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The elastomer bearing pads used since 1963 as supports for prestressed
concrete pressure vessels (PCPVs) was quickly chosen by Electricity de
France (ED) to improve the capability of nuclear power plants (NPPs) to
withstand strong earthquakes and to reduce the seismic loads on struc-
tures and equipment. The standardized units for 900 and 1300 HW(e)
pressurized water reactor (PWR) plants have moderate seismic design loads
of 0.2 and 0.15 g, respectively. These design loads were exceeded by the
site dependent spectra of Cruas (France) and Koeberg (South Africa). To
keep the plant design unchanged and to take the advantages of
standardization, these units were put on laminated bearings with or
without sliding plates. For the future French 1500 HW(e) fast breeder
reactors (FBRs), which are more sensitive to seismic loads, the base
isolation is considered by EDF at the beginning of the design, even for
low ground motions of 0.2 9. The buildings are placed on laminted
bearings while the reactor block is supported by springs and dampers. The
isolated plant has identical costs as a conventional design such as SPX1
at Creys-Halville.

Introduction

The amount of seismic activity in France is moderate, thus the seismic
levels chosen by EOF as standards for the design of a pressurized-water
reactor (PWR) or fast breeder reactor (FBR) are low. In certain cases,
however, the seismic intensity or the site-dependent spectra can be higher
than the standardized values. The adaptation to stronger seismic conditions
requires all of the studies to be repeated; it is then a new project and,
hence, the loss of standardization.

As far back as 1973, EDF embarked on studies of elastomer bearing pads to

assess their behavior under seismic loads and their effects on structures. In

the scope of studies for export, EDF and SPIE-BATIGNOLLES Joined in the

development of antiseismic pads with friction plates. The first application

was the Koeberg nuclear power plant (NPP) (South Africa), then Cruas (France)

(although no sliding plates were used at Cruas).

Not long after, EDF began preliminary studies for the 1500-HW(e) Fast

Breeder Reactor SuperPhenix 2, and from the outset, the base-isolation concept

was taken into account. It can be economically attractive to have base

isolation even for low earthquakes (0.1 - 0.15 g). To better minimize the

loads due to the vertical motion, an isolation by spring and dashpots with

vertical guides was adopted.
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The Base-Isolation Concept at EDF

As far back as 1968 earthquake loads have been taken into account in the

design or nuclear power plants in France. Due to the conservatism of the

calculation methods, earthquake effects were found to be large and EDF there-

fore started investigating the possibility of reducing these effects, taking

into consideration more realistic properties of materials or using different

kinds of foundations.

The Bearing System for Gas-Cooled Reactor (OCR) Prestressed-Concrete Pressure
Vessels

The ideas of improvement in the mechanical properties of the rubber

bearings began with the use of a welded wire mesh (1952) and then by use of

reinforcing piates (1956) (by Eugene FREYSSINET, the inventor of the preten-

sioning). The first bridge resting on neoprene pads was built in France in

1954.

This new method of support was quickly used by EDF from 1963 for the

prestressed-concrete pressure vessels (GCR nuclear power plants) of Saint

Laurent, Bugey, and also or Vandellos (Spain). These vessels, from 70 to 85

thousand tons, rest on about 300 bearing pads founded on concrete pedestals.

The pads, similar to bridge pads, were used essentially for pretensioning,

shrinkage, and thermal expansion. These pads, whose temperature can reach

UO°C, have excellent behavior, and most, after more than 20 years, show no

marked detelerious effects due to aging.

The Use of Bearing Pads Against Earthquakes

In 1972 EDF began studies on the effects of soil plastic deformation on the

global behavior of buildings. A decrease of the response of the structure was

expected. We realized quickly that it was easier to control the frequency of

the first mode of deformation, and that the best way was the use of neoprene

pads between soil and buildings. As sliding pads were also used for bridges,

we studied the effects of sliding systems and it was shown that it was

possible to dissipate a great amount of energy through the frictional

interface.1



At the same time, for export projects, the civii works company SPIE-

BATIGNGLLES encountered greater difficulties meeting the seismic design

requirements of high seismicity areas with a standard plant design. They drew

the same conclusions as EDF, that the use of elastomer and sliding pads is

necessary. Subsequently, EDF and SPIE-BATIGNOLLES joined together in

developing such a bearing.

The first studies were made with Teflon stainless steel as the frictional

interface, but because of the large displacements due to the value of the

coefficient of friction (5% for sliding plates was commonly used in France),

it was necessary to find another kind of interface. After much research the

result was perfection of the lead bronze stainless-steel frictional inter-

face. The use of these two surfaces, with appropriate machining, leads to a

constant value of 0.2 for the coefficient of friction.

The sliding elastomer pads (Fig. 1) are patented worldwide under the names

of EDF and SPIE-BATIGNOLLES Detailed descriptions of the sliding elastomer

pad are given in Refs. 1-4.

The Different Base-Isolation Systems Used by EDF

1. The Elastomer Pads

It is most significant that EDF chose seismic isolation pads similar to

those bearing pads commonly used for bridges, with the same material

(neoprene), the same dimensions, and, especially, the same slenderness ratio

(<0.2), because of their good behavior with time and the accumulated

experience.

These pads have an elastic behavior and an internal damping value of 5 to

8J. They can undergo a shear distortion of 120 to 150? and have significant

margins insofar as they are not slender {slenderness ratio <0.2). (Note:

There is no shear deformation restriction due to buckling and overturning if

slenderness ratio <0.2.)

The elastomer pads easily filter the effects of shallow-focus earth-

quakes. For the far-field earthquakes, it is possible to use such pads if the

ground motion is defined by U.S. Nuclear Regulatory Commission (USNRC) RG.1.60

spectrum and the ground acceleration is below 0.2 g. If one wants to limit

acceleration in the structures to about 0.2 g which is a reasonable value for
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NPP in France, it becomes difficult to use these pads at sites where the

ground acceleration is larger than 0.2 g. The difficulties arise from (a)

reduction of elastomer frequency; (b) increase of the elastomer displacement;

(c) increase of the elastomer pad thickness; and (d) the possibility of the

occurrence of uplift.^ Thus, it in absolutely necessary to add viscous

dampers (bitumen or silicon grease dampers) to obtain at least 15% of the

critical damping. EDF retains the options of putting dampers on the pedestals

beside the pads (see Fig. 2), which allows a ground acceleration of 0.3 g

using the USNRC RG 1.60 spectrum.

2. The Sliding Pads (Elastomer Pads with Sliding Plates)

As the friction coefficient is 0.2 between the mating surfaces of the

sliding pads, it is possible to use such pads when the spectral response

acceleration corresponding to the elastic behavior of the pad is £0.2 g.

Considering the cost, the use of these sliding pads is effective for 0.25 to

0.30 g or greater, per USNRC RG 1.60.

Earthquakes and Standardization for the French PWR

The First PWR Units

Detailed design of the first PWR units, Fessenheim 1 and 2, took into

account seismic loads. For this site the intensity of the French overvalued

safety earthquake [roughly an equivalent of the safe shutdown earthquake

(SSE)] was VIII on the MSK (Medvedev Sponheuer Karnik) scale, and a maximum

ground acceleration of 0.2 g was chosen, associated with a soil response

spectrum, the so-called EDF spectrum (obtained by using a smoothed mean of

fight California earthquake spectra).

Seismic calculations were made using impedance functions for the soil and

mass-spring elements for the buildings.

The sane approach was chosen for the four units at Bugey, and as the site

was less seismic than Fessenheim, EDF chose the intensity of VII MSK and an

acceleration of 0.1 g with the EDF spectrum. Note that the buildings and

equipment for the Bugey plant are slightly different than in Fessenheitn.
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First JPWR Nuiti-Ufiit Contracts

A first contract for erection of 12 900-MW(e) PWR units enlarged to 16

units, was quickly signed; a second contract followed, leading to a total

number of 28 900-MW(e) units.

When EOF discussed the first contract, only three sites were known

(Tricastin, Gravelines, and Dampierre), and EDF did not want to consider

designing three different NPPs specifically for each sites. It was then

decided to design and build totally identical nuclear islands and turbine

halls; i.e., a standard plant design. The only exceptions to this rule were

for the thickness and reinforcement of the rafts.

The Seismic Standard for the 900-MU(e) PWR

For standardization, EDF prescribed that the earthquake effects had to be

calculated for the most seismically active site known at that time.

Taking into account the known elements, EDF chose as a standard value an

overvalued safety earthquake (SMS) with an intensity of VIII on the MSK scale,

with a horizontal acceleration of 0.2 g and EDF spectrum (in other words the

same values as at tessenheim, which was the most seismic site under considera-

tion). As the soils of the known sites were essentially alluvial deposits,

EDF chose to take as design values (forces, displacements, floor response

spectra) the envelope of the results from different soils with a dynamic Young

modulus E varying from 500 to 2000 MPa (this is equivalent to a shear wave

velocity of 300 to 600 m/s).

In addition, the building displacements were computed for a modulus E of

350 MPa (V^=250 m/s).

Among the sites of the second multi-unit contract, there was a harder site

(Chinon, which had limestone); additional calculations were then made with a

modulus up to 10,000 MPa, and some equipment needed slight modifications.

The Influence of Shallow-Focus Earthquakes: The Nonstandard Sites

The studies made by both EDF and the French Safety Authority for the Rhone

Valley sites quickly showed a noticeable seismicity due to earthquakes with a

shallow focus (focal depth <10 km) and a moderate magnitude (about U to 5),

but with an acceleration of up to 0.5 g. Characteristic of this kind of

earthquake is that moderate damage is usually confined to a small area.
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Studies made by Professor Ambraseys at Imperial Coliege (London) permitted

determination of characteristic ground response spectra.

During the construction phase at the Tricastin site, EOF had to check the

consequences of this type of seismic event, and verifications were carried out

using a soil response spectrum anchored at 0.3 g with considerable high-

frequency content. The results had little effect on the equipment design due

to filtration of the high frequencies by the soil (deep clays and marls).

At the Cruas site, EDF found the same shallow-focus earthquake problem, but

there was no possibility of such filtration by the soil because the foundation

consisted of good limestone.

The Cruas site, before construction, presented the following character-

istics:

(a) far-field earthquakes, with site effects covered by EDF spectruin anchored

at 0.2 g;

(b) shallow-focus earthquakes (Richter magnitude -5.5) with high-frequency

response spectrum anchored at 0.3 g (horizontal motion);

(c) rocky soil with a modulus E of 15,000 MPa (Vs=1500 tn/s).

It was obvious that Cruas was not a standard case, and it was necessary to

consider this site separately.

At about this time, two standard 900-MW(e) PWR units were being planned for

Koeberg, South Africa. At Koeberg, with the USNRC RG 1.60 spectrum scaled at

0.3 g, it was even more unfavorable due to the frequency content of the input

to the structure.

The Use of Aseismic Bearing Pads for NPP

In these two cases, Cruas for EDF and Koeberg for the French group of

contractors, it would have been possible to redesign the existing plants to

accommodate the specific site conditions; i.e., soil and earthquake. It would

have been necessary to redo all the calculations, verify the stresses in all

the buildings and equipment, and make any modifications indicated by the

reanalysis. In addition to the cost and the duration of such studies, every

modification ran counter to the principle of standardization of all buildings

and equipment. Therefore the decision was made to keep the plant design

unchanged and to use seismic isolation at both Cruas and Keoberg.
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The reference plant used was the French unit at Gravelines, a unit of the

first multiyear contract. The influence of the earthquake (0.3 g and USNRC RG

1.60 response spectrum) on the building and equipment would necessitate a

large number of modifications, which was unacceptable. To not lose develop-

ment and reference to the French plant standard, the French contractors

therefore decided to use elastomer bearings coupled with sliding plates.

The twin units of Koeberg are the only nuclear power plants in the world

resting on sliding bearing pads. Indeed, as seen in the section on "Elastomer

Pads," the design earthquake required by the owner was too strong for solely

elastomer pads.

2. Cruas WPP

A short time after Koeberg came the decision to build plants at Cruas. For

the same reasons given above for Koeberg; i.e., standardization, delays, etc.,

the decision was made very quickly by EDF to use seismic isolation.

Because of the shape of the response spectra for the shallow-focus earth-

quake (Fig. 3), only elastomer bearing pads were necessary; the sliding plates

were not necessary in this case.

As the maximum soil acceleration was 0.2 g for the standard plant, EDF

chose the frequency of the isolation system to obtain the same value on the

response spectrum corresponding to the internal damping of the neoprene pads

(5$). Due to the shape of the EDF spectrum, that lead to a frequency of 1

Hz. So EDF was sure that, in the frequency domain of Interest for the equip-

ment, all response spectra computed for Cruas could be enveloped by the

standardized response spectra for every floor, including the basemats, if the

neoprane isolation bearings were used (Fig. *4).

3. Other Construction Sites

Karun

The Iranian site of Karun River had a high seismicity and, like at Koeberg,

the USNRC RG 1.60 spectrum anchored at 0.3 g was used for the design studies.

The French constructors decided to use the same base-isolation system as used

in Koeberg; namely, the combined elastomer and sliding plate. Extensive
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discussions were held with the Iranian safety authorities, and a panel of
experts from different countries was asked to review the project. Finally,
the expert panel expressed a favorable opinion.

Construction was interrupted shortly after it began, with only part of the

isolation pads having been delivered.

La Hague

For some spent fuel pools of the reprocessing plant of La Hague, COGEMA
used similar neoprene pads for seismic isolation. Technical specifications
for these pads were quite similar to those used by EDF for Cruas.

TJie 23QQ-H}f(e) Pm Standards

At about the same time (1972), EDF began preliminary studies for a 1300-
HW(e) PUR with double-wall containment. The first project was Paluel (1977)
and, of course, the French policy of standardization was continued.

While it could have been possible to select the previous seismic standard
used at sites such as Cruas (rocky soil, 0.3 g, spectrum of shallow-focus
earthquake), a different course of action was taken.

With such an enlarged standard, there should not have been any problem with

using the conventional foundations. However, EDF believed that the number of

potential sites like Cruas was too small to justify the design of a standard

plant for the worst seismic conditions. Besides, it can be seen from the map

shown in Fig. 5 that only a few sites are nonstandard.

The only differences between the 900- and :300-MW(e) PWR seismic design
standards are the spectrum used and the range of soil moduli. Essentially for
export reasons, we changed the EDF spectrum anchored at 0.2 g for the USNRC RG
1.60 spectrum anchored at 0.15 g. Furthermore, due to the fact that some
sites may be rocky, the range of moduli, E, was extended up to 10,000 MPa (or
even 40,000 MPa).

For the 1300-HU(e) standard, no site is out of the seismic conditions. For

the 14KH)-HW<e) standard only one site, Le Carnet, is out of the seismic

conditions. Preliminary discussions with the French safety authorities about

the seismicity led to adopting the USNRC RG 1.60 spectrum anchored at 0.2 g

for that site. Therefore, for this future site (to be built after 1995), the
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nuelear island buildings will probably rest on neoprone pads similar to those
used at Cruas,

Fast Breeder Reactor Plants

The Existing Plants

Phenix, a 250-HW(e) unit built by CEA and operated by EDF, is located in

the Rhone Valley, near Marcoule. The detailed design was done in 1967, and an

earthquake with a ground acceleration of 0.15 g was taken into account.

Verifications of a high-frequency spectrum have recently been performed.

The prototype plant SuperPhenix 1, in Creys-Malville [1200-MW(e)j, for

which the detailed design started in 1976, was designed for a horizontal

ground acceleration of 0.2 g with the EDF spectrum (i.e., the same as those

for the PUR standard plants). EDF realized rather quickly that, unlike the

PWR, the FBR reactor block (reactor vessels, roof slab, and other equipment)

was very sensitive to the earthquake loads, and required conducting more

sophisticated studies and tests on shaking tables.

Basic Design of the FBR Project

The first studies on a commercial-scale FBR started in 1976. They were
carried out with the same seismic conditions as for the other reactor plants
(0.2 g with EDF spectrum, and then 0.15 g with USNRC RG 1.60 spectrum). From
the beginning, it was decided to consider the consequences on the overall
design of the adoption of aseismic bearing pads.

Preliminary studies were therefore carried out with these values and
considering the cases with or without pads, with a wide range of soil moduli
in both cases. At this stage, studies were focused essentially en the civil
works quantities (concrete, reinforcement), floor response spectra, and
response of the main equipment.

These studies showed that the additional cost of civil works due to the

presence of the pads was low (2%) and could be compensated for by a savings in

cost on the equipment, especially if the effects of the pads are considered

from the beginning of the design. Thus, it is possible to obtain the maximum

benefit due to the pads, even under low ground acceleration conditions (0.1

g).



The decision to put the reactor building on pads was reached in 1979.

The Bifierent Sites

From 1981, all preliminary studies were carried out with the use of

neoprene laminated bearings beneath the reactor building. At that time, two

sites were envisaged: Creys-Malville and Saint-Etienne des Sorts (adjacent to

Phenix, near Marcoule). These sites were attractive because of the proximity

of fast breeder reactors already under operation.

After discussions with the French safety authorities, EDF decided, for

every future plant in Creys-Malville, to take the ground response spectrum

from the USNRC RG 1.60 instead of the EDF spectrum, without changing the

acceleration.

The seismicity of St-Etienne des Sorts was still more delicate to under-

stand. This site presents seismicity due to distant earthquakes or at the

border of seismoteotonie areas, plus shallow-focus earthquakes beneath the

plant.

The effects of far- or intermediate-field earthquakes can be represented by

the USNRC RG 1.60 ground response spectrum anchored at 0.24 g for the hori-

zontal motion and the shallow focus events by a fixed shape and high-frequency

spectrum anchored at 0.3 g (Fig. 6). In addition, the soil is good rock

(Vs>1500 m/s). Therefore, the choice of bearing pads was entirely Justified

for St-Etienne des Sorts.

Vertical Isolation of SuperPhenix (SPX2)

Detailed design of the main equipment of Creys-Malville (SPJM), supported

on the roof slab, showed clearly its sensitivity to vertical earthquakes, in

spite of the rather low vertical ground notion (2/3 of 0.2 g, and EDF

spectrum).

The roof slab was larger for SPX2, so sensitivity to the vertical motion

was increased.

As a result, EDF proposed a new arrangement which had the ability to reduce

the vertical seismic loads and therefore to Increase the design margins.
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This arrangement involved the vertical isolation of the roof slab with

helical springs resting on the civil structures of the reactor pit. To avoid

rocking motion on the spring, vertical guides at the top and bottom of the

reactor pit were used.

After studies were made on the reactor pit, it appeared that it was easier

to isolate the entire reactor block (civil structures of the pit, roof slab,

and vessels). This was done by using springs located under the reactor block

(Fig. 7).

Detailed Preliminary Studies on RNR 1500 (1983-1987)

In 1981, a choice was made between the two sites for a large 1500-MW(e) F8R

plant - Creys-Malville and St-Etienne des Sorts. Creys-Malville was chosen

because of the possibility of sharing common facilities.

Since the reactor building of SPX1 did not use seismic isolation, the

question of using such an isolation system was immediately raised.

Considering the previous studies on the benefits due to horizontal isola-

tion, the use of such pads was not really doubted. On the other hand, verti-

cal isolation was debated quite a bit. In fact, the benefit of the vertical

isolation springs is very limited for Creys-Malville, except for lower loads

on some components. Nevertheless, the concept of vertical isolation was kept

because it permits standardization and the possibility of adaptation to

different kinds of sites. This is due to the shapes of the response spectra,

which are very different for the cases with or without isolation (Fig. 8}.

These detailed preliminary studies, which shall be used as a basis for the

detailed design, were performed with two isolation schemes:

(a) neoprene bearing pads beneath the whole reactor building to minimize the

effects of horizontal ground motions (including the possibility of using

viscous dampers);

(b) springs and dampers beneath the reactor block to minimize the effects of

vertical ground motion, with sliding guides at the top and bottom of the

reactor block to avoid rocking effects.

Detailed preliminary studies have been completed, and the detailed design

will start after adequate experience feedback from the operation of Creys-

Malville SPX1,
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The Safety Point of View

The base-isolation systems with laminated elastomer bearing pads (with and

without sliding plates) have been discussed with safety authorities from

different countries (France, South Africa, Iran) and also with independent

experts. Numerous questions were asked; EDF and SPIE-BATIGNOLLES were

required to present results of additional studies* even when these studies

have not been performed for conventional design.

From the safety point of view, it is advisable to emphasize to review

groups some important specific aspects: increased safety margins; need for

additional studies; uncertainties in the earthquakes; and replacement of the

bearings.

Safety Hargins

In the frequency domain of interest for most of the equipment, the response

spectra are lower using base isolation (Figs. 1 and 6). This means that

seismic loads are reduced for standard components, as in Cruas or Keoberg, and

the seismic safety margins therefore increase. These margins are even more

significant because the components are in the upper floors where amplification

of these loads is very great for the conventional design approach. It is

important, however, to design the piping between the nuclear island and a

nonisolated building (such as the pumping station) to accommodate the possi-

bility of greater differential horizontal displacement than the computed

value. This can be done, for example, by use of the natural flexibility of

the piping lines or by use of bellows.

Additional Studies

Many additional studies on seismic isolation have been performed by EDF or

SPIE-BATIGNOLLES. The effects of soil-structure interaction or structure-to-

structure interaction were analyzed; effects due to variations in the pad

properties (shear modulus, coefficient of friction, etc.). Effects due to the

different positions between the center of masses and the center of rigidity

have also been analyzed. In addition, effects due to external loads such as a

hurricane or an airplane crash have been considered.
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Of special importance has been the study of the effects of seismic travel-

ling waves on overall structural responses, even when they have not been

considered for conventional design. It was found that the response due to the

horizontally propagating waves was approximately equal to the response

obtained by using the body wave assumption, except for design of the lower

raft and especially of the retaining wall, where some changes in response was

observed.

Uncertainties

While frequencies of the vibrational modes depend on the structural

behavior of the buildings and on the nonlinear behavior of the soil, the

frequency of the first mode is well controlled. Therefore, uncertainties of

the internal forces in the walls or the response spectra, and the internal

forces in the components, are clearly less than those uncertainties involved

in conventional foundation design.

Replacement and Inspection

Although the bridge pads in use in France and the pads beneath the vessels

of the GCR plants have shown excellent behavior for over 20 years, and

although the constitutive materials have been selected to ensure a life

duration at least as great as that of the plant, provisions provided for pad

replacement are considered crucial.

The general arrangement of the isolation pads on the concrete pedestals

allows ample room for in-service inspection at regular intervals and for

adequate instrumentation. Samples are generally kept under the same condi-

tions of temperature and pressure for later tests.

Conclusions

For a country like France, which, on the whole, has low or moderate

seismicity, but does have a few regions that clearly show higher seismic

activity, the use of base isolation is quite an efficient and economical

solution to meet earthquake design requirements.
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For PWR plants, which are not extremely sensitive to the earthquake loads,

it appears cost effective to use a middle-level value for the ground accelera-

tion; i.e., 0,15 or 0.2n g for the horizontal motion, and to design all units

with this seismic standard. This approach was chosen by EOF in the design of

PWR plants. When a site does not have this standard (so far only one site has

been found in France), the use of neoprene bearing pads for horizontal isola-

tion usually permits a standardized plant to be placed at that site. However,

it will be necessary to perform some additional analyses; e.g., determination

of the response spectra for the isolated structure, evaluation of the effects

of vertical motion, etc. This may lead to a moderate cost increase in the

civil works for the nuclear island - at most, about 3% of such costs. How-

ever, all the benefits of plant standardization on equipment and/or components

are prt served, as in the case of Cruas, one of EDF's French sites that used

seismic isolation.

French fast breeder reactors are more sensitive to the earthquake loads.

If the base-isolation concept is considered from the beginning of the design,

it is possible even for a lower level of ground acceleration (0.1 g, for

example), so the cost of an isolated plant's reactor building and its

equipment is less than that of a conventional concept.

EDF's choice of aseismic pads and springs for the French RNR 1500, even for

a low-intensity earthquake, allows standardization of that plant design for

different kinds of sites. In addition, use of seismic isolation leads to an

increase in the seismic safety margins.
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