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Summary — This paper was presented at the International Symposium on LMFBR Develop
ment organized in Tokyo by the Institute of Applied Energy on November 6-9, 1984. It 
focuses on the main problems which have arisen in FBR design in Europe due to seismic 
conditions. Its first part, derived from the final report of a CEC — Belgonucléaire study 
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due to seismic conditions, and the indications for future reactors. 
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I. CONTRIBUTIONS AND COLLABORATIONS 

The text of the paper «as prepared with the contribution of the 

Commission of European Comunities (CEO and Belgonucléairc for Pars.Ill - V, 

derived fro» the final report of a s*udy contract |l|, and those of: 

- A. Martelli of ENEA, with the collaboration of other ENEA, ISUES, NIRA 

and AGIP personnel for Italy (Par. VI) 

- F. Gantenbein and M. Livolant of CEA for France (Par. VII) 

- D. Broadley. M. Dostal and R.D. Vaughan of NNC for the U.K. (Par. VIII) 

- K.A. Busch and K. Peters of INTERATOM for Germany, with the collaboration 

of P. Kunsch and A. Preumont of BELG0NUCLEA1RE (Par. IX). 

Furthermore, collaboration in revising tne text «as provided by A. Terragni 

of CEC.A. Castoldi of ISMES, G. Naresca of NIRA and P. Neri and 

J. Mc Loughlin of ENEA. 
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II. INTRODUCTION 

The design of fast reactors may be strongly influenced by seisnic con

ditions. In fact,the presence of rather flexible structures and non-negli

gible clearances «ay lead to considerable amplifications of the seismic 

motion of safety-related components, and the presence of large components with 

thin walls nay entail dynamic buckling. 

More precisely, dynamic buckling may arise, for instance, in the pool-type 
reactor vessel, where, furthermore, the large masses of sodium create con
siderable fluid-structure interaction effects, difficult to analyse. In the 
loop-type reactors, the presence of long suspended vessels might lead to 
large seismic amplifications at the core supporting grid and the piping con 
nections: this is especially the case (as for the PEC reactor) of a rather 
deformable vessel supporting structure, which enables the consequences of 
a core disruptive accident to be minimized. Moreover, the large reactor-block 
mass associated with the loop reactor core causes vessel-core dynamic inter 
actions, complicating the analysis. 

As regards the core, the free-standing concept might lead to rather large 
element seismic motions in the case of a severe excitation of the supporting 
grid; in this case it is necessary to accurately verify whether the ele
ment integrity and shut-down feasibility requirements are satisfied (in some 
cases a core-restraint ring could be necessary to limit core seismic re
sponse). Moreover, and especially in the presence of a core-restraint, the 
neutronic-seismic interaction effects have to be carefully evaluated: this 
implies a suitable design of core element pads, whose thickness, however, 
must be such as to be compatible with element handling problems. 

Thus, it appears evident that, for a good seismic design, it is necessary 

(in general): 

a. to accurately evaluate reference ground motions, in order not to 

overestimate them unnecessarily, 

b. to adopt design solutions such as to limit seismic amplifications, 

c. to develop adequate numerical and experimental techniques allowing 

the seismic response of critical components to be evaluated in a realistic 

way. 

The first part of the paper (Pars. Ill - V), derived from |1|, clarifies 
how "real" is the seismic problem for each FBR site in Europe, and thus, the 
extent to which earthquake dominates design for each reactor. Then, the second 
and main part (Pars.VI - IX) deals with the numerical and experimental 
studies carried out in the European countries on the previously cited main 
FBR problems, stressing the feed-backs on the design due to seismic condi
tions as well as the indications for future reactors (the national contri
butions are reported in order of importance of the seismic problem). 
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III. REFERENCE GROUND MOTION |1 | 

1. Safety levels 

Two reference earthquakes are normally used in the FBR design (with 

the onlv exception of the U.K., see below): for a matter of simplicity we 

call therr. si and S2. 

Generally speaking, the reference earthquake S2 is the only one to be 

defined by safety considerations. It is normally defined in agreement with 

the American SSE philosophy (for the German position see Par. IX): it is the 

maximum hypothetical earthquake, taking into account the geological site 

conditions. For this earthquake it must be possible to shut-down the reactor 

and to cool it in order to keep it in a safe shutdown condition. This 

earthquake should not entail any significant release of radioactivity 

outside the plant. 

Earthquake SI represents the normally acceptable earthquake, taking into 

account economical aspects. This earthquake should be withstood by the plant 

without any significant damage. In France and Italy it is defined at pre 

sent as being 1/2 S2 ( a slightly lower level, 0-42 S2, is used in Germany 

for SNF-300). In the U.K. the SI concept is not applied, but an earthquake 

of very low intensity (OSE) is defined (0.05 g), which is not used at ill 

in the design. Shutdown and new analysis before restart would be required 

if it were to be exceeded. 

The reference earthquakes are generally defined on a deterministic basis. 

Probabilistic methods are generally only cccepted as back-up to a determi

nistic analysis (exception: Germany). The probabilities per annum of it 

being exceeded have been quoted ad follows: 

GERMANY 

U . K . 

S2 

i o " 4 

(SNR = 3 10"4)* 

IO"4 

SI 

IO"2 

(SNR = 8 1 0 - 4 ) * 

-

* A posteriori calculations. 

2. Maximum horizontal ground acceleration 

The maximum acceleration (a m a x ) of earthquake S2 is, in principle, 

defined on a site-dependent basis.In the U.K., however, for the sake of 

Birtplicity and standardization, a single acceleration has been defined up 

to now. 

The a m a x values used up to now for fast reactors are for the horizontal S2 

direction: 0.3 g for PEC, 0.26 g for CDFR, 0.2 g for SPX-1 and 0.12 g for 

SNR-300 (the a m a x value in the U.K. could become site-dependent, i.e. 

0.20 • 0.05 g). 
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3. Response Spectra 

Housner spectra were used for defining the S2 horizontal spectrum 

for both PEC (Figs. 1 and 2) and SNR-300. For SPX-1 an envelope spectrum 

has been used. For CDFR standard shapes, defined as a function of soil 

conditions, are applied. 

As concernsthe vertical spectra, they are equal to 2/3 of the horizontal 

values with the only exception of Germany, in which the relation 1/2 is used. 

4. Number and duration of earthquakes 

While only one S2 earthquake is obviously used overall, a different 

number of SI events is assumed in each European country: the most severe 

conditions refer to PEC, with 5 events for structures remaining in the reac 

tor during its whole life (2 Sis were assumed for SNR-300). 

With regard to earthquake durati on, no formal rules exist in Italy or in 

France: however, artificial time-histories of 15s-30s have been used for 

PEC, and of 20 s for SPX-1. In the U.K. durations of lis-13s are used, de

pending on ground type. In Germany the strong motion period was set at 8 s 

for SNR-300. 

5. Remarks 

It appears evident from the previous sections that the most severe 

seismic conditions refer to the PEC reactor, the German SNR-300 being that 

characterized by the sr allest ground motion, at least as concerns S2 (howev 

er, the absence of any real SI earthquake in the U.K., makes there the seis 

mie problem somewhat less important for the design than would appear from 

the relatively high S2 level). This is in agreement with the different seis 

micity of the various European countries, and implies that the seismic prob 

lem is especially important for the PEC reactor and is not negligible also 

for SPX, while it does not dominate SNR design. 

IV.SEISMIC CLASSIFICATION OF COMPONENTS AND DESIGN CRITERIA |l| 

No official regulations applicable to FBRs in general exist at the 

present time. Safety prescriptions relating to earthquakes are defined for 

each reactor, generally on the basis of operator proposal. They are usu

ally included in the safety reports issued for the reactor. 

In France and in Germany there exist official regulations applicable to 

pressurized water reactors, which are partially used for FBRs also. 
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1. Functional requirements 

a. Requirements after SI. It is generally required that after a SI, 
emissions of radioactive products remain below the limits imposed during 
normal operation. Furthermore, no damage is tolerated in parts which cannot 
be inspected or easily repaired. For other parts, damage must remain low. 
An inspection before restart is required for SPX-1 and PEC. The criterion 
"failure which must be forseen" is specified for SNR-300. 

b. Requirements after S2. It is required that devices with a safe
ty function are designed to withstand earthquake S2 and continue to func
tion. In general, such devices are: 

- devices necessary for reactor shutdown and maintenance of safe 
shutdown condition (including equipment ensuring core cooling and residual 
heat evacuation); 

- devices designed to contain, prevent or limit releases of radio 
active material, which coulù result in an accident or would be dangerous for 
the population. 

Korover the following requir»ments after a S2 are specified 
- in Germany: 

. to prevent radioactive releases which would prohibit access to 
reactor building; 

. to fulfil the above mentioned conditions without manual intervention 
for 10 hours; 

. to foresee failure of an active component and the unavailability of 
components which undergo maintenance during reactor operation; 

- and in France: 

. to prevent leaks in active circuits (including inside the reactor 
building); 

. to prevent water-sodium reactions; 

. to prevent out-of-control sodium fire. 

2. Earthquake detection and planned actions 

Earthquake detection is planned in all European countries (the 
detection system is defined in detail in Germany by a specific standard). 
Exceeding a threshold always entails reactor shutdown: this is an automa
tically triggered emergency shutdown, based on free-field measurements, for 
SPX-1 and PEC and an operator controlled shutdown following an alarm 
triggered by the earthquake detection system for SNR-300 and CDFR (however, 
also for PEC and SPX-1, the reactor can also be shut down by the operator 
on the basis of an alarm from the seismic instrumentation located on some 
main safety-relevant components). 

As concerns threshold level,this is taken as/vl/4 S2 for SNR-300, /VOSE 
for CDFR, and m> 1/3 S2 for PEC (the exact threshold has not been fixed, 



- 6 -

yet, in i.taly and France). It is worth pointing out that for PEC no damage 

will be tolerated for earthquake levels less than the mentioned threshold: 

thus, if rome damage (on inspectable or reparable components) occurs at SI, 

a third reference earthquake will be defined (less than SI) for which the 

absolute plant integrity will be guaranteed (the present studies, however, 

do not indicate the presence of such a situation). 

3. Combination and classification of combined conditions 

For both SI and S2 it is necessary to combine the initial condi

tions, the earthquake and the possible consequences of that earthquake. 

Usually, all operating conditions in categories 1 and 2 (normal and upset) 

are considered as possible initial conditions. The conditions whose total 

duration is low are an exception: these aie not considered as initial con

ditions or are analysed with less severe criteria for SI and are assumed 

"off design" for S2. 

The conditions resulting from the combination with SI are normally classi

fied in the second category (upset) for PEC and in the third category (emer 

gency) for SPX-1 and SNR-300. Those conditions resulting from the combina

tion with S2 are classified in the fourth category (faulted) in all coun

tries. 

4. Classification of mechanical components 

Three seismic classes exist for SNR-300, SPX-1 and PEC. These refer 

to: (1) the equipments designed to withstand both SI and S2, (2) the equip

ments dimensioned to withstand SI only, and (3) the equipments not design

ed to withstand earthquake. 

On the contrary for CDFR, four classes are defined: (1) systems which must 

function after S2, (2) components not required to function after S2 but for 

which structural integrity and leaktightness must be ensured, (3) compo

nents not designed for earthquakes, and (4) buildings and systems for han

dling and storing radioactive material. 

The design criteria used during seismic stress analysis defends on the re

quirements applicable to the component and on its accessibility. Rules dif

fer from one country to another: as concerns SI,level B criteria are used 

for PEC (normally) and SNR-300 and level C criteria for SPX-1, while for S2 

level D criteria are normally used in all countries, with the exception of 

Germany, where level C criteria are applied. Furthermore, in Italy, France 

and the U.K., systems ensuring some specific safety functions are subjected 

to additional specific analysis; finally active components are overclassi-

fied at S2 (B or C level) in Italy and subjected to additional analysis 

in France and in Germany. 



5. Mechanical design criteria 

The ASME III code (subsections and "code-cases") is still the joint 

reference code. In France and Germany, however, national rules have been 

drawn up for the design and construction of PWRs, that were partly used for 

FBR design also. Criteria levels A, B, C, D of the ASME codes, section III, 

are generally used for the seismic design of mechanical components with a 

safety function (in France levels A and B are grouped together). 

Fatigue analysis is required in all countries with the exception of the U.K.. 

It is used for both SI and S2 for PEC (10 cycles/event); it is limited to 

SI for SNR-300 (5-7 cycles/event). 

Aftershocks are taken into account for PEC and SNR-300 within the assumption 

of more than one SI. 

6. Remarks 

Also as regards design criteria, it appears evident frorri the previ

ous sections that PEC is the reactor in Europe which has in general the 

most stringent design rules. 

V. STANDARD SEISMIC ANALYSIS METHODS |l| 

No written rules exist regarding seismic analysis methods: in France and Ger

many a proposal of rules is being prepared. Thus, the analysis procedures 

are in principle the result of an agreement between the designer, the equi£ 

ment supplier and safety authorities; the trend is towards using more refi

ned analysis methods for more sensitive equipment, for which the excessive 

degree of conservatism of the seismic analysis methods may constitute a 

functional hindrance (excessive rigidity, too many snubbers, etc.). 

As regards the main adopted procedures, those concerning combination of 

modal responses, combination of the three spatial components, reference damping 

values, significant modes, subsystem decoupling criteria, determination of floor response spec

tra and use of artificially generated accelerograms are summarized in Ref.|l|. 

VI. R&D FOR THE PEC REACTOR 

1. Organizations involved 

The client for the PEC construction is the PEC Reactor Unit (URP) 

of ENEA. NIRA acts as main contractor. However ENEA, through its Fast 

Reactor Department (DRV), is directly responsible for the core design, 

including seismic analysis, as well as for the experimental engineering. 

Moreover,as concerns seismic studies, it is worth citing that the recent 
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on-site tests and the related numerical analysis, as well as some detailed 

numerical studies concerning reactor vessel are directly accomplished by 

ENEA-URP, within agreements with ISMES and NOVATORE, respectively. Moreover, 

technical support is provided by ENEA-DRV to ENEA-URP for all main 

subjects concerning plant seismic analysis. 

Most of the main experimental seismic studies are performed by ISMES, on 

behalf of ENEA or NIRA, with the only exception of those concerning the 

structural and functional verification of core element feet and shrouds 

uhich are carried out by AGIP. 

With regard to the core, an exchange of information with CE A, in Hie framework of 

the ENEA-CEA Collaborative Agreement, allows access to the French expe

rience. Finally NOVATOME provides a technical support on specific problems. 

2. Relevant plant features 

The PEC reactor building (Fig. 3), with height ofv28 m and a diame 

ter of V 23 m , is housed in a steel cylindrical container, with rests on a 

reinforced concrete foundation raft. Heavy concrete solid blocks were subse

quently poured inside the container up to about half container height. 

Thus the building structure to support components is rather massive. It 

should be noted that the building structure is far from being axisymmetric. 

The reactor vessel (of loop-type, Fig. 4) is located at V 12 m from build

ing basis and is supported by a relatively flexible structure, consisting 

of 9 beams (this is rather deformable to minimize the consequences of a 

core disruptive accident). The vessel is V10.5 m long (from supporting 

structure) with an inner diameter of ft/3.1 m. It has a double wall, with an 

inner and outer wall thickness of 30 mm and 25 mm , respectively. Inert gas 

is present in the interspace. 

The core diagrid is located at a distance of v7.6 m from vessel supporting 

structure. The core, with an outer diameter of «2.5 m and an overall ele

ment height of 3 m , is surrounded by three neutronic shields, the most 

interior one having an inner diameter of 2.75 m. 622 elements of differer'. 

typesare present in the core in its most probable configuration: 78 fuel 

elements (of forced-and central-type), 11 control rod guide elements, 37 

forced-type reflecting elements, 162 normal-type reflecting elements, 260 

neutron shielding elements and 74 fuel element decay position. 

The fuel elements surround the test channel, which occupies (when it is 

inserted), the seven most central diagrid positions (Fig. 5). The core ele

ment shroud is hexagonal (flat-to-flat distance = 82.6 mm in cold conditions). 

The r.eutron shielding elements have a cylindrical form (outtr diameter = 

82.8 mm). 
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Two levels of pads are fitted to core elements: beside the original ones, 
located close to element midplane (A/1.* m from element base), a second set 
of pads was recently applied at AS2.Ò m from element base (above the active 
zone), to reduce internal core clearances (and thus element seismic relative 
motions) to very small (although non-zero) values: this avoids dangerous 
neutronic-seismic interaction effects. The core inner elements are arranged 
in groups of seven forced together at the contacting pads. 

The control rod absorbers are inserted into guide tubes (fixed to the vessel 
plug through the Control Rod Drive Mechanism) in the upper part, and enter 
guide elements located in the core in the lower part. The guide tubes tra
verse the core hold-down system, from which they are separated by small 
gaps (Fig. 6). 

A core-restraint ring was recently inserted in the vessel at the core ele
ment upper pad level, in ord; r to reduce core seismic motion and thus, to 
allow scram to be guaranteec' during earthquake: the clearance between 
this ring and core is small but not zero for handling reasons (Fig. 4). 

3. Special problems 

The earthquake being a "real" problem for PEC, the greatest care 
has been devoted by ENEA and NIRA to its seismic verification analysis. 
Particular attention is obviously paid to the behavioural mode of the reac 
tor-block, and especially the core, its elements, and the shut-down system. 
This is due to the rather flexible vessel supporting structure and core 
elements, the presence of gaps among core elements, the large reactor-block 
mass associated with the core, and the shutdown system features. In par
ticular, the core analysis is complicated due to shocks among elements and 
fluid-structure interaction. Furthermore, also the vessel response needs an 
accurate evaluation, especially with regard to supporting structure stiff
ness, and thus (especially), vessel rotation. 

Finally, it was judged to be worth investigating reactor building response 

with sophisticated methods, in order to evaluate the margins present in the 

design calculations especially at vessel and core support locations (the 

design calculations were performed assuming the free-field spectra to be 

directly applied to the foundations, and a conservative approach as regards 

soil damping). 

4. Reactor building analysis 

On-site tests on the reactor building aim at achieving experimental 

data on its actual dynamic behaviour, so as to attain a sure appraisal of 

vibratici levels at the various floors, as a result of a seismic event. 
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In addition, experimental results will make it possible to set up a 3-D 

numerical model of the reactor building, which accounts for soil-struc 

ture interaction (design calculations had been performed assuming a bean 

model for the building). 

a. Experimental tests |2|. Preliminary forced vibration tests were 

carried out by ISMES in September 1983 and March 1984. Such tests gave 

useful indications to design more binding tests which will be performed in 

the next months.The preliminary investigation, which has already furnished 

significant results on the dynamic behaviour of reactor building, was condu

cted exciting the structure by some hoiizontal and vertical forces, gener

ated by a 100 kN mechanical shaker, installed in seven different positions 

(Fig- 3). 

The relevant vibrations were measured by a seismometric network (25 units), 

whereas an automatic data recording system made it possible to correlate, 

within frequency domain, the excitation with response (transfer functions). 

The analysis of the functions so far collected shows amplifications in the 

range included between 14 and 15 Hz, in September 1983, and between 12.5 

and 13.5 Hz in March 1984, due to the different construction stage (Fig. 7). 

By comparing the responses at the various elevations monitored, it may be 

concluded that these amplifications correspond to structural deformation 

modes of the building, that are not ascribable to rigid bidy movements on 

the foundation. 

Based on the results of the tests carried out, final tests were planned. In 

particular, the building excitation will be ensured through many vibrometric 

positions (100 kN shakers). A 5000 kN hydraulic actuator will be installed 

between the foundation of the reactor building and thkt of the adjacent 

fuel element handling building. A seismometric network of about 60 units, 

located on both buildings, will be used. 

b. Numerical analysis. A complete seismic analysis taking into 

account the effects of soil-structure interaction is performed by ISMES for 

PEC reactor building. It is articulated in the following steps: 

(1) - Computation of the fundamental frequencies of the structure 

with fixed base, using a very detailed 3-D finite-element model (ABACUS 

code). 

(2) - Setting up, using the results of the fixed-base analysis, of 

a simplified mathematical model (a cluster of simple oscillators equivalent 

to the overall behaviour of the structure)suitable for soil-structure inter 

action analysis. 

(3) - Preliminary soil-structure interaction analysis in the frequen 

cy domain and calibration of the model parameters (impedence functions of 

the soil) by comparing on-site experimental and numerical results; evalua-
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tion of non-linearities ir. the case that they are present in the soil 

behaviour, and definition of the best-estimate soil properties compatible 

with the deformations induced by tte design earthquake. 

(4) - Fir-il seismic response analysis of the reactor building taking-

into account soil-structure interaction by means of the calibrated model; 

computation of the motion at the vessel supporting structure and the core 

diagrid. 

At present, activities (1) and (2) have been completed (Fig. 8). 

The subsequent activities will be carried out in the near future, as soon 

as the final on-site test experimental results are available. 

5. Vessel analysis 

a. Experimental tests |2|. On-site dynamic tests were performed by 

ISMES on the PEC reactor vessel in 1983. The vessel was suspended as in 

operating conditions, inside the reactor building, to 9 beams and it was 

connected to the two sodium inlet legs (however no core, internal 

shields, or -obviously- sodium were present in the vessel). 

The main aims of the tests were: 

(1) - to determine the core supporting grid motion due to forces applied 

to itself; 

(2) - to determine the motion of the vessel upper flange deriving f>cr 

the forces applied to the grid; 

(3) - to determine the motion of the grid deriving from the motion of the 

vessel supporting floor; 

(4) - to measure translation and rocking stiffnesses of the vessel suppor

ting system; 

(5) - to study the dependence of the above mentioned parameters on excita

tion direction. 

Three types of tests were performed: (A) ambient vibration processing, 

(B) grid excitation, and (C) vessel supporting floor excitation. The tests 

with forced excitation were carried out with a frequency sweep in various 

points of the vessel (Fig. 9 ) , and data processing allowed the first two 

natural frequences (7.2 Hz and 21 Hz ) and corresponding modal shapes of 

the empty vessel to be estimated, as well as vessel supporting structure 

stiffness to be evaluated (Fig. 10). Damping of 1% was found for the first 

mode. The presence of non perfectly linear behaviour was also detected. 

A comparison between measured natural frequency and supporting structure 

stiffness values with those computed by NIRA for the design analysis 

showed acceptable agreement. 
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b. Numerical analysis. The design calculations for the PEC reactor-
block were performed by NIRA using a beam Model, and introducing the fluid 
as diagonal elements added to the structural mass matrix. (The modal shapes 
are evaluated with the program SAP IV, then they are recombined with a pro
gram developed by NIRA, taking into account the different damping values of 
the various concerned structures |3|). This approach is justified by the 
relatively small diameter of the PEC vessel and the geometric similarity to 
the case of a PWR. 

However, since development was recently made in calculating axisymmetric 
structures with fluid and accurate results can be obtained in the case of 
thin shells, it was decided to test design analysis adequacy, making use of 
such more accurate methods. More precisely a study was started by NOV ATOME on 
behalf of ENEA with the French NOVAX code |4|. 

To separate shell and fluid effects, an intermediate step is introduced and 
three models are analysed: (1) beam, (2) shell with added mass, and (3) 
shell with fluid-structure interaction. Furthermore, the effects of the si
multaneous application of earthquake horizontal and vertical components will 
be evaluated and refined structure schematization will be verified on the 
basis of the on-site test experimental results. 

Finally, it is worth citing that no buckling problems are expected in the 

PEC vessel, due to its geometrical and structural features and the absence 

of sodium between the two walls. 

6. Core analysis 

a. The program CORALIE. The PEC core seismic analysis is quite com
plicated, due to fluid-structure interaction as well as to clearances between 
adjacent elements and between the external elements and the core-restraint 
ring, allowing shocks to occur among these, which makes the core 
behaviour highly non-linear. Furthermore, the dynamic behaviour of each 
single element is also non-linear, due to internal mobile parts and the pre 
sence of clearance in the feet: however, suitable experimental tests allow 
linearized models of the single elements to be defined at the excitation 
levels of interest, and thus enable the motion equations valid for 
beams to be used |5| (see below). A further simplification of the problem 
derives from the fact that the dynamic excitation does rot give rise to 
significant geometry modifications of the structures of interest: in this 
case, in fact, a detailed description of the impact local physics is not 
necessary in order to evaluate the structure dynamic response. Finally, it 
appeared frr- • xper intents carried out by CEA that the shock effects normal 
to the excitation are negligible on the structural response |6, 7|. 

A numerical technique allowing dynamic analysis t>> be performed in the case 
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that the mentioned assumptions are valid has been developed in collaboration 
between ENEA and CEA (see also Par. VII.3). This technique was implented 
in the computer code CORALIE |7|. In such an analysis the shocks are simula 
ted by systems of springs and dampers, the action of which starts as soon 
as local contacts occur, and the fluid effects are described by an increase 
of viscous damping arò the introduction of a complete added mass matrix. 

The core element motion equations are solved by use of modal analysis, be
cause direct integration methous would require too small integration time-
step values due to the excitation of the high-order modes induced by the 
shocks " (at any rate, an appropriate correction accounting for this 
effect may be applied, based on the assumption that inertia forces are 
negligible for the neglected modes) .The modal shapes are evaluated by applying the 
finite-element method, separately for each element of different type, with 
a possibly very fine mesh. Then, the element motions are calculated at 
the axial levels of interest only (at which the mode values are obtained by 
interpolation). To achieve this, the modal coefficients are computed with 
an explicit procedure derived from the Duhamel integral, and applied iter-
atively at each time-step to take into account the dependence of the shock 
loads and of those related to fluid coupling on the acceleration, velocity 
and displacement values of the adjacent elements. 

b. Vessel-core seismic interaction and linear core model |3,8|. The 
seismic calculations of the whole reactor block are performed by NIRA with 
linear methods (i.e. not modeling shocks nor including coupling due to 
fluid-structure interaction): to do this, it is obviously necessary to make 
use of a linear model for the core, also. However, the vessel-core dynamic 
interaction is very strong in the PEC case |8|: thus the dynamic response 
calculated with CORALIE for the core (and that of other components also) 
depends strongly on the core model assumed in the linear calculations of 
the whole reactor block. This implies the necessity of an iteration between 
the linear calculations of the whole reactor block and the non-linear ones 
of the single core, as shown by Fig. 11. 

In the first step of the reactor-block calculations it is necessary to assu 
me a rather rough linear core model due to the lack of information on the 
real core behaviour. By means of these calculations the seismic motion at 
the core interfaces is obtained, which allows the core analysis to be per
formed with CORALIE. On the basis of the core dynamic response a linear 
core model is defined, by extrapolating the CORALIE results (normally 
obtained for the single central core element row) to the whole core, and ag 
proximating the corresponding transfer functions between core diagrid acceler 
ation and reaction loads transmitted by the core to the vessel: this model 
is applied for repeating the reactor analysis.Then, the non-linear CORALIE 
runs are again carried out, and consequently, a new linear core model is 
defined. 
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The iterative procedure is repeated until convergence is reached, namely 
until values of the mentioned transfer functions«re obtained, which are 
approximately equal to those evaluated in the preceding iteration. 

The adequacy of this procedure was verified for various PEC core configu
rations (with and without core-restraint rings). After a recent optimiza
tion of the first iteration model features, convergence is always reached 
in 3 - 4 iterations only |8| (first iteration runs always provide rather 
conservative results). 

c. Design calculations |8|. The PEC core design calculations are 
normally carried out (as mentioned) on a single central row of core elements, 
assuming two earthquake directions, normal to each other, and making use of 
modal analysis. Only the first two modes are usually assumed: the related 
vibrational parameters are computed with the finite-element method, cor
recting the foot stiffness as indicated by our experimental results |5| 
(see below). Up to now, due to lack of more precise information, the sodium 
effects are taken into account by an appropriate increase of element linear 
mass and damping coefficient values measured in air. 

The dynamic calculations are performed with SI and S2 time-histories at the 
core supporting grid, obtained taking into account the different vessel-core 
dynamic interaction effects detected for the two above mentioned seismic levels. 

The shock spring constants are obtained by means of 3-D static analysis esti 
mating the shroud deformations and are corrected to account for the effects 
of the neglected modes. Shock damping is evaluated by means of semi-empirical 
correlations suggested by CEA. The computed displacement time-histories are 
applied to the dynamic experiments of the Shut-down System and the shock 
tests on the core boundary elements (see below). They are also applied to 
evaluate the seismic-neutronic interaction, i.e. fuel element hexcan defor
mations at pad levels to be applied in the static neutronic analysis requi
red by Safety Authority and the margins due to dynamic effects. The maximum 
displacement and shock-force values are applied (together with the results 
of shock tests) to the structural and functional fatigue and collapse 
experiments (Section 7). 

A preliminary study for evaluating uncertainty effects on the core response 

was performed in collaboration with the EEC Joint Research Center of ISPRA 

|10|. This study demonstrated the adequacy of Response Surface Methodology 

for core seismic analysis. Therefore, this methodology will be used in the 

final verification analysis: in such analysis, the uncertainties related to 

earthquake characteristics, experimental data used in the calculations,and 

used methods (e.g. single core element row analysis,extrapolation to the 

whole core, etc.) will be taken into account. 
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d. Experimental tests performed at ISMES. A wide-ranging exptrònental 

presame is pafmwed at ISMES on a shaking table to evaluate the response of 

PEC reactor core elements. The first tests, performed in 1981-1983, con

cerned simplified models and quasi-prototipic models, assumed to be 

dynamically equivalent to the various real elements, all in full scale. Tests 

were performed in air and water (simulating sodium) on single models, 

couples and a group of three fuel elements. 

The tests performed in air for single elements |5,9| showed that the first 

natural frequency values increase with increasing excitation amplitude,and 

that, in the case of m-.ltifrequential stationary excitation, they reach 

quasi-constant values, at the highest excitation level, lower than those 

computed with the assumption of double-contact restraints (Fig. 12). The 

discrepancy between pre-test numerical results and experimental values 

was found to increase with increasing foot-can clearance. It was demon

strated that this effect can be simulated by correcting element foot 

stiffness. As concerns damping, this was found to decrease with increasing 

excitation and with decreasing foot-can clearance (Fig. 12): this confirm? 

the role of foot-can clearances. 

In the shock tests performed in air with multifrequential transient (seismic) 

excitation for coupled elements |5|, the first natural frequency values were 

slightly larger than the maximum ones obtained for the single elements: 

this was explained assuming that shocks among elements reduce the foot-can 

clearance effects, thus stiffening the restraint. It was demonstrated that 

the foot stiffness correction coefficients assumed for single elements at 

the highest excitation levels may be applied for coupled elements as well, 

together with damping coefficients (^1%) which are sufficiently indepen

dent of the couples in which such elements are included (see in Fig. 13 the 

excellent agreement obtained between computet, and measured results). 

The experiments were continued, performing tests in water on the cited 

models and configurations, tests in air on two corresponding real fuel 

elements, and tests (mainly in water) on the new prototypic elements (i.e. 

those with the recent modifications apolied to improve the core seismic 

response, see Section 8). 

Furthermore, tests were performed to determine the dynamic loading acting 

on PEC fuel elements in the decay position (which are the most critical in 

the presence of the restraint ring ) and the corresponding deformations of 

the hexcans, both due to impacts among these and the adjacent ones at the 

two pad levels, and to shocks against the restraint ring |ll|. Finally, 

experiments are starting for the evaluation of the fluid-structure 

interaction effects, analysing core configurations of up to 19 (at least) 

elements. 
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The first cited tests in water, were carried out to evaluate the coolant 
effects on the response of single and coupled elements: it was found that 
these effects decrease with increasing excitation: this can be explained 
again as a consequence of the clearance at the element foot. We rote that, 
at the highest excitation levels, a decrease of the first natural frequen
cies is obtained, with respect to the values aeasured in air, which is in 
good agreement with the added-mass theoretical correlations (Fig. 12). The 
amplifications also show an effect of add"4 damping which, however, is 
reduced at the highest excitation levels (Fig. 12). 

The testson the two real fuel elements (non-modified) allowed the positive 
verification of the assumption of dynamic equivalence made for the previous 
models (Fig. 14). Furthermore, these tests were taken to very high excita
tions, so as to produce element displacements (66 mm as the top, with 
respect to the supporting grid) much larger than those obtained in the 
previous tests (in which the seismic level was limited by the fear of 
damaging the models), and even larger than those which are allowed by the 
presence of the core-restraint ring. In spite of the large displacements, 
however, no damage was detected on the two elements after the tests. 
Moreover, we note that the first natural frequency really reached a constant 
value at the highest excitations, slightly larger ( v 10*) than the maximum 
one obtained in the previous tests and approximately equal to that evaluated 
numerically with the assumption of double contact at element feet (Fig. 15). 

Due to these results, the cited experiments concerning the new prototype 
elements were recently performed allowing displacements at the top of up 
to 45 - 55 mm (again rather larger than those really possible in the core), 
which corresponded to the application of earthquakes of intensity at least 
equal to that of S2. The processing of these data is still in progress and 
will be terminated soon: an evident result is, however, that they confirmed 
the necessity of the core-restraint ring, in order to reduce the core 
displacements at S2 to values compatible with the insertion of the control 
rods. 

As concerns impact tests in the presence of the core-restraint, it was 
demonstrated that no damage of core elements occurs due to impacts up to S2. 
Furthermore the relation between the impact load and the hexcan deformation 
was assessed (Fig. 16), and the contact time and occurrence frequency, as 
well as the loading velocity were determined (these data are necessary for 
the structural and functional verification tests of core elements). Finally, 
these tests will allow a more precise evaluation of shock parameters (the 
related analysis with CORALIE is still in progress, but the first numerical 
results appear to agree well with the experimental values). 

e. Experimental tests performed at AGIP |12|. Experiments for the 
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seismic verification of each type of PEC core elements were carried out for 
both SI and S2 conditions at A6IP. Such tests were based on the results of 
the numerical analysis performed with the code CORALIE. 

The main objectives of the experiments were: 

- the seismic verification with a philosophy related to the ASME and RAMSES 
standards, to guarantee that seismic loadings do not lead to excessive 
deformation, collapse, progressive deformation, or rupture; 

- a contribution to the validation of the French CEASEMT computer code 
system, which is used for the PEC core element design and thermc—mechan 
nical verification. 

The tests were performed on the element components which were subjected to 
the greatest seismic loads, i.e.: 

- that part of the hexcan with the lower pads, considered to be subjected 
to "Neutron flux damage"; 

- that part of the hexcan with the upper pads considered to be not 

subjected to "Neutron flux damage"; 

- the feet inserted in the corresponding cans, obviously assumed to be 

without "Neutron flux damage". 

The seismic loads applied to the two cited pad levels were the maximum 
shock forces computed with CORALIE (with the further experimental informa
tion obtained in the cited ISMES shock tests of core boundary elements); 
the seismic conditions were simulated conservatively with 100 x n cycles 
on virgin material (n is the number of SI and S2 which may arrive during 
the element life). 

Static seismic loads, applied to the element feet, corresponded to the 
maximum displacement range calculated with CORALIE at the upper pad level; 
the seismic conditions were simulated with 10 x n cycles. 

The experimental methodology was 
- for the shock tests: (A) all tests were performed at room temperature, 

(B) one or three adjacent faces of the hexagonal pads were constrained, 
opposite to the loaded face, (C) the dynamic loading tests were followed 
by dynamic or static collapse; 

- for the tests on the feet: (A) all tests were performed at the nominal 
temperature of 400°C, (8) the quasi-static loading comprised the previ
ously mentioned cycling, followed by static collapse. 

As concerns the results: 
- from the collapse curves the excessive deformation and collapse loads were 
determined. These, reduced with appropriate safety factors, were used to 
give the structural limits for SI and S2; 
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- from cycling tests the residual deformations or displacements were 
measured. These results were compared to the functional limits of the 
elements; 

- from the above tests the total maximum strain range was evaluated, as 
well as the cumulated plastic strain and the number of cycles to reach 
shake-dcwn conditions. 

The tests demonstrated that the structural requirements of all PEC elements 
are satisfied. (The analysis concerning the functional requirements is 
proceding). The shock stiffness parameter values used in the COPALIE 
calculations could be checked. 

7. Shut-down system analysis |2| 

Dynamic experimental tests were carried out at ISMES on a quasi-pro 
totype mock-up of the Control Rod Drive Mechanism - Control Rod System, 
reproducing the main parts of the real system in full scale (Fig. 6). 
Such tests were performed to demonstrate the scramability of the reactor in 
the case of earthquake and to allow the validation of the numerical 
techniques necessary to extrapolate the experimental results to the real 
reactor conditions (geometry, materials and temperature) and to different 
seismic excitation. 

The tests were carried out mainly in water, to simulate sodium coolant 
effects, and exciting the system at four locations, simultaneously: (1) the 
core supporting grid, (2) the upper pads of the absorber guide element, (3) 
the core hold-down system, and (4) the rotating plug of the reactor tank. 

A first series of tests concerned the dynamic identification of the system 
and consisted of monofrequential and multifrequential random excitations 
at the single above mentioned locations, with and without water. 

The second series of tests was performed in water with multiple seismic 
excitation, with increasing intensity up to the S2 time-histories obtained 
in the previously described analysis. According to the standards five Sis 
and one S2 were applied to the system (Fig. 17). During the seismic tests 
up to SI, scrams were performed both during the maximum peak of the core 
top-diagrid relative motion and the end of the earthquake, and for the two 
possible insertion positions of the absorber. 

Accelerations,displacements and strains were measured at the most relevant 

locations (Fig. 18). The duration and modalities of the absorber insertion 

were also detected (Fig. 19). 

The tests results allow positive conclusions on the reliability of the 
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system from both the functional and the safety point of view. The experimen 

tal data have been successfully compared by NIRA to the results of non-linear 

ANSYS calculations. New experiments, to account mainly for all possible 

conditions concerning scram instant and absorber position also at S2, are 

foreseen. 

8. Feed-backs on the design 

In the original PEC core design no restraint ring and no upper pads 

were foresee.i- However, the seismic studies demonstrated that the core free 

-standing concept was not adequate: in fact, it leads (mainly) to a too 

high core top seismic motion, which is not compatible with scram require

ments in an earthquake |13|. Thus, various modifications of the reactor 

block were analysed; in this framework, calculations were carried out for 

different core-restraint solutions (no other modifications were judged to 

be feasible). Such calculations, performed taking into account the vessel-

core seismic interaction, demonstrated that for PEC: 

(1) - a single restraint located near the element mid-plane does not 

improve the core seismic response; 

(2) - a single restraint located close to the element top improves the 

response of the elements on which pads are applied at tht same level 

(in fact, it appears necessary to reduce the seismic motion inside 

the core, as well); 

(3) - a double restraint (at the two cited locations) has the same effect 

as the single one located close to the element top. 

Thus ENEA decided to insert the already cited restraint ring in the vessel, 

close to core element top and to apply upper pads at this level. Furthermore, 

since too high local stresses were computed at the element feet, it was also 

decided to modify these in order to eliminate the stress peaks. 

Finally, it is worth noting that the upper pad thicknesses were recently 

increased for fuel elements, •' -, order to reduce neutronic-seismic interaction 

effects to an acceptable level. 

9. Indications for future reactors 

The studies carried out for PEC have shown that, in countries with 

a non-negligible seismicity such as Italy, it would be convenient to limit 

reactor vessel rotation by some restraint system (see the Japanese solutions). 

This would decrease considerably the loadings of some main safety-relevant 

components, such as the core and the piping system. 
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VII. R&D FOR SUPERPHENIX-1 AND SUPERPHENIX-2 

1. Remarks 

For the presentation of the R&D programmes carried out in France 
for FBR seismic analysis, it is necessary to start with a description of 
the methods applied to SPX-1. After that, the different research subjects 
will be summarized. 

2. Organisations involved in the SPX-1 seismic analysis 

NOVATOME, in association with NIRA, is responsible for the SPX-1 
whole reactor-block design. As concerns the related seismic studies, these 
were directly performed by NOVATOME-NIRA, with the exception of the core, 
the shutdown system and the core element analysis, which were carried out 
by CEA. Furthermore, the building seismic analysis was performed directly 
by NERSA who are the owners of the plant. 

Finally, it is worth reminding that some work for the core analysis has 
been performed jointly by CEA and ENEA, in the framework of the mentioned 
Collaborative Agreement (e.g. the development of the CORALIE code). 
Collaboration is also provided by ENEA for vessel dynamic buckling 
evaluations. Tests in sodium were performed at the Brasimone Center of ENEA 
on a SPX-1 full size primary pump shaft. Some further joint activity is 
starting for the development of FBR seismic standards. 

3. Studies for SPX-1 

a. Soil-structure interaction analysis. The first calculation step 
concerns soil-foundation interaction. For SPX-1 a finite-element calcula
tion was performed for the whole system, including soil and buildings 
(Reactor Building, Nuclear Service Building and Turbine Building). In this 
calculation a beam model was assumed for the buildings and the main reactor 
-block modes were taken into account. The analysis provided the seismic 
motion at the bases of the various buildings. 

b. Building analysis. For each building a finer mesh schematization 

was defined and the seismic study was carried out assuming the seismic 

motion previously computed at the building raft.(The reactor building model is 

axisymmetric). These seismic calculations allowed building loading condi

tions and floor response spectra for equipment analysis to be evaluated. 

c. Reactor-block analysis. For the reactor-block a somewhat 
different methodology was used. On the basis of the results of soil-struc 
ture interaction analysis, it was assumed that the reactor-block could be 
studied by neglecting such interaction. Thus, the free-field motion was 
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applied to the concrete hot ring base (Fig. 20). The reactor-block 
schematization . was axisymmetric and represented all vessels (with shell 
models) and the separating fluid |4|. The components were modelled by 
equivalent oscillators, representing their main modes. The core was 
schematized with oscillators, providing a response which is equivalent 
to the results of the core seismic calculations. 

An example of shell modelling is shown in Fig. 21. 

This calculation was carried out in two steps: 

- determination of eigenmode parameters (frequencies, modal masses, modal 

shapes). (See an example in Fig. 22). 
- mode recombination for response evaluation (displacements, stresses and 
pressure)with time . 

Finally spectra at various relevant locations were calculated, to enable 
component analysis to be performed. 

The loadings which are evaluated on the basis of these results are: 

- forces or stresses 

- pressures. 

While the maximum stress values are sufficient for design studies, this may 

not be true for pressures.In fact, these pressures could entail buckling 

of the vessel: therefore, it is necessary to evaluate (with time) the 

pressure field leading to the most severe conditions for the vessels. 

Beside a numerical approach, experiments on a shaking table were carried 

out at the CEA Center of Saclay ar.j the University of Pisa on behalf of 

ENEA on spherical and cylindrical vessels for validating the calculation 

methodology of buckling in an earthquake |14|. One of the most 

relevant aspects for buckling calculations which was pointed out was 

the presence of defects on the vessels |15|. 

d. Core analysis. Specific problems arise in the study of the core 
seismic behaviour, because of the interactions occurring among core elements 
in an earthquake. Thus, the cited computer code CORALIE was developed in 
collaboration with ENEA (Par, VI.6.a), to analyse the behaviour of rows of 
core elements. An experimental program, on a mock-up with Rapsodie core 
elements, allowed the calculation method to be validated (Fig. 23) |7|. 

The application to SPX-1 |16| was carried out by analysing the behaviour of 

the central core element row making use of the core diagrid motion calcu

lated in the preceding step (c) (reactor-block analysis with a first 
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iteration linear core model). The result allowed the core element design 
to be verified and enabled an equivalent linear core model to be defined, 
which was applied in a new reactor-block calculation (see Par. VI.6.6). 

e. Shut-down systems(Emergency and Primary Systems). In addition 
to a numerical approach, experimental tests in full scale allowed the 
behavioural mode of the shutdown systems to be verified. The excitation, 
provided at the diagrid, the core top and the core-cover-plug levels, was 
that calculated in the previously cited analysis steps. Various earthquake 
levels, up to S2, were successfully applied. 

A sketch of the experimental set-up of the Primary Shutdown System 
experiments is shown in Fig. 24. 

f. Primary pump shaft. Dynamic tests were carried out on a SPX-1 
full size primary pump shaft by ENEA with the cooperation of ISMES and 
FIAT-TTG |17|. These tests were conducted mainly in sodium in the CPV-1 
te6t rig at the Brasimone Center. The excitation was applied to the flange 
supporting the hydrostatic bearing. After some preliminary analysis 
performed in absence of liquid sodium and at ambient temperature, the 
following tests were performed on the rig filled with sodium at operating 
temperature: (A) sine sweeps between 1 and 15 Hz, (B) ambient vibration 
investigation, and (C) seismic tests with a S2 acceleration time-history 
(20 s duration) calculated by CEA àt hydrostatic bearing level. 

Two sets of seismic tests were carried out, each time increasing amplitudes 
up to 70% of S2. This value was not exceeded for safety reasons and actuator 
power limit. The first set of tests began in nominal operating conditions; 
when 70% of S2 was reached, pressure feed to hydrostatic bearing was reduced 
lowering its effective support. This simulated a larger earthquake. The 
second set of tests was representative of SPX-1 pump true working conditions, 
because both hydrostatic bearing pressure and shaft rotating speed were 
simultaneously reduced following the primary pump characteristic curve. The 
hydrostatic bearing response related to this last series of tests is shown 
in Fig. 25. The tests allowed the SPX-1 pump rotating set to be widely 
qualified. Among the main results, it is worth citing that the stiffness of 
the hydrostatic bearing system was generally compatible with the seismic 
requirements. 

4. Research and development programmes 

Based on the studies performed for SPX-1, various research subjects 
were identified, the most important being cited in the following sections. 

a. Reactor-block analysis 

(1) 3D model . The axisymetric reactor-block model neglects the 
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three dimensional effects of mechanical coupling of vessel and components 

through the conical and toroidal structures present in SPX-1. Furthermore, 

hot plenums are not geometrically symmetrical and fluid coupling exists 

between components and inner vessel. 

A three-dimensional seismic calculation has been started in order to 

evaluate the effects of these couplings (Fig. 25). It is based on a substruc 

ture method, in which each substructure is defined by its free modes. The 

fluid effect is calculated with a matrix coupling component and vessel 

modes |18|. An example of modes obtained with these calculations is shown 

in Fig. 27. 

(2) Defects. The imperfection effects of structures on the 

seismic behaviour, and in particular on the pressure field caused by the 

earthquake, is a further aspect of the reactor-block analysis that is being 

studied. A calculation method, based on a Fourier series development of 

the defects of axisymmetric structures separated by a fluid enabTes the 

three-dimensional seismic pressure field to be computed by avoiding three-

dimensional calculations of the whole structure. 

The application to structures which have already been analysed on the 

shaking table, will allow such methods to be vaiir1 ted. 

(3) Fluid passages. A certain number of passages exists in the 

reactor-block between the large fluid zones. These passages consist of both 

a large number of small holes (e.g. at baffle level) and some large surfaces 

(e.g. at component locations). 

The passage effect on the pressure field obtained in an earthquake is 

important. The definition of an equivalent model for taking into account 

these effects is in course of study. 

(4) Mode combination. The reactor-block structures are character 

ized by a very large number of modes with very close frequencies. The study 

of statistical features of response to seismic signals should enable a more 

precise calculation of the response by mode maxima combination to be 

achieved. This study will allow time-history calculations to be avoided for 

the evaluation of some loads, such as stresses. 

(5) Buckling. From the performed buckling studies, the conserva

tism of the methodology used for SPX-1 design appeared evident. Thus, it is 

necessary to improve the understanding of the whole of the buckling 

phenomena in the case of dynamic loading. To do this, new experiments will 

be necessary, together with the development of more precise numerical 

simulation methods. 
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b. Core and shutdown system analysis 

(1) Fluid effects. The simulations of fluid-effects in the 
CORALIE model is rather approximate. A study for fluid modelling, based on 
homogenisation methods, should allow not only the coupling among the 
different core element type to be better schematized, but also the loads 
applied by the core motion to the surrounding structures (and in particular, 
the "corps mort" located close to the core)to be better evaluated. 

(2) 2D effects. The horizontal earthquake component entails a 
two-directional core motion: this is not only due to the fact that a 
horizontal earthquake is itself two-directional, but also the core elements 
are hexagonal. These movements are very important because they are related 
to core volume variations, and thus, to reactivity perturbation during 
earthquake. The experimental study of the two-directional motion is in 
progress: some tests on the mentioned Rapsodie mock-up will soon be 
restarted. 

(3) Equivalent linear core model. The CORALIE calculations 
carried out for the single central row of core elements allowed the evalua
tion of the loads transmitted in an earthquake to the core diagrid to be 
carried out. The loads due to the whole core were obtained by weighting those 
calculated for the central row. The experimental and theoretical validation 
study of this equivalence has been started. 

(4) Shocks. The shock parameter values applied in the calcula
tions have to be carefully assessed because they are design-conditioning. 
In fact, the shock forces which are (for instance) applied on element pads 
depend strongly on dynamic rigidity and shock damping values. Some basic, 
experimental and theoretical, studies are in progress for evaluating the 
behavioural mode of two shock-interacting structures separated by a fluid. 
These should provide the physical parameters to be introduced in the CORALIE 
calculations. 

(5) Shutdown system. The validation of the calculation proce

dures, taking into account shock effects, is in progress for the shutdown 

system analysis: this consists in the development of a numerical tool and 

its comparison with experimental results. 

c. Otrsr studies. Only a limited number of research studies, 
concerning mainly the reactor-block, the vessels and the core have been 
presented in the preceding sections. However, it is obvious that other 
studies are in progress; it is worth citing,for instance, the effect of the 
new options for reactors following SPX-1, i.e. RNR 1500 (SPX-2), the piping 
and its support schematization, the damping in soil-structure interaction, 
the standards to apply to FBRs. 
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Vili. R4D FOR CDFR 

1. Organisations involved 

Aseismic design criteria are produced by the Utility (CEGB), which 
require UK nuclear plants to be designed for an S2 of 0.2b g horizontal 
and a current response spectrum similar to the US Re&. Guide 1.60 (Par. III). 
NNC are responsible for reactor design and combined with the UKAEA are 
responsible for component tests. The UKAEA are responsible for generic R&D * 
in the UK. Finally, licensing is the responsability of the Nuclear 
Installations Inspectorate (Nil) which in turn is part of the Health & 
Safety Executive (HSE). 

2. Relevant plant features 

Layout of the nuclear island buildings is shown in Fig. 28. From a 
seismic point of view the following features are significant. All the 
nuclear buildings i.e. the steam generator, fuel handling and maintenance 
buildings, are structurally connected to the circular containment buildings, 
located in the centre of the nuclear island. Thus interlocked buildings are 
mounted on a rigid concrete raft. 

The reactor vessel is mounted within a concrete vault below ground level. 
This reduces the overall building height by over £0 m and also significantly 
lowers the centre of gravity. In a plan view the centre of shear rigidity is 
close to the centre of gravity as far as practically possible for reasons of 
eliminating torsional modes of vibration. The above features all contribute 
to very low seismic response in particular at the reactor roof support, 
which was considered of paramount importance. More detailed description of 
this approach is given in Ref. |19|. 

3. Special problems 

a. Secondary sodium piping: the layout gives high thermal stresses 

and leaves only a small margin for seismic loading S2. 

b. component handling equipment: seismic qualification of handling 

equipment for removing large components such as IHX or pump is proving 

difficult and costly. 

c. Primary pump: requirement that primary pump remains functional 
during and after an S2 earthquake requires an extensive analytical and 
experimental development work. 
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d. CDFR reactor has two shutdown systems: primary 
and alternative shutdown systea (ASD). This gives higher 
reliability but only ASD is likely to be fully seismically qualified. Since 
ASD has not been used in any previous reactors, a full scale development 
programme is required. 

4. Reactor building and soil-structure interaction analysis 

From a review of soil structure interaction methods commissioned 

by NNC it is apparent that no single method can represent all significant 

effects. Therefore a variety of standard techniques is used, starting froa 

compliance methods (springs and dashpots) both frequency independent and 

dependent. Soil structure interaction analysis is usually accompanied by 

parametric studies to cover analytical method, physical property and ground 

motion uncertainties. 

More specific parametric studies are intended in future to investigate the 

following effects: 

- embedment modelling 

- foundation raft flexibility 

- coupling between adjacent structures 

- travelling waves. 

No specific experimental tests have been carried out as yet. 

5. Vessel analysis. 

a. Numerical analysis. Primary vessel which is a thin wall 

cylindrical tank is subjected to high shear stresses under horizontal 

seismic loading. This could cause shear buckling failure of the vessel. 

Because literature is very sparse both in the analytical and experimental 

field a development work into shear buckling of thin wall cylinders was 

initiated. Survey of available analytical methods and computer codes was 

carried out. This was followed by comparative benchmark calculations 

sponsored by CEC Working Groups on codes and standards No. 2 where 

partecipante from NNC, NOVATOME, CEA and ISMES took part. Three different 

codes, namely ABAQUS, NOVNL and CASTEM were used. The shear buckling analyses accounted 

for material and geometrical non-linearities and also geometrical imperfec

tions. The results were compared with NNC experiments described in the next 

section. This work is now complete and will be published through CEC. 

b. Experimental tests. Static buckling tests on 1 to 38 scale 

models of cylindrical vessels were carried out. Stainless steel vessels of 

500 mm diameter and different wall thicknesses from 0.7 to 1.3 am were 



tested. Applied loading consisted of axial force and internal pressure, 

simulating the normal operating stresses combined with vertical earthquake 

and transverse shear force representing the inertia load from a horizontal 

earthquake. In the test the pre-loading was kept constant whereas the shear 

force was gradually increased until buckling occurred. These buckling tests 

were accompanied by detail measurements of geometrical imperfections and 

material properties at low strain rates to account for cold creep. The test 

programme is complete and some results will be published in conjunction with 

the CEC benchmark calculations described in the previous section. 

Static tests were followed by dynamic buckling tests on identical tests 

specimens. The main purpose is to investigate a quantitative difference 

between static and dynamic buckling load in a plastic regime. There is some 

experimental evidence suggesting that, critical buckling load can be up to 

twice higher for a dynamic loading than for a static one. The other purpose 

is qualitative effect of interaction between buckling and vibration 

characteristics. In a situation where buckling and vibration modes are 

similar the critical buckling load might be reduced. 

Because of very short duration of the buckling test, about 1 second, a key 

issue in the rig design is the speed, accuracy and control of the loading 

mechanism. This experimental work is currently in progress. 

6. Piping analysis 

a. Numerical analysis. The computer code HANGIT for piping support 

optimisation is successfully used in NNC. The purpose of this design code 

is to determine location and type of support on seismic constraints for a 

given piping system. The program selects an optimum location for support or 

restraint in a way that pipe stresses or other parameters such as nozzle 

load etc. are within pre-determined limit. This is achieved by a large 

number of parametric calculations involving thermal, dead weight and seismic 

response calculations. The main asset of this program is its capability to 

replace spring hangers and snubbers to rigid restraints without increasing 

piping stresses. 

b. Experimental tests. A large primary test facility was used to 

investigate the dynamic behaviour of a piping system and in particular its 

damping characteristics. A straight pipe 21 m long and 300 mm diameter was 

dynamically tested in various support configurations. The test program 

consisted of over 30 tests where effects of hangers and different types of 

snubbers were investigated. Also the effect, of piping insulations on overall 

damping is examined (in particular the effect of one or two insulation layers 

and methods of construction). This work is complete and will be published. 
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7. Core analysis 

a. Numerical analysis. An analytical technique has been developed 

to calculate the maximum reactivity insertion that could occur in a 

restrained core fast reactor as a result of horizontal seismic disturbance. 

The method is based on the upper bound energy limit and includes a number 

of assumptions regarding coherent motion, impact and damping. The assump

tions are known to be conservative and comparison with experimental results 

is planned. 

b. Experimental tests. Tests are planned on a single row l/5th 

^cale array. 

8. Shut-down System analysis 

a. Numerical analysis. Numerical analysis has been confined to the 

assessment of the clearances of the above core structure and the core and 

the accommodation within the control and shutdown rods of the relative 

movement. It is important to note however that CDFR incorporates an alterna 

tive shutdown system (ASD) which is totally independent of the relative 

•novement between the above core structure and the core which is unaffected 

by seismic excitation as demonstrated by tests. 

b. Experimental tests. The ASD has been tested in a water rig at 

full scale and these tests have confirmed that the rod drop time is 

unaffected by the horizontal earthquake. 

9. Feedbacks on the design 

Seif.mic considerations had significant effect on building layout 

and design in several areas as described in section 7. Other design changes 

include: 

- increase in wall thickness of the cylindrical part of the primary vessel. 

- The IHX is now supported at the bottom as a result of seismic assessment. 

- Top of the primary pump support changed from encastre to pinned support 

accomplished either by spherical joint or diaphragm. Also the bottom end 

of the pump undergone design changes involving lateral support. 

- The sodium bearing clearances have been decreased as a result of seismic 

assessment. 

- Component handling polar beam machine includes as a ìesultof seismic 

assessment, support spokes perpendicular to the main girder beams. 
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10. Indications for future reactors 

The probability distribution of earthquakes is universally 
difficult to deal with. The UK is an acknowledged area of low sei saie ity 
relative to other parts of the world. However, some work will be required 
to assess the effects of larger than current S2 values of 0.25 g. 

IX. R&D FOR SNR-300 and SNR-2 

1. Organizations involved in the SNR-300 seismic analysis 

INTERATOM is responsible for the SNR-300 design. As concerns seismic 

studies, relevant collaboration has been provided by Belgonucléaire in the 

framework of the DeBeNe Collaborative Agreement. 

2. Special problems 

The relatively low reference earthquake levels applied to SNR-300, 
due to the low seismicity of Germany, and the reactor-block features of 
this reactor, have allowed the design analysis of the shut-down system to 
be performed only numerically with a static approach. Also for the reactor 
vessel, due to its loop type and its geometry, no special problems have 
arisen: thus, no specific experimental or numerical techniques have been 
developed or applied. 

As concerns the core, the design calculations could also be carried out with 
a simple approach: however, some more detailed analysis has been performed 
by Belgonucléaire (Par. 3). 

3. Core analysis 

An extensive program has been carried out by Belgonucléaire for the 
seismic analysis of FBR cores. 

In its first stage, the program involved the development of the non-linear 

three-dimensional computer code CLASH |20| including impact and friction 

forces between the subassemblies. The fluid was not explicitly taken into 

account. For SNR-300, extensive parametric studies were performed with 

arrays containing up to 61 subassemblies (computations made on a Vax 11/780). 

The second stage involved the analysis of fluid coupling forces. A two-
dimensional F.E. program for the calculation of added mass coefficients 
was developed. Tests were carried out in water on a mock-up consisting of 
19 hexagonal prisms |2l|. The variation of the damping coefficients with the 
gap was investigated (Fig. 29). Computed added mass coefficients were 
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found to be in close agreement with the .experimental results (Fig. 30). 

In the future, the programme «ill include the experimental investigation 

of the influence of the fluid on the impact between load pads, the 

extension of the computer code capabilities to allow large cores to be 

analysed, the introduction of the fluid coupling effect in the core model, 

and the introduction of a simple neutronic model, so as to monitor the 

reactivity change due to an horizontal earthquake. Possible brittle 

fracture resulting from impacts between swelled subassemblies within 

the active fuel length also deserves attention. 

4. Other research and development programmes 

a. Fluid -structure interaction by means of boundary integral methods. 
For the seismic design of the reactor vessel of pool type LMFBR's such as 
SNR-2, realistic consideration of fluid-structure interaction is inevitable. 
Due to the fact that, with respect to seismic excitation, fluids may be 
treated as incompressible, boundary integral methods deliver an alternative 
to the finite-element approach. Contrary to finite-element methods only 
the fluid boundary which is identical to the structure surface has to be 
model led. Therefore the effort on the engineering side is considerably less 
compared to the finite-element approach. At present a crude version of a 
code using boundary integral methods is under improvement. 

b. Strain estimation. LMFBR structures in general undergo high 
loading due to high temperature level. Unnecessarily inflexible design 
should be avoided. Therefore it is of great interest not to overestimate the 
effectiveness of a seismic event with respect to induced structural failure. 
The most promising way to do that is to shift the design basis from formal 
stress limitation to the limitation of strain. Within the context of design 
computations it would be helpful to have a method for approximate estimation 
of strain,because the effort needed for non-linear step-by-step evaluation 
of structural strain response could be prohibitive. Such a method has been 
formulated and is in the state of testing. It is based essentially on the 
idea of energy dissipation as a function of yield stroke. The structural 
potency with respect to energy dissipation is evaluated using linear data 
concerning the whole structure and non-linear data concerning structural 
members (e.g. elbows, straight pipes, tees, reducers for pipe work). With 
regard to earlier approaches the method may be compared best to the method 
of Tansirikongkol/Pecknold but it does not need a high amount of non
linear information. It avoids the main drawback of the well known approach 
of Newmark/Hall which cannot deal with localized yielding. 
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c. Random vibration approach. Due to the recognized stochastic 
features of the seismic excitation and the availability of a well 
established probabilistic theory of structural dynamics for linear 
structures, the application of probabilistic methods should result in a 
substantial improvement of the calculation methods at least in the 
linear range (possibility to treat accurately the correlation between 
closely spaced modes, the correlation between the excitations of the 
various supports of a multi-supported structure, and structures with 
non-classical damping). 

5. Indications for future reactors 

Due to the low seismicity in Germany, it is judged important not to 
overestimate the seismic event, since a non-justified aseismic design leads 
to a useless increase of operational risks. Therefore, special attention 
is paid to a realistic description of earthquake characteristic based on 
site dependence and occurrence probability. 
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X. CONCLUSIONS 

The first part of the paper shows that the most severe seismic conditions 

for FBRs in Europe refer to the PEC reactor, SNR-300 being that character

ized by the smallest ground motion. This is in agreement with the different 

seismicity of the various European countries, and implies that the seismic 

problem is especially important for the PEC reactor and is not negligible 

also for SPX, while it does not dominate SNR design. Also as regards 

design criteria, it appears evident that PEC is the reactor in Europe which 

has in general the most stringent seismic design rules. 

The national contributions reported in the second and main part of the 

paper indicate that the following main problems arose for fast reactors 

under construction or in an advanced design phase. 

- For PEC - Special attention had to be paid to the core, the core 

elements, the vessel-core system and the shutdown system. It became neces

sary to develop sophisticated numerical and experimental techniques in 

order to obtain reliable results. Furthermore detailed numerical and 

on-site experimental analysis had also to be performed for the reactor 

vessel and building, in order to check design analysis and estimate margins 

in the related results. 

- For SPX-1 - Also for this reactor great care had to be devoted to 

the numerical and experimental analysis of the core and the shut-down 

system. Furthermore, especially the vessel required detailed analysis, in 

particular for buckling, and in general, shell and fluid effects. An 

important experiment was performed in collaboration with ENEA on a full 

size primary pumps shaft, successfully tested in sodi'im in operating 

conditions at the ENEA Center, Brasimone. 

- For CDFR - For this reactor the main problems which have arisen 

during design are somewhat different from those detected for the previous 

plants, due to both the generally less stringent seismic design criteria 

and requirements (mainly due to the fact that no real SI is defined) and 

the specific design features (i. e. reactor block located underground ); 

among the previously cited components, especially the alternative 

shut-down system, which has not been used in any previous reactor, 

required an extensive experimental study similar to that described for PEC 

and SPX-1. Furthermore for the vessel analysis experiments were judged 

necessary for dynamic buckling evaluation, while for the core the effort 

is mainly devoted to neutronic-seismic interaction analysis. However, the 

rather large S2 made it necessary for special analysis, to be performed 

for piping, component handling equipment and primary pumps. 

- For SNR-300 - The seismic problems encountered during design were 
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rather limited, due to the low seismic conditions. It is worth citing 

the numerical and experimental studies performed by Melgonucléaire in the 

framework of the Collaborative Agreement among the DeBeNe countries, with 

special emphasis on the fluid-structure interaction problems, in addition 

to methods developed for subsystem decoupling |l|. 

With regard to the progressing R&D studies, the necessity of improving core 

analysis, with a better evaluation of fluid, core-vessel interaction and 

2D effects is felt in general to be worthwhile. This will enable a more 

realistic evaluation of reactivity insertion during an earthquake. 

Furthermore, for pool-type reactors the dynamic buckling problem has to 

be further investigated, for a better understanding of the problem, taking 

into account imperfection effects. This will remove the conservatism which 

affects the present estimates, penalising design. Other research fields 

refer to general purpose fluid-structure interaction codes (including 

fluid-passage effects), the application of stochastic methods to response calculations 

and a more detailed 3D building analysis. Finally the development of specific 

standards and more realistic design criteria (i.e. strain limitation instead 

of stress limitation) is judged overall to be necessary. Uncertainty 

analysis appears important in particulary critical cases. 

Concerning the feed-backs on the design, it is important to point out those 

which have recently characterized PEC. i.e. mainly the introduction of a 

core-restraint ring with a second level of pads on core elements, to allow 

an automatic scram and ensure absence of excessive reactivity insertion to 

be guaranteed in an earthquake. Furthermore, it is also worth citing the 

design changes for CDFR, related to vessel wall thickness, IHX support 

level, primary pumps restraint type, e'x. 

As indications for future reactor design, in addition to the use of specific 

standards and adequate (less conservative) criteria, the importance of a 

more realistic description of earthquake characteristics on the basis on 

site dependence and occurrence probability is stressed in Germany. For 

countries with higher seismicity various design solutions are indicated: 

first of 3ll that, already applied in CDFR design, of a reactor block 

located under ground and the use of an Alternative Shutdown System, then 

that of the isolation system under study for SPX-2, and finally for reactors 

on sites with larger seismicity, the application of restraint systems 

stiffening vessels according to the Japanese solutions. 

Due to the similarity of the problems studied in the various European 

countries, and the considerable efforts required for such studies, collabo

ration on these problems is becoming more and more necessary. The new 

agreements between France, Italy, the DeBeNe countries, and the U.K. will 

provide a good basis for such collaborative action.However, a wider 

co-operation, extended to Japan and U.S.A., would be particularly helpful, 
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especially on subjects such as seismic design, on which these last couttries 

have a profound experience. 
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Fig. IO: Stiffness of the PEC vessel supporting 
structure obtained from the results of 
the on-site tests on the vessel. 
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seismic analysis procedure. 
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Fig. 12: First natural frequency and amplification values measured in air and water for a quasi-prototype 

model of the PEC central-type fuel element (non-modified foot) excited at the base with 

multifrequential stationary excitation. 
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Fig. 13: Comparison between computed and measured transfer functions: 
shock t e s t s in air on a couple of simplified PEC core elements 
(sinusoidal excitation). 
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Fig. 14: First natural frequency 
values measured in air for 
the quasi-prototype model 
of the PEC forced-type fuel 
element ( ) and the corre
sponding real element (with 
non-modified foot) excited 
at the base with multifre-
quential stationary excitation. 
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transient excitation. 
Comparison with the 
theoretical value. 
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raacin Fig. 16: Shock force value 

and «hroud deformations 
of the PEC fuel element 
in decay position 
measured at S2 in the 
shock tests performed 
for a mock-up simulating 
the core-restraint ring. 
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Fig. 17: Excitation time-histories 

applied at S2 to the experi
mental tests of the PEC shut
down system. 

Comparison between the desired 
values computed by ENEA and 
NIRA and those really applied 
in the experiments. 
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18: Transfer function measured at 

the foot of the PEC absorber 
guide-element in the shutdown 
system experiments. 
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Fig. 19: Absorber vertical displace
ment and velocity measured 
at S2 in the PEC shutdown 
system experiments. 
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Fig. 20: Sketch of the SPX-1 reactor-block. 
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Fii 21: Shell mesh in the 

axisymmetric model 

of the SPX-1 reactor-block. 
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Fig. 22: "Horizontal" mode of the 

SPX-1 reactor-block obtained 

with the axisymmetric model. 
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Fig. 23: Comparison between computed 

and measured maximum 

displacement values evaluated 

for the Rapsodie mock-up with 

seismic excitation (S= neutron 

shielding elements; C = fuel 

elements). 
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Fig. 24: Sketch of the SPX-1 

Primary Shutdown System 

Test Facility. 
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Fig. 25: Hydrostatic bearing response evaluated in the tests 
in sodium of the SPX-1 full-size primary pump shaft 
carried out at ENEA-Brasimone. 

Fig. 26: Mesh of the SPX-1 

reactor-block for the 
3-D calculations 
(1/4 model). 
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Fig. 27: "Horizontal" mode in the SPX-1 reactor-block obtained 
with the 3-D model. 
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Fig. 28: Layout of the CDFR nuclear island buildings. 
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Fig. 29: Fluid-structure interaction 

tests performed by Belgonucléaire: 
Effect of clearance g among 
core elements on the fraction 
of critical damping f̂ (d = flat-
to-flat distance of the hexcans). 
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F*g- 30: Comparison between computed and measured added mass coupling 
coefficients for various values of the clearance g among core 
elements (d = flat-to-flat distance of the hexcan; 
cmox = diagonal added mass coefficient; C*iA = non diagonal 
added mass coefficients). 
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