons learned in any technology
are when the real systems do not perform quite like we predicted. Certainly
this is true of the more conventional seismic design practices. While it is
true that we have more field experience for conventional structural designs,
much of this experience has been (unfortunately) negative, i.e., the struc-
tures did not perform as well as expected).

The following list presents most of the issues which are or will be
receiving attention (worldwide) to improve our understanding of the problems
involved and to seek acceptable solutions:*

a. Lack of experience of response of actual isolated structures to
strong earthquakes;

b. Insufficient test data for some isolation systems;

c. Effects of long period earthquake ground motions;
d. Need to use earthquake records which do not filter low-frequency

content;

e. Isolator bearing material properties (including fire resistance);
f. Effect of vertical component motion of earthquake;
g. Stability of isolator bearings for beyond design basis conditions;
h. Sloshing effects -- resonance; nonlinearity of response;

i. When is the use of vertical isolation favorable?
j. Nonlinear behavior of isolators and related response of internal

equipment;
k. Effects of non-ideal field conditions, e.g., tolerances, imperfec-

tions, differential settlement, etc.;
1. Travel ing waves.

•Obviously, these issues are not of equal importance nor are they listed in
any particular order of significance; also, none of them seems to present an
unacceptably difficult set of problems.
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Work is underway in most of the areas delineated above at universities,

national laboratories, engineering firms and reactor manufacturers. For

example, at least one paper on traveling waves was presented at the SHiRT-9

Conference in Lausanne, Switzerland (17-21 August 1987( [9]. Another paper at

SMiRT-9 dealt with the combined use of horizontal and vertical isolation 110].

Still another paper dealt with the problems of nonlinear behavior of sliding

bearings and the resulting effects on equipment response [11]. Another paper

dealt with the effects of vertical motion [12]. Sloshing effects are re-

ceiving increased attention [13).

Since the fundamental frequency of a seismically isolated structural sys-

tem is much lower than that of the nonisolated system, the effects of distant

earthquakes may become more important. Relative displacements between iso-

lated and nonisolated portions of the complex can be fairly large, and the

design must accommodate these displacements. Reliability of the isolators

over the life of the structure must be assured and replacement of individual

units facilitated, if necessary. All of these things (and more) need to be

demonstrated convincingly to the satisfaction of the regulatory bodies. Sen-

sitivity and parametric studies are good ways to assess any of these design

concerns. Both laboratory testing and field testing of individual isolation

and field tests are essential. Good measurements of response history and

behavior of isolated structures to actual earthquakes is also needed.

Comparative tests measuring the response of identical structures both with and

without isolation subjected to the same natural or experimental field tests

are a vary powerful way to establish the licensability of seismic isolation.

Such programs are either underway or are in the planning stages.

Quantification of the safety margins in seismically isolated systems must

be accomplished to put these systems into perspective with nonisolated sys-

tems.

The bottom line of this discussion of technical issues is (1) that the

issues are generally known and identified; (2) that they are being discussed

and studied by researchers throughout the world; and (3) like R&D work in the

conventional approach, much work and learning, including that from actual

experiences, will be a continuing activity.
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7.0 Codes and Standards -- Existing and Anticipated

In most engineering endeavors, the development of authoritative codes,

standards, design guideline documents, and related itei.iS usually follows the

development of the technology. For an emerging technology such as seismic

isolation one would expect that this pattern would prevail. On the other

hand, for a nuclear power plant, the regulatory agencies will be interested

in how this new approach fits into or differs from the existing approaches,

especially with regard to analytical methods and the applicability of well-

known codes and standards. This is a natural situation. However, tne large

scale of the isolation versus conventional design approach issue and the fact

that we are dealing with an entirely different way of solving an engineering

problem places added emphasis on the codes and standards issues.

It has been the goal of most proponents of seismic isolation systems to

use only those materials with well established properties, such as the use of

steel-plate reinforced elastomeric bearings which have been used for many

years to control vibration and thermal contractions and growths of buildings

and bridges. The same is true of analytical methods. Nonetheless, seismic

isolators must be understood as to how they behave as a system. So it is

logical to expect that regulatory bodies will first try to write minimum

performance standards of the isolation system, followed by more detailed

material specifications and other documents. Indeed, this is what seems to be

happening, at lease in the United States. The lead for developing isolation

system performance standards has been taken by two groups in California: (1)

the Structural Engineers Association of Southern California (SEAOSC); and (2)

the Structural Engineers Association of Northern California (SEAONC). Each of

these engineering organizations has prepared their own version of design

guidelines for the use of base isolation in buildings [14],[15]. In addition,

these two organizations formed a common project group to prepare a document

(for California) which -rovides acceptable standards for the use of seismic

isolation in hospitals [16].

All of these documents provide a sound basis to proceed onward to the use

of seismic isolation in a nuclear power plant. There are other documents

which can be used, too, such as New Zealand "Recommendations for the Design

and Construction of Base-Isolated Structures" [17]. Also, there are design

specifications for plants which already use insulation, such as in Koeberg in
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South Africa, Cruas in France, and Iranian reactors. There are, of course,

numerous material and component standards such as for fire resistance and

bridge-type elastomeric bearings (18], (19].

Other code writing bodies need to be incorporated into this area such as
the American Society of Mechanical Engineers (ASME), especially in areas where
they have already become somewhat involved. Examples of this include the ASME

Boiler and Pressure Vessel Code, Section III, Division 1, Subsection NF, which
covers "supports" for components which might be applicable to the support of a

reactor vessel module on steel coil springs for vertical isolation [20].

Based on past experience, it is this writer's opinion that while a very
large amount of authoritative material can be obtained from the building

industry's codes and guidelines, eventually a nuclear reactor-oriented code or

guideline for seismic isolation will need to be prepared. [This is similar to
the situation involving reinforced concrete containment. Although the regular

building code (ACI 318) is used extensively, a separate document covering con-
crete containment structures was prepared (ASME Section III, Division 2).] We

can learn from the history of concrete containments in which several reactor

plants using concrete containment were built and operated prior to issuance of
the present ASME code. The code, in effect, was developed during this period

and really did not become an acceptable authoritative document until it prop-

erly reflected the input of many designers, buildings, and regulators. We can

expect a similar situation for seismic isolation.

8.0 Testing Requirements

8.1 General

The reliability and suitability of materials and components of the

isolation system must be be assured over the life of a nuclear power plant.

Prequalification (by testing) of the isolation materials and components is

highly recommended to minimize the delay of the licensing process. Material

characteristics which must be known include the effects of rate and frequency

of loadings, aging, and environmental degradation.

There are three (3) basic types of tests which are thought to be

required for seismic isolation systems in general, and for nuclear power

plants in particular. They are:
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a. Whole-system behavior (tests of full-size structure);

b. Testing of individual isolator bearings and dampers;

c. Tests of basic material properties (neoprene, rubber, sliding plate

lubricants, etc.

There have been numerous tests performed on individual isolator

bearings, especially the steel reinforced elastomeric bearings. There are

only a handful of test results available for the whole structure (system

response). Material tests are probably available for most of the materials

contemplated for isolator bearings and associated damper elements and other

devices.

The quality control program which embraces the manufacture of the

bearings is of utmost importance. Inspections, though important, are inade-

quate by themselves. What is needed is a full process-oriented quality con-

trol program which covers each step of the bearing manufacture and assures

that the various procedures are under control and will result in a bearing

with the required properties. Reference [21] provides an excellent summary of

these requirements.

"Witness" samples of the seismic isolator placed next to the actual

isolators (and suitably loaded) are recommended to confirm long-term proper-

ties of the isolators. Analytical predictions of the behavior of seismic

isolation systems must be correlated with both model test results and actual

field experience. The general lack of seismic test performance experience on

the isolation system, as well as the lack of experience of actual structures

to real earthquakes, is a concern with regard to licensing. Practical in-situ

verification at various stages of construction is considered as highly desira-

ble.

In general, considerable weight is given to the results of tests

conducted on single or individual isolator bearings. This is to be expected

due to the extreme difficulty of obtaining full-size building response tests.

Both the SEAOSC and SEAONC tentative requirements specify the types of bear-

ings tests to be done.

8.2 Whole-System Tests

Most or the tentative recommendations for seismic isolation in non-

nuclear facilities do not require in-situ whole-building tests (e.g., snap-
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back testing, forced vibrations, etc. There are some "hints" that such tests

could be useful, but they are not usually required. For research work and

probably for nuclear applications, it is believed that some kind of "system-

qualification" testing will be conducted. It could be a combination of

several tests.

Based on established material properties and component performances,
it should be demonstrated that using accepted methodologies, analytical pre-
dictions are consistent with tests results such as the acceleration of the
superstructure, the force transmitted by the isolation system, and the rela-
tive displacement between the isolated structure and the ground. The lack of
seismic perfurmance experience on isolation systems and their components, as
well as the whole isolated structure, is a concern with regard to licensing.
Easy and economical in-situ verification at various stages of construction is
considered indispensable. Moreover, it must be possible to easily rectify any
problems uncovered during these in-situ verifications.

Several full-size isolated buildings have experienced moderate
earthquakes. In all cases, the response was well within the predicted behav-
ior range and the isolated building tended to move as a rigid body. Two such
tests and/or observations are included in Refs. [see earlier reference (SMiRT)
Sakurai et al.] and [221.

8.3 Isolator Tests

As stated previously, quite a bit of the testing done for seismic
isolation has been on the isolator bearings themselves. These tests include
static load tests, pseudo-dynamic loads, displacement tests, environmental
tests (e.g., fire, load cycling, aging, etc.). From what is already proposed
in the U.S. tentative codes (say by SEAONC and SEAOSC) it is likely that
any all-encompassing code and/or standard will place great emphasis on the
"component-testing" aspect of isolation, i.e., testing of the bearings
themselves under a variety of conditions.

The following material is taken verbatim from several resources
which address the question of isolator testing:
1. From Ref. [14]:

"DETERMINATION OF THE MATERIAL PROPERTIES OF BASE ISOLATORS
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The modeling of the base isolator should be based on data derived from
a comprehensive test program. The data should include the effects of
deformation into strain levels that substantially exceed recommended
strain levels. Testing for stability under vertical load combinations
should be conducted under force control systems that do not restrain
unstable deformation. In general, the test program for determination of
the static and dynamic properties of base isolators should include:

• Force-displacement relationship of near-linear elastic base isola-
tors such as elastomeric bearings.

• Effect of fully reversed cyclic loadings on linear elastic
systems. The number of cycles imposed should exceed the probable
response to the maximum possible ground motion by a substantial
margin.

• Effect of the imposed frequency of cyclic loading on the force-
displacement relationship of linear elastic systems and linear
elastic systems that are coupled with nonlinear elements. The range
of frequencies used for testing should be from 5 to 0.25 hertz.

• Effect of vertical loading on the force-displacement relationship of
the base isolator materials. The range of vertical loading should
include vertical forces that cause a strain level that exceeds the
recommended long-term strain of elastomeric bearings by 50 percent.

• The minimum axial test force for sliding systems shall be zero. The
load increments in the range from zero to 25 percent of the recom-
mended long-term axial load shall be adequate to adequately plot the
relationship of axial load and frictional forces in this load
range. The effect of axial loading in the tension range shall be
included for bearing systems that have the capability of resisting
tensile forces.

• Base isolators that utilize a combination of elastic linear and
nonlinear elements should have the elements tested separately. If
the nonlinear element is dependent on th linear elastic element for
stability, the combination may be tested as described previously.
The recommended test procedure is intended to enable the designers
to properly model the linear-elastic properties separately from the
nonlinear properties.

The test data supplied by the manufacturer of base isolation systems
should encompass the full range of probable vertical, cyclic, and dynamic
loadings and, in addition, should provide data on the probably behavior
of the system for loadings outside the recommended range of loadings out-
side the recommended range of loadings. If a comprehensive set of tests
and data is not available to the designer, major design alterations to
the building may be necessary after qualification testing is completed.

The modeling of the base isolator should be based on test data. The test
procedure for generic base isolator system should include the effects of
the cyclic frequency of the displacement. The energy absorption of the
hysteretic elements should be based on random cyclic displacements that
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have a relationship to probably ground motion. All force-displacement
test data should be obtained with axial loads that are in the probable
range for the base isolator size. The effects of variation in the axial
load should be part of the test data.

QUALIFICATION TESTING OF THE BASE ISOLATORS

Testing of five percent of the base isolators that are manufactured for
the project is recommended. The specimens selected for the test program
should not be used as a part of the installed base isolators. The
testing program should repeat the testing procedures that are recommended
for the determination of base isolator properties.

The vertical loads imposed on the base isolator during the cyclic dis-
placements should be those loads that are determined by the analysis of
the linear elastic building and are load factored for the probable combi-
nation of load effects. The recommended load combinations for maximum
axial loading is 1.2 dead load plus 0.5 live load plus earthquake load.
The minimum combination of axial loads combined with lateral displace-
ments is 0.8 dead load and earthquake load. The recommended maximum
displacement imposed on the base isdator is 1.5 times the displacement
derived from the analysis for design level ground motions.

Nondestructive testing for all base isolators for buildings that house
essential facilities is recommended. Essential facilities are buildings
that must be usable for emergency purposes after an earthquake. A recom-
mended test procedure for elastomeric bearings is an axial loading of 1.5
times dead and live loading and a separate axial and displacement load
sequence. The recommended combination of axial load and displacement
is dead loading and a displacement to 50 percent of the maximum design
strain. The displacements should be cyclic and fully reversed.

Inspection of the base isolators during the building life is essential
to an adequate base isolation installation. Access for inspection and
removal of base isolators should be provided. Instrumentation for
recording the earthquake response of base isolated buildings is recom-
mended. The instrumental record should be reviewed after each signifi-
cant earthquake and compared to the response predicted by the analysis.
A verification of base isolator properties is recommended for essential
facilities. This recommended verification program would require removal
of a limited number of the base isolators and a replication of the quali-
fication testing.

The data obtained by qualification and destructive testing of the base
isolators should indicate that the mean material properties are near the
properties that were assumed for the building design. If the material
properties; determined by the qualification testing deviate by more than
one standard deviation of the qualification test data from the assumed
values, the structural design should be reanalyzed using the mean value
of the base isolator properties that were determined by the qualification
testing.

If the recommended maintenance testing program indicates a long-term
change in the base isolator properties, the design analysis shall be
repeated and submitted to the regulatory body for its approval."
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2. From Ref. [15]:

"SECTION D - REQUIRED TESTS OF ISOLATION SYSTEMS

Because accurate representation of the isolation system's properties is
essential for reliable design, detailed testing requirements are speci-
fied in Section D. General test criteria are described in the document
by the following paragraph:

'The deformational characteristics and damping values used in the
design and analysis shall be based on existing test data of the
system and confirmed by the following tests on a selected sample of
the components prior to construction. The isolation system to be
tested shall include the ultimate restraint system, the wind re-
straint system, as well as individual isoTacors if such systems are
used in the design. The tests specified are for validating the
properties of the base isolation system. They should not be consid-
ered as manufacturing quality control requirements.'

A brief list of Section D test requirements is given below:

Sequence of Tests

• 20 fully reversed cycles shall be used at the design wind level,

• 3 fully reversed cycles of loading shall be used at each of 5
increments of the design displacement, ard

• 10 fully reversed cycles of loading shall be used at the full design
displacement.

Determination of Design Properties

• the maxinv.mi and minimum effective stiffness shall be determined at
the design displacement, considering both positive and negative
loadings, and

• the equivalent viscous damping shall be calculated from the area of
test hysteresis loops.

System Adequacy

• the isolation system shall have positive incremental stiffness,

• the isolation system shall have less than 25 percent deterioration
of stiffness and damping.

SECTION E - ADDITIONAL REQUIREMENTS

Additional performance, detail, and quality control requirements are
covered in the last section of the draft requirements. Because of their
importance, the document's text is repeated here in full.



"E.l Isolation System

E.I.1 Environmental Conditions

In addition to the requirements for vertical and lateral loads induced by
wind and earthquake, the isolation system shall be designed with consid-
eration given to other environmental conditions including aging effects,
creep, fatigue, operating temperature and exposure to moisture or
damaging substances.

E.1.2 Wind Loads

Isolated structures shall resist wind loads at all levels above the iso-
lator level in accordance with the general wind design provisions. At
the isolator level a wind restraint system shall be provided as necessary
to avoid human discomfort within the building and as necessary to limit
lateral displacement int he isolation system to a value equal to that
required between floors.

E.I.3 Fire Resistance

Fire resistance for the isolation system shall meet that required for the
building columns, walls, or other structural elements.

E.I.4 Lateral Restoring Force

The isolation system shall be configured to produce a restoring force
sufficient to ensure that the maximum offset of any isolator unit does
not exceed 33% of the design displacement specified by Equation 1.

Exception: The isolation system need not be configured to produce a
restoring force, as required above, provided the isolation system is
capable of remaining stable under full vertical load and accommo-
dating later displacements equal to four times the maximum offset.

The maximum offset of any isolator unit shall be determined by an experi-
mental snap-back test or by an analytical free-vibration time-history
analysis. If time-history analysis is used to determine maximum offset,
then the hysteretic behavior of the isolation system shall be modeled
explicitly using the force-deflection characteristics determined by Sec-
tion D tests. For either snap-back testing or time-history analysis,
mass shall be included, as necessary, to accurately represent the iner-
tial effects of the isolated structure.

E.I.5 Vertical Load Stability

The isolation system shall provide a factor of safety of three (3) for
vertical loads (dead load plus live load) in its laterally undeformed
state. It shall also be designed to be stable under the full design
vertical loads at a horizontal displacement which is the greater of
either 1.5 times the design displacement or four times the maximum offset
for softening systems or sliding systems, or 1.5 times the design force
for hardening systems."
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Clearly, many of the items above in Section E of Ref. [15] may
require qualification testing, either as the sole means to satisfy the
requirement, or to augment analytical predictions. (Notice the attempt in
E. 1.4 to try to simulate the actual as-built structure for the "snap-back"
tests discussed.)

One of the more important requirements stated above (and elsewhere)
is the need for proper fire resistance. While some testing has been done,
such as on elastomeric bearings, more testing is needed to assure a very high
margin of safety for this environmental challenge. Indeed for a nuclear power
plant, the isolation system must have at least as good a fire rating as any
other critical component support. Also, the tests may need to include the
effects of trying to stop the fire, i.e., Hooding with water, chemical spray,
etc. Clearly, this must be completely thought out and proper specifications
prepared. See, for example, tests described for rubber bearings [18].

The following quote is taken from Ref. [4] as an example of the

extent of testing to be anticipated for nuclear applications of seismic

isolation:

"Experimental Tests

More than 50 test series were carried out to provide backup for and to
determine the real behavior of the,bearings. One test series was carried
out by the French Commissariat a TEnergie Atomique on the Vesuvius
vibrating table.

A concrete structure (4.5-m-high, 2-m-i.d., and 0.16-m-thick cylinder)
representing an approximately one-tenth scale model of a reactor building
was put on four aseismic supports. The total weight was -(14.5 x 103

kg). This structure was submitted to actual earthquake records (from 0.3
to 0.6 g). Note that the purpose of that experiment was not to test a
one-tenth scale mockup of a reactor building to extrapolate the results
obtained to a full-size reactor, but to check and validate the mathemati-
cal model of the aseismic bearing and the computer code itself. The aim
was, therefore, to compare recorded curves versus time (displacement and
acceleration) with those computed. Equivalent typical comparisons are
given in Refs. 4 and 5.

In addition, the consistency of test results (over 70 simulated earth-
quakes) indicates good long-term behavior of the bearings and the system
as a whole. Another test series was carried out by the Hydromecanique et
Frottement Laboratory, St. Etienne, France, on a slip simulator espe-
cially built to permit testing on full-scale bearings both before and
after accelerated aging.
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The system's excellent behavior under violent dynamic loadings has
demonstrated the suitability of the materials chosen and has shown that
the safety factor built into the aseismic bearings is very large.

Many other technological tests were performed, such as accelerated aging,
salt spray corrosion, galvanic corrosion, fretting corrosion, adheriza-
tion, stud bolt welding, elastomer static and dynamic characteristics,
friction tests under different pressure, speed, and distortion."

9.0 Licensing Considerations

9.1 General

Clearly one of the most important aspects of using seismic isolation
for nuclear power plants is the ability to convince the regulatory authorities
that isolation is at least as safe as the current, more conventional approach.
In this Section we will present several thoughts and suggestions on how to
assure ultimate licsnsaoility of seismic isolation for a nuclear power plant.

9.2 An Approach to Licensing

Since modern seismic isolation is a relatively new technology, one
of the major problems involved in convincing engineers, owners, and regulatory
bodies of its chances for licensability (whether for nuclear plants, hospi-
tals, emergency centers, computer facilities, etc.) is the lack of experience
of real structures to real earthquakes. Obviously, for nuclear power plants,
the consequences of a major structural failure is of major concern. It is
natural to expect that the "proof" of licensability of seismic isolation for
use in nuclear plants will be the most stringent of all applications. (Expe-
rience gained in non-nuclear structures will be of value to reactors and vice
versa.)

The purpose here is to present a strategy which, if carried out
successfully, should be more than sufficient to secure approval of seismic
isolation by nuclear regulatory agencies.

Before presenting the proposed approach, it will serve our purpose
well to reflect on the development and licensing of a selected aspect of
nuclear power plants which may have' some interesting similarities to seismic
isolation. For example, consider the use of steel-lined reinforced concrete
buildings to provide a leaktight barrier limiting the release of radioactive
material to the atmosphere in the unlikely event of a major nuclear accident.
When first introduced, these structures were designed and analyzed to existing
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codes and standards, upgraded considerably to reflect the importance of these
structures. Some of these containments were designed to very high internal
pressures, tornados, earthquakes and other loadings. It is important to take
note of the fact that no other structures had been used before (with the pos-
sible exception of gas/water tanks and gas-cooled nuclear reactor vessels).
It is useful to reflect on the development of such containments: The first
plar.ts were designed by experienced high-quality design firms, and after a
limited number of plants were designed, built, and licensed, professional
engineering societies formed committees to codify the best of the practices
and to finally produce a definitive code for these structures. It is also
instructive to consider that except for the initial structural integrity tests
(115% of design pressure) and periodic leakage rate tests (up to full design
pressure) of all plants, and a couple of actual accidental pressurizations
(e.g., Three-Mile Island), and some moderate earthquakes at some plants, none
of these structures has actually been :objected to full design pressures (and
temperatures) along with concurrent natural loads such as earthquakes. (It
should be recalled that such things are required in their design load combina-
tions.) Fortunately, the performance of virtually all reactors has been such
that no serious pressure/ temperature load effects on containment have oc-
curred. Furthermore, there have only been a few actual earthquakes experi-
enced by these structures.

What, then, gives us the necessary confidence in these design, that
when called upon to safely resist their design loads, they will, in fact, do
so? There are several reasons:

(1) We have confidence in the materials and their aggregate behavior in
these structures (concrete, steel reinforcement, and steel liner);

(2) We have confidence in our analytical models to predict safe behavior
at design load conditions;

(3) We believe we have provided large factors of safety in the design to
allow for beyond design basis loads;

(4) We exercised great care in the construction of these structures,
utilizing extensive quality control measures to assure the final
product is what was designed;

(5) We test each completed containment structure, at least for some of
the loads (e.g., 115% of design pressure). (Note that we do not
test for other severe accidents or natural phenomena, e.g., earth-
quake); and
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(6) We have performed extensive analytical studies (and some component
tests) of these structures to better understand not only the margin
that the safety factors provide, but to better understand modes of
failure.

There may be other items, but these are sufficient to make a comparison with
the development of seismic isolation. It is also very important to note that
considerable research and development for these containments is still under-
way, including tests on full-sized shell segments, scale-model tests, etc.
One needs only to observe the large number of papers presented by researchers
throughout the world at SMiRT and other professional meetings on containment.
Fortunately, no containment has ever had to cope with a full complement of its
design loads—pressure, thermal, tornado, earthquake—acting in the worst pos-
sible combination. So we lack (and hopefully will continue to lack) actual
response of an actual containment to all of its design loads.

What we have just described for containment design and testing now
gives us a basis for developing a strategy for the licensing of seismic isola-
tion systems for use in nuclear power plants.

9.3 Suggested Tasks to Assure Ultimate Licensability

Much could be written here, but it is believed that the following
list of actions -- taken both as a whole and as separate well-coordinated
tasks — would result in regulatory acceptance of seismic isolation. The
specific tasks and activities felt to be required are:

a. carefully define the differences between conventional seismic design
and isolation;

b. provide objective performance requirements for qualification of
isolation systems;

c. provide strong evidence on isolation performance including well
coordinated sets of experimental data and analysis of performance of
isolators in actual earthquakes;

d. provide practical plans for in-situ tests of the partially and fully
completed isolated structure to verify both analytical predictions
of response and construction quality;

e. provide a definitive plan for QA/QC covering all aspects of the
isolation system (design, fabrication, installation, testing,
inspection, and maintenance);

f. use well recognized codes and standards wherever possible;
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use analytical methodology which is based on current practice to the
maximum extent, properly validated to predict measured response of
isolation systems;

Use a wide variety of earthquake records to show acceptable response
of the isolators;

Show clearly the margin of safety of the isolation system beyond the
design basis; and

Provide a clear plan for in-service inspection and replacement of
individual isolators.

10.0 Conclusions/Observations

Seismic isolation is rapidly emerging as one of the most significant

earthquake engineering developments in recent years. The use of seismic iso-

lation for many important civil engineering structures (buildings and bridges)

throughout the world is fact. There is a need to assure that maximum benefits

are gained from every real earthquake event which significantly affects

isolated structures.

Much field testing is needed, and encouraged, to not only ascertain
corroboration of analytical techniques, but as a means to help verify con-
struction quality. More testing should be done on individual isolator bear-
ings, especially dynamic tests along with displacement-to-failure static load
tests.

As pointed out in a recent survey paper by Kelly [23], there is a need
to consider incorporation of "fail-safe" mechanisms. Great care must be exer-
cised here so as not to undo all of the advantages of isolation by adding de-
vices, etc. which could have undesirable feedback into the isolated structure.
Simplicity and inherency of desired features within the isolators themselves
should be the dominant factor.

For liquid metal reactors, the use of seismic isolation has great
potential for improving safety margins, reducing capital costs, promoting
standardization, and enhancing thermal response by avoiding heavy stainless
steel members for structures, vessels, and other components.

Finally, the isolation system can be designed with many isolators for
redundancy so that an unexpected failure of one or more of the isolators does
not influence the functioning of the total system. When coupled with regular
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inspection and proper maintenance of the isolation system, the redundancy of

isolators and the capability of replacing aging isolation components give the

isolated nuclear power plant additional advantages over the conventional non-

isolated plant. The capability of replacement, periodic in-situ tests of the

isolation components, and the existence of comprehensive system and isolator

element tests to back up the analysis should make a very persuasive argument

for the use of seismic isolation.
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Fig. 1. Base Shear Forces Transmitted through a Linear Isolation System
to the Superstructure in Relation to the Relative Horizontal
Displacement
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Fig. 2. Base Shear Forces Transmitted through a Bilinear Isolation System
to the Superstructure in Relation to the Relative Horizontal
Displacement


